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IlepenmoBa

VBasi Yurada npornoHyeMO KHUKKY, HAIMCAHY HA OCHOBI JIEK-
iit, 9Ki aBTOp 9MTaB JId CTYIEHTIB JIbBIBCHKOTO YHIBEPCHTETY, MO
CleniaJii3yoThCs 3 TeoperudHol dpizuku ta acrpodiszuku. Bona npu-
CBAYEHA Teopii 30pAHMX CMEKTPIiB — OIHOMY 3 OCHOBHUWX PO3MILJIiB
TEOPETUYHOI ACTPOdIZUKU.

I3 (isuknm 30psanx armocdep € Hekiabka IyHoBuX MOHOTpadiit
Ta TiOPYYHUKIB, AKi HOMAHI y CHUCKY Jiteparypu. ¥ HUX 3 pi3-
HUM PiBHEM CTPOTOCTI Ta pi3HUM 0OCATOM TIOIAHO ¥ TEOPiIo 30pAHUX
cuekrpiB. OpHaK [Jid CTYJEHTIB 1 MOJIOAMX yYEHUX AOCTYI A0 LUX
KHUKOK 00OMexXeHuil, OCKIJIbKY TPOWNLIN pOKM 1 BOHU cTajn 6ibs1io-
rpadivynoo pigkicrio. Kpim Toro, € norpeba B OHOBJIEHHI Marepi-
asy, ajpke acrpodizuka e HAayKa, [0 MIBUIKO PO3BUBAETHCH,
i BIOCKOHAJIEHHS IHCTPYMEHTAJIbHUX MOXKJINBOCTEN CTABUTEH 3aBIAH-
Hs TOHIIOTO AHAJI3y ¥ iHTepmperalii pe3yJbTaTiB CIIOCTEPEXREHHS.
Yepes Te mo 1ne MAPYYHWK, TO TMOCWJIAHL HA OPUTIHAJIBHI CTATTi
HE MOHAEMO, 33 MOOJIMHOKMMY BUHATKAMHU Yy BUHOCKAX, TUM Oijiblie,
[0 OXOTIJIEHHsI YMCJIEHHOI Oibsiorpadii morpebye BUOAHHST OKPEMOl
KHUTH.

Bupuennsi 3opsinoi armocdepn nependadae 3HAXOMKEHHA B KOXK-
Hit 11 To4Ii XIMIIHOTO CKJIAY, TYCTHHA, TEMIIEPATYPHU Ta BIATBOPEH-
He (pi3MIHUX TPOIECiB, MO BimOyBaOThCs B Hili. Hama kauxka mpu-
CBSY€HA HE YMCJIOBUM PO3PAXYHKAM NAPAMETPIB KOHKPETHUX CIIEK-
TpaJIbHUX JIiHI# aTOMiB, a MIKPOCKOIMYHOMY OOTDYHTYBAHHIO, BUBE-
IEHHIO i [MeTaJhbHOMY aHaJI30BI TUX PIBHAHBL i BUpas3iB, Ha OCHOBI
AKUX TPOBOOATH Taki obumciennsa. [leHTpaabHOIO TPOOIEMOI0 TIpU
IOMY € TI00YIOBa PiBHAHHSA MEPEHOCY BUMpOMiHOBaHHsA. Haifimocti-
JOBHIMUM TiIXOI0M OO0 MOOYyOOBM TAKOTO PiBHAHHA € PO3TJIAL eJie-
MEHTApHUX MPOIECiB 30yIKeHHd 1 HoHI3aIlil AaTOMIB y 30paHiil aTMOC-
depi Ta onuc ix HA OCHOBI PIBHsAHb KBAHTOBOI MEXaHIKM HAraThbox TiJI.
Came rtaxwuit maax i Bubpasm mum B 1bomy migpyvnuky. Ilpm tako-
My aTOMHOMY TIX0i HeMae moTpebr BBOOUTHU B 33039y MapaMeTpH,
IO CIEIiaJIbHO MAOWPAIOTh ¥ (DEHOMEHOJIOTIIHUX TEOPIiAX 3 TMEBHUX
$izuunux npunymenb. Kpim Toro, mpu Takomy Migxoni crae 3po-
3yMI1JI0, IIHOIO AKUX HAOJIMXKEHb OTPUMYEMO (PEHOMEHOJIOrIYHI piB-



HAHHsA, BU3HAYA0YM TUM camuM cdepy iX 3acrocyBaHHsa. PiBHsHHS,
BUBENEH] Ha MIKPOCKOIIYHOMY PiBHi, 3aCTOCOBHI i y TUX BUIMAJIKAX,
KOJI1 (PEHOMEHOJIOTTYHI PIBHAHHA “BIAMOBJIAIOTHCS NPALIOBATHA” , HA-
MPUWKJIAJI, TPY BPpaxXyBaHHI HEJIHIWANX e(PEeKTiB Ta BUBUYEHHI TOHKUX
i BaxXJIMBUX AeTaJieil CIocTepexyBaHOro COEKTPA BUIPOMIHIOBAHHSA
3ip.

CrpyKTypa KHUKKH TODYI0BAHA TaK, M0 UTad MOCTYIOBO MPO-
XOOWTh MUISAX Bifl MOCTAHOBKW 3a0adi 0 OCTATOYHUX BUPA3IB [JId
BEJIMYWH, K1 BUMIPIOIOTh €KCIIEPUMEHTAJIHHO, 3 JIETAJILHUM i peTe-
JIbHUM BUYEHHAM (DI3UYHUX Ta MATEMATUYHUX MEXAHI3MIB JOCJIIIK Y-
BAHUX ABWII, 3 OOTOBOPEHHAM TUX MPUIYIIEHDb TA HAOJIUKEHD, IO €
HEMWHYIUMH [T TOCATHEHHS MeTH. JlesaKi 3 HaBeoeHnX pe3yJibTaTiB
OTPUMAHO TYT yTiepiie. ¥ BHHOCKAX MOJAEMO BiIOMOCTi PO BYEHUX,
K1 TBOPWJIA B IIJIAHKAX, 3ATOPKHYTHUX IIPW BUKJIAJIEHHI MaTepiay,
a TaKOX iHMI IIKaBi, HA HAMI TOTJIA, AYMKW i acomialii, dKi, MOX-
JIMBO, TiAMTOBXHYTh OO AUCKYCiit TPO CHiBBIAHOIIEHHS PI3HAX SIBUIIT
HABKOJIUIITHHOTO CBITY.

[linpyuauk amgpecoBaHWi MepemyciM CTyIeHTaM Ta aCIipaHTam
dizuunux akyJabTeTiB yHIBEpCUTETIB, K1 CHELiaJdi3yI0ThCd 3 acT-
podiznkmM Ta TEOPETHIHOI (DI3VKNA. Voro MOXKYTh BUKOPHCTOBYBATH i
CTYIEHTH IHIIMX CIeIiaais3amiii mpu BUBYEHHI IMPOIECIB MOTJIMHAHHS
Ta PO3CIAHHA CBITJIA Yy TBEpAWX Tijax i pigmAax. KHMKKY MOXHA
PEKOMEH/IYBATU TAKOXK MOJIOAUM yUIE€HUM, [0 MPAIIOI0TH HAJM ITPO0-
Jgemamu (Di3uKU 30psiHUX aTMOChEpP, ATOMHOI CIIEKTPOCKOTIi Ta Cy-
MIKHAX JIIJIAHOK.

Bucnosatoro mmpy nomaky cBoiMm kosieram B. Tkauykosi, P. Pu-
kaJriokosi, B. Hosocansiomy, A. Posenuakosi, T. @irbosi Ta M. Kosi-
HBHKOBI, III0 TAK HECTIOMIBAHO i PAHO MINIOB B HAC, — BOHU JIIOO A3HO
NPOYATAIM PYKOIUC MHOTO MAPYYHUKA @ 1AM KOPUCHI mopaad Ta
sayBaxend. OcobsuBy nousky Bucsonsoio takox O. Kikresiit 3a
KOMIT IOTepHUA HAbIp KHUKKM, IOMOMOTY Ta TypboTy mpw ii migro-
TOBIIL [I0 JIPYKY.

Isan Baxapuyk
JIbBiB, TpaBenn, 2002.



PO3IIJI I

KBAHTOBA TEOPIA
ITEPEHOCY BUIIPOMIHIOBAHHA
B 30PAHUX ATMOC®EPAX

§ 1. Enemenrapui mpouecu B 30psHil armocdepi
3 y4acTio )OTOHIB

AnaJiiz BUTPOMIHIOBAHHS 30Pi 3 METOI OIEP!KAHHSA JIOCTOBIPHUX
BUCHOBKIB PO TIPUPOAY i OymoBy KOCMidHEX 00’€KTIB BUMATAE TJIH-
OOKOro BUBYEHHsT MEXAHI3MIB B3a€MO/Iii BUTTPOMIHIOBAHHSA 3 ATOMHU-
Mu cucremamu. Jlume takwit mepmonpuHIMIHUR TiaXim m103BOJIAE
oTpuMyBaTH (pyHIAMEHTAJIbHI 3HAHHS TTPO MPOTIKAHAA DAraThoxX pis-
HOMAHITHUX IPOLECIB y 30paHux armocdepax. IIpore 6ysio 6 mo-
MUJIKOI0 BBAXKATH, MO TAK JIETKO Mimibparnch 10 m00poro posymin-
He (PI3UYHUX ABUIL, MAIOYU CIIEKTPAJLHUI PO3IOALI eHeprii BUIpo-
MIHIOBaHHs KOCMigHOTO Tijia. [Ipobsiema amasizy Ta inTepriperariii
CIIOCTEPEXRYBAHUX [TAHUX BUMATA€ 3HAYHUX 3yCUJIb Ta HEAOUAKOI BU-
HAX1JIJIUBOCTI.

3 MeToro isrocTpalii Beiel CKJIAIHOCTI 3aBIaHHsA, siKe CTOITh Tie-
PeIl IOCJIIHUKOM, HABOAUMO HA PUC. 1| HIJIAHKY TUIIOBOrO 30PAHOTO
CrieKkTpa. 3a UM “XaOTUIHAM YACTOKOJIOM PO3MOMiJIy €Heprii Bim
NOBXKUHYM XBUJ (€nquHMM pKepesom indopmarii 1po 30po) norpibHo
“Bimramaru” ¢iswaHi Tporecu, mo BimbyBalOThCA B armocdepi 30pi,
sHadiTy i1 XiMigHWH{ CKJIAH, OTPUMATH BiZOMOCTI PO TEMIEPATYPY,
IyCTWHY, MATHITHI TIOJIs1, TIEPion o0epTaHHs, iHII MTapaMeTpn Ta BKa-
3aTU MEXaHi3Mu, M0 TBOPATH CAME TAKUI CIHEKTP, AKWAM MU CIIOCTE-
piraemo Ha 3eMmuTi.

Ha nepmwit morsisam, me Moxe BUIABATACH OE3HATIHHOIO CIIPABOIO,
ajie FgKMI0 HA KOXHOMY €TAIll MOCJIRKEHHSI TPOBOIUTH [1ETAJIbHUM
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Puc. 1. Posnogin eneprii B cnektpi PW Vul (Hosoi JIucuuku 1984 Nel) s
YOTUPHOX [IAT CIOCTEPEXKEHHs, HaBeaeHux crupasa. CnexrpodoroMerpud-
Hi pgocaimxkenns: nposeneno y Kpumchkiit acrpodisuaniit obcepsaropii 3a
nponomoror ckauyodoro crnekrpodoromerpa ACII-38, ycranosjienoro Ha
125-cm pedutexkropi A3T-11. Crpinkamn BigzHAYEHO TTOJIOKEHHST TiJATHOK
koutunyymy (B. U. Bypuames, ssectua Kpeivckoii acrpodusuyaeckoit
obcepsaropun, 1995, 1.90, c. 169).

aHaJIi3 i3 3acToCy BAHHAM (DI3UYHUX KOHUEILIH, AKi TPYHTYIOThCA HA
yHiBepcaJibHUX (PI3MYHUX IIPUHLIMIAX KBAHTOBOI MEXaHIKU Dararbox
TiJI, TO KPOK 33 KPOKOM M# OyIeMO MPOCOBYBATHUCH IO BCE DIIBIIO-
ro PO3yMiHHS TOTO, IO KPUETHCS 3a IICI KPUITOIPAMOIO 30PAHOTO
CIIEKTPA.

BopsaHa armocdepa OLIBHIOCTI 3ip CKJIAIAETHCH, B OCHOBHOMY,
3 BomHIO (~ 90%) ¥ renito (~ 10%), aromiB iHmUX ejgeMeHTIB —
HA [EeKiJIbKa MopankiB merme. [leBHa KiTBKICTh aToMiB i MOJIEKY.T,
YHACJIIIOK B3a€MOIIl 3 BUMPOMIHIOBAHHAM 1 Mixk c00010, mepebyBae
Ha pi3HUX cryneHax Honizauii. Takum yunom, 30psaHa armocdepa
IIe 4aCTKOBO HOoHI30BaHUN ras.
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BunpominioBaHHS € OCHOBHAM MEXAaHI3MOM TEPEHOCY eHeprii
B 30pdHiit armocdepi. Lle 3ymMoBIeHO THM, IO TEMJIOTPOBIIHICTH aT-
Mocepu K Ta30BOI CUCTEMU € HAJIBBUIANHO MAJIOI, & IEPEHECEHHS
eHepril mJIgXOM KOHBEKIIii TAKOX CKJIAHAE€ He3Hadny moj. Orxe,
BUHUKAE 3342494 PO JIOCJIPKEHHSA IEPEHOCY BUITPOMIHIOBAHHS B 9aC-
TKOBO HtoHizoBaHomy Tasi. [Ipuaomy 3 yciel mepexiiHol TiJTaHKT MiX
AJPOM 30Pi fl MIK30PAHUM CEPELOBUILEM HAC LIKABUTUME came (poTo-
cepa, 10610 TO# wap armocdepu, y AKOMy i CTBOPIOETHLCA OCHOBHA,
YaCTWHA BUAWMOI Ta MPUJIETJINX 10 Hel OIJIAHOK CIOCTEPEXKYBAHOTO
cuekrpa. ToBmMHA LHOrO mWAPY arMocdepu 30pi CKIAIAE HEZHAYHY
IoJTo 11 pamiyca.

HocmimkyBana cucrema “9acTKOBO WOHI30BaHUt Ta3 MJIIOC €JIeK-
TpoMaruitTae moJsie” € TEePMOIUHAMITHO HEPIBHOBAXKHOIO CHCTEMOIO.
[i ctan BU3sHAYAETHCA PO3MOMLIOM YACTHHOK ra3y it (DOTOHIB 3a KBaH-
ToBUMU cTaHamu. lleit po3momisi CBOEIO YEepror IWKTYEThCA BCi-
Ma eJIEMEHTAPHUMU MPOIECAME B3AEMO/Ii1 MiK YACTUHKAMA CHCTEMH.
OcHoBHI THTIM YACTUHOK, AKi OEPyTh y9IacTh y IHUX MPOIECAX, — IIe
doToH, eJIeKTPOH, ATOM ab0 MOJIEKYJIa B OCHOBHOMY YU B 30y IXKEHUX
CTaHAX, MOMATHI Ta Bim'€MHI oAU aTOMIB ab0 MOJIEKY.I.

[ToBauii onuc crany armMocdepu BUMAIAE CIILJIbBHOIO PO3B A3KY
PIBHAHHSA TIEPEHOCY BUTPOMIHIOBAHHS Ta PIBHAHB, K1 BH3HAYAIOTH
3aCeJIEHICTh KBAHTOBUX PiBHIB aroMiB razy. Y CTani TepMOguHAMIY-
HOI piBHOBArm 3aceJsIeHiCTh ATOMHUWX PiBHIB 3aJI€XKWTH BiJl TeMTepa-
Typu # rycTuHEU Ta3y. fAKINO 3aceseHicTh PiBHIB HE IyXKe BimpisHse-
ThCs Bifl PIBHOBAXKHOI B KOXKHIN TOUIi aTrMochepn, TO CTaH PEIOBUHUI
arMocepu BUBHAYAETHCH JIOKAJIBHOK TEMIIEPATY PO i JIOKAJIBLHOIO
rycturaoo. [le Tak 3BaHa rinoresa JIOKAJILHOI TEPMOJIMHAMIYHOI PiB-
HOBaru. Y TAKOMY MiAXOIl 3aa9a 3HATHO CIPOILYEThCS 1 3BOIUTHCA
JI0 PO3B’sI3KYy JIWIIE PIBHAHHSA MEPEHOCY BUMPOMIHIOBAHHS.

BuBenennst piBHAHB IEPEHOCY BUNPOMIHIOBAHHS 3 MipKYBaHb €HED-
reTUIHOr0 Oajlancy Ha OCHOBI (DEHOMEHOJIOTITHOrOo migxomy Hwmrad
MOXKe 3HalfiTu B I'DyHTOBHMX nigpyuHukax um Mmonorpadiax [1 7],
K1 BigoOpaxkarTh TOTOYACHI BEJIVMKI IOCATHEHHsT B pO3yMiHHI (Di-
3UKHM 30pAHUX arMocdep 1 1o0pe Bigomi crapmomy HOKOJIHHIO JIFO-
6uresiB actporomii. TyT Mu ctaBumo cobi 3a 3aBOAHHS OTPUMATH 1€
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PIBHAHHS HA OCHOBI MIiKPOCKOMIYIHOTO MiAXOMy, BUXOIAYUNA 3 MEPIIO-
OPUHIATHUX (PYyHIAMEHTAJILHUX 3aKOHIB KBAHTOBOI MEXaHIKW CUC-
TeM DOararbox B3a€MOIII0YUX YACTUHOK.

Hapasi B mboMy po3miJii 3ocepenmmMo yBary caMe Ha BUBEHNEHHi i
IOCTIIKEHH] PIBHAHHS MEPEHOCY BUIPOMIHIOBAHHSA KiHETHIHOTO
piBHsHHSA 151 (HoToHiB. TomMy 0OMERMMOCH PO3TJIAIOM OCHOBHUX
HPOLECIB B3AEMO/Il ATOMHUX CUCTEM 13 poTOHAMU.

[Togremo 3i 3B’a3aHO-3B’A3aHUX NEPEXOMIB: MOTJIMHAHHSA ab0 BU-
MPOMIHIOBaHHsI (POTOHA, i3 YACTOTOIO W OMTUIHUM €JIEKTPOHOM, TOOTO
eJIEKTPOHOM, KUl nepebyBae y 3B’si3aHoMy crani. CxeMarudHo nei
nporec 300paxkarTh TaK:

A+hwe= A (1.1)
ne girepu A, A’ noznauaroTs aromui cranu. Peakiis
A+hw= A +e (1.2)

300paxkae 3B’ A3aHO-BIJIbHI TIEPEXOIN, KOJIV MOTJIMHAHHS CYTTPOBOIKY-
€ThCH TEPEXOJIOM EJIEKTPOHA Y CTAHU 3 HENePepPBHOIO eneprier. [Ips-
Muit mporec onucye poroitonizarito, abo dporoedekT, 3BOPOTHHUI TIE-
pexin  doropekombinanioo. BiabHo-BlabHI nepexonu,

A+e+hw= A +e, (1.3)

Ile TIePEeXOar eJIEKTPOHIB MiXK CTAHAMHU B HEMEPEPBHOMY CITEKTPI.
[Tpamwuit iporec CympoBOMKYEThCA TAJLMIBHUM TIOTJIMHAHHAM, 3BO-
porHwuit raJIbMiBHUM BHIIPOMIHIOBAHHAM. 3ayBAaXUMO, MO EJIEK-
TPOHU B CTaHAX HEMEPEPBHOTO CIEKTpa aX HidgK He BIIbHI: HA HUX
FOTh CHJIA KYJIOHIBCHKOTO TPUTATAHHSA Ta BiAIMMTOBXYBAHHA 3 OOKY
YaCTUHOK OTOYEHHS.

Posrsigayri nporiecu HA3WBAOTH OHHOMOTOHHUMU IEPEXOIAMUA,
TOMYy IO B peakiisx bepe ydacts ommu ¢doron. Posciguus critjia
OTMUCYETHCHA TBOMPOTOHHUMU TEPEXOTAMMU:

A+hwe A + hw'. (1.4)

ImoBipHicTh ABOGOTOHHUX HEPEXOJIB € 3HAYHO MEHUIOK, HiXK IMOBIp-
HICTH OJHOMOTOHHUX HEPEXOLIB.
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s paKTUYIHOrO OIKUCY BKA3AHUX €JIEMEHTAPHUX IPOLECIB HEOD-
XiOAHO 3yMMHUTHUCH HA TEPMIHOJIOTI] if TMX KIJTBKICHUX XapaKTEPUCTH-
KaX, IO ONMKUCYIOTh CTAH EJIEKTPOMATHITHOTO MOJId 1 ATOMHUX CHCTEM.

§ 2. Cranu aTOMHHMX CHUCTEM ¥ €JIEKTPOMArHiTHOTO IOJIS

Cran aromMHOi cucremMn (€JIEKTPOH, aTOM, MOJIEKYJIa Ta iX Cy-
KYIIHOCTI) 33J1a€ThCA XBUIBOBOK (DYHKIIEI 14(), AKA 3aJ10BOJIb-
Hsie piBasaad [lpeguarepa. Iamekc crany A — me Habip BiIaCHUX
3HAYEHb (PIBUIHNX BeJIWInH ab0 BIAMOBIIHNX KBAHTOBUX UNCEJI, IO
BU3HAYAIOTH CTAH CACTEMU; iHIEKC 300paxeHnas & e CyKymnHICTh
3MIHHUX, Bill IKWX 3aJIEXKATH XBUJIbOBA (PyHKITA. 51 CKOpodeHoro
sanucy GyseMo Kopucrysaruch nosnadennamum ipaka, ¢y = |A) 1

CraH eJIEKTPOMATHITHOTO TOJIA B KJIACUIHIN €JIeK TPOIMHAMIII 3a-
AETHCA HATIPYKEHOCTAMUI €JIEKTPUIHOTO i MAarHiTHOTO TMOJIiB, AKi €
GYHKIIAMEI KOOPAMHAT TOYKU HPOCTOPY Ta 4YACy 1 3aJI0BOJIBHAIOTH
pisuauns Maxcsesuta®. Y kBanTOBiit Teopii cram eslekTpoMarmirT-
HOTO T0JIA 33/1A€ThCA XBUIbOBOWO dynkuieo ¢y, . . (Q). Habip
uncest {..., Nkq, ...} dikcye ximgpkicts doronis Ny , 3 iMirysiscom

'"Epsin Ipennnrep (1887-1961), Toan Axpian Mopic Hipak (1902-1984) —
O[IHI 3 TBOPIIIB KBAHTOBOI MexaHiku, Jtaypearn HobesmiBcbkoi mpemii 3 ¢izukum 1933
POKy 3a Biankpurrss HOBUX (opm aromuol rteopii. Y 1925-1926 poxax npodecop
Iropuxcekoro yuisepcurery E. Illpegunrep Binkpus dynmamenrajibHe pIBHSIH-
HA KBaHTOBO1 Mexaniku (pisuanna [[Ipenunrepa) i CTBOPUB TAK 3BaHY XBHJIbOBY
KBAHTOBY MeXaHiKy. 1i nepmuii BapianT — MarpuyHy KBaHTOBY MeXaHiKy —
cTBOpWB HiMenbknit disnk-reopernk Bepuep Taitzentepr (1901-1976), saxoro wa-
ropoaxeno 3a 1e Binkpurta HoGenmiBebkoo npewmieio 1932 poky. Amnrnificexuit
dizuk-reoperux I1. dipak nobyagysas y 1928 poui pessiTuBiCTChKY KBAHTOBY Me-
xaHiKy, 00’€QHABIIN 32 IOMOMOrOI0 OPUIIHAJIBLHOTO CHOCO0Y HOOYBaHHS KBAaIPAT-
HOTO KOPEeHsI OCHOBHI MPUHIIUITN KBAHTOBOI MEXAHIKU Ta TEOPil BiITHOCHOCTI, 3 sIKO1
MPUPOSHO, X043 ¥ HECIOAiBaHO, BHHUKJIN MO3UTPOH TA CIIH €JIEKTPOHA.

Mxeitme Korepx Makcnesur (1831-1879) — sumarauii anniificskuit dbisnx;
TBOpEINh Teopil eJeKTPOMArHiTHOrO moJis, cdopmyapoBanoi B 1860 1865 poxax
Yy BUTJIAOl cucTremMu KiIbKOX piBHsiHb (piBHsnHa Maxcsesuta); 1860 poky Bcra-
HOBWB 3aKOH, IO ONMMCYE PO3MOMII MOJIEKYJI Tady 3a IMBUAKOCTAMA (PO3MOmiI
Makcsenna); saiimaBca Takox GararbMa iHmmME poGIEMaAME, 30KPEMa TEOPIE0
KOJIhOPIB, crifikicTio kiseus Carypua, Teopieo npyxuocri. Moro nepma naykosa
pobora omybIikoBaHa, Koo #omy 6ys10 14 pokis.
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hk 1 monmgpwmsariero . XBUIbOBHI BEKTOpP K BU3HATAE HANIPAM MO-
mupeHHs cBiTa ta iforo wacrory w = ke, k = |k|, ¢ — mBungkicrs
CBiTJTa. YHACJIOOK TOMEPETHOCTI MOJsA 1HIEKC (v TPUAMAaE aBa 3HA-
Jennda. 3a xoopaunHatn () Moxna BuOpaTu cam Habip [mcen Ny ,
(Bs1acue 300paxenns) abo ysarajbHeHI KOOPAMHATH CYKYIHOCTI OC-
OUJIATOPIB, 10 MOOEJIOIOTH CTAH €JEeKTPOMATHITHOTO TOJIA B KJIA-
cuyaHii Teopii. Hagaui injekc 306paxenns () ollyCKaEMO i CKOPOYEHO
3AMUAMEMO: Y N . = oy Nk ).

Tyt i gasai gaa onucy KBAHTOBOMEXAHITHAX CACTEM Ta, SBUII BU-
KOPUCTOBYEMO METONW, PE3yJIbTaTh i TO3HAYEHHs, HABEIEH] y TMil-
PY4YHUMKY 3 KBAHTOBOI MexaHikm [8].

3 MaKpOCKOMYHOI TOYKW 30PYy MOBHWI ONMUC €JIEKTPOMATHITHOTO
MOJIs A€ MATOMA IHTEHCUBHICTh BUITPOMIHIOBAHHS, AKY PEECTPYIOTH
MPUJIAIN, 0 BUKOPUCTOBYIOTHCS [IJI CIIOCTEPEKEHHA HEOECHUX TiJI.
VY 3B’s3Ky i3 UM HEOOXiIHO BCTAHOBUTH 3B’A30K MiXK MUTOMOTO iH-
TEHCUBHICTIO BAUTTPOMIHIOBAHHSA TA KIJIBKICTIO (POTOHIB.

3pyYHO PO3IJIAIATH MOJIE CIOYATKY B JIEAKOMY CKIHYEeHHOMY 00’-
emi V' y dopwmi ky6a 3i croponoro L, V = L3. KommnoneHTn XBIILOBO-
ro BekTopa (POTOHA € B I[bOMY BUIAJIKY JIUCKPETHUMEU i HAOYyBAKOThH
sHavenhb, kpatanx 1m0 2n/L: k = (kg ky, k;), ki = 2nn;/L, n; =
0,+1,+2,.... IIpu nepexomi no makpockoniauoro 06’emy (V' — 00)
KOMIIOHEHTH XBUJILOBOTO BEKTOPA 3MIHIOIOTHCSH HEMEPEPBHO, a CyMWU
34 XBUJIbOBUMH BEKTOPAMH TEPEXOOATH BIAMOBIIHO B 1HTEI PAJIN:

Vv
2 = %%%ﬁw/“k

k
= %/dkw/dky/dkz. (2.1)

Beqmuuna V dk,dk,dk, /(27)? € xinbKicTio BIACHUX KOJIMBAH 1M0-
Jif 3 KOMIOHEHTAMHU XBUJIbOBOIO BeKTOpa B inTepsanax dky, dky, dk,.
KinpkicTs KOJIMBAHBL 3 aDOCOIOTHOIO BEJWIUHOIO XBUJILOBOTO BEK-
Topa B iHTEepBaJii dk 1 B HANPSAMKY, MO JIEXUTH y TIJIECHOMY KY-
i df), OepXKYEMO HEPEexXouoM 10 CHEepPUIHOl CUCTEMHU KOOPAMHAT:
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Vk? dk dQ/(2m)3. Ysomsuum wactory w = k¢ i JOMHOXKYIOUH Kijib-
KicTh KosmMBanb Ha Unca0 Ny o, orpumaemo N ,Vw? dw d/(2mc)?

K1JIbKiCTh POTOHIB 13 HOJAAPU3ALII0 ¢ 1 3 YacToTaMu B iHTEpBaJIi
MiX w Ta w + dw, MO TOMUPIIOTHECA B TijecHOMy KyTi df). TTomuO-
KUMO OJaJii nei Bupas Ha eHeprito ¢gporona Aw i nominumo Ha Vdw df).
Y pesysabTaTi 3HAXOOAWMO €HEPTii0 eJIEKTPOMATHITHOTO TOJIdA i3 Jac-
TOTOI0 W Ta TOJAPUBAIMIEI0 (, MO MPUMALAE HA OIUHHIIO 00’emy,
OIMHUITIO TLTECHOTO KyTa #t ommHWuHUil inTepBaJs wacror. Hapem-
Ti, I BEJIMYWHA, TOMHOXKEHA HA MBUJIKICTHh CBITJIA ¢, i Ia€ TMTOMY

IHTEHCUBHICTh BUIIPOMIHIOBAHHSA

hw?
Ik a —

s WN]{,Q (2-2)

— KIJIBKICTh €Heprii, Mo MePEeHOCUTHCA BUITPOMIHIOBAHHAM 9aCTOTH
w 1 mosiApm3aril (v 3a OAWHUINO YACy B OOWHUIIID TIJTECHOTO KyTa B
OVHWYHOMY iHTEpPBaJIi YaCTOT KPi3h OIMHUIHY TJIOMAJIKY (TTOBEPXHI
TiJIA, 110 BUNPOMIHIOE), NEPIEHIMKYJIAPHY JI0 HAPAMKY MOMIUPEHHA
ITPOMEHIB.

InrencuBHicTb noJIdA, 9K 1 KijbKicTh (DOTOHIB, € TAKOXK (DYHKILisA-
MU 9acy # TOYKHM TIPOCTOPY B 30psiHili armocdepi. Lo 3asmexnicTsb
BUMIMCYBATHU ABHO He Oymemo. lamekcu k, o OHO3HAYHO 33,1210TH 9ac-
TOTY, HOJIAPUIAIIIO Ta HAIPAM nomupensd ceitna: Iy o = I(w, o, Q).

Cepenfio iHTEHCUBHICTh BU3HAYAEMO AK yCEDPETHEHY 3a BCiMa, Ha-
MPSAMKAMHA MUTOMY iHTEHCUBHICTD

1
Joa = — [ Tkadf2. (2.3)
47 ’

IloBHMit OTIK eHeprii BUONPOMIHIOBAHHST 3HAXOIUMO MIJIAXOM IHTEr-

(1}

PYBaHHA TMMTOMOI IHTEHCWBHOCTI 3a BCIMa YacTOTAMW i KyTamMW Ta
MACYMOBYBAHHS 33 MOJISAPU3AIIAME:

(o0 (o0
> /dw /dQ Lo =47 ) /dw Jua = 4], (2.4)
a=1,2 0 a=1,2 0

ne J inTerpaJsibua cepenus inreHcusHicTh. s abcostiorHO WOp-
HOTO TifMa Ha BesmuMHa, #AK Bimomo, mopismioe oT*/m, nme crana
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Credana Bosbumana o = 72/(60A%c?), remueparypy T Bumiproe-
MO B €HEPreTHIHUX ONUHUIAX. JIKII0 Temmeparypy BUMIpPIOBATH B
rpagycax Kempsina, 1o 3amicts T TyT 1 Hamasi mporpibHO nmucarm
kgT, ne kg — crana Boapnmana.

Moo oguaUub BUMIpIOBaHHA (DI3MYHUX BEJIMYUH, TO BUXOLUMO
3 TOrO, MO (Pi3UKY Pi3HUX KPAiH TOCTYTOBYIOTHCA 3HE0ITHIIOTO rayc-
cosoto cucremoro oguaunp (CI'C “canTuMerp, rpam, cekynna’),
dAKY 1 MU BUKOPHUCTOByBaTuMeMO. llosCHEHHAM MbOr0 € NPUYWHU AK
ICTOPUYIHOTO XapaKTePy, TaK i, MOXKJINBO, OIJIBINA 3Py IHICTD I€l CUC-
TEeMU OJMHULB Y TeopeTudHiil (pizuii: mwob mogarkoBo He “raruyrtu’”
3a co601r0 Taki crasi (a dakrrnano KoedinieHTH TPONOPIIHHOCT), AK
€0 €JIEKTPUYHA CTAJIA, [ MarmitTHa crasa, 47 i T.o. Y mii
CUCTEeMi OOVHWIIh, HATIPUKJIA, PO3MIPHICTh Bemauan Iy ,, 3TiIHO 3
O3HAYEHHAM, J0piBHIOE epr'/(cM? X crepajian). B npuksiaaaux ra in-
JKEHepHUX 337adax nepesary namaioth cuctemi Cl. Hacro disukm
BUKOPHUCTOBYIOTh ATOMHI OQWHWIl, Y AKWAX 3aPdAl] €JIEKTPOHA, HOro
maca i crasa Ilnanka mopiBrolOTh ommavmi (e = 1, m =1, h = 1).
CrogiBaeMoCh, MO CTYIEHTOBI CTAPHIUX KYPCiB, AKU BUBYUB 3arajlb-
Hi (ekciepumenTasibhi) Kypeu (bi3uku Ta Kypceu reoperudHol (hizuku
i TPUCTYNWB 10 BUBYEHHSA OCHOB 30PAHO1 CIIEKTPOCKOTTi1, HE TIOBUHHA,
CKJIAJIAT TPYIHOIIIB MPOCTA TPOHELyPa NEPEXOy Bill OIHUX Onu-
aurs 00 iamwmx. Curimg swme pospisaatn dyHgaMenTaabHi dhiznani
KOHCTAHTH 1 3BMYaiini KoedilnieHTH TPOHOPLiAHOCTI, AKi 3aJiexkKarTh
Bim BUOOPY CUCTEMU OOWHUILD.

VYV neskux BUMAIKAX 3PydHINIE KOPUCTYBATUCH HUTOMOIO 1HTEH-
cusHicTiO I(\, @, ), BUBHAYEHOIO 3a MKAJOK JIOBXKUH XBUJH A =
2mc/w. Tlepexim mo Takoro onmcy 3AiCHIOEMO 3a IOMOMOrOK PiB-
HAHHS:

o

oC

/I(w, a,Q)dw = /I()\, a, Q)dA, (2.5)
0 0

sdKe JA€ MOBHUH MOTIK eHeprii BUmpoMiHiOBaHHSA (DIKCOBAHOI TTOJIAPH-

3arii B 3agaHoMy HanpaMKy. IligcraBMo B JIiBy 9aCTUHY 9acTOTY

w=2mc/)\, dw= 2mcd\/\?
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i (3 ypaxyBauuam Toro, mo npu w = 0, A = 00, a npu w = 0o, A = 0)
OHEP! MMO CITiBBBITHOIITEHHS:

I\ a,Q) = %Ik,a = %I w = ?,a,ﬁ . (2.6)
Hapermri, yBememMo noHATTA MOTOKY €Heprii BiJl 30pi, IO moTpan-
Jsie go crocrepirada. [IoTik € BEKTOPHOI BEJIMIWHON, KA, TOMHO-
JKEHA CKAJIAPHO HA €JIEMEHT TIOMAOKY dS, Ma€ KiJIbKICTh eHeprii,
0 TPOTIKAE KPidb dS 3a OOMHUIIIO YACy B OJUHWUIHOMY 1HTEDPBAJIL
gactor. s mmockoi armocdepn, OTHOPIIHOL 38 HATPAMKAMA I, Y,
BiIMiHHOIO Bif HyJid Oyze Jnire z-KOMIOHEHTa MOTOKY, 1 caMme ii Ha-
3UBATUMEMO MPOCTO TMOTOKOM. Busnaummo #oro sik mpoiHTer poBaHy
3a BCiMa KyTaMy [IMTOMY IHTEHCUBHICTH, IIOMHOXEHY Ha cos ), 6
KYT MiX HATPpAMKOM HOPMaJli JI0 eJIeMEHTAPHOI TJIOMAIKU, 3 AKO1
fifle BUIPOMIHIOBAHHS, i HAMPSMKOM HA CIIOCTEpIirava:

nk, = Z /Ik’{l cos 6 dS2. (2.7)
a=1,2"

ITorix mosHauaTh K 7F,, abo wF)\ 3aJeXHO BifI TOTO, 33 AKOIO ITKa-
JIOIO IPALOIOTh: YaCTOTHOIO YM JOBXKUH XBUJIb. 3MICT L€l BEJIMYUHA
Takuit: wF, — 1e KiJbKICTh eHeprii BUIMIPOMIHIOBAHHS, AKa TPOX0-
IUTH KPi3h OJUHWIHY IUIOMAIKY, PO3TAIIOBAHY TEPIEHIUK YIsIPHO
JI0 IIOTOKY (POTOHIB, 33 OJMHUIIO YACY B OJAUMHUYHOMY iHTEPBAJI 4ac-
2. Imrerpysanns B (2.7)
HEODX1HO BUKOHYBATH OKPEMO 3a miBchepaMu: BiguoBiIHO FOBOPATDH

tor. Po3mipHiCTh MOTOKY MOpiBHIOE €pr/cm

Mpo BXigHWH Ta BUXimaWI moToKM. [[J1s i30TPOITHOTO BUITPOMiHIOBAH-
He, TAKOTO 9K B abcosoTao dopuoro tina, nkF, = 0. [loBuuit nmorik
eneprii mF orpumyemMo iHTerpyBanHaM Bupasy (2.7) 3a Bcima dacTo-
TAMH.

MHOXHWK T B O3HAYEHHI MOTOKY BUIIJIAIOTH IJId 3PYyYHOCTI, OC-
KIJIbKY, AKIIO TATOMA, iHTEHCUBHICTD 3aJIEXKWUTh JIWIIE Bif OMHIET KO-
opavHaTH (HAPUKJIAMI, z) 1 KyTa ), TO iHTErpyBaHHS 33 a3UMYyTaJIh-
HUM KyTOM @ B (2.7) MOXHA BUKOHATH:

s

F, = 2/[1(7& cos 6 sinf df. (2.8)
0
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Axuo HAC HIKABUTH MOTIK, IO 3aJMLIAE IOBEPXHIO cepu, TO iHTEr-
pysanns y (2.8) ciin Bectn B Mexax Big 0 mo m/2; mist moToKy, mio
BXOmuTh 10 ¢epu, inrerpyemo Bin /2 no 7. Iosuuii norik (2.8) no-
piBHioe ixHiit cymi. Camy Besuunny F,, Ha3zuBamOTh acTpodizmaIHnM
MMOTOKOM, AKWHi, 9K O6aIMMO, € MepuimM MOMEHTOM iHTEHCUBHOCTI 3a
KYTOBOIO 3MIiHHOIO COS f, & HyJIhOBUM MOMEHTOM € CEePEIHs IHTEHCHUB-
uicre (2.3). Cranpaprao HopmoBauuMm (K 1y (2.3)) uepumm Momen-
tom Gyne, nacupasui, Besmauna (2.7), noginena na 4w, robro F, /4,
AKY HA3MBAIOTH TAKOXK €IIHITOHIBCHKAM MOTOKOM®.

Hiia Conng Mu Ma€Mo 3MOry BEUMIPIOBATH IHTeHCHBHICTH [y o 1O
MMOBEPXHI UcKa. IJid iHmmX 3ip, AKi MaIOTh TOYKOBI PO3MipH, MOXHA,
BUMIPIOBATH JIWIIE TIOTIK 7TF,,, TOMy BiH € MPUPOIHOIO XapaKTepuC-
TUKOIO IXHBOT'O IOJIA BUIPOMIHIOBAHHSI.

Mg metasibHINIOTO O3HAWOMJIEHHS 3 TOHATTAMY Ta (DI3UIHUMEA
BEJIMIMHAME, AKi XapaKTephU3yTh IOJI€ BUIPOMIHIOBaHHSA, dnTaq
MOXKe 3BEPHYTHCH JI0 BXKE 3TaJlaHnX KHMKOK [1-7].

Hocmimxkenns 30paanx armocdep I'PyHTYEThCH HA BUMiPIOBAHHI
BBEJIEHOI TyT IHTEHCHBHOCTI BUITPOMIHIOBAHHSA 30pi, AKE TOXOIUTH 0
HAC, 33 JIOMOMOTOI0 MPUCTPOIO, IO CKJIATAETHCHA 3 TEJECKOTA, SIKWit
36MpaE Le CBITJIO; 3 HBOIO BOHO LOTPAILJIAE y CUeKTporpad, mpuJial
(nudpaxuniiina rparka, inrepdepomerp), mo pos3aiase CBiTIo 3a yac-
ToTamMn abo DOBKWHAMW XBUJIh, TOOTO 3MICHIOE OTO CIEK TpaJIbHMH
anasiz. [licna woro npmitmau (doromwnacrunka, GoTonoMHOKyBad,
HBB—Mannuﬂ4) MEPETBOPIOE MOTO B CUTHAJI, IO PEECTPYETHCH 1 JIAE€
BXe KIJIbKICHY XapaKTEepUCTUKY IHTEHCUBHOCTI cBiTsa. Ilig gac mpo-
XOMXEHHs CBITJIa KPi3h CKJIAQHOBI Takoro mpuitmMada ¢popma curua-

3Apryp Crenni Eppinrron (1882-1944) — sumaruuii anriicexuii acrpodi-
3uk 1 ¢i3uk, 3pobUB BesIMKMH BHECOK y TEOPIl0 pyXy 3ip, TEOPil0 BHYTPINIHBOI
OymoBu Ta eBo.TIOmii 3ip, Teopioo rpasitamii i ¢isuky Conma. Y 1919 pomi min
9ac JOCJIKEHHsT Crelmiaabron excrneannieio 3aremuennst Connga (Aa ocTpoBax
Cobpast Ginst y36epexsxs Bpazwmii ta [puwncuni y Isinelichkiit 3aromi) ymepmre
eKCIEePUMEHTAIbHO BUSIBUB 1 BUMIPAB NepeadadeHe 3arajibHOI0 TEOPIEI BiAHOC-
rocTi Bigxmaenns csitia 3ip Connem. Came me i mpuBepHYJI0 yBary rpoMaicCh-
kocti 10 Teopii BigrocHocti, a A. Aifnmraiin, sk onuu 3 ii TBOpuiB, cras Bigroai
3HAMEHHUTHUM.

‘Tpunan i3 3apsgosBum 38’s3kom (anriiiiceko: CCD — charge coupled
device).
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JIy Hece Ha cobi TAaKOXK IHCTPYMEHTAJIbHI CIIOTBOPEHHS, sIKi MOTPIOHO
BMIiTH BUJIyYaTH i BIITBOPIOBATH MEPBICHWI CIIEKTP BUITPOMIHIOBAHHSA
TAKUM, AKAM BiH OYyB 10 BXOMKXEHHsI B TEJECKOII.

L/If

1.0

3683.481
Pb!

3683.624
Fel

3683.093
Fel+Col

o

3683.0 3683.5 AA

Puc. 2. inanaka cnexrpa Conna (mo6iusy A = 3683.481A), orpumanoro na
Bamrosomy constanomy resieckoni Kpumcbkoi acrpodizuanoi obceparopii
3 aucnepciero 0.15 A/MM. (M. 3. XoxsioB, U3ssectust Kprimckoit acrpodu-
suueckoil o6cepsaropun, 1959, 1. 21, c. 103).

Ha pwuc. 2 HaBemeno ekcrnepuMeHTAJIBHO BUMIPsiHY B KpuMchbkiit
ACTPOHOMIYHIN 06cepBaTOpPii KPUBY IHTEHCUBHOCTI BUITPOMIHIOBAHHS
Comnriga y BiIHOMIEHH] 0 IHTEHCUBHOCTI HETIEPEPBHOTO CIIEKTPA B OKO-
i posxuan xBuai A = 3683.481 A. Bobpaxena ainsnHKa crekTpa
Oists Jrimii morsmaanast Pbl 3 TunmoBuM KOHTYpOM ywmimae iHTEpBaJI

NOBXKIH XBUJIb BEJIMUMHOIO B OOMH anrcrpem’. Ilopyd € sinii mo-

rommmanas Fe+Co (A = 3683.093 A) ta Fe (A = 3683.624 A). Awmanis
CTPYKTYPH KOHTYPIB JIiHI} TOTJIMHAHHSA ATOMIB Ta HOHIB pi3HUX eJie-
MEHTIB [1a€ 3MOry omepxkarn indopmariio mpo ¢isuvHi mpomecu B
30pAHuX armocdepax.

Y cnexTpockomii puMChKO0 midPOI0 MCIa CHMBOTY XIMITHOTO €TeMEHTA TO0-
3HAYAIOTH CTymiub ifonizanii aroma: N I — me nmeiitpansuuit arom asory, N II —
OOHOKPATHO WOHI30BaHUI 1 T.11.
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VBenemo 110 po3migny KijbKiCHI XapaKTEPUCTUKH CIEKTPAJIbHOIL
Jginil nmormaanag. (CxeMaTwdHO KOHTYP TAaKOi JIiHII HABEIEHO Ha
puc. 3.

I,
I
1
Ag— A R Y-
0 2 . e 0+2
o )

Puc. 3. Konryp crnekrpasibaoi Jjiinil norsimnands. CyuijibHa XKupHa Kpu-
Ba — KOHTYDP CHEKTPaJIbHOI JiiHii aroma B armocdepi 30pi. [Ipsamokyrauii
KOHTYP abCOJIFOTHO YOPHOI JIiHil 3 mupuHoio A 300paxKkeHo CyIiIbHOI TOH-
koro Jinien. [lynkTupna npsama iHTEHCUBHICTh HENMEPEPBHOIO CIEKTPA;
BOHA 300paXKeHa TOPU30HTATIBHOIO TPSIMOIO, OCKIJTBKY B MEXKAX CIIEKTPAJIh-
noi Jiinii dynkuisa I§ npaktuuno ne 3minoersca. s i30/1b60BaHONO aTOMa
KOHTYP CIIeKTPAJIbHOI JiiHil € 6e3MeKHO By3hKNM Ha HORKMHI XBUJI A = Ag.
Posmupensst KoHTYpY JTiHil Ta 3¢yB ii IeHTpa 3yMOBJIeHI HU3KOIO (Pi3UIHAX
MeXaHi3MiB, BUABJIEHHS sIKAX i € METOI0 JOCIITHUKIB 30psIHAX aTMocdep.

['nubumuOoO JTiHIT HA3UBAIOTH BIIHOMIEHHA PI3HUI MATOMUX 1HTEH-
CWBHOCTeit y HemepepBHOMY CriekTpi I , Ta crekTpaJibHii ginii IL o
b b

110 IATOMO]I IHTEHCHBHOCT] B HEIIEPEPBHOMY CIIEKTPi®:

fo = Do I°(\a,Q) — T'(Aa,Q)

ko (2.9)
k‘,a IC(A’(}{’Q)

T\ =
l _ o o eee _
OdeBuIHO, MO AKIIO Ik o = 1K s TO rymmbuHAa JriHii ry = 0 (HOI‘JH/IHa,H—
b b
He B JIiHII BincyTre). ko Il]’( o =0, T06TO POTOHM 3 TAKOIO HOB-
b
XKUHOK XBWJI BIICYTHI, TO MAEMO abCOJIOTHO YOPHY JiHi0: ) = 1.

[(PR}}

5Bepxui inmekcu “c
WIChKUX CJIB: continuum — HeNmepepBHUiT CneKTp, KOHTHHYYM; [ine — JIiHis,
KOHTYD.

i “l” y nuTomiii iHTEHCUBHOCTI e mepii JITepu aH-
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Orxe, raubuna Jiinii 3minoerbea B Takux Mexax: 0 < ry, < 1. 3a-
JIEXXHO BiJ YMCEJTHHOTO 3HAYEHHS BEJIMIUHU T\ TOBOPATH MPO CJIA0Ki
(rx ~ 0.1 = 0.15) Ta cusbHi JiiHil.

Tpamumniiino Take o3HAYEHHsI TIMOWHM JIiHII 3aCTOCOBYIOTH [IJI
Conng. Jlinii nornmuanna y crekrpi Conng Brepire mosacanB y 1814
poui Moszed @payurodep. Ha itoro uecrs ui sinii nasusators dbpa-
yurodeposumn stimiavu’ . s inmmx 3ip, mob BU3HAYMTH TINOWHY
Jinit Ry, BAKOPUCTOBYIOTH IOTIK 3aMiCTh MUTOMOI iIHTEHCUBHOCTI:

Fy—F

MPUYOMYy OYeBUIHO TakoxX, mo 0 < Ry < 1.

[ToTpibHO 3pOOUTH BaxKJIMBE 3ayBakKeHHSA MO0 O3HAYEHHS TJIU-
Oownwm sirii. Mosa fime mpo Te, K yCTAHOBATH MEXKY MiX Herepep-
BHAM CIIEKTPOM 1 CIHEKTPAJIBHOK JiHI€H. [HmmMMEA cioBamMu, sAKUM
uyuHoM diKCyBaTu caMe TaKui, a He IHINUA piBeHb IHTEHCUBHOCTI He-
MEPEPBHOTO CIEKTPa. J3PO3yMIJIO, IO [IJid IbOro Tpeda BiIXOmuTh
AKHAROAI Bif meaTpa JiiHil Tymau, me ii kpuaa “cnpsaraiorbed’ 3 He-
MEPEPBHUM CITIEKTPOM, TOOTO 3 (pOHOM, HA AKOMY BUMIIAIOTHCS CIIEK-
TpaJibHi JiiHii. OgHAK IITKOTO KiJIBKICHOTO KPUTEPIIO PO3MENKYBAHHSA
memae. Illob6imkmme, wacTo crieKTpaJsbHI JIiHIT HAKJIAHAIOTHCA CBOIMA
KPpUJIAMM OJIHA Ha OfHy, 1 IX norpibHo we Biggiauru Big (GoHOBOrO

"Mozed Ppaynrodep (1787-1826) — nimeupknii dizux. Mepmmii mocaigus i
MOSICHUB TEMHI JIiHIl B COHSYHOMY CHEKTPi, 3p00UB 3HAYHUI BHECOK Yy HOCJIIXKEH-
HA OUCIEPCIi 1 CTBOPEHHA aXpOMATHYHUX JIiH3, BUBYAB AUPPAKINIO TPHU NaTiHHI
Ha eKPaH TJI0CKOTapaJIesIbHOro myuka npoMenis (mudpaxnis Opayrrodepa), an
HE BIIEpPIE BUKOPUCTAB I/ IOC/IAKEHHs CNeKTPiB nudpakiiitai rparkm.

Temui JiiHil B COHAYHOMY CIEKTpiI BIEpIIe 3ayBaXkWB AHNIHCHKUN (izuk
B. I'. Bosutacron (1766—1828) y 1802 pomi mim wac BUMIPIOBAHHS 3aJIOMJIIOI0YO]
3gaTHOCT] pi3HMX Marepiasis, Kpi3k ski BiH nponyckas npomeni Conus. Ile mo-
BILOOMJIEHHSI HE BUKJIMKAJIO OCOOJIMBOTO iHTEpECy, OCKIJIbKU CaM aBTOP HE BU3HAB
ui siinii crifikumun, BBaxaoun ix sBunankosumu. Y 1814-1815 poxax M. ®payn-
rodep, NPoBOAsIYM TaKi K BUMIPH 1 MEpersiagarvn Kpi3h TEOHOJIT 30LIbmennii
COHAYHUN CIEKTP, OTPUMAHUN Bill MpU3MH, MOOGAYNB TEMHY JIHIIO HA TOMY MICII,
IIe paminre BiH crmocTepir XOBTy JiiHiIO B crnekTpi cBiukn. Kpim toro, Bin BusiBuB
y cmexkTpi CoHig me iHmi TemHi JiiHii i TOYHO BUMIPAB MOJIOXKEHHS 574-X JTiHiii.
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punpomintosanna’ (mus. puc. 4). o6 03HAROMUTUCH 3 MECTEITBOM
06pobku mpodisis dppaynrodepoBux JIiHiM, TPOTIOHYEMO 3aTJIAHY TH
B MoHorpadiro [9].

[Ile omHie0 BaXKJMBOIO XapaKTEPUCTUKOIO CIEKTPAJILHOI JIHIl €
TaK 3BaHa eKBiBasieHTHa mmpuHa W), Mo xapakTepusye IOBHE 1O-
[JIMHAHHS 1 9Ky BU3HAYAIOTH TAK:

Wy, = [ radX (2.11)

Jist Jtinii y cuekrpi Conngs i

Wy, = [ RydA (2.12)

— JIst JTiHIR y CTeKTpi iHmmMX 3ip; A\ — IOBXWHA XBUJI B MEHTPI
ginrii. Tyt iATerpyBaHHs BiIOYBAETHCA 3a BCI€I0 MIKAJIOK TOBXWH
XBUJTb.

8Tpobiiema dony mae 3aransumit xapakTep, i 3 HEIO 3yCTPiYaEMOCh y Gararnox
nocaimxenaax. Hampukian, npu BUMIPpIOBAHHAX CTPYKTYPH KOHIEHCOBAHUX TLI,
TakuX fK piguHu un amopdHi TijIa, MeTOIOM HeHTPOHHOI b0 peHTreHiBChKOl nud-
paxkuii. Tak 3Banwuii crpykrypHnit paxTOop BU3HAYAIOTH SIK BIAHONIEHHS KIJIBKOCTI
PO3CIIHUX 9aCTUHOK HA ATOMAaX PEYOBUHU 0 IHTEHCUBHOCTI 1X PO3CIAHHS HA TUX
camMuX, ajie HEeB3AEMOMIIYMX, 130J1h0OBAHNX aToMax, T00TO 10 (POHOBOI IHTEHCHB-
HOCTI PO3CIAHNX YACTWHOK. BHW3HAYEHHST OCTAHHBOI 1 CKJIAIAE OIHY 3 TOJIOBHUX
327124 y IOCTiTaX TAKOTO THITY. 1i BU3HAYAIOTH a60 MLIAXOM TEOPETHYHOTO PO3pa-
XYHKY PO3CIfIHHSI YaCTHHOK HA i30JIbOBAHOMY aTOMi, € BUHHKAOTH CBOI mpolJie-
M1, D0 eKCIEPUMEHTAJIFHO SK IHTEHCHBHICTh PO3CISHHS TPH BEJIMKUX IMITYJIhCAX
nepenadi, KO B3a€MOMId MiK aTOMaMU [1a€ MaJIUil BHECOK y PO3CIAHHSA 1 MOXKHA
BBaXaTH, M0 BOHO BIIOYBAETHCH HA HE3AJIEXKHUX aToMax. 1yT i BUHWKAE Nu-
TaHH$, HACKIJIPKY BEJIMKVMU MOBUHHI OyTH iMmysibcu nepemadi, uo0 BimmosigHmit
PiBEHBb IHTEHCUBHOCTI BBaxkaBCa (POHOBUM.

Inmnit npuksian — e BUBYEHHS €HEPLETHYHOrO CHEKTPA KOHIEHCOBAHUX TiJT
HIJITXOM HENMPYXKHOro po3scisinast Helrponi. Cam cnekTp BU3HAYAKOTH 32 110JI10-
KEHHAMU IiKiB JUHAMITHOTO CTPYKTYPHOro (bakTopa, ajie BU3HAUEHHS TOUYKH 3a-
KiHYEeHHS CIIEKTPA € He MPOCTUM 3ABIAHHSAM, OCKIJIPKHU 1[I MAKCHMYMU HEBEJINKI i
CcuIbHO po3muTi. [lj1s1 BCTAHOBJIEHHS KiJTbKOCTI 003€-KOHIEHCATY B HAAILJINHHOMY
restii-4 (kigpkocTi aromis *He 3 iMImysibcamu, mo TOPIBHIOIOTEH HyJIeBi) BE3HAUCH-
Hst (DOHOBOIO PO3CISTHHS € NPUHIMITIOBUM.

V 38’a3Ky 3 uMM wLiKkaBo nmpuragarH, mo amepukaHchbki acrponomu A. A. Tlen-
siac i P. B. Binbscon y 1965 poui Takox BupimyBau mpobsieMmy 3MeHImeHHs (Gory
y CKOHCTpyiioBaHmx HUMHK aHTeHax i “Hagmbasm” npum nromy na HobesiBchky
npemifo 1978 poxy 3a BinkpuTTs (POHOBOTO PETIKTOBOTO BUNMPOMIHIOBAHHS.
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I/I5

Pbl  4057.969
Mn |

4058.225

4057.520 Fel+ Col+Til
Mg . . . .

4057.5 4058.0 AA

Puc. 4. [linanka cnexrpa Conna (mo6musy A =4057.815A), orpumanoro na
BamroBomy consaromy Tesreckori Kpumcehkoi actpodisudmnoi obcepBaTopii
3 gucnepciero 0.15 A/MM. (M. 3. Xoxnos, UsBectua Kpwivckoit acrpodu-
suueckoii obcepsaropuu, 1959, 1.21, ¢. 103).

ko B3ATH abCOIOTHO YOpHY JiiHiIO (1) = 1) 3 TPAMOKYTHUM
KOHTYPOM mmpuro0 A\, TO B Hiff 6y1e MOrJimHATHCH CTIJIBKY XK €Hep-

1]

rii, ckispkm # y mocsimkyBaHi# JiiHII 3 €KBIBAJEHTHOI IMHPUHOIO
Wy, = AX. Copasai, 3a o3HaYeHHAM (IUB. TaKOXK puC. 3)

0, Mo — AN/2 <A< Mg+ AN/2,
'\ o, Q) = ’ /2SS / (2.13)

I¢(\, @, ), no3a uum iHTEpPBAJIOM,

TOMY €KBIBAJICHTHA IIUPUHA

)\0+A)\/2

W), = /mdA - / X\ = AN (2.14)
)\an)\/Q

Orxe, W), 4ucesibHO HOPIBHIOE WMUPHHI JIiHII 3 IPAMOKYTHUM
KOHTYPOM, IO BHAMIPABIOBYE CaM TEPMiH ‘eKBiBAJIEHTHA MHAPUHA,
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axuit ysis @. Paiixe’. Y npomy nosiarae smicr exsiBajenTHOL mupu-
HU JIiHii.

Ockinbku rombuna jinii ry = 7y, (AN) a5 GyHKIis JOBKMHY XBU-
JIi MBUAKO 3MEHIYEThCA 3 BimcTanuio AN = A\ — Ao Big 11 menTpa
A = Ag, 10 inTerpyBanusa B o3navenni (2.11) exBiBasieHTHOI WMpPUHY
MOXHA, TTPOBOIUTH 33 3MIHHOI A\ y DE3MEXHUX MEXAX:

oC
W, = / P (AN) d(AN). (2.15)
—0o0
Axuio kopucTyBaTUCh YACTOTHOIO HIKAJIOK, TO

Wy, = /er(Aw)d(Aw), (2.16)

— 00

e

2
Two (Aw) = ﬁr)‘ozzﬂ <A)\ = EAw) ,

wo wo
Aw = w — wy, wo = 2me/Ap.
BuwmiptoBanast rinOWH Ta €KBIBAJIEHTHUX NMIAPUH CIEKTPAJTBHUX

JIiHIT Ta iX TEOPETUYHMIA PO3PAXYHOK € MEHTPAJHHIM MOMEHTOM JI0-
cimkenns 3opsaaux armocdep 'V,

9®pin Paiixe (1883-1969) — wnimenpkuii disuk, 1925 poxy BuBIB IPaBUIO CyM
[IJIsl CHJI OCLIHJISITOPA.

0Mexanizmun yreopenns dppayHsrodeposux Jiuiit Ta iXHIO TOHKY CTPYKTYpY 00-
caimkyBaB Bimommii ykpaincekmii actpodiznk B. T. Babiit (1936-1993), npamiomo-
qu Ha Kadenpi TeoperndHoi pizukm Ta B ACTpOHOMIUHIH o6cepBaTopii JIbBiBChKO-
ro yuisepcurery. Bin ekcnepumenrasibHO BuaBuB acumerpiio ¢payHrodepoBux
JliHi#t, 3anucu akux 3ailficHeno nig vac #oro nepedbyBannsa B IlysikoBehkiit obcep-
Baropil B 1961 ta 1962 pokax. Came muckycii 3 B. T. Babiem y 1980-x pokax 3
npobsiem diznkn Conust, 1 30Kpema TOHKOI CTPYKTypH JIiHII MOrJIMHAHHS aTroMap-
HOr0 BOIHIO, BUKJIMKA/IM B ABTOPA aKTUBHUH iHTEpec mo 3amad acTpodisukn.
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§ 3. Bzaemomisa moJiss BUIIPOMiHIOBAaHHA 3 aTOMHUMH
CACTEMaMH

Enementapri nporecn NoTJIMHAHHA, BUTTPOMIHIOBAHHA Ta, PO3Ci-
sAHHsA (POTOHIB MOXHA PO3IJIAIATA sIK KBAHTOBI LIEPEXOU MiXK CTa-
HaMu (POTOHHOTO TI0JIs, TOOTO AK MEPEXOIH Bif OMHOTO HADOPY THUCET
sanoBHeHHd GoOTOHIB {..., Nk q,...} g0 inmoro. Taki nepexomu Biz-
OyBaOTHCA BHACJIIOK B3aEMOJIil €JIEKTPOMATHITHOTO TOJIs 3 aTOMa-
MU pedOBUH. Y KJACHIHIN eJIeKTpoauHaMIiIl eHepris mi€i B3aeMozmil
IJ1S OHOTO eJIEKTPOHA Mae Takwii Bururs [10-12]:

2

- e e
2
V=——(Ap) + 5A”, (3.1)
mc 2mc
e e — 3aps eJIeKTpOHa 31 CBOIM 3HAKOM, 11 — WOro maca, p —

IMITYJIbC; BEKTOPHHUI MOTEHIAJ MOt A 3aJI€XKUTH Bill KOOPAWHATH
TOYKHW TPOCTOPY I' Ta 9Yacy ¢ i 33I0BOJIBHSE yMOBY TOTEPEIHOCTI,
div A = (. CkaJigpunii moTeHIiag BIILHOTO €JIeKTPOMATHITHOTO IO~
JIsT 3aBXKOM MOXKHA MOKJIACTU PIBHUM HYJIEBI.

[Tepexin 10 KBAHTOBOTO OMUCY 3TIHCHIOEMO 3aMIHOI0 TUHAMITHAX
BEJIMUMH ONEPATOPAME. IMIYJIbC EJIEKTPOHA 3AMIHIOEMO OLIEPATOPOM
iMmysibCy, y KoopaumHAaTHOMY 300paxkenni p = —ihAV. Bekropumii
HOTEHLIAJI TAKOXK € OIEePATOPOM, sIKMH [i€ HA J4KMCJIa 3an0BHEeHHs PO~
touin 8, 10]:

1/2
A o Z Z 27r(:2h/ / e (eikrB + efikl‘B‘F ) (3 2)
= ka k,a k,a k,a ) > .
k «

Tie ey, — OIWHWYHWMII BeKTOp TojiApusalii pboTona, mpuaomy, BHAC-
JIJIOK yMOBH TonepednocTi nosd, key o, = 0; gacrora wy = ke. IHia

onepaTopis By , i Bl'(" . Ha XBuboBi (yHKHII 1O 3a1a€ThCA PiB-
b
HOCTSAMMU:

Beal -+ s Near--) = V/Nea |y Niew — 1,...),

(3.3)
Bl Near ) = VNica+ 1], Nca+1,..).
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Takum auHOM, OMIEPATOP Bk,a suuye PoToH 3 imuyJibcom fik i mo-
JISIPU3AIIEI0 (v, 3MEHIIYIOYN KiJIbKICTh TAKUX (POTOHIB TOJIsT HA OO~
nuio. Cupsikenuit 10 HBOrO OIEPATOP B+ o» AITOYM HA CTAH 10JId,
301JIBIIIy€ KiJIBKICTH (DOTOHIB HA OOWHWUIIIO, TOPOIIK y IO doTou 3
imiysibcom fik 1 mostapusaniero «. Oneparopu B+a Ta Bk « Ha3WMBa-
OTh OTIEPATOPAMU MOPOKEHHS 1 3HUIIEHHS d)OTOHm. Lli omeparo-
p¥ 3aD0BOJIbHSAIOTH TEPECTABHI CIIBBIIHOMEHHA CTATUCTUKU DBo3ze

Alinmraiina:

» D+ N+ » —

Bk,aBkl’al - Bklv(,/Bk,a = 5k,k’ 6a,a’a

Bk,aBk’,a’ - Bk’,a’Bk,a = Oa (34)
R+ R+ N+ N+ _

Bk,aBk’,a’ o Bk’,a’Bk,a = 0.

Hapani pyis copomnienHst 3anucy BBEOEMO TaKi MO3HAMEHHS:
\%
qg=(k = — dk. 3.5
RPN NS TR

Bzaemouis (3.1) esleKTpOMArHITHOTO HOJIS 3 PEYOBUHOK BUKJIU-

Ka€ KBAHTOBI MEPEXOON B CUCTEMI “eJIEKTPOMArHITHE TI0JIE TIJIIOC ATO-
MU PEYOBUHU” , CTAHU AKOI OIUCYIOTh XBUJIbOBOIO (DYHKIIEIO, IO € J10-
OYyTKOM XBUJILOBMX (DYHKUIH 1moJis # aromiB. ImosipHicTb Hepexo,uy
33 OIMHWIII0 Yacy 3 MOYATKOBOTO CTany cucremn |i) = |A;..., Ng,...)
B xinnesuit |f) = |A';..., N,,...) naersca B nepiomy Ha6JII/I)KeHHi

BIIOMWM i3 KBAaHTOBOI MexaHiKM BUpa3oMm [8]:
Wiy |f) = —\sz\ 0(E — Ei), (3.6)

ne E;, Ef eHeprii movYaTkoBOro # KiHmeBoro craxiB. Marpuasi
esleMenTH oneparopa B3aemoii V, akuii 3agaersea supaszom (3.1) i3
3aMiHOI0 B HhOMY BEJIMYWH P Ta, A BiAMOBiZHWME OmrepaTopamMu p Ta
A, 00paxoByIOTh Ha CTaHaX He30ypeHol cucTeMu, XBUJIbOBI dyHKII
K01 € J0OyTKOM XBHJIbOBUX (PYHKIIIH aTOMa Ta €JIEKTPOMATHITHOTO
nossa (nus. §2):

Vi = (A5 N VAN,
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=[O0, @V, (@a(dEdQ. (37)

[Mepmmii unen eneprii B3aemomii (3.1), ainiitanii 3a oneparopammn
HOPOIXKEHHS 1 3HUIIEHH:A (POTOHIB, 3H4IACHIOE OOHODOTOHHI HHEPEexo-
IW, a Opyruil JOJAHOK, KBAAPATHYHWHA 33 IMUMHU ONEPaTOPaMMU,
asodoronni. Takum gunom, juis peakuiii (1.1) (1.3) 3 yuacrio og-
HOro (hoTOHA WMOBIPHICTH MEpPEXOy BU3HAYAECTHCA BUpaszoMm (3.6) 3
ypPaxyBaHHAM JIMIIE MEPUIOTO JIONAHKA B oneparopi (3.1).

Hnsa nBodoroHHnx mepexomiB nepmmii nogaHok y (3.1) we mae
BHECKY foro MarpudHi eJeMeHTn Vfi IIJI X TEPEXOJIiB H0PiB-
HIOIOTHh HyJIeBl, 1 edekT nepuoro HabJIMKEHHs Bl HbOIO BIJICYTHI.
1 KOpekTHOTrO Onucy ABOMOTOHHUX TEPEXOMiB, KPiM ypaxyBaH-
HeA apyroro noganka B (3.1), HeobXimHO B3ATH 10 yBaru BHECOK Bijl
MepIioro JOJAHKA B IPyromy HabJmxkeHHi. [as 1Mporo Bupas mjs
iimosipraocTi nepexony Gepemo B npyromy nabamxkenni [8, 13]:

~ N 2

27T ~ fo’Vf/
Wiy ) = 7 Vi + > ﬁ 0(Ey — Ej). (3.8)
f/ P
(f'#1)

106 me BromuoBaTn Umrada, Mu 0OOMERWMOCH TETIEp JIATIE IIAM Tie-
pesikoM HOTPIOHKUX y LOJAJILIIOMY BUKJIAAI POPMYJI.

§ 4. Kineruune piBHAHHA 0jis1 (POTOHIB

Vcsa enepriss BUMIPOMIHIOBAHHS, IO #WOe 3 HEHTPAJbHUX TiJIsTHOK
30pi, HPOXOAUTH KPi3b armocdepy @ BUHOCHUTHCA B HABKOJIMIIHIN
npoctip. Takum anHOM, B armocdepi BimOyBaeThCs JIUIIE Tepepo3Io-
ITiJT TpoMeHeBol eHeprii 3a gactoramu. lleit mepeposnomnin 3ymoBJie-
Huit B3aemomiero (bOTOHIB 3 aromamu it atomiB Mixk cobor. Bigbpao—
BiJIbHI Ta BIJIbHO 3B’d3aH1 €JIEKTPOHHI HEPexXoiu 3MIHIOIThL POpMY
CIIeKTpa HEMEepepBHOTO BUTpOMiHIOBaHHA 30pi. Ha ¢oni memepeps-
HOTO CIIEKTPa CIHOCTEPITAIThCA JIHIl morsmmHAHHS ab0 JIiHil BEOPO-
MIHIOBaHHS, 3yMOBJIEHI €JIEKTPOHHUMU MEPEXOHAMA MiXK 3B I3aHUMUI
CTAHAMM B aTOMaX 1 MOJIEKYJaX. XapakTep Mepepo3moIily MmpoMe-
HeBO1 eHepril nae BaxJuBy iHdopMauio npo ¢GpisuduHi yMOBU HA 30pi:
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TEMIEPATYPY, MPUCKOPEHHS CUJIN TAXKIHHS HA 1i MOBEPXHi, MATHITHI
noJig, XiMiuawmii ckaam i T.1. BimrBopenHst ¢i3sMIHMX MPOIECIB 3a
CTIIOCTEPEXYBAHUM CIIEKTPOM 30Pi € HAI3BUYAKHO CKJIAAHOIO i, B3a-
raJii Kaxydn, HEOQHO3HATIHOIO TpOoremnypon. [lia maremarnaHoro
OIIMCY HOMMPEHHsT BUIIPOMIHIOBaHHs KPi3b armocdepy 3ip Heobxi-
HO NMobyIyBaTH KimeTnune pisHauns naa GoToHin!!.

Posrisgabmo Hepyxomy armocdepy i nijgpaxyimo LBUAKICTL 3Mi-
HM KiJIbKOCTI (POTOHIB 13 3aJaHUMU XBUJIbOBUM BEKTOPOM 1 IOJIAPU-

saniero (¢ = k, @) B okouti geaxoi Toukm armocdepn:

dN, 0N,

Ilepmnit momaHOK y mpaBiit 9acTUHI OO PiBHAHHS 3yMOBJIEHU He-
CTAIIOHAPDHUMHA TPOIECAMU i OnmmCye 3MiHy KIiJIBKOCTI (pOTOHIB 3a
OIMHUIIO Yacy y dikcoBaniil Touni npocropy. pyruit mogaHox mae
3MiHY KiJIbKOCTI (DOTOHIB yHACJIZIOK IXHHOTO PyXy 3 OIHI€l TOYKM
npocropy B iamry: v = ic/n(w,a) — mBuakicts ¢oToHiB y cepeno-
Bumi, i = k/k  onmHuuHUMI BEKTOP y HANPAMKY NOIMPEHHS CBITJIA,
n(w, @) — MOKA3HUK 3aJIOMJIEHHSA arMochepn 30pi.

3 mpyroro 6oky, Besmuuna dN,/dt nosuuna popiBHiOBaTy 3Mini
KI1JIbKOCTI (POTOHIB 33 OMWHWITIO YACy, 3yMOBJIEHIl TTporiecamu “3iTK-
HeHHsi” POTOHIB 3 aroMaMu CEPeOBUILA, TOOTO TPOUECAMM OIJIU-
HAaHHS, BUTPOMIHIOBAHHS Ta PO3CisiHHs (POTOHIB:

( IMOBipHICTh 3HUKHEHHA

dN,
dt

3a OQUHHMIIO Yacy (poroHa
3 XBWJILOBUM BekKTOpoM k

coll

it monapusallen o

ImosipaicTh TOPO-

JPKEHHH 38 OIUHUIIIO

+ qacy dorona 3 xBu- . (4.2)
JIbOBUM BEKTOpOM k

¥ ToJISIpM3alIlic€io «

"NKinernune piBusHHA 1is BOTOHIB, a (PAKTHIHO i BECh OCHOBHUH Marepi-
aJI uhOro po3iijy, aBTop onyosikyBaB me 1985 poky sk Jiekuil aJist CTyIeHTiB-
acrpodisukis y JIpBiBCbKOMY yHiBepcmTeri [14].
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[TpupiBHO0OYN TipaBi YacTuan pisaanb (4.1) ta (4.2), orpumyemo
KiHEeTHYHE PIBHAHHA 1Jisd (POTOHIB y 3arabHOMY BULJIsIL:

0N, c dN,
—44 __— _(iV)N, = | —1 . 4.
ot * n(w, a) (V)N ( dt >c011 (43)

Lle piBasirHsA € haKTUIHO PIBHAHHAM BojskbiiMaHa B KiHeTWUHil Te-
opil, 3amucane TyT jJjd ¢goronis. Ilpasa yacruna piBHAHHSA TaK
3pauwmit inTerpas siTkuens 2. 1[0 BeJIMUuAy PO3PAXOBYIOTH MIJITXOM
PO3IJIsijly KOHKPETHUX €JIEMEHTAPHUX MIPOIECIB 3 yIacTio POTOHIB Ta
obuncsiennsam ra ocuosi (3.1), (3.6), (3.8) imoBipHOCTE#H BimnmoBigHUX
KBAHTOBUX MEPEXOIiB.

Y mepeBaxHil OLIBIIOCTI 33129 i3 BUBYEHHsI MPOIIECIB MTEPEHO-
Cy BUIIPOMIHIOBAHHA NPUAMAIOTH HAOJIMXKEHHST CTAI[IOHAPHOI 30Psi-
HOI arMocdepn 3 TII0CKOTapaJeabHo reomeTpiero. e mos’sasano 3
TUM, IO TOBIOWHA mapy armocdepn OIJIBIIOCTI 3ip CKJIAIA€ HE3HAU-
HY 9YacTKy Bif pajiyca 3opi. ¥ 1pomy Bunajiky (pisudHi BEJUIUHU,
0 XapaKTepu3yIloTh arMochepy, 3MIHIOIOThCS JIWIIE B OIHOMY Ha-
npaAMKy. Bubepimo neit manpamox y3nosx oci z (nus. puc.5). Ko-
edillieHT 3a/JI0MJIEHHST [IJI HETYCTOI arMochepu MOKJIALIMO PIBHUM
omuauni, n(w,a) = 1, y pasi norpebu #oro MoxHa JIETKO BiTBOPUTH
B OCTATOYHWX BUpaszax. Y pe3yhTaTi KiHETWYIHE PIBHAHHA 3HATHO
CIIPOILY ETHCSI:

dN, 1 [dN,
cosf) —2L == (—q> , (4.4)
dz c\ dt /.

e § — KyT MiXK HATPsAMKOM TONIUPEHHS CBITJIA Ta BICCIO Z.

PiBHaHHS mepeHOCy IHTEHCHBHOCTI MTPOMEHEBOI eHepril oTpumy-
€MO 3 KIHETHYHOTrO PIBHAHHHA, MiJICTABJIAIYNA B HHOTO 3B’A30K (2.2)
MiX KLJIbKICTIO (DOTOHIB Ta IHTEHCUBHICTIO:

dl w \3 [ dN,
cosf)—dq =h (—) - g . (4.5)
[z 2me it ) ol
1235incu mo3HavenHa mi€l BesmanHy ingexcom “coll”: Bim anrmifichkoro collision

3ITKHEHHd, CIIBYIAap, CHIBYIapAHHHA, yIap.
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Amumocpepa

79 7

Puc. 5. [Inockonapanenbua armocdepa. Ilogarok Bimmiky z = 0 moxe 6yTu
BUOpaHnit y Oymb-siKiii TOUIl HA OCi z, Y3OOBXK sIKOI 3MIHIOIOTHCS pismdHi

napamerpu armocdepu (3alTPUXOBaHA IiISTHKA).

AHanorivHO MOXKHA 3alUMCATH PIBHAHHS HEPEHOCY 1 JIJid 1HIIMX

reomerpiii armocdep. Posrisgabmo, Hanpukiaag, chepuaHo-CUuMeT-
puuny armocdepy (muB. puc.6). Hampsm nomwmpenHs cBiTja Bizh-
Mim y3n0Bx oci z: k|| z, To6ro oguananuii Bekrop i = k/k = (0,0, 1).

Posnumemo y chepranunx KoopauHaTaxX

r =%+ y?+ 22,
6 = arccos (z/\/a:2 +y? + zQ) ,

p = arctg(y/z),
oneparop rpajuienra 3 (4.3)
d dr 0 df o dp 0
.V = —_ — — —_— _
(iv) dz  dzor T 90 dz Oy’
dr do sin 6 dy
— =cosf — = — =
dz = %Y dz r’ dz 0
i 3HAlimeMO KiHeTHYIHE PIBHAHHSI:

01, sinf 0l w \3 (dN
cos 6" 00 (27rc) ( dt ) coll
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B

w
= Ha cnocmepizaua

/)

// 0

Ammocepa ——

Puc. 6. Cdepuuno-cumerpudna armocdepa. I[logarok xoopmmaar Bubpa-
HO B IEHTPi 30pi, 3MiHa (i3suIHIX mapamMerpiB arMocdepn MOUYNHAECTHCA 3
JIesIKOr0 3HAYEHHS PaJiyC-BeKTopa.

[TepeiimiMo Temep M0 BCTAHOBJIEHHS 3araJiIbHOTO BUTJISLY iHTE-
rpaJia 3iTKHEHb, TOOTO MPABOl YACTUHM KIHETUIHOTO piBHsAHHsA. P03-
IsTHBMO crovarky onuogoronni nepexomn (1.1)—(1.3). Hexaii |A) €
MOYATKOBAM CTAHOM €JIEKTPOHA B TOJII BCiX IHIIMX YACTUHOK PEYo-
Bunu. Hexail pasi Besimumna p4 Bu3HAUAE HMOBipHiCTH peaJstizariii
[IOTO CTAHY, TPUIOMY

> pa=1. (4.7)
A

ITouarkoBuit cran mosisg (pOTOHIB 300pakaE€MO XBUJIBOBOO (DyHKITI-
€10 | ..., Ny, ...). YHacaigok B3aeMomil 3 eJeKTPOMArHITHUM 1OJIEM
enekTpoH nepexonuth y cran |A'), a kigbkicts doToHiB i3 KBaHTO-
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BUM 4MCJIOM ¢ juisa npavux peaknii (1.1) (1.3) smenmyerbca, nng
3BOPOTHUX — 30LIBIMIYETHCA HA OOUHWINO. TakuM 9WMHOM, KiHIEBHi
CTaH TOJIsi 3a[JAECThCA [IJId NPAMHUX PEAKIiil XBUJIBOBOK (DYHKIIIEHO
...,Ng—1,...), a na=a sgoporanx — |..., Ny +1,...).

Benwuuna p4, AKa 3a1a€ 3aCEJIEHICTD ATOMHUX CTAHIB, CBOEIO
YEepror0 BU3HAYAETHCA TPOIMECAMU MIXKYIACTUHKOBHAX 3ITKHEHD 1 B3a-
€MOJIIEI0 eIeKTPOHIB 13 poroHamu. [lisa niel BeJMYMHU MU HOBUHHI
TAKOXK 3alMUCATH PIBHAHHA KiHETHMYIHOrO Oasiancy. Y cramionapriit
30pdAHii arMocdepi 3acesieHiCTh ATOMHUX PIBHIB y 33aHiil Todmi €
BEJIMMMHOIO TOCTIHHOI0, dpa/dt = 0. SIxmo npuitaaru rinoresy Jo-
KaJIbHO1 TEPMOAMHAMIYHOI PiIBHOBATM, TO BEJIMUNHA, P 4 BU3HATAETHCA
posnomisom I'i66ca:

pa =2 te BT (4.8)

e CTaTUCTU4YHa CyMa
7 =Y e Pl (4.9)
A

1]

Pisui eneprii E, # temmeparypa T, siky 6epeMo B €HEPreTUIHUX
ONWHUIIAX, € (DYHKIIIMU KOOpOMHAT. K MU BXKe 3a3HAYAIA, MTPU
BUMIPIOBaHHI TeMmeparypu B rpamaycax KesnpBina Besmmauny 1 MHO-
xnMo Ha crany bossnmvana kg (T — kgT).

IMoBipHICTD 3BHMKHEHHSA 338 OOMHUIIO 4aCy (POTOHA 3 KBAHTOBUM
9UCJIOM ¢ JTOPIBHIOE, OYEBWIHO, IMOBIPHOCTI KBAHTOBOTO TEPEXOILY

(3.6) cucremu 3 nouarkosoro crany |i) = |A;..., Ny, ...) B KiHuesuit
cran |f) = |A";..., Ny—1,...), momAOXeHiil Ha Besmanny p4 i miacy-
MOBAaHI 32 BCIMa MOYATKOBUMM I HE3aWHATUMI KIHIIEBUMA CTAHAMMT

esiekTpoHa (suB. puc. 7):

E PAW|A;... \Ny,..)—| A, Ng—1,...)
AA

AmnaJjioriuHo BesiMuuHA

E pAU)‘A;...,Nq,...>—>‘A’§~~~’Nq+11“'>
ALA
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S 2 If) =A% .. N, +1,...)

Puc. 7. Onnodoronni nepexoaun. 3 nouarkoporo cramny |i) cucremu “arom
noioc nosie” BinbyBaerThcst KBaHTOBMIT nepexin y xinuesi crannm |f): nepe-
XOO¥M €JIeKTPOHA B aromi “BBepx” Ta “BHM3” i3 MOrJIMHAHHSAM Ta BUPOMI-
HIOBaHHSAM (POTOHA 3 eHEeprieo Awy,.

JIOPIBHIOE HMOBIPHOCTI HAPOIKEHHS 33, OAUHHUIIO 4aCy (POTOHA 3 KBAH-
TOBWUM YHCJIOM ¢. TakWm 9WHOM, MOBHA MIBUIKICTH 3MiHW KiJIHKOCTI
doTOHIB 13 3aJaHUMU XBUJALOBUM BEKTOPOM 1 HOJIAPU3ALIEI0 B Ha-
OsmkenHi OqHOMOTOHHUX TTEPEXOIIIB

AN\
d—tq = - Z PAW|A;. Ny, )| A5 Ny—1,...)
coll AA!
+ Z PaW|As. Ngyoo )= Alse N1, (4.10)
AA

Lleit Bupa3 BU3HAYAE BHECOK OIHOTO eJeKTpoHa. [loBHUIT BHECOK
oTpuMyeMO nijcymoByBanuam Bupa3sy (4.10) 3a Bcima Tumu esexrt-
poHAMMU, AKi, 3riITHO 3 3aKOHOM 30epekeHHst eHeprii, MoxyTh Oparn
yuaactb y peakniax (1.1) (1.3) 3 ¢poronom 3amanoi wacrorn. fk yxe
BKa3yBaJIOCh, 1€ MOXYTh OyTH €JIEKTPOHM y 3B’A3aHUX CTaHaxX Ha
aTroMax Pi3HUX COPTiB, & TAKOXK BIJIbHI €JIEKTPOHHU, IO PYyXAOTHC B
moJii #oHiB 1 aromiB. OTxe, mjd TOro mod omepKaTh MOBHWIK BUpas
JIJI BUAKOCTI 3MiHM K1JAbKOCTI (POTOHIB i3 KBAHTOBUM YUCJIOM (¢,
HeoOxinHo BpaxyBarm Tpu Kanasum peakuiii (1.1) (1.3) i B3aru cymy
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3a BCiMa copTaM¥ aToMiB Ta HOHIB:

dN, (1)
ar = - Z Z Pa (w\A;...,Nq,...)A\A’;...,qul,...)

coll 3a KaHAJIAMU \ A A’
. 9
Eeaxulﬁ Ta 34
aCTUHKaMUI

— “’\A;...,Nq,...)—>\A’;...,Nq+1,...))- (4.11)

I mpocToTH 3amucy IHAEKCH COPTIB 1 HOMEPHU KAHAJIB PeakIliit sB-
HO BUTMCYBaTH He OyIleMo.

______ e )= A N, =1, Ny, )

i) =|4;... ,Npy...,Nyg...)

S I 1f) =A% Ny+1,...,Ny—1,...)

Puc. 8. Bodoronni nepexonn. 3 1o4arkoBro craHy |i) cucremu “arom
ILTIOC TT0J1e” BinOYyBAETHCsI KBAHTOBUIA TTepexill y KiHIEeBl CTaHU f: mepexonn
eJIeKTPOHA B aToMi “BBepx” Ta “BHM3” i3 MOTTMHAHHSM (POTOHA 3 EHEepPTrieio
hwy, 1 BunpomirioBanHAM (OTOHA 3 eHepriero hwy Ta HABIAKM.

[lepeiigiMo 10 BCTAHOBJIEHHS IHTErpaJia 3iTKHEHb JJid JIBOMO-
TOHHUX TIepexoiiB, To6To mponeciB posciguusa (1.4). Tlouarkoswuii
CTaH CUCTEMH “aTOMU ILIIOC 110J1e” 300paxkaeM0O XBUAbOBOIO PYHKIII-
e |i) = |A;....Ny,..., Ny, ...), a Kinlesnii cran 1yia peakiii 3un-
nieHHs (POTOHA 3 KBAHTOBUM YHCJIOM ¢ 1 HAPOIKeHHs1 (poToHA B CTaH]
¢’ nopisntoe |f) = |A';... N, —1,..., Ny +1,...). s 3sBopoTHOrO
upouecy xsusiboBa dyskuia [f) = |A5... Ny +1,..., Ny —1,...).
Cxematmano 11i mporecn 300paxkeno wa puc. 8. IlIBmakicTs 3miHN
K1JbKOCTI POTOHIB i3 KBAHTOBUM YUCJIOM ¢ BU3HAYAEMO AHAJIOITYHO
J10 OHOPOTOHHUX MEPEXOIIB 3 yPaXyBAHHAM TOTO, IO CyMa 3a Ka-
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HAJIAMH PEAKIid TyT 3BOAUTHCS 10 MACYMOBYBAHHS 33 BCiMa KBAaH-
ToBUMM ancaamMu ¢ posciganx pOTOHIB:

(%)m . S i (4.12)

coll  (3a wacrumkamum) A,A' ¢'

X (w‘A;"'aNq;"'aNq’1"'>*>‘A’;"'1qu] 1"'7Nq’+] 7>

- “’\A;...,Nq,...,Nq,,...>—>\A';...,Nq+1,...,Nq,4,...))-

[ToBHwmii inTerpas 3iTkHEHD BU3HAYAEMO CyMOI0 Bupasis (4.11) ta

(4.12):
N, aN " AN @
— =|— — e 4.1
< dt )co]] < dt ) - dt - ( 3)

coll coll

Kpankamu nosHadyeHo BHecku Bij, 6ararodOTOHHUX IPOLECIB, AKUX
Mu He OymeMo BpaxOBYBATH. 3ayBaXKWMO JIWIIE, MI0 MPaBa IaCTH-
na Bupasy (4.13) aBnge cobo0 PO3KJIAM 32 MAJUM IIAPAMETPOM
KOHCTAHTOI0 TOHKOI cTpykTypw e2/fic ~ 1/137. Inmmmm ciosamm,
imoBipHicTh, HANpPUKIa, 1BOdOTOHHUX nepexouis (4.12), To6ro npo-
[ECiB PO3CigHHS, € HA OEKIJIbKA MOPAOKIB MEHIIO, HiXK IMOBIPHICTD
OmHOMOTOHHNX MMEPEXOIIB — TIPOIIECIB TTOTJIMHAHHA. BUHATKOM € Tak
3Bana pesonancua durroopecnennia [10]. Kpim Toro, 3posymino, mo
onroOTOHHI TTEPEXOan TO3BOJIEHI BXKE B IUMOJIHHOMY HAOJIMKEHHI.
IMmoBipHICTD KBAIPYOJIBHIX TTEPEXOIIB € HA NEKI1JTHhKA MOPAIKIB MEH-
MO¥0, HiXK IMOBIPHICTH AWMOJBHUX TEPEXOMiB, OCKLJIHPKA MICTATH IO-
narkosuit Muoxnuk (a/)\)?, ne a poamipu aroma. Hapewri 3a-
YBAXKMMO, II0 KOHKPETHE BPAXyBAaHHA HACTYMHUX UJIEHIB PO3KJIAILY
B (4.13) Bumarae po3risiy HA OCHOBI PEJATUBICTCHKOI KBAHTOBOI T€-
opii. OgHak mMu Moxkemo He TypOyBaTHCh MIOOO BHECKIB bararodo-
TOHHUX TEPEXOIiB 1 He Oparu IX 10 yBarm B T€OpPil 30PpAHUAX CIIEKTPIB
came Jepes iX 3HUKAIYYy MAJIU3HY.
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§ 5. Iurerpasn 3iTKHEHb 19 OTHOMDOTOHHHUX MEPEXOIiB

Ly BCTAHOBJIEHHST TBHOTO BUTJIALY PIBHSAHHS MEPEHOCY BUIPO-
MIHIOBAHHSA 3 yPAXyBAHHAM JIAIIE MPOIECIB MOTNJIMHAHHS i BUIIPOMI-
HIOBAHHSA CBITJIa MiApaxyiiMo iHTEr paJi 3iTKHEHD 17151 OMHO(MOTOHHUX
npouecis. [lounimo 3 nepmoro ponanka B (4.11). na fimosiprocTi
KBAHTOBOTO Tiepexoy, 3rigHo 3 (3.1), (3.6), maemo:

2
W] s Ngvo ) AT N 1) = (5.1)
e ~ N 2
X (A5 Ny =1 = AR A N, 8y - B

Hpyruii noganok B oneparopi B3aemomii (3.1), gk Bim3Ha9aI0Ch pa-
Hillle, A€ HYJIbOBUI BHECOK i OMHO(MOTOHHUX HEPEXOMIB. Y IBOMY
MOXHA MMEPEKOHATUCH DE3MOCepPenHiM PO3PAXYHKOM.

Marpuunuit ejileMenT

(A ... N, —1,...]—

1/2
y Z 2mc i (Al N,—1,...] <€ik’rB 4 efik’rB-l-)
N\ Vo b Ny =1, p y

R e 2nc?h 1/2
x(egD)|A;..., Ny,...) = > < ) (5.2)
ql
x3$ (A'le™ T (eyP)|AN...,Ny—1,...|By|...,Ng,...)

+(Ale ™ (egD)|A)(..., Ny —1,...[BJ|....Ny,...)

MarpudHi ejleMEeHTH OLepPaToOpiB HOPOMXKEHHs 1 3HUIIEHHHA (POTOHIB
JIE'KO BU3HAYUTH 34 JONOMOTO0 PiBHAHD (3.3) Ta yMOBU OPTOrOHA b
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HOCT1 XBUJILOBUX (PYHKLIHA 1014,

O A e s s | L (5.3)
Orxe,

(....,Ng—1,...|BY|...,N,...) =0,

(....Ny—1,...|By|....,Ngr...) = 650/ N, (5.4)

Mincrasnsaoqu Bupasu (5.4) B (5.2), orpumaemo

€ A~
(A", Ny, —1,...| — —(Ap)|4;...,N,,...)
mec
e (2nc’h 1/2 ke
= e \ Ty o) (Al (eqp)lA), (5.5)

e MaTpUYHUI eJleMeHT
(A% (e D) = e [ 3 ()M Da(€) e (56)

Posriisabmo tenep apryment penbra-yHkuil B piBaaani (5.1).
Enepris mogarkoBoro cTany DOpIBHIOE CyMi eHepriit eekTpoHa # mo-
Jst pOTOHIB:

1 1
Ez' - EA + Z hwk/ (qu + 5) —i—hwk (Nq + 5) ;
ql

(¢'#q)

JIe M7 BUIIJINJIV BHECOK B €HEepriio mojisg (pOTOHIB i3 KBAHTOBUM UMC-
gom q. I Tomy

1 1
Ef:EA’+ Z ﬁwk/ (Nq/+§>+hwk (Nq—1+§>.

q
(q'#q)
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Orxe, pisHUIs
Ef*Ei:EA/ 7EA*771(4)]€, (57)

a pesibra-pyHKLiA 3ab6e31e4ye 3aK0H 30epeKeHHs eHeprii B mpoueci
MOTJINHAHHSA CBITJIA.

[Mincrasmo (5.5), (5.7) B (5.1):

ome )\ 2 N,
W|A;..  Ng,..) =] Al Ny —1,..) = . V—wk
. 2
x| (A" eZkr(eqf))|A)‘ §(Ea — Ea — Tioy). (5.8)

Orox, iIMOBIpHICTH MOTJIMHAHHSA (DOTOHIB i3 33JAHUM XBUJILOBUM BEK-
topoMm k 1 monapusamnieio a nponopuiitna 1o ix kiipkocTi Ny B ibomy
CTaHI.

[lepefimimo M0 poO3paxyHKY IOPYyroro MOMAHKA B Mpasiit gactu-
Hi Bupasy (4.11), akwuii onmcye nmporec BUNPOMiHIOBaHHSA (POTOHIB.
VY npomy Bunanky HeobOXigHI MATPUYHI €JIEMEHTHU OIEPATOPIB HOPO-
JDKEHHs 1 3HUIIeHHs (DOTOHIB TAKOXK 3HAXOAMMO 3a JOMOMOrow (3.3)

ta (5.3):
(«osNg+ 1, [BE|... Nyy o) = 8 g/ Ny + 1,
(....Ng+1,...|By|...,Ng,...) =0. (5.9)
Pizanimio enepriit y xkinmeBoMmy # mo9aTrkoOBOMYy CTaHAX
Ef — E;=FEy — Eq+ hwy (5.10)

BUPAXOBYEMO AHAJIOTIYHO 0 HOMEPEIHBOr0. 3a JOMOMOrOK BUPA3iB
(5.9), (5.10) 3HAXOAMMO HWMOBIPHICTH KBAHTOBOTO MEPEXOY 33 OIIU-
HUIIO 9aCy 3 HAPOIRKEHHAM (POTOHA:

2me\? N, + 1
WA N = [ A5 Ng 1) = 70 Vor
. 2
X <A'\e*lkf(eqp)\A>‘ J(Ey — B+ hwy). (5.11)
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Ak 6auammo, nieit BUpas3 CKIagAEThCA 13 CyMU JIBOX MOIAHKIB: TEp-
moro, nponopuiiinoro g0 N,, akuii onucye ingyKoBaHe BUTPOMIiHIO-
BaHHs (POTOHIB, 1 APYIroro JIONAHKA, AKWA HE PiBHUI HyJeBi 1 3a Biu-
cytrocti doronis, N, = (), onucye conTanHe BUTPOMIHIOBAHHSA CBIiT-
Ja. 3ayBaxuMo, MiX IHIIAM, O CIOHTAHHE BUIOPOMIHIOBAHHSA 3Y-
MOBJIEHE TIPOIECAMU B3AEMOJIi1 €JIEKTPOHA 3 HYJIhOBUMW KOJIMBAHHS-
MM eJIEKTPOMArHITHOTO 1IoJid. Came 1g B3aeMOIid € IPUIUHOK KBA3i-
CTALIOHAPHOCTI 30yIXKEHUX ATOMHMX CTaHiB i, ypewri-pemr, GpopMye€
MPWPOIHY MUPUHY CIEKTPAJHBHUX JIHIH.

[Tincrasmo Bupasu (5.8), (5.11) B (4.11) i B Apyromy nomasKky no-
MiHAIMO MicnaMnT ingexcn migcymoByBanns 3a cranamu A, A’ Ilaui
CKOPUCTAEMOCH TUM, 110 0-(PyHKIiA € HAPHOIO,

5(EAI — EA — h(,Uk) == (5(EA — EA' + hwk),

a MaTPUIHWI eJIEeMEHT MA€ TaKy BJIACTHBICTH OO OTepalliii KoMT-
JIEKCHOTO CIPAXKEHH4:

(Ale ™" (egp)|A') = (A"’ (e,p)|A)*
Lo piBHiCTh MOXHA JierkKO moBecTu. CrpaBii, 38 O3HAMEHHIM

(Ale ™ (e,p)| AT) = / P (E)e ™ (B (€)dE.

Temnep mpuramaiivo, mo p = —iAV, i inTerpyiimMo gactnramm (T06TO
BBEIIMO OIEpaTop, TPAHCHOHOBAHWI O OMEpaTopa IMIyJbCy P
—pP). Y pesyJibrari nepekumaEmMo il ornepaTopa iMImyJibCy HaJliBo:

(Ale ™ (egp) ) = = [ ba€)leaple 5 (6) de.
Ockinbku 3 ymoBu nonepeunocti nous (eqk) = 0 Bunsmsae, mo
(eqf))eiikr = _h(eqk)eiiklP + eiikr(eqf)) = eiikr(eqf))a

TO HAIl MATPUYHUI €JIEMEHT 3 ypaxyBaHHAM TOro, mo p* = —p,
JOPIBHIOE

(Ale Tk (e,p) | A) = / b (€)eF (ey D) (€) de
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= (/ P (€)™ (egP)iha(€) d£>* = (A"’ (egp)|A)".

Orxe, MU OTPUMAJIU NIYKAHY PIBHICTH, 3 KOl BUILIUBAE TAKE CIIiB-
BIIHOIIEHHA:

(Al (e,p)4)

2 1 ikr ~ 2
= [(A']e™ (e,)|4)]

[Ticast BChbOro 3 ypaxyBaHHAM IIUX MIPKYyBaHb MU MOXEMO 3allu-
caru inrerpaJ sitkuens (4.11) rak:

B 5 gl

coll 3a KaHAIaMH \ A,A’
(peaKuiﬁ T 3a>
YaCTHHKAMHA
X{—pANq—FpAI(Nq-i-l)}(S(EA/ —FE4 —hwk). (5.12)

YBemiMo CKOpodYeHe MO3HAYeHHd [Jig Oe3pO3MIipHOl BEJWYWHH,
AKA XapPaKTepru3y€ IHTEHCHBHICTh KBAHTOBUX MEPEXOMIB MiX ATOM-
HUMUJ CTAHAMUT:

faralq) =

JIe 9aCTOoTa MEPEXOILY

2

2
mhw 41 4 ’

(A'|e’™ (egp)|A) (5.13)

WA'A = (EAI - EA)/h (514)

Apryment pnenbra-dyukuil B (5.12) 3anuniimo yepes wacrory nepe-
XOIy, BUKOPUCTOBYIOUM 106pe BilOMy BJIACTHBICTH

S[A(wara —wi)] =R ' d(wara — wi).-

Y pesysabrari, HicJid IedKUX eJIEMEHTAPHUX TIEPErpyyBanb y iryp-
HUX Jayxkax (5.12), inrerpas 3iTkHEHL HAOYBAE OCTATOYHOTO BUTJISA-

ay:

AN\ 2n2e? 1
(F) —-Zr X S palen

coll ’ 3a KaHajlamu \ A A’
( peakulit Ta sa)
YaCTUHKAMU
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X fara(q) {Nq - Wif—l} d(wara — w), (5.15)
W = Wg-

Jlerko mepecBiIYNTHCH, MO IHTErpaJl 3iTKHEHb MEPETBOPIOETHCA B
HyJIb, AKIO Kinbkictb doronis N, I0OpIBHIOE IXHBOMY CepeIHbOMY
3HAYEHHIO

1

Ny=——
WNa) pa/pa —1

(5.16)
sdKe TpW PIBHOBAXKHIN 3acesieHOCTi aToMiB 3a ctaHaMu 36irac€Tbed 3
posnoninom Bosze-Afinmraiina nya ¢gporonis:

1

<Nli> = ehw/T - 1'

(5.17)
JaJjii Mu mepecBianMocCh, IO Is BJIACTURICTH IHTEI paJia 3iTKHEHD
30epira€ThCa TPUPOIHO 1 y BUMUX HAOJIMKEHHSIX.

§ 6. PiBHAHHS TIEPEHOCY BUIIPOMIHIOBAHHS
B HAaO/IMKeHHI 0MHO(DOTOHHUX TIEPEXOIiB

BynuuiMoch Ha piBHAHHI nepeHocy (4.5) id MJIoCKonapasesb-
nol armocdepu. IligcraBngouau B HbOro omepxanuii supas (5.15)
JUId IHTErpaJsia 3iTKHEHb 1 BpaxoBylum 3B'A30K (2.2) mixk Kijgbkic-
TI0 (POTOHIB Nq Ta 1HTEHCUBHICTIO CBITJIA Iq, TPUXOANMO 0 TAKOTO
pPiBHAHHS:

dl, 272e?
cosf —L = — e Z ZfA’A(Q)(S(WA’A —w)

dz meV 3a KaHassaM#u \ AA/
( peakuiit Ta sa)
YaCTHHKAMA
xpa(l—par/pa) {1y — San(w)}, (6.1)

Iie BUPa3

Sanw) =1 (2) / (oalp —1) (6.2)



HasuBalTh PyHKHien mxepesaa gna A — A’ nepexomy. Haszsa mno-
B'dA3aHA 3 TWM, IO IOJAHOK i3 Ii€l0 (PYHKINEID B MpaBiii gacTwHi
piBusnaga nepenocy (6.1) mae noparamit 3HaK i onucye 36ibnIeHHSA
IHTEHCWBHOCTI CBITJIa B Mipy WOTO MPOXOMKEHHA KPi3h 30pAHY aTMO-
cepy 3a PaxyHOK CHOHTAHHOIO BUCBIYyBaHHA aroMiB, dAKi nepeby-
BAIOTh y 30y[IKEHUX CTAHAX.

[Mepumit ponanok y (6.1), nponopuiiiauit 10 iHTeHCHBHOCTI, A€
BHECOK 31 3HAKOM MiHyC i ONMMCYy€ TOTJIMHAHHA CBITJIa MPW WOTO TO-
MWPEHH] Kpish cepemopuiie armocdepn 30pi. Koedimient moranHan-
HA CBiTiIA (q), 32 O3HAYEHHAM, € MHOXKHUKOM 0iJis IHTEHCUBHOCTI
I, (3i smakom “mimyc”) y piBmsmHi nepenocy i, sk sunmsae 3 (6.1),
IIOPIBHIOE:

wo) = 28 S Y pafaale)

mcV
(Sa KaHaJIaMn ) AA!

peaxuiit Ta 3a
YaCTUHKAMUI

pa
PA

X 1-— 5(WA’A —w). (63)
Bin mae poamipHicTh, 0OEpHEHY 00 HOBXWHM, i 3AJIEXKUTH Bill 1aCTOTH
w, noJispusanii « 1 kyriB Q: 3(q) = »(w, a, Q). Beanuuna, obepuena,
1o koedinienta norsmuanna »#(q) !
npobiry poTOHA B CEPEIOBHIIII.

, Ma€ 3MICT HOBXWHU BiJIBHOTO

[TornmmuaaEHS CBIiTJIA HEMO0 TOCJTADJTIOETHCS 38 PAXyHOK BUMYIIE-
HOTO BUIIPOMIHIOBaHHSA, siKe BpaxoBye MHOXHWK (1 — par/pa). 3a-
YBaXXWMO, MO TPHU iHBEPCil 3aCEJeHOCTI KBAHTOBUX CTAHIB ATOMIB,
par > pa, 3amicts nocnabsennd cBitia, Oymemo maru #ioro mincwu-
JienHs (asep).

A0 BUKOHYIOTBCS YMOBU JIOKAJBHOI TEPMOOWHAMITHOI PiBHO-
Barv, KOJIM 3aCEJIEHICTh ATOMHUX CTAHIB BU3HAYAETHCHA PO3MOIIJIOM
T'i66ca (4.8), piBHanHA nepenocy 3Ha4HO cupomyerbeda. Crpasmi, y
IPOMY BUTQJKY TPU HAABHOCTI I1eJbTa-(PYHKINI BUKOHYETHCHA CITiB-
BIIHOIICHHA:

pA’/,OA — ef(E'AffE'A)/T — efhw/T‘ (64)
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YHacALH0K IbOrO BIIHOCHA 3aCEJIEHICTh CTAHIB HE 3aJI€XUTh Blil 1H-
JIeKCiB cTaHiB i 11 MOXHa BUHECTHM 3-mij 3HaKiB cymm B (6.1). VY
pe3yipTaTi MAaEMO PIBHAHHS MEPEHOCY BUIIPOMIHIOBAHHSA B TAKOMY
BUTJIAIL:

cos 6 % = —u(q)[{y — Buw,o(T)], (6.5)

e KoediImieHT MOTJINHAHH S

272 e? hw
x(g) = (e rl T
X > > pafaa(@)dwas —w), (6.6)
(3& KaHAJIAM#A )AA'

peaxuiit Ta 3a
YaCTUHKaM1

a dynkmiga mrepesta (6.2) 36iraerbea 3 dynkiieo [Tianka misa pis-
HOBAXKHOTO PO3IOALIY IHTEHCUBHOCTI YOPHOTO BUITPOMIHIOBAHHS 34
gacroramu i hikCoBaHOI moJisipu3ariii (To6To0 piIBHOBAXKHOTO €JIeK-

TPOMATHITHOIO BUIPOMiHIOBaHHA abCOJTIOTHO YOPHOro Tisa)'?:
h w3
Bw,a(T) = SAA’(U)) = (‘_2 (%) (ehw/T — 1) (67)

131110 dbopmyry Make Ilnank (1858 1947) Bnepmre masis 19 xosras 1900 poxy
Ha 3aciganni Himeupkoro disuunoro rosapucrsa B Bepuiini. Bin 3anpononysas
inTepronauiitanit Bupas g npyroi moximHOol 3a eHeprieio Bim eHTpOmil esekT-
POMArHiTHOIO BHUIPOMIHIOBAHHSI, BUKOPDHCTOBYIOYN /IS BHCOKHX 9YACTOT 3aKOH
B. Bina (1864-1928), a mist HU3bKUX — pPE3yJIbTaTH €KCNEPUMEHTAJIhHUX BUMi-
piB, ski npemcrasman @. Kypanbaym (1857-1927) i I'. PyGernc (1865-1922) na
mboMy Xk 3aciganni. Mikpockomiaae obrpyHTyBaHHA 1mhoro Bupasy M. ILmamk
monaB Ha 3acimanni Tosapucrtsa 14 rpymas 1900 poxy. Ilpamorodum BmpomoBx
Mafixke nBox wmicsauis, BiH HiinioB BMCHOBKY, mwo GoOpMyJly ijist IHTEHCHBHOCTI
YOPHOTO0 BUIPOMIHIOBAHHS MOXKHA JOBECTH, SIKIIO MPUIYCTUTH, IO €HEpris Bu-
MPOMIHIOETHCA 1 TMOTJIMHAETHCH KBaHTaMu Besndnuoio hw. Tax B 0bir Oysia BBe-
mena PyHIaMeHTa/IhHA KOHCTAaHTa i, AKa 3MIHW/I1a HAN CBITOTJIAM | HANIE KUTTS,
14 rpynua 1900 poxy BBazkaeMo mHeM HApomKeHHT kBanToBoI disnkm. (I. O. Ba-
kapuyk. Ksanr — reniaspna 3poragka un sumymenuii kpox? // Ceir disnkum.—
Ned(12).  2000; 2Kypuan disnunux nocaimxens. T. 5.  Nel. 2001.)
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Sk yxe BKadyBasoCh, npasa yactuHa piBaanaa (6.5), TobTO iHTE-
I'paJjl 3iTKHEHb, MEPeTBOPIOETLCA B HyJIb, AKIIO IHTEHCUBHICTEL [, 10-
piBHIOE cepeniil inTencusuocti (6.7).

Ax1mo 3pyvHine KOPpUCTYBATUCH IHTEHCUBHICTIO BUTTPOMiHIOBAHHSA
3a WKAJIOK JIOBXKUH XBHJIb, TO, 3rigHO 3 (2.6), piBHAHHA NEpeHOCY
(6.5) HabyBae TaKOTO BUTJISAILY:

I Q
cos0, TOCD (0 I, ) -~ Bra(D), (68)
z
ne ¢yukmia [Lranka
27’ h 1
Byo(T) = (6.9)

A5 e2mch/AT 1

a KoedII€HT NOrIMHAHHA BU3HAYAETHCA TUM XKe Bupasom (6.6),
)\ (a, ) = 3(q), npuaomy gacrora w = 2mc/\.

[Ile pas3 mimrpecanmo, MO PO3TJASIAEMO BUIIPOMIHIOBAHHS i3 3a-
naHow Tnosispusarnic. s Henmosigpusosanoro ceitiaa B (6.5) abo
(6.8) meoOxigno B3ATH cymy 3a « = 1,2. TIpu HexTyBaHHI 3as1€xHIC-
TI0 KOedimienTa MOTJIMHAHAS Bl MOJAPU3aIIii , 10, sIK MPABUJIO, i
npuitmaerscd, pisaanng (6.5), (6.8) cBoro Burismy He 3MIHIOIOTH, a B
npasiit wactunri dynknii [Tnanka (6.7) a6o (6.9) BuAMKae momarkoBmii
MHOXHUK 2.

Pipusinasa (6.8) mMm orpmmanm Ha OCHOBI MIKPOCKOIMIYHOTO Tif-
XO[y, BAXOQAYM 3 IIEPUIAX OPUHIOUINB KBAHTOBOI Mexamiku. Jloro
dpeHOMEHOJIOr YHEe BUBEIEHHsI, 3P03yMiI0 Oe3 SBHOIO BUIJISLY KOe-
dbinienra norsmHaHHA (B TAKOMY MiAXOIi 1€ € OKPEMOK 3a0a9€r0),
MOXKHA 3HAliTH B yXKe 3ragmanux MoHorpadiax ra nigpyunmkax [1 7],
a Takox B [15-17].

Buaiiiennii Bupa3 s koedinienra nornuuanns (6.3) € Buxignum
npu (GaKTUIHAX PO3PAXYHKAX AK [IJIsi HENIEPEPBHOTO TTOTJIMHAHHS,
TaK 1 [J1d [OIJIMHAHHS B CHEKTPaJbHuX JiiHigx. Koedinienr nenepep-
BHOTO TIOTIMHAHHA (hopMy€eThcs 3B’ a3ano-BlibaUME (1.2) Ta BLIBHO-
Binbaumu (1.3) nepexomamu. 38’a3ano-38’a3aui nepexonu (1.1) crso-
PIOIOTH KOeIMiEHT MOTJIMHAHHS B CHEKTpaJIbHil Jinii. [Ipuaomy oc-
KinbKu kBaHTOBI uncsia A, A’ 3a1a10Th eIeKTPOHHI CTaHu 3 ypaxy-
BAHHAM B3aEMOJIil 3 HABKOJIMIIHIMU 9ACTUHKAMM, TO 3 Bupasdy (6.3)

44



6e3 Oyab-dgKUX JOJATKOBHUX IIPUIYLIEHb BUPAXOBYIOTh yci edekrTu
posmmpennas mpodiio KoedilieaTa MOrInHAHHAS.

Sk BunummBae 3 (6.3), koedimient nmormuannA B JinHil mis i30-
JIOBAHOTO aToMa Ma€ 6€3MexXHO BYy3bKUil HesThbTamomibauit mpodisih.
[le noB’sg3aHO 3 HEXTYBAHHSAM MPUPOLHOK MIAPUHOK CHEKTPAJIbHUX
JIiHi, TOOTO 3 HEBpaxXyBaHHAM KBa3iCTAIIOHAPHOCTI 30yMKEeHnX CTa-
HIB, KA PO3MUBaE neabra-pyHKuiro. s BpaxyBaHHs UbOro edek-
Ty Tipu po3B’ssyBanHi piBaaaua [llpenuarepa cucremn “mosie miroc
JACTUHKA® BXE HETOCTATHBO BUKOPHUCTATH 3BUYARHY TEOpifo 30y-
penb. lle nmuTtanas pO3T/ISTHEMO HUXKYE.

Bupas (6.3) nna koedimienra norsmHaHHA, 3pO3yMILJIO, MAE 3a-
raJIbHWi XapakTep i He 0OMexXeHnii 3aCTOCYBAHHAM CaMe JI0 30PAHUX
armocdep 4acTKOBO #oHIZ0BaHOIO rasy. Voro MoXHA BUKOPUCTOBY-
BaTW IJIs PO3PAXyHKY TOTJIMHAHHA CBITJIa B PiIMHAX i TBEPOWX Ti-
gax. s KOHIEHCOBAHWX CUCTEM HEOOXITHO JIWIE BiATBOPUTH B
(6.3) sanexnicTh Bim mokasHWka sajgomsenus n(w,«). lle gerko
3pobuTH, B3ABIIA [0 YBArdW, MI0 Yy BUPA3i [Jid BEKTOPHOTO ITOTEH-
miasy (3.2) mBuakicTs cBitiaa ¢ HeoOXimHO 3aminnTh Ha ¢/n(w, ).
Takum unnOM, imosipaocTi nepexomy (5.8), (5.11) micranyTs monar-
koBmit MAOKAENK 1/n?(w, ).

§ 7. Iurerpas 3iTKHEeHb IjIs MPOIIECIB PO3CiTHHSA

Pospaxywnok inrerpasia sitkrens (4.12) mounemo 3 o6umncsieHHs
imoBiprocTel nepexomy. Ockinbku moBa iine npo nBodoToHHI 1e-
pexomu (1.4), To B mepniomMy MoOpsAIKy Teopii 30ypeHh BHECOK y iMo-
BIpHICTH nepexofy Bin mepmoro wiena B oneparopi szaemonii (3.1),
AKUI 3MIHIOE KIJIBKICTH (DOTOHIB HA, OMWHUITIO, HOPiBHIOE HYyJieBi. He-
HYJIbOBUI BHECOK y TEPIIOMY TMOPAOKY Teopii 30ypeHb mae apyrui
nmonaHok B oneparopi (3.1), kBagparudHMil 33 BEKTOP-TIOTEHIHIAJIOM
nosnss A. Bogmouac My nmosummi BpPaxyBaTu IPYIWil MOPSIOK TEO-
pil 30ypenn i3 nepuim dsenom oneparopa (3.1). Bin takox macrthb
BEJIMYUHY, KBAIPATUIHY 33 A. Tnmumu cJI0Bamu, Jijisi BMOBIpHOC-
Ti mepexoy BUKOPUCTOBYEMO Bupas (3.8), akuil B HANIOMY BUIAIKY
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HAaOyBA€E BUTJIAMLY:

o2r| €2 o
wisln = 5 gz A (7.1)
>~ (Ap)p(Ap) s
e P)sr(AD) i _
(mc) ; E;i — Ep oE 2
(f'#i)

TaknM YMHOM, MW KOPEKTHO BPAXOBYEMO B IMOBIPHOCTI TEpEXOILy
BHECKH BiJ] BEJIMYMH NOPAIKY KBAIPATA KOHCTAHTUA TOHKOI CTPYKTY-
pu (€2 /hc)?.

[TepeiimiMo m0 po3paxyHKy HEOOXITHUX MATPUIHUX €JIEMEHTIB.
Posrnsinbmo criogarky npomnec 3HuneHHst (POTOHA, 3 KBAHTOBUM YUC-
Jiom ¢. JlJyisi mepiioro mofaHka min 3HakoM momyas B (7.1) maemo:

(A%)pi=(A...,N,—1,...,Ny +1,...|A%A;...,Ny...,Ny,...)

2nc2h _
= Vv Z Z(wlﬁka) ]/Q(elhe(h)

q1 g2

x { (Al]e!tkr—kar| 4) (7.2)
x(...,Ng—1,...,Ny +1,...|B
+<Al|efi(k17k2)r‘A>

x(...,Nq1,...,Nq,+1,...B;Bq2...,Nq,...,Nq,,...>}.

. . . ~ hat had + s +
Marpuyani eslemenTn mobyTkis oneparopis By, B, Ta Bj, By, nas
AHAaJII30BAHOTO TIPOIECY JTOPIBHIOIOTH HYJIEBI, BOHW BiIMiHHI Bif Hy s
JIJIs IPOLECIB 3HULIEHHA ab0 HapoKeHHd J1BoX (GoroHiB. Marpudni
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esieMenTH, mo BxoaaTh y (7.2), pospaxoByemo s ' # ¢, OCKinbK@
PO3IIIAIAEMO TIPOLEC po3CisaHHA. BukopucroByun (3.3), orpumMye-
MO:

(...Ng—1,...,Ny +1,...|ByBf|..., N,

oo Ny

= Nq1 (Nq2 + 1)51117115112711’3
(....Ng—1,...,Ny +1,...|Bf Bg,| ... ,Ng,...,Ny,...)

= 1/ Ny, (Ng, +1)d45,404, .4 - (7.3)

[Tincrasssaoun i supasu B (7.2), maemo:

Ny(Ng +1)

WrWir

(At kK| 4), (7.4)

Pisaumio enepriit Fy — E;, axa sxogurs y (7.1), mizpaxoByemo tax
camo, K Ie pobuJIoCh Tpu ofepXKanHui Bupasy (5.7):

Ef —FEi=FE 4 — Ej + hwy — hwg. (75)

PosrnstabMmo Tenep apyruit mopsamgok Teopii 30ypens. [Hmerc npo-
mixuOro nijicymosysanns f' B (7.1) Binnmosinae npomizkHOMY CTAHOBI
cucTemMu “aTomu MIToc etekTpomarmitae osie” |f') = |C;... Ny, ...,
ne |C)  npomixHi KBaHTOBI craHu aToMHOI cucremu. Habip aucesn
Né, sKi (PIKCYIOTH MMPOMIXKHI CTAHW TIOJIA, HE MOXKE OYTH MOBLILHUM.
Ile moB’s13aHO 3 TUM, MO MOYATKOBUA 1 KiHIEBUit CTAHW TOJIA MU 3a-
JIAEMO 1 TIpM PO3PaAXyHKY MATPUIHUX €JIEMEHTIB OTIEpaTOpa, A, axwii
3MIHIOE K1JIbKICTh (POTOHIB HA OIUHUIIIO, JIMIIE OKPEMI IIPOMIXKHI CTa-
HU TIOJIA TAIOTh HEHYJhOBWIT BHecOK. [Ipoctwit anaJis mokasye, mio
TAKMUX CTAHIB € JIBa. Y HOCJIIKYBAHOMY IIPOLEC 3HUIIEHHsS (DOTOHA
—me cramm |..., Ny —1,...,Ny,...)ma|...,Ng,....Ny +1,...).
ITigpaxyHOK MATPpUIHUX €JIEMEHTIB BUKOHYEMO AHAJIOTIIHO JI0 TOTIe-
PEIHIX BUKJIAMIOK.
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Bunumemo pesyaprar mjist HEOOXITHUX MATPUIHUX €JIEMEHTIB i3

nepiurmm HpOMi)KHT/IM CTaHOM:

(Af))f’i =

=(C;...,N, —1,...,Ny,...|Ap|A;...,Ny,...,Ny,...

21c?h 1/2 ikr, . A
—( Nq) (C1e™ (e,D) A).

—(A's.. . N, —1,...,Ny +1,...|Ap|C;...,N, —1,.

B [27r62h

1/2 y
TR | e egplc)

BigmoBinai 3aK0HN 30epekeHHA €eHepril:

Ei*Ef/ = EA*E(j-l-hu)k,
Ef *Ef/ = FEy — E¢ + hwy,
Ef—EZ' = FEyu — Ej+ hwy — hwy.

g mpyroro MpoMiXKHOTO CTaHy MAaTPUYHI eJIEMEHTH

(Af))f’i =

=(C;...,Nyy...,Ny +1,...|Ap|A;...,Ny,...,Ny,..

2c2h 1/ —ik'r -
ot Bt T

/;)

Py =

)
(7.6)
N,
(7.7)
)
(7.8)

=(A's...,N;, —1,...,Ny +1,...|Ap|C;...,Nyy,...,Ny +1,...)
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27’(’62h 1/2 ikr ~
~(FEIN)  leep) o)

I sakonu 30epexennsd eHeprii:

Ei*Ef/ = EA—EC—hwk/,
E;—Ep = Eun— E¢— huwy, (7.9)
Ef*Ei = FEjy — Ejz+ hwp — hwy,.

Otxe, MaIOIM BHECOK IIAX TBOX MPOMIKHUX CTaHIB (DOTOHHOTO TTOJIS,
3HAXOJIMMO BEJIMINHY

S~ (AB)iy(AP)yi _ 2neh [Ny(Ny +1) 72
Ei*Efl \%4

7 WEWp!
(f'#1)

xy (A']e (e P)|C)(C|e™ (eq)|A)
o Ejs— Ec + hwg

(7.10)

N (A" (eqD) | C)(Cle ™ (e )| 4)
EA — E(j - hwk/ )

[Mincrasmo Bupasu (7.4) ra (7.10) B (7.1) i Bpaxyiimo 3akoHu 306e-
pexenns eneprii (7.5), (7.7), (7.9). ¥ pesysbrari orpumaemo Bupas
IMOBIPHOCTI IIEPEXOY B OAMHUIIO YaCy JIJid POLECY 3HUIeHH:A do-
TOHA 3 KBAHTOBAM YUCJIOM ¢, TOOTO TEPIINii YJIeH y Iy’KKaX PaBoi
yactunm piBaannsa (4.12):

(27)3 (ﬁ)Q Ny(Ny +1)

wy; =
i) =>11) vz oo

Paralg,q)

X 5(wA/A —}—wk/—wk), (711)

e BeJIMYMHU

(I)A’A(Qaq’) = (eqeq’)<A,|ei(k7kl)r‘A>
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1 (A’ (e,D)|C)(Cle ™" (eg P)|A)
mh waC — Wg!

(A'le= %" (e, B) [ C)(Cle™ (egp) | A) \ |

WAC + Wi

(7.12)

ITpu onepxanni Bupasy (7.11) apryment nenbra-dyHknii nepenmu-
CaHUWil Yepes JacToTy TEepexomy, IJId AKOi 30epiraeMo Mo3HAYEeHHS
(5.14).

Dynxmia P 4 4(q, ') Bimirpae B mpomecax po3cianHs TaKy X pOJib,
ak i dynskuia fa4(q), mo gaervca supasom (5.13), y nponecax no-
ravHaHAA. BoHM KiJIPKiCHO XapaKTepru3yIoTh IMOBIPHICTH KBAHTOBUX
MEPEXOIIB IJI CAMOl ATOMHOI CHCTEMHT ¥ BUBHATAIOTHCHA 11 TPUPOIOI0
Ta, PIBWIHNUM CTAHOM.

ImoBipHicTh npouecy Hapomkennsa GOTOHA 3 KBAHTOBUM YUCJIOM
g 1 sanmennsa GpoToHa 3 KBAHTOBAM YWCJIOM ¢', TOOTO Apyrwii moma-
HOK y JIy’KKax npasoi uacrunu piBaauug (4.12), orpumaemo 3 (7.11)
OPOCTOI0 3aMiHOI0 ¢ — ¢

‘ _ (2m)* (¢ 2Nq’(Nq"‘l)
Wi = vz o, WrWp!

q)A’A(q’a q)

X 5(wA/A+wk7wkz). (713)

[TincraBmo maperri Bupasu (7.11), (7.13) y npaBy wactuny (4.12),
OpUYOMYy B JIpyrOMy J0HaHKy 3pobumo saminy A — A’ i ckopucra-
€MOCh MIPDKYBAHHAMMU, sIKi MW BUCJIOBWJIA Tieper BuBeHeHHAM (hop-
mysim (5.12) ang inrerpasia 3itkHenb y HaOmkeHH] 0gHOMDOTOHHUX
nepexoiB. A came, 3HOBY BUKOPHUCTAEMO TTapHiCTh 0-dyHKII B (7.13)
i BJIACTMBICTD MATPUTHOTO €JIEMEHTA:

(Ale™"" (egD)|A") = (A']e"" (eqD)|4)",

3a JIOTTOMOTOI0 sIKO1 HEBAXKKO MEPECBIIYNTUCH y TOMY, MO (DYHKILiA
(7.12) mae raki BjacTuBoCTI cumerpil:

Paalg.q") =Panl(d, q).
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3 ypaxyBaHHAM OO0 3HAXOAMMO OCTATOYHUI BMpA3 /s IHTET pAJIa
3ITKHEHb, O ONMCY€E nmporec poscisuus (1.4):

RN O

coll (32 YaCTUHKAMMN) q AA

X

P aralg, q)0(wara + wpr — wy) (7.14)
WEWg!

X {Nq(Nq’ +1) = Ny (Ng + 1)PA’/PA}-

Tarerpan sitkaens (7.14)nepeTBOPIOETHCA B HYJIb [JIsi PIBHOBAXK-
HOTO po3noisty POTOHIB. Y HbOMY JIEIKO EPEKOHATUCH, T ACTABIISA-
1049¥ ABHUI BUPA3 AJIdA cepennix auces sanosuenns dorouis (Ny) =
1/(e™#/T — 1) i BpaxoByroun, mo mOpyd 3 AesbTa-byHKINEN0 BiTHO-
weHHs p o /pa = exp{—hA(wg — wy)/T}, OCKiIIbKY IPpU IBOMY W4/ 4 =
WE — Wg!-

MoxHa mipkyBaTu iHakiie. 3 yMOBH PiBHOCTI HyJieBi iHTEerpa-
JIa 31TKHEHb 3HANIEeMO PIBHOBAXKHWI pO3MOMmij mJid (DOTOHIB, AKIIO
POBIIOALT ATOMIB 3a CTAHAMUI € PIBHOBAXKHUM:

N¢(Ng +1) = Ny (Ng + 1)par/pa =0 (7.15)
abo
N, Ngy+1 ’
e AT _Pa (7.16)
Nq +1 Nq/ PA
T06TO
Ne Ny +1 — o Mwr—wp)/T (7.17)

N,+1 Ny

[IpupisHiooun 3j1iBa i cipaBa B hOMY (DYHKIIOHAJILHOMY CITiB-
BiIHOIIEHH] MITPUXOBAHI 1 HEMITPUXOBAHI BEJIMINHA, MAEMO:

1 = ¢ hen/T 7.18
N,+1© : (7.18)

ol



Nq/ + 1 — ehwk,/T.

!

(7.19)

Bsincn BummBae, mo Ny = (N,) i omxe, uncia 3amosueHns Ho-
TOHIB € PIBHOBAXKHUMM.

§ 8. PiBHgHHS IEPEHOCY BUIIPOMIHIOBAHHS
3 ypaxyBaHHSM IIPOIECIB MOIJIMHAHHSA U PO3CisHHS

PosrasirbMo BUTAIOK TI0CKOTApaJIesibaol armocdepn. [aTerpan
sirknens (4.13), mo BXommTh y mpaBy 4ACTUHY PIBHAHHSA NMEPEHOCY
(4.5), Busnauennit Bupazamu (5.15), (7.14), wo onucyors BianoBigHO
onrodoTonHi Ta MBOMOTOHHI Mporecn. 3 ypaxyBaHHAM IIUX BUPA3iB
PIBHAHHS TIEPEHOCY HAOYBA€ BUTJIAMLY:

dl, 2722
q
cosf) — = — E E Jara(q)d(waa —w)
dz mcV
3a KaHastaM# \ A A’
( peakuiit Ta 3a>
YaCTUHKaM"

X pa(l—=par/pa) {I; — San(w)}

% > (2‘7;)3 3 <fn_2>2 1 ’ (8.1)

CWw
(32 IJaCTHHKAMM) q'

x Y pa®aalq,q)(wan + o —w)
AA

w3
X 4 1g(Ny +1) - (J) Iy (Ng+ 1)par/pa

Hucna sanosaenna g goronis Ny, Ny nos’asani 3 iHTeHCHBHICTIO
criBBigHONMEHHAM (2.2), & 9aCTOTH W = Wi, W = Wi

PiBusinua (8.1) orpumane B npunynieHHi, mo Buili HAGIMXKEHHHA
B inrerpani sirknens (4.13) € manumu. Ile cupasni tak, ockinbku
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BHECOK MUX HAOJIMXKEHb MPOIMOPIIHUI 10 KBagpara CTaJj0l TOHKOI
crpykrypn (€?/hc)? ~ (1/137)? i ma nexinpka TopAnKis Memmmii
Big BHECKY OHO(MOTOHHUX IIEPEXOUIB B iHTEI PaJI 3iTKHEHb. [Toxubku
eKCTIePUMEHTAJIFHUX TPOdIJIiB CIEKTPAJIFHAX JIHIH 3HATHO TIEPEBU-
IyIOTh HETOYHOCTI TeOpii, AKi MOB’dA3aHI 3 HEBpAaXyBaHHAM Oararto-
orornnx npouecis. Takum unroM, piBHsHHA (8.1) bakTHIHO € TUM
[IEHTPAJIbHUM PIBHAHHSIM TEOPii MEPEHOCY BUIIPOMIHIOBAHHS, AKE JIA€
3MOI'y BUJIydaTH BeJM4e3Hui obcar indopmanii 31 crnocrepexyBaHux
B0PAHUX CIEKTPIB.

OcobanBICTIO IHOTO PIBHAHHS € #OTO HEJIHIKHICTS — TIpaBa Jac-
TUHA PiBHAHHA MicTUTb goganku ~ I,y . Ilpuragaiimo, 1o inrencus-
HiCTH BUMTpOMiHIOBaHHA [, mponopiiitia 10 Tuces 3anoBHeHHs (POTO-
HiB N, BIANOBIOHO 0 PiBHAHHA (2.2). B okpemux BuUmagrax poJib
HesiHifiHuX edekTiB Moxe OyTHM BaXKJIMBOIO, 1 MU IIOBEPHEMOCH [0
06roBOpeHHs MHOTO MUTAHHA B KiHIl maparpada.

PeHOMEHOJIOTIYHE BUBEIEHH S PIBHAHHA TEPEHOCY BUKJTIOYAE MOXK-
JIMBICTH ypaxyBaTy HeJIHIAHI JHOgAaHKK 3 1eHTU(IKOBAHUM 3MICTOM
koedinienris 6ina nobyrky I,l,. Heniniitni edexrn € nesnaanmmu,
KOJIM 9ncyia 3anosHenns dpotonis mami, N, < 1. Oniantn ymosn Bu-
KOHAHHSA I1i€] HEPIBHOCTI MOXHA, CKOPUCTABIINCH CEPEIHIM 3HATEH-
HSAM YUCeJsI 3alOBHEHHS I PIBHOBAXHOTO BUTIpOMiHOBaHHA (5.17),
exp(—hw/T) < 1, hw/T > 1. e o3nauae, mo 3acenenicrs 36ymKe-
HUX aTOMHUWX CTaHIB € MaJIOIO TIOPIBHAHO i3 3aCEJIEHICTIO OCHOBHOTO
crany. $Ikmo taka ymoBa BUKOHYEThCs, TO piBHaAHH#A (8.1) moxHa
3JIiIHEApPM3YBATH.

Orxke, npuitmaemo, no-nepue, mo N, < 1. Ilo-npyre, saxae-
MO TaKOX, 10 B 30pAHiil armocdepi BUKOHYIOThCA YMOBH JIOKAJIbHOI
TEPMOIVMHAMITHOI PIBHOBATY, KOJIA 3aCEJIEHICTh ATOMHUX CTAHIB BU-
sHagaeThca posmomizom Ii66ca (4.8). Hapemrri, mepexommmo B pib-
uanni (8.1) Big cymu 3a k' 1o inrerpasia 3a wacroramu i KyToBUMHI
3MiHHUMU 3TigHO 3 (3.5):

(27T)3 ! 10012 '
?Z—)Z/dk:Z/dQ/k dk
q o o 0
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[e.e]
1
— 52 /dQ’ /w'2 dw'. (8.2)
a " '0

VY pesyabrari piBagnand (8.1) 3HAYHO CIPONLYEThCA 1 HAOyBAE BUTIISA-
ay:

dl

cos 0 7% = — [3e(q) + (@) I + ¢(q) Bua (1)

w

oo 5 ,
w3 [ar [aw (L) RGO (83
o 0

IIe BEJIMYIMHA,

R(q.q") = (%)2% > >

(3a yacTuHKammn) A, A’
X pa®aalg,q)d(wara + v —w) (8.4)

€ Tak 3BaHOI0 (PYHKIIEIO Tepepo3noaiiy OToHIB 3a yacToramu. Be-
JINYUHA

o)=Y [ aof 70 &t R(q.q) (85)
a v 0

JIOPIBHIOE CyMi IIepepi3iB pO3CisiHHA HA YaCTUHKAX armocdepu, 1o-
MHOXKEHWX Ha BIIMOBIIHI KIJIbKOCTI YaCTWHOK B ogmaUIl 06’'emy. Bo-
Ha BU3HA4YaE 30ibleHHA KoedilieHTa HOrJIMHAHHA BHACJIII0K PO3-
cigaus GOTOHIB 1 MAE PO3MIPHICTH 0OEPHEHOI TOBXKWHM.

Tyt morpibHO 3ynmHUTHCH HA TepMmiHosiorii. Ak 6agammo 3 pis-
Hanns (8.3), MaeMo IBa KaHAJIVM 3MEHIIEHHS KiJIbKOCTI eHeprii Mipoio
TOrO, AK BHIMPOMIHIOBAHHS MPOXOIWTH KPi3h pedoBuHy. [leprmmii
e iCTMHHE TOTJIMHAHHSA, 3a sdKe BianoBigae koedimient »(q) i akwii
LIE HA3UBAIOTD y 3B’A3KY 3 UMM ICTUHHUM KOeMILi€HTOM HOIJIMHAHHS.
Hpyruit 1€ BUIy9eHHs eHeprii 3 mydKka BUIPOMIHIOBAHHS MIJISAXOM
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poscignaH=, 3a WO BianoBimae Besmuuna o(q), 9Ky HA3BUBAIOTH KOedi-
mieHToM posciguns. l[loBawit koedimienT morsmaanHs, ab0, MOXKe
simme, koedinient nocaabnenns, nopisBHIoE, ax BuaHO 3 (8.3), cymi
»#(q) Ta o(q), i BiH BU3HAYAE CyMapHy NIBUJIKICTH BUBEIEHHS PEUIOBU-
HOIO €Hepril 3 mydJKa BUIMIPOMIHIOBAHHSA B3HOBXK MPOMEHH 30py. [HOMmI
floro Ha3MBaIOTH TAKOXK KoedIilieHTOM eKCTUHKIIII (Bin aHTIiiichKOro
cnoBa extinction  sracanns, nocnabsienns). Tpanuniiino mio Ha3By
BXUBAIOTH WOA0 3eMHOI arMocdepu. fKino po3cidHHdA He Bigirpae
HIAKOI POJIi TIOPIBHSIHO 3 MOTJIMHAHHAM, TO KOeMIIi€HT €KCTUHKIIII
HA3UBAKTh KOEDIIEHTOM MOIJIMHAHHSA. Y HPOTUJIEXKHOMY BUIAJKY
TOBOPATH TPO KOeiIi€HT eKCTUHKIII, 3yMOBJIEHOI PO3CIsTHHAM.

Axuio nig yac poscigaus POTOHIB ATOMU HE 3MIHIOIOTH CBOI'O CTa-
ny, T06t0 A = A', war4 = 0, TO HEe KorepeHTHe pO3CIAHHLA:

R(q.q") = d(w — ')o(q.q"), (8.6)

9 2
)= () ¢ X Yedued 60

(3a gacTuHKamn) A

Y szaranbHOMYy BUIaJIKY (DYHKIA MEPEPO3NOAIIY 338 9aCTOTAMU HE
Mag€ OeJIbTANOOIOHOTO XapaKTepy — PO3CIAHHS € HEKOTEPEHTHUM yHA-
CJIIOK TPUPOIHOI MIUMPWHU CIHEKTPAJbHUX JIiHIf, TEmIoBOTO pyxy
JACTUHOK Ta MIXKXATOMHOI B3a€MOJIi1.

Huist korepenTaoro posciguus 3 (8.3), (8.6) snaxomumo:

c0s0 U0 [olg) + ()] Iy + () Bua(T)

+ Z/dﬂ'a(q,q')Iq/, (8.8)

npuuomy Ty ¢' = (k', @), |K'| = |k| = w/c. Tlpu npakTuunux pospa-
XyHKax Besnuanny o(q,q') 3aMiHIOIOTh JIETKUM CepeHiM 3HAUCHHAM

=5 Y o [ olad) -T2, 8.9)

8
a’'=1,2
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VY upomy pasi oTpuMy€eMO PIBHSIHHSA EPEHOCY

cos f % = — [%(q) + rr(q)} I, + 5(q)Bu.a(T)

+ a(q)8i7r > '/dQ’L,/, (8.10)

a'=1,2

AKe € 3araJbHONPUAHATIM PiBHAHHAM (DEHOMEHOI0rIuHOI Teopil [3,
4, 6, 7). Ha upomy piBastaHI 6a3yI0ThCst (DAKTUIHO BCI JOCIIIKEHHS
30psHUX crekTpis'?.

Pisuanns (8.10) sanucane s CBITIa 13 33IaHOI0 TIOJISTPU3AIIE0
a. fdxmo mac ve nikaButh nonapusanid, To B (8.10) mHeobximno mia-
cyMmyBaTn OOWABI YaCTWHM PIBHAHHS 33 moJigpusamniamu. HexTyodn
3asexHicTio #(q), o(q) Bin nossmpusanii, 3anumemMo piBHAHHA nEpe-
HOCY IIJI iHTEHCWBHOCTI BUIPOMIHIOBaHHS, BUMIPIOBAHOTO 3a MTKa-
JIOIO HOBXKWH XBUJIb:

dI(A, Q)

cos 9 T = —[x,\(Q)Jra,\(Q)}I(A,Q) (8.11)

+ @B + (@) [ 10,2)ds,

1
drr
INQ) = Y I\ a,Q), (8.12)

a=1,2

4c’h 1
B)\(T) = Z B)\,a(T) = N> e2mch/AT _ | (813)
a=1,2

Yynepme iioro BuBiB (DEHOMEHOIONIYHAM NLASXOM HIMEUBKHH acTpodisuk
Kaps HIsapuminsg me B 1905 poui B mpaui “IIpo piBrOBary comstanol armoc-
depn”. Kapn MIsapuminsg (1873-1916) — onwH i3 3aCHOBHUKIB TEOPETWUHOI
acrpodisnkn. Cxras xatanor dbortorpadivamx semuaun nonan 3500 zip (“Ter-
THHTEHChKa akTuHOMeTpisi”, 1910-1912). Crropus Teopito mpomereBoi piBHOBa-
ru it 3acrocysaB il 10 30psauux armocdep. Ymepnie orpuman TogHUil po3B’s30K
piBHAHD Teopil BimrOocHOCTI AffnmTaiina (Merpuka [[IBapuminbaa gia chepuano-
CUMETPUYHOTO po3moairy mac). Mixk iHmmM, nurtanHamMyu Teopil BUMTPOMiHIOBaHHS
3aliMaBcsa it Bumarauii mimenpkuit matemarnk Hasum ims6Gepr (1862 1943).
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bynkuia [lnanka /g HENOJAAPU30BAHONO BUIIPOMiHIOBaHHs. Be-
sgmanan 2, (2), 05(§2) € cepenHivm 3HaUEHHAMHU BesMUInH 3¢(q) TaA

a(q):
(8.14)

npuuomy q = (k, ), |k| = 27/

[ToBepHiMOCh 3HOBY [0 TOYHOTO piBHAHH:A (8.1). Bucaosseni pa-
Hilre MipKyBaHHS IPU HOTO JIiHEAPU3aIlii PO3TOPHEMO Tenep MOKJIAI-
Himre i Hacammeper 3anumemo (8.1) 3 ypaxyBanHaAM HeJIHITHWX dite-
HiB, IpUIMAIOYX TiMoTe3y PO JOKAJIbHY TEPMOAANHAMIYHY PIBHOBATY
B 30psHiit armocdepi:

dli,

0050 =L = —[e(a) + 0 (@) + 5(0) Bua(T)

+ Y /dQ’ /dw' (%)3e*’W*‘*”)/TR(q,q’)Iq,
o i

- ;Y /dQ’ 7Odw’ (1 —e*h(W*wW/T)
o« T

2\ ? 2
< rie.d) (5) S (8.15)
w h

Ocranniit wjen y npasiii 9acTuHi MHOr0 PIiBHIHHSA OMUCYE HEJIi-
niiini epexrn. Jlerko nepecsimuurucn, Gepyun no ysaru (8.6), mio
et HeJliHIAME DOOAHOK [1JIsT KOT€PEeHTHOTO PO3CISHHSA MepeTBOPIO-
erbca B Hysib. Orxe, HeniHilHI edekTr “BMUKAIOTHCA’ pPa3oM i3
HEKOTE€PEHTHUM PO3CIAHHSM.
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3BepHIMO TAKOX yBary Ha Te, IO el HeJHIAHU@ J0mMaHOK Yy
piaanni (8.15), akuii Mu mozHaUMMo pasom 3i 3HakoM uepes A(q),
y knacuuniit mexi (h — 0) nabysae Bursisany:

7 21\ ? 2 (w — W)
A= qZ/dQ’/dw’R(q,q’) =) — 1y (816
o 0

3anTmaeThCs CKa3aTh e JIEKLJIbKa CJIB PO MOXKJIMBICTE iHTe-
rpysanns pisaanng (8.15). Haronocumo sapyre, mo ne piBHAHHA €
TOYHWM PIBHAHHAM TTEPEHOCY BUITPOMIHIOBAHHSA, IKE BPAXOBYE i JIBO-
doronni nepexoau. Hackinbku HaM BIJIOMO, JOCJIIXKEHHA BHECKY
HesTiHIHTX edeKTIiB y Teopii 30pAHNX CIIEKTPIB HE TPOBOAUJIOCH. By-
J10 6 IKABO BUBYUTH BILJIMB HEJIHIAHOrO MexaHizMmy Ha (popMyBaHHs
TOHKOI CTPYKTYPU 30PAHUX CHEKTPiB. A HamTO, 10 0COOJMBUX 3y-
CWJIb IJIsi TIbOTO HEe MOTPiIOHO, OCKIIbKMA B TOYHE PiBHAHHSA BXOOUTH
ta x Besmauna R(q,q'), mo it y snineapusosane (8.3), a MoxJuBoC-
Ti Cy9acHWX KOMITIOTEPIB yCyBalOTh Oy/Ihb-AK1 MEPENTKOAN MpH HOTO
IHTEerpyBaHHI.

[Tepm mix npucTynartw 10 3HAXOMKEHHA Ta AHAJIZY PO3B A3KY
PIBHAHHS MEPEHOCY BUIIPOMIHIOBAHHSA, HEOOXITHO OOYMCJIUTH SBHO
BUpasu s KoedilienTa MOTJIMHAHHSA, Tepepisy poscisiaHsd, (hyHKIIi
EPEPO3IOMIITY 33 YACTOTAMHA 3 YPAXyBAHHAM KOHKPETHUX (Di3uaHUX
yMOB B armocdepax 3ip.



PO3IJI II

IMPUPONHA ININPUHA CIIEKTPAJIBHUX JITHIA

§ 9. Kiacuuna Teopisa MpUPOIHOI MHUPUHMA CIIEKTPAJILHOI JIHHII

BuBonsum piBHAHHSA MEPEHOCY, MU TPUILYCKAJIA, IO ATOMHI CTAHA
|A) € cramionapauMu. [HIIMY CJI0BaMM, yBaXaJsoCh, MO €JIEKTPOH,
PYXaMYNACh B ATOMIi B JIEAKOMY 3B’ SI3aHOMY CTAaHI, MOXE 3aJIUIIATACS
B mhoMy cTaHi 6e3amexHO moBro. Hacmpasmi cramioHapHUM CTAHOM
€ JIMIIe OCHOBHUM CTAH aToOMHOI cucremu. Yci 30ympKeHi cranm KBa-
3icTalioHapHi — dYepe3 HedKuil 9ac aToM CIIOHTAHHO MEepPexoauTh i3
30yIKEHNX CTAHIB y CTAHU 3 HUXKYOK EHEPri€io i, BPemITi-pemrT, B
OCHOBHWIA CTaH, IKOMY BiJITIOBi/Ia€ HaliMeHTIIe 3HaYeHHA eHeprii. Yac
nepebyBaHHsT aTOMIB y 30yMKEHOMY CTaHI HA3WBAIOTH TACOM KUTTHA
IIHOTO KBAa3iCTAIIOHAPHOTO CTaHy. [[pmYnHOI0 CIOHTAHHAX EPEXOIiB
€ B32EMO[IisI ATOMHOI CUCTEMU 3 HYJILOBUMU KOJIMBAHHAMUI €JIEKTPO-
MAaTHITHOTO moJisg. MOBOIO KJIACHYIHOI €JTEKTPOAMHAMIKNA, TPUITHOIO
CTIOHTAHHWX TIEPEXOJIIB € B3aEMOJIIA 3apdAmny 3 TOJIEM, sKe BiH cam
BUIIPOMIHIOE,  TAK 3BAHA PEAKINiA BATPOMIHIOBAHHSI.

KsasicramiorapHuicTs 30yKeHUX CTAHIB MPUBOIATH 0 TOTO, IO
CTIeKTpaJibHi JIiHil i3071h0BaHOI aTOMHOI cncTemn € He 6e3MexRHO By-
3bKUMH, & MAIOTh JIEAKY MUPHUHY, AKY HA3ZUBAIOTH MPUPOIHOIO IIH-
PWHOIO CTIeKTpaJibHO1 JiAil. MixkaTroMHa B3a€MOIid i TEMJIOBI pyxn
ATOMIB CIPUYMHIOITH TMOTAJIBINE PO3NIMPEHHSA CIEKTPAJIbHUX JIHIMH.
Ocranni ederTn, gK yxe BKA3yBaJOCh, Y3ATO IO YBATW B 3arajib-
Hux popmyJiax A KoedilieHTa norJMHaAHHA il nepepisdy po3CisiHHS.
YpaxyBaHHs [UX SABUIL BUMATA€ OKPEMOTO IOCIIKEHHA 3HAWIEHNX
BUpPAa3iB [Jisd KOHKpeTHuX (pismdHux mopesei armocdepu 30pi, dxe
MU MPOBEIEMO B HACTyHHHX posmiiax. [llomo mpupomHOl mmupuHA
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CIIEKTPAJIbHUX JIiHI#, TO BOHA B 3HAIIEHUX BUINE BUPA3aX HE BPAXO-
BaHa came y 3B’A3KY 3 MPUITYIIEHAAM, 1[0 BCI ATOMHI CTAHW € CTaIlio-
HAPHUMHU. XOY OCTATOYHI BUPA3N, K1 OTPUMYIOThH MiCJIsA BpaxXyBaHHHA
peaxIiii BUMTPOMIHIOBAHHA, HEe CKJIQJIHI, CaMa Teopid MPUPOIHOI TITHU-
puHuM JiiHill € ToHKUM 1 ax Higk He npoctum mmranaam [10]. Tomy
TYT MU PO3TJIAHEMO OJIMKUE II0 33129y 1 BKAXKEeMO OCHOBHI MOMEHTH
i po3B’A3KYy.

[Togremo 3 kjacmaHOTO pO3Tismy. Ha pyxommit 3apsi, mo Bu-
MpoMiHIOE, mie cujia JlopeHia, cTBOpeHa eJIEKTPOMATHITHUM TOJIEM
caMoro 3apsimy. Bupas mist Hel MOXHA 3HAWTA TPAMUM OOUHUCIIEH-
HAM, BAKOPUCTORBYIOYW 3aITi3HIOBAJIbHI ToTeRiaan Jlierapa—Bixepra
JIJIsl €JIEKTPOMATHITHOTO MOJIA TOYKOBOro 3apany e. Orpumanuii Bu-
pa3 OJid CWJju, gKa JIi€ Ha 3apdAl, MOXKHA PO3KJIACTH B PAI 34 CTele-
usmu 1/c [10]:

2

4 2
Vv o/, (9.1)

P
3ch 3c3

Ile €9 — BJIACHA €JIEKTPOCTATUIHA, €HEepris 3apsamy, v — HOro mBuUjI-
KICTh; KpallKaMy HaJl JITepaMu no3HadeHi moximui 3a gacom. Corin
BIO3HAYUTH, IO [l PO3KJIAL € ACUMITOTUTHIIM.

Banumiemo piBHAHHA pyxy HpoTOHA /14 3apsijty Macu myg, ypa-
XOBYIOUM CHJIy peakiiii BunpominoBants (9.1) 1 30BHINHIO crity foyt:

deg) . 2%
(mo + 3—(;) V=25V + foxt. (9.2)
MuoxHUK 611 MTPUCKOPEHHSA
4e
m=mo + 372 (9.3)

MAa€ 3MICT CIHOCTEPEXRYBAHOI MACH 3apsiy. BHyTpimHS HEy3romKe-
HICTh KJIACUIHO1 €JIEK TPOJINHAMIKH MPOABJIAETHCA B TOMY, IO €JIEK-
TPOMArHiTHA YacTuHA Mach 4eg/3c? i TOUKOBOIO 3apsjly € BeJsu-
YUHOIO0 DE3MEXHOI0 £ ~ eQ/ag, nme itoro “pamiyc” ag — 0. VYBa-
XKAEThCs, MO I OE3MEXKHICTh KOMIIEHCYEThCS 1HIIOK OE3MEXHICTIO,
dAKa (POPMYETHCA CUJIAMU HEEJIEKTPOMAIHITHOIO HOXOIKEHHS B 1M,
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i B pesysbrari mu cnocrepiraemo ckinuenny sesmmuuny (9.3). Cunm
HeeJIEK TPOMATHITHOTO TTOXOIKEHHS MOTPIOHI X009 OM mJist TOTo, 1ob
3abesnednTu CcTabiIbHICTh PO3MOMIIY 3apsily B Takiil 9aCcTUHIN, K
eJIeKTPOH. Y KBAHTOBIif Teopil mi po30iKHOCTI 3aJIMMIAIOTHCH, aJIe
€ cuabummu, jgorapudMidyHUMU, a HE creneHeBumu. Lla npobiiema
BHYTPIIIHKOI CTPYKTYPH €JIEKTPOHA, HE PO3B’si3aHa OO0 ChOTOIIHI.
Hpyruit nomanox y npasiit wacruni (9.1) npuBonuTh 10 rajabmy-
BaHHS PyXy BHUIIPOMIHIOIOYOTO 3apsaiy. BaxswBo, mio mei momaHok
y BUpa3i IJId CUJIM CaMOJIil He 3aJIEXUTH BiJl PO3MOIIJY 3apAly, BiH
3yMOBJIeHHH epeKToM 3ani3HeHHs Bcepeauni yactuaku. Tak, Hanpu-

KJIAMO, IJIs1 KBA3IMPYKHOI 30BHIMIHBOI Cun fory = —mw%r HabJIMxKe-

HUif PO3B’A30K PIBHAHHA PyXy A€ 3racaiodi KOJMBAHHSA'

r(t) = roe "% cos(wy + Awp)t, (9.4)

Jle 3CyB YaCTOTH i TTOCTiiiHA 3aracaHHd JIOPIBHIOIOTH:

Awy = —5v%/8uwy, (9.5)
2 e?w?

== . 9.6

Y=3,3 (9.6)

VBaxaemo, 1Mo OCHAIATOP 3AIYIIEHO B PyX y MomeHnT dacy ¢t = (
3 MaKCHMAJIbHAM 3MIlleHHAM rg. HabjmkeHnns moJsigrae y mpwuiy-
MIEeHH], M0 CAJIA PEaKIlii € MaJIOK MOPIBHSAHO i3 30BHINIHIMU CHUJIAMHA,
i Ile CTTpaBIIl Tak IJid He JIy’)Ke BUCOKUX YacTOT:

2 e?

=19 < ],

"Mix inmum, skmo 30BHimu cum BigcyTHi, 10 pisnsHus (9.2), KpiM 3BUUAii-
HOrO PO3B’SI3Ky V = const, Ja€ TaKox po3p’s30k v = voe?'. Orxe, npuckopenns
HAPOCTAE i3 YacoM, KOJIM HOro MOYATKOBe 3HA4YeHHA Vo 7# 0, TOOTO YacTHHKA,
CaMOIPUCKOPIOETHCH, 10 € 6e3rry3gam. Lle mie omna 3 Hepo3r’si3aHux TpobsIEeM
€JIEKTPOAMHAMIKHM, XO4a CKOpinre BOHA TOB'si3aHa 3 ThM, mo B poskyaam (9.1),
AKnit, MabyTh, € ACHMOTOTHYHUM PAIOM, MA OOMEXKUTUCH JINNIE IEePUINMI JBOMA
ajieHamu. Hacrtynui 9jieHn PO3KJIALy 3a/IeXarh i Bl BHYTPIMHBOI CTPYKTYypH
YACTUHKI.
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abo
2 e?

33

3 2
LL)O < ma.)(],

a [Uis JOBXUHYU XBUJT A = 27¢/wg oTpuMaemo, mo A > dne? /3mc? ~
1072 cm= 10~*A, kosu m € macowo enexrpona. Hacupasui us se-
PIBHICTH BUKOHYETHCA 3 BEJMKUM 3aTTACOM.

Orxke, cuna peakiil TPUBOAUTE JI0 3ATACAHHHA KOJIMBAHB OCIIU-
JsTopa i 1o 3cyBy #oro wacroru. Y Pe3ysbTari iHTEHCHBHICTH BU-
MPOMIHIOBAHHSA ab0 TMOTJIMHAHHS TAKWM OCIHWJIATOPOM €Heprii, sKka
MpoNopIiiHa OO0 KBagpara MPUCKOPEHH:A V, He Oyle Matu B OKOJI
9aCTOTH W) OEJTHTAMOMIOHOT0 XapakTepy, a Oyme (hyHKIE0 YacToTn
3 POCTPUM MAKCUMYMOM y TO4I Wy + Awg 3 JIOPEHIIBCBKAM KOHTY-
pom. TTokaxkemo 1e.

3 xkypcy esnektpognHamikm mobpe Bimomo [11, 12], mo crekTpass-
HUiT PO3KJIAML IHTEHCUBHOCTI MUIIOJIBHOTO BUIPOMIHIOBAHHSA

262

= %\fwﬁ (9.7)

I(w)

ne koedimient Pyp’e? npyroi HOXigHOI 3a 4ACOM Bi pajiyc-BeKTOPA

OCIMJISATOPA,
oo

Ity = / ey dt,

0

MMPUYOMY TIOBHA €HEPrisd BUITPOMIHIOBAHHS

E= | I(w) dw. (9.8)
]

?7Kan Barict 2Koze @yp’e (1768 1830)  dbpanmysskuii maremaTnx i dbisuk;
CTBOPWB MeTo 300paxkennst GyHKIH y BUTJIAL TPUTOHOMETPUYHUX PAIiB (paan
dDyp’e), BUBIB PIBHAHHSA TEMJIONPOBIIHOCTI, CTBOPUB TEPMOEJIEKTPUIHY GaTapero.
SakinuuB BiiCbKOBY mKOITy, fK odinep OpaB y4acTs y erumercbkoMy moxoxni Ha-
nosteona, 3 1802 poky Gys npedextom memapramenty B [penobi, six 1817 poky
BiB akajgemiune xuTTa B [lapuxki.
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Y namomy Bunanky, 6epyun mo ysaru (9.4),

2
P o= rge M2 [(%) —(wo+Aw0)2 cos(wp + Awp)t

+  y(wo + Awp) sin(wy + Awp)t

Ockinbk¥M BUKOHYIOTHCH HepiBHOCTI ¥/wy K 1 1 Awp/wy < 1, 10
3aMAIIEMO JIXIIE TOJIOBHUR MTOHAHOK [IJIsi APYTOi MOXimTHOT:

i = —wiroe "% cos(wy + Awp)t. (9.9)
Tenep
oo
F, = w%/dt e“'roe "2 cos(wg + Awg)t (9.10)
0
9 oo
_ _Fowo /eiwt'yt/Q [ei(wn+Awn)t + e~ HwotAwo)t| 1
2
0

wi (iw —/2)
(w —wp — Awp) (w + wy + Awp) + 1wy — (7/2)%

= —I'O

YHacal 0K MaJIu3HU BEJIMYUHHA 7Y, a came v/ wy K 1 HKII4 '\, Mae
y 0 , Py w
pisKMii MAKCUMyM y TOUIll w = wy + Awg, TOMY, 3aJIMIMNMAIOYN JIWIIE
FOJIOBHI BHECKM, OTPUMYEMO"
I'[](;.)(Q) 1

ry = —- — . 9.11
: 2i (w—wo+ Awg) +1i7v/2 (9:11)

3Ba>1<.111/11307 mo Mu TpamoeMo 3 koedimieatom Pyp’e mia apyroi moximgHOL
paxniyca-BekTopa r, a He ma camoro r. fkmo 3pobutu Pyp’e-meperBopeHHsT
quist v(t), a noTivM B3sTH APYTY MOXimgHY, TO MU oTpuMyeMO B (9.11) MHOKHUK w?,
a He wd. Y pesyibTari BUHHKAIOTH TPpOBIeMH TPy PO3PAXYHKY MOBHOI eneprii E,
OCKIJIbKM OlepKy€eMO po30ixkHuit interpas. Orxke, Ma€MO NMpuUKJIAL TOrO, KOJIN
omeparis MOXiTHOI 33 YacoM i neperBopennss Pyp’e HE KOMYTYIOTh.
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Temnep iHTEHCUBHICTD

2 4,2
_Zeworo 1

I(w) B 1273 (w —wp — Awg)Q + (7/2)2' (9.12)

Ckopwucraitmock Bupaszom (9.6) nust Beawaunam y i octarouHo Gy-
JIEMO MATH:

v/2m
I(w) = I , 9.13
() 0(&)*&)0+Aw0)2+ (’)’/2)2 ( )
e
2,.2
Iy = Mo (9.14)
2
— TovaTKOBa eHepris ocumisitopa. [losua enepris (9.8)
i /
v/2m
E = ] d
U/ (w—wy + Aw0)2 + (’)’/2)2 v
0
[ d
1 x
Ox / 224+ 1 7w (9.15)

—xg

ne zo = 2(wy — Awyp) /7. 3a ymoBu wy/7v > 1 HUKHIO MEXY TATHEMO
Ha (—00) it inrerpan nopisuioe m. Orxke, eHeprida, ska BUCBIYy€ThCH
B yChOMY MIAMA30HI YaCTOT, MOPIBHIOE, AK 1 MOBUHHO OyTH 3TiIHO 3
3aKOHOM 30epexeHHs, MOYATKOBIll eHeprii ocumIAaTopa.

[TinBememo miaCcymMoOK: TO-Tiepine, 3BOPOTHA [Iisi BUPOMIHIOBAHHS
3apamay Ha WOro X PyX 3BOOUTHCHA 0 PO3NIMPEHHS CIEKTPAJIbHOL JIi-
Hil, a TO-Opyre [0 3CyBY 9acTOTH BUIpoMiHOBaHHs1. KoHTYD JTiHil
BUIIPOMIHIOBAHHA, BHACJIJIOK PalialliifHOTO 3aracaHHsd, Ma€ JIOpEH-
niscbkuit xapaxrep (9.13) i3 MAKCHMYMOM IHTEHCUBHOCTI, 1O JIOPiB-
Hio€ 21 /7y ipm 9acToTi w = w4 Awp. FKIIO 9ACTOTY w 3CyHYTH HA
BeJIMYMHY 7y/2, TO IHTEHCUBHICTH 3MEHHNIUTHCA yIBidi, TOMY 7y HA3H-
BAIOTH MUPUHOIO JIiHiil. 1o mmpuHy CieKTpaJibHOl JIiHil, 9Ka 3yMOB-
JIEHA CUJIOK TaJbMyBAHHSA BUIPOMIHIOBAHHS, TOOTO CAMOIEI €JIeK-
TPOHA, HA3UBAIOTH NPUPOAHOIO mupuuoio. [Ipu npamysanui v — 0
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dbynknia I (w) Bupomkyersca B nenbra-gyuknito [yd(w—wq). Takum
9WHOM, TIpy OOYUCIIEHH], HATPUKJIA, BHECKY 3B’ A3aHO-3B’ A3aHUX TIe-
pexoaiB y KoediluieHT HONIMHAHHSA BpaxyBaHHdA e(pekTy pajiamiinoro
3aracaHHs 3BOANTHCH, AK MW Tobadunmo nadut, g0 3aminu B (6.3), (6.6)
nenbra-gyHKii JopeHiBcbkum KoaTypom (9.13).

§ 10. Teopis kBazicTalliOHADHUX CTaHIB KBAHTOBUX
cucTeM

3 morIgMy KBaHTOBOI TE€OPil, CIOHTAHHE BUTPOMIHIOBAHHS 130J160~
BAHOTO aTOMa MOXHA PO3TJISIATH SIK KBAHTOBWU mepexin i3 30ymxe-
Horo crany |A) ma Bci cranm |C) 3 MeHIOIO eneprieo. Y pesysbrari
#MOBIpHICTH MTepebyBaHHA aToMa y 30yIKeHOMYy CTaHi Oyme i3 gacom
t 3MeHTITYBATHCH 1 MpAMYBATNMe OO0 HYJd pm ¢ — oco. Lle Binmosimae
EeKCIOHEHIIITHOMY 3MEHIIEHHIO0 aMILIITYId KOJWBAHb TAPMOHIYHOTO
OCIMJTATOPA B KJACWIHIN Teopii, 4Ky MU PO3TJIAHYJIN B MONEPETHBO-
my naparpadi. OTxke, craHuM KBAHTOBOMEXaHIUHOI cucremu |A) Bxke
HE € CTalllOHapHWMW, y AKWX 3aJIEXHICTHh BiJl 9acy BW3HAYAE Tap-
MoHiuHMit MHOXHUK exp(—iF4t/h), a kBasicranionapanvu. Hassa
“kBasicranionapni” BinmbuBae ciabke (ax nobauaumo nasii) 3aracanasd
BignoBimroi amnurityau itmoBiprocTi |A) nepebyBaHHSA aToMa B I[HO-
My cTaHi. 3a BUHATKOM OCHOBHOTO CTAHY, 3 AKOT0 3aKOH 30€peXeHH A
eneprii 3aboponsie BucBivyBanHsa (HPOTOHA (38 O3HAYEHHAM, OCHOBHUI
cTaH Ma€ HallHmXKue 3HAYEeHHdA eHeprii), yci 30y/pKeHi cranu € KBa-
gictamionapanmu. Taxwmii xapakTep 9acoBOi 3aJIEXKHOCTI aMTILTITyIN
iimoBiprOCTI |A) TaKOXK TPUBOIUTHL A0 PO3MUPEHHHA TPODINIO CleK-
TPaJIbHOL JIiHII 1 IO 3CyBy YaCTOTW BUMPOMIHIOBAHHA B MAKCUMYyMi
#oro iHTEHCHBHOCTI.

[Ticns mrx AKICHWX TOTIEPETHIX 3ayBaXXeHb TepeiIiMo 10 KiJih-
KicHOTO aHaJi3y. Bepydu mo yBarn BUHATKOBY BaXKJIMBICTH IbOTO, sIK
yKe 3rayBaJioCh, 30BCIM HEMPOCTOTO TUTAHH:A, & TAKOX Te, IO IIi
PO3pAXyHKM MU OyIeMO 3aCTOCOBYBATH HAHAJI OO0 OOUMCJIEHHS PO3-
MMWPEHHS CIIEK TPAJIHHOI JIiH11 BHACJIIOK MiXKYaCTUHKOBUX B3aEMO/IIH,
MOBYAJIBHO W KOPUCHO T TJIMOMIOrN0 PO3YyMIHHSA TMOYATHA PO3TIIALT i3
MMPOCTOTO BUIAJIKY IBOPIBHEBOI cucTeMu. KpiMm TOro, Mm He XOTian
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0, mo6 y Unrtada CKJIAJIOCA BPaxkeHHS, M0 JeAKAX Pe3yJIbTATIB Ta 1X
y3araJibHeHb JOCATAEMO HA PiBHI 3aKJIMHAHD, TOMY, K 1 B KJIACUIHI
Teopii, 3pobuMO IOKJTAIHAN aHAJTIS.

Otxe, HEXAU MW Ma€MO KBAHTOBOMEXAHIUHY CUCTEMY 3 TaMiJib-
: i) Ta |f) 3 enep-
riamu F; ta E; Bignosinno i Ha AKy HaKJIagaemo 30ypeHHs V. ITig

torianoMm Hy, gka mMoxe mepebyBaTn y IBOX CTAHAX

JIIEI0 IbOr0 30ypEeHHA CUCTEMA MOXKE HEPEXOMUTH 3 OLHOTO CTAHY B
iammit. [ITpmkiamom Takol cucremu moxe OyTw ATOMHUN €JTEKTPOH
y 30ymkeHoMy crani 3a BigcyTHOCTI HOTOHIB — TIe TToYaTKoBmit (ini-
tial) cran

i). Ilim mietro 36ypenns, To6TO nig i€ B3aeMOomil es1ekT-
pPOHA 3 HYJIhOBUMU KOJUBAHHAMU (DJIFOKTyAIlisIMU HATIPYKEHOCTET )
€JIEKTPOMATHITHOIO 110JIsI, EJIEKTPOH IIEPEXOAUTh B OCHOBHUHI CTaH i
npy 1poMy BuHWKAE onmH doron — ne kinmeswnit (final) cran [f).
Sanuniemo piBagaHs [penuarepa mis 36ypeHol cucremu:

L oY

T _H 10.1
th P, (10.1)

H=Hy,+V, (10.2)
IPUYOMY 34 YMOBOIO
Holi) = Eili),  Holf) = Ey|f).

[Ilykaemo po3B’aA30K y BUTIIAI JiiHiHOI KOMbinamii XBUAROBNX DyH-
K1iii He36ypenoi cucremu’

)

i =e WY, ahy = e w P f), (10.3)

W = Cie #Fi) + Cre wFIt|f)., (10.4)

Koedinientn C;, Cy nporo posknamgy sajaexarh Bil dacy i MaoTh
3MICT aMTUTITY/I iMOBIpHOCTEll TepebyBaHHSA CUCTEMW BIIIMOBIIHO Yy

4Cnonisaemock, Unraua He 3i6'€ 3 IAHTEINKY Te, IO MU MO3HAYAEMO TOYATKO-
Buit cran |i) i yaBHy ogmunmio ¢ = +/—1 oxgHi€lo JliTepoIO; IHKOIM PO3MJLy TyBaHHS
MO3HAYEHb CIPHUSE JHIIIOMY PO3YMIHHIO.
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cranax |i) ta |f). IligzcraBmo xsunboBy dynknito (10.4) y Buximne

pisaarna [Hpemuarepa (10.1) 1 nicasa exemerTapHrxX 00UYUCIIEHD TIO-

% 3j1iBa CIIOYATKY HA

XIOHUX 32 9aCOM OTPUMAHE PIBHAHHSA TOMHOXKMO
1i)* = (i|, a morim na |f)* = (f|, ckopucraiimocs masi ymoBOO opTo-

i) =1, (fIf) =1,

(1| f) = (f]#) = 0 i smaiimemo Taky cucremy OBOX PIBHAHB [JIs1 HEBi-

HOPMOBAHOCTI HE30ypeHux XBuboBux GyHKIii (i

nomux koedinientis C; ta Cf:

ihC; = CiVi; + €'V Cy, (10.5)
ihCy = itV Ci + CyVyy. |

TyT kpankamu TTO3HAYEHi TTOXiOHI 3a 9acoM. MarpudHi eJleMeHTn
omeparopa 30ypeHas

Vinn = <m|V|n>a m,n:i,f,

a JaCTOTH TEePEXOIiB

E; — Ef
T, wfi:—wif.

Suaiineni bopmysin € 3arasgbHAME 1 J100pe BiOMUME BUpA3aAMU Yy

wif =

KBAHTOBOMEXAHIUHIi Teopii 30ypenb, 3aJIeXXHUX Bif Yacy, siKi eKCIl-
JIYaTyIOTh y PI3HUX 3aa9ax IJII CUCTEM i3 JBOMA CTAHAMM.

Hexait y mouarkoBuii MOMEHT 4Yacy HalIa KBAHTOBOMEXAHITHA
cucrema mepebyBae B Hes0ypenomy crai |i), Tobro npm ¢t = 0 Ko-
edpinienr C; = 1, a Cy = 0. Hame s3apnanna nongrae y Bigurykanmi
po3B’sizky cucremn nBox piBasAHb (10.5). Pobumo mimcranoBky

C;=e Vatlhgl ¢y = e*inft/hC} (10.6)
i 3BOIMMO HAIIi PIBHAHHA 10 TAKUX:
) .
ihC} = C}Vipe'is!,

10.

°Ile MHOXEHHS O3HAYAE i ONHOYACHE IHTEIPYBAHHS 33 KOODIHHATAMH, Bif
AKUX 3ajiexarb XBUjIboBl yHKUil 1 AKi MM SIBHO HE BUNUCYBajM 3 MIpDKyBaHb
MPOCTOTH 3AMUCY.
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[ie MTPUXOBAHI 9aCTOTH

E;+ Vi — Ei — Vi Vir— Vi
w}i:( f+ Vi~ Ei “‘):wfﬁ ffh i |

(10.8)

IaTyiTMBHO MM po3ymiemo, mO B Mipy TOTO AK HA KBAHTOBOMeE-
XaHI9Hy cuCcTeMYy i€ 30ypeHus V, BOHA TOCTYIIOBO EPEXOAUTUME 3i
crany |i) y cran |f). Orxke, nns xoedinienra C!, mo BU3HAYAE Ba-
Iy MOYATKOBOI aMuiiTyu |i) y cTani 1), HAIPOUIYETHCA PO3B’A30K y
BUTJISII, KW BiIOMBAE HAII CIOMIBAHHS 1 33JI0BOJILHAE MMOYATKOBY
YMOBY:

Cl=e T2 (10.9)

ne HeBimoMa BenmuwHa [ He 3asexnTh Bim dacy. Maroun 1eit pos-
B'A30K, Temep MOXKEMO MPOIHTEIPYBATHU JPYyTe PIiBHIHHS i3 CHCTEMMU

(10.7):

t
o = Ui [ gy
ih ¢
0

sz eiw}itfl“t/Q -1 ( )
_——. 10.10

- —

ihiwly, =T /2
Hauti, BukopucroBytoun 1i siBui Bupasu s C] ta C;c, 3 TIEPIIOTO PiB-
nannsa cucremu (10.7) esleMeHTADHUMY IEPETBOPEHHAMM 3HAXOIUMO
PIBHAHHSA IJIS HEBIZIOMOTO NEKpeMeHTy 3aracannda [':

r |Vz'f|2 1 — ¢ MpittTt/2
= . (10.11)
] iw'; /

Sxwo 3anpononosanuit poss’ssok (10.9) pnsa C! npasunbaumit, To I
He MOBWHHO 3aJiexaru Bin vacy t. Mu odikyeMo Takox (Maroum 10-
cBig i3 ksacuaHOl Teopii), wo mekpement 3aracannd [ moYATKOBOrO
crany |i) € Maso0 Besamunuo. Jasti nobadaumo, mo ne npuiry meHHs
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CHPABIKY€ETHhCHA, 1 OTXKe, y npasiit wacruni pisaanna (10.11) Besn-
qunry ' MoxHa onycTuT (HyJIhOBa iTepaillisi). YsaraJi, HAC He IiKa-
BUTUMYTb MaJli NPOMIKKM 9acy nopsauky 1/ \w}i\, KJIACUYHOK MOBOIO
— TIe TPOMIXKW, CyMipHI 3 TEPIOAOM PyXy €JEKTPOHA HABKOJIO AIPa
B aromi. OTxke, BAXJIMBUMU € MPOMIKKHN 49aCy, OO 33J0BOJIBHAIOTH
YMOBY w}it > 1, Tobro dopmasnsao t — co. Bomrouac moBmHHA BU-
KOPHCTOBYBaTuCh ymoBa ['t < 1, e mpocto o3Hadae, mo ' € maaum.
V3gBimm 1e BCe 10 yBaru, OTPUMaEMO

r Viel2 (1 —coswt sinw',t
Iy Ly (10.12)
2 h W W

7

PosrissabmM0 BHECOK KOXKHOTO JOIAHKA B KPYIJIAX MykKKAX OKPEMO.
OckisbKM KOCWHYC € HIBHIKO3MIHHOIO (hyHKII€O Tipn t — 00, TO
BHECOK BiJ] I[HOTO JIOHAHKA, MpPH w'fz. # () Oyme 3HWKarUYe MaJIuM, KO-
JIM BPAXyBATH, 110 B peasbHiil curyanil BinbyBaeTbCs HigcyMOBYBAH-
He (HACTIpaBIi, IHTErpyBaHH:) 32 KBAHTOBUMU YNCTIaMN f KiHIEBUX
cranis®. Sxmo w}i = 0, To Bech nepmuii JIOHAHOK IIPOCTO JIOPIBHIOE
mysieBi. OTxe, Bif MepHioro IOMAHKA B KPYTJINX OyXRKaX 3aJIUIIA-
€THCA JIUIIE YJIEH 3 OQUHUIEI0O B YUCEJIbHUKY, IPUYIOMY 33 yMOBH,
o w}i # 0. Hpyrmit gogaHok mpu £ — oC € OOHUM i3 300pakeHb

S Mna imocTpamnii mHOro “HyJIHOBOrO BHECKY” HABEZEMO MPOCTI NPHKIALM iH-
TerpaJiB Bif MBUIKOOCIHUJIIOIOYOrN0 KOCHHYCA oS xt npu t — 00, MOMHOXKEHOrO
Ha Oyap-siky “xopomy” dyHkuio, sika 3abesneuye 36ixuicTh iHTErDasIA:

/671’2 cosxt do = g67t2/47

0

o0

cos xt dr — EP*W
2241 2 7

0
obmaBa iHTerpasim mMpEMyIOTh 00 HyJd, Koo ¢ — oo. Ilpwuamuoio, oueBmmHO, €
Te, o cosxt mpu t — 0O YACTO 3MIHIOE 3HAK 13 HEBEJMKOI 3MIHOK T, a “XO-
pomra” dyHKIia 3a Takoi 3MIHW I HE BCTUTAE 3MIHMTH CBOTO 3HAYEHHS, 1 OTKE,
IOHAIOTHCSA BEJIMYMHU, PIBHI 32 MOmyJieM, ajie 3 NMPOTHJIEXHAMH 3HAKAMU, B3a-
€MHO KoMIeHcyoun cebe. Mix inmmm, Tak € i B cycninpaomy xutti. Jlioguua,
sIKa 9aCTO 3MIHIOE CBOIO IYMKY, HE POOUTH BHECKY Yy TBOPEHHS OyIb-90ro 9u TO
B mOOyTi, 97 TO B MOJITHYHOMY *KHUTTi, HE3BAKAIYN HA “XOpOIie” OTOYEeHHS.
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0-bynxuii Hipaka:

sinw'fit
lim = (W) (10.13)
t—oc 7rwfz. )
Temep Mmaemo
r = y
—=_-AoFE + — 10.14
2 Rt Ty (10.14)
e
Virl? Virl?
app — DAl IV i/,

hw}i - E;+ A\ E; — Ef — AlEf7

27
Y= E|Vz’f|25(Ef +AEf — E; — A Ey).

AE; =V,  A1Ep=Vyy.

Besmmanmnn A E; ta A1 E ¢ AK JlarOHaJIbHI MATPUYHI €JIEMEHTH OTle-
paropa 30ypeHHs1, 3TiIHO 3 TEOpi€in 30ypeHb, MOPIBHIOIOTH MEPIINM
MoTpaBKaM 0 eHepril BiAmoBigHux craHiB, a AgF — me gpyra mno-
npaska J10 eHepril nouaTkoBoro crany |i). Besmauna v € nexpemen-
TOM 3TaCaHHS [HOTO MOYATKOBOTO CTAHY.

dAxmo 6u My posTIAmASIM HE OBOPIBHEBUl BUMAHLOK, & CHCTEMY
3 GararbMa craHamu, TO B 1mmux dopmynax (i me Jerko nokasaru,
TMMOBTOPWBIIY BCi BUKJIAIKN CHOanKy) HEeoOXiAHO TTPOBECTH TiICyMO-
ByBAHHS 32 KBAHTOBMMU 4YUCJIAMM KiHIEBUX craniB f [8]:

— = -AoF; + —, 10.1

5 502 i + 9 (10.15)
|Vigl®

ALE; = : 10.1

o Ef: Ei+ AvE; — (Ef + A By) o0
(F#0)
27 9

;= €;|Vﬁ §(Ef + AEf — B — A\ E). (10.17)
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Tyr mu npunucyemo Besimauaam [, Ao E ta v iHIEKC TOYATKOBOTO
CTaHy, AKW/ MW paHillle OMyCKAJIV 3 MIpKyBaHb ITPOCTOTY 3ATNCIB.
[Tpasa wactuna pisasaas (10.17) — me mBUAOKICTH KBAHTOBUX

nepexoiB cucremu 3i crany |i) Ha Bei cranu |f). Inmumu cooBamu,

CTaJla 3aracaHHs <y; JIOPIBHIOE WMOBIpHOCTI Tlepexomy KBaHTOBOMeE-

XAHIYHOI CMCTEMU 3a OJMHUIIO YaCy 3 MOYATKOBOrO CTaHy |i) y BCi
MOXKJIMBI KiHnesi cranu f. Benunuuna
1
T = — (10.18)
i

Ma€ 3MICT Jacy KWUTTH aroma y 30y/KeHoMy craHi [i): unM Gigbma
WMOBIPHICTh TIEPEXOMY i3 MBOTO CTAHY HA 1HIIN, TUM KOPOTIAHR #Oro
qac KUTTH.

I[Tosepratounce Tenep no wammx koedinienris C;, Cf (10.6), Bu-
nuiemo ix aBuuit BurssAn, Bukopucrosyrodu (10.9), (10.10) ra (10.15):

C; = e #AFit-ml/2 (10.19)

e*%Al Eft o e%(Ef*EifAEi)tf"/it/Q

(Ef + AlEf — FE; — AE7) + 7:77/}/7;/2’

Cy = Vs (10.20)

Jle TIOMTPaBKa JI0 €HepTil MOYaTKOBOTO CTAHY BXOIUTH TYT 3 TOUHICTIO
JI0 IPYTOr0 HAOJIMAKEHHS:

AE;, = \\E; + Ay E;.

IIpu t — oo koedinient

Ci =0,
a
o FALESt
Cr=ViE T AE, B AB) T i) (10.21)
sa ymos, mo Vy; # 0. dAxmo Vy; = 0, To XBaHTOBUX HEpPeXoiis,

sposymino, nemae: C; = 1, Cp = 0.

71



Ha saBepuienns 11poro naparpada 3auliaeThbCa CKA3ATU e J1e-
KiJibKa cJ1iB. MoXe BUHUKHYTH 3alTUTAHHA CTOCOBHO 3HAUIEHNX PO3-
B’sI3KiB: AK TaK CTAJIOCH, IO 3BOPOTHE B daci piBaanud [IIpequnarepa
A€ HEe3BOPOTHI B 4Yaci pesjakcariidi poss’sskn? Onue morism Ha
sanpononosanuit pos3s’ssok (10.9) mnsa C] rta fioro o6rpynryBanus
BKA3y€ Ha Te, M0 MU “pyKaMU 3aHECJIM HE3BOPOTHICTH y TEOPIiio,
sMmymytoun piBaanis lpenunrepa Jjmuie “38’sa3aru” Mix coboro ¢i-
3WIHI BEJIMUMHU, sIKi BXOOATH y HAKUHYTHH po3B’si30k. Hacnpasmi
3aKPUTa CHCTEMA JA€ OCIVJIIIOIYI PO3B’sI3KWM, ajie MW Bimibpasn Jn-

me Ti, o ONMCYTh ii PyX Bifl MOYATKOBOrO CTaHy |i) 10 KIHIEBOrO
\f), MTY9IHO TEPEKPUBAIOYN NIJIAX ISt 3BOPOTHOTO PyXy, TOOTO HJIs
nepexomiB “yBepx”. Mwu moBEpHEMOCH 10 IIbOTO MUTAHHS B HACTYII-
HUX maparpadax, po3paxoByi0Uun [1jisi KOHKPETHUX ABUII MEXaHI3MU

i merasti oprasisariii M€l He3BOPOTHOCTI.

§ 11. KBanToBa Teopis mpupOTHO]l MHUPHUHHA CIIEKTPAJIHHOI JIiHIl

3araJspai BUpasun, 9Ki MU HIOWHO 3HANILINA, 32CTOCYAMO [IJ1s CHC-
TeMH “aToOM ILTIOC eJtlekTpoMarHiTae osie” . Hexait y mogarkoBmit Mmo-
menT gacy t = 0 atom mepebyBae B meskomy 30ymkeHomy crani |A)

3 eneprieio Ey, a xsuabosa dyHKuig moas qopisaioe | ..., Ng,...).
Orxe, aMIIIiTy 12 TOYATKOBOTO CTaHy cuctemu i) = |A;... Ny, ...) =
|A)| ..., Ng,...). Y xinueBomy crani MaeMo XxBrJIb0BY dyHKUioO |f) =

C;....,Ny+1,...) =|C)|...,N;+ 1,...), aKa oumcye arom y cra-
Hi |C) 3 enepriero Ec < E4 i nose 3 omanM 100aTKOBUM (DOTOHOM
3 XBuJIbOBUM BekTOopoMm k i mosigpusamiero o. Oneparop 30ypeHHsA
naerhesa Bupasom (3.1), y skoMy 6Gepemo JI0 yBaru JIiie Tmepiimit
popganok. Ilicoia Toro, sk POTOH BUJIITAE 3 aroMa B HABKOJIMIL-
Hilt TIpocTip, BiH mMaumpye BcecBiTom, i #iMOBipHICTH #foro 3ycTpidi
3i “cBoiM” aroMoMm € Ham3BMYaitHO MaJio. PesikToBe esekTpomar-
HITHE BUITPOMIHIOBAHHA, AKe Bimkpuam B 1965 pori amepumkaHChKi
panioacrponomu A. Ilensiac i P. Binbcon, qyI0BUR TPUKJIAL iC-
HyBaHHA Taknx OJsiykatounx doroniB. Hepes meakuit vac taka momis
BimOymeTbcst #t arom mepeiie 3HOBY y 30ymKeHWit cTaH, 3miHCHION0-
uu nepexig “yBepx”. AJjie OpoMiKOK 4Yacy, 4epes dAKUil CraHerbCsd
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g 3yCcTpid, Ha HAraTo MOPSIKiB MEPEBUILYE KO0 aTOMHI MACIITAOM.
Cawme 151 0O6CTaBWHA, € BUMPABIAHHAM TOTO, IO TTPW BUBEOEHHI OC-
HOBHUX (POpMyJI Teopil KBa3iCTallOHAPHUX CTAHIB MU HE BPaXyBaJIK
KBAHTOBUX MEPEXOMIiB “yBepx”, yHOCAYN THUM CAMHUM HE3BOPOTHICTH
ok y gaci.

Hama meta — pospaxyBaru crtaJjy 3aracanus 4. Obuuciienus,
K1 HEeOOXITHO BUKOHATH [JIs IIbOTO, AHAJIOTIYHI 10 THUX, IO MU PO-
Owsiv B §5 mpuw BUBEHEHHI iHTErpaJia 31TKHEHb [IJis OTHO(MOTOHHUX
nepexois, i GakTUYHO HAM 3aJUAIIAIOCH JIUMLIE IePEHECTH IX Ha HaLl
Bunaiok. llepemyciMm 3ayBaxyemo, M0 MiaroHAJIBHI ejlemenTu Vi =
Vi = 0, a migcymoByBaHHA 332 KBAHTOBUMM YUCIaMU [ B PIBHAHHAX
(10.16), (10.17) e nincymoByBanuam 3a ¢ = (k, ), 10610 33 XBUIBO-
BUM BekTOpoM hoToHa Kk, fioro mosrapusaliiero Ta 3a aTOMHUMA KBaH-
roBumu gucsiamu C. He Oyje 3aiiBum 1me pas Haragaru, mo Y4 10-
piBHioe itmosiprocTi mepexony |A;.... Ny, ...) = |C;... Ny +1,...)
3 HAPOMKEHHSAM OJHOr0 (POTOHA B AEAKOMY CTaHi ¢ 1 HigCyMOBaHOIL
3a Bcima kBanToBNME unciaavn C “Hmkanx” cranis |C), a Takox 3a
BCIMa MOXJIMBAMHU KBAHTOBUMU ducCaMu POTOHA (:

VA= D WA Ny Coos Ny L) (11.1)
q C
(C<A)
Bupas gna iimosipaocri nepexomy, mo sxomuth B (11.1), dop-

MaJIbHO 30ira€Thcs i3 3Halimennm Bupasom (5.11) npu 3amini B oc-
ranubomy A’ = C. Y pesynbrari

2
N,
n= 23 () S le
q

(C<A)

. 2
e~ (egp)|4)

X (S(EC*EA-FH(U/C). (11.2)
Ilepexongnmo B 1hbOMY BWpa3i Bil CyMW 33 XBUJILOBUM BEKTOPOM 0
iHTErpyBaHHA 32 4ACTOTOK Ta Kyramu 3rigHo 3 (8.2). ITpu naasuoc-

Ti jgenpra-PyHKIIl Take iHTerpyBaHHA BUKOHYETHCS €JIEMEHTAPHO i
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3AJIAIIAETHC JIUIIE IHTEIDYBAHHS 33 KYTaMU:

wic
A= ; med - (Nq+1)'/fAC(q)dQ/47r, (11.3)
(C<A)
q = (k, O’,)’ |k| = wAC/C’

TyT Mu cKOpuctasauch nosuadenuam (5.13) nna fac(q).

[leit BUpa3 MOBHICTIO y3TOMKYEThCA 3 KJACHIHOIO TOCTIHHOO 3a-
racarnsa (9.6). Crpasmi, Jig HEPYXOMOTO aroma, YHACII0K eKCIo-
HEHUIAHOrO 3MEHIIEHH XBAJIbOBUX (DYHKIINA €JIEKTPOHA 3 BiACTAHHIO
BiZl IEHTpa aroma, BHECOK y marpudnmii esiement y (5.13) masaru-
MyTb 3HAMEHHA I HOPAAKY po3mipis aroma a ~ 1A. Tomy kr ~
2ra/N < 1 pyis BUOMMOI AIISIHKYW CHEKTpa, ekcrnonenty B (5.13)
MOXKHA 3aMIHUTH OJMHUIEIO (TAK 3BAHE HAOJIMAKEHHS JTUIOJbHUX T16-
PexoIiB), micJist 90ro iHTerpyBaHHsa 3a KyToBuMu 3minanMu y (11.3)
€ He UMM iHIMM, SK ycepemHenuM cos? f, me f KyT Mix BeKTOpamu eq
1 MATPUIHUM eJIEMEHTOM omeparopa imiyJjbcy p. lle ycepennenns
nae MHOXHUK 1/3, cyma 3a mosspusanisiMm — MHOXHUK 2. Kpim
TOTO, HAC IIKABJIATH CIIOHTaHHI nepexonu, Kosm N, = 0, 1 gia npoc-
TOTU OOMEXRUMOCH [IBOPIBHEBUM aTOMOM. Y Pe3yJIbTaTi

2202
YA = 2 fac, (11.4)
mc
wy = WAC,
BE€JIMYUHA
f b (11.5)
JAC 3 Pacl .

Pac = / W (0)prbe (r)dr (11.6)
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Mae HasBy “cuia ocmuiaaropa’ ! [8]. Kosin ckopueruch TumM, mo ore-
paTop iMIyJIbCy P = mF, TO JIETKO TMOKA3ATH, MO CHJIA OCIMJIATOPA

2mwac

fac = I

2, (11.7)

lrac

raic = /wz(r)r@b(;(r)dr. (11.8)
st Bunmagky JiHiTHOL moJIapr3alii BATPOMIHIOBAHHS Y3/I0BXK OCi

L KOPUCTYEMOCH OJId CUJIN OCHUJIATOPA TAaKUM BUPA30M:

2mwac
h

BukopucroBywoun HabmxkeHi XBUIH0BI (DYHKIIII A1 PO3PAXYHKY CHUJI

2

fac = TAC

OCHMJIATOPA, CJiL nam’arary, o Buxijgaum € supas (11.5), axuit npu
poMy Moxke He 30iraruch 3 (11.7).

Ax1o 3a Momesb aToMa B3ATH KBAHTOBUM JIHITHAHT rapMOHi THIH
OCITMJIATOP 13 9ACTOTOIO W) = WA, TO MATPUIHUI €JIEMEHT OMEePATO-
pa KOOPAMHATH I 4¢ Mix nepmum 36y pKkerum ctanoMm |A) i 0CHOBHUM
cranom |C) mopismioe [8]

h

—— 11.9
2mwy ( )

TAC =

Tomy Besmmumna fac = 1/3, a crasna 3aracanns

2e%w?
A = -
" 3me3’

"Hassa “cusia ocomafTopa” TATHETHCH IIE 3 KJIACHYHOI Teopil MOKAa3sHUKA 3a-
JIOMJIEHHSI CBITJIa, sIKA [PYHTYEThCA HA MOIEJI PEYOBMHU SK CYKYITHOCTI OCIIH-
JIAITOPIB 13 PI3HWMH BJIACHUMH YacTOTaMu. BHECOK y 3aJ/IeXHICTH MOKA3HUKA 3a-
JIOMJIEHHSI BiJ HOBXKWHH XBUJI OCIHUJIATOPIB MEBHOI YACTOTH MPOMOPIiiiHUM 10
ix kisibkocTi. BusgBnsioch, ogHak, mo s y3roIKEHHsI 3 eKCIEPUMEHTOM KiJjib-
KiCTh WX OCOMJIATOPIB MOBMHHA OyTH MEHNIOK, Hixk omwHnus. OTpumani miznime
KBAHTOBOMEXAaHIIHI (DOPMYJIH ISl MOKA3HUKA 3a/I0MJIEHHS 30iral0ThCs 3 KJIACHY-
HUMH, SKIIO, 3aMiCTh KiJIbKOCTI OCUMJIATOPIB, noctaBuTn Besndnnan fac. Bown
BXKe€ MalOTh innmmii 3mict, 30kpema fac MoxyTh OyTu i Big'emuumn uncaamu. Aute,
30epirarovu ycTaaeHy TepMiHOJIOTIIO, IX HA3WBAIOTH CHJIAMHI OCIUAIATOPA, MiIKPeCc-
JIIOI0YYW THM CAMUM, IO BHECOK y MOKA3HWK 3AJIOMJIEHHS ONTUYHOTO €JIEKTPOHA
€ pisanM (pi3HOI CHJIM) 3a/I€KHO BiI HOrO KBAHTOBOTO CTAHY.
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o To4YHO 30iraeTbed 3 I Kaacuauum 3HadenHaM (9.6).
3Bifcu pobUMO TAKOXK BHCHOBOK PO MAJIM3HY CTAJIOl 3aracaHHs.
OckinbKM XapaKTepHi 9aCTOTH Wy MAIOTh TOPAIOK ATOMHWX 9acToT,

me4

o ~ T

TO

A ad ~ 1077,

wo
Jle KOHCTanTa TOHKOi CTpyKTypn o = €2 /he ~ 1/137.

Tenep noTpibHO PO3TJIAHYTH YACTOTHY 3AJIEXKHICTH IHTEHCUBHOCTI
BunpominioBanua. s nporo 3sepuimoch a0 Bupasy (10.21) pna
koedinienrta Cy npu ¢t — 00, AKWI Ma€ 3MICT aMTLIITy 1 iiMOBIpHOCTI
TOTO, IO CUCTEMA “aTOM TLIIOC TT0JIe” 3HAXOOUTHCHA B KIHIIEBOMY CTAaHI
| f). fIxkwmo |Cf|? nomuoxuryu na eneprio dorona hwy i nincymysaru
3a k Ta a, TO OTpUMAaEMO TOBHY €HEpriio, siky BUIIPOMIHIOE aTOM.
Orxe,

SN Bl Cp? =30 by
k « k «

Vyil?
X : , 11.10
(E(j —FEr— AFE4 4+ hwk)Q + (77,’)’,4/2)2 ( )

ne marpuunuii enement (nus. §5)

e ..
Vii = (Ci...,Ng+1,...|— —(Ap)|A4;...,N,,...)
mc
1/2
> [2nc2h .
= | TN+ )| (Cle **(e;p)|4) (11.11)
Vwk
i 3cyB eHeprii
AE, = ZZ Viil” (11.12)
Ear_ Ec — hwg
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Huist cnonrannux nepexonis (N, = 0), ki HAC 3apa3 UiKaBIATH, mic-
JIst Iepexoy , 3riano 3 (8.2), Bim cymu 3a k fo iHTerpaJia 3a 9acToTOI0
W = Wi 3HAXOOUMO TOBHY €HEPTiio

o

e? w2
E = /dw
An?m?c | (w = wo — B0)? + (14/2)7
0
. 2
< D /dQ<C|€Zkr(eqﬁ)A> : (11.13)
ryr k =w/e, a
Es—E
wo = % Awo = AEa/h (11.14)
abo
e [ w? fac
E=h —3 d 11.1
rme / (@ —wo — Awg)? + (74722 (11.15)
0
€ BEJIMYUHA
3 1 dQ)
D) . 11.1
fac =3 > / 2 ac(@) (11.16)

a=1,2

3BomuThCA ipn k = 0 10 cusm ocumstaropa, (11.5). T'osoBHmit BHECOK
B iHTerpaJi (iHTerpaJi 306ira€ThCs NMpM w — 00 3aBIAKN 3AJIEKHOCTI
fac Bin k = w/c) natore wacroru 6ins wy, Tomy

Ya/2m
E =h d 11.1
oo | @ @ Awo)? T (a2 (1L17)
0

J1e MM CKOpuCTaauch o3nadennam (11.4) gna crasol 3aracanns 7y4.
Orxe, 9acTOTHUI PO3MOIiJI IHTEHCUBHOCTI BUTTPOMIHIOBAHHSA MAE JIO-
PEHITIBChKHIT XapakTep:

YA /2w

1MW) = Rt A2 + (ay2)?

(11.18)
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Maemo MOBHY AHAJIOTIIO 3 KJIACKIHUM BUIIAJIKOM, JIMIIE 3 TIi€H Pis-
HWIIEIO, IO MHOXHWKOM TyT BHUCTYTAE HE KJIACWYHA €HEeprid ocim-
saropa (9.14), a kBant fiwy ana nosrol eneprii. Ypaxosytoun, gk i
panimme, MaJau3Hy y4, orpumyemo (amB. (9.15)), ak i moBuHHO GyTH,

E = | I(w)dw = hwy. (11.19)

CraJjy 3aracans 774 HA3WBAIOTH TAKOXK PAMAIIAHOIO MAPUHOIO PiB-
na A. Hassa nos’dszana 3 TuMm, WO CKIHYEHHUR 4aC KUTTA T, =
1/v4 aroma y crani |A) depes criBBinHOIMEHHS HEBU3HATEHOCTEH MiXK
EHEPIi€l0 1 YaCOM NOPOMKY€E HEBU3HAYEHICTH eHepril ~ hi/T4 = hya.
Tobro eneprernannii piBenb 4 posmmupoerses (“posmuBaerbes’)
Ha Beamauny hy4.

Mu He MOXeMO 3yNMUHATHCH Ha O0UYMCJIEHH] 3CyBY dacTotn Awg
(11.14) 3 Bupasy (11.12), ockinbku ne BuBeme HAC HA PO3PAXYHOK
paiaiifanxX MOMTpaBoOK y KBAHTORBIW eJIeKTpOOWHAMII, O € 33 Me-
XKaMW HAIMOTO 3aBOaHHA. Mwu momaBajim TyT Jinmie Ti BiZIOMOCTI, AKi
HEOOXiqHI [IJI MOHAJIBIIIOTO PO3TJISIIY TEOpil 30PsHUX CIIEKTPIB.

3pobuMo 3ayBaXKeHHsI, AKe CTOCYEThCS BPAXyBAaHHS BIJINBY BU-
NPOMIHIOBAHHSI HA MUPHUHY CHEKTPAJbHUX JIHIA. YHACTIIOK iHIy-
KOBAQHOTO BUMPOMIHIOBAHHS 9aC XKUTTs ATOMIB ¥ 30yIKEHUX CTAHAX
3MEHIIYE€ThCsI, MO0 TPUBOAUTH 10 30iJbIIEHHA IMUPUHU PiBHIB, TOOTO
BEJINYUHNA 7Y 4. Y PaAXyBaHHsA IHOTO €(PeKTy MOKHA 3pOOUTH, B3IBIIN
1o yBaru, mwo nepexonu 3i crany |A;..., Ny,...) y cran |C;..., Ny, +
1,...) BinbyBaworhcsa He y Bakyymi. To6TO MU MOBMHHI BUKOPUCTATH
supas (11.3), ve noksagaoun B upomy Ny, = 0. Y pesysibrari gis
MOCTIHOT 3aracanid Y4 3HAXOOWMO BUPA3

3 2
B P(UAC 2w\ " c*l,
’)’Azc: — E /—fAc q) 1+(;> —*| . (11.20)
(C<A)

y AKOMY MU, 3rigiHo 3 (2.2), 3aMiHMJIM YnCJIa 3anOBHEHHSA (DOTOHIB
4Jepes IHTeHCHBHICTh BUNpPOMiHIOBaHHA [,;. [I7a pIBHOBaXXHOTO BH-
npoMinioBanng, Koo ¢yukuia I, sbiraerbca 3 dynkuiero [Inanka
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(6.7) 3 (11.20), orpumyemo

_ e*ﬁbd;,(;/T’

2¢2w? 1 - 1
4= Y, T3 ey (11.21)
C
(C<A)

ne Beamunna, fac BusHagena dopmysaoo (11.16) i mopismioe cuii oc-
nunaaropa mid A — C nepexony nipn k = 0. dk 6auumo, nmpu myxe
BUCOKHX TeMneparypax, koum hwac/T < 1, crana 3aracanus, BHAC-
JIJIOK iHAYKOBAHOTO BUITPOMIHIOBAHHSA, 3POCTA€ JIHIAHO 3 TeMrepa-
TYPOIO.

3pobumo mie oiHe 3ayBaxenns. Moxe CKJIACTUCh BPAXKEHHS, IO
MU IBivUi BpaxoByE€MO crioHTanH] mepexonu. OmuH pas — y piBHSIH-
Hi epeHocy, apyruit IPY BPaxyBaHHI TPUPOIHO] MUPUHU CIEK-
tpasbaoi Jsinii. Hacopasmi me me tak. Y piBHAHHI 1IEpeHOCY HAC
MIKABJIATH (POTOHM 3AMAHOI 9ACTOTU ¥ TMOJSIPU3AIIil, MO PYXAOTHCHA
B 33JIAHOMY HANPAMKY. BomHouac y crasiii 3aracanns (11.1) Bpaxo-
BYEMO (POTOHM BCiX YACTOT MPHU MEPEXOIl ATOMHOI CUCTEMHU i3 CTAHY
|A) na Bci cranu |C) 3 HUXK Y00 eHeprieo. Y crasiil 3aracaHus Mu He
MOBWHHI OpaTu 10 yBaru Jiuiie (poToHM 3 OMHUM (biKCOBAHUM 3HAYEH-
HAM (, SIK€ BXK€ BpaxoBaHe B PIBHAHHI nmepeHocy. [HmmMu cjioBamu,
iBcCcy™mi3aqgB (11.1) MW TIOBWUHHI BUJIYYUTU BHECOK IIHOTO JIOMAHKA.
OpHak 1pu nepexoi Bij CyMH A0 IHTErpaJia BHECOK OHHIEl TOYKU B
neit inrerpas € Beamanaoio ~ 1/V i nmpun V' — oo Bin 3HMKaE, AKIIO
3aIl0BHEHHSA HOr0 CTaHy (OTOHAMU HE MAKPOCKONIvHE (fAK, HAIIPU-
KJ1aJ1, ABUIIE KOHIeHcalil (DOTOHIB, BJIACTUBE 14 JIA3EPIB).

§ 12. YpaxyBaHHS IPUPONHOI MMPHWHM JIHIK y piBHAHHI
MEePEHOCY BUIMPOMIiHIOBAaHHS

Y nonepemubomy maparpadi 6yJio mokaszaHo, o “MOBIpHICTH 1me-
pebyBanHa aroma B crtani |A) 3MIHIOETBCA i3 YACOM 3a EKCHOHEH-
niitaum 3akoHOM ~ exp(—yat). Ila xBasicramioHapHICTh ATOMHUX
CTaHIB, MO € HACJJIIKOM ICHYBAaHHsI CIIOHTAHHWX TEPEXOMiB, MPUBO-
JIMTH JI0 3CYBY YACTOTH BUIPOMIHIOBAHHSA ATOMA Ta 10 PO3IIAPEHHS
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IeJThbTAOIIOHOr0 KOHTYPY CHEKTPAJIBHOI JIiHII # 3aMiHu #0ro HA KOH-
TYP i3 JIOpeHmiBchkuM npodisem. Tenep Mmu MagMo HAMIP ypaxyBaTh
KBa3iCTaliOHAPHICTL CTAHIB y BUpa3ax s KoedilieHTiB norJMHaH-
Hs, TIepepisy posciguusa Ta (PYHKINI Tepeposnomijly 3a JacTOTaMM,
1[0 BXOAATH y PIBHAHHS [IEPEHOCY BUIPOMIHIOBAHHSI.

[Tpumyctumo, mo eleKTpOH B aToMi Tifl €10 IeaKoro 30ypeH-
HeA (HADPUMKJIAJ, MIZKYACTHHKOBOI B3aeMoii a60 B3aemoii 3 nosem)
3OICHIOE KBAHTORI TTEPEXOON MiXK HEeAKWUMU CTAHAMU i MU PO3Paxo-
BYEMO BimmoBigHI #MOBipHOCTI 1mx mepexomiB. Ilpuaomy mis pos-
PaXyHKIB BUKOPHCTOBYEMO Ti caMi MIpKyBaHHS i PIBHAHHA, IO Wi
y §10, ockisibku BOHEM MaTh 3arajbauii xapakrtep. Cuin, omHax,
maM’ gTaTH, M0, KPiM WX BUIIJIEHUX MEPEXOIiB, € CIIOHTAHHI TIEPex0-
mu. Tomy y Bupasi (10.9) sesmuuna I'; 3 (10.15) Busnavarumerncs
KBAIpPATOM MOYJisi MATPUIHOTO €JIEMEHTA TMOBHOTO Omneparopa 30y-
penHs. fKio 3HEXTyBaTH TepexpecHuME eheKTaMu, a TPU JeAKUX
yMOBaX ixXHi#f BHECOK TPOCTO HOPIBHIOBATMME HYJIEBi, TO HJEKPEMEHT
saracanus ['; Oyme BU3HAYEHUI CyMOIO IBOX BEJIWYUWH, OIHA 3 SKWX
I' 4 BimmoBimae 3a cmoHTAaHHI TEpexomu, iHIIA 3a BUJI1JIEHI.

VY 3B’A3Ky 3 TUM, OO0 CHOHTAHHI MEPEXOIX ICHYIOTH 3aBXKIU, MU
moxemo daktop exp(—I'4t/2) Bim cnonrtamamx mnepexomis B C}
“mig’emrarn” 10 XBUIKOBOI (byHKmii aroma 14 (€, ), AKa BXOAUTH
y HOBHY XBUJIBOBY (DYHKIIIO

i). Tenep npwm BCix 06YUCIEHHAX, HA-
MPUWKJIAL, TTPU PO3PAXYHKY MATPUIHAX €JIEMEHTIB, ATOMHA, XBAJIHOBA
dbyukuia 6ymp-axoro crany (KpiM OCHOBHOIO, K CTAIIOHAPHOTO) MO~
BUHHA JIOMHOXYBATHCh Ha Teil (paxkToOp, MO BPAXOBYE CKiHIYCHHU
9aC KUTTHA [[BOIO CTAHY:

i

pa(€,t) = e FPATABI Ty (6), (12.1)

fxuio Temep 3BEpPHYTHUCH 10 BUBYEHHS KBAHTOBUX TEPEXOMIB aTOMA
M €10 30BHINTHBOTO €JIEKTPOMATHITHOTO MOJIsA, TO CTAPTOBI KAHO-
aiuni dhopmysn (3.6), (3.8) mus fiMoBipHOCTI TEpexomy 3a OMWHMUITIO
qacy HeoOxXimao BumpaButu. [lns Toro mob me 3mificHuTH, Tpura-
naiMo, 1O TPW BBEIEHH] BUpa3y Jisdg WMOBIpHOCTI mepexomy (mwB.
(8], a rakox §10) menpra-ynknio §(E; — F;), axa sabesnedye 3a-
KOH 30epexkeHHsT eHeprii, OTPUMYEMO B TEOPii KBAHTOBUX MEPEXOIIiB
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VHACJOOK IHTEIPYyBAaHHA 33 9ACOM YaCOBHX MHOXKHHUKIB XBHJIbOBUX
dbyrkmiit mouarkoBoro i KiHIEBOro CTamioHapHOTO CTaHiB [8]:

T
OB —B) = 5 e (Bp—El/h gy
= iRe/e“EfEi)t/hdt. (12.2)
7h

0

Temep 3a HAABHOCTI 3aracarmvoro i3 4acoM MHOXHUKA Y XBHAJIbOBUAX
dbynrmiax (12.1) rake iHTerpyBaHHs, 3aMiCTh Aejabra-pyHKI, 1a€e
KoHTYp Jlopenma:

oo
iRle/e(ri+rf)t/2€i(F)fE‘i)t/hdt
mh
0
1 1
= Re : 12.3
w (T T5)/2 By~ B (12:3
e
Ti _ 1 Vi
I AR+ 1
2 I it 9
Ff 17 o
5 Rty 12.4
5 Rttt (12.4)

YHACHIIOK MHOro meabTa-PyHKINA, KA CTOITH MiJ 3HAKOM CYMHU Y
Bupasi muia koedimienra nornuaannas (6.3), 3yMOBJIEHOrO 3B’A3aHO-
3B’A3aHUMM TMEPEXOIAMU, 3aAMIHIOETHCH JIOPEHIIBCHKUM KOHTYPOM

(12.3):

Yara/2m
(wara + Awara —w)? + (yara/2)?

5(wAA/ —w) —
(12.5)
Yara =va+va: Awarqa=AEy — AEy,
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e YA’ A KOHCTaHTA 3aracanHsd, Aw4 4 pajianifiHuit 3cyB 9acto-
T nepexomay. llpupomua, TobTo pamiamiiiHa, mMUpWHA CIEKTPAJIHHOI
JiHIl Y4/4 € CyMOIO pajiamifiHuX MUPUH MOYATKOBOrO ¥ KiHIIEBOrO
pisHiB. IllWpwHU CrekTpaJIbHUX JIHIW, 3yMOBJEHUX MEPEXOIAMU B
OCHOBHHU# CTaH, BU3HAYAIOTH MHAPUHU BEPXHIX PiBHIB, OCKIJIBKHU Pi-

BEHb OCHOBHOTO CTaHy HE PO3MUBAETHCHA (pucC.9).

E . st Y Yu

B0 8

E 7020

0

Puc. 9. Emneprernuni piBai kBasicramionapamx craniB aromiB. KBauToBi
qucya A', A nymepyiors 30y mKkeni pisnHi 3 pagiamiitanMm mmupuaaMu v, v A-
KsanToe gucsio 0 no3Havae OCHOBHUI CTaH, IJ1s1 AKOTO paIialiiiHa mupuHa
piBas 79 = 0. CyuibHIMY BEpTUKATIBHUME JTIHISME 31 CTPIIKAME MTOKA3AH]
BimiOpani CIOHTAHHI TEPEeXOan, MTPUXOBAMA mepexonu “BBepx”, sIKi 3a
yMOBH, 10 GOTOH HE 3yCTPiHE CBONO ATOMa, MEPEKPUTI.

ITpo posummpenns ciekTpaJibHAX JIHI{ € CeHC TOBOPUTU, KOJIU Tie-
pexonun 3aifiCHIOI0THCS MiXK PiBHAMHI IUCKPETHOTO CIIEKTpa. ToMy mMnu
MOXXEMO BECTH MOBY TPO BILJINB PAIIaIiiHOTO 3aracaHus Ha Koedi-
[MIEHT MOTJIMHAHHS B JIiHII, KOJIM 3 TPHOX MOXJIMBUX KAHAJIIB PEAKITiit
(1.1) (1.3) Gepemo 10 yBaru 38’S3aHO-3B’A3aHI IEPEXOLM.

Otxe, Bumpansiennii Ha eeKT pamialiiiHOTO 3aracaHHd BUPA3
(6.6) nna koedinienTa norMHAHHA HADYBAE BULJIALY:

2m2e? |
©lg) = ———(1-e™Ne 37 D ea

(3a vactTuHKammn) A A’

Yara/2m
wara + Awara —w)? 4 (yar4/2)?

X fA’A(Q)( (12.6)
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[Io crocyerbea dyunknii nepeposnominy 3a wacroramu (8.4), To,
Kpim 3aminm nenbra-ynkii #Ha kouTyp Jlopenna (12.4), Heo6ximHo
rakox Bunpasutu i Gyskuio P 44(q,q'), a came, wacrory nepe-
xony wac B (7.12) meobximro 3aMinnTy HA wWAc + Awac — iYac/2.
Ile sierko 3po3ymiTn, KOJM 3ayBaXkKUTH, 0 KBA3ICTAIIOHAPHUN CTaH
(12.1) moxHa HOPMAJIBHO 3AMUCATH K CTAIIOHAPHUI CTaH 13 KOMII-
siekcHoto enepriero Ey — ihl'4/2, a nna cupskenoi xBuiiboBoi ¢yH-
kuii iine 3amina wa FEj + il 4/2 [8, 10]. Tomy pisammio enepriii
(Ea — E¢)/h 3aminnmo wa [(E4 — iAl'4/2) — (Ec + ihT'¢/2)]/h =
wac+Awsc —iyac/2. Enepria E¢ nopomky€eThCs CIPAKEHOI XBH-
JIKOBOIO (DYHKITIE€I0, TOMY TIEpel ¢ CTOITh 3HaK rioc. OcTaroaHo

e2 \? W -
R(q.q") = (W) oV > > pa®aale.q)

( 3a yacTuHKammn) A, A’

a2
x Yara/2m (12.7)

(- —waa—Dww )+ (wa/2?

Dpg=DPaalg,q) (12.8)

wac—wact+Awac—inac/2

Ha szaBepinennsi BKaxeMo, 110 BAPA3K 11 KOeMIlieHTa 1Horjim-
nanns (12.6) ra dynkuii nepeposnoniny 3a wacroramu (12.7) € Buxiz-
HUMW B HACTYITHUX PO3IiJIaX MPW TOKJAIHOMY JIOCTIKEHH] ABUIIA,
[EPEHOCY BUIPOMIHIOBAHHS 3 yPaxXyBaHHAM Pi3HUX (PI3UYHUX MEXa-
HI3MIB, fIKi IIOTH y 30pAHUX arMocdepax.



PO3IIJI I

KOE®IIIEHT IOTJINHAHHA B JITHIT

§ 13. Edexr Honmaepa

Arowm, mo noramuaae abo BUMPOMiHIOE (POTOHM B armocdepi 30pi,
Oepe y9acTh y TEIJIOBOMY PYCi YACTUHOK, & TAKOXK Yy TYpPOyJIEHTHUX
pyXax MaKpPOCKOHIIHUX CYKYITHOCTEW aTOMiB, TAKUX, K JIOKAJIbHI
BUXOPW, XBUJIHOBI PyXW PedOBUHM. fKIIO poO3Mip TaKWX yTBOPEHD €
MaJIMM HOPIBHAHO 3 JIOBXUHOKO BibHOTO npobiry dorona »#(q) !, To
TOBOPATH MPO MIKPOTYPOYJIEHTHUI pyX, Y MPOTUJIEXKHOMY BUTIAIKY
MaEMO MaKpPOTypOyJsieHTHUN pyx. YHACIIAOK PpyXy aroma Y4acToTa
BUNIPOMIHIOBAHHH, Ky (PIiKCy€ CrocTepirad, € 3MilleHOI0, MPUIOMY
BiTHOCHE 3MIIIEHHS OJOPIBHIOE BiOAHOMIEHHIO MIBUIKOCTI aTOMa, CIPO-
€KTOBAHOI Ha MIPOMiHb 30py (TOOTO Ha XBUJILOBUI BeKTOp oToHA K),
JI0 NIBHIKOCTI CBiTJIAa edexr Honmrepa'. Ockinbku KOMIoHeHTH
NIBUIKOCTEH TaCTUHOK B arMocdepi 30pi € BeINIMHAMA BUTIAIKOBHU-
MU, TO IIe MPUBOANWTH JI0 PO3MMUPEHH: KOHTYPY CHEKTPAJIbHOI JIiHil.
TermoBl MBUAKOCTI B yMOBaX JIOKAJBHOI TEPMOOWHAMITHOI PIBHOBA-
I'M TiIKOpeHi po3mnomisty MakcBesuta, a njisa TypOyJIeHTHUX TIBUIKO-
cTel TakKOX MPUAMAIOTh, K MPABAJIO, TAyCCIBCHKUI PO3ITOMLI.

Hamum 3aBpanagam € po3paxyBaru KOedilieHT HOIJIMHAHHA B JIi-
Hii 3 ypaxysauuam epekty Hommaepa. Orke, po3ryigaeMo oxpemMmii

"Xpucruan Honmiep (1803-1853) — ascrpifickknii disux i maremaruk, Teo-
PEeTHYHO BUBIB 3aJIEXKHICTH YaCTOTH 3BYKOBHUX 1 CBITJIOBUX XBUJIb, dIKi cOpuiiMae
crocTepirad, Bin MBUOKOCTI PyXy IKepesa XBUJIb Ta cnoctepirava (edekr Ton-
nutepa); 3aiiMaBcsa TEOpIEI KOJIhOPIB.

3po3ymMiio, mo TyT MOBA iine mpo GpopMy M B HEPEIATUBICTCHKOMY HADJIHKEH-
Hi, OCKIJIbKM MBHIKOCTI aToMmiB y 30psaHiit armocdepi € Ha Aekibka NOpPAKiB
MEHIIUMH Bill MBUIKOCTI CBITIA.
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aroMm, 1 pyxaerbcsa B arMocdepi 30pi, i Ha ubOMy erali #oro B3ae-
MOZI0 3 IHIMMA YaCTUHKAMHU He OpaTmMeMo 10 yBarm. 3BEPHIMOCH
110 3araabaol opmysn (12.6) gna koedinieHTa NOrIMHAHHAA B JIiHIL.
ITepenycim Ham HeoOXimHO pospaxyBarn Besmunny far4(q), dKa 3a-
nucana Gopmynoo (5.13). Cnouarky mu BUAiIMMO PyX aroMa sk
IIIJIOTO BiZl PyXy eJIEKTPOHA B aTOMi BIAHOCHO A1pa, MOKJIAIAI0TN
paniyc-BekTop esekTpona B (5.13) piBaumM

r=R+71, (13.1)

me R — pazmiyc-BekTop menTpa mac, r' — pafiyc-BEeKTOp €JIEKTPO-
HA BIAHOCHO 1eHTpa mMac (hakTuIHO BIIHOCHO sAnpa aroma). Tenep
OTIEPATOP IMITYJIBCY

o o > m -~
A ° N} N
p=mr=mr +mR=p +MP’ (13.2)
me p' — omeparop iMMyJIbCy €JIEKTPOHA B CUCTEMi MEHTpa Mac, a
P OIepaTop IMIyJIbCy aToMa sk mijoro, M MOBHA MAaca, aTo-

Ma. XBUJIBOBI (PYHKIIII TOYATKOBOTO i KiHIIEBOTO CTAHIB BIiIMOBIIHO

JOPIBHIOIOTH:
PR/l
A) = Wla),
(13.3)
’ ¢P'R/L
|A) = TW )
e P HOYATKOBUI IMIyJIbC aroma #K 1ijioro, a P’ foro im-

MyJbC THCJIsA BUNPOMiHIOBaHH:A abo norsimHauns dboTona; |a) ta |a')

XBUJILOBI (PYHKIII €/1€KTPOHA, 10 OLUCYIOTh PYX BIIHOCHO dpa
3 KBAHTOBMMU YUCJIAMU ¢ Ta ¢'. Y HEPEJATUBICTCHKOMY HAOIMKEHH]
a  1e CyKyIHICTh TAKUX KBAHTOBUX YHCEJ: FOJIOBHOIO KBAHTOBOI'O
qucaa n, opbitaJpbHOro — | Ta, MariTHOro m, i orxke, a = (n,l,m).
[lincymoByBaHHSA 32 KBAHTOBUM 4YuUCJIOM A e MiJICyMOBYBAaHHSHA
3a immysbcom P rta kBanToBUM ducsoMm ¢. OCKiJIbBKYM MU BUBYAEMO
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TyT KOedIilieHT HOrJIMHAHHA B JiiHil, TOOTO HAC LIKaBUTh KOHKPET-
HUii KBAHTOBWII Tepexim a — a’, TO 3po3yMmijo, MO MiACYMOBYBAHHA
3a KBAHTOBUMM YUCJIAMM @ Ta @' OILyCKAEMO.

3pobumo omHe BaXkKJIWBE YTOYHEHHsI OO0 IhOro. SKmo cramm

a) Ta |a') € BupomKenMMuU, TO HEOOXIIHO 3AJUNIATH N1ICYMOBYBAH-
Hs 33 KBAHTOBUMHU YMCJIAMW, Bi] AKUX €HEPrid He 3aJIeXNTh. AKe
MU MAa€MO KBAHTOBI MEPEXOIM MiX TUMHU XK €HEPIETUIHUMU PIBHAMUI
aroma. Tobro Bci ui BUpoizKeHi ctanu (pOpMYyIOTh OOHY CIEKTPAJIbHY
ainito. Tomy y dopmynax gna koedirienTa noryimHanad B JIiHIT M-
CYMOBYBAHHH 34 UMY KBAHTOBUMHM UnCIaMu 3asmmaeTbed. OnHax 3
METOIO CIPOINEHHST 3AMUCY MU, TIaM’ ITAIOYN MPO 1€, BUTTUCYBATH B~
HO BIAIOBIJIHI CUMBOJIM HIACYMOBYBaHHs He OygeMo. A B ocraroyHmuX
pesyJibTaTax CUJIM OCIUAJIATOPA MOTpibHO Oyme Opartu 3 BiAMOBiIHWM
dakTOpOM, 10 BPAXOBYE BUPOIKEHHS.

[MTepexomnmo 10 po3paxyHky Beawaunn far4(q):

2

faale) = —/——— (A

ikr ~
g A
L (eqP)|A)

‘ 2

_ 2 1 ik(r'+R) N M o ‘2
- (A'le e, (p + MP) A)

mhw a1 4
_ ﬁAA (P’ e“‘R|P)‘2 (13.4)
x| @1 (egbla) + T (egP) o' a)
e MaTpUYHUI eJleMeHT
(PI eikR‘P) — %/dReiP’R/h ez’kR eiPR/h
= §(-P'/h+k+P/h) (13.5)

e cumBosiom Kpomuekepa, 1o 3abe3nedye BUKOHAHHS 3aKOHY 306epe-
JKEHHA IMITyJIhCY TIPW BUITPOMIHIOBAHHI pyXoMuM aTtomom ¢oTorHa 3
xsuboBuUM BekTopoM k: P’ = P+hk. Enepria F 4 nopisaioe cymi Ki-
HeTMYHOI eneprii aroma sk nisoro P?/2M mmoc enepris esiekTpona
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B aromi F,, arajoriano i gna Fy. Tomy gacrora

Ex — Ex P? — P2
WA S T T e T o

. , (13.6)

e 9acToTa BI/IHpOMiHIOBa,HHH aToMa

Hpyrum nomankom nig 3aakom moaysid B (13.4) Moxua 3HEXTYBa-
T 3 ABOX npwunH. [lo-mepine, y HAOJIMKEHHI TUMTOJIHPHAX TEPEXOIIB,
ko kr' < 1, Marpwanmii eJeMenT 3a ATOMHAMW CTaHaM7 B HHO-

my sopisuioe (a'|a) = 414, 1 OCKLIIbKY, 33 YMOBOIO, MU PO3TJIAIAEMO
nepexomm 3 @' # a, TO OOTOBOPIOBAHWIA JOJAHOK TPOCTO JAOPIBHIOE
HyJeBi. fxmo GepemMo M0 yBarm KBaIPYIOJIbHI MEPEXOIU TA MAar-
HITHI OUTIOJBHI, TO Teii MATPpUIHWN eJIEMEHT MA€ MaJIuii MHOXHWK
m/M. Tounimi mipkysanusa € takumu. [lepmmii wien mig 3HAKOM
MOyJisl IK MATPUIHUI €JIEMEHT OMepaTopa IMITyJIbCy €JIeKTPOHA 3a
HOpAIKOM Besunnu ~ hjag, ag = h2/me?  paniyc Bopa, a apy-
ruit mponopuiitanii mo my/1T /M, yracaimok Toro, mo B armocdepi 3
Temneparypoio T imuysec aroma P ~  MT. Tenep oueBumHO, 10
my/T/M < h/ag, To6r0 me*/h? > Tm/M nasith nyia Temmeparyp
T ~ 10° K, ockimekn m/M ~ 104 = 1073, Omxe, apyruit noma-
HOK y (13.4) min 3HAKOM MOmy/1d HECyTTEBMi, I HANAJ MU HOrO He
BPaXOBYEMO.

st 3py9HOCTI 1 CHPOIIEHAS 3aINCiB 3HIMEMO HITPUXU 3 BiITHOC-
HUX KoopamHarth r’ Ta omeparopa iMmmyancy p’. Tenep, spaxkaioun
Ha Te, MO cuMBOJI KpoHekepa MopiBHIOE ab0 HyJieBi, a0 OOWHUII, &
oTXke foro KBajpar IopiBHIOE oMy camomy, 3 (13.4) snaxommmo:

2 P’ P
S ——4+k+=—]. 13.7
< - +k+ h) ( )

2

fara=———d
mhwar o

a)

eikr (eqf))

[Mepexomumo 10 o6uucsaenns koedinienra nornuaannd (12.6). 3no-
By X TaKW JIJIA MPOCTOTH 3anucy (mob He HATPOMAIKyBATH IHIEKCH )
OymeMo PO3IJIAOATH JIMIIE OOWH COPT YACTUHOK, KIJTBKICTh AKUX I0-
piBaoe N. Y npomy Bumajgky cyma 3a gactuakamu B (12.6) macrs
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MHOXHUK N. kmo cucrema GararocoprHa, TO HOBHMIA KoedilieHT
MOTJIMHAHHASA JOPIBHIOE CyMi MapiaJbHUX KOeDIMiEHTIB MTOTIMHAHHS,
i He BHUKJIIOYEHO, IO JIiHIl MOTJIMHAHHS PI3HAX ATOMIB MOXYTh Ha-
kaagaruch. OTxe, 3 ypaxyBaHHAM yChOTO CKA3AHOTO MAEMO:

2W2€2N h
_ ey _ _—hw/T
#(9) mcV (1 ¢ )
P’ P
P P
% Wa'a '7/14’14/27.r

wara (w—wara)?+ (vara/2)?
ae BeJII/I‘{I/IHy

2 2

faralq) = (d[e™ (eqD)|a) (13.9)

mhwg g

PO3pPAxOBY€EMO /18 HEPYXOMOro aroma (Tobro koo “cictu” Ha i#oro
HeHTp Mac) i, 1K Mu Bxke 3Haemo, ipu k = 0 BoHa HOpiBHIOE CuJli
ocumsigTopa g nepexoay o — a. IMoBipHicTb ps nepebyBaHH#A
aroma B crani |A) 3 (4.8) ynacnainok Toro, wo enepris Ey = E, +
P2/2M, daxropusyerhca:

o—Fa/T o—P2/2MT
P
nie itMoBipHICTh MepebyBaHHA HEPYXOMOTrO aroMa B CTaHi |a)
_ e 13.11
Pa = W (13.11)
a
Yacrora (13.6)
P + 1ik)? — P? kP hk?
WA'A = Wylq T+ ( 2]\4)']3, = Wg/q T ﬁ =+ m, (1312)
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i ockinbku k? = w?/c?, 10 ocTaHHIM JIOIAHKOM MOXKHA 3HEXTYBATH:
hk%)2Mw = hw/2Mc* < 1. Y Bupasax wyq/wara T yara B Koedi-
nienri nornuaanns (13.8) MoxkHA 3HEXTYBATH 1 APYTUM TOAAHKOM Y
(13.12), sxmit ~ P/Mc < 1, i omxe, wyq/wara =1, Yara = Ya'a-

[TincymoByBanna 3a immysascom P’ B (13.8) 3nimae cumson Kpo-
Hekepa, BuMaraoun, mob P’ = P + hk, a mimcymoByBaHHSA 3a iM-
nyabcom P B (13.8) ta (13.10) 3aminooemo upu nepexosi g0 Makpo-
ckomigaoro 06’emy V' imrerpaJsiamu, sik 1e 3po0OJIEHO 17151 XBAJIbOBUX
BEKTOPIB B (2.1):

|4
ij - i / dp, (13.13)

TpUIOMY
—P2/2MT 14 —P2/2MT
g e — @nh)? e dP
s
= :
_ (2Vﬁ)3 /6P§/2MTdPI/eP;/QMTdPy/ePE/QMTsz
h):
V
- (27Th)3(27rMT)3/2. (13.14)

Y pesysibrari muia koedinieHTa MONJIMHAHHSA B JIHIT MAEMO:

22e2 N

elg) = T (1) pufurale) (13.15)
e P?/2MT v/2n
8 /dP (2rMT)3/2 (w — wy — kP/M)? + (v/2)?’

I BBEIEeHO CKOpPOUYeH] MO3HAYEHH A
Y = Ya'lary W0 = Wqlq- (1316)

Inrerpysannsg 3a Py Bupasi (13.15)  ne inrerpysannd 3a Py, P, ta
P,. dxmo cupamysBarn Bick z y3m0BX BekTOpa K, TO iHTErpyBaHHSA

89



3a Py, Py nae 2rMT, sk i 8 (13.14):

2m2e? N hw
wq) =~ (1 e /T) Pafara(q) (13.17)
x /dP e e /21
J T @rMT) 2 (0 —wy — kP, /M)2+ (v/2)2

— 00

B imrerpasi 3a P,, mio 3aJnmaeThCsi, podMMO 3aMiHy 3MiHHOI
P, = zv2MT i B pe3yabTari 3HAXOOWUMO OCTATOYHO

212e? N _ H(a,v
o) = LR ) g k(13
e pyHKIia
o r e
H (o = — ——dx 13.19
@) = 2 e (13.19)
— 00
g W — wo
= — =— 13.20
« 2A(4)D7 v AwD ’ ( )
wo 2T
A = —4/—
wD c VM

— IOMIJIEPIBChK U 3CYyB YACTOTH. 3BAXKAIOYN HA OJIM3BKICTH 9aCTOT
w Ta Wy, Y BAPaA3 [Jisi JIOMNIJIEPIBCBKOTO 3CYBY 3aMICTh W CTABAMO
wp. Pyukuia H(q,v) € HiYuM iHIAM, K 3rOpTKOK0 (DYHKIIT Taycca,
0 BU3HAYAE MAKCBEJIIBCHKUU PO3IOMILT ATOMIB 3a MIBUAIKOCTAMHA,
3 ¢ynkuico Jlopenma. Yacro dyukuito H(a,v) nasuaroTh ¢hyH-
kmiefo @oiirra’. Bomna Bimirpae menTpasbHy POJIb Y HOCITIIKEHHAX

PO3NIMPEHHS! CIIeKTPAJILHUX JIiHIN (nuB., Hampukiamn, [7]).

2Vnepme cuissny mio edexry Jonmiepa ta pagiauiiinoro 3aracanns na pos-
NIUpEeHHd CIeKTPaJIbHUX JIiHI aTomiB mocsaimxysas me B 1912 poui HiMenbkwuit
diznk-reopernx Bosmmemap Poiirt (1850-1919). IlikaBo Takoxk 3HATH, WO BiH y
1887 poui mepmmuii yBiB mepeTBOPEHHS 1151 TPOCTOPOBUX Ta YaCOBUX 3MIHHUX, K1
3a/IMIIAIOTH He3MIHHUMH PiBHAHHS eJIeKTPoIuHaMiKy. [X misHinre BUBIiB TaK0X Hi-
nepJsianachkuit pisuk-reoperuk I'. Jlopenu, i Bouu Bimomi Tenep sik nMepeTBOPEHHsT
Jlopernma. Came 11i mepeTBOpeHHS MOKJIAIN MOYATOK TEOpil BIIHOCHOCTI.
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Ha s3aBepumennsa nporo naparpada HaBeaemMo BUpas ijid Koedimi-
€HTa, TIOTJIMHAHHS 3aJIEXKHO Bil [IOBXWHU XBUJI \:

Te2\2N _

7\ (q) = r,\n/c_T)\(;)V (1 —e 27rch/)\T) Pafara(q)H (a,v), (13.21)

2me 22 o 2T
Mo =—"—, A\p=LAwp=24= 13.22
0 wo D= e P c VM’ ( )

ToAN, T e
Y (A — )\[]).
AXp

Lli Bupasu oTpuUMy€EMO eJIeMEHTAPHUMY MTEPETBOPEHHSIMY 3 BUKOPUC-
TaHHAM 3B’#3Ky A = 27¢/w, 1 BoHM HE nOTPebyI0Th KOMEHTAPIB.

§ 14. Po3mupeHHs: CEKTPAIILHUX JIHIA TypOy/IeHTHUMEA
pyxamu B 30psHil armocdepi

dAxmo arom 6epe ygacts y TypOyseHTHOMY pyci armocdepn 3i
MBUIKICTIO V, TO B CHCTEMI BiflJTiKy, y AKili My TpamioOeEMo, Oe 30ps
AK IiJIe € HEPYXOMO, N0 itoro immynncy P B mouarkoBomy cTaHi
(13.3) meobxinno mopmaru imnysase Mv, nos’asanuil i3 num pyxom,

P — P + Mv. Yacrora 3 (13.6)

B k(p+ Mv) hk?
wA’A*wa,’a"i_T m
st MakpoTypOyIeHTHOTO pyXy 3 (DIKCOBAHOIO MIBUIKICTIO V II€ TIPH-
Belle JI0 3aMiHM B 3HAMEHHUKY MifiHTerpasabHoro supasy B (13.15)
immysibey P Ha P+ Mv, i MaTnMeMo 3CyB CIIOCTEPEXYBAHO1 YaCTOTH
ua kv.

3oBciM iHITA CUTyallid BUHUKAE IPU MIKPOTYpPOYJIEHTHOMY pyCi.
YHacCJI0K TOro, mo Ha IIgXy [0 cnocrepirada (poToH npoxXoauTh
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Kpisb GJIOKTyaliiHl yTBOpEHHs arMocdepu, U0 PyXaloThCd 3 Pi3HU-
MU MIBUAKOCTSIMY V, MU TIOBWHHI 3MIHCHUTY JOMATKOBE yCEepEeIHEeHHS
koedinieHTa NOrJIMHAHHSA 38 (PYHKIIEID PO3LOMLIY MiKpOTYypOyIeHT-
aux meuakocreit w(v). Tobro mouarkoswmit cran aroma |A) xapak-
TEPU3YEThCA TENep TAKUM HAOOPOM BEJIMYUH: KBAHTOBUM YUCJIOM @,
iMmyJsibcoMm TerioBoro pyxy P, mBuukicrio v, otxke A = (a,P,v).
IlincymoByBanHs 3a A MM HOBMHHI Tenep po3yMiTu wie i sk jgogar-
KOBE YCEPEIHEHHH 33 NIBUIKOCTAMU 3 HOPMOBAHOK (hyHKIIE w(V):

/w(v)dv =1. (14.1)

ImosipaicTh nepebyBannga aroma B crani |A) renep mopiBHIOE:

)
o—P/2MT

pA = Paw(v)m-

Takum uunOoM, Koedinient nornuuanna B ainii (13.15) 3 ypaxy-
BAHHAM MIKPOTYpPOyJEeHTHOCTI HAOyBa€e BUTIIAMY:

2n2e? N hw
x(q) = W(l—e 4 /T)pafa’a(q)
e P?/2MT
y /2

[w—wo— k(P + Mv)/M? + (vy/2)?"

Mexanizm dpopmyBanta (PyHKIIl pO3LOiIY MiKpOTYypOyJI€HTHUX
MBUIKOCTENR € CKJIAIHUM, i MOXHA CIHOIIBATUCH Xiba IO HA IOCTAT-
HBO BIasTy Momesb w(v). Ti MOIeTIoITh, AK MPaBMJIO, TayCCiBCHKOIO
PYHKILIEIO

efv2/vg

e (14.3)

w(v) =
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3 JIeAKUM TAPAMETPOM vy, KBaapaT akoro vy = 2(v?), ne (v2) € ce-
PEIHBOKBAIPATAIHOK TYpPOYJIEHTHOIO MIBUAKICTIO Y3IIOBXK TMEBHOTO
HANPAMKY, HAPUKJIAL, Y300BXK oci z. [loBHa cepemns KBajgparmd-
ra meuakicts (v2) = 3v2/2. Vsarami kaxyam, y pisHmX HAmpAM-
KaxX IapaMerp vy MOBUHEH OyTH iHIIUM, MPUIOMY 34 MOPAIKOM Be-
mwanan vy ~ 103 m/cex. [lia mac me We CyTTEBO, OCKLIBKW MU
[MIKABUMOCHh HAIPAMKOM Y3H0BX HpoMeHsd 30py. OUeBHMIIHO TAKOK,
o Heil napaMerp 3aJeXuTh Bijl KOOPAUHATA TOYKHU IPOCTOPY, TOD-
o vg = vo(x,y,2), i HEOOXIIHO TOBOPHUTH TPO TMOJIE TYypPOYJIEHTHUX
wBuakocreir®. 3a 10narkoBoio iHGOPMAIIEO PO HETEILIOBI pyXu B
3opsiHUx armocdepax Bigcnmaemo Huragua mo [6, 7, 15], a Takox mo
kHuKkKH [16], AKy HANMCAB KOJIEKTUB aBTOPIB 1 B AKiii € Garato dak-
TUYIHOTO Marepiajy mpo armocdepn 3ip pi3HWX THUIIB, 3i0paHOTO 10
1960 poxy.

fx i B nonepegubomy naparpadi upu inrerpysansi 3a v ta P, y
(14.2) Bubepemo BiCh z y3MOBXK NPOMEHS 30py, TOOTO B3IOBXK XBH-
JIbOBOIrO BekTOpa (poroHa K, i BAKOHAEMO IHTEIDyBaHHA 38 3MIHHUMU
Vg, Uy Ta Py, Py

2m2e? N W
x(q) = TcV(lie h /T)Pafa'a(Q)

oC
e VI /vg e~ P2/2MT

cC 7 |ap
N *\V2rMT

X

<8

<
w

(14.4)

/2
[w—wy — k(P, + Mv,)/M)? + (v/2)%

Bamicte P, yBenmemo HOBy 3minny interpysanns P, = P, + Mwv,
(Takox 13 GE3MEKHUMU MEKAMMU ), | Y HAC BAHUKAE MOXKJIUBICTD y3ATH

3Typ6ynentricTs y sopaunx armocdepax sussmma O. Crpyse ta K. Ensi y
1934 poui, 3acTocyBaBmM I JOC/ILIKEHHS 31p Tak 3BaHUl MeTO KPUBUX POCTY,
akwuit 0y10 po3pobsreno miast CoHrs.
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iHTerpaJi 3a 3MIHHOIO ¥, fIK 3rOPTKY [IBOX TayCCiBChbKUX (yHKIiA?:

e V205 o~ (Pl—Muv:)?/2MT

Vg 2 MT

dv,

o PRMT T 02(1/03 M /2T ). PLT
= d 14.5

Nz Vg (14:5)
— 00

e P /2MT™

b

2nMT*

je e(beKTUBHA TEMIIEPATYPa

2
T =T + M;O. (14.6)
Y pesynbTari
212e? N _
wa) = ——(1 e )pifualq) (14.7)
mcV
oC 12 *
’ o~ P2/2MT /2

P ,
V2 MT* (w—wo — kPL/M)2 + (v/2)2

— 00

i oTke, DavuMMO, MO Tepen HAMU BUpa3, AKUit 30iraeThca 3 hopmy-
giot0 (13.17), akmo B Hilt Temneparypy T 3amiautu Ha edexTuBHY
temneparypy 1.

Tomy ocrarounuit Bupas s KoediuieHTa HONJIMHAHHS, KOHTYD
SIKOTO PO3NIMPEHNH paIialiiHIM 3aracaHHsAM, TEIJIOBUM PYXOM aTO-
MiB Ta MiKpOTYypOy/IeHTHICTIO, TaKOXK 36iraerhca 3 Bupazom (13.18)
33 YMOBH, IO B JIONIJIEPIBCHKUE 3CyB 9acTomn Awp, M0 BXOOUTH Y

4 s inrerpyBsanns BUKOPUCTOBYEMO n06pe Bimomuit inrerpas:

i emav’Hbe gy — \7/a eb2/4“, Re a > 0.

—oo
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Bupas nna x(q) ta dyuxuiro Poiirra (13.19), 3amicts Temneparypu
T, nokyamemo edbekTuBHy Temmneparypy 17:

wo [2T* wo | 2 M?)[Q]
Awp = —\| =+ =—[5 |T . 14.
wp c M c \/M + 2 (14.8)

Mwn moxemo 3anmrard, HACKIJIBKHA BAXKJIMBO BPAXOBYBATH MiK-

porypbOysenTHi pyxu. [lig mporo 3pobimMo OIMiHKY eHeprii Mv%/Q B
rpagycax (To6ro nomgisimo i ma crany Bosbnmana). Hesaxko npu-
KWUHYTW, MO0 AKIIO vy CKJIAJIAE KIJIbKa KiJIOMETPIB 3a CEKYHIY, TO
HaBiTH AuId HAlutermoro 3 aromis, aroma BomHIO, M 1;(2) /2 ~ 103 K.
Otxe, 1151 BEJIMIWHA OHOTO MOPSIIKY 3 Temmeparypoio 1 B armocde-
pi 30pi, TOMy BpaxyBaHHs MiKPOTYPOYJIEHTHUX PyXiB IIPA PO3PAXYH-
Ky PO3IIMPEHHA KOHTYPY KoedimieHTa MOTJIMHAHHA B CIIEKTPAJIbHI’
JIiHIT € BAXKJINBUAM.

Tenep mie pa3 MoBepHIMOCH H0 aHAJIZY BIJINBY MAaKpPOTYpOyJIeHT-
HUX pyXiB B armocdepi 30pi Ha mpodii giniit. Ak yxe Oysio ckazano
Ha n04aTKy naparpada, CIoCTEPEXeHH 33 BUIIPOMIHIOBAHHAM 3 OK-
PEMOr0 BeJINKOMACIITADHOTO €JIEMEHTA, 30Pi, IKUi PYyXAEThCHA Y3I0BK
HPOMEHs 30Py 31 MBUAKICTIO ¥,, (PIKCY€E JiMine 3MIIIEHHS 4ACTOTH
BUTNIPOMIHIOBAHHS HA BEJIMUNHY wov,/c. OTKe, po3B’A30K PiBHAHHSHA
[IEPEHOCY BUIIPOMIHIOBAHHSA JJI TAKOTO OKPEMOIO I'DAHYJILHOTO eJie-
MeHTa Ja€ B inTeHcHBHOCT Iy o AK dyHKIil pisanni 9acTor (w —wy),
3aMiCTh PE30HAHCHOL YACTOTH W), 3MINIEHY YACTOTY W) + Wov, /¢

Ik o = Ixo(w — wy — wovs/c). (14.9)

Taxke 3MmimeHAd 9aCTOTH, 3PO3yMiJIO, HE BUKJIMKAE 3MiHU €KBiBa-
sertroi mmpwuan jginii W) ,. Tobro nioma 1mig Kpusoio rymbnan Jinii
B o3HauenHi (2.11) 3aJMmA€THCA HE3MIHHOIO — TIPOCTO BECH CIIEKTP
BUIMPOMIHIOBAHHS IIHLOTO MAKPOCKOIIYHOTO YTBOPEHHS 3CYyBAETHCA HA
CTaJly BEJIMIUHY W)V, /C.

CriocrepexkeHHst 33 BUITPOMIHIOBAHHAM 3 OKPEMOTO MaKpPOCKOTIid-
HOTO ejieMeHTa mMoxJmee Jmine juig Conng. g immux 3ip mu Oa-
anm0 edeKT yCepemHeHn 3a MUMU MAKPOTYpPOyJIEHTHUMA TIBUIKO-
CTAMU TpaHyJi. BaxJ/MBUM, OHHAK, € Te, IO €KBIBAJEHTHA NIUPUHA
JIiHI1 B IBOMY BUIAJIKY He 3a3Ha€ 3Minn. JloBemeMo 1e TBepIKeHHS.
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Hexait bynKiisa wmac(v,) 3a1ae po3NOA 338 NIBUIKOCTAMY X
MaKPOCKOIIYHUX BEJIMKOMACHITAOHNUX YTBOPEHh 33 HAMPAMKOM 10
criocrepirada. YcepemHeHa iHTEHCHBHICTb, siKy My OyaeMo mo3Ha-
YATU TOCTPUMM JIAMAHUMU [IYKKAMU, IOPIiBHIOE

o0

< Iy o >= / Wac(V2) Ik ,o(w — wo — wov,/c) dv,, (14.10)

— 00

OpUYOMy, 3IUIHO 3 O3HAYEHHAM, (DYHKIIIO Wpac(V,) HOPMYEMO HA
ONVHWIIIO:

o0

/ Wmac(v,) dv, = 1. (14.11)

— 00

Ba monomorowo nesbra-dyrkiii supas (14.10) moxua 3anucarn

TaK:
o0 o0
<Ixo> = / dv, Wmac(vy) / dw' I o (w — ')
% “o0
X §(w — wy — wov/c) (14.12)
abo
o0
<Iga > = / dw' I o (w — W) P(w' — wp)
o0
o0
= / dw" I (W' — wy — W")P(w"),  (14.13)
o0

Iie CrieKTpaJyibHa (PYHKINA MAKPOTYypPOYyJIEHTHUX PYyXiB

o

P(w) = / dv, Wimae(v;)0(w — wov,/c). (14.14)

— 00
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Henbra-dynknia 3uimae B (14.14) inrerpysanns, Tomy
P(w) = iwmac <ci> . (14.15)
wo wo

Cnexrpanbaa dynknia P(w) TakoX HOPMOBAHA HA OIMHUIII.
Crpagni, 3 oznadenns (14.14) maemo:

7P(w)dw = 7dvzwmac(vz) 7 dw §(w — wov, /c)
= 7 dv, Winae(vs) = 1. (14.16)

Moxna Bukopucraru i aBuuii Buris P(w) yepes wmae 3 (14.15):

(ee) oo
/P(w) dw = / iwmac (ri> dw
wo wo
— 0o — 0o
(o0
= (3&MiHaZ T = cw/w0> = / Wmac (%) dz = 1.
“oo

'mubmaa cekTpaJspHOI JIiHIl, 3TIIHO 3 O3HAYEHHSM, yV HAIIOMY
BUTIAJIKY JTOPIBHIOE
c l
P = A;i (14.17)
A
Ot1xe, UM PiBHAHAAM MU BU3HATAEMO TJIMOWHY JIiHI1 31 CITOTBOPEHUM
MakpoTypOysieHTHUME pyXaMu KOHTYpoM. OCKiJibKu IHTErpyBaHHs
B o3Hadenni (2.11) exksiBasienTHOI mUpnHN #ine HaKTUIHO B MEXKAaX
JIiHII 3 HEHTPOM 1Ipu A = Ag, e [§ € BeJIMIMHOIO CTaJI0N0, TO Iaubuny
JIHIT MOXHA TTOKJIACTU PIBHOIO

If,— <1, -
a = g (AX) = *017* (14.18)
Ao
AN =)\ — )\
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Mu aBHO MO3HAYAEMO TYT, MO TJIMOMHA JIiHII 3aJ€XKUTh Big BiAcTaH]
A 110 nenTpa Jinii Ag.

[TinpaxyiiMo Tenep ekBiBaJEHTHY MUWPWHY, KOPUCTYIOYNCH Yac-
TOTHOWO WKaJI010 (2.16):

Wy, = fd(Aw) Fosg (Aw)
= 7 d(Aw) 70 dw" P(w" )1, (Aw — "), (14.19)

e
Aw = w — wy.

Mu ckopucranucey apyrum Bupazom (14.13) ana inrencusnocri B

i orpumyemo, 3riguo 3 (2.16), eKBiBaJIEHTHY HWIMPUHY HECIOTBOPEHO]
aiinii W), micsist woro inrerpas 3a w' crocyeThes amine Cek TpasibHOL
dyHKLil 1 1a€ OOUHUIIO:

WAO = /dw"P(w")/d(Aw)er(Aww")
= /dw"P(w")/dmrw(m)
= W)\O /dw"P(w"):WAO.

Ot1xe, MU OTPUMAJIN BAXKJIWBUN PE3yJIHTAT:
Wy, = Wy, (14.20)
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Tobro makporypbyJieHTHI pyxu j1epOPMYIOTh KOHTYPU CIEKTPAJIb-
HUX JIiHi}, aJie He 3MiHIOIOTh 1XHIX eKBiBaJIEeHTHUX mupuH. Marema-
TUIHUM MEXAHI3MOM [BOT0, AK JIEIKO 3ayBAXKUTH, € Te, IO CIOCTEpPe-
KyBana inTencusricts < I{ = nopismtoe sroprmi (14.13) inTencus-
wocti Iy o 3i cnekrpasnbHO0 dyHKIielo P(w) MakporypOyJieHTHIX
PyXiB.

Ha saBepmenns BapTO CcKa3aTh PO Te, MO MIKPO- Ta MAaKpO-
TypOyJIEHTHI WIBMUIKOCTI BBEIEHI B Teopito 30psHux armocdep ¢de-
HOMEHOJIOTIIHUM MIJIAXOM, a X 3HAYEHHS BECh TaC yTOUHIOIOTHCH.
Busnauennsa noJsist TypOyJIEHTHUX HIBUIOKOCTER € MPEIMEeTOM CIelri-
AJILHOTO [IOCJIKEHHS, MPUKJIQIN BILJINBY MIKpO- Ta MakpoTypOy-
JIEHTHUX WIBUAKOCTER Ha npodinai dpayHrodepoBux JiHiil HABEIEHO

B [18].

§ 15. ®ynkuja Poiirra

Ax mu bavman, po3paxyHOK KoedilieHTa TOTJIMHAHHS B JIHII MO-
Tpebye obuncnenna dynkuii Poiirra (13.19), To6To 3roprku mommn-
JIEPIBCHKOTO it JIOPEHIIIBCHKOTO KOHTYPiB. TOMy MPUTUIHAM OO IBOX
nouepennix naparpadis 6ys0 6 gocaigxennsa i€l pyuknii. Ha nep-
Uil OIS, 30A€ThCH, MO 3HaxomKerHsa (gyuknii H («,v) He € 0cob-
JIMBO CKJIAJHWUM, a IHTEr paJi, skuii ii 300paxye, JIerkKo mmaaaeThCs 00-
YnCJIEHHIO Habamxkennmn Merogamu. OJIHak Ha po3paxyHKy byHKIii
H (o, v) 6ysnm 30cepemkeni 3ycung 6ararbox JOCIHUKIB, 1 HA ChO-
rOfHI 3 I[HOTO TPUBOJLY ICHY€ CIIpaBili, 3a ciaoBamu A. YH30Jb1a, “Ba-
BistoHchKe croBnorBopinns Jiteparypu” [1]. Cyuachi komn’'iorepn
JaTh 3mory nopaxysBaru ¢yskuio Poiirra giiicno 6e3 ocobauBux
3yCWJIb y KOXHIi#l Toumi 3opsaHOoi armochepnu. Tomy mMu HE MaEMO
HAMipy IPOBOAUTHU TYT AeTaJibHI po3paxyHKu uiel dyHKIii.

Onnax, bomgait 3 METOOUIHUX MIPKyBaHb, MU HE MOXKEMO 30BCIM
OMUHYTH 00roBopeHHs (PyHKIIII, AKa BIPOLOBK 0ararbox pokis HyJia
06’6KTOM TIPHUCKITIJINBOI yBAru OOCJITHUKIB MEXAHIZMIB PO3ITUPEHHS
cuekTpaJbHuX JiiHi#t aromiB. Ilomamo mexkinbka iHTErpaJbHUX 300-
paxenb dyuknii H(«,v) ta 306paxkenb psagaMu, IOCTIINMO aCUMII-
TOTWYHI BUPA3W # HapemTi 3BefgeMo 1i 10 100pe BUBUEHOTO 1 TpoTa-
Oy IbOBAHOTO iHTErpaJia HMOBIpHOCTEH KOMILJIEKCHOTO apryMEHTY.

99



Crapryemo 3 o3naqenns (13.19). Hacamnepen npocroro 3aMino
3MIHHOI iHTerpyBaHHsd & Ha (—) 3HAXOIMMO, IO

H(a,v) = H(a, —v). (15.1)

Tammmu coioBamu, KOHTYD Koedinienra norsimaanns (13.18) € cumer-
PUYHMM LIOHO YACTOTU W = Wy, UpH akiit v = 0.
HaJti, ik BUTIJINBAE 3 O3HAYEHHS,

oo oo oo d
[ Hewas = 2 [aver [ S
vy (v —1x)? + a?
—0o0 —0o0 —0o0
[e.e] [e.e] d
o 2 ly
= — dre ™ -
7r/ e /y2+(12’
— 0o — 0o

TyT 3pobsieHo 3aMiHy 3MIHHOI iHTErpyBaHHA v — £ = y. IATErpas
3a T mae /7, a inrerpan 3a y nopisaioe m/a. Orxke, MaEMO yMOBY
HopmyBanusa a ¢ynkmii Poiirra:

/ H(a,v)dv = /. (15.2)

CupsamMyiiMo apryMeHT o 110 HyJid i CKOPUCTARMOCH TUM, 1[0

= 0(y)

) aln
hrn %
a—0Yy* + o
nae nesibra-gynkiio [lipaka, aka suimae B (13.19) inrerpyBanns 3a
T, 1 MA OTPUMYEMO IOMNILJIEPIBCHKAN KOHTYP

H(a=0,v) = e = (Wwo)?/Auwp (15.3)

ITignamo renep supas (13.19) meskuM MpOCTUM HEpeTBOPEHHAM:

o0
.2
o e’

H - Y g
(a,v) 7r/ x(?)*.’IJ)Q-l-(J(Q

— 0o

> Mu BEKOPHCTOBYEMO TyT omeparop 3cyBy. Hexaii nis meaxoi dynkmii f(z)
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o

2 1
dr e ® 67:1:d/dvﬁ
V7 + o

3R

— 00

= (nwB. BUHOCKY)

o d/dv)? /4 1

Omneparopny ekcronenty tpeba posywmitu sk pan Tefiopa:

a 1 d\" 1
H(W)‘ﬁ;m(%) Tt (15.5)

3BuyaiinuM audepeHuiloBaHHAM 3HARAEMO NeKiJIbKa HePUIUX YJIEHIB
[IHOTO PAMLY:

1 3v? — o
Hiov) — a [ vi—a

VT2 + a? 2(v2 4 a?)?
3(5v* — 100202 + o)
4(v? + a2)*

15(708 — 35v%a? + 2102 — af)
8(v? + a?)b

(15.6)

105(9v% — 840502 4+ 126v*a* — 3602’ + ab)

* 16(v% + a?)8 L
Ma€eMo poskaan y pan Teitnopa (a = const):
i) 1)
fleta) = flo)+=g=atG———a’+...
d a? d? o
= (1+(L%+§ﬁ+>f(7’):€dmf(7’)

To6ro dbynkuito f(r) 31 3cyHyTMM Ha CTaJy BEJIVWYWHY G apryMEHTOM MOXKHA
OTPpUMATH AK Pe3y/IbTaT [ii Ha Hel omepaTropa 3CyBY gad/dz
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Bemyuwnit wien nporo pAamgy npm v — 00 3 TOYHICTIO 0 MHOXHUKA €
koHTypoM Jlopenta:

1 o
VT2 +a?

Orxe, KOHTYD JIiHII IAJIEKO Bijl HeHTPA, TOOTO I KPUJIO, BUZHAYAE
JIOPEHITiBChKa cKutamoBa ¢yukiii Doiirta, a 3a MEeHTPAJbHY IaACTH-
HY KOHTYpPa BiOMOBIIA€ OONTIJIEPIBCHKAY MEXaHI3M PO3MIUpEeHHs. 3a-

H(a,v) = (15.7)

yBaxumo, mo (15.7), ax i (15.3), 3a10BObHAE yMOBY HOPMYBAHHS
(15.2).

Bukopucraiimo piBHICTH

o0

(;% — Re /dt efat+i(vfm)t
v — T « )
0

i migcramo 11 B osHavenns (13.19) dbywnxuii H(«,v):
00 0o
H(a,v) = —Re / (]T/dfPat+lv z)t—a>
—00 0

= (iHTerpyeMO 3a T: IWB. BUHOCKY Ha CTOP. 94)

_ —Re/dtet /4— aH—Mn‘ (158)

Orxe, maemo Take 300paxenns ¢yskiil Poiirra:

o

1
H(a,v) = ﬁ/dt e/t cog ut. (15.9)
0

Banpornonyemo Ie ofHe 300paxkenns iHTerpaJiom dgyukii H (o, v).
Bsepuimoch 10 Hamoi Buxinnoi dopmysu (13.19) i posbuiimo inrte-
rpas Ha aBa: onuH 3 mexamu Bin 0 10 00, a apyruit  Bin (—00) g0
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0, y axkomy pobumo 3aminy 3minnOi inTerpysannga x va (—x). [licna
IHOTO IHTErPYEMO YACTUHAMM:

o0 9

@ e ”
e =2 [ ot

o0

a/d —a? 1 N 1

=— [dzxe

. (v—2)24+a?  (v+12)*+a?
0

1 _
— [arctg <—U x) + arctg <v + x)] e
s « « 0
oo
2 — T T
+— /:1:6”72 [arctg (—U T) + arctg (U i T)] dz. (15.10)
T « «
0

Ilepmnit momaHOK IOPIBHIOE HYJIEBi, a B IPyromy, iHTErPaJbHOMY,

o0

BUKOPHUCTAiMO popMysin 3 eJleMeHTapHOI MATEMATHUKY [IJIs PI3HUIL
06EpHEHUX TPUTOHOMETPUYHMX PYHKUIA 1 OCTATOYHO OTPUMAEMO:

[e.e]
2 2 2ax
H(« =— [ ze T arctg | ———-—— ) dz. 15.11
(v, v) 7r/'re arc g(a2+1)2m2> T (15.11)

Hapeiuri 3Benimo dynkuiro Poiirra 10 inrerpaJsia iMoBipHocTei,
akuit mobpe BuBuennii. CKOpUCTaMOCH O3HAYEHHAM iHTEr paJja, iMo-
Biprocreit [19]:

2 T 2
erfc(z) = — [ e ¥ dux.
7/

Lle Tax 3Banwmit gogarkoBwii iHTErpaJ iMoBipHOCTEH (3Bnqaf/’mnﬁ Mae
HUXKHIO MEXY HYJIb, a BEPXHIO z).

Bseprimoch g0 dopmynu (15.8), y gaxiit pobumo 3aminy 3MiHHOI
iHTEeIpyBaHHHA

t+
—tz=z
2 b
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Z=a —1v
1 3HAXOIAMO

oo
Re 2622/dxe“2 :R,e<eZQerfc(z)>. (15.12)

z

1
Nz

CxopncraiiMmoch o3naderHaM yHkiii

H(a,v) =

w(z) = efzzerfc(fiz), (15.13)
axa nporabysasosana B [19]. Haui noksiagimo B (15.11)

z = —1izy,

zZ1 = U+ i (15.14)
i 3HAlmEMO, IO
H(a,v) = Re w(z1) = Re w(v +i). (15.15)

MabyTh, OJs BIONIYKYBaHHSA YUCEJIBHUX 3HAYEHB 1€ HaispydHimie
300paxenHd, OCKibKM AificHa ¥ ysaBHa wactunm ynkiii w(z) npo-
rabysiboBani B [19] 3 xpokom 0.1 3a v i @ B mexax: 0 < a < 3,
0 <wv<3.9. s mel icHYIOTh TAKOXK Pi3HI aITPOKCUMAIIi] 1 3B sA3KH
3 IHIIMMU cueniajbHuMu (PyHKIisgsMU. Xoda AJid IHTerpyBaHHs PiB-
HAHHs TIEPEHOCY BUMPOMIHIOBAHHS, Mill YaC AKOTO HEOOXiITHO MaTw
3Ha4YeHHdA KoediuleHTa HorIMHaHHA B Oyab-saKiil Touni armocdepu i
st Oynb-gaKoi 9acToTu, TOOTO mJis OyHb-siIKWUX 3HAYEHDH BEJIMUWH (¥
Ta v (e 3a7eXuTh Bij METOy IHTErpyBaHHA i BiINOBIIHOTO KPOKY
3MIHHOI iHTerpyBaHHsi), MOTPIOGHO mOpa3 OpaTw OOWH 3 IHTErpaJis,
axkwuii 306paxye dynkuito H(a,v).

Hns imocrparii va puc. 10 naBogumo rpadik H («, v) gk yHKII
v = (w—wp)/Awp AN Pi3HUX 3HAYEHD TAPAMETPA (v, AKUI BUSHAIAE
craJia 3aracaHHs 7.

@opwmyna (15.12) mae 3mory 3ualiTu mie onHe 300paxkeHHsa HyHK-
uii @oiirra y surnani pamy. Copasai, 3 (15.12) maemo:

2
H(a,v) = 2 /eIQdm/eIQdm .

—Re |e
AR —
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H(a, v)
1.0
/ N ¢
L Nt
0.8 o
!
I VL
! \
0.6 Il ] \/“ B
A N a=1
0.4 L A
: l/ \\
) VAN
. 77 NN
="/ VTS
//_// \\\\3
O _—— I~ -
—4 -2 0 2 4
Cyuisibna kpusa — dyukuis H(a = 1,v)

Puc. 10.
kpuBa L — xoutyp Jlopenua (15.7) npn ao =1

[Tepmmii inTerpas AOpiBHIOE /T/2, & B IPYrOMy PO3KJIAIAEMO €KC-

MMOHEHTY TijI IHTEI'PAJIOM Yy Pl Ta IHTEIPYyEMO
n 2n+]
(15.16)

¢ (1_2 n 2n+ 1

Oyukuin Doiirra.
nynxrupna kpusa G — posnomin Taycca H(a = 0,v) (15.3); nynkTupna

H(a,v) =Re
Haui,
; v
z=zle ", |z| = Va?+v? ¢ =arctg—,
«
22 =a? — v - 2iaw.
Tenep 3 (15.16) jerko 3HaXOAMMO Take 300paKeHHs
9 = n+1/2
cos(2aw) f—z (o +07)
NZS vt n' 2n +1)

H(a,v) = e ”{
(15.17)

X cos[2av + p(2n + 1)] }
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Hekinbka npoctux neperBopens y (5.17)

(=) cosz = cosz + n(n +1)] = —sin[z + 7(2n + 1)/2]
(—)"*! cos[2aw + p(2n + 1)] = —sin2av + (¢ + 7/2)(2n + 1)]

= sin[2av — (¢ + 7/2)(2n + 1)],

t( +7r) t !
, - —ctgp = ——— = —
gle+y T

naTh i3 BuKopuctanaaM (15.1) e oauH psn, AKUM JIIIe mocJIy-

(07
(Y

FOBYBATHUCHA TIPUA MaJInX 3HAYEHHAX ITapaMeTpa o

5 9 = n+1/2
H(a,v) = 6“2“2{(:08 (2aw) WZ O/n'+2:;+ 0

X sin[2av + ¢ (2n + 1)]}, (15.18)

e
p «a
@ =arctg | —|.
v

Panm (15.17) Ta (15.18) moxna mwe it gaai “BrockoHaoBaTn’” [11s
noJiinmienHs ix 361k HOCTI Ta BUKOpUCTOBYBaTH, aK i (15.6), 3amicTh
iHTerpaJibuux 306paxennb PyHkmii Poirra mig dac po3s’d3Ky pis-
HAHHA TIepeHoCcy BUTTPOMiHIOBaHHA. Mn 3annmmaemo ne Yuradeni.

§ 16. Mix4yacTMHKOBa B3a€MOMIis U PO3IIMPEHHS
CIEeKTPAJIbHUX JIiHIH

Hoci M7 posTasimaar aTrom, IO TOTJAWHAE abo BUTTPOMIHIOE CBIiT-
JIO sIK 130JIhOBaHMUA, TOOTO BiibHUK Bif oToueHHs. PosmmpenHs #o-
ro CIEeKTPaJbHUX JiHIA OyJi0 3ymMoBjeHe pajiamiinum edekTom Ta
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edexrom Homnmiiepa. YpaxyBaHHA HUX MEXAHI3MIB PO3UIMPEHHS JIi-
Hilf OyJi0 Jmire mepmuM KPOKOM [0 ToOyHoBu TOBHOI Teopii. Mmnm
OaxxaeMo Ternep 3poOUTH HACTYITHUNA KPOK 1 B3ATH [I0 YBATH B3aEMO-
M0 BUOpaHOTO aTroMa 3 HABKOJIMIIHIMYU 9acTUHKAMU. Ll B3aemomia
CIIPUYMHIOE 3MIMEHHA YACTOTY BUIPOMIHIOBAHHS aTOMa Ta PO3IIU-
peHHst JIiHii.

3p03yMmiJio, 10 BILIUB OTOYEHHS 3aJIEKUTh Bijl CEPENHbOI BigcTaHi
MiXK YACTMHKAMW: YUM BOHA MEHINA, TMM iHTE€HCHUBHINIA B3a€MOIid
Mix HUMA Ta aroMoM. OCKIJIBKW CEpeIHs BiIICTAHb MiX TaCTHHKAMMT
3aJIEXUTH Bifl iIXHBOI KOHIIEHTPAIIil, AKa CBOEID UEPTOI0 3aJIE€XKHA Bifl
TUCKY B CUCTEMI, TO TTPO TaKe PO3MMPEHHS JIiHI{ 9aCTO TOBOPATH AK
PO PO3MIUPEHHST TUCKOM.

Toit dpakT, mo Taka cucrema K 30paHa aTMOChepa € JOCTATHHO
PO3PILMKEHOI0, 3HAYHO CIPOILYE TMOOYIOBY TEOPii pO3MMUPEHHsT CITEK-
TPaJILHOI JIiHi1, 3yMOBJIEHOTO MiXXYaCTHHKOBOIO B3aEMOJII€I0.

Mu posristHEMO [IBA MAXOIH, M0 MOMETOITH MEXAHI3M PO3IIIA-
penfst TuckoM. llepmnii rpyHTy€ThCS HA TOMY, IO €JIEKTPOH B ATO-
Mi, CIIEKTPAJIbHY JIHIIO AKOTO MU BUBIAEMO, MAE MBUAIKICTD MOPAIKY
e?/h = ce? /hc ~ ¢/137, mo 3HAYHO MEPEeBUIIy€e MBUIKOCTI TEILIOBO-

ro pyxy 36yprorounx wactuiok ~ /2T /M; orxe, e2/h > /2T /M.

Cupasii, BUAKOCTI eJIEKTPOHA B aTOMI Binnosigae remueparypa 1p,

nmpu AKiit
e’ 2Ty
ooV M
abo
Ty = %me4 _M Ry
m 22 m
Jle eHeprisi B oguH pimbdepr
me’
1Ry = o7z = 13.6 eV,

a B rpamycax KesnBina
1Ry = 1.579 x 10° K.

dxmo 3a M B3aTH Macy aroMa BOIHIO, KIJTBKICTh SIKOTO B 30DPAHIN
armocdepi Ha AeKiJbKa HOPAAKIB Oljblua, HIXK IHIUX YACTUHOK, TO
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Ty ~ 10% K, mo 3nauno nepesumiye remneparypy dporochepu. Orxe,
MOXHa BBAXKAaTH, M0 eJIEKTPOHHI PyXN “MUTTERO” BiICTEXKYIOTH MOBI-
JIbHI 3MIHU MTOJIOXKEHD 30y PIOI0YNX 9aCTUHOK. [HIIAMA CJIOBAMHA, TIPU
JIOCJII/PKEHHI BIJIMBY Ha PyX eJIeKTpoHa 30ypeHHd Bif OTOYYIOUNX
JAaCTUHOK iX MOXKHA BBaxkaTw Hepyxomumu. Ll rimoresa momibma oo
Ti€l, AKYy TPpUAMAIOTH TTpY TIOOYMOBI TEOPii MOJIEKYJI, i BIIMOBIHAE TaK
3Banomy ajiabarvanomy HabavKeHaio. Y 1bOMy HAOJMKEHH] CIO-
9aTKy PO3PAXOBYIOTH €JEKTPOHHI CTAHM B MOJIEKYJIi IIPU HEPYXOMUX
Anpax, a KiHeTHIHa eHeprid sA/ep BUCTYNae dK MaJjie 30ypeHHd.

Otxe, HACAMIIEPE PO3PAXOBYEMO €HEPreTUYHI PIBHI €JIEKTPOHA
E, y Bubpanomy aromi 3 ypaxyBaHHsIM 3CYBY Bi OTOUYyHOUHX HO-
r0 9aCTUHOK 3 HedAKO0I0 (PiKCOBAHOIO KOH(DIr'ypaIi€io 1 miacTaBIsgeMo
sHalineni snavdenns F, y supas (13.18) nusa koedinienra norsmmHanHs
#(q). Ticna uporo ycepennumo (q) 3a BciMa MoK IuBUME KOHDIT'y-
pamiamMu 3 OesiKo (PYHKINEI PO3MOMIY, AKYy B yMOBAX JIOKAJIHHOI
TepMOIMHAMIYHOI piBHOBaru Bu3HA4Yae posnomaia I i66ca.

Taxwnit migxim 10 po3paxyHKy pO3NIMPEHHS JIiHIH HA3WBAIOTH CTa-
tuctnaarM. Ha Ham moridam, I HAa3Ba, 0 YTBEPAWJIACH iICTOPUY-
HO, HEBIAJIA, OCKIJIbKYA CTATUCTUIHUM, TOOTO 3aJIEXKHUM Bif CTAHY
Oararb0X YaCTHHOK, MOXKHA HA3BATH i [HONIJIEPIBCHKE PO3UIMPEHHSA
CHIEKTpaJIbHUX JIiHI#. JIimmre migxoauTh TaK0X JaCTO BXKUBAHA, HA3BA
“kBasicTaTmaHe PO3MUPEHHs” , MO BimoOpaxkae iCHyBaAHHSA MOBLIBHAX
pyxiB 30yproounx vactunok. Haszpa “amiabarnvne posmmpennasa’ Ta-
KOX aJeKBATHA, OCKIJIbKY 03HATAE BiJICY THICTH KBAHTOBHAX MEPEXOIiB

MiX Pi3HUMUW ATOMHWMW CTAHAMMA.

Y mapyromy ninxomi 36ypeHHst PO3TJIAIAl0Th 9K OKPEMI 3iTKHEHHSA
aToMa 3 HABKOJIMITHIMA JYaCTUHKAMA. Taruit MEXaHi3M pO3IUpeHHs
CHEKTPAJbHUX JIHIH HA3WBAIOTh yIapHUM MexaHidMoMm. Bim ypaxo-
By€ 30ypeHHs JIETKUMW YaCTUHKAMW, HAPUKJIal, eJeKTPOHaMu. [X-
Hi TEMJIOBI MIBUAKOCTI, BHACJIIIOK MAJIOI MACH, HA JIEK1JIbKA MOPSIKiB
Oispmi, Hik aromiB. Kpim Toro, ymapHuit MexaHi3M ypaxoByE, IO
30yPIO0Yi YACTUHKY PO3MOMiJIEH] 38 MBUIKOCTAMA 1 Y XBOCTI IHOTO
PO3TOMIIIy TAKOXK € YACTWHKW 3 BEJUKWMHU MBUIKOCTsIMHU. [lpu Ta-
KOMY MEXaHI3M1 MOXKJIMBI 1 KBAHTOBI IMEPEXOIX ATOMA 3 OMHOTO CTAHY
B iHmmii, T06TO 30ypeHHs Moxe OyTn # HeamiabaTHIHUM.
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Hammm 3aBmaruaM € mobymyBa Teopii 000X pO3LTIAHYTUX Mexa-
HI3MIB PO3MWpPERHs CIEeKTpaJbHNX JIiHIi aromiB. Hacnpasai mi me-
XaHI3MH MOTPIOHO BpaxyBaTh OOHOYACHO, TaK MO0 mmepeBara OMHOMY
abo iHIOMY HAHABAJIACH JIMIIE TPOI0 MAPAMETPIB B OCTATOYHUX BU-
pazax /i KoedilieHTa HorJIMHAHH.

§ 17. PosmupeHHs: CieKTpPaJIbHUX JIIHIA aroma
3apAKEHUMH JYACTHHKAMHA

dxmo arom, mo morsmmHAE ab0 BUTTPOMIHIOE (POTOHWM, OTOUEHWA
3apA/KEHUMU YACTUHKAMU (€JIeKTPOHU, HoHM), TO B 1011, AKe BOHU
CTBOPIOIOTH, BiAOYBAETHCH PO3MIEIJIEHHT €HEePreTUIHNX PIBHIB aTo-
ma  edekr [rapka. Ile posweniedns tum Oijiblie, YuM CHJIbHILIE
nosie. Haitbmxde orouenna aromis, yracaigok ok Tyalii rycru-
HM JACTUHOK, € HeomHopigumm. Tomy Besimumua TAKOrO €JIEKTPUU-
HOT'O MIKPOTIOJIS XapaKTePU3y€EThCA MEBHUM posnomijiom. Ile cBoero
YEeproi0 MPUBOAUTH 10 IOHATKOBOTO PO3NIMPEHHS CIIEKTPAJILHAX JIi-
Hilf aroma B 30pdaHiil armocdepi. OTxe, nJid PO3PAXYHKY XapakKTEPy
IIHOTO PO3IIMPEHHA TIePel HAMM TTOCTAE 33093, TTPO PO3TOHLJI iIMOBIp-
HOCTEH HAIIPYXKEHOCTI eJIEKTPUTHOTO MOJIA B ILJIa3Mi.

]

i—1 eaexmpor amoma 36ypror0ui 3apadocent

e A0po . .
Amonmne A0p YACTIUKY PIBHUT COPMIS

36yp1o104a HACMUNKS 3 HOMEPOM J

Puc. 11. Atowm, 1o norjimHae abo BUNPOMIHIOE CBITJI0, B OTOYEHH] 30y PIOIO-
9UX YACTUHOK y TLIa3Mi 30psinoi armocdepn.
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[TosHaIMMO KOOpAMHATY MEHTPA MAC BUIIJIEHOTO aTOMa, IO Bimd-
NOBiZIa€ 3a BUCBIYyBaHHSA MEBHOI CIIEKTPAJIbHOI JIiHii, yepe3 R (muB.
puc. 11). ITig aromom Tyt Gynemo posymiru meiirpanbauii atom abo
iton i3 3apsmom Z|e|. Slnpo i esleKTpoHM aTOMa B3a€MOMIIOTH 3 HAB-
KOJIMIIHIMK YaCTUHKAMM, KOXHA 3 AKUX Mae Koopaunary R, i1 nece
sapan |e|Z;, j = 1,2,..., Ny, N, — 9nCJI0O YaCTUHOK CEPEIOBWIIA.
Ili vacTuakM  #OHI30BaHI aTOMU Ta BiJbHI eJleKTPOoHU. Besmmuawmna
Zj; moxe HabyBaTu fK JOJATHUX, TaK 1 Bl €MHUX 3HAYEHb, 30Kpe-
Ma JJd eJleKTpona Z; = —1. 3ammmemo Ty 9acTWHy eHeprii miei
B3aEMO/Iil, AKa 3yMOBJIEHA KYJIOHIBCBKAMUI CAJTAMMU:

Np Ze Np

PQZ[)Z'
U_Z\R R,| ZZ|R+r7

TyT nepmwmit momaHOK 300paXKye B3a€MOMII0 3aPAMKEHUX TACTHHOK

(17.1)
R;|

NJIa3M¥ 3 siIPOM aToMa, 3apsil AKOro HOPIiBHIOE |e|Zy. pyrmit no-
TAHOK Ie eHeprist B3aeMOii eJIEKTPOHIB aTOMa, KiJbKIiCTh AKX
JNIOPIBHIOE Z¢, 3 OTOUYIOUNMHA 3aPANAMHA, I'; — KOOPIAWHATA, i-TO €JIEK-
TpoHa BimHOCHO fiapa R. [lna He#TpaapHOTO aTromMa OYEeBHUIHO, MO
7y = Ze.

BukopucroBytoun oneparop 3cyBy KoopaunHaTn R, 3anuiemo eHep-

rito U Takb:

Np 9 2
e 2o v €7
U= E — = E E ety — (17.2)
T R-Ry[ = R — R

me V  1me oneparop I'Pamie€nTa, 1o i€ Ha PaaiyC-BEKTOD Aapa aTo-
ma R. Posknamaemo ekcrionenty B (17.2) B pam:

Ze NP

Np
€Z0
;m R ZZR R,

. Zr, VZ\R ZR . (17.3)

OUB. BHHOCKY Ha ctop. 100.
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Ilepmnit aen po3kIamy eKCHOHEHTH 00 €IHYEMO 3 MEPIIUM TOHAH-
KOM i OTPIMY€EMO €HePTilo KyJOHIBChKOI B3a€MOMil HABKOJINTITHIX 3a-
pamiB 3 aromom, T06TO HtoHOM, WO Mae 3apan £ = Jg — .. Hna
HEWTPaAJILHOTO aToMa KiJbhKICTh €JIEKTPOHIB 7, = 7 1 TOBHM 3apan
Z = 0. Hpyruit qsen po3kJiajly eKCIOHEHTHU JAE €HEePTriio B3aeMojii
JIUTIOJIbHOTO MOMEHTY aTOMa,

Ze Ze

d= lei = Zri (17.4)

i=1 =1

—le

3 €JIEKTPUIHUM II0JIEM HAIPYKEHOCTI

Np
er

= — 1 17.
£ V;]: RO (17.5)

AKe CTBOPIOIOTH YaCTUHKW OTOYEHHA B TOq]_[i po3TanrtyBaHHA aTOMa

R. Orxe,

Np 9
e“Z7;

U=y ——J _ _de+... . 17.6

2 TR-m, % (176)

Onyuieni B bOMy pPO3KJIAMI JOJAHKY, MO3HAYEHI KPANKAMU, OIMKUCY-
0TH B3AEMOJIIIO KBAIPYTOJHHOTO MOMEHTY aTOMA, 3 I'PAIIEHTOM €JIeK-
TPAIHOTO TOJIA OTOYEHHS TA BUII MYJIbTUIOJIBHI B3aemomii. Hagasri
MU HE PO3LJIAJATAMEMO 1X, a 30CEePearuMO yBary JIAIIe Ha B3aEMOJIil
JIUTIOJIBHOTO MOMEHTY aTOMa 3 €JIEKTPUIHUM IOJIEM, KA 1 CIPUIN-
nioe edekr Ilrapka, T06T0 1a€ 3a1eKHICTb PiBHIB eHepril aroma Bij
BEJIMYMHY HANpyxeHocti nojs: B, = Ey(E).

Crnogarky Mu pO3IJIHEMO PO3MIMPEHHS CIEKTPAIBHOI JIHIT BaXK-
KWMUW JaCTHUHKAMHI, TOOTO OHAMEU, KO MOXKHA 3aCTOCOBYBATH KBa-
3icTaTuaHe HAOJIMAKEHHS, siKe MA OOTOBOPIOBAJIA B IMOMEPEIHBOMY Ta-
parpadi. Posmmpenns eekTpoHaAMA BHACJIIIOK TOTO, IO BOHW € JIeT-
KUMW 9YaCTUHKAMHA, TOTPiOHO OpaTn 10 yBarn B paMKax yaapHOTO Ha-
OsmkeHHsd. Y paxyBaHHHA CIIJIBHOI il €JIEKTPOHIB Ta HOHIB MOBUHHO
npoBoguTuch Tak. Hacamuepes ypaxyemMo pO3NIMPEHHS €JIEKTPOHA-
MH, TOOTO BI3bMEMO 0 YBATHW IMBUKI PyXHW, a MOTIM  PO3MIUPEHHS
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BAXKKWMMU MOBLJIbHUMYA YaCTUHKAMM, EJIEKTPUIHE [I0JI€ AKUX Yy TOHUIILL
3HAXOPKEHHs BUIIJIEHOTO aTOMAa 3MIHIOETHCS TMOBLIBHO, TaK IO MO
iOHIB MOXKHA 3aCTOCOBYBaTH KBazicrarmdHe HaOIKeHHA. YIapHe
HAOJIMKEHHS, 9K MU TOOAIUMO TIi3Hie, A€ JIOPEHIIIBChKUA KOHTYP
cuekTpaJabHOl JiiHii. ToMy [miia BimmykaHHSA Pe3yJIbTyOYOr0 KOHTY-
Py 3aJIUMIAETHCA OOYUCIIUTHA POMIMPEHH JIiHIl BAXXKWMU 3aPsiIKe-
HAMU YACTUHKAMU.
Bukopucraitmo TOTOXHICTB:

Np
1
ag 3£ 4V ) = 1 17.7
/ +;|€ 77 IR - R (17.7)
i sanmmimo 3arasabnuil Bupas (12.6) nnsa xoediuienra norsimHaHHA
TaK:
N,
2m2e’ N 5 £ 1
= 2 (1 e ) /d£5(£ 12,V )
#4) = 7 ( ¢ D +Z YUYV IR Ry
AA! j=1
’}/AIA/QW

(17.8)

X pafaald) (Wara +Awarg —w)? + (yara/2)?
Iurerpysanna B (17.7) BiuOyBaeTbcsa B 6e3MEKHUX MEKAX 38 KOKHOIO
3 KOMIIOHEHT BEKTOpa £, AKUil MA€ 3MICT HAMPYXKEHOCTI eJIEKTPUI-
HOTO o1, enbra-pyHKIig 3 ycix MOXKJIMBUX 3HAYEHb BEKTOpa &
sasmmae B (17.8) smme i, skl peasizyoTbCd 3rilHO 3 O3HAYEHHAM
(17.5).

I3 cymn “sa wacrmakamu” y (12.6), ax i npm posrnami edekry
Honmnepa B §13, mu samummau B (17.8) g crnipolnieHHs 3amucy
OIMH COPT aTOMiB, KijbKicTh akux mopiBaioe N. [loBHUit ramisb-
TOHIAH HAIIOI CHCTEMU “aTOM TLIIOC 30yPIO0Yi YACTUHKU TOPIBHIOE
cymi raminbroniana aroma B mosti € (To6TO 3 ypaxyBaHHAM JIPYTOro
nonanka eneprii U B (17.6)) ma raminproniana 30yproOYNX 4YacTh-
HOK, gKuit 6epe 10 yBarm TakoX €Heprifo iX KyJIOHIBChKOI B3aEMOJIil
3 BUJILJIEHUM aroMoMm (niepimii mopanok y dopmyati (17.6)) ta kopor-
KOCSXKHY B3aEMOJII0, sIKy MW HE BUMUCYBaJM. BiamoBimHO 10 MBOTO
CTATUCTUIHUHT oneparop p4 e 700y TOK CTATUCTHIHOTO OIEPATOPa
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Pa aTOMAa B TI0J11 € HA CTATUCTUYHHAN OMEPATOP CACTEMU 30y PIOI0UAX
JaCTWHOK, IO B3AEMOIIIOTHh MiX CODOI0 Ta 3 BUIIJIEHWM aTOMOM (1‘710—
HOM) 4Y€epe3 KyJIOHIBCbKI CujiM i KOPOTKOCHAXKHI CHJIM KBAHTOBOME-
XaHIIHOI TPUPOOH. Y BAXKAEMO, MO0 CACTEMA 30YPIOIOUNX TACTUHOK
dAK IiJIe He 3MIHIOE CBOTO CTAHY, KOJIM aTOM TOTJIAHAE ab0 BUIIPOMI-
rioe doronn. Tomy B Habopax kBaHTOBMX umceJi cranis |A) Ta |A’)
il kBaHTOBI 4ncia € onaakoBumu. OTXKe, HiIICYMOBYBAHHSA 33 MU
KBAHTOBMMU 4ucjamu y Bupasi (17.8) mns s(q) pasom 3i craruc-
TUIHUM OTIEPATOPOM CUCTEMHU 30yPIOI0YNX YACTUHOK € HITUM iHIIWM,
AK ycepemHeHHAM 3a craHamm 1€l cucremu. [lpm mpomy mu mpu-
MaEMo, MO pyX 3apAMKEHNX JACTUHOK, sKi 30ypIOIOTh aToMm, mii-
KOpeHWi 3aKOHAM KJIACHYIHOI MexaHiku. lle crnpasmi Tak, OCKiJIbKH
mapamMeTp KBAHTOBOCTI, TOOTO HOBXWHA TETJIOBOI XBWJi ge Bpoiiss
aactunku A = (20h?/MT)'/?, M ii maca, Bignecena 1o cepen-
HBOI BIiJICTAHI MiXK YaCTUWHKAMW, YHACJIJOK BUCOKOI TEMIIEpaTypu i
pospimxkenocri armocdepu 30pi, € gyxKe MaJOK BeJuduHon. Tomy
yCEepeIHeHHs 33 CTAHAMU 3aAPAIKEHNX JACTUHOK 3BOAUMO, 3TiAHO 3
MPUHIATIAMA KJIACUIHOI CTATHCTAYIHOI MEXaHIKW, I0 1HTErpyBaHHSA
3a ixuivu koopaunaramu {Ri, Ra, ..., Ry, } 3 dynkuieio posnominy,
fAKa JIOPIBHIOE O0JIBIIMAHIBCHKOMY (haKTOPOBI (HOI[iJIeHOMy Ha BIIOIIO-
Binumii kondirypauiitauit inTerpast) 3 NoTEHIIAIBHOI EHEPT 110 MiXk-
JaCTWHKOBOI B3aeMojIil @, mo BKJIIOYAE MOPAIL 3 €EHEPTIEI0 KYJIOHIBCh-
KOi B3a€MOIii TAKOX EHEPrif0 KOPOTKOCSXKHUX B3AEMOLIIN, dgKa Bpa-
XOBY€E HAABHICTH PO3MIPIiB YACTWHOK Ta MPUTATYBAJBHY B3AEMOJIIIO
TUIY BaH-Jep-BaaJbCiBCbKOl. Tobro MoBa Hue npo KoHdirypauiiine
yCepeIHEeHHs, sIKe MU CKOPOYEHO TO3HAYNMO KYTOBUMHU IIyKKAMU:

<...):/de . .'/dRNped)/T(. : .)//de...'/dRNped)/T. (17.9)

[Micns mux po3’dcHeHb i 3ayBaxkenb BUKOHyeMoO B (17.8) yci mii,
axi npusesim Hac g0 Bupasy (13.18). Tobro BpaxoByemo B 3(q) pai-
ariiire 3aracaHHd KBAHTOBOMEXAHIYHNX CTaHiB aroma Ta edexT orm-
IJIepa i B pe3yJibTaTi 3HAXOMAMO:

_ 2r2e? N
 meV

(1 - e*ﬁw/T) / dE W(E)pafa/a%, (17.10)

»(q)
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ne mu BBesir (BYHKIIO PO3IOMLIY MIKpOHOJIs’

Np
1
i=1 !

3 dismunnx MipkyBaHb oueBuHO, mo GyHKIia W (E) 3anexnth au-
i€ Bijl BEJIMYMHU HANPYXKEHOCTI £, a HE Bij HAIPAMKY, OCKiJIbKU B
cucTeMi HEMae BUIJIEHOTO HanpaMKy. KsanTosi uncna a,a’ y ¢op-
mysti (17.10) mictaTs y cobi KBAaHTOBI 9ucJIa, MO HYMEPYIOTh TITap-
KiBChKi1 KOMIIOHEHTH 3CYBY Ta PO3MIEIJIEHHA €HEPreTUIHNX PiBHIB, a
napamerp v’ y dynknii @oiirra 3agexnTh Big Beananan £ HATIPYXKe-
HOCTi €JIEKTPUIHOTO TOJIH:
W wee @ [Bu() - B/

= = - . 17.12
v AwD AwD ( )

{x Bimomo, B aToMi BOIHIO criocTepiraemo jiniitumii edext [ltap-
Ka BHACJIIOK BUPOMIKEHHA KBAHTOBWX CTAHIB 33 OpOITAJIHHVNM KBAaH-
toBum uucaom (8, 13]. ¥V npomy Bunanxy pisaung eneprii

Ey (€) — Eo(E) = hwo + tau'E, (17.13)

IIE (lgq' — PI3HWUIA MiXK CEPETHIMY 3HAYEHHAMM [TUTTOJTHHOTO MOMEHTY

aroma B cranax |a) ta |a'). B inmux aromax € kBajgparuanuii epek

[Irapka, T06TO KBaApaATUIHA 3AJIEKHICTH €HEPril Bif HAPYKEHOCTI
noss € [13]:

Eo (€) — Ey(E) = hwo + %52, (17.14)
ne By — PIBHUIA MK MOJITPU30BAHOCTAMM aTOMa B CTAHAX |a) Ta

a').

" TIpu oBunciennsx, mwo npusean no dpopmyan (17.10), mMu Bxe npoinrer-
pyBasu 3a KOOpAMHATAME IEHTPAa Mac aroMa, Tomy y Bupasi (17.11) maasHicTh
sminnoi R € daxrnano 3aiiBoto: dyukuis W(E) ne 3anexnrs Big R yracnimox
MpOCTOPOBOl omHOpimHOCTI cmctemu. Mn morsim cictm Ha HEHTP Mac aroMa, mo-
knapmu R = 0 i BigpaxoByBaTu KOOpPIMHATH YaCTUHOK Ri, ..., Ry, BiI HBOTO.
3py4HO, OIHAK, Ui HAOYHOCTI CUCTEMY BIIUIIKY NMOBEPHYTH Ha cTape micue, ne
MOJIOXKEHHS ATOMA BU3HAYAETHCA paliyc-BekTopoM R.
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[lepm Hix pyxaruch maJi, 3poOMMO OeKiJbKa 3ayBaxkeHb. llo-
repie, OJsi OTPUMAaHHs TOBHOTO KoedilmieHTa TMOTJIMHAHHA B JIiHIT
supas (17.10) veoOxigHO nijCcyMyBaTn 3a yciMa KBAHTOBUMHM YUCJIA-
MU MITAPKIBCHKAX KOMIOHEHT 3 HAabOpiB a Ta a' HMWKHBOTO i Bepx-
Hboro pisuis. Ilo-gpyre, cuau ocuuiaropa fqq, 9K 1 crarucTudHmii
OTIEPATOP P, 3AJIEXKATH Bif HATTPYxKeHOCTI oJist £. OnHak 1st 3aJ1eK-
HICTh HE3HAYHA, OCKLJIBKH MOJIA 30yPIOIYAX JACTUHOK, XapaKTEPHA
BEJIMYUHA, AKUX

2/3
Ey ~ e Ny ,

V

cabKi TOPIBHAHO 3 BHYTPIMIHIMEA MOJISIMA ATOMa, TOMY IO CEepemHi
BiACTaHI MiXX 9aCTUHKAMU B aTMocdepi 30pi € INMAJIAMU TOPIBHIHO
3 aroMHuME po3Mmipavu. OTKe, MATPUIHI €JIEMEHTH, IO BXOIATH B
O3HAYEHHHA CHAJI OCIIAJIATOPIB, JIOCTATHRO PO3PAXOBYBATH Ha BiAMOBiI-
HUX JIHIAHUX KOMOIHALIAX XBUJIbOBUX (DYHKIIH HE30yPEHOr0 aTOMA.
3 Ti€i x mpuwuwHT He 6EpeMo 0 yBarm 3aJIeXHOCTI Bim £ 1 crasioi
3aracanust y. Tomy Mu 30Cepequmo yBary Ha HaiayriawusBimiiit 3a-
JIEXKHOCTI BiJi MikponoJig, ToGTO Ha 3aJiexkHoCcTi napamerpa v’ Big £,
[AKa 1 CUPUYMHIOE edeKT PO3UIMPEHHS CHeKTpaJibHuX Jiniil. Takum

YUHOM,
om3/2e2 N
—hw/T
#(q) = ———— (1 — e/ ) E PafaraP(s,a,v), (17.15)
mcAwpV - .
3a yClMa HITAapKIB-
ChKUMU KOMIIOHEH-
TaMMU BEPXHBOI'O Ta
HU>KHBOTO PiBHIB
je PyHKIisa

P(s,a,v) = /dﬁ W(E)H (a,v'), (17.16)

uas Jriniiaoro edekry [lrapka napamerp
s = |aga |E0/FAwWD, (17.17)

a JIJid KBaJIPATUIHOTO

_ IBaa’
S =
2

E2/hAwp. (17.18)
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Besmmumua $ € BiZHOMIEHHAM XapakKTEPHOI YACTOTU MITAPKIBCHKOTO
PO3IIEIJIeHHsT 10 HONIJIEPiBChKOl yactotu. llizmime Benmanny &,
o0 € XapakTepHuM MacmTaboM Ui eJIeKTPUIHOrO HOJA B IJIA3MI,
Mu yroaaumo. (OueBuIHO, 0

P(0,a,v) = H(a,v), (17.19)
OCKiNbKU 11pu npomy v' = v, a
/W(E)dé‘ ~ 1. (17.20)

Hnsa obuncnenns ssaoro Buryamy dbyukmii P(s, a,v) nmorpibHo, Ha-
camnepen, pospaxysaru (GyHKUi0 po3nomainy mikponostis W (&), nic-
Jist hOTo 3HaTH 11 3roptky (17.16) 3 dyrkmieo Doiirra.

§ 18. ®@yHKIIis PO3IMOMISIy MIKPOIIOJIiB

Buxonmumo 3 oznavenns (17.11) dbyHkiii posnomisy Mikpomosis
W(€) i posksamemo ii B pag @Pyp’e:

W (&) = ﬁ/dqmeiqg, (18.1)
W, = /ds W (E)e 9. (18.2)

[Micna nigcranosku Bupasy (17.11) y (18.2) orpumyemo

Np
. ‘6|Z7'
W, = v L) 18.3
A ~|R-R; (18.3)

SynuanMOCh Ha 00YMCIICHH] i€l BEJIMIUHA. 3PO3yMiJIO, IO TOY-
Hui 11 pospaxyHOK HemOoxjuBuii. Orxe, MOTPIOHO PO3BUBATH HA-
6mxkeni meromn. MoXHa PO3TJIAHYTH 3BWYAWHY TEOpilo 30ypeHb,
HAIIPUKJIAJL, 3 po3KaaaoM W, 3a crenenaMn q 3 HACTYITHUM 9aCTKO-
BUM MiICYMOBYBAaHHSIM OTPUMAHOTO pamy. Lle mm 3pobumo B KiHIT
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uporo naparpada. A zapas po3BUHEMO XUTPIIMA Hiaxij, AKUi JacTh
3MOTY BATATTH HEAHAJITUIHICTE y 3asexkHocTi pynkmii W, Bin smin-
HOI ¢.

Ob6unciumo rpagient dynkmiit W, 3a 3MiFHOIO ( 1 CTPOEKTYEMO
fioro Ha BeKTOp (, iHmMM#K caosamwu, nomiemo Ha W, omeparopom
qVq. Ockinekn bynkuia W (E) samexnTs auie Big MOLyJIs BEKTOPA
nanpyxenocri €, To it koedinient Pyp’e W, rakox 3asaexurh Bix

MO[IyJIsi BEKTOpPa (, IO JIETKO MOKa3aTh, IHTErpylun 3a KyTaMu B
(18.2). Tomy

qdW, aw,
qQV W, =q=—-" =q¢—~
4 q dq dq

i3 (18.3) maemo

aw,
Tda = <( VZ\R Ry)exp quZ|R R7| >.(18.4)

BukonaiiMo B mpaBiit 9acTrHi IHOTO BUPa3y JIEKiJIbKa eJIeMEHTAPHNUX
BIPAB HA PiBHI mepeno3HatdeHb i 6e3 Oymab-9KUX KOMEHTAPIB, BUKO-
PUCTOBYIOUM JInIe O3HavYeHHs cepemnrhoro (17.9) ta dbymknii W, 3

(18.3):
q—qu = /(]Rl /dRN Pid)/T qu% 7|E‘Zj
dq . l o . l p ‘ 1 j:1 ‘R - R.j|

7
X exp quZ 6' T //dm dRNe /T
J

NP
— . o| /4
J Ry [ R e <zqv b2 f:fzj)

= 18.5
[ (]Rl e r dRNpef'b/T ( )
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NP NP
. VA P . VA
[dR;...[dRy,|iqV 'Zl ‘gjﬁj‘ exp| —3 +iqV Zl \r‘ﬂriﬂ
J= J=
X

Np
. | Z
JdRy... [dRy,exp | 5 +iaV 3 g
=1

ez : j
= ( exXp qu Z |R RJ| 'LqV Z m
J

fIx Gaunmo, nepmnit MEHOXHUK HopisHIOE W, a PUCKOIO HAJ APYTUM
MHOXHAKOM TIO3HAYEHO CBOEpimHe Koudirypariiitne cepente, sike 00-
YHUCJIOEMO 3 DOJILIIMAHIBCLKUM (PAKTOPOM, JI€ HOTEHIia/IbHA €HePIis
® zaminena Ha

=0 T7qu| (18.6)

R — R |
@opMaJIbHO APYIUii JOOAHOK y bOMY BUPa3i MOXKHA TPAKTYBATHU AK
JIOOATKOBY B3aEMOJIII0 BUIIJIEHOTO aTOMa, M0 Ma€ (DIKTUBHUI TATIO-
JAbHUA MoMmenT Besimduin d = —iq7, 3 eJIEKTPUYHUAM [IOJIEM OTOYEH-
Hea. Orxke, 32 0O3HAYEHHAM, CEPEIIHE

ﬁ _ f dR, f dRNpeiq)l/T(. . )
o [dRy ... [dRy,e ®/T

(18.7)

Orpnmano BaxksimBuit pesyabTar: Mu snaiimum mia dynkmii Wy
gudepenniajbHe PIBHAHHS

N,
aw, ~  lelZ;
—2—w,|iqV Y —2ZL— |, (18.8)
dg ! ; R — R,
3 “mouarkosor” ymosoo W,—g = 1, AKa BUIJINBAE 3 O3HAYCHHA

(18.3). Po3p’a30K 1poro piBHAHHSA TAKuii:

q N,
W, = exp {/dqq iqV Zp el } . (18.9)
, i
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[lepeiimimo 10 0OUYMCTIEHHA TO3HAYEHOTO PUCKOK CEPETHHBOTO B
nnLoMy Bupasi. BoawpnmaniBehkmii hakTop 3 enepriero @ zasexnTh
Bl 3minaux R ra Ry, ..., Ry, , a inrerpysannda B 03Ha4€HHI HANIOTO
CEpenHboro BiIOYBAETHCA 32 BCiMa KOODIMHATAMN YaCTUHOK CEPeo-
BUIIIA, TOMY

N,
‘€|Z . ? ‘6Z7 j
w3 ) - 0
Vot (18.10)
R - R;| '

Tyt Besmmanaa

["dRi... [ dRy, e ®'/T
[dR; ... [dRy,e /T’

FJ(R,R;) = V: (18.11)

e mTpuxu O0iyisg 3HAKA IHTErpaJia B IMCEJbHUKY O3HAYAIOTH, IO 1H-
TerpyBaHHa 3a R, BiICyTHE, 33 CBOIM 3MiCTOM € TapHoi0 (byHKIIIEIO
POBIIOALTY, KA JIOPIBHIOE TYCTHHI WMOBIPHOCTI B3AEMHOTO PO3TAIILY-
BaHHSA BUIIJIEHOTO aroMa i3 3apsanoM |e|Z i biKTUBHAM INMOIEHUM
momernToM d = —iT'q Ta j-T0il 30ypeHol YACTUHKHU MPU HOBLIBHOMY
po3TalIyBaHHI BCiX IHIIMX YaCTUHOK. BOHA 33/10BOJIBHAE YMOBY HOP-
MYBaHHSA

1
72 dR/dR FJ(R,R;) = (18.12)
SayBaxkumo, 1o (opMaJIbHO, 3TIIHO 3 O3HAYEHHSAM, y BUpPA3
(18.11) morpibuo Gyn0 6 mogATM B 3HAMEHHUKY IE OIMH IHTErpaJ
3a sminnoo R, a B umcennnmky mae 6yt muoxnuk V2. Onmak,
YHACJIIOK TPOCTOPOBOI OMHOPiAHOCT] cucremu, 3uamennuk y (18.11)
e 3ajiexkarume Bif R it inTerpyBannad 3a Ii€I0 3MIHHOIO 1a€ 00’ €M
cucremu V (amB. BuHOCKY Ha crop. 114). ¥ pesysbrari mu npuxo-
aumMo 110 Bupasy (18.11).
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Bukopucraiimo renep BaactuBicTb mapHoi GyHKUIl po3noiiiy,
AKa BUTIJIMBAE 3 MPOCTOPOBOI OMHOPIIHOCTI CUCTEMH, a CaMe Te, IO
BOHA 3aJIEXKUTh JIWIIE Bif Pi3HUIN KOOPIAHAT:

FJ(R,R;) = FJ(R - R;). (18.13)

Bigrak nepeiiaimo y supasi (18.10) mo HOBOI 3MiHHOI iHTErDyBAHHA
R =R - R; (akobiaH TepexoLy JIOPIBHIOE OIMHUIL), TOTEPEIHbO
obuucauBIIT TOTPIOHM I'PAMIEHT, a MACYMOBYBAHHA 33 TACTHHKAMEI
3BEIMO JI0 MiACYMOBYBAHHSA 33 COPTAMU YACTUHOK:

7quRP|ZRJ = Z' ZN/ R. (18.14)

c>1

Itpux 3i 3MiHHOI iHTET PYBaHHS OJIsI IPOCTOTH 3AMUCY 3HATO. [HIIEK-
COM ¢ HYMEpPYEMO COPTH YACTUHOK, [N, — YUCJIO YACTUHOK COPTY C,
OPAYOMY OYEBHUIHO, IO CyMa BCIX YACTUHOK MOBUHHA JIOPIBHIOBATH

Ny:
ZNC = N,.
c>1

Bukopucrosyioun tenep Bupas (18.14), sammmemo dbynkiio W,
3 (18.9) rax:

W, = e X, (18.15)

ZN. [iaR
_qz €| /Zq JdR.  (18.16)
q
c>1

||
D\Q

@ynxkiia posnomiay Mikpornosiis (18.1) HabyBae TakOro BUIJISLY:

W(E) = = /dq eta€—xa, (18.17)

Orpumani Bupasu (18.15) (18.17) € ocrarounumu. Bonu mators 3a-
raJpHAR XapakTep 1 MPAITh A KJIACKIHOI TJIa3MU OyIIb-sKOi
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KOHIEHTPAIll Ta Ui JOBUIBHUX TeMmieparyp. Ycd g indopMalis
3akJiagena B mapuy (ynknio posnoniny Fj(R). 3anexmo Big Toro,
HACKIJIBKY TOYHO BOHA BiIOMAa, HACTIJIBKMA TOIHO MU OylIeMo 3HATH
BYHKIIO pO3MOMmiJTy MiKpPOTIOJIiB.

IIpu omwuci 3opanux armocdep, YHACJIIOK JIOCTATHHO HU3bKOIL
KOHIIEHTPAIIil YACTUHOK, OJid (PYHKIII1 PO3TOMiIYy MOXKHA BUKOPUCTA-
1 100pe Bimome 3 Teopil KJACHIHOI IJIa3Mu ‘Ta30Be HAOJIMKEHHsT
[20]. ¥ upomy nabumxenni dyuxuia F§(R) 30bpaxyerbca 6osbi-
MaHIBCHKUM (PAKTOPOM i3 MOTEHIIAJIOM, AKU [TOPIBHIOE CyMi KOPOT-
KOCHXKHOT'O HOTeHuiaJIy8 B3a€MO/Iil BAIIJIEHOTO aTOMa 13 9YaCTUHKOIO
orouenws c-copry @SR (R) Ta expanosanoro norenmiasy eGas, ysa-
raJIbHEHOTO HA HAABHICTH y BuineHoMy arowmi, 3rigao 3 (18.6), dik-

TUBHOTO IWTIOJIbHOTO MOMeHTy d = —iT'q:
OR(R)  e|lZ, ne PR
Fy(R) =exp | CT - ‘Q 7| (18.18)

e y3araJbHEHUN 3apdl] aTroMa

a obepHeHuit mebaIBChKUA PAIiyC eKpaHyBaHHSA

Z —iT(qV), (18.19)

e

1/2

Ame2Z2N,
=Y Tiv”” . (18.20)
c>1

[Tincrasmo Bupas (18.18) y (18.16):
/ dg le| Z.N. iqR PSR(R)
Xg = /— /dR exp|——=
I q § Vv R3 T
0 -

EQZZce—an . Z.(qR)

e

TR R3?

(1 + »pR)e > H| . (18.21)

83 METOI0 CKOPOUYEHHST KOPUCTYEMOCH TYT HE 30BCIM TOYHOIO, aJ1€ INPOKOBK -
BAHOIO HA3BOIO “NOTeHIiaN” [IJid MO3HAYEeHHsI MOTEHIIATbHOI €Hepril B3aeMoii,
IO HE TOBMHHO BUKJIMKATH HEmopo3yMmink. AbGpesiarypa “SR” Oiis morenmiasny
MOXOIHUTH BiJI MepImux JITep aHriichbKkux cjiB short range KOPOTKOCSXKHUIA.
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Bukonaiimo mesdki mepeTBOpeHHsI B IbOMY BUpasi i 3BemimMo #toro mo

OTHOKPATHOTO iHTET paJia.

Orxke, B inTerpasi 3a R nepexomumo no chepudHoi cucremMu Ko-

OpPOWHAT, BUOMPAIOYM BiCh 2z Y3MOBXK BekTOopa (. llicast mporo inTe-

I'PYEMO 33 A3UMYTAJIBHAM KYTOM (p, J1aJIi BAHUKAE MOXKJIMBICTH B3ATH

iHTErpaJiv CnovYaTky 3a ¢, a notim 3a x = cosJ, me kyt ¥ = qR:

Xq

1 OCTATOYHO
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Xq

oo
7N,
iZ'eVC C27r/dR

e>1 0

1
exp [—@fR(R)/T—e2ZZcef"”R/RT] /xdx/dq
1

7
exp [—z 6|R;qa:(1 + spR)e Pl
i 2
2N, R
-y 7;/C/de Y
= / (1+spR)e

exp [~ ®3(R)/T — 2 ZZ.e ™" |RT]

1

Z. _
/dac {exp [—iq|;2 (1 + »pR)e "DR] — 1}

—1

o0

- ; 0/ 1+ %DR)e #p R

x exp [~OR(R)/T — ¢’ ZZ.e "R RT] (18.22)
sin(q\e|Zc(1 + %DR)e*”DR/Bﬁ)

x _

qlelZ.(1 + s R)e >R/’



Skuio 3azarn Koporkocskuuil norenuian ®SN(R), nanpukia,
Ak motenmiaa Jlenmapma—/Ixorca abo 1e TpOCTIMMMM MTOTEHIIIAIOM
TBepaux cdep, To Bupas (18.22) sierko nimmaeThcsa 06YUCIEHHIO HA
KOMII FOTePi.

Ak mu i uTaryBaJn, 3aMPONIOHYEMO TEIep MPOCTIlTy Teopi 30y-
penn s bynkuii W, Tloseprimocsk 3uoBy m0 osnadvenns# (18.3), axe
3AlMIIEMO TAK:

W, = (e, (18.23)

e
| Z;
A=iqVy _lelZ; (18.24)
j

BukopucraiiMmo nonarrs HesBimaux cepennix i 3amnmmimo (18.23) y
BUIJIAII €KCIIOHEHTH Bijl CTEIIEHEBOTO DALY 34 (:

W, = () = exp WZ>1 %A[”] : (18.25)
e He3BIIHI cepe;mig
Al = (4),
AP = (4%) — (4)?,

AP = (43) — 3(A%)(A) + 2(A)?, (18.26)

Obmexumoch aBoma wienamu pany B (18.25), obrpynToByoUn
Ile HE3HAYHOIO MiXXKYAaCTUHKOBOIO KOPEJIAII€I0 B Takiit po3pimkeniit

Bestnunnu A" nazusarors raxox cemiinBapianramn abo KyMyJITHTAMH MO-
PAOKY 7.
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cucremi, AK0I0 € 30paHa armocdepa. fAxmo Tak, To cepenne (A™)
IJIsi 1 > 3 po3MaIa€ThCd HA JOOYTOK CEpenHiX i, OUeBUIHO, HE3BiAHE
cepenne A" popiBmioBarume nynesi. Orxe, Gepemo 10 yBaru jmme
Al 1 AR

Ilepme He3BigHE cepenHE

Al = Z01VZ|‘Z<\R R\>

Zi— [ dR [ dR; F7 R - R; 18.27
zquH o [ R [ Ry F R - R g (1821)

ne Fj (IR — R;l) napsa QpyHKLis PO3LOALIY, pO3paxoBaHa 3 10-
renniajiom ®. Ilepexomumo no Howoi sminnoi, R' = R — Rj 3aMICTh
R, i snaxonmumo (iHTErpyBaHHA 32 R’j nae ob’em cucremu V):

, L 1 FJ(R')
1] :quZMZjV /dR’ 2R, =0, (18.28)
j=1 :

OCKIJIBKM TPAIIEHT Bifl CTAJI01 BEJIMIUHA OOPIBHIOE HyJeBi. MoxHA
IiiTH HOTO PEe3yJIhTATY 1 Tax:

Al = Z' Zi <qV\R 1R \>

7=1

- Yz (A

R;)
— *7Z\PIZJV2 /dR /dR] R R]P B2 2 RI(R - Ry)

A 1 qR’ .
— _¢Ze|z_7-v/ dR’ s Fi(R) (18.29)
=1 '
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N, 00 ™
1 :
= fiqZ\e|ZjV27r /dR'Fg(R') /Sin96089d9:0,
=1 0 0

mu niepeitm go cdpepuannx koopauuar R, 6, . Hyan orpumyemo
BHACJIJIOK IHTErpyBaHHsA 3a noJigapaum kyrom 6 = Rq.
Ternep BenmmumHA

Np Np
Am = <A2> = — ZZ€2Z7;ZJ'

J=1j=1

><<q(R -R;)q(R — Rj)>
|R— Ri|* |R~— Ry[?

N,
—_Zp62Z2<M>
: "NV R -RylC
J=1 '
N, N.
AL, q(R —R;) q(R — R;)
-3y enz,
— < VR-R;? [R-Rj[?
i=1 j=1 ’
(i#4)
NP
B - (@R —R;)’
- Y e ZJW dR/dR R, S F (R - Ry)
j=1
Np Np
fzzfﬂz,z /dR/dR /dR
i=1 j=1
(i#3)
q( i) a( i) pii (R, Ry, Ry). (18.30)

R-R,’ R_R,pP
OJIA CKAJIAPHOTO HO6yTKy TyT BUKOPUCTAHO TAKOXK TaKe MO3HAYECHHA:
(a.R — R;) =q(R — R;).

125



Tpuuactunkosa dynkuia posnoainy F’ (R, R;, R;), sika BX0o1UTH B
OCTaHHI} JOMAHOK, AKNIO HE BPAXOBYBATH KOPEJIAIIID MIXK 1-TOK Ta
j-Tor uactunkamu, nopisaroe gobyrkosi Fi(|R — Ry|)Fy (R — R;l).
Towmy inrerpysannsa sa R; Ta R; Binbysaerhca nesasiexno i gae, ax i
y Bupasi (18.29) nna (A), nynbosuil pesynbrar. OTxke, 3a/MIAETHCA
Jmnie miepmmii gonanok y (18.30):

N, R)?
APl = — % ezt [ dr (qRﬁ) FY(R), (18.31)
c>1

BiZl MiICyMOBYBaHHs 33 YACTUHKAMW MU MEpPeHILIm mo miACcyMOBY-
BaHHA 33 COPTAMW YACTUHOK, 5K 1y (18.14).

3HOBY mEepexomuMo TyT 10 CHEPUIHUX KOOPIUHAT, BUOUPAIOYIHU
BICh z y3[0BX BEKTOPa (: IHTETPaJ 3a a3MMyTaJIbHAM KyTOM (0 [1a€
27, a imrerpan 3a muporaum Kyrom 6 = qR popisaioe 2/3. Tomy
Bupa3 (18.31) mMoxHa 3anucarm Tax:

Al = 282, (18.32)

JIe MW BBEJIN XapaKTepHUil macnitab BUMIDIOBAHHS HANPYXEHOCTI
EJIEKTPUIHOTO 1oJid E:

i 4xN, [ FS(R
£2=3" 7272 /dR 2(2). (18.33)
0

_ 3V R
c>e?

Leit inTerpas icaye, ockijibku mapua (PYHKIA JTOPIBHIOE HYyJIe-
Bi, AKIIO BiACTaHI MiXX YaCTHHKAMMU MEHIII BiIl iXHIX pO3MipiB, a HA
BesMkux Biacranax Fs(R) upamye no onununi. Tomy, ouesuiHO,
iHTerpas € o6epHEHO MPOTOPIIHHAM 0 CEPEIHbOI BimcTani (r) Mix
YACTUHKAME COPTY €, Ky CBOEK YE€PrOl0 BU3HAYUMO 3 PIBHAHHS

4 3V
§7T<T> = E
Orxke, TOKJIAITAEMO
7 47 N\ /3
£?2 = constZeQZz <§VF> , (18.34)
c>1
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JIe MU CIOIBAEMOCH, IO CTAJa BesjudmHa const moBuaua OyTu 1O-
panky omwawIi. HacnpaBmi, const MycnTh BUABIATA HE3HAYHY 3a-
JIEXKHICTH Bifl pO3MipiB YACTUHOK TA I'yCTUHM.

Tenep 3 o3navenns (18.1) 3a mormomororo (18.25) a (18.28), (18.32)
3HAXOIUMO

1 R
W(E) = 5 /dqeq252/2+’q£. (18.35)

Ileit TpukpaTHUit iHTEI paJI PO3OMBAETHCA HA TOOYTOK TPHOX, KOXKEH
3 AKnxX Jierko Gepemo 3a (opmyso0, AKa HaBemeHa y BWHOCII Ha
crop. 84:

1 _£2/982

Y HacrynHOoMy naparpadi My HOPIBHAEMO el BUPA3 3 TUM, IO JIA€

dbopmysa (18.17).

§ 19. Posnomin Nossmmapka

st meTasbHINIOT0 aHAJI3Y OTPUMAHWX Y MOMEPEIHbBOMY Hapa-
rpadi BUpasiB 00MEXUMOCH TPOCTUM HaOJIMKEHHAM. A came, 3HEX-
Tyemo posmipamu uactunox, P5R(R) = 0, a Takox ekpanyBaHmsaMm,
xp = 0. Ili npunymenas copasemiubi, gk armocdepa € [Ho-
CTATHHO PO3PIIKEHOI0 1 CepenHi BiICTaHI MiXX YaCTUHKAMU BEJINKI
Na®/V <1 (a “miameTp” YACTMHOK), & TeMneparypa JI0CTATHBO
BuCcoka, xpa < 1. Hexaii, kpiMm TOro, BUOLIEHNI aTOM € HEATpaJIh-
uuM, 10610 Z = 0. Y pesynbrari gis dbyukuii x, 3 (18.22) snaxonu-
MO Tak 3BaHe Habsmkenns ['ospumapka [1, 6):

oo
4w N, 9 sin(qle| Z./ R?)
= R |1— ————=|dR. 19.1
=27y / T (191

Pobumo 3aminy 3minnoi interpysanng t = gle|Z./R?:

oo
27N,
Xq = q3/2 Z C(

int
.7, 3/2/155/2 10 g
- (eZel) 7

c>1 0
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Orpumanuii inrerpast 3sogumo 110 tabsmaroro. Crouarky iHTErpy-
€MO TIEPIIWA YIEH Yy KPYIJINX AyKKaX, JaJi Tpudi IHTEIpyeMo Jac-
TUHAMHJ WIEH 13 CMHyCOM. Pa30oM MpoiHTerpoBaHi JIOOaHKU HA 000X
MeXax aloTh HYJhOBWI BHECOK, i B pe3yJIhTaTi:

Ternep ocrarouno dyHKIis

3/2
Xq = (¢50)*"%, (19.2)
Jle XapakTepHuil Macurtad HAMPYKEHOCTI eJIEKTPUIHOTO TIOJIS

2/3

4\%3 N . 4
- — ¢ /2
&y =27 (15> g % eZ,| . (19.3)

c>1

Came npo o Besimauny iuwia mosa y dhopmynax (17.17), (17.18).

IToseprimock mo dbyuknii W(E). Ockinbkn X, 3a/I€XKNUThH JIUIIE
Bin Momysisa Bektopa g, 10 B (18.1) MoxHa nepeiftu 10 iHTErpyBAHHSA
y chepraHnX KOOPAWHATAX 1 MPOIHTErpyBaTH 38 KyTaMM:

1
2m2E

W(€) = /qsin(qé’)equq. (19.4)
0

[Tpuramaiimo TakoX, MO0 TYCTHHA PO3MOIIIY MIKPOMOJiB 3a ab-
COJIIOTHUM 3HAYEHHAM HAMPYKEHOCTI 1MoJid £, sIK BUTIJINBAE 3 YMOBU
nopmysannga (17.20) nna dynkuii W (E), nopisuioe

w(E) = 4nE*W (), (19.5)

/w(é’) d€ =1.
0
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Hosa nabamxenns Tonbumapka (19.1) posknanom cunyca B psas
i1 iHTer PAJIOM JIETKO 3HAXOMMNMO TIOBEMIHKY (DYHKII1 PO3MOMIIy MiK-
POIIOJIIB IPpU MAJIUX 3HAYEHHHAX &, MONEPEIHbO 3POOUMBIIM 3aMiHY
3MIHHUX (q50)3/2 = £ 1 CKOPHUCTABIIUCH O3HAYEHHAM |'-DyHKIII:

T [

HekinpKa Mepmnx 9JeHiB paay IaioTh

1 £\?2 £\*
- _|1-04 = 1226 | —
W (&) 3W2503[ 0 630(5()) +0 6(50) +

Buaitnemo Tenep acumnroruky dynkuii W(E) npn £ — co. Bu-
x0aumo 3 Bupasy (19.4):

W(E) = — (—i> 7(:08 e(a€0)* gq (19.8)

w2

. (19.7)

N
ox

1 d [ &\ **
=597 ( dé') ERP hm exp [ (’r?> dz,
0

ne s = v—i, a v — filicHa BeandnHa. laJi po3KJIaIaeMo eKCITOHEHTY
B psaj 3a Masum napamerpom (Ey/E)3/?, BukopucroByeMo o3naueHHs
I'-dbynkuii, Buginsemo aificay vactnny i 6epemo moxinny 3a &:

1 d\ 1 .. X (=) [ E\?
= — _— —1 X —_
W) 27r25< d5>5£§%Re;} nl (5)

1 3
Xis?)’n/Q«}»] F (in + 1)
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1 AN 1 . (2 (&2
T o2 <E>El‘£%; n! <?>

sy /24 00 = 5ag lim > 5
T (3n/2 +2) cos [(3n/2 + 1) 8] [ &\ *"? 09
(12 4 1)3n/4+1/2 ra , :

netgd =1/v. dxkmo v — 0, 10 § — 7/2, i MM OCTATOYHO 3HAXOAUMO:

n+4
wie) = 27r26'qz n!

3n/2
X sin <3er”> T <37” + 2) <%> . (19.10)

Haw psig BusiBuBCA acumnrornanum, ockiibku ['(3n/2 +2) 3poc-
Ta€ nmpm n — oo mBuaIme, Hixk n!. Bemyunit wien acumnrorukn W (E),
Ko n = 1, € Takum:

15 £37

W) = 16727 W’

£ = . (19.11)

Ha sasepmienns nmaparpada masememo rpadik dynkiii ['osb-
mapka (puc. 12), pospaxosanoi 3a dhopmysion (19.5) 3 Bukopucran-
aam (19.4), (19.2). Ockinpkn dbyrknis w(€) Mae po3mipHicTh, 06ep-
HeHny 10 £, TO BBOIUMO 3HEPO3MipeHy (DyHKIIIO

H(EY) =&Ew(E), & =E/&,

H(EY) = Qi/ v 'rqm'rf,')
0
3/2
_ 2 /e(y/g) ysiny dy. (19.12)
w&*
0

130



0.4

0.3 /
o/ \

0.1

Puc. 12. Posnonin lonbiMapxka.

Maxkcumasibroro 3nadenns 0.3663 dbynkuia H(E*) nocarae B Touni
E* =1.6077.

SayBaxumo, o0 (pyHKITIO PO3MOMIJIy MIKPOIOJIB [IJIs 3apPAIKEe-
Hol yacTunku (Z # 0) TAKOXK HEBAXKKO JOCJIAUTH YUCETBHUMYU Me-
TOIAMU 33 TUX CAMWX YMOB @fR(R) = 0, »p = 0, mo ¥ posmomij
FosibumMapka, BUKOPUCTOBYIOUM 3araJsibhuil Bupas (18.22).

Tenep mu Maemo Haromy MOpiBHATH (DYHKINIO PO3TOILIY MiKpO-
nosiB W (&) B nabnmxenni losibumapka 3 nabimmxennam (18.36), axe
MU 3HalNIM B nonepeaabomy naparpadi. Poskaasn (18.36) npu ma-
JIMX 3HAYEHHSIX HAIPYXEHOCTI

W(E):m 1%<§>2+é<§>4+... o (19.13)

gk i posksan (19.7) gna posnominy Fosbrmapka, ine 3a mapHUMM
crenensivu €. g aucesibHOrO MOPIBHAHHSA KOeDIieHTIB uX po3-
KJIAIiB TOTPIGHO BCTAHOBMTY 3B’s130K Mixk macmrabamn £ ta . Mwn
BKe ropopusin, mo const y supasi (18.34) mna £ nopunna 6yTu Besn-
YUHOI GJIM3BbKOI0 10 oguHuui. Mu MoxeMo 3adikCyBaTh LI0 CTAaJLy
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npocto ogmHUNE: const = 1. Tenep masa 0ogHOCOPTHOI cUCTEMUT
Ar\ %3
3

4\ 2/3 AL AL
—or (= ZJ ([ 2£) =2.603109ez.| [ 22) , (19.1
&o 7r(15> e (V) 603109e (V) (19.15)

i OTXe, BiITHOTEHHSA

g

N\ 2/3 N\ 2/3
o7, | — =2. 18leZ,| | =) , (19.14
e <V> 598518|e 4|<V> (19.14)

Eo/E = 1.001767. (19.16)

Sk 6auMMO, 3 BUCOKOIO TOUHICTIO Besmunun &) i £ 36iraoThes, To6TO
KOHCTAHTa y BU3HAYEHHI Ei crpaBi OJIM3hKa I0 OIWHWAIII.

Hnsa senmkux snavenn £ dynxnia W (E) 3 (18.36) sracae 3a ekc-
HNOHEHIIAHUM 3aKOHOM, 1011 9K PyHKIid ['osibuMapka 3racae, 3rigHo
3 (19.11), 3a crenenesum 3axoHoM ~ & 9/2.

Mwn me Gymemo paJgii 3afiMaruch €0 PO B UHUCJA, a HaBeme-
Mo Ha puc. 13 rpadiune nopiBasaHHA KOHTYpiB Nosibiivapka (19.12) i
Bupasy, snaitgenoro 3 (18.36)

(& 5 5 9 2 (€& 2 —£2/282
H z =Ew(E) = E4AnE W (E) —\z) ¢ . (19.17)

§ 20. 3roprka raycciBchbKoro, JIOPEHILBChKOTO
i mTapKiBCHhKOr0 KOHTYPIB

Maroun dynkuioo posnoniny mikponona W (E), moxemo nepeiitu
no obuncsienns dyskuii P(s, «,v), aka BusHadae npodiib koedi-
[MiEHTA TOTJIMHAHHA Yy CIEKTPAJIbHIA JIiHil, 0 BPaXOBy€ MeXaHI3MHU
3aracamHsi, JONTIJIEPIiBChK UM Ta mTapKiBCchkuit edpektu. g dpynkitisa

pe3yJIbTaT 3rOPTKHU T'ayCCiBChKOTO, JIOPEHITIBCHKOTO TA MTAPKIBCH-
KOrO KOHTYPIB i, sk BuiHO 3 (17.16), 306paxyerhcs GararokpaTHuM
iHTerpasioM. BusaBiIdgeThCH, OOHAK, IO [OJIs1 HEI MOXHA OTPAMATH BU-
pa3 y BUIJISIL JMLIE OJHOKPATHOIO iHTEr paJa AJid JiHidHoro edpekry
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Puc. 13. OyHKIIisT PO3MOILIY €JIEKTPUIHUX MIKPOTOJIIB y TIa3Mmi:

H(&*)  posnomin Fomervapka (19.12), H(E*)  mabmmkenns (19.17).

(1}

[Irapka # y BUrIAOi JIBOKPATHOTO IHTEIpaJia JJId KBAAPATHIHOTO
edekry.

[Mepemycim, ockinbku piui eneprii aroma E,(E), Ey(€) 1 dyn-
KI[id PO3MOIJTy MiKPOTIOJIiB W(f) 3aJ1eXKaTh Bill JOBXWHU BEKTOPA
Hanpyxerocti £, To B inrerpani 3a £ B (17.16) mMoxHua nepeiitu 110
cheprdHUX KOOPAMHAT 1 BAKOHATU 1HTEIDYBAHHHA 33, KyTOBUMU 3MiH-

HAMM:
P(s,a,v) = /d547r52W(5)H(0z, v') = /df,‘w(é’)H((Jz, v'). (20.1)
0 0

[Tpuramaiimo, mo dyuknis w(€) sBusnadena pisaanuaavn (19.4), (19.5),
a sHEpo3Mipenwmii 3cys yacroru v' dikcye piBuaunaa (17.12). @ynk-
uio w(€) inrerpysanuam yacrunamu B (19.4) npuBogumo g0 Taxoro
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BUTJIALY:

w(€) = dq Cos(qé’)%(qexq). (20.2)

3
0\8

[Tincramo neit Bupas y (20.1), Bukopucraiimo s dbynkiii Poiirra
H(a,v'") 306paxenna (15.9) i snaiinemo:

2 [ d
P - - _ Xaq
(s, a0) Wﬁ./dq dq(qe )
0

X /dt/dE e /40t 0og(gE) cos(v't).  (20.3)
00

Posrisiabmo cnovarky Jriniiauii edexr Ilrapka, axuii € rojos-
HUM MeXaHi3MOM pO3NIMpEeHHs JiHiit aroMa BOOHIO Ta BOIHEBOTTOMIO-
HUX ATOMIB.

BaxmmBoio 00CTaBUHOIO [IJTs1 TIOMAJIBIIAX PO3PAXYHKIB € T€, M0
OJIHOPIJHE eJIEKTPUYHE I10JI€, AKE CIHPUUMHIOE JiHiiinnii edpexr Ilrap-
Ka, Ja€ CUMETPUYIHUI PO3MOIiJI IHTEHCUBHOCTI OO0 IEHTPA CIEeKT-
pasbHO1 qinii. Hanpmknan, mida aroma BOOHIO B HEPIIOMY 30ymxKe-
HOMY CTaHi, KOJIM TOJIOBHE KBAHTOBE YUCJIO N = 2, a opbiTajbHe i
mardiTHe kBaHTOBI uncsa [ = 0,bm =0 tal = 1,m = 0,+1, maemo
YOTUPUKPATHE BUPOIKEHHA CTany |n, [, m). YHACJII0K nporo Jiniii-
unii ecpexT lllTapka mae Taki 3CyBum eHEpreTMIHUX PiBHIB i BiAMOBIIHI
im xBusiboBi dyskuii |a) [8]:

1
AE; = 3lelagé, 1) = —([2,0,0) — [2,1,0)),
V= Blelang, 1) = —5(2,0.0) = 2,1,0)
1
ABy = —3lelagE,  [2) = —=(12,0,0) + [2,1,0)),
s = Blelané.  [2) = —=(12,0.0) 4 12,1,0)
AE; =0, 13) = 2,1, 1),
AE, =0, 4) = [2,1,1). (20.4)
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Orxe, nua ninii 3 wacTorow0 wy = 2w/ 1 QOBKUHOIO XBUIl A =
1215.68 A i3 cepii JlaiiMana MaeMo TIepexomy MiX MTapKiBCHKUMM
komnoHentamu (20.4) 36ymKkeHoro crany n = 2 1 OCHOBHMM CTAHOM
|0) 3 n =1 ma gacrorax wg + 3|e|lag€/h ta wy — 3lelaE/h i 3 Bin-
HOBigHUMY cumamu ocnuaaTopa'’ fiy=j0y T@ fl2)5)0), @ TAKOXK 1epe-
XOmU 31 CTAHIB, O€ BUPOMKEHHA HE 3HATO HA HEe30ypeHiit 9acToTi wy
i3 cunamu ocumsaropa fiz3y0y Ta flay—0y. Ilpuuomy sierxo Gauuruy,
BUKOPUCTOBYIOUM O3HAYEHHHA cuiin ocruiaropa (11.7) 1 surnsam xsu-
gboBux dyHKIii (20.4), mo, 3rigHo 3 npaBusgaMu Binbopy, A Iu-
NOJIBHAX nepexofis [8] cnpasenyusi Taxi piBHOCTI: f1y510) = fl2y—0)
1 fi3y5510) = fl4)—|0)- 3BiOCH POGMMO BUCHOBOK, IO CWJIN OCHUJIATODA
JIJIsl TIEPEXOMIB 31 MITAPKIBCBKMUX PIBHIB i3 CUMETPUYHUMHE 3CyBAMU
qactor (17.13) wp £+ @ E/R pisHi Mixk coboro.

Ile nossosisie Ham y Bupasi (17.15) mia koedimienta morsMHaH-
HA »(q) mif 3HAKOM CyMM 3a IITAPKIBCBKUMM KOMIIOHEHTAMY B3ATH
y dynkuii P(s,a,v) 3 (20.3) samicts cos(v't) miBcymy KocuHyCIB i3
v = wy — Qe /hAwp Ta v = wy + aue € /hMAwp, (nuB. o3HAUEHH
(17.12) ra (17.13)). TTozHaummo Tak orpuMany (DYHKILIO IJIst JIHIH-
noro edexkry [lrapka uepes

oo d oo [e.e]
1
Pi(s, = —— [ dqg—(qe X dt | dE
(5, 0,0) W\/;O/qdq@? )U/ 0/

x e /4ot cos(¢€) cos[(vfaaa/é'/hAwD)t

+ cos (1)—|—aaa/5/hAwD)t} . (20.5)

Posmuuiimo renep 3a popMysiamMmu 3 €JIEMEHTAPHOI MATEMATUKHA CYMY,

10 Tono umx nosmavenn cun ocuussTopa. OCKLIBKM CHM ocuuasTopa fara
BU3HAYAIOTH IMOBIpHICTH KBanTOBOrO Mepexomy 3i crawy |A') y cranm |A) (i na-
BIIAKHU), TO YACTO BAKUBAIOTH MO3HAYMEHHS, YKA3YIOYN CTPLIKOIO TAKWH mMepexim:
fara = farsa = flansay. Diua far 4 BAKOPHCTOBYIOTH TaKOX ITTO3HAYEHHS 3
nepectaBennMy ingexcamu A Ta A’
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a TmoTiM I0O0YTKY KOCUHYCIB:

cos(qé'){cos [( — & /RAwp)t } + (’09[(1} + g E/BAwWD)E } }

= cos(g€) 2 cos(vt) cos (e EL/R)

= cos mﬁ{cos [(q + aaa/t/h)f,'} + cos [(q - aaa/t/h)g} }

Iani ckopucraitmochk o3nauenuam J-pyrkmii dipaka:

o

1 /dé‘ cos(Ex) = 3(z), (20.6)
s
0

i B pe3yJibTari OTpUMY€EMO

oo [e.e]
1
Pi(s,a,v) = /dq (ge X9) /dtet2/4at
NG
0 0

x[é <q - h‘X‘Z)’Dt> +6 (q+ hOXjD t)] cosvt. (20.7)
Ockimpku q¢ > 0, ¢ > 0, T0 32 ymoBEU 4y > 0 “mparmioe” nep-
wa gejabra-PyHKIid 1 3HIMAE IHTEIPyBaHHsA 33 (¢, BUMAram4du, oo
q = Qua't/hAwp, apyra nenabra-pyHKINA 1a€ TPU IHOMY HYJIHOBUI
BHECOK. SKmo a4y < 0, TO mpyra penpra-pyHKIig BUMarae, mob
q = —Quqt/hAwp i 3HIMae iHTErpyBaHH, a MEPIIA HE A€ BHECKY:

8

d
Pi(s,a,v) = cos(vt)eiﬁ/%atm[tefX(t)] dt

5i-

o

f (vt)e t2/4at[1tdx—(t)] e XM gt (20.8)
dt
0

3\
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e
x(t) = xq, q = |oga |t/ BAwp. (20.9)

IaTerpyBanHaAM YacTWHAMW MOXKHA 3BIJIBHUTH MiIIHTET DAJIHHUA
Bupas Big noxiguoi dx(t)/dt:

Pi(s,a,v) =

3i-

o
/vtg (vt) +t/2 4 ale 12 /4—at—x(t)
0

X  tcos(vt) dt. (20.10)

Orxe, mu jocarnm metu. Ham Bpasocst 3HaldTH 3ropTKy TPHhOX KOH-
TYpiB JIOPEHIIIBCHKOTO, I'ayCCiBCHKOTO Ta IMTAPKIBCHKOTO Yy BUTJIAI
OIHOKPATHOTO iHTerpasa, sk i misa dynkuii Poiirra (15.9).

OkpemMo PO3TISTHBMO BUNAJIOK TOJbIMAPKIBCHKOTO HADJIMAKEHHSA
(19.2) nya pynxmii x,. Ilincranoska mporo Bupasy y dbopmyay (20.8)
A€

[e.e]
1
Pi(s1,o,v) = Nz /"Oq (vt)e 17 /4—at—(s11)/
0
332
x (1= g(sit)77) dt, (20.11)
1Ie BEJIMIMHA
1| E, & )\2
51 = |(J/aa| 0 _ |O/aa‘ 020 (2012)

hAwD 27TCHA)\D

YUCEJBbHO JIOPIBHIOE JIIHITHOMY MITAPKIBCHKOMY PO3IIEIIJIEHHIO CITEK-
TpaJibHOI JiiHil B ol £y, BigHeceHOMY J10 11 JONIIEPIBCHKOI IMUPUHHA.
Hpyra pisnaicts y (20.12) 3a mkaJion JIOBKWHW XBUJIh HABEIEHA IJIs1
noBinku. Moxna Takox BukopucroBysaru i Bupas (20.10):

oo
1
P] (S],a,’l)) - ﬁ/et2/4at(s1t)3/2
0

x [vtg(vt) +t/2 + a]tcos(vt)dt.  (20.13)
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oz imocrpanii va puc. 14 naseneno rpadik dynkuii P (s, o, v)
IUI PI3HUX 3HAYEHD MTAPKIBCHKOTO PO3IIETJICHHS.

P1($17 «, U)
0.5
| S1 =0
0.4 % \\/
/ s =1
\ 172
0.3
/ [ S1 =1
R N
0.2 A N 7
0.1 e NS
:/'/ v N \\:.
0 v
—4 -2 0 2 4

Puc. 14. 3roprka (20.11) JlopeHIIBCHKOrO, raycciBCbKOro i mrapKiBChKOro
koHTypiB (a = 1).

[Tepeiigivo 1o BuBdyenua kBagaparudnoro edpekry Illrapka, yna-
CJIJIOK AKOTO BiAOYBAETHCH 3CYB Ta PO3MIETIJIEHAS CIEKTPAJIHHAX JIi-
Hilft HeBomHeBOMOHIOHMX aromiB. Ternep 3CyB eHepPreTuIHUX PiBHIB
aroma Busnavae dpopmyna (17.14) i Beswmumna o', sriguo 3 (17.12),
JOPIBHIOE

Baa’ 52.
ZHAwD

!
v =0V —

(20.14)

Iurerpysanns 3a € B (20.3) y nbOMy BUNAJIKY TAKOXK JIETKO BUKOHY-
€MO:

/cos(qS) oS <1)t - 250'7{”52> &
0
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o

_ 1 ﬁaa’t 2
=3 / cos(g€) cos (mﬁ QHAng ) &

— 00

o

1 ﬁaa’t 2
e e
— o0
/Baa’t 2
t— E2 +qE ) |dE
+ cos <v ShAwDT +q
o0
7'00
[ee]
= %Re li_)n% ei”t/ [e*i‘if (v+ip)E? 4 eltE- (v+ip)E2 } JE
14
—0oQ

= 1Re lim [ et Le*q2/4(u+ip)
2 v—0 1% + Zp
1 T (p q2 )
=—,/—cos | —vt—— _|_ A
2V lpl Ip| 4lp]
1 [m e )
2\l vt 20.15
2\ 1o ™ < Ip\ A[p| ( )

TYT yBEIEHO IPOMIKHE IO3HAYEHHA P = [uqt/2hAwp, 3HaK AKOro
3YMOBJIIO€ 3HAK BEJINIUHN [, ; IHTEI PYEMO 33 BUHOCKOIO Ha CTOp. 94.

Temnep 3 (20.3) snaxogumo Besmanuy P(s, a, v), Ky M IJTs1 KBAJI-
paruunoro edekry Ilrapka nosnadaemo ingekcom “27:

0 o)
1
P2 9 Q, 7) = —/dq qe Xq /dt e*t2/4fat
i
0 0
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2hA / 2hA
w”sin<5+ﬁ““ vt + 4 w”)
|ﬁa,(1,’ |t |ﬁa,(1,’| 2‘/6(1,(1,’ |t

3Biucu i Habsmxennsa Lonbumapka (19.2) maemo (z = ¢&):

1 oC oC
Py(s9,,v) = ;/dw (1 3/2> /dt
0 0

1 °
xe /A0t __—__ gip (W 2 ot + T—) , (20.17)
‘52‘ |92‘ 459t

(20.16)

e
/8(1,(1,’502 o ﬁaa'é‘ﬂ?)‘%
2hAwp  AmchANp’

OpUYOMYy JIPyra PiBHICTH MOHAE 3HAYEHHsI Sy 3a IIKAJIOI JIOBXKUH
XBWJITh.

S9 = (20.18)

OueBuaHO, WO NOBUHHA BUKOHYBaTuch ymosa (17.19):
Py(0,,v) = H(a,v),

T00TO TIpU “BuMKHEeHOMY” edekTi [llTapka ma crekTpaJbHOL JiHil
orpumyemMo KoHTYp Poiirta. Bora i cipaBai BUKOHYETHCH, OCKLTTBKA

I 1 (7r L2 z? )
1m QIH _—
520 ,/‘52‘ ‘ 2‘ 4sot
g () 2
= lim sin —
s2—0 ‘52|t 452t ‘52‘
.'112
+— t
|92 (482'5) ( |s2] )

= V2w d(xz) lim |cos T 2 0t) +sin [ 2+ 2ot
59—0 ‘92‘ |92‘

= 2/ §(x) cos vt. (20.19)
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Mu BEKOpHUCTAIH Ty T TaKe 300paxkenHs mayia gesbra-bynxmii Hipaka'':

z? 72 m
llgtl)qu< ) —3%791n< ) = 55(7’) (20.20)

Ternep inrerpan 3a x 3 0-pynkmieio B (20.17) nae 1/2, ockisbkn HIXK-
HSA MEXa IHTeIPYBaHHs JTOPIBHIOE HYJIEBI:

T 1

0x)dzr = =.
[owrds = 5
0

Orxe, y pesyabrari mu npuxomumo npu S = 0y (20.17) mo inmre-
rpanbroro 306paxenns (15.9) mia dynknii @oiirra.

Bnaiineni B pomy maparpadi dbopmyan'?, Mo BU3HAMAIOTE 3rOp-
TKY TPbOX KOHTYPIB, 3pYy4Hi JiJId [IPAKTUYHUX PO3PAXyHKIB Koedi-
[i€HTA TOTJIMHAHHSA, AKUI CIMJIHHO (POPMYIOTh MEXAHI3M 3araCaHHsd
ATOMHUX CTAHIB Ta IOMILJIEPIBCHKUH 1 MITAPKIBCHKUIT MEXaHI3MH PO3-
MUPEHHdA CIeKTpaJIbHUX JIiHiit atomis. Ixniit moctaTHhO MpocTuit BU-
DJTST BEJIMKOO MipOI0 BU3HAYAE YCIIIX B IHTEI' DyBaHHI PiBHAHHSA Tepe-
HOCY BUTIPOMIHIOBAHHS, OCKIJIBKHY TycTrHA 30psnoi armocdepu N/V,
ii remneparypa 1', a TAKOXK CTaJjia 3aracaHHs 7y, JONILJIEPIBCbKUH 3CyB
gacTotn Awp Ta BeawunHA X, € GyHKIiaMn koopauaar. OTxe, HAM
noTpibHO MaTu HE TADJIMYHI 3HAYEHHsT KOeIIi€HTa TIOTJIMHAHHS AK
dyHKLIT 4acTOTH 1J1d JeAKUX 3HAYEHD EePEJiYeHnX BEJUINH, 8 CAME
iXHI aHAJIITUYIHI BUPA3W, 3PYIHI OJId KOMIT IOTEPHAX PO3PAXYHKIB.

HTlokaxemo, mo ne cupasmi 6-bynkmis. Bispmivo “xopomy” dbynkmiio f(z) i

009uCTiM TaKWii iHTEr pasT: lim f dx f(z)cos (2*/v) 1/\/v = (samina y = \/_) =

hm f dyf(/vy) cosy® = f(0 f dy cosy? = \/n/2 f(0). 3a osnauennsm, ca-

Me Tak mi€ d-dpyHkmig. Amnamoridao moBogumo cebe i3 CHHyC-300paKkeHHaAM -
dbynxmii y (20.20).

12V nepme ni dopmyan suadigeno y crarri: Bakapuyk M. A., Ba6uii B. T.,
Peixkamok P. E. K Teopun xoadduinenTa moriomennsa B CIeKTPAIbHON JTUHAN.
— Kuen: Mucruryr reopernveckoit ¢usznkn AH YCCP. TIpenpunr UTD-82-
139 P, 1982. 22 c.
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[likaso me o6uucauru dbynknio P(s, a,v), BAKOPUCTOBYOUN HA-
Gumkennit Bupas (18.36) muist byHKIHT po3noaiiy MikpormoJtis. 3rigaHo
3 (20.1):

P(s,a,v) = /d547r52W(5)H(a,v')

l{‘

1 oC
ET / 2 752/252 (a,'Ul) dg
0

(‘m‘ 5

o0 o0
/ t/dﬁf:?e52/2526t2/4“te“”t. (20.21)
0] 0]

Mu Bukopucranu tyr gna ¢yuknii oiirra 3o06paxenns (15.9).

Tenep 3HOBY CKOPHMCTAEMOCH MIPKYBAHHSIMU MPO CAMETPUIHUN
3cyB yacroru Jiniiinum edpexrom [lrapka, sik i npu orpumanti pop-
mysim (20.5). Orxe,

-Pl(glaaa 7))

1 7 7 2 c2
=——— [dt [ dEg%e T/
m/2E3 0/ 0/ ‘
Xet2/4at{mq [(1) — g &€ [BAwWD) } + cos [(1) + g & /hAwp)t } }

1 7 7 2 c2
= _Re [ dt | dEE2e €%
/2 E3 0/ 0/

e —t2/4— at+zvt{ —ia,,1Et/hAwp —l—Pla /Et/hAwD}
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oo
1 2
= [ dt cosvte”t /40t (20.22)
w |
™2 /

o0

x / dE E2e 1% cos(auy Et/RAWD),

— 00

a iHTerpaJ 3a £ HEBAXKKO B3ATH:

o

/ dE E2e 1% cos(auy Et/RAWD)

— 00

2 oo
_ (ﬁAwD> d? Re / JE ¢ E/2E2 g0, EH/RAWD

Qga dt?

— 00

hAwp\ > d* . 51022
—_( )Wgrmu)/

Qg
R 0
ae
_ |O‘aa’ ‘g
_ _ 20.24
S1 hA(,UD ( 0 )

Tenep nigcrasasemo (20.23) y (20.22) i ocrarouHo 3HAXOAMMO:
oo
1 . o
Pi(51,0,0) = —/[1 - (glt)ﬂ e PP/A=at=(510%/2 coc it dt. (20.25)
NZ3
0

I'padik i€l dyHKIil /151 pi3HUX 3HAYEHb TapaMerpa $1 MOJAHO Ha
puc. 15.
@®opmyay (20.25) morpibHo nopisaaTh 3 Bupasom (20.11), orpu-

ManuM y Habsmkenni [osbumapka. 'padidbe HopiBHsIHHA HABEAEHO
Ha puc. 16.
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Pl(gl', «, /U)

0.5

Vol
—
|

[en)

—4 -2 0 2 4
Puc. 15. IIpodins koedinienra nornunanus (17.15), (20.25) y cnexrpanbhii

Jinil ga mginiiaoro edgexkty [ltapka 3 pisHEME 3HAYEHHSIMEA TapaMeTPa 1
3 (20.24) mpu o = 1.

Hna xsagparnanoro edekry [lltapka 3 (20.21) 3 ypaxyBanHAM
(20.14) smaxommmo

(e.0)
2 ‘
Py (89, ,v) = iRe /dt e 1*/4-attivt
0

&3
o
x /dS E2e /28" g iaE2 /82 (20.26)
0
Ile MW BBEJIM TO3HAYEHHS
1 E?
5y = 5;2A wp. (20.27)
Ob6uucaumo iaTerpan 3a &£:
oo
/dg 826752/252efiﬁ(m/SQt/QhAwD
0
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Pi(s , a, v)

0.5
5 =3
0.4 /
0.3 S A
Vs /—\\’\ 81 = %
./ ‘\
0.1 ~ : Ny
O Ed U.
—4 -2 0 2 4

Puc. 16. IlopiBasinasa mpodiniB KoedimieHTa MOTJTMHAHHA B CIEKTPAJIbHIM
qinii pis miwidaoro edgexty lrapka (a = 1): cyuinbaa Kpusa 3ropT-
Ka r'ayCCiBChKOrO, JIOPEHIIBCHKOTrO 1 rosbuMapkiBehkoro koutypins (20.11)
st $1 = 1/2; mrpuxosa kpuBa — 3roprka (20.25) raycciscbkoro, JopeH-
HiBCHKOTO KOHTYPIB 3 Habsmkennsam (18.36) mist po3nomiily enexkTpuannx
Mikponosis aisa 51 = 1/2.

B jhAwni
o /Baa’ dt

[e.e]
/ dE e E2/28% j—iB, 1 E7t/2hAwp

— 00

,hAwD d s
=1 _ —
Baa dt\/(l/QSQ + i,@aa/t/QhAwD)

= \/§53 (14 2is0t) %2, (20.28)

Tenep 3 (20.26) Ta (20.28) 3Haxomumo

o

1
\/—%Re/dteﬁﬂat

-PQ(EQaQaU) =

0
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x € (1 4 2i5,t) 732 (20.29)

14 2isot = (/1 + (2591)2 €%,

© = arctg(2s9t),

Ockinbpkn

To pificay wactuny B (20.29) nerko Bimmykyemo. Ocrarodno:
o0
1 2
Py(5y,c,0) = —= [ dte P /4ot
enae) = 7 /
0

cos [vt — Zarctg(2s,t)
X . (20.30)
1+ (25,1)2)3/1

Leit Bupa3 norpi6bro nopisaooBaTy 3 dhopmyJiown (20.17). Bin € 3pyu-
aimum, wixk (20.17), ockisbku 300paxkenuil OJHOKpPATHUM iHTErpa-
JIOM, 1[I0 3HAYHO TIOJIETTITY€ YNCEJThHI po3paxyHku. Ha puc. 17 mogano
rpadik dyurnii P (89, a, v).

§ 21. Pesiakcamiiina teopis yIapHOro HaOJ/IVDK€EHHS

3a cBOIM 3MiCTOM yIapHe HAOJIMKEHH BiAIOBIIAaE ToMYy, 110 30y-
PIOIOYi YAaCTUHKY HAJITAIOTH HA BUOpaHWit aToM i “CKUmaroTh’ #HOro
3i crany |A) B inmi cranu. To6TO 110 B3AEMOIII0 MM MOXKEMO PO3LJIs-
HYTHU fIK TMPOIEC 3ITKHEHHsA. Y 3B’A3KY 3 UM MU MOXKEMO CIIPOCTUTH
Hamy moOyIoBy Teopil yIapHOTO HAOJMKEHHS, BUKOPUCTABIINA TaKi
MipKyBaHHS.

Bupuatouu Teopito npupomgHOl MUPUHU CIEKTPAJIBHOI JIiHi1, Mu 6a-
9UJIW, 0 TPV BpaxyBaHHI CKIHYEHHOTO Yacy XWUTTA aToMa B CTaHi
|A), BHACTIIOK HOr0 KBAHTOBOIO IEPEXOy B iHII CTAHU, XBUJIHOBA
byHkuis HabyBae 10OATKOBOrO MHOKHUKA e AFAt/h=74a/2 nhpqomy
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Py(53, o, v)

Puc. 17. Konrtyp koedimienTa morimHaHHs B CIEKTpaJIbHIN JTiHil 11a KBaI-
paruunoro edekry Hlrapka (@ = 1): sroprka (20.30) raycciscbkoro, Jio-
PEHIIBCbKOro KOHTYPiB 3 po3noiiiom (18.36) enexTpuaHux MiKpPONOJIB 115
pi3HUX 3HAYEHb Napamerpa Ss.

NEKPEMEHT 3aracanHsd Y4 JOPIiBHIOE TMOBIPHOCTI KBAHTOBOTO TIEPEXO-
Iy aTOMa 3a OMMHUIO vacy 3i crany |A) y Bci inmi cranu.

Hauti, sx mu 6aunsnm B § 12, Takuit vacoBuit (pakTOp y XBUIBOBI
dYHKLIT OPUBOAKUTH yPELITI-PEIIT 10 JIOPEHIIBCHKOIO KOHTYPY CIIEK-
TPaJIbHOI JIiHII 31 CTAJIOI0 3aracarHs Ta 3CyBOM PE30HAHCHOI YaCTOTH.

Mu npocumo Huraua me pas noBepaytuch no § 10 i yBaxHO me-
peduTaTu #oro, CIPpOEKTYBABIIN 3MICT HA HAII TEMEPIlmAiil BUMAIOK,
KOJIM JI0 B3aEMO[ii OIMTUIHOTO €JIEKTPOHA 3 €JIEKTPOMATHITHUM BU-
MPOMIHIOBAHHSAM, siIK€ CIPUYMHIOE KBAHTOBI Tepexomn 3i crany |A),
MOTPIOHO JomaTw Ie WOoro B3aEMOI0 3 TUMHU HABKOJIMUIIHIMHA Yac-
TUHKAMHU, s1Ki 30ypO0Th BUOPAHWIT aTOM i epeBOdsATh WOTO i3 MHO-
ro CTaHy B IHIIWN 3a ygapHuM MexaHizmom. ¥ §10 mu cnemiajibpHO
JMOKJIQJTHO # aKypaTHO PO3TJIAHYJIM TEOPil0 KBA3iCTAIIOHAPHWX CTa-
HiB, BIA3HAYUBINKM TPHU IHOMY TOTPIOHICTH 3p0OJEHNX BUCHOBKIB Y
MOOAJTBIIOMY BUKJIAI.
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Ternep nmepen HAMY MOCTAE BAXKJIWBE MUTAHHS PO KOHKPETHI 00-
YHUCJIEHHS CTAJIOl 3aracaHHs Ta 3CyBy dactoTu. [ljia mux pospaxyH-
KiB MM MOXeMO, K 1 B § 10, ckopucraruch meromamu teopii 30ypeHnb
CTOCOBHO [0 €Hepril B3a€MOjIii ONTUIHOTO eJIEKTPOHA aToMa i3 30y-
PIOIOYUMHU 9ACTHHKAMHU OTOYeHHs. llpm mpoMy eHepriro 30ypeHHs
momibHO 110 TOro, AK MU Ie pobwsim B § 17, pO3KJIATAEMO B MYJIb-
tunonbauit pan tuny (17.6). Hanpuksam, mig vHeliTpasbHux aroma
i 30ypOYAX YACTHHOK AKTYAJbHUM Yy IIBOMY PO3KJIAIl Oyme djieH
i3 OUTOJIb-IUTIOJFHOIO B3aeMoJIie0. ['oJIOBHMIT MOMAHOK Yy TEPITOMY
MOPAAKY TeOpil 30ypeHsb HacTh, OYEBUIHO, HYJIHOBAN pe3ysibTar yHa-
CJIIOK yCepelHeHHdA 33 KyTamMu. ToMy mepiri HEe3HWKaro4di BHECKU
OTPUMYEMO JIWIIE y OAPYTOMY TOPAAKY Teopii 30ypenb. lle Bimmosi-
JIa€ TOMy, IO JlarOHaJIbHI MaTpuyHi ejemenTn Vi, Vyy y piBHAHHAX
(10.5) mopisuooTh HyseBi. Crampapraa Teopig yaapHOro Habsiu-
JKEHHS fK KJIACUIHA, TAK 1 KBAHTOBA, JOCTATHHO METAJIHHO BUKJIAIE-
Ha B [21]. PekoMeH1yeMO TAKOXK 3arJIgHYTH B HEBEJIMKY 33 00CATOM,
aJjie KOpHUCHY KHWXKKY [6], me cepenm iHmmX nmuTanh Teopil 30pAHUX
CHEKTPIB MOJAHO ¥ TEOpil0 PO3NIMPEHHH JIiHIH YHACIIIOK 31TKHEHD
qepes ymapHe HaOJmKeHHs. MOXHA TAKO0X MOTOBHUTHU CBOI 3HAHHS
B oMy nmranHi i 3 [7] Ta [22].

Mu ckopucTaemoch inmmuM migxomom. IIpuramaiimo 3 Teopii pos-
cifiHHS O3HaveHHs Tepepisy sitkuens [8]. Ilepepis sitkHenb o Bu-
3HAYAEMO AK BiIHOMIEHHA WMOBIPHOCTI MEPEXOMY 33 OIWHWINI0 YaCy
JI0 TYCTHHU I13JIAI090T0 HOTOKY, SIKMi y HANIOMY BUMAJIKY IJIA ATO-
Ma, IO BUMPOMIHIOE ab0 TOTJIMHAE CBITJIO HA YACTOTI W), MOPIBHIOE
Npyv/V,nev  Benmuuna BinHocHOI mBuakocti aroma i 30yproodmnx
qacTnroK, a Ny /V — ryctuna 36ypioounx vactnrok. Tomy Besmun-
HY [IEKPEMEHTY 3araCaHHd i 3CyB YaCTOTH MOXHA BU3HAUUATHU UepPe3
nepepi3 3iTkaens o. Teopis posciguusa € mobpe PO3BUHYTOO, 1 [JId
00YUCIIEHHS CTAJIOl 3AaraCaHHS YA/ A4 TA 3CYBY 4acTOTU Aw 4/ 4 MOXHA
BUKOPWCTATH, 3aJIEXKHO Bill YMOB 33Ja4i, TOTYXHi METOON, CTBOPEHi
s pospaxysky o' 5. IligeMo caMe muM ITaxoM.

3Tlocranoska 3amadi B Teopii po3CiAHEA € MPOCTOIO: 32 BIIOMIME iMITY TBCOM
p it enepriero E vacTnHkH, fiKa HAJITAE HA MileHb, 3HAMTH MOBIpHICTH TOTO, IO
mic/is po3cianHga YacTUHKA Gyne MaTu iMmysibe p’ it eneprito E'. Ase pospaxyHok
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Orxke, 32 O3HAYEHHAM CTAJIA 3aTaCaHHSA Y4 KBAa3iCTAIIOHAPHOTO
crany |A) mopiBHIOE IMOBIpHOCTI TTEpexoMy aToMa 3a ONWHUINO 9acy
3 IBOTO CTAHY y BCi iHII CTaHU, yCepemHeHi#l 3a CcTaHAMU CHCTEMH
30y PIOIOYMX YACTUHOK OTOYEHHS (1€ cepemHe OyaemMo Mo3HAYATH Jia-
MAHUMMU JIy?’KKAMU), 1 3TiHO 31 CKa3aHuM Buue

—L2 (o). (21.1)

Ilepepis poscigHHA MOXHA BUPA3UTHU Yepe3 YABHY YACTUHY AMILIi-
Tynu poscisiuas Brepen f [8]:

o=—1Im{, (21.2)

M — npusenena maca aroma (Besmunna 1/M mopisaioe cymi ob6ep-
HEHMX MAC ATOMa 1 HAJITAIY0l 4aCcTUHKM). AmnuiTyna poscigHHdA
f HDOpPIBHIOE MATPUYIHOMY €JIEMEHTY TAK 3BAHOTO OTEPATOPA PO3CisTH-
ua 3 muoxaukom (—MV/2nh?N,). Hificna wacTuna 1iaroHaIbHOTO
MaATPUYHOTO eJIEMEHTa IhOTO oreparopa s crany |A) mopiBHioe

i€l BeJIMYMHU, AKA T03BOJISI€ BUHAXOIWTH MPOCTOPOBY CTPYKTYPY MimreHi Ta ii
eHepreTuYHuil CrekTp, € Jyxke He NpocTol npobsiemoro. HaBememo me peski
NPUKJIAAM Noai0HO1 cuTyaiii.

Y Teopii ynces geski 3amavi € HAA3BUYIAWHO TPOCTUMU 33 CBOIM (DOPMYTIOBAH-
HeM, 1 31aBajI0Cs O, He MAIOTh XOJHOI IHHOCTI, AK HANPUKJIAL, O3HAKA MOJiJIh-
HOCTI 4mCJ1a Ha gedke 3amane dncyo. OmHak moTyKHI MATEeMaTu9IHI METOOM, sKi
MaTeMaTUKW TBOPATH ITPU BCTAHOBJIEHH] IINX 03HAK Ta TEOPEMHU, MI0 JOBOIATH IPU
IhOMY, CTAHOBJIATH CAMOCTIiiiHNIIt iHTEpEC 1 TO3BOIAIOTH PO3B’A3aTH HU3KY IHIIUX
CKJIQJIHUX HETPWBIAJIbHUX 3a4a4, JAJIEKUX Bill BUXiIHOI.

J1ibpero, HATIPUKJIAA, OMEPH TAK CAMO YACTO € HACTLIHLKW OAHAJIPHAMH, IO HE
CTaHOBJIATH SIKOTOCh HaA3BMYaWHOrO camocriiinoro intepecy. Onmak, cTBOpena
KOMIIO3UTHPOM My3HMKa, CIIB apTUCTIB 3 IX nepesrijiennsam, cuenorpadis — ue
BCE€ pa30M TBOPUTH MiJI YaC BHCTABU B TEATPI HE30ATHEHHO TAEMHUYY aTMocdepy
i BUKJIMKAE [IeCh 13 HAJIP MACBLIOMOCTI TUisiiada rJInOOK1 AyeBHI mepexBaHHS
3 BIAYYTTAM €CTETHYIHOTO 3a/I0BOJIEHHS, aXk HifK HE HECYMipHI 3 camum JiibpeTo.

Hexurpomynpuit anexknoT mpo Jxepesizopa tamant M. B. I'orons nmeperBopus
y bescmepTHy KOMemito, sika Big 1836 poky BMCMIIOE 3 TeaTpaJibHOI CLEHU AK B
OKpeMiit JTIOINHI, TaK 1 B CYCHLTBCTBI Te, HI0 CIIpaBAi TigHe Bce3arasibHOI OCYOu.
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3cyBy eneprii't:

2mh? N,
AEjs=Re|———Lf]. 21.3
a=ro (- 20) (21.3)
Pipusnnsa (21.1)—(21.3) moxwa o6’eqHaTyt B onHe:
AE 2mhN,
A A [T g (21.4)
h 2 MV
abo
i va [2xhN,
—AFE — = i = 21.
phbat 5 =\ ! (21.5)

Maemo noBHy anaJorio nporo pisuanHs 3 piBuauaamu (10.14), (10.15)
abo 3 (12.4), gKi BU3HAYAIOTH 3CyB €HEPreTUIHOTO PiBHHA 1 3aracaHHsd
ATOMHOI'O CTaHy BHACJIIOK pagiauiiHux edpexris.

Pipusinasa (21.5) € OCHOBHWM DIBHSAHHAM IJIsi BU3HAYEHHS BEJIU-
e AFE 4 Ta 74, TOMY TEPEKUHEMO 3apa3 yBary Ha aMILIITYly PO3Ci-
aaasa f. Hjsa ii obuncjaenas MOXHA BUKOPUCTOBYBATH Pi3HI METOM,
CTBOPEHI B TeOpil PO3CisTHHS.

Mertom mapiaJibHIX XBUJIb JO3BOJISAE€ 300pA3UTH AMILIITYLY PO3-
CisiHHsI BIIEPEL Yepe3 MapIiaibHl BHECKW 3 PI3HUMU 3HAYEHHSIMUI Op-
6iTaJILHOTO KBAHTOBOTO YMCJA [, 3aJ1€XHI Bif JOIaTKOBOI dasm pos-
cisnus o) [8]:

_ L - 216
=5 2(2z+ 1) (1 e ) , (21.6)
ne k= Muo/h.
Tenep 3 (21.5), (21.6) maemo
i va _ TNy [ 1 26
—AFE — = — 204+ 1) (1 — e . 21.
RABa+ = (g ey (1) (21.7)

14H6Taﬂhﬂﬂﬁ PO3rIsa MUX CHiBBIIHOMEHD BiICYHYB OM Hac maJsieko B Oik Big
HAIIOTO NUTAHHS, 1 TOMY MU Bigcuaaemo Hurada o Teopii po3CisaHHS, BUK.JIAIEHOL
B Oyob-fIKOMy MOPYYHMKY 3 KBAHTOBOI MexaHixm, Hanpuksan [8, 13], a Taxox

[23].
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O6uucienns 3cyBy (as §; MJig JOBLIBHOTO MOJIA MOXHA TPOBEC-
TH, KOJIM PyX YACTHHOK € KBA3IKJIACMIHUM, TOOTO KOJIM TOJIOBHUA
BHECOK BH3HAYAIOTH BEJIMKI 3HAYEHHHA OPOITAJILHONO KBAHTOBOTO YUC-
ga [. Iy BaXKWUX YaCTUHOK, AKUMHU € ATOMHU, iX PyX Yy 30pAHiit
armocdepi 3a/0BOJIbHAE YMOBU KBAa31KJIACUYHOCTI, & I €JIEKTPO-
HIB Take HAOJIMXKEHHSA OJId ); MOXE [IaTH JINIIEe sIKiCHI PEe3yJIhTATH.
CxopucraeMoch UM HADJIMKEHHAM 1 3anuineMo Bupas s dasu
y BUIAJIKy, KOJIM B3a€MOjid aroma, mo mnepebysae y crani |A), 3
YACTUHKAMW OTOYEHHS ONMCYEThCH MOTEHIIAIBHOI0 eHeprieio U4 (r)

[13]:

M T Ua(r)dr
"= / V= (1 +1/2)2/r2)

(21.8)

79 — KOpPiHb MMIKOPEHEBOTO BUPA3Y.

Y kBaszikJIACKIHOMY HAOJIMKEHHI MOMEHT IMITyJIbCY YaCTUHKY 0~
pisuioe fi(l + 1/2), a 3 inmoro 6oky, ua BesuunHa Moxe OyTn 3amm-
caHa Jepes “IpumibHy Bimctans’ p gk Mwvp, i oTXe,

Muvp = h(l +1/2). (21.9)

Tomy Bupas (21.8) MoxkHA 3anmMcaT Yepe3 BeJIMUUHY p:

2 T Ua(r)dr

oh ) U= (o

Bepyuu no yBaru (21.9), y Bupasi (21.7) moxna nepeiitu y kBasi-

§ =20 =— (21.10)

KJIACMIHOMY HAOJIMKEHHI Bi MMICYMOBYBaHHS 33 OpOITAJILHIM KBAH-
TOBUM 9HCJIOM [ 110 iHTEIpyBaHHA 34 p:

- _p2ia Mv 27 i .
122(21+1)(1 ) 2<h>0/p<1 ) dp.  (21.11)

OCK1JIBKU

20 +1) = 21\?;}7 (21.12)

151



Mo
dl = — dp.
h p

Teuep 3 (21.7) 3HAXOAUMO OCTATOYHO:

o

; N |
%AEA + 77“ = 1)/ (1 - e7‘5> ompdp ). (21.13)
0

Ycepemnenus 3a cTaHaMu 30yPIOIOYUX TaCTUHOK y IMiit (hopmyJti 3BO-
JMTHCH JI0 YCEPENHEHHS 38 NIBUIKOCTAMU, BiJl AKUX 3aJE€XKUTH 1 (paza
d 3 (21.10).

@opmysia (21.13) npamioe sk 11 NPYXKHUX, TAK 1 /I HEIPYXK-
HUX 3iTKHEHb. [IJIs1 HENpyX)HUX 31TKHEHb (Pa3a § € BEJIMIUHOI KOM-
niekcHow, § = & +46", ne nificny yactuny §' Busnauae, 9K 1 panime,
dbopmyna (21.10), a gaa yasroi wactuau dhaszu 0" moTpiGHO pobUTH
OKpeMi MPUIYIEeHHAS.

[TTo6 ypaxysaru B KoedimienTi mormmHanHs () KBazicramionap-
HICTh KBAHTOBHUX CTAHIB ATOMAa, 3yMOBJIEHAX HOTO B3aE€MOIIIEI0 3 Jac-
TUHKAMM OTOYEHHHA, CTapTy€eMO 3 Bupasy (12.6), y akomy BpaxoBaHO
edekrT pamiamiifHoro 3aracanHs:

212e? N _
x(q) = Ry (1 —e m/:r) > pafaala)
" A, A
oo
X Rel/dtei(‘”“’A’AA‘”A’A)teVA’At/Q. (21.14)
s
0

Tobro st kouTypy Jlopenna B (12.6) Mu B3sym inrerpajbhe 300-
paxenns. I[Ipuragaiimo, mo cykynsicts kBanropux umucen A ra A’
— IIe KBAHTOBI YNCJIA, K1 BU3HAYAIOTH CTAH TTOBHOI CUCTEMU “aToM
mtoc 30yprotodal gactuakn”’ . KpiMm Toro, posrigaemo nornwHaaHa N
aTOMIB TIEBHOTO COPTY, 1 3BaXKal0UM HA Te, MO KOXEH aToM Ja€ He-
3aJIeXHUI BHECOK y KOEMIII€HT MOTJIMHAHHSA, CyMa 33 YaCTUHKAMMU,
aka dirypye y (12.6), nae y (21.14) muoxuuk N.
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Ockisibky pajialiiHuii 3CyB 9acTOTH 1 CTAJa 3aracaHHdA 3aJie-
xKaTh (DAKTUIHO JIMIIE BiJl KBAHTOBUX UHCEJI 130JIhOBAHONO aromal’,
TO 3PYYHO BBECTH [Jisi HAX CHEMAJIbHI MO3HAYEHH:HA, AKUX OyaeMOo

HaJIAJI JIOTPUMYBATHUCH:
AQ)AIA :Awg, YA'A = 70, (2115)

e Wy  9aCTOTA MEePEeXOdy AJid 130JIb0BAHOTO ATOMA.

Iami noBroproemo MipkKyBaHH#A, HaBeneHi B § 12 mpu BpaxyBaHHi
HPUPOAHOI IMUPUHU CHEKTPAJIbHOL JiiHil, 1 pobuMo Takuit popmalib-
auit kpok. KEneprii K4 ta E4, 10 BXOOATH B O3HAYEHHS YACTOTH
wara = (Ea — Ea)/h y dopmyai (21.14) 3aminioemo Ha Taki Besim-
qIWHU:

—iE 4 — *Z'(EA/ + AEA/) — ’Y;,,

iEa— i(Egs+ AEy) — 77A’

JIe 3CYyB €HepreTudyHux PiBHIB 1 craJi 3aracaHHs BusHadeHi popmy-
Jgior0 (21.13). TIpu boMy CJTiJT THAKPECTUTH, IO MU HESBHO TIPUITYC-
KAa€MO, MO KBA3iCTAIIIOHAPHICTH CTAHIB aToMa MPW WOro 3iTKHEHHSIX
31 30ypIOIOYNMY YACTUHKAMW CTBOPIOETHhCH HesasexHo s |A) ta
|A") cranis.

Haperrrti micsist cipaBai eJieMeHTapHUX TTEPETBOPEHh OTPUMAEMO
ocrarodny (opmyJty g KoediluieHTa NOIJIMHAHHA B JIHII:

7T2€2
x(q) = are N (1 - fﬁw/T) > pafaal)

mcV
AA

X 7/27 (21.16)

(w—wara — A2+ (v/2)%

e 3CyB 9aCTOTHU

A :Awo—}—AwA/A,

5 Tonpaska uux Besmunn Big 36yPeHHs € BEJIMYNHOIO BUILOIO TIOPSALAKY MAJIA3-
HI TOPIiBHAHO 3 THMU edeKTaMu, AKi M GepeMo TyT OO yBaru.
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(21.17)
AwA/A = (AEA/ — AEA)/ﬁ,
a CTaJla 3araCaHHud

Y=Y a4,
(21.18)

YAA = YA+ YA

Mu 3aBepiryeMo po3Tiisn Teopii yaapHOro HabJamKeHHsi. Bowo,
dK yxKe OyJI0 BiI3HAYEHO HA MOYATKy rnaparpada, TaKOX MPUBOIATH
JIO0 JIOPEHLIBCHKOrO xapaxrepy Hpodino kKoedilieHTa HOrJInHAHHSI
31 CTaJIOI 3aracaHHd, MO JOPIBHIOE CyMi MPUPOMHOI MUPWHA Yy TA
CTAJIOL Y4/ 4, IKY TBOPATH MIKYACTUHKOBI 3ITKHEHHSI.

Binznaunmo, 1o Hanr migxill 10 po3paxyHKY PO3NTAPEHHS CITEK-
TpaJIbHUX JIiHIK uepes3 ymapHUili MexaHi3M Oemo BiApi3HAECTHCA Bill
Toro, AKWii onucanuit y Gararbox Monorpadisx (ouB., HATPUKJIA,
[6, 7, 21, 22]), e 3Baxkaroum HA TE, HIO OCTATOYHI (HOPMyJIM Maixe
36iratoThCs (AKNIO 30y PIOETHCS JIMIIE OIMH i3 PiBHIB, TO 11 (bopmyJin
36iratorbes). Mu nHe Gymemo nopisBHIOBaTH 1i MAX0AM (IONUTIMBOTO
Yuraua BIICHIAEMO 10 BKa3aHWX KHUXKOK), a IE pa3 HArOJOCHMO,
IO 3aIPOMTOHOBAHA TYT TEOPid iIeHTUIHA PesJakcamiitaiit reopii npu-
POOHOI MUPWHA CIIEKTPAJIBHOL JIiHii.

8pobumo e onne 3ayBaxkenus. I[lo-nepme, Bupas (21.16) s
koedilieHTa NOMJIMHAHHSA B JIHIT HA 4aCTOTI W) 3a0UMCAHO AJisd KOH-
kpetrroro nepexomy A’ — A, ajme mu zagmmaemo i miacyMoByBaHHA
3a A1 A Ile nop’a3ano 3 TuM, MO CTAHM MOXKYTb OyTH BUPOIZKEHU-
Mu, TOOTO KOJIM OOHOMY 3HAYEHHIO €HEprii BiIMOBIIAOTH IEKiJIbKA
xBusiboBux Gyukuii |A) ta |A’'), i orxe, nosuunit Buecok y (q) na
miit 9acToTi wy A€ cymMa 3a BCiMa TEepeXogaMW MiX MOYATKOBUM i
KIHIIEBUM €HEPreTUYHUME PiBHAMU. A T0-Apyre, Tenep Mu MOXEMO,
sasmmmsnm B (21.16) cymn 3a naGopamn kBantoBux uncen A i A’
“yBiMKHYTH  iHmMWUI TAT 30ypeHHA aTOMa OTOYEHHsIM, TOOTO KBa3i-
CTATUYIHE, a TAKOX “3alyCcTUTH’ aTOM y TEIJIOBWH Ta TypOyJieHTHI
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pyxu. Mu npo ui edpekru He 3a0yJid, & MOBYKKA “TPUMAJMA A TPU-
Ma€eMoO 1X y ToJjioBi”, mob He 3axapallyBaTh MO3HAYEHHSIMU CAM BU-
KJaJ1 cyTi ymapHOro HabamkenHd. lle BimmoBimae BUKOHAHHIO TOTO
3aBIIAHHA, AKE MW CTaBWJn B § 16 1mom0 BpaxyBaHHA BIJIMBY MiX-
YaCTUHKOBHUX B3AEMOLi/l HA PO3MIMPEHHST ATOMHUX CHEKTPAJIBHUX JIi-
Hill: cogarky 6epemMo 10 yBaru MBUAKI pyXu 30yPIO0YNX TaCTHHOK
(ymapue HabJsimkeHHs1), a MICJas TOrO OPOBOAMMO PO3PAXYHOK IOBi-
JIBHAX PYXiB 33 CXEMOI0 KBAa3IiCTATUIHOTO HAOJIMAKEHHSI.

Sanumemo koediIieHT NOTJIMHAHHA B JIiHI1 9K (DYHKIIIIO JOBKWUHI
xBuJIi A. [j1s bOTo MO3HAYMMO BiAXWJIEHHA YACTOTH W Bl pe30HAH-
CHOI YaCTOTW aTOMa, 3MIIIEHOI BHACJIIOK HOro B3aemosiil 3i 30ypio-
I0OYUMMH 9ACTUHKAMEI

Aw:w—(wA/A—i—A). (2119)

Bepyuan 1o yBarm Te, mo B KOHTYpi JIiHil 1€ BiAXUJIEHHA € MAJAM i
qacToTa w = k¢ = 2mwc¢/\, MOXKEMO 3arnucaTy, mo

Aw= f%m, (21.20)

e
AX=X— (Ao +A)y), (21.21)
Ao MOBXUWHA XBUJI €JIEKTPOMATHITHOTO BUIIPOMIHIOBAHHSA 130J1b0-

BaHorO aroma i nepexony |A') — |A), Ay — 3cyB 1i€i pesoHaHCHOT
NOBXUHYM XBUJI, mi0 Bignosimae sesmuuni A 3 (21.17) y uacrorniit
mkai. 3 ypaxysauuam (21.19)—-(21.21) 3 dopmynu (21.16) 3naxo-
JuMO KoeiluieHT NOrJIMHAHHSA B JIiHII B IIKAJI JIOBXWH XBUJIb:

e?\2N ome
sy (o, Q) = o172 (1 —e? ‘h‘/’\T)

<3 pafuata) | e (21.22)

e craJia 3araCaHHd B IHKa.Hl JOB2KWUH XBUJIb:
)\2

N, (21.23
e
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npuuomy ¢ = (a, k), k = |k| = 27/\. Besmuuna v, mae po3mipHicTs
NOBXKWHM 1, Ak v 3 (21.18), 3anexurh Big kBanToBNX unces A’ A.

Takum 4unoMm, puis upodiio koediuieHTa HONIMHAHHA 3 ypa-
XYBaHHAM YCiX PO3IVIAHYTHX Yy IHhOMY PO3MOiJIi MeXaHi3MiB pO3Mu-
PEHHSA CMIEKTPAJIPHUX JIHINH 3aJIUIMAI0THCA CIPABEITIABAME (HDOPMYJIH
(13.18)—(13.22) abo (17.15) 3 BimmoBimawmwn BUpaszamn s dyHKII
(17.16), fiKa € 3rOPTKOI0 rayCCiBChKOrO, JIOPEHIIBCHKOTO 1 IITAPKiB-
ChKOTO KOHTYPIB.

§ 22. BB MarHiTHOrO mMOJiA 3ip HA KOHTYPH
CIEeKTPAJIbHUX JIiHIH

Ak BimomMo, MATHITHE TIOJIE CIIPUYUHIOE PO3MIEILTIEHHA eHEPreTu -
HUX PiBHIB aroma — edekT 3eemana. B ogHOpimHOMY TOJII JOIATKO-
Ba eHepris aroma B crani |A) mopiBHIOE

AFEs=—upgaHhmay, (22.1)

ne pup = €/2mec — wmarnmeron Bopa, g4 — mHOoxHWK Jlanme, m 4

MAarHiTHe KBAHTOBE 9MCJIO, 7  HANPYKEHICTbh MATHITHOTO TOJIH.
Ile 3ymoOBJTIOE BiAMTOBIAHE 3€€MAHIBChKE PO3IIETIJIEHHS CITEKTPAJIHHUX
JTiHIH:

wo = wo + pBgaraH, (22.2)
e
garaA = —(gAlmA/ — gAmA). (223)

Yucsi0 KOMIIOHEHT BU3HAYAETHCH HAOOPAMU KBAHTOBUX YUCEJ TO-
4aTKOBOroO it Kinuesoro cranis A, A’. 3mina MarHiTHOro KBaHTOBOIO
9UCJIa, OJIA JO3BOJIEHWX MEPEXOMiB IUKTYETHhCS TPABUJIAME BiOOpYy,
K1 CBOEI YEPror BUILJIMBAIOTH 3 YMOBHW BiAMIHHOCTI Bim HyJisl Be-
smanan fa4(q). 30kpeMa Ajis IUNOJIBHOTO BUIIPOMIHIOBAHHSA Mar-
HITHE KBAHTOBE YHMCJIO ab0 HEe 3MIHIOETHCH, ab0 3MIHIOETHCA Ha *1.
Pospaxynok Besimaunn f 4/ 4(q) HA BIANOBImHUX XBUIBOBUX (DYHKIIAX
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BUPIIIYE TAKOX MUTAHHSA MOJIAPA3AIlii BUTPOMIHIOBAHHS, IO TTOTJIH-
HAETHCHA ATOMAMMU.

HasaBuicTp y 30pi mmobagpbHOrO MATHITHOTO TOJIS MEBHOTO Ha-
NPAMKY TPUBEE JIWIIE OO0 PO3IIENJICeHHs CIIeKTpaJbauX JiHik. O-
HAK SIKIIO 1€ 3araJjibHe MoJie € CJIaAOKUM, TO TOTPIOHO BpaxOoByBaTH
JIOKAJIbHI MATHITHI TTOJIsA, iK1 BUHUKAIOTh Yepe3 HeperyJsipai Typoy-
JIEHTHI PyX®M i MAaiOTh Pi3HI HANPAMKW. BHACTIOOK IBOTO XAOTHY-
HOTO PO3MOIIJTy HAIMPYXEHOCTeil MArHITHUX TOJIB 33 BEJWYUHOIO i
HANPAMKAMU BUHUKAE JIONATKOBE PO3IMIAPEHHA CHEKTPAJIBHUX JIiHI.
Xoua 1e po3NMpenHs 30e01IhIIOr0 € HE3HATHWM, WOT0 BpaxyBaHHHA
J1a€ J04ATKOBY 1H(MOPMAILID PO 1noJe TypOyJIEHTHUX IBUAKOCTER B
armocdepi 30pi.

Mikpockomiaanit maxim 10 npobsieMn BpaxyBaHHsT BILTABY Mar-
HITHOTO TIOJIS 30pi Ha, CMEKTPAJIbHI JIHIl aToMiB TIOJIATaE B po3pa-
XyHKY (DYHKIl PO3MOMiJly MATHITHUX MIKPOMOJIB. 3 II€H0 METOH
3HAXOAMMO CIIOYATKY BEKTOPHWI TMOTEHIAJ TMOJIsA, AKE CTBOPIOIOTH
yci pyxowmi 3apanu B Touni R, /e po3TamoBaHo BAOIJIEHU aToM:

e|Z;jv;
Z lelZiv; (22.4)
R —R;|’
ne Z; 3apsan dacTuHKy (oy1a enekrponis Z; = —1), Ry KO-
OpaMHATa j-TO 3apAmy, V; — #Oro mmuiIkicTh, N, — iX KIJIBKICTh.

Hauti 069ncIr0eMO, 3TiTHO 3 O3HAYEHHAM, HATTPYXKEHICTh MArHITHOTO
MOJIst B TOYUIN criocTepexxends: R, sike 3ajiexxaTnme Bif KOOPOWHAT Ta
msuakocreit ycix sapamin: H = H(R4,...,Ry,;vi,...,vy,). Ilic-
Jisi UbOro O0YMCIIOEMO (DYHKILIIO p03n0niﬂy MAaTHITHAX MiKPOIIOJIiB

W(%) = (5[% - %(Rl, ce ’RNP; Viyeon ,VNP)D, (225)

JIe JIAMAHUMHY J1yKKAMJ TO3HAMEHO yCePEIHEeHHs 38 BCIMa MOXKJIMBY-
v kordirypamismu (R, ..., Ry, ) 36ypioounx atoM 9acTHHOK Ta 3a
posnoaisiom ixuix mesugkocrei (vi,...,Vy,).

KO MM OJHOYACHO MOBUHHI BPAXOBYBATH BILJIUB €JIEKTPUIHO-
ro i MArHITHOTO MOJIIB HA ATOM, TO YCEPEQHEHHs 38 KOODIMHATAMU
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CTOCYBATUMETbCA HOOYTKY AeJsibra-dpyHKIIN:
W(67%) = (6[8 - g(R1 3. 7RNp)]
X0[H —H(R1,....,Rn,;VI,...,VvN,)]), (22.6)

ne semanny £(Ry,...,Ry,) nae dopmyna (17.5). Ilpmaomy spo-
3yMIiJIO, MO YCEPEOHEHHS 34 MBUIKOCTIMU CTOCYEThCs JIUIIE “Mar-
HiTHOT” nenbra-yHkii B o3nadenni (22.6). Takum annom, dyHKIA
pO310Iiy MIKPOIOJIB ypaxoByBaruMe i nepexpectHi edekTu mar-
HITHOTO Ta €JIEKTPUIHOTO TOJIiB. Mu He byneMo 3aiiMaTuCh Ty T €0
MIKABOI MPOOJIEMOIO, a 3 ONIALY HA Te, M0 B KBAIPATHIHOMY 34
dokTyanisiMn HAOJIMKEHHI TAKUX TEePEXPECHUX MONAHKIB, YHACIII-
JIOK yCEepeIHEeHHs 33 MIBUIAKOCTAMU, HEMAE 1 M0 Yy BUNIUX MOPAIKAX
BILJIMB MATHITHMX IOJIiB € HE3HAYHUM, MPUAMAEMO, HI0 CEPEIHE B
(22.6) moxkma pos3butn Ha MOOyTOK cepennix. OTxke, 3aliMemoch 3Ha-
xomkenHaM (GyHKIil po3nomiay mMaraitaux nosis (22.5).

Hnsa pospaxyury W (H) ckopuctaeMoch TMM HaOJIMKEHUM METO-
JIOM, KW MU 3a1ponoHyBasu B § 18 s obuuciaenns QyHKIHT pos-
NOJIJTy eJIEKTPUIHUX MIKPOMOJIiB, Mo mpuBiB g0 dhopmysan (18.36).
Ax mu Gauymsm B §§ 19 20, meit HabsivmkeHuil minxijg Ja€ JOCTATHHO
00pe y3TOMKEHHsI 3 TOYHUMHI PO3PAXYHKAMMU.

Orxke, BAKOPUCTOBYIOUH IHTET PAJIbHE 300paXKeHHs HeJIbTa-PYyHK-
ii, 3ammcyemo dyuknio W(H) 3 (22.5) rak:

W(H) = /dp ePH oAy, (22.7)

1
(2m)% .

A:*ip%(Rl,...,RNP;Vl,...,VNp). (228)

st cepemaboro, Mo BXOOUTH TIiJI iHTerpaJjl, BAKOPUCTOBYEMO 300pa-
xenns (18.25) 3 Bukopucrannam Hespinnux cepennix A 3 (18.26).
[Tpudomy, six i paninie, 0OMERXUMOCH JIAIIE IBOMA TEPITUMA IJICHA-
MU:

(e4) — exp (AM 4 %AM) | (22.9)
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Ao gacTHA PEYOBUHM 30pi 3OINCHIOE PyX AK i€ 3 MEBHOIO
MIBUKICTIO, TO MBUIKICTHh KOXHOI YACTUHKW CKJIAJIAETHCA 3 BEKTOP-
HOI CyMU JIesIKOi CTAJI01 MIBUAKOCTI T MIBUIKOCTI TEILJIOBOTO it MiKpO-
TypOyJieHTHOrO pyXiB. HasBHICTH OOMHAKOBOI CHIJIbHOI KOMIOHEHTH
WBUAKOCTI YACTHHOK TPUBOIUTH 110 TOTO, WO cepeane (A) He 1mopis-
HIOBATWMeE HYJIEBI B TOUI criocTepexentds R, sk me 6yJio mjis eexkT-
puunoro nosia (18.29). Orxke, y upoMy BUIAAKY 30pd MA€ ri10babHe
oJIe HAMPY&KEHOCT1

Ho= (H(Ri,...,Rn,;vi,...,v,)), (22.10)

A = (4) = —ipH,. (22.11)

Axmo Takux rrobaJIbHUX PYXiB 3 MEBHUM HANIPSAMKOM HEMAE, TO OYe-
BugHO, mo Hy = 0.

[Tone Hy Moxe HOBLIBHO (IOPIBHAHO 3 ATOMHUMU MACIITA0AMM)
3MiHIOBaTUCh y 4daci. g smina Moxe Martm i nepiogwaamii xapakx-
Tep, mo BigmoBimarmme obepTaHHio 30pi. Mwu He 3ynmMHSIEMOCH HA
pO3paxyHKy HalpyxKeHocTi noss g, xo4a HPUKUIHO HOro MOXKHA
sHaliTi, mos’aszasmu Hg 3 MEXaHIYHNM MOMEHTOM IMITYJIhCY 30PAHOI
peuoBunn. Orxke, BBaxaeMo, mo Hy € BiIOMOK BEJIUYUHOIO 1 TOBHY
HAIMPYXKEHICTh MATHITHOTO MOJIA MOXKHA 3aMUCATH sIK CyMYy TJI00aJIb-

HOI 1 (pUIIOK TYyanifiHol CKJIa00BUX:
%(R]a"'uRNp:,v]a"'ava)
:H(]+A%(R1,...,RNP;V1,...,VNP), (2212)

ne dparokTyaniianii noganok AH 3yMoBJeHUH TENJIOBUMHA i MIKpO-
TypOyJIEeHTHUMY PyXaMu 3apsAjiiB, IpuIoMy, Ak Bummsae 3 (22.10),
cepenne (AH) = 0.

HesBinae cepenne Al?l MIPOTOPITifHE 10 CepeaHbOKBAIPATHIHOI
dtokTYyarii HAITPyKEeHOCTI MArHITHOTO TOJId, 1 JIETKO 0aduTw, Mo
crana cknanosa Ho y supasi mua AP ax i B messinnnx cepemmix
BUIOIO MOPsAAKY, cKopouyerbea. Cnpasi, 3a o3navyennam (18.26),
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A2l Moxna samucarn ax CepemHe Bill KBaIpaTa:
APL = (A%) = (4)% = ((A — (4))%) = ((—ipAH)’)
= —(pAH)*) = p*H?, (22.13)

00 1036aBUTUCH IPOMI3IKOCTI 3a1UCy, apryMeHT y JIIOKTyAiAHI’
CKJIAJIOBII HATIPYKEHOCTI MATHITHOTO TOJIS OTTyCKAEMO; MU BBEJIN [e-
AKUH ycepennennit macmrab H s XapakTepucTuru (QJIOKTYANi’k
HAIMPYXKEHOCTI TOJIdA, sIKUit Oy/meMo BBaxKaTn Takox 3agannM. OTxe,
ockinbkm B HAC A 3 (22.8) € yABHOIO BEJIMYMHOIO, TO HE3BIIHE CEPEITHE
A2l <.

st mpocTOTH PO3TJISAy MU HE Opajiv H0 yBATM MOXKJIMBE iC-
HyBaHHA B (22.9) HmepexpecHuX JOJAHKIB THILY PgPy, TPONOPHifiHIX
110 mOOyTKY pi3HUX KOMIIOHEHT BekTopa p. lle mHabinxkeHnHda MOXKHA
OOI'PYHTYBATH, SIKIIO PO3MOMLI 33 MBUIKOCTAMHA, BKIIFOIAIOYN i MiK-
poTypOyJIEHTHI PYyXU, € i30TPOITHUM 1 3AJIEXKUTH Bill KBAIPATIB IIBULI-
KOCTell 9aCTWHOK, a HE Bl KBAApaTiB IXHIX OKPEMUX KOMIIOHEHTIB.
3 (22.12) MoxHaA 3p03yMiTH TAKOXK, YOMY BiJICyTHI TIepexpecHi edek-
TU €JIEKTPUIHOr0 ¥ MArHITHOrO MOJIiB, MPO IO TOBOPUJIOCH BUIIE:
Takwuii mepexpecHnii eexT MpOmOPIiiHNl 0 CEPEeTHBOTO Bim MO0y T-
Ky (QIIOKTyaliiHUX HAMNPYKEHOCTEH eJIEKTPUIHOIO Ta MAIHITHOTO
nmoJtiB. MaruiTHa CKJIaI0Ba Ma€ JIONATKOBE yCEPEOHEHHS 33 TTBWI-
KOCTAMM 1 TOMY [HOPIiBHIOE HYJIEBI.

[MincraBmo (22.9) 3 ypaxysammam (22.11), (22.13) y dopmyny
(22.7) i micast e1I€eMEHTAPHOTO IHTEIPYBAHHS, IKE MU BXKe He OINH Pa3
BUKOHYBaJIM, 3HaKAeMO PYHKUIIO PO3IOLIIY MAIHITHUX MIKpPOLOJIiB
6istst cepemuboro mosid Hy:

WH) = — e (H-Hoy /27, (22.14)
(27)3/2H3

Temep Mu MOXKEMO TTOYATH OOYMCJIEHHSA BIJIMBY MATHITHOTO IO-

Js1 Ha KoedimieHT noryimHaHHA B JiHil. Maodu y CBOEMY pPO3IOpsi-
mxenni dynknio W(H), ckopucTaeMoch TAKMMU XK MIPKyBAHHAMH,
ski npuBesin Hac y Bunajaky edekrty [lrapka mgo dopmys (17.8) Ta
(17.10). Y pesysibrari koediuieHT norMHAHAA B JIiHII /19 nEPEXO-
ny |A) — |A') 3 ypaxyBannam edekris 3aracaHns ATOMHUX CTAHIB
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(mpUpPOAHOL WUPHMHYU CIEKTPAJIBHOI J1iHil i edeKTiB MiKIACTHHKOBOI
B3aEMOJIil B yapHOMY HaOJIMKEHH]), TONTJIEPIBCHKOr0 PO3NIMPEHHS
(BHACJIIOK TEmI0BUX Ta MIKPOTYypOyJIeHTHUX PyXiB) 1 BILIMBY mar-
HITHUX TTOJIiB HAOYBA€ BUTIIALY:

2 2
sa) = TER (1)
<[ d%W(%)pAfA,A@%, (22.15)

ne, 3rigHo 3 osnadenusaM (13.20) Ta 3 ypaxysanuam (21.16)—(21.18)
i dopmysn (22.2), Bemumna

A H
o =y — BBINATE (22.16)
Awp
e

w—wy— A

V= —————
AwD ’
a=—2
l QAQ)D.

TarerpyBanns 3a KoMmrnonentamn Bektopa H y dbopmydti (22.15)
BimOyBaeThca B be3smex X Mexax. Ilepefimemo mo obauceHHs MbO-
ro iHTerpaJa:

H(a,v')
Aw Dﬁ

_ 1 C(H-Ho) 22
_/dﬂme( 0)?/

/ dH W (1)

00
1 1 2 iyl
X—— "~ Re | dte?t /4—at o't
Awp /7 /7 P/ ¢ ¢
0

o

1 .
- AwDWRe / dt et /4—attivt (22.17)

0
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X /d%me(H%O)Q/Q%QeiuBgA/A%t/AwD.
' ) :

Mu Bukopuctanu vyt aBumit Bursian dynkuii W(H) 3 (22.14) i in-
rerpasbhe 300paxennsa (15.8) mia dynkuii oiirra.
Po6umo B (22.17) 3aminy 3MiHHMX

H—H
7:l 3
H= \/’H% + 2xHoH + 22H2.

Ockinbku nigiarerpanbua dynknisa y (22.17) npu BeMKuX 3HAYEH-

H=Ho+xH, (22.18)

X =

HAX T MBUIKO 3racae, a MacmTad (GpJIOKTyarliif MarHiTHOTO ToJst H
€ HEe3HAYHWM, TO y BUpasi muia H odmexRuMoch dsenamu, JiHiinumu

3a H:

— Ho -
Ho~ \JHL+2xHH = Hy 1+2XH20H

0

~ Hy+

H. (22.19)

Tenep morpibauit Ham inTerpas (22.17) mopisHioe:
H(a,v")
A(L)Dﬁ
o
Re /dt €7t2/47at+ivt
0

/(m W (3)

- Awpw

X ﬁ / dx e " 2B a ot/ Awp
™

x exp(—iuBgA/Afr':[tng/HkoD) (22.20)

o

1 Re/dtet2/4at+i(qugA/A7-ln/AwD)te(uBgA/AH)QtQ/QAw%‘

N AU)DT(

0
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3pobiMo TyT 3amiHy 3MIHHOI iIHTEIDYyBaHHSA TAK, 100

t? + upgaat\” 12 2
4 Awp 2 4’

TODTO

_ 1/2
P 1+2<M>] .

AwD

VY pesysibrari Ham iHTErpaJsi 3HoBY 3BomuThCH 110 dysKiii Poiirra,
aJjie BXe 3 NEPEHOPMOBAHUME BEJIMUUHAME &, v Ta, Awp:

H(a,v')  H(a,v)
dH W (H = Y 99.91
/ ( )Awnﬁ Awp/T ( )
e
v = (w—wy—A—pupgaaty)/Awp,

a = ~/28wp, (22.22)

AN

MD = AwD 142 <M> s

Awp

abo 3 ypaxysanuam (14.8) wosuii monmuiepiBchKuii 3cyB gacTorn

-— 2
Awnzﬂ —

c \| M 2 wo

M2 AH\
T+ 20 4 M2 (M>] (22.23)

Ocrarouno koedinienTt nmornwaanns B Jinil (22.13) 3 ypaxysan-
HAM MATHITHAX TOJIiB JOPiBHIOE

_ 2262 N
 omcV

H(a,v)
Awpym

Otxe, MW OTpUMAJIM TIPO30OPWI pe3yJbTaT: 3arajibHa CKJIAI0-

(22.24)

»(q (1 - 67%”) pafaalq)

Ba MATHITHOIO 10Jisi 30pi Hg COPUYMHIOE PO3UIEIJIEHHSA CIIEKTPAJIb-
HUX JIHI] HA Bigcrani ppgaraHo, a drokryamnitina vactuna mosts H
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301/1bIIIY€ JOUILJIEPIBCHKY UIMPUHY, 0 e(EKTUBHO BiguoBigae 361/1b-
mennio Temnepatypu wa seswanny Mc? (pupgaaH Jwo)?.

Axumo norpibno Bpaxysaru it edpekr Illrapka, 10, sk i paniue,
(mmB. dopmyny (17.15)) dbyukuito Poiirra saminoemo na P(s, a, v),
ne B wrapkiscbkuit 3cys 3 (17.17) ra (17.18) Bxogurh HOBa joIIE-
pischka mmpuaa Awp.

Orxke, TOCIIPKEHHS 366MaHIBCHKOTO PO3IIMPEHHS CIIEKTPAJIBHUX
JIiHIT aTOMIB 03BOJIsI€ BUBYATH sIK TJI00AJIBbHI MAKPOCKOMIITIHI PyXHU
pedoBuUHT 30pi, Tak i JIOKTyariitai, TypOyJIeHTHI PyXu B 1l aTMOC-

depi.

§ 23. Hanronka CTpyKTypa CIEKTPAJIbHUX JIiHIH

Hanrorka cTpyKTypa eHEPreTHIHOrO CIIEKTPA ATOMa, TOOTO yTBO-
penHst rpynu OJM3HKO PO3TANIOBAHWX €HEPreTUIHUX TIIPiBHIB, Bii-
cranp Mix akumu ~ 103 pazis menma, mix Bigcran, Mix piBHAMY
TOHKOI CTPYKTYpH, MO (POPMYETHCs CHiH-OPOITAIHLHOI0 B3aEMOMIEIO,
CHPUYUHIOE IOJATKOBE PO3IMMUPEHHS COEKTPAJBHAX JIHINA y 30psiHiit
armocdepi. € nexisbka MeXaHi3MiB yTBOPEHHS HAITOHKOI CTPYKTY-
P¥ ATOMHAX PiBHIB, AKi PO3TJIAHEMO IO Yep3i.

[To-mrepre, Take HAATOHKE PO3IIETJIEHHSA HA TAPIBHI Ta 3CyB €Hep-
TeTUIHAX PIBHIB €JIEKTPOHA B ATOMi 3yMOBJIEHI B3a€MOIIEI0 MArHIT-
HOTO MOMEHTY si[Ipa 3 MAarHITHUM TOJIEM, siK€ CTBOPIOE €JIEKTPOHHA,
obosiorka Ha anpi. lle posmensieHHd 3aJ€eXUTh Bifl B3AEMHOI OPi-
€HTAIlll CITHY sapa i CHiHy eJleKTPoHa. fK TpHWKJIag KBAHTOBOTO
TEPEXOJIy MiXK MAPIBHAMI HAATOHKOI CTPYKTYPH MOXHA HABECTHU BU-
CBiYyBaHHsA 3HAMEHUTOI BOTHEBOI JIiHI1 3 HOBXUHOIO XBUJIi A ~ 21 cMm.

[To-gpyre, TPUYUHOIO TMOSIBU HAITOHKOTO PO3MIETIJIEHHS TAKOXK €
B3aEMO/Iis €JIEKTPUIHOTIO KBAAPYIIOJIBHOTO MOMEHTY AAPa 3 I PAII€H-
TOM EJIEKTPUIHOTO TI0JIsI, AKEe CTBOPIOIOTH HA APl 3apdan, MO HOoro
OTOYYIOTh, 1 30KPEMa, BJACHI JIEKTPOHU aTOMAa 3 HE3amOBHEHUX 000-
JIOHOK, OopbiTajibHe KBAHTOBE YHUCJIO AKUX He MOpiBHIOE HyJseBi. lle
ABUIIE BiflOMe AK dAnepHuit KBaapynosibauit pesonanc. s anmep,
CITIH AKUX JIOPIBHIOE HyJieBi abo omui mpyriii, mei edekT BioCy THIi.

Hacryunwuit mexanisam  we isoroniunuii epexr, 10610 BinHOCHMMA
3CYB €HEPIreTHIHUX PIiBHIB ATOMIB PI3HUX 130TOMIB OMHOTO it TOTO XK
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xiMiuHOro ejiemenTa. [logCHEeHHA JYacTUHU 130TOHIYHOIO ederTy nae
Teopig Bopa. fx Bimomo, y dopmysy Bopa miist eHepreTuunux piBHIB
aToMa BXOJIMTHh HE MACAa EJIEKTPOHA 1M, & Horo mpuBeneHa maca, obep-
HEHA BEJWYWHA, K01 JOPIBHIOE CyMi OOEpHEHUX BEJIMINH MaC €JIEKT-
pona Ta a;pa. 3Bizcm Bimpochwuit scys eneprii AE/E = mAM/M?,
e M — wmaca agpa, AM — pisanna mac agep isoronis. OQpHak
et 3CyB IIBUIIKO MAJIi€ 3 POCTOM MAaCH dAjpa. ¥ cHekTpax bararo-
EeJIEKTPOHHUX ATOMIB PEAJIi3yEThCA IME OJUH TUI 130TOMIYIHOTO 3CY-
By €HEpreTmdYHuX piBHIB aroMa (ioro HaswBaroTh e crienndiaaum
i3oToniunum edekTom), 3ymosienuii 06MinauMu edekramu, TO6HTO
KBAHTOBOMEXAHIYHUM TPWHIIMTIOM TOTOXHOCTI JacTwHOK. Hapemnrti
MoTpibHO OpaT! M0 yBArW TAKOXK CKIHYEHHICTHb PO3MIpiB dmep, sKi €
HEOIHAKOBUMM [JIsA PI3HUX 130TOIIB.

Orxe, mig [i€0 HUX MexaHi3MmiB BigOyBa€TbCs 3CYB Ta PO3IIEN-
JIEHHdA €HEepPreTUYHUX PIBHIB aTroMa, i AK pe3yJIbTaT BUHWKAE HU3-
Ka OM3bKUX JIiHIM, g9Ki, BHACTIIOK Pi3HOTO TUly 30ypeHb, MOXYTb
MMEPEKPUBATHCH i YTBOPIOBATU CHEKTPAJIBHY JIIHIIO MEBHOI MWPUHMN.
Il BUsABJIEHHST PO3MIMPEHHSA CIIEKTPAJIBHOI JIiHII 32 HAXTOHKAM Me-
XaHI3MOM TOTPIOHO B KOXHOMY KOHKPETHOMY BUMNAAKY MTPOBOIUTH
[eTaJIbHUi aHaJIis.

Hanpuksan, akmo aTroMHe gOp0o Mae€ CIiH He PiBHWIA HYyJIEBi, TO
CHEKTPAJIbHA, JIiHIsT TAKOTO aTOMa € PO3MIAPEHOI0 TTOPIBHAHO 3 i30TO-
MOM, CITiH SIKOTO IOPiBHIOE HyJieBi. Skmio crin Ginbmmit, Hixk 1/2, T0
“BMUKAETHCsT” IIE MEXAHI3M siIEPHOTO KBAIPYIOJHHOTO PE30HAHCY.
Tomy B mux BUMaIKaX MAEMO JIOHATKOBE PO3MIMPEHHS CIIEK TPAJIBHUX
giniit. [Ipm npomMy mmprHA CMYTH, Y SIKY PO3MUBAETHCA BiAMOBiIHMM
ATOMHWIA piBEHDb, a OTXKe, 1 BiAMOBIAHI CIEKTPaJIbHI JIiHii, € MOPAIKY
BimcTaHel Mik KpalHIiMU PiBHAMA HAITOHKOI CTPYKTYPH.

fx ypaxyBaTu BIJINB HAATOHKOI CTPYKTYPH €HEPIeTHIHOTO CIIEK-
Tpa aroma Ha nNpodijib HOro 30psaHUX ClIEKTPaJJbHUX JiHiA? Marouu 3
MOTIEPEIHKOTO maparpada MOCBia HADJIMKEHOTO PO3PAXYHKY BIJIUBY
MAaTHITHOTO TOJIsI 31p HA MUPUHY CIEKTPAJIBHUX JIHIA, 8 TAKOX Ha-
Osmkene obuucennas (PYHKINT PO3MOMIIY €JIEKTPUIHAX MIiKPOTOJIiB
y § 18, MU MOXKEMO THM CAMUM METOIOM YPAXyBATU BHECOK 1 HAJITOH-
KOi CTPYKTYPHU €HEPreTUIHNX PIiBHIB ATOMAa B PO3IMMUPEHHS JIHIH.
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Orxe, nmoni6uo mo (17.11) a6o no (22.5) 3a mONOMOrow mesbTa-
dyHKIIT BBOAMMO BimmoBigHy (DyHKINIO PO3TOMIY [IJIS HAINIOTO BU-
MaJIKy, MPAIOMYy B IIbOMY O3HAYEHHI KyTOBi HyXKHU OyayTh mO3HA-
9aTh yCepemHeHHS 33 MOYATKOBUMU CTAHAMYM KOMIOHEHT HAITOHKOI
CTPYKTYPH €HEPIEeTUIHUX PIBHIB ATOMAa Ta MACYMOBYBAHHS 33 KBAH-
TOBUMM YHUCJIAMU KiHIEBUX cTaHiB. MoBa iije mpo KBaHTOBI YuCJIa
MAPiBHIB HATOHKOI CTPYKTYPH, BUIIJIEHUX i3 CYKYITHOCTI KBAHTO-
Bux uuces A, A', 3a akumu iige nigcymMoByBaHHs B O3HAYEHHI Koe-
dbinienra norsmuaanns x(q). YcepenHeHHS 33 NOYATKOBUMM CTAHAMMU
3BOOMATHCS OO MiJCYyMOBYBAHHA 32 KBAHTOBUMM YHCJIAMHU IiIPiBHIB
MOYATKOBWX CTAHIB Ta IIJIEHHA IIi€l CyMW Ha KiJIBKICTh TiJIPiBHIB.
Obmexumoch y (byHKII pO3MOMIITY IJig HATOHKOI CTPYKTYPH, 3HO-
By *) Takm Ak iy (18.25) ra (22.9), smme nesBimHuMuM cepemHimu
IPYTOTO MOPAOKY 1 TPAXOOAMO OO0 ii TAyCCIBCHKOTO XapaKTEPy THUILY
(18.36) mnst enekrpwannx moJiiB unm (22.14) mis maraiTHUX MOTIB. Y
BUITAJIKY KBAIPYIOJIbHOI B3AEMOIIT HEOOXITHO TAKOXK MaM’ ATATH, MO
“meHTp Barm’ HAATOHKOI CTPYKTYpW 3MIIIYETHCH, & 1€ TMPUBEIE 0
HE3HAYHOrO 3MIIEHHsI OCHOBHOI 4aCTOTH W(.

3roprka 3HaljIeHOl TakuM YMHOM (yHKIIl posnomiity 3 mnpodi-
Jem koedilieHTa MOTJIMHAHHSA, M0 HEe BPAXOBYE HAITOHKY CTPYKTY-
Py, IacTh, aHANOrivHO 10 (22.22), IONATKOBE PO3MIMPEHHHA CIIEKT-
paJIbHOI JIiHi1 yepes 36i/IbIIeHHs IONTJIEPIBChKOI Mupuan Awp:

AwSF\ 2
Awp — Awpi[1+2 (—) , (23.1)
AwD
e AwSt jucuepcia yHKuil po3nogijay HaIATOHKOI CTPYKTYPH,

AKa B YaCTOTHIN MKaJIi 33 MMOPAOKOM BEJIWINHU OOPIBHIOE CyMi Bim-
cTaHel MiX KpailHIMU MAPIBHAMY BEPXHBOTO Ta HUKHBOTO ATOMHUX
PIBHIB, TEpeX0oIN MiK AKWMHW yTBOPIOIOTH CIEKTPAJIHHY JIIHIIO Ha, Yac-
TOTI Wy.

Otxe, pe3ynabpryounii epekT Bif ypaxyBaHHA HAITOHKOI CTPYK-
TypV €HEPIeTUIHUX PiBHIB aTOMa 3BOAMTHCHA, sIK IIe Bxke OyJi0 1 npu
BpaxyBaHHI MiKpOTYpOyJIeHTHUX PyXiB B aromocdepi 30pi (dopmyna
(14.6)) i nna darokryanifinux maraitaux noais (dopmyasa (22.23)),
J10 TOoro, mo edpekTusHy remiueparypy 17 y Bupasi mias koedinienra
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norsmHaHHA 10TpibHO, 3rigHo 3 (23.1), 36iapmmTH:

ASF\ 2 ASF 2
ALMD =T*+ Mc? MLU . (232)

T =T |1+2
Mu He HaBOOMMO mertajieil MuUX PO3PAXYHKIB, MO0 HE BTOMJIIOBATH
YUwnraga, OCKIJILKM BOHW 3 TOUHICTIO [0 TIO3HAYEHH “CJIOBO B CJIOBO”
MMOBTOPIOIOTH HAII MOMEPEIHI 00INCIIeHHS, HA 9Ki MU TMTOCATAEMOCH.
[Tpenmsiitai HoC/TiIKEAHA KOHTYPIB CIEKTPAJIHFHAX JIiHiN, 30Kpe-
Ma 3 METOI0 BUSBJIEHHS BILJIMBY HA HUX MEXAHI3MIB HAJITOHKOIO PO3-
HIEIJIEHHSA eHEPTeTUIHUX PiBHIB aToMa, mependadac BUCOKY TOIHICTD
€KCTEePUMEHTAJIFHUX 3HATEHD PO3IIOIIJY 32 YaCTOTAMU iHTEHCUBHOC-
Ti BUIIPOMIHIOBAHHsI, AK€ 3aJIMIIAE TMOBEPXHIO 30pi 1 MOTPAIJISE B
criektporpad. Mu He 06rOBOPIOBAJIN IIHOTO MMUTAHHSI, BBAXKAIOUN, IO
HPEIMETOM HAIIOIO JIOC/IIXKEHHA € CupaBXHi npodiii jiniii, He cio-
TBOpEHI MPUJIAJIAMHA, AKi 1X PeeCTpyoTh. BiATBOpEHHSA IIHOTO CIIPAB-
KHBOrO HPOo@III0 CHEKTPaAbHOL JIHII 3 TOro, MO JAE PEECTPYI0YuUi
MPWJIAJL, € HEMTPOCTOIO 33/IAMEI0.
Cuekrporpad posmuBae 6€3MEKHO BY3bKY H€JIbTA-TIOMIOHY JIHIFO
B popiJTh, AKUII HA3UBAIOTH IHCTPYMEHTAJILHUM KOHTYPOM, abo ara-
parHoio pyHKuieo. Lls Bemunia € Xapax TepUCTUKOO HIPUIIAILY 1 ay-
XKe 4acTo 11 MOIEJIOI0Th FayCCiBCbKOI KPUBOoo0. Bumipsinuit npodiinb
€ 3TOPTKOI0 amaparHoi pyHKIIl 3 icTuHHEUM TpodijeM CIeK TpaIbHOI
stinil. @opmasibho ne piBaanHgA 36iracThea 3 piBaaaaam (14.10) nna
crocTepexyBanoro mpodino < Iy, >, MO € pesyJabTaToM CHOTBO-
PeHHsA COPaBXKHLOro Ipodinio Iy , GyHKIIE0 PpO3noaiIy MAKpOTyp-
OyJIEHTHUX TIBUAKOCTEH Wmae 31 crekTpasibaol0 (dyHKIicn P(w) 3
(14.15), axa B UpOMY BUIIAJIKY 1 rpa€ poJb anaparaoi yHKIIi.
Marematuara TpoIeLy pa BUIy Y€HHS CITPABKHBOTO TPOQIIIIo Ha-
JIEXKWUTH OO TAK 3BAHUX HEKOPEKTHUX 3a[ad. BaxkJIMBUM, OIIHAK, €
Te, M0, MOMIOHO J0 MAKPOTYpPOYJIEHTHUX PYXiB, CieKTporpad He 3Mmi-
HIOE €KBIBAJIEHTHUX IIMPKH CIEKTPaJIbHUX JiiHil W), (quB. piBHsAHHA
(14.20)) i orke HE MOXKE BIUIMBATU HA pe3ysbTaru aHaJizy dizumd-
HWUX TIPOIECIB y 30pdaHiil armocdepi, AKIIO meil aHaJi3 I'PyHTYEThCH
Ha nocuimkenni seuaunu Wy, .



PO3IIJI IV

CHJIA OCIIAJIATOPA

§ 24. IIpaBuiio cyMm OjI CHJI OCIHJIATOPA

Cuta ocmisiTOpa — OCHOBHA BEJIMIMHA, IO BXOAUTH Y BCi BUpa-
37 Teopii B3a€Mo/Iil BUIIPOMIHIOBAHHS 3 PeYOBMHOIO. BoHa Bu3HAUAE
WMOBIpPHICTH KBAHTOBOTO TIEPEXOJTY 3 OJIHOTO CTAHY B IHIIWIA 3 TTIOTJIN-
HaHHAM (POTOHA, 1 OTXKE, € OQHIEID 3 NOJIOBHUX BEJIMYMH, Bijl AKUX
3aJIEXKUTH KOeMIMieHT morJnaands. TyT HAC mikaBuTuMe Koedilri-
€HT TOTJIMHAHHS y CreKTpaJibaii jiuii. Tomy mMu 30cepenmmo yBary
Ha, CUJIAX OCIHUJIATOPA MEAKNX MOMEJIbHUX ATOMHUX CHACTEM.

Hacammnepern moBememMo B 3arajibHOMY BHIIAJKY TaK 3BaHE IPABU-
JIO CyM JIJIsi CWJT OCIIUJIsiTOpa. Buxommmo 3 o3nadenns (11.7), nepermno-
3HAYYEMO IHIEKCH CTAHIB 1 PO3NUCYEMO MATPUIHUN €JIEMEHT PaIiyC-
BEKTOpA:

QmwA,A

g (zaal” +lyaal” +[zaal). (24.1)

fara =
Harosonryemo, Mo Mu BU3HAYAEMO CUJIY OCHUJIATOPA Tak, 1006 BO-
Ha OyJ1a JIOJATHOK BEJIMYMHOIO JJIA TPONECY MOTJMHAHHA (POTOHA:
fara = —faa > 0. g 3pydHocTi PO3rJIsiHBMO OMHOBUMIDHUY BU-
Mag0K, KOJIN

2mwA/A

7 ‘*TA’A|2- (242)

fara =

[Mincymyitmo neit Bupas 3a nepmum ingekcom A’ 1 BukonaitMo HU3KY
[POCTUX MTEPETBOPEHB:
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2m
E fA’A = WA'AT A’ AT AA!

h
Al Al

m

= 5 Y (waraTaaan —wanTanTaa)

A/

m DA'A paa )

= - T ’r — T Al 243
7 %,: ( im AA im AlA ( )
1

= I Z(xAA'pA'A — DAAT A A)
ih <
1

= E(xp—px)AA =1.

Mu BukopucTasam TyT PiBHAHHA pyxy laiizenOepra: z-KOMIOHEHTA
omeparopa iMIyJbCy p B MaTpudHii popmi

PATA = MT AT A = MIWA AT A’ A

(Kpankom no3HaYEHA MOXiTHA 33 YaCOM), a TAKOK NEPECTABHI CIIiB-
BiJIHOMEHHA MiX OTepaTOpaM¥ KOOPIWHATH Ta IMITYJIbCY.

Orxke, MU 3HAWILIM OPABUJIO CyM, BIJIOME TAKOXK K TEOpPeEMa
TOM&C&*PaﬁXe*KyHal OJIs1 CUJI OCIIMJISITOPA:

> faa=1 (24.4)
-

3BepTaeMo yBary, 1o Ie CiBBimHONIEHHS € ToaHuM. [ itoro omep-
JKAHHSA MU HE BUKOPHUCTOBYBAJIU KOIHUX HAOJIMKEHD.

K110 MaEMO TPUBUMIPHUIX BUIAIOK, TO KOXKEH 13 BUMIPIB Y fara
nae npu nigcymosysanni 3a A oqunuIio, y pesybrari npaBuiio cym
3aJIMNAETHCA HE3MIHHUM 1 Mae Burss (24.4).

'Beprep Kyn (1899 1963)  mBeitnapcekuii dbisuk i xivix; y 1925 pomui omy6-
JIIKyBaB MPABUJIO CyM [JIsl CUJI OCHMJIATOPA, SKe Mi3HINe B TOMY X poui 3Halmtn
B. Tomac i ®@. Paiixe.
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Ao cnita ocnuasiTopa 6epeTbCs He IJI OHOTO, a A / eJeK-
TPOHIB aroma, TO JIErKO OadwnTh, 0

> faa=2. (24.5)
A/

Kosu xsanTosi uucna A’', A nabyBaioTh K [IMCKPETHHUX, TaK 1
HENepepBHUX 3HAYEeHb, TO nij cymowo 3a A’y Bupazax (24.4), (24.5)
PO3YyMIEMO MiACYMOBYBaHHA 34 BCIMa IUCKpeTHNMA 3Hadennamu A’ i
IHTEI'PyBaHHHA 34 BCIM HENEPEPBHUM IHTEPBAJIOM MOXKJIMBUX 3HATEHD
A

[Tpm HAD MK EHNX 0OINCTIEHHAX CAJT OCIIATIATOPIB ab0 1X ekcrepu-
MEHTAJIbHUX BUMIPIOBAHHAX NMPaBuJio cyMm (24.4) Bucrynae sk Bax-
JIMBUAYW KPUTEPIH mepeBipKu MPABUIBHOCTI OIEPXKAHUX PE3YJIbTATIB
mns far 4. 1iaime Mu 3ynMMAATIMEMOCH HA IHOMY TTMTAHHI.

§ 25. Cuiia ocupiaTopa i JIHIAHOr0 rapMOHIYHOT0
OCIMJIATOPA

Jlinifiawnit rapmonivauii oCOUIATOP € OMHIEI0 3 HAKIPOCTIMMX MO-
neJsieii aromnaol cucremn. OQ6uncanMo J1d Mi€l MOMEJIi CUJIM OCIIH-
JATOPA, BUKOPUCTOBYIOYM XBUALOBI (PYHKIII B KOOPAMHATHOMY -
300paxkenHi, HyMepyun ix mijimm KkBantoBuM anciaom A =n [8]:

1A) = |n) = (2"nl/xly) 2 H, (€)e €12, (25.1)

Jie 3HEPO3MipeHa KOOPAUHATA

h
gzx/l()a lU: -

mw

— KBAHTOBA aMIUITy/Ia KOJIMBAHB; 1M, W — Maca # 9acToTa OCIu-
asaropa. [lomirom Epwmira

H, (&) = et ( d )n e €, (25.2)
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€HEepreTUIHI PIBHI OCIUIIATOPA
E, = hw(n+1/2), (25.3)

kBaHTOBe yncao n = 0,1,2,....
3a 03HAYEHHAM CHJIA OCIIUJIATOPA

2mw,,
fn’n = hnn|xn’n|25 (254)
JIe 9aCTOTa, MEPEXOY
E, — FE
Wpin = RTW =w(n' —n). (25.5)

Ham norpibHO 009MC/INTH MATPUIHAN €JTEMEHT KOOPIUHATH:

ey ettt
mr s V20'n!l/r T \/2nnl

de. (25.6)

Bukopucraiimo mobpe BimoMe pekypeHTHe CIiBBiIHOIIEHHS IIJIA MO-
JiromiB Epwmita

Hn11(8) = 26Hn(€) — 2nHy () (25.7)

i 3aMUNIiMO MaTPUIHUA €JIEMEHT TaK:

2(n+1)

Tn'n

€ J1  Hun(§)
\/W 2 /2 (n + 1)lv/r

anl(g) 1
NI 1)!ﬁ\/%}d£ (25.8)
lo{\/ (n ;_ 1)5n’,n+1 + \/g(sn’,n] }

_|_
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My CKOPUCTAJUCH TYT YMOBOIO OPTOHOPMOBAHOCTI XBUJILOBUX (DyH-
KI[i#i TADMOHIYHOTO OCHUJIATOPA

!

(n

ab0o B PO3TOPHYTOMY BUTJIAL:

[ e Hu©  HiO)
4e \/2”'n’!ﬁ\/2"n!ﬁd€ S (25.10)

[TincraBysieMo BUpas s L, B 03HadenHs (24.2) i, 6epyun 1m0 yBa-
W, MO0 TEPEXPECcHi JIOMAHKW MPU IMOHECEHH] Zn/, 0 KBaJIpara de-
pe3 HeCyMICHICTh YMOB Ha KBAHTOBI YMCJIa JAIOTHh HYJIhOBUA BHECOK,
3HAXOIAMO?

£ _2m12{n+1
Jn'n —

n
T'U — wn+1,n5n’,n+1 + 5 wnfl,n(sn’,nf] } (2511)
abo ocTaTovIHO:
fn’n = (n + 1)5n’,n+1 — ’I’L(snl’n,]. (2512)

Jlerko nepecBimauTrCh, MO MPABUIO CYM BUKOHYETHCHA:

S fun=(n+1)—n=1 (25.13)

3okpema i epexojly 3 OCHOBHOTO CTaHy B repmuit 30ymkenuit
fio = 1. Cnin 3ayBaxkwurn, mo B § 11 pm OIMMiHII TPUPOIHOI MUPUHY
CHEKTPAJIBHOI JIiHII MU OTPUMAJIA [OJIsi CUJTU OCIUJIATOPA TPOCTOPO-
BOTO TAPMOHIYHOTO OCHUJIITOPA MiX IWMU CTaHAMMW 3HAYEeHHH 1 / 3.
TyT HEMaE HENMOPO3yMiHb, OCKIJIBKM MU PO3IIAIAJIN TPOCTOPOBUiA
OCIUJIATOP 3 O3HAYEHHAM (24.1) IJIs1 CUJIM OCIUJIATOPA 1 BBAXKAJIN,
0 KOJIMBAHHS BiAOYBAIOTHCsT B3HOBXK OCI I, & MATPUYHI €JIEMEHTH
KOOPOWHAT Y Ta 2z JOPIBHIOIOTH HYJIEBI.

Ile 3HAYEHHS MATPHYHOTO €/IEMEHTA KOOPIMHATH T MiX TIEpIIIM 30y IKEHIM
(n' = 1) i ocuosamm (n = 0) cramamu mu BukopucTanan B § 11 npm mopisHaHHI
KJIACHYIHOTO 1 KBAHTOBOTO BUPA3iB [JIs1 MPUPOIHOI MUPUHU CHEKTPAJIHHOL JTiHii.
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§ 26. Cum OCITMIIITOPA BOIHEBOIIOMIOHUX aTOMIB.
Cepisa Jlalimana

Y mpomy naparpadi Mu po3paxyemMo CUIK OCHUJIIATOPA JIJIsA 11e-
PExXoiy 3 OCHOBHOTO CTAHy aTOMAa BOMHIO B Oyab-sikuWit 30ymKeHwii.
Taxi nepexonu Bignosigators cepii cruexrpaibaux sinii Jlaimana.
®opMysn, AKi M OTpUMaEMo, OyIyTh MaTn Cuiy i mJisa ioris He™,
LitT Tta momibumx mo HUX, a TAKOX /s BOTHEBOIOMIOHMX ATOMIB,
y FAKUX PyX ONTUYHOTO EJEKTPOHA MOXKHA PO3TIANATH sIK PYX B
edEeKTUBHOMY IEHTPAJIBHOMY TOJI KYJIOHIBCBKOTO THILY. Y BCAKOMY
pasi, i popMyJIM MOXKHA BUKOPUCTOBYBATH [IJIsI ONEPXKAHHA TPUKULI-
HUX OIIHOK CUJI OCHUJISATOPIB 1HIIAX ATOMIB.

[Touremo 3 TOTO, IO TPUTATAEMO CYKYMHICTh KBAHTOBUX UMCEJI,

AK1 BU3HAYAKOTL CTaH aroma BogHiO. Orxe maemo: A = (n,l,m),
A" = (n,lI')m"), ne n = 1,2,... — TOJIOBHE KBaHTOBE YUCJO, | =
0,1,....,(n — 1) opbitasibae kBanToBe umcaio, m = 0,+1, ..., +I

MAarHiTHE KBAHTOBE YMCJI0. XBUJIbOBI PyHKII

Qpnlm(r) = Rnl(lr)y'lm(ea ‘p)a (261)

ne r, 6, — chepuuni koopauHaTH €JIeKTpoHA B atomi, Y, (6, @) —
chepuuna dyukuia, R, (r)  paniasbna xBuiboBa dynkiida. Isni
BUpas3yW MuxX (PyHKII BUNUIIEMO HIXKYE.

3 kypcy kBaHTOBOI MexaHiku [8] mpuragaiimo Takox npasmJia Bin-
Oopy It OATIOJILHUX TIepexoiB. Taki mepexoar MOXKJIWBI JIUIIE TPU
3MiHi opbiTa/bHOrO KBAHTOBOrO umcsia | Ha omunmmio: [ = [ £ 11
I!=1npul = 0. BignosigHo Ajs MarHiTHOro KBaHTOBOTO YMCJIA IIi
npasusa nawoth m' —m = 0,+1. Tomy nepexin 3 0OCHOBHOTO CTaHy,
ko n = 1,1 =0, m = 0, MmoxuBuit iume y cran 3 I’ = 1 npu nosi-
JIBHOMY 3Ha9enHi uncyaa n'. 3rigao 3i cranIapTHIMKA TO3HAYEHHAMN,
OCHOBHMIl CTAH 3aIMCYyEMO CKOPOYeHO #K |1s), a cran 3 noBiibHUM
nil=1—sak |np). Orxe, Hac nikaBurnme nepexin |1s) — |np),
OCKIJIBKH 1HII Tepexonan 3a00pOHEH].

3Teonop Jlaiimam (1874 1954) aMepuKaHChbKU (hi3UK-eKCIepuMenTaTop.
1914 poky Biakpus crexTpasbHy cepiio B ysibrpadiosieroBiit wactuni cnekrpa
BOIHIO.
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Y dbopmyuti mis koedinienTa norsmuanng s (q), yHACTII0K BUPO-
JXKEHHsI CTAHIB BOIHEBOMOMIOHUX ATOMIB, TiICYMOBYBAHHS 33, MATHIT-
HUM KBAHTOBUM YHUCJOM CTOCYEThCs JIAIIE CHAJ OCHAJAATOPa. Tomy
JOIJTHHO PO3TJIANIATY [JIA HUX YK€ 3a3[AJIETiNh MACYMOBaHI 32 m
BUDA3H:

mwml

2
fapds = Y folm,i00 = (26.2)
3h
m=0,%1
X Z ( -’1771,1m,100|2 + |yn1m,100|2 + |Zn1m,100\2),
m=0,%1

JIe 4aCTOTa MEPEXOILY

E, — E; 7 e? 1
= — = 1—— 26.3
g = 2 BT ( ) , (26.3)
TepM
7 e?
E,=—— 26.4
= (26.4)

ag = 77,2/77162 — paniyc Bopa, Z — sapanm anpa. Pemrra moznavenn
3po3yMmisti 6e3 moACHEHbD.

SanumniiMo MaTpUYIHI eJIEMEHTH IEKAPTOBUX KOOPOWHAT depes cde-
PWYHI KOOPOWHATH!:

Tnim,100 = (rsin@cos )pim,100 = Tn1,10(sin 60 cOS ©)1m,00,
Yn1m,100 = Tn1,10(s10 0 SN ) 1,00,
Znim,100 = Tn1,10(€08 )11, 00-

IlosHaguenHsT TYyT TAKOX OYEBHUIHI, TOMY HE 3yNWHSIEMOCH HA iX MO-
scaenHi. jsi Toro, mob mpOCyHYTHCH HaJIi, OOUMNCIIOEMO CIIOYATKY
KyTOBI MHOXHUKKM B MATPUIHUX €JIEMEHTAX, BAUKOPUCTOBYIOUN ABHI
BUpasu g norpibaux Ty (TobTo 3 m = 0, +1) cdhepuannx dyHKIii
[8]:

Yoo(0, ) = (26.5)

1
\/47r’
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3
}/]0(07(10) = 4_COS 07 (266)
V dx
3 +ip :
Yiti1(0,0) =7F 8_7re sin @. (26.7)

Orxe, (1 3pyYHOCTI TUMYACOBO BBOAMMO B iH/IEKCAX 3HAK “;”)

2 7r
3 1
in@ 0 = [ d inf dfy/ — cos Osinf — =
(sinf cos ¢)10,00 / (p/SlIl 1, cost/sind cos go\/ﬂ
0 0

inTerpaJi 3a 6 mMOpPiBHIOE HYJIEBI, sIK 1 iIHTErpaJs 3a .

Hauni
2 7r 3
(sinf cos @)1 +1,00 = /d(p/%m()d() )\/8—Sinf)eiwsingp
T
0 0
o 1 1 % () 34 - 1
COS (p———= = — —— = F—,
(’0\/47r 2 83 6
(sianincp)m;go = 0,
2w ! ™ 3
(sinfsin ) +1,00 = /dg@ 2—6*“" singp/sin()dﬁ)(:F)\/gsinf)sinf)
s
0 0
1 34 1
LA
Fdp [ 32 1
(cos 0)10:00 —/ﬁ/qu)dﬁ\/jmq f=1x 13- %
0 0
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BukopucroBytoun 3HaligeHi KyTOBI 9aCTHHA MATPUIHUX €JIEMEH-
TiB, 3 Bupasy (26.2) sHaxommmo

. 2mwn,1 9 1 1 1 1 1
fnp,]s - 373 |'rn],10‘ {<6+6>+(6+6>+3}
2 mwy, 1

3 Nh

1,107, (26.8)

IIe pamiajbHa YACTUHA MATPUIHUX €JIEMEHTIB KOOPIWHAT
00
2
Tn1,10 = /’F Rn] (T)TR][)(T)d’)". (269)
0

Hnsa obuucsiennsa nporo inrerpasia sununimo 3 [8] pamianbHy xBu-
JbOBY (DYHKIIIO €JIEKTPOHA B ATOMi BOIHIO:

Ru(r) = — M(Z)W

aB

ni(n+ )
l
20\ —p/nyant1 (2P
X <7> e Pimp2 — (26.10)

e 3Hepo3MipeHa paaiaJibHa KOOPIUHATA

- /(5).

() — npuennanmii nostinom Jlareppa,

0= (2) @, m = (&) et

21+1
Ln—H

Tenep

o
ap 4(n —2)! / 3 20\ _
= 2 /" T 9 do [ ZE ) ¢—r/n
Tn1,10 Z\| ¥ (n+ )] prapy\ )¢
0
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ag | 4(n —2)!
x L 2 = =
TI+1( p/ln) 7 4[(n + 1)]
o
4 4
/ L (: 1(z) dx. (26.11)
0
Ockinpkn Li(z) = —1, To maM 3agummaoch 06UMCIUTH TaKwil iHTe-

rpaJi:

oo
4 e QT
/T n—l—l (]’I‘,

0

MiCJIA 90TO NIYKAHWI MaTPpUIHUI eJIeMeHT

rar g0 — — 28, [ A =2, (2)" 1)

Z\ Wi+ )P \2 (26.12)

n+1

C!:2

IlepeitmiMo mo obumcaerHs iHTErpasa;

I(a) = (%)47%“( Je O dy

0

_ (%)4070 [(%)BLW(.@)] e 0 di

= (rTpuui iHTEIPyEMO YaCTUHAMM)

dN'[ T da\® .
- (@) {/ raae) ()
0

+ (mpoiHTerpoBaHi WjaeHW, MO 3HUKAKOTH

npu audepeHuiroBaHHi 3a apaMeTpoM o/)}
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a\' .7
B <@> ag/eawLnH(m) da. (26.13)
0

Buxkopucraiimo Tenep aBuwmit Bursian s nosinoma Jlareppas:

4 < n+1
I((J/) = (%) o’ /eameaz <%> e Tt dp
0

d 4 ©o d n+1
_ (d_> ag/e(am (d_> e "t dy. (26.14)
« . T
0

Iurerpyemo uwacrunamu (n + 1) pas, npoiHTerpoBani 4jaeHHM IAHOTH

HYJIhOBWII BHECOK Ha, BEPXHINl MeXi — BiJl €KCIIOHEHTH, & HA HUXKHIN
Bim mHOXKHUKA 7",

Y pesyabrari “neperumaeMo’ Hif0 MOXITHWX 32 & i iIHTer pajom

HaJIBO 1 3BoauMO iHTErpaJt 110 [-dyHkuii:

4 x n+1
(di> (}{3 /eazmn+1 <di> ef(af])m dr
« . T
0
4
(%) a3(a _ 1)n+]
(0%

(L) DL P+ 2

I(a)

e gt dg (26.15)

Takum umnom, ockinbku I'(n+2) = (n+1)!, vam 3amumumiiocs y3aru
JIVTIIE TIOX1OHI 3a Qv

4 n—+1
I(e) = (n +1)! (%) % (26.16)
n 12 a—1)"3
I(a) = %(nm—m)%,
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_n+1
a= 5

ADG0 B ABHOMY BUIJIsi[l HALI iHTEr PAJI

n+1 (n+1)!2(n—1)”*3
I< ; >:n[(n_2)3 (n+1)n+326. (26.17)

Orxe, MATPUIHUI eJTEMEHT

ag s+ D (n—1)"3 4 | 4(n—2)!
p1,10 = SN 9
’ Z (n-2) (n+1)mB" \[ni[(n+1)13

_ 4
= 22 o (26.18)
i [ D e Dty
Z (& 1)2n70
Ocrarouno
4GB [(n—1)20
Tn1,10 = 2 7 mn . (2619)
Tenep My MOXKEMO BUIIUMCATU CUJLY OCLMJIATOPA:
/ _ Qmwn]‘ |2_2mz262 1
Jnp,ls = 37 Tni,10] = 372 2an nZ
2 7
8B 2n—>5 n
OcTaTo4Ho 3HAXOOUMO
28 (’fl _ 1)277,74
f]s%np = fnp,]s = ?T’P (n +71)2n+4 . (2621)
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Mu BukopucTanM TYT 4acTO BXKUBAHE NO3HAYEHHH fig_spp O/
CUJIA OCIMJIATOPA, AKEe BKA3y€ HA HAMPAMOK KBAHTOBOTO TEPEXOMY
3 norsimHanHAM (GOTOHA (IMB. BMHOCKY Ha C.135). Y nopaspmomy
BUKJIAI OymemMo BKuBAaTW OOWMIBA IIi TMO3HAYEHHHA AK PIBHOIPABHI,
TYypOYIOYUCH JIMIIE PO 3PYUHICTH 3a1ucy (popmy.I.

I3 opmysn (26.21), 30KpemMa, 3HAXOAMMO YHUCEJIbHI 3HAYEHHSA
CWJI OCIIWJIATOPA:
nons Jinil Ly

9 9
fop,1s = 16 <§> = 0.416197,

i Jiinil Lg
34
fapis = 10 = 0.079102.
IlikaBo, Mo TpM BEJIMKUX 3HAYEHHSX FOJIOBHOTO KBAHTOBOTO THUCJIA
7, CUJIa, OCHUJIATOPA ~ 1/n3:
28 (1—1/n)?" 28

frsmmp n—oc 3n3 nhﬂnolo (1+1/n)>(1 —1/n?)" T 3etnd’ (26.22)

Jle €  OCHOBA HATYPAJIbHUX JIOrapuMiB.

L1a mepeBipku TpaBuJia CyM 3OiHCHIMO 33, JOTIOMOTOI0 KOMIT I0Te-
pa nijcymoByBanus Bupasy (26.21) 3a BciMa 3HAYEHHAMM OJIOBHOTO
KBAHTOBOTO 9ncJja 1. LluMm mMu o69ucimmo cymy 3a BCiMa KBAHTOBU-
MU 9UCJIAMHA KiHIEBOTO CTAaHY, OCKLJIBKHA OPOITAJIFHE KBAHTOBE IUCIIO
npuiitmMae Jinine ofiHe 3Hadenns [ = 1, a migcyMoByBaHHA 33 MarxiT-
HUM KBAHTOBUM YUCJIOM MU BUKOHa M y (opmynax (26.2), (26.8):

28 o (TL o 1)277,74

o0

_ 5
anp,]s - 3 ZTL (TL+ 1)2n+4
n=2 n=2

2B (1—1/n) !
3= n3(1 4 1/n)?n+4

= 0.565004. (26.23)

Ins roro mo6 BUKOHYBaJIOCh npasuio cym (24.4), 1o onuauni He Bu-
cravae e suadenns (1 — 0.565004) = 0.434996. Ileit BHecOk macTh
HEIEPEpPBHAN CrekTp, npo mo Oyme #Tw MoBa IMi3HIimE TpH JOCJIi-
JpKeHHi KoediluieHTa HelepepBHOro MONJIMHAHHSI.

180



§ 27. Cuu ocimnsgTopa mis cepii baimsmepa

[lepexomumo Temep 10 0OYMCIIEHD CUJI OCHAJIATOPA CIIEKTPAJIh-
Hoi cepii Basmemepa?, T06T0 Gepemo [0 yBarm KBAaHTOBI Tepexomm
eJIEKTPOHA Y BOIHEBOMOMIOHOMY aTOMi 3 EPIIOro 30yMKEHOT0 CTaHY
(n = 2) Ha Bumi cranu. Y nonepenHhoMy maparpadi Mu J0KJIaIHO
MMPOBEJIN PO3PAXYHKH CUJIU OCIATIATOPA JaiiMaHiBCbKO1 cepii. Tomy
TYT OMyCKAEMO BCi AeTaJji 069ncenb, OCKIJIbKY BOHN aHAJIOTIYHI 110
nonepenHix i pakTUIHO BUMAralOTh JIMIIE HOBTOPEHHS THX CAMUX
MIpKYyBaHb Ta apupMETUIHUX BIPAB.

Bunmcyemo BigMiHHI BifT HyJIA CUJIM OCIIAJIATOpPA!

2 mwy, 9
fnp,?s = ng’ Z ‘<n31amr‘2a070>|2a
m=0,%1
2 mwny 2
fnd,?p = ng" Z |<n’2’mr|2’1’m’>‘2’

m,m’
(m!=0,+1;m=0,+1,+2)

2 mwy 9

SIS 0,002, 1)

m'=0,+1

fns,Qp

Cymu 3a m Ta m’ jerko o6uuCIIOITLCS TOMIOHO 10 MOIepeIHixX
pO3paxyHKiB, BUKOHAHUX OJid cepil Jlaiimana. 3arasom

[+1/2+1/2
S Vot o) = s P o)
m,m
Y HamoOMy BUMAIKY MAEMO:
2 mwp, 9
fop2s = ng’an,Qo\Q,
2 mwp o 2 9
fnd,2p = ng‘TnQ,Qﬂ s (27-2)
2mwpol
frns,2p ng’g‘TnO,Ql |2-

*Basibmep Voran ko6 (1825-1898) — wmseiinapchkuii isux i maremaruk. Y
1885 po1i BUABUB 3aKOHOMIPHICTH y CHEKTPAJTBHUX JIHHIAX aTOMa BOIHIO.
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Marpu4aHi eleMEeHTH TAKOXK PO3PAXOBYIOTHCA AHAJIOTIYHO A0 TOTe-
penanoro (amB. Takox [24, 25]):

2n—6
2 ol7, 7,2 (n—2 ap?
Irn120” = 2'n'(n" —1) n + 2)2n+6 (7) ’
219 (’fl _ 2)271,77 ap 2
|7"n2,21‘2 = ?ng(nQ — I)W (7) s (273)

|7“n0,21\2 =

Cuin ocuusisiTopa:

215 5 o (TL— )27775
Josomp = (" = D) O
218 (n 2n—6

fop—na = 3—37717(’1’1/2*1) (27.4)

213 n—2 2n—>5
f2p—>ns = —3n7%.
33 (n+ 2)2nH

Hagenemo neaki amcesbHi MPUKJIAIN, KOPUCTYIOUNCH HA3BAMU 3 Te-

Opil CIeKTpaJIbHUX Cepiii:
IIJIS TOJIOBHOI cepii

4 9 9 2
Josap = (5> (g) = (.434865,

IJI mepiroi 619HO01 cepil

8 4 10 9 2
fop—s3d = gfgsﬁgp =2 (g> (g> = 0.695785,

IJIg Apyroi 6i9HO01 cepil

1 9 9 9 2
fzpﬁgs:3—2fzsagp:16 = = = 0.013589.
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[TikaBo TakoX 3HAWTH IXHI ACUMIITOTHIHI 3HAYEHHS TIPA N, — 0O:

2]5 ) (1 72/,”/)271 B 215 g

308 nme (1+2/m)2"  3m3° (27.5)

fQS*)Tlp =

TYT €  OCHOBA HATYPAJIbHUX JiorapudmiB. AHAJIOIIYHO 3HAXOIUMO
ACUMIITOTUKY [JIS PEIITU CUJI OCIHUAISATOPIB:

4\* 1
fQS*)Tlp = E @a

4\® 4

fop—snd = (E) 375 (27.6)
AN

f?p%ns = E W

Tak 10 BiIHOMIEHHA CUJT OCIIUJIATOPIB y IIift MexXi IOPIBHIOIOTH:

,f?s—)np o 2
f2p—>nd n—oo 8’

f2p—>nd - 392
f?p%ns n—00

YucoBi 3HAYEHHSA CHJI OCHWJIATOPIB JIJIA 1HIIAX CIEKTPAJTHHUX
cepiit aroma BogHiO nogano B [25]. Y [30] maBegeno rabsmuo cui
OCHUJIATOPIB TAKOX 1 JIJIA IHIITUX aTOMIRB.

§ 28. KBasiksacuuHe HaOMDKEHHS OJId CHJI OCHHJIATOPA

[ToB9aIbHO MOCHTIINTH CUJIN OCTIMJIATOPA ¥ KBA3IKJIACUIHOMY Ha-
OJIvMKeHHi, IO BiANOBiAAE, AK BiIOMO, BEJIMKUM 3HAYEHHSIM KBAHTO-
BUX umnceJi. Taxwmii po3raan BaXJIWBUH 1e it TOMY, IO BiH JTO3BOJIAE
OTPUMATHU HE JIWIIE AKICHI, ajie B JIeIKUX BUMAIKAX 1 KiJbKICHI pe-
3yJbTATH, sIKi MOXKXHA, BUKOPUCTOBYBATHA B PEAJIHHUX 330ATAX.

Orxe, gk My Gayusm B nouepennix naparpadax, CUJIM OCHUJIs-
Topa fy/, NPU BEJUKUX 3HAYCHHAX TOJOBHOIO KBAHTOBOrO 4mcJa 1’
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3MEHIIYI0ThCA 3a 3akoHoM 1/n'3 (mus. (26.22), (27.5), (27.6)). Oc-
K1JIbKW CUJIV OCITUJIATOPA TTPH TIEPECTABJIAHHI IXHIX 1HIEKCIB MiCIIAMUT
3MIHIOIOTH JIMLIE 3HAK fp = — fnp/s TO 3PO3YMIIO, IO 1 IPU BEJUKKUX
SHAUEHHAX amcaa n fup ~ 1/nd. Tobro Moxma cTRepmKyBaTH, MO
upu n — oo i n' — oo Besmunna, fur, ~ 1/(nn’)3. Cunu ocmnaropa
fnim 3aJIEXRATH TAKOXK BiJl 9ACTOTH TEPEXONY Wym = we(1/n?—1/n'?),
we = Z%e? /2hap 9acToTa, IO BiAMOBigae eHepril #orizamii aroma.
Ax Mu mokaxkemo misHime, g 3aJeXKHICTh TPU BEJIMKAX 9aCTOTAX Ta-
KOX € “obepHenmm Kybom”: ~ 1 /wz,n. Taxum 9HOM, TPUTTYCKAEMO,
IO JIJIsi BEJIUKUX KBAHTOBUX YHUCEJI CUJIA OCIHUJIATOPA

3
We 1

Y
Wnin n'3n3

frrn = const x (28.1)

NPUYOMY MU OYIKYEMO, IO CTAJIA BEJIWYWHA, AKy MW TO3HAYMJIA AK
const, € mopsAnKy omuHUII’.

Crpornii KBa3iKJIaCUIHMIA PO3PAXyHOK, AKOTO MU HE MAEMO 3MOTH
TYT PO3ropraTH, AA€ I HANIOL CTaJIol Take 3nadenHs [25, 26):

const = ~ 1.9602805. (28.2)

32
373
Orxe, KBasikjacuyHe HAOJIMXKEHHS JIJId CUJI OCUUIATOPA A€ TAKUH
pesyJbTar:

32 1 1\ ? 1

!/

fn’n =

Lleit BUpa3 € JwWnie BeLy9YnM HWJIEHOM PO3KJIALy Tpu n',n — 0o.
3a norpeby TOYHINIOr0 3HAYEHHS MJIA fpr, OPaBy 4YaCTUHY BUPA3Y

5Ile noGpe wimomuit daxt “i3 moByTy” KomHOrO (pismka-TeopeTuka, MO BUKO-
puCTOBYBaB AJ1s1 PO3B’s13Ky Pi3HMX BI3WYHMX 3ala4, I HE JIMIIe MKIJIHHOIO THILY,
MEeTO PO3MIPHOCTEH, AKIIO TPAIOBATH y MPUPOTHUX ONMHUIAX BuMipy. Hampu-
KJIQJI, IJIg MEePIOANYHAX IPOLECiB MOTPIOHO BUKOPUCTOBYBATH LUKJIYHY YaCTOTY
w, a ne jiHiliny — v = w/27. Tax 3HAXOAMMO TEPIOL MATEMATUYHOrO YU MPYXK-
HOrO0 MasdTHUKA, abo Tpertiii 3akon Kemnepa, CTasIa BEJIMYUHA B IUX CIHIiBBII-
HONIEHHSAX MPOCTO JIOPIBHIOE OauWHUIi. Y Oararhox iHIMWX 3ajavaX BOHA TAKOXK
OIHOTO MOpAAKY 3 omuHunen. He 3pamxye Hac Takuit miaxig i B HbOMY BUMAIKY.
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(28.1) GepyThb 3 IEAKMM MHOXKHHMKOM, TAK 3BAHUM (DAKTOPOM Taynra
g(n',n):

32 1 1\ 32 1
_ li
f"’"‘“”’“ﬁ(ﬁﬁ) e (284)

Hns daxropa Tayrra icayiors pisHi anpoxcmmariiini Bupasm, ki
mu TyT He Haogumo (muB. [15], [30]). YV Buummid pinsiaui cnekrpa
daxrop Taynra:

g(n',n) ~ 1. (28.5)

Y Hac € e oJIHa MOXJIMBICTh 3HAUTY CTAJIy BEJIMUWHY B PiBHAHHI
(28.1), sika moxe OyTu ACKPABOK LIIOCTPALIEI0 BUKOPUCTAHHSA IIPA-
suna cym (24.4). A cawme, Gymemo Bumararm, mob cyma 3a n' Bim
TOYHOTO BUPA3y fy/y, TOOTO BHECOK y IPABUJIO CYM Bill JUCKPETHOIO
cnekTpa, 36irasack i3 i€ cymor Bin Habsmxkenoro Bupasy (28.1):

1 1\ ? 1
Z fﬂ’TI = const Z m — m W (286)
n'

nl

[TlimcymoByBaHHsT y IpaBiit 9acThHI IMi€l PIBHOCTI JIErKO 3mMifCHIO-
€Thcs, a JiiBa vyactuHa (28.6) mam Bimoma. 3Bigcm it o6UMCTIIOEMO
3HaUeHHs const, gKe, 3po3yMino, 3asexarume, gk i gakrop [ayHra,
Bim n. Ilizwinme, Koan OymemMo mTOCITi MK yBATH KOSMIMIEHT MOTJINHAHAS
B HEMEPEPBHOMY CHEKTPi, MU 3OiHCHUMO AaHAJITHYIHE MPOIOBXKEHHSI
KBa31KJIACMIHOTO BUPA3y IJIdA [y, HA HENMEepepBHUN CHEKTp i 3HAl-
JIeMO const i3 BUKOPUCTAHHAM LpaBUJIA CyM y HOBHOMY 00cssi. A

Terep HaM MOTPIOHO Bimgurykarn

185



nd (X1 1
b DO =R Dl
k=1 k=2n-+1
3n3 Z 1 ( 1 1 )
r_ i 1 i
it (n"—n)(n'+n) \n —n n'+n
il 1 K 3n2 1
8 k3 k3 16 n—n n'4+n
k=1 k=1 n'=n+1
1 1 3% 1 32
>< DI DI
n'—n n'4+n 4 k3 8 k3
k=1 k=1
3n2 [ i 1 1
ETS N2 / 2
16 W (n' —n) o (n' 4+ n)
3 oC 3 2n 2 [e'e) [e'e)
n 1 n 1 3n 1 1
“TlE Ty EJFW(ZE_ 2 k_>
k=1 k=1 k=1 k=2n+1
BT N1 32
T P s BT
k=1 k=1 k=1
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n? n? 2 1 3n? 2n 1
= — - — E —+ — g — 28.
4 ¢(3) 8 — k3 + 16 — k2’ (28.7)

ze a3era-PyHkia Pimana

=1
k=1
OpUIOMY

¢(3) = 1.202057.

[TpoimocTpyemo Hamii MipKyBaHHs KOHKPETHHM PO3PAXyHKOM
s |1s) — |n'p) nepexomy, kom n = 1. JliBa wactuna piBHAHHSA
(28.6) mam Bigoma 3 (26.23) i mopisutoe 0.5650. A y npasiii, 3rigno 3
(28.7), cyma mopismioe ((3)/4 + 3/32 = 0.394264. Tenep 3 piBaAHHAS
(28.6) snaxomumo 0.5650 = 0.3943 x const, 3BinKm

const = 1.4330.

Ile 3HavYeHHA y3TOKYETHCA 31 3HAYEHHAM 32/37T\/§ = 1.9602805 3
(28.3), sike nae ToYHMIA KBA3iKIACMYHUI PO3PAXYHOK CUJI OCIMJIATO-

pa.

Ha saBepurents, mpomoBxkyodn “rpy B umcja’, 3pobiMo mopiB-
HAHHSA 3HAYEHb CUJI OCHUJISATOPA JJId JEAKUX [ePEXOJIiB, OTPUMAHUX
3 TOYHWUX BUPA3iB i 3 nabsmkennx. OTxe:

0.416197 — roune 3navenns 3 (26.21),
fis—2p = ¢ 0.580824 — srigmo 3 (28.3), (28.8)
0.424607  3rigno 3 (28.1).
Awnanoriano muist mepexony |2s) — |3p) 3HaAX0mMMo, M0
const = 0.270368
1 BIAMOBiIHI 3HAYEHHST CUJIA OCIIATIATOPA!
0.434865  rToune 3uauvenns 3 (27.4),
fas—ap =1 3.387365  srimmo 3 (28.3), (28.9)
0.467196 — srigro 3 (28.1).
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3BiJICH BUILIMBAE, M0 KBA3IKJIACUYHUA BUpA3 [Jisd CUJ OCLUJIATOPIB
JIOCTATHRO [MOOpe TPAIoE 1 IJIsi MAJIMX 3HAYEHh KBAHTOBUX UHCEI,
TOOTO HOr0 MOXKHA BUKOPHCTOBYBATH TAKOXK [IJIA KIJIBKICHHX PO3-
PaxyHKIB, 30KpeMa st KoedilieHTa MOTJIMHAHHSA, AKI0 Opatu mo
yBaru Ime i mpaBuJjio CyM.

§ 29. BuwmiproBanHs cuil ocHMJIsITOpa

Y nonepennix maparpadax O6yJio HABEIEHO PO3PAXyHOK CHJI OC-
OVJISTOPIB OJIsT ATOMa BOIHIO Ta BOTHEMOMIOHMX itowiB i aromin. Pos-
PaxXyHOK BeJu4nH fAr4 OJid BCIX IHIIMX aroMiB 1 HOHIB € HEIPOCTO0
npobJIEMOI0, OCKIJIbKW XBUJILOBI (DYHKITI [IJI HUX HABITH B OIHO-
eJIEKTPOHHOMY MAXO0I MOXHA 3HAKXTHU JIUIIEe 33 HOTOMOTOK THX a00
inmx Habamxkenux meroni. Cepen HUX € Pi3HI BapiaHTH Bapiariii-
HUX METOJIIB, 1 30KpemMa Meton ['apTpi—-Poka, a TaKOXK Tak 3BaHI Ha-
MBEMITIPAYHI METOA, AKi BUKOPUCTOBYIOTHh €KCIEPUMEHTAJIbHI 3HA-
JeHHsI PiBHIB eHeprii Ta edeKTUBHI rOJIOBHI KBAHTOBI Yncsa. Koxen
i3 muUx MeTomiB Ma€ CBOl1 HemoJtiku # nmepesBarn. Hanpwksam, Bapi-
amiianii MeTon Ha€ 3 IOCTATHhO BUCOKOIO TOYHICTIO PiBHI eHeprii,
aJie Tipiri pes3yJabTaTh OJisd CAJI OCHAJIATOPIB MOPIBHAHO 3 MPOCTAMHA
HamiBeMmipuaauMEu Metogamvu. OTxe, 00IUCIIEHHT CUJI OCITUJIATOPIB

Ie OKPEMa HAyKa 13 HMIMPOKUM PO3TaIyKEHHAM, CIEMiaJbHUMUI
KOH(EPEHIIIAMY i IUCIIEHHOIO JIITEPATYPOI0, CTBOPEHOIO 3YCUJIISIMU
Obararpox ydeHmX. JacTKOBO MOXKHA 3HANRTHU MOKJIMKYW HA IIi mpar i
06roBopeHHsi caMoOi HpobJeMu y CHUCKY MOHOrpadii, mo nogaHi B
KIHI[l KHUXKKMU.

Kpim Teoperndanx po3paxyHKIB CHUJI OCOUJIATOPIB, ICHYE€ HU3KA
EeKCTePpUMEHTAJIFHUX METOMIB iX Bu3HadenHss. OOuH i3 mepimx, siKuit
samnpononysas me B. Bin®, rpynryersca va sumiproBanni uacy 3ara-
CaHHs T CBIYEHHd CreKTpaJbHol JinHil (nuB. §11):

2 2
Py =, (29.1)
mc

5Bissrensm Bin (1864-1928) — mimemskuit dbisux. Y 1893 pomi musis tax
3BAHUI 3aKOH 3MINIEHHS I/ CHEKTPAJIbHOI TYCTUHH €Hepril BUIPOMIHIOBAHHS
abcosorHo wopHOTro Tisa. Y 1911 pomi 3a BIOKPUTTS 3aKOHIB TEMJIOBOTO BUIPO-
MiHIOBaHH#A #oro BimzuHadeno HoberiBChbKOO mpemMieio 3 dpi3uku.
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ey  CcraJia 3aracaHHd, Wy  9acTOTA JIiHii.

ExcriepuMenTajbHe BUBHAYEHHS CUJI OCHUJIATOPIB y J1abopaTop-
HMX YMOBAX MOXKJIMBE 1 32 IOKA3HUKOM 3aJI0MJIeHHs 1. 1151 ra3oBoro
cepenoBuIa NOOIM3Y PE30HAHCHOI YACTOTH W = WAl A JJISA TIEPEXOLY
|A) — |A"), Koy TONOBHUI BHECOK y N BU3HAYAETHCA (HOPMYII0H0 [8]

4’ N pafaa
mV ‘*’,24'/1 — w?’

n- =1+

3a BIIIOMUMU 3HAYEHHAMYA TOKA3HUKA 3aJI0MJIEHH N TA TYCTUHA ATO-
MiB Ny /V = Npa/V Bcrani |A) Busnadaemo cuity ociuaaropa far4.
Axmo Ny HeBigoMe, TO BU3SHAYAEMO BIAHOCHI 3HAYEHHS f 4/ 4 st Pi3-
HUX JIHIN.

3ynuHIMOCH HA METOMi BUMIPIOBAHHHA CHJI OCIUJIATOPA 3a iHTE-
rpajabHIM KoedilieHToM moraMHaHHA B J1iHil. Bisbmimo Bupas (13.18)
Jig KoediuieHTa MOrIMHAHHS, 110 BPaXoBY€ edekTu 3aracantsd, To0-
TO JIOPEHIIIBChKMI KOHTYP i JIONTIJIEPIBChKE PO3MWPEHHS JIiHil, 1 TPO-
iHTErpyi#iMO #Oro 3a BCiMa 9acTOTAMM:

o

922N [ h H(a,v)
== : — e /Ty 2 2 . (29.
/%(q)dw P /faa(q)(l € )AwDﬁ dw. (29.2)
0 0

Ocxinbkm M7 BeCh 9ac 0OMEXyEMOCH JIVTIE OUTOJIFHUMU TIEPEX0Ia-
mu, to y Bupasi (13.9) naa fuq(q) noknanemo k = 0. Tobro, 3a-
MicTh BeJImauHY fu14(q), 6epemo cuity ocumasitopa fq,. Kpim Toro,
y MHOXHUKY exp(—hw/T) gactory w npuiiMaemo piBHOI PE30HAH-
cHill wacToTi wy, TOMy WO iHTErpyBaHHda 3a w B (29.2), BHACHIIOK
piskoro mpodisro JiiHii, BimbyBaeTbca (GAKTUIHO B MEXKAX il MIUPH-
au. Hapemrri inTerpaJst, mo 3a/umaeTbes,

0o 0o
212’ N H(a,v)
d - - - - , 1 o ‘7fZ(4)0/71 N d
/ ot = S mbeatt e M) [
= / — € —F— av .
mecV Pala'a ' \/7—1_ )
—wo/Awp
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crocyerbed aume Gynknii Qoiirra. HukHio Mexy iHrerpaJa, yHa-
CJIOOK TOro, mo wy > Awp, TArHEMO Ha “MiHyC Ge3MexHicTh”, i
3rijHo 3 ymoBow HOpmyBanHsd (15.2) nna dyukuil Qoiirra uei inre-
T'paJl MOPIBHIOE OWHWIL. Y Pe3yJIbTaTi MaeMO

[e.e]
2m2e2 N, b /T
/ #(g)dw = = fura (1 — e M0/, (29.4)
0
e Ny = po N KinbKicTh aroMiB y “HmxuboMy” cradi |a), 3 AKo-

ro aToM TepexoauTh y 30y/kennii |a’) pu norsmuanui dorona. Ak
npasuno, hwy/T > 1, i Tomy xpyrna myxka y (29.4) mopisBaioe onu-
HUILI.

PiBuanna (29.4) 3a #ioro BigoMOIO 3 €KCIIEPUMEHTY JIIBOK 4ac-
TUHOIO TIJISXOM BUMIPIOBAHHS TJIMOWH CMEKTPAJILHUX JIiHIH 30pi m0-
3BOJIA€ 3HAXOMUTH BEJMIMHY Pq forqa 860 Ny fara/V. Hapewmrri, saxuio
BIIOMO KiJIBKICTh aTOMiB B OfuHUII 00’€My, 110 TepebyBaioTh y CTaHi

a), TO 3BLICM 3HAXOAMMO CUJy OCUMIATOPA fqq. Biacue B 1po-
My i moJisirae ipobuiema, ockinbku BusHadenus N, /V e Haiibinbmmm
JKEPeJIoM HETOYHOCTE# B yCTAHOBJIEHHI, sIK KAaXyTb, 30PAHUX CHJI
OCIMJIATOPIB. 30KpeMa i COHgYHY arMocepy 3 yCIiXOM BUKOPHUCTO-
BYIOTh $IK IPUPOJIHE BUCOKOTEMIIEPATYPHE ra30BE CEPEHOBUIIE [JIA
BU3HAUEHHS CHJI ocimaaTopa’. JleTasnunmii OnMC CTBOpEHHS COHSY-
HUX CUJI OCIUJIATOPA 33 JiHiaMu (ppayHrodepoBOro CIIEKTPa MOIAHO
B [18].

TopkHEMOCH BaXKIMBOTO NATAHHSA HMIOA0 BUKOHAHHS TPABUAJIA CyM
IJIsT BUMIPSHUX EKCIIePUMEHTAJILHO CUJI ocumJiaTopiB. [ljas Toro,
o0 MepeBipuTHu 1€ TPABUJIO, TOTPIOHO BAUMIPATU CAJIA OCIUJISATOPA
fara DI BCIX 3HAYEHb KBAHTOBWX uncesn A’ nmpm samanomy sHadenni
A, To6ro muis BCix nepexomis i3 kBanToBoro crany |A) ax “ysepx”,
Tak i “BAm3”. Opmrak me HemoxJmBo. Cmpapii, He BCi KBAHTOBI Te-
PEXOIU ONTUYHOrO eJIEKTPOHA € (DI3MUIHO 3[iHCHEHHUMUA, TOMY IO B
faraToeJIeKTPOHHOMY aToMi YacTuHa aroMHux cranis |A') saiiuara.
ITigkpecaumo, 1m0 MoBa e He TPO Te, IO CUJia OCIWJIATOPA IIJIsd

"Mns Connst me cTaso moxamsuM micas Toro, sk y 1929 poui I'. Paccest ony6-
JIKyBaB XIMIYHUI yMICT COHAYIHOI aTMocdepHn.
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nepexony |A) — |A') mopisaioe HyJsieBi: B3araJi Kaxydu, BOHA Bijl-
MiHHA Bif HyJId, AKIIO NEepeXid T03BOJIEHNH CUMETPIHHUMA BJIACTU-
BOCTAMU XBUJIOBUX (DyHKIIH, siKi onucyors i cranun. Orxke, AKII0
€KCTIePUMEHTAJIbHI 3HAYEHHSA CUJI OCIUJIATOPA far4 MAOCYyMyBaTH 34
ingexcom A’, To Mu He 060B’A3KOBO OTPUMYEMO OJMHUIIO Yy HpaBiii
gactuni dpopmysn (24.4).

Haupuknag, psa Na MaeMo  eJeKTpoHHY KOHQIrypario:
15225%22p%3s!. Ockinbku |2p)-cranm nosmicTio 3amosHeni, To mepe-
xim “yams” |3s) — [2p) e dismaHO He3mIHCHIOBAJIHHUM, X04Ya CHJIA
OCIIITTATOPA, PO3PAXOBaHA AK IJIsI BOLHEBOMOMIOHOTO aroma, BiaMiH-
Ha Big Hysda. ko obuucauty il 9K 11151 BOOHEBOTOMIOHOTO aToMa,
TO

9 11
f35—>2p = *3f2p—>3s = *35 4 g = —0.040769.

Ckazane norpebye e OgHOIO YyTOYHEHHs: CUJIM OCLHJIATOPA,
MACYMOBaHI 33 MArHiTHWM KBAHTOBUM YWCJIOM, 33JI0BOJIbHAIOTH HE
npocTy piBHICTE farq4 = —faa, @ 3 BIONOBIIHUMU CTATUCTATHUMU
BaraMu.



PO3IIJI V

CTAJIA 3ATACAHHA

§ 30. Enepris B3aemomnii aTroma 3 YaCTUHKAMH OTOYEHHS

PospaxyHok crajioi 3aracaHds Y4 4 Ta 3CyBy 4dacTo™n Aw g
34 TEOPICI0 yIAapHOTO HADJIMKEHHA nependadae 3HAHHS KOHKPETHOTO
BUTJIALY €HEPTii B3aeMoii aToMa, Mo MOTJIMHAE eJIEKTPOMATHITHE BU-
NPOMIHIOBaHHS, 31 30yPIOI0YAMEU 9ACTUHKAMU OTOYEHHA. Y 3B A3KY
3 UM JOKJIQIHITIE PO3TJISTHHRMO II0 BEJIMIUHY .

Orxe, HEXal 3apsAjl Apa aToMa, Mo norjauHae (GoToHM, HOPIB-
HIOE 7, a BeKTOpoM R mosHadmmo koopamHaty sigpa. Koopmauma-
™ N, eJIEKTPOHIB aToMa BIIHOCHO fA/Ipa, KBAHTOBI TEPEXOIN AKUX
1 yTBOPIOIOTH BUOPAHY CIEKTPAJIbHY JIHIIO aTOMa, MO3HATAEMO de-
pes3 ri,...,ry,. [jaa HeliTpasbHOrO aromMa y BWMAIKY HOTO OmXHO-
eJIEKTPOHHOI MOfIeJTi, TOOTO KOJIM POJIb PEIITA EJIEKTPOHIB 3BOIU-
MO JIWTIE 10 €KpaHyBaHHA dAmpa, oueBnmaHo N, = Zy. Iloznaummo
nasai xkoopauHary neaTpa mac N, 30yproloumx 9acTMHOK BEKTOpa-
vu Ri,Ro,...,Ry,. Koy x 30ypioroua WacTuHKa 3 HOMEPOM a
e aromoMm 3 NZ ejleKTpoHAMHU, TO MO3HAYATUMEMO KOODIMHATH IIMX
€JIEKTPOHIB BiJITHOCHO CBOTO sipa 3 HOMEDPOM @ 1 3apdAioM 7, depes
T1q,Tq2 ., TgNa. ¢IKIIO 30ypIoroyl YACTUHKM € BULIBHUMM 3apsjia-
MU, TO, OYEBUIHO, EHTPU MAC 30iraf0ThCs 3 IXHIMH KOOPIAMHATAMHA,
TOOTO Maemo ry; =0, a=1,2,....

Bunumrimo Tenep eHeprito KyJIOHIBCBKOI B3a€MOJIil aTroMa 3 Jac-
TUHKAMW OTOYEHHS:

F

Np 2 .
o eZ[)Za
V=2 ® R, ZZ\RH,
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N, N@ Ne Np
. (30.1)
1

€Z0
_ZZ\R—ray—Ra|+

N¢
p ot J1|R+rz R

Buxkopucraiimo masii omeparop 3CyBy, AKAM ME BXKE OCJIyTOBYBa-

— Igj

i=1 a=1

Jmck panime (auB. BuHOCKY Ha ctop. 100, dopmynu (17.1), (17.2)).
Orxe, 6e3 3aiiBux komenrapis maemo (oneparop V mie na R):

V _ Z (& Z()Z ZPZF I'z € (1,

a=1i=1
Ny N¢
A
- Y eV R
a=1j=1 R — Ry
Ny N v Ne v ¢Z
+ e e TaiV 2 30.2
LR R "

YBe,ueMo onmepaTop y3araJibHEHOTO 3apday aToMa

Ne

Q=e <Z Vo Zn) (30.3)

=1
i BigmoBimaMit omreparop aJid 30ypro0v0l YaCTUHKY COPTY G

Ng¢
Qo=¢e Z eraiV Zy | - (30.4)

J=1

Temep Ham orneparop 30ypeHHsI MOXKHA 3AMMUCATHA TAK:

AL 1
) G 30.5
R ) (309
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Jle BBEOEHO 3BUIAHNM CIIOCOOOM CHPsKEHUN OmepaTop 3apsiLy

Ne

Qi=c|Y eV _27,]. (30.6)
j=1

Taxum yunom, oneparop 36ypenus 14 dOpMaJIBHO MA€E BULJIAL €HED-
rii KyJIOHIBCHhKOI B3a€MO/ii YaCTUHOK 3 OMEPATOPHUMU 3aPAITAMA Q
Ta Q. o

Axmo y Bupasi gast () i (), Tpw 3B’sI3aHUX CTAHAX E€JIEKTPOHIB
3po0buTHU PO3KJIAAU EKCIIOHEHTHU B PAL, TO OTPUMYEMO MYJIbTUIIOJIbHI
PO3KJIAIN:

. 1
Q—Q+dv+§§Qaﬂvavﬂ+..., (30.7)
Q = e(Ne — Zy) (30.8)

— @JICKTPUYHWN 3apal aToMa,

Ne

d=e) r (30.9)

=1

— eJIEKTPUYHUI TUTIOJILHUI MOMEHT aToOMa,

Ne
Q7 =eY " afa) (30.10)
i=1

1

fforo enexTpUIHMA KBAJIPYNOJIbHII MOMEHT ; TYT T} OeKapTo-

Bi KOOpIMHATH -TOTO €JIEKTPOHA BIIHOCHO sAnpa, o = 1,2, 3, Tak 1o

'Ejrexpuannit kBagpymoseHuit MOMeHT, “HOpMoBaHuWil” CcTaHmZAapTHO, Tak,
w06 cJrig Marpuir QD‘B JOPIBHIOBAB HYJIEBI, BU3HAYAIOTH Y Takiit crnocio:

Ne
Q~F = ez (Sxf‘xf — r2(5ag) .

i=1

Unen i3 cumBosioM KpoHekepa na€ Hy IbOBHI BHECOK B eHepriio B3aemoii V' BHAC-
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T} =z, 27 =vyi, 13 = 2; Vo= 0/0X®  cxaanosi oneparopa rpa-
mienTa 3a kommonentamu Bektopa R = R(X,Y, Z), X! = X, X? =
Y, X3 =127.

Ananoriudi BUpasu MarumMeMo 1 1Jidg OLEPATOPHOIO 3apamny 30y-
PIOIOYO] JACTWHKW, AKIIO Ie HelTpaapHanit arom abo ioH 3 esekTpo-

HaMu y 3B’A3aHUX CTAHAX:

. 1
_ a
Qu = Qa+daV+§§ﬂ QY°VaVs+ ..., (30.11)

Jie BIAMOBiAHI €JTEKTPUIHI MYJIbTUIIOJNbHI MOMEHTH

Qo = e(Ng’—Za),

Ng
d, = €)Y rjg, (30.12)
j=1
Ng
Qgﬁ = ezxgax?a
j=1

Ko 30yprofodi 9acTHHKY € BIJIbHUMY 3apATaAMU, TO OIEPATOP Qa
3BOIUTHCST MPOCTO 10 €JIEKTPUIHOTO 3apsAmMy JacTuHkm (.. Taxum
YMHOM, AKIIO ATOM B3aE€MOJIE 13 CMCTEMOIO BIIbHUX 3apA/iB, rj, = 0
i Qa = (Q,, TO BUpa3 IJId eHeprii V 3a YMOBW €JIEK TPOHENTPAJIFHOCTI
>-a Qa = 0 36iraerhca 3 dbopmysioo (17.2) 3 BignosiganMm nepero-
3HAYECHHAMHA.

Bunmmrivo maJti mist mpukJIany eHepriio B3aeMoJIii HeiiTpaJihbHOTO
aroma (QQ = 0) 3 HEHTPAIHLHOIO 30yPIOIOYOI0 YACTUHKOK 3 HOMEPOM

JIIOK TOTO, MO KYJIOHIBCHKHUI MOTEHIia I 330BOJIbHAE piBHAHHA Jlamnaca:

2 1 2«2 1
0a3VaVg—-———=r"V:——— = 0.
;’" PYeYR-R. T R-R4

3 mpOro 03HAYEHHs BAILIHBAE, mo Q%P Mae IM'ATHh HE3ATEKHAX KOMIOHEHT, OC-
kimexkn Q%7 = QP i Yo @ = 0. OueBnmno, WO OCTATOYHI PE3yJILTATH HE
3a/1eXKATUMYTh BiL TOTO, sIKe O3HAYEHHS MU IpuiMaemo s QY.
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a (Qq = 0) B nuuosbHOMY HAOIMKEHHI:

Vo= (dV)(d,,V)ﬁ

_ (dda)fzf(;‘:):fd““), (30.13)

ne oguanaanit Bektop n = (R — R,)/|R — R,
Ko x arom mae 3apsag (), a 30ypro0da 4aCTUHKA, € HEATPaJib-
HOIO 3 JIWTIOJIbHUM MOMEHTOM dg, TO

. di(R—-Ry)

V= . 30.14
“TRRP 010

Hasnaku, kosiv Bubpanuit arom, mo norjaumaae GoOToHH, € HeATpaJib-
HAM 3 OUTIOJIhHUM MOMeHTOM d, a 30ypIioloda JacTWHKA, Hece Ha cobi
3apsa, TO

d(R, — R)

Qa |R Ra‘3 -

(30.15)

Y KOHKpPETHUX pO3paxyHKaX [Jis BCIX MOTPIOHWUX HAM BUTAIKIB
enepriio V Gynemo sunucysary i3 saramsuoi dopmyam (30.5).

SanwuiimMo enepriio V, BUKOPHUCTOBYIOUM (hyp’€-TIepeTBOPEHHS KY-
JIOHIBCBKOTO TOTEHIIAJTY:

1 1 471' iq(R*R )
N7, @), 30.16
R-R Vo7 (30-16)

TYT KOMIIOHEHTH XBUJILOBOIO BEKTOPA ( HAOYBAOTH MIJIOYUCETbHUX
3HavYeHb, KpaTaux 1o 27 /L, ne L — nosxuna pebpa Ky6idHOTO AMN-
ka ob’emom V = L3, y axiit posramosana nama cucrema. Ilepexisn
BiZl MOCyMOBYBaHHSA 3a ( OO IHTETPYBAHHA 3MIHCHIOEMO TaK CaMo,
gk 1y dopmyui (2.1). Orxe, nigcrasisoun (30.16) y (30.5) 1 pitoun
oreparopaMu 3CYBYy B 3apsigax Q ta Q, HA €KCIIOHEeHTH, 3 (30.16)
3HAXOMUMO:

¥ Z 47TQ —q) gia(R—Ro) (30.17)

q a=l1
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e

Ne

Q@) = el Y 7|, (30.18)
=1
Ng

D el — 7, | (30.19)

=1

Q

IS]

S5
I
@

Inoni 3pyunime BukopucroByBaru 1i (popmy.au, wix (30.3) (30.6).

[lepeiinmiMo Temep 10 BCTAHOBJEHHS BWPA3y IJIA MOTEHIAJIHHOI
eneprii Bzaemonil U aroma, mo nepebysae y crani |A) 3 vacruakamu
orouenns. s mhoro HEOOXigHO 3HAWTHW cepemHe 3HAYEHHS TTOBHOI
eHeprii cucremu “arom mIIOC 30yproYa 4acTUHKa” 1pu (pikcoBaHiit
Bincrani mix aumu r = |[R — R,|.

Hexait atom snaxonnthes y crani [A), a 36ypooova JacTUHKA y
crani |f), Tak mo0 noBHA XBUALOBA (DYHKIIsA ATOMA 1 YACTMHKH, LIO
He B3AaEMOIIIOTH MiX co00I0, MOPIBHIOE

A, f) = [ANF)- (30.20)

Mwn cremiaJbHO BXWBATHIMEMO KPYIJIy OYyXRKY B IipPaKiBChKWX TO-
3HAYEHHAX CTAHIB 30yPIOIOYMX YACTUHOK. 3a CXEMOI) CTAHIAPTHOI
KBAHTOBOMEXAHIYHOI Teopil 30ypens eHepris U4 B nepriomy mopsiI-
Ky JOPIBHIOE CepesnboMy 3HAUeHHIO oneparopa V B crami |A, f):

Ua(r) = (A, fIV|f, A). (30.21)

PosrnstrbMO B3aeMomito HERTPAJTLHOTO ATOMA 3 TOYKOBUM 3aPsi-
oM BesmmauHm (), KoJim onieparop 30ypenns V gano Bupasom (30.15):

_ W

r2

Ua(r) (A|d|A)n, (30.22)
e ONWHUYIHUI BEKTOP N, CIPAMOBAHWHI y3m0BXK JIiHII, MmO 3’€IHYE
aroMm i3 3apsamom (Hexail n||z). OcCKiJIbKM CepenHe 3HAYEHHS €JIEKT-
d,|]A) = 0, 10 it Uy(r) = 0. Bu-

HATKOM € JIUIIE aTOM BOOHIO, IJid AKOTO e CEPETHE 3HAYEHHd 14

PUYHOrO JMNOJILHOrO MoMeHTy (A
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30yIKEeHNX CTAHIB, YHACJIIOK iX BUPDOMKEHHs, € BIAMIHHUM Bim Hy s
i mopisuioe [13]

3
(Ald,|A) = fieaBn(nl —ng),

e n,ni, no — mapabosiani KBaHTOBI yncaa. OTke, OJist BOIHIO eHep-
rig ftoro B3aemosil i3 3apaa0M He HOPIBHIOE HYJIEBI BXKE B MEPIIOMY
MOPSIZIKY Teopil 30ypenb:

3 —
Ua(r) = —ieQaaBin(n]TQ na) (30.23)

Mg iHmmX aTomiB HEOOXIOHO 3BEPHYTUCH 10 APYTOTO MOPAIKY
Teopii 30ypeHb

_ vy (A, fIVIAL f1)? (30.24)
EA+E“ B — B .

Ar fr N
(A1, f1#A,f)
ne E4 — enepris aroma B crani |A), a E'; — eHepris 30ypro0UYOol

wacrunky B crami | f). igcrasasoan s (30.24) oneparop V 3 (30.15),
3HAXOINMO €HEPTiI0 HOH-ATOMHOTO TIOTEHITIAJY:

2
Ua(r) = Lo (30.25)
274
Ile TIOJIAPW30BAHICTh aroMa B cTami |A)
|(A|d,|Aq)[?
4 =2 Z [{Ald: | A7 (30.26)

Ex, — Ey
(k)

[0 BesMUMHY MOXHA 3alMCATH YepPe3 CUJIy OCHUJIATOPA, AKY MU
osuaunsm Bupasom (11.7):

2mw 2
faa= %‘(z‘h \zlA)‘ ) (30.27)
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Orxe,

h2e? fa,a
= —_—. 30.28
(A17A)

Eneprito B3zaemosii aroma 3 HETPaAJIHHOI YACTUHKOIO OTPUMAEMO
y apyromy nopsauaky reopii 36ypens (30.24) 3a oneparopom 36ypeHHs
V 3 (30.13). BuGupaioun mANpsM N y3I0BK OCi 2 1 yCepennionTn 3a
KyTamu, 3HAXOMUMO

Ua(r) = ——¢, (30.29)

ne

ci = 3 {acadan i f)

A fi
(A1, f1#A,f)

+ |<A|d$\A1>\2|(f\d§\f1)\2+\<A\d”|A1>|2\(f|d‘Z|f1)l2}

1
Ea, + B} — Es— By’

(30.30)

OPpUYOMY II0 BEJIMYUHY MOTPIOHO ycepemnuTr me 3a MOYATKOBUMMU
cranamu |f) s30yprorouoi wacturku. Bemwuawnny (33.29) waswBaiorsh
noreHniaJibHo0 eneprieio Ban nep Baasibca, a crasy Cg‘ KOHC-
tantoo Bam mep Baaswca. Cragy Cé4 PO3PaxXoOBYIOTh, BUKOPUCTO-
BYIOUM 3HAYEHHs CHJI OCHUJIATOpA. EKCnepmmeHnTasibHl BU3HAYEHHSA
Cé4 IPYHTYIOTHCHA HA BUMiPIOBAHHI IEPEPi3y NPYKHOIO PO3CigHHA 400
IIJI OOMHAKOBMWX ATOMIB — Ha BWMIPIOBAHHI B SI3KOCTI Ta3iB.

YpaxyBanuga Bumux myabTunonbaux momentis (30.12) B omepa-
TOpi 30ypeHHst MTPUBOAUTH 0 BUINAX CTEMEHIB 00epHEHOl BiacTaHi B
noTeHiaJIbHIl eneprii. Y 3arasbHOMYy 11 MOXKHA 300pa3uTu PO3KJIA-
JIOM y PsiII:

CA 2k
Ua(r) =) T:j% . (30.31)
k>0
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IIpn n = 4 maemo Wor-aroMuRI# norenmiasr n = 6 e IOTEeHIIaJl
B3aEMOJIil MiXK OBOMA HEATPAJIILHUMU ATOMAaMU, KA BU3HAYAETHCHA, B
OCHOBHOMY, BaH-JIEP-BAAJIbCIBCHKOI B3aEMOMICI0. YHUCIOBI 3HATEHHSA
cmtoBUX KOHCTAHT () IJIs PI3HUX TUTB MIXXKYaCTUHKOBAX B3AEMOJIIit
MOXHA 3HaiTH B [27].

Myabrunospanii posksian (30.31) mparroe, Koam Bimcrani mix
JacTUHKAMU Besnki. 1le peastisyeTbcst B Takiit po3pimkenii ra3osii
cucreMi, g9K010 € armocdepa 30pi. fAxuio yacTuHKu nepedyBalTh Ha
BiZICTAHAX, CyMIPpHUX 3 IXHIMW PO3MipaMu, TO YCEPETHEHHS 33 €JIEKT-
POHHUMU CTAHAME HEOOXITHO MPOBECTU, BUKOPUCTOBYIOUU (hOpMyTy
(30.17) misa omeparopa 36ypeHHst V 6es posksiamy 3apamis (30.18),
(30.19) y pam 3a crenenamu q.

§ 31. PospaxyHnok ¢a3 po3scisHHs

Matoun siBHEU# BuUpa3 s MOTEHIAJIBHOI eHeprii B3aeMoIil Mix
aromMoMm i 36yprorouoto gactuakow (30.31), Moxemo B3aTHCH 3a 00-
quCJIeHHA BeuuuHu Y4 3a dopmynoo (21.13). Ilepue 3aBnanns,
AKe CTOITh nepej Hamu,  1e po3paxyHok ¢das posciauns (21.10).

[Migcrasasoan (30.31) B (21.10), sHaxogumo

204

dr
5= nt2k . 31.1
kz>0 vh rnt2k /1 — (p/r)? 1Y)
= p

Bpobumo 3aminy sminaux 7 = (p/r)?, nicnsg axoi supas (31.1) maby-
BAE TAKOTO BUTJISIALY:

1
T iy P T S PP
k>0 1P o

Ieit inTerpan 3BoguThca oo B-iarerpasa Eitnepa i Bupaxaerbcs de-
pes I-bynxmii [28]:

1
y—1/1 _ ye—1 34 _ L(y)l'(z)
O/f (1—t)* " dt= 7I‘(y ) (31.3)
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Rey >0, Rez > 0.
Tenep 3 (31.2) omepxyemo
Ctvor T(L/2)T (k +251)

) =
kzx)vhpn+2kl F(k—}—%)

. on> 1. (31.4)

YmoBa n > 1 BuruiuBae 3 ymosu Rey > 0 B o3nauenni (31.3) npu
k=0.

8pobumo 3ayBaxkeHHs A0 1IBOTO pesysabrary. Bupas (21.8) uqwm

(21.10), axkwii Bu3Havae (asy posciguns dyepes norenmiaa Uy (r), —
ne Jine Jiiniitani wien poskiay 3a Uy (r) kBasikJacuaHOro BUpasy
st 0. Iy po3pimkenoro cepenoBuIa, SKUM € 30psaaa armocdepa,
BaXKJIMBO BpaxyBarn “creneneni xsoctn” morenmiany U4 (r), ockinn-
KM CepenHi Bigcrani Mixk yacruHkamu Besiuki. Came Takuil B/
norenniauay ¢dikcye dopmyna (30.31), i 9k HACTAIIOK MaEMO BUpa3
(31.4) mna dasum §. dxmo BpaxysBaTu jjia § HACTYIHUI KBajapa-
TuaHUi 9en poskaany 3a Ua(r), To rosoBamii BHECOK y (hasy Oye
uponopuiiiaum 10 1/v3p?" 1. Orxe, iforo BHECOK y § € TaKkuM mo-
10 oDepHEeHOl MPUIJILHOI BifCTaHi p, 9K 1 k-Tuil 4jeH po3KJIAIy B
(31.4) 3 k = n/2. dua Ban-uep-BaaJbCiBCbKOI B3aemouil (n = 6)
[e 9eTBepTHii 4jieH poskJamsy. Tob6To 3maBasioch 6m, M0 KOPEKTHUM
€ yrpumanug B (31.4) nocrBan-ep-Baa bCIBCbKUX B3AEMOJIIN Juie
no k = 2. Opmak moTpibHO BpaxyBaTH, MO KBAIPATUIHUIA BHECOK
y 0 Mae nomaTkoswii MEOKHWK 1/v?, AKwii B 0OCTATOMHOMY WiICyMKY
JIACTH CTAPII YJIEHU PO3KJIALY Y4 34 TEMIEPATYPOIO.

[TepeiimiMo 10 0OTOBOpEHHS HENMPYXKHUX 3ITKHEHH ATOMA 3 JaC-
TUHKAMM OTOYEHHsI, TOOTO 31TKHEHB, AKi 3MiHIOIOTHh BHYTPINIHI{ cTaH
YaCTWHOK. Y I[hOMY BWTIQJIKY aMIUITyIa posciguusa f Menma, Hixk
MIPY 9UCTO TMPYXKHOMY PO3CIgHHI, OCKLJIBKA € JTOOATKOBI KAHAJIM BU-
BOIy aroma 3 foro modarkoBoro crany. ¥ Bupasi (21.13) nus y4 ne
BPaxoBaHO y TO# c1oci6, mo ¢pasa po3cidHHdA 3aMIHEHA KOMILIEKCHOIO
BEJIMINHOIO

5= 0o +io". (31.5)

Vasua yacruna ¢asu ¢’ BusHaua€ BHECOK HENPYXKHUX 3ITKHEeHb. Be-
smamna ¢ € xoedinienrom nocaabuaenns posciauoi xsuii (67 > 0),
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i rOJIOBHM# BHECOK y 11 BEJIMUMHY IaBATAME IPYTUHA MOPSIOK TEOpii
36ypenn 3a omepatopom V 3 (30.5) a6o (30.17), mo BusHauae B3ae-
MOJIII0 ATOMa 3 sIIPOM Ta yCiMa esJleKTpOHAMU 30yPIO0Y0l YACTHHKH.
Orxe, Besmunna ¢ TaKOTO X MOPAIKY, IO # TOTEHI[aJIbHA eHeprid
Ua(r), axka TakoXK € pe3yJibTaToM JPyroro HAbJIMKEHHs 33 OnepaTo-
poM 1% (32 BUHATKOM B3a€MOJIii aTOMa BOIHIO B 30y/ZKEHOMY CTaHi 3
ffloHAMY BHACJIIOK BUPOIRKEHHS IIMX CTAHIB, 1po o #nwiocs B § 30).

OT1xe, OCKLJIbKM TOJIOBHUI BHECOK y Besmuuny 0" € jiniiinum 3a
Ua(r), To mpupomro npunycruta, mo 0" ~ ¢, mpuaomy miiicaa gac-
tuna daszu &' Buznavena dopmysion (21.10). Bepyuwm mo ysaru Bce
CcKazamfe, MOKJIaIaEMO

3" = pd, (31.6)

Ile p HA3WBATHMEMO TTApaMeTpOM HENMPYXKHUX 3iTKHEHb. Bennmanna p
€ BITBHUM MapaMeTpoM Teopii, OHAK 34 CBOIM 3MICTOM BiH ITOBUHEH
3MIHIOBATUCH y Taknx Mexax (p > 0 nus 6/ > 0): 0 <p S 1.

Takum yunoMm, asza poscisHHA 0, WO BPAXOBYE 1 UPYXKHI, 1 HE-
upyxHi 3irkHeHHs, gk Buimsae 3 (31.5), (31.6) ra (31.4), gopisaioe

Calyor T/2T (k + 51)

5= (1+ip) ni2h T2 ps1 (317)
gvhp +2k—1 F(k+§)

Caizr ogikyBaTu, MO pe3yJabTaTh PO3PAXYHKIB CTAJIOl 3aracaHHs 3 BU-
KOPUCTAHHAM IIHOTO BUPa3y OyayTh KOPEKTHUMU, AKIIO 3AJIEKHICTDH
BiZl mapaMerpa HENPYXHUX P 3ITKHEHb JOCTATHHO CJIaOKa B MPOMIXK-
Ky H#OTO MOXKJIMBUX 3HAYEHb.

§ 32. Yac XuTTd KBa3icTalloOHAPDHUX CTAHIB i1 3CyB
€HepIreTHYHHX PiBHIB aroma

Bcys pisnis eneprii aroma AE 4 Ta vac fioro xurra 1/v4 y crani
|A) 3ymOBJIeH] 3ITKHEHHAME 31 30yPIOIOYNMI TACTUHKAMY BU3HATAE
sarasibauit Bupas (21.13), a suaiimena B nonepemabomy naparpadi
dbaza poscianna (31.7) no3BoAE NPOBECTU PO3ZPAXYHOK NUX BEJIMIUH
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1o kinng. Orxe, 3 (21.13) ra (31.7) 3naxomumo:

: N
SAE+ 2t =

p
2 V </UI>7

a iaTerpaJi
oo
I =2 / (1—e*") pdp,
0

e

zZ=1p—1i,

Iarerpyemo B (32.2) wacrnnamn:

o

oo d
I = p? (1—e ) ‘ - Wz/erZ"—n dp.
0

dp

(32.1)

(32.2)

(32.3)

(32.4)

(32.5)

(32.6)

[Mepumii nonanok nopisaoe Hysesi (n > 3), AKIO B3ATH 10 yBaru

(32.4), a B iHTErpaJIi HANPONTYETHCA TIEPEXIIL 0 HOBOI 3MIHHOI iHTET-
pyBaHHSA 7). 3 ypaxyBaHuaMm Toro, mio 1 = 0 opu p = 0o i ) = oo npu

p =0 3 (32.6), omepxyemo

o

I= Wz/erz" dn.
0

(32.7)
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Tenep 3aJMmUI0Ch 3HANTH 3 piBnanng (32.4) pesmunny p? ax byn-
KILI0 7). 3 1i€r0 MeTor pan (32.4) sanumiimMo Tax:

m:yM<Lﬁi+%+”>, (32.8)
y oy

oo r(3)

CaT(3)T (%)

n—1
m= 0, (32.9)
y=p°.

O6epnimo paz (32.8), To6T0 BusHauumo 1/y y Buriaai pamy 3a , a

HACTYTTHUM KPOKOM “TiepeBepHeMO” OTpUMaHuUil pAmd i 3HAKIEMO BXKe

BEJIMUUHY Y = p° y BULIAAL pAdy 3a £. Bukonyioun mi jii, MaemMo?

p° :xfl/mZakxk/m, (32.10)
k>0
e
ag = 17
C1
ar = —,
m
1 om+1
9 = — |co — ¢ 32.11
as m[@ & 2m}, ( )
1 + 2 m+1)(m + 2
a3 = — |:63(’1(2 ,ri}( )(2 ) ;
m 3m
1[ ,m+ 3 m+ 3
a4 = — |[C4 — Cy — C1C3
m 2m

2JIns BUKOHAHHS LHOTO 3aBNAHHT MOXKHA TAKOX BUKOPUCTATH CTaHIAPTHI
KOMIT' IOTEPHI TPOrpamMu /il aHATITHIHAX PO3PAXYHKIB.
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[Tincrasnasgemo Bupas (32.10) oo (32.7) i nepexonumo 1o inTerpy-
BaHH{A 33 I:

oo
CAT (1) (L
I — ppn (3) n( 2 )Zak/x =1 S .
vh r (5) iso o
(32.12)
CA T 1 T n—1
OO
vh r (g)
3a osnavennsM mei inrerpas ssoguthes mo I'-dynkmii [28]:
oo
/.7;”16Sm dr =s "I'(v), (32.13)
0
Rev >0, Res >0, abo Res =0, 0 <Rev < 1.
Tenep
B\
vh rz " k—1
T=nY ap | g = 2)1> FG+———»(%J®
kzzo <CnF(§)F("T) m
n > 3.

YmMmoBa HA MOKA3HUK NOTEHIAJy N > 3 BumsmBae 3 ymosu Rev > ()

y (32.13),

k—1 2(k — 1)
v=1l4+-— =14+~

m n—1"

npu k = (. 3Bigcy BUXOOWTH, IO 3 HAMNIOTO PO3TJIALY BUMAIAE BAK-
JIMBA 33/1a9a OPO PO3IUIUPEHHSA 33 YAAPHUM MEXAHI3MOM CIIEKTPAJIb-
HUAX JiHIA aroma BogHIO esiekTpoHavu. OCKIJIBKE TYyT HOTEHIIAJ
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(30.23) mae nokasumk n = 2, TO BUHUKAIOTH PO30iKHI iHTErpasn.
IIro 3a/1a9y M7 pO3TJIAHEMO Ti3HINIE OKPEMO.

8pobimo mapemTi ocranniii Kpok i, 3rigao 3 (32.1), BUKOHAIIMO
yCepenHeHHd 32 MBUIKOCTAMEI, BBAXKAIOYUN, 5K 1 B § 14, 110 po3momi
3a wBuUAKOCTAME W (V) € MAKCBEJLUTIBCHKUM 3 e(DEKTUBHOIO TEMIIEPA-
ryporo T* 3 (14.6), sika BpaxoBy€ MIKpOTYpOyJIEHTHI PYyXW 30pAHOI
armocdepu:

w(v) = eMv2/2T*/ /eMVZ/2T* dv, (32.15)

o o o

/dv: /dvm/duy/dvz,
— o —0oQ —0oQ

(...)= /w(v)(...)dv. (32.16)
[Mincrasmo Bupas (32.14) y (32.1):
i YA Np
ﬁAEA + 7 = Vﬂ'kzmak

X d £ (3) T1)%“ k=1
(zcglr(%)p(u)> (v )F<1+ — ) (32.17)

2

[Mepeiinimo B o3nauenni cepenuboro (32.16) mo cdepuvnnx KOOpau-
HaT JIJIA 3MiHHOI iHTETPYBaHHA V 1 3HAlIEMO

oo 2 *
[‘ pVT2e—Mu /2T dv

<'UV> _ 0

o] ) )
f’U e—Mv2/2T* 1.,
0

1Ii inrerpaJsm 3amino r = Mv2/2T* 3BommMoO J10 I'-bynkmiit (32.13)

1 omepxKyemMo, 1o
2T\ /2 T (13
(v”) = ( % ) I(‘ ) (32.18)
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Hani komrmuiekcny Besimauny z 3 (32.3) 306paxky€eMo y TPUIOHO-
MeTpudHil (popmi uepe3 momysih i dasy:

z=1/1+pZexp [—i arctg GD)} . (32.19)

[Migcranoska (32.18), (32.19) B (32.17) micss BumiseHHs miACHOI
it ysIBHOI 9aCTWHU JA€ TAKWil pe3ysbTar:

AE, N, B :

k>0

9T\ s +3 E—1
r{1+2=" 2.9
X < 7 ) ( + — ) (32.20)

YA D h r (%) )T
— = 2VT ) ay (— —
2~ v YT\ G ()
k—1 1
2T*\ 2m T2 E—1

k-1 = k—1 1
xT (— + 2) (1 +p2)*lfz_m1 cos [ arctg (—)} ,
2m m p

narajgaemo, mo tytr m = (n —1)/2, a M upusenena maca aroma.
3cyB wacroTm crnekTpaJdbHOl JiHill Awgrs Ta craja 3aracaHHs
YA’ A, BYMOBJICHI 3ITKHEHHAMM ATOMA 3 YACTHHKAMMU CEPEIOBUILA, 1A~
1oThes opmysamvnu (21.17), (21.18). Tobro Besmuanua Awgr 4 € pis-
Hunero supasis (32.20) nna aromumx cranis |A') ta [A), a yara/2
cymoro Bupasis (32.21) ana nux cranis. [Ipu npomy ciin 6paru
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0 yBarw, Mi0 HE TIJTbKU KOHCTAHTH MOTEHIIAJIBHOI €eHeprii B3aeMo-
mii C’T‘?, AKi BXOOATH JI0 Qf, aJie i TapaMeTp HENMPYXHUX 3iTKHEHD P,
y3araJi Kaxy4du, Pi3Hi [Jid pi3HUX cTaHiB. K0 BBaxKaTw, MO IIi
BEJIMYWHA € OIHAKOBI JIJIA BCIX ATOMHWX CTaHiB, TO, OYEBUIHO, 3CYB
qactoru Aw g4 = 0, a crasia 3aracasss Y4 4 = 2Y4. 3pO3yMijio, o
edexTn 30ypeHHsa aTomMa 3aJiekarh Bi TOTO, y AKOMY CTaHi BiH Te-
pebyBae. Tomy meit kpaiiHiii BUnmagok Moxe peaJiisyBaTuch xiba mo
BUITAIKOBO a00 [JIsI CTAHIB, Ki € OJIM3BKUMH 33, CBOIMHU XapPAKTEPUC-
TUKAMA. 3BAXKAIOYNA HA MAJIM3HY BHECKIB HEMPYXKHOTO PO3CIAHHSA T
HEBU3HAYEHICTH apamMerpa p, Horo MoxHa BUOPATH OIHAKOBUM [JIs
cranis |A’) Ta |A), Mix AxuMu BinOyBaeThCA BUCBITyBAHHS CITEKT-
pautbuoi Jiinii. Ilogo xoncTanT B3aemosii CT?, TO TaKe MPUILYIIEHHA
€ CUJILHOIO HATIXKKOIO.

§ 33. Ban-mep-BaasibCiBChKa CTaJIa 3aracaHHs

Bupinumo B piBasinHi (32.21) rosioBHUMil BHECOK, TOOTO Tepmimii
wien pany, koau k = 0, 1 gyia crasoi 3aracanasg yar4 = Y4 + Y4,
dAKY MO3HAYMMO B [[bOMY HAOJIMKEHHI 1epes fy%,A, OJIEPKUMO TAKUI
BUpA3:

N, oT*\ 2t=1y | . T (l) T (n;) n—1
04 = =24 = Onl (3) \757)
Yara % ﬁ( 7 ) . e
y F(n3>r(2n3>
2\ 2 1
x (14 p?)" cos arctg [ - | |, (33.1)
n—1 D
Ie BBemero mosradennsd C,, a came
N 2/(n-1) n
e/ = (ef) + (e (33.2)
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Hnsa scyBy wacroru nepumit anen pamy (32.20) mae:

Awygrg = p2\/_<

r n—3 r 2n — 3
n—1 n—1

(1+p*)" T ™ sin [n 2 Tarctg (%)] : (33.3)

2T*> Q(n 1)

Cr () (s )I—
A EY

X

X

TYT yBE€OEHO HOBE TO3HAYEHHA C”I’La
(C’ )2/(77 1) _ (CA’)Q/(n 1) (0;14)2/(7771) (334)

Axwo B (33.1) noksacru n = 6, p = 0, TO MM OTPUMAEMO BAH-1EP-
BAAJILCIBCHKY CTAJIy 3aracaHHsi, siKa BU3HAYAE PO3IMMPEHHH CIEKT-
paJIbHUX JIiHI aToMa Tpu HOTro B3aE€MO/Iil 3 HEWTPAJILHUMA YaCTWH-
KaMU cepefoBuina 6e3 ypaxyBaHHA HEMPYXKHOTO PO3CIAHHS:

N, [ Ce\2/® [ 81\ 3 9
WL p 6
- r (X6 ol (2) 1 (2
) T
2/5 (2 il
r <2> oS (5> (33.5)

X

abo

Ce 2/5 g\ 3/10
1=2 . .
FWL = 7.90 = <h> (WM) (33.6)

g dopmyna Bigoma mim HA3BOIO “CTaJia 3aracaHHsA B HADJIMIKEH-
ui Baiickonida—Jlinaronsma” [7], unm i 3ymoBiena mosia iHIEKCY
“WL”. 3cyB wactoTu B 1IbOMY HAOJIMXKEHHI

N, (Cs\° 81\ /10 3 9
A ' = (2 'li=10T1(-=
o = (%) Gw) () ()
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X

e (5) s (3).
(33.7)

WL 2/5 2/5
y CG ™ CG
T = (L) et (D) =2m2me (5]
Awaa <06> ¢ g<5) 75276 (Cﬁ)

3pobumo mekiabka 3ayBaxkenb m0 nux dopmys. llo-mepure, sk
NPaBUJIO, IPU yCEPEIHEHH] 33 MBUAKOCTAMY POOIAThL 3aminy (v”) Ha
(v)¥. e we myxke 3mintoe uncaosnii Koedimienr B (33.6), onnax Mun
[MOBUHHI TPOBOAUTH yCEPEIHEHH 32 MBUAKOCTAME 3TiHO 3 TOYHUM
osnadeHusaM (32.1).

VY 3B’s3Ky 3 TAKOI HEMPABOMIPHOIO 3aMIHOI0 YUCJIOBE 3HAYEHHHA
koedinienra B (33.6) nasonars 8.08, samicrs 7.901 [7]. Lle nesnaune
36iIbIIeHHs AKpa3 1 BiAnoBigae Tomy, mo, 3rigHo 3 (32.18),

0% = e (3) (%)/

i naGmkena samina (v%/°) ma (v)3/5 03Hauae HeBpaxyBanHa MHOX-
muka ['(9/5)(4/7)"/> = 0.97775 B (33.5), wo i Bege m0 36iabmenHs
YMCJIOBOTO 3HaYeHHd KoedimierTa 3 7.901 mo 8.08.

Ilpyre 3ayBaxeHHSA CTOCYEThCsSI TOTO, MIO TEMIEPATYPHA 3aJIEK-
HICTh CTAJIOl 3aracanHs Ta 3CyBY YacTOTH e depes epeK TUBHY TeM-
neparypy 1%, dka BpaxoBy€ K TEIJIOBI, Tak 1 MIKpoTypOyJIeHTHi
PyX® 9acTUHOK B armocdepi 30pi.

Hapemrri, 3BepTaemMo 0cobsimBy yBary Ha Te, [0 CHJIOBI KOHCTAH-
tmu Cg ta Cg € pisnumu y GopMyJIax 1jid CTAJIO] 3ATACAHHS Y4/ 4 Ta
3cyBy 9actoTn Awyry. Boum OymyTh OIHAKOBHMW, SKIMO BBAXKATH,
o KBazicramionapuicts 6epemo g0 yBaru sume anga crany |A'), a
cran |A) — cramionapnuii. To6ro, xosn moxmactu C' = 0, i Tomi
C,=0C,= Cg". Take mabsmmkeHHsa 03HAYAE, TIO JIWIIE BEPXHI PiBHI
aToMa € pPO3MUWPEHVWMM, a HUXKHI Hi. Y3araji Kaxy4dn, Ile He Tak,
TOMY [IJI KOXHOI CIIEKTPAJIBHOI JIiHIl TOTPIOHMY akypaTHUM aHAJI3
ATOMHUX CUJIOBUX KOHCTAHT C,f‘l ta C/. Skuio ixni umcsiosi 3uaven-
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HA € OJHOTO TOPSIKY, TO Ie Beme 110 3017bIeHHs YABIYi BEJNINHA
YA’ A, & 3CYyB UACTOTH CTA€ OJIM3HKUM IO HYJIH.

HocaiTHnKY 30pAHNX CIEKTPAJTbHUX JIHINH NJIF Y3TOMKEHH CIOo-
crepexyBaHuxX HpodijiB 3 TEOPETUYHO PO3PAXOBAHUMMU YACTO 3MY-
meni “pykamu” 36iapmysarn koedimient B YWk Tpakryiors ne ax
HECIIPOMOXKHICTH Teopii 1aBaTn HAOIWHI pe3yIbTATU [IJIA CTAJIOL 3ara-
canad. QnHak 3ayBakeHHs, BUKJIQIEH] BUIIE, TOKA3YIOTh, IO 1€ He
tak. 30Kpema, norpibHo migcraiiatu qiga Cg IpaBUIbHI 3HAYEHHH 3
ypaxyBaHHAM PO3NMIWPEHHS K BEPXHIX, TaK 1 HMXKHIX PiBHIB aTroMa.

JlomarkoBe 30ibIIEHHs CTAJIOl 3araCaHHs JAIOTh 1 HEMPYXKHI 3i-
TkHeHHA. Sk BuuHO 3 (33.1), upu n = 6 Beuuuna

175 €08 [%arctg (%)} . (33.8)

cos (%)

yaa =7V (1+p%)

WL WL Bi

Jlerko Gauuru, mo yar 4 > ", I'padik 3anexuocrti yar4/7y

rmapamMeTpa HEMPYXKHWX 3iTKHEHD P MOMAHO Ha puc. 18.

ul

1.5 — T T T T T T T T T

VoY '
1.4

_ P
1.3

L / J
1.2 /

L / ]
1.1

L // » |

10—t
00 01 02 03 04 05 06 07 08 09 10

Puc. 18. 3BanexnicTh BaH-Iep-BaaJabCIBCHKOI CTaJIOl 3aracaHHs Big napa-
MeTpa HeNmpyXHUX 3iTKHEHbD.
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[Mle onua Mexanizm 30iJbIMIEHHA BEJIMIUHA YA/ A 1€ IIOCTBaH-
J[ep-BaaJIbCIBChK1 B3aEMO/IIl, AKi HE3HAYHO 3MIHIOIOTH TAKOX 1 TE€M-

HeparypHy 3aJ€XKHICTh CTAJIO] 3aracanHs®.

§ 34. IlocTBaH-mEep-Baa/ILCIBCHKE PO3UIUPEHHS
CIEeKTPAJIbHUX JIiHIH

Mix49acTUHKOBI B3a€MOfii, IHTEHCUBHICTh AKWX 3MEHNIYETHCHA 3
BIICTAHHIO 33 CTEIEHeBUMM 3aKoHamu msmmme, nix 1/r%, Gymemo
HA3WBATHU MOCTBAH-IEP-BAAJILCIBCAKUMA. XO0Ya iXHI{l BHECOK y pPO3-
MIAPEHHS ATOMHAX CHOEKTPAJBbHUAX JIiHI 3HAYHO MeHImn#, HiX BaH-
JIepP-BAAJIbCIBCHKMX B3AEMOIii, OMHAK HOTO BpAXyBAHHSA € BAXKJIMBAM
pU AeTAJbHOMY “HPHATACOBYBAHHI" €KCIEPUMEHTAJBHUX Ta TEope-
TUIHUX KOHTYPIB JIiHI.

Bseprimoch 110 dhopmyan (32.21) i BunmmimMo crajy saracaHHs
Yara = Y4 +74 y Biasowenni no sesmaunnn 7Y, , 3 (33.1). Hac nika-
BUTHME TEMIIEPATYPHA 3AJEKHICTh Y4’ 4, AKY CTBOPIOIOTH TTOCTBAH-
JIEP-BAAJIbCIBCHKI B3AEMO/IIl, TOMY BAIUMIEMO PAL JIJISA YA/ 4 AK PO3-
kiaaz 3a crenensvu T/ (=1 Mu e dikcyBaTuMeMO TTOKA3HUK 71
CTEMEeHEeBOTO 3MEHINEHHST B3AEMOIi#l 3HatMeHHsM 1 = 6 3 TUM, 10 MO-
XK€ TPAIMTHUCh TOTPeda BUBYATH ¥ 1HII BUMAOKWA, HATIPUKJIIA, KBAI-
parnanaunit edpexr [ltapka, koqn n = 4.

Orxe, 3 ypaxyBaHHAM MIOWHO CckazaHoro 3 (32.21) 3maxomumo,
BUIIJISIIOYN OKpemo djen 3 k = 0:

k

27* n-1 r(2) S|
0 2
Yara/Yaa =1+ (—> i — ,
kz>1 M FETEF)] a+pyyes
r (1 + 2%) r (2 + 5%) cos [Q%arctg (%)}
x : : : (34.1)

r (1 — n%) r (2 — n%]) oS [n%]arctg (%)}

3Yprauesi, AK0oro 0COGIMBO IIKABIATH Ii NHTAHHS, PEKOMEHIYEMO TAKOXK
crarrio P. S. Barklem, B. J. O’'Mara, J. E. Ross, Mon. Not. R. Astron. Soc.
296, 1057 1060 (1998), ne € mocwnanna i HA TOMEPEAH] MPA] THOTO MUKJTY.
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2 .
C;?I n—1 ak(A') N <0_7z74>n21 ak(A)
Ou ) (mms \NOu) (o

Tyt anga koedinientis ay 3 (32.11) Mu BBesin 3a1€KHICTD Bij HOMEDA
aromuoro crany A, ag(A) = ax, Tomy mo B (32.5) cuiaosi KoHCTAHTH
MaroTh BiamosigHi impekcm nmx crtaHiB. Koncranra C, BH3Ha4YCHA
piBasiHHAM (33.2).

Bpyuno nepeittn B (34.1) 1m0 3HEPO3MIpeHNX BeMYIWH. K BUIHO 3
supasy (30.31) nuig norennianbHoi eneprii aroma, Besmuanaa C2 mae
po3MipHIiCTh “eHeprisi X BimcTanh B creneni n”. BumiprooBarnmemo
CHJIOBI KOHCTAHTHA B ATOMHUX OJIMHUIIAX:

6’2

cA = C;;AGB al, (34.2)

e C,*LA yBijbHeHa Bisi posmipHocti cusiosa Konctanta, ag = h?/me?
— Gopischkmii pagiyc. 3 (32.5), (32.11) Bunumae, mo koedimienTn
G, MAIOTHh PO3MIPHICTH ~ Cé‘wk/Cﬁ, TOOTO pOnOPLiiHi 10 (J,QBk. Tax
o0 BUpa3 B OCTAHHIW KBAApATHINH MyXIi B (34.1) Ma€ TaKy pO3Mip-
HICTh:

Qk/ e L\ 1/ e?\ "1 m ymet\ 1 m | nT
/) T/ \w) " \2/awr) T \oem)

TYT M — MAaca eJEeKTPOHA, 1 MU BBEJIM MACIITA0 BUMIPIOBAHHS TEM-
neparypu Ty, gxuii IOpiBHIOE OIHOMY pinbeprosi (Harampyemo Yura-
9€eBi, M0 MU JJOMOBIJINCH BUMIPIOBATH TEMIEPATYPY B €HEPIETUTHUX
OIVIHWIIAX ),

me4

—— =13.6 eV(= 1.578908 - 10" K). (34.3)

Toley: oh

Tenep Bupas nang crasoi 3aracanns (34.1) MoxHa 3anmcaTu oc-
Tarouno sk pam sa crenenamu (T*/Ty)Y/ "~V [Tns nroro morpi6ro
JIMILE 3al1aCTUCh TEPHIHHAM JI0 IIPOCTUX EPETBOPEHD 13 BUKOPUCTAH-
aam g D-dyskuil i Bractusocti zI'(x) = T'(x + 1) 1 3naiitu nepuii
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koedinientu pagy:

k
¥\ n—1
Yaa/Ya=1+> By (—) : (34.4)

k>1 Ty
e
b (o
CrA  CxA
2D
X (34.5)

* - * A * A 2
o (S) |G (k) [ —_—

A [C;An+27 CrA J

fAx mokasye MpocThit aHaJIi3 3 BUKOPUCTAHHAM BUPA3IB JIJIA CUJIOBUAX
KOHCTAHT Crf‘ IJI KOHKDETHUX cucreM, mnepuii Koedinientu By <
1/2.

XapakTepHi TeMieparypu [Jis 30paHoi armocdepu, 30Kpema. 11
Conng, — T ~ (4 +7)-10% K, a edextuBna Temneparypa, fKa Bpa-
XOBY€ MIKpPOTYypOyJIeHTHI pyXu T* ~ /2T. 3sigcu 3 ypaxysan-
nam (34.3) sumsmsae, mo (T%/Ty) ~ (4 +7) - 1072 K. Orxe, Mmaemo

4Vnepue weii Bupas Ges ypaxyBaHHA PO3MIMPEHHS HUXKHIX AaTOMHUX PiBHIB
3Haliueno inmum meronom y npaui: 1. O. Bakapuyxk, P. €. Puxkasok, JI. M. fukis-
Bitkoscpka. 2Kypn. ¢is. mocsr. 2, 16 22 (1998).
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MOXKJIMBICTH OI[IHATHU YMCEJIbHO BHECOK IMOCTBAH-IAEP-BAAJIBCIBCHKUX
B3AaEMOJIIl Yy PO3MUPEHHA CNEKTpaJbHUX JiHii. [lna npukiany #a
puc. 19 nomano 3a/1€xHICTh BiIHOWEHHA YA’ 4/ 721, 4 BiI Temneparypu
nnan =6 npu By = 1/3, By = 1/5, By>3 = 0. Mn obpusaemo psa
(34.4) ma ppyromy wsieHi 3riiHO 3 3ayBaXKE€HHAMHU, BUCJIOBJICHUMU
nicas ¢gopmysn (31.4). Kpim Toro, BHECOK HEBpAxXOBAHOTO “xBOCTA”
BOrO PAly € HE3HAYHUM YHACJINOK Toro, mo 1™ /Ty ~ 1072,

1.30 y T

A 0 ]
yA'A/ Yaa —]

1.25

1.20

1.15 /
1.10

_—

%
A I S U S N VA’
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Puc. 19. TemmeparypHa 3a/1€XKHICTh BHECKY TOCTBAH-IIEP-BAAIbCIBCHKIAX
B3a€MOJIill y crasiy 3aracaHHd.

Awanoriaamii no (34.1) pag sa crenensvu (T*/Ty)Y/ (1)
my€emo 3 (32.20) Takox i 1151 3CyBy 9ACTOTH y BIIHOWIEHH] 0 HYJIbO-
Boro Habsmxenns (33.3). Mwu e Oymemo BunucyBaTu kKoedinieHTn
LbOro Psilly, OCKLIbKM IX IpoCTO ogepxaru 3 koediuienris By, By, ...

oTpn-

3 pAMly Ui cTasol 3aracanns (34.4) Takumu (hopMaJIbHUMK 3aMiHa-
MU: y nepux j1yxkax supasis (34.5), (34.6) snaku “muroc” mMingemo
na “minyc”, semamny C,, 3 (33.2) — na C, 3 (33.4), a kocunyc —
HA CUHYC.

215



§ 35. BHecok cuj1 BimIITOBXYBAHHSI y CTAJIy 3aracaHHs

Hoci Mu po3Tasimaam po3MMPEHHs CIIEK TPAJIbHUX JIHIHA Juine cu-
JIAMW, 10 MAIOTh XapaKTep MPUTATAHHS HA BEJUKUX MiKIACTHHKO-
BUX BifCcTaH#AX, i BBaxkaJm ix ciaabkumu. lle obrpynroBane mabsiu-
JKEHHsI, OCKLJIbKM armocdepa 30pi pospigxkeHa 1 AMOBIpHICTH 3iTK-
HEHh aroMa 31 30ypIIYNMK 9acTUHKAMH € JoCTaTHho Masion. On-
HAK AKIIO BIICTAHI MiXK YACTMHKAMHU CTAIOTh (X04a 1 HE 4ACTO) NO-
PAOKY iXHIX pO3MipiB, TO TTOTEHIIAJIbHA EHEPTid B3AEMO/Iil iIHTEHCHB-
HO 3pocTae. Tomy BaxKJIMBO TAKOXK OIIHUTHA BHECOK Yy CTAJIy 3ara-
CaHH4 1 cmJ1 BigmToBxyBaHHsA. [[pmaoMy BHACIIIOK TOTO, IO TMOTEH-
niasbna enepria Uy (r) Bke He € Maso0 BeqmauHOW0, s (asu 0
KOPHUCTYBaTUCh BUpas3oMm (21.8), orpuMaHnM y punyIieHHi cabkoc-
1i Uy (r), Mu HE MaeMo mpasa.

I3 miei curyarii MmoxHa BuitTy 3 TakuMu MipKyBanaaMu. (OCKiTh-
KW CUJIM BiIIITOBXYBAHHS TAIOTh BHECOK JIUIIE HA MAJINX BiIICTAHAX,
TOOTO BOHU BXOIATH Y I'PY, KOJIU € (PAKTUIHO NpAME 3iTKHEHHS 9ac-
THHOK, TO B ammiityai f 3 (21.6) BaxJimBO BpaxyBaTl Jinire MaJi
3HAYEHHA OpOITAJIBHOTO KBAHTOBOTO uncia . Maemo mpornmexHuii
JI0 KBA3iKJIACMIHOTO HAOJMKEHH: BUTAMOOK, KOJIW [IJIf CUJI MMPUTSI-
raHH#A BAXJIMBUMU € BeJinki 3HadeHHs [. OrTxke, B TOJIOBHOMY Ha-
OJIMKEeHH] OJid CUJI BiMIITOBXYBAHHA MOXHA OOMEXUTHCH y f Jiuiie
nepmum 4seaoMm upu | = 0, abo, AK KaXKyTh, s-poscigunam. Y
pesyabrari ajis crajoi 3aracanag (1 3cyBy 4acroru) OymemMo mMaru
JIBA AJIMTUBHI BHECKM: Bij CHJI BLImTOBXyBanHd, 3riguHo 3 (21.7),

4nhN, [ 1
Avyy = 7](/[7‘/’) % sin? dg ), (35.1)
k= Muv/h

i cun mpuraranasa (21.13), mwo My BXe AeTaJgbHO PO3PAXyBAJM B TI0-
nepeHix naparpadax.

MopentoBaHHA CWJI BiANITOBXYBAHHA PI3HUMM CTENTEHEBUMU 3a-
nexuocramu 1y 1/r'2, r — 0, gk ne € B norenuiani Jlenapua
IlxoHCA, HE Ma€ KBAHTOBOMEXAHIIHOTO OOrpyHTyBanHd. Ha Ham
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MOTJTSAM, JIIIIEe 3MOMEJTOBATHA BiIITOBXYBAJBHY B3aEMOMII0 aTOMa
31 30ypPIOI0Y0I0 YACTUHKOIO TOTEHITIAJI0M TBepaux cdep miamerpa a:
dbyukuia Ua(r) mopisuioe nysiesi npu r > a i HabyBae 6e3MexKHOIO
sHaveHnd npn r < a. [Ipukjaamom Takoi B3aemMomii € 3iTKHeHHs 0i-
JIbSAPIAHUAX KYJIb JIAMETPOM @. 3 YMOBH, IO XBUJIbOBA (DYHKIIisA, AKA
OTNIMCY€E CTAH PO3CIAHNX YACTWHOK, TOBWHHA JOPIBHIOBATH HYJIEBI TpU
r = a, 3naxonars a3y [8]

8o = —ka. (35.2)

Tenep 3 piBaanb (35.1) ta (35.2) orpuMaeMo Ty 4acTuHy CTAJIOL
3aracamfs Y4, 9Ky CTBOPIOIOTH CWJIW BiIIITOBXYBAHHA:

_4mh%N,, [ sin*(Mwva/h)

Avya = .
TAT T2y v (35.3)

A0, Bunucyoum 03Ha4eHHA CEPEHBOTO 3a BUAKOCTAME ¥ 3 (32.16),
Ma€EMO:

e p *
) [ e M /2T 4 sin? (Mwa/h) dv
drh Np 0

M2V

Ayy = (35.4)

oo 2
[ v2e=Mv 12Ty
0

Pobumo saminy sminanx v = z1/27* /M i inrerpyemo 3a x. 3ne-
po3Mipennmii iHTErpaJl y 3HAMEHHUKY JIOPIBHIOE /7 /4 1 B pesysbrari

o0
16/7h?N, | M - Ma [2T*
Ayy = \](/[EQV p”QT* /e””zacsim2 xTa e dz.
0

AGo, iHTErpyrOUM YaCTUHAMMA, MAEMO:

o
8y/mhaN,
Ay = 8y/mhal, e v sin(zy) dr, (35.5)
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e

52
Ma?’

y=,|8T" (35.6)

Axmo miamerp a — 0, To6To y — 0, TO PO3KIATAEMO CUHYC Y
pa, iHTerpasa nopiBHIOE y/2, i oTxke

4ra®N, Ara®’N, [8T*
Ayy= ——Lp)y=——P \/7 - 35.7
s v v VoM (85.7)

HacopaBni mapamerp y mJjisi THX TEMIEpaTyp, AKi € B 30psiHiit
armocdepi, He Masmii, Tomy iHTerpaa y (35.5), mo, mMix iHIMM, 3BO-
IUTHCA [0 IHTEI'paJia MOXuOOK Bifl ysIBHOTO apryMeHTy, TOTPiOHO po3-
PaXOByBaTH YUCEJIHLHO.

3pobumMo Termep 3ayBaxKeHHs HIOAO BUOOPY iaMeTpa TBEPOUX
chep a. Y § 30 Mu TOPKHYJINCH BUMIPIOBAHHSA KOHCTAHTH B3AEMOL1
B norenmiaJi Ban mep Baasbca B ekcriepuMeHTax 3 PO3CIAHHA Yac-
TUHOK a0 3 BUMIPIOBAaHHs B’s13KOCTI rasiB. [Hmmil misix BU3HAYEH-
H TapaMeTpa MOIEJLHOTO TTOTEHIaly — 1€ O0YNCIeHHS 3 PiBHSIH-
HS CTAHy PEYOBUHM (3a/1€KHOCTI TUCKY Bij 06’eéMy Ta Temneparypu)
JIPYTOrO BipiaJIbHOTO KOe(DIMieHTa i MOPIBHAHHS HOTO 3 TEOPETUTHUM
BUpa3oM. Mu TakoXK MOXKEMO BAUPAXyBaru Jiamerp TBepuoi cdepu a
3 ymoBH, mob apyruii BipiaJabHUil KOEMIMIEHT 3 IeIKUM MOIEJIbHUM
noTeHmiasioM cui Bigmrosxysanna U4 (r) s6irca 3 fioro smadennam
IIJIs TIOTEHITIaJIy TBepanx cdep.

Orxke, cKOpUCTABIIUCH OOPE BIJIOMUM BUPA30M [JIsA JPYroOro Bi-
piassHOro Koedinienra (6e3 MHOXHUKA 1/2), MaeMo Taky yMOBY:

oo

3
/ (1 . e*U“”)/T) drr2dr = 47‘;‘ . (35.8)
0

Hanpuksiaz, axmo norernian U” (r) mae crenenesuii xapaxrep
UA(r) = =, (35.9)
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ne Cgr koHCTanTa (imgexc R Bim anrniiicbkoro caosa repulsion
BimmroBxyBauus), n > 3, 1o 3 (35.8) maemo

3

(o0
/ (1 — eiCR/Trn> r2dr =L
0

abo micsig iHTerpyBaHHA YACTUHAMMA 1 3aMiHW 3MIHHAX

r = Cr
T Ten
3HAXOINMO
3/n
ad = (%) /x3/ne"dx,
0
TODTO
Cr\ %" 3
()
T n
Ocrarouno

1/n
() (-)
T n

MaEMO CJIaOKy 3aJIeXKHICTH IiamMerpa TBepamx cdep Bim Temmepa-
Typu: 31 3pOCTAHHAM TEMOEPATYPH [IIAMETD ¢ 3MEHILYEThCA (TOMY
BXMBAIOTH TepMiH “M’ski cepn”).

§ 36. PosmupeHHs CIeKTPAJIbHUX JIHIA BOTHIO €JIeKTPOHAMH

Sk 6ys10 3a3naueno npu obrosopenni dopmysn (32.14), mu no-
BEPTAEMOCH 10 TPOOJIEMH PO3PAXYHKY TOI CKJIAIOBOI CTAJIOl 3aracaH-
HS JIJI ATOMA BOJIHIO, KA (POPMYETHCHA 3ITKHEHHSIMHU 3 €JIEKTPOHAMMU.
Cyrb npobiiemu nosirae€ B ToMy, 1o (pasa po3CisHHA eJIEKTPOHA HA
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HelTpasbHOMY aToMi BOIHIO 0 ~ 1/p, HACJIIAKOM 90r0 € po36ixKHICTH
Ha BepxHiit Mexi inrerpasa (32.2), skuii BU3HAYa€ 3CyB eHEpreTnd-
HUX PIBHIB Ta 3aracaHHsl KBa3iCTAIIOHAPHWUX ATOMHUX cTaHiB. Ila
pO30IXKHICTH THUTIOBA 11T CUCTEM YACTHMHOK 13 KYJIOHIBCHKOIO B3a€-
MOJIi€T0, 1 OJIst 11 yCyHEeHHA MOTPIOHO BpaxoByBaTn 0AraTovIaCcTUHKOBI
edexTn eKpaHyBaHHS.

Hobpe BimomMo, 10 3apsAm, 3aHYPEHUR y CepemoBUIe, EKPAHYETh-
cd 1 B pe3ysibTaTi CTBOPEHWH HUM MOTEHITIAJ CTA€ KOPOTKOCIKHUM.
Bsepnimoch 110 Bupasy (30.17), akuii BusHavYae eHeprito KyJI0HIBChKOI
B3a€eMOil aroMa 3 YaCTHHKAaMU OTOYeHHA. Maremaruynuii MmexaHism
eKpaHyBaHHSA TOJIATAE B TOMY, 10 KoedimieaT Pyp’e KyJIOHIBCHKOTO
norenniasty 4m/q? saminfoersca na 4w /q%e(q), ne e(q)  nienexrpuu-
na dynknis [20]. st KJIACKYIHOTO €JIEKTPOHHOTO ra3y IieJIeKTPUTHA,
dyHKIia

D
e(g) =1+ —, (36.1)
q
e »p obepHeHnit nebalBChKUil pajilyc eKpaHyBaHHSA, AKWi 3a1a-

HO dopmyoro (18.20), mpudomy migcymMoByBaHHS B Hili i€ 3a Bcima
COpTaMM 3aPAMKEHUX YACTUHOK, Y TOMY 9UCJI i 32 BlIbHUMY €1eKT-
ponamu. Y pesysanrari oneparop V 3 (30.17), mo onncye B3aeMozmio
HEHTPAJIBHOrO aroMa 3 aunosabHuM MoMeHTOM d (T00TO 3 y3arasib-
HeHuM 3apsanoM Q(q) = iqd) 31 30yprOY00 YACTUHKOWI, AKA Ma€
sapsan (Q, = e, 3 ypaxyBanuam (36.1), mopiBHoBarnme:

1 ArQ(@)Qa(—a) iqr-R.)
Vo= = S
Vg Pele)

_ 1 47TQ(17(qd) iq(R—Raq)
= Tl

1 T,
= (dV)Q,— _ " ia(R-Ry)
[AV) @y zq: q*e(q)

1 4n .
_ d — iq(R—Ra)
(dV)Q Ve ) %]236
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P*%D‘R*Ra‘

- (dV)Qam-

AbGo nicast 064YUCIEHHA I'PAJIEHTA, 3aMICTh HEEKPAHOBAHOIO IIOTEH-
niasty (30.15), 6Gymemo marn:
- d(R, — R)

_ —xp|R—R,

Axmio »p — 0, To ekpanyBanud BiACyTHE 1 el BUpa3 nepexomurs y
(30.15).

Tenep, maioun sBauii Bupas (36.2) s V i mosropiooun MipKy-
BaHHsA, aki npusean Hac 3 (30.15) mo (30.23), smaxommmo enepriro
B3aEMOJIIl aTOMa BOIHIO 3 €JIEKTPOHOM y CEpemoBHIli, ToOTO 3 ypa-
XyBaHHAM e(EKTIB eKpaHyBaHHS:

3. n(ni — no)

ap—————=(1 + sepr)e P, (36.3)
2 72

TyT NO3HAYEHHA Taki kK, 9K y dopmyni (30.23).

Ua(r) =

Hamani 6ymeMo BBaxKaTH, IO TyCTUHA 3aPsIXKEHUX JACTUHOK B
armocdepi 30pi € J0CTaTHBO MAJIOKO 1 JOJAHOK, NPOLOPUIAHUE 10 s,
y Bupasi (36.3) Oyne HeCy TTEBUM, OCKIJIbKU B OCTATOYHOMY DE3yJIbTa-
Ti fioro BHecok 3uukarume npu »p — (0. Takum aunoM, MOKIATAEMO,
10

C3
Uar) = —Z5e ", (36.4)
3 9
Cy = 2¢ apn(niy —ng).

[Tpu obuucaenni dpasm po3CiaHHsd § i3 UM MOTEHIIAJIOM 3a (POPMY-
giot0 (21.10) mpuiinemo g0 Bupasy (31.2), y axomy nim iHTerpaaom
BynemMo MaTu MOIATKOBUI MHOXHUK exp(—xpp/y/x). Ockinbkm ro-
JIOBHUI BHECOK NpHM iHTErpyBaHHi 3a x Oyme #itu Bim 3HAYMEHb T ~ 1,
TO et eKCIOHEHTIHHNI MHOXKHIK, 33 TEOPEMOIO PO CePEeaHE, BUHE-
ceMo 3-mij iHTerpaJia npu x = 1 1 3Halimemo, o

A
7C.

2
—Ze¢

0= :
vhp

P, (36.5)
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Orxe, BHacHinOK edekTiB eKpaHyBaHHs das3a § MIBUIKO 3MEHILYE-
ThCsA 31 3POCTAHHSM BifICTaHI p 1 3ragaHi BuIlle po30iKHOCTI 3HUKATH-
MyTh. 3BepraemMoch renep 110 dopmynu (21.13) i muis 3cyBy enepriii
Ta CTaJIol 3aracaHHs 3HOBY OIepXKyemo Bupas (32.1), y akomy iHre-

oC
CA
I=2r / [1 — exp <z7r—26”‘3p>}pdp.
. vhp
0

VYBenemo HOBY 3MiHHY iHTErpyBaHHA £, p = thCQA/vh, i B pesyJsibrari

oo
CA 2 ‘75t
=2 (”—h?> /t [1 ~exp (PT)] dt, (36.6)
vn [,
0

rpaJ

e
A
wzC.
e="""2 . (36.7)
vh
Hamre saBnanns — 3Haiitm 3HadenHd iHTerpana B (36.6) mnpwm

€ — 0, OCKibKM, BHACJIIOK PO3pLEKEHOCTI armocdepu 30pi, ex-
paHyBaHHs € cjabkuM, T00T0 3p — (. 3Bmualiaumii po3kJam mimgiH-
rer pasibHOl (PyHKIII 3a crenenamu € Bene 10 po3bixkHOCTEH (0O3HAKA
HEAHAJITUIHOCT), i TOMy TOTpiOHUH XuTpinmmii ananis Bejuanau 1.
Mpwu w1e OynemMo 3ynmuHATHCH Ha, AETAJIAX 009NCIEHH [[hOTO iHTerpaJia
i Bimcunaemo Yuraua no [20], ne takuii inTerpasn Buauk npu o6umc-
JIEHHI CEPENIHhOI €HePTii KJIACUIHOTO eJIEKTPOHHOTO Ta3y. Tam 3Haii-

JIeHO Bupas juid Hporo npu € — 0. Orxke, BUNUCyemMo pe3yﬂbTaT5:
2
w208 1 3 1
I=29on | 222 —+Iny— >+ =In(2 36.8
() [Femy Fagmea). e

S Adkmo Ynrau we Gaxae 3’sacoByBarn Bei ronkomi “surarysanns” 3 I neanasii-
THYHOCTI 32 €, TO MPOTIOHYEMO OWIHOYHWH nigxin (aK mas 3Buualinoro nimoxoma):
3aMicTh eKpaHOBaHOro norexniany B (36.5) Gepemo kysoHiBcekuit (3¢p = 0), ase
obmexyemo ioro niro nebaiscekum paniycom 1/3cp. Enemenrapni nepersopenns

B iHTerpasi 3a p i3 3amino0 3minHWX irTerpyBanns maotk (p =0, z = —i):
I =2x(xC3' Jvh)? [/ dz (1 —cosx)/z® — z/ dz sin ’I‘/’I‘{| ,
D D
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je lny = 0.577215664  crasia Eilsepa.
Bukonaiimo, 3rigro 3 (21.13), ycepennenus 3a NBUIKOCTAMM:

7203 ) 2

(vI) =27 < (36.9)

e (e D) (e () )|

<1>_ 2M
vl N 7T’

2 z(’ — M2 *
T "D> e~ Mv /2T dv

oo
1 1 (
1 27rzCQA%D 2 bfv " vh
—In| ——=— = . (36.10)
20 vh T’
0

v2e—Mv? /2T iy

Turerpan y smamennuky B (36.10) mopismioe (217 /M)3/%\/7 /4, a B
YHUCeJIhHMKY 3aMiHIOEMO 3MIHHY IHTEIDYBAaHHA: U = 271'2054%13 vz /h.
VY pesyuibrari:

iln 212C3 3y
2v vh

oo
1 [ MN\*? (272C5 )\’
:2\—F<ﬁ> (” ”“) /p “Ingds, (36.11)
™
0

2
M 27TZCQA D
= (36.12)
27 h
rp = WCS‘%D/UE. Inrerpyemo wacrunamMu i BMIIJISEMO TOJIOBHI BHECKW TP

zp < 1: mepmmii iHTerpas 3BogUMO IO iHTerambHOro xocuuyca [19] 3 acumm-
rorukoio (—Inzp)/2, a npyruii y uiit mexi nae 1/zn. Orxe, Bemyui wienn niei
acumnToTuky 36iraroTscs 3 (36.8).
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Iurerpasn, mo Bunuk TyT, € Tabauunum (nepersopennsa Jlamaca)

[29]:

1
/e“w Inzdr = ——In(yu), Reu >0,
2 M
crasia Eitsiepa v = 1.781072418.
Ocrarouno s cepenaboro (36.11) maemo

1. 212085\ \ _ 1 /Mln( )
20 vh 27V 2T T

3 ypaxysanuam nnoro cepemre (36.9) nopisaioe

AN 2
”hC? ) (36.13)

(wl) = 27r<

X f +14/ 2M 1 3 + ! In(yu)
ny——+-1In .
WzCé“%D T* 7 4 4 R

[MincraBngemo neit supas y dopmysy (21.13), ska Bu3HAYAE 3CYB

€HEePIeTHIHOTO PiBHA 1 CTAJIy 3aTaCaHHA ATOMHOTO CTAHY:

. N AN 2
YAE s+ A —ople <@> (36.14)

h 2 v h
o zh n 22 [2M

71'054%]3 4 V 7nT* '
[Tpurapaiimo, no Besmauna z, 3rigno 3 (32.3), mopisaioe z = p — i,
e p — TapaMeTp HeNpyXHWX 3iTKHeHb. HexTyloum BHECKOM He-

h 2T

272|C3) M
51n7—3+21n< m2|Of |%p )

npyxHnux 3itkaens (p = 0) 1 Bugingouu y npasiii vacruni piBHAHHA
(36.14) 3 ypaxyBauuam (36.12) mificHy 1 ysBHY YaCTUHU, 3HAXOAUMO:

AE, N, (7CM\° [ & r [2M
= o< —; 1
h v < h ) 7Cisn, AN wT |’ (36.15)
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N, (xC{\°
_ 4 1
YA U ( - ) (36.16)

2M
TT*

2r|C4! M
351n721n< mlCs Jen )

h 2T+

[Tepmi nBa MOMAHKW B KBAJIpPATHUX HAyXkkax y (opmysti (36.16)
marors y cymi 0.1139217, a smorapudm, 3Baxardu HA HAILY YMOBY
\u| < 1 (romy mo obeprennit paniyc Hebas »p — masna Besmanna),
€ Bif'eMHUM, 1 TOMYy crajia 3aracanus v4 > 0, 3cyB AFE, 3ajexurh
Bl 3HAKAa 054. st Toro, mob 3HATA CKJIAIOBY CTAJIOl 3aracaHHsd
CHEKTPAJbHUX JIiHI# aroMa BOMHIO, AKY CTBOPIOIOTH HOro 3iTKHEH-
HA 3 BIAbHUMHM eJIeKTpOoHAMu, noTpibHo monaru Bupasu (36.16) nna
HIDKHLOTO Ta BEPXHLOTO CTAHIB 13 KBaHTOBUMA uncaamu A ta A'.

Brecok HenpyXHUX 3iTKHEHb y CTAJy 3araCaHHs Ta 3CyB eHepre-
THYHUX PIBHIB aTOMa JIErKo 3Haxonnmo 3 (36.14), ypaxoByoun Bupas
(32.19) puis BetuuuHM 2:

AEx _ , N <7TC§4>2{7i\/1+p2

o v\ n 7Ciwy T
1+9p%) [2M 1+ p? M .
+(27p) 7TT*c,ocos2ga+(47p) —sin2p (36.17)
27T|CQA|%D M(1 + p?)
5lny — 3421
x[ n-y + n( 5 o ,
2
ya = an e nCy hvl+p2mw+w M (36.18)
A \%4 h WCQA%D - 4 wl™* '

h 2T

x(

ne ¢ = arctg(1l/p), —7/2 < ¢ < /2.
[Tpu p = 0 ui Bupasu nepexonare y (36.15), (36.16).

27| C3! M(1 + p?
51nfy3—|—21n< m|Cy Ip ( +p)>](‘,082tp2wsin2tp>},



PO3IIJI VI

KOE®INICEHT HEITEPEPBHOT'O IIOI'JIMHAHHA

§ 37. Cuiu OCITMJIATOPA ATOMa BOMHIO IS 3B’A3aHO-BIIBHUAX
nepexonis. BopHiBChKe HAOIMKeEHHS

Bupas mia koedinienra norsmnanng (6.6), sk Mu 3a3uaua M, Mae
3araJibHU XapakTep, 0 Ia€ 3MOTy po3paxyBaTtn ¥ koedimienT we-
MMEpPEPBHOTO MOrIMHAHHASA. [J1a 1bOoro HamMm HEeOOX1AHO MepemyciM pos3-
mudpysaru, mo o3Havae B (6.6) miacymMoByBaHHS 3a KaHAJAMU pe-
akIiil Ta MiICyMOBYBAaHHS 33 YACTUHKAMU. 33 O3HAYEHHIAM, BHECOK
y KOoedIIieHT HEMepepBHOTO MOTJIMHAHHS JA0Th KBAHTOBI TTEPEXOIN
eJIEKTPOHA i3 3B’ sI3aHUX CTAHIB B ATOMI y BiJIbHI CTAHU 3 HENEPEPBHUM
3HadeHHAM eHeprii (poroedekT) Ta nepexon 3 OIHOrO BIJILHOTO CTa-
Hy B immmit. Orxe, nigcymoByBanHs 3a KaHajgamu peaxuniii y (6.6)
03HAYAE, 10 HEOOXIMHO B3ATH OO YBArW [IBA €JIEMEHTAPHI MPOIECU
(1.2) ra (1.3): 3B’a3aHO-BiabHI Ta BlIbHO-BLIbHI nepexonu. Ilincy-
MOBYBaHHSA 33 YACTUHKAMU e MiACYMOBYBAHHS 33 YACTUHKAMMU
MEBHOTO COPTY 3 HACTYIMHUM TiICYMOBYBAHHAM 33 COPTAMU.

lostoBHMIT BHECOK y HemepepBHE MOTJIMHAHHSA JAI0Th aTOM BOIIHIO
Ta #oro #ionn (Bin'emuuii ion Boguio H™ ta monexynapuuii fion Boa-
HIO H;“), OCKIJThKY BOOHIO B arMocdepi 30pi € Ha JEeKI1JIbKa MOPSIKiB
Oisbie, HiXK aToMmiB iHmMAUX eseMenTiB. [loMiTHEM mKepesoM Hempo-
30pocTi armMocdepn 30pi € it aromn reqiro. Mu TTOBWHHI TTOCJIIIOBHO
PO3IJVIAHYTH BHECOK KOXHOTO KaHAJIy PEAKIIil i KOXKHOr0 COPTY d9ac-
TUHOK.

Hacamnepen mocirinmMo BHECOK y HeNepepBHE TOTJIMHAHHSA aTo-
MiB BomHIO. lleHTpaJibHUM MOMEHTOM TeOopil € PO3PaXyHOK CHUJI OC-
nuATopiB f4r 4 y Bupasi (6.6).
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Pospaxyiimo cmity ocnmigTropa BOOHEBOMOMIOHOTO aroma, sapo
SAKOTO Ma€ 3apsl Z, U TEPEXOILy eJIeKTPOHA 3 OCHOBHOTO |1s)-crany

B He3B s3aHuUii cTan 3 immysiecom fik'.

2 a miszsime no-

PosrnstabMO ciogarky O0pHIBChKE HAOJIMKEHHSA
IaMo TouHWE Bupas mis far4. DBopHIBChKe HAOJIMKEHHS — 1€ KO-
JIM 33 XBUJIbOBY (DYHKIIIIO 3 HEIIEPEPBHUM CIIEKTPOM €Hepriii bepeMo

IJIOCKY XBUJIIO 11e Bpoiisid i, Takum amHOM, TpUiMaeMo, mo:

Z\*?* 1 _=z,
‘A> = ‘13) = E ﬁe “B s (371)
hQ
aB = mega
! 1 ikr
') = k) = ——ekr. (37.2)

VvV

Habamxkeny XBuJIbOBY (DYHKIII0O HENEPEPBHOTO CITEKTPA HOPMYEMO
Ha Makpockomivyuumit 06’em V', romy xBuboBuit BekTop k € kBasiguc-
KPETHWM.

g pospaxyHKy cuim ocnuiaTopa Oepemo ii Buximauit Bupas
(11.5). IIle pas maraay€emo, mo Npu BUKOPUCTAHHI HAOJIMKEHUX XBHU-
JiboBux (yHKUi# HaBegeni Buue rouni Bupasu (11.5) ra (11.7) min
CWJI OCIIMJIATOPIB MOXYTh IABATH, y3araJi KaXXyduu, pi3Hi pe3yJsbTa-

'Panime (muB. posninm I III) wepes k mu nozragamm XBuIH0BHUiT BEKTOP GOTO-
na. Tyr Besimunuy Kk BBOOAMMO fIK XBHJILOBUH BEKTOP €JIEKTPOHA, IO 3aa€ Horo
KBAHTOBUIl CTaH [JIA HemepeBHUX 3HAa4UeHb eHepriii. lle me moBmHHO npUBOIMTH
10 HETTOPO3yMiHb Kom X Hi, T0 Yurad 3mycuB O6u HAC BXKUBATH pi3Hi dhapbu
[IJ1s1 XBUJIhOBMX BEKTOPIB (POTOHA Ta €JIEKTPOHA, K Ue pobusim CTapoinaifchki
MaTeMaTuKn 115 0ararhboxX HEBIHOMUX B asireOpaidHmx PIBHSIHHSAX.

’HasBa moxoouTh Bim npisBuma HiMerpkoro ¢isnka-reopernka Maxca Bopua
(1882-1970) — omHOTO 3 TBOPLIB KBAHTOBOI MexaHiKW, AKWii HaB iHTEpIpeTaNito
xBUILOBOI yHkuil, a B 1926 poui po3pobus HabsmxkeHnit MeTod PO3PaxyHKy 3a-
a9 KBAHTOBOMEXAHITHOL Teopil posciaaus (GopHiBChKe HAOTMKeHHA). Busnannsa
iforo BHECKY y KBAaHTOBY MexaHiky Haropomxenuam HobesiBcekoio mpemieio 1954
POKy OyJI0 Iemo 3ami3HiInM.

227



. Orxke,

fisok = o= |(k|p[15)[”, (37.3)
3mhw
W — YacToTa Mepexomy,
R%k? R’k? 722
hw=———FE;=— 374
w 2m, Ls 2m, + 2ap ( )
— altamraitniBcpkuit 3akon dporoedekTy.
YBememo rpaandHy 9actoty ¢doroederTy
Z2 ‘2 hZQ
we = = ° (37.5)

"~ 2aph 2m(1,2B7

w
_:1+q27
We

Jle 3HEPO3MipeHn#t XBUJIbOBUN BEKTOD
q=kagp/Z.
Axuio yacrora w MeHIa 3a rPpaHUIHY YACTOTY We, TO CUJIA OCIHAJIS-

TOpa, OYEBUIIHO, JOPIBHIOE HYJIEBR], K IIe BUTIJIMBAE i3 3aKOHY 30epe-
XKEHHSA eHeprii:

flsﬂk =0, w < we. (376)

Otxe, noTpibHUIT HAM MATPUIHUN €JIEMEHT

(klp[ls) = T <E> /ezkr(ihV)eZT/“Bdr,

_ \/i_v <£>3/Q I (37.7)

3]110;10 MO3HAYEHDb CUJI OCIUJIATOPA OUB. BUHOCKY Ha C. 135.
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Ie iHTerpaJ

hZ 4w 8whkZ/an
= v = : 37.8
ap  “K2+ (Z)ag)? [k + (Z]ap)?]? (378)

Tyt Mu THUMYACOBO BBesIM MO3HAYEHHSA Vi [JId ONEPATOPA I'PAIi€HTa
B k-ipocTopi. 3Bepraemo yBary takox Ha Te, mo y Bupasax (37.7),
(37.8) Besimuumna dr He € BEKTOPOM, a, fK 1 paHilme, CHMBOJIIYHO 1O~
3HaYaE ejeMenT ob’emy: dr = dx dy dz. Takum annoMm,

(37.9)

aB

Z )3/ 2 8rnhkZ/ag
[

. 1
<HpH@==———< ¥+ (Z]an)TE

vV

Abo 3anucanuil yepes 3HepO3MipeHU XBUJIbOBUIA BEKTOP MATPUYHUI
€JIEMEHT

N aB 87rhq
k|p|ls) = —_—. 37.10
KIp/1s) =\ |20 T (37.10)

Tenep cuja ocuuIsATOPA,

2ap 647h%q>
3mhwZV (1 + ¢?)*

flsﬂk =

28 1 (aB)3wc q2

()= 11
3V \Z) wd+)V (87.11)

a 3almcaHa 4Yepes3 49acTOTy MePEXOJly BOHA MA€ TaKWil BUTJIA!

28 1 rag\3 fwe\5 [(w
_ i - 1 w < W,. 12
fls—>k 3 ‘7< Z) ( ) ( i ), < We (37 )
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fx Mu BxKe HEOOHOPA30BO TOBOPWJIM PAaHIlle, TIPU TMEPEXOMi Bii
MUCKPETHNX 3HAYEHb XBUJIBOBOTO BEKTOpa K 10 HemepepBHUX MiICy-
MOBYBAHHS 3aMIHIOEMO 1HTEI'DyBAHHAM:

v v,
Xk: = W/dk = G 47rb/k dk. (37.13)

Orxe, KOJIM ME XOYEMO BIIIIYKATH CAJIY OCIAJIATOPA [IJ1si HE[IEPEPB-

HUX 3HAYEHb XBUJIBOBOTO BEKTOPa, BUpa3 (37.11) norpibuo nepenop-
MyBATH TaK:

4 2
Jrsok — o3 Ark” frsok. (37.14)
(2m)’
Y pesyabTaTi HOpMOBaHA Ha HEMEPEPBHMIA CIIEKTP CHJIA OCIUJIATOPA
OCTATOYHO JIOPiBHIOE

7 5 2
2 () (1_1) Cw>we
frsok =29 37T Z \w We (37.15)
0, w< we.

VY 3B’43KYy 3 OTPMMAHWM BUPA30M HAM 3aJIMTIUJIOCK JIWTIE HATOJIO-
cutH, Mo OOpHIBCHhKE HAOJIMKEHHSA 100pe TMPAIIE TPU BEJINKUX 3HA-
YeHHAX IMIyJIbCcy esiekTpona hk, a oTke, MpM BEJIMKWX 3HAMEHHAX
YACTOTU W, AK e BUILJIMBAE 13 3aK0Hy AlHmralina s sBuima do-
roedekry (37.4). 13 dopmynan (37.15) pobuMo BaKJIMBHI BUCHOBOK:
IS BEJIMKMX 3HAYEHb YaCTOTH W CAIA OCHUaATopa fis_p ~ 1/wd.
Leit 3akon 3MeHNIEHHA 31 3POCTAHHAM YaCTOTW MW BUKODPWCTAJIA y
§ 28 nmpu “KOHCTPYIOBAHHI” KBA3IKJACUIHOTO HAOJIMKEHHS [IJId CHJI
OCIINJIATOPA.

§ 38. Tounuii PO3PaxXyHOK CHJIM OCLIJIATOPA aTOMa BOIHIO
s mepexony 3 /K -060/10HKM B HEIIEPEPBHUM CIIEKTP

Bukopucraiimo temep [miia po3paxyHKY CHJI OCIAJIATOPA TOTHI
XBUJIHLOBI (DYHKIII1 aTOMA BOIHIO OJid HEMEPEPBHOTO CIIEKTPA!

‘A’> = [k, l,m) = gim(r) = Ri(r)Yim (0, ¢). (38.1)

230



Pamianbaa cknanosa xsuiaboBoi dynkuii Rg(r) 3a10BoibHAE TE XK
pisusaHs [lpenunarepa, mo i XBuIb0Bi PyHKIII AUCKPETHOTO CIIEKT-
pa Ry, (r). [Ipuaomy BiiacHi 3HAUEHHA €HEPril IMCKPETHOrO CEKTPa
(—Z2e%/2apn?) samintoemo Ha “BylacHi” 3HAYEHHA eHeprii Hemepep-
BHOTO criekTpa hizk? /2m, AKi 0TPUMY€EMO 3 HOHEePeHbOr0, AKIIO 3PO-
6umo dopmasibry 3aminy [8]

Z
= . 38.2
" ikagp ( )

Tomy nnsa opepxanng xBuiboBux Gyuruiit Ry (r) neobxinno dyHk-
mi Ry, (r) AHAJIITUIHO TPOOOBXKNTH HA YABHI 3HAYEHHH 7 1 BIIIMOBIITHO
nponopmyBaru Ry (r) yxe na §-dynkuiro:

/szl(r)Rkl(r)Ter =6k — k). (38.3)
0

Y pesyJjbTari Takol 3aMiHM KOHCTAHTH HOPMYBAHHSA XBUJILOBUX (DyH-
KA craiors iHmmMm#u.  I[lo-meprme, BHACTILOK HOPMYBAHHS HA
d-pynkmiro Born HAOYBAIOTH HOIATKOBOTO MHOXHMKA 1/1/1 — e~ 2mn|
(mms. [24]). Tlo-mpyre, ¢dyHKII AUCKPETHOTO CIEKTPA 3aI0BOJIHHSA-
I0TH YMOBY

Z ' Ry (r)r Ry (r) = o(r — r"). (38.4)

n

Orxe, npu nepexoi A0 HEIEepepBHUX 3HAYEHB |n| pobuMo Taky 3a-

MlHy IJIA Hi,HCyMOByBaHHH 3a T'OJIOBHUM KBAHTOBUM YUCJIOM:

oo oo
VA 1 VA
din|l= | —d| =] =— | —= dk. .
S fam=[a(p) = [apa @
n 0 0

Takum amHOM, MO KOXKHOI XBUJIHOBOI (DYHKIIIl 3 HEMEPEPBHOTO CIIEK-

Tpa noTpibHo “npmyenutn”’ me MHOXKHUK \/ —Z /agk?.

Tomy Bci MaTpuwdaHi eJleMEeHTH IJid MEPEXOIiB i3 HUCKPETHOTO B

n

HelepepBHuil CueKTP HeOOXiTHO NOMHOXWUTHY UIE HA BEJIAIUHY
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\/*Z/(J,Bk‘2 = \/*(LB|’H,|2/Z,
OCKI1JIBKW TEPEHOPMOBYEMO JINNIE XBUJIHBOBY (byHKI_[iIO HETIepEepPBHOTO
CIIEeKTpa. 3i ckazaHoro BUIIE BUXOIATH TAaKuUit pesyJibTar:

Marpuannii estemenT

TTEPEXONY 3 ONCKPETHOTO aB, | 1

e —— N ————————
CIIEKTPA B HETIEpEPBHUN 7 /1 — e—2nn]
m —k

Marpuunnii ejjemenT
MEePEXoy B OUCKPETHOMY

x . (38.6)

CTHIEKTPI 1M — 1 13 3aMIiHOI0

n — —iln|, |n| = Z/kag

)

Posrigabmo niepexip 3 K-o6o0uKu B HEeniepepBHuii ciiektp. Cum-
BOJIIYHO 3anucyemo neil nepexin tak: |1s) — |kp). Mu 36epiraemo i
TYT IHIEKC p IJId CTaHy 3 opbiTajibHuM KBaHTOBMM uncjom [ = 1. Pa-

Hime (auB. (26.19)) 6ysio orpumano s [1s) — |np)-nepexomy mar-

PUYHUN eJIEMEHT

(n _ 1)2n75n7

aB
(n + 1)2n+5

Z

4
Tn1,10 = 2

Tomy nuyis HAMOro BUMAAKY, 3MIHACHIOIYM aHAJITHIHE TTPOHOB-
JKEHHA HA YsIBHI 3HAYEHHA TOJIOBHOTO KBAHTOBOTO UHCJIA, 3HAXOIUMO

_ ] Lo (@) p(n D
oo =\ -7 TP (7)) e 880
e
n=—iln|, |n|=1/q, q=kap/Z.
a1l BAKOHYEMO TIPOCTi BIpPABU:
[(n+1)(n—1)=m—1)°=(—|n>-1)°=—(1+n]*)° (38.8)
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(n—1)> = —[nf’ +2iln| +1= /(1 [n])? +4|n[2¢'?

= (14n*) e, (38.9)

2|n]
1—|n

tgp = 7 (38.10)

(n+1)% = (1 + |nf*)e™"?,

oTXe,
— 1)2n—5 2|n|e
- e . (38.11)
(n+1)2045 (14 [nf?)°
®aza ¢ — 0 npu |n| — oo, Tomy 3
2tg /2
t = —
8Y T 1 "tg2p)2
MAEMO
e L
TOOTO
%) 1
= = —arcctg |n| = —arcctg —.
2 q
OcTaTodHo 3HAXOIUMO:
. —2arcctg (1/9)
o _os(aB\®  [n° e ™
=28 (%) 38.12
‘Tk1,10| Z (1 + ‘n‘2)5 1 o 6’7271—/(1 ( )
Tenep cuja ocuuIsATOPa,
2 mw
fls—>kp = §T|Tk1,10\2
3 ypaxyBaHHaM 3akoHy doroedekry (37.5) nopiBuioe
4
2 ap q o qarccte (1/4)
fls—)kp = o > Na ) s (3813)
37 (14+¢*)% 1—e27/a
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q=kap/Z = \Jw/w. — 1.

Ilepenncytoan 9acTKOBO Tieit BUpa3 uepes3 9acToTy Mepexomy, vy KiH-
[IEBOMY TIICYMKY MAaEMO:

]/2 —4arcet (1/q)

4 3

P (5-1) S eze
fls—)kp = (3814)

0, w<uwe.

.,o|l\;’0

PosrnsiabMo Tenep rpanmuHi BUnanaku. lIpm BeIMKAX 9acTOTAX
(¢ — oc), Kom nparoe GOpHIBChKE HADJIMKEHHS, MAEMO

4
efgarcctg (1/q)

- 4
T o0 o0 21 (38.15)
i
Pag 1 ¢ 2" ap 1
=—————— = ——— 38.16
Frs—siw 3 Z 2w (14 ¢%)* q=003m Z ¢° ( )
Tobro nna g = w/w, > 1:
27 ap [ we\3
=——(—]) . 38.17
is—hp 3m 7 (w ) ( )

Leit Bupas 36iraeThcs 3 orpuMaHuM panime Bupaszom (37.15) ms
CWJIN OCHWJIATOPA B OOPHIBCBKOMY HAOJIMXKEHHI, AKIIO B HHOMY IO-
KJIACTU W > We.

B okousi uepBonoi mexi doroederry (¢ — 0) nerko nepecsimau-
THUCH, IO

4
efgarcctg (1/q)

—4
_ — 1
S (38.18)

a CnJjia OCIUJIATOPA

4\* an 4\ 4 ap |w
=|=] z59={-) 554/ — 1 .1
fls—>kp (6) 3Zq (6) 37 We ’ (38 9)
W 2 We,
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TYyT BEJIMUWHA € e OCHOBa HarypaJibHux Jiorapudmis. Ha 3a-
BEPIEHHs, AK e OyJI0 3a/IeKJIapoBaHo B KiHI § 26, obuuncaimo (3a
nonomoro (38.13)) BHECOK HENEPEeBHOrO CHEKTPA B IPABHJIO CyM
IJIs1 CUJI OCOWJIATOPA TIPW KBAHTOBOMY Tepexomdi 3 ls-cramy:

oo oC 4
98 q efaarcctg(l/q)
/ Jis—skpdk = T / A1) 1_c o dq. (38.20)
0 0
Kowmm’'torepanit po3apaxyHOK iHTeErpaJia 3a q Iae€
oo
/fls_ﬂgp dk = 0.434996. (38.21)
0

e uncsioBe 3navenHs Mu BUKopucTasn i y §26. Voro nmorpibro
JI0/1ATH 10 BHECKY JUCKPETHOTO criekTpa (26.23), mob 3ualitn noBumit
BUpA3 JIJIA CYMW OCIAJIATOPA:

n=2

00 (o0
> fapas + / Frsmmp dk = 0.565004 + 0.434996 = 1. (38.22)
0

Ax i moBuHHO Oy TH, MU OTPUMAJIV OOUHUIIIO, 1 TIe IIe pa3 MiATBEPIKYE
MPaBUJIFHICTH HANTNX PO3PAXYHKIB.

§ 39. Cuu ociIsTOpa Ij1d BLIBHO-BIJIBHAX IIEPEXOIiB.
Bopuisceke HADIMKeHHS

[TepekmreMo Termep HAITYy yBAry HA €JIEKTPOHHI BIJIbHO-BLIbHI TIe-
pexonu. Ilepem HamMu 3HOB CTOIThH 3aBOAHHA 3HANWTHA BiMOBIIHI CUJIV
OCIUJIATOPA.

Enextpon pyxaeTrhcd B ToJ1i OHIB, 9K1 CTBOPIOIOTH y TOYIII HOTO
3HAXOMKEHHS I' IOTEHIiaJI, TaK 10 eHeprisi eJIeKTPOH-HOHHOI B3ae-
MOl

o2
B(r) = —Z%R. (39.1)
j=1 ]
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VBaxkaeMo B3a€MOJIII0 eJIEKTPOHIB 3 HOHAME KYJIOHIBCHKOIO, a IO-
3HaUeHHs TyT Taki: |e|Z; — sapsam itowa copry j, N; — KijbkicTs
ifonis, R J-TOBa KOOpOMHATA WOHA.

XBuIb0Ba (PyHKINisT €JIEKTPOHA 33 CTAHIAPTHOIO KBAHTOBOMEXA-
HIYHOIO Teopiero 30ypensb y OOPHIBCbKOMY HAOJIMXKEHHI

Z thQ/;)m@ ;iPQ/Qmp) +.. (39.2)

(p75k)

e

ILJTOCKA XBUJIsA e Bpoits.

Mu po3rIagaeMo TepexoIn 3 oYaTKOBOTO CTaHy, KOJI eJIeKTPOH
mae imnysbe hk, y kinnesuii cran 3 imnysiscom Ak, npuaomy k # k',
[Torpibra HaM crJjIa OCIMAATOPA

2 2
4= ——|(A'|plA .
fara = 5| (Ap|4)] (39.3)
e MaTpUYHUit eJJeMeHT
. . (p|®]k) .
(A'pl4) = (K[plk) + Y 5z K'IDIP)
P 2m  2m
(p#k)

(k'|®|p .

Y Ao el (30.4)

h2k'"2 /2m — h2p?/2m
(p?fk’)

+ (unenm Bunioro nopaaxy manusau 3a P).

IaJji 3a o3HaveHHAM

- e*ik’r . etkr
(kK'plk) = W(*mv)\/—v dr

= 1k % / KT gr — pk S(k — K').  (39.5)
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Towmy B miniltHOMY HaOMKeHH] 32 ¢ MaTpudIHAil esTeMeHT

(k'|@[k)
h2k? /2m — h2k"2 /2m

(A'|plA) = hké(k — K)+ hK

(k'|®[k)
hk . 39.6
* h2k'2 /2m — h2k2/2m (39.6)
Orxe, ockinbku k # k', 10 3Bigcu ocrarouno maemo:
K'|® k)
A'lp|A) = h(k' — k < 39.7
(AB1A) = K W) o (307)
k £k
Temnep cuna ocouasaTopa
2 (2m\? 2 (k' — k)?
) = il k’@k‘i. 39.8
Jieok 3mhw( h) ‘< k) (k2 — k2)2 (39:8)
[Tpudomy OCKiJIbKM BUKOHYETHCs 3aKOH 30€peKeHHsd eHeprii,
h2k12 h2k2
— —hw=20
2m 2m v=5
TO
fste = 7 (€ B[k} (K~ 10? (39.9)
K=k T S mhw? ' '
[TimpaxyemMo MaTpuaHmii €JIEMEHT:
N;
(K| k) (¥ k). 39.10
ok = - 3 (W 5 (.10
7=1
<k’ Z;e’ k> _ Z,GQL /ez’k’r 1 KT g
IR, —r| TV, r — Ry '
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Bamina r — r' =r — R; nae:

(W2 = ke [L0
|R —r\ e | .
2
— Z’%ﬁei(kf@r{j (30.11)
Orxe, mykannit MmaTpuaanii esement
4re? Ni i
('|2lk) = — g Do T2 (39.12)

Vik' — k|2 £
Jj=1

s npocrory gajii po3rjigHbMO #oHM ogHOrO copry (Z; = Z):

Are? Z\/N,

K'|®|k 1
< ‘ | > V|k, . |2 Pk’ —k; (39 3)

e BEeJIM4IM1HAa

Pq = \/—Z e R pli=pg (39.14)

€ creniajbHo HOpMoBaHuM Koedinienrom Pyp’e J0KaIbHOL (DIIIOK-
Tyarii rycTuH #oriB. TakuM 9uHOM, CHJIA OCIUIIATOPA
1

N.
i 2 G g e vl

Sk = V2 —k

abo ocrtaTouHO OOPHIBChKE HAOJMKEHHS [OJIsT CUJIA OCIIUIIATOPA

2

2e4 72 N;
, k#K. (39.15)

3mﬁw3 V2 (K ‘pk’

f k—k! =
3pobuMo JieKiIbKa 3ayBakeHb. SIKIO eHeprid eNeK TPOH-HOHHOI

B3aeMozii @ (r) Mae HEKyJIOHIBCHKUiT XapakTep, TO TaK 3BaHWH “Nicen-
IOMOTEHIIA’ MOXKE BPAaXOBYBATH HETOYKOBICTH HOHIB

(k'|®[k) =

VN
% YVkI,kka,k, (3916)
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e
Vg = /eiqR@(R) dR

— koedimieatr Pyp’e eneprii eJeKTPOH-WOHHOI B3a€MO/Iil, TPUIOMY
KOJIA BOHA 3aJI€XKUTh Jjinute Bin Bincrani R, 10 vq = 14, ¢ = |q/.

Hani, AK110 BpaxyBaTu eKpaHyBaHHA, TO HEOOXITHO 3pobuTHu 3a-
miny: v, — v,/e(q), ne e(q) — nienextpuuana dynkiis cucremn [20].
Hns pospimxkenoi miasmu (q) ~ 1.

Bermuuna |pq|? = pqp-_q Ticaa ycepennenns sa fioRHUME KOH-
dirypaniavu (a take ycepenHenHs posymierbca B koedimienTi no-
TJINHAHHSA, OCKIJIBKWA B HOTO O3HAYEHHI € MiJICYMOBYBAHHA 33 MOYAT-
KOBUMM CTAHAMM, SIK1 BKJIIOYAKOTH 1 CTAHU WOHIB) A€ CTPyKTypHUil
daxTop iionin S, = (|pg|?) [20]. Ona pospimkennx cucrem, sKOIO €
nasma B armocdepi 3ip, Besimuuna S, 6sim3bKa 10 ouMHUI. 3a CBO-
im 3micTom cTpykTypHUii dbakTop S; — IIe CepeIHhOKBAIPATHIHA
dbooxryania tonnoi rycruau. s pinume Besimuuna S, BiapisHsa-
€ThCHA Bill OOWHWUIL, OCODJMBO MPHU ¢ MOPANIKY ODEPHEHWX MiXKaTOM-
HUX Bigpaseit i menme. Ilia Beix cucrem npu ¢ — oo, S; — 1, a
upu ¢ — 0 crpykrypuuit bakrop Sg—o = T'Njser/V, ne isorepmiuna
crucamBicts sp = —(0V/OP), |V, P — Tuck.

Taxwm 9WHOM, y HANIOMY BUTIAIKY BeJMHWHY |pg|? y Bupasi s
CHJTY OCHUJIATOPA MOXKHA, OILYCTUTH:

2°1w2et 7% N; 1
3mhw? V2 (k' — k)2’

Jrok = (39.17)

Ileit Bupa3 mist Cul OCHUJISATOPA HOPMOBAHUWI HA KBAa31AWCKpETHU
CTIEKTP XBUJIBOBUX BEKTOPIB. [y HOpMyBaHHA Ha HENEpPEPBHi 3Ha-
4yeHHdA, HANPUKJad, k', neoOxigHo nepeiiTu Bijg HiICyMOBYyBAHHA 34
XBUJIBOBMM BEKTOPOM OO BigmoBigHoro inrterpasa. Orxe, HeobXim-
HO, K e BXe MU pobuu B nonepeaabomy naparpadi, JOMHOXKUTH
ofepxany cuity ocrmiaaropa na V/(2m)3:

P2t Z2N; 1 1
,— i _ 39.18
Jiok = SRV ) (K — k) (39-18)
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ITigxpecaroemo me pas, mo mneit Bupas [aJisi CUJII OCIAJIATOPA HOPMO-
BaHWii Ha HeNmepepBHI 3HAYEHHA XBUJILOBOTO BekTopa k' i mmckperni
na k.

Ak Bugro 3 (39.18), cmia ocmaATopa AJIA BITBHO-BIIBHUX Te-
pexoniB € nponopuiitnor 10 aucsaa ionis B oguauni o6’emy (N;/V).
Orxe, 115 pO3paxyHKy B HAOJMKEHHAX BUIINX, HiXK OOPHIBChKE, AKE
MU OIEPKAJHA, MOXHA “TOIHO” OOYUCINTHA CUITYy OCIUJIATOPA B TOJI
OJIHOIO fOHA, BAKOPUCTABIIM TOYHI (PyHKIII HEIIEPEPBHOIO CIIEKTPA, i
MMOMHOXUBINY PE3YJILTAT HA YUCJIO HOHIB B OOWHUIL 00 €My.

Hapemri 3naiinemMo ycepemHeny 3a KyTaMu CUJIY OCIHAJJISATOPA:

1 WVr2et 72 N, 1
/ = e dQ / L = —
Jrok 47T/ K fk—k Smha? V(@)
/ d
1 T
L 39.19
x 2/k’2+k22kk’m’ (39.19)
-1
oe r = cos E—l? IHTErpyBaHHA OCTATOYHO JIAE:
2 e'Z2 N; 1 k+ K
Jeksw = o3y
3T mhw? V kk k—k

24 rag\4 3N; 1 |k+ K
- (”B) (‘”) i ln‘ T (39.20)

3t \Z V kE T |k — K

w

Jie I 3HEPO3MIPEHHs BUKOPUCTAHO BesmuauHy we 3 (37.5). Lum
BUPA30M MOXKHA MMOCJIYTOBYBATUCH HJIA YUCJIOBUX MiIPAXYHKIB KO-
ediuieHTa HEIEPEPBHOrO HOIJIMHAHHA, AKIIO (DI3MYHI yMOBU B 30-
pariit armocdepi BiAmoOBiAaI0TH yMOBAM 3aCTOCYBaHHSA OOPHIBCHKOTO
HADJTMKEHHS.

§ 40. KBasikyiacuuHe HAGIMDKEHHS Il CHJI OCIAJIATOPIB
aroMa BOIHIO B HEIIEPEPBHOMY CIIEKTPi

Bukopwucraiivo kBasikjacuannii Bupas (28.3) miis cusm ocruis-
TOpa aToOMa BOIHIO B JUCKPETHOMY CIIEKTPi 1 3HAmIMO cuim ocru-
JIATOPA [JIs1 3B’ SI3aHO-BIJIBHOTO #i B1JIBHO-BLJIBHOTO MEPEXOIiB.

240



Orxke, pO3IJIAHEMO CIIOYATKY 3B’ si3aHO-BLIbHI nepexomu. [lokma-
naemo dhopmasibao y dhopmydi (28.3), gk ne pobusock paxime B § 38,
FOJIOBHE KBAHTOBE YUCJIO KIHIIEBOTO CTAHY

n' = Z/ikag, (40.1)

e k  xBmbOBWE BEKTOP €JIEKTPOHA B KiHIIEBOMY CTaHi.
3 MEeTO PABUJIBHOTO HOPMYBAHHSA CUJI OCIIUJISATOPA IEPEXOIAMO
B mpasmti cym (24.4) Big nincymosyBanns 3a n' mo interpana [ dn':

an’n - /dn’fn’n- (40'2)

IIprnaomy ockinbpkm

() (3
TO

o
! _ aB\?, 3 _
dn'fun = [ () knfumdk = [ faordh,  (40.3)
' ' 0

0

JIe CHJIA OCIUJIATOPA

aB

fnok = an,l,m—ﬂc = (7)2 0k frn, (40.4)

I,m

a mig kBaHTOBMM uncsioM n' posymiemo (40.1).

Bepyuu no yBaru Bupas (28.3), 3Haxonumo kBasiknacuunuii Bu-
pas CmJIm OCHUJIATOPA JIJIA TEPEXOy 3 JIUCKPETHOTO CTaHy B HeETe-
pepBHUit

ook = 355/3 (%B)Q (&)3 L (40.5)
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MPpU MBOMY IAaM ATAEMO, MO TYT, 3TiAHO 3 yMOBAMH KBAa3iKJIACHI-
vocti, Kk — 0, n > 1, a gacTora w i XBUJIKOBWI BeKTOp k 3B’si3aHi
3aKOHOM 30€epeXXeHHsd eHeprii:

w 1 kaB2
. = 40.
o n2+(Z> (40.6)

Y 3B’43Ky 3 UM BUPA3 [JIA CAJI OCHUJIATOPA MOXKHA, 3AMMUCATH TAK:

25 ap (we)d 1 w 1 We
7 ) e s w2 s

fn—}k _ 3m/3 Z (w ) n We n?’ n?? (40.7)
0, w < 75

Tyt nmikaso 3ynmwHNUTHCH Ha mpaBmiai cym Tomaca—Paitxe-Kyna.
[Tpu mabsmxeHOMY pO3paxyHKy B §26 CuJI oCHmIgTOpa [JIs OUC-
KPETHOTO CIIEKTPA MU BAKOPHUCTAJN 1HMOPMAIIIO PO TOYHE 3HATEH-
HA BHECKY HENEePEPBHOTO CIEKTpa B Ie mpasmio. llinpaxyemo Temep
3 HAUM HAOJIMIKEHUM BUPA30M i cuim ocumisatopa (40.5) BHecok
HETIEPEPBHOTO CIEKTPA B MPABMJIO CyM:

o0 o0

% ap 21/ k dk 2°n
Uhf ag\21 - - (40.8
b/ Fns 3m/§(z> n3 | [1/n? + (kag/Z)?]3 373 o)

0

3Bincu st n = 1 orpumyemo:

o0

23
dk = —— = 0.4900701. 40.9
[tk = (40.9)

0
Ile uumcso, 3Halimene y KBa3iKJIACHIHOMY HAOJIMKEHHI, HEOOXiIHO
nopiBaaATU 3 TounuM 3HadeHHaAM (.434996, npo sike fmiocs B § 26.
Lt mostinmien s y3romKenocTi HeoOXiAHO y KBa3iKJIACHIHOMY BU-
pasi s cuil ocuaATopa spaxosysaru dakrop [aynra [15].

Y §28 Mu 3anponoHyBaJin JIjId CUJIM OCHMJIATOpa Bupas (28.1), y
sAKOMY YHUCeJIbHE 3HAYEHHs] MHOXHUKA CONSt BU3HAYMIIU 3 PIBHAHHSHA
(28.6) 3a Bimomoro iforo JiiBoIO YacTuHOK0. [lad HOTpUMAHHS CamMo-
Y3TOJKEHOCT] BU3HAYEHHdA const JiiBy yactuny piBaanaa (28.6) ta-
KOX TOTPIOHO 00YHUCITIOBATH 32 HOTIOMOTOI0 KBa3iKJIACUIHOTO BUPA3Y
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(28.1), amanituuno npomosxeHoro, sriguo 3 (38.2), Ha HenepepsHi
sHavenns kBaaToporo wncaa n'. Orxe, y dopmysi (40.3), samicTs
supasy (28.3) musa fpr,, norpibuo 6parm sBupas (28.1). Taummu cio-
Bamu, y opmyi (40.5), samicts mroxmuka 2° /37/3, 6epemo const,
ay supasi (40.8) ne macte, 3amicrs 22 /373, Bestmamny const /4. Te-
nep i3 MpaBmJIa CyM [JIsi CUJT OCHUIATOpa OyIeMo MaTh, Io

const
E m=1— .
- f’l’LTl 4
n

Hapemrri 3 (28.6), (28.7) misi n = 1 orpumMaemMo piBHAHHS HA BU3HA-

YeHHdA HEBIOOMOI BeJIMYUHU CONst:

1— const = const (—C(3) + i)

4 4 32

OIS
const = <Z + e + 3—2> = 1.552158.

Kpasiknacmunnii koedinienr 32/37v/3 = 1.960281 sinme y3romxye-
ThCHA 13 MM 3HAYEHHAM, HiX 31 3nadmennm 1.433049 y § 28 6e3 mpo-
ueaypu camoysromKenns: dakrop laynra g = const/(32/31y/3) =
0.792. Onnak y maiibyraromy motpibHo Takox Gparw g0 yBaru, mo
dbaxrop Tayura B yaprpadionerosiit Ta BuauMiii DiIgHKAX CHEKTPA
OJM3BKUIA 0O OOWHUIII.

Axmro KiHIEBUi CTaH eJTEKTPOHA Y HEITEPEPBHOMY CIIEKTPI OMUCY-
BaTK HE KBaHTOBMMH ducyamu (k, [, m), a XBUILOBAM BeKTOpOM K, 10
noTpiGHO BBOAUTU CUJY OCHUIATOPA fr_ Kk, AKa 3aeXKuThb Big kK, a He
Bin k = |k|. Pobumo 1ie miasxoM mepeHopMyBaHHS CHJIN OCIMJIATOPA

Froi, T

o0 o0

/ dk fosk = / sk Ik g

4Amk?
0 0

~ [kt (40.10)
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e

1

Orxke, 3 ypaxyBanuam (40.5) maemo

23 ag\2 fwe\3 1
=557 (7) (5) (40.12)

Posrnaabmo BisibHO-BiBbHI TIepexonn. IlovarkoBwii ctan esexT-
pona, o pyxaerbca B noJii INV; #ionis B 06’emi V', 3amae xBuiiboBuii
Bektop k, a kinnesuit  k'. YV dopmyani (40.11), ska Busnauae cusin
OCHIMJIATOPA IJIS TIEPEXOY €JIEKTPOHA 31 3B’A3aHOTO CTAHy 3 KBaH-
TOBUM YHUCJIOM 7. y BLIbHMI@ 3 XBUILOBUM BekTopoM k' B mosi ky-
JIOHIBCHKOTO TIOTEHIIIAJIy OMHOTO HoHa, IIe pas pobumo dhopmasbHy
3aMiHy

n = Z/ikan

1 nepexosmmo 110 HEnepepBHUX 3HAYEHD .
Bepyun 10 ysaru, mo f,_ ¢ ~ 1/n?, nutanns wopmysanHa cuit
ocuuagTopa Bupiuryemo noaibuo go (40.2), (40.3):

o

1 dn a2
I e C N L

n 0

(z) / ap e S 7 ) Ty Z4wk” Jnow

k
ap\2 (2m)® 1 4
— p— — 1l 5 = ! 4 1
Z(Z) v ann" ook > froies (40.13)
k k
e
_a\2 (2m) 1 4
Sk = (7) % m” fnok (40.14)

Mwu ckopucrasuch TyT dopmysor (37.13) mas nepexomy Bim Here-
PEPBHUX 3HAYEHBb XBUJIBOBOI'O BEKTOpa K [0 NUCKpPETHUX, a TAKOXK
TUM, WO [, K/ 3AJIEKUTH JALIe Bijg Moayaa sekropis k i k'.
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Takum aunaOM, J1151 OtHOTO Hona (N; = 1), 3 ypaxyBaHHAM sABHOTO
Bupasy BesmuanHn [, o 3 (40.12), cnsa ocimiisitopa

o = o ()" ()" L () e L

Ocrarouno mast N; OOHAKOBWX WOHIB i3 3apAmoM 7/ MaEMO

24 aB 4N,‘ We 31
r=— =) =|—] — 40.15
frok 3\/§(Z> V(w) R ( )

e 9acToTa

W= i(k’Q — k).
2m
Takum uunom, Bupas (40.15) ana fx v Mae milmane HOPMyBaH-
ua. Tobro Bim HOpMOBaHWMIt Tak, MIO MACYMOBYBAHHSA 3a MOYATKOBH-
M7 KBAHTOBUMU IUCTIAMHU A 03HAYAE MiICYyMOBYBAHHS 38 XBUJIHOBAM
sexkTopoMm k, a minmcymoBysanna 3a A’, srimno 3 nopmysannaam (40.9),

o3Havae iHTerpysannd 3a k':
DED ISR I
A k A’ *

BiguosigHo 10 bOro po3MipHiCTb fik_yk AOPIBHIOE JOBXKMUHI, IijgHe-
ceniit mo kyba (s 3-BUMIpHOTO TPOCTOPY ).

HeraspHiNIe TOroBOPUMO PO HOPMYBaHHs 1i€l Benmunan. KBaH-
TOBI 9UCJIA TOYATKOBOTO CTAHY €JIEKTPOHA OMUCYIOTH 1 CITIHOBI CTyIIe-
Hi BlstbHOCTI, & came A = (k, s), ne s — criHoBe 9ucJio, sike HabyBae
nBa 3HaveHHs: 1/2 (B omuaunsax h ) g crany “cuin ysepx” rTa
(—1/2) — nnz crany “crnin yums”. Bignosimro B kinmesomy crami
A" = (K, s'). Yuacaigok Toro, o MarpuyaHmii €J1IeMeHT y BUpasi s
fara, akuit BxomuTh y Koedimient norsmuanag (6.6), obuncioemo
Big oneparopa, HE3aJIEXXHOIO Bijl CIIHOBUX 3MIHHMX, TO farg — 04
i Tomy cyma 3a s’ 3amkae. [liICyMOBYBaHHA 3a S CTOCYIOTHCA JIWIIE
CTATUCTUIHOIO OIEPATOPA, AKUN TAKOXK HE 3aJIE€XUTh Bij CIIIHOBOIO
KBAHTOBOIO YNCJIA, Yepes3 Te MiJICYMOBYBAaHHA 33 S HAE YUCJIO 2 K
MHOXHUK. OCKIJIbKE p4 HOPMOBAHA HA OIMHUIO, TO CHIHOBI 3MiHHI
BUIIAJIYTh 3 OCTATOYHUX BUPA3iB.
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Hapemiri 3pobumo take 3ayBaxkenHsd. Jlerko 6auwmru, mo ¢dop-
mysty (40.15) mois fi i hOpMaSIbHO MOXKHA OTPUMATH 3 yCepejHe-
HOro 3a Kyramu 6opHiBCbKOro Habnmkennsa (39.20), akmo B HbOMY
In|(k + k') /(k — k')| saminwtu na uncso 7/v/3, To6ro caabky Jora-
pudMidHy 3aJ€KHICTD 3AMIHUTHA CTAJIOK BEJIMYUHOIO.

§ 41. KoedimienT HEnepepBHOTO MOTJIMHAHHS aTOMAa BOIHIO.
BinbHo-BisbHI epexomm

Ax Mu BXKe 3a3HaYAIN, TOTJIMHAHHSA B HEIIEPEPBHOMY CIEKTPI 30-
paAHUX arMocdep 3yMOBJIEHE TOJIOBHO BOIHEM, OCKIJIBKHW BOHEHDH TIe-
peBaxkae BCl iHIII eJIeMeHTH B XiMiTHOMY cKJ1adi 30pi. Bomenb moxe
Gyt B pisaux cramax: H, HT, H™, H;’ Tyt Mu 30cepenuMo CBOIO
yBary Ha 00YMCJIEHHI BHECKY B KOe(DIIi€HT HEenepepBHOTO TOTTNHAH-
HSA BLJIBHO-BLJIBHUAX MEPEXOIIB B ATOMI BOIHIO.

Buxonmmo i3 3araasHOoro Bupasy (6.6),

2712e? N, _
slg) = 2 (1= e M) 3 pafandlwaa —w),  (411)
mec V
AN
npuaomy A = k, A’ = k', uncno wacrmrok N — e MOBHE YMCJIO

eJIeKTPOHIB B 00’emi, gke mu mosHaanmo qepe3 N, N = N,. [lami
CrJIa OCIUJIATOPA
fan = fusw,
a 9acToTa nepexomy
hk"?  Rhk?

WATA = — — .
2m 2m

7151 crIT OCIMITATOPIB BUKOPUCTOBYEMO KBAa3iKJIACUTHE HADJINK CHHS
(40.15). IMam’araemMo TaKOXK, WO 1A CUJIA OCIHMJIATOPA MAE MIlIAHE
HOpMYyBaHH#, ToMy nijcymoBysanndg 3a A ta A’ posymiemo, 3rignHo
3 (40.12), ax migcymoByBanua 3a k ta inrerpysanns 3a k'. Crarnc-
TUYHA Bara MOYaTKOBOIO CTAHY €J€KTPOHA
_ i —h2k?/2mT
pPA = 7 €

e

)
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11 CyMa CTaHIB (CTATHCTUYHA CyMa)

_ —Rh%k2/2mT  _ 4 —h%k2/2mT
Ze = Y e m . /dke m

" 2m)3
Vo (2rmT\*?
- e , (41.2)
i oTxke,
Cen)d w2 \Y? B2k
PA="y  \oamr) TP\ 2mT ) (41.3)

[Tosnaumo Brecok y koedinient morsmuanus (41.1) Bin BitbHO-BiIH-
Hux nepexozis gepes »; f(w)!. 36upaioun Bee pasom i Gepyum no
yBaru, o Koeiui€HT NOrJIMHAHHA 3aJ1€2KUTh JIMILE Bl 4aCTOTU BU-
npominioBanHs, 3 (41.1) orpumaemo:

27r2€2 Ne 24 aB 4N7; We 3
1) = (7) 7 (%)

me V3/3\NZ) V\w

w

1% 2mmT
S e [265 (’”f L w) .
- k k 2m 2m,

InTerpyemo 3a mTpuxoBaHUM XBUJILOBAM BEKTOPOM, BUKOPHUCTO-
ByrOun 106pe BifoMi BJACTUBOCTI 0-(DyHKIIIi:

[ee]
dk’ Bk hk? mk'?  hk?
/—5 - —w —47r/k'dk'5 - —w
K’ 2m 2m, 2m, 2m
0

(2m)? <h_2>3/2 (1 B efhw/T) (41.4)

X

0o
(k' — ko) drm
_ 1 O\h ’ r_ !
—47r/k T (41.5)
“Tugexc “f — f” — ne nepmi stitepw anriicekux ciis “free-free” — ginnHo-
BLIBHUI.

247



e

[2m
k(): me+k52.

Hamni inrerpyemo B (41.4) 3a XxBUIHOBUM BeKTOpOM k:

(27T)3 1 —h%k2/2mT
\%4 ;ke Voo

(ee)
dk 4
:/?efﬂk?/QmT:Llﬂ_/keh2k2/2dek,: %T (416)
0
1 3HAXOIAMO
() o2ne? N, 2* (aB)4 N; (u}c)f* K2 3/2
_w) = — =] = (—
I me V 33\ Z V \w 2rmT
4mm 4mm /T
TFT(l—e w/ ) (41.7)

Ocrarouno 1eit Bupas nepenmncyeMo B TaKOMY BUTJIAI:

i = ) ()

X MiNe (1 — eih‘”/T> , (41.8)

JIJ1s1 3PYYHOCTI KOPUCTYBAHHA LIE PA3 HABEAEMO 3HANOMI O3HAYEHH A

722 B K2

we=r——, agp
2aph’ me?

i, KpiM TOTO, TyT BBOAWMO HOBI TTO3HAYEHHS
Ne = — (41.9)
IIJI KiJIBKOCTI HOHIB Ta €JIEKTPOHIB B OIWHAII 00’ €My .
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fAx H6ayumo, koediuieHT HOIJIMHAHHSA, OKPIM yCbOro, € HpOuop-
nifiAuM 0 KoHCTamTHM TomKOi cTpykTypm e2/fic ~ 1/137. lle wmm
06roBoproBaJIM IpH MOOYI0BI KIHETUYHOIO PiBHAHHA 1Jisd (POTOHIB.

Bupas nnsa »;_p(w) MOXHA TAKOXK TIEpeNicaTn i y TaKoMy BU-
LI

- 16\/§7T5/2 Z%e2 nin, (1 76*5‘”/71). (41.10)

xi-f = 33 chm3/2 W3T1/2

Hapemrri 3ayBaxkumo, mo posmipaicts s ¢(w), gk i nouaHO OyTH,
€ 06epHEHOI0 0 JOBXKUHY, WO A06pe BUIHO 3 mepiioro 3anucy (41.8).

§ 42. KoedimjeHT HemepepBHOTo MOTJIMHAHHSA aTOMAa BOIHIO.
3B’a3aHO-BLIBHI IEpexomu

Mwn 3HOBY BUXOOWMMO i3 3arajibHOTO BUPA3y

2.2
(q) = o (1 - 67%”) N > pafand(waa —w), (42.1)
mc v
ALA

me N — 1me 9mncJjio aTromiB BOIHIO B arMocdepi 30pi, mo 3aiimae 06’ em
V', a kBanrosi umcia A, A' e KBAHTOBI 4MCJIa, WO XapaKTepu-
3YIOTh PyX €JIEKTPOHA BimHOCHO menTpa mac: A = (n,l,m), A’ = k.
Tyr, ysarani kaxyqam, Tpeba Oys0o 6 momaru e CHiHOBI KBAHTOBI
guchaa s, s’ POEKIIil CIIiHy eJeKTPoHa Ha Bick z. OpHak, sk mMu
TOBOPWJIN, y IbOMY HEMAa€ MOTpeOu, OCKLIbKU OMEpaTopw He 3aJie-
XKATh BiJl CHIHOBUX 3MIHHUX 1 3 OCTATOYHWX BUPA3iB CIIIHOBI CTAaHU
BUMAOA0Th. [laJi maemo:

7Z2e? h2 k>
Ey, = — Epy=—
A 2apn?’ A o2m
efEn/T
pPA = T, E‘EEA, (422)
a
o n—1 l o
Zo = XN e BT S e t
n=1[=0 m=-I n=1
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CTATUCTUIHA CyMa aTOMa JIJid BHYTPINIHIX CTYIEHIB BiJIBHOCTI.

Otxe, Ta vacTrHA KOEMIMI€HTA TIOTJIMHAHHS, IKa 3yMOBJICHA 3B -
3aHO-BIJTBHUMH HEpPexomIaMu,’

2722 N
m,,f(w) = -

ey (1Y [

S

n,l,m"
efE‘n/T

hk? 72?2
_ Ol — 4+ ———— — . (42.3
X Z I lm—k (2m + Sapn?h w) (42.3)

Cuay ocnmisaropa
fn—)k = E fn,l,m—>k
Im

Bi3bMeMO B kBasdiknacuunomy Habsmxenni (40.12), i B pesysibrari
KoeimieHT MOTJINHAHHSA

2n2e? N 23 ar\2 fwe\3 A
- — R -t 1 o ‘7 U.)/T)
7 f(w) me  ZaV 3w2/3 (Z) (w) ( ¢

1 [ dk [ hE? Z%e?
—En /T
x 2y e e [ 26 (
n

—t —— - .(42.4
k 2m * 2apn’h w) (424)

Hauti irrerpyemo mespra-pyHKINIO:
/dk6 hk? n Z%e?
— | —+ —— —w
k 2m  2apn?h

7 hE2 7262 drrm
—4w/kdk5(—+—P—w> _

. 2m

0

e 3a ymosu, mo fiw > Z2e? /2agn?, a axkmo g yMoBa He BUKOHYE-
ThCHA, TO IHTETPAJI JIOPIBHIOE HyJieBi. TaknM dmHOM:

_ 2n%e2 N 28

() (aB)Q(wC>3 41mm
awp_r(w) = — —) —
! me Z,V 3m2/3 \ Z w h
STngekc “b — f7 — ue nepumi sitepu anrificeknx cais “bound-free” —
3B’ A3aHO-BLIbHAN.
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—FyT

X (1 —e*hw/T) 2y PT (42.5)

n>ne

rPAHUYHI 3HAYEHHS TOJIOBHOTO KBAHTOBOTO UHMCJIA N JOPIBHIOIOTH IIi-
JIOMY Bill BEJIMYUHUI (wc/w)1/2. fx 3BUYHO, OTMEpAIi0 B3ATTA MiJI01
YACTHHU YUCJIA TO3HAYMO KBAJIPATHUMM JLy2KKAMMU:

ng = [(%)1/2} : (42.6)

Ocraro4dHno:
27r €2 rag\? [we)\3 h
a _ 4= (UB Ye 1 _e™ ,w/T)
) = s (7) (5) (1=
N 1 hw 2
0 el )
X T . 42.7
ZaV n>ne TL3€ ( )

o wiei popmysi norpibHo 3pobuTu 3ayBakeHHs. Besimdyuna

s h
LW ¢ 2
— g ne /"
=1

3 (42.2) € posbixkuOW. Lle MOB’dA3aHO 3 THM, IO YNMCJIO PIBHIB B aToMi
BomHIO € Oesmexunm, 1 < n < oco. Hacmpasmi, BHACJIIOK eKpaHy-
BaHHA IHIMMMHK 3apamamu armocdepu 30pi (OHU, eJIeKTPOHHM), Ky-
JIOHIBCHK W TOTEHIIa Aapa CTAE KOPOTKOMIIOUNM (eraHOBaHI/IM) 1
9UCJIO PIBHIB  CKiHYeHHUM. Hampugiiag, sKIo paaiyc eKpaHyBaH-
na [leGaa rp = s, s = (4me? Y, ZZN;/TV)'/? (nms. dbopmyay
(18.20)) € nopsaunky Gopiscbkoro pagiyca xpag ~ 1, To Bci 38’a3ani
CTaHW 3HUKAIOTh.

Cupasii, 3 KBAHTOBOI MexaHiKu A00pe BiioMo, 10 KiJIbKICTb JIUC-
KPETHWX PIBHIB €HEPTil YACTUHKY 3 MACOI0 1M Y TIOJIi 3 TIOTEHIiaJThHOIO
eneprieo U = U(r) popisuioe [13]

m
T / U(r)rdr.
0
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I eKpaHOBAHOTO MOTEHINAJTY

62

_ —xupT
U = *76 s

e 9Yucsao0, K JIErKO nepecBimumtuch, mopisuioe 1/4apsp. Orxe,
YMOBOIO iCHYBaHHS 3B’si3aHUX CTaHIB € dagx»p < 1, a mast 6omaii on-
HOTO 3B’S3aHOTO CTaHy MOTpibHO, mob 4agxp = 1. ko agxp ~ 1,
TO 15l yMOBA HE BUKOHYETHCH 1 3B’ g3aHmUX cTaHiB Hemae. CyTh HAmmx
BUCHOBKIB He 3MIHUTHCH, KOJIM BUPA3 JIJIA KIJIbKOCTI JIMCKPETHUX PiB-
HIB €Hepril B3sATH e TOIHININAM.

Axmo onmc maasmu armocdepu 30pi BUMAra€ KBAHTOBOTO TiIXO0-
Iy, TO pamiycoMm ekpanyBauHda Oyme pamiyc Tomaca ®@epmi ro_p =
1/se7_F 1 nas cucremn 3 N, €JIEKTPOHIB

4k 1/2
H]_F — (—F> s (428)

TaB

e XxBuJIhoBMit BekTOp Pepmi

2 1/3
Vv

Bennuuny scp_p orpumyeMo pOPMAJIBHO 3 BUPA3Y ) 3aMIHOIO KJla-
CWYHOTO BUPa3y Cepemanboi Tenionoi eneprii esiekrpona 37'/2 wa enep-
rito @epwmi ep = th%/Qm. Takum guHOM, (pakTUIHO Z, € BEJIUIU-
HOIO CKiHYEHHOIO.

Ykazany TPpyAHICTD i3 HEBU3HAYEHICTIO BEJIMIUHA £, MOXKHA 00i-
WTW 3a [OTIOMOTOI0 TaK 3BAHOTO 3aKOHY IIIOYUX Mac. Y HaIOMY
BUNAIKY HPOIEC MOMJIMHAHHS ¥ BUIIPOMIHIOBAHHS MOXKHA 300pa3uru
peaktieto (1.2) mis 38’s13aHO-BIILHAX TIEPEXOJIIB, AKY TENEp 3anuiiie-
MO TaK:

AS AT te, (42.9)

e A — meiiTpassanii arom BomHIO, AT — momaTHwmii ion, To6TO TIPO-
TOH. Bynmemo posmismarm neil nporec fk XiMidHY peakiiiio. 3aKOoH
PIBHOBArM XiMIYHOI peaxIii, AKy CUMBOJIITHO 3aMNACYIOTh AK

> A =0, (42.10)
j
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ne A;  ximiuHi CUMBOJIM pearyloumx pedoBuH, a Vj Ll JogarHi
abo Bim'eMHAl YMca, Ma€ TaKWii BUTIISA:

> vini =0, (42.11)
J

Je f1j — XiMiuHuii ToTeniaa BiANOBIAHOI BeJInYnHn. PiBHARAA piB-
nHoBaru (42.11) € HEOOXIHOW YMOBOK MiHIMyMy TEPMOAMHAMIYHOIO
MOTEHIIIAJIY TIOBHOI CHCTEMW TIPU 33JaHWX TUCKY ¥ Temmneparypi. TH-
MIAMU CJIOBAMU, II€ PIBHAHHA € YMOBOIO PiBHOCTI HYJIEBI TTOBHOI 1MO-
XiOHOI BiJI TEPMOAMHAMIYHOTO TOTEHINAJY 3a KIJIBKICTIO YaCTHHOK
OIHI€1 3 pedoBWH, MmO OepyTh ydacTh y peakrii. I[Ipuaomy moximay
6epemo 3a ymosu (42.10), 706TO IO BiGHOCHA 3MiHA KIJIBKOCTI 9Yac-
THHOK i-T0i Ta j-Tol pedoBuHM HOPIBHIOE V;/V;.

Y namowmy Bunagxy (42.9) MaeMo peakiio

A— AT —e=0, (42.12)

i orxe, KoedilieHTH [Jid aroMa HOHA Ta EJEKTPOHA € TAKUMMU:
va=1,v;=—1, v, = —1. Tenep ymoBa ximiunoi pisaoBaru (42.11)
HAOyBA€ BUTJISIITY

or _ 98 9", (42.13)

ne
F=-ThZ (42.14)

— BUJIbHA €HEPrist MOBHOI cucTemu, TOO6TO cyminti N aromis, INV; HoHIB
ta N, esiekTponis, Z CTATUCTAYHA CyMa. ¥YBAXKAEMO, IO CyMilr
€ imeasapanm razom. CTaTUCTUYHY CyMy 3a0UCYyEMO siK JI0OYTOK CTa-
TUCTUIHUAX CyM:

ZN zNi zNe
= A e (42.15)
N! N;! N,!
ne Za, Z; Ta 4, — 1€ CTATUCTUYHI CyMW OKPEMWX aTOMa, WOHA Ta,

eJIeKTPOHA BianoBigHo. Ko Bukopucraru s (pakropiajia Besiu-
kux amces N, N;, N, dopmysy Cripainra (N! ~ (N/e)N, N > 1,
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e 0CHOBA HarTypaJsbHux Jiorapudmis), To 3 (42.13) (42.15) 3naxo-
MO YMOBY PIiBHOBATW XIMITHOI peakii:

ZA Z; Ze
-T1 — T1 — T1 — ] =0. 42.1
n<N>—I— n(N)—I- n<N8> 0 ( 6)

Ile i € 3akoH gifounx Mac, AKU MOXHA 3aMCaTh IIe | Tak:

ZiZ., N;N,

ZA N

. (42.17)

st aToma po3miimMo pyX IMEHTPa MAaC Ta BHYTPINIHI pyxu. 3 ypa-
XyBaHHAM TOIO, IO MACH aTOMa 1 HOHA € MPAKTUIHO piBHUMU (Maca
eJIEKTPOHA OIJIBIN HIXK HA TPU MOPSAIKW € MEHIIO 33 Macy MPOTOHA)

A= ZiZa,

ne Z; CTATUCTUIHA CyMa, TMOB’fA33aHA 3 PYXOM aToMa sK IJIOT0,
JIOPIBHIOE CTATUCTUIHIN cyMmi fiora (nporona). OTke, MaeMo, 10
N  N;N,
S 7
Za Ze

(42.18)

Jle CTATUCTAYHA CyMa eJIEKTPOHA 3 ypaxyBaHHAM HOro crimy

R2p2 2V _p29
Z, = ZZ@ hp?/2mT _ E /dpe h*p® /2mT
] P "

oV [ 2rmT\ >/
Orxe, 3 (42.18) snaxomnmo
N N;N, [2zh2\*/?
7 = ;Ve<mT> (42.20)
a
abo
N NiN. rap\3 [ Tiw.\"/?
a
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Ileit Bupas mpupomHO Y3TOMKYETHCH 3 HANIUM 33ayBaXKEHHAM PO
eKpaHyBaHHA BIJIBHUMW 3apAIaMA KYJOHIBCHKOTO TTOTEHITIAJY AIpa
aToMa AK MPUIUHOK CKIHYEHHOCTI BEJIMUWHA Z,: 9UM OiJIbIle Bijib-
HUX 3apsAIiB, TUM MEHIIA KiJIbKICTh 3B’A33HUX CTAHIB €JIEKTPOHA B
aroMi, a 0TXKe, TUM MEHIIOK € CTATUCTUIHA CyMa .

Host koedinienta norimHAHHSA TEmep ocTaToIHO 3 (42.7) oTpumy-

€MO:
2975/2 62 a5 fwe\3 [ hw, 3/2
w0 = 5o (7) (5) () mee
1
x (1fe*"’“/T) S e/t (42.22)
n>ne n
e
Ni Ne
n; = —, Ne = —.
v v

KIJTBKICTH #OHIB Ta €JIeKTPOHIB B OOMHUII 00 €My .

[ToBepHemoch 1o piBHAHHSA HoHI3amiliHoi piBHOBarn (42.17). Oue-
BUJIHO, IO 1€ PIBHAHHSA OMMKUCYE PIBHOBATY MiX aTOMOM, HOHI30BaHUM
aTOMOM 1 €JIEKTPOHOM Y 3araJIbHOMY BUTIAKY, a HE JINIIEe, KOJIN HOH €
npoToHOM. SKnI0 BuminuTu 31 crarmcTuaHUX CyMm 9acTuHoK y (42.17)
CTATUCTUIHI CYMW TPAHCJAIIRHNX PYXiB, TO OIEPKYEMO:

mT \ 32
Ze = V|— -2
¢ (2%712) ’

M:T 3/2
Z;, = V<27rzh2> ui (T), (42.23)

3/2
Zx = V(M(LT) e Fo/Ty, (T),

Jle CyMa CTaHIB 32 BHYTPIITHIMY CTYTIEHAMHA BIJIBHOCTI [IJ1s1 €JIEKTPOHA

JIOPIBHIOE 2 — Bijl JIBOX MOXKJIMBUX HANPAMKIB criny (muB. (42.19)),
a 'y “Bayrpimmuix” crarmcruuHmx cymax jiia ona u; (1) ta aroma
uq(T) enepriro BigpaxoByemo Bin eneprii ocHosaoro crany aroma Fy;
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M,, M; Macu aroma ta iona; M, = M; + m. dAxmo nigcraButu
i Bupasu B piBHaHHA (42.17), TO OTpUMAEMO:

nine [ m*T 3/2 2u;(T) _\ 7
g 27 h? ua(T) ° ’

(42.24)

ne rycruHa atomiB n, = N/V; npusenena maca m* = M;m/M,,
a eHepria #omizamii aroma ¥ = —Fy. lle piBHaHHa HorizamiftHOi
piBHOBarm BiOMe B acTponoMiUHi siTeparypi sk dopmysaa Caxal.

§ 43. IloBuuii KoedillieHT HeNepepBHOro MOrJIMHAHHS
JIJIsE aTOMa BOJIIHIO

[MToBumit koedimieHT HenepepBHOro norymHanaa #°(w) dopmye-
ThCHA BLJIBHO-BLIBHUMHA Ta 3B’ A33aHO-BIJIBHUMU MEPEXOTAMMU:

u(w) = sep (W) + 50 (W)

[TincraBumo B 1eit Bupas dopmysm (41.8) ta (42.22) i sHaitnemo
7 (w) = —287r5/25 (a—B)5 (1 — eih‘”/T) (ﬂ)g
3v3 he \ Z w

hw, \ /2 2hw 2 1
X < C) NiNe l—l-TcZeh‘”“/T"‘— . (43.1)

T n3
n>ne
H i 12 ne=1,2
arajyemMo, 1o 7N, € M0 9acTuHO (w./w)/*, n, =1,2,.. ..
s BeJIMKKMX 3HAYEHb M CyMYy 3a 71 MOXKHA AlPOKCUMYBATH iH-
TerpajioMm. Beanki n — me n > ngmax ~ 4 = 5. Ormxe, mpnitmaemo,
o

Nmax — 1 o0
=)+ [

n=n,
n2mne ¢ Tmax

5Mernan Caxa (1893-1956) — inuifichkuii bisuk i acrpodisuk. PoGorn Caxa
npucssideni pisHum HanpsiMkam (izuku — repmogvHamini, suepriit dizuni, di-
3UIl KOCMIYHUX TPOMEHIB, Teopil BupoMinioBanus#, ¢isuti itonocdepu. CBiToBy
cJlaBy npuHecJsa fomy Teopist repmiunoi ffonizauii aromis y 30psinux armocdepax
(dopmyna Caxa).
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Ob6uucaumo iaTErpas:

o0 l/n?nax
/ iehwc/Tnzdn _ l / ehwcm/T dr — T <6hwc/Tn?nax _ 1) ]
] n3 2 2hw,

Tmax 0

Mmn 3pobusm saminy sminnoi interpysanna: x = 1/n?. Oueswmmo:
Nmax = Ne + 1, AKIIO Nimax = Te, TO 3AJIMMAETHCA BHECOK JIMIIIE Bif
iHTErpasa.

Takum 9uHOM, TiAcTaBiasoun el sBupas y (43.1), ocraroaro
OJIEPKYEMO:

. 2B75/2 2 1 qp\5 we\ 3 [ hwe 1/2
W)= (7) () <T> nafte

Nmax —1
><(1 - e—hw/T) e Tnl,  2MWe 3 1 ehoe/n | (43 9)

T n3

n=ne

[leit Bupa3 MOXHA BUKOPUCTOBYBATH HE JIMIIE JIid BOOHIO (7 =
1), ane it nna BogHeBONOMIOHUX HOHIB, HOrO MOXKHA TAKOXK BUKOPUC-
TOBYBATHW 1 IJIA aTOMIiB, y TOMY YWCJI # BaXXKWX aTOMIB Ta WOHIB,
yBOAAYM 3aMICThb Z jedkuil epbeKTUBHUE 3apsan Ta Oepydu ekcie-
pUMEHTaJIbHI 3HAYEHHST TPAHNYHOI YaCTOTU W.. TOYHUX KIJIhKICHUX
pe3yIbTaTiB OUiKyBATH IPH IOMY HE CJIiII, X09a, /151 ATOMIB JIYKHAX

MeTaJIiB Take HADJIMKEHHsI € JOCTATHLO I0OpHM.

§ 44. KoedimmienT HENepepBHOTO MOTJIMHAHHS
Bim’emHoro #ona Booao H™

Bin’emHuii HoH BOOHIO Bifgirpa€ BaxJIMBY PoJib Y (pOpMyBaHHI He-
MEPEpPBHOTO TIOTJIMHAHHA 30psiaux armocdep. Hemposopicts Takumx
3ip six CoHIle 3yMOBJIEHA, B OCHOBHOMY, Honom Bomaio H™. Ilnsa
3ip 3 Temneparypow Buiio, Hixk y Conma, H™ fionisyernscs, a s
XOJIODHITIUX 3ip KOHIEeHTparis H™ maJjia BHACIIIOK BiACYyTHOCTI Bi-
JIbHUX €JIEKTPOHIB, JKEPeJIOM AKX € Honizamia merasiB. OCHOBHAM
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BHECOK y KOeiUl€HT HEIePEePBHOrO MOIJIMHAHHSA Yy BUAIUMMIA JIi1gaHIi
ciekTpa mae doroiionizamiss H™, Tob6To 3B’sA3aH0-BiARHMI TIepexi.
B indpadepBoniii giisHii cuekTpa O6iJIblLy poJib BiIirpaioTh BijibHO-
BiJIbHI TIEPEXOIN.

Bin’emanii fton BOmHIO Ma€ OOuH 3B’ sA3aHUM CTaH 3 eHeprieo Fy- =
—0.75416 eV. Enepris 38’a3ky ejsiektporna B H™ € mMaJjion mopiBHAHO
3 eHepriero #orizarmil aroma Bomaio. [le o3HawTae, MO OOWH 3 €JIEKT-
poriB H™ smaxomuThca Ha Besmkiit Bimmasi Bim aapa. [lificHo, mis
BOIHIO

h? me

Bu=— — ne
H 2ma2B 2h2

IToksamaemo Takox i mjiga H™ enepriio piBHOIO

hQ
EH* = - PR
2ma
IIe ¢ — XapaKTepHa MOBXKUHA.
3Bifcu, MOPIBHIOIOYM Il [ABA BUPA3U, [JIA BEJUYUHU G, AKA MAE

3MicT pagiyca itora H™, maemo

3a aroMHUMM MACIITADAMU LE BEJUMKA BLICTAaHL. Y 3B’A3KYy 3 UM
MOXXHA BUKOPHUCTATH OIHOEJIEK TPOHHE HAOJIMKEHHS i OTTUCYBATH CTAH
LHOr0 BiIJIAJIEHOIO €JIEKTPOHA ACUMIITOTHYHOI) XBUJILOBOKO (DyHKILI-

ero [8]:

P(r)=C L e 00, (44.1)

2ma
a=(—2mBy- /%) '/2,

Crasna sHopmyBanasa C Ta BeJIMYUHA G 32JI€XKATH Bill TOBEIIHKU EJIEK-
TPOHA, BCEPEIWHI aroMa. 3PO3yMiI0, IO IJIA iX BU3HAYEHHsST HEOO-
XiAHO TOYHO PO3B’si3yBaTH 3amady. Hamnpukiaam, oA 3HAXOMKEH-
HeA eHeprii 3B’43Ky BUKOPUCTOBYIOThCs BapialiiiHi XxBuJiboBl (PyHK-
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1ii, noumnaoun 3 poborn C. Yanmpacekrapa’. Y pesysbrari 6y.Jio
3Halineno 3Haverna Fy- = —0.75416 eV, ta a = 4.25ap.

Koediuiear C' MOXHa OLIHUTH HEKiJIbKOMa cuocobamu. fxuio
Baxarn, mwo ¢ (r) 3 (44.1) HopMoBaHa 3BUYAWHNM UMHOM HA ONWHM-
o, To orpumaeMmo C' = 1. OpHak OCKIJIbKM 1€ ACUMIITOTHYHE 3HA-
YeHHs JIA€ HEMPABUJIHHY MOBENIHKY HA MaJMX BlIAIAX (XBHJIHOBA
dbyukuia ¥(0) = const), To oueBupno C' > 1. Moxna BuGparu 1)(r)
TAKOXK y BULJIAI

1 1 —r/a —r/as
zp(r):c,/%al;(e /a1 g/ ) (44.2)

fAKa AKICHO NPABUJIbHO OIMUCYE IOBEAIHKY XBUJILOBOI (DyHKIII 1pu
r — 0, Tomi

Cc = (1+(L2/(1‘1)1/2/(1*(L2/(1,1)>1,
ay < ai.

fxmo BubpaTtn mMomesb 3i CKiHYeHHUM pamiycom Ry, To HabjanxeHa
XBUJIbOBA (byHKIiz (44.1), siKa BiANMOBiIa€ yMOBI HOPMYBAHHSA TOYHO]
XBUIBOBOI (DYHKIIiT, MA€ BATIAL:

-r/a
P(r) = C\/ﬁer : (44.3)

1
\/I*R()/(J,.

Pagiyc Ry e BesimduHa OJIM3bKO PO3Mipy aroma.

C:

Oninky C MOXHA MPOBECTH, BUKOPUCTOBYIOYH TTPABUJIO CYMU [IJIs
cui ocraiAaTopa. Hapemri, moxaa “migioparn” C, mob y mijiasii

"Chandrasekhar S. Astrophys. J., 100, 176 (1944). 3a mocrimxenma dbizmanmx
NMPOLECIB, BAXJIMBUX IS NMOSICHEHHS CTPYKTypu # eBostouii 3ip, CyGpaman’sina
Yangpacekrapa (1910-1995) pasowm i3 YVineamom Anndpenom Paysiepom HAropo-
mxeno HobemniBeskoio mpemiero 1983 poky.

8 us., nanpuksan, O. T. Curenxo, B. K. Tapraxoscekuii. Teopis sdpa. Kuis:
“JIm6ins”, 2000. C. 79 81.
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“cepeiHix” 3HAYEHb T ACUMIITOTUYHA XBUJIbOBA (pyHKUidA 306irasiach
i3 Bapianiitroro. IIokn mo My He KOHKPETU3YEMO CTAJy HOPMYBaHHSA
C.

Pospaxyiimo Terrep cuity ocumiigTopa Jis 3B’ s13aHO-BIJILHOTO Te-
pexony |A) — |A"), ne |A) 3B’azannii cran enexrpona B oni H™|

efr/a
[A) =1(r) =C L , (44.4)

2ma r

a cTaH B HEMEPEPBHOMY CIIEKTPI € IJIOCKOK XBUJIEIO jie Bpoitis:

1 .
AI — 6ZkI‘ .
47 vV

Orxke, 3a o3Havennam (11.5), mia cuam ocuisitopa MaeMo:

— LS 2
fasa = Ty (A'|p|A)|
2 2

= 3o (Alp|A")|", (44.5)

e MaTpUYHUi eJleMeHT

1 e Tl
Alpl A _ A‘zkrd
Apl) = g [ Spe ar
2

o (LN e [ ey 44.6
B <27raV> / oo (44.6)

1 V2 4 T
= C <2 V) hk? e~ "/ sin (kr) dr.
ma ;
0

Esementapne inTerpyBanasa nae

(Ap|AY = ¢ [ — Y an hik (44.7)
Pl = 2waV k2 + (1/a)? '
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Cran |A’) y HenepepBHOMY CIIEKTPI MOXKHA B3ATH 3 yPaxXyBaHHAM
PO3CiAHHSA TAKUM:

! 1 ikr eikr
A)—\/—v(e‘ +fr>, (44.8)

ammiityny f BubepeMo 3 yMOBU OPTOTOHAJIBHOCTI ITi€l XBUJIHOBOI
dbyrkuii go ¥(r) 3 (44.4). Orxe, Bumaraemo, nob

(A|A") =0

—r/a ) ikr
/e (e"kr+fe )dr:().
r r

Ob6uucoeMo iHTErpasy i 3HAXOAUMO PiBHAHHS

4 4n
— =0
Prja ko1
3 dKO0ro a
1= 15k

@yukuii (44.8) € Takoxk OPTOrOHAJBHI MiK CODOK I PI3HUX 3HA-
9eHh XBUJILOBUX BEKTOPIB 1 pasoM 3 (PYHKIIIEI0 OCHOBHOTO CTAHY
(44.4) yTBOPIOIOTH NOBHY CHCTEMY.

Marpuunnit eiemMenT Bim oneparopa iMmysscy mMixk cranavu (44.4)
ta (44.8) 36iraerbcsa 3 marpuuHuM esemeHtoMm (44.7), obuucienum
0e3 ypaxyBaHHs PO3CisiHOI XBWJIi, OCKIJIbKW IHTErpajl Bim po3Ciio-
BaJsibHOl yactunu |A’), Ha AKy [1i€ BeKTOpHUIT onepaTop P, AOPIBHIOE
HYJIEBI.

Tenep cuya ocuniisTopa:

2, 1 R2E%(4m)?
3mhw ~ 2maV [k? + (1/a)?]?

fasa = (44.9)

I3 sakony 36epexenns eneprii K4y — B4 = hw maemo
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a romy mo 1/a = \/—2mE /h?, 3naxoqumo takuii 38’A30K:

2m

E* 4 (1/a)? = =, (44.10)
OTxe, cnia OCHAJIATOPA OCTATOTHO TOPIBHIOE
4nC? [ h\° k2
)= =) = 44.11
= (2) 8 (a4.11)

Busnaumo renep crasly HOpMyBAHHS, BUKOPUCTOBY UM IIPABUIIO
cym (24.4). Hua obumciienoi Tyt cuam ocumiaTropa (44.11) e npa-

4 C? A\ 1 K
—) =Y =1
3 a (m) V?w3

Ilepexogumo Bim mizmcymMoByBaHHsT [0 iHTErpyBaHHs 3a K i 6epemo no

BIJIO JIA€

yBaru Bupas juig qacroru w 3 (44.10):

o

%”%2 <m> 47r/ e "’4dk T =L 4

0

Inrerpyemo 3a HOBOX 3MiHHOK % = ka:

o

1 2
60/ 7 dx . (44.13)

3
0

Baminoro z2 = t 3BoIMMO Teit inTerpast no B-inrerpana Eitnepa [28]:

/ x dT %/t3/2(1+t)3dt
0 0
_ T(/2)r(1/2) 3 _ 3m
Teuep 3 (44.13) maemo
C=1. (44.15)
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Ob6uucsoemo KoedilieHT TOTTMHAHHSA

2n2e? hw)T Ny-
x(q) = (1 —e " ) =N pafaad(waa —w), (44.16)
me v
AA
e Ny- KILJbKICTh Bij’€MHUX HOHIB BOOHIO B armocdepi; no4arko-

BUX CTaHIB MAe€MO Jiniie ofanH (OCHOBHUMIT cTtaH floHa BomH0). OTxe,
KoedIIieHT HenepepBHOTO MOTJIMHAHHSA Bill €MHOTO WOHA BOHHIO, 3Y-
MOBJIEHH 3B’3aHO-BIIBHUMHY MEPEXOIAMHA, TOPIBHIOE:

272 e? Ny A4r (5)°
— 1 hw/ry o= =7 (2
#(0) mc ( ¢ ) v pA 3a \m
! /dk h sy (44.17)
2m)3 ) w3 \2m 2ma? ' '

Ty mu nepeitiinm Big nincymoByBannd 3a k mo inrerpysanna. lasi
Ma€eMOo 12 5 "
dk 0 ( —F + —— —w
/ w3 <2m 2ma?

4 oo
- k45(hk2+ n —w)dk, (44.18)

Wl 2m 2ma?

ne kg BU3HAYAETHCHA 3 PIBHIHHSA

%(k% + (1/a)2) — w,

TOOTO 9 1/2
ko = (%”w - <1/a)2) ,

pUYOMy O4YeBMIHO w > h/2ma®. Tenep

47T 62 7hw/7” Nﬁf k[] 3 h 3

¥YBenemo rpaanany gacrory goroedekry miast H™, Aw, = 0.75 eV

h
We =
2ma?’

(44.20)
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Tak o

2mw, 12 7 1/2
ko = ——1 .
h We

Ocrarouno koedilieHT MNOIVIMHAHHA BHACJIIOK (HOTOPO3IALY
BiZI'€MHOTO #1OHA BOMHIO HOPIBHIOE

16w e® h
- - " (1= ‘7hw/T)
#(9) 3 hcmwc( ¢
Ny 3
X pa— (%) (W/we — 132, w>w. (44.21)

3posymisio, mo misa w < w, koedimienr normuHanus s (q) = 0.

[TocaimoBrimmii migxia M0 po3paxyHKy KoedilieHTa TOTIMHAHHSA
g H™ moxkHA TpOBECTH 3 OBOEJIEKTPOHHOK BAaPIalliiftHOIO XBUJIBO-
BOIO (DYHKIIIE€I0 OCHOBHOTO CTAHY, AKA € CUMETPU30BAHUM HOOYTKOM
BOIHEBOTOMIOHMNX OITHOEJIEK TPOHHUX XBUJIHOBUAX dyHKIIiii.
Bapiauiiinumu napamerpamu € epeKTUBHI 3apaay saapa, pisHi gjid
KOXHOTO 3 eJyiekTpoHiB: Z; = 1.039230, Z, = 0.283221, a enepria
itonizanii ~ 0.36 eV [8]. Tobro onuu i3 3apaais dhakTuaHo HE Bi-
pi3HAEThCA BiN 3apdany anpa Z = 1, a gpyraii € 3HAYHO MEHITNM
Bin onuumni. Bin i Busnauae posmipm iiona a = ag/Zy ~ 3.531, upo
e fintocd Ha movarky mhoro maparpady. Came ms obcraBuma m10-
3BOJIMJIA HAM BuUOparu 3a XBUJILOBY (PYHKIIIO OCHOBHOro crany H™
Bupas (44.1). Y 3B’43Ky 3 UM MU HE BUNHUCYEMO TYT (DOPMYJIy 11
#(q), AKy OTPUMYEMO 3 ABOEJEKTPOHHOIO BaPIaliiiHOI XBUJILOBOIO
dynkiiero iona H™.

§ 45. HemepepBHe TOTJIMHAHHS iHIMAMHA aTOMaMH

Kpim aroma BOmHIO B PI3HMX KBAHTOBUX CTAHAX Ta Bill €MHOTO
itona Bomaio H ™, cBiit BHecok y koedilieHT MOTJIMHAHHSA B HETEpep-
BHOMY CHEKTPi HAIOTH 1 MOJIeKyJIsipHi #toHm BOomHIO. Ilepemycim me
oHm! H;’ ta Hy,. Mn me Oymemo TyT pospaxoByBaTn KoedimienTn
MOTJIMHAHHS IMX HOHIB, a BKaXXEMO JIAIIE HAa Te, MO 1XHI#k BHECOK y
nOBHUY KOeIIi€HT HEIEePEepPBHOTO MOLJIMHAHHA MOXE CKJIAHATH 10
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10% nuia 3opanmx armocdep, y axkux (i3udni yMOBH J03BOJIAIOTH
iCHyBaTW TAKWM MOJIEKYJIAPHUM YTBOPEHHAM.

Konmnenrpariis NH;/ V mosekynapHOro HOHA BOIHIO H;’ BIAIIO-
BiTHO O XiMidHOI peakIlii #oro yTBOpeHHd, H;’ S H+ p 3 enepriero
mucomiatii B 2.65 eV, mpomnopiiiiira o0y TKOBI KOHIIEHTPAIlii aToMap-
HOTO BOHIO Ta mPOoTOHIB. OTXkKe, MAKCUMYM I'yCTHHU NH;/ V pea-
JI3YETHCHA, KOJIM KIiJIBKOCTI aTOMIB HEATPAJJILHOTO Ta HOHI30BAHOTO
BOIIHIO PiBHI.

3n’azannit Mosnexynapamii komniekc H, wmoxe icmysarm jmme
[Py HA3BKHAX TEMIEPATypax, TOMy HOro BHeCOK moTpibHO BpaxoBy-
BATHU JIJIA XOJOAHUX arMocdep.

[TomiTHUI BHECOK ¥ HEMPO30PICTH 30pAHOI aTMOChEpU TAI0TH ATO-
MU TeJIii0, KOHIIEHTPAId AKOT0 HIO0 BOAHIO, sIK YK€ 3a3HAYAJIOCH,
€ JI0CTaTHRO 3HAYHOWI. [Ipmwuomy moTpibHo Opatu mo0 yBarum sk Hell-
TpaJbHUil resiit, Tak i omHOKpaTHO #onizosanuit He™, To6To BOmI-
HeBoTIonibHMit fiow i3 3apamom anpa Z = 2. Jlaa He' obumcien-
Hea KoediuleHTa HOIJIMHAHHA MOXHA IPOBECTU JI0 KiHIH, OCKIJIbLKM
XBUJIKOBI yHKINI € BomaeBononibunmu. DakTuano meit koedimeHT
NOTJIMHAHHSA HEBAXKKO BUIUCATH 3 (DOPMYJIH [jTs KoedimieHTa norim-
HaHHSA JIJId aTOMApHOTO BOOHIO 3 MOMEpenHix maparpadin, mokaaaa-
oun 3apan aapa Z = 2. PospaxyHok koediui€HTa HONJIMHAHHS /I
HENTPAJILHOTO aTOMa TeJTiI0 TPOBOAATH 3 BapialliifHIMW XBAJIHOBAMHA
dyHKITIAMA.

lomo 30ymxerux Ta HOHI3OBAHWX CTAHIB aTOMa TeJIii, TO BO-
HU PO3IMAJaI0ThCA Ha IBa KJACHU: CUHIJIETHI Ta TPUTJIETHI CTAHWU [8]
[likaBo Tak0X 3ayBaxKKuTH, N0 MOXKJIUBUM € YTBOPEHHSA MOJIEKYJIAD-
HOTO KOMTIJIEKCY H62+ 3 eHepriio aucorianii ~ 2.5eV, akuii Takox
JIaBaTUME BHECOK y Henposopictb armocdepu. [iroum Mix gBoma
aToMaMmu TeJII0 B OCHOBHOMY CTaHi Cj1abKi BaH-Iep-BaaJbCiBChKi CH-
JIM HE MOXYTbH 3B’A3aTH 1X y MOJIEKYJIy, & KOMILIEKC He;’ icaye y
3B’sI3aHOMY CTaHi.

Brecok y koediui€eHT HENEepepBHOrO MMOIJIMHAHHS ATOMIB 1HIIMX
eJIEMEHTIB € HE3HAYHWM TOMY, IO 1XHA KIJIBKICTh Ha OEKIJIbKa TO-
pAUKIB MeHlIa, Hixk BogHiO. I[Ipore npeuusiiinuit anasisz ¢isuaamx
yMOB B armocdepi 30pi BuMarae BpaxyBanid edeKTiB 3a iX y4acTio.
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3okpema miIKpecauMo, o Woau H™ yTBOPIOIOTHCS 3aBIIAKU BUBLIb-
HEHHIO €JIEKTPOHIB Mpy HOHI3aIil aTomMiB MeTaJtiB. A npomec dporoito-
Hizawuil iona H™ jae, sk Mu 3HAEMO, rOJIOBHUIA BHECOK Y KoedilieHT
HernepepBHOTO ToTsimHaHHA armocdepu Conma. Otxke, aromu meTta-
JiB y 30psAHiil armocdepl BUCTYyHAIOTh 9K CBOEPiAHI dpepMeHTH, 110
3aITyCKalOTh MEXaHi3M yTBOPEHHs ¥ posnaniy Bim'eMHUX HOHIB BOM-
HIO, siKi pobJiaTh 10 armocdepy Henposopor. Kpim toro, dporoiio-
Hi3allid aToMiB MeTaJliB A€ 1 UpsAMUil 3HaUHUI BHECOK y KoedilieHT
HETIePEPBHOTO MOTJIMHAHHSI, 0COOJMBO B yJIbTPaMIONeTOBIl mMisTAHIT
30PSHUX CIIEKTPIB.



PO3IIJI VII

OYHKIIA NEPEPO3IIOAIJIY 3A HACTOTAMMA
TA KOE®INIEHT PO3CIAHHA

§ 46. DyHKIIis MEePEPO3MOMJIY 32 YACTOTAMHA

s pakTuaHOro po3B 3Ky PIBHAHHSA NEPEHOCY BUIPOMIHIOBAH-
HA HAM M€ 3aJIAIMAIOCH JE€TAJIBHO IOCJIIUTH BEJIMIUHY, IO 3YMOB-
JeHi 1BO(POTOHHUMU TIepexoiaMu, TOOTO mpomecamMn po3CigHHA. 3a-
pa3 My 30cepeguMo yBary Ha (PyHKII [Iepepo3IoLaiiy 33 4acTOTaMU
R(q,q') 3 (8.4), mo Bigmomimae 3a mi mponecwm, i y 3B’A3Ky 3 UM
YTOYHUMO €Kl NOHATTA. YacroTa w' eJeKTPOMArHITHOTO BUIPO-
MIHIOBAHHA MICJs WOTO PO3CIAHHA CUCTEMOIO YaCTWHOK, y3araJi Ka-
XKYUH’, BIAPI3HAECTHCS Bil 9aCTOTH TAIA0Y01 XBUJIi w. 1le 3ymoBiaeHO
pyXaMu 9aCTUHOK, TPUIOMY TTOTPIOHO BPAXOBYBATH i PyX CUCTEMU AK
nisoro, 1 BayTpimui pyxu. Jacrora w’ Bigpi3HA€ThCA Bijg 9acToTH w
Ha BEJINUYWHY BJACHUX YACTOT PO3CII0Y0I CUCTEMU Ta HA Ty E€HEPTiio,
dAKy (POTOH IEPENAE arOMOBi AK UIJI0OMY, HE 3MIHIOYM HOro BHYT-
pimEBOrO ctany. Take po3CissHHA HA3WBAITH HEKOTEPEHTHUM, a00
koMbOinamifiauM. koo poscigunsa BinmOyBaeThcsa 63 3MIHU 9ACTOTH
abo pizauns yactor (W' — w) € HE3HAYHOO 1 HEI0 MOXKHA 3HEXTYBATH,
TO TaKe PO3CIAHHSA HA3WBAIOTH KOTEPEHTHUM.

Buxinni Bupasu gJis obunciaends pyHKUIl Hepepo3oaiiy 3a 4ac-
roramn 3amani dpopmysamn (12.7) Tta (12.8) 3 ypaxysanuawm (7.12).
i dbopmysin 6Gepyrb 10 yBaru Takox i e(peKTu PO3IMUPEHHs CIIEK-
TpaJILHUX JIiHiA. XodYa BOHW 3aMUCaHI IJid BpaXyBaHHSA JIVIIE TTPU-
POOHOI MUPUHA CIIEKTPAJIBHAX JIiHIH, OHAK, 3TiIHO 3 MiPKYBAHHAMM,
HaBemeHnMu B § 21, 11 BUpa3n 3aJIMMIAI0THCA B CHJIi 1 TPU BpaxyBaHHI
edeKTiB MiXKYACTUHKOBUX B3AEMOJIIH, AKI NPUBOLATH A0 KBasicrali-
OHAPHOCTI aromMHux craHiB. [IpocTo nna nporo B piBHAHHAX (12.7),
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(12.8) nim Awac Ta Y4 NOTPIOGHO PO3yMiTH NOBHUIA 3CYB 4ACTOT T
MOBHY CTaJIy 3aracaHisd, AKi 3yMOBJIeHI AK pamiamiianmu edexra-
MU, TaK 1 MiXXIaCTHHKOBOIO B3aemomieto. Tyt 3pa3y Tpeba 3pobutn
3aCTEepPEXKEHHsI, MO0 BIJWB X €(EKTIiB HA KOHTYPHU 30PAHUX CIEKT-
panbamx Jiniii uepes dynkuio R(q,q') € nesnaunum yHacaigiok toro,
IO caMe PO3CiAHHA € epeKTOM HACTYITHOTO MOPAIKY MAJIM3HA 33 CTa-
JIOI0 TOHKOI CTPyKTypu e2/hc NOpiBHAHO 3 MPOIECAMM HOLTMHAHHS.
Tomy 3neblibmoro npu pospaxynky dbyukuii R(q,q') ne 6parume-
MO JI0 yBArW 3araCaHHsi AaTOMHUX CTaHIB (32 BUHATKOM TakK 3BAHOTO
PE30HAHCHOTO PO3CigHH:A), a 6y1eMO KOPUCTYBATHCH BUXITHUM BHUPA-
som (8.4), B axomy dynkuia ® 4 4(q,q") nomana dbopmynowo (7.12).
Onnak e HAGJIMKEHHA BUKOPUCTAEMO BXKE B OCTATOYHUX BUPA3AX.

[Mepexomumo g0 obrosopennsa dynxmil D 4r4(q,q'). Ilin smakom
moyJis B (7.12) maemo asa monanku. Ilepmmit 3 HUX MOXHA YMOBHO
HA3BATH BIANOBIIAJBHAM 3a NpsiMe, abo icTwHHE, po3cisHHsA. Ipy-
Uil JOMAHOK OMMCYE BIpTyaJbHUIA TPOIEC MorJinHanad (POTOHA 3 Tie-
PEeXOIOM aTOMHOI CHCTEMHW B TPOMIXHWI CcTaH \C) 1 mi3HINMM BU-
npomiHtoBanHAM (oroHa. 3po3ymisio, MmO obUABA THIU PO3CIAHHSHA
inTepdepyoTh Mix C000I0, OCKIJIbKY OEpeThCst KBALPAT MOMIYJIA CY-
MU iXHIX BHECKIB i HaIlle PO3IiJIEHHS € YNCTO YMOBHUM 06€e3 Oyiib-sKOoi
MOXJIMBOCTI #OTO €KCIIEPUMEHTAJIFHOTO BASBJICHHS.

[Tounemo Tenep po3paxyHOK MATPUIHUX €JIEMEHTIB, iK1 BXOHATH
y Bupas (7.12). dxkuwo dopmynamu (13.1) (13.3) Bugismuru cucremy
[IEHTPa MaC aroMa, o po3ciioe (oTonm, sk me 3pobseno B § 13 mpu
BuBueHHi edexry Hommiepa, 10 MATPUIHUT €JIEMEHT 3BOJUTHCS 10
nobytky cumBogiB Kporekepa:

<A1|ei(k7k’)r‘A>
—iP'R/h  iPR/h
= (d'|a /dReie’(kk RZ 46.1
o) [ R W Uy
= 00ad(P/h+k — X —P'/h).
[puragaiimo, mwo tyr P, P! iMnysabcu aroma gx nijioro o i micas

poscignus dorona, R koopaunara iforo nenrpa mac; |a), |a')
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XBUJILOBI (PYHKIUII ONTUYHOIO €JIEKTPOHA, SKi ONHUCYIOTh HOro pyx
BiJTHOCHO IIEHTPA MaC.

Pospaxyemo marpuannii eJ1leMeHT, I0 BXOAUTH y OPYTU TOITAHOK
nig 3aakom momyna y supasi (7.12) nna byuxuii @ 41 4(q, ¢'):
o

(A

e (e4)|C) = {ale ™ (

e e,p)

dR-——— ¢ BRZ___ (46.2)

x/ e iR/ GiP'R/R
VvV VvV

= (ale ™ (e,p)|c)d (P"/h —k — P/h),
TyT T KOOpAMHATA eJIGKTPOHA BiAHOCHO nenTpa mac, P’ im-
nyasc aroma y mpomikuomy crami |[C) = |P”, c)l. Y mmmosnromy

: /
HabsmmkenHi, koo kr' < 1, maemo

(A

e 7(e,0)|C) = (eqpac)d (P"/h—k ~P/h),  (463)

a MATPUYHUI €JIEMEHT OIeparopa iMILyJIbCy eJEeKTPOHA

c) = m(a|f‘ €) = iMWacTac, (46.4)

Pac = (a|p

Tge  MATPUYHHUI €JIEMEHT KOOPIAMHATHU €JIEKTPOHA BiIITHOCHO IEHTPA
mac. dxmo B Umrava BWHWKAIOTH OeAKi CYMHIBU TIPU OTPUMAaHHI
IHOTO BUPA3Y, PEKOMEH/IYyEMO 3BEPHYTHCH JI0 MipKYBaHb, HABEIICHUX
y §13 npwm Busenenni dpopmysu (13.7).

Tenep i3 (7.12) 3naxogumo

P P’ 1
0) N = Vo, 6l —+k -k — — —
44(9,4") (eqeq)0ara <h + h>+m7i

(eqpa,’c) (eq’pca) P” P’ P P
xY > btk )il Ko+

=yl wAC — W'

1CHO}1iBa€MOCh, .0 qwraq HE HJ'IyTa’TI/IMe TMO3HAYEHHA KBAHTOBUX 4YuUCeJI l'lpO-
MIXHUX CTaHIB aroMa 31 NMIBUIKICTIO CBITJIA.
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" ' "
+(eq Pa c)(eqpca) 5 (P_ _K — E) S (E +k— P_>

wAc + wk h h h h ’
(46.5)
ne, noaibuo 110 (13.6), wacrora
By~ Ec P2 p”
_ C I 46.6
waAC 7 Wac oME ( )

M — wmaca aToma.

BBaxatoun Ha cumBosim Kponekepa B (46.5), gacrora (46.6) y
3HAMEHHWKY TepINoro A0JaHKa Mij 3HAKOM CyMHW 3a iHIEKCOM ¢ JI0-
PiBHIOE

Pk’ hk™
WAC = Wge T+ V - —2M y (467)
a B IPyromMy —
Pk hk?
WAC = Wge — ﬁ — m (468)
Ockinbkn xBUJIKOBI BekTOpM k = wi/c, k' = wy//c, npuaomy

hiw/Mc? < 1, hw'/Mc* < 1, 10 B nux BUpPa3ax Iad YACTOT WAC
OCTAaHHIMH [OJAHKAMU MOXKHA 3HexTyBaTn. Haramyemo, mo ¢diznani
YMOBHU B 30pgHUX aTMOcdepax M03BOJLAITh TPOBOAUTH O0UUCIEHH
B PAMKaX HEPEJATHBICTCHKOI KBAHTOBOI TEOPIil PO3CisiHHS.

Buimaemo B (46.5) mincymosysanus 3a P” i, Gepyun mo ysarm
(46.4) Ta roii dakt, mo cumon Kponekepa, nimnecenuii 1o kBaapa-
Ta, 3HOBY JOPiBHIOE CMMBOJIOBI KpoHekepa, 3HAXOINMO:

@AIA((], q’) = 5(P/h + k — k’ — P’/h) (eqeq/)éa/a (469)

2
m (eqralc)(eq’rca) (eq'ra’C)(eqrca)
+h ;wacwac (wac-l-Pk,/ka' +(4)a(’*Pk/M+wk .
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CumBout Kporekepa nepej; 3HaAKOM MOJ1yJis 3a0e31e9y€ BUKOHAH-
Hs 3aKOHY 30€pEXEHHAA IMITYJILCY B TIPOIECAX PO3CIAHAA IJIA CHCTEMU
“arom 1a0c GoTon”.

Bukopwucraiimo Temep 1eit Bupas s obuncienns PyHKIIII mepe-
posnoginy 3a wacroramu 3 piBaanua (8.4). Orxe, magani 6epemo
JI0 yBarw OIHOCOPTHY cuctemy 3 N aromamu, NOKJaIaeMo B (8.4)
injgekcu cranis pisanmu A = (a,P), A’ = (a/,P'), sBignosinuo cymn

al

qacToTy

PIQ o P2

_ 46.1
ST (46.10)

WATA = We'q T
cratuctuany Bary p4 Oepemo y surnami (13.10), mo Bpaxosye sk
BHYTPINTHI CTAHW aToMa, TakK i HOro pyx fAK IIJIOro, i Micjda 3HATTA
cymu 3a P’ (zaBnakm cumsonosi Kponekepa B (46.9)) ta nepexomy
BiO MACyMOBYBaHHA 33 iMITysthcoM P o iHTerpaJsia oCcTaTrovHO OTpu-

Ma€EMOo:
2\ 2 ! —P2/2MT
, e Nw e
= —-— o | AP ————
Pk — k'
X0 (w(l,’a + % + (J.), - (J.)) (eqeq/)éa/a (4611)

2
m (eqrarc)(€gTea) (egryc)(€qrea)
3 Z Wa'cWac (wac FPK/M - | we Pk/M+w) |

TYT, AK 1 panime, w = wy, w' = wp. Mu JOTPUMYEMOCH Ty T TITOTE3W
JIOKAJTBHOI TEPMOAMHAMIYHOI PIBHOBATH 1 HepeMo PO3IOIi ATOMIB 3a
iMITyJThCAMM MAKCBEJIJIIBCHKMM, a BPaxyBaHHA iX MiKpoOTypOyJeHT-
HUX PyXiB pobuMO 3aMino0 Temueparypu 1’ Ha e(peKTUBHY Temiepa-
typy 7% 3 (14.6).
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Ienpra-dpyHKLig B bOMY BUPa3i IOKA3YE, O HPUIUHOK HEKO-
TE€PEHTHOTO, 300 KOMOIHAIIHOTO, PO3CISIHHA €, AK YK€ 33a3HAYAJIOCH,
nepexoau aromMa Mik craHamu |a) ta |a'), mo onmcyoTs BHYTpinmHi
eJIEKTPOHHI PyXW, & TAKOXK 3MiHa €HepIil NOCTYyMaJIbHOTO PYXy aToMa
iyt uac sitkuenns 3 doronom (emepria simmauqi)?. Ixmo B (46.11)
B3ATHW JI0 yBarW B TOJBIWHIN cymi 3a a' Ta a JMIIe ONWH MOIAHOK
a = a', ToO HeKOrepeHTHICTh y HbOMY OyJ/lyTh BU3HAYATU JIUILE [IPO-
uecu Bigmadi, oCKijbKY Wy, = 0. OTxke, HABITH AKIIO PO3CIsiHHSA B
CHCTEMi IIEHTP MaC aTOMa, € CTPOTO KOTEPEHTHUM, TO B JIAOOPATOpHii
cucreMmi, 38’d3aHiil 31 criocrepirauem, yHacaigok edekry Houninepa,
MEePEepO3MONiJ 33 YACTOTAMU € CYTTEBUM i KOro MOTPIOHO BpPaXOBY-
Baru. XodYa PO3CigHHA MOXe OyTrh OJM3BKUM [0 KOTEPEHTHOTO 3a
YMOBH, IO BEJIMYWHA MOBHOTO iMITyJIbcy aTomMa P < Mec.

Bupas (46.11) HecknagauMm nepeTBOPEHHAMM MOKHA 3BECTH JI0
CUMETPUIHITIOTO 1 mpocTimoro Bumiany. Hacammepen, 3BepHiMO yBa-
Iy Ha Te, IO, BHACJIIOK MEPECTABHAX CIiBBIAHOIIEHh MiXK OMEpPaTO-
paM¥ KOOPAWHATH Ta, IMITYJILCY, BUPA3

(egr)(eqp) — (egp)(eyr)

= Z Z ef;,eg(x“ﬁ” —p"zt) (46.12)
w v

_ /“L V- -
= g E €q €qindy, = ih(eqeq),
w v

iHIeKCH [,V HyMEpyIOThb IeKapToBi KOMIoOHeHTHu BeKTOpiB. Tomy
TIEPTITNA JIOMAHOK il 3HAKOM MOMYJId B (46.11) MOXXHA 3a0UCATH TaK:

(eqeq)dara = (a'|egeq|a)
1

= —(dl(egr)(esp) — (egP)(egr)|a)

2 dIBumie KOMOIHALIAHOrO PO3CiAHHS CBiTIA, KOIH, KpiM HeaMimenoi Jiinii, Bu-
HUKAIOTh HOBI, 9aCTOTH AKWX € KOMOIHAIIEIO 9aCcTOT MaIal090ro CBiT/Ia 1 BJIACHUX

9ACTOT KOJIMBAaHb ATOMa M MOJIEKyJsn (3Biacu # Ha3Ba sABUINA), EKCHEPUMEH-
TtanpHO Binkpus y 1928 pomi immiiicbkuit ¢disuk Haumnpacekrapa Benkara Paman
(1888-1970) (HobGesirchka npemia 1930 poky). Tomy wacrto sasuime Kombinamiii-
HOT'O PO3CisIHHsI HAa3WBAIOThH ederToM Pamana abo paMaHiBCbKUM PO3CITHHSIM.
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=— ((a'l(eq'r)0)<6|(eql3)|a>

c

<a'(eqﬁ)6)<6|(eq'r)a>> (46.13)

1
= E ((eq’ra’c) (eqpca,) - (eqpa’c)(eq’rca)>

m
= *f Z (wac(eq’ ra’c)(eqrca) + wa’c(eqra’c)(eq’rca)> .

C
O6’epnaiiMo Tenep Heid Bupas i3 JApyrum JOAAHKOM IIij] 3HAKOM MO-

nynsa y dopmyni (46.11) i B pesyabrari suaiigemo, mo Bech BUpas3
M 3HAKOM MOJIYJIsi JIOPIBHIOE:

m
(eqeqz)(sa/a =+ E Z Wa! cWae
(&

y (€qTarc)(€qTea) N (egrarc)(€qrea)
Wae + PK' /M — ' wee — Pk/M +w

m w
g E Z {walc(eqralc) (eqlrca,) |:wac + Pk‘j;M — w’ - 1:|

c

Wt
ntemtere) [z 1) |
ac

(eqra’c) (eq’rca)

m w' —PK' /M) wye
__Z{( /M)

h Wae + PK' /M — '

c

(PK'/M — ') wae
" Wae — Pk/M +w (eqlra’c) (eqrca)
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- %(w — Pk/M)(w' — PK'/M)

€rac)(€qTrea) (egrac)(€qrea)
. 46.14
><Z{u),,p—l—Pk'/M w' +w,mka/M—|-w ( )

[TpokomenTyemo 11i meperBopenus. [Ipm orpumanHi ApyTOi piB-
HOCTi, 0OYMCITIOI0YN BUPA3 y APYTil KBagpaTHIil m1yXKIli, MU CKOPUC-
TAJINCh TUM, MO Wgle — Wae = Wqlq, & 3 3AKOHY 30epeKeHHs eHeprii,
akwuii 3abe3neuye nesabra-Qykuia B (46.11), Bunnusae, mo

P(K — k) ,
Wola = T +w—w ,
i Tomy
W' c - _ Wa'a + Pk/M — W
wa,c*Pk/M‘i‘w wa,c*Pk/M—l-w
PK'/M — o

Wae — Pk/M + w’

[Tpn orprmanHi HACTYITHOI PIBHOCTI B MTEPHIOMY JIOIAHKY y dirypHux
OyXKKax 3pobJIeHO Takl IepeTBOPEHHS:

Wa'c Wa'q T Wac
= 46.15
w(IC_‘_PkI/Miwl wa()“‘_Pkl/M*wl ( )
w—w +PK —k)/M +we N w—Pk/M
B Wae + Pk’ /M — o' B Wae + Pk’ /M — o'
a B IPyromy —
Pk/M —
ac =1+ M _w (46.16)
wa,c*Pk/M‘i‘w wac*Pk/M—l-w

Kpim Toro, 3ayBaxyemo, 10 BHECOK Bim ommauib 3 (46.15), (46.16)
y Bupas (46.14) nopiBuIOE HyJ1€Bi, OCKiIBKE

Z <(eqra/c)(eq:rca) — (eq/ra/c)(eqrca)>

= (d'|(eqr)(eyr) — (ey1)(eqr)|a) = 0.
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Honanku Pk/M i Pk'/M y kxpyrinux ayx)Kax mepej cyMolo 3a ¢ B
(46.14) moxna onmycTUTH, OCKIILKM BOHW HaayTh B R(q,q') nesnad-
HUIl AUTUBHMI BHECOK, 4 B 3HAMEHHUKAX Iij] 3HAKOM CyMH 3a C
ix moTpibuo 36epiraTn, AKIIO0 MA MAEMO HAMIp ypaxoByBaTu ederTn
posimupentda npodino QyHKIIl nepepos3nogijay 3a yacroraMu, oepy-
qm 10 yBaru epeKTr 3araCanAs AaTOMHUX CTAHIB.

3Baxkaroun Ha ckasaHe i migcraBisioan Bupas (46.14) y (46.11),
3HAXOAUMO:

2 \2N ; e—P?/2MT
R N — | _ e o | dP -
. )
X6 (wa,a + % +w' — w) (46.17)

2
X

m Z (eqrarc)(€qrea) N (egrac)(eqrea)
h Wae + PK'/M — ' wee — Pk/M +w

Bupas (46.17) noa dynsknii nepeposnonisy 3a wacroramu R(q, q')
€ 0OCTATOYHUM, 1 HaM Xi0a 110 3aJIMIIKJI0Ch YpaxyBaTu B HboMY e(ek-
TH 3aracaHHs ATOMHWX CTaHIB, 3rigHO 3 piBHaHHAMEA (12.7), (12.8):
10610 3aminuTu B (46.17) mesnpra-dynkuio xkourypom Jlopenna, a
YACTOTH Wge HA Woe + AWge — 1Yqc/2, 1€ CTAJIA 3aracaHHs Ta 3CYB
yacToru GOPMYIOThCA AK pagiauiiHuMu edpekTaMu, TaK 1 MixKaToOM-
HUMW B3a€MOOIAMU. Y pPe3yJIbTaTi:

~P2/2MT

R "N 2 \? N 3 JIP e

Ya'a /2T
2 2
[w — W — wyg — Awgrg — Pk — k’)/M} + [’ya/a/Q}

m Z (eqra/c) (eq/rm)
h — \ Wac + Awge +PK' /M — ' — iy4e/2

X
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n (eq/ra/c)(eqrca)
Wae + Awge — PK/M 4+ w — iy /2

(46.18)

Y macrynaomy naparpadi HABEIEeMO [HeKiJIbKa HADJIMKEHUX BU-
pasiB mist pyHKITI Tepepos3nomiIy 38 IaCTOTAMU, OTPUMAHUX 13 IIi€l
3araJibHOl (bopMy.JIn.

§ 47. Habamkeni Bupasu g GYHKIIH IePepO3OIiLy
32 94aCTOTaAMH

3 Meror orpumary g HyHKIIl HEPEPO3IOLIIY 33 9aCTOTAMEI
dopmysn, TPUAATHI 111 iX TPAKTUIHOTO BUKOPUCTAHHS TIPU HOCJIi-
JpKeHHI npodiiB CHeKTpaJIbHUX JIHIA NJIAXOM PO3B s3yBaHHs PiB-
HAHHS TEPEHOCY BUITPOMIHIOBAHHSA, 3POOIMO IIIe IedKi KPOKHW IIJId
cnpoienns supasy (46.18).

[Tepenycim, gxuio Mmu He OyaeMo BpaxoByBaru eEeKTiB 3aracaHHsd
aromanx cranis y dyaknii @ 4/ 4(q, ¢'), mpo mo itmaa mosa Bume, TO
B 3HAMEHHMKAX BEJMYMHU, IO CTOITH i 3HAKOM Moy B (46.18),
MOXHa OomycTuTH Takox goganku Pk/M rta Pk'/M. Ilpu upomy
BUHUKAE MOXKJIMBICTh BUKOHATH IHTEIPYBAHHSA 334 KOMIIOHEHTAMU 1M-
nysancy P. Cnpasmi, cipamosyemo Bich z ysmosxk Bektopa (k — k'):
inrerpysannd 3a Py, Py nae muoxnuk 2rMT, a inrerpysanng 3a P,
— IIe 3TOPTKA JIOPEHI[IBChKOTO i TayCCiBChKOTO KOHTYPIB, 3 AKOK MU
Bxe mManu cupasy y dopmyJti (13.7) npu Busuenni edexry Homme-
pa. I Tomy 3pasy nuiiemMo pesyabTar:

2

R - (o) o S e e

m Z (eqrarc)(€gTea) . (egTarc)(€grea) 7 (47.1)

X -
Wae — W' Wae + w

h

c
ne dynkuia Poiirra H(«,v) Busnavena pisaanaam (13.19), y akomy

Ya'a

T2k K|\2T/M

(47.2)
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w—w — wyg — Awgrg

) = ' —, 47.3
k — K|\/2T/M (473)
20" N 2
kK| =vE 2k + k2 =241 Zeoso+ (L), (47.4)

C w w

9 = kK KYT PO3CIAHHS.

Orpumana dbopmyna nna R(q,q') Bce me wespyuna s npax-
TUIHOTO BAUKOPUCTAHHSA, OCKIJIBKY 11 3aJIEXKHICTH Bil KyTiB € HAITO
HenrpocToo. MoBa iine mpo 3aJIeXHICTh BiJl KyTa MiX OOWHUIYHUMUI

BEKTOpaMU 1I0JApU3anil €, Ta €, fKa 3alIyTaHa 4epe3 KyTu Mix

?
OMMU BEKTOPAMHU Ta ManI/I‘{HI/IMqI/I eJIEMEHTAMHU PAiyC-BEKTOPa OI-
TUYIHOTO eJieKTpoHa. llam’araroum, 1m0 CBiif BHECOK y piBHSIHHS Tie-
penocy BunpomintoBanna dyunknia R(q,q') nae uepes inrerpysanns
3a KyTaMu, MW MOXKEMO JIeN0 “3ryIajinTn’ TOHKY MEPEXMBHY CTPYK-
Typy ii KyTOBOI 3aJI€XKHOCTI, HE BTPATAIOYNA HA TOYHOCTI OCTATOTHUAX
pe3yJIbTaTiB 11t MpodiJIiB CIEKTPAJBPHAX JIHIA aToOMiB. 3BaxkawIn
Ha I, MPOBELIMO yCepeIHeHHs CKATAPHIX HOOYTKIB (€4rcq)(€q'Tca),
Akl BXonATh y (47.1), 3a HANPAMKAMM BEKTOPIB Ty/e 1 Teq. [103HAUMO
[I€ yCEePEIHEHHA PUCKOIO:

(eqrarc)(€qTea) — (€qTarc)(€gTea)

- ZZ ’Ta’rTca
=3 ) etehdulah*0ua (47.5)
)7 v

1 1
- 5a,a§ Z €Z€Z’|ra0‘2 - 5”’""§(eqeq’)‘raC‘2

v

Tyt TumuacoBo injieKcamu (4, V MO3HAYEHO KOMIIOHEHTU BEKTOPIB y3-
JOBXK BIAMOBIAHUX Oceil JeKapTOBUX KOOPIWHAT (gc,y, z) Mwu BUKO-

1]

pucTasm 1e i Te, MO ycepemHeHHsT ‘TepexpecHuX’ IOHAHKIB TUILY

TacUea T Taolea, G 7 a' JNOPIBHIOE HyJIeBl BHACJIIOK HENAPHOCTI
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WX BUPA3iB, & TAKOXK T€ M0, HATPUKJIAI, CEPEITHE T qeleq = m =
rec|?/3. I3 MM MW BXKe MaJW CpaBy TIpW BBEIEHHI CUJM OCIIAJIA-
topa dopmysamu (11.5) Ta (11.7). VY pesyabrari Takol npouemypu
cepenne

(eqrarc)(€qTea) = 5a’a(eqeq’)|ra6|2/3a (47.6)
i Ko ckopucraTuck we o3uadenuam (11.7) nna cunm ocumasaropa

2Mweq

fea=—5—

Iteal?,
10 3 (47.1) marumemo
2

2\’ N H(a,v)
R ! - 13 1\2 § : -3
(a.4) <m62> v (€4a) P V21T /M |k — K|
a

2
1 - 1 1
15~ + : (47.7)

!
2 — Wac \ Wae — W Wee +w

X

npuyomy TyT aprymedtu pyskuii oirra € 3HAYHO TPOCTILIMMMU:

Yaa
a= , 47.8
2|k — k'|\/2T /M ( )
w—w
(47.9)

Tk K|\ 2T/M

Otxe, KyToBa 3aJEXKHICTH (DYHKII MEPEPO3NOMIy 33 YaCTOTAMA
MMPUPOLHO 3BEJIACHh OO0 3AJIEXKHOCTI Bif KyTa PO3CIAHHA Ta Bill KyTa
MiX HATPAMKAaMU MOJIAPUBAILIi TTIAI090T0 1 PO3CIAHOTO BUITPOMIHIO-
BAHHSI.

Bupas (47.7) Bxe npuaarauii 1Jis IPOBENEHHS TPAKTUIHUX PO3-
paxyskiB. IloTpibHO TakKOX maM aTaTH, IO TP BPAXyBAHHI MIKPO-
TypOyJIEHTHUX PyXiB pedoBwHN aTMocdepr 30pi Mg TEMIEePaTyporo
T y HaBejieHUX BUpa3ax cJij posymitu epektuBay remueparypy 1%,
o3HaveHy piBHaAHHAM (14.6).
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Skmo He GpaTu A0 yBaru 3aracaHHs ATOMHUX CTAaHIB |a), TOOTO
MOKJIACTH Yo, = 0, TO PpyHKIisz Doiirrta 3BOOUTHCA OO IONTJIEPIBCH-
koro kourypy (15.3) H(0,v) = 6’7”2, i na R(q, q') orpumyemo 308cim
MMPOCTUIf BUpas:

—M(w—w")?/2T |k—k'|?

k — 1| /20T /M
1 1 1 ?
52 (wac_w’+wac+w>

s omep)aHHd IHOTO BUPA3y MU MOTJIN TTPOATH KOPOTIIWH TIJIAX,

e? 2N e
Rlg.q) - (—) N i (egel)?

mc |4

(47.10)

XY pa
a

fea
Wac

BUKOHYOUM NPOLEAYPY ycepenHennd 3a Kyramu (47.6) me y dynxuil
® 41 4(q,q"), osraqeniii popmystoo (46.9):

D4 4(q,q) = 0wad(P/h+k —P'/h—K')(esey)?

1 1 1
1——
9 ;umcfca (wac — o + Wae +C¢J]g>

BukopucraiiMo renep npasmiio cym (24.4) mjisi cuit oCiussiTopa

cha =1

2

X (47.11)

i 3anmmiMo BUpa3 nijg 3Hakom mMomyss B (47.11) rax:

1 1 1
1- 2
9 ;wacfca (w + wac+wk>

ac — Wk’
1 1 1
— ;fca - 5 ;wacfca (wac — o + Wae + u)k)
1 W wg!
= - — . 47.12
IS (2 ) (47.12
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Ocrarouno dyHKIisA

D4 4(q,q) = 0wad(P/h+k —P'/h—K')(esey)?

1 Wi Wit
33 o (wa )

et wg Wace — W/

2
X

(47.13)

Tenep mykana pyHKIIS TEPEPO3MOMIIY 3 IaCTOTAMA, O3HATEHA
piBuanuam (8.4), nabyBae BUrIALy:

2\ 2 ! —P2/2MT
, e Nw e
=|—] =— o [ AP ———
P(k — k')
xé( i + o' w) (eqeq)

X

(e =)

Wae + W Wee — W'

(47.14)

{x i panimnie Tpu iHTETpyBaHHI 38 KOMIIOHEHTaMN BeKTopa P, Bu-
Gepemo Bich z ysmosx Bektopa (k — k'). Tomi inrerpysanns za P,
ta Py nae muoxnuk 2rMT, a inrerpysannda 3a P, 3nimae gesbra-
dynkiio:

2 \2Nuo
R(q,q') = <W> V;(eqeq’)Q

M 1
—e

X [
onT |k — K|

1 w w
X — N
S alg 2 o (Ww )

[Mpuaunoro Toro, mo dopmysu (47.10), (47.15) we 3biraroThcs, €
T€, M0 B IIEPHIOMY BUIIAAKY MK POOMJIM TOYHI IEPETBOPEHHS BUPA3Y
nig 3aakom momyna y dynknil R(q,¢') 1 morim ycepennoBasm 3a

—M(w—w')?/2T|k—k'|?

(47.15)
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KyTaMu, & B APYyrOMYy  I[€ YCEPEIHEHHS BUKOHAHO HA MPOMIXHOMY
erami neperBopennd y byrkmii ® 4/ 4(q, ¢') 1 63 BUKOpUCTAHHSA 3aKOHY
3bepexenns eneprii, akuii 3abesneuye genabra-gynkuia B R(q, q').
Hesaxxko, onHak, nepekoHaruch, mo Bupasm (47.10) ra (47.15)
nna dbyukuii R(q, q') BIAPIBHAIOTECA HE CYyTTEBO BHACJIIIOK TOTO, IO
ii BeJIMIMAy BU3HAYAIOTH OJIM3BKI 3HAYEHHA 9aCTOT w Ta w'. KouTyp
dbynkuii R(q,q') BusHAUAETHCHA, B OCHOBHOMY, I'ayCCIBCHKOIO (DyHK-
niero y Bupasax (47.10) ta (47.15), To6ro Tennosum ta MikpoTypOy-
gentanm edekrom [lormaepa, ToMy B OiJIAEKCITOHEHTHUX MHOXHU-
KaxX MOXKHA HOKJACTH w = w', 1 Toui obuasi ¢popmynu garoTh Takuii

pesyJbTar:
2\ 2 —M(w—w')?/2Tk—k'|?
> N >
Rlad) = (15s) e
me Vv k — k'|\/2rT/M
2

W fea
a c o

BayBaxyemo, mo dynkmia (47.16) mae ocobsmsicts ipm k = k',
TOOTO KOJIM Y4aCTOTU [AJAIYOro i poscigHoro ¢goroHa 36irarTbed,
w = w', a Kyr posciauna nopiBuioe myJsesi, ¥ = 0 (posciaunsa Bre-
pe,u). Ils ocobauBicTh BiAMOBiTAaE KOTEPEHTHOMY PO3CIAHHIO. 3Ba-
KAYM HA HEl, TOKJIAJIAEMO npu w ~ w' Bupas (47.4) pisaum
k- K|= @ 2(1 —cos?d) = 2—wsimg. (47.17)

C C

Teuep 3 (47.16) maemo

2\ 2 2
N € N 2 w f(:a
Rod) = () Fleen o X

c

2

Mc? [ Mc? (w— w')?
plo—

— . (47.18
8T w? sin? 9 /2 o 8Tw? sin? 19/2} ( )

Axmo noknacru 9 — 0 (poscigunga Buepes), To, BAKOPUCTOBY 09U
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onue i3 306paxens nenbra-dynkii [8]

—x% /v
. e

3 Bupasy (47.18) orpumyemMo (DYyHKIIIIO TTEPEPO3TNOJILLY 33 9acTOTaMN
I KOTEPEHTHOTO PO3CisTHHA

Rad) = (1) Moot

mc2

2

w2fca /
> el Y | dw - (47.20)

—w
¢ ac

X

Koxen i3 HaBeneHux Bunle HAOJIMXKEHUX BUpPasiB mJid PyHKII
R(q,q') mae cBol Mexi 3aCTOCOBHOCTI, i HA MTPAKTUII MPU OOYUCIIEH-
Hi TpOoijIiB KOHKPETHUX CIEKTPAJIHHUX JIHIN IX MOTPIOHO peTesbHo
BUBYATH.

3BepTaemo yBary Ha Te, O TaK 3BaHe HAOJIMKEHHS MOBHOTO Tie-
peposnojity 3a yacroramu, kosm dyukniio R(q, q') so6paxyors 10-
OyTkOoM OBOX (DYHKIIIN, OMHA 3 AKWX 3aJIEXKUTH JIUIIE Bid ¢, a iHma

Bin ¢ (um w iw'), ax Buano 3 (46.18) abo (47.15), He Mae HiAKO-
ro MiKpPOCKOMI9HOTO 00rpyHTyBaHHA. ToMy BaXKO OYiKyBaTW Bin
rakoro gpenomenosoriano nakunyroro Ha R(q,q') nabnmxkenns npa-
BUJILHOTO ONMHUCY TOHKWX AeTaJieit mpoiiiB CrieKTpaJIbHUX JIiHI.

§ 48. PoscigaHHsg HA BUIRHHX 3apAmax

[Tepexogumo 110 obuyMciaeHHd KoedimieHTa PO3CIdHHA €JIEKTPO-
Mar"iTHOTO BWITPOMIHIOBAHHA BUILHWUMU 3apanamvu. [liasa BusHade-
HOCTI OymeMo TOBOPUTH TPO PO3CIAHHSA eJeKTPOHAMHU. Buximammun
Bupaszamu € dhopmyaa (8.5) mia koedinienra poscisuusa o(q) Ta dyH-
KIlis nepeposnoniny 3a uactoramu R(q,q'), aKy mu pozpaxoBysaJiu
B HIOIIEPESHbOMY Haparpadi.
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fAxumo yacTuHKa, WO Po3citoe (POTOHU, € BIJILHOK 1 BHYTPilIHi
cTyTeHi BUIbHOCTI BincyTHi, T0 y Bupasi (47.15) mis dynkmii nepe-
po3nomiy 3a yactoramu (POPMAJIBHO MOKJIATAEMO Wee = 0 1, Bpaxo-
BYIOUW TTPABWUJIO CYM [IJIsI CHJI OCIMJIATOPA feq TA TMOKJIAHAIOYN MaCy
M = m, 3HAXOIMMO:

V;(eqeq’)2

2
2 N
mc?

R(q,q") = (

m 1 efm(wfw’)2/27“\k7k’\2’ (481)

27T |k — K|
OYEeBUIHO TAKOXK, IO

Zpa =1
a

Axmo BBaxkaTu po3CisiHHA OJM3BKUM 10 KOTEPEHTHOTO, TO BUKOPHUC-
TOoByeMO Bupas (47.18):

mc? me?(w — w')?
X e — RPN ———— . (48.2
\/87rTa)2 sin? 4 /2 P [ 8Tw? sin’ 19/2} (48.2)

O6uncanmo 3 nmM BupasoMm koedimient posciganasa. 3 (8.5) Ta
(48.2) maewmo:

o(qg) = Z/dQ’/dw'R(q,q’) (48.3)
o 0

2\’ N 1 T a2
= (W) VZ / dQ'(eqeq/)Qﬁ / e de,
“ —y/mc? /8T sin2 92
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Ile HOBA, 3MiHHA iHTEIPyBaHHHA

mc?

8Tw?sin?4/2

I_w)

z = (w
Ockinpku ipu Temneparypi T, mo BiANOBimae TemMieparypi 30psaHOi
armocdepu, BeJUIUHA,

’I’I’LC2

— s >1
8T sin® /2

J1J11 Oy 1b-sIKOrO KyTa Po3CigHHs 19, TO HUXKHIO MEXKY B IHTEI paJii 33 T
MOXHA BIITATHYTH 110 6€3MEXHOCTI, 1 TOmI pe3ysIbTar iHTerpyBaHHSI
nopisaoe /. Takum umnom, koediuient poscisausa

o(q) = (%;)2%2/ Y (egeq)?. (48.4)

O6uucMMo cymy 3a TOJIAPU3AIIAMA

Z(eqeq/)2 = (ek,aek',1)2 + (ek’aekf’g)2 = cos? o+ cos? 3.

al

Tyt yBemeHo HANPSAMHI KOCHHYCH OJUHUIHOTO BEKTOPA MOJIAPUA3AIii
€k, MAJIAI090T0 BUTPOMIHIOBAHHA B JIGKAPTOBUX KOOPAWHATAX, Ha-
UPAMKM OCell AKMX BU3HAYEH] TPIHKOI0 BEKTODIB (ex’ 1, ek’ 2, K'):

!
(ek o k )
cosa = (exn, €k 1), €08f = (exqn, €Kk 2), cosf = 7\’k’|
Kyr 6 e KyT MiX HAIPAMKOM MMOJAPU3AIil MaIar0v0i XBUAJIL i

HAMPAMKOM po3ciguausa. Bukopucraiimo teopemy Ilicharopa
cos? a4 cos? 4 cos? § = 1

i OTpUMaEMO, 1o

Z(eqeq/)2 = sin? 6. (48.5)

al

284



Hapewri 3 (48.4) maemo, mo

e2 2N .9
o(q) = (ch) 7/(1(2' sin®

9 9 N 2 7r
e
— (_2) — [ dy /da sin @ sin” 6, (48.6)
mc |7 )
0 0
i micJs eJleMeHTapHOrO IHTErpyBaHHs 3HAXOOAMMO KOeiieHT posci-
AHHA
2
8 e? N
=— | —1] —. 48.7
=55 v (48.7)

[eit Bupas (6e3 muoxuuka N/V) sinomuii ax dopmyna Tomcona
IJIA TIepepisy pPO3CigHHS, 1 TOMY 9acTO PO3CIAHHA CBITJIa HA BIIBHUX
@JIEKTPOHAX HA3UBAIOTH TOMCOHIBCHKHM®.

®opmysa Tomcona onmcye po3CisiHHA He JIWTIE BIJTbHUMHA eJieK-
TPOHAMH, A i TUMU, sIK1 BXOHATH 110 CKJIAY ATOMIB, SIKIIO YACTOTA
w € 3HAYHO OIJIBIIOI0, HiXX BJIACHI YACTOTH aTOMAa Wg.. OTXKe, KO
\Wee| € w, TO 32 IUX yMOB €JIEKTPOHM MOXKEMO BBAXKATH BLIBHUMHU,
i 3 dopmyanm (47.15) mum 3HOBY mpuxommmo g0 (48.1). Knacuaworo
MOBOIO MOXXKHA TOBOPUTHU TIPO Te, MO CHJIA, sIKA i€ Ha 3apam 3 60-
Ky 30BHINTHBOTO €JIEKTPOMATHITHOTO TOJIsA, € 3HATHO OLJTBIIOI0, HiX
CWJIN, 10 YTPUMYIOTh €JIEKTPOH y 3B SA3aHOMY CTaHi B aTomi, i ToMy
BiH poscitoe sk BlibHuil 3apan. Came tomy Besmuuna o(q) 3 (48.7)
BXe He 3aJIEeXWUTH Hi BiJl 9aCTOTH w, Hi Bill XapaKTEPUCTHUK ATOMA.
s jiye BUCOKMX 4acToT Hami POpMyJid HE3ACTOCOBHI, OCKiJIbKU
pO3paxyHKW MOTPIOHO BECTW METOIaMHU KBAHTOBOI €JIEKTPOIWHAMI-
KM 3 ypaxyBaHHAM pesatuBictchbkux edexrtis (bopmyna Kuaitna
Himian gna epekra Komnrona). OnHak, sik MU BKe HEOTHOPA30BO
nigKkpecaoBasn, GpisudHl yMOBUA B 30pAHUX arMocdepax € TaKUMMU,

3 Maxosed Mxon Tomcon (1856-1940) — anrniiichkuii disuk. Binkpus esext-
PoH i BumipaB Benmunny ioro 3apamy (Hobeniscbka mpemiz 1906 poxy), y kma-
cuuHiit Teopii poscisnus po3paxysaB edekTuBHM 1nepepi3 poscisgHHsA CBiTJIA Bi-
nbpEIME enekTporamu (dbopmysa Tomcona).
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o0 PeJIATUBICTCHKI edeK T HeCYyTTEBI 11X MoK HA He Oparu 110 yBaru
MTPY BUBYEHHI ATOMHWX CHEKTPAJIbHUX JIiHIH.

Poscignns BlibHUMM €J€KTPOHAMU CTAE e(DEKTUBHUM 1 MOXKE KOH-
KypyBatu 3 (poroitoHizaIieo B armocdepax rapaunx 3ip, KOJIN, 3Tif-
HO 3 po3noaiyioMm BosbiMana, KiJIbKICTh HOHI30BAHUX ATOMIB, a OTXKE,
it eJIEKTPOHIB, € 3HAYHOIO.

§ 49. PeseiBchke po3cCisiHHS Ha aTomMax

[Tpn mocaimkenHi 30pssHNX aTMocdep 3 IOCTATHRO HU3HKAMMI TEM-
neparypamu, TaKMMHM, 10 B HUX MOXYTb ICHYBATH HE JIAILE ATOMH,
a it MOJIEKyYJIM, BaXKJIMBO BPAXOBYBATH PO3CiAHHA (POTOHIB 3 KOPOT-
KOXBHJIHOBOI JIIJISHKY CIEKTPA HA €JEKTPOHAX y 3B sI3aHUX CTAHAX.

fKmo wacToTM NMaarwdoro i poscigHoro ceiTia w,w’ € 3HAYHO
MEHUIMMHM 33 BJIACHI 4aCTOTU ATOMIB YU MOJIEKYJI CEPEIOBUIIA, TO 3
dopmysmn (47.10) mna dyHkii mepeposnoaiy 3a 9acToTaMu 3HAXO-
JIIMO:

2
R N e’ N 3 112 fea
(qaq) - me2 wa (eqeq) Zpa Z
a c

2
w(LC
o M(w—w')?/2T kK|

k — K'|\/20T/M

Lo bopmysry MOXKHA, OUEBUIHO, OTPUMATH 1 3 IHIIOTO HADJIMKEHOTO
piBusnag (47.15), AK1MIO MONEPETHBO Hij] 3HAKOM CyMU 3a ¢ 3pOOuTH

(49.1)

eJIeMEHTapHI MMePEeTBOPEHHS 1 3BAXUTH HA Te, IO BiAHOCHA Pi3HUIS
gactor (w — w')/|wee| € 1, ockinbkm ekcnonenrta “pixe” BHECOK Bif
BEJIMKWX 3HAYEHb (w — w'), a KpiM TOr0, BUKOPUCTATH yMOBW, HIO
(Wael > w Ta |wee| > W

w W wee(w —w') = 2w’
Wae + w Wae — wl B (wac + (J.))(wac - wl)
2ww'’ ww'
— = N T2
(Wae + w)(wae — ') Wac
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st poscignng, gke € 6m3bKuM J10 KOrepeHTHOro, pynkiis (49.1)
3BOOUTHCH 10

2

2
2\’ N fea
Rad) = () o'l S o (L

M c? Mc?(w— w')?
8nTw? sin® 9 /2 Pl 8702 sin? 9/2

] . (49.2)

3po3ymisio, mo el BUpa3 TakoX MOXHA 0yJi0 3pasy BUIIUCATH 3
(47.18) 3a ymoBH, 1m0 w K |wac/-

Pospaxyiimo Tenep koedinient posciauna o 3 (8.5), Bukopucro-
Bytoun popmysty (47.18) i MOBTOPIOKOYM BIPABY 3 MONEPEIHBOTO TIa-

parpada:

8 e’
oc=—
3 \mc?

Ao Bci aromu mepebyBaiTh, HANPHUKJIAL, B OCHOBHOMY CTaHi

2

2
N ca
) 7w4 ; P Z w? f— w? ' (49.3)

c ac

\a), TO, BUKOPMUCTOBYIOUN KBAHTOBOMEXAHIYHMII BUpa3 [1Jist TOKA3HY-
Ka 3aj0M1eHHs n(w) cucremu posciomouux aromis (8],

4me? N f
2 Jea
) =1+ — E — 494
() m Ve wl —w? (494)

dbopmysty (49.3) mMoxHa mepenucary Tak:

v = 8?” <me—i2>2% (wio>4 W@ 1]’ s

4me? N
mV

[Tt dpopmysty, 3rimHO 3 AKOK TPU HU3BKUX 9aCTOTax (MOPIBHAHO

e

Wy =

3 BJIACHUMM 9aCTOTAMu aToMa) KoedinieHT po3cisHus mponopiiinuii
JI0 IeTBEPTOTO CTEIeHs Jactoru, ymnepme BuBiB [Ix. Peseii, i Bona
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BioMa sk 3aKoH Pesesi, a Take po3CisHHA HABMBAIOTH PesIeIBCHKUM .
Bomo Moxe BimirpaBaTu BaxkJIMBY pPoJib B yaIbTpadiosieToBi miasHII
NOTJIMHAHHSA IJIdg 30pAHUX aTMocdep, sKi € JOCTATHBO XOJIO[MHUMMU,
mob 3abe3nevunTn ICHYBaHHS B HWX AK aTOMIiB, Tak i mojekysa. Ha-
caMIteper iIeThbCs PO PO3CisHHS HA HERTPAJIbHOMY ATOMI BOIHIO Ta,
Ha MoJiekynapaoMy BomHi Hgo. Ilpm HM3BbKWX TemMmneparypax MoJie-
KyJIsIpDHE PEJIEIBChbKE PO3CIAHHS MOXKE HABITh MEPEBAXKATHA ATOMAPHE,
kosim Mosiekyst Ho € 6inbire, Hixk aromiB H. PeseiBcbke posciguad €
BAXKJIMBUM 1 [IJIs1 3ip, Y AKWX 3MEHIIEHa, POJIb Bill EMHOTO WOHA BOM-
a0 H™, T06TO 1151 3ip 3 HU3BKUM yMICTOM METAJIB, IO € OCHOBHUM
JIKepeJsioM BUJILHUX eJIEKTPOHIB TIpW YTBOPEHHI KoMmriekcy H™.

§ 50. PeszonancHa QiroopeciieHirist

[Tepexogumo 10 aHaJizy (GpyHKUII Hepepo3nomijly 3a 4aCTOTAMU
R(q,q') ma nepepisy poscigana o(q) mas ocobaMBOrO BUTAAKY, KO-
JIM 9ACTOTA NAJAIOYOrO CBITIA w (uu poscianoro w') € GJm3bKOI0 10
onHi€l 3 BitacHUx YacTor aroma. Orxke, MOBa HTUME HPO PE30OHAHC-
He PO3CiAHHsA, AKe HA3WBAIOTH HIe PEe30HAHCHOIO0 (hJII0OPECIeHIIIEI0”.
3po3ymisio, mo Tenep 3 yci€i cymu 3a KBAHTOBHMU YUCJIAMU ITPO-

MIKXHUX CTaHiB |¢), mo BXonATh B o3Hauenns dynkuili R(q,q'), Bu-

 Maxon Yimeam Pesett (1842-1919) — anrniticekuit disuk i3 mupoxom xosom
3alikaB/ieHb, 0CO0JIMBNUI BHECOK 3pOOMB B ONTHUKY Ta aKyCTUKY. 3a HOCJILIKEHHST
TYCTHH Ta30MOMIOHUX €JIEMEHTIB 1 BIOIKPDHUTTS aproHy WOro pasoM 3 aHMVIHChKAM
disnkom i ximikom Yineamom Pamsaem naropomxeno HobGeniBchkowo mpemiero
1904 poxy.

CBo€10 3HaMEHNTOI0 (HOPMYJIOID PO3CigHHA CBiT/1a Jtopa Peseit mosicHuB i rosty-
6uit kouip Heba, 1 uepBonuit kosiip Conust, mo 3axogurh. Hapisua kpaca rosry6oro
Heba — we npocro poscisiHe Mosiekysiamu nositpst csitio Couus, sike, 3rigHO 3
dopmysioro Pernesi, BTpadae cuni i dioserosi mpomeni, a mipoio toro sk CoH-
e 3aXOOWTH 1 MPOMEHI NMPOXOHATH ycCe Ol/IbIIy TOBULY MOBITPS, 3a/IMNIAIOTHCS
opamxesBi, a moriM Jimme 4epBoni npomeni. [mboke ecrerndHe 3alI0BOJIEHHS i
IyIIEBHI MEepexXWBaHHS JIIOJINHU Bim 0e300HI CHHBOTO HEOA Ta Ipu HOro KOJIHO-
piB nig wac 3axomy Couus, siki 6araropa3’oBo oCHiByBaJjIM MOETH 1 3MaJIOBYBaJIN
XyLOKHUKMN, BUSBIAETHCS, 3aK/1a0eH] y npoctii diznuniii popmyi: o ~ w?.

5®.nm0pecuenuiem (Bim mat. fluor  moTik Ta ...escentia  cydikc, mo o3Ha-
vae ciaabky i) HasupaoTh koporkouacke (1078+107° cek) Bucpiuysanus do-
TOHIB ATOMAMHU PEYOBHHU HA ILIAXY NOMHKPEHHs 30yIXKYIOYOro CBiTIA.
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3HAYAJIPHUM € JIMIIE OJIVH JIOJIAHOK, Y AKOMY BJIACHA YACTOTA ATOMA
Weq ~ Tw.

g onucy siBmma (pIIFOOPECIEHIII] MU HE MOXKEMO KOPUCTYBATUCH
besnocepenabo (hopMmysiaMu 3 NoONEpenHbOro maparpada, OCKiJIbKU
3ycTpiHeMoch 3 ripobJsiemoro “mysib y 3Hamennuky’. Tomy mosepra-
eMOCh 110 Buxignoi bopmysu (46.18) i nigemo Tum camum nLIAXOM,
sakuii mpuBiB HaC 10 (47.7), ase npm nbomy 36epekeMo B 3HAMEHHMW-
KaX CTaJly 3araCaHHHA Ygc.

Hexait arom 3naxonurbcsa B “HuxkuabOMY” CTaHi |a) (Hanpuknan,
e Moxe OyTu #Ooro OCHOBHMIT CTaH), YacToTa MAJAAYOro CBiTIa W
€ GJINBHKOIO [10 PE30HAHCHOI YaCTOTH W) = Weq, & POCIAHHA Maiixke
KorepenTtHe, To6To w' ~ w:

N H(a,v)
Rad) = (i) (@) o e

ZL fcawo
X 2((‘)7&)’71:7/2) . (501)

Tyt crana 3aracaHHA 77 = 74, BPAXOBY€ AK MPUPOOHY MWPWHY JIiHil,
TaK 1 3aracaHHs ATOMHUX CTAHIB YHACJIIOK MiXIaCTHHKOBOI B3aEMO-
mii; mTprxu OiJigd CyMu 33 KBAHTOBUMH YHUCJIAMU G TA ¢ 03HAYAIOTH,
0 MiICYyMOBYBAHHS BiTOyBAETHCA 38 BUPOIKEHUMUI CTAHAME 3 EHEP-
risvmn E, ta E,. Tomy cyma 3a |c)-craHamMu Tim 3HAKOM MOIYJIs B
(50.1) “mepecrpwbnysa” mo umcennnwka. OTxe, BUPa3s Y . feq HO-
PIBHIOE CUJII OCIIMJTATOPA, 3a30AJIETab MACYMOBaHI 38 KBAHTOBAMHA
9qUCJIAMY CTaHy |¢), Big AKuX eHepria F, ne sajexurs. [Ipuramaiivo
y 3B’63Ky 3 muM 3 § 26 Ta § 27 cuim ocruiiaTopa i aTOMAa BOIHIO,
3a30aJIeTiIh MiJICYMOBaHI 32 MAarHiTHUM KBAHTOBWM YHCJIOM.

Bukopwucraiimo renep supas (11.4) mia pamianiitnol crasoi 3ara-
¢), aKy (GOPMYIOTh CIIOHTAHHI TIEPEXO/IH,

2¢%w

Yo = 3 fcaa
mc
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i nepenumimo dopmyay (50.1) rak:

N c QNee H(a,v)
R(q.q) = <4w> V q©q Z \/W“{ K|

24
(W —wo)? + (v/2)*

Y pesonanci w = wy npobsiema “Hysb y 3HAMEHHWKY  BiICyTHS:

Rad) = (o) e’

(50.2)

Z \/ﬁﬁ{) < (7") . (50.3)

Axmo o — 0, To6T0 7, — 0, 1 MU BBazkaemo craH |a) crarionap-
HUM, a He KBasicranionapaum, 10 3 (50.2) 3a ymMOBH, W0 PO3CigHHA
€ OJIM3BKUM 10 KOTEPEHTHOTO, BUKOPWCTOBYIOUM HABENEHI B MOTe-
pennix naparpadax oOrpyHTYyBaHHS BIIIOBIIHMX CHPOLIEHb HAUIMX
dopmyst, mid pyHKIT Tepepos3nomiy 3HaikmemMo:

! c 2N 72
R(q,q) = (@) V(eqeq’)Q(w—wo)QUJr(7/2)2

2 20, N2
M | @)
81 Tw? sin” /2 8T'w? sin” /2
ne ¥ — KyT posciguus, ¥ = Kk'.
O6uncaumo renep 3 Bupazom (50.2) koediuient poscignns, mo,

dAK 1 PYHKITA MePepo3nomiIy 33 TaCTOTAMMA, TAKOX YXOOUTH IO PiB-
HAHHA TTEPEHOCY BUITPOMIHIOBAHHS:

0 = % [ s U/ 4’ R(q,q)
_ (5)2 %;’pa/(eqeq,)wa'
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(e e]
1 Qi
X NG / dv H(a,v) w0+ (727 (50.5)
— 00
TyT My CKOPUCTAJIUCH O3HAYEHHAM 3MiHHOI v 3 (47.9) 3 ypaxyBanHaAM
(47.17), kpiM TOTO, HUKHIO MEXY, AK 1 TPU AHAJIOTTIHUX OOINCIIEH-
uax y (48.3), sigraruyu Ha Ge3MEXKHICTD.

Bepyuu no ysaru B (50.5) ymoBy nHopmysanns (15.2) nna dyuxnii
Q@oiirTa Ta CTATUCTUIHOI BATW p, MICIAA 3HANOMUX yXKe MiICYMOBY-
BaHHA 3a [0JIApU3alliagMU & Ta IHTEI pyBaHHA 33 KyTaMU, OTPUMYEMO
OCTATOYHUWI PEe3yJIbTaT:

(50.6)

0 = T P

3 \w/ V(w—w)?+ (7/2)2

[Tpm TouHOMY pe3oHaHCi i AKIIO He 3BAXKATH Ha, PO3MMUPEHHHA JIi-
Hill MixvacTuHKOBUME B3aemoaiamu (7 = ), KoediuienT poscianus
JIOCAATAE MAKCUMAJIBHOTO 3HAYMEHHS

2 rc\2 N
og) = S (2) & 50.7
W = 5 (5) (50.7)
AKe NPONopiiiiHe KBAIPATOBI NOBXKUHM XBUJI A = 27¢/w namamyoro
BUTTPOMIHIOBAHHS.



PO3IIJI VIII
AHAJII3 30PSIHUX ATMOC®EP

§ 51. Po3B’s130K piBHSIHHS MEPEHOCY BHUIIPOMiHIOBAHHS

Mu migifinim BOPpUTYJT 10 HANIOTO OCHOBHOTO 3aBIaHHS, CHOPMY-
JIbOBAHOI'O B IIEPUIOMY naparpadi,  AOCHALIMTA MEXAHI3MU yTBOPEH-
He CHEKTPAJIbHUX JIHIA aToMiB y 30paHUX arMocdepax i TUM CAMUM
3pOOUTU MOKJIMBAM pPO3MU(PPYyBAHHST XUMEPHOTO MEPEXUBA, 30PAHO-
ro crekTpa. ¥y HOMEPEHIX PO3/iIaX MU JIETAJIBHO BUBYAIU Koedii-
€HTH TIOTJINHAHHSA B CTIEKTPaJIbHIN JIiHI1 Ta B HEMEepepBHOMY CIEKTPI,
KoedilieHT PO3CIAHHSA €JIEKTPOMAIHITHOIO BUIIPOMIHIOBaHHA, (DYHK-
IIiI0 PO3TMOiJIY 38 YACTOTAMM, & TAKOXK TaKi BEJIMINHU AK CTAJIA 3aTa-
CaHH#A, CUJIU OCIAJIATOPA Ta iHun. Temep mepexommMo 110 mpodbsieMun
YTBOPEHHH JIiHIN MOTVIMHAHHAA y criekTpi 30pi. [lyia mporo nacamme-
pem moTpibHO PO3B’A3aTH PIBHSHHS MTEPEHOCY BUIIPOMIHIOBAHHS, sK1
OyJI0 BUBEIIEHO B MEPIIOMY PO3MIiJIi.

[Tpraomy OCKIJTBKHT HAIIOI METO0 € He Tpenu3iitai qocsimKenHst
KOHKPETHUX KOCMIdHIX 00’€KTIB, a JIAIIE JIeMOHCTPAIlisi TOTO, AK Ti-
mifiTy Mo aHaJ3y 30pAHOi arMocdepu Ha MACTABI MUX PIBHAHB, TO
OymeMo IOTPUMYBATHCH TIMOTE3W JIOKAJBHOI TEPMOIMHAMIUHOI PiB-
HOBaru. $Kio Id rinoresa He MATBEPIKYEThCA IJIA TUX YU IHITUX
06’eKTiB, TO MOTPIOHO PO3B’sI3yBATH PiBHAHHSA MEPEHOCY BUIIPOMIHIO-
Banu# (6.1), y sike Bxoguth ynkmia mrepena Sq4(w). DPyHrmio
IKepeJia, CBOEI0 YeProio, 3HAXOAATH NIJITXOM PO3B’A3KY PIBHAHD IJId
AMOBIpHOCTEN 3acesIeHOCTEl p4 ATOMHWUX CTaHiB. A ocraHHI piBHAH-
HA KOHCTPYIOIOTh sIK KIHETUIHI PIBHAHHSA, OOIUCTIOI0YN #MOBIPHOCTI
KBAHTOBWX TIEPEXOIiB ATOMAa 3 OOHOTO CTAHY B IHINAN 3 ypaxyBaHHAM
MiXKATOMHHUX 3iTKHEHb Ta B3aE€MOIii 3 €JTeKTPOMATHITHUM BHUIIPOMi-
HIOBAHAM.
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[Togrimo 3 po3B’si3Ky PIBHAHHS IMEPEHOCY BATIPOMIHIOBAHHS B Ha-
6amxenni onHooronHnx nepexonis (6.5) abo (6.8). TobTo B ipOMy
naparpadi HOKu 10 MU 0OMEKYEMOCH IIPOLECAMU ICTUHHOIO HOIJIU-
mannad. [laji BBaxaemo, mo armMocdepa 30pi Mae MI0CKOTAPAJICAbHY
reoMeTpio, ToOTO CKIIAMAETHCA 3 TLJIOCKOMAPAJIETbHAX MAPIB, K IIe
300paxeHo Ha puc. b.

Taxum anHOM, HAM TOTPIOHO 3HAWTH PO3B’A30K TAKOTO PIBHAHHS:

dI,

0 _— =
COS dz

—(q)[lqg — Bu,a(T)). (51.1)

Posw’sizyemo itoro metomom Bapiarii crasoi. [lokmamgamoun criodarky
By .o(T) = 0, jlerko 3Hax01uMo

I, =Ce

»(q) dz'/ cos

Ot —=n

(51.2)

[Tpuramaiimo cobi, mo BeamanHa %(q) € (byHKIII€IO HE JIUIITE YACTOTH
W Ta moJIApU3AaIii , a TAKOXK 1 KoopauHatu z. OCTaHHA 3aJ€XKHICTH
3yMOBJIEHA 3MIHOIO ryctuam aromiB N/V ta siokanbHol Temneparypu
T y31m0BXK HANPAMKY OCi 2, AKa MEePNEeHINKYIApHa JI0 MapiB aTMocC-
depu. [louarok Bigyriky z = 0 6epemo Ha rubWHI, He TOYMHAETHCS
dorocdepa, TobTo TOi THap armocdepu, me GoOpMy€eEThCH CrioCcTEpe-
KyBaHuil ciektp (nuB. puc.5).

Yraxaemo renep “crany” C dbyHKuiewo z i, migcraBiasioan (51.2)
B (51.1), 3HAXOAMMO 11 HEl TaKe PIBHAHHS:

d fZ%()dz’/cosF)
cos d—f — 52(q) Boa(T)ed (51.3)
3Bincn:
[ qu( )dz" [ cos @
C = / 4z Z)(Sq;Bw,a(T) e Lo (51.4)
0

tyr C1  HOBa, NOKW IO HE BU3HAYEHA, ‘ClpaBxkH#A” craja. 3 dop-
mysim (51.2) 3 ypaxysanuam (51.4) 3naxomumo mykanumii po3B’sa30K
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piBuaung (51.1):

I
Ot —n

2(q) dz"" [ cos 6 Zf »(q) dz" [ cos 6
I,(z) = e / (’099 Byo(T)eo

0

»(q) dz"" [ cos @

Ot —n

+ Cie (51.5)

Mu sanpoBamxyemo Tyt nosnadenns I, = I,(z), mob aBHO Big3HAYM-
T 3aJIeXKHICTD Bl KOOPAMHATY 7z IHTEHCUBHOCTI BUIIpoMiHioBannd [,
dKe TOMUPIOETHCA KPi3dbh armocdepy 30pi 3 il HAAP y HABKOJWINHI’
npocrip. 3 nogarkosoi ymosu npu z = 0 3aaxogumo, mwo C; = 1,(0),
i ocTaTOYHO HAI PO3B’A30K HADYBAE BUTJIAMLY:

»(q) dz"" [ cos 0

Ot —n

cos 9

— f 2(q) dz" [ cos 0
/ Bua(T)e . (51.6)
0

[TpokomenTyemo 1ieit poss’ssok. Ilepmmit nomanok y (51.6) omm-
Cy€ mocJIabJIeHHS TOYATKOBOTO BUTIPOMIHIOBAHHS, IO #1e 3 HAAP 30pi
(z = 0) BHACJIIOK #OTO MOTJIMHAHHSA ATOMAMMU MIipOIO MPOXOIKEHH S
Kpisb armocdepy. Ipyruii nogaHoK 1€ IHTEeHCUBHICTH BUIIPOMIHIO-
BaHHA, BUHECEHOTO HA TIJIOMNHY Z, AK€ BUIIPOMIHIOETHCA HA MIJIAXY
Bim z = 0 1o z 3 mocsabJeHHAM YHACJIIIOK TOTJIMHAHHASA Bill MicIisd
BUTIPOMIHIOBAHHSA 2’ JI0 TOYKM 2.

Mu 6yneMo miKaBUTHCH PO3B I3KOM, AKAH J1a€ IHTEHCUBHICTH BU-
MMPOMIHIOBAHHA, MO BUXOIWTH 13 30pi ¥ BUMPOMIHIOETHCA B HABKO-
JUMIIHIA Tpoctip.  3ajuiiaeMo 1mo3a yBArow BUIPOMIHIOBAHHS, M0
iifle 330BHI BCepenwHy i, 30KpeMa, KOJIM 30pAHE CEPENOBUIINE OCBIT-
JIIOETHCA 30BHIIIHIM BUITPOMIHIOBAHHAM.

YBeniMo HoHATTS OnTUYIHOL riubuam B armocdepi 30pi. Bubepimo
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JIeAKY IJIONMHY 3 KOOPIUHATOIO 2, TOKJIAIIMO

20

= /%(q) dz' (51.7)

z

i Ha3BIMO III0 BEJIMYWHY ONMTWYIHOIO BIJICTAHHIO Bim zg 1m0 z. Hja pis-
HUX 9aCTOT ONTUIHA BiJICTAHD Pi3HA, OCKIJIbKY BEJIMUNHA T 3aJIEXKATH
He JInIIe Bif z, a, 9K 1 koedinieHT mornuHaHHA 3(q), BiI w Ta a:

T=7(w,a,z). (51.8)

Il BestuauHa JOPIBHIOE BIACTAHI Bill TIJIOIIMHU Z), BUMIPAHOI B IOB-
XUHAX BijbHOro npobiry s(q) ' dorona, mo mae yacrory w i moss-
puzanio «. OO6pasHO Kaxkyd4dw, BEJUUIMHA T € KIJIBKICHOK XapakTe-
PHUCTUKOIO TOTO, K HAJIEKO B rymbunay armocdepn 30pi 6aunTh Crio-
cTepirad, OKO siKOrO PO3TANIOBAHE B HeAKIH TOUI HA MJIOMAHI 2 = 2.
Yuwm Gigbrre 7, TOOTO unM OIIBITA ONMTUYHA TOBIINHA CEPEIOBUIIA,
TUM MEHIIA KiJIbKIiCTh (DOTOHIB IIPOXOAUTH KPi3h HBOIO.

dAxmo BigTATHYTH crnocTepirada Ha 0e3MexXHICTh, zg = 00, TO
BEJINIUHY

o

T:/%(q) dz' (51.9)

z

HA3UBAIOTH ONTUYHOI IymOnHoK. Onruuyna riinbuHa 3MIHIOETHCA B
TAKUX MEXKAX:

, (51.10)
ne
70 :/%(q) dz'. (51.11)
0
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s 3opanux armocdep BejuduHa 79 > 1, T06T0 MAEMO CEPENOBUILE
BEJIMKOI ONITUYHOI TOBIIMHM, 8 OTXKE, MOXHA TOBOPUTU TIPO (hizuaHy
0e3MEXHICTD 1 IIOKJIACTHA To = 0O.

Kopucao nepenncaru po3B’si30K piBHSIHHST EPEHOCY BUITPOMIHIO-
Banns (51.6), BuKopucTaBmm nMoHATTA onTudHOi ranbuan. OTxe, 3
o3navenns (51.9) maemo

dr = —(q) dz, (51.12)
naJil
/%( Yd2" = /%(q) dz" + /%(q) dz"
h 0 [oe)
= 19— /%(q) dz"' =19 -,
/%( )d2" = /%(q) dz" + / x(q)dz" =1 — 1,
e

Tenep i3 (51.6), ypaxoByroun mexi inrerpysanns (51.10), 3naxomnm-
MO:

70

7o Buo(T) (i
_ (r0—7) 1 Pw,a ('=7)/cos b
I,(z) = 1,(0)e —I—/dT ~osd © . (51.13)

ockiyibku Temueparypa 1 € PyHKIIE 2, a KOOPAUHATA, 2 3aJIEXKUTh
Bin 7 gepes pisusanng (51.9) i tomy tyr T = T'(7).

Haii6inpme HAC 1IKABATH BUMPOMIHIOBAHHSA, AK€ BUXOOATH 3 aT-
mocepu, kosm 7 = 0. OTke, BpaxoBy9Hd, KPiM TOr0, o0 (pakTuIHO
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7o = 00, 3 (51.13) 3Haxomumo:
o0
I —/dreT/“"S"Bw,a(T)/cosa, (51.14)
0
TYT

I, =I,(z = ).

Buxonaun 6esnocepenuno 3 (51.6) abo nigcrasastoun B (51.14)
o3HadenHs onTudHol ruubunu (51.9), ueit Bupas gz I, moxua 3a-
MUCATY 1 Yepes iHTerpaJi 3a z-KOOPAWHATOIO:

ji Bua(T) -
0

RN

»(q) dz'/ cos

1.1
cosf (51.15)

Mu orpumMaJiu B pO3HOPAKEHH JIyKe KOMIAKTHUN BUPA3 115
IHTEHCUBHOCTI BUIIPOMIHIOBAHHSA, AK€ 3aJIUIIAE 30pAHYy armMocdepy
i morpamuisie y npunamu crnocrepirada. Pasom 3 piBaanaam (51.9)
dopmysa (51.14) abo (51.15) m03BOJIAE aHAI3yBATH CIIEKTPU BUTPO-
MIHIOBAHHS KOCMI9HUX 06’€KTiB. 3p03yMiJio, oo [iJid bOro noTpibHO
3a0aTh MOIesh arMocdepn, ToOTO HeoOXIgHO MATH 3aJIEXHICTh Bii
KoopauHaru z, remneparypu T ta rycruau yactuaok N/V | mo ckna-
maroTh armocdepy 3opi. “3adekaiite, — ckaxe Uumrad, — aJie X 1me
i € HAIAM 3aBHAHHAM: TOOTO, AHAJI3YIOYW IHTEHCHBHICTH BUIIPOMI-
HIOBAHHSA, AKE [IOTPAILILAE 10 HAC, MM LHOBMHHI BinTBOpuTH (bizudni
YMOBH 30PAHOTO CEPEIOBUINA Ta, Horo ximiaauit ckja.”

Mwn onuHWIKNCH y TEHETaX TaK 3BAaHOI 0OEpHEHOl 3aadi, gKa Ha-
JIEKUTH 0 KJacy HekopekTHux. [lorpibro tak migibparu temmnepa-
TYpy # I'yCTHHY 4ACTMHOK y KOXHIA To4ni armocdepu, mob, npoil-
rerpysasimm (51.15) a6o (51.14), (51.9), orpumaru criocrepexxyBaHy
inTencusHicTs Bunpominosanng I;. Orxe, Bubpasiiu nesHy mMojesib
armocdepu, obuncaoemo inTeHcuBHICTh Iy, fxmo Boma me 3birae-
ThCA 31 CIOCTEPEXRYBAHOK, TO BHOCMMO 3MiHM B IO MOHEJb 1 Tak
MPOHIOBXKYEMO, MOKW OOYMCJIEHY IHTEHCUBHICTH HE “HMiKEeHeMO” 0
CIIOCTEPEXRYBAHOI.  3PO3YMIJIO, MO XOAAYU HO IHOMY 3a9aPOBAHO-
My KOJIy, MU Ofipady 3ITKHEMOCH 3 MUTAHHAM PO OIHO3HAYHICTH
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po3p’asky nuida I,. A came, uu He MaTuMyTh JBi Pi3Hi MOzeJsIi arMoc-
depu, xo1a i gocuTh 6JM3HKI MK CODO0I0, aJjie sIKi BiIPi3HATHMYThCA
CYyTTEBUMHU JIJIA HAC [ETAJIAMM, Ty XK caMmy iHTeHcuBHICTBH 5. Amxke
OYEBUOHO, IO O3HAYEHI IHTerpasv Bim pisHUX PYHKIH MOXKYThH 13-
Baru TOU camwuii pesyJibTal: HalpUKJal, inTerpasm B 6e3mexHuX
T

mexax Bim sin(z2/2) i e”™ popismioloTs /7. IrTyitBHO MU Crio-

IiBAEMOCH, IO TEBHUI CTYIiHb OJHO3HAYHOCTI BCE X TAKHU €, XOUa

JOBECTU e CTPOro HQCHpOMOI‘a] .

§ 52. IyIMbuHu Ta eKBiBaJICHTHI MMPUHM CHEKTPAILHUX JIHIA

(1]

Posp’sizaBuiv piBHAHHSA TTEPEHOCY BUIIPOMIHIOBAHHA I MAIOYNA y
CBOEMY PO3NOPAIZKEHH] 3HaYeHHA IHTeHCUBHOCTL I, MU MOXKeMO J10-

'Hagenemo mobyTosmit mpuktazm obeprenoi 3amagi. Hexaih Bu xymmmum pid,
oo KOmTy€E 7 rpuBeHsk i 7 koniiiok. 3anuraemo: sikmmu Kynopamu Bu pospaxy-
BaJIMCh, AKWO orpumasm pemrty A =2 rpu. 93 kon. Ouesngno, wo Bu manm
npomaBuesi 10 rpuBens. OmHax me He 03HA4Yae, mo Bu manum ogHy Kymiopy B
10 rpu. Ile moram Gytw i oBi xymopu no 5 rpu. (Mmn, 3posymino, kepyemoch
300POBUM IJIY3[IOM 1 HE TPUtMAEMO PO3B’A3KM THILY II'ATH Kymiop mo 2 rpH. abo
mecATh mo 1 TpH., OCKLIBKM NpH MHOMY NMPOJABIEBI 3pa3dy MOXKHA JaTH 8 TPH.).
Orxe, nicoia “B3aemonil” MOKynusi 3 MPOJaBIEM 33 HACJILAKOM “pemnTa JOPIBHIOE
2 rpu. 93 xom.” MU He CTPOMOXKHI OJHO3HAYHO BIATBOPUTH MEXAHI3M OIJIATH.

Mu MoxeMO yCKJIATHUTH cuTyanio, nokaasmu A = 93 kon. Tobro moxymnems
nas 8 rpu. Hexail mo oxwiit rpusHi 0ys10 £ xymiop, no 2 rpuBHI — Yy Kymop Ta 2
Kymiop — 1o 5 rpuBenb. lloBurHa BukouyBaTuch ymona 8 = 1z + 2y + 5z. Tenep
posB’askiB ax cim: £ =0, y=4, z=0z=1, y=1, z=1Lzz=2 y=
3, z=0,2=3, y=0, z=Lzxz=4, y=2, z=02z=6, y=1, z=0;
r=8, y=0, z=0. IIlo rpeba mjs Toro, mob 3ualiTn OIMHO3ZHAYHNI PO3B’A30K
3amadi? Bignmosims: morpibua momarkosa indopmarnis. Hanpukiam, aximo Bigomo,
1o Kymiop 0yJ10 m'aTh, TO MAEMO OOHO3HAYHMIT po3B’s30k = 2,y = 3,2 = 0.

Onro3HauawMit pO3B’sT30K OTpMMaEMO 1 0e3 [IOZATKOBMX YMOB, aJjie SIKIIO
A = 12 rpu. 93 kKom.: TOAI MOKyNEIph y HOMY BUIAAKY HOAB OOHY KYIIIOPY Y
20 rpu. (OmHO3HAYHICTH MAEMO AJIs modYarkoBux Kymiop y 50 i 100 rpu., kosm
A = 42 rpu. 93 xom. i A = 92 rpn. 93 xom.).

MucTenTBOo BYEHOrO IPU BIATBOPEHHI MEXaHI3MiB (DI3MYHHUX SIBUIN IOJISATAE B
romy, mob i3 nobiunux daxrTiB BuHAlTH I0IATKOBI yMOBH, fAKI # [103BOJISIOTH
3adikcyBaTu OmHO3HAYHUI PO3B’A30K 3ama4i.

IIpuk1amoM HEKOPEKTHOI 33Ja4i € 1 HMOMYK OpraHizamii XUTTA CYCHiIIbCTBA.
Koxuoro pasy po3s’s30k /151 MOHAJIBIIOTO0 PO3BUTKY 3HAXOLSATH 33 HOIOMOTOIO
HACUJIBHUIBKOTO MiAMOPSIKYBAHHS IOJATKOBINH yMOBi, TOOTO 3aKOHY.
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CJIIKYBATH KOHTYPHA ATOMHUX CHEKTPAJbHUX JIHIA MOrJIMHAHHS.
3HOBY MOYMHAEMO HAII AHAJI3 3 MPOCTOTO BUIAIKY, HeXTy}oqn ITBO-
doroHHUME nIEpEXOIAME, TOOTO TPOIECAMY PO3CIAHHSA i epeposIno-
IJTy 33 9aCTOTaMW, KOJIM MOXKHA OTPUMATH IEAKI BAXKJIWBI PE3YJIh-
Tatu 6e3 Po3paxyHKiB.

Bepyuu no yBarm osnauenns (2.9) rimbunu ninii 7y mia Conng
ta Bupas (51.15) mus inrencusrocti I, = I,(z = 00), 3HAXOOWMO, 1IO

¢ — ]l i - Dfo;z‘f(q)dz’/cosﬂ
— q e
R Ig I”(’m()/dzz w’a(T)e
0
! 70% )dz'/ cos
x 41— [1+ ;8] e * , (52.1)
e

7 ?O%C )dz'/cos B
/dz COS“’HC‘( )e E , (52.2)
0

a sHaukm “c’ ta “I” 6ina x(q) mosHavarTh KOEMIMi€HT MONTMHAHHS

B HEIIEPEPBHOMY CIIEKTPi Ta B CIEKTPaJIbHIN J1iHil. [yubuny sinii mn
MO3HAYAEMO 1HIEKCOM A\, THIKPECIIIOYN 11 3aJIEXHICTh Bill TOBXU-
nu xsusii. Te, mo B ii o3navenna sxogursb dynkuia [Inanka By, o,
HOPMOBAaHA, HA YACTOTY, HE MOBWHHO HAC TypOyBATHU, OCKIJIBKHU T)
€ 3HEPO3MIPEHOI0 BEJIMYMHOK0 1 B 3HaMeHHuK (52.1) Takox yxommTb
dyukmisg [L1anka depes iHTEHCUBHICTH Ig. VY pesysbTari HOpMYBaJIb-
Hi MHOXHUKM pyHruii [Tnanka cKopodyiorhCs 1 nepexin 10 mKaJim
TOBXKWH XBWJIb BiIOYBaETHCS TPOCTOIO 3aMiHOI0 w = 27¢/ .

Bupas (52.1) mae npodisb Jiinii 3amexxHO Big qoBkuHA XBUJI (260
9acToTn) A pisHux 3Hadensb xkyrta . [Ipurapaiimo, mo xyr 6 = 0
Bignosimae nentposi nucka Conng, a § = 7/2 — Toukam Ha JIiM-
6i. [lasteko Biz pe30HAHCHOI HJOBXKWHU XBUJIL Ay, KOJIW TMOTJIMHAHHS B
minii sigcyre i 2'(q) = 0, rombuna, miniit ry = 0. Hasnakn, mis cu-
JIBHOTO HOLIMHAHHA B JTinii 2! (q) — oo i rmbuna ry — 1 (abcosmorno
9OpHA JIiHidA).
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[Migianrerpanbvua dyskuia B (52.1) Mae MakCumyM Ju1s AEAKOrO
3HAYEHHA 3MIHHOI 2 = Z, 1 OTXKE TOJIOBHMI BHECOK y (DOpMYyBAHHSA
CHEeKTPAJIbHOI JIiHil 1af0Th TinbuaM 2 6ias Z. Hacmpasmi Jtinia yTBo-
pIoeThCcd B ychomy mapi ¢orocdepn, i TaKa BEJIMUNHA, AK TJIUOWHA
YTBOPEHHS CHEKTPAJIBHOI JIiHII, € CKOPIille 3pyIHAM SKICHUM TOHSAT-
TSIM, HIK KiJIbKICHOIO XapaKTEPUCTUKOI0 MEXaHi3My (hOpMYyBaHHS 30~
PAHOrO CrexTpa’.

[Miniarerpansunit Bupa3 y (52.1) npuitaaro vasuBatu GyHKIIE0O
BHECKY B IVIMOMHY CHEKTPAJILHOI JIiHiT, 00 mpocTo PyHKIIEI BHECKY .
Tarerpysannam gactuaamu B (52.1) MoxHa orpumarn iHmi yHKIHT
BHECKY, XapaKTep 3aJIEXKHOCTER AKWX Bif 3MIHHOI z pi3HWl, DAlOThH
BOHU i pi3HI IIMOMHN yTBOPEHHH JIiHINA, X094, 3p03yMiJI0, TPUBOAATH
JI0 TOTO X CaMOro iHTerpaJjbHOTO pesysbrary mid ry. Orxke, icHye
uiami “3oonapk” takux PyHKIIA BHECKY, 1 IMTaHHS 1IPO T€, HA AKii
rnbuni B armMocdepi 30pi yTBOPIOIOTHCS ATOMHI CIIEKTPAJIbHI JIiHil,
MAa€ 3MICT, AKIO MOBA #ae mMpo dAKiCHI omiaku. Pobutu kareropuvxi
BUCHOBKM Ha MIACTABI pO3pPaxyHKIB 3 pisHUMU (DYHKIIsIMU BHECKY,
HAJIAI0YMW TEepeBary OOHWM HAJl IHIMUMY, HAB SA3YIOUM OTHAM O0iJb-
it biswaHmit 3MicT, HiX IHIMM, HAM BUIAETHCS HEPO3CYIIMBIM®.
Y 1980-x porax Ha “ConguHux” KOH(EPEHIAX JTUCKYCil 3 bOro mu-
TaHHA HAOYBAJIM YACOM JIPAMATUIHOTO XaPAKTEPY.

2Mozxe, me i 3aiiBe 3ayBaxkenHs, ae mpocuMo UnTadua po3pisHATH TIHOHEY
YTBOPEHHS CIEKTPaJIbHOL JIiHIl B aTMocdepi 30pi Z i ranbuny camoi JiiHil r) gxK ii
KIJIbKICHY XapaKTEPHUCTHKY.

3ns imoocTpamil CKasaHOro HaBemeMO MPOCTHH mpuksan. IlimiHTerpaspHa

oo
dbynkuiz (“pynknia BHecky”) y Bupasi [ e °dz = 1 gocarae MakCHMAasbHOTO
0

3navenHss B Touni z = (. ITarerpyBanuamM dacTruHaMm 3BOAMMO LeH iHTErpasi mo

oo
[ ze7*dz =1, ne “bynxmuin precky” mae maxcumy™m npn z = 1. InTerpyioun ma-
0
Ji n-pasiB yacTuHaMu BUXigHWH Bupa3, reHepyeMo uijmii januroxkox “dyHkuiit

Brecky” z"e” */n! 3 makcumymamu B Toukax Z =n, n = 0,1,2,.... Bubpasmu na
cBiff cMak omHy 3 nmmx “QyHKIil BHECKY”, MOXHA PI3HUMHU MIPDKYBAHHAMHU JOBO-
IVMTH, IO BOHA € “Olsibin disnunoio” | Hix inma. BesnigcraBHicTh ©nX TBEPIXKEHD,
fK 1 BUCHOBKIB TIPO TyIMOMHM yTBOPEHHSI JIiHINA, BUIAIOTHCA OYEBUOHUME: SKIIO,
HAOPUKJIAI, TPUAHATH, MO KpamuMmu “‘GyHKIigME BHECKY’ € (yHKIIl 3 Besm-
KVMU N, TO BUXOAUTh, HI0 CIEKTPAJIbHA JIiHIA yTBOPIOETHCHA HA IIMOWHI Z = 00,
n — 0o, TOOTO B OIi CrocTepirada.
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BaxmmBoo XxapakTepruCTHKOIO CIEKTPAJIbHOI JIHII € 3aJ1eKHICTh
il ymbwHT ) BiI KiJBKOCTI MOTJIMHAIOYUX ATOMIB B OOUHUII 00’emy
N,/V, aki nepebyBatoTh y KBAHTOBOMY CTaHi |a), npuuomy N, =
poN, me N — noBHe uncjio aromiB. Ockinbkn KoedilieHT TOTITNHAH-
ua B sinii (13.18) sanexurs Bing N, B 106yTKY i3 CHII010 OCHMIATOPA
faa’, TO TOBOPpUTHMEMO TIPO BEJIMUWHY 7) AK (PYHKINIO TapamMerpa
faaw Ng/V. fdxnio mu 069uCaIMMO IO 3AJIEKHICTH TEOPETUYHO, TO 33
EKCIIEPUMEHTAJIBHO BCTAHOBJIEHOI TJIMOWHOIO JIiHII r) MOXHA Oyme
BUBHAYUTY XIMIi9HUI yMIiCT aTomiB B armocdepi 30pi.

[Tpu excriepuMeHTAJIPHOMY BUBUYEHHI 30PSIHUX CIEKTPIB 31e01J1b-
MOTO BUMIPIOIOTH €KBIBAJIEHTHI MUPWHA CNEKTPAJIBHUX JIHINA, a He
ixui npodisti, ocobsmBo, Kosm MOBa e mpo cnabki ginii. dinsa Con-
s exkBiBasienTHa mwmpuna W) maerhcsa Bupasom (2.11), mms immmx
3ip  dopmyaoro (2.12).

Yuwm 6ishIte aTomiB, MO TOTJIMHAIOTH BUTIPOMIHIOBAHHS Ha pe-
30HAHCHI# 9acToTri, TuM Oinmbina raubwHA JIiHII Ta ii eKBiBAJEHTHA
mupnaa. Orxe, npn Masmx 3nadenuax N, /V Moxna odikyBaTH, 0o
I 3aJIEXHICTh € JIHIKHOI, a 31 301/IbMIEHHSAM YHCJIAa ATOMIB KPH-
Ba r) iiIe Ha HACWYEHHH, OCKIJIbKW il MakCUMaJIbHE 3HAYEHHS, 34
O3HAYEHHAM, HOPIBHIOE ouuHuIi: maxrty, = 1. 3SaJjexuicrb r) Bijg
faraNg/V HaszWBaroTh KPUBOIO HACWUYEHHS, & KPWBA HACWUCHHS [JIs1
ekBiBaJieHTHOI mupuan W), Mae€ Ha3By KpUBOI 3pOCTaHHA.

s Toro 106 mTpoCcyHyTHCH HAJIi, TOTPIOHO MATH MOIEh 30PAHO1
armocdepu. Omaiero 3 Hafinpocrtimmx € Tak 38aHa mogesib Llycrepa
HIsaprminsaa’, y axift BBaxkaeThcs, mo B Tif miagnmni armocdepn,
ne opmyerbea Jinig, remneparypa (i KJIbKICTh NONIMHAIOYUX ATO-
MiB) BeJIMuMHA cTaja. [Hma “KaHoHi30BaHA” MOIEJb, AKY 3aIpomno-
nysam E. Minn® ta A. EnminrTon, rpyHTyeThCa Ha TOCTYJIIOBAHHI

MIycrep Apryp (1851-1934) — aurniiicexuii disux. Haykosi poboru npn-
CBSTY€HI ONTHUII, CITEKTPOCKOMI], eJIEKTPOIPOBIAHOCTI ra3iB, 3eMHOMY MAarHeTu3My,
ceitcmoutorii. Y 1905 poui A. Ilycrep 3ampononyBaB MOAESIb iHBEPCHOrO IADPY
nax dorocdeporo Conus, saxuii TBopurh dpaynrodeposi sinil. Kapsa Isapuri-
Jabg onybuiikyBaB CBOIO poboTy 3 pocisiHHS 1 morsinHaHHS B COHaA4Hil armocdepi
1914 poxy.

SMinn Epyapa Apryp (1896-1950) — awnriiiicekuii Maremaruk, acrpodisnk.
HocmimxyBaB nepeHeceHHsI eHeprii BHAC/ILIOK BUIPOMIHIOBAHHS, HOHI3AIII0 pedo-
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Jsiniitnol 3anexuocri dynkuii [Inanka (a B 3araspHOMYy BUDAIKY
dbynkmii mxepesia) Big onruanoi ranbuan 7. CBOro Yacy CTBOpeHHS
nux Momesei OyJsi0 TpUpOmSHUME KPOKAME B IOCJIIKEHHI 30PSHUX
armocdep, iM MPUCBAYEHA, YNCJEHHA JITEPATYPA, AKY MOXKHA 3HAM-
TU B UATOBAHUX HAMU UIAPYyYHUKAX i MOHOrpadigx.

Mopens Illycrepa-IlIBapimmmiisaa cTBOpHUIa yABJIEHHA MPO TeE,
o 30pdAHa armocdepa CKJAANAEThCA 3 HUXKHBOIO LIAPy, aKuit dpop-
My€ HelepepBHUil CIEKTP, i BEPXHBOTO, TAK 3BAHOTO 1HBEPCHOTO, a00
obepTardvoro, mapy, ae BJacHe i “HapOmKyOThCA” JIiHIl TOTJTMHAH-
Ha  (paynrodeposi Jiiniil B ciekTpi Conng. Hexait inBepcuuit mrap
BUCOTOIO z mounHaeThes 3 muonman z = 0. 3 (51.6), inrerpyoun B

npunyuenti, mo s(q) ra By, o(T) He 3anexars Bij z, 3HAXOLUMO

Iz) = T(0)e @/ cost

+ %(q)Bw,OA(T) /e(zz’)%(q)/msf) ds
cosf
0

abo
I,(z) = I,(0)e *@2/c0s0 L B (T) (1 - e*ﬂq)z/msﬂ) . (52.3)

3a gonomorow 1€l popmysu 069UCTI0EMO TMOUHY JIiHIl HA BU-
CoTi 2:

- I3(z) - It]}(z) _ [14(0) — Bu,a(T)] (1 — e*”l(q)z/ww)
o Ig(z) a Iq(o) + Bw,a(T) (e%“(q)z/ cosf __ 1)

. (52.4)

VBaxkaiouu, mo iHBepcHuit map JIO0CTATHHO TOHKUM, TaK, MO /I
HETIePEPBHOTO MONJIMHAHHA BUKOHYEThCA yMmoBa #x°(q)z < 1, ocra-
TOYHO MAEMO

ry =13 (1 — eikl(Q)z/c‘)M) , (52.5)

BuH B armocdepax 3ip, 30psiHi cnekTpu, BHyTpimuo0 6ynosy 3ip Toumo. Creopus
Tak 3BaHMil Kinemarnauuit BapianT 3araspHOI Teopii BigHOCHOCTI, 00 MOACHUTH
ABUINE YePBOHOTO 3MIMIEHHA Y cHeKTpax ranaktuk. By Ilpesumentom Jlownmon-
ChKOTO MaTeMaTnaroro roapuctia (1937-1939) ta Ipesumenrom KopostiBchkoro
acTpoHoMivHOro ToBapucTsa (1943 1945).
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e MaKCUMaJIbHa IJImbuHa JiHii
S =1 By o(T)/1,(0). (52.6)

BacrocoByemo dhopmyaty (52.5) 10 po3paxyHKy eKBiBAJIEHTHOL nm-
punm JiHil. 3a o3navenuam (2.16),

W), = 2—Zr§ / (1 - e*”’@z/m“’) d(Aw), (52.7)

Jie iHTerpyBaHHdA BiuOyBaeTbCdA 3a pizHULEID Aw = w — wy, Wy
pesoHaHCHa JacToTa JiiHil, \g = 27¢/wy. Mn cKopucTaanch TyT THM,
wo B Mexax Jjiuii 7§ BEJIMYMHA CTaJIa, a inrerpyBanud B (52.7)
BinOyBaeThCcst (paKTUIHO 1 COPABIl B MeXAaX JIHIA, 1 JIUIe 3aBOAKT
WBMAKOMY 3MeHIIeHHIO Koedimienta normmuanna »'(q) nosa sinieio
MeXi IHTEerpyBaHHs PO3TATHYTI HA 6€3MEXHOCTI.

Bupas (52.7) mae sasiexuicrs Wy, Bl I'yCTMHM HOIJIMHAIOYUX
aromiB, TOOTO Bu3Ha4ae PYHKIIIO 3pocraHds. g BCTaHOBJIEHHHA
il IBHOTO BWTJISAY B 3araJibHOMY BUMAIKY MOTPIOHO MPOBOOWUTHU UM-
ceJsibHe iHTerpyBanHda. OQHAK OPU MAJUX 1 BEJIMKUX I'YCTUHAX BUSAB-
JISIETHCHA MOXKJIMBHAM ITI0 3aJI€XKHICTh “orpumarn pykamu’ . [loamemo
3 masimx rycrus, Kosm »'(q)z < 1 it ekcnomenty min imrerpasiom y
(52.7) moxua poskaactu B psag. Orxe, 0OMEXYIOUIUCH JIIHITHUMY 38
»!(q) wnenamu i BukopucroByoun mius mporo supas (13.18), orpu-
Ma€MO, MIpKYIOUYHM Tak camo, K 1 paHinie, npu obuucsenni (29.4):

Ao o 2 !
7% = d(A 52.8
Ao woﬁcosa / »'(q) d(Aw) ( )

Ao o 2z 2m%e’N

= —r) 7pafa,a (1 _ 6*hw0/71) % / H(a,’l)) dv.

wo “cosd@ mcV

Bukopucraiimo ymoBy nopmyBanua (15.2) mus dynknii Qoiirra i
3HAWIEMO:

W z me2N, _
r/\0 ) A% cos 6 chVafa/a (1 ¢ MO/T> ) (62.9)
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Taknm 9MHOM, €KBiBaJIEHTHA IMUPHUHA CIIEKTPAJIBHOI JIiHI1 BUABJISE,
dAK 1 1epenbadasioch, JiHIHY 3a/I€KHICTh Bif YUCJIa TTOTJIMHAIOIAX
aromiB Ny, = po N, aKI0 iXHA KOHIEHTPAIlisT HE3HATHA.

[Tepexommmo no obumcienns acnvntoTnkn dhynkmnii Wy, pn se-
JIMKUX T'yCTUHAX NONJIMHAKUYMX aromis. Iarerpysarumemo B (52.7)
3a 3MiHHOI v = Aw/Awp:

o

A
Wy, = —UT')\OAL«)D /(1 —e ") dv, (52.10)
w
0 —0oQ
e
l A F —xz?
_x@z A / SR (52.11)
cos 0 v (v—x)2+a?
—oo
1 THMYAaCOBO BBedeHa 3HEPO3MipeHa BeJNInHa
z 2m2e’N, «
A= < (1 - *hwo/T) . 52.12
cos@ mcV fa "7 Awp ¢ ( )

Pobsan B (52.11) 3aminy y = v/vV/A, dbysknio 7 MoxHA 3ammcarn
TaK:

2

1 T e
_x/_%é (v o/VA? + (a/VE)

T

- dz, (52.13)
[Mepeiinimo Tenep y Bupasi (52.10) 10 HOBOI 3MiHHOI iHTErDyBAHHS I:
A oo
Wy, = —OT/\OALUD\/X / (1 —e7)dy. (52.14)
wo
— 00

Y rpanuni A — oo (Besimki rycrunu norsmsaaogux aromis N,/V) 3
(52.13) maemo
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2
—i—i ) I + dx
Ay A
1 3 L) 1
=—|1 - — 52.15
2T (2 : ) AP (52.15)
a norpibuuii inrerpas B (52.14) silerko 069UCTIOEMO:
o
[u-cna - | fioeotnhy,
A—oo .
— 00 — 00
oC oo
: 1/(3 e /v’
= L—e ) dy+ £ (5 - a? dy.
A—)oo/ ( ¢ v+ A\2 “ y* Y
—o0 —00
Ilepmnit inTerpas iHTEIPYEMO IACTHHAMHA
o o0 o0
/ (1 - eil/yz) dy = 2/ (1 - eil/y2> dy =2y (1 - eil/y2>
— 00 0 0
e /v 7
/ dy = (3amina t = 1/y) —4/ dtzQﬁ.
0 0
Hpyruit inTerpaJt:
7 e /v e /v
/ dy =2
— 0o
oo
2/:‘2 gt = £
2
0
Orxe,
[e.e]
3
/(1e7)dy:2\/%+ﬁ S a4 (52.16)
2A \ 2
—00
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Hapewri, 3 (52.14) 3naxoaumo

A 1
Wy, = —Or,\OAwD 2vVmA + 51/% <§ - 042) (52.17)

0 wo 2

abo, Gepyun MO yBaru JIWIIE BEOy9IWil JIEH Ii€] AaCUMITOTUKYA B SAB-
HOMY BULJIAJIl 3 ypaxyBaHHAM TOrO, mo & = y/2Awp, maemo:

Wi, 2\/ z €2N,
’I“[)]\ 0 COSHmC3Vfa a’Y( € ) ( )

Mu orpuMasn HEAHAJITHIHY “KOPIHb-KBAJIPATHY 3aJIEXKHICTH €K-
BiBaJIEHTHOI MMMPWHM JIiHI1 Bifl 9MCJIa TMOTJIMHAIOYUX ATOMIB TPW iX
BUCOKUX rycturax. [Ilpmdaomy, ak 6aanmo, KpuBa, 3a/1€KHOCTI €KBiBa-
JIEHTHOI MIAPUHM Bill TYCTUHYU ATOMIB BUXOOWATH HA II0 ACUMIITOTHAKY
3HM3y ab0 3BepXy 3aJIEKHO Bill BEJIWIWHU TTAPAMETPA (v. Y paxyBaHHA
npyroro noganka B (52.17) moxke OyTn BAXKJIMBUAM JIJ1 3HAXOIRKEHHS
KiJIbKICHOI XapaKTEePUCTUKN XIMITHOTO BMICTy 30pAHOI arMocdepn 3
aHaJII3y CUJIPHUX JIHIH.

3anpomnoHy€eMO TTPOCTY THTEPIOAIRHY (DOPMYJTy 3aJIEXKHOCTI €K-
BiBAJIEHTHOI IMUPWHU CIIEKTPAJIBHOIL JIiHI1 Bif IyCTUHA TOTJIMHAITIUX
aTomiB, sika 00’eOHy€ 3HANIEH] HAMW TPAHWYHI BUMAIKYU OJId CJIa0-
KUX 1 CHJIbHUX JTiHI:

W *
20 la (52.19)

o VI+niXe/27

J1e 3HEPO3MIPEHA I'yCTUHA ATOMIB y CTaHi |a)

« _ Mozme NoJura (1—emerm)
@ mc?V cos 7

(52.20)

a JIOPEeHIIBChKa MWPWHA, JIiHIl 33 TIKAJOI0 IOBXWH XBUJb, 3TIOHO 3
(13.22), nopisaioe v\ = yA%/2mc. Ina maux 3HAYEHD BEJIUIUHY N
3 (52.19) orpumaemo Bupas (52.9), a nust niAg/2y) > 1 Buxonumo Ha
sanexuicTs (52.18). @opmyna (52.19) € 3pyHO0 1714 TONEPETHBOTO
MPUKUIHOTO AHAJI3Yy XIMIYHOTO BMICTY 30pi, OCKIJIbKW OOYMCIEHHS
Ny, 33 BLIOMOIO 3 €KINEPUMEHTY €KBIBAJIEHTHOIO IMUPUHOIO JIiHii 3BO-
IUTHCA OO PO3B’A3KY KBAIPATHOTO PIBHAHHS.
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Mu 3HARIILIIN MOBEMIHKY €KBiBAJIEHTHOI IMMPUHU CIIEK TPAJTBHOT JTi-
Hil IJId MaJINX 1 BEJIMKWX TYCTUH TIOTJIMHAIOYNX ATOMIB, BUKOPHUCTO-
BYIOUM CIPOIIEHY MOfesib armocdepu it He Gepyum 10 yBaru npore-
ciB poscianna. [losra indopmamnia mpo zanexnicts Wy, Bing rycTuam
N,/V s3aknajmena B po3B’a3Ky TOYHOTO HesiHiliHOrO piBHAHHA (8.15),
sKe BPAXOBY€ TAKOXK IBOMOTOHHI MEPEXOnw i I'PYHTYEThCH HA pea-
JicruuHimii mogesri armocdepu 30pi.

['nubuan ciek TpabHUX JiHIR IHIIUX 3ip, O/ AKUX HEMOXKJIABO
BUMIPIOBATH 3aJIEKHICTH IHTEHCUBHOCTI Bif KyTa #, 009mncoeMo 3a
norokoM (2.8) ra Bupasom (51.15) noa I

w/2
F, =2 /cos() I,sin6 do (52.21)

0

00 /2 o

— 2 [dz 52(q) Bua(T) / - Zf »(q) dz'/ cos 0 0 do.
0 0
Baminowo xz = 1/ cos f 3Bincu orpumyemo:
0o
F, = Z/dz 2#(q) By o (T) Ea (1), (52.22)

0

ne inTerpaJibHa MOKasHNKOBA (dyHKIis [19]

By (7) —/ezT dz, (52.23)

a onTudHa ravbwHa T BU3HadYeHa (opmymnoo (51.9).
Orxe, rnubuna ninii Ry, 3riguao 3 o3navennam (2.10), nopisuioe:

F{—F, 1

R, = =
i

Bw,a(T)”c(Q)

X {EQ(T“) - [1 + ”l(q;] EQ(T)} dz,  (52.24)



TyT

oo
= / #°(q) d, (52.25)
z

)

Fy = /Bw o(T)(q) Eo(T°) dz. (52.26)
0

Akmo 3amana mMomesib armocdepu 30pi, To piBaaHHA (52.24), Ak
i dopmysa (52.1), mo3Bosisie B 3arajbHOMY OGUMCIIOBATU TMOMHY
criekTpaJibHOI JIiHil Ta 11 ekBiBaJsieHTHY mupuny (2.12).

§ 53. Teopis momesieit 30psaaux armocdep

Temnep, mob He BimmaaaTrck Bim mpobaemn 0OepHEHO] 3a1axi, KA,
BUHWKAE MPU PO3B 3Ky PIBHAHHSA EPEHOCY BUIIPOMIHIOBAHHS, 00TO-
BOPHUMO TeOpilo Mopesieil 3opauux armocdep. IlocraBumo cobi 3a
MeTy, 3TiOHO i3 33IeKJIAPOBAHNM TTPU3HATEHHAM HAITOI KHUKKH, 13-
T JIMIIE OCHOBHI piBHsIHHSA AJid 100ynoBu momesi armocdepu, a He
CKOHCTpYIOBaTU OnHy 3 HuxX. (CHOBOIO MpWM IHOMY € 3HOBY X PiB-
HAHHS IEPEHOCY BUIPOMIHIOBAHHA W Taki dpyHgamenTa bl (pizugni
MPWHIIATIA 9K 3aKOH 30epekeHHs eHeprii Ta 3aKOHW TENJIOBOl i me-
XaHIYHOI PIBHOBATH.

Y Teopii MmomeJieit 30psiHUX aTMocdep OIHNUM 3 TOJIOBHUX 3aBOAHB
€ BCTAHOBJIEHHSA PO3IOIITYy TEMIEPATYPH B3M0BXK ranbnau. Mu it Ha-
J1aJTi pO3TJISIAEMO TJIOCKOTTapaJiebHy reoMeTpito armocdepn, To6To
BBAXKAEMO, [0 KPUBU3HA IAPiB arMocdepu [ayxKe Majia. Y Ba)aeMo
TAKOXK, 110 arMocdepa Ma€ 3aJaHuil XiMidHui ckaay i nepebyBae y
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cTalioHapHOMY craHi. [HIMMU caoBaMu, BUBYAEMO armMocdepy “cio-
KittHOi” 30pi.

Bsepuimoch a0 piBaaaaga (51.1) 1 miacymyiimo obumsi fioro 1ac-
TUHW 33 TOJIAPU3AMIAMA, TPUAMAIOUN, O KOEMIMIEHT MOTJIMHAHAS
HE 3aJ1eXKUTh Bin nosspusanii « i kyra 6 (taki Tonkowi TyT 3aiiBi):

dl.,(0)
dz
Jle IHTeHCUBHICTh HEMOJIAPU30BAHOTO BUIIPOMIHIOBAHHSA

=Y I,=) Ika (53.2)

a=1,2 a=1,2

cos 0 = —, [1,(0) — B,(T)], (53.1)

i Bigmosimao dynkiiza [Lranka

By(T) = Y Byo(T) =2B,.q(T)
a=1,2
2h w \3 1
- ?(ﬂ) holT 1 (53.3)

a KoeiluieHT HOrJIMHAHHSA

— 5(q)- (53.4)

Inrerpyemo piBaanna (53.1) 3a ycima gacroramu

o

/ w s, [1,(0) — B,(T)], (53.5)

o

TYT 3aJIe2KHa Bij KyTa f 1I0BHA IHTEHCUBHICTD

- / 1,(0) doo. (53.6)
0

PiBugnna (53.5) € TOuYHMM DIBHAHHAM NEPEHOCY BUIPOMIHIOBAHHHA
3 ypaxyBaHHAM OmHOMOTOHHWUX mepexomiB. [lyia toro mob mpocy-
HYTHCH JIaJi, TyT MU He 0b6ifimeMoch 6e3 I0maTKOBUX IPUILYIIEHD i
HADJIMKEHD.
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3anpoBaJIbMO JIeKe yCEePEIHEHE 33 YACTOTAMU 3HAYEHHS Koedi-
[i€HTA TIOTJIMHAHHSA 3¢, TaKe, IO

/ deo 30, [1,(6) — Bo(T)) = 5 / do[L,(0) ~ Bo(T)].  (53.7)
0 0

Brnacue na dbopmysia it Oyme piBHAHHAM 1A BEJMYUHA ¥, 3 AKOTO,
BpenrTi-penrr, Bu3HadaruMemo il 3navenns. Tenep piBaaaua (53.5)
HabyBa€ MPOCTOr0 BUTJIALLY:

cos 6 %(j) =—x[I(0) — B(T)], (53.8)
e PyHKIia
B(T) = /BW(T) doo. (53.9)
0

Pisuannsa (53.8) onucye Tax 3Bany “cipy” armocdepy, To6TO armoc-
depy, vy dakiit KoedimieHT TOTJIMHAHHSA ¢ HE 3aJIEXUTh Bil YACTOTH.
[Mpunywmenns (53.7) nasuBarors HabimxkeHnHaMm cipoi armocdepu.

[epm nix itn nasti, kopucHo maru asuuit Burnan B(T), axwuii
JIErKO 3HAXOAMMO, BUKopucTasimm dynkiio [Tianka (53.3):

oo
2h w3 dw
B(T) = 62(27T)3/ehw/7“1

0
o
_2n (T 4/.7;3(1.7;
22n)3 \ h er — 1
0

Leit inrerpan mopismioe 7/15, i Mu orpumyemo, w0 iHTerpasbua

inrencusnicrs B(T') nponopuiiiHa 10 4€TBEPTOro CTENEHSA TEMIIEPA-
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typu (3axon Credana Bosbumana)®:

s

B(T) = oz

T (53.10)
Ckopucrasnmch o3nadenuam (51.9), mis onrranol rombwHN BBe-
oIMO

o

7= /%dz' (53.11)

z

i sanmmimo piBaaung (53.8) rax:

d1(6)
dr

cos 6

= 1(8) — B(T), (53.12)

inrencusnocri I1(0), B(T) € dbynkuiamu 7 abo KoopauHatu 2 3rigHO
3 (53.11). OckisibKM HEMae BUNPOMIHIOBAHHSA, K€ TAIAE 330BHI HA
noBepxHio 30pi, To npu 7 = 0 Besmauna I(A) = 0, axmo cosf < 0.

Ha po3B’si30k nhOT0 piBHAHHS PI3HUME MeTomaMu OyJio BUTpade-
HO GaraTto 3ycwiib, MOYMHAYX 3 MoHEpChKuX mpams K. ITIBapirmii-
appa, A. Hlycrepa ta A. Egninrrona. Po3s’a30k piBHAHHHA 1 3HAXO-
IKEHHsI IHTEHCUBHOCTI TPUHHATO Ha3wBaTh npobjaemoro MisHa.

Buaiinivo nabmmkennit po3s’a30k pisusanua (53.12) 1 ogHovacHO
BCTAHOBIMO 3aJI€XKHICTh Temreparypu 1 Bim ONTUYHOI TyIMOWHU T.
3 mieo MeTo MpPOoiHTErpyimMo OOWIBI 9aCTWUHM MHOTO PIBHSIHHSA 32
BCIMA KyTamu, CKOPUCTABIIUCH O3HAYEHHAM NOTOKY (2.7) 1 BBOmAYIM
TTOBHWH TTOTIK

TF = /de —/dw > /dQIk’aCOSH
0 0 a=1,2"

STIeii 3akon ekcnepumentaibho BeTanoBuB y 1879 poui ascrpificeruii disnx
Mosed Credan (1835-1893), reopernune mosemenns B 1884 poui 3poGus ascr-
pliicekwnii disuk, yaenp Credana Jlogsir Bomenman (1844 1906). I'. Jlopenm y
cBOiif mpomoBi, mpucesiueniit mam’sri JI. Bosibhumana, Ha3BaB e qOBEIEHHs ClpaB-
KHBOIO NEPJIUHOI TEOPETHIHOI (Pi3UKH.
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= /dw /dQ cosO1,(0) = /dQcos()I(())

0

™
= 2 /1(9) cos 0 sin 6 df. (53.13)
0
Orxe, Mmaemo
1dF
-—=J-B(T 53.14
T (7). (53.14)
Ile CepelHsi iHTer pajbHa iHTEHCUBHICTD
1
J=— [ dQI(0)
4 |

36iraeThca 3 o3HaveHHaAM (2.4), AKe MU BBeJIM PaHilIe.

Ckopucraiimoch Temep 3akoHOM 306epexenHsi eneprii.  Akmo
TPAHCIOPT eHepril BimOyBa€ThCsA JIWIIE TLIAXOM BUITPOMIHIOBAHHS
(BHACJIIOK TOrO, MO TEmIonpoBigHicTh armocdepn myxe mana i
KOHBEKI[if TAKOX HE3HAYHA), TO y CTaHi MPOMEHeBOi piBHOBAru iH-
TerpaJibHUM MOTiK eHeprii mF He MOBWHEH 3aJIEXUTHU Bif TJIMOWHA T,
F = const. Tomy JsiBa wactuna pisaaaaa (53.14) mopiBHioe HyJieBi,
i 0TKe, 3HAXOAMMO, IO CEePEenHsd 1HTer paJIbHA iIHTEeHCUBHICTH

J = B(T),

S dQ1(0) = B(T) (53.15)
47
IJIS BCiX 3HAYEHb ONTUYHOI TMOMHU T abo /1A JIOBLIBHOI KOOPHU-
HATH z, fKa 3B’A3aHa 3 7 piBHAHHAM (H3.11).
[Tounimo, mapenrri, po3s’asysaru pisaauua (53.12). ITpupomno
CKOPUCTATUCh PO3KJIanoM Besimanau I(0) B psam 3a nonxinomavn Jle-
xkanapa (8, 19, 28]

() (4 .
P;(cos@):ﬁ Teosd sin?' 0,

1=0,1,2,...; (53.16)

312



Py(cosf) =1,  Py(cosf) = cosb,

<(‘,OS2 0 — l) ,
3
(COS3 0 — § cos 9) .
5

Py(cos ) =

N W

Ps(cosf) =

N | Ot

Orxe, MAEMO PO3KJIAJL:

o0

= (2 +1)[;P(cos ), (53.17)
=0

MHOXKHUK (2] + 1) Giss koedimieHTIB PO3KJIANY BUIIJIEHO JIJIA 3Py -
nocri. Ilincrasnsemo neit posknan y pisaananga (53.12), ckopucrae-
MOCh THM, 110

[+1

QZ——HIDH—I(COS 9), (5318)

Py(cos 0) cosf = P_1(cos ) +

20+1

i B pe3yJibTari 3HalIEMO:

dl dI
g l—llPl 1(cos @) + lz; (]Tl (Il +1)P;1(cos8)

St ) 50
=0

Y mepiomMy djieHi JIiBOI YACTWHUW [HOTO PIBHAHHS POOWMO 3aMiHy
(1—1)=10,as apyromy (I+1)=1"1, suasmm mwrpuxu ta Gepyqu
JI0 yBarm oproroHaJibHiCTh (byHkmii Pj(cos 6), npupiBasiemo 3JiBa i
cripaBa kKoeillieHTH npu nosiiHoMax JIexaHapa 3 OJHAKOBUMU 3HA-
YEeHHIAMH [:

dl

1
— =1y — B(T
dT 0 ()’
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dl dl;_
(I + 1)& + joii=r (20 + 1)1, (53.19)
dr dr
1=1,2,3,....

[Tpudomy po3B’a3kwu Ii€i cUCTeMU PIBHAHL TMOBUHHI 33I0BOJILHATH
ymoBy: npu 7 = 0 inrencusnicrs I(0) = 0 ma cosf < 0.

O6unciimMo mekinbka nepmnx MOMeHTIB inTeHcuBHOCTI (53.17) 3
€08 6, BAKOPUCTABIIM YMOBY OPTOrOHAJIBHOCTI moJiHOMIB Jlexanapa

8, 19, 28):
/Pl/(cos 0)P(cos0)sinfdf =0, [#1,
0
2

/ P?(cosf) sinf df = TR (53.20)
0

Hynwosuit moment (53.15)

do L
B(T) = / I1(0) = E/Sinf)Z(Zl—l— 1)I; P/(cos 0) df

47

1 ™
0
[Mepmmit moment (53.13)

F dQ2
—_ — —I
1 / p (@) cos b

s

Z(2l +1)]; /Pl(cos 0) Py (cos 6) sinf df

N | =

N W

L / PZ(cos ) sinfdf = I. (53.22)
0
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Hpyruit Mmoment’

K = /gI(F))cosH):/Z? (3P2(cme) ;) 1(0)

o0

= ZQZ+1I;

Py(cos 0)Py(cos ) sin 6 df (53.23)

O\:]

™

1

1 & 2
+ 62(2l+117 Py(cos ) 81n9d9——12+310

\

0

[Mincrasisoun koedinienr Iy 3 (53.21) y nepie piBHAHHA CUC-
remu (53.19), orpumyemo, mo I; = const. Ile oueBmnHO Takox i 3
(53.22). Cnpasni, ockineku [; = F/4, a nosawit norik F' s Gyas-
AKOIO 7T BeJMYMHA CraJia, T0 i KoediuieHr I € crajum.

Hacrynne pisasanns 3 (53.19) npu [ = 1 Take:

2— + — =31;. (53.24)
IaTerpyemo iioro it orpumyemo

2[2 + IO = 3[]7’ + C, (5325)

ge C KOHCTaHTa iHTErpyBaHHS.
Hani npm | = 2 3 (53.19) maemo
dls

3—2 = 5Is. (53.26)
dr

3 ¢isuunmnx MipkyBaHb BuumBae, mo Io — 0 npu 7 — oo. lle
BUIHO 3 TOrO, WO 3i 36ibmeHHsaM rymbuan 7 inreHcuBHIiCTh I(6)
MOBUHHA HAOJMKATUCH OO 130TPOMTHOTO BUMIPOMIHIOBAHHSA AOCOJIFOTHO
vyoproro tita B(T), i Tomy apyruit MoMeHT

B(1)

dQ dQ
K = /—I(G)cos29 — B(T)/—COSQH—
J 4w ] Ar 3

T—00

"Mu BUKOPUCTOBYEMO [/Isi MOMEHTIB 3ara/IbHONPUAHATI NO3HAYEHHS, AKi BBIB
E. Egngiarros.
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A 3 (53.23) maemo

3 1
Ih=-K—--B(T

i omxe, Iy — 0 upu 7 — oo. Ilpunycrumo, mo Ir ~ e P7, g > 0,
pemrra Beqmawd [; 3 [ > 3 TakOX MPAMYIOTH 10 HYJIS, KOJIA T — 0O,
AK 1€ BUIIMBAE 3 piBHAHB (53.19).

Orxe, piBasunas (53.26), ax i macrynni 3 cucremn (53.19), nos
| > 3 3a/10BOJILHAEMO I1JICTAHOBKOI)

I =Ae P 1>2 (53.27)
AL B crani Besmaunau. [Ipmaomy 3 piBaannaa (53.26) sunnusae,
1o
Ay— = a (53.28)
3 — 3,6 25 .

a 3 (53.19) mpu [ > 3 gna pemTu craanx A; MaEMO peKypeHTHe
CIIBBIHOLIEHHS, siKe 3B ’d3y€ 1X 3 Ag:

B+ 1Ay — BlA_ = (2L +1)4;,, 1>3. (53.29)

Besimuunu A; nosunni 3abesneantu mia I(6) 3 (53.17) we it nopar-
koBy ymoBy: I(6) = 0 s cos < 0 ipn 7 = 0%,

B6uparouun pazom HeobximHi Bupaswm, 3anuniiMo pos3s’a3ok (53.17)
y ABHOMY BUTJIAIL

3
1(9) = B(T) + J Fcos 0 + e 7T (21 + 1) A Pi(cosb). (53.30)
1>2
Onmouacuo dhopmyna (53.25), axy, ssaxaoqn na (53.21), (53.22) Ta

(53.27), sanumemo y Burssi

3
B(T) = 3Fr+C - 2A5e 7, (53.31)

8Qunn 3 MOXKIMBUX PO3B’A3KIB pekypeHTHNX piBHsaHb (53.29) € Takum: A; =
(—)!'A, A = const, 8 = 1. Opuax pisuanns (53.12) sumarae, mo6 A = (. Ilixaso
Takox, mwo piBHAHEA (53.12) Mae Tounuil poss’asok: [(f) = c1 + co(T + cosf) +
cze P /(14 Bcosh), B(T) =ci1+cat+cze” 7, ¢1,¢2, 3 — crasi; ane y3romKenns
mnx GopmyJT, Binnosigao mo ozuavenns (53.15), sumarae, mo6 3 = 0.
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nae 3 ypaxysanaam (53.10) mykanuii po3noaisa remieparypu 3a/1ex-
HO Big ryimOmHM.
SAxkmo B posksanai (53.30) o6MexRUTHCH JiMIIe ABOMA [IE€PUIMMU

nogankamu, TooTo nokgactu As =0, A3 =0,..., T0o
3
I1(0) = B(T) + ZF cosf, (53.32)
3
B(T) = ZFT +C. (53.33)

Crauy inrerpyBanasa C 3HailmeMo 3 yMOBU, IO Ha MOBEPXHI aTMOC-
depu, konu T = 0, remneparypa T = Tp:

B(T) = %FT + B(Ty), C = B(Ty). (53.34)

Hapemrri 3maiimemo crasy F. 3posywmijo, mo HammMm HAOJIN-
xKeHnuMm po3s’askoMm (53.32) Mu HE 3MOXKEMO 3a/I0BOJILHUTH YMOBY
I(6) = 0 npu 7 = 0, akmo cosf < 0, TOMy HaKJIATAEMO CJIADITY
yMOBy. CKOpHCTAEMOCH THUM, MO MOTIK BUIPOMIHIOBAHHSA, AKUI Ha-
JIA€ HA LOBEPXHIO arMocdepu, JOPIBHIOE HYJIEBI:

w/2
27 / I(0) cosfsinfdd =0, 7=0. (53.35)

Bukopucrosytouu (53.32), 3Biacu maemo
/2
3
/ cos 0 [B(To) + ZF cos 9] sinfdf =0

™

abo, IHTEIPYIOYH, OIEPKYEMO
F =2B(Ty). (53.36)

Ocrarouno 3 (53.32) ta (53.34) 3naxonmmo

1(0) = B(Ty) <;T+ 1+ gcosf)> ,

B(T) = ;B(To) <T + %) , (53.37)
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a 3 ypaxysanuam (53.10) maemo posnomin remneparypu B 30psHiii
armocdepi

3
T =T, (1 + §T> . (53.38)

3 (53.37) mna 7 = 0 OTPUMYEMO 3aKOH NMOTEMHIHHA Bif HEHTPA 10

Kpalo OWCKa 30Pi:
1(0) 2 3
——=—(14=cosf]. .
0 "3 ( + 5 CO8 ) (53.39)

Hesaxko 3naiitun nacrynne nabsmxenns nuis inrencusuocti 1(6),
kosm Ay # 0, a posnomisi remneparypu 3aa€Thcs 3aKoHOM (53.31).
Mu me Oymemo uM 3aiiMaTHCh, 3BAXKAIOYN HA HEBEJIUKY IIHHICTH MO-
neJti cipoi armocdepn I iHTeprpeTarlii 30psAHUX CITEKTPIB, a TAKOXK
HA Te, WO TOYHMI po3B’a30K piBHanHA (53.12) (quB., Hanpukam, [5])
MPAKTHYIHO 36ira€ThCs 3 M TOJIOBHUM HAGJIMKEHHAM' .

Orxe, piBuanna (53.38) pasom 3 03HAYEHHAM ONTUYHOI raMOW-
au 7 Gopmynoo (53.11), y dke BXOOMTH ycepemHerui Koedimient
MOTJINHAHHSA 3¢, BU3HAYAE 3aJIEXHICTh TEMIIEPATYPU B 30PAHI aTmo-
cdepi Big KoopauuaaTu z. YcepenHeHui KoeilieHT i MOXHA UIYKATH
CnoYarky 3 mpocTimoi ymosu, Hixk (53.7), yBaxkaroum, 1m0 BOHA BH-
KOHYEThCHA JIJIs KOXHOIO JIO[JAHKA. J0KPEMa, MOXKHA IPUAHATH TAKE

O3HAaYEHHA:
oo [ee]
5= / 30 B (T deo / / Bo(T) du. (53.40)
d '

[HmmMMuE ciioBaMu, BeJIMauHA ¥ JOPIBHIOE CEPEIHBOMY 3HAYEHHIO KO-
edimienTa moraMHAHAA 3a po3mnomisiom [laanka.

Taknwm unnom, pisasanng (53.11), (53.38), (53.40) 38’ asyrors mix
cobor0 remueparypy 1 1 IyCTUHY 4acTUHOK B arMocdepi s KOxK-
HOTO T ab0 KOOpAWHATH Z.

9Tounuii po3p’s30k mpobsiemn MijHa HE3HAYHO BiAPI3HAETHCS Bil PO3IJIAHY-
Toro HaG/MKeHHs: Hanpuksian, y (53.37) B kpyriux QyxkKax 3aMicTs 2/3 Maemo
MOHOTOHHO 3pocTaiouy dbynkmio Bix 1/4/3 = 0.577350 mpn 7 = 0 mo 0.710446 pu
T = 00.
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st Toro mob 3HAWTHA 3aJ€XKHICTh TEMIIEPATYPH #t TYCTUHEA Jac-
TWUHOK JIVITITE Bill KOOpAWHATH z, HeobXigHe momarkoBe piBHsHHsA. [le-
PEXOMUMO JI0 BCTAHOBJIEHHH 1Ie OMHOTO (DYHIAMEHTAJIBHOIO PiBHSAH-
HA B Teopii Mmometeit sopssanx armocdep. Bukopmcraitmo mas mporo
YMOBY MEXAaHIYHOI piBHOBArM, OEpyduM 0 YBATW CTATUIHUN BUMAIOK.
[amuMuT ciroBaMu, rOBOPUTUMEMO PO TiIPOCTATAYHY PIBHOBATY, AKa,
JIOCATAETHCH i€ HA PEIOBUHY arMocdepH, 3 OIHOTO HOKY, CUIIH TH-
XKIHHSA, HANPSAMJIEHOI 10 IMEeHTpa 30Pi, a 3 APYroro 3PIBHOBAXKY-
BAJIBHUX CHUJI TA30BOTO TUCKY TA TUCKY BUMPOMIHIOBAHHSI.

PosriisgiabMo esieMenTapiuii 06’€M 1J10CKOnapaJiesibHol arMocde-
pu AV = AsAz, sikmit onmpaethes Ha miomanky As. Bin mae Bary
pgAsAz, ne p  rycTuHa pedoBuHE arMocdepu, Mo JOPIBHIOE Kijlb-
KOCTI Macy HA OIWHUIIIO 00’€My, g — TPUCKOPEHHSI CUJIN TAXKIHHS.
I1st Bara 3piBHOBAXYETHCHA CHAJION, IO CTBOPIETHCA PI3HUTIEIO TUCKIB
i3 mBOX GOKIB eleMeHTapHOTO 06’€My, TOMHOXKEHOIO Ha €JIEMEHTAPHY
mwiomaaky As. Orxke, piBHsAHHA PIBHOBAI'M TAKe:

pgAsAz = —APAs,

3HAK “MiHyC” ypaxoBy€, IO TUCK 30LJIBIMYETHCA 31 3MEHIIEHHIAM Z.
SanuniimMo e piBHAHHA B qudepeHiiaapHiit popmi:

apP
dz

Tuck P cKIAIAETHCA 13 CyMU Ta30BOTO TUCKY Pj, IJ1d 9KOr0 MOXK-

pg. (53.41)

Ha BUKOPWCTOBYBATHU PIBHAHHSA CTAHY iJIEAJIHBHOTO rasy

N,
p=TY" 7 (53.42)
c>1

N,  KiIbKIiCTh YACTUHOK COPTY €, TA TUCKY BUIPOMiHIOBaHHA [15]

4
Py = 55 4 (53.43)
c
ue crasaa Credana Bosbumana,
2
T
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Orxe,
P=P + P, (53.45)

aJsie, sk npasuio, Py < P, (manpuknan, nna Conus), i tomy 6epyTb
II0 yBarw JINIIE TA30BUil TUCK.
I'yctura

N,
p= E chc, (53.46)
c>1

JIe M,  Maca YACTUHOK COPTY €, 3 AKUX CKJAJIACTHC 30PAHA ATMO-
chepa. Hx yxe HEOTHOPA30BO MiIKPECIIOBAJIOCH, arMocdepa 30pi
MICTHTB, B OCHOBHOMY, BOJIEHb Ta foro fonu (Bomuio ~ 90% i resito
~ 10% ximiunoro ckaamy armocdepn).

PiBusnnsa (53.41) moxna nepenucaru uepes ycepennenuit koedi-
[I€HT MOTJIMHAHHSA Ta, ONTUYHY TJINOWHY:

dP

il 53.47
dr ( )

NIBS

Takum umHOM, cucTema JIBOX piBHAHB 1y Temneparypu (53.38) i
i Tucky (53.47) ta dbopmyd, 1mo o6CayroByOTh iX, pO3B’A3YIOThH
npobsemy Bubopy mMogesi armocdepu B HabJIMKEHHI “cipoi” arMoc-
depu. 3po3ymisio, IO Iie JIUIIe HyJIhOBe HADJIMKEHHS, JINIIE TePIIit
KPOK BHUXOIy i3 3a9apoBaHOrO KoJia obepHeHoi 3amaqdi. Ilicoasa Bcra-
HOBJIEHHA ITi€1 HYJIhOBOI MOJIEJTI MOXKHA, MEPEXOINUTY OO MOIAJTBINOTO i1
Y3TOMKEHHS 31 CIIOCTEPEXYBAHUMI BEJIMAMHAMY BXKE 3 YPaXyBAHHAM
4aCTOTHOL 3aJ1e2KHOCTI KoedilienTa norimHand. SAKmo mix obguc-
JIEHWMU 1 CIIOCTEPEXK YBAHUMY CIIEKTPAMU JOCATHYTO IOCTATHRO 100-
POTO y3roIZKEHHSH, TO TOBOPATH, 10 MOJIEJIb PEICTABIAE (penpes3en-
TYy€) 30p1010. s Conmsa mogenb armocdepn MOXKHA MiIgaBaTh He-
TaJbHI# TIePeBipIli, OCKIJIBKY [IJIg HBOTO JI00pE BiOMi MPUCKOPEHHS

TIpouec TBOpenns Gyub-sK0i MozmesIi € nogBoEHHsM peanbrocTi. OGpasoTBop-
Ye MUCTEITBO TAKOXK IMOIBOIOE PEaJIhbHICTh, AK 1 3BMualine n3epkasio. [I3epkasio
TBOpuUTh iHmwuii CBiT, gakuil Gi3MKN HAMATAIOTHCSA 3PO3YMITH Yepe3 MPOTUIEK-
HO3HAKOBI 3apsiam, CiHU, iMIyJIbCH, IHIII KBAHTOBI YMCJIa 9aCTHHOK MIKPOCBITY
(Tax 3Bama Teopema mpo C PT-imBapianTHicTh). IlisHAHHSA HABKOJTMNIHOCTI 91 [10-
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CWJIN TsXKIHHSA, BEJIMINHA IOTOKY €HEprii, MOBEepXHEBa TEMIIEPATYPa
Ta BEJIMKA KIJIbKICTH iH(opMaIlii, 0 BUJIyIa0Th 31 CIIOCTEPEXEHD i
BUMIPIOBAHBb HEMEPEPBHOTO Ta, JIHIHIACTOrO COEKTPA.

§ 54. Ximiunuii anai3 30paHMX aTMocdep

Armocdepa 30pi Malike CTOBIICOTKOBO CKJANAETHCA 3 BOLHIO Ta,
reJjiifo, pemTh XIMIYHWX eJIEMEHTIB Ha HEKiJhKa TIOPSIKIB MEHIIe.
OpHak cuekTpaJibi JiHIT ATOMIB CaMe IUX eJIEMEHTIB JAl0Th 3HAYHY
indopmauio i upo 6ynoBy armocdepu, i npo dizuuni npouecu, dAKi
BigbyBaoThca B Hilk. OTXKe, BUBHAYEHHSA XIMITHOTO BMICTY €JIeMEHTIR
y 30paHuX armocdepax O[THA 3 BAXKJIMBHUX 33J1a9 JIOCJIKEHHHA
armocdepn.

Panimre Mu BxXke TOPKAJMCH MATAHHA PO BU3HAYEHHS KiJTHBKOCTI
aTOMIB B OOWHUII 00’€My 3a XapaKTEpPOM IXHIX CIEKTPAJbHUX JIiHii.
Ilepmmm KpokoM MOXKe OyTH TPUKUIHE BCTAHOBJIEHHS 00’ €MHOI TyC-
TUHT aTOMIB y CTaHi |a) 3a rymbnHOIO JIiHil a0 eKBiBAJIEHTHOIO TMUPH-
Ho. Hacrynaum xpokom, mo yrounwoe orpumane 3uadenns N, /V,
€ Y3TOIKEHHS MLJIIXOM MATaAHAHH TYCTUHU ATOMIB TEOPETUTHO PO3-
PAaxXOBAHOTO KOHTYPY CHEKTPAJIBHOI JIiHII 10 HOro CIocTepex yBaHUX
3HAYEHb.

[MTounimo 3 ananisy caabkux giniit (ry ~ 0.10-+-0.15), Koam MOXKHA
BUKOpUCTATH JIiHIAHY Aingaky kpuBoi pocty (52.9). Ina BukJoven-
He TOBIIWHU 0OEPTAIOYOTO MAPY 2z 3 IHOr0 PIBHIHHA MOXHA CKOPUC-
TATUCHh THUM, 1[0 AKTYyAJbHUMM TOBIUIMHAMUA € Ti, sIKi 33810BOJIbHAIOTD
YMOBY:

z7°(q)

~ 1. 54.1
cos 6 ( )

pOroi0 MHUCTEITBA, U0 POOUTH XYHOXKHHUK, 9 depe3 MareMaTudHi GopMy iH, o
poburk yuenwuii, un depes Bipy 3aBxau Hue nisaxom nogsoenns Ceity ta “npn-
nmacoByBaHHs” 00pa3y abo Momesii 10 TOro, IO MW BLIYYBA€MO, 1 BAaXKO CKA3aTH
3 MeBHICTIO, M0 3 HUX nepBuHHe. llpuramaemo, mo serengapuuii [lepceit Bing-
Tsn rostoBy Memysi Toprowi, KOprcTyiouns MiZHIM IMWTOM K D3epKAIOM, mob
VHUKHYTH 11 NOIVISILy, AKnil mepeTBOPIOBAB yce xkuBe B kaminb. Hasememo e,
MOXKe, OUBHY, ajie # mikaBy AyMKy dpaHIy3pkoro nucbMenHuka Jleona Biya
(1846-1917) 3 itoro “T'ipchxoro Crapusa” (1909): “Pamomi mporo cBiTy mMOoxyTh
BUSIBUTHCDH IIEKEJTBHIMHI MyKaMH, I00AYEHNMI B 13€PKAJI MepeBepHyTuMu’ .
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[Tpocto nuxHI mapu armMocdepn BxKe He TaBATUMYTh Cy TTEBOTO BHEC-
Ky B inTencusHicTh I,. Y pesyantari 3 (52.9) smaxommmo:

we? N,
Wy = N— "2, 54.2
Ao OmCQZ(q) vV faa ( )

Crauy 7"9\ i nocsiaboBanbaul (GaKTOP HA BUMYIIIEHE BUIPOMIHIOBAH-
He 3 (52.9), BeJIMUMHA AKUX € TOPAJKY OAWHMIL, sK 1 CTaJia Mponop-
nitinocri B (54.1), Mu o6’eqHANM B OIMH MHOXKHUK 1, BPAXOBYIOUM
OIIHHMH XapakTep HANINX PO3PAaXyHKiB, MIPUPIBHAJMN HOr0 10 OOAHUA-
.

Ao Mu 3BEPHEMOCH 10 €KBIBAJIEHTHOI MUPWHA CIIEKTPAJIBHOL
ginii (2.12), saka Bu3HaUaeThCs 3a MOTOKOM (2.8), TO morpibHo Oy-
ne npoanaJiizyBaru Bupas (52.24). Jlerko 6aumrm, mo mis caabrkux
JIHIT, KOJIM MOXJIMBUI PO3KJIAL 33, %l(q), KOHTYP TJIMOWHY JIiHII MO0-
BTOPIOE KOHTYD Koedimienrta norunanug B yinii: Ry ~ 2! (q). Haui,
iHTEerpy0vn 3a YacTotaMm B Mexax Jiinil anasoriano o (52.8), mwu
3HOBY mpuiiemo 10 dhopmynn (54.2).

PosrnstabMmo JTiHII, fKi BUHUKAIOTH IPU MEPEXOMi 3 AeAKOTO 30y-
IKEHOTO cTany |a). Bymemo BimpaxoByBaTu enepriio Bim emeprii oc-
HOBHOTO crany Fy. YBenemo 0o3HadYeHHsI NOTEHIIAy 30yIKeHHs

Xa = Eq — Ep, (54.3)

OYEBMIIHO, IO X, > (. Pi3HWIO MiXK TOYATKOM HENTEPEPBHOTO CTEKT-
pa it eHepriero OCHOBHOTO CTaHY HA3WBAKTH eHeprier worizamii. ITig
N, B (54.2) posymiemo kinbkictb aromis y crani 3 emepriero Fg, i
oTxe, TOTpi6HO GpaTn 10 yBaru sBuimie Bupomkenus . Tomy Besmn-
quna (4.8) Ty nopisHIoe:

—E, /T
ga€
B 54.4
Pa Za gaefEa/T’ ( )
e gq KPATHICTh BUPOMKEHHsI EHEPTETUIHOTO PiBHA, TOOTO Kib-

KiCTh CTaHiB 3 eHeprieio F,;, HA3WBAIOTh TAKOX CTATUCTUIHOIO BArOk0

" Mus. saypaxenus micas dopmysm (13.3).
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PiBHHA; TYyT KBAHTOBE UMCJIO ¢ HYMEPYE BXKE HE CTaHW, a PiBHI. 3amu-
memo 1eit Bupas depes norentias 30ymkennsd (54.3) i miaa N, = Np,

3HaAIEeMo
673(11/71
N, =Ny, , (54.5)
u(T)
Ile aTOMHA CyMa CTaHIB
u(T) = gae X/, (54.6)
a
a N — 1e moBHA KIJBKICTH aTOMIB HEAKOTO XIMIYHOTO €JIEMEHTa B

armocdepi, cuekTpaJibHi JIiHIT 9KOr0 BUBYAEMO.

Tenep, migcrapnsawoun (54.5) y dopmysy (54.2), sHaxonuMo Bu-
pa3 [IJid eKBIBAJIEHTHOI IIUPUHA CIEKTPAJIBHO] JIiHIl B TAKOMY BUTJISA-
i

2
2 TE€ N gafaa e*Xa/T‘

Ome2s(q) V u(T)

Wi, = A (54.7)

KpwuBy 3pocranns 3pyuro 6ymayBaTn 3a JJorapudmMiTHOIO MK aJI0I0.
3HEPO3MIPIOIYY €KBIBAJIEHTHY HIMPUHY JIOBXUHOK XBUJH Ag, Jiora-
pudmyemo Bupas (54.7):

Wi\ Xa me? N
In ( )\0 ) =1In ()\[]gafala) - ? + In (W?) . (548)

Hac me moBmaHO TypbOyBaTm Te, 1m0 y mpasiit 9acTuHI IbOTO PiBHAH-
HA MO 3HAKOM JioraprndmMa MAaEMO PO3MIpHI BEJIWINHU, AKIIO € I0-
MOBJIEHICTh BUMIPIOBATH B TMX CAMUX OJMHMIAX JIOBXWHU (HANDH-
KJIAJI, B AHTCTpeMax) IOBXKWHY XBUJ Ao, KJIACHIHWUIA PaIiyC eJleKT-
pona e?/mc? it obepreny Besimunny Koedili€nTa NONIMHAHHA B He-
nepepBrOMy criekTpi 1/3¢%(¢q). fkmo rtemep mobymysarn GbyHKIIIO
y = In (W), /o) Bz 3mianoi £ = In (Aggafare), TO OTPUMAEMO LPAMY
3 maxusioM B 45°, sika Bijcikae HA OCi OpOWHAT 3HAYEHHSA

el N) Xa

Yo =1n (ch%C(q)u(T) i T (54.9)
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Orxke, BUMIDIOIOYM EKBIBAJIEHTHI MIUPUHEU Cepil CAabKux JiiHik
aTOMIB KOHKPETHOT'O XIMiYHOTO eJIeMeHTA IJIA 3aJaHOTO TTOTEHITiaJTy
30yIKEHHSA Yo, MU [IOBUHHI OTPUMATHA TOYKH, HIO JISITAIOTH HA MPHA-
my. Posrosmarouwm cepii jiiniit 3 pisHnMu norenmiajgamMu 30yIKeHHS,
OTPUMAEMO HU3KY MAPAJIEJbHUX NPAMHUX. 3a BIIOMUM 3HAYEHHSIM
Yo 3HAXOOAMMO ADCOJIIOTHUN XIMIYHWEI yMmicT ejeMeHTa, TOOTO KiJjih-
kictb aromis B ommuuii 06’emy N/V | ockinbku BCi penrra BevanHu
B (54.9) Bigomi.

Benmky momoMory npu KOHKPETHUX YUCJIOBAX PO3PAXYHKAX MOXK-
Ha orpumaru 3 AoBigHuka [30], y sKOMYy KOMOAKTHO # mOoBHO 3i6paHo
9HUCJIOBI 3HAYEHHS Pi3HUX (DI3UIHUX BEJWYIWH, AK1 BUKOPUCTOBYIOTH
B acrpodizuni. Ciin, oHAK, TaM’ATaT, MO TPURHATI 3HAYEHHS aC-
Tpoi3MIHNX BEJIMIUH IMOPOKY 3MIHIOIOTHCH, I KOJW MOBa ime mpo
npenusiiHi obuncsIeHHs, HeOOXiAHO BUKOPUCTOBYBATH HAKHOBIMII 1a-
Hi 3 XKYPHAJBbHUX CTATEN.

He 6ymemo 3ynmHATHCH DOKJIADHINIE HA IBOMY AHAJI31, a JMIIe
3ayBakmmo Take. Ha mpoMy Tak 3BaHOMY METOAi KPWBOI 3POCTAaH-
He BU3HAYEHHs XiMIYHOIO BMICTY €JIEMEHTIB y 30paHux armocdepax
IPYHTYIOTHCHA 9UCJICHHI ITOCJIKEHHSA. 3yCUJIJIA 0ararhox ITOCIIiIHA-
KiB 30Cepemkeni Ha Woro BOOCKOHAJIEHH] NMIJISXOM Pi3HUX HAOJIMXKe-
HUX BUPA3IB [Jid IJIMOWHU TA €KBIBAJIEHTHUX IMUPHAH CIIEKTPAJIBHUX
JIiHI 3 TPYHTOBHUM AHAJII30M HETOYHOCTEH, MOB’sA3aHUX i3 Pi3HOTO
POy HEHAMIAHOCTAMU B YUCEJIbHAX 3HAYEHHAX CTAJIOl 3araCaHHd,
CWJI OCIIWJIATOPIB, MiKPOTYPOYJIEHTHX MIBHIKOCTE ! 2.

Cy4yacHi KOMI'TOTEPH]I MOXKJIMBOCTI TPOBAIRKEHHA O0YUCIIEHD 10~
3BOJIAIOTH TPAIIOBATA HE JIUIIE 3 €KBiBAJIEHTHUMW TIUPUHAMUI, a 3
HANITHO BUMIDAHAMEI KOHTYPAMH CIIEKTPAJIbHUX JIHIW 1 TOpiBHIOBA-
TH X 31 3HAAEHUMEI 3 PO3B’ 3Ky TOYHOTO PiBHAHHS MEPEHOCY BUIIPO-
minoBannasa (8.15). Marwoun “B pykax” Taxi BiabHI napamerpu, K,
HAMPUWKJIAL, MBUIKICTH MiKPOTYPOYJIEHTHUX PYXiB PEIOBUHU ATMOC-

2MucrenTBo inTepnperamii CIoCTepexeHs HA OCHOBI TEOPETHYHHX PO3PAXYH-
kiB Bumarae “Haburoi pyku”. ABTOp 31 WMPUM NOAMBOM He pa3 crocrepiras, 3
SIKOIO JIETKICTIO 1 CMIJTMBICTIO €KCIIEPUMEHTATOPH “KMIAI0OTHCA” TOHKMUMMU, 3 TIOTJIA-
oy ¢disuka-TeopeTnka, BeIMINHAME i TOHATTAMH, K1 BIH JEJIIKATHO i 00€pexHO
Busiydae 3 ¢opmyst. Auie, mabyrh, came us “damisbapuaicts” y crocyHkax i3
My (HI3SUIHUME BEJTMYMHAME 1 BeJle eKCIIEPUMEHTATOPIB 10 YCIiXy.
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depu 30pi, MOKHA Npenu3iiHine Bu3HaYaTu abCONOTHI 3HAYEHHS 11
XIMITHOTO BMICTY, & TaKOX CTYTMiHb BIIXWJIEHHH Bif JIOKAJIFHOI Tep-
MOAWHAMIYHOI PIBHOBATH.

§ 55. BnuiuB obepranHsa Ta myJbcallil 3ip HA CIEKTPaJIbHI JIHIL

[Tpm anaJisi 3opsaAWx armocdep OOHWUM i3 3aBOAHB JOCJIITHUKA
€ BUBYEHHsI BIUIMBY OOEpTaHHsI 30pi HA CHEKTP il BAIMIPOMIHIOBAH-
HA. DByso 6 guBHMM GauwmTwm 30pr0, mo HE 06epPTAETHCH, TOOTO MO-
MEHT IMITyJIbCy SKOI mopiBHIOBaB Om mysesi. Disuvni mMexanizmm ix
MOXOIKEHHS TA 3aKO0H 30epexkeHHss MOMEHTY IMIYyJIbCy BUMAraioTh,
o6 30pi obeprasnch. Besnaunuy KyToBOI NIBUAKOCTI 06epTaHHS 30pi
MOXHA BUBHAYUTH, JOCJIIKYIOYM 3MiHYy HPOQIIiB AaTOMHUX CIEKT-
paJIbHUX JIiHIA.

Posmmpenns criekTpaapHAX JIiHIK 1epe3 obepTaHHs 3ip 3yMOBJIe-
HE PI3HUMU 33 BEJIMIMHOIO 1 3HAKOM JIOMTJIEPIBChKUMU 3MIIIEHHIMA
9aCTOT BUIPOMIHIOBAHHHA, siKe #e M0 crocTepirada 3 Pi3HUX TOYOK
NOBEPXHi 30pi, OCKIJILKW BOHM (IIi TOYKM) MAIOTh Pi3HI MPOEKIIil Ji-
HIffHOI IIBUAKOCTI HA TIPOMiHB 30DY.

Bubepimo cucremy KoopauHAaT, OB’ A3aHY 3 30pe0 Taxk, mob Bich z
Oysna HanmpsaMJIeHa Ha criocTepirada (nuB. puc. 20), a BEKTOpP KyTOBOI
mBuaKOCTI 30pi 2 sexa y mwionwai £ = 0 mig KyTom 6 10 HANPAMKY
30py 2. YBeOiMO OOVWHWYHI BEKTOPU €, €y, €, Y3IOBX oceil z,y, 2.
Orxe, BEKTOP

Q= e,sinf +e,Qcosb.

Jliniifina mBUOKICTH eJIeMeHTa TMOBEPXHI 30pi B TOYII I JIOPIBHIOE, 32
O03HAYEHHAM, BEKTOPHOMY JI00YTKOBI:

e, €, € e, ey e,
v=[Qrl=]0Q, Q, Q,|=| 0 Qsinf Qcosh (55.1)
r Yy =z z Y z

abo

v = e,8(zsinf — ycosh) + e,Qx cos — e,Qxsinb. (55.2)
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AN

Puc. 20. Cucrema KOOpAMHAT MOB’s13aHA 13 30Per0, MO 00EePTAETHCS 3 KYTO-
BOIO mBUAKICTIO ).

Ot1xe, MpoeKIlisi HA TPOMIHb 30PY JIHIWHOI MBUIKOCTI aroma, M0
BUITPOMIHIOE

v, = —Qxsinf,
BIZIMMOBITHO JIOMIIJIEPIBCHK A 3CYyB 9aCTOTH

w—wy Uy

wo C
a CrocTepexyBaHa 9acToTa
ng .
w=wy— ——xsinb, (55.3)
Ie wy ~ YaCTOTa BUIIPOMIHIOBAHHA HEPYXOMOTO ATOMA.

A0 iIHTEHCUBHICTH BUIIPOMIHIOBAHHA 3 HEPYXOMOI 30pi IOPiB-
"10€ Iy o, TO 1171 30pi, MO 00epTAETHCA, CIOCTepeKyBaHa IHTeHCHB-
HICTh € BEJIMIUHOIO, YCEPETHEHO TI0 BCi#t BuamMmiii [i1a crioctepirada
MOBEPXHI 30pi, TOOTO M0 BChOMy mmcKy. lle ycepemHenHsi MU TTO3HA-
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9a€MO roCTpuMHU KyTOBUMUA ,[Ly}KKa,MI/I]gl

dz dy I
$2+'£2f<R2 Yk wo—rwo(1—Qxsind/c)
= Ik,()z - — s (554)
[ dedy
22 +y2<R2

me R pagiyc 30pi. OueBugHO, Mo JBOKPATHUAN IHTEI PAJI Y 3HAMEH-
HUKY IIHOTO BUPA3y JIOPIBHIOE TJIONI BUAWNMOTO JINCKA, TR2.

fIxmo He BpaxoByBaTH 3aJ1€2KHOCTI iHTencusHOCTI Iy o B KOOD-
IUHAT, TOOTO AKIIO HE BPAXOBYBATU TAK 3BAHE MOTEMHIHHSA 10 KPAIO
JIUCKA 30Pi, TO Ie yCepeqHeHHs MOXKHA BUKOHATU B 3araJbHOMY BU-
manky. Hacammepen 6epemo mo yBarm Te, IO iHTEHCWBHICTH JIiHIl
Iy o ax dynxnia gacroru € GpakTUIHO PYHKIIEIO PISHUI YaCTOT:

I o = Ixo(w — wo), (55.5)

e wy — pe3oHaHcHa JacTtorta JiwHii. [Ipw posdpaxyHkKy posmwpeHHs
CHEKTPAJIbHO] JIiHII PI3HUMEU MexaHI3MaMu rOJIOBHAW BHECOK HAE 3Mi-
MEeHHsT PE30HAHCHOI YacCTOTW Wy CaMe B Il pi3HUII, a He y CTaJlii
3aracaHHs vy, HE B JOMILJIEPIBCBKOMY 3CYBI 9acToty Awp 9u B IHIIAX
MHOXHWKAX, AKi 3 TOYHICTIO 0 BEJIMINH 3HUKAOYOI MAJINZHU MOXK-
HA B MeXkax JiiHil BBaxaTu craaumu. Tomy Bupas (55.4) sanucyemo
TaK:

[ [ drI;dyIk,a(wfwo(lmesin9/0)>
m2+y2§R2

< Ik,a -=
[ [ dzdy

m2+y2§R2
(55.6)

[ [ dzdy [ dw'[k’a(w—w')é[w'—wo(l—stin@/c)
m2+y2SR2 —00

[ [ dzdy
,’132—|—y2 SRQ

13Take nosHaueHHs Mi BUKOPUCTOBYBasM B § 14 pu onuci BIJIMBY MakpoTyp-
Oy/JIeHTHUX PyXiB B arMocdepi 30pi Ha KOHTYPHU CIEKTPATHHUX JIHIN.
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abo

<Ixo == / I o(w— w')P(w') dw', (55.7)
e pyHKIia
[ [ dxdyé[w—wg(l—stine/c)
P(w) = 2= (55.8)
J[ dzdy
12+y2§R2

€ upodisiem, y dakuii obepraHHa 30pi HEPETBOPIOE KOHTYP Oe3Mex-
HO BY3BKOI CHeKTpaJsibHOI JiiHii. (Txke, cnocTepexyBaHuWii KOHTYP
(55.7) € 3BMUAIHOI 3rOPTKOI0 XaPAKTEPUCTUYHOL JIJIA bOTO MeXa-
Hi3My posmpenns GyHKIHI P(w) 3 KOHTYPOM, 10 He BpaxoBye o6ep-
TAHHS.

[Mepeiigimo 10 obuncenns cnek rpaabHoil byHkIii P(w). Hesbra-
dbyukuiza B (55.8) n03BOIAE €J1IEMEHTAPHO BUKOHATH 1HTEI'DYBAHHA 34
x:

1 c
P = dy. 55.9

() TR2 wylsinf / Y ( )
2

(w—wg)e
[woﬂ sin9]+y2SR2

TyT Mu BUKOpUCTAIM TaKy BaacTuBicTh aenbra-pynkuil: d(a+bzr) =
d[b(a/b+ )] = (1/b)é(z + a/b), a,b — crami.

3 yMoBH, IO HAKJIAJIEHA B iHTErpaJjii HA ¥, BUIJIMBAIOTH MEXI1
inTerpyBanHsa: —yy < y < Yo,

2
o — R\/l - <‘*’ “’“) , (55.10)
WR

Jle XapakTepHUil myia obepTanHs MacmTad HOMIJIEPIBCHKOTO 3CYBY

qaCTOTHU

- Ru)()Q

C

WR sinf. (55.11)
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Orxe, inrerpas 3a y y (55.9) mopisuioe 2yy. Kpim Toro, i3 nux xe
yMoB y (55.9) BUnuIMBaE, MO BOHU MEPECTAIOTH BUKOHYBATHCH, AKIIO

qacToTa TakKa, o
w w 2
— Wo
= ) >,
WR

a OTXKe, i IHTErpaJI 3a Y IOPIBHIOE HYJIEBI.
YpaxoByiode CKazaHe, OCTATOYHO 3HAXOANMO CIIEKTPAJIbHY (hyH-
KIIIO:

2
—=_4/1— (‘”;—?) , B IHTEpBaJIi 9acToT

wy —wr < w < wp + W,

0, mos3a muM iHTEPBAJIOM.

3po3yMmijio, 1m0, AK i BUXITHWI I1eJIbTaromiOHnii KOHTY P, HAIIA, CIIeK-
TpaJibHa (DYHKIis HOPDMOBAHA HA OIUHUIIIO:

o) wotwpr 9 9
/ Plw)dw = / —\/1 — (w> dw
. . TWR WR

—00 wo—WR

1

2
= = /\/ldem: 1. (55.12)
7Tn

—1

ko BimoMi KOHTYpM CHeKTpPasibHUX JiiHii Iy , He cnorBopexi
obepraHHAM, TO 3ropraldu ix, 3rigao 3 (55.7), 3 dyskniern P(w),
y34ATOI0 3 TUMM 3HAYEHHSIMU WR, IO JAIOTH SAKHAWKpAIIE y3roiKeH-
H4 31 CIIOCTEPeXRYBAHUME TTPOMiIsiMu JIiHi#, oTpuMy€emMO iH(pOpMAIIiio
po MIBUIKICTH 0bepranasd 30pi v = RO sinf.

[lepeiimimo @m0 BUBUEHHA MEXaHI3My BILIMBY PAaIiaJbHUX PYyXiB
armocdepu 30pi Ha KOHTYPHU CHEKTPAJIBHUAX JIiHIK aroMiB. HAKIo 30-
P PO3MUPIOETHCA aD0 CTUCKAETHCA, TO, BHACAILI0K edekry Homie-
pa, 9acTOTa BUTTPOMIHIOBAHHS W, AKY BAMIPIOE CIIOCTEPIrat, 3MilmeHa
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MOPIBHAHO 13 9aCTOTOI BAUNPOMIHIOBAHHS W) ATOMa B HEPYXOMiit at-
mocdepi:

w — wo v,
— =+ (55.13)

wo C
e v, — 2Z-KOMIIOHEHTa PaJliaJIbHOI MBUIKOCTI V TOYKW B 30PAHIi

armocdepi, To6TO NPOEKIis WBUAKOCTI HA HPOMIHL 30pYy, Y3H0BXK
AKOTO MW BMOpaJn BiCh 2z, Tak IO

v, = vcosb,

0 KyT MDX pPaiaTbHUM HANPAMKOM i HAOIPAMKOM Ha CIIOCTEPi-
rada. J3Hakm “‘muioc” i “minyc” y dopmysai (55.13) signosinatorh
POBIMIUPEHHIO 1 CTUCKAHHIO 30Pi.

Orxke, 0o conocrepirada HOTPAILIS€ BUIPOMIHIOBAHHS 13 9ACTOTOI0

w=uwy*t wog cos 6 (55.14)

Ta IHTEHCUBHICTIO Ii o, CTPOEKTOBAHOIO HA TIPOMIHBL 30pYy, TOOTO MO-
MHOXKEHOI0 Ha cosf 1 ycepenHeHOl 3a BCiMa KyTaMyu BUIAMMOI [1JId
criocTepirada MOBEPXHI 30pi:

2 [ dQcos O I o

wo—wotwoev cosf/c

oo 5 [d cos 0 ( )
[Ticsia inTerpyBanisa 3a a3uMyTaJIBHAM KYTOM (0 MA€MO
w/2
[ dfsin®cosf Iy ,
" wo—woFwov cosd/c
< Igo ==
’ w/2
[ df sinfcosb
0
1
=2 [ dxxl , 55.16
/ T ke wo—wo(1tvz/c) ( )
0
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ne ¢ = cosb.

SKII0 CKOpUCTATHCH TUMM X MEPETBOPEHHSIMU, IO i y BUNAMI-
Ky obeprannga 30pi (nepexinm Bimg (55.4) mo (55.7)), To cnocrepexy-
BaHy IHTEHCUBHICTH OTPUMAEMO y BUTJIANl 3roptku (55.7) 31 crekr-
paJibHOIO PYHKIIEID PO3LHOLIIY IHTEHCUMBHOCTI AJid PO3MMPEHHs 400

cTrcKanHd 11 armocdepn

1
v
P(w) = 2/.7;5 [w — wp (1 + —’r)} dx. (55.17)
c
0
[Tam’siTaemo, 1o 11eit iHTErpasT HE TOPIBHIOE HYJIEBI 33 YMOBH, IO iH-
TepBaJI iIHTer pyBaHHA bomait “3adinae” TOYKyY, KOJIM APTYMEHT OeIbTa-
dyHKII1 DOpiBHIOE HyJIEBI. Y HAIIOMY BUMAIKY 3 yMOBOWO, mo () <
z =cosf <1, 3 (55.17) 3naxommumo:

Z () ‘—“’*WO 0< ‘“HJO v
Plw)=q @0 Lo 17T e e (55.18)
0, 1033 UM IHTEPBAJIOM.

Jlerko nepexoHaTuCh, mo (pyukiisa P(w) HOpMOBaHa HA OIWHMIIIO:

o vfe
/P(w)dw—Q(g)Q/ydy— 1, (55.19)
—0o0 0

ne y = |w — wql/wo.

Crnocrepexysana inTencuBHicTh < Iy o = IJIA MyJIbCYIOU0i 30pi
3a/1a€ThCH, dK 1 npu obepranni, sroprkow (55.7) 3 dynkuieo P(w) 3
dbopmysn (55.18). ¥V 3B’a3Ky 3 MM BUKOpHUCTAiMO 3 § 14 BUCHOBKM
HIOI0 BIUIMBY MAaKpOTypOyJIEeHTHMX PyXiB HA KOHTYPU CIEKTPAJIb-
HUX JIiHIH Ta Ha iX ekBiBaJeHTHy MmMUpuHy i chOpMysoimMo Take
TBEP/KEHHdA: OCKLIbKU < [y o > 300paxKaeTbCa y BULIAA]L 3TOPTKH,
TO obepTaHHsd i MyJIbcallii 30pi He 3MIHIOIOTH €KBIBAJIEHTHUX MIUPUH
CHEKTPAJbHUX JIiHI.



PO3IIJ IX

3ACEJIEHOCTI ATOMHUX CTAHIB 3A BIICYTHOCTI
JIOKAJIBHOI TEPMOIVUHAMIYHOI PIBHOBATH

§ 56. Kinernune piBHAHHS IJid 3aC€JIEHOCTI
aTOMHHUX CTaHIB

Y nonepemHbOMy BUKJIAII MW MOCJTYTOBYBAJIMCH TIMOTE30I0 PO
JIOKAJTbHY TEPMOIAHAMITHY PiBHOBATY, BBAXKAMYH, IO B KOXKHI# TOT-
i armocdepa xapakrepusyerhca Temrneparypoio T = T'(z). Le mo-
3BOJISLJIO KOPUCTYBATHCh (POPMYJIOI0 BosibliMana fid 3acenenocreit
ATOMHUX CTAHIB:

efF)A/T
pA = Z I

(56.1)

ne E4  eneprig aroma y crani |A), mo 3amaerbca HaGOpOM KBaH-
TOBUX umces A, a cyma cranis

Z =Y el (56.2)
A

SIKmo € BUPOZKEHH:A ATOMHUX PIBHIB 13 KPaTHICTIO ¢, TO #MOBIp-
HICTh TOTO, IO aTOM TepebyBa€ y cTanax 3 eHeprieo F 4, IOpiBHIOE
—EA/T

gae Eal

. (56.3)

Pa=
BIIIIOBIIHO

Z = Z gAeiEA/Ta
A
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MPUYIOMY TYT MiJICyMOBYBAHHs BiIOYyBAETHCHA JIWAIIE 33 TUMHU KBAH-
ToBUMU uncygamMu A, sKi HyMepyioTh PiBHI eHeprii, a He XBUJIHOBI
dyHKLii.

[Toste BuTIpOMiHIOBAHHST 30psiHUX ATMOChEP BiAPI3HAETHC Bifl PiB-
HOBaXKHOTI'0, AKe XapaKTepusyerbcd pyHKuUiero posnogiay Ilianka.
Lle nosre B3aemomie 3 pedoBMHOIO aTrMmocdepn 30pi, TOOTO aroMamm,
foHAMM, EJIEKTPOHAMU, & B XOJIOMHININX 30PAX  TAKOXK 3 MOJIEKYJIa-
Mu. YHACJIIIOK Ii€] B3aeMOo/Iil 9acTuHKY 30K yIOThCH, HOHIBYIOTHCH
1 TOMy 3aCEJIeHICTh PIBHIB 0, 3AJIEKUTH B T10JIA BUTPOMIHIOBAHHA.
Kpim Toro, mepexomm 3 OMHOTO KBAHTOBOTO CTaHY B iHMWN 3mificHIO-
IOThCA 1 B pe3yJibTari MIXKXYACTUHKOBMX 3iTKHeHh. (CBOEO Yeproio
3aCEeJIEHICTh ATOMHHUX CTAHIB YXOIUTH y PIBHAHHA TMEPEHOCY BUITPO-
minoBanus (6.1), (8.1) wepes dyukmio mxepena Sa4(w) (6.2), Ko-
ediuient norsmuannga (6.3), GyHKII0O nepepo3nomiay 3a 4acToramu
(8.4) i orxe, BU3HAYAE TIOJIE BUTIPOMIHIOBAHHSI.

Takum YMHOM, IOXOOAWMMO BUCHOBKY, IO TMOTPIOHO CHIJIBHO PO3-
B’A3YBATHU 337129y MPO 3aCEJIEHICTh ATOMHUX CTAHIB i KiHETUYHE PiB-
HAHHA A1 POTOHIB. Y 3B’63KY 3 UM BUILIUBAE 3aBAAHHA [10DYI10BM
KIHETMYHOI'O PIBHAHHA JIJIs BEJIMYMHY P ,. Mu CKOHCTPYI0EMO e piB-
HAHHSA 32 aHAJIOTIEI0 10 KIHETWIHOTO PIBHAHHAS st (DOTOHIB, AK IIe
Oys10 3p0OOJIEHO B MEPIIOMY PO3IILTI.

[Tosry 3mMiHy B 9aCi BEJIMYWHN P, AAE€ PIBHAHHA:

d IMmoBipHICTD 3HUKHEHHSHA
Pa

dt

- aroma 31 crany aroma |A)
33 ONVHWIIO Yacy

ImoBipHICTD MOPOMKEH-
+ Hs aroma y crasi |A) . (56.4)
38 OIMHWIIIO Yacy

ITozrasMo WMOBIPHICTh TIEPEXOY 33 OOWHWINIO Tacy aToMma 31 CTaHy
|A) y cran |A’) wepes wq_, 4. IMOBIpHICTH 3HUKHEHHS 33 OJUHHUIIIO
9acy aToMa 3 MOYaTKOBOTO CTAHy HOPIBHIOE WMOBIPHOCTI KBaHTOBO-
ro Mepexony 3a OOWHUINID Jacy, MMOMHOXKEHIH Ha 3aCeJIeHICTh IbOro
crany. Bepy4u me mo ysaru, po3nmuuieMo MpaBy YaCTUHY PIBHAHHA
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(56.4), To6ro iHTErpan 3iTkHEHDL A4 i€l 3ana4i, gKuil 1OTPiIOHO OY-
Il pO3paxyBaTH, PO3MJIANAIOYIA KOHKPETHI €JIEMEHTAPHI TIPOIECH 38
y4acTio IbOro aToMa;

dp
d—fA =—p, Z CHNVES Z PaWar_ g (56.5)
It T =

(A'#4) (A1)

Bposymino, mo migcymosysanns 3a A’ ine 3a ymosn A’ # A 1 mapasni
BUIUCYBATH ii ABHO HE OyHeMo.

dx 1y BUnagky kineTwvIHOro piBHAHHAA 1Ja BOTOHIB, JiBa wac-
TuHa piBHAHHA (56.5) mopiBHIOE

Aoy _ 00y

dt ot
e Tepmuii JOIaHOK Ma€ 3MiHYy 33 OJWHWINI0 Yacy KiJbKOCTi aTo-
miB y crani |A) y dikcoBaniil To4i 1poCTOPY NpPM HECTAIIOHAPHUX
Mporecax; IPYTWil IOJaHOK — Ie 3MiHa 3aCeJIEHOCTel, crpwyanHe-
Ha TMEpPEeMINeHHsIM aTOMa 3 OHIET TOYKW MPOCTOPY B iHIINY BHACJII-
JIOK MAKPOCKOTIIYHOTO PyXy PEYOBMHU aTMocdepu 3i MIBUIOKICTIO V.
Y craunionapHoMy BUIIAQJIKY, KOJIM p, ABHO HE 3aJIeXXUTh Blj 4dacy
(0p,4/0t = 0) nna mepyxomoi armocdepu (v = 0), miBa wactuna
piBusnng (56.5) mopisHIOE Hys€Bi, 1 MU OTPpUMYEMO, 1IO

Z Pa®Warsn=FPa Z Wa_p =0 (56.7)
Al Al

(VP (56.6)

Ile piBHsAHHA HA3WBAIOTHh PIBHAHHSIM CTAIIOHAPHOCTI ab0 piBHAH-
HAM CTAaTUCTUIHO] piBHOBarn. Came #ioro moTpibHo po3s’sizyBaTu ci-
JIBHO 3 PIBHSHHSM IMEPEHOCY BUIIPOMIHIOBAHHA TOMI, KOJIA Timoresa
PO JIOKAJIFHY TEPMOIWHAMIYHY PiBHOBAry HE CIPABIKYETHCH.

3py4HO po3mianTu AMOBIpHOCTI w4_y o2 HA ABI cKJanoBi. [lepma
pajiaTMBHa CKJIaJI0Ba, MO3HAYMO ii uepes w'y_, 4, CIPUINHEHa B3ae-
MOJIIEI0 ATOMA, 3 BUIIPOMIHIOBAHHAM, 1 OTXKe, MOBa, ifie PO mepexonn
aToma 3i CTaHy B CTaH 3 MOTJIMHAHHAM Ta po3cigrauam ¢poTonis. py-
ra 4JacTUHa W9 _, 4, OIUCYE IEPEeXOJu aToMa MK KBAHTOBUMM CTa-
HAMM, 3yMOBJIEHI 3ITKHEHHAMM, TOOTO B3aEMOMIEI0 aTOMAa 3 IHIIUMEA
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JaCTUHKAMU aTOMOChEDPH:
T c
WA A :wAA)A’ +wA~>A" (568)

Yzarasi kaxyun, norpioro 6ysio 6 ypaxyBaru i mepexpecHuit in-
repdepeHuiinuii “pagiaruBHO3ITKHIOBAJLHUE edekT, aKuil BUHU-
Ka€ TOMy, 10 WMOBIPHICTH KBAHTOBOTO mepexomy (3.8) mporopiiiina
JI0 KBapaTa MOMYJid MATPUIHOTO €JIEMEHTA Bifl OMeparopa B3aEMO-
nii V aroma sk 3 nosiem BUIPOMIHIOBAHHSA, TAK 1 3 YACTUHKAMU CBO-
ro orouenns. PoskpmBaroum kBagpar MomyJia B (3.8) Bim mmx aBox
CKIa10BuX onepaTopa V, Mu oTpuMaemo, Kpim asox gonanxis (56.8),
sramannii nepexpecunii epext. Bunpasmannsam Toro, mo #oro TyT He
BPaxXoOBYEMO, € HACTYITHE: ab0 HECYMICHICTh TIpaBUJI BiAOOPY i 3i-
TKHEHb Ta [IJId B3aEMOIil 3 €JeKTPOMATHITHUM ToJieM, abo KyTOBe
yCEpEIHEHHSA TABATUMYTD Y PEe3yJIbTaTi HYJIbOBUN BHECOK B WA, A/.
Onnak e BUMarae IeTaJIbHINIOr0 3’siCyBAHHS.

Tenep mepen HamMu CTOITH 3aBIAHHA PO3PAXYBATH BEJIMIUHU
w4 Ta wh_, 4. llepury 3 HUX 06YMCIIIOEMO, BUKOPUCTOBYIOUM
dopmysan, aki mu orpumaJu B mepuiomy posmiii. Ilo crocyers-
CA OPYTOro 3iTKHIOBAJBHOTO IOOAHKA, TO TYT MOTPIOHO PO3TJISma-
T KOHKDPETHO B3a€MOIIiI0 BMOPAHOTO aTroMa 3 HAWOLIBIT YMCesIhHO
HPEJCTABJIEHUMHY YaCTUHKAMU B 30pdAHiil armocdepi, To6To 3 esiekT-
poHaMu, aroMaMu BOJHIO i #ioro fioHaMn Ta aTroMaMu TeJliio.

§ 57. PamjaTuBHA CKJIaImOBa PiBHSHHS CTAI[IOHAPHOCTI

Pospaxyemo #imoBipHICTH mEpexomy 3a OUHUINIO Yacy aTroMa 3i
CTaHy B CTaH, COPUYWHEHY WOTO B3AEMOMIEI0 3 €JEeKTPOMATHITHUM
HOJIEM 3 ypaxyBaHHsAM OLHO- Ta JBodoroHHMX npouecis. Hame 3a-
BIIAHHSA 3HAYHO CIPOIILYETHCsI, OCKLJIBKU OCHOBHI (pOpMyJIH, IO ONH-
CYIOTh Il TIPOIECH, MU BUBEJU B repuiomy posmiii. Orxe, cyTTeBO
sukopucraemo dopmysn (5.8), (5.11) ra (7.11), (7.13).

[ToyniMo po3paxyHKW 3 ApYyTroro OOJIAHKA B PiBHAHHI CTaIliOHAP-
Hocti (56.7) 1 BunumimMo BHECOK 10 HBOTO Bij mepexomy “sBeepx”, TOO-
TO KBAHTOBOTO TIEPEXOJIy ATOMA 3 MOTJIMHAHHAM (POTOHA, KOJIN

W41 = D W Ase Ny )| AT Ng— 1,0 (57.1)
q
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3anpoBaJKEHI TyT MO3HAYEHHSA BXKe 3HaloMmi Ham 3 §4. Bukopwc-
tapmn pisasanas (5.8) i osnavenns (5.13), maemo:

PA g w’y_, 4 (norsimuanus dorona)
AI

2712e2N,
=pa Y ZTquA'A(Q)(s(wA'A*wk)- (57.2)
' q Y

(A">A)

Cumsostiaawmii sanmc ymosu A’ > A oznauae, mo migcyMOByBaHHA Be-
NeMO 3a KBaHTOBUMU yucjiamu crauis |A'), emepria axux € 61101010,
HiX crany |A), a e 3HAYNTH, WO YacTOTA MMEpexony war 4 > 0. Bunwn-
CyBaHHA Ii€l yMOBM, AKAa HATAJIYE HAM, IO MOBA HJE NP0 NEPEXOan
“BBepx”, dakTUuHO 3aiiBe, i ii moxua Oysio 6 omyckaru. Crpasmi,
OCKiJIbKU 3aBxjm dacrora (orona wy > 0, 1o gespra-GyHKINA B
(57.2) “me mponycTuTh” BiI'€MHUX YACTOT WAl A.

Hitoun anasoriuno 3a gonomoroo (5.11), 3HAXOAMMO BHECOK I1e-
pexomy “BHM3” y piBHAHHsA crarionaprocTi (56.7), To6To mpomecy

BUIPOMIHIOBAHHSA AK CIIOHTAHHOTO, TAK 1 BUMYIIEHOIO:

pA g w'y_, 4 (BUTTpoMinIOBanHHA (hoTOHA)
AI

—PA Z Z e N £ faar(@)d(wan —wg). (57.3)
(A’<A)

Matoun 1i gBa BUPA3W, MA MOXKEMO SIBHO PO3MUCATH PATIATUBHY
YaCTUHY PIBHAHHA cTarioHapHocTi (56.7) B HabamxkenHi onHOMOTOH-
HUX TIEPEXOMIiB, OCKIJIbKY MEPIINAH YIEeH ¥ IbOMY PiBHAHHI 3HAXOLAMO
3 (57.2), (57.3) mpocTor0 3aMiHOIO IHIEKCIB, O HYyMEPYITh KBAHTOBI
cranm aroma (A — A'; a A" — A):

> Z e fA'A( ) [par(Ng +1) — paNy] §(wara — wg)

(A’>A)
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272e?
+ Z Z mV fAA’(Q) [PA'Nq*PA(Nq-I-l)](s(wAA/—wk)
q Al
(A’<A)
Sl o0 -
AI

3a yMOB JIOKAJILHOI TEPMOIUHAMITHOI pIBHOBATH, KOJIM THACJIA 3a-
nosuenns dorouis N, Busnauaiorsca dopmysioo I[lianka (5.17), a
3aCesIeHOCTI aTOMHUX CTaHiB p4 — dopmysioro Boabinmvana (56.1),
BHECOK DAaJIIATMBHUX WJIEHIB y piBHAHHA craumionaprocti (57.4) no-
PIBHIOE, fIK 1 MMOBUHHO OyTH, HYJIEBi, TOMY IO

pa(Ny+1) —paN, =0, A > A,
(57.5)
pa Ny —pa(N,+1) =0, A" <A.
YBememMo nmosHaYeHHsT OJIsi AaTOMHOTO KoediIieHTa MorJInHAHHS:

2m2e?

aaalg) = Jarad(wara — wy). (57.6)

16

s BenmmuwmHa Mae PO3MIPHICTH KBalpara MOBXWHW. Ao ii mo-
MHOXKUTH HA TycTuHy yacTuHOK N/V i mincymyBaTu 3a KBAHTOBUMU
gnuciaamn A ta, A', monepenRbho MOMHOXWBIIA HA 3aCEJICHICThH TTO9aT-
KOBOTO CTaHY, TO OTPUMAEMO BXKe 3HafioMuit KoedimieHT TOrTMHAHH
0e3 ypaxyBaHHsI MHOXHWKA Bill BAMYIITIEHOTO BUNTPOMIHIOBAHHS.
Bynemo BBaxkartu, mo a4 4(q) He 3asexuTh Bij nonapusanii i
KYTOBUX 3MIHHWX, a € Jivie (DYHKIIEI YaCTOTH Wwg. A sAKIO Taka
3aJIEXKHICTH ICHY€E, TO CKOPUCTAEMOCHh TUM, IO BOHA HE HACTH CYTTE-
BOT'O BHECKY, 1 BI3bMEMO ycepeqHeHe 3HAUEeHH:
— 1 1
aA/A(q) — (JzA/A(wk) = aA/A(q) = 5 Z E /dQ(}{A/A(q). (577)
a=1,2

Baificaumo B (57.4) nepexin Bin nijcyMOByBaHHSA 33 XBUJIbOBUMHU
BEKTOPAMMU /10 IHTEI DyBAHHSA 33 4ACTOTAMU Ta KyTamu 3riaHo 3 (8.2) i
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MEPENuUIIEeMO PIBHAHHS CTAIIIOHAPHOCTI 9epe3 yCepeIHeHy 3a Ky TaMu
Ta MiJICYMOBaHY 3a TMOJIAPU3AIIAMA iIHTEHCUBHICTH BUTTPOMIHIOBAHHS:

dQ
I, = Z / o Dea (57.8)

Orxe, Tenep, 3amicthb (57.4), MaeMoO Take piBHAHHS:

Oodw Fuw®
4 —ay | — | — pal
> ™ o aara(w) [PA<W+47T362> pA w:|
0

AI
(A'>A)
T he®
109 109
+ ; 4 / EGAA’(W) [PA’IM — pA (Iw + W)}
(A'<A) 0
+>  (parwly a — pawi_,a) =0. (57.9)
AI

PamiarmBHa wacTmHA PiBHSHHSA CTAIIOHAPHOCTI € TOTOBOK IJIS
MPOBEIEHHsT KOHKPETHUX PO3PAXYHKIB 1 PO3B’si3yBaHHs HOTO CITIJIHHO
3 PIBHAHHAM MEPEHOCY BUIPOMIHIOBAHHHA. SIKINO BAXJIUBAMHA € ITPO-
[eCH pPO3CifHHA, a TaKOX HeJiHilHI edekTn, T0 10 piBHAHHA (57.9)
MOTPIOHO HOIATM BHECOK Biml IBOMOTOHHUX TTPOIECIB.

VY 3B’43Ky 3 IMM LEPEXOAUMO JI0 BUBYEHHH JBOMOTOHHUX LIEPEXO-
miB. Posrosimaemo criouarky mporec 3sHumEHAS (POTOHA 3 KBAHTOBAM
YUCJIOM ¢ 1 HAPOIKEeHHdA 1HIOro (POTOHA 3 KBAHTOBUM YHUCJIOM (.
Bepyun no yBaru Bupas (7.11), mja nporo mporecy Maemo:

r SHUIIEHHA d)OTOHa 3 KBAHTOBUM 4YHUCJIOM G
PA E :w/HA'
AI

i HAPOIXKEHHHA THIIOTO 3 KBAHTOBAM YUCJIOM ¢’

27)3 [ e2\? Ny(Ny + 1
ST () e

WEWp!

= ®44(q,q )0 (wara + wpr — wy), (57.10)
dbynkuia D 4 4(q, q') o3ragena dbopmynowo (7.12).
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Axkmo mo (57.10) nomarm BHECOK Bij PO3IJIAHYTOrO BUIIE MPOIE-
Cy, AKWii OTpUMY€EMO 3aMinol0 ¢ — ¢', a ¢ — ¢, TO MATIMEMO TIOBHY
AMOBIpHICTH KBAHTOBOIO NMEPEXOMy 3a OJMHMIO 4acy 3i crany |A) B
i cranm |A') 3a yaactio nBox doronis. Tenep, sk B Tak 0TpU-
MaHOMY BUpa3si 3poburtu 3aminy ksanrosux uucea A na A’ i nasnaku,
TO MAaTHMEMO BHECOK Bif ABO(OTOHHUX MPOIECIB y WMOBIpHICTH TIepe-
xomy aroma y cran |A) 3 inmwmx cranis | A'). Hapenrri, Gepyun 10
yBaru ui o0MiBa BHECKM, 3HAXOAMMO HOBHMI OajianC aBOMOTOHHUX
TepexoIiB:

r r
E (pA’wA’—>A - pA“)A—)AI)L[BO(bOTOHHi epexonu
AI

_ @n?* () Paxla.q)
RN (%)

WWg!

XNq(Nq’ + 1)0(wan +wir — wi)

3 2\ 2 !
_i_;pAlzz%(%) Dan(d,q)
i q q/

WEWp!
XNy (Ng + 1)0(wanr + wi, — wyr)
2
2m)* [\ Paaleq)
pA;g; VZ \m WEWE
XNq(Nq/ + 1)5(("}/\’,4 + wpr — (J.)k)
2
(27)% (e*\" @aald,q)
—pad_ 2.0 —
A g q

m, WEWp!
XNq/(Nq-l-1)(5(&)A1A+wk*wk/). (57.11)

Cawm 3oBHIMHII Burssam miel popMysn BUKINKAE TPUPOIHE DaKaAHHSA
cripoctutu 1i. 3 M€ METOK BBEIEMO ATOMHY (DYHKIIO Iepeposino-
Ty 38 9aCTOTAMU
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2712e? ,
5| Paalq.q)d(wara +wp —wy), (57.12)

/
Ruaalq,q) =
mc
KA Ma€ PO3MIPHICTh “KBaJIparT MOBXKWHU, MOMJIEHHH HA 9acToTy” i
nposopuii 38’a30Kk i3 dyrknieo R(q,q'), osnavenoo supasom (8.4).
Bynemo takox ysaxaru, mo dbynknia Ra4(q,q') 3anexurs smme
BiJl 9aCTOT 1 He 3aJIEXKNUTh Bil KyTiB Ta MOJAPU3AIILii:

Raa(q,q4") = Rya(w,w') = Raralq.q), (57.13)

TYT PUCKa 03HAYAE YCEPENHEHHA 33 KyTaMN Ta ToJjapmuaaniavu. Iu-
HIMMY CJIOBAMM, MU TPUITYCKAEMO, MO 1A JOCTATHBO CJIAOKA 3aJ163K-
HICTh HE3HAYHO CIIOTBOPHUTH OCTATOYHI BAPA3U, sIKi OTPUMAEMO IIiC-
JIA IHTErpyBaHAA 34 KyTaMW Ta TACYMOBYBAHHSA 34 MOJIAPU3AIiAMHA.
Po3smMoBy 1mipo 11e Mu BxKe BesId paHiIe.

[Mepexomumo y (57.11) mo iHTerpyBaHHs 3a 4acTOTAMH i, CKOPUC-
TaBImUCh BaacTuBocTamu cumerpii pynkuii Y 41 4(q, ¢') (nus. piBHAH-
He nepen dopmysor (7.14)) Ta aromuoi ¢hyHKIii nepepo3nomiay 3a
4ACTOTAMM,

Raa(g:q') = Ran(d',q), (57.14)

06’emHy€eMOo Tepmnii i YeTBepTuit Ta npyruii i Tperiit momaHkwm i oc-
TATOYHO 3HAXOAUMO BHECOK JBOMOTOHHUX MPOIECIB y PIBHAHHSA CTA-
IIOHAPHOCTI:

r r
E (pAIwA’%A - pAwAA)A/),]IBO(bOTOHHi Tepexoan
A/

o o

dw dw'

2

= 87c /(hw)Q /(hw’)QZ Raa(w,w')
. 0 Al

0

hw' hiw?
X |:pAIIw (Iw’ + m) — pAIw’ (Iw + m)] (5715)
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hiw? hw'3
+RA/A((U,(U,) |:pA’Iw’ (Iw + 471’3(32) - pAIw (Iw’ + 47(3(32>:|

Takoxk JIErKO TEPEKOHYEMOCH, 1O Tel Bupas, gk i (57.4), neperBo-
PIOETHCA B HYJIb 33 YMOBH JIOKAJbHOI TEPMOOMHAMITHOI PiBHOBATH.

Takum anHOM, KO Bupas (57.15) momaru 110 JiBOT YACTHHU PiB-
aanna (57.9), Mm OTPUMAEMO PIBHAHHA CTALIOHAPHOCTI 3 MOBHUM
ypaxyBaHHAM OIHO- Ta ABOpoToHHWX mporeciB. He 3Baxkamodwm HaA
30BHIIIHIO I'POMI3AKICTb OTPUMAHKUX (POPMYJI, BOHU HIAHAIOTHCA 00-
ancsendsaMm. llo-mepure, HagBHICTD HeabTa-(DYHKINI B O3HATEHHIX
aroMHux KoedinienTiB o 4(w) ta Rara(w,w’) 3nimae inTerpysan-
Hs 33 yacroramu B (57.9) it ogue inrerpysanus B (57.15). Inrerpasn
3a 9aCTOTOIO, MO 3anumaeThesa B (57.15), He YMHUTH AKWXOCH TTPUH-
MUIIOBUX TEPENIKO, [IJisi KOMIT I0TepHuX obumciiernb. [lo-mpyre, sk
aromunii KoedIIieHT MOTJIMHAHHS, TaK 1 arToMHA (YHKIA Mepepos-
MOALTY 33 9aCTOTAMH IA0Th 3MOTY, siKk MU BXKe DAY/ B MOMEPEIHIX
PO3MiJIax, 3HATHO CIPOIILYBATH 1X MIPU PO3TJIALI KOHKPETHUX €JIEMEH-
TAPHUX MTPOIECIB.

§ 58. IlIBMakocCTi KBaHTOBHAX MEPEXOIiB aTOMa BHACJIIIOK
MDKYAaCTAHKOBHX 3ITKHEHb

HocimkeHHs BHECKY MIXKIaCTHHKOBUX 31TKHEHDb Y PIBHAHHA CTa-
nionapuocti (56.7) nmouHemo 3 06roBOpeHHs peaxiliif, siki OMUCYIOTh
0e3BUIMIPOMIHIOBAJIPHI TEPEXOAN ATOMA MiXK KBAHTOBUMU CTAHAMMA.
ITo-miepre, e peaxiiis 30yIKEHHS aTOMa, Ta TACiHHA #Oro 30ymKe-
HOTO CTaHYy eJIEKTPOHOM,

A+e= A +e. (58.1)
KIIIO B Pe3yJIhTaTi 3ITKHEHHH 3 €JIEKTPOHOM aTOMHUNI €JIEKTPOH TIe-
A pesy. p p
PEXOOUTH Y CTAH 3 HEIIEPEPBHUM CIEKTPOM €Hepriit, To MaeMo peax-
IIifo #oHi3aIli Ta TPUIACTMHKOBOI pEeKOMOIHAIIII:

A+ez=2 A +e+e. (58.2)
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Ha Binminy Big peakuiii (1.1) (1.4), axi Mmu neranabHO AOCJIaMIIM,
nepexonn (58.1), (58.2) fimyTs 6Ge3 BUMPOMIHIOBAHHS Ta MOTJITMHAHHS
doronis. 1li mepexonu HAZMBAIOTH yAApAME MEPIIOTO POMY. Yia-
paMu Opyroro poiy HA3WBAIOTH MPOIECH 3ITKHEHHS aToMa 3 IHIIAM
aToOMOM, y Pe3yJibTari siKux 30yIKeHHs MepPexoIuTh Bil OMTHOTO OO0
iammoro. Mwn He MaeMo Ha MeTi O0UNMCITIOBATH TIEpEPi3n PO3CIAHHS He-
MPYXRHAX 3ITKHEHb IJIA yCiX MOXJMBUX peakriit. IIpoimocTpyemo,
Ak 1e 3aiicanTu naa peaknil (58.1), ska Bimirpae rosoBHy poJib y
PIBHSHHI CTAIIOHAPHOCTI IIJI 30pAHNX aTMocdep.

106 suaiity Bemauny wS_, 4 3 (56.8), Aka BXOOUTH y PiBHAHHA
CTAIliOHAPHOCTI, OyeMO BUXOOWTHU 3 3arajbHOro Bupasy (3.6) mid
MOBIPHOCTI HEPexXomy w;_, f 3a OAMHUIIO YaCy CUCTEMHU “aTOM ILIIOC
eJIeKTpOoH” 3 JIeAKOr0 MOYATKOBOTO CTaHy |i) B KiHIeBmii ctam |f).
Ileit Bupa3 € Tak 3BaHUM OOPHIBCHKUM HAOJMAKEHHAM, 1 yMOBOIO #0OT0
3aCTOCYBAHHS € BEJIMKI 3HAYEHHS €HEPriil MaJafouanx Ha aTOM eJIeK-
TPOHIB y MOPIBHSAHHI 3 Pi3HUIEID €HEPIETUIHUX PiBHIB [T ATOMHUX
€JIEK TPOHIR.

Hexait y nouarkoBomy crani [i) arOM ONUCYETHCHA XBUJIBOBOKO
dbyukuieo |A), a esekTpoH, WO HAJITAE HA HBOTO, MA€ IMILyJIbC P

1 oMMCyEeThCA TIJIOCKOI0 XBUJIEIO:

. 6ipr/h
i) = |A>Wa (58.3)
E€Heprid CUCTEMU
B—Bat 2 (58.4)
) 2m
ne E4 — enepris aroma B crani |A), r — KoopawHATA €JIEKTPOHA

B cucTeMi neHTpa Mac aroma (To0TO MOYATOK KOOPAMHAT BUOUPAEMO
B A1pi aroma), V — o6’em cucremu. g KiHIIEBOTO CTaHy HAIIOI
CHCTEMHU MAEMO:

e'p'r/h

f) = IA')W,

12

p
FE: = FEjy+ — 58.5
/ At 2m’ ( )
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ne By enepria aroma B crani |A’), p’  immysibe estlekTpona nicois
3ITKHEHHSA 3 aTOMOM.

ImoBipHicTh mepexomy aroma 3i crany |A) B cran |A’) orpuma-
€MO 3 BeJIMYUHU W, f, AKIIO HiACYyMyeMO il 3a BCiMa iMILyJbcamu
eJIEKTPOHA B KIHIIEBOMY CTaHi p’, yCepemnmMo 3a TOIaTKOBAMU iM-
MyJbCAMA P 1 TOMHOXHUMO BCE TI€ Ha KiJIbKICTh eJeKTPOHIB N, sKi
e B 00’emi V. Otxke, 3 ypaxyBaHHAM CKA3aHOTO, Oepyunm IO yBaru

(3.6), (58.3) (58.5), maemo:

w4 = Ne Zwiﬁf , (58.6)
pl
e
2’ efip'r/ﬁ, eipr/h 2
w; = (A /dr U A
A N
2 2
x 6(Ey+ 2 —p,— P (58.7)
2m 2m

a eHepris B3a€MO/il eJIEKTPOHA 3 ATOMOM

7 e’ Ze?
J=1 !

TyT 7 — 3apdajl aapa aroMa, r; — KOOPIWHATA j-0T0 eJIeKTPOHa, Bill-
HOCHO anpa. KyroBumum nyxkamu B (58.6) nozuauaemo ycepenHenHs

32 MOYATKOBUMM IMITYJIhCAMM €JIEKTPOHA, 10 MAIA€ Ha aToM!.

'"Mu meomHOpa30BO BMKOPUCTOBYBaJsIM pisni onepauil ycepennenns, i B 38’a3Ky
3 MM I[IKABO 3HATH, K BUHUKJIM TaKi HAYKW SK Teopis MoBipHOCTEH Ta Marema-
THYHA CTATUCTHUKA. Y3arajibHEHE MOHATTS CEPEIHBOTO K MATEMATHIHOTO CIIOMIi-
Banua BBIB me Xpucrnsan [ofirenc (1629-1695). Bunarauit rosuiangcermii yve-
HUit mo4yaB 3alimaruck Teopiero imoBiprocTi micsa BigBiaun [Tapuxka 1665 poky,
[ie BiH 03HAWOMUBCS i3 33a9€I0 PO CIPABEIIUBHI PO3MONLT CTABKY B a3aPTHUX
irpax. Ixmworo Teopieio Tomi 3aiimasics BunaTHi dppanmysski sueni [I’ep @epma
(1601 1665) ta Bres Ilackans (1623 1662), axoro 1653 poxy 3amikaBuB ImUMH
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YHACJIIIOK OPTOTOHAJIBHOCTI XBUJILOBUX (DYHKIH ATOMHUX CTa-
HiB Apyruii momanok B eneprii (58.8) we mae BHecky y Bupas (58.7).
Tomy mMarpudHMii €1€eMeHT, 1O BXOAUTh nij 3Hak momysd B (58.7),
JOPIBHIOE:

dr

(#

L [ ey |

7V< / re jz_:1|rrj >
L/ & —iqgr; iqR €

:v<A ]Z;e qJ/dRe a E‘A>

_ 4re? <A' ieiqrj A>, (58.9)

)
Va =

npobJsiemMamMu 3HaHU y Ty mopy Jirobutesns asaptaux irop llleBanse me Mepe, i
UM 3aKJIaJin OCHOBM Teopii iimoBipHOCTEl, JtucTryiounch y 1654 poui. TTocranos-
Ka mi€i 3agadqi npocra. 'paBui moMoBmInCh PO Te, MmO TOH 3 HUX Oyme y BuUrpaimi,
xTo mepmuii Burpa€ N maptiii. Ane rpa (3 pisHWX TPUYWH) NPUNUHAETHCA pPa-
uime. Koxen rpaBens BUTrpaB IMeBHY KiJIBKICTh mapriit, menmry, mix N, 1 mocrae
NMUTAHHSA, SIK CITPABEIJINBO PO3MIJINTH CTABKU. 3ajada Id BiIOMa i3 CepemHboBid-
qs, HA Hel Oy/iu BUTpavYeHi 9MMaJIi 3yCH/LIsS BEJTUKAX MAaTEMATUKIB, TOYNHAIOYN 3
Ixeponamo Kapmano (1501-1576). YsaxaroTh, mo cnpaBemnBuii TOmiI CTaBKN
moTpibHO pobuTw mpomopuiitHo mo iMoBipHOCTI BUrpamy BCi€l cTaBKm mpm mpo-
MOBXKEHHI TPHU, X049a, 3a CJ0BaMu itaJilicbkoro maremaruka Hikkoso Taprassi
(1499-1557), PO3B’T30K LHOrO MHUTAHHS € PAIIIE CIPABOI OPUCTPYIEHII], Hix
posymy. ..

Bigznauumo, mo caMi a3zapTHI irpu BUHARIILIK e i 9ac JecaTUPIIHol 0bJ10ru
Tpoi, mabyts, mob6 Gomait ¥nmock 3abaBuTn BOIHIB i BigBOJIIKTH iX Bimg BuMymre-
noi 6espistiibrocti. Orke, ik 6aunMo, a3apTHi irpu Biairpasn BUHSTKOBY POJIb Y
CTBOpeHHi Teopil imoBipHOCTElH. 3p0o3yMisio, mo HeMAsni BIIMB HA ii PO3BHTOK
3pobmsin 3amadvi KomMepIii, CTaTHCTUKN, CTPAXOBO1 CIpaBu, OOPOOKHN eKCIepPUMEeH-
TAJIbHUX BUMIPIOBAHb y MPUPOAHUYMX HAyKax, ajie (PaKTUIHO came a3apTHi irpu
Oy/IM HepuIIM MOIITOBXOM [JIsi BEJUKAX MATeMAaTHKIB OO TBOPEHHH Ii€l HAyKH.
ITe nabysae me mikasimoro 3ab0apBJIeHHS, KOJIM MPUTALATH, IO a3apTHI irpm 3a-
boponsanu i IlepkBa, i KOPOIIBCHKI Ta MAPCHKI 3aKOHM.
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e
q=(p'—p)/h (58.10)

Mwu nepeiiniu B apyriit piaocti dopmynu (58.9) Bin imTerpysan-
HdA 3a ' [0 iHTerpyBanHaA 3a R = r — r; (akobian takoro siniiiHOrO
MepeTBOPEHHS JOPIBHIOE onmmui) 1 CKOPUCTAJINCh BUPA30OM IJIsA KO-
ediuienra Pyp’e KyJIOHIBCLKOIO HOTEHIIAILY.

Tenep, migcrasiawoun Bupas (58.9) y (58.7), 3 (58.6) smaxomumo:

. o (Ame?\”
wh_, y = N, ZE Ve (58.11)

p/
2 2,9
1) <EA/ EA—l-u) >
2m

[MepeiimimMo Bim MiaCyMOBYBaHHSA 3a iMmyJsbcamu p’ mo iHTErpy-
BaHHS, MAIOYW HA yBa3i nepexim 10 V — 00, 3 HACTYITHUM [IEPEXOIOM
110 iHTerpyBanad y cepuIHNX KOOPAMHATAX:

[ee]
14 1%
S o | = g [ [ a9 (a2
p’ ,

2T ™
/dQ’ = /d<p /sineda,
| 0 0

Jle A3UMYTAJIBHUH 1 MUPOTHUH KyTHU 0,  BUSHAYAIOTH HAIIPAMOK BEK-
topa p’. Iensra-dynknia s (58.11) nossonge 3 ypaxysanuam (58.12)
3HATH IHTEIPyBaHHHA 3a p', AKIIO BUKOPUCTATH TAKy 11 BJACTUBICTD:

2,2
) (EA/ —EA —|—u> = m’é (pl - \/])2 —Qm(EA/ —EA)> .

2m p

X

VA
(A e A
j=1

MoxHa TaKOXK IPOIHTEI PYyBATH 33 A3UMY TAJILHUM KYTOM (0, OCKIJIbKH
BiJ, HBOIO HE 3aJIeXKUTh HifgiHTerpaJibHa pyHKuid. [HTerpyBanHs 3a
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muporauM KyTom 6 “nepekumaemo” Ha inrTerpysanns 3a ¢ 3 (58.10):

9 p"? + p? — 2pp’ cos
q - hQ 9

i 11 3amannX BeamauH p' Ta p
pp'
qdqg = ﬁsmf)dﬂ.
3ayBaxkyeMO TaKOXK, IO KBAAPAT MOMLYJIA MATPUIHOTO €JIEMEHTa, B

(58.11) me 3aJsiexkuUTH Bij HAIPAMKY BEKTOPA (.
Orxe, Gepyun Bce ckazane 10 yBaru, 3 (58.11) snaxommmo:

N, [e2\?
w4 = 87rm76 <%>
1 ‘p'—|—p‘/ﬁ VA 2d
x <— / (A3 e i 4) —§’> (58.13)
p . - q
o' pl/h 7=

e

p = \/p2 —2m(Ey — Ea),

MPUYOMY MiHIMaJIbHE, TTOPOTOBE 3HAYEHHA MOYATKOBOTO IMITYJILCY P
JOPIBHIOE

po = 2m(Eqy — Ey). (58.14)

Axmo BenmumHa ¢ € MaJo, T06T0 qa < 1, a po3mipu aro-
Ma, TO eKCIIOHEHTY B MATPUYHOMY eJieMeHTi mij inTerpaJsiom (58.13)
MOXKHA PO3KJIACTHA B P/ 1, 3BaXKAaI04M HA OPTOrOHAJIBHICTH ATOMHUX
XBUJILOBUX (DyHKIIIH, 3HAXOIMMO, IO

7 7 7
(A e mi|A) = (A1 —iq ) rj+...|A) = —ig(A] D> z;|A).
j=1 j=1 j=1
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IIpm obumcieHHi MHOTO MATPUIHOTO €JIEMEHTA BiCh 2 CIPAMOBYEMO
y3I0BX . SIKIMO Ternep mpuragaT 03HAYEHAA CUJIN OCIIUJIATOPA [/
nepexony |A) — |A") 3 (11.7), To orpumaemo:

VA 2 52
Al A AY = P 58.15
( ;6 i|A) q QmwAfAfA A ( )

ne wara = (Ey — Ey)/h — gacrora nepexomy.
3 Bupasom (58.15) inTerpysanns 3a ¢ B (58.13) crae enemenrap-
HAM:

14+ 4/1—hwy /ﬁ
w = ATNe € oad i A e (58.16)
A=A \%4 th’A p ) )

1—”1—77@)14/14/%

g dopmysa 3acTocoBHA OJId OWMOJHLHUX TepexomiB. TobTo BoHA

[PAIOE JIJIsi ONTUIHO J03BOJIEHUX KBAHTOBUX EPEXOJIIiB, KOJIA CUJIA
ocrmyIaTopa, f A4 BIAMIHHA Bim HYJIs.

Konm iMmysbcm eleKTPOHIB, M0 HAJITAIOTH HA aTOM, € BEJIU-
KMMHU, TOOTO, AKIO MaKCUMyM (PyHKUIl PO3HOLIIY 3a iIMILyJbCaMu,
3 AKOW0 BinOyBaeThcs ycepenHenns B (58.16), 3cyHyTO B IiJIAHKY

P> 2mth/A’ TO

2
\/lthlA/p—NlﬁQHQ)AIA
2m p

i popmyaa (58.16) mae mobpe Bifome HADIMKEHHS Bere?:

4N, e 1 2p?
c e
)= —" ia(=In | ——— > 58.17

’I'anc Bere aMepuKaHChbKUil (Pi3MK-TEOPETUK, 3POOUB BUIATHUNA BHECOK Y
pisui manpsimkn disnunol Haykm (kBanTOBa Mexamika, amepHa diznka, Teopis
TBEPAOTO TiJIa, Teopis amepHUX peakTopis, actpodiznka). 3a BHECOK y TEOpio
SAIEPHUX PEaKIiii i, 0cOBIMBO, 32 BIIKPUTTS MUKy TEPMOAIEPHAX PEAKIIiH, AKi €
mxepesiom eneprii 3ip, I'. Bere 6ysi0 naropomxeno HobestiBcpkoio npemiero 1967
POKY.
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[Tpunyctumo, mo po3moisi eJIeKTPOHIB 3a IMIyJIbCAMEA MOXKHA,
XapaKTepu3yBaT MAKCBEJIJIIBCHKOIO (DYHKINIEIO 3 MEAKOI “eJIeKT-
poruaOK” Temmeparypow T,. Ile He cymepeduTs TOMY, O PO3MOILIT
3a KBAHTOBMMW cTanamn |A) B macuCTeMi aTOMIB € HEPIBHOBAXKHIM.
Take npunymenns nae 3mory Bukonaru B (58.17) ycepennenns 3a
iMTyIhCaMu:

/ 2
<1 1+ 1thIA/§rl>

—In

b lfwllfth/A/%

e —p?/2mT,
= dp
[ ® Gy

1 — (po/p)?
1— /1 (po/p)?

(58.18)

- —47T /e”2/2mTe p/po+ V/(
(2rmT,)3/? J p/po — (p/po)2 1

00
_ 27Tp% efp%/ZmTe /eup%/QmTe In l1+u
(2mmT,)3/2 . V1I+u— \/_

Mu 3pobun 3aMiHy 3MIHHOI iHTET DYBaHHS

2
u = (£> — 1,
Po

Jle TIOPOTOBE 3HAYEHHS IMITYJIbCY Py 3amano supaszom (5H8.14). Tlin-
crasasemo Bupas (58.18) y dopmyay (58.16) i 3Haxomumo:

87TN € fA’A 1
’U) ’
|4 ﬁwA/A \/27'(' A=A

Ile 3HEPO3MipeHa MBUIKICTh KBAHTOBUX HepexoniB

c —
WA A =

(58.19)

oo
w* - hw a1 4 e twara/Te e uhw 1 4/ Te
e

0

348



14w
\/1+u—\/_

IarerpyBanusa B 1IbOMYy BHPa3i MOXHA BAKOHATH YMCEJIbHO. Ha-
raga€Mo, 0 CWJIA OCHWJAATOPA farq ~ Ward, TOMY MW BAIIVJIN B
3HaMeHHMKY Koedimienra npm w¥ _, ,, y dopmysi (58.19) gacrory
nepexomy .

s MaJjiMx 4acToT HEPEXOLy Wa'4 MOXKHA 3HaWTH Xin dyHKMil
wh_, , B ABHOMY Buraani. nsa nmporo B inrerpani (58.20) spyuno
3pobutu 3aminy 3minaux & = uhiwar g/ Te.

(58.20)

VY pesyusibrari:

I+ g afoT + 1
Wi o —e”““A'A/Te/ o | VAR afeTe L g o)
vV 1+ th/A/mTe —

SIkmio BukoHy€eThCs ymMoBa fiwara /T, < 1, T sorapudm nipg inrerpa-
Jiom nepexomuthb B In(4T,x /w41 4) B iHTErPAN 3BOAMTHCA 10 TAO MY~

0

HOro (muB. iHTerpas, skuii Mu HaBommu nicaa Gopmynu (36.12)):

. 4T,
wh 4 =In (Wﬁ) : (58.22)

~v — crasia Eitnepa. ITo cyri, e € dopmysa Bere (58.17), y akiit
BUKOHAHO yCEPEIHEHHs 33 IMIyJIbCAMHA.

Ak BeamauHa ¢ HE € MAJIOI0, TO OOYUCIEHHS MIBAAKOCTI mepe-
XOIIB WAy 4/ MOTPIOHO poBOaMTH 32 hopmyJioro (58.13) Ges poskia-
Jly eKCIOHEHTH B PAM: CIOYATKY 33 BIIIOMUMM ATOMHUMU XBUJIbOBU-
mu dyukniamu |[A) Ta |A’) pospaxoByemo marpuunuii enement i mic-
JIsl IhOTO BUKOHYEMO 1HTEI'PYBAHHA 33 ¢. TUM caMUM MW BPaxXyEMO
MEePEXOIN, sAKi € ONMTUIHO 3a00POHEHNMH B IWIOJIbHOMY HAOJIMXKEHHI.

Herasbhiury indopmanito npo MeToau 004YKrCIeHb HEPEPE3iB KBaH-
TOBUX TIEPEXO/iB IJIdA IHITNX eJIEMEHTAPHUX TIPOIECiB MOXHA, 3HANTH
B [31, 32]. Bokpema, MOKHA PO3PAXYBATU NIBUIKOCTI KBAHTOBUX I1€-
PEXOJIiB 1 [IJIsT peakIriii (58.2), 10 OMMCYIOTh HOHI3AIIII0 TA TPUIACTUH-
KOBY pekoMOinanioo. Y npomy Bunajky kinuesuii cran |A’) aromuoro
enektpona y dopmyni (58.13) € B HenepepBHOMY CnekTpi eHepriii.
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IIpn mMamux MBUAKOCTSAX HAJJITAIOYOrO €JEKTPOHA MOTPIOHO Bpaxo-
ByBaTu 0OMiHHI ederTn, TOOTO HEOOXITHO MPOBOAUTH CUMETPU3AIII0
JIBOEJIEKTPOHHOI XBUJILOBOI (pyHKIII KIHUEBOIO CTAHY HAJITAIYOrO
eJIEKTPOHA ¥ eJIeKTPOHA, IO BUBIJBHUBCsA. [MOBIPHOCTI 3BOPOTHUX
peaxiiiif, racinfs 30y/KeHOT0 CTAHY 91 TPUIACTHHKOBOI peKombiHa-
il TAKOX OOYMCIIIOIOTHCS TOMIOHO, SAKIIO TTOMIHATHA MICIIAMUT TOYAT-
KOBI 1 KiHIEBl cTanu.



icaamosa

Mu gifiniv Kinog cBoel po3nosBinl npo (izudHi Ta MareMarudHi
MEXaHi3MH, 0 TBOPATH XAPAKTEPHUN Bi3€PYHOK CIEKTPA €JIEKTPO-
MAarHITHOTO BUIPOMiHIOBaHHs: 3ip. Hamoio meToro Oysi0 BUBemeHHS 3
MEPIIOTPUHITNITHUX PIBHAHH KBAHTOBOI MEXAHIKMA OAraThoxX IaCcTUHOK
fAK CAMOTO PIBHAHHA NEPEHOCY BUIPOMIHIOBAHHSA B 30PAHUX ATMOC-
depax, Tak i po3paxyHKy THUX BEJIMUWH, IO BXOHATH y HHOTO. llpm
IHOMY BIIPOJIOBXK yCi€l KHUKKH MU JIOTPAMYBAJIMCh HEOOXIITHOTO PiB-
HA MaTEMaTUYIHOI KyJbTYPHU BUKJIQJY Marepiayy. Bepyum no ysarm
Te, O KHUKKA a[PEeCOBaHA HacaMIepen YuraueBi-cTy IeHTOB1, aBTOP
HAMAaraBCs B KOXHOMY maparpadi 9iTko (GpopMysiroBaTn mMOCTAHOBKY
3aadi 1 MOCJIIOBHO, 3 METAJIbHUME OOYUCJIEHHSMU, HE 3aJIAIIAI0-
9¥ TAKUMHU 3BOPOTAMU sIK “JIErKO OaumTn” SKUXOCh HEACHOCTEH, mo-
BOOWTHU PE3YJITATH 10 BULJISIY, 3 AKUM 0OE3MOCEePEIHBO MPAIOI0ThH
JOCTIIHAKY 30PSAHUX CIIEKTPIB.

ABTop posywmie Herepminas HYuradis, siki meperopTaTh CTOPIHKT
3 HPOMIKHUMU (POPMYJIAMHU 1 IYKAIOTH OCTATOYHUX BUPA3iB, IPUIAT-
HUX JI0 TPUKJIAIHUX 33049 30pAHO0I ClTieKTpocKomii. AJjie morpibro Ta-
KOXK 3HATH, 33 AKWX YMOB BOHU OTPUMAHI, 0 MU “BTPAIaEMo”’ 1 IuM
“rmatnmMo” B HADJAMKEHHAX 1| MPUMYIIEHAAX Ha NMUIAXY OTPUMAHHS
ocrarouyHux pobouux dopmyJi. Ile 0ocobiiMBO BaxkJ/IMBO Tenep, KOJIiu
JIOBEIIEHHs PEe3yJIhbTATIB [0 YNWCJIa, 3aBAAKN KOMIT IOTEDHUM MOXKJI-
BOCTAM He noTpebye AKMXOCHh 3afiBUX CIIPOIIEHB, 1 OTKE, MAEMO MOXK-
JIMBICTH BiIIyTH B 9UCTOMY BUTJISIIII AKICTH HANIMX KOHIENTYAJTbHUX
MPUNYIIEHb, 10, CBOEI0 YEPTroi0, I03BOJIAE MATW TOHIIE PO3YyMiHHS
Bi3UUHUX sABULL IPY AHAJI3] KOHKPETHUX 30PAHUX aromocdep.

Hamra kHMXKA HE OJI9 THX, XTO MYKAE “IMAPChKOI OPOTHU” 110 TJIN-
6okoro posyminus asuil [Ipuponn i mymae, 1o BCe MOXKHA TOACHUTH
raouHo. CrpaBXKHA KPaca ABUI JIEXKUTH HE HA TIOBEPXHi, BUABJICHHSA
1l moTpebye 3HAYHUX 3yCWJIb, & MOACHEHHA “HA MAJBIAX MAaE CBOI
Mexi. PopMysm — IIe He TTPOCTO MOBA, BOHW, AK i HOTW B MY3WII],
JIOTOBOPIOIOTH TE, YO0 HE MOXKHA HMOACHUTHU CJIOBAMU.

YBara sronnan 0o Heba Ta iforo “memkannis’ — KocMivHUX 00’ €K-
TiB, MabyTh, IIe 3 JIOICTOPUIHUX FACIB YBECh UaC 3POCTAE, 1 aBTOP
CTOIIBAETHCS, MO I KHMKKA Oy[Ie KOPUCHOIO I BCIX, XTO BUBYAE
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30pdAHi armMocdepu, a TAKOK, 10 BOHA, JOIIOMOXKE MOJIOZUM acTpodi-
3WKaM, K1 00paJin Takmil MJIAX y HAYII, Iy9n AKUM JIIOANHA OTPU-
MY€ iHTeJIeKTyaJibHe I ecCTeTuIHe 33[0BOJIEHHS HE JIUIIE Bij CIorJisd-
manHsa HigHOTO HEba, a i Bim rimbokoro (hismIHOTO pO3yMiHHS Yepe3
BCEOXOILTIOIYY CUJIy MATEMATHKU TOTO (PyHIAMEHTAJBHOTO (bakTy,
o mpupoaa i pyx HebecHUX Tij 00’ €aHAHI IWBOBUKHOIO i BPAXKAIO-
qot0 'apmoHiero.
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