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YK 530.145(075)

Kuura Oumorre mnpejcTaBasier co6ofi cBoeoOpa3zHoe H3JIOXKEHHE
KBaHTOBON MexaHWKM Ha 0ase aHa.qn3a 3agay ¥ npumepoB. OHa oxsa-
ThiBaeT [TOYTH BCe pAa3fle/ibl KBAaHTOBOH MEXaHHKH, Hauenude GoJib-
Woe MpaKTHYecKoe NpHMeHeHHe. BHHMaTenoHo uwras Kuury OJuorre,
MOXHO He TOJIbKO H3yYHTh OCHOBbl KBAHTOBOJ MEXaHHKH, HO H Ha-
YUHTBCSl MPHMEHSTh €€ K KOHKDeTHBIM 3afiauaM.

Kuura pasjeneHa Ha nsa TomMa. BTOpoi TOM COCTOHT H3 MsATH
rnas (III—VII). Ta. I1] nocesimena XBHMEeHHIO Kak ofiHO# (4acThb A),
TAK H HECKOJLKHX (4acTh D) HepesNsiTHBHCTCKHX YaCTHIL CO CIHHOM 1/,
I'nasa 1V no cymecrsy npeacraBasier coGoii Ja/bHeliliee pPasBu-
tue ra. II1. B Hell wucciepyercss ABuIKEHHe OUYe€HbL GOJILLIONO 4YHCJA
4acTHL (3MeKTPOHHLIH ra3 B MeTasle, Mollesis atoMa Tomaca — Pepmn
U T. A.). B ra. V BomaH Hecrauwonapusle 3ajauyd, B ra. VI -—
3a/layd M NpHMephbl, CBS3aHHEIE C pEJNSTUBHCTCKHM  yDaBHEHHEM
Iupaka, a B nocienHiow, ra. VII—sjgeMeHTs! TeopuH BTOPHYHOTO
KBaHTOBaHHS, BKJIOYAst KBAHTOBYIO TeopHio HajnyyeHusi. KHura cua6-
HeHa MaTeMaTHYeCKUM MPHJIOKEHHEM, KOTOpPOoe HOCBSIILEHO CIleinuaJb-
HHM (QYHKUHSIM H HEKOTOPHIM WHTErpPaiaM. 4YacTO BCTPEYAIOIIHMCA B
KBaHTOBOH MeXaHHKe.

Kunra monesna cTylleHTaM M OperogaBaTesisM, a TaKe MIHpO-
KOMY Kpyry OH3HKOB-3KCIEDHMEHTATOPOB, He 0G6JafalomuX 10CTa-
TOYHEIM ONLITOM BBIMOJIHGHHST KOHKDETHHIX KBaHTOBOMEXaHHYECKHX
pacyeToB.

Pedaxyun aumepamyput no gusuxe
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Ill. YacTHupl CcO CIHMHOM

A. OpHoyacTHuHbIE 3aJa4H

3anavya 129. fsubifi Bup matpun Ilayau

UactHua co cnuHOM !/, ofaagaer TtpeMst ¢GyHgaMeHTANLHBIMH
0COGEHHOCTAMH.

1. Eff npucymu BHyTpeHHHEe BeKTOpDHEIe CBOHCTBA, He 3aBHCAILHE
OT HpPOCTPaHCTBEHHBIX KOOPIHHAT.

2. CoOTBeTCTBYIOIIHI BEKTOp HpEeICTaB/asieT Cofofi MOMEHT KOJH-
ueCTBa JIBUXKEHHA (CIHH), KOTOPHIH HOMKeH GBITh f06aBjieH K o6wiu-
HOMY OpOHTAIbHOMY MOMEHTY YaCTHILBE.

3. V3amepsia Kakyw-1u60 KOMIOHEHTY CIHHA, MOXKHO HOJYYHTh
TOJIBKO OJHO H3 JBYX 3HaueHHH: +1/Ji WU —1/2ﬁ.

ITepeunciiengbie 0COOEHHOCTH MOXKHO OIHCATh C NOMOLIBIO ABYX-
KOMIIOHEHTHBIX BOJHOBHIX (GYyHKUKHHA. COOTBETCTBYIOLIHE UM CIIHHOBBIE
onepaTopel H300pa’KaroTcs IBYXPAJAHBIMH MaTpPHIAMH, SABHHHA BHJ
KOTOpbIX OyZeT HafjeH Huxe.

Pewenne. [TycTs

I
S——2-0'
— ofnepaTop BEKTOpa CIIHHa, Torjga nJs ero KOMIIOHEHT B CHTY
n 2 AOJKHBL HMETh MECTO MepeCTaHOBOYHBIE COOTHOUIECHHA

S,,Sy-—SnyzﬁiSz HT. A (129.1a)

Ony cnpasBeiuBbL /151 OnepaTOpoB MOMEHTa KOJHYeCTBa JABUKEHHA.
s Ge3pa3sMepHBIX ONepaToOpPoOB O; STH COOTHOLUECHHS NMPHHHAMAIOT BUJ

6,0,—0,0,=2i0, 1 T. L. (129.16)

CornacHo m. 3, coGCTBeHHBlE 3HAUEHHA KaXIOro H3 olepaTo-
poB o; paBubl -+1 u —1, mosTOMy onepaTopei O; IONXKHBI A0OmyC-
KaTp NpeJCTaBJeHHEe B BHJe JBYXPALHBIX MAaTPHUL B JBYMEPHOM T'HJIb-
GepToBoM MpocTpaHcTBe. M3-3a HeKOMMYTaTHBHOCTH PaccMaTpUBaeMbIX
MaTpHul, Bceé OHH He MOryT OBITb JHAroHaJbHBIMH B O/IHOM H TOH Xke
rUJabGepTOBOR CHCTEMe KOOpAHHAT. MBI BrIGepeM IOCJAETHIOI TaKHM
o6pa3oM, 4TOOH MaTpHLA

o, = (é _?) (129.2)



10 111, acmuypt co cnurom. A. OOHouacmuunbie 3a0a4u

Obl1a 1HAarOHaJbLHOM, TOT2 eAHHHYHBIE KOOpIHHATHbBIE BEKTOPHI MOKHO

3anucaTo B BHJE
1 _(9
=(O> i 13—(1>, (129.3)

ocoa=a, o0,p=—P. (129.4)

2

TakK 4To

Ecay yacTHua HaxoguTcsi B COCTOSIHHH, ONMKMCHIBAEMOM T'H/bGEPTOBBIM
BEeKTOPOM ¢« (B), TO B 5TOM COCTOSIHMM ee CIIHH HaOpaBjeH BJOJb
HOJIOXKHATENBHOr0 (OTPULATENBLHOIO) HAMPABAEHHSA OCH 2.

Marpuubl 6, ¥ 0, 3andUieM Ternepb B obileM BHJE:

all alZ bll b12
0, = o, = . 129.5
* <a21 G )’ v by by ( )
Uto6bl HalTH MaTpUyHblE 3JEeMeHTHl, Mbl CHaya/ja BOCIOJb3YyeMCS

JBYMSl NE€PECTaHOBOYHBIMH cooTHomeHUsiME (129.16), auHelHbIMH
OTHOCHTEJILHO MATPHI O, H O,

0,0,—0,0,= —2i0,,
HJIH
0 2a,, o; by by
2a,, 0 >: - l<b21 b22>’
H
0,0,—0,0, = - 2i0,,
HJIH

0 —lez\ AT ST
<2b21 0 )2 + 2 <a21 a22> ’

Taxkum oGpasom, uMeeMm
Ay = Gy, = by, = by, =0,

. , 129.6
by, = —it,, by = +iay, ( )

H HaM OCTaercsl OMpENeJNHTh JIHIIb JBAa MAaTPHUHBIX 3/EMEHTa a,
H a,. TpeTbe nepectaHOBOUHOE COOTHOILEHHE

0,0,—0,0, =20,

%ia,,a,, 0 /10
0 — 2ia,,a,, =2{g _—1)

A3€T €lIe OJHO pPaBEHCTBO:

HJIH

3,0, = 1. (129.7)



130. Cobcmeennme sexmopor mampuy Ilayau 11

PapenctBa (129.6) u (129.7) Bce ele OCTaBJAIOT OJHH KOMIIJIEKCHHEI
napameTp, CKaxeM @,,, HeolpenejeHHbIM. Mbl 3adukcHpyem 3TOT
napameTp, MPOH3BOJILHO IOJOXKHB

a,=1, (129.8)

TaK 4YTO OKOHYaATEJbHO MaTpHUbI HayJIH OPpUMYT BHA

0 1 0 —i 1 0
O'xr.. 1 d N Uy= l: 0 , UZ= O __1 . (1299)

PapenctBa (129.9) MoxHO 3aMeHHUTh 3SKBHMBAJEHTHOH CHCTEMOH
PABEHCTB
o.o=p, o,o=if, 0,0 =0,

Uxﬁsa’ yB = —io, Gzﬁz _ﬁ’

€cJIH BOCHOJb30BaThCA coGcTBeHHBIME BexTopaMn (129.3) oneparopa o,.

(129.10)

3apauya 130. CoGcTBeHHble BeKTopbl matpuu [layau

Haifitn coGcTBenHble BeKTOpr OIepaTopoB O, H O, H MOKa3aTb

Heo6x01mM0cn> yCAOBHSL |@y,|2=1. BuisicHuTD cBoiicTBa JIECTHHY-
HbIX" OMNepaTopoB
0,=0,+4i0, U 0_=0,—i0, (130.1)
M olepatopa KBajpara BEKTOpa CHHHA
0® = 0%+ 0; 0% (130.2)
Pemenue. [lonaras B pesyapTaTtax npefslgyllle 3ajaud a,,=a,
nojygaem
0 a 0 —ia
G":<l/a O>’ 0'y=<i/a 0 >, (130.3)
H, cJ1e0BaTe/bHO, ~
0 2a "0 0
R R A T

Ilycts nanee ¢ ecTh NBYXKOMIOHEHTHasi BOJIHOBas QyHKIHSA

u 0
v) < >—|—v< >:uoc + 0B, (130.8)

(
x<5> %/a) U”</Z>$<—‘%jzu>’ 130.6
o()-() Ol

p=

TOrjJa



12 I11. Yacmuyst co cnurom. A. OOnowacmuunee 3adauu

Co6CTBEHHbIe BeKTOPHl Onepatopa O, YIOBJETBOPSAIOT ypaBHEHHIO
o, =Mp,
rjae A —cobceTBeHHoe 3HayeHHe, 9TO YypaBHEHHEe MOXKHO 3anucatb
yepes KOMIIOHEHTBl B BHAE

u
aw=MA ¥ E—:Av.

Tlocnennue ypaBHeHHsST COBMECTHBI TOJABKO B TOM CJydae, ec/H
A=+ 1. Takum o6pa3oM, Jnas COGCTBEHHbIX BEKTOPOB [OJydaeM

sl sl ) o 1o,

%Z”(——ll/a>:”(°‘—%ﬁ) mpn A=—1, 0D

BeposATHOoCTH opHenTauu#i cnuHa BBepPX (B NOJOXKHUTEILHOM Hampas-
JEHHHM OCH 2) ¥ BHU3 IIPOMOPIHOHA/bHBEI KBajgpaTaMm Moaynaed Kosb-
(GHUHEHTOB NpH TuAbOEepTOBHIX BeKTopax o U P, a uMenHo: 1 m
1/la)®. Tak xak HH OJlHa M3 OPHEHTAUUH He fBJAETCA IMPEeNINoY-
THTENbHOH, TO OTCIOAA cJenyer

lalp=1. (130.8)

[lpuBesenHble pacCyXIeHU s NOJIHOCTbIO IPHMEHHMBL K K ONEpaTopy o,,.

3xech W BCIOAY B JajbHeHUeM MBI /IS OHpefeJeHHOCTH 6y11eM
nojarath, 4ro a=1. Takum o00pasoM, coGCTBeHHble 3HAUEHHS KaxkK-
ol M3 MaTpuul o; paBHb +1 M —1, a8 UX COGCTBeHHEIE BEKTODHI
HMEIOT BHJ

0 1 1 1

L N R A T
0 —i /1 1

o=\, 0>, wlzg_x/,(i» %22_”’(—1')’ (130.96)
1 0 1 0

G’=<0 —-l)’ 1p1=<0>, 1p2=<1>. (130.98)

Bce Tpn matpuubt Ilayan spMHTOBEL, Of =0;, a UX COGCTBEHHHe
3Havenusa JedcTBUTebHH. Hamporus, omepartophl

02 00
G+=<O O> " U_=<2 0> (130.10)

He ABJAITCA 3PDMHTOBLIMH:

o,=0_ u ol=o,.



130. Cobcmsennvie gexmopst mampuy [layau 13

Jl1ia HHX 3a1ada Ha COOCTBEHHBIE 3HAYUEHHS OKa3bIBaeTcs Hepaspe-
[IMMOH, TaK Kak 3TH OllepaTopbl HeJAb3f NPHBECTH K JHAroHaJbHOMY
BHAy. B 3TOM MOXHO y6eluThcsA cielylouuM o6pasoM.

B nauConee ofmiem cjyuae ABYXPAJHYIO YHHTAPHYIO MaTpHLY
MOKHO 38alHcaTh, €C/JM OTBJeYbCS OT HeCYUECTBEHHOro :(ha3soBoro
MHOXKHTENS, B BHJE

cos O sin Gets
U=\_ sin ®em  cos Dt €+ /0

rae ¥, §, n—gelcrBuTesbHule napaMerpel. [lpou3Boxs Hajl omepa-
TOPOM O, YHHTapHOoe npeofpasoBanue, HOJdydaem
Ut 6. U — 20 /—sin®cos® cos? Gett 3
o.U =2en . s .
* —sinzde~%  sindcos®/’
HO NOCJEIHIO MATDHIY Hesb3f cheJaTh JAHAroHaJbHOH HH MpH
KakoM BHIOOpe [eficTBHTe/bHBIX [1apaMeTpoB, NOCKOJAbKY GYHKUHU
sin® u cos® HH npu KakoM 3HayeHHH aprymenta O He obpawiatorcs
B HYJb OJTHOBPEMEHHO.
Ecan oneparopamu ¢, u 0_ NOREeACTBOBATb Ha IHJbOEPTOBBI BEK-
Topel @ H B, To, corjacHo paseHctBam (130.6), moayuyum

og,00=0, o_a=2p, o,0_.a=4a, o_o,a=0,
o.p=2a, o_fp=0, o,0.p=0, o_o,Pb=4p.

DrH omepaTtopsl YAOBJAETBOPHIOT NEPecTaAHOBOYHBIM COOTHOLUIEHHAM

(130.11)

0,0,—0,0,=—20,, 0.0,—0,0_=+20_. (130.12)
Ecau or omepaTopoB o, H G_ NepefiTH K HOPMHPOBAaHHHIM omepa-
TOpam
h 13
S+-———2—0+ U S_=—2—0_, (130.13)

TO OHH, TaK XKe Kak M onepatopbl L, ¥ L_ (cM. 3agauy 56), 6yayr
clBUraTh COOCTBEHHOE 3HAUYEHHE 2-KOMOOHEHTbl CIIUHA HAa eNURHLY
(B exuuuuax h):

S,a=0, S_a=~*hp,

S.p=ha, S_p=0.

Coctosinke p ¢ Ipoekiuel cruHa —1/Ji noj neficTBUeM ofepaTtopa S,
epexofiuT B COCTOAHUE O C MPOEKLUHEeH CNUHA +1/2ﬁ, oneparop
S_ nHelicTByeT aHAJOTHYHO, HO B APYTYIO CTOpOHY. Bhipaxkenus S, o
1 S_p no HeoOXOAHMOCTH AOJIXKHBI OGpamaTtbcs B HyJb, TaK Kak,
COTJIaCHO MpHBEIEHHOMY IPaBHJYy CJBHra, B pe3yAbTaTe AOJIKHb
6bl1H Gbl TOJYYHTBCA COCTOAHHSA C IPOSKIMAMH CIIHHA 3/, 1 —%/,,
HO TAKHX COCTOAHHH B paccMaTPHBAaeMOM THIAb5EPTOBOM NPOCTPaH-
CTBe HE CVILECTBYET.
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B sakJjlouenne paccMOTPHM OIEpaTop KBajApara BEKTOpa CIHHA
1
02=U§+0§+0§=7(0+U_+U-0+)—{—U§. (130.14)

HerpyaHo BuaeTb, YTO BCe TPH MAaTpPHUH OF SIBJAAIOTCA €JHHHUYHBIMH
MaTpHULLAMH, NO3TOMY MaTpHUa ¢ AMaroHajbHa:

(10
°=<01'

a ee 3HauyeHHE pPaBHO 3, Kakoif Obl BeKTOp I'HM/AbOEpPTOBa NPOCTPaH-

cTBa Mbl HH Opajd. B cHopaBepauBoCTH 3TOro pe3yJipTaTa MOMKHO

ybenuThCA K C NOMOMBIO BTOporo W3 Bhipaxkenuii (130.14), Bocmoab-

30BABILMCH [I/151 IPOHU3BENICHHH O 0_ H 0_0, cooTHomwenunsamu (130.11).
M3 pasenctBa (130.14) caenyer

§r=21h

Ecnn BBeCTH CNHHOBOE KBaHTOBOE YHCJIO S, TO IIpABYKO 4acTb Mno-
CJeJHEro paBeHCTBa MOXXKHO 3allHcaTb B BHJE

S (S+1),

roe S==1/,. VIMeHHO 3TO HMEIOT B By, KOTJa TOBOPAT, YTO COCTOS-
HHe HMeeT ,CruH 1/,

3apaua 131. AareGpa CMUHOBBIX MATPHIL

IMoxasatb, yro Tpu MaTpuusl [laynn BMecTe ¢ e1HHUYHOH MaTpH-
et o6pasyloT noJHbll Habop JHHEHAHOH ajreGphi.

Pewenne. Ecau 1, o, G,, 0, 00pasylT NOJHBLIH 6asuc, TO 3TO
O3HayaeT, YTo B pe3yJbTaTe CJAOXKEHHS HAW YMHOMXEHHS 3JeMEHTOB
BUA

N=aqa,+a,0,-a,0,+a,0,, (131.1)

rjle a;~—TINPOM3BOJbHbIE KOMMJIEKCHBIE UHC/a, HEJIb3s MOJIYUYMTh 3Je-
MEHTOR, He MNPHHAJIeXaAWHX paccMaTpHBaemoli aareGpe. Has cJo-
JKEHHsl 5TO OUEBHJIHO, YTO XK€ KacaeTcsl YMHOMXEHHUS maphl 3JeMeHTOs,
TO B CHPaBeNTHBOCTH CAEJIAHHOTO YTBEPXKIEGHHS elle MPEeICTOUT
y6enuthesi. C 3TOH Le/blo Mbl cOCTaBUM s Matpuu I[Mayau rabauuny
YMHOXKEHUS.

Myers i, k, I—npousponbHasi UMKAKHYECKasl MEpPeCTAHOBKA TPex
HHJEKCOB X, 4, 2, TOrJa MATPHUH O; NOJIKHB YJOBJETBOPSATHL lepe-
CTAHOBOYHLIM COOTHOLIEHHAM

0,6,—0,0;=2i0, (131.2)
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J51 HOpMHpOBOquIM COOTHOUICHUSIM
(131.3)

Kpome Toro, Kax HeTpyAHO NpoBepHTb, MaTpuubl [layau aHTHKOM-
MYTaTHBHBI:

oi=1.

0,0,+0,0;,=0, i<k (131.4)
Takum oOpasom, ckaagniBas u BhiunTas pasenctea (131.2) u (131.4),
nojsyyaem

(131.5)

CrepoBaTesbHO, NpOHU3BEJeHHe JIIOG0H Mnapbl 6asUCHBIX 3JIEMEHTOB,
ec/IM OTBJEYLCs OT KOMILIEKCHOrO 9HCJ0BOro Kos(pduuuenta, cHoBa
SiBJISI€TCA Ga3HCHBIM S/JEMEHTOM:

0,0,=10;, 0,0;,=—io,.

BTopofi cCOMHOXHTEND

[TepBelit cOMHOMHTENL

(o)
v

Oy
io,
1
—ig,

O
io,
1

Cnenyer o6paTuTb BHHMaHHe, 4TO NPOH3BEJEHHE BCEX TPeX Mar-
punt [layau uMeer ouenp nmpocToil BHJ

(131.6)
3aMeTHM TaKkKe, 4YTO, COMVIACHO NPUBEIEHHOR Tabjuue, He HMEIOLIHE

coOCTBeHHBIX 3HaYeHHH OnepaTopbl 6, U O_ JOJXKHBl YJOBAETBOPATEH
paBeHCTBAM BHAA

0,0,0,=1i.

0L =(0, & io))*=0}—0} £ i(0,0,+0,0,) =0.

3TOT WHTEPeCHBIH pe3yJbTaT 03HayaeT, 4ro B ajrebpe matpul [layau
KBajpaT HEHY/JeBOrO 3JeMeHTa MOxeT OBITh paBeH Hy/Jo. B srtoi
CBA3M CJelyeT 3aMeTHTb, YTO B paccMaTpuBaeMoll airebpe He cyiie-
CTBYET 3JEMEHTOB, OOPaTHHIX 3JeMEHTaM O, H O_,

Henynesoii aseMeHT anre6ps, N, yI0BIeTBOP A KA COOTHOILEHHIO

N = N2, (131.7)

Ha3bpIBAGTCSl UIEMIIOTEHTHBIM 3/eMeHTOM. B Haweill anaredpe Takue

3JIeMEHTbl MMEIOT BHI
l 1
g(l+0) v (-0,

i=x, y, 2. (131.8)
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B MaTpHUYHOM IIpeACTaBJACHHH, HANIPHMED, IoJdydaeMm

- <1+o,>—(5 8)

HefictBue onepatopoB P, W P_ Ha 6a3HucHble BeKTOPH T'HabGepTOBa
npocTpancTBa o U P laer

P.a=a, P_a=0,

P,p=0, P_p=8.

Takum o6pa3oM, 3TH omepaTopsl, JAefiCTBYS Ha COCTOSIHMSA CO CMe-
[IaHHOH CIOMHOBOH OpHeHTalue#, NONaBJAAT JAH60 ®-, AUGO P-KOM-
fIOHEHTY CMeCH

P, (ua+t+uvp)=ua, P_(uo+4vp)=uvf,

TaK YTO B pe3yJ/bTaTe MOJy4aeTcs BEKTOP, COBMNAJAIOWIMIA 10 Hampas-
JIEHHIO C OJHHM H3 6a3HCHBIX BEKTOPOB T'H/b6epTOBa MPOCTPAHCTBA.
[To stofi mpuuuHe YKa3aHHBle ONEPaTOPH HA3BIBAIOTCS MPOEKLIHOH-
HBHIMH OMepaTopaMH.

Samewarue. AnreSpa wmarpun [layaw mo cyutecTBy coBnajaer ¢ ajireGpoit
KBaTEPHHOHOB, B KOTODOH BMECTO Be/JMUHH O B KayecTBe Ga3HUCHBIX 3/1€MEHTOB
HCHO/IB3YIOTCSl BEJHUHHBL 0.

3anaua 132. TpaHcdopmaumoHtibie CBOHCTBA CNHHOPOB

Kak MoxHO noxKasarb, 4YTO CIHH OAHOYACTHYHOIO COCTOSAHHA,
= {ytopas, (132.1)

npeicranaseT cofoii BeKTop? YuyecTh, YTO MaTpHUbl O; He npeobpa-
3VIOTCSi IPM NOBOPOTE MPOCTPAHCTBEHHBIX KOODIMHAT WM YTO TpaHc-
(bopMaUHOHHbIe CBOACTBA CHHHA § MOJHOCTbIO OOYCJOBJIEHH TpaHC-
(opMaLlHOHHBIMH CBOHCTBAMH BOJIHOBOH (DYHKIIHH.

Pewenre. Tak Kak npocTpaHCTBEeHHBle BpaiieHHs 06pasyior
rpynny, To ZOCTaTOYHO PACCMOTPETh GECKOHEUHO MaJble mpeofpaso-
BaHHA

Xi=1x; +;' EipXp,  Epr=— €y, (132.2)
rae
€1a= 03, Ey3 =0y, €5 =0Q, (132.3)

— OeCcKOHEeUHO MaJnble yrJbl IOBOPOTOB OTHOCHUTEJNABHO KOOPJHUHATHBIX

ocefi. Ecan coMH § fABAAETCA BEKTOPOM, TO OH JOJXKeH IpeoGpaszo-
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BbIBATbCA N0 TEM Xe MpaBujam:
’ ’
§;=§; +§ €658 (132.4)

BBIMOJHEHHE IOCJEeIHHX NOJXHO ofeclnedyuBaThcs 3a cyeT npeobpa-
30BaHUA TOJBKO CaMOH BOJHOBOH (DYHKUHUH:

V=014, Pr=yt(l+E), (132.5)

rre §—uHpuHATe3HManbHbIN onepatop. Huxe Gyner maiimen saBHbIL
BHJ YKa3aHHOrO npeo0pa3oBaHusl.

Mel HayHeM C 3aMeyaHMs, 4YTO mnpousBefeHHe Y'y sBIgeTCR
CKalsipOM, M MO3TOMY JOJKHO BBINMOJHATBCA DPaBEHCTBO

P =Pt (1 +&) (148 p =1yt y,
HJIH
B =—E. (132.6)

[loncrasnssa Aanee Beipaxenns (132.6) u (132.5) B popmyay (132.1),
noayyaeMm

si= {9 (1= o,(1 +Dpr =5+ { ¥ (6 —Eo) par.
CpaBnuBasi 3TO0 BbpaXkenme ¢ BhlpaxeHueM (132.4), npuxogum
K YpaBHEHH M
Ui§_§6f=2, Ep0p, i’ k=11 2! 37 (132'7)
k

13 KOTOPHIX MOXHO omnpefesutbh omeparop &. HeTpymuo npoBepurs,
9TO pelleHHe HMeeT BHJ

E = (4305 + £3,01 +£3,0,). (132.8)

IleficTBHTENbHO, MOJACTAB/AS NPUBEJEHHOE BHIPAaXKeHHE B JEBYIO
yacth (132.7) u WcnoOMB3ys KOMMYTALMOHHBIE [PaBHJA, HarpUMeD,
Aas caydas i==1, Haxomum

i i . .
5 [0y, €,,0518450, +€5,0,) = 5} {— &y, 2i0, + €41 200} = £,,0, + €,,0,,

YTO B TOYHOCTH COBMAJaeT C BhIpaXKeHHeM, CTOAUIMM B IIpaBOH yacTH
(132.7). Amnanoruysble pe3ysabTaTel NOJMYYAKTCS M B TOM CJydae,
Koraa [=2 uau i{=3.

Oneparopy (132.8) moxHo npuarh €osee NpocTol BUA, BOCHOJb-
30BaBIUMCh [IJIsi YIJIOB MOBOPOTa 0G03HAYEHHSIMH, NPHHATHIMU B dop-
Myaax (132.3):

=5 X, %0 (132.9)
R
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Ecaun paccMarpuBaemoe npeo6pasoBanHe NPUMEHHTh K MPOH3BOJLHOM
IBYXKOMITOHEHTHOI BOJHOBOK (QYHKLHH

¢=<Z>=ua+vﬁ, (132.10)

TO B pe3yJbTaTe NOJyd4uTCd npeobpa3oBaHHafd ¢GyHKUHA

W = (‘;) p—l (132.10a)
rpe
, i i .
u = ( 1 + 5% ) U+ (o —ia,)v,

; . (132.11)
v’=-2—(oc1+ia2)u+(1——2—a3)v.

JByxkommnoHeHTHad ¢yHKuuA, obnajgamomas TakHMH TpaHcdopMa-
LHOHHBIMH CBOHCTBAMH, Ha3blBAeTCS CHUHOPOM.

3agaua 133. DeKTpoH CO CMUHOM B UEHTPAJILHOM TioJe

Hafith BOnHOBBIe (YHKUHMH 3JEKTPOHA CO CIIMHOM B MOJE He
3aBHCAINMX OT CIHHA LEHTpadbHBIX CHJ. ¥4ecTb, YTO BOJHOBBIE
$YHKUHHY JO/KHBI GbITh COGCTBEHHBIMH (PYHKUUAMH IBYX ONEpaToOpoB

S=(L+8)? u J,=L,+S, (133.1)

rie L ¥ §—cCoOTBeTCTBEHHO OpOMTAJbHBIA M CHHHOBBIH MOMEHTHI
31E€KTPOHA.

Pewenne. Haunem ¢ z-KOMIOHEHTH MOMEHTa KOJHYECTBA JBHKe-
Hiusg. YYMTHIBasi, 4TO
b oo h 1 0
Li=7%+ S:=%59 %={0 —1)

MOXKHO HanHucath

/_,'_a__.*_i 0
J,=ii\ ""(‘)P 2 .. (133.2)

Co6cTBeHHBIE (PYHKIHMH 3TOTO ONepaTtopa HMEIOT BHJ

/ (l - N
(m)e
v= Clet (m/+i)¢ , (133.3)
C.e 2
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rne C, u C,—1oKa ellle IPOU3BOJbHblE QDYHKIHH nepeMeHHbX r u §.
B sTOM HeTpyaHo y6eantbes, noneficTBosas onepatopoM J, Ha (QyHK-
uuio ¢P. B pesyabrarte nmoayunm

I p="lhmpp, (133.4)

MOSTOMY BeJIMYHHA ﬁmj ecTb COGCTBEHHOE 3HaueHHe oleparopa npo-
eKIHH MOJMHOro MoMeHTa J Ha och 2. CMblcsl BOJIHOBOH (YHKIHMH
(133.3) cTauer Gonee OueBHIHBIM, €CJH MEpENHCaTbh €e B BHIE

1p=Clet<m/ 2)wa+cge[(m"+%)wﬁ. (133.3a)

Mbl BUAMM, YTO NEPBHIH UJIEH ONHCBIBAET 3aBUCHUMOCTb (GYHKIHH
OT KOODJHHAT, eCJH CIOUH HampaBJieH BBEpX, a BTOPOH YJEH Omu-
ChlBAeT TY XKe 3aBHCHMOCTb, €C/Jd CNHH HampaBJeH BHM3. OJToi
KOOPAHHATHOH 3aBHUCHMOCTBIO ONpeleaeTCsi 3HaueHHe Hrm; NPOeKUHH
op6uTaNbHOrO MoOMeHTa L Ha ochb 2, H OHO JO/DKHO OMITh TaKHM,
urobul m; =0, +1, +£2, ..., T. e. 6610 UeabM uHcJIOM. B cayuae
CIHHA, HampaBJeHHOrO BBEpX, Mbl NOJy4deMm

l
m/'=ml+—2—1

a B cJydYae cnHHa, HalpaBJEHHOTO BHU3, HMeeM

1
m]' = ml—? «
Takum. o6pasom, m; siBAAeTCA MOJYUENBIM YHCJOM. DTOT pesyJbTar
npeacTaBJasieT co60# XOpOIIO M3BECTHOE M3 BEKTOPHOH MOAeNH npa-
BHJIO CJIOKEHHs MOMeHTOB. XapakTepHasi OCOGEHHOCTb BOJIHOBOMH
¢ynkuuu (133.3) uan (133.32) coCTOMT B TOM, UTO fm; NPEICTaBJseT
co6of ,xopolliee KBAHTOBOE YHCJIO“, @ YHCJO /11, TAKOBBIM He fABJACTCH,
MTOCKOJIBKY BEKTOp 1 ecTh CMeCh IBYX COCTOIHHH, XapaKTepH3yio-
IUXCA Da3JMYHBIMH 3HAYeHHAMH KBAHTOBOTO UHCJA m,.
Tepefizem Tenepb K onepatopy J2. Mcmosb3ys fIBHBI BHI MaTpHIL
Mayau, Bxoasmux B onepatop 8= (f/2) 6, MOXHO HamKCaTh

s

L. L.
Jz:1,2+s2+2(L-S)=L2Jf%ﬁ”rﬁ@z —L >

Taxkum o6pasoM, MBl TOJ/KHBL PEmIUTb CJeRyIomylo 3ajady Ha col-
CTBEHHble 3HAYEHHS:

L3k hL, hL_

i
AL, LZ—I—%ﬁz—ﬁLz Y="h (j+ D,

Jnp =

(133.5)
OpUYeM BBILE MO @HAJOTHH CO CJyyaeM OpOHTaJbHOrO MoMeHTa L2
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M5l OPOM3BQJbLHO O0O3HAaUMJIH HKCKOMOE COGCTBEHHOE 3HAYEHHE [MOo-
cpexctoM fi2j (j+1). Uro6bl caesats GyHKUHIO P obumeli co6CTBeH-
Holi Qyukumed onepatopos J, H J?, Mbl JOJIKHBI IPUIATH el (OpMy
Boipaxenus (133.3) U, Kpome TOro, IOJ/UKHBIM 06pas’oM OMNpeneJnTh
3aBHcHMOCTh ¢yHxUHA C, u C, or nepemeHHOH ¥. IDTOro MoXKHO
JOOUTBCA, MoJaras, YTo ‘

f(r)yl m._L (ﬁ" (P)
— [ A
V= gny,  1@e ) (133.6)

Ctepuueckde rapMoHuku B. BelpaxkeHun (133.6) saBucar or ¢ Kak
pas TakHMM 00pasoM, KaK 3To Tpe6yercsl corsacHo paseHctBy (133.3).
Ilpn pacuere BolpaxeHHsl J*p B COOTBETCTBHH C COOTHOILEHHSIMU
(133.5) n (133.6) MBl Bocmoab3yeMcsi oOmWHUMH ¢GopMyJaMu  (CM.
3agauy 96):

LY, =—hVIFmr)(—=m)Y, ,.,, (133.7a)

LY, ,=—hVI+mI—m+ )Y, ._,,  (133.76)

Lzyl,mzﬁmyl,mv (1337B)

Ly, ,=Wi(+1)Y,,. (133.7r)
OKOHYaTeJbHbIA Pe3yJbTAT HMEET BHJ

o [ter D+ 3+ (m—)] v -

Ay
4G = T
’ 7 2

—f }/<l+m,+%) (l'_'mf—%>yl, mpt T+
+g(r)[l<l+l>+%—(’"f+%>]y :

I, m +—
* T e

Jop = he

Ilostomy 3amagya Ha coGeTBeHHble 3HaueHus (133.5) cBoguTes X IBYM
JMHeHAHBIM a/reGpauyecKUM yPaBHEHHAM OTHOCHTENbHO (YHKUHH

F(r) n g (o)
Flre+n+5+(m—5)=iG+1]—
~1 Y (t+5) —mitg[la+n+ 35—
—(m+5)—iG+n] =0

(133.8)
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Tor (axT, YTO HaM yJaJ0Ch HCKJIOUUTh cepHUecKHe TapMOHHKH,
noxasblpaer, uto BbI6op ¢yHkuud P B Buge (133.6) meficrBHTENBHO
103BOJISIET PElINTh MNOCTaBJAeHHyl0 3ajauy. Takum oGpasoM, W OpH
HaJHUHHA CHOHHA YucJao [ Bce eme SIBJAfETCS ,XOPOLIHM® KBAHTOBBIM
YKCJIOM.

Ypapaenus (133.8) coBMecTHBI TOJIBKO B TOM CJyuyae, KoOrja
¢yHkuMH f(r) ¥ g(r) oTauyaloTcs APYr OT Apyra JHMIUb NOCTOSIH-
HBIM MHOXHTeJeM. IlosToMy MBI NMOJOXHM

f(ry=AF(r), g(r)=BF (1), (133.9)

a oTHoweHHe B/A moxHno Oyner Haiitu u3 ypasHenuit (133.8). Tax
KaK cHcTeMa JHHeHHBIX ypaBHeHH# (133.8) omHopoaua, ee ompege-
JINTEJIb JIOXKEH ObIThb DaBEH HYJIO:

[]_ . _.(z +%>2]2-—m?_ [(,Jr%)z_m?] =0. (133.10)

[locnenHee cooTHOIIEHHE, KaK OUEBHIHO, HE 3aBHCHT OT KBAHTOBOIO
yHcaa M, IJTO SABJSETCH OJAHMUM M3 NpocTeHHX CJAeACTBHA BechbMa
ofie#t TeopeMbl Burnepa—3kkapra. VMMeercs aBa pasiHuHBIX 3HA-
yeHHs 4YHCJa j, yAOBJeTBOpAWILHX ycJaoBuwo (133.10).

Pewenue 1
1
{4,
1 5 My
l=l+?7 B=—-A 1 y
I+ +m;
I
‘/“F gtm Y, 1
X Fl(f) Y A
q,l:T_ . (133.1D)
2141 1
\_. ‘l/-l—l—-?—‘mi yl' m/-+—;
Pewenue 11
1
l-b=--m
j=l—g, B=A4 —,
1
]/l-{-—————m Y 1
2 7 P
Fy(n) !

(133.12)

O6a pemenusi mopmupoBaubl. Tak Kak BO BceX KOMIOHEHTAaX BOJI-
HOBOH (YHKLUHMH B KauecTBe MHOXHTeJeH (GUrypHpywT cdepHyecKue
TapMOHHKH OJHOTO H TOFO Xe IHopsAxa [, a moTeHuuas npexnoJa-
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raercs He 3aBHCAILEM OT CIHHA, QYHKUHIO F, MOXHO ONpeIesuTh
U3 paauanbHoro ypasHenus [lpenunrepa

[N S N (|
—QZ(XI— (r;f_ )Xl>+v(r)Xl=Elea (13313)
rae
Xe=rF(r). (133.14)

Samewanue pedaxmopa nepesoda. QPopMyaa (133.11) ocraercs cnpaseniuBoii
u B cayuae =0, Tak xak npH 3ToM KoxpHUHEHT, CTOAWHME NMepeXl He HMeOLEH
cMbic/la CpepHUeCKOl FapMOMHKOR Y, ., TOXINecTBeHHO paBeH HyJlio. Takum
oGpa3oM, B 9TOM cJIyYae HMeeM
Fo(r) (1 1
= npu 1=0, m;=-+—+
'lPl V‘I’ﬂ 0 P 7 +2

_ Fy(n (0 B 1
1])]——1/.4?‘(1> npy =0, m]———?.

Urto ke KacaeTcsi BTOPOro pelleHHs, Yy, To NpH /=0 OHO He cymecTByeT, Tak
KaK KBAHTOBOE YMCJO j NO ONpeleJIeHHIO NOJIONKHUTENbHO.

3ajaua 134. Keajpyno/jbHulii MOMEHT MPH HAJMYHM CIHHA

Bbluuc/IuTE KBaAPYNOJIbHBIH MOMEHT OJHO3JIEKTPOHHOLO COCTOS-
HHMA B cepHUecKH CHMMETPHYHOM IIOTEHIIHAaJbHOM IOJe, IPUHSB BO
BHUMaHHE HaJMuMe CIIHHA.

Pemenne. Kpazpar Monyss coGcTBEHHOH GYHKUMH [cM. paBeH-
crea (133.11) u (133.12)] Brlpaxaercs dopmyoi

_1Ff 0l 1N 2
I\P,]“’———%’_‘_—l{(l—{— 5 +m/>lyt, m].-—é—l +

} (134.1a)

1
+(l+§"——ml>'yl, mj+%
ecnu j=I[+1/,, n popmyJoi
F 2 1 2
S (1o, o[

+(l+%+m/>|h, mj+_;. a} (134.16)

ecau j=1[1—1, Hanomnum, uto |m;|<{j u uro npu /=0 pemenue,
cooTBeTcTBYIOIee DYHKIHH P1;, OTCYTCTBYET.

Tak xak Bblpaxenus (134.1a) n (134.16) He 3aBHCAT OT yraa ¢,
TO 3Jech OCTAIOTCHA B CHJe apryMeHThl, IIpuBejenHble B 3ajgaue 6],
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[03TOMY CpeJHHe 3HaueHHd HeIUarOHAJbHHX 3JIEMEHTOB TEeH30pa
KBaAPYHOJBHOIO MOMeHTa 0o6pallaloTcsl B HYJb, & CPeIHHE 3HAaYeHHUA
ero AHATOHAJbHBIX 3JIEMEHTOB CBSI3aHBl COOTHOIIEHHEM

1
Q> =<Qyy> =—5<Q:>- (134.2)

Takum 006pa3soM, Mbl ONNTh JOJI2KHBI BBHIYUMCAHTH JIHLIL OAHY BeJH-
yuny <@,,>, omnperensiemyio ¢opmyJoh

Q> = |9 r* (3cos? & — 1) dox. (134.3)

[oacraBass cioga soipaxenns (134.1a) u (134.16) u yuuTbBas
JoKa3aHHOe B 3ajave 61 cooTHoulenHe
20 (14 1) —6m2

§ Beos*8—1)| Yy, m[*dQ =

a—gerrs e (1349

nojsy4aem
1 2
Q=g (145 &m i G 3 WY
222 =371 g =Yy 20 —1) (20 +3) !

2 (L 1y—6( my i)
+(1+2L$mf> (21)_1)(<27f|-3)2 > |

3gech BepXHHH 3HAK OTHOCHTCH K CJyvaw [=/{-}1/, a HUXHUl —
K cayyawo j=I[—1/, v [>=1, H, KpoMe TOro, BBEeAEHO 06O3HAUEHHE

@«

$r1F () Pdr =<, (134.5)

0

[Tocne snemeHTapHO#l meperpynmnupoBKH uYleHOB B (UTYPHHIX CKOG-
Kax IOJIyYeHHOe BbIpaKeHHEe TPHBOAUTCS K BUAY

12
2L (4 1)— (m/+4) 2l+lm’2'

Q> =<1 T » (134.6)

yIoGHOMY I/ CPaBHeHHs C BhlpaxkenueM (61.8).
IMocnennioo ¢opmysy MOXKHO 3anmMcaTh B 0ojiee KOMIIAKTHOM
BHIe, €CJIH 3aMEHUTb KBAHTOBOE YHCJO [ 4ucaoM j:

1 3m}

Ora dopmysia HMeeT MecTO NPHU JoG0M BHIGOpE 3HAKA B BLIPAXKEHHH
j=147/, B nuxecnepymwoielt TabJuie IpUBeIeHE YUCTIOBLEIE PE3YJb-
TaTbl AJISI HECKOJbKHX [1ePBhIX 3HAYeHUH KBAHTOBOTO YHUCIA /.
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<Q,,>/Krt> man
CocTosuns i - \ - 3 I 5 . 7
=7 FAar) jTE7 =E7
Siyps Py, & 0 - - -
Pa/,, Ds/’ 3/2 “}"2/5 -—2;’5 - -
D“/a ' F“/g 52 +16/35 +4/35 —205 -
Foyy Gy, s +1%a; +%/n /a1 —H/n

Ms taGauosl BHAHO, YTO TNPH j=1/, c¢epuueckod CHMMeTpHuel
ob6n1afa0T Kak S-, Tak H P-cocTosiHusi. BooGlLie MOXKHO YCTAHOBHTD,
YTO N0 Mepe YBEJHUYeHHs 3HaueHHH [m;| BbITAHyTas ¢opMma 3JeK-

TPOHHOT'O paciipelesieHusA 3AMEHsIeTCs1 Ha CHJIOUWIEHHYIO.

CyMmma uucen XQ,,>/<r?>, crosamux B Hamed TaGauue Ha OXHOH
CTPOKe, KakK HeTPYIHO BHIETb, PaBHa Hy/O. ITO OGBACHAETCH TeM,
YTO TaKOe CYMMHPOBAHHE IPHBOAMT K KOHQHIYypallMH 3aMKHYTOH
060JI0UKH. B 3ToM MOXHO y6GeiuThcs H B ofumieM ciyyae, ecu MpH-

HATb BO BHHMaHHe, 4ro

i
. 1
2 l=j++
m]'=l/l

i
X mi=5i(i+5)G+D

C yuyeToM 3THX COOTHOLIEHHI HMeeM
!

i
B .3
2 Q=< m;/’I D

=1 L=
m/ /e 7

3anaua 135. Cpennee 3HavyeHHe MArHMTHOTO MOMEHTA

i »JMeKTpOHA €O COHHOM B HEHTPAJBLHOM [0Je BBIYHCJHTD
CpelHHe 3Ha4eHHS BCeX Tpex NpoekUuil BekropoB S, L u J, a Takxke

BEKTOpa MArdHTHOrO MOMEHTA.

Peuwsenne. Ilyctn

/ul\

U= ]
U/
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- CcOBCTBEHHbIH CITMHOP, Toraa
fi
ut Spu=5 (uju, +uzu,),
h
ut S,u=

oF
[
uv S,u-——?

(a0, —uzu,), (135.1)
(uiu, —usu,).

CornacHO pesyJibTaTam 3afa4d 133 1A COGCTBEHHBIX CNHHOPOB J2
u J, HMeeM

Fylr)

— N T 1
Uy Vm Ai. ! yl, m].-? ’
_ R0 g oy (135.2)
2 = V‘m f, ! I, mj‘*";‘"
rjpe
1 1
AH_;_’ = ]/l—}—;—}—m,, Bz+%, = ]/l+7~—mi (135.3a)
)54

. —
AL = 1/l+7—m/’ 1 = ]/1+-2——{—m,~. (135.36)

Takum obpasom, B Beipaxeuusix (135.1), xoTOpnle HCNOJBL3YIOTCA
LA BHIYHCJIEHHs CPeIHHMX 3HaueHMd S, u S,, OTAeJbHBIE YJEHHI
6yayT cojep:KaTb TpOHU3BEAEHHA Pa3JHUHBIX chepHueckHX (PyHKIUHH,
RO3TOMY

Sp>=0 u <S,>=0.

C apyroft cTopoubl, AJ8 cpelHero 3HaueHHs S, H HOPMHPOBOYHOIO
HHTErpaJja Mbl COOTBETCTBEHHO HMeEeM

=24 (rLBOLE (a3 B ) ar (135.4)
H
(- F 2 o
Sr*%(A‘f,l+B?,,)dr=Sr2|F,(r)]2dr=l. (135.5)
1] o
Orcrona caegyer
A2 _ Bt
<S,>=§ s X (135.6)

A,z..,-{—B?.l
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B cocrosinpsix ¢ j=1{-41/, umeeMm

1 1
(S,>+=ﬁm,m=ﬁm,-2-l. , (13573)
ecqn ke j=I[—1/,, TO
1 1

Cpenaue 3HaueHHs NpoeKuUd OpGUTAJbLHOTO MOMEHTa MOXKHO IIO-
JY4YHTh aHaJOTHYHLIM O0pa3oM, paccMaTpPuBasi BbIpaKeHHe
ut Lu=uiLu, +-u;Lu,.
Tax kak onepatopsi L, -+ iL, H3MeHAIOT BTOpOA HHAEKC cdepuue-

ckoil QyHKUMHM Ha =1, TO cpeﬂ,}me sHaveHus L, u L, cHoBa ofpa-
wamTes B Hyab (cM. 3ajauy 58), a aas cpem{ero SHAYCHUS L, umeem

S{ uy (m/—%> 4y s (mf—{—%) ug}dsx

<L3> :ﬁ,- * *
S { iy —]—uzuz} d3x

HJIU

A?vl( '——>+B/ /(m,+ 5 >

L>=Hh-
Ea A} B}

Ecnu Bocnosb3osatees dopmysnol (135.6), To nocneanemy pesysb-
TaTy MOXKHO Npuiark OoJsiee npocTofl BHUI:

KLy =hm;—<S,>. (135.8)

Sry Qopmyay Ml Morau Obl NOJYYHTL Cpa3y, eciu Gbl YUIH, 4TO 4
ecTb coOCTBeHHMH cruHop onepartopa J,=L,+S,, npuHagnexawu
COGCTBEHHOMY 3HAYEHHIO M.

CpenHue 3HaueHHa J, i J, Takke paBHBI HYJIO, NOCKOMbKY
PaBHBI HYJIO CpelHue 3HaUeHHUs COOTBETCTByIOLLLPIX NpoeKIUH BeKTO-
pos L u 8.

Oneparop MacHUMHKO20 MOMEHMA HMeeT BHI

e
M=—5—(L +28), (135.9)

rlie —e— 3JIEKTPUYECKUM 3apa sjekTpoHa. CpejHue 3HayeHHUs Npoek-
Ui MATHHTHOIO MOMEHTA HAa OCH X H Y 0OpallaloTcs B HYJb, OAHAKO

KM= — 5= {<L>+2<S)}, (135.10)

2mc
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yT0 € yueToM ¢opmysnl (135.8) mMoxkHO 3anucaTh B BHJAE
e
<My = — 5 (hm;+<S,).

Orciofa, NpHHHMas BO BHHManue coorHollenus (135.7a) u (135.76),
HaXOAUM, UYTO B COCTOSIHHAX ¢ j=1{41/, :

| ho o 2j+1
<Mz>+=—%m,(1+2—j>=-—;—m-mj—’-§-, (135.11a)
a B COCTOAHHAX ¢ f==[-—1/,
eh 1 eh 2j4-1
M>-=— gyl =5 ) = — g ity (135.116)

3ameuanue. Tlpusefennbie GOPMyJbl MOKa3bIBAIOT, YTO B 3aMKHYTOH mogobo-
jgouke (n, I) peaysnbTHpylowHi MAarHHTHBIH MOMEHT paBeH HYJIO KaK B cayuae
j=1l-+1/5, Tax u B cayuae j=1I—1/,.

Muoxurenb, croamui B ¢opmynax (135.11a) u (135.116) npu
senuuune — (eh/2me) m;, naswipaercs g-¢paxkropom Jlamaé paccmarpu-
BaeMoro cocrosiusa. OH mo3posisieT sanucaTh Bequuudy <M,> B Buie

Ao ;
My =— oomyg (j) = — 5= <J > g (1)

Orciona BuaHO, urO g-Pakrop Jlaumé omHCHIBaeT OTKJIOHEHHE OT
KJIaCCHYECKOTO COOTHOLUeHHs MaKcBe/jla MKy MarHUTHbIM U Mexa-
HHUYECKHM MOMEHTAMH YacTHIbl, OGYCJOBIEHHOE HAJHYHEM Y YACTHIILI
CIIHHA.

3apava 136. ToHKasi CTpyKTypa
BsaumopeficTBre COGCTBEHHOrO MarHHTHOrO MOMEHTa 3JIEKTpOHa,

=—g—S8, (136.1)

C ero opGHTAaJbHBIM MOMEHTOM L ONMCHIBAE€TCS WIEHOM B TAMHJILTO-
Huane Buia
r__ g 1dvi(n
H =5iE T dr (S-L). (136.2)
Onpeneaurs 06yCJ/IOBNIEHHOE 3THM B3aHMOJEHCTBHEM paclLeleHHe
snepreTHYecKHX ypOBHEH.

Sameqanue. Tak HasbiBaeMblii g-HaKTOp 3JEKTPOHA OYeHb GJNH30K K GAHHAILE.
Kak 6bio yeramosseno, ero tounoe ssauenme pasno 1,001145. Tak Kak NOJIHYIO
TEOPHIO TOHKOH CTPYKTYphl HeJIb3f NOCTPOHTB, OCTaBAasiCh B PAMKaX HepPeJsTHBHCT-
CKOil KBaHTOBOH MeXaHHKH, TO K BBEIEHHOMY Bbile g-bakTopy He CleAyeT OTHO-
CHUTLCH CJIHIIKOM CEePbe3HO. 10 ke 3aMeuyaHHe B NMOJIHOA Mepe OTHOCHTCH ¥ K MHO-
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xuTesio 2 B 3HameHartese BulpakeHus (136.2) (tak HaseiBaemas nonpaska Tomaca D),
ero nosBJieHHEe HCBO3MOXXHO OGBACHHTHL B PaMKax HEPEeNSTHBHCTCKOH TEOPHH.

Pewenne. BoanoBas (yHKUHA 3JMeKTpoHa B LEHTPaJbHOM IoJje
eCTh OJHOBpeMeHHO cofcTBeHHas (yHKUHS onepatopoB J® u J,; ee
yrjoBas 3aBMCHMOCTb ObllIa yCTAHOBJEHa B OIHOH W3 IpenbAyUUX
3ajad, No3ToMy ¢HUrypupymomuid B ramuipronHase (136.2) oneparop
(S-L) MOXHO HCKJIOYHTb, HMesl B BUAY, YTO MJSl COCTOAHUA ¢ =|], [>
CTpaBe[JIHBO COOTHOILIEHHE

i, D={L"+ 8 +2(S-L)}|]f, D>,
HJIH

wiG+n—[te+0+5] i D=2 81 .

Taxum oOpasoM, Hajnn4yue B raMuibToHHaHe ujeHa (136.2) B Koueu-
HOM cuere pnobGapJisgeT K [OTeHUHaNbHOH 3Hepruu V (r) sHepruio Bos3-
MYUEHHST BHJA

ght 1 dv(r)

V= G+ v—ta+n—3} (363

Sra sHeprus 3aBHCHT OT KBAHTOBHIX uMceJ j W [, ¥ MOITOMY IipH
OHOM M TOM 3Ke 3HaueHHH [/ ona OyjgerT pa3iuyHOH ANl pasHbIX
3HaueHufl j=14-1/,.

B nepsom nopsagke TeOpHH BO3MYUIEHHI IONPABKAa K YPOBHIO
SHEPTHH ollpenensercsa ¢opmyJoi ?

Ej i=<i, V'], b, (136.4)

[Noabsysich Temu e o6o3HaueHHsiMH, YTO H B BbIpakeHMsx (133.11)
H (133.12) u npuHHMas BO BHHMaHHE YCJIOBHe HODMHDOBKH,
-]

(rF(npar=1, (136.5)

nojyyaem

E},z=z,%:?{i(i+l)—l(l+1)~%}Sr2|F,(r)|2}%V,—dr. (136.6)

0

w

Takum o6pasom, pacluenjieHHe ypoBHell C OAHHM H TeM 2Ke 3Haye-
HHEM [, HO pa3/IMYHbBIMH 3HAYEHHSMH | OKasblBaeTcsl MPONOpiHO-
HaJIbHBIM PAa3HOCTH

(r+4) (3= (=5)(+§) 1.

D O6tiyHo ee HaswBawT nonpaskoii Tomaca — Dpenkena.— Ipum. *ped.

% Marpuna sueprud Boamymenus (136.3) auaroua/ibHa o KBAHTOBOMY UHCJY my,
NO3TOMY MOXHO OCOHTHCH (OpMyJaMH TeODHUH BO3SMYLIEHHSI Ge3 BHIPOXKIEHHS.—
lpun. ped.
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103TOMY

AE=F0 “ (21+1)Sr2|F (") =+ dr. (136.7)
3aMeTHM, YTO [OAYDOBEHb C MeHbIUNM 3HAUEHHEM | pAacloJIaraercs
cHU3Y (HOpMaJpHBIH ny6aeT).

Hekoropoe mnpencrtasnesye 0 BeqHuuHe uHTerpasa (136.7) MoxHO
noJyYHTh, B3B B KauecTBe NOTEHIHAJa BbIpaXKeHHe

Ze? 1 dv  Ze

== TT =7 (136.8)

Tax kak BOJHM3H afpa BCAKOrO aToMa (I0Tenluas Beger cebs yKa-
3aHHLIM 00pasoM H TakK KaK B 3Tofi obJacTu

F,~r,
TO TOJBIHTErpajbHOe Bhipaxenue B (136.7) npomopuuoHanbHO r2*~1
v, CJeIOBaTeNbHO, MHTErpaJ KOHeueH npu /=1, 2, 3, ... # Jora-

pudMHUeCKH pacXoiuTcs Aaa S-cocTosiHuH, korga [=0. ITockonbky
S-cocTossHMA He pacwensA0TCA, a JHWb CABMTAIOTCH, NOCIelHHH
pe3yJ/IbTAT HE HMEET 0co00TO 3HAUeHHS IpH aHaau3e CNEKTPOKOMHU-
yecKHX JaHHBIX. B aKKypaTHOH DeJSTHBHCTCKOH TeOpHUH TPYAHOCTh
Boo0lle He BOsHHKaeT (cM. 3agauy 203).
W 6e3 netalbBBIX BHIYHCJIEHHH HHTerpasoB Tuna (136.7) moxuHo
C yBEPEHHOCTbIO CK43aTb, YTO Pe3yJbTaT HMeeT BeIHUUHY TOpsiiKa
Ze?/a®, rpe a—BeJMYHHA TAKOro e MOpAAKa, 4TO H paauyc aToma.
Tak kak aToMHble TepMbl MMEIOT NOPAIOK Ze?/a, To, TpyGo rosops,
AE A2
F e
rae A =l/mc—KOMNTOHOBCKast aauHa BoJHb. OHa npencTaBJsieT
cobofl Maslyl0 BeJIMUMHY, I103TOMY oOcyxKiaaeMblil pdexT mefcTsH-
.TeJbHO HOCHT XapakKTep TOHKOH CTPYKTYDHl, W [JIs €ro paccMmor-
PEHHS MOXHO OTPaHHYHTbCHA, KAaK 5TO H OBUIO Cl€/iaHO, IepBhIM
MOPSAIKOM TEOPHUH BO3MYILEHHH.

3anauya 137. Mnockne BOAHBI NASl YACTHU CO CHHHOM 1/,

Pas3/i0XuTb NJIOCKYIO BOJIHY, ONHUCHIBAOULYI0 CBOGOAHYIO YacTHLY
CO CHHHOM !/, B P IO cdepuyeckum rapMoHukaM. PaccMorpers ciy-
YaH MOJOXKHUTEJBHOH M OTPHLATeNbHOH criMpadbHOCTH. CuHTaTh, YTO
BOJIHA pAaclpoCTpaHsieTcss B IOJ0XKHTEJBHOM HallPaBJ€HHH OCH 2.

Pemenue. Il0cKMM BONHaM, pacnpoCTpaHALHUMCH B ITONOMKH-
TebHOM HamnpaBJE€HHH OCH Z, OTBEYalOT 1Ba CNKHOpa

b= ((1)) etr w = (?) vz, (137.1)
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B cocroasuH Y, CNHH YaCTHUBl HanpapjeH I10 JBHUXKEHHIO, H MBI
TOBOPHM O noAoxcumensHoil crupasbrocmu, h=-+1. B cocrostuu H_
COHH HanpapjeHd [POTHB [BHKeHW#, u h=—1. Ecin pasnoxurs
paccMaTpHBaeMble CIIHHOpPBl 1O COGCTBEHHBIM (YHKIHAM HOJHOTO
MOMEHT2 KO/JMYecTBAa [BMXKEHHS, TO B 06OMX cJaydasx m;=0, a
m;= -1/, NAA COCTOAHHA P, H m;=—'/, LJA COCTOAHUA P_.

B 3ajave 133 6blL10 NOKa3aHO, YTO NPH JAHHOM 3HAYEHHH OPOH-
TaJIbHOT'O KBAHTOBOTO uHcJa [ MMeeTcsl JBa Poja oGUIKX COGCTBEHHBIX
CIHHOPOB OnepaTropoB J, H J?, a HMEHHO

F
— |4 5—m;Y
2 ! l,m/"'_é'
ecnn j=1[0+1,, u
1
/Vl+7—miyl;m/—L
LI - i (137.26)
) A+1 1 ’ )
Va+ \l/1+7+mfyz.m,+7l

ecau j=[—1'},, opuyeM PyHxkuus F;(r) yIOBAETBOPAET paaHa/bHOMY
ypasrenuio Ulpennsrepa. Jlsia cBOGOAHOR uvacTHIE OHO WMEET BHJ

" 2
F,+7F,+(k2—’—"—r;ﬂ-’)F,=o, (137.3)

W JUIS PeryJsipHOrO B HYyJe peiieHUs (HOPMHPOBKA MPOH3BOJIbHAS)
Mbl HMEEM BhIpaXKeHHE

i, :
Fy=g-j(kr). (137.4)

Teneps passoxenHe nmytocKoil BoJIHE! Mo pewmenuam (137.2a) u (137.26)
MOKHO 3amucath B CJelyOUIeM BHIE:

b= (Auy m,+Builn). (137.5)

Mbl HauHeM cO c/yuYasi NOJOMKHUTENbHOH CHHPAJILHOCTH A= -1,
Korna m,=-*/,. PaBenctBo (137.5) B 3TOM cJ/yyae npuHHHMaeT BHJ

> (A VIF14+B,V1)Y,,
w+=k—l§:—'——/,(kr< VIR BY D )
(— AV T+BVIF) Yy

(137.6)
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UroOpl BTOpas KOMIIOHEHTa cHuHOpa o6paTHsach. B HYJb, KakK 3TO
tpebyercs corsiaco pasencTsy (137.1), Mbl JOJKHBI MOJIOKHTb

)
B,= 1/—1+1 Ay (137.7)
TakuM ofpas3oM, IoJyyaeM
11\ v L1,
\p":E?(O)EAt ]/r_{—l ji (krYY 4. (137.8)
1=0

M3 cpaBHeHHS MOC/IEIHEr0 BHIPAXEHHS C OGBIYHBIM pa3JioXKeHHeM
nJocKoi BoOJIHBEL [eMm. dopmyay (81.13)],

. 1 & -
e == VIR (2 F 1) itj, (kr) Y}, o (137.9)
=0
cneayer
A=V (+1)i, (137.10)

No3TOMY OKOHUYATEJbHOE BblpaxKeHH€ IIPHHHMAET BH]
Y=V i Vit Tul,+V Tullsy,). (137.11)
=0

B nporusononoxuom ciyyae, korga h=—1 u m;=—1/,, pasen-
ctBo (137.5) sanuchiBaeTcsl B BHIE

> T+ B, VIF1)Y, -\
LZ 1 {'l(kr)<(AlVl+ tl/+) 6L -1 )

- 137.12
A VTTi4 By Dy,,) 719

Tenepn, cornacuo pasenctsy (137.1), no/mkHa OGpaTUTBCA B HYJb
nepeasi KOMIIOHEHTA CIIHHOPA, CJEJ0BAaTeJNLHO,

i
Bl=—]/m A,;. (137.13)
Ianee us cpaBuenust ¢ pasnoxenuem (137.9) sritexaer
A=—Vaa{l+1) i, (137.14)

NO3TOMY OKOHYATEJbHO Mbl ITPHXOAHM K DAa3jOXKEHHIO BHIA

Yo =— V‘Tné CWVTHTu o=V 1ai' -yy,).  (137.18)
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3anaua 138. CnMHOBBIA pPe30HAHC JAa CBOOOIXHOTO 3JNEKTPOHA

CBOGOJHBI 3JEKTPOH IOMEILEH B MOJOCTb, Il UMEETCs 1BA Mar-
HUTHBIX TIONS: OJHO MOJe MOCTOsiHHOe U ojpHoponHoe, ¥, Hampas-
JIeHHOE 0 ocH 2z, apyroe mnogse, 3’, Bpawamoweecs B IJIOCKOCTH Xy:

#e=0 Hy=0 =
He="cosot, H,=5"sinot, H,=0.

B wmomenr BpemesH ¢ =0 cHHH 3Je€KTpPOHAa HampasJeH IO OCH z;
B 9TOT Ke MOMeHT BKJjoyaercst moje 3. Haiitu BeposTHOCTH P
o0HapyXeHHA 3JIEKTPOHA, CNHH KOTOPOrO OpHEHTHPOBaH MPOTHB
ocH 2, Kak (QYHKUHIO BpeMeHH f.

Pemenue. /19 HaweH 3amaud raMUJIbTOHUAH HMEET BHJ
H= 1] (Gz%o -+ Ox%; + Oy'%y):

rje —pg-—omneparop cofCTBEHHOIO MarHMTHOTO MOMEHTa 3JIeKTpPOHa,
a w=eh/(2mc) (TEOpETHKO-NOJIeBble MONPABKH HE YUHTHIBAIOTCS).
3amerum, 4TO

, .1 : :
0. F i+ 0, =5 T (0,67 o e),
rie
0y =0, % (0,

nostoMy ypasueHue [lpexnnrepa nmpuHuMaeT BuI

__{_i_%lf_ =p { Fo0, -+ -;7 F' (e=i0to, +eivtg_) } P (138.2)

PelleHne 9TOro ypaBHEHHS MOXKHO BHIPa3HTb 4Yepe3 COGCTBEHHbIE
¢QyHKIHKM onmepaTtopa o,

v()=u)ato@)p. . (138.3)

[Toacrasnas suipaxenue (138.3) B ypaBHenue (138.2) u noansysce
cooTHoweHusAMH [cM. dopmyasr (129.10)]

o0 =a, o,oo=0, o_a=2p,
ofp=—P, o,p=2a, o_p=0,

noJiy4aem
— % (o4 0B) = 3ty (0 —0f) - pTE (e~ o0t + ),

CooOvpas Tenepb Koa(ppuuHeHTH npu o 4 § H BBOAR Of03HAYEHHSH

p%o l"'t%’ 1 (138.4)
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[PUXOAUM K CHCTEME ypaBHEHUH
{1 = w,u -+ w'e=-'oly
. T S (138.5)
V= —u+ o'é%y.
PelieiHe 3TOH CHCTEMBbI HMEET BUJ
u=Ae-tQ+t gy B~ Q=10 ¢ (138.6)
HenocpelcTBeHHBI MOACYET MOKA3biBAET, YTO BO3MOXKHHI ABa CJyyas:
Q=+4+Q 1 Q,=—0Q,
rae

Q= ]/( a)o-——%my—{-m'*. (138.7)

CoOTBETCTBYIONIHE STHM CJyd4asM aMIIMTYAH OGO3HAualoTcsl HHXKe
nocpeactsom A,, B; u A,, B,. OxkoHuare/pHbIH pe3ynpTaT 3alHCH-
Baercsl B BHJE

CR o
P ()= (A4 A% e * ot (Bie™ ¥+ Bei®)e® B,  (138.8)
npu4yem
:!:Q—(mo-——é-m>
Bl. 2= A1. 2 o . (1389)

[Morpe6yem Tenepb, urobnbl perienue (138.8) ynoBJjerBopsiio Hayasb-
HoMy ycjoBHIO P (0) =0, HiIH

A, +A,=1, B,+B,=0. (138.10)

Iro TpebGoBanue ¢ yueroM cooTHoweHui (138.9) naer

1
0p— 5O 0] {0

— ' —t
P (f) = {coth—-——a—Q—-— i sith] e ° a——%i sinQte? B. (138.11)

Orciona 111 BePOSATHOCTH OGHADYMKEHHS 3/eKTPOHA C HPOTHBONO-
JIOXHBIM HalpaBjeHHeM CIHHA B MOMEHT BpeMeHH { mnojaydaeM ¢op-

Myny

P=(“’-§')” sinz Q¢ (138.12)

KOTOpast nocJjie yCpeAHEHUA IO BPEMEHH naer

’

®

Q3

P= e . (138.13)

o) —
| —
—
e
=)
|
| -
€
~—r
+
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2 N 1172
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EciH nmpoM3BOLMTb MeAJIeHHOe H3MeHeHHe OJHOPOMHOr0 HoJjs F7,,
a TeM camblM, corjiacHo (138.4), u JapMOpOBOH YacTOTHl @&, TO AJd
3HAYEHHSs
ko

T‘L ’

1

Wy=5®, T.e A (138.19)

cpeaHss BepOSITHOCTh OGHAPYKEHHA 3J€KTPOHA C IPOTHBOIOJOXKHBLIM
HanpaBsJeHWeM CIIHHa (CIHH-¢JIMNAa) CTaHeT MaKCHMaJbHOH. Mbl Ha-
30BeM TaKoe M0Je Pe30HAHCHBIM H O003HAYHM €T0 MOCPEACTBOM T peq,
Torza

— 1 '%12
P= . 138.15

2 (%0—' pe3)2+%'2 ( )
Mpu pesonance P =1/, HE3aBHCHMO OT HANpPSKEHHOCTH BpalIAllle-

rocs monst F¢', ONHAaKO WIHPHHA DE3OHAHCHOH OGVIacTH, pas3yMeercs,
onpene/sercsa BeaH4YHHOR F7'.

Sameuarue. DTOT METOR MOXKHO NDHMEHSTH JIMGO AJIsI ONpelesIeHHs BeIMIUHBI
N0 HaNpSA’KEHHOCTH DPE30HaHCHOro NoJiA, JIHGO, €CJIH BeJIHYMHA |L JOCTATOYHO XO-
poLIO H3BeCTHa, AJIF ONpelle/leHHS PasHOCTH MEXJy BHEWIHHM TOJeM U [oJeM,
HeHCTBYIILLAM Ha 3JeKTPOH BHYTPH MOJeKYyJbl. [l PacrosHaBaHHA MOJEKYJSPHBIX
CTPYKTYP NOXOXHM 06pasoM MOXKHO HCNOJb30BaTh W NPOTOHHLIA pe3oHaHC.

b. JByx- M TpexuacCTHYHbi€ 3aJauM

3apaua 139. CnuHoBble QYHKUHH JBYX 4acTHL

Himeerca cucTeMa M3 JBYX YacTML CO CIHHOM !/, (Hampumep,
HefiTpoH # npoton). HafiTu cnuHOBBIE ¢GyHKUHH CHCTeMBi, JHAroHa-
JIH3YIOUME OJHOBPEMEHHO 2-KOMIIOHEHTY M KBajpaT Omeparopa CyM-
MapHOI'O CIIHHA

=26, +0,. (139.1

Pewenne. [lycts a,, B,—ruin6eprosbl 6asucHble BEKTOphl Heli-
TpoHa, a a,, P,—0asucuble BEKTOpH MpoTOHa. Torga cnuHoBas
GYHKUHA ¥y [IBYXYacTHYHOH CHCTEMHI JOMKHA UMETb BMI

%= Ao, + Ba,p,+CB,a,+ DB,B,. (139.2)
M3 onpenenenns COMHOBHIX onepaTopos (cM. 3amauy 129) cuaemyer
2
”ﬁj SzX« = (an+ Opz) xr= Aana‘p + Banﬁp_cﬁna’p'— Dﬁnﬁp +
+ Aa,0,— Bo,,, 4 CB,0,— DB, (139.3)

Takum oGpasoM, Kaxubli oTaesbubifi uien B BelpaxeHuu (139.2)
ABagercss cobcTBeHHOR ¢QynKuued omeparopa S,:
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Co6cTBeHHBIE 3HAYEHHSA Co6crBentibe 3navetns
Co6cTBentinie PyHKIUKK one2pa1-opa omeparopa

ry st Sz

h
anly +2 +h
aqfp 0 0
ﬁnap 0 0
ﬁnﬁp —2 %

3nayenus npoexusy ciuHa +1, 0 —1 (8 exunuuax %) coracyiores
¢ TmoJyKJaccHyeckKoil BeKTOpHOH mogenbio. Hysesoe cobeTrentoe sua-
YyeHHE ABJSETCSH BBIPOKIECHHBIM: €My NPUHAJNJIEKAT JBe COOCTBEHHLIE
¢yukunu, o,B, u B,2,, a caesosarenbHo, H JoGas MX JHHeHHas
KoMOHHaIHA,

PaccmorpuM Teneps oneparop

2
<%> S*=0i+03-2(0,- 0,) =6 +2(0,,0,,+06,,0,,+0,,0,,).

Mbi HMeeMm
0O p, = Aﬁnﬁp + Bﬁ,,ocp + Canﬁp + Danap,
OnyOpy¥, = — AB.B, + BB,a, + Ca,B,— Da,a,,
0,20 p Y = Aanap — Banﬁp—— Cﬁnap + Dﬁnﬁp

H, cJeioBaTelbHO,

<%>2 S'a,z, =8ar,a, (139.4a)
<%>2 S* (BB, + CB,e,) =4 (B +C) (B, -+ B,,), (139.46)
<%y9mm=smm- (139.48)

Mu BHgHM, HTO ¢yurunn a0, 1 BB, npuHanteKar cobcTBEHHOMY
sHauennio 2h* onepatopa S?. Bpoas OObHBE 0G03HAYEHHS

Sy =hS (S+ 1), (139.5)

MOXHO CKasaTb, 4YTO 3TH (PYHKIHH XapaKTepH3YIOTCS KBAHTOBBHIM
uHcioMm S=1. Ha s3bike moJIyK/acCHYeCKOH BEKTOPHON MOJEIH 3TO
O3HauyaeT, 4TO CyMMapHH# cnud S=1 (B eguHunax 1), a ero npoex-
uus S, pasua aubo -1, juGo —1.

OcHosuiBasicy Ha pasenctse (139.46), Mul MoMeM CKOHCTPyH po-
BaTh eme aBe coGCTBeHHble QYHKUHMHU onepartopa S°, mpHHaLIeXalye
coGcTBenHOMY 3HaueHuto S,=0. [Tycth A—I0Ka He H3BECTHOE OG-
CTBeHHOE 3Hauenue onepatopa S¥A?. Torga MOXKHO HamucaTb

(B +C) (anﬁp -+ ﬁna’p) =\ (Baaﬁp’f‘ Cﬁna‘p)'
2*
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JTo naer jABa JIMHeHHBIX ypaBHEHMS 11 onpeneneHdd B u C:
B+C=AB, B+C=AC.
HetepMuHanT 370 CHUCTeMBl JOJIKEH OGPaTHTbCH B HYJb:
llTk 1_1_}":0, wim  1—A=41.

Takum o6pasom, AJs 1ByX cOOGCTBeHHBIX (yHKHUH omeparopa S?,
NpHHaANeKauMX co6CTBeHHOMY 3HaueHHI0 S,=0, nonyyaem

ama A=2 B=C, A=, +Bup S=1; (139.62)

g A=0 B=—-C, yx=o,p,—B,a, S=0. (139.66)

Oxonuare/ibHble pe3yJbTaThl coGpaHbl B NPUBOAHMOH HHXKe Tab-

JIMue, npﬂqu coécmex—mme (byHK[lHPI HOpMHpOBaHbI C yquOM yc-
JIOBHH

ala =1, <B[p>=1, <a|p>=0.

Tpunner, S=1 (cummer- S, =-+1 anQp

pHYHasg CchnHHOBas (QYyHK- 1

U,PIH) Sz=0 W(anﬁp‘f'ﬁnap)
Sy=—1 ﬁnﬁp

Cunrsier, S=0 (anrucum- 1

MeTpHYHAsl CHHHOBAas S,=0 —‘V-—é (anﬁp_ﬁn“p)

DYHKLHS)

3amevanue. V3 paBeHCTBa
(0.4 Up)zz 6420, O'p)
cJelyer, HTO TPHUIJeTHble U CUHIJIETHAsl CHUHOBble QYHKUMH, Yt H Yg, pUBeNeH-
Hble B Taljulle, fABJASIOTCH TaKXke COOCTBEHHBHIMH (GYHKUMAMH OnepaTopa (a,,~ap),
apuyeM
(0’,,»0',,) At =At»
(00 Gp) As= —3Ys-

3Tn pesyabTathl 6yRyT NoOJie3HH B CJaelyiouleil 3anaye.

3anaua 140. LlenTpanpHoe B3anMMOjxeHCTBME MeXIy HYKJNOHAMH,
3apHcsniee OF CNHHA

C pasymHOHl CcTeNeHbIO TOYHOCTH B3aMMOJEHCTBHE HEHTpPOHA H
NpoToHa B S-COCTOSIHHH MOMHO ONHCATh C NOMOLIbIO EHTPaJbHBIX
CH/I, MMEIOHNIHX PA3JHYHYIO BEJHYHHY A CHMMETDHYHOIO ¥ aHTH-
CHMMETPHYHOTO CITHHOBBIX COCTOSAHM. BbIpasuTb yKasaHHoe B3auMo-
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JEHCTBHE Yepes 3aBUCAIMH OT CIUHA [1OTEHUHAs, HCIONb3ys s
3TOTO

a) OOMEHHbIH CNHHOBBLIH onepartop Z‘.,,p,

.6) onepaTopsl ClHHA G, H O, HeATpOHa M TIPOTOHA.

Pemenue. [lenTpaspHoe B3aMMoOJEHCTBHE O3HA4aer, YTO IHEpPrud
B3aUMOIEHCTBHA 3aBHCHT TOJILKO OT pPACCTOAHUS f MeXLY AByMs
yaCTHUAMH. Sra SHEeprus JOJIKHa ObITb Pa3JIMUHON B COCTOSHHAX
¢ pa3HOA CIIHHOBOH CUMMETpuei, HaHpHMep Vi (r) B TpHnIEeTHOM
COCTOSIHHH, KOTJa CIIHHBI napaJnenbsbl, H V,(r) B CHHIJIETHOM CO-
CTOSIHHH, KOTJAd CIHHBI aHTHNApPAJ/JesIbHBL.

a. {IyCTb x(sg, Sp) —AByxyacTHuHas ¢yHxuus. Onpenenum oG-
MeHHbIH CHHHOBHIH ONepaTop C MOMOUIBLIO PaBEHCTBA

Ean (Sn! Sp) =% (S . Sn)- (140 1)
ﬂ.ﬂﬂ CHMMET PHYHOTO TpHHJ]eTHOFO COCTOAHNA
At (Sm Sp) =%t (Sp, Sn)v

109TOMY
2% = Xe- (140.2a)
C npyro#t CTOpOHSBI, 4714 aHTchmmeTpuquro CHHIVIETHOTO COCTOSHHS
As (Sns Sp) = —%s (Spr S5)
U, CJeJ0BaTeJbHO,
2 s = —Ys- (140.26)

Takum oOpasoMm, o6a THna (GYHKUHR ABJAIOTCS] COGCTBEHHBIMH QyHK-
UHAMH OOMEHHOrO olepaTopa H NPHHALJNEKAT COOTBETCTBEHHO CO3-
CTBeHHbIM 3HaueHHAM -+1 m —I|. Tak kKak Tpu TpHIJIETHBIE H OXNA
cHHIVieTHast QyHKIIMH 00pa3yoT noJubii Habop, To paBencTsa (140.2a)
H (140.26) onpenensior oOMeHHBIH OnepaTop NOJHOCTbIO M NPHTOM
€IUHCTBEHHBIM 06pa3oM.

Ecau Tenepp onpefesnTh 3HEPrui0 B3aHMOJEHCTBHA BbIDAKEHHEM

BHAa
V:VI(r)+V2(r)2np,

To, coraacHo (140.2a) u (140.26), n0o/KHB BHIIOJHATHCA PABEHCTBA
V=V, +Vay n Vy=WV,—Vays
M03TOMY, BbIpaKeHHU s
Vi=V,+V, u V=V -V,

6y11yT ONHUCHLIBATL 3HEPTHIO B3aHMOJIEACTBHSI COOTBETCTBEHHO B TpH-
IJISTHOM H CHHIJIETHOM COCTOSTHHAX. O’I‘C}Oﬂa cJjaenyer

=?W+m+%M—hﬂW (140.3)
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6. B xonue npeapiiylielt 3azauyu Mbpl ITIOK@3aJH, YTO CITMHOBLI®
(QYHKUHY 9§, U Y ABIAOTCH COOCTBEHHBIME ¢YHKLUHAMH oneparopa
(0,-0,), nmpuuem

(0’ 'op)'Xt=Xtv (0,0 )Xs="'3'Xs' (140'4)
Orciona caenyer, 4ToO onepaTop %, TMHEHAHBIM 06pasoM BhIPAXKaeTCs
yepes omnepatop (0,-0,). camoM ,z1ene HOJOXUB
1
=5 (1 4(g,:6,)), (140.5)

Mbl ybexkaaemcss, 4TO TakoH BbI6Op ofecrneyyuBaer BLHIIOJHEHHE pa-
BeHcTB (140.2a) n (140.26). Tlockosbky, nanee, He cylecTBYeT Apy-
I'iX CNHHOBHIX (PYHKIHH NBYXHYKJIOHHOH CHCTEMHI, TO 06a onepaTopa
NOJIHOCTBIO onpejenstoTcs paBeHcTBamu (140.2a), (140.26) u (140.4),
nostoMy cootHoweHnue (140.5) o6nagaer Bcefi BOSMOXKHOH CTENeHLIO
OOUIHOCTH.

Hickmouas ¢ nomowsio (140.5) onepartop Z, , u3 pasencrsa (140.3),
OKOHUATeJIbHO MOoJydaeM

V=t @V 4V 5 V,—V,) @, 5, (140.6)

3agaua 141. CreneHd CHHHOBLIX OMEPaTOPOB

IlokasaTb, urO omepatop (G,-6G,)”, Ile 6, U G,—CIHHOBLIE oOle-
paTopsl yacTumbl | M gwacTHUBl 2, BbIpaxaercs JHHEHHO uepes ome-
parop (01’02)-

Pemenne. Oneparop (6,-0,) HONHOCTHLIO ONHCHIBAETC S PABEHCTBAMH
(01 02) Xt = %t» (01 '02) s = ‘_3xs, (141 l)

JEMOHCTPHPYIOUIMMH €ro AeficTBME Ha TpH TPHIJETHHE H OJHY CHH-
reTHyI0 (PyHKUHH, NOCKOJNbKY OHH 006DpasyloT NOJHHH OPTOHOPMH-
poBaHHBIE Habop ¢yHKuuHd. Takum o6pasoM, HaMm JOCTAaTOYHO pac-
CMOTpeTh AelcTBHE onepaTopa (0,-0,)" Ha (QYHKUHM yKasaHHOrQ HOJ-
Horo HaGopa. [loBTopHOEe npuMeHeHHe onepaTtopa (U,-0,) K obeHM
uyactaM paBedcTs (141.1) weMennenno gaer

(0,°6)" % =%, (0,:6,)" % = (—3)" %, (141.2)

Orciona caexyer, 4To onepaTop (6, -G,)” JHHEHHO BbIpa)KaeTcsl yepes
oneparop (0,-0,):

©,-6)" = A+ B (0,-0). (141.3)

INoacraBasg Buipaxkenne (141.3) B pasenctsa (141.2) u. yuuTeBas
(141.1), Haxoaum

(A+B)ys=% (A—=3B)y,=(—3)"%s.
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Orcroga ciaenyer
A4+B=1, A—3B=(—3)",
UHJIu

=1 [B+(=3)7], B=r[l—(—3]. (141.4)

TakuM 06pasoM, Mbl, HallpUMep, HMEEM
(01 -0,)2 = 3—2 (0’1'0'2),
3 __
(01‘02) =—b6 +7 (()’l '62)'
3amewanue. TlpencraBiieHye 3HepruM B3aMMOJEHCTBHS, 3ABHCALIETO OT CNHHA,
B pune (140.6) B nmpeAnitymel 3afaue NefiCTBHTEJLHO SBJAETCH €IHHCTBEHHLIM, TaK
Kak 3aMeHa Belpaxenus (140.6) pagoM no crenedsam (G, G,) He MOKeT H3IMEHHTH

OKOHYATeJIbHOro pesyibTaTa. Pelllenine sagauu BuIrJAfe]0 OBl eute npome, ecin Gul
MB PaccCMaTpPHBAJI4 PAL MO CTeneHAM OOGMEHHOTO omepaTopa 2j,.

3agaua 142. CoGcTeeHHble (YHKUMH OmMEpaTopa MOJHOr0 MOMEHTa
ABYX YaCTHl, 00JafalollHX CNIHHOM

HaliTh cobGcTBenHble QyHKIHH onepaTopos J, H J?, onuceiBaiwo-
e TPHIIJIETHBIE COCTOAHHSA CHCTEMBI ABYX 4YacTHII, OOJafatomidx
cruHOM Y/,. Mcnomwsyiite =1 xak eIHMHHIY MOMEHTa KOJIHYecTBa
JBUKEHHA.

Pewenue. JIio6yio GyHKIMIO TPUIJIETHOIO COCTOSIHHSA, pa3yMeercs,
MOMKHO 3amucaTh B BHJe

s

V=241 Y (X + &Y 1¥ao A (DY iy N, -1} (142.1)

=0

]

B sTom BbIpaxKeHHH KaxJad H3 Tpex BO3MOXKHBIX CIHHOBBEIX (YHK-
unfi ymMHOXKaeTcsl Ha (PYHKHHIO NPOCTPAHCTBEHHBIX KOOpAMHAT, Op-
MaJIbHO 3alUCAHHYIO B BHIE DPas3JIoKeHHA 00 cdepHuecKum rapmo-
HuKaMm. Bropble mHAEKCH c()epHUYECKHX TapPMOHHK Y BLIGPAaHBI TAKHM
o6pasoM, 4YTOOLI MMEJIO MECTO PaBEHCTBO

J b =m, (142.2)

T. e. yToObl (pyHKIHUA P Obli1a coGcTBeHHON QyHKUMeH oneparopa J,.
PaccMoTpuM Tenepp IeHCTBHe OllepaTopa

1 - 1
r={L4y@+o)) =L FL @ +0)+7 [6+2(0,0)]
Ha ¢yaguuio (142.1). C stoit nenvio yaoGHO BBeCTH OIEPATOPHI
6,=0,+i0, M O_=0,—i0, (142.3)

aHasoruyHble (cM. 3ajauy 56) omeparopam
Ly=L,+iL, n L_=L,—iL, (142.9)
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Torpa oneparop J® MOXHO 3alHCaTb B BHIE
1 3 1
J2:L2+?(L+0_+L_0+)+LZOZ+—2-+§(UI'UZ), (142.5)
rae
01=0,++0,y H 0,=0,10,,.
JeiicTBHe 3THX ONMepaTopoB Ha TPHUIJIETHbIE CMHHOBbE PYHKIHH J3ET
X1 \ _ 0"
04l Xivo )=2 Ve X1 >
\X1,-1 \X1.'o
i1 At,0 Xia ) \
O %1,0 =2V"2 $1.-1 O'z' Yo =2 0 )
X1,-1 \0 \X1,-1 K11
Tenepb, HenocpeaCTBEHHO BHLIYHCJ/SAA, NOJyYaeM

I = L2424 2L,) %4 +V§ L %100
J2X1.0=V_2L—X1.1+(L2+2) X1.0+V——2-L+'X1.—1o (142.7)
ey =V 2L yy 0+ (L +2—2L,) 14, -,

Hcnoabsyss stH (opMyJisl, a TAKXKE XOPOIIO H3BECTHHIE COOTHOIIE-
HUR (cM. 3ajauy 56)

LY iu=—VU4+m+)(—m)Y, oy,

LY, ==V {IFm)(=m+1)Y, . (142.8)
Lzyt.mzmy

HeTPYIHO OKa3aTh, YTO

(142.6)

Lym?

Jop = go{[f, (4 1) +2m)—g, V2 UFm)yI—m-+1)|x

XY pmetdan H—F VZOFm)(—m+ 1) +
g (U+D+)—nVITEmT )T MY, 0+

=g, V2ZTFmF Ty T—m)+n, (L (1 +1)—2m)]Y ;. msrta, -1}
(142.9)

Utobul ¢yuknua P Oblsia cobCcTBeHHOH (YHKuMeH onepatopa J2,
nocJsieHee BhipaxeHwe JO/KHO paBHAThCA j(j41)¢. Orcrona ana
GyHKuMi f,, g;, h, Nonydaercss TPH HE3aBHCHMBIX JHHEHHBIX ypaB-
HeHHsl. 3TO TOBOPHT O TOM, UTO TPH pagHanbHble QYHKIKH TOKHbI
HMeTb OJMHAKOBBIH BHI H Pas3/MyaTbCs JIHIIL AMMJHUTYIaMH:

Lh=AF(r), g=B/F,(r), h=CF ) (142.10)
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[Tocrosnuble amnaurynst A,, B;, C, MOXHO HaHTH H3 cJeayollei
CHCTeMBl JHHEHHBIX ypaBHEHHI:
[+ +2m—j(j+ D A=V 2+ m)(—m+1)B,;=0,
—V2U+m(I—m+ DA+ [+ +2—i(+1)]B,—
—Ve2li+m+)(I—m)C,=0,
—V2(l+m+1)(l—m)B,+ [+ )—2m—j(j+ 1)] C,=0.
- (142.11)
OnpenenuTtenb 3TOH CUCTeMbl JOJKEH obpamaTtscsl B HyJb. Orcioia
nocjae 3JeMEHTAPHBIX NpeodPa30BaHUM mnoJydaeTcsl ypaBHEHHE A/7
ompejesieHud j, He coJepKaliee KBaHTOBOIO 4MCJa ni,
CE+D—iG+DH{E+D)—j i+ D]+
+2[U+ D=+ D=4 U+ D} =0.
OHO HMeeT TpH (HOJOXKHTeJbHBIX) KOpHA:
=141, j=1, j=I—1,; (142.12)

JJs1 KaXKIOTO M3 3THX KOopHe# amnuautynet A,, B;, C, Tenepr Haxo-
HSATCS € TOYHOCTHIO A0 OOLIEr0o MNOCTOSIHHOTO MHOXHTeJs H3 ypas-
Henu#t (142.11). Huxe B Tabuuue npuBOAATCA OKOHYATe/bHbIE pe-
3yJbTATHl, TOJYy4YeHHbIE NPH IPOH3BOJLHOM [PEANOJIOKEHHH, YTO
yCJIOBHE HOPMHPOBKH HMeeT BHI

' 1B} -Ci=1. (142.13)
i Al Bt Cl

I+ (I4m4-1) (I4-m) (+mi-1)(l—m+41) | ({—mi1)(—m)

2(0+nEI+h (I+1 @i+ 200+ D@1 —m)

i ({—m+1) (I4-m) S _ (I+mA4-1) (I —m)
A1 VIig+1) 21 (1-+1)

I—1 l/(l-—m-f-l)(l—m) U+m{l—m) (+m-+-ND(+m)
20211 [ 214+1) 20211)

3ajaua 143. TeH3opuble CHAB

Tax HasbiBaeMble TeH30pPHbIE CHJIbl, NEHCTBYIOILUE MEXKAY YaCTH-
uamy 1 ¥ 2, o6JajamlMMH CIIHHOM 1/,, ONpelessioTcs OnepaTopoM
3HEPruH B3anMOJICHCTBHA BHJA

V=W (T,
rie

T,='% DL, o). (143.1)
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PaccmoTpers geficTBHe 3TOro omepaTopa Ha CIIHHOBblE COGCTBEHHbIe
QYHKIUA ABYXYAaCTHYHOH CHCTEMBI.

Pewenue. Oneparop T;, WHBapUaHTEH OTHOCHTEJbHO OIEPAIHH
obmena cnuHamd. CsieoBaTesbHO, NPH AEHCTBHM 3TOTO omepaTopa
CHMMETPHSI CIHMHOBBIX (YHKuH# He H3MeHsercs. Tak Kak HMeercs
TOJBKO OJjHA AHTHCHMMETDHUYHAf CIHHOBAas GYHKIHUSA, Y., TO OHA
Jo/KHa ObITh coGCTBeHHOH ¢yHKuHe#i omepatopa T,,. OnHako 3tor
orneparop, BooOIle rOBOpS, MOXKeT CMelHBaTb COCTOSIHHS, OIHCHI-
BaeMble TpeMsi CHMMETPHYHBIMH CIHHOBBIMH GYHKUHMAMH. [laJee,
onepatop 7,, UHBAPHAHTEH II0 OTHOIUEHWIO K OOMEHY IIPOCTpaHCT-
BEHHBIMU KOOPJAMHATAMH YacTHIl, APYTHMH CJ/OBaMH, IO OTHOIUEHHIO
K TPOCTPAHCTBEHHOH HHBEPCUH, NOITOMY IPH JIEeHCTBHH 3TOrO Ofme-
patopa COXpaHsIeTCsi YETHOCThL COCTOSHHS. JTO O3Hayaer, 4TO BhIpa-
xenHe T,,x COHepXKHUT chepHYeCKHE FapMOHHKH TOJBKO YETHOTO IIO-
panka. BoJsee Toro, MoXHO OXHIaTh, 4TO BKJaA OYAYT AaBaTh JIHIUIb
COCTOAIHMA, [715 KOTOPBIX OpOWTAJIbHBI MOMEHT / He NpEeBHILAET ABYX.

Urobel pasobparbcsi B A€Ta/IAX pacyeTa, pPacCMOTPHM MpeExae
BCero JAeHCTBHe OJHOYAcTHYHOTO omneparopa (6-#) HA OJHOYACTHYHbBIE
CIHHOBBIE (PYHKIHUHU:

(o-r) (g) = (0, x+ 0,4+ 0,2) (g) == (gi;g;gj’_%) . (143.2)
Orciofa HENMOCPEACTBEHHO CJERYeT
e [(x +iy) B, +za,] [(x+iy) B, + 2,
o, [(x +iy) By +2a] [(x—iy) o, —2f,]
@)@\ B, |=\ [(x—iy) oy —2py] [(x+iy) By +200]
Bubs /) \[Co—ig) o —2B.] [(x—it) 2u—2B,]

[lpunuMas Bo BHHMaHHE pPaBEHCTBA
(x £ iy)? = r2 sin? Get?i®, X2+ y?=r2sin? ¥,
(x £ iy) z=r?sin Ocos Jeti®, z2=r2cost,

MOXKHO. TelIepb HAIMHCAaTb

GOy
(6,:r) (05-1) a,P, _
r® froy |

BB,

cos? 0o, @, 4 sin ¥ cos Fef@ (a,f, + B,¢,) + sin? Ge2ief B,

sin ¥ cosBe~*®a, o, —cos? Ga, B, +sin? OB, a, — sin & cos Belop, B,
sin 0 cos e~ ®a,a,+sin? Yo, B, —cos? Of, o, —sin & cos Fe'9p, B,
sin? Je- ¥eq,a,— sin ¥ cos Ge~ ‘¢ (a,f, 4 B,a,) + cos* 0B,f,
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Ans panbheitmero ynoG6HO BBeCTH o06GO3HAYeHHe X mys 8 HMEHHO
JIs TPUNJIETHBIX YHKUHH

Q0% =Yy, 1
1
75 (@b +Bi%) =%, 00 (143.3)
ﬁlﬁﬂ =%, —1
W /I CHHIJVIETHOH ®YHKIUH
1
XO.O“—:'V_'Q—(alﬁa'—maz)- (143.4

B 3THX 0003HAaYeHUAX [/ CHMMETPHUHBIX TPHUIIETHHIX (PYHKUHA
HMeeM

1.1
CALYCALT P
r
K1, =1

cos® Oyt V2 sin @ cos Beio X1, o 1 sin? Be2i@y,
V2 sin ® cos Oe=toy,, , + (sin? @—cos? &)y, ,—

= —_ , (143.5)
_ —V 2 sin ¥ cos detoy, _,
sin? 9e-2i0y,  —}/2sin ¥ cosPe-i@y, (4 cost Oy, _,
a 11 aHTHCHMMETPHUYHOR CHHIVIETHOH (QYHKIHH MOJydaeMm
Elgiﬂhwz_mm, (143.6)

Bropoe csaraemoe B onepatope T, YyXe paccCMaTpHBaJjgOCh
B 3anaue 140. CorJiacHO MOJy4eHHBIM TaM pe3yJbTaTaM,

X1, m %1, m
C,-C S )= . 143.7
(©1-0,) <X0. 0 > <— 3%, o) ( )

KomGunnpys Tenepb pa-BeHCTBa (143.6) u (143.7), Mel cpasy mxe
HaxolUM

T 1o%o, 0 =0. (143.8)

Takum ofpa3oM, TeH3OpHbIE CHJIbI He [alOT JHHAMHYECKOrO BKJ2Aa
B CHHIJIETHOE CITHHOBOE COCTOSIHHE.

Teneps HaMm ocTaercs OOCYAHTL BONPOC O TPHILIETHBIX COCTOSA-
HHAX. BBoxs HopmupoBaHHHE cdepHuyecKHe (PYHKIHH B COOTBETCT-
BHH ¢ onpeiejeHusMy, NPHBEACHHRIMH B 3ajzaue 67, ¢ IOMOLIbIO
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paBeHcTB (143.5) u (143.7) MOKHO TIOIYHHTH
2 i —
Ta¥%1,1 =73 l/—g‘ (yz. oX1,1 +V§y2. X, ot V6 Y, ok, _1),
4 —
Ti%1, 0= l/ a ‘V§y‘z. X1, 1—2Y 5, ¥, o-VS Yo 1¥a, 1)

2
T, -1= 3 5 (V“ 6Y, ot V 3 Yo, —i%u o+ Y, ok, —1)

(143.9)
Itn papMyJbl OKA3bIBAIOT, YTO NpPH jAedicTBuH onepatopa T, Hapaay
¢ UETHOCTbIO H OOMEHHOH CIIMHOBOH .cHUMMeTpued CoOXpaHAeTcs H
Z-KOMIIOHEHTa 1noJjiHoro MomeHTa. OIHAaKO oOpGUTANLHBIA MOMEHT,
TdK '2Ke- KaK U er0 2-KOMIIOHEHTa, He SBJSIOTCH XOPOLIMMH KBaH-

TOBBIMH YHCJIAMH B JBYXYaCTHYHOH CHCTEME C TEH30PHBLIM B3aHMO-
JeHcTBHEM.

3anaua 144. el TpoH-C TEH3OPHBIM B3aHMOJCHCTBHEM

IIpeanosoxkHM, YTO B3aHMOAEHCTBHE MEXJIY HPOTOHOM H HeHTpo-
HOM OGYCJIOBJIEHG LEHTpPA/JbHBIMH H TEH30PHBIMH CHJIAMH, T. €.

V=V (1) + V(") T pus (144.1)

TOrja OCHOBHOE COCTOSIHHE JeHTPOHa AOJKHO OHITh CMeChio S- H
D-cocrosinuii. Hafith obuiee BbIpax<eHue BOJIHOBOH (YHKLHMH OCHOB-
HOro COCTOSAHHA JAEHTPOHA M MOJIYYHTb A/ pafHAJIbLHBIX (QYHKUHH
S- u D-cocrosinuii cHctTeMy ABYyX IH(pdepeHnHasbHLIX YpaBHEHHI.
Cyurarh, 4TO CIIHH AEHATPOHA HampaBJ/ieH 1O OCH Z.

Pewenne. CnuH JeHTPOHA M €ro IpOeKUHsi HAa OCb 2 pAaBHBI
efuHNNe (B €IMHUIAX ﬁ), 103TOMYy HaHGoJsiee ofulasi CyNeprHo3Huns
S- u D-coctosiHHf HO/MKHA MMEeThb BHJ

Y=F()Y,, % T8 () {Y,, oXa 1 FAY o a0 T RY 4 o, <ah (144.2)

NPHYEM TIOCTOSIHHBIE A # W BI:IGI/lpaIOTCH TaKHM 00pa3oM, YTOOHL
BLHITIOJIHAJIOCH PABEHCTBO

I =20, (144.3)

rae [—omneparop MO/JHOrO MOMEHTa KOJIHYECTBA JBHXKEHHS (CIHH
nefitpona). CorsiacHO pe3y/bTaTaM Npeinigyuledi 3afayl, HMEeM

Bp={gy, 1 (L +2+42L,) + %, VIL (Y, +8Y0 )+ |
A, V2L 43y, o (L2+2)+yy, -, V2L, gYs,  +
+P‘ {Xl, " V—2-L- '* Xl,‘—l (L2+2—'2L2)} ng 2
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H, CJI€JOBATEJIbHO,

Pp="13,1[2V0, o+ B—2V3M) gV, o] + o
+ %, o0 (— 2 V3+8}"—2V§P“) Yo 1t~ (—2 Ve + 4p) gYs,, ..

[TocnenHee papeHCTBO mnepexoAuT B paBeHctBo (144.3), ecau mnouo-
XKHUTb
A=V3, u=V6, (144.9)

I03TOMY HHTEpecyiollas Hac COOCTBeHHAasi GYHKUHSA [OJHOTO MOMEHTa
npUHAMAaeT BHJ

Y=F(NYy %1, 1 T&N){Ys, %1, 1 + ng?. 1%1, 0 +V€Y2. X1, =1}
.. (144.5)

Bripaxenue, crosuee B QHUrypHbIX CKOOKax B paBeHcTBe (144.5),
B TOUHOCTH COBNAajiaeT C OJHOH U3 KOoMOUHauui cepHyecKHX rap-
MOHUK H CHHHOBbIX OyHKIHHA, MOJyYeHHBIX HaMH B HpeAbLIyLIEH
sajaue [cM. nepByio u3 dopmya (143.9)], nmosTromy MBI MOXem
3anyucarb Hally BOJHOBYIO yHKuHio B GoJiee KOMIAKTHOM BHJE:

b= A= O+ 5V B T b1 (144.6)

3aiimemcst Tenepb ycJjoBHeM HopMmupOBku. M3 pameHcTea (144.5)
HEe[IoCPeICTBEHHO cJeqyer

€®»

{re(r+10g)ar=1.
0

Jlna panbHefiwero yAOOHO MNEPEHTH K HOBHIM DainajbHBIM (QYHK-
UHAM, IOJIOKHB
1
[ (r) =1 (r) cos o, g(r)=V—T_6¢D(,) sin o, (144.7)

IpH 3TOM HMeeM

®

Cpirdr=1, (pdrdr=1 (144 8)
0 0

\p:ﬁ {ws (r) cos & +2—;?-¢D (r) sin mr,,,,} a1 (144.9)

®dynkuua (144.9) nomkHa yIOBJAETBOPHTh ypapHeHuio lpesun-
repa /15 OTHOCUTEJNBHOTO NBHXKEHHS (MBI roJiaraem =1, my,=m,=1,
npuBeleHHas Macca paBHa '/,, cM. 3agady 150):

(= V4 Vet Vil —E) 9 =0.
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Takum o6pa3oM, mosyuaem

{(=v+V.—E)cosaps+ [é—“j—?(- ViV, —E) x

3
X sin pp-V, cos m\ps] Tont5yg Vesin ""PDT?f"} %10=0- (144 10)

Oneparop T3,, ecau OH NEHCTBYeT Ha TPHILIETHYIO CIHHOBYIO (yHK-
UHIO )y, MOXHO JIMHEAHHIM 006pa30M BHIPA3UTH uepes omeparop T,,:

8 2
Thite=(5—% Ton ) e (144.11)

B artom HerpyaHo yGegnTbcd, BOCIHOJL3OBABLIAChL CNPABERJIHBLIM L1 OLHO-
YACTHUYHBIX CIIKHOBLIX COCTOSHHH TOXAECTBOM

\ i ig
S(a)g_l_(o.r)<a>=<cosﬁ t sin Oe <a>.
p r i sin 9e™ "% —cos® p
Orciona caenyer, uto S*=1, H nostomy

1 2
S§n={72—(0'p'r) (o,,-r)} =1.

Kpome TOro, Ml yxe 3HaeM, 4TO (G,-6,) Yr=7xt (cM. c1p. 36), cremosaTebHO.
B noJHOM corsacud ¢ (144.11) umeem

2 1y 2 1 10 2/ 1
Tpn _<Spn_?> —1~§'Spn+—9~—-§—-é— \Tpn+'3“> .
Teneps ypapuenue (144.10) MOXHO 3amucaTh B CJEAYIOMEM BHAE:
{cosm (—v2+V,.—E) ws—l—g¥sin mVﬂpD} X1, 1+

+{sino [% (=¥ V. —E) = Vt] o +
+cos Vtws} Tpuke, =0,  (144.12)

Oneparop T,,, cTosmui 3aech TMocse BTOPOH (UIYPHOH CKOGKH M

AedCTBYIOMWUA Ha (QyHKUMIO ¥, ,, MOPOXKIAET TOJLKO WIEHH ¢ [ =2,
OpTOroHajbHele uleHaM ¢ /=0, co6paHubIM B HEPBOH CKOOKE, YTO
no3BoJisieT pa3buth ypapHenue (144.12) Ha ABa OTAEJBHBIX paju-
aJIbHBIX YDaBHEHHS:

" 2 . .
cos ® [\Ps +— s +(E—V)) ‘Ps] —sinw-2 FV%:O (144.13)
H

. " 2 6 2
sin ® [’lpD +7'\IJD‘“"}?'\IJD —I— (E_Vc+':3_vt ) ’\IJD] —_—
—cos0-2XZ oo, (144.14)
910 W ecTe HCKOMan cHcreMa AuddepeHnUabHHX ypasHeHHH.
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3apaua 145. JueKTPHYECKHA KBAaaPyNOJbHBIH H MarHHTHBIH
AMTIOJbHbIIl MOMEHTBI AeHTPOHA

CuHTas 3a1aHHOH BOJHOBYIO (YHKIHIO AEHTPOHA, OIpeleJeHHY0
B TIpelbiryllel 3azaue,

a) BBIUHCJIMTb 3JIEKTPHYECKHH KBajpyNOJIbHbIA MOMEHT JeH#TpOHa
H BBIPA3UTbL €r0 YEpes HHTET PaJibl

A———S\Ps\ppr‘dr, B=S\|J’Dr“dr; (145.1)
0 0

6) HailTH cpegHee 3HAaYeHHE MArHUTHOIO JMIOJBLHOTO MOMEHTA
JeATpOHA.

Pemenue
a. TeH30p KBajpyNoOJbLHOrO MOMEHTa (cM. 3agayy 61) B nanHOM
cJydae HMeeT BHJ

1
Q=7 (Bxxe—r28).

B nepBoHauajbHOE oIpepeseHHe 3TOro TEH30pa MHOXKHUTe]b !/, He
pxoaus. [losieienne ero 3nech obbsicHAeTca cuepytomuM. Tak Kak
HeHTPOH He HeceT 3J/EeKTPHYECKOro 3apsjna, TO BKJag B KBaapy-
NOJIbHBbII MOMEHT AeHTPOHA AaeT JHIUL ONHH MPOTOH, PaLHYC-BEKTOP
KOTOPOTO OTHOCHTE/LHO LEHTPa Macc paBeH !/,r. Y nedTpoHa B CO-
cTostHAH ¢ M,=1 pacnpese/sieHne 3apsja akCHaJbHO CHMMETPHYHO
OTHOCHTEJILHO OCH 2, NMO3TOMY YCDEIHEHHE KOMIOHEHT TeH30pa KBaj-
PylIOJIBHOO MOMEHTa IO YrJy ¢ HNPHUBOAHT K COOTHOILEHHSM

axr/:—Q-yz'_—azxz()? axxzayy:_%azz- (1452)

CrnefoBaTe/lbHO, HaM HEOOXOAHMO BBIYHCJHTL JIHIIL CpeJHEe 3Haue-
Hue omneparopa @,,, KoTopoe ompejensiercs ¢GopMyJ/oi

Qu> = | Quel ]2 de= [ r# (Beost 0—1) || 2dr=
sV E ey, v (145.3)

[ToxcraBnsisi crona BotHOBYIO PyHKUHIO AeHTPOHA, HAMAEHHYIO B mpe-
Ipinyuiei 3ajpaue,
P =cos g (r) Yy, 0%y, 1 +
. 1
tsine V—I__OQPD (MY, oXa, 1 + V?Y,' et nga.th b (145.4)
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¥ YUYHTHIBASE OPTOHOPMHPOBAHHOCTh CIUHOBHIX (QYHKLHii, MNOJydaeMm

Q> = % 1/2'555“# rt fym 0{
0

im0 231V, 1|2 +6]Y, ]9} dQ.

2

+

cos oPgY, ,+sine —;ﬁ%ym 0

B sToM BblpaxeHHH uneH, cojepxaluii {3, Hcuesaer Giarogaps
OpTOroHaNbHOCTH cdepuueckux ¢ynkuui. C npoussegenveM Ygyp
CBSi3aH TPUBHAJbHEIH HHTErpaJ

ﬁyo.olyz,olzdg': l

Vian
HeckosbKO TpyaHee BLIYHC/JHMTL TPH OCTABIIHXCS MHTErpana, CBsi-
33HHBIX C ). Mbl NPUBOAHM JIMIIb OKOHUATE/NbHBbIE DPe3yJbLTaThi:

¢Y2'01Y2,0,2d9=% l/%’

I 5
$v.ov..lrae=—ty 2, (145.5)

ﬁyz,olya.zlzdgz_z >

7 o
Cobupast BMecTe BCE 3TH COOTHOLICHHS, MPUXOAHM K CJeaywoue
npoctoii gopmyJe:

1 1 .
<sz>=mAcosmsin o— 55 Bsin?o. (145.6)

Eci¥ B npoueHTHOM OTHOLIEHHH mpHMech D-cocTosiHHS K S-co-
CTOSHHUIO MaJja, TO MajbiM OyaeT K napameTp . B TakoM cayuae
BTOPOH OTpHuaTe/bHbid wieH B ¢opmyse (145.6) Gyzer urpars posb
MayioH TONPABKH MO OTHOLICHHIO K NOJIOXKHTETbHOMY I€PBOMY UJieHy
H BeJMYHHA <Q,,> OKaxercs NOJOXKHTE/NbHOH. DTO 03Hayaer, uTo
AeATpOH obJsajaer BBITAHYTOH (opmoii Baosib ocH 2. [locaennuii
BHIBOJ, TOATBEPKAAETCH 3KCIIEPUMEHTOM.

6. MarHuTHBI# JUIIONBHBIH MOMEHT CKJAAbIBAGTCH H3 CIHHOBOH
YacTH, W,0,, +W,0,,, H U3 OPOMTANbHOM YacTH, BKJal B KOTOPYIO,
pasyMeercsi, naeT TOJIbKO OJMH NPOTOH. KoMmnoHeHTa OpGHTaALHOroO
MoMeHTa L, A/ pacCcMaTpuBaeMOH JBYXYaCTHUYHOH CHCTEMBl [aercs
BHIpaKeHHeM

4

L=7 (s +5):

064 C/araeMelX 310# KOMIOHEHTHl BHOCAT OAHHAKOBBHI BKJanx B Op-
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6uTaJbHBI MOMEHT OTHOCHTEIbHO LEeHTpa MacCc. B MarHuTHBIE xe
MOMEHT BKJaJ RAeT TOJbKO Ne€pBOE cJ/araeMoe, MOTOMY B BhIpaxe-
HHe /15 MAarHUTHOTO MOMEHTa onepaTop L, BOHAET ¢ MHOXHTENEM !/,:

e 1
p'r)96=% * —sz

Cpezu—xee 3HAYCHHEe 2-KOMIIOHEHTHI MarHUTHOrO MOMCHTA Ol pele/geTcs
topmyJion
> = § 0T (1,0, 1+ oge) DT, (145.7)

cpeiHHE Xe 3HauyeHHs ABYX APYTHX KOMIIOHEHT pPaBHbl HYJIO.
[IpumMensisi OmepaTopbl Gp,, H O,, K TPHIJIETHHIM CIHHOBbIM (YHK-
LUSIM, TIOJY4aeM COOTHOILEHHS

OpzX1, 1= %1, 1 Onz¥1, 1= X1, 15
OpzX1, 0 = %o, 09 Gz, 0= — Yo, 09 (145.8)
OpzX1, 1= %1, -1» Tuzda, 1= — Y1, -1-

[TosToMy, KpaTKo 3amucaB AEATPOHHYIO BOJHOBYIO (YHKUHIO B BHJE

V= Uy, 1 F 01, 0 WX, -1

nojayyaeMm
w>= S (w1 0%y oty -1){1"/; (U, 1+ 0%, o — WXy, 1) +

+ B (U1, 1= U%o, 0 — @1, 1) + Pogs (UX1, 1 +U%1, o + @Yy, 1)} dT.
C yueroM OpPTOHOPMHPOBAaHHOCTH CIHHOBBIX (QYHKIHA nocjaegHee
BbIpaXKEHHEe [PHHUMAeT BHA
<|J‘> = S {u‘ (}L r + Ky + I"‘op6) u + Ual"‘op6v +w3 (_—' p‘p—_un _l- l"‘op6) KW} dr.
Hanee [cm. dopmyny (144.5)] umeem

u=F[Y,  +8Ys, 4 v= V—‘?Tgyz, n W= Vggy-z, 29
NO3TOMY
Lu=0, Lp=ho, Lw=2%hw

H, cJej0BaTeJbHO,

W= S {(u,, + ) (fu—wtw) + #

e
dmc

Vv -+ 2w*w)} dt =

=<u,,+u,.>5'“ (7 +g*—6g*) dr+%f’“<3g2+2‘6gz> dr.
0

3aMeHsii B 3TOM BuIpaxeHu# GyHKUMKH [ U g HOPMHPOBAHHBIMH
byskuuaMH YPg H Pp, cornacHo (144.7), u Gepsa B KauecTse eju-
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HHIB! SZepHBI MarHeToH, ehi/(2mc), TPHXOAMM K dopmy.ie
3 . 1
W=yt 1) —gsinto(p,+p,—g). (1459

Takum o6pasom, nomnpaBka K MarHHTHOMY MOMEHTY, OGYCJIOBJIEHHAs
npuMecbio D-cocTosiHusi, OKa3biBaeTCsi BTOPOTO MOpPsJKa MaJOCTH.

3agaua 146. CnunoBbie GyHKUHH TPeX HacTHI

2
[Monyunrs coGcTBeHHble (YHKLUHH omepaTtopoB S, H § mis cu-
CTeMbl TPeX 4acTHi, o0JajaloUuX CHHHOM 1/,.

Pemienne. B nanHOM cisyuae omeparop cyMMapHOro CIHHA MOXKHO
3anucath B BHAE

S=%(al+oz+03). (146.1)

Ero z-KOMIOHEHTa, OYEBHAHO, MMeEeT CJenylouHe coGCTBeHHble PyHK-
IHH:

AVDES 0%y,
% (M2) = Ao, &P + Bouy ooy + CB o,
% (—2) = A'B1B2s + B'By2,B; + C'ary B,
¥ (=3 = B1B2Bs-
B kauecTse apryMenTa QyHKUHM ) Mbl yKa3biBaeéM COOTBETCTBYIOLLEE
co6CTBEHHOE 3HaueHHe omepatopa S, B eguHunax h. CoGcTBeHHble

3HaueHusa !/, ¥ —'/, TPEXKPAaTHO BHIPOXKIEHH. UTOGHl yCTPaHHTDH
YKa3aHHOE BbIDOXKIEHHE, NepeH/ieM K PacCMOTPEHHIO Omeparopa

s=(%) @ +o, rop=

i .
= <—2‘>2 {Q’JF 2 (01 '62) +2 (02’ 63)+ 2 (03'61)}' (1463)
B sajgaue 140 MbI nokasaJu, 4TO
(0,-0,) a0, =0, 0t,, (0,-0,) o, B, = 2B, —a, By,
(0,-6,) B,y =20, B,—B,at,,  (0,-0,) B,f, = B.B.,

W4, GoJiee KOMIIAKTHO, YTO OnepaTtop

212':";_(1 +0,-0,) (146.4)

(146.2)

NPOCTO B3aHMHO 3aMEHSIeT CIIMHOBBE COCTOAHHA 4YacTHH | H 2:
2ux (1, 2)=x(2, 1). (146.5a)
JpyruMg cJIOBaMH, Mbl HMEEM
T, =00, Do, =00, U T. 1. (146.56)



146. Cnunoebe pynxyuu mpex wacmuy, 5%

[To sToit mpuunHe oneparop (146.4) HA3LIBAOT O6MEHHbIM CRUNHOsHLM
onepamopom Ajas Hactvi 1 u 2

Tenepp Mbl MoXeM BeIpasuTh oneparop (146.3) uepes takue
oO6MeHHble ONnepaTophI:

s=(2) 3420+ 20} (146.6)

[eficTBHe 3TOTO oOmepatopa Ha MEPBYID H YETBEPTYIO CHHHOBbIE
¢$hYHKIMH Cpasy Xe Jaer

s e =3 1sxen), sy =(E) 151, s67)

TakuM ofpa3oM, 3TH JABe OQYHKIHH YxKe caMH [0 cefe SBJSIOTCH
cOGCTBEHHBIMH (YHKUUSIMH onepatopa S? U MPHHALJIEKAT HEBHIPOXK-
JIEHHOMY coGcTBeHHOMY 3HaueHuHio S(S+1)=13/,, wm S=3/,.
B BeKTOpHOH MOAE/JH OHH COOTBETCTBYIOT HapaJljiesibHOH OpHeHTa-
[LHH BCEX TPeX CIHHOB 1O WJIK IPOTHB OCH 2.

He Tax mnpocro ofctour feso ¢ GYHKUHSMH, MPHHAAJEXKAUUMK
BBIPOK/I€HHEIM COOCTBEHHBIM 3HAueHHAM '/, w —1/,. [eficTBys one-
patopom (146.6) Ha ¢pynkuuio ¥ (*/,), MoJydaeMm

$x () = (%)2 {3x (/2) +
+ 4 [Aala'zﬁa + BB, a0 4 Car ooy ] 4

+ 4 [Ac,Byos + Boyofs + CPa,0,] -+
+4 [AB1O°2“3 + Ba, B, + Calazﬁs]} =

=BV (1A +4B 140 o+ A+ TB 4 4C) B+

+(4A +4B +17C) f,a,0,).

C npyro#t cTopoHm,

S ()= h2S S+ 1) {Aa,a,B; + Ba,fyo; +CPiayu,},

H Mbl IPUXOAHM K CHCTEME TpeX JIHHeHHBIX OJHOPONHBIX ypaBHeHHH:
TA+4B+4C=4S(S+1) A4,
4A+7B+4C=4S(S+1)B, (146.8)
4A+4B47C=45(S+ 1) C.

YcnoBue ofpailieHUss B HYJb ONpEJeHTe/Isl 3TOH CHCTEMBI JA€T HaM

Ky6nuecKoe ypapHeHHe AJs coOcTBeHHOro 3xHaueHus S (S+ 1). Pewas
3TO ypaBHEHHEe, HaXOIHM

3 3

S(S—{—l)-——-lT5, T g M S=3 L]

29 g
Tor ke pesysabraT moJyuusicss Obl Y HaC U NPH AeHCTBUM ONEPaTOpa

$? Ha dyukumio 9y (—Y,), TONBKO BMECTO 6YKBHI O BCIOAy Oblja Gbi
6ykBa :

(146.9)
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[na nepsoro u3 coGcTseHHBIX 3Hauenuit (146.9) peienue cuc-
Temnl (146.8) opno3uaunHo npuHuMaer Bug A= B=C. Hcnombsys
OPH 3amuCH COHHOBHIX (yHKuu# Gosee NOAPOGHYIO CHMBOJIHKY
x(S, S,), MB mnoJiyyaeM CJeRYIOWHH Kéapmerm HETBIPEX NOJHOCTLIO
CHMMETPHYHBIX (PYHKLHA:

3 3
X 7’ 7 = & 0,05,

1[5 3)= s by +abant poua)
X(% ’ —%> :‘V‘{3—“(ﬁlﬁza3+ﬁlazﬁa+axp2ﬁa),
X(%r -%>:ﬁlﬁzﬁ3'

3To pelueHHe COOTBETCTBYET B BEKTODHOH MOJEJH YeThipeM BO3MOXK-
HblM opHeHTanusM cnuHa °%/,. [locje nOACTAHOBKHM ABYXKPaTHOro
KopHa S=1/, B cucremy (146.8) Bce Tpu ee ypaBHEHUS NPHBOLST
K OJHOMY H TOMY e COOTHOLIEHHIO:

A+B+C=0,
uto mo3BoJjser HaMm Hanucatb C = — (A4 B), HO He AaeT HHKaKo#
uHpopManuu oTHocuTesbHO A M B. Takum ofpasoM, HMeeM

I 1
x (7 , ?) = Aa,0,p, + Ba,f,o;— (4 + B) B,o s,
1 1 ’ ’ ’ ’
x (? ’ ’”?) = A"B,B,005 + BB 2,5 — (A" + B’) o, B,B,.

21H GOpMyJibl BCE e€LIe OMHCHIBAIOT CMeCh IBYX Da3J/IHUHBIX AyGue-
TOB, JJIf K2XXIOTO H3 KOTOpBIX S=1/,.

UroObl pasnesuTh yKasaHHBE Ay6JsieTbl H CHATb OCTaBlieecsi Bhbi-
poxneHHe, oObI4HO IpeanoJaraior !, uro

1 ——B—L
Jau6o A=B= Ve aubo A B 75 (146.12)

B nepsoM cuyyae Mbl moJsiydaem jy6.er

(146.10)

(146.11)

%1 <% ! %) =—]/176: {or, (@B + Baota) — 2B, - a,05},

(146.13)
%1 (-é_ ’ _%> = ﬁ {B1 (Byos + ayB5) — 20t - BB},

D Hasnune BBIDOXJEHHS CBf3AaHO C TeM, YTO AJIs TPEXYaCTHUHOR CHCTEMBI ofe-
paTopul 82 H S, He o6pa3yloT mnOMHOro HaGopa HaGmomaeMbix. UTO6LI HMmeThb
TakoH HaGop, HaZO MDHCOEQHHHTb K 3THM ONEpaToOpaM OAUH M3 OGMEHHHX CIHHO-
BHX onepatopoB Z;,. BosHomole (yHKLMH, NpuBelieHHBIE B TeKCTe, NOJYyYalTCs
8 TOM c/iyuae, Korja BhIGHpaeTcss o6MeHHbLIH omepaTop Zgq.— [Tpum. ped.
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CYIMMETPHUHBIH [0 OTHOLIEHHIO K [epPecTaHOBKe CIIHHOB YacTHL 2 H 3
cumposueckn 1,23), a Bo BTOpOM CJyyae — nyGJeT

X2<%, %)2—17!'2—‘-'051 (0o — Bots),
. X2<%v '__%.>:f}7-1_—2~'ﬁ1(52Q3‘”a263),

aHTHCHMMeTpPI‘leIﬁ 10 OTHOILUCHHIO K MNEepecTaHOBKE CIHHOB YaCTHIL

. i .

2 u 3 (cumBoanueckd 1,23). Tpebys, uro6bl HMEHHO VIS CIHHOB
yacTHL 2 ¥ 3 HMeJ1a MeCTo IPOCTasi CHMMETPH, MBI, Pa3yMeerca, MocTy-
naeM COBepILEHHO NIpOU3BoJibHO. [lpyro# BelGop nmocTosHHBIX A H B,
nanpumep B=-—1/,A, npuBes Gb K CIHHOBOH (YHKIHH C CHMMET-
puefi 12,3. TosbKO AONOJMHHTE/IbHBIE YCJIOBHS, HajlaraeMbie Ha pelle-
HHe B TOH WJH WHOR KOHKpeTHOH 3ajaue, 'MOTYT CHATH 370 CrieuH-
(puuecKoe BBIPOXKJEHHE.

(146. 14)

3anaua 147. PaccesinMe HeHTPOHOB MOJIEKYJSIPHBIM BOAOPOAOM

[Tycte wacTuupl 1 M 2 mpeaplaymiefi 3agasu — 3TO MPOTOHBI, BXO-
OslilHE B COCTaB MOJIeKYJBl BOJOPOAa, @ 4YacTHUA 3— MeAJeHHBIH
HEATPOH C AJMHOH BOJIHBL A¢ Dpoijsi, 3Ha4uTeJbHO HpeBHIIAOLIEH
pasMepnl MoJiekyJiel. Onpeiesnuts ceueHHe pPaccegHUS HEHTPOHOB
MoOJIeKYyJiaMHi Tlapa- 4 OPTOBOJOpOAA, CUHTAdA, U4TO Mp-B3aHMOAEHCTBUe
MMeeT UEHTpaJIbHBIA Xxapakrtep (cM. 3ajauy 140):

— 4 Vi +V) ++ (Vi—V,) (0,-0,). (147.1)

Uto6el CBsi3aTh AJHHBl PacCesiHHs C MOTEHIMAaJiaMH, B Ka4ecTBe Tpy-
60oro npubJHKEeHHs IPeINoJIOXKHUTE, UYTO [JHHA DacCesiHUsf IIponop-
1}ioHaJIbHA IJyGHHE IOTEHIHaJIbHON SIMBI.

Pewenne. XapakTep [BHXKeHHsi HEHTPOHa oOINpenessercs ero
B3aUMOJEHACTBHEM C aBYMS nporoHamu. Ec/iH a/HHA BOJHBI HEiTpoOHa
BeJHKa, TO NPAaKTHYeCKH 06a NPOTOHA pacHoJiokKeHbl B OJHOM MecTe
U 1SS ONHCAHHUS ABMIKEHHS JAOCTATOYHO OJHOI OTHOCHUTEJbHOH KoOp-
auuatel r. Dyaem ofo3HauaTb HEATPOH HMHAEKCOM n (BMECTO HH-
Jexca 3), Toraa B3auUMojedCTBHe HEHTpPOHA C MOJIEKYJofi BOJOpOJa.
cornacHo (147.1), MoxHO 3amucaTbh B BHAE

=% VitV +%(Vt Vs) (0, (0, +6,)), (147.2)

rje
Vt‘_—vt(r) H vs=V:(r)<

OproBofOpOA H NapaBofOPO XAPAKTEPH3YIOTCS COOTBETCTBEHHO
CHMMETPHYHOH M AHTHCHMMETPHUHOH CIHHOBBIMH (PYHKIHAMH, IO-
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STOMY B Halle# TpexyacTHuxoi mpoO/ieMe, COIJIACHO pe3yJ/bTaraM
NpeABIAYIIel 3a7ayy, MMEIOTCs CJERYIolUlHe BOCeMb CIIHHOBbIX QYHK-
LHHA:

(2. +3)=uaan
3 I3 i
X(j, +-2—) VS (@B, + B2, +Bi%,2,), | Keaprer, cnun
3/,,  OPTOBONO-
3 I LA
X(?v _§> V‘g ﬁlﬁa +ﬁ1 zﬁn—l—a‘lﬁ ﬁn)v pox, 12n
3 3
X("g, "‘5)261626;:' (147.3)
1
Xa(%? +%>=76_—((al[32+[3,a2)a,,—2ala.zﬁ,,), i y6JsieT, CIHH
| 1y . 3 !5, OpTOBOMO-
%(7 —7) =g (bst bz B.—2B:b). | pox, T2,n

(147.4)
Hy6ner, cnun

E} Yo _NapaBono- (147 5)
J

2
p (% s 1 ) V- (051[32 Bla‘2) Brr poaxn, 12,?1

Bce stu BoceMb QyHKUMA CyThb COOGCTBEHHBIE (PYHKIHH OIeparopa
8§t= (0, +0,+0,)?%

npuHajg/examue coOCTBeHHBIM 3HaueHusM 15 w3 cooreercTBeHHO
151 KBApPTETHBIX M AyOJeTHBIX cocTOAHHH. Tak kak

§?=0}{+0; +0;+2(0,-0,) +2(0, (6, +0,), (147.6)
NpHYeM KaXkJAbli M3 MepBHIX TPEX YJeHOB PaBeH TpeM, a Ads yer-
BEPTOro HMeeM
(©,-6,) = { +1, oprorogopogz, (147.7)
—3, napaBojopoz,

TO OKOHHYATE/JbHO [0JyyaeM
15=9+2+2(0, (0,+0,)
3=9 +2+2 (Gn' (01 ‘I‘Uz))

#3=9—6+2(0, (0, +0,), mapaBogopoa, Aybaer. Takum obpa-
30M, HMeeM

} { KBaprer,
OPTOBOLOPOI
nybaer

2, opTOBOZOPOA, KBapTeT,
(0,-(0,+0,))={ —4, oproBonopon, Ry6.eT, (147.8)
0, mapasoaopoz, nyoJer.
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Orcioga B cuay dopmysst (147.2) Mbl IpPHXOAHM K CJELYIOMUM TPeM
THIAM B33@HMOAEHCTBHSI MeX1y HEHTPOHOM H MOJIEKYJIOH BoAopoja:

{ 1
1 ) (Vt—' Vs_)
V'—‘§(3Vt+Vs)+{| —WV—=Vy) =
{ 0
2v,, KBapTeT, OPTOBOAOPOX,
— 1 V; +% V., nybser, oproBopopoi, (147.9)

2
% Vi+ % Vs, nybuer, mapaBoaoOpon.

BosppaTHmcst K BONpOCY O pacCesiHHH HEeHTPOHOB H PacCMOTPHM
npele/abHH cJiaydail HyseBo#t sHeprud. B stom mpenesie psuna pac-
CesilHUA a JIMHEHHBIM 06pa3oM cBfi3aHa ¢ TJyGUHON NOTEHIHAJbHOH
SIMBL, €CJIH mocJsenHsst Manaa“. Cjenyer, ofHaKo, MORYEPKHYTh, UTO
I/5 PeasJIbHOro 7 p-B3aHMOAEACTBHS 3TO JOBOJBHO rpy6oe npubJiu-
xkenHe. C yueTOM YKasaHHOTO TNpPHOJIKEHHS Mbl AJ5 yNpyroro
paccesHnsl HEHTPOHOB MNoJyuaeM

2 /1 3 2
00910243{3‘(2at)2 +§‘(‘2_at+?as> } ’
3 1
0'napa:‘lﬂ; {'ﬁ' a; +'2_as}2:
uJu

Oopro = T {(3a; +a,)* 42 (a;—a,)*}, (147.10)
Opapa = 7 (3a; + ay)?.

Samewanue. JlydmiHe 3HaueHHs NJA JJHH pacCesiHHs @y H Qg B ABYXHYKJIOH-
HOl 3ajaue paBHHl cOOTBeTcTBeHHO -+5,39 depmu u —23,7 ¢epmu. INoacraBass
9TH 3HaveHusi B dopMmyanl (147.10), Mbl nosyuaem Oop10 =55 6apH H Opap, =
= 1,77 6apu V. XapakTepHOfl 0COGEHHOCTBIO STOrO A0 HEKOTOPOH CTelleHH Ipy6oro
pesysibTaTa fBJISeTCA YAMBHTE/bHO Majloe 3HaUeHHe CeUeHHS paccestHHsl Ha Napa-
Boflopofie. Tem He MeHee 3TOT pe3yJIbTaT NOJIHOCTBIO NOXTBEPHKAAETCH IKCIEPUMEH-
TaMH 110 PAcCesiHHIO TeIJIOBBIX HelTpoHOB. Ec/aW G6bl BbINOJHAJOCH PaBEHCTBO
Qg=—3a;, TO cedYeHHe paccessHHSl Ha NapaBOJOPOHe ObLIO Gbl B TOYHOCTH PaBHO
Hyawo. Kak 6bl To HH GHLIO, HO €FO MaJIOCTh TMOKA3LIBAeT, UTO BEIMYHHA ag FOJKHA
GbiTb OOJIBIION X ee 3HAK JZOKEH OBITh NPOTHBONOJOXEH 3HAKY BEJHUHHB! Of.
C Xpyroii CTOPOHEI, Fs CYLIECTBOBAHHA CBSI3aHHOrO 3S-coCTOsSHUS JeliTpPOHZ TPHI-
JieTHasd JJHHA pacceAHHA LOMKHA OHTh nojokutenabhoil. CnegoBartenbHo, ag < 0,
H N03TOMY CYyLIeCTBOBaHHE CBSI3aHHOro S-coctosHus HeBoamoxkHo. HeoGxonumo
OTMETHTb, UTO 3TOT 3HAK MOMXHO ONpEJe/HTb TOJAbKO B HHTephepeHLHOHHBIX OMNbi-
Tax ONHCAHHOTO THIIAa, HO He B 3KCHEePHMEeHTaX IO pAcCessHHIO HEHTPOHOB Ha H30-
JIAPOBAHHHIX HPOTOHAX, i€ NPHXORUTCH HMeTb JLeJO C HeKOTePEeHTHHIMH BOJIHAMH.

Hamu pesysibTaThl HeNOCPeACTBEHHO OTHOCHATCA K TPERENbHOMY CJYyuaio HyJe-
BOH SHepruH, B TO BpeMs Kak B SKCNepHMeHTe HEHTPOHBHl MOTYT HMeTh SHEpIHuio
NOpsAJKAa HEeCKOJbKHX COTBIX 3JIeKTPOHBO/bTA. CielloBaTe/bHO, HX INJMHHA BOJHEL He

D | ¢pepmu=10—1% cm, | Gapy=10—24 cm2,
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TaK YK BeJHKAa N0 CPaBHEHHIO C Pa3MepPOM MOJeKYJbl. D10 BLI3BIBAaeT MOSBJEHHE
HEYNPYrHX [MepexoA0B C H3MeHEHHeM YETHOCTH MeXAy BpallaTesbHBIMH COCTOS-
HHSIMH OpTOBOJOpoAa ¢ J =1 M cocrosHHsMH napaeopopola ¢ J =0. YkaszaHHue
nepexofibl MOABAAIOTCS G/1aToAapA TOMY, HUTO rpp 7 Fpe. EcaH BBecTH 0GO3Hauenue

1
7 V=V =U (),
TO A/ 4YacCTH B3aHMOAEHCTBYSA, 3aBHCAIMEH OT CIIHHOB, MOXXHO HalHCaThb

U (ra)(6,-00) U (r49) (0,-03) =% (U (ri) U (r2)) (65 (0, + 0,) +

1
+? (U (f,,l)—'U (’nz)) (0’,, -(0’, —’02))'

Ms-aa nocnennero uwieHa B npaBofl yacTH 9TOrO pPaBeHCTBA CNHMHOBble (QYHKUHH
(147.3)—(147.5) GoJblie He ABJAIOTCH COGCTBEHHBIMM QYHKLUAMM OnepaTopa 3Hep-
FHH B3aHMONEHCTBHA; HMEHHO STOT UieH B 3HEPrHH B3aHMOEHCTBHS H BHISHIBAeT
opTo — Napa-nepexognl.



IV. MuorouacTuunbie 3agauu

A. MaJjoe uyucao uyacrTuly

3anaua 148. Jlpe OTTaAKHBAIONHECH YACTHLL! HA OKPYKHOCTH

Jige onuMHAaKOBHIE TOUYEYHBIE YACTHHBl HAXOAATCA Ha TIJaAKOH
OKPYXKHOCTH pajMyca r ¥ B3aUMOACHCTBYIOT MO 3aKOHY

V(9,, 9,)=V,cos(p,—0q,), (148.1)

5TO MOXKET, HALPHUMEp, CJAYXHTb MOJENbI0 KYJOHOBCKOLO OTTAJKH-
BaHHA /IEKTPOHOB B OCHOBHOM COCTOSHHH aroma resusi. BeiBecTn
3aKOH COXpDaHEHHS MOMEHTa KOJIHYECTBZ [BHXKEHHsST H PacCMOTDEThb
OTHOCHTEJIbHOE JBHKEHHEe YacCTHII.

Pewenne. Ypasuenue lpennnrepa

kB osoU | o
T omr ( Py + o0k ) +Vocos (o, —@,)U=E-U (148.2)

Aonyckaer pasfae/ieHHe I[EeDEMEHHBbIX, eCJH nepeﬁm K HOBBIM KO-
OpAHHATaM

A==y B=5 @+, (148.3)

OIUCHIBAIOUIUM OTHOCHTEJIbHOE H , aGCOMIOTHOE" ABHKEHHE YaCTHL.
HeficTRUTE/IbHO, NMONCTABJASA BbIPaXKeHHs

0 J 1 o e} 7} 1 a
op 02 TT OB’ g 0a T2
B ypaBHeHnue (148.2), npHXOIHM K YypaBHEHHIO
ht foU | 10
—W(W+TW>+VOCOSOL-U=E-U,

pelieHue KOTOPOro MO2KHO HCKAaThL B BHAE

U, p)y=u@)v(@). (148.9)
Tenepp MBI HMeeM
W d =E 148.5
‘—WW"F 0 COSQ-U=Lg-U ( )
H
A az
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npHYeM
Eo+Eg = E. (148.7)

Abcoromroe Jsuxcenue 4acThl onpepeisieTcss ypasHerueM (148.6).
YuHTBIBas, 4TO OnepPaTop NpPOEKIHH CyMMapHOro OpOMTA/JILHOTO MO-
MEHTa Halllel AByXYaCTHYHOH CHCTeMBl Ha OCb z JA€TCsi BbIPaXKeHHeM

hro 0 h oo
L=T(stom) =T
MH MoXeM nepenucath ypaBHenne (148.6) B Buae
oo L= Eg-0, (148.62)

rae © = 2mr?—cyMMapHblii MOMEHT HHeplUHH 0o0eHx yacTuu. [locsen-
Hee yPAaBHEHHE MO3BOJITET ONPEJeJHUTh COGCTBEHHBIE 3HAUYeHHs ofe-
paTopa_ BpawaresanHoil sHeprud. Tak Kak pemenue ypaBnenus (148.6)
HMEeT BHJ

v=eMB M=0, =1, £2, ..., (148.8)
TO JONYCTHMBIE 3HAYeHHs BpalllaTeJbHOH SHEPTHH GYAYT paBHbI
(hM)?
Eg= "0 (148.9)

Topasno cjioXKHee BONPOC 00 OMHOCUMesbHOM OBUNCEHUU UYaCTHL,
TaK KakK OHO omnpenessiercs audpepeHnuaJ/ibHBIM ypaBHeHHeM Martbe
(148.5). UToObl ynpoCTHTh MOC/ERYIOLINE PACCYXKICHHS, IPeobpasyem
ypaBrenune (148.5) k cramgapTHO# Qopme, NMOJOKHB

o =29, 4%fEa=x, 4L"ﬁgz-v,,=2q. (148.10)
Takum o0pasoM, MmOJYUYHM
%+(x—2qcos2¢)v=o. (148.11)

Mgni 6yneM MHTEpecoBaThCsi MEPHOAMYECKHMMH pelleHHAMHY ¢ mepio-
AOM 27 MO TepeMeHHOH o WJIH, YTO TO XKe CaMoe, C IePHOAOM Tt IO
nepemenHoit ¢. Tak kak B ypaBseHun (148.11) kospoduuuent npu
(YHKUMH v YeTHBIM 00pa3oM 3aBHCHT OT Yria @, TO pelleHHs 3TOro
ypaBHeHHs OYAYT JHGO YETHHIMH, JIMOO HEUETHbIMH (YHKUHSAMH Q.

1) 3jlech HCKOMHE pelueHHs NPUHIHNHAJBLHO OTJHYAIOTCS OT pelleHHl ypabHe-
nns Ulpexunrepa ¢ nepHOZHYECKHM MOTEHIHAJOM B TEOPHH KPHCTAJIHYECKOH pe-
merkH. TaM pemieHus, He GyAy4d NepHOAHYECKHMH, NPH Mepexofie OT ONHON AueiiKK
peleTKH K Apyrofi yMHOMaloTcs Ha (as30Buifi MHOXHTeab (cM. 3anaun 28, 29).
B TeopuH KpHCTaJ/NuecKoH peleTKH SHEPreTHUeCKHIi CIeKTP HMeeT 30HHYIO CTPYK-
TYPy, B HallleM Xe cJydae cleKTP cOGCTBEHHBIX 3HaYeHHH A ZHCKpeTew.
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[lepHORHYHOCTD PEIIEHHA MO3BOJISET PA3JIOKHTL HX B psaabl dypne,
[IO3TOMY Mbl HMEEM

Uger= Ag+ Ay cos2¢ 4 A, cos dp . . .;
Unewer = B sin 2¢ 4- B, sin4g 4-. .. .

OG6LIUHO MPHHATO 0003HauaTh COOCTBeHHBIE 3HAYEHHSI A IOCPEICTBOM
G4y Ayy Gy, ... B CJyYae YETHBIX pelleHHH H NOCPeACTBOM b,, by, b, .
B CJydyae HeyeTHbIXx pemeRuii?. B

TeOpHH YypaBHeHHsi MaTbe NOKas3bl- A
BaeTCsl, YTO COBCTBEHHbie 3HAueHus 7
MOXHO pacloJIOXHUTb B CJAEAYIOUIEM ,, ﬁ,
fnopsLKe: 6 ——
a <b,<a,<b<a,. . (148.12) ¥ > 2y

0 I~z
Ha ¢ur. 61 npueeneHa 3aBHCH- N 10\5 20 ‘25\30 7
MOCTb COGCTBEHHBIX 3Ha4€HHH OT -p \\ \\
nepeMesHo# ¢. Baarogaps HepaBeH- Q NG
crpanm (148.12) kpussie Ha dur, 61 -20
He nepecekaworcd. B cayuae g=0 \
UMeeM ~50

4,(0)=0, b6,(0)=a,(0)=2% D ur. 61. 3aBHCHMOCTD COOCTBEHHBIX
b, (0)=a,(0)=4% u 1. 1. (148.13) snavennit A oT rIyGHHB NOTeHUHAD-
HOH MBI q.

B clydae e OueHb 6OJIBILIHU X q Benuupnn A ¥ ¢ paun B Ge3pasMepHHX
eIHHHNAX B COOTBETCTBHM C Onpejene-

clpaBeAJIMBbl ACHMITOTHYECKHE CO-  HusMu (148.10). TpsMbiMH JWHUIMH oT-
MeueHH MOJIOMEHUS] MHHHMYMa M MaKCH-

OTHOLLUEHHA MyMa TOTEHUHAJIBHOH IHEPTHU.

Ay () ——2q+2 (2r +- I)V(_]-—.‘_i.[(r.*_ 1)2_{_,-2]’
o (148.14)
by (q) ——2¢+2@2r—1)V g — ¢ [(r—1)*+r].

Cumeten cootrotenuii (148.13) u (148.14) MOXHO NOHATHL C OMOLIHIO
C/IeAYIOMKX 3JeMEHTapHHX PacCyXIeHHH.
Ecin ¢==0, To ypaBHenune (148.11) mpuoGperaer BuUA

d2
3-(-,%+xv=0

1) HackoIbKO 3TO BO3MOXHO, Ml NpHAeDXHBaeMcs OGO3HAueHHH, NMPHHATHIX
8 cnpaBoynnke A6pamosnya u CreryHa (Abramowitz M., Stegun I. E., Handbook
of Mathematical Functions, Dover Publ., New York, 1965, Ch. 20).

Kpussle, npuBe/ieHHble Ha QUT. 61, Takike HOCTPOEHB! COIVIACHO JaHHBIM YKa-
3aHHOTO CNPAaBOYHHKa.
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H oba ero HepHO}lH‘IeCKHX peiieHua
Uyer = Azr Cos qu)’ Uneqer = Bzr sin qu)

NpPUHAJIeXXaT OAHOMY H TOMY e COGCTBEHHOMY 3HAUEHMIO A = (2r)%.
DT0 NOMHOCTBIO corJiacyercsl ¢ coorHourenueM (148.13).

Ecsu, ¢ gpyro#l CTOpOHBI, 3HaueHHE ¢ OYeHb BEJHKO, TO BO/IH3M
TOYKH o =7 Mbl 6yAeM HMeTb OYeHb IVIyGOKYIO NOTEHIHAJIBHYIO MY,
YTO NMPAKTHYECKH NOYTH IIOJIHOCTBIO 3aQUKCHPYeT HAIUM YacCTHIb! H3
MPOTHBOMOJIOKHBIX KOHUAX AHaMerpa. B artom ciayuae BMecro mepe-
MeHHOH ¢ YHOGHO BBeCTH HOBYIO mepeMeHHYIO

1
=g @——m)=p—7. (148.15)

M3 coornoulenni

cos 2r@ = (—1)"cos 2rn, sin2r¢p=(—1) sin 2ry
CJIEAYET, YTO QYHKIHH Uyer H Uyeq., OYAYT COOTBETCTBEHHO YETHHIMM
M HEUeTHHIMH (pyHKUHSMH ¥ [0 OTHOIIEHHIO K mnepeMeHnHoil m. Ecun

[OTEHI MaJbHAS siMA OYeHb IJ1y6oka, To B ypaBHeHHH (148.11) moxHO
HalHCcaTh

€0S 29 = —cos 2~ — 1 +- 272,

H OHO NpHO/MMKEHHO nepedser B quddepeHuUHa bHOE ypaBHEHHE 114
TapPMOHHYECKOI0 OCLHJIIATOpA:

i;%+[(>.+2q)—4qqz]u=o. (148.16)

Kax xopouo u3sectHo (cMm. 3anauy 30), co6CTBEHHbIE 3HAYEHHs A5
3TOr0 YPaBHEHHS pAaBHEL

hi+2¢=2Vq 2n+1), n=0,1,2, ..., (148.17)

a cofcTBeHHble (GYHKUMH, OTHOCSIIHECS K UYETHBIM (HEUETHBIM) 7,
YeTHbl (HeueTHbl) no nepemenHofi 1. CootHouwenne (148.17) mnouru
HOJIHOCTBIO COBNMANAET C COOTHoLIeHHeM (148.14), ecsiu OTOXKAECTBUTD
pelleHHsl NPH MaJbiX 11 C PeleHHSMH OpH GOJIBLIMX ¢ MO CXeMme:

n=0 12| 3] 456
Yernvie (ag,) r=0 1 2 37 ...
Hevetuble (by,) r= 1 2 3

Honoanurenshele nocTosHube, BUrypupyowne B gopMyax (148.14),
MOXKHO MOJIYYHTb, YACPXKAB B Pas3/iOKEHHH COS 21} elle OfHH yJeH,
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a 3aTeM BOCNOJBb30BaTbCsA TeOpHeHd Bo3MylleHHH. B pesgyabrarte
[0J1y4HM

M+20=2V7 @n+l)—gqn|ntin>.  (148.18)

Kak oKasblBaeTcsi, 3TOT JAONOJIHHTEJbHBIA 4YJjeH obeclneyuBaer moJ-
Hoe corsacue Mexny dopmysamu (148.18) u (148.14).

3amewanue 1. Ha ur. 61 Mbl 1306pa3niy AHATOHAMH ABYX KOODAHHATHHIX YIJIOB:
HHXKHAA JHaTOHAJb OTMevaeT MoJIOKeHHe MHHHMYyMa NOTeH1HaJbHOH 3HeprHH (— 2¢),
BepXHss — NoNoXeHHe ee MakcimyMa (- 2g). CoGcTBeHHEle 3HAYeHHsi, pa3ymeeTcs,
BCerja pacnoJsiaraloTcsi Bhitlle JHHHM MHHHMyMa IOTeHIHa/bHOH 3Heprud. Ecin onn
JIeXKaT HHXKe BepXHeH JHaroHajlH, TO COOTBETCTBYIOUlME WM COCTOSIHHSI SABJISIIOTCS
K0J1e6aTeIbHEIMH COCTOSSHHSIMH BHYTPH IOTeHLHaJbHOH fME. Tak, HanpuMep, npu
q =10 HMelOTCH 4YeTHIpe TaKHX KoJeGaTeJbHBIX COCTOSIHHS, NATOe e coOCTBeHHOE
3HayeHHe (ag) COOTBETCTBYET COCTOSHHIO JHGpauuonHoro THma. [Ipm JauGpauun
IBHXKEHHE YaCTHIl 3aXBaThiBA€T BCI0 OKPYXKHOCTb, T4dK HTO BpeMeHaMH NOJIOXeHHs
ofenx vacTHn coBnafaioT. IlepBule ueThpe COCTOSHHA MOXHO G6HO GH Ha3BaTb
aHrapMOHHMUECKHMH KoJseCaHHsMH. HauuHasi e ¢ mATOro COCTOSHUS NO Mepe pocra
3HEPTHH NIBHXKeHHe Bce GoJiee H Goslee npHO/IHAKAaeTCs K IBHXKEHHIO HeB3aMMOIeHCT-
BYIOIIHX HE3aBHCHMBIX 4YacTHIL.

3amevanue 2. OTHOCHTeJIbHOe ABHXEHHE ABYX YacCTHU TNPOHCXOZHT B NOTEHLH-
aJIbHOM [OJe TOro e BuAa (V, COS C), YTO H B c/ayYae MaTeMaTHUECKOrO MasiTHHKA.
B kaaccHueckolf MexaHHKe 3Ta 3ajlaya CBOJMTCSI K SJJIHIITHUECKHM HHTErpaJaM,
KBAHTOBAasl JKe 3ajada tpeGyeT [/]s CBOEr0 pewleHHs, Kak MEl BHAeJaH, QyHKUHH
Marbe. 310 cHOBa nokasmiBaer (cM Takke 3agauy 40), HaCKOJIbKO CJIOXKHee B Ma-
TeMaTHYeCKOM OTHOIIGHHH CHTYauHMsi B 3ajayaX KBaHTOBOH MeXaHHKH TIO cpaBHe-
HHIO ¢ aHAJOTHYHBIMK 3aJa4aMH KJacCHYeCKOR MeXaHHKH.

3apaua 149. TpexaTomHas JuHelHas MojexyJaa

B nosoxeHHH paBHOBeCHs MOJIEKYJia ABYOKHCH YIJI€pOia HMeeT
¢opmy Jurefinofi penoukn O=C=0. TlycTe HesaBHCHMO OT TOrO,
OAHHaKOBBlE HJIM PAa3Hble H30TONMB! KHCJOPOZA, PABHOBECHOE COCTOS-
HHe Mexay atoMaMu B KommnJjekce C=O paBHO a, a COOTBETCTBYIO-
uias ynpyras IOCTOSIHHasl BaJIeHTHbIX cHJs paBHa f. [lpeHeGperas
nonepeyHbIMH KoJieGaHWAMH, PacCMOTPeTb B rapPMOHHYECKOM IpHO.IH-
XEHHH OQHOMEPHYIO Mojesb MoJieKyJsnl CO, M onpesesuTb 4acTOTHI
ee KoJsiebaHui.

Pewenne. O6o3HauuM uepes Xx,, X,, X, [OJOXEHHS AaTOMOB Ha
OCH X, & NOCPEACTBOM m,, M,, m,— HX MaccChl, TOTAa A9 JHHEHHOH
MOZe/NH B rapMOHHUeCKOM npubsuKeHHH ypabBHeHue [IIpeannrepa
OyzeT uMeTb BHJA

3
Y LY L t—r—a) 4 (r—x— ] ¥ = EV.

2 i=l_m—ia—x?
(149.1)
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Uto6bl OTAENINTh NBHXKEHHE IIEHTPa MacC OT OTHOCHTE/IbHOIO JBHXKe-
HWA, Mbl NepedfeM K HOBBIM MepeMeHHbIM:
Uu=1x,—x,—a,
U=X3—%,—4a, (149.2)
X= Tl,f (myxy +myx, + myx,),

M =m, +my+ms.

CTapre NPOU3BOAHBIE CBA3AHBI C HOBbLIMH [IPOH3BOAHBIMH COOTHOWIE-
HUAMHA:

0 _m 0 _i_i__a_
e max Tou o
o _myg 8 | 8

o Max T

[ToBTOpHOE mMpHUMEHeHMe STHX COOTHOLIEHHH AaeT

3
1 & 1 02 1 1 02
i 9%~ M XE +(71+m—2>w+

+<1 1)62 2 9

e T e ) 9F g duve

i=1

Taxkum o6pasom, LBHKEHHE LEHTpPa Macc AefACTBHTENbHO OTAE/SEeTCS,
M Mbl npuxoauM K ypaBHenuio [lpepunrepa, comepxaiiemy ToJbKO
JB€ HE3aBMCHUMbIE TepeMeHHbe U H v,

(=5 (o)t (o) w e +
— +gf@ o) —Eb¥=o. (149.3)

[Ipu stoM Boime Mul nepeonpegenuiu sHepruio E, ¥ oOHa Temepb
B orauyue or (149.1) osHauaerT OAHY JIMLIL 3HEPTHIO OTHOCHTE/BHOI'O
AsrkeHus. Hasnuuwe B onepaTope KHHETHUeCKOH 3HEpPrHU CMeLUaH-
HOIl NPOM3BOAHON 0%/0udv nenaeT AajbHeHWyo (GaKTOPH3ALMIO He-
BO3MOXKHOA. OaHako ecau Mbl BBEAeM ,MOBEPHYTYIO® CHCTEMY KO-
OpIAHMHAT

"=ucosa+uvsina,

v =—usina++uvcosa, (149.4)

TO HajJeXaluM BHIGOPOM YrJa o YjeH CO CMeWAaHHOH MPOH3BOLHOM
0%/0u’dv" mMoxHO GyneT o6paTHTh B HyJab. UTo e KacaeTcsl moTeH-
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HaJbHOH 3HEPTHH, TO IIPY TAKOM MpeoOpasoBaHUH OHA He MEHAETCS:
ur vt = u'? —|—U’2.

B’paBHeHne Hlpenﬂﬂrepa B HOBBLIX NEPEMEHHbIX IPHHUMAET BHUA

e ( —|—L cos? o s —2cosasin P L sineg -2
{— 2 [ my | my ou’? cosa R P tsin*a ov’? ) +
1 1 . i . o2 02
4=+ sm?a—@—|—2cosasmaa,—a,—|—cos‘~’am —

My mg

2 92 92 . 9?
s (cosocsmoc ,2+(cos2oz—sm2a)a 0 cosocsmoz;v,—zﬂ +

+-2-f(u'2+v'2)—5}11f=0, (149.5)

UjeHbl €O CMelIaHHOA NPOH3BOJAHOH HCHYE3HYT, €cjaH MOJOXHTh

(—L—L> sin 2a=icos 20,
] my my

2m,myg
My (m; — mg) *

tg 2u = (149.6)

BBE}IH MaccoBble KOHCTaHTH A u B, onpeneasaeMble COOTHOLLIEHHAMH

e ! . 2 1 PN ey
e _<m1-}—mz)cos o —cosozsma—}—( q+—@>sm o,
I 1 1Y civs . 1 LN o, (149.7)

Mbl Mo)KkeM 1pujatb ypaBreHHioo [lpeduHrepa 3sHauutenbHo GoJsee
NpOCTOA BHA:

[ ;ijau"2+ ,'2]1P+[ QﬁB aalz“}‘ f’leP' EVY. (149.8)

Ternepb mepeMeHHble pasienAlOTCA:

Y, v)y=¢pu)e@),

E—E, 1 E,, (149.9)
H MH nonyqaeM

k2 a2 ,

QA dullpz + fu 211) EA‘I”

b g (149.10)

— 5 o g 0= Egp.
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dHeprerUyecKue YPOBHH 3THX JABYX TapMOHHMYECKHX OCUHJJIATOPOB
MB MOXeM Hamucarth cpasy (cM. saaauy 30):

E,=ho, (nA-i-%), w,=VT4;

1 . (149.11)

EBzﬁmB<nB+7>, 0=V TB.
Pasenctea (149.6) u (149.7), nospoasiouive HaiTH KOHCTaHThl A H B
0O H3BecTHHIM MaccaM, COBMECTHO ¢ papeHcTBamu (149.11), ompe-
JeSTIOMHMH 3HEPTHH H 4YacTOTHl KoJieGaHu#, MOAHOCTBIO pellaioT
MOCTABJEHHYIO 3a]auy.

Teneps Mbl GoJsiee Noapo6GHO MpOaHAJHU3HPYEM HODMaJbHBIA CJly-
gafi, Korga m,;=rm, (B COCTaB MOJIEKYJB BXOASAT OAHMHAKOBLIE H30-
Tonmbl KHcJOposa). B atom cayuae, kak caenyeT u3 ¢opmyast (149.6),
a=mn/4 u aast KoHctant A U B wmbl, corsacHo (149.7), noanyuaem

1 1 1 1 2

AT my B ny y
", CJeaoBaTeJbHO,

oa =V, wop=) 11250, (149.12)

Tax Kak 4acTOTa ®, HE 3aBUCHT OT /M,, TO OTCIOJ@ MOXKHO cje-
JlaTh BBIBOJ, YTO MpPH KoMeGaHHSAX ¢ TaKo# 4acTOTOH aToM yrJeposa
ocraercst B noxoe. Ilocko/nbky, KpoMe TOTO, LEHTP Macc MOJIEKY.JIbl

o Cc 0
[ o [ -—@ a
6] C o
*> =9 o4

®dur. 62. [1sa HopMaJbHBIX KoJeGauust MoseKysael CO,.
Honepeqﬂble kosefauna B 3TOH 3ajave He pacCMaTpHBAOTCA.

OpelnoJiaraercsi HeNOABHMKHBEIM, TO KoJebaHyMe paccMaTpHBAEMOro
THOA JO/MXKHO OHITb CHMMETPHYHBIM, YTO CXEMATHYECKH H306paxeHo
Ha ¢ur. 62,a. C n1pyrofi cTopoHsl, KoseGaHHS C 4acTOTOH ®p, B KO-
TOPBIX [PHHHMAET yuacTHe H aToM YIJepoja, Kak MOXKHO M0Ka3aThb,
SIBJISIIOTCH AHTHCHMMETPUYHBIMH (cM. ¢ur. 62, 6). UTo6sl BHSCHHUTS,
YyTO COOTBETCTBYET 3TOH KJAAaCCH4ECKOH KapTHHE HOPMaJbHEIX KOJe-
6aHHA B KBaHTOBOH MeXaHHKE, pacCMOTPHM CBOHCTBAa BOJIHOBHIX
¢yukumit (149.9). BosiHoBasi QyHKIHA OCHOBHOTO COCTOSiIHHS (HOp-
MHpPOBKa IIPOH3BOJIbHAS)) MMEeT BHUJ

Y, (4, v')=exp (-— A;;A u'“)-exp (——%"ﬁ—ﬂ v’“) , (149.13)
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rue
u'=—L_—(x3—-x1—2a), 3 (x,+x,—2x,). (149.14)
2 V
O6a comuoxurtenss B (149.13) umetor peskuii MaKCHMYM COOTBETCT-
edHo NpH 4’ =0 u v'=0. Takum o6pasom, HyJeBhE Ko./e0aHHA
copepiiaioTcsl BOJMM3HM MOJNOXKEHHA X, +Xx,=2x, (OpH 39TOM aroM
yriepojia HaXOAMTCS TOYHO MOCepeJuHe MeX]y aToMaM¥ KHCJI0poja)
¥ BOJH3H IIONOXKEHHA X;—X,==2a (T. €. paccTOfsHHE Mexny aTo-
MaMH KHCJOpoZa paBHO 2a). Mbl BHANM, uTo HaHGoJee BepOATHOE
NOJIOXKEHHE ATOMOB B OCHOBHOM COCTOSIHHHM MOJEKYJBl Kak pas co-
BNaJAeT C HMX KJaCCHUYECKHM DaBHOBECHBIM IMOJIOKEHHEM.
Paccmorpum Terneph mepBoe Bo30YKJEHHOE COCTOSHHE KoJseba-
Tesbuoll Moast A. B stom ciyyae K BosHoBo# ¢yHkumu ¥, poba-
BUTCA JHUMHUA MHOXHTesnb u’. Tak Kak ¢QyHruuA
~L aus
@) =we s,

AO)A

=T’

HMeeT J1Ba SKCTPEMyMa IIPOTHBOINOJOXKHBIX 3HAKOB B  TOYKax

=4 A-"s, T0o TeNnepr HauboJsee BepoOATHHE [MOJOXKEHHA ATOMOB
OTpeessIIoTCA  YCJIOBHAMH

—t—2a=x ) L, x+xr—26=0. (149.16)

Kuaccuyeckum aHaJjloroM HauboJsiee BEpOATHOrO IOJIOXKEHHA OCLHJI-
JIUpYIOWE# YacTHUBl ABJISIOTCA TOUKH IOBOpoTa, BOMH3H KOTOPHIX
YacTHLa TpPOBOAUT HAHOOJBbIIYIO 4acTb BpeMeHH. TakuM 06pasoM,
nsa sHauennss u’ B (149.15), orBevaiomime sKcTpeMyMaM BOJIHOBOH
GyHKLHY, COOTBTCTBYIOT YEMy-TO BPOZie AMIVITYJ KJaCCHYECKHX
koseGannfi. Ycaoeue v' =0 moxasbiBaer, YTO aTOM YIJiepojxa, Bepo-
fiTHee BCEro, pacroJaraercl Kak pa3 MocepefHHe Mex1y ATOMaMH
KHCJI0pOja, PAacCTOIHMe K€ MeXJy CaMHMH aToMaMH KHCJopoja
NONEPeMEHHO TO YBeJHUYHMBAETCH, TO YMEHbLIaeTcs, KaK 3TO CXeMa-
THYECKH IOKasaHo Ha ¢ur. 62,a.

Ecin ke Bo3OyXiaeHa KoJaeGatesbHas Moja B, To nosnoxenue
3KCTPEMYMOB BOJIHOBOH (YHKIIHH OIpelessieTcsi COOTHOLICHHSIMH

: _ Bo '
et —2=0, nr—2n=x ) 2, p=22 (149.15)
Mpl BuauM, uTO HaubO/Nee BEPOATHOE DPACCTOSHHE MEX1y aToMaMmu
KHcsopoga (x,—x,) OCTaercsi, Kak W NpH PaBHOBECHH, pPaBHHIM 2a,
[IpHYEeM CaMH OHH CABHUTalOTCA TO BJIEBO, TO BIPaBO O OTHOLIEHU:O
K aTtoMy yriepoja, YTO CXeMaTHUeCKH 1oKasaHo Ha ¢wur. 62, 6.

e

3 Mo1172



66 IV. Muoeouacmuunee sadawu. A. Manoe awucao wacmuy

3anaua 150. JIpukeHue LEHTpPa Macc

B xkuaaccHueckoff 3ajauye MHOTUX TeJ JBHMXKEHHE ULEHTPa Macc
OT/EJSIeTCS OT OTHOCHTENBHOTO ABHIKEHHA, €CJIH B CHCTeMe JeliCTBYIOT
TOJMBbKO OfiHH BHyTpeHHHe cuJbl. [lokasaTh, uTo Takoe OTAesenHe
BO3MOXKHO ¥ B KBaHTOBOH Mexanuke. CnellMaJbHO DacCMOTPeTb
cayyal ABYX uacTHi.

Pemenue. MBl HauHeM ¢ TFaMuJ/JILTOHHAHA CHCTeMH U3 N qyacCTun,
Ha KOTOpbIe HE ﬂéﬁCTBYlOT BHELIHHE CHJLL

N
1 I
H___EWVL—}— 2 Zk Xy Yi—Yr» Z,'—zk) (1501)

u samenum 3N KOOpAHHAT X;, y;, 2; KOODAHMHATaMH LEHTPA Macc
X, Y, Z u koopanuartamu &y, ma, {p, onpenesiomuMy MOJOKEHHE

yacTtuusl A (A=1, 2, ..., N—1) orHocutensio uactuusl N. Mbl uMeeMm
N
1
X:W—; m;x;, M:;m[, (150‘2)
Ba=xn—xy @(R=1 2, ..., N-1)

u coorBeTcTByloUIHe ¢opmyasl aas Y, Z, m, {p. Hcnoabsosanne
S5TUX KOOPAWHAT, PA3yMEETCs, HapyludeT €CTEeCTBEHHYIO CHMMETDHIO
ramubronuana (150.1), Tak Kak uactuna N HCKYCCTBEHHO Bblje-
JseTcsi U3 YHcJ/a APYLHUX HacTHIL.

U3 dopmya (150.2) serko nosyuarorcs CJeAylON(He ONMePaTopHbIE
COOTHOLLIEHHSA:

1/ my o
+7n7\,<”i25)7 2 axogK +ZZ aguagh>
1 &
]

rie CyMMHPOBaHME IO TpeYecKOMy HHAeKcy mnposoautess oT 1 jo
N—1. Mp BHIUM, 4YTO BCE€ CMelIaHHbIE NPOH3BOJHEIE 0%/0X6E)
B3aMMHO COKpaTHJMCh H HE BOMIJIM B OKOHYAaTeJbHBIH pe3yJbTaT.
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D10 I03BOJISIET p836HTb raMuJIbTOHHaH Ha JBE YacCTu:

H=H,+H,, (150.3)
rie nepBas 4acTb
B2/ 92 92 02
Hy=—g55 (W +W+W> (150.4)

ONHUCBHIBAET JABHKCHHE LEHTpa Macc, a Bropad
he 1 1
HF‘?{EmTVH_mN ZEVMM}—FV (150.5)
A Aoou

— OTHOCHTEJIbHOE [BHXKeHHe YacTHL. Bxoasuias ciona noteHunaabHas
SHEpTHs

V:%EE’V}\M (g}\,_gp,, N — Nuy CK—CM)“}‘EVKN (glr Nas C?\.)v
Ao A
(150.6)

pasymeercsl, TaKXKe He 3aBHCHUT OT KOOpAHHAT LeHTpa Macc. Temepb
ypaBuenue lpexunrepa

(Ha+H)U=E-U (150.7)
JONyCcKaeT pasjeseHne nepemeHHbIX. [losaras
U=oX, Y, Z)ul, m, &) (150.8)
noJsydaem
ke _,
— 535 Vo= E.9, (150.9)
Hu=E,u, (150.10)
E,+ E,=E. (150.11)
Pemenue ypasuenns (150.9) umeer BuA NJOCKOH BOJIHBHL
) h2K?
q)=e‘K‘R, EO:—Q—/W—’ (15012)

rie R—sBekTop ¢ koopamuatamu X, Y, Z. IlosyueHHBI pesy/abraT
HaXOAUTCA B NOJHOM COOTBETCTBHH C KJ/ACCHUECKHM 3aKOHOM JBHU-
JKEHHS UEHTpPa Macc: UEHTP Macc [ABHKETCS KaK MaTepHaJ/bHas
Toyka ¢ Maccoit M ¥ NOCTOSIHHBIM uMnyJascoMm 7K. Xapakrep oTHO-
CUTEJIbHOTO JIBMKEHMSI 4acTHILL onpenensercs ypaBHeHHem (150.10)
H COBEePLIEHHO He 3aBHCHT OT JBHXKEHHs UEHTpa Macc.

Haavune B Boipaxenuu (150.5) Tperbero ujeHa mpensiTCTByer
JdanbHefiled ¢akTopH3auuH Gynkuuu u (§x, M, 2) ToabkO B ABYX-
yacTHYHOH 3ajaue, korfa N =2 u A=p =1, yactb ramMu/ibTOHHAHA,
CBSI3aHHAA C OTHOCHTEJIBHHIM JBHKEHHeM, yIpollaeTcsl H NpuHHMaer

3*
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BHJ

== v vt Vi m ). 015019

BBoas ciona npuBeneHHyio Maccy m¥*, onpenesieHHY0, Kak H B KJac-
CHYeCKOH MeXaHHKe, COOTHOIIEHHEM

— = (150.14)
H ONyCKas HHIEKCh B O0O3HaYeHHSX OTHOCHTEJBLHBIX KOOPAHHAT H
NOTEHUHAJbHOA 3HEPTuH V,, Mbl IIPUXOAHM K YpaBHEHHIO

“215* Viu+VE m, Du=E.u, (150.15)

npejcrasisionleMy co6ofi ypaBHenue lllpepunrepa anA sKBUBAJIEHT-
HO OJHOYACTHYHOH 3amaud.

3amewanue. B sagave 67 Mel paccMaTpHBaJH aTOM BOJODOXA B paMKax OfHO-
YacTHYHOTO NOXXOKA H CYHTAJH, YTO sAPO atomMa nokonrtcd. CorslacHoO ypaBHEHHIO
(150.15), npaBH/bHee GBLIO Gbl BMECTO MacChl 3JEKTPOHA /m BBECTH MNPHBELEHHYIO
Maccy sigpa H 3JeKTpoHa m*. Kpome 3TOro, HHK2KHX APYTHX H3MEHEHMH, YUHTbi-
BAIOIHX YY4CTHE siIpa B OTHOCHTEJBHOM JBHKECHHH OKOJIO LIEHTPa MAacC, BHOCHTb
He TpebyeTcsi. Tak Kax Macca sizpa M 3HayHTebHO GOJblUe 1, TO BMECTO PaBeH-
ctBa (150.14) MOXKHO NOJIb30BAThCS NMPUGMHIKEHHBIM COOTHOLIEHHEM

"= =
m*=m (l i ) .
Cpasunpas 11 MpHMepa uacToTy Kpacwofi jmunn H, (n=3 - n'=2) B cnekrpe

aTtoMa BOEOpOﬂa
5 mpet
V(7o) =55 57

€ 4YaCTOTOH COOTBETCTBYIOINEH JIHHHH B CHEKTpE aToMa JeliTepus

H YYHTBIBasi NIDH 5ToM, 4To Mp = 2My;, MBl LJs1 PasHOCTH YacTOT MoJydaeM

*

mp—my m
V(D) =V (Ho)=——5—" (Ha) #gpr-v (Hy).
H

¥KkasaHHOe pasJAYME HE OUEHb TPYNHO OGHapy:xuTb. [lpu AsuHe Bosmy 6563 A
oHo cocraBaser 4,12 cm—1. Taxennili Bogopon 6wt oTkpur IOpu, Bpukeenne u
Mapou B 1931 r., Ha6mogaswnmy y JuuHE H , B CHEKTpe eCTECTBEHHONO BOXOPONA

caaluil cateqaut Dy {Urey, Brickwedde, Murphy, Phys. Rev., 40, 1 (1932)].
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3ajgaua 151. Teopema BHpHaJa

Jlokasatb, uTo A5 000 KBAHTOBOMEXaHHYECKOH CHCTEME! UACTHIL,
yaepXKHBaeMbIX BMECTE KYJIOHOBCKHMH CHJIAMH, CPaBel/HBa TeopeMa
BUpHaJa:

2Exnn + Enoren =0.

JoxasaTeabcTBO MPOBECTH C MOMOLILbLI0 MaclTaBHOTO NnpeofpasoBaHus
KOODJHHAT, COXDAHAMUEro HOPMHPOBKY BOJHOBOH GYHKIHHM pac-
CMATPUBaEMOH CHCTEMEL.

Pewenye. BosanoBaa QyHKIMs cHucTemMbl N 4acTHI[ ¢ MaccaMH m;
U 3JIEKTPHYCCKHMMHM 3apflaMH e; yaoBJeTBopsier ypasHeHmio [lpe-
AHHrepa

N

_ﬁ;zmi WL Zz"feklp EY (151.1)
i=1 i=1k=1
==k

H YCJIOBHI0O HOPMHPOBKH
(a1, § dr,... (W ¥dry =1, (151.2)

Cpennve sHayeHHs] KHHETHYECKOH M IOTEHLHAJLHON SHEpPTHH CHCTeME
B cocrosudn ¥ OHpelIeJIH}OTCH tdopMmynamu

— ﬁz

Epp=— Sdrl Sdrz S Yy¥dr,,  (151.3a)

o
o §N: ’e,ekgdrlgdrz S‘I’*—‘Pdrjv (151.36)

i=1k=]

MacimraGuoe npeoGpasoBaHue
r;=Ahr;, (151.4)
ocrtaBasioniee B cuge ycqaosue (151.2), osnayaer, 4YTO BOJHOBas
(QYHKIHSA
Y(r, ry v, Fy)
3aMeHseTca QyHKIHEH
Wy, =AN2Y (Ary, Ay, .., APR). (151.5)

oacraBass Beipaxenue (151.5) B dopmyanm (151.3a) u (151.36)
1 nepexolsi K HOBBIM [EpEeMEHHLIM HHTerpupoBahust (151.4), a Takxke
YUKTBIBasl, 4TO

1 1
1
e

V? = )"2V;29
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MBI BMECTO HCTHHHOIO 3HAuYeHusd 3HepFHH
E— = El(ml + EﬂOTeH
nonyqaeM BHpanHHe
E(\) =ME, n+ME jorens (151.6)

KOTOpOe, OYEBMAHO, NODKHO MMEThb MHHHMYM B TOM CJy4Yae, KOria
U3 cemefictBa ¢yuxkuuil (151.5) BriGHpaeTcs GyHKIMA, ABJAIOMAACH
pewenyeM ypasuenusi lpegunrepa, T. e. npu ycaoud A=1. Cae-
IOBAaTeJbHO, TIPH A= 1 BbIpaxeHue

JE W)
oA

RO/KHO o6paiarhcs B HyJb, H IOITOMY
QEKHH +Enoreli=0» (1517)

qTO H Tpe6OBaﬂ00b JAOKa3aTh.

= QA'E_KHH _!_ EHOTEH

Samedarue. I\ npHOMMKEHHBIX DelleHHH CNpaBelJiHBOCThL TeOPEeMH BHPHANA
He o0sizaTenbHa, TeM GoJee WHTEPECHO, 4TO ee€ MOXKHO 10Kas3aTb IJISI CTaTHCTH-
yeckoil Mofenn aToma Tomaca— @Pepmu (cM. 3alauy 175).

3agaua 152. Onpepennresan Casrtepa

ITycts BosiHOBasi yHKUHSA cHcTeMBl M3 N OIMHAKOBBIX YacCTHI
npeicTaBjeHa B BHJAE [POU3BEICHHUA OJHOYACTHYHBIX BOJIHOBBIX
(GYHKUHMA W aHTHCHMMETDH30BaHa B COOTBETCTBHH C MNPHHIUIOM
[Maynu. BrIpasuTb cpeiHee 3Ha4YeHHE oONepaTopa, OMNHCHIBAIOIUIETO
JieHCTBHE BHEIUHHX CHJ, Yepe3 OJHOYACTHYHLIE HHTErPaJibl,

Pewenne. OGo3zHauuMm uepes u;(v) OAHOYACTHUHYIO BOJHOBYIO
GYHKUHIO v-H YacTHUH B COCTOSIHHM [ (v 03HayaeT COBOKYMHOCTb
IIPOCTPAHCTBEHHLIX M CIMHOBOH KOOpJHMHAT paccMaTpuUBaeMoHd yac-
THUH). TOrga noOJHOCTBLI0 aHTHCHMMETPHUHYIO BOJHOBYIO (YHKLUIO
cucteMbl H3 N OZMHAKOBLIX HacTHI, MOXHO 3aflHcaTb B BHJE OIpe-
neautenas Chstepa:

u (1) u, 2y ... u (N)
$=C u, () u, (2) ... u,(N) ’ (152.1)
un(l) Uy (@ - uy(N)
pacKphlBasi KOTOpbLIH, Mosydaem
¢=c§(—1)1°p(u1, Upy «vv, Up)- (152.2)

31ecb P o3sHayaeT NpOM3BOJbHYIO NePECTAaHOBKY (QYyHKUMH 4; OTHO-
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CHTEJBHO MX AapryMeHTOB v, B3STHX B CTaHZapTHOM IOpsiKe
1, 2, ..., N. Ecau P-—ueTHas nepecTaHOBKA, TO COOTBETCTBYIOLIEE
cnaraeMoe B cyMMe GepeTcsi €O 3HAKOM ILIIOC, B IIPOTHBHOM CJY-
yae—co 3HaKOM MHHYC.

Breinue cHabl, onucbiBaeMbie oneparopom L, 6yayT aeficTBOBATb
Ha BCE YacTHLBI OJUHAKOBHIM 00pasoM. DTO O3HAYaeT, YTO

N
Q= Q,, (152.3)
v=]
W €ro cpepHee 3HaueHHe OyAeT paBHO

PIRUY>=|CP X (—1)P+P x

PP
><(P' (4, ..., uN)'ggv P, ..., uN)>. (152.4)

Beinesium u3 cymmbl (152.4) ofHo ciaraemoe, B KOTOPOM onepa-
Top 2y AEHCTBYET TOJbLKO Ha (YHKIHMIO KOODAHHAT M CIHHA v-H
yacTHUBL, HANPUMED, Ha GYHKIHUIO U; (v). KoopAnHATH U CIHH JIOGOH
Ipyrofi, ckaxeM W-H 4acTHUB!, (UTYPHPYIOT B 3TOM CJaraeMoM B
KayecTBe aprymenta kakoid-uubyab Apyrodl ¢yHKuuMm 4, B ofeux
nepectanoBkax P u P’ ojHOBPeMEHHO, TaK KaK B IPOTHBHOM CJy-
yae paccMaTpHUBaeMblii ujeH HcYe3 OB B CHJY OpTOrOHAaJbHOCTH
OJHOYACTHUYHBIX BOJIHOBHIX (DYHKIH:

s> =84, (152.5)

D10 o3Hayaer, YTO fepecTaHoBKH P W P’ B OTIMYHBIX OT HYJA
ujeHax HAGHTHUHBI H, CJEJOBATENbHO, 3HAKOBLIH MHOXKHTEND B (152.4)
pceraa paBeH -1, a BKJajg paccMaTpHBaeMOrO CJlaraeMoro UMeer
BHJ OJHOYAacTHYHOTO HHTerpaJa:

CP Q| P> = 8pp <ty (V)| Q] 1 (). (152.6)

Ias panbueitmero noxacuera cymmnbl (152.4) sameTum, 4To B BOJIHO-
Bylo (GYHKIHIO { MHOXHTeNb 4;(v) (i ¥ v GMKCHPOBAHBI) BXOLHT
B coueTaHuH ¢ ornpelenauresem N — l-ro nopsaxa. 3a BbIYETOM QYHK-
UHM 4, U apryMeHTa v y Hac euie ocraercs N —1 ¢yukuna u N —1
apryMeHT, Tak uto H3 BceX N| BO3MOXKHBIX [EPECTaHOBOK B HalleM
pacmopsizennn umeerca (N —1)I nepecranoBok N —1 ¢yuxruus
otsocurenbHo N-—1 aprymenra. Takum ofpasoM, noJydaem

N
<P Qv P> =|C](N—1)! .~§1 Ky (v) | Qulu; (v)>. (152.7)

10T pesy. bTaT, pasyMeeTcsi, ocTaeTcs B CHJe, Kakod Obl omepatop
Q, uz cymMmer (1562.3) mMbl HH Gpasu, [OSTOMY CpelHee 3HaueHHe
<P|Q|¢p> Oyner comepxaTh N oaunHakoBhX cJaaraemelx (152.7).
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CnenoBaTesibHO, Mbl HMEEM
‘ N
P Q| Py =|C?|N! igl <u; (V) |Qv] 4; (V). (152.8)

Ham octanioch HallTH HOPMHPOBOYHYIO NOCTOAHHYIO C H3 YCJOBHA
<Pl>=1, (152.9)

O3HAYAIOWEr0, YTO B MPOCTPAHCTBE JOCTOBEpHO uUMeeTcst N uacTHl.
dopMaJbHO 3TO MOXHO CJeJaTh, [0J0XKHB B paBeHcTBe (152.3)
Q,= 1/N. Tak Kax npu 3tom Q==1, T0 pasencrBo (152.8) ¢ yueTom
YCJIOBHA HOPMHPOBKY OJHOYaCTHUHBIX ¢yHKuuil (152.5) naer

N

WY =|CEN Y, 5-=|CPNL.

(=1
Orcioga ¢ nomombio paBeHcTBa (152.9) moayuaem
C=NI-"s, (152.10)

Tenepb npaBylo 4actb paBeHcTBa (152.8) MBI MoXkeM OKOHYATEJbHO
3anycaTtb B BHJE NPOCTOH CyMMBI CPeHHMX 3Ha4YeHHH O OJHOYACTHY-
HBIM COCTOSTHUSIM:

N

PIQIY> = ) <y (V) | Qo] g (¥)>. (152.11)

i=1

3ameuanue. Tlpenebperas cHMMeTpH3amHeli H 3aMeHHB BOJIHOBYIO (yHKIHIO
(152.1) npocTHIM Npou3BeleHHeM

V=u; (D) s @) ... uy®), (152.12)
MBI MOJVIYYHJIH OHl
N
R RIS (152.13)
=1
# . Vﬂ .
<P lPp>=1, (152.14)

T.e. N0 CYIecTBy Te ke caMule pesyabTaTst (152.11) u (1562.9), xortopre Guuam
HalileHs! C TMOMOLIBI0 AHTHCHMMETPH30BAaHHOH BOJHOBOH &yukumu. Hu 149 B3aumo-
HefiCTBUS MeXNy 4aCTULaMH, KOTOpPOe He yIoBjeTBopsier pasencrBy (152.3), Hu
A1 HEOPTOTOHAJbHHEIX OJHOYACTHYHEIX (PYHKIME, AR KOTODPHIX HAapyIIaercs YCJo-
sue (152.5), Takoe coBnajesHe pesyJbTaTOB HE HMEET MeCTa.

3agava 153. Ompepeantenb CasTepa W 00MEHHOE B3aUMOJEHCTBHE

CucreMa oNUChIBACTCA aHTHCHMMETPH30BAHHOA BOJHOBOH (DYHKLIHEH
npeapiaymed 3agaun. OnpefesuTh cpejHee 3HAYEHHE OnepaTopa

l ’
Q=?§ Quv, (153.1)

OTBCUAKOLICIO NapHOMY B3aUMOJEHCTBHIO YaCTHI.
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Pewenne. [lob3ysich TeMu xke 0003HAUEHHUAMH H HOPMUPOBKOH,
4YTO ¥ B MpelsiAymiell 3agaue, MOXHO 3alucaTbh CpejHee 3HAUYeHUE
olHOTO uJeHa cymmbl (153.1) B Buze

<‘|’lguv,'~l’>=
= 2 (—DPHPCP (g, oy up)| Q| Py, -, up)>. (153.2)
P, P

Bce QyHKLUHY 4, apTYMEHTHl KOTOPBIX OTVIHYAIOTCA OT [ U ¥, JOJKHH
BXOAHUTb B IepecraHoBkH P M P’ ojuMHaKoBbIM oOpasoM, 4ToGb!
COOTBETCTBYIOIee cilaraeMoe B cymMme (153.2) He ofparusiocs B HYJIb.
Tax Kak B HalleM pacrnopskeHud umetorcsi N —2 Takue QyHKIHR
¥ CTOJIBKO K€ apryMeHTOB, TO MBI MOXeM llepecTaBJiiTb X (N —2)!
pasJuuHbIMH crioco6amu. Eciu Bce 5TM uacTHYHbIE MepecTadHOBKH
OJMHAKOBbIM 06pasoM BXOJAST B TNOJHBIE fepecTaHoBkd P u P’, TO
Ha JOJI0 apryMEHTOB W ¥ Vv B KaX/JOM HeHCue3alouieM 4JeHe CyMMbi
(153.2) ocraetcsi TOMBKO oOnNHA mnapa QyHKUHH, HanpuMmep, U l,.
Takum ofpasoM, nmeeM

] Quvl v =L 20 (a0 1y ()| Qo 2 (0) 1y (9> —
i f
—<uy (W) w; (V) | Quv | 0y (R) u; (v)>}. (153.3)

B nepBoM KJjaccHuUeCKoM uJeHe M3 (HUTYDHEIX CKODOK IepecTaHOBKH
P w P’ ojHHAKOBH ja)Ke TI0 OTHOMIGHHMIO K apryMeHTaM M H v,
NO3TOMY 3eChb 3TH NEPECTaHOBKM COBMAJAlOT MOJHOCTLI0. Bo BTOpOM
o6MeHHOM uJjieHe TepecraHoBkH P W P’ or/inyaioTcsl Ha OJHY TpaHc-
nosului (ij— ji), 4T0 KaK pa3 NPUBOAUT K IMOSBJCHUIO 3HAKZ
MHHYC.

PaccmorpuM Tenepbs cymmy (153.1) takux omepatopoB Q. Mn
nMeeM

WP|QLp>= QN(N_I)Z D {cus (), ()] Qs g () 5 (0>

v i

— <oty () u; (V)| Quo | 1y () 4, (VD). (153.4)

B sroft ¢opMyJsie HHAEKCH U U vV ABJMIOTCA HEMBIMH INepPEMEHHBIMH,
’

NO3TOMY CyMMa >} cocrour us N (N —1) 0AMHAKOBHIX CJaTaeMblX
u, v
(uIeHbl 1, v W v, L CUMTAIOTCS 3Jech passiuuHbiMH). CrenosareJnHo,

HCKOMOE cpe,zmee 3HAUEeHHEe OKa3biBaeTcs paBHbIM
1
WP = Z i (1) 1y (2) | Rua| i (1) 1, (2> —

3aech cuMBoJbl 1 H 2, KOHe'-IHO, COBEpIIEHHO. [POU3BOJIBHEL.
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Crnenyer cHoBa mOgY4epKHYTb, YTO KaK B 3TOH 3ajaue, TaK H B
npeabiAyiied, Kaxjaaad OgHOYACTHYHAsA BOJIHOBAA (QYyHKIHSA 1; 3ABHCUT
H OT MPOCTPAHCTBEHHBIX KOODJAMHAT M OT CIIHHOBOT'O COCTOSIHHS.

3anaua 154. /IBa aTOMHBIX 3JEKTPOHA B OCHOBHOM COCTOSIHWMH

K-o6oJsiouka aToma ofpasoBaHa ABYMsl 3JIEKTPOHAMH B ls-cocros-
Hui. OLEHHTb HX 3HEPrHi0, BOCIOJB30BABIUKNCH KpPaHHPOBAHHLIMY
BOLOPOJAHLIMH BOJIHOBBIMH (DYHKLHAMH B moJe GeCKOHEUHO TsIKeJsIoro
anpa c¢ 3apsaaoM Ze.

Pewenne. [amMuabToHHAH AAaHHOH 3ajauM, 3aNHCAHHBIA B aTOMHEIX
ennnHuax (e=Hh=m=1), BHIJAIUT CACTYIOUHM O6PA3OM:

L s i on 1
H=— 5 (Vi+V)—Z (+—) +7o, (154.1)

a npHOJMKeHHAaa BoJHOBaA (YHKUMA, cor/acHo 3ajaue 67, HMeeT
BUJ

U=u(r)u(r) =3¢, (154.2)
3J1eCh
a=Z—0, (154.3)

rie o-—>s3KpaHupoBounas mocrosiHHad. CJepyer o0XHAarb, 4TO
0 <o<1, nockonbKy paeHcTBHE SAEPHOrO 3apsla Ha KaxAblf
3/JCKTPOH JHIIb YaCTHYHO SKpaHUpyeTcd APYTruM 3jeKrpoHoM. Oraenn-
Hble COMHOXHTENH U3 BolpaxkeHusi (154.2) yIoBJIETBOPSIOT BOJIHOBHIM
YPaBHEHUAM

(_ 1 Vg_i) U(r) =— 5 au(ry),
( - Vi— )u(r)——%oﬁu(r)
TaK 4ToO .

0 =[(ger=E52) (g =252) 5 2] 0

n 12

a BblpaXK€HHE IJif CpeJHEro 3HAYCHHUA ISHEePruu INpUHUMAET BHJ

E:SS [—az_i—-—+ ]U%ir, dr,. (154.4)

n

MNoncrasnas cioga siBHOe Bbipaxkenue (154.2) aas ¢yukuuu U u
YUUTHIBasi HOPMHPOBKY KaXJOro COMHOXHTENs U, T0JydaéMm

ol =2ary 8 — 20 (ry+Tg)
E:——oc2—20RS‘ETI—-drl+%jji——rlT—dtldrg. (154.5)
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[TepBuiit unTerpan B ¢opmyse (154.5) Bblukc/afAeTCa 3/7€MEHTAPHO:

@

o201 n
'g 2 dt, =4n X re=*ndry =, (154.6)
D

2

YroObl BEIUMC/IHTDL ABOHHOH HHTErpas

—-20 (ry+ry)
e
J=§§—————d1, dt,,
Tz

pasnoxum Apobs 1/r,, no mosuHoMam Jlexanapa:

{%2( 1> P,(cos®), 0<r, <r,,
=1 "
I
(

%};( )P(cos@), r, <<r, < oo,

’12

rae ©-—yroa mMexay BeKTopamu r, U r,. Bkiaan B uurterpan J jaer
TOJIbKO [epBhIH 4J/eH pasnoxenus (n=0), Mo3ToMy umeeMm

re ®
1
J= S dt,e— 2045 (r_z S rie-ordr, -+ S r,e—2%n dr1> .
0 "
Tak xax
dr,=4nridr, 1 0<r, < oo,
TO BCe MHTerpa/bl BLIYHCJAAIOTCHA 3JeMEHTapHO, M MBI MOJydaeM

J =% (154.7)

8o °

[Nocne moacraHoBKM 3HaueHuH uHTerpaJos (154.6) u (154.7) cpenuee
sHayeHde sHepruu (154.5) npuHHMaeT BHI

E=—o'—2(Z—a)a+ oo (154.8)

Jlo cux mop Mbl He Hanara/Ju Ha 3HaYeHUs G HUKAKHX OrpaHu-
uennii. Temepp Ke ™Mbl norpebyem, u4ToObl 3HaueHHe o OBIJIO ONTH-
MaJbHbIM B CMbIC/I€ BAPHALHOHHOTO HCYHC/IEHHS, 1/ 3TOTO NOJOXKHM

i . (154.9)

do
Orcriona noayuaem
(154.10)

E=—~(Z———>2. (154.11)



76 1V. Mrnoeouacmuunse 3adawu. A. Manoe wucio vacmuy

OTtMeTHM, 4YTO NpH TakKOM 3HaYeHHH o ¢yHKuus (154.2) cTaHOBHTCH TOUHOH
co6cTBeHHON QYHKUKeH raMu/IbTOHHAH3

H°=—%(V§+ vi—a (—,IT-F—,I;) (154.12)

RONyCKaomWero pasgeneHne nepeMeHHnix. CpaBHuBas Beipaxenns (154.12) u
(154.1), Haxopum

1 1 1
H=H—H=—¢| —+4— —.
(f1+f2 >+f12

Ecnu paccmaTpuBaTs Temeps H' KaK SHEPrui0 BOSMYIUEHHsS, a 9KPaHHPOBOUHYIO
NOCTOSIHHYK) O BeI6paTh B COOTBETCTBHH ¢ paBeHcrBoM (154.10), To B mepBoM mo-
psilKe TeOpHM BOSMYLLEHHH CABHT PaccMaTpPUBAaeMOI0 YDOBHs

AE:S S UH'Ud 1y dr,
OKAaXKeTCs paBHbIM Hymo.

B 3akJloueHHe paccMOTPHUM HECKOJBKO YHMCJAOBHIX Mpumepos. Pas-
BHTaf T€OPHA ONHCHIBAET aTOMbl, Y KOTOPHIX YjaJeHml BCE 3JEKTPO-
Hbl, 32 HCK/IOUEHHeM JBYX 3JeKTPOHOB, HaXxoxsuuxcs Ha K-060-
Jouke. Mbl pacno/iaraeM SKcNepPUMEHTAJbHEIMH JAHHBIMH J1J151

Z=2 3 4 6 8
He Lit B+t (C¢t O+,

Bo Bcex sTHX c/lyyasx H3MepsieTcst He cama sHeprusa E, a sHeprus
WoHu3anuu [, Heob6xXojuMas A OTPHBA OT HOHA TOALKO OJHOTO
u3s aByx K-snekTtpoHoB. Octrawminiicts uoH o6sagaeT BCero OLHUM
JIEKTPOHOM, TIOITOMY €ro SHEPrusl paBHA

E=—12,
a 1Jid SHeprux HOHHU3al U noleqaeM
5\ 1
/= (Z—TE> — 2. (154.13)

W3 npusoguMofi Hyke Tal/jHMLBL SICHO BHIHO, 4TO cOTJaCHe 3KCIie-
pUMEHTa/bHBIX JaHHBIX ¢ popmyJiof (154.13) HenpepuiBHO yayUILaeTes
no mepe pocta Z.

I, sB
z .
TeopHsA SKCMEPHMERT

2 23,2 24,5

3 74,1 75,6

4 152,2 153,6

6 390 393

8 737 738
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Ara 3aKOHOMEPHOCTh BIOJIHE pasyMHa, Tak Kak uJgeH l/r,,, oTBer-
CTBEHHBHI 32 B3aMMojelcTBHe 3/eKTPOHOB MEXAYy cO6OH, Hrpaer Bce
MEHbIIYI0O pPOJb 1[I0 Mepe TOro, Kak C pocToM Z yBeJHYHBaercs
CBfi3b KaxJIOT0 3JEKTPOH& ¢ ANPOM.

3anaua 155. Bo3GyxpaeHHble COCTOSIHHS aToMa rejiHs

Y HefiTpaJbHOrO aToMa re/MA OAMH 3JeKTPOH HAaXOAUTCA B OC-
HOBHOM 1s-COCTOSIHHHM, a ApYro#—B BO30YXIEHHOM COCTOSIHHH
¢ KBaHTOBBIMH uucsaMu n U [ (n>2, [ = 1). Onpenenautb sHepruo
HOHH34IMH, CBA33aHHYIO C OTpPHIBOM (7, [)-371€KTpoHa, AJd OpTO- H
naparesusi. Ilpu pacuere McroJb3oBaTh BOAOPOAONOAOOHbLIE BOJHOBLIE
GYHKLUMH, CYMTad, 4YTO 1S-3MEKTPOH MOJIHOCTHIO SKpPaHHPYeT OAHY
eAMHHUNY 3apaja aApa. B uyacTHOM cJuyuae 2p-cocTosiHuA (n=2,
{=1) mpousBecTH UHCJOBLIE paCYETH.

Pemienne. Ecsau  1s-37eKTpOH nosjBep:keH JeACTBUIO IIOJHOTO
silepHOTO 3apsia 2e, a Ha (n, [)-3JeKTPOH JeACTBYeT TOJbKO SKpa-
HHPOBaHHBIA 3apsl e, TO OfHO3/EKTPOHHbIE COCTOAHHUSA OINHCHIBAIOTCS
pelieHHAMY AHPbepeHHa/bHEIX yPaBHEHHH

1 2 1 1
(——W——)u—Eu (——vz_—) v, = E,0,, (155.1)

a ¥MeHHO

8
u=|[H= —e ¥, E=—2
R n ' 1 (155.2)
vnlE]n>=Rnl(r)yl,m(0’ (P), E"=_

2n2°

rae R,;—HOPMHPOBaHHHE pajHajbHbLIE BOJOPOAHEIE (YHKUHMH (CM.
sagauy 67).

[Tpubauxennoe peiienve ypasHenus Ilpenunrepa ana Haweft
ABY X3JIEKTPOHHOM sanalm

2 2
2———-—
(—gvi—g Vime—+7 ) 0=Eb (155.3)
JOJIZKHO HUMETb BHJ CHMMeTpHBOBaHHOFO IIPpOHU3BEAECHHUSA BOJIHOBLIX
byuxuui:

v=u(l)v,(2)+ev, (Du@)=|1ny+e|nl>, (155.4)

rae e = -I-1 B cayuae naparesus (CUHBI AHTHIIAPAJJCAbHB) U & = —1
B CJyuae OpTorefHs (CHMHB [AapaJJieJbHbl). ¥CJOBHE HOPMHPOBKH
ana QyHKIHMd { uMeeT BHA <Y |y{>=2.

Yro6u Qynxuus (155.4) kak MOXHO Jyuile yioBJETBOpsSiJa ypae-
meauo (155.3), MBI J[OJXKHB HaAJEKAIMM OGPA3OM  OINpPeAeJUTDb
suepruto E. C 3Tofi meapio yMHOXHMM ypaBHeHue (155.3) nousenuo
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Ha coBekTop (ln|:

<1n]—% v;—% vz-—%—% +il¢>=E<lnlll>>‘ (155.5)

Tak Kak
KA Ir=1, <njn>=1, <A|n>=0

(ecan [=£0), To Hekorophle H3 BXoaAwHux B (155.5) uHTErpaJsos
pasbuBaioTca Ha GoJiee NpOCTHE, @ HEKOTOPLIE O0PALIAOTCH B HYJb.
Tax, Hanmpumep, Mbl HMeeM '

1 2
<ln|—7 V%——Z’ 1n>=E1,
1 2

1 1
<1nl_7vg_722_, ]n):En‘Q“L,—;lﬂ) H T. .

Jlna Bcex OJHOSMEKTPOHHBIX COCTOfAIHME TeopeMa BHpHaJa (CM. 3a-
Jauy 151) npHBOAMT K COOTHOLIEHHIO

EnoTeH=2Ea
HO3TOMY [OJiyyaeM

<n",l_ln>:_ Eﬁlrcl))TeHZ_QEnz :

nte

Taxkum 06pa30M, OKOHYATE/JbHO Mbl NPHXOOHM K CJIEAVIOHIEMY BhI-
PaXe€HH 1Jif1 SHEepruu:

3 .
E=—2—0 1 6+ed, (155.6)
rjae
1
=<In[|1n> (155.7)
O3HayaeTt KJlaCCHYeCKYylo, a
é’:(ln];i;]nl) (155.8)

— OOMEHHYIO 3HeprHH B3auMOACHCTBUS 3JEKTPOHOB MEXAy COGOH.
Ocraercsl JiMIb BBIYHCJMTb 3TH [ABa HHTErpaJa.

B ofoux cayuasx ™Mbl pasjoxHuM Hpo6b l/r;, TO noJamHOMaM
Jlexkanapa:

w

’rl—' Z (‘;:‘)xpk(cosq‘(}m)v ry<ry

Za=0

f
1_)
?221 | ’ \ (155.9)
1\7—2‘ {?‘) PW(COSﬁm)r ry>7ry,

l?\.:O 1
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rie %,—yron MexX1y palHyc-BEKTOPAMH 3JEKTPOHOB F, H F,.
Mpl HauHeM ¢ HHTETpPHPOBaHHs MO yIJaM, B CBSI3H C YeM HaM I[IpH-
JCTCsT BBIYHCJIUTBL HHTErpasibl

Byra= P A2, 1Y, » @) 12 § Pi (cos B,,) dQ, (155.10)

Eys= P QY7 @ PV, m (1) Pr(cos,)dQ,.  (155.11)

B Beipaxenun %, BHYTpeHHHH HHTerpan paseH 4md,, o, nostomy
U3 Bcex uJeHoB passoxeHus (155.9) y mac ocramercst BKJaj JHUb
or uwieHa ¢ A=0. TakuM o6pa3oM, KJACCHYECKAHA YacTb 3JEKTPOH-
3.JeKTPOHHOTO B3aUMOACHCTBHS OyieT paBHa

re

%= 4n§drr2|u<ruz< § 721 Rt -
0

+Sr1;R,,,(r1) & drl>. (155.12)

Yro6bl BBIYMC/AHTD BHYTPEHHHMH HHTErpajd B BolpakeHHH (155.11),
BOCMOJIb3YeMCH TEOPEeMOH cJIOKEHHS CQepHYecKMX rapMOHHK:

Pr(c0s ) = g ()Y o(2).  (155.13)

u=-—h
Torma mel uMeem

PV, (1) Prcos Byy) dQ, = Y, (2 00

2z+1
Syea= 2z+1 8, (155.14)

CnepoBarteslbHO, M3 BceX uJieHOB pasJyoxenud (155.9) B ofmennymo
SHEpTHI0 B3aMMOJeHCTBHs faer BKJaj JHIb 4iIeH ¢ A=/, rosToMy
noJyyaem

<0 rs p
&= 57T | drariu (r) R (r2) (;‘; §r(2) w() Rty dr,+
0 0

(2w R ar,). (155.15)

Uem O6oJibiie KBAHTOBBIE 4ydC/Jda A W [, TeM Jydlle Hame NpH-
GaukeHne, TaK Kak 1O Mepe pocra n W | ymeHbuaercsi o0/acTb
[EPEKPHITHA ABYX OXHOSNEKTPOHHBIX BOJMHOBbIX ¢yHKUHMH. OcraB/ias
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B cTopoHe S-COCTOSIHHS, Mbi JAOJKHBI OXHMAaThb OT HallIero MeTola
HauXyJNIMX Pe3yJbTatoB B TOM cJyuae, Korja n=2 u [=1. Oxxaxo
€CJM M B 3TOM YacTHOM cJydae OH NPHUBOAMT K pasyMHHIM De3y.ib-
TaraMm, To Ha Hero TeM GoJiee MOXHO [OJIOXKHTBCH B caydae GoJiee
BBICOKMX BO30GYXKIEHHBIX cocrofaHu#. PaccuuraeM Tenmepb 3HEPruio
YKa3aHHOro BO30YXKJeHHOTO COCTOAHHSI aToMa reJusf H CPaBHHM
NoJyyeHHble Pe3yJbTaThl € 3KCNEPHMEHTaJIbHEIMH JaHHBIMH.
B wunTepecyiomeM Hac c/y4yae HOpMHpPOBaHHas paauasbHad QyHK-
uus R,, uMeer BUJR
r
E)

Ry, 1= (155.16)

1
—re
V 24
IMoacrasnas B uHrerpaist (155.12) u (155.15) Buipaxenus (155.16)
aias R, , v (155.2) gs ¢, MBI mocse MpOCTHIX, XOTZ U HECKOJbKO
YTOMMTE/IbHEIX, BHIYHCJAECHHH HAXOAUM /8 HHX CJ/eyIoLide 3HaUeHHd:

6= ( 1 —511-215) ~0,24896

= (-})“ <%>4=0,00382.

210 naer ans sHepPrud (B aTOMHBIX €QMHHMLAEX) 3HAUEHHE
E=—2,12604 1 ¢.0,00382.

Oueprus MOHM3alUMH paBHa pasHoCcTH 3»Hepruu Hona He* B ocHOB-
HOM coctositHuM E+ = —2 (B 3TOM cJyuyae oguH 3JEKTPOH HAXOAUTCA
B ls-cocrosinuu, a apyroit ypasen) u sueprum E. Takum oGpasom,
MEL HMEEM

I=E+—E=0,12604—¢.0,00382,
HJH
I=(3,429—¢.0,104) 3B.

HOMELIJ,eHHaﬂ HHXKe Ta6Jmua 1103BOJIsSIET CPaBHHUTL 3TH pe3yJIbTaThl
C JaHHBIMH 3KCIICpHMEHTA.

Sueprus Houusauuk, sB

Teopusn IKCIEPHMENT
INaparenuii, e= 41 3,325 3,368
Oprorennit, e=—1 3,533 3,623
Pashocth 0,208 0,255
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MH BHMAHM, YTO COIJIacHe BIIOJIHE YOBJETBOpHTeJbHOe. [laxe
AJISL CABHMTA MEXIy Napa- U OPTOYPOBHAMH OHO He TaK IIJIOXO, Kak
MOXHO OblJIO Obl OXWAaTh, €CJH HMETb B BHAY, YTO YKa3aHHLIH
CIBHT JOBOJIbHO YYBCTBHTE/EH K [E€PEKPLITHIO M B3aHMHOH IIOJIAPH-
3alUH ONHONIEKTPOHHHIX cocTosiHuil. C/enyeT OTMETHTh, YTO YPOBEHb
napare/iusi ¢ €ro CHMMETPHYHOH IPOCTPAHCTBEHHOHA BOJHOBOH (YHK-
uued JIEXKUT Gbile YPOBHA opTOre/ius, 00/1aJalollero aHTHCHMMET-
pHYHOH IIPOCTPAHCTBEHHOH BOJHOBOH (yHKUXEH. IJra cHUTyauus,
TaxuM o6pasoM, MPOTHBOMOJNOXKHA TOH, C KOTOPOH# MBI BCTpPEeTHMCSH
B cayuyae monexkyast H, (cm. sapauy 163). Ilopsagok caenobanus
ypOBHeil JIerKo IOHATH, €CJH y4eCTb, YTO TOJIHKO BKJAJ, CBsi3aHHBIA
¢ ofMmeHHOH 3sHepruelt BzauMogedcTBus (155.8), saBHucHT OT 3HaKa &;
caM ke oOMeHHLII WHTerpaJs, oO0A3aHHbIH CBOHM IIPOHCXOXKIEHHEM
B3aMMHOMY OTTaVIKHMBAaHHIO Naphbl 3/€KTPOHOB, IOJIOXKHTEJEH, U, CJe-
JOBaTeJbHO, Cc/aydYaio e=1 orBeuaer Oo/iee BLICOKHME YPOBEHb.

3agaua 156. Bo3Gyxaenusie S-cOCTOSIHHS aTOMa reaus

Metop npenbliyiiefl 3ajJaud pacIpoOCTPAaHHTE Ha 3JIEKTPOHHYIO
Koubpurypauuto 1ls, ns. HaAa 35Toro mno-npexHeMy CUHTATb, 4HTO
1s-3/IeKTPOH ONMHUCHIBAETCS HEBO3MYUIEHHOH BOAOPOAHOH (yHKIHeH,
OTHOCHTEJILHO K€ BOJIHOBOH (PYHKLMH nS-3/EKTPOHA He JeJaThb HH-
KakHX Cl.eldaJ/ibHbIX mpexnoJsoxenuii. PaccmarpuBan naJjiee oOMEHHEIH
HHTErpas ¥ UHTErpa/ NepeKpuiTHA KaK MaJble NONpaBKH, NOKa3aThb,
YTO MOXKHO NOCTPOUTh 3pdeKTHBHOE IOTEHLHAaJbHOE NoJe, B KOTOPOM
JBHIKETCA nS-3J€KTPOH.

Peuienne. Mpl 3anviieM BOJIHOBYIO (DYHKUHIO B BHAE CUMMETPH-
30BAHHOTO MNPOUSBENEHHA BOJIHOBBIX (YHKUHA OJHO3JEKTPOHHEIX
COCTOSAHUH:

v=u(l)v,(2)+ev,(1)u@)=|1np+e|nl), (156.1)

rie e= 1. [Ias BoJHOBOH QyHKUHH ls-3/1eKTpOHA (B aTOMHBIX ejH-
HULAX) HMeeM

i — 8 ,-or
1 ”=2' 1>= 1/7'3 o (156.2)
(—7 VZ—T) u=—2u, <ljbh=1
OTHOCHTENBHO K€ BOJIHOBOH ()YHKIMH 715-3/I€KTPOHA MBI 3HaeM JIHIIb,
YTO OHA HE 3aBHCHUT OT YIJIOB U YIOBJETBOPAET YCJIOBHIO HOPMHPOBKH:
v, (r)=|n>, <n|n>=1. (156.3)
Hukakux HHbIX TpeGoBaHMH K (YHKIHH |n) He MNPeAbABJAAETCHA.

BoanoBas ¢QyHKuuA 1 AB/AsSETCA NPUOIHKEHHBIM pelleHHeM Ypas-
nenua lpepunrepa

(H—E)y=0, (156.4)
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B KOTOPOM TraMUJ/IbTOHUAH HMeEET BHJI

—— Vit vi—— 2L (156.5)

2 g1 ry | ry’
TakoBbl OCHOBHBI® ypasﬂéﬂnﬂ Haweli 3apauu. Ilpexpne Bcero
yMHOKHM ypaBHenue (156.4) mousenHo Ha cosekrop <lnl:
KAn|H—E|lny>+e<ln|H—E|nl>=0, (156.6)

saTeM HafjleM WHTerpaJbl, cojepxalllue oneparop H, onpeze-
asempifl (156.5). o cux mop Hamu (opMyJbl OYeHb MOXOXKH HA
topuMyabl Npegbiaylled 3alaud, XOTS OJHO CYLIECTBEHHOE OTJHYHE
MOKHO YCMOTpPeTb HeMenneHHO. OHo 06ycJ/oB/AEHO TeM, 4TO (PYHKIHHU
[1> u |n> B jaHHOM cJydae HEOPTOrOHAJBHBI, IOCKOJBKY 00€ OHH
NPHHAMEKAT OLHOMY H TOMY 2Ke 3HayeHuo [==%, HO OTHOCATCA
K pa3’HbiM MOTEHIHaJbHBIM NoasM. B 910# CBA3H Ml BBeleM HHTe-
rpaJl nepexpoITHs

S=<1|n>=<n|1> (156.7)
H BOCIIOJb3yeMCH 0003HaUYEHHUAMHU
Anl=|lny =€, <dn|=jal>=4¢ (156.8)
12 T
Tenepr Ham ocTaercss paccMOTpeTb caefyioule WHTerpaJbl:
1 2 1 2
Au—g Vi—sl I =Ad]—5 V-7 D=—2,
1 2 1 2
1 2 1
An|—=V} — |nly=<ln |—-2— Vg—r—ilnb =—28:2,

3neco npu IMoJyuyeHUH TIOCJACJHEro paBEHCTBA Mbl UCIOJB30OBAJH
TOXKJECTBO

K1|v2|n)=<n|v2|1>.

C yuyerom sTHX cOOTHOWeHHH ypaBueHue (156.6) MomHo 3anucats
B BUJE

—2+K,+8—E+e(—45*+6—ES) =0,

IR
_ Ky +% +¢ (&5 —25?
E=—-2+ T Test . (156.10)
Tak kak E* = —2 ecTb HEPTHA OCHOBHOIO COCTOfIHHA HoHa He*,
TO SHeprusi woHusanuu [=E+*—FE rtenepr pasua
1=__Kn+g+£(é)_232). (15611)

1-}-&82
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Urobbl onpeleuTs peandyuuy E uau senuuuny [/, Mbl MOXEM Bbl-
yuc/uTh uHTerpads S, K,, €, &, noabsyscb KakMM-HHOYAb nocTa-
TOUHO YIOOHBIM HabopoM (DYHKUHE |A>, 3aBHUCALUHMX OT HEKOTOPOro
ygcsa napamerpos Purna, a 3ateM noaxonsillMM BBIGODOM 3ITHX
mapaMeTpoB JOGUTbCS SKCTPEMAJbHOCTH BelHuMHBl E HIH  BeaH-
yuHbl /.

Ecan uuterpan nepekpuiTHsi S n oOMeHHBIH UHTerpasa & Locra-
TOYHO MaJiel, TO cooTHouenusi (156.10) u (156.11) ympowatorca n
NPUHEMAIOT BUJ

E=—2+K,+%, I=—(K,+%). (155.12)

K coorHOiIEHHSIM TOYHO TAKOIO K€ BHAA Mbl MPUIIH OBl U B TOM
cayyae, ecau Obl cpasy mnpeHeOpersad cUMMeTpU3alHed, MO/I0XKUB
g¢=0, HMEHHO B 3TOM CMBICJ/I€ MOXHO TOBOPHTb, YTO HHOT]Aa BOJHO-
Bee (YHKIHK MHOFQUACTHUHBIX 3aj4ay He TpeGylOT CHMMETpPH3AIUH.

Bosepamascs Kk onpegesenusm (156.8) u (156.9) nns unrerpa-
JgoB K, ¥ €, MOxHO 3amucaTe nepsoe M3 paseHcTB (156.12) B Bune

E=—24+<n|Q|n>, (156.13)
rge omnepatop Q onpenensiercss GopMyJIoH
L, 2 w2y,
Q_——?vz—7+gmdw. (156.14)

Uro6el HaHTH HOPMHPOBAaHHYH QYHKIHIO |7>, MUHHMH3HPYIOLLYIO
sHepruo E, MBI [JO/IKHB PaCCMOTPeTb BapPHALHIO:

S (kn|Q | n>+A<in|nd)=0,
rae A— MHOXHTEJb Jlérpaﬂma. Tak kak
8<n|Qin>=2<0n|Q|n> u 8<nln>=2<8n|np,
TO TOJyyaem

On|Q4+An>=0,

U BBUAY MPOH3BOJBLHOCTH BapHauHu |On) BosHOBas GYHKUHA |n)>
IO/DKHA YIOBJETBOPATh ypaBHEHHIO

(Q+A) [ n>=0.
[Nepenucas Tteneps pasenctso (156.13) B Bume
<n|Q—E—2|n>=0,

JIETKO YCMOTPeTb, uTo A= — E—2, u, ciefoBatebHO, QyHKIUs |n)>
ofsi3aHa yoOBJETBOPSTb OJHOANEKTPOHHOMY ypasHeHuto llpenunrepa

— g V> 4 Vigy (1) | 1> = (E+2) | n (156.15)
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¢ 3(QeKTHBHLIM MOTEHIHAJIOM

2 u?(r') ,
V9¢¢(r)=—T+STrT;’—|dT’ (156.16)
TloTennuas TOYHO TAKOTO K€ BHJAa Mbl MOIJH Obl NOJYYMTh, peruas
ypaBHenue [lyaccona

V2V ,o0q = 410,

rle p— MJOTHOCTh 3apsija, NPeiCTaBJAIMIero co6of cymMMy OTpHIia-
TEJBHOTO MPOCTPAHCTBEHHOTO 3apana 1s-sjieKTpoHAa —u? ¥ TOYEHHOTO
ageproro 3apsga 2. IMoxpcrasasas B ¢opmyay (156.16) aBHoe BHI-
paxenne (156.2) anis QyHKOMM 4, HEMELJEHHO MOJyyaeM

v3¢,¢=—l—(}+2)e—4r. (156.17)

r
Ha#ina ¢ momouibto ypapHenus (156.15) dynkuuto |a>, Mbl MoxeM
3aT€M BBIUUCJHTbL NPHOJNUKEHHblE 3HAYEHUS 6CeXx HHTErpaJioB, BXO-
ANAUMX B BhIpaxeHue Asa sHeprun (156.10). o Tex mQp moka BeJu-
yuHel S ¥ & yAOBJAETBOPSAOT HepapeHcTBaM S<€ 1, K€ u, caeno-
BATEJIbHO, SBJAKTCA JIMIb MaJbIM{ HONPAaBKAMH, 3TO NPHOJHIKEHHE
MOXKHO CUMTATb JOCTATOYHBLIM.

Mpunoxenne. YucnoBble pacyersl M0 OOpUCOBAHHOH BhILE OOIEdH
cxemMe MOTYT OKa3aTbCfl [OBOJILHO TPYAOEMKHMH, H [I03TOMY MbI
npusenem 15 25-COCTOSHHSI Pe3y/bTaThbl, MOJyYEHHBIE C [OMOLIBIO
Gosiee mpoCTOH BapHANHOHHOH mNpouenypol. Mbl GyneM MHHHMU3H-
poBaThb Bblpaxkenue (156.12), Hcnmoab3yst mpoGHble (QYHKIHH BHIA

|2>=A(e~% — pre='h"), (156.18)

rge p—BapHalMOHHBIA napamerp Putna u <2|2)>=1. 3rta PyHkuuu
KoHeyHB! IpH r=0 U Ka)KAafd H3 HHUX HMeeT OJMH Hy.Jb, UTO Heol-
XOOUMO AJs 2$-COCTOSIHHS, KpOMe TOro, OHHM 006/ajaloT IpaBUJbHOM
ACUMIITOTHKOH, KOTOpas ONpeje/sieTCss BTOPbIM cJjaraeMbiM. [lepBoii
yteH B BbipaxkeHuu (156.18) onuCHIBAGT OTKJIOHEHHS MOBENCHHS
HaluuX QyHKIHH OT NOBEAEHHs BOAOPONONONOOHOHA BOJHOBOR PyHKIIMU
Ha MalblX PacCTOSIHHAX OT fApa, I€ SKpaHHPOBKa AJEepPHOrO 3apsiaa
CTAHOBUTCS BCe MeHee cCyllecTBeHHOH. Tak Kak soyiHOBasi QyHKIus
Is-cocTosinust BeneT cebs1 Kak e~?, TO S3TOT 4J/€H JOJIKEH BECTH
cebst NPHMEPHO TaKUM e o0pa3oM.

[NpoGuele pynknun (156.18) npHBOAAT K CIeNYIOMHAM Pe3yJbTaTam:

1 768 -1
ndr—(g—gap+960t) 7,

1 384
K= A (— g+ Fep—11p)

5 512.6350 | 74688
= 2 e
§=und (32 125-28561 P + 3125 pz) '
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S=8VmA(gm—gsp)

5 25436 1056
¢ = 128nA? (m—s 570125 ” 178 125”2) '

Sueprusi E, onpenensemas Boipaxenuem (156.12), Gyner wumertsb
MHHHMYM [DH NOILXOAdlleM Buifope Inapamerpa p: OH JOJIKEH
YIOBJIETBOPATh KBaJPAaTHOMY YPaBHEHHIO, Y KOTOPOTO HMEETCS OJHH
nosoxuTeNsHbi Kopeb p=0,1105. Ec/iH He yYuTHIBATD CHMMET-
pU34llUi0, TO OTClOAA /1A SHEpPIHH HOHHU3alHH MOoJyyaeMm

]=—(Kz+i€)=0,145 ar. ex., wau [ =3,94 9B.

Ecin ke 1npu ToM Xe 3HAYeHHW NapaMmeTpa p WCHOJL30BaThb 1/18
9HENTHUH HOHHM3aUUU NosHoe Bhlpakenue (156.11), To O6ynem umernb
[ 0.145—0,021e

10,0225 4T &

[loayuennble ¢ MNOMOWIbIO 3TOH (POPMyJbl PE3Y/IbTATHI BMECTE € 9KC-
nepUMEHTAbHLIMY JaHHLIMH NPHBOASTCA B HHXKecCJeaylollel Tabauie.

DHeprus MOHM3aUUH A 2s-3JeKTpoHa, 3B

Teopud 3KCIIEPUMEHT
[apareanii, e= -1 3,30 3,97
Oproreaufi, €=—1 4,62 4,76
Pasuoctb 1,32 0,79

Msr BuguM, 4TO TeopeTHuecKHe 3HaUeHHS TEPMOB, KaK 3TO BCerjga
OblBaeT TMpH BAapHALHOHHBIX pacyeTax, HECKOJbKO IPeBLILAIOT HX
HCTHHHBIE 3HaveHUA. Jl0BOJbHO 3HAYHTEJNbHEN COBHI MEXIY OpTO-
U NapaypoBHAMH Raxke B 9TO OYEHb NPOCTOH MPHONHKEHHOH TEOpHH
nosyuaercs ¢ 35°,-HOH TOYHOCTBIO.

3anaua 157. OcHOBHOe COCTOSIHHE aTOMa JHTHA

BrluncuTh 3HEprHI0 OCHOBHOTO COCTOAAHHSA atoma JauTuf (Z = 3).
CuutaTh, 4YTO [1Ba 1S-3JEKTPOHa JIHTHA OINHCHIBAIOTCS BOAOPOIOIO-
JOGHBIMH 3KPaHUPOBAaHHBIMH (YHKUHSAMH, HalNeHHbIMH B 3ajaue 154,
O6mennbie 3PdeKTbl He YYHTHIBATD.

Pemienne. B nanuHod 3ajaue TaMHJBTOHHAH HMEET BHJ

H={— 5 O1+v)—3( 4+ )+ +

re

+{_% vg_—rl;}-{-{i-i-i——-i}. (157.1)

r13 rag LE:
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3aech nepsasi ¢urypHas CKoOKa COOTBETCTBYET JBYX3JEKTPOHHOMH
sajaue gasi moHa Li*, Bo BTOpOo# (HIrypHOH ckKOOKE CTOHT TaMHJb-
TOHUAH ONHOSJEKTPOHHOH 3ajauM, TPUBORAUIMH K BOJHOBOH (YHK-
MU 25-COCTOSIHMS TPeTbero 3/EKTPOHa B MOJE 3KPaHHPOBAHHOIO
Anpa ¢ pesyJ bTHPYIOUIMM 3apAnoM +1; Hakoweru, B TpeTeeil cKoOke
cobpaHbl OCTAJbHBIE YJeHbl SHEPTHY B3auMoneHcTBHsA. Tako#l moixon
K JBHXKEHHIO TpPeTbero 3jeKTpoHa ObL1 Obl BMOJHe ONpaBAaH, eciIn
Ot paguyc K-oGosouku Obll ropasgo MeHbile pagdyca OpOHTH
2s-snektpoHa. Tak Kak B [IeHCTBHTeJBHOCTH J€10 OOCTOMT HHaue,
TO UCHO/Ib30BaHHE [/ ONMCAHHA TPETbEro JEeKTpoHa BONOPOJO-
nonoGHol ¢yHkuun ¢ Z=1 caepyer paccMaTpHBaTh B KauecTBe
GoJsiee UM MeHee rpy0oro NMpHOJHMKEHHS,
Mui 3anumeM BoOJIHOBYI0O GYHKIHIO B BHIE [POH3BENEHUSA

uqQ, 2, 3)=u(H)u2)v(3), (157.2)
B KOTOPOM u (r) o3HauaeT QyHKIUIO 1s-cOCTOAHHSA:

o’/e

u(r)= l/_e"’", (157.3)

11

a s(peKkTHBHBI 3apan siapa, OOYCJOBJCHHBIH B3aHMHOH 3KPaHHPOB-
Ko#i aByx ls-anektpoHoB uoHa Li*, onpepesisierca Qopmynolt (cm.
3anauy 154)

5
0= Z— s = 2,6875. (157.4)

Kpome Toro, kak cJeiyeT H3 pe3yJbTaToB 3agaud 154, sHeprud
(1s)*-cocTostHus

B =(fumue{—ger+mw—s(+x)+

ry
—l—r—i;}u(l)u(Q)dt,drz (157.5)
Teneps omnpenesaserca GopmyJoi

Et =—o2. (157.6)
BosHoBy10 (yHKUIMIO TpeThero 3JeKTPOHAa MBI BO3bMeM M3 Tal-
JIALEI, TIpHBeleHHOH B 3anaue 67 (npobsiema Kemsepa). Has nus-

HIEro 25-COCTOSIHUSL 3TOTO 3JEeKTPOHA OHa HMeeT BH[
U(r)=1/—g=n(l—%r>e"‘/x’ (157.7)

U yIoBJeTBopsieT AudepeHIHaNLHOMY YpaBHEHHIO

<—% Vﬁ*%)U(fa)=—%v(rs)- (157.8)
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Ecan ¢yukuun (157.3) u (157.7) noxgcraBuTb B GopMyady mIs
3HEPTHH

E={{§u)u@v@ Hul)u@o(dadr,dv,dy, (157.9)

rae H—ramuastonnan (157.1), to B cuay pasencrsa (157.5) Bkaan
oT nepsoit ¢urypHoli ckobku Bhipamenus (157.1) Gyner paBen ET,
a BKJaj OT BTOPOH (pUTypHOH CKOOKH, cOT/IacHO ypabaeHH1o (157.8),
Gyier paBen —!/,. Takum oOpasom, HmeeM

E=E+—%+SSS W (1w (2) v* (3) X
X(—l——l——l———%)drldrzdrm (157.10)

i3 To3 3

U [eJo CBOAMTCA K BHIYUCJACHHIO MOCJEAHEr0 MHTerpafna, KoTopbli
[1Q:JIE OUEBHIHBIX YIPOILEHHH NMPUHHMAET BHA

J=2Sdr3v2(3)<gu2(l)drl—r—la}. (157.11)

T3

Wcnosib3ysi nasiee paseHcTBo [cm. B 3amaue 44 dopmyay (44.19))

Su2 (nH dr, :71; [1 —(1 +ar,) e—zars],

T3
noJiyyaem

J=—25—92r(%(1+ocr3)e‘2“’8dr3.
[MopctaBasia ciooga Bmecto yHKuMH v ee Buipaxkenue (157.7), mbk

rocJje 3JeMeHTAapHOro, HO JAOBOJBHO T'POMO3AKOTO HHTETPHUPOBAHUSA
OKOHUaTeJbHO HAaXOQHM

5 -804 1603 (157.12)
N

Orcioga A5 3HEPTHH OCHOBHOTO COCTOSIHHUS aTOMa JHTHA MOJyYaercs
BhIpaXKeHue

J=—

1
_ 3
1 5 -+ 30 16

E=-—-OC2—'8——-——(1"_+_2G'75—', (15713)
a sHeprusl ONHOKPATHOH WOHH3auuu OymeT pasHa
1 %—}—3@—{—16&3

Bsss Ttemeps A/ BenHuHHB oo 3HaueHue (157.4), moayuaem
1=0,1553=4,23 3B.
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Hailinennoe 3sHayeHHe 5HePTHU HOHH3ANHH CJEAYET CPABHHTb C JKCIHe-
PHMEHTAa/JbHBIM 3HaveHMeM 5,37 3B. Msl BuauMm, uto Hama npubJau-
JKeHHas TeopHA He CJHIIKOM xopolia. [IpHYHHY TAKOTO pasinuus
He/b351 OTHECTH HU 3a CUeT NMPEATOJIOKEHHS O MOJHOM 5KPaHHPYIOLEM
neiictBur K-000/0UKH Ha TPETHH 3JEKTPOH, HH 3a CYET TOrO, YTO
Mbl npeHeOpersii HeOO/BIIHM PassiduHeM B 3HAUYEHUSIX BeJHUYMHBI o
/s HoHa ¥ HeHTpasabHoro atoma. O6a ykasanunix 3pdekTta cauil-
KOM MaJbl, 4TOObl C HX TMOMOUIBI0 MOXKHO OHLIO OGBACHUTD PACKOXK-
Zenue Gosee uem B 1 3B. Y Hcrosb3oBaHHON HaMH BOJHOBOH (yHK-
LUK HMEeeTCs eule ABe 0COOEHHOCTH, KOTODHE MOTJIM BBI3BATL TaKoe
PacXOXKIeHHe MeXAy TeopHeHd U HKCHEePHMEHTOM: BO-TIEPBBIX, OHa
HMeeT BHJ INpPOU3BElEHHs, a BO-BTOPHIX, OHa He OGJANAeT [OJIKHOR
cummeTpuedl, H, cjeJOBaTeJbHO, Hallla TEOPUS HE YUUTHIBAET OOMEH-
HYI0 3HEpTHIO.

3azaua 158. OGMeHHBIC MOMPaBKH K OCHOBHOMY COCTOSIHHIO
aToma JdTUA

Hcnpabure HafiieHHoe B NpeAblaylllell 3ajjaue 3HaueHHe SHEPTHH
OCHOBHOTO COCTOSIHMSI aToMa JIMTHA, NMPHHAB BO BHHMAHHE CHMMET-
PHIO BOJIHOBOH (PyHKIHH.

Pemwenne. CocTosiHHA ABYX 15-3/1€KTPOHOB H OQHOTO 25-3JI€KTPOHA
MEl GyleM OIHCHIBATE COOTBETCTBEHHO TeMH K€ OJHO3JEKTPOHHLIMH
dyukuusmu 4 (r) u v(r), Koropbie OBbIJIH HCHOJb30BAHB B Ipefbl-
aywe#l 3agave. UTo6Hl MOCTPOHTH BOJHOBYIO (DYHKIHIO C Haj/exka-
mef cuMMerpuell, Mbl OJIKHBI NMPHHATL BO BHHMAHUE CIIHHBL 3J€K-
TpoHoB. [losHOCTBIO aHTUCHUMMETpUYHas (DYHKUHMA 3alHChIBAETCS
B BHae omnpejenautens Cuasrepa (cM. 3apauy 152):

uDal) u@a(2) u(d)a(d)

w=—l}—§u(1)ﬁ(l) w@p@ uw@BEB)|,  (158.1)
v(Da() v@a@ vE) a@d)

IZie CiuHOBbIe (PYHKIHUH o U B COOTBETCTBYIOT COCTOSIHUSIM C MPOTHBO-
TIOJIOXKHBIMH HanpaBsieHHAMH cnuHHOB. Omperenntenn (158.1) mpen-
cTaBsseT co0ofi npHOMHKeHHoe pemieHue ypaBHeHHWs Llpenunrepa

(H—E)|9>=0 (158.2)
¢ raMuJbTOHMaHOM H, onpefeseHHBIM B npenuiaylled 3apave, Pac-
CMOTPUM JaJ/ie€ PaBeHCTBO

Y|H—E|$>=0,

rie CKaJspHOe MPOH3BEeIECHHE TIHJbOEPTOBLIX BEKTOPOB BKJIOYAeT
B cefs HapsAy C HUHTErPHPOBAHHEM CYMMHpPOBaHHE MO CIHHOBBIM
nepeMeHHbIM. BBINONHHB B 9TOM paBeHCTBe CYMMHPOBaHHE [0 CIid-
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HOBBIM M[€PEMEHHBIM, MPHXOAHM K COOTHOLIECHUIO

(§§ume@v@—vyu@ue) @E—E) x
% (1) u(2)v(3)dr, dt,dt,=0. (158.3)

Ecau ‘Tenepn BBecTH 00O3HAYEHHA _
E={{Tuyu@o@ Hulyu@o@)dr,dr,dr, (158.4)
&= o u@uE) Hu()u@o @) dvydv,dr, (158.5)
S={v)yu)dr, (158.6)

TO Hchpab/JenHyl OGopMyJay JI/s 5Heprud MOXHO OyleTr 3amucarhb
B BHIE
E-¢

E=E=¢.

(158.7)

3zeck mocpencTBoM £ 0603HaueHO HECKOPPEKTHPOBAHHOE 3HAUEHHE
SHEPTHH, olnpenesenHoe paseHcTsom (157.13) npexsinymedi sagauw,

E’:—-—(oﬂ —|—%)+J,
rae
%+M+Wﬁ

J=—=Fzap

(158.8)
BesqyuyMHa & OMHCHIBAaeT OOMEHHYI0 SHEPrHI0, a BeJHuuHa S mpes-
craBjsier coGofl HHTerpaJ mnepekpeiTHa QYHKUMHA 4 W U, KOTOpHIE,
KaK Mbl 3HaeM, HEOPTOTOHaJbHH. TakuMm ofpasoM, Halla 3ajaua
B OCHOBHOM CBOJAHTCS K BHUHC/ACHHIO ofMeHHOH sHeprun (158.5).
Ecnu Mpl 3ampuieM raMHJbTOHHAH B BHAE

H=(—gui—2)4(—gvi—2)+(—gvi—p )—

r{ rs rs
L (158.9)

3—a 3—a 2
81 ro £ re g rag’

_3—a 8—a 2 1 1.

TO JeHCTBHE Tpex ero NepshIX uJieHOB Ha NpousseneHue u (1) u (2) v (3)

CBeJeTcsl MPOCTO K YMHOXKEHHIO COOTBETCTBEHHO Ha —1/,02, —*/,a?,—1/;
¥ MBI MOJYYHM

I\ o Dol
=— (oaz +'g“) S‘——(3——OL)SSu—%U—(—)dT1——
u?(2) u(3)v(3) u(l)v(l)-u?(2)
— (3—a)S? ST‘”*“%ST d73+SSS—TdTI dv,+-
_l_S'S' u(hHho)-u@3@)v3) dr, dv, +SSS u? (2)-::3)0(3)dI2dT8‘

I3
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BBoasi cokpaiueHHble 06G03HAYEHHS

U=S—”—2—d'c V= (%, (158.10)
_ u(ryv(ry-u(r'yv(r’)
X_ﬁ el rge, (158.11)
u2(r) u(r)v(r) P
Y = XS LD dr v (158.12)

MO2KHO 3altucaThb O6MeHHy}O SHEPTHI0 B BHJIL
&= ——<0L2 -1-%)SZ-(S—oc)SV—(B—-oa)SzU+28Y+X. (158.13)

Orcrona pas sHeprun (158.7) mosyvaeTcsi BhipaxKeHwue

E:E—%“HB_Q)U]SZTEZ:Q)V ]S X (158.14)

Tenepb Mbl npucTynuM K BbluucJeHHIo uHrerpaaos S w U, V, X, Y,
olpeje/eHHBIX COOTBETCTBEHHO paBeHcTBamu (158.6) u (158.10) —
(158.12); nna sTOrOo BO3bMEM (DYHKLUUH 4 H U B BHIE

8

o'l
ISV
n n

Hekortophle TPyAHOCTH BO3SHHMKAIOT JHIIL NPH BBIYKCJAEHHH JBYXuyac-
THYHBIX uHTerpasioB X n Y. Bxoasmyio B Hux apobe 1/[r—r'|
Mbl MOXKE€M Da3NOXHTb B PAN 110 NoJuHOMaM Jlexauapa or cos (r, r').
Tak kax ¢yHKUMM 4 W U He 3aBHCAT OT YyIJIOB, TO BKJajy OyjeT
JlaBartb TOJIbKO OJMH UJ/eH psifia, Colepkallui nmoaunom Jlexanapa P,
H, CJIEJOBaTe/IbHO, BHYTPEHHHe 4YacTH uHrerpaos X u Y 6yayr
HMeTb BHJ

u(r)==

r

() \
Su(’)v(r)dr_—%z{ Sr u(r'yv(rydr —}—Sru(r)v(r)dr}
b

|r—r| \

Bce panbHeHIIre BLIYHCAEHHS TPHBHAJIbHBL, [O3TOMY MBI IpHBENEM
JIHIlb OKOHYATEJbHHE PE3YJAbTaTbl:

g2 V2 a2 a—1)

EE I
U=a,

2(a—1)
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\
a3(ia2_§a+g)
2 4 8
A PR
\a+7>
23 1

66a6—}—26a5—250c4——16a3—-§a2-—§a

Y = S.

2(a—1) <3oc +%>4

[Tonrarasa speck o = 2,6875, mosayuaem

§=0,203,

J = —0,030,
U = 2,6875,
V=0,419,
X =0,0558,
Y = 0,303,

[J+(B—a) U] S?= +0,0334,
[(6—a)V —2Y]S = +0,0735.

CymMa TOJIOKHTE/NBHBIX W/IEHOB B uucaurtese apobu (158.14), kak
Mbl BUAHM, NPEBOCXOAUT OTpHUATENbHbIH uneH —X, 103ToMy OOMeH-
Hasl TIONpaBKa HECKOJbKO YBEJHYUUBAET SHEPTHI0 OCHOBHOTO COCTOS-
HUA aToMa JUTHA. 3TOT HeyjauHB pe3yabTat O0BACHAETCS BBHIGO-
pom GYHKUMH U{r), KOTOpasl CJAHIIKOM MaJa B 30HE NEPEKPHITUA;
B pesyJbTaTe Mbl COBEpUIEHHO npeHeOperaeM yBeauueHueMm sddek-
THBHOrO 3apfia, JAeHCTByOWEro Ha 2§-37€KTPOH TIpU €ro mpo-
HHKHOBEHUM BHYTDb Is-oGosiouku. [IpeneGpexenue stum sdgexrtom
BLI3BIBAET JIHIUL HEOOJbINYI0 OWIMOKY NPH BBIUHCJIEHUH HECKOPPEK-
THPOBAHHOTO 3HAYEHUs SHEPTHH, ONpele/isiBIIerocs B Mpeablayuiel
3ajaye, HO MOxeT oKasaTb 60Jblioe BJAHAHNE HA OOMEHHYIO [IONPABKY.
JeficteutenpHo, uHTerpassl ¥V u Y 3aBUCAT OT NpoU3BEleHUA wuy
JHHeliHo, a HHTerpaJd X 3aBHCHT OT HEro KBaJpaTHYHO. TaKuMm
o0pas3oM, npH Jyuilem BeiGope (GYHKIUH U (r) TPeTHH (OTPHUATENb-
HHH) 4seH B yHcauTese Apobu (158.14) mor Obl CcTaTb 3HAUUTENBHO
Gonbille, B TO BpeMs KaK BTOPOH (LOJIOXKHTEJbHBIH) YIeH BO3pPOC
Obl He OYeHb CYIIECTBEHHO, TaK YTO BCe BhIpakeHHUE B LEJIOM BIOJHE
MorJyio Obl U3MEHUThb CBOH 3HaK.

3anava 159. daekTpuHueckas BOCTPHHMUHBOCTD

[Tyctb cTannoHapHBle COCTOSIHHSI aTOMa OMHCHIBAIOTCS pPELIEHH-
amMu ypasHenus llpexunrepa

Hln>=E,|n)
M [IYCTh OCHOBHOMY COCTOSIHHIO COOTBETCTByeT BeKTOp |0)>. DBriuuc-
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JIUTh 3JEKTPHYECKYIO MOJIAPH3yEeMOCTb aToMa ¢ (HJH 3/IEKTPHUYECKYIO
BOCIIPHMMYHBOCTb ¥ BelecTBa, cofepxkamero N aromoB B 1 cm?),
Kakue oOuive cOOGpaXKeHHs] MOXKHO BHICKA3aTb O MOJAPH3YEMOCTH
ATOMOB ILEJOYHBX METaJJIOB?

Pemenne. Ha aroM, mnowmelmeHHBIAi B 3JeKTPHYECKoe [oJie &,
HanpasJ/IeHHO€ BJOJb OCH 2, JEACTBYeT BO3MylleHHe

W=eé X2 (159.1)
3necb —e—3apsi 3JEKTPOHAa, a HHJAEKC A HyMepyeT aToMHbie
5/eKTpoHH. DB mnepsom nopsajke TEOPUH BO3MYIIEHUH ypaBHeHHE

(H4+ W) p>=E|9> (159.2)

HMEeT CBOHM pellleHHeM BEKTOP COCTOSTHHS
_ | W 0>
[$>=]0> +§n: Wl“);

HJIA

< 0>
lp> =105 +ed X %lm. (159.3)

Cpennee 3HauenHe MPOEKIHH IUIMOJbHOIO MOMEHTa aTOMa Ha Ha-
npasJ/eHHe IoJs onpenensercs Qopmysiol

pz=—e<xp|§zx|w>. (159.4)

C TOYHOCTBIO J0 YJI€HOB [E€PBOr0 MNOpAnKa MaJIOCTH BKJIOUYUTEJILHO
HMeeMm

p,=—e{<0|§z;b]0> + 3[4 0 Sz ny+
Y g

IMepBbifi u/eH B 3TOM BLIPAXKEHUH XaPAKTEPHU3YET IUNONBHEIH MO-
MEHT (eCJM TaKOROH MMeeTCs) HEBO3MYLIEHHOTO aToMa. Bropoii usen
ONMHUCHLIBAET QHUIOJBHBIA MOMEHT, UHAYUHUPOBaHHBIH mogem. O6o3Hauas
IOC/IEHUI TIOCPENCTBOM Py, ONPENe]HM MOJAPU3yEeMOCTh aToMa o
PaBeHCTBOM

Pong = A& - (159.5)
Takum o6pasoM, Haxoaum

, 2
a=2Y Iﬁ%z—%‘—w—l- (159.6)
n n— Lo
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3neck E, 03HayaeT 3HEPrHI0 OCHOBHOTO COCTOSHHSA, IOSTOMY 3Ha-
meHaTesab Bhipaxenusa (159.6) moJoxuTeNeH H, CAENOBATE/BHO, NO-
JsIPH3YEeMOCTb 0. TaKkKe MOJIOKHTEJbHA.

DnekTpuuecKas BOCIPHUMYHBOCTb ¥ MPEACTaBJseT co6oil Koaddu-
LMEHT [PONOPUHOHANBHOCTH MEXKILY HaNpPSAKEHHOCTBIO MOJS U TOJs-
pusaunueit pewmecrBa P = Np,,:

P=y&, (159.7)
TaK 4TO
<n| Xz |05
y=2Ner ——E—_”Eo___ (159.8)

n

H, cJemoBatesbHO, ¥ > 0.

ATOMBI IIEIOYHBIX METaJJIOB COCTOAT U3 aTOMHOI'O OCTOBA H OJKOIO
BHELHETO 3JIeKTPpOHa. Bo3byXkieHue 3JeKTDOHOB ATOMHOIO OCTOBA
TpeOyeT 3HAaUUTE/JbHOH 3HEPrUH, YTO NPUBOAHMT K MNOSBJICHHIO (0Jib-
imux 3HameHareselt B (opmyne (159.8). Ilo sToii npuunne npu rpy-
OblX OUEHKAaX JOCTATOYHO yUYeCTb BO30YKJEHHBIE COCTOAHHSA OZHOIO
BHELIHEro 3/JeKTPOHA, ABHXKYIIETOCA B [OJI€ HEBO3MYVILEHHOTO aTOM-
Horo ocroBa. COOTBETCTBYIOWIME BOJHOBHIE (QYHKIMH MOXKHG 3alUCAaTh

[O>=u(r), ln>=vn(r)yt,m(ﬁ! q))’

IpUueM Bblllle MBI Y9JIH, YTO OCHOBHOe cocTosiHue |0) siBJasercs s-Co-
CTOSIHHEM H HE 3aBUCHT OT YIJOB. Tak Kak

4
Yl,(h

2=rcosO=r 5

TOo /17 MaTPHYHOTO 3JeMeHTa <n|z|0> uMeer Mecro opMy.a

<njz|0> =S drriv, (ryu(r) ‘95‘ Y] . cos 0dQ,

0

U OH He 00pamaercss B HyJb TOJbKO Hpu [=1 u m=0. B »rom
Noc/IeHEM CJyuae MoJyyaeM
__w
4
<n|z]|0>= ]/-%3 grsv,,(r)u(r)dr.
0

ITpu jnanpHeHMHX BHIYUC/JICHHAX HEOOXONHUMO JeTaJbHO 3HATL pajd-
a/bHY0 YacTb BOJIHOBOH (GyHKIIHH.

Ecau 6b1 MBI He NOJ1b30BaJMUCh 0e3pa3MepHbIMH €NUHHIAMH, TO He-
TPYAHO ObLIO Gbl YBHIETh, HTO II0JIIPH3YEMOCTb O HMEET DPa3MEPHOCTh
o6beMa, OITOMY TIO MOPALKY BeJUYHHLI 0Ha, rpy6o rosops, AOJMKHA
paBusTbC (fi2/me?),
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3ameuariue. C TakUM Xe YyCIEeXoM MOxHO Oblio Obl  paccMorpers  abdekT
[llTapka BTOpOrO MOpAJAKA, NMPUBOASAWMHA K CABHTY yPOBHS

"0 W [ n>]?
SE=2 S F,

3TOT CABHI JOJIKEH paBHATHCA — 1/,0d2, OTCIOa AJst o MOJyHaeTcsi TO e camoe
BEIDAYKEHHE, KOTOpoe ObLIO HAHIEHO BHIIIe.

3ajaua 160. JluaMarHWTHas BOCMPHHMYHBOCTbL HEOHA

Bbluvc/INTE aMaMarHUTHYXO BOCHPHHMUYMBOCTb HeoHa (Z = 10),
BOCIOJ/Ib30BABIINCh BOJOPOAONOAOOHLIMH (DYHKUUSMH C Pas3JHYHBIMH
3KPaHNPOBOYHBIMH NIOCTOAHHLIME G, ,. [IpH yic/A0BBIX pacueTax MOXKHO
IOJIOKHTD

0,,=0,23, o0,,=326, o,,=4M.

Pemenue. [IuaMariauTHaa BOCIPUHMUYHBOCTL Ha | MoJib BemiecTsa
onpenensercs ¢gopMmyJoii [cM. paBeHcTBO (128.14)]

2
%= N D <r>. (160.1)

3necs N —uucso Aporagpo (N =6,02-10%), a cymmupoBaHue pac-
MpOCTPaHAETCs] Ha BCe 3JEeKTPOHBl JAaHHOTO aToMa (HJH MOJEKyJhl).
Cpennue 3HaueHUsl r2 B COCTOSIHUAIX C BOJIHOBLIMH (QYHKUHSMHU

1
Un,i.m =7 An.t (r) yl.m (ﬁv q))

onpenesoTcs HHTET pajaMu
®©

= r2 gl dr. (160.2)

0

PajnanbHeie yacTH BOJAOPOAOMOAOOHBIX (DYHKUHH MOXKHO B3ATb U3
TabJauLbl, NPUBEIEHHOH B 3ajaue 67, 3aMeHHB B HHUX BeJHUYHHY Z
BesquyuHol Z—o. Kak HerpynHo npoBepuTh, A5 UHTerpaJsos (160.2)
NOJTYYAITCs CAeNyolpe 3HaUeHns [B enununax (f2/me?)?]V:

(n, h=(1,0), 2, 0, (1),
(Z—o)<r2> =3, 42, 30.

1 3ty pesy/ibTaThl NONYYAKTCA KaK YacTHHE CAYYan OOGIIEr0 COOTHOIIEHHS

; T

<ty = 572 {5n241—-31 (4 n,

BbIBOJl KOTOPOTO BeCbMa IPOMO3JOK W He IPELCTaBJ/sAeT ocoforo uHrepeca. [lo mo-
BOLy IeTajeil cM., Hanpumep, Bethe H. A., Salpeter E. E. B kuure: Eneyclopedia
of Physics, vol. 35, Springer, Berlin—Gé&ttingen—Heidelberg, 1957, 'p. = 103.
(Mmeetcs nepepoa: Beme I'., Coanumep 5., KBaHToBasi MeXaHHKa aTOMOB C OLHUM
H ABYMs 37eKTpoHamH, Pusmarrus, 1960, crp. 33.— lpum. nepes.)
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UncJo 3JEeKTPOHOB, HaXOAAWIMXCA B 3TUX Tpex (4, ()-COCTOAHHAX,
cooTBeTcTBeHHO paBHo 2, 2, 6. Ilopsinox BeJHYMHBE JHAMATHHTHOH
BOCIPHHMYHBOCTH GyIeT Onpene/saTbCsl MHOKUTE/EM
o2 f2\2

N <_) —0,790- 10~ cM?/MOb. (160.3)

Xo = Emez me?

Takum o6pa3om, A JUAMATHUTHOR BOCIHPHUUMYHMBOCTH HEOHA I10-
JydaeM

9.3 2.42 6-30
KNe =0 {(10—ol,o>2+<10—c2,o>2 T =0, }—
=—5,61.10"¢ cM?*/MoJIb. (160.4)
D10T pesysbTaT HAA0 CPABHHTb C 3KCIEPHMEHTANbHBIM 3HaueHHEM
ANe = —0,7-10~¢ cm?/mMoub.

OTMeTUM, YTO BKJaJ OTAEJBHEIX MOR000/0YeK B JHAMATHHUTHYIO
BOCIPHHMYHBOCTb HEOHa [T. e. BKJaA OT Tpex uJeHos u3 (160.4)]
COOTBETCTBEHHO COCTaBJIsIeT

x(l,5)=-—0,05, % (2s)=-—1,46, y(2p)=—4,10-107% cm®/moup.

Kak MBI BROIUM, caMas BHEIIHAS MOA0GOJOUKA BHOCUT HAaUBOJbIIHI
Bk1afg. K coxasnenunio, 1Js1 3/J1eKTPOHOB 3TOH NOR0G0JMOYKH 3DPEKT
SKPaHUPOBKH, Oynyud oueHb GOJbLIMM N0 BeJHYHHE, HEIOCTATOYHO
XKOPOLIO H3BECTEH 3KCIIePHMEHTAJIbHO.

3agaua 161. Cuam Ban-uep-Baaanca

JBa atoma BoOpOna, HAXORSAUIHECS B OCHOBHOM COCHIOSHUU, Pac-
nosoxeHbl Ha paccTofiHUH R zapyr oT apyra. CunTasg sigpa aTOMOB
[OKOALMMHUCH, 10Ka3aTh, YTO B MEPBOM MOPAAKE TEOpHH BO3MYlle-
HU#A ZHEprHUs B3aHMOJEHCTBHS aTOMOB pPaBHA HYJIO H UTO Yuer BTO-
pOTO NOPsAAKa TEOPHHU BO3MYINEHHH NPHBOAHT K CHJAM NPHTSXKEHHA
Ban-gep-Baaabca. B Toft 4yacTM raMH/JbTOHHMaHa, KOTOpas OTBETCT-
BEeHHa 332 B3aHMOJE{ICTBHE, OCTaBHTb TOJbLKO TJaBHbBIE HYJEHHI, MPO-
NOpUHOHAJbHblE HauHuU3IIeH OTpHLATeNbHOH cremeHu K.

Pemenne. IlycTh No/oXKeHHE 37€KTPOHA | OTHOCHTENBHO AAPA G
XdapaKTepusyercs paauyc-BeKTOPOM F, C KOMIOHEHTaMH X,, Y,, 2,
a M0JIOXKEHUe 3JeKTPOHa 2 OTHOCHTEJLHO siapa b-—panuyc-BeKTopoM
F, C KOMIIOHEHT4MU X,, Y,, Z,, H NYCThb OCb Z HalpaBJeHa MO nps-
Mo#l, coepuHsiomel Anpa atoMmos {¢ur. 63). [Ipu nokoawuxcsa agpax
(npubanxkenne bopra—Onnenrefimepa) raMuJbTOHHAH paccMaTpHBae-
MO CHCTEMBl HMEET BHJ

H=H'+H’, (161.1)
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re oneparop

ke, 2 e e
H° z_%(V1+V2 —n T (1612)
OIMUChIBa€T JABa He3aBUCHMLIX aTOMa, a oInepaTrop
H=ftl 2 2 (161.3)
TR Trn ot ra )

ONHUCHiBae€T KX B3auMmojeficrBhe. Mbl OyxeM paccMaTpHBaTh onepa-
Top H' B KauecTBe 3SHepruH Bo3MmyueHuda. Ecau onepatop H' pas-

®ur. 63. OTHOCHTe/IbHOE pACTIONONKEHHE 3JEKTPOHOB B sIXep.
Bsanmoneﬁcmnﬂ. 1OKa 3aHHble OYHKTHPDHRIMH JHHHSIMH, BKJIOYEHBI B SHEPrui0 BO3MYIIEHHUA,

JIOXKHTh B PsJ 10 OTPHHATEJBLHRIM CTEMeHAM R, Npeano.aras, 4To
r, LR u r,<R, TO OCHOBHOH WJE€H Pa3sioxeHus GYJIeT COOTBETCT-
BOBAaTb B3aUMOJEHCTBMIO ABYX Aunonell al u b2 ¢ MoMmeHTamu p, =

= -—er, U p,=—er, OcTaBjfif OQUH 3TOT 4Y/eH, MOJydaem
R R
H' =”g§2—3ﬁ-}3;”—”. (161.4)
B koopaunaTHol 3anMcu sTa QopMyJia NPHHHAMAET BHJ
2
H =T% (x1%s + Yy —22,2,). (161.5)

Ona Oyner HMCNOJB30BATHCA B MOCJENYIOMHX BHYMCACHHSAX.

[Tyctb Tenepb u,(r) o3HayaeT BOJIHOBYW (YHKIHI aToMa B oC-
HOBHOM COCTOfIHMH, TOI1a BOJHOBYK (QYHKUHIO Bcefl CHCTEMbI B Hy-
JEBOM MDUO/HXKEHHH TEOPHH BO3MYHIEHUH MOXKHO 3amucaTbh B BHAe
Npou3BefeHus

U, 2)y=uy(r) u,(r,) (161.6)

Mebl npeneGperaem cuMmeTpusanueif, Tak Kak oGMeHHble 3(eKThI
3KCIIOHEHUHA/NBLHO YOBIBAIOT C POCTOM pPACCTOSHHUA R.

B nysesoM npuGinkeHUH 3HEPrus CHCTEMbl paBHA CyMMe SHep-
rHit JBYX HeB32aHMONEACTBYIOIIMX ATOMOB. B mepsoM nopsjike Teo-
PHH BO3MYLIEHHA Mbl LOJKHBEI K Hell 10GaBHTb BEJHUYHHY

E'=<U|H'|U>=0.

Herpynso nposepnts, 4TO 3Ta nonpaBka AeficTBUTEbHO PaBHA HyJIO.
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Tak, nanpumMep, B3B8 nepeniii uneH pelpaxenns (161.5), umeem
2 2 2
£§'<U | %y, | U> :%@lolxl u0>2=%[Su§(r)xdTJ2-

Qurypupyomui 3nech UHTErpaJs ONHCHIBAET CpejHee 3HAUEHHE KOM-
[IOHEHThl AHMOJBHOIO MOMEHTZ HEBO3MYLIEHHOrO aToMa, KOTopoe s
cepHuecKH CHMMETPUYHOTO COCTOSIHUSI PaBHO HYyJO L.

Bo BTopoM mnopsake TeopuH BO3MYUIEHHH IIONpaBKa K 3HEPTHH

Umeer BU]I
P10 H | ny 2
=% 10| 161.7
; E,—E, ' ( )

rae CyMMHDOBaHHE BeleTCA M0 BceM BO3GYXKIEHHBIM COCTOAHHAM, a
ungekc 0 oTHOCHTCS K OCHOBHOMY cocToHHw. Tak Kak E, > E,, To
BCE 3HAMeHATe/JH B 3TOH CyMmMMe OTPHIIaTeJbHBE BEJHUYHHBI, MO3TOMY
E" <0, n Mexny aTomMaMH BO3HHK4eT NMpUTSKeHHe. MaTpuunmie 3Je-
MEHTBl 3aBUCAT OT BeJHYHHH R~%, T. e. TOJABKO OT MOCTOSHHOTO
MHOXKUTENS, KaK 3TO BHAHO u3 dopmyaws (161.5). Takum ofpasowm,
sHeprusi E” umeer Buj

rae C —IOJIOXKHTENbHAs] NOCTOAHHAass. Ho, K8k Xopolc H3BEeCTHO,
MMEHHO TaKOH 3aBHCHMOCTbIO 3HEpPTHH OT PAacCTOSHHS XapakTepH-
3yIOTCSL CHJIBI NpPHTsKeHus Ban-nep-Baasbca.

Jlutepartypa

Schiff L. I., Quantum Mechanics, New York, 1949, p. 174—178. (Mmeercs
nepeson: llugpgp JI., KBantoBas Mexaunka, HJI, 1959, crp. 205 —208.)

3anava 162. OGMeHHOe BBIPOXKACHHE TPH HAJMYHUHM BO3GYKNEHHA

Ilsa atoma BopOpoia NOKOATCS HA PAcCTOAHHH R APYT OT Apyra
M HaXxOlATCA B pa3AUdHbiX KBAHTOBBIX COCTOSIHUSIX: OJHH—B OCHOB-
HOM $-COCTOSIHUH, a Jpyrofi—~B BO30OYKIEHHOM -p-COCTOSIHHH. Kax
Obl10 NOKa3aHO B TpPeAbAyLIel 3amaue, MeXNy aTOMaMH HMEET MECTO

U Ecau o6a aToMa HaXoliTCs B OJHOM H TOM XKe COCTOSIHUH, TO TaKHE€ HH-
TerpaJjnl Beerja obpamiarorcsd B HyJb, H S-COCTOSHHe HE SIBJSETCS B 3TOM CMBICTe
HCKJIIOUeHHEeM (CM. TaKxe CJefyIomyio 3ajauy). [laxe B cayuae ABYX BO30YXKAeH-
HBIX COCTOSIHHH (PYHKLMSA |4, |> 3aBHCHT OT YrJoB Kak KBajpaT chepuuecKod rap-
MOHHKH, KOTOPBIH MOXHO pa3/OXKHTb Ha CyMMy c(hepHYeCKHX TapMOHHK OJHHX
uemnoix mopsaakos. Ho B NoAbIHTErpasibHOM BBIPAXKEHHH HMEIOTCS €lile KOOPAHHATHE
X, Yy WM 2z, NPONOPLUHOHAMAbHbIE CPepHyYeCKUM IapMOHHKaM NepBOro NMOpsiika, T. €.
HEueTHOrc MOpsifKa, IMO3TOMy paccMaTpHBaeMble HHTerpaJbl GyAyT paBHBLI HYJIO
B CHJY OPTOrOHaJbHOCTH c(epuuecKuX TapMOHHK YeTHBIX M HEUYeTHBIX INOPSJKOB,

4 N 1172



98 1V. Muoeowacmuunse sadauwu. A. Maaoe qucao wacmuy,

JMIIOJb-TUIIOJNbHOE B3auMogelicTeue. YOeauThcd, UTO TeNepb naxe
Ha GOJbIIMX PACCTOSIHHAX, TAe MO-NpPEXKHEMY MOXKHO HE yUHTLIBATb
NepeKpuiTHe BOJIHOBLIX (YHKIUH, MepBuill NOPALOK TEOPHU BO3MY-
WeHufl JaeT HeHYJeBOH BKJal B SHEPTHIO CHCTEMEl, M BBIYHCJHTD
COOTBETCTBYIOULYIO NMOMNPABKY K HEBO3MYILEHHON 3HEPTHH.

Pewenne. Ilycts |/,/m> O3HayaeT BOJIHOBYIO (PyHKIHIO OTHE/b-
HOTO aTOMa B COCTOSIHUH C KBAHTOBBIMHM YHCJaMu [ ¥ m, TOTAa oc-
HOBHOE COCTOsiHHE OyfeT OMHCHIBATbCA BOJHOBOH ¢dyHKuued | 00>, a
TPH BO3MONKHBIX p-COCTOSIHHSI —BOJIHOBBIMM ¢yHKUHAMU |1m>, rae
m=1, 0, —1. Bonnosple QyHKUIHH BCell CHCTEMB B HYJEBOM IIpH-
Gauxkenun OYAyT HMeTh BUI TNPOH3BEIEHHH, W Mbl UX O(03HAUUM
yepes

|00, 1m> wu |1m, 00, (162.1)

NpHYeM repsas napa KBAaHTOBBIX YHCEJ 31€Ch OTHOCHTCS K II€pPBOMY
aToMy, a BTOpas napa—KO BTOPOMY.

Omnepartop (161.5) Mbl mo-npexHemy Oyzem pacCMaTpUBaTb B Ka-
yecTse SHEPrHH BO3MyleHHs. Bpoasi oGosnaueHus

E=x+iy, Et=x—iy, (162.2)
€ro MOXKHO 3alucaTtb B BUjle
H' = 5 (8L 4 B8, —42,2,). (162.3)

Onepatop (162.3) nuHefiHO 3@BHCHT OT KOOPAHMHAT KaXKIOTO 3JIEKT-
poHa, W, CJeloBaTesibHO, €r0 MaTPUUHbIE 3JEMEHTH, BHLIYMCJ/EHHEE ¢
noMombio GyHruui tina (162.1), 6yayT OTJHYMHBI OT HyJ TOJBKO
B TEX CJyudasx, KOTZa B HUX KOMOHHUDYIOTCA S- H pP-COCTOSHHSA IJ
060HX 3/EKTPOHOB OLHOBPEMEHHO V. DTH MATPHUYHbIE 3JIEMEHTHl HMEIOT
BRI,

<lm,, 00| H"|00, Im,> wu <00, lm,|H'|1m,, 00>.
B cuay O6uauueliHON CTPYKTypH oneparopa H', onpepessemoro

(162.3), UX MOXKHO NpEICTABHUTH B BHJE CYMMEBl MpPOHU3BEJEHHH Mar-
PHYHBIX 3JIEMEHTOB OTJEJbHBIX aTOMOB:

. .
<lmy, 00| H' |00, Imy> = 52 (<1m, | E[00> <00 | E¥| Im,> +

4+ <1m, | £t 005 <00 || 1m,>—4<1m,| 2| 00> <00 ]| z| 1m,>). (162.4)

D Moxno 6pio 6Bl paccMOTpeTb JiloGble COCTOSHHS C YETHBIM M HEYEeTHBIM

U'=1{41, nanpuMep p- u d-cocTosiHHAA. DTo, OLHAKO, NPHBOXHT K H3MEHEHHIO BOJ-
HOBHIX QyHKuHil (162.1).



162. O6mennoe stipoxcOenue npu Hasuduu 8036YnoeHUA 99

O6o3Hayas uyepes f,(r) paiMasbHYI 4acTb BOJHOBOH (GYyHKUHH OT-
JeJBbHOrO aTroMa Y moJaras Ajs IPOCTOTHL

ro= 'y (n) £, (r) dr, (162.5)
0

noJyyaeM CJeAyOWui pesysabraT IJf MAaTPUYHBIX SJEMEHTOB, (pury-
pHPYIOLHX B NpaBoll uactd ¢opmyanl (162.4):
ALe[00s =)/ Zr, <00(E[1—1>=—1/ 21,

i A
A=15100y =— )/ Tr,, <00j81>=) Zr, (1626)
10121005 = Y xr  <00[z]105=} L7

[lpu Bcex apyrux KOMOMHAUHMAX KBAHTOBBIX YHCEJ 3TH MATpHYHbIE
37€MEHTHl 00paUlaloTcsl B HyJb. TakuM o6pasoM, HMeeM

<lm,, 00| H' |00, lmy,> =

2,2
25—1;?«(% 61,m.61,m, +% 6—1.m16—1,m,—"% Go.m,(so,m,>- (1627)
Mel BupuM, uyTo MaTPHYHBI sJemeHT (162.7) oT/iHUeH OT HyJIsT TOJBKO
Opu YCJOBHU M= M,.

Bce mecTh BOJIHOBbIX (yHKUHII HyJseBoro npubaumxenus (162.1)
NPUHALJEXKAT OJHOMY U TOMY K€ COOCTBEHHOMY 3HAYEHHIO, ¥ UTOGHI
HalTH NONpaBKY K HEPrHY B IEPBOM IOPSIKE TEOPUH BO3MYLIEHHH,
Mbl [OJKHBI pEHiHTh ceKyJasapHoe ypasuenue. Ecau E’ —uckomas
nonpaska, a QyHKUHH HYJEeBOTO NMPHOJHKEHHA PACIIONOKEHH B HUXe-
CJIEAYIOIIEM MOPSJKe:

|00, 113, [11, 003, |00, 105, |10, 003, {00, 1—13, |1—1, 00,

TO Halle CeKyJspHoe ypaBHeHHe GyleT HMeThb BHI

—E e 0 0 0 0
e —E 0 0 0 0
0 0 —E —%¢& O 0
O O —-4/38 ——E? 0 0 =0, (1628)
0 0 0 0 —E e
0 0 0 0 e —E
rae
9,2
g = %, (162.9)

310T onpene/uTeib MOXKHO Da3fiOKHTb Ha TPH ONpPENeJHTE]sT BTO-
poro mopsaKa, YTo CYLIECTBEHHO yNpOULAeT ero BhYUC/JeHHe. Pe3yJb-
Tarbl PacueToB NPUBEAEHBH B HHXKecJenyloliedl TabJuue.

4*
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Cocrosinue A B(gé‘a“‘,’ji,ap’;,,?’g’o“,;;‘f};” E
I, 1 100, 11> 4| I1, 00> - 2/5e
II, i 100, 11> —] 11, 00> —2/5e
z, 0 j00, 10> |10, 00> — Y8
R 0 |00, 10> —]10 00> +4/4e
o, —1 100, 1—1>+1}1—1, 00> —+2/ge
I, —1 100, 1—1>—|1—1, 00> —2/ge

3neck A o3HauaeT CyMMY KBaHTOBBIX yHces m Asa o60UX aTOMOB H,
CJ/Ie/l0BATE/IbHO, XapaKTepPH3yeT INPOEKUHI0 [QJHOTO 0pOUTAJbHOTO
MOMEHTa 3JIEKTPOHOB Ha OCb MOJEKYJBl, a AJad KJaccubHKalHH
COCTOAHHHA HCIOJb30BaHE O0O3HAUEHHsA, NPHUHATHIE B MOJEKYJAspHOH
cnextpockonuy. CuMBoJbl £ U II 0THOCATCS COOTBETCTBEHHO K COCTOSA-
HusiM ¢ A=0 v 1, a HHEEKCH g ¥ U —K YETHHIM H HEUYETHBIM
BOJHOBEIM pyHKuuam. [Ba II,-coctosnns o6napdaioT OQMHAKOBOM
SHeprueli, U MO3TOMY BCe elle BprO)K}leHbI 310 XKe 3aMeYaHHe OTHO-
curca ¥ K ABYM ll,-cocroanuam. Ilocnennuii cronGen B Tab.uue
NaeT 3HepTHI0 B3aWmozeicTBHsi E’ B elHHHLAX €.

Ecsii 10/1b30BaTbCSl aTOMHBIMY €JMHUIIAMH, TO BOLOPOAONOAO0HbIE
BosHOBBIe QyHKUMU [, u f, (cM. 3azauy 67) GynyT UMeTb BHA

fo=2e"", f1=£6_re_1/’,,

H uHTerpaJ (162.5) HETPYAHO BBHIYMCJIHTH:
ro=V g (162.10)

Toraa ans e Ha ocHoaHuu ¢opmyast (162.9) nmoayuum

16 384 e“’ag

rie a,— paguyc 60poBCKOH OpOuTHI. MBI BUAUM, UTO BO BCEX COCTOSI-
HHMAX 9Heprus B3auMmonefictBusi E’ mnponopuuonasbra R™%. Takum
oGpasoM, Ha GOJIbIUMX PACCTOAHHAX OHAa yOBIBAET MEJIEHHeEe SHEPTHU
B3aMMOJEHCTBHS, KOTOpas COOTBETCTBYeT cHJaMm Bau-nep-Baaabca
W IPONOPLHOHAAbHa R™°. 3HAK paccMaTpUBaeMOTO B3aHMOJAEHCTBUS
3aBUCUT OT COCTOSIHMA CHCTeMbl: B coctofnuax X, u II, aromnl
OTTAJIKHBAIOTCA, a B cocrosinuax 2, u II, npnTﬂrnBa}OTCﬂ

e =

Jintepatypa

Herzberg G., Spectra of diatomic molecules, 1946. (Mweercs nepeson:
Tepybepe TI., Cnem‘pm H CTpoeHHe XBYXaTOMHbIX MosekyJa, HJI, 1949.)
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./Tat-zagy Jd. O., Juguuy E. M., KBaaroBas wexanuka, Pusamarrus, 1963,
cTp 329,

Margenau H., Rev. Mod. Phys., 11, 1 (1939).

King G. W., Van Vleck J. H., Phys. Rev., 55, 1165 (1939).

3ajaua 163. HefirpambHasi MoJiekyJa BOJOpoja

HafiTh 3HEPrHI0 OCHOBHOTO COCTOSIHHSI H PaBHOBECHHIH pasmep
HeliTpaJAbHOH MOJeKyJbl Bogopoaa. [ljia pelleHus BOCNOJBb30BATHCA
METOI0M, aHaJOr MYHBIM METONY, TPUMEeHeHHOMY B 3afaye 44 K nony Hj .

Pemenne. B npuGanxenun Bopna —Onnenrefivepa, xorga noJo-
AeHud sAfep 3a(UKCUPOBaHbI, paccMaTpHBaeMas 3ajava npeicTrasJIsier
coboit mpobaemy nByx Tesa. CHalaue dAxpa (IPOTOH.H) UHAEKCAMHU
a u b, a 2JeKTpOHbl — MHAekcaMu | ¥ 2, MB MoOMXKeM 3amucaTh ra-
MMJBbTOHHAH (B AaTOMHBIX €1MHRUIAX) B Bune

He—g 4+t — (ot o b, (163.1)
rge R—paccrosiipe Mexay sapaMu. B mnpenesbHoM caydae oueHb
Oo/bILUX pPacCTOHUH R BoOJHOBas (YHKIUS CHCTEMBI LOJKHA ITIpH-
HHMaTb B[ NPOH3BeNEHHS BOJHOBBIX (YHKLHH OTAE/IbHLIX aTOMOB.
Ecau anextpon | naxoaurcs BGJIH3Y f1pa @, a 3JIEKTPOH 2-— BOJH3H
aapa b, To Mbl HMeeM npousgelenue f(r,,) f(F,,), €Cau Xe NOMEHATH
3JEKTPOHbl MeCTaMM, To uUmeeM npousseiaenwue f(r,,)f(r,,). I1lpa ko-
HEYHbIX pacCTOAHUAX R pasyMmHbiM npubiarnxenneMm OymeT JuHEHHas
KOMOHHauusa ABYX TaKUX npoussenenuil. Y3 coobparkeHHH CHMMETPUY
cJefyeT, 4TO BOJHOBYIO (PYHKIHIO OCHOBHOIO COCTOSIHMSI MBI JOJIKHBI
BBIGPaTb B BHAE CHMMETPUUHON KOMOHHAUMH!

U (L2)=a [[(Fu) [ (Fe) +F (7)) F(Fa)]- (163.2)

3aMeTuM, YTO NPH 3TOM CIHHHI 3JEKTPOHOB B COOTBETCTBHU C NPHUH-
nunoM Ilayau 6yayT aHTHOApaa/ebHbl. AHTHCUMMETPHUYHYIO KOMOH-
HallMlo, KOTopasl TaKkke SRBJSETCS peliieHueM, HO He NMPUBOIUT K NpH-
TSDKEHHIO MEXKAY aToMaMH W K o0pa3soBaHHI0 MOJEKYJEl, MBI pac-
CMaTpHBaTh He OyAeM.

Ilocae nopcranoskn ¢yHkuuu (163.2) B ypasnenue Illpenvurepa

HU=E.U (163.3)
¢ ramugaproHuadoM (163.1) nonyyaem
F(ra) F(Fan) +Fra) F(ro) + [ io— e — o — Bt | (o) £ (ro) +
+F(ro) f(ra) +F(r) F (P + | 7o e — e —E | %

XF(ro) F(r) =0, (163.4)
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rle AJs MPOCTOTHl BBEIEHO O6O3HAYEHHE:
Fro) =(— 5 Vi— = ) F(ra): (163.5)
[loneficTByem Teriepb Ha JeByl0 4acTb ypaBHeHHs (163.4) onepatopom
§an, Cdv,fo (ra) 1 (o). -

(byskuns f npepnosaraercs HOPpMHPOBAHHOMH) H BBEAEM OGO3HAUEHHSA:
LJIST HHTErpaJa mepeKkphbiTHs

S={ 1 (ra) Fry) dry; (163.6)
AJA KyJIOHOBCKHX HHTEr paJioB
& = (|} (ru) |25, (163.7)
H
& = [ 1 ) PIF (ron) P dridy; (163.8)

JAsi OOMEHHBIX HHTErpaJios

&= S:l]f*(r,,l)f(r,,l) dr, (163.9)

&=\ (ra) [ r) [ (P} P (reg) drdvy; (163.10)
AJa ABYX OCTaBLUHXCH PIH'I;eraJIOB
A= (r,) Firy)dy, (163.11)
A= r ) Fry)dr,. (163.12)
C yueToM yxasaHHBIX 0GO3HAYEHHH IOJlyyaem

2(A+ A'S)—2(8+ES)+ (€ +&') = (E——[%) (1+8%), (163.13)

HIH

_9A+AS 2@8+E9—-(8'+E) |
E=2 -8 Y ¢ +W (163.14)

[Tpumensisi TOT Xe MeTox, KOTOpbIA b/l KCIOAB30BAH B 3ajaue 44
npu paccMoTpeHuH Hoha HY, Mbl Temnepb noJsoxum

fr)= /ge—w. (163.15)
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Cayuaio y=1 COOTBETCTBYeT BOJHOBas (PyHKUHSA OCHOBHOTO COCTOA-
HHUS aToMa Bojaopoaa. Mol 6yneM CUHTaTb BEJHYHHY Y BapHAUUOHHBIM
napaMetrpoM Putua u nomnbiTaeMcs NOJYYHTb HECKOJABKO Jyulllee MpHO-
mixenne. Mcnonbsysi asublil BUA ¢ynxunn (163.15), Mbl B cooTser-
cTBUH ¢ paseHctsoM (163.5) Haxomum

Fira)=(—5v+ 52 )1 ra),

Ta

Tak yTo Tenepb wurerpassl (163.11) u (163.12) 6ynyr paBuu

A=—gy+y0—1), A'=—3pS+@—1é. (163.16)

JlaJiee MOXKHO NOKa3aTh, YTO HHTErpaJ NnepeKphiTHA S 3aBHCHT TOAbKO
OT KOMOMHAUKH NepPEeMEHHBIX

p=7R, (163.17)

KOTODYI0O Mbl MOXKEM HCIOMLb30BaTh HApsily C BEeJHYHHOH y B Ka-
yecTBe BTOpPOro mapamerpa Purua. Bee ocrasbuble nurerpadst 6, 8,
&, &' nponopuUHOHAaAbHBI Y, MO3TOMY MBI MOMKeM HalucaTb

B=v8(p), €' =v8(), E=vE(). & =16 (p). (163.18)

B stux o6osuauenusx sueprus (163.14) npunumaer BHR

E=—ay+by? (163.19)
rje BCJHUYHHLI
21+ B)+4SE—(B' + &' 1
a(p) =24 +%>+]+<5;2 (8 +<6°)__p_ (163.20)
H
1 —824-25&
b(p)=——l—_|:-’_§ré (163.21)

3aBHCAT TOJALKO OT mapamerpa p. DHeprus GyleT MHHHMalbHa, €CIH
BLINIOJHSETCS YCJAOBUE

0E
= —a+2y=0,
HJH
V=755 (163.22)
Toraa nckomoe MHHUMAJbHOE 3HAUEHHe IHEPTHH GyleT PaBHO

a2

E=—2. (163.23)
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Ham ocranoch BeuncauTh naTh HuTerpanos (163.6)—(163.10).
Tpu u3 HuX 6blan Haljgenol B sajgaue 44 ana Hj:

=(1+p+§pz)e“’
B= 2 [1—(1+p)e],
E=(1+p)e-r

Heckoabko cJjoxunee unterpan %', HO M €roc MOXHO BBIYHCJIHTb
sJieMeHTapHbIMH MeTodaMH. C 3TO# Ueablo [pH BLITOJHEHHH NMEPBOro
UHTErPHPOBAHUA [0 KOOpAMHATaM BTOPOTO 3JIEKTPOHA HAJl0 BBECTH
CGepHYECKYIO CHCTEMY KOOPAHHAT C HayajoMm B sjape b H NOJAPHOI
OCbIO, HaNpPAaBJIGHHOH [0 paauyC-BEeKTOPY Fp;, TOMJIA HETPYAHO WO-
Ka3aTb, 4TO

I

ERE

b2 dt, =8 (ry,).

[Nocnenylomee nuTerpHpPOBaHHE M0 KOOPAMHATAM NEPBOrG 3.J1€KTPOHA
NPUBOAHT K yXXe BHIYHCJIEHHBIM HHTErpaJjaM, TOJbKO HEKOTOphie H3
HHX COJEpPXAaT B 3IKCIOHEHTe JHIIHHA MHOXHTeAb 2. OKoHYaTe/b-
HbIH pe3yJ/bTaT MMEET BHJ

€ == [1—(1+g—'p+%p2+%pa>e‘”] :

JeficTBUTE/IbHBIE TPYAHOCTH CBA3aHBL C BBIYUCJEHHEM OOMEHHOIO
HHTErpaja &', KOTODHHA Heslb3s CBECTH K 3JeMEHTAPHBbIM QYHKIUAM.
PesysibTar nuTerpupoBanus, BIEpBHE MOJYyUYeHHbIH Caruypol, MOXKHO
3amHcaTh B BHIE

—S,, 5 23 3 1 4 6 p)
( 8 % f 5 f 15 f ) 5 p
rjne

@ (p) =S%(p) (Inp 4 C) —S* (—p) E; (4p) +2S (p) S (—p) E; (20),

a uepes E, (z) o6o3naueHa HHTerpabHas SKCIHOHEHTA

-<)
_ Se-t
- t
k4
Herpyano yGenntbesi, 4To 1pH GOJBIIMX r MHTerpan &' Beuer Cebs
Kak e~ 4 yTo B npefenbHoM cayuae p=0 oH pasen & ( 0y =2/,
B MOJIHOM COIVIACHH C TeOpHEH OCHOBHOI'O COCTOSIHHMs aToMa TeJus,
AJsl KOTOPOTO PAacCTOsiHHE MEXIy MPOTOHAMH PaBHO HYJIO (CM. 3a-
nauy 154).

PeayJIbTaTbI YHC/IOBBIX pacyeToB cobpanbl B MPHBOIUMOH HHMe
Tabanue.
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[4 v ~-E R
1,3 1,145 1,120 1,133
1,4 1,152 1,127 1,214
1,5 1,160 1,131 1,293
1,6 1,164 1,137 1,374
1,7 1,166 {,139 1,458
1,8 1,164 1,137 1,546
1,9 1,161 1,134 1,635
2,0 1,156 1,129 1,730

DHeprus CBASH MOJEKy/bl J0CTHIaeT MaKcHMyma BOJH3H TOUYKH
R=1,46 aT. ex., 4TO COOTBETCTBYET DaBHOBECHOMY DPAaCCTOSIHHIO
R,=0,77 A (axcnepumenTanpHoe 3Hauenue pasuo 0,742 A). Juepruo

Monekyanl E—=—1,139 caeayer cpaBHHTb ¢ CymMmapHOHR sHepruef
ABYX HEB3aHMOIEHCTB YIOIUX aTOMOB BOJOPOJA, HAXOAAUIUXCA B OCHOB-
HOM cocTosinuH, 2E,=—1. Ecaun 0003HauuTb 3SHEPrHI0 HYJEBBIX

KosieGaHufi MoJsieKyJbl yepes Y/, iw, TO SHEPTHIO AHCCOLHALKH MOXKHO
fyuer 3amHcaTb B BHIE

D=2EO-—<E + M)=0,139 — o,

UroGbl HaATH HEPTHIO HYJEBLIX KOJieGaHHH, MOXKHO BOCIOJAb30BATLCA
TOH Ke mpouenypoil, uro M B caydae uona Hf (3anava 44), npasna,
Tereph Hama TabJsHUA orpenensieT anlpoKCHMUPYIOILYIO HepreTH-
uecKylo napafosy 3HAUHTEJBHO MeHee TOUHO. TakuMm o6pasoM Mel
[oJlyyaeM ¢ TOUHOCTbIO 10 £=5% 3Hnauenue 0,010 at. ex., uan 0,27 3B,
KGTOPO€ IOJIHOCTBIO COr/acyercsl ¢ JKClepHMEHTaJbHbIM 3HaueHHEM
fiw = 0,54 3B. Orcrona s 9HEPIUH JUCCOLHALHUH HAXOLHM

D=0,138 ar. ex. =3,75 3B,

B TO BpeMsi KakK [0 3SKCIepHMeHTalbHbiM jAaHHbiM D =4,45 3B.
CorsracHe Mexy TeopHeil H SKCIIEPHMEHTOM He CJIeJlyeT CYHTaTh CJHLI-
KOM ILIOXMM II0 IPHYMHAM, KOTOpPHIE MBI Pa3bACHHJN B 3anaue 44,
e aHaJOrMyHas CHTYaluusl paccmaTpuBasach Ana Hona HY.

3amenanue. CneyeT OTMETHTb, YTO NapaMeTp y ¢ POCTOM BeJHuYHHH R (Mau p)
CTpeMHTCSl K eQUHHLIE, a GOYHKLUHA [—K BONHOBOH (YHKIHH OCHOBHOTO COCTOSHHS.
B neppokauanchoM Merofe [aitriiepa—JlonoHa 370 3sHaueHHe UCMO/NB30BAIOCH Ha
NPOTSAMKEHUH BCEro pacuera, Tak uTo TaM He GbLIO BTOPOrO BapHalMOHHOrO Napa-
merpa y. B sroMm rpy6om npulivxeHny IJis 5HePrun AHCCOUKALYH H DABHOBECHOTO
PacCTOSTHHA MeXAY AAPAMH NOJYYaJHCh COOTBETCTBEHHO 3HadeHus 2,90 sBu 0,88 A,
Bce Bospacratomue 3nayenus NapaMeTpa ¥, onpejelseMble COTJIacHO nauwed Ta/uie
npu aguabaTHueCKOM CO/MMEHHH [BYX aTOMOB, ONHCBHIBAXOT CTATHBAHHE 3JeKTPOH-
HEIX BOJIHOBBIX (YHKUH{ B Bpoilecce oOPa30BaHHS MOJEKY.JIbl.
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3anaua 164. PaccesiHue OAMHAKOBBIX YacCTHI{

[Tyuok wacTHI ¢ 3apAAOM € CTAJKHBAETCSH C MOKOAIMIEHCS MHIIEHEIO,
COCTOfIIEH W3 YaCTHL TOTO ke copTa. Kak cpaBHHTb yrJosoe pac-
npejesieHHe CTaJKHBAIOLIHXCA YaCTHI, OMXHIAEMOE B KJ/AaCCHUYECKOH
¢H31Ke, C YIJIOBBIM paclpenesneHHeM, NMOJYUyeHHBIM C BOMOIIbIO KBaH-
TOBOfl MeXaHHKH, €CJIH IPH BHIBOJIE MOCJENHEr0 YUHTHIBaJack CHM-
MeTpHA BOJHOBOH ¢yHKIHHM? PaccMOTpeTh 3TOT BONpPOC AJS CTOJKHO-
BEHHH HENOJSPH30BaHHBIX 4acTHU cO cOHHOM 0, 1 H Y.

Pewenue. Amnautyna pesepdOpAOBCKOro pacCesiHHSi B CHCTeMeE
[eHTpa Macc CTaJKHBAIONIHXCA 4acTHU OblJia moJayueHa B 3aaade 110.
OHa umeer creywIHA BUHI:

L, 0
- {x* In sin? r

FO) = — et =T (1) (164.1)
siné —
2
BesuuuHb ®* 4 k* OTHOCATCA K CHCTEME LEHTpa Macc, HpHYeM
ot _8—2_ ,_._’ﬂ . fi2pe
=i k= 5 E=2m*' (164.2)

rae m*—OpHBEIEHHAA MacCa [ABYX ONMHAKOBBIX 4acTHIL, m*=!/,m.
OTHOCHTEeLHAS CKOPOCTh ¥ He 3aBHCHT OT BHOOpa CHCTEMBI OTCHETA,
N03TOMY I8 BeJMYHH %, 2 H E, oTHocsmuxca K Ja6opaTopHOM
CHCTeME, MOXKHO HamHcaTb

* * l &* l
w*=uxn, kK =§k, E =7E. (164.3)
Orciona caepyer
L0
—mlnsm'?
f(ﬁ)=——%g2inoe————6——, Mo=T (1 +ix). (164.4)
sin2§

¥ron paccesnus B sa6opaTopHOH cucteme © cBssaH ¢ ymom pac-
cesitusi 0 B CHCTEME IEHTpPA MAacC COOTHOIIEHHEM

0= 9. (164.5)
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Cnenopare/ibHO, AJA 3/JE€MEHTA TEJECHOTO yrJa MOXKHO HamHCaTh

do=2nsIn9d¥=2n-4cos OsinO@dO=4cosOdQ. (164.6)
C yueToM 3THX 3aMeuanuil nuddepennHaabHoe ceuenne pesepdopros-
CKOro paccesHHsl NPHHHMAaeT B JAa0OpPaTOPHOH CHCTEME BHI
1

2
%=4cos@(—:—> - (164.7)
rue
% e? e?
F=mAOE

Jaxe ¢ TOUKH 3PeHUS KJ/acCHYeCKOH MeXaHHKH 3Ta dopmy.a
HYXJAeTCHA B CYNIECTBEHHBIX McIpaBjeHUAX. [leficTBUTENbHO, eCJH
ofe CcTalKHBAOLIHECA YaCTHLBI ONHHAKOBEI, TO PacCeHBaEMYI0 YacTHIY
HeJb3sl OTJIHYHTL OT YacTHLbI, BLIOWTOH H3 MHIUEHH: 00e OHH AAIOT
paBHONEHHBbIA BKJaj B cedenHe paccesnus. Tak Kak, COrJacHO COOT-
HowenHio (164.5), cTajKHBaOIHECH YAaCTHLBI PA3JETATCd 101 Nps-
MbIM VIJIOM, TO YacTHOA, BEIOHTAas H3 MHUILLUEHH, JETHT [OX YTJOM
n/2—0 K HampapJeHHIO INajalomero Nyuka, a BMECTO (OPMY.bl
(164.7) mbl po/KHBI HamucaTh

do,,

o) =4C°S@(‘7I:'>2(sin_;6+co—slf§)- (164.8)

HiMeHHO 3TO KJ/accHuecKoe BhipaKeHUe cJelyeT CPABHUBAThL ¢ KBAHTO-
BOMEXaHMYECKHMH pe3yJbTaTaMH, KOTODbie OyIyT NOJYyuYeHbl HHIXKe.

CorslacHO 3aKOHaM KBaHTOBOH MeXaHHWKH, Mbl JOJKHBI CKJaibl-
BaTb HE HHTEHCHBHOCTH (T. €. 3(peKTHBHLIE ceueHHS), a aMIUTY]bL.
ITycte u (r) — HecuMMeTpH30BaHHAs BOJIHOBAasi (YHKIHS B CHCTEME
UEHTPa Macc, a ¥ — pajHyc-BeKTOP OTHOCHTEJLHOrO I0JIOXKEHHS yac-
THIL. ACHMITOTHKA BOJIHOBOA (YHKHHH, €CJH OTBJEULCS OT Jorapud-
MHUYECKOTO HCKa)KeHHs (asbl, UMeeT BHUI

[h*
etkr

u(r) — e 4 f(9)

—.
Durypupy:olyio B 3TOM BBIDAXKEHHH I1JIOCKYIO BOJHY MOMKHO 3alH-

caTb B BHJE
gik* (21-2,) |

[Mocsiennee BhIpaxkeHHe ONMCHIBAET JIBE HACTHIBI, ABHXKYIIHECH BAOJb
OCH Zz: OfHa JBHXKETCHA CO CKOPOCTBIO 1/,0, a APYras-—co CKOPOCTHIO
—1/,0. Ecau BBecTH cioia MHOXHTE/Ib, ONHCHLIBAIOULHH JBHKEHUE

HEeHTpa Macc
eik* (2,+24)
’

TO y HAC MNOJYyUYHTCHA I1JIOCKasa BOJIHA
etk*ey — eikz,’
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ONUCBHIBAIOIIAA [IBUXKEHHE uvacTHUb 1 (Hajeraoomas 4yacTHUA), MpPH
3TOM HacTHUA 2 (yacTHLAa-MHIIeHb) OyJleT HaxXOAUTbCH B COCTOSIHUH
noxos. Ilpusenenuele paccyjieHUsl OTHOCHJINCH K HECHMMETPH30BaH-
HOfl BOJIHOBOH (pyHKIIMH 1BYXYaCTHUHOH CHCTeMbl. YUTOGE NPOH3BECTH
CHUMMETPH3aIMIO, Mbl IO/KKHBI 3aMEHHTb u (r) Ha

u(r)+8u(_r)’
rue
g= 1.

IOnsi chepuuecKoll BOJIHEI B aCHMITOTHYECKOM BHIPAXKEHHY BOJHOBOH
¢yHKuHH 3TO O3HauaeT 3ameHny f(¥) Ha

f(®) +¢f (n—9).

OrmeTum, 4YTO BeJIHUHHA r MpPH M[EpPeXoie K CHMMETPH30BAHHOMY
BbIDAXKEHUIO OCTaeTcsi HeH3MeHHOH. Takum o06pa3dM, HCHOJb3YA
Bhipaxkenue (164.4), umeem

) —i% ln sin’——g— ~i{x 1n cos® %
f(ﬁ)+af(n-—ﬁ)=—,—n%e“ﬂo ¢ +et T (164.9)
sin27 cosz7

U crejoBaTenbHo, Qopmyna (164.8) 119 KaaccHuecKoro ceuyeHHst pac-
CeslHHA 3aMeHAeTCs Tenepb GopMy.JioH

do 2 \2 e-m In sin? © e—iu Incos? © |2
—==4c0s0|{-— —— +e o ,
dQ my sin? © cos? ©

(164.10)

KOTOpasi NOCJ/e 3JEMEHTapHbIX I[peobpa3oBaHuil MpPHHHMAEeT BHI

2
p . 1 | 2 cos —e—lntg28>
o e? \2 v

FQBLICOS@(——) sin“(;)_i_cos”;)-{_8 sin? © cos? @ . (164.1])

mo?

Mbl BHAMM, YTO OT KJ/IACCHUECKOTO BBIPaXKEHHA NOJydeHHas Qopmyaa
OT/IHYaeTcss HaJHuueM HuTepdepeHUHOHHOro yHcJaa. HUToObl CpaBHHTDL
KJIaCCHYeCKYI0 H KBaHTOBYIO OPMYJbI A5 AH(DePEHULHAIbHOTO ceye-
HHsl paccesiHusl, yno0HO DaccMOTPeTb OTHOIIEHHE

4 21g2 O cos <)Tji In tg28>
o v

B 3ak.ioueHue Mbl JOJIKHBI DEUINTb, KakKad 4acTb MEPBHYHO He-
NOJSIPH30BAHHOIO MYyYKa ONMCHIBAETCS CHMMETPHUHOH aMIJHTYIOH,
a KaKas —aHTHCHMMeTpU4HOH. Ecsu o6e cTaJKHBalOUIHeCsS YacTHLbI
SIBJSIIOTCH  (pepmuoramy CO CHOHHOM '/, Kaxjas (iBa I[IDOTOHA HJH
JBa 9JEKTPOHA), TO HX IOJHAs BOJHOBAaA (yHKUHS IOJKHA ObITb
@HTHCHMMETPHYHOH, H TO3TOMY CHMMETPHUYHOE IO CIIHHY W aHTHCHM-
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METPHJHOE TIO NPOCTPAHCTBY TPHUILJIETHOE COCTOAHHe OYyIeT y4acTBO-
BaThb B paccesiHull C BecoMm 3%/, a obJajaioliee MPOTHBOMNOJOXKHOH
CHMMeTpHell CHHIJIeTHOe cocTosiHHe —c BecoM !/,. Takum obGpasom,
uMeeM

3 1
dO':TdO'_ +Td0+,
rjle HHACKCHI - COOTBETCTBYIOT JABYM BO3MOXKHBIM 3HAUCHUSAM BeEJIH-

uunbl & B (opMyJse (164.11). CnexoBaresbHO, B 3KCIEPHMEHTAX C He-
T10/151pH30BAHHBIMHA [y YKaMH

=g =7
H
& , tg? @ cos <—;—3 Intg® @ )
o= ' Tig' 0 . (164.13)

I'paduk 310l QyHKUMH AJi CJy4yass pacCesiHHs IPOTOHOB Ha IIPOTO-
Hax upH sHeprun E =100 k3B nokazan Ha ¢ur. 64. IlpakTn-
yecku 100 k3B -—>5T10 TO Hanbo/blLIee 3HaUYEHHE IHEPIHH, MPH KOTO-
pOM B pacCesiHHM ele He [10fABJA-

I0TCS  CKOMbKO-HHOYIb  3aMETHBIM L0 N /“
06pa3oM aHOMAJHH, BO3HHKAOILHE \ 7
Gaarofapsa  KOPOTKOIEHCTBYIOLIHM T \

SIEPHbIM CHJIaM NPUTSKEHHS MeX- /

1Y TPOTOHAMH (CM. CJE1YIOHmYyIo d;’”

sagauyy). B paccmatpusaemom Hamu M08

cayuae x=10,50. Kpome Toro, Bbl- ! )
paxenue (164.13) He meusercs npw N N O S NS S
3avene © — /2 —©, nosTOMY NpH 0° 15° 30° 45° 60° 75° 90°
BbIYHUCJCHHAX JOCTATOYHO Or'paHH- @ ur. 64. Paccesune nByx onuHa-
YUTBCS HHTEDPBAJIOM yI'JI0B KOBBIX (hepMHOHOB.

e o Ky - Ilokasana yrJyioBasi 3aBHCHMOCTb OTHOLIE-
0 < e = 45°. Ecan NEpeHTH K Cy HHSI KBAaHTOBOIO K KJIACCHUECKOMY cede-

lIlec TBEHHO 60JIee HH3KUM SHEPTrHM, o B oxpectiocTax, 0% & 90 Hueercn
BEJIHUMHA % MOXET CTaThb HACTOJb- AHTYZe oChMATALEA

Ko 00JbIIOH, YTO B paccmarpH-

BaeMoM HHTepBase y QyHKuuH cos (% Intg? ®) noasutcs HeCKOJbKO
ocumaasinnii. s oueHb GoJbLIMX 3HAYEHHH BEJHYHHBI %X 3TH OCILHJ-
Ay GyAyT HacTOJbKO OBICTPLIMH, YTO HX HeJb3s1 GyJeT paspeuintb
5KCNEePHMEHTAJBHBIM YTEM, H CEUeHHe paccesiHHs Oy 1eT OMUHCHIBATHCSA
KJacCHUYeCKo#l (GopMyJIoH.

Ecay crainkuBaioUuecs 4acTHIBI ABJSIOTCA 0030HAMU H CIHH
KaXXJIOH W3 HUX paBeH HYJIO (Hanpumep, J8e c-4acTHUbI HJH [Ba
7-ME30Ha), TO BO3MOXKHO TOJLKO HPOCTPAHCTBEHHO CHMMETPHYHOE
coctoanme ¢ &=+ 1. Pasymeercs, ana o-uacTuu e? HEOOXOAHMO
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samenuts Ha 4e¢?. Ecam ke ofe wacTuubl sBJAIOTCA OO30HAMH H
CIIHH KaXJIOH W3 HHX paBeH | (nanpumep, ABa JIEATPOHa), TO BO3-
MOXKHBI CIHMHOBBIE COCTOSIHHA € CYMMapHBIM COHHOM 2 (Bec %/y),
1 (Bec 3¥,) u O (Bec !/,), npHuemM B NEPBOM H B MOCJENHEM Cayyasix
BOJIHOBAas1 QYHKUHS JOJ/KHA ObITb TNPOCTPAHCTBEHHO CHMMETDPHYHOMH.
Takum obpasom, umeeM

5 1 3 1
(3 4) 3=+
H

2
J 9 tg? O cos <%— In tg? 8>
o v

3amevanue. CHMMETpH3OBaHHOE KJaccHuyeckoe Bhipamenne (164.8) Bnepsble
6u10 Henoab3oBano B padote Hdapeuna [Darwin C. G., Proc.-Roy. Soc., 120A,
631 (1928)]. BuBox kBaHTOBOMeXaHHUecKOH GopMyan npHHaiaaexut Moty
[Mott N. F., Proc. Roy. Soc., 126, 259 (1930)]. SkcnepumenTajbHas nposepka
aTofi GopMyabl NPHMEHHTENBHO K PACCesHHIO a-yacTHll Oblia ocyuwiecTsieHa Ysn-
sukoM [Chadwick J., Proc. Roy. Soc., 128A, 114 (1930)], a taxwe BJiskerTom H
UsmnuenoM [Blackett P.M.S., Champion F.C., Proc Roy. Soc., 130, 380 (1931)],
a paa nporonos ato clenan Ieprsen [Gerthsen C., Ann. Phys., 9, 769 (1931)).

3ajaua 165. AHomajbHOe paccessHHe NPOTOHOB Ha MPOTOHaX

TTpu sueprusax, npessimatounx 100 k3B, B pacceaHuH npoToHOB
Ha OPOTOHAX HAYHHAIOT MOABJSTHCA aHOMaJHH, 0OYCJIOBJEHHHE Ha-
JHYHEM KODPOTKOJACHCTBYIOIMX SAEPHBIX CHJA npHTsXkendsd. Onucate
3TO aHOMAaJIbHOE pacCesiHHe ¢ TOMOIIBI0 NONOJHHTENbHOIO CABHIa
¢dasbl &, napuuaabHoi BoJHEl ¢ [=0,

Pewnrenne. Be3 yyera cHMMeTpH3aLHH BOIpoC 06 aHOMAJbHOM pac-
CesHHH 3apSKeHHBIX YacTHL paccMaTpuBaJcs HaMH B 3ajaue 112.
CorsacHo noJyueHHbIM TaM pesyJbratam [(opmyaa (112.5)], amnan-
Tyla paccessHHsl B CHCTEME HEHTPa MacC CTAaJKHUBAIOUIHXCS YaCTHIL
UMeeT BH]

R
)= ——2—e T L e ). (165.1)
2k* sin2~2— !

Jlaa npanvHeiiuero yno0HO BBECTH 0603HAUEHHS
F(8)=Fr(®)+f, (165.2)

rie nepsblii uJeH ONHCHIBAET pe3epdOpLOBCKOe paccesiiHe, BbI3BaH-
HOE KYJIOHOBCKHM B3aMMOJEHCTBHEM, a BTOPOH u/eH

fo=gpe (€0 —1) = K eitosin 8, (165.3)




165. Anomanvroe paccesnue npomoHod HA NPOMOHAX 11t

npeacTaB/sgeT co6oli aMIVIUTYAy aHOMaJbHOIO pacCesiHHs. Y UHTHIBA %
jaJjee, 4TO

1
Rr=zk, 9=0 (165.4)

2

M YTO, COTJIaCHO pe3y/bTaTaM IPeAbAYyIIeH 3ajayH, CHMMETpHU3aLHf
NPHUBOJUT K COOTHOILEHHIO

& — 10050 [31 ()~ )+ 1F )+ =], (165.5)
MbL TI0JIyYaem
To— 108 © [ 3172 (®)—frl@—) +
+ 11 Fo(®) +Fr (-—8) + 2, 2] (165.6)

Tak Kak aMOAHTyJa aHOMaJibHOrO paccesiHHs He 3aBHCHT OF yraa O, To us
neporo uwiera ¢opmyas (165.5) ona soinagaer. 3aMeyarTenbHO, UTO Jaxe OpPH
GoJlee BLHICOKHX BSHEPrHsX, KOFAa B aMIVIHTYAy aHOMAJbHOrO paccesHus f, AaiOT
BKJaj COCTOSHHMSI C BHICIUHMH 3HAUEHHSIMH MOMEHTa W KOrja

@®
fa=gggs 3, @1+ 1) % W= @20 _1) P, (cos ),

=0
HH OJHO H3 COCTOSIHHH C 4eTHHIM [ He faeT BKJiaja B Tle'lJIeTHblﬁ YJICH H HH OJHO

U3 COCTOSIHHE ¢ HeueTHHIM [ Re faer BKJaja B CHHIVIETHHIR WjeH. JTOT pesy.asTaT
ABJSETCH NPAMBIM C/IENCTBHEM COOTHOLIEHUS

Py (cos (. —8)) = (—1)¢ P, (cos B).
Taxum o6pasoM, B ceueHHEe paccesiHHsl JalOT BKJal JHIIL T€ 4YJIEHbi, KOTOPbie
COOTBETCTBYIOT COCTOSIHHAM
1§, 3P, 1D, ¥F, 1G, ... .
D10T pesysbTaT HaXOQHTCH B [OJHOM COrJacHH c npuHuunoM [laymu, ecan ero

NPHMEHATD [0 OTAEJNLHOCTH K KaX[0H M3 mapuHa/bHHIX BOJH (cocrosnus 38, 1P,. ..
3anpelueHbl)

Bripaxenne (165.6) HeTPYIHO NpPHBECTH K BHAY

Z—;= 4c0s O {|fr (B) P +|fr(n—B) P—Re [f (D) fr (n—)] +
+ Re[[ofr ®)] + Re [[ofp (n—] +{f, 2} (165.7)

B nepBo#i cTpoke 31eCh COGpaHbBl 4JEHBI, OOYCJIOBJIGHHLIE KYJOHOB-
CKHM paccesiHHeM; OHH NOAPOGHO paccMaTpUBAJUCh HAMH B IIpeibl-
nymeli 3agave. Bo BTOpPOH CTpokKe HMEIOTCH JBa 4Jji€Ha, CBSI3aHHBbIE
¢ uHTepdepenuHel Ky/JOHOBCKOI'O H aHOMAJbHOI'O PacCesinis, H UJeH,
06ycJIOBJICHHEIA COOCTBEHHO aHOMAJbHBIM paccesHuHeM. Ecad Bcnowm-
HUTb ABHBIH BHJA aMIJHATYR fgp M f,, TO 3TH TPH MOCJeIHHE uJ/eHa
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HETPYJIHO BbLIYMCJHTL!:

e [faf (0] — Znsindo o (8, + = In sin? @),

k% sin® O
Re [f /3 (n—8)] = i’; z:)r;fg cos (8, + % ln cos? ©),
|Fo o= gasin® 8,.

OG6bIuHO BBOJHTCSA OTHOLIEHHE CEUeHMH pacCesHHA

_ do

rae doc O3HayaeT CeueHue KYJIOHOBCKOTO paccesiHus, BbLIBEIEHHOE
B npenbiAylledl 3anaue [u/ieHb!, CTOsIIHE B NepBo crpoke (GOpMyJbl
(165.7)]. Mbl umeem
_2 sin 8, [cos (60—|Tn21n sin28)+cos 6o+ sz cos? G)J +iz sin2 8,
R=1+ % sin? © cos* © % )
1 cos (% In tg2 B)
SNt 6 TcosT®  siniO cos? ©

(165.9)

R(45°) Jroit  ¢GopMyJIOH MOXKHO [0Jb30BATHCH JO
o't TeX Nmop, IOKa He HrpaeTr poJju °2P-pacces-
HHe, T. €. JO TeX MOop, NOKa SHeprus mpo-
TOHOB He TpPEeBBIIIaeT HECKOJIbKO M3B.

N3 dopmyaer (165.9) caegyer, 4ro s
yrioB ©=0° u @=90° orHoweHnune R =1;
I/ 3THX YIJIOB KOHEUHbIH BKJAaj aHOMaJb-
HOrO paccesiHHs INOHaBJAAETCH CHHTYJAD-
HOCTBIO, HMEloLleficd B KYJOHOBCKOM pac-
i cesHHuH.
0° 20° s50° BoJsee BaxeH amaniu3 BbIpaxkeHus aJs
BeJHUMHBL R npu ©=45°. B srom cayuae
HMeeM

o
i

i

T T 11

1 l
-20° -10°

6

4
Z—
!
0°

Sy —=
O ur. 65. 3aBuCUMOCTD OT-

2 .
HOWeEHHS (aKTHYeCKoro K R (45°) = | — = sin 8, cos (8, — In2) +
YHCTO KYJIOHOBCKOMY cCeye- x

HHIO paccessHns npu O = 45° 1.
ot casura dasel 8. + 5 sin? 8, (165.10)
HOJIO)KP[TEJIbe]M (%Tpuuarenb-
2’;";)10:-“Z'Lﬁ,ﬂo’l?(’zneé’cﬁa;?gﬂé [Ipexxae Bcero paccMoOTpuM NPHBE/EHHOE
CHAbl UPHTSNENHA (oTTankd-  BLIpAaXKEHHE IJf JOCTAaTOYHO MaJOH 3Hepruy
BaHHA)

nporoHoB, ckaxem naasa 250 k3B. Torpa
BesuuynHa % =0,316, T. €. eme KOBOJBHO BeJHKA, H AONOJIMHTE]L-
HBUA CABHT (paabl paccesigus O, Oyner oueHb MaJ, IO3TOMY BTOPO#

ynen B BhipaxeHuH (165.10) sHaunTeJbHO 11PEBOCXONUT TPETHH UneH,
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u, HaGmonas paccesinue noj yrjom 45°, Mbl JIETKO MOXKeM peLIHTb
BONPOC O 3HAKE [ONOJHHTEJbHBIX CHJ. Ec/an Mbl HMeeM jeso ¢
cHiaMH npHTSxeHHus, 170 §,>>0 U R(45°) < 1, ecan ke Mol HMe-
eM J€J0 ¢ CHJaMH oOTtaqakuBanus, 170 0, <0 u R (45° > 1.
OKCIIEPUMEHT [OKasblBaeT, UTO SAAepHbie CHJBI ABJAAIOTCS CHJIAMH
NPHTAKEHHA.

[Nepefinem Tenepb K Oosiee BBICOKHM 3HeprusiM. [1ycTb, Hanpumep,
E=1 MsB (»x=10,158). Briuncsiennas no ¢opmyae (165.10) 3aBucu-
MOCTb OTHOIEHHA R (45°) or cisHra ¢assl §, mokasana Ha ¢ur. 65.
Tak KaK Mbl yxe pewuJH, uro 8, > 0 (npursxkeHnue), 1o sTa Kpu-
Basg OJHO3HAYHO omnpejenasieT cuBur ¢asel O, ecau R (45°) > 1,
HmenHo Tak H oOcTouT nesn0 B cayuae E=1MsB. llo gauubim
skcrepuMeHTa R (45°)=4,6 wu, cienosatesbHo, O,=32°. [leiicTBys
TaKHM 06pa3oM, Mbl OZHO3HAYHO HAXOAHM 3aBHCHMOCTb [OTNOJIHH-
TEJBHOI'O CcIABHTa (a3l paccesHus 8, OT HEPTHH.

C nomompio ¢opmyanl (165.9) m HafineHHBIX 3HaYeHHH O, MbI
MOKeM Telepb BBLIYHCJNTbL OTHOLIEHHe R 1J14 APYyrHX YIJOB paccefl-
HHSl H MOJYYEHHBIE TAKUM IYTeM YIJIOBBIE pacIpeieJeHus /s Kaxk-
JOT0 3HAYEHHS 5HEPrHH CPABHHTL C NAHHBIMH 3KcnmepumeHnrta. Tem
caMbIM TeopHusl noasepraercs Gosee TmaresbHOH nposepke. Kak oka-
3aJ10Ch, TEOPHA H 5KCIHEDPHMEHT IIPEeKpacHO CorJacyilorcs Ipyr

¢ Apyrom.

Jlureparypa

Blatt J. M., Jackson J. D., Rev. Mod. Phys., 22, 77 (1950).
Flagge S., Ergeben. exakt. Naturwiss., 26, 165 (1952).

3anaua 166. Heynpyroe paccesnue

[Tyyok NpoTOHOB CTa/KHBaeTCs C MHUICHBIO, COCTOAUIEH H3 aTOMOB
LIeJIOYHOTO MeTaJsila. PaccmaTpuBad B3auMOAGHCTBHE MEX1Y OpOTO-
HOM H aTOMOM B KauecTBe BO3MYUIEHHUSA, HAaHTH CeueHHe HeyNpyroro
paccesiHusi, CONpOBOXKaaouleecss BO3OYK/JEHHEM OINTHYECKOTO 3JIEK-
Tpona. CunTath, YTO ONTHYECKHH 3JEKTPOH NEpPBOHAYAJILHO HAXO-
IUJCA B CBOEM OCHOBHOM cocrosinnu. OTnauy aTOMHOrO OCTOBa He
yuuThIBaTh (6ECKOHEUHO TSIXKEeJ0e Sapo).

Peuienne. Mbi Gyziem NoJIb30BATECS aTOMHbIMH exuHHuaMu (h=1,
e=1, m=1) n 00603HAYHM IOCPEACTBOM F, M F, DAAUYC-BEKTOPHI
COOTBETCTBEHHO NPOTOHA M 3JEKTpoHA. TOrAa raMHJIBTOHHAH MOXHO
NPeACTaBHTh B BHJE CYMMBI TPEX CJaraeMblX:

H=H,+H,+H,, (166.1)

riie nepBoe cJaraeMoe,

Hy=— 50 V4, (166.2)
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ONHCBbIBAaeT CBODOJHOE [BHXKEHHE MNpPOTOHAa Macchl M; BTOpoOe cua-
raemoe,

Hy=— 5 Vi+V (), (166.3)

OIIHCBIBAET JBHXKCHHE ONTHYECKOT O SﬂeKTPOHa B I10J1€ aTOMHOI'O OCTOBa
H TpeTbe cJaraemoe,

1

Hy=—V(r)——

, (166.4)

Ta
OITHCHIBaeT B3aHMOJEHCTBHE NPOTOHA C ATOMHBIM OCTOBOM H NOJBEp-
raloumuMcsl BO3DYXKIEHHIO ONTHYECKHM 3JEKTPOHOM. DTO rlocje[Hee
cJjaraemMoe raMHJbLTOHHMAHA CJAeIyeT pPacCMaTpHBATh B KaUeCTBe BO3-
myumennsa. Taxkofl nopxop K 3ajaye TNpPaBOMEpEH JHIIb IO TeX IOp,
TMOKa 3HEPTHsl NMPOTOHA HE CJ/MIIKOM BEJHKAa H OH HE MOXeT BO36y-
IUTb HH OJHOI'0 3JIGKTPOHA ATOMHOI'O OCTOBA.

O6osnauuM uepes uy cobcTBeHHYIO QyHKILHIO onepaTopa H,, npu-
HaJJIeXKaulylo COOGCTBEHHOMY 3HaueHHI0 W, (31€Cch HHAEKC v CTOUT
BMECTO COBOKYIIHOCTH KBAHTOBHIX uYHceJs n, [, m, npnideM 3nauenue
v=1{_ OTHOCHTCi K OCHOBHOMY COCTOSIHHIO). MH HMeeM

Hauy (ry) =Wy uy (r,). (166.5)

Iyctb nasee fik ecTh UMIYJIbC HAJETAIOWIErO NpoTOHa, TOrAa B Hy-
JIeBOM NOpSAJKE TEODHUH BO3MYIIEHHMH, T. €. B rpeHeOpeXeHHH onepa-
Topom H,,, pelnenne ypasHenHs llpenunrepa Oyaer uMerb BHJ

U (r,, r,) =e*ru, (r,). (166.6)

BoiiHOBY10 ¢YHKIHIO [epBOTO NPHOJIHKEHHS MOXHO Pas/OXKHTh [0
NOJHOH CHCTeME OPTOHODMHPOBAHHBIX GYHKUMH {uy }:

Ulr, r)=e*ru,(r,) +2, Fy(r)u,(ry). (166.7)
m

31ech 3HaK CyMMBI CJefyeT NOHMMATh KaK C yMMHPOBaHHE IO COCTOS-
HHSIM QHMCKDPETHOr'O CIEKTPa H HHTETPHPOBAHHE 1O COCTOSIHUSIM HEIpe-
PHIBHOTO CNIEKTPa, a IITPUX O3HAYAET, YTO CYMMHPOBaHHE HE pac-
IPOCTPaHACTCH HAa COCTOsiHHE C p =0,

[MoncraBaas seipaxenue (166.7) B ypaBuenue [lpenunrepa, mo-
Jyqaem

Zu, {ViFy + [2—2M (W, — W ))] F, —2MH ,F, Y uy(r,) =
=2MH , eé* "y, (r,).

B nepsoM mopsinke T€OpHH BOSMYILIEHHH Mbl MOXEM IpeHebpeub B Je-
BOH YacTH 3TOTO ypaBHeHHs u4JeHoM ¢ H,,. BBoas o6osznayerue

Pk OM (W, —W,), (166.8)
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Mbl, TAKHM 06pa3oM, mnoJydaem
3 AV (1) 4 kg Fu () (r2) = 2MH g ety (1), (166.9)

YMHOKas Moc/aeqHee ypaBHEHHe Ha GyHKUMIO U (r,) U HHTErpH-
pysl 10 NEPEeMEHHOH r,, HPUXOAHM K COBOKYIHOCTH HE3aBHCHMBIX
aubdepeHUNaNbHEIX ypaBHEHHHA A4S QyHKuuil Fy:

VEF, 4 kEFy = @, (1)), (166.10)
rje
O, (r) =2Me# s § u? (r,) Hyqu, (7)) dor,. (166.11)

Kaxpaoe u3s ypasnenuii (166.10) npexctaBaser coGoi HeopHopogHOe
aupdepesunalbHOe ypaBHEHHE H €0 MOXHO PEUIHTh C IIOMOLILIO
¢yakuuu 'pura, T. e. Mbl HMeeM

1 etkvlr,—r‘ P
Fv(r1)=—4—nSﬁ—_——;,T(Dv(r)dr. (16612)
Urto6bl NONYuHTL (GOpMYJY AJA CEUEHHUS PacCesiHHsi, Mbl JOJKHbE
Telnepb HCCJENOBATh aCHMIITOTHUECKOe roBefeHHe pelneHHs (166.12)
npu r,— oo. Huterpan B Bopaxenuu (166.11) npas ¢yHRuuu
Oy (r,) npu Oosblinx 3HaueHHAX r, yOblBaeT Kak 1/r?, Tak Kak ome-
patop H,, npencras/isieT cOSOH 3HEPTHIO B3aHMONEHACTBHs IPOTOHa
¢ HeATpaJ/IbHbIM aTOMOM H, COTJIacHO paBeHcTBY (166.4), cTpemurcs
K —(r,-ry)/r} npu r,>r,. Takum o6pasom, Ha/JMuHe MHOMKHTeJs
@y (r’) B mopbIHTErpasbHOM BbipaxkeHHH (166.12) npakTuuecKu orpa-
HUYHBaeT pa3Mephbl 06/1aCTH HHTETPHPOBaHHA pa3mepamu atoma. [lo-
3TOMY NPH 7, — 00 MOXKHO IPEANOJOXKMTb, YTO 7, 3>r’ H, cJejo-
BaTeJbHO,

eikv ry

Fy(ry) —— ge“kv"ms"v'”d)v(r’)dsr’. (166.13)

4riry

[Tocnennee BeIpaxeHHe npeicTaBaser coGof pacxopsmiylocs cgepu-
UYECKYI0 BOJIHY, KOTOPYIO MOXKHO 3alHcarb B BUJE

otky 1
’
1

Fo(r)—7f () (166.14)

r

rjae aMnJiiTyla paccedaHHus
F(8,)=— 4= | emity reostr ) by (') dor’ (166.15)

ABasierca QyHKIHEH yraa, Ha KoTopwifl pacceusaercs npotoH. Orcioga
caenyer, uyro aupdepeHUHaNbLHOE CeYeHHEe HEYIPYroro paccestHust
NpoTOHA, CONPOBOXKIAIOUMIESCA IIEPEXOAOM ONTHYECKOTO 3JEKTPOHA
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B WEJOYHOM MeTaJJe B COCTOAHHE V, 6y11eT paBHO
k
do="Y| f(8)dQ,. (166.16)

Muoxureas ky/k nosipisiercsl 3Jecb H3-3a TOro, YTO CKOPOCTb pac-
CesTHHOTO IIPOTOHA, a CJefOBaTe]bHO, H CBfi3aHHAs C HUM IJIOTHOCThb
TOKA BEPOSITHOCTH MeHblUe COOTBETCTBYIOULHX BEJHUHH, OTHOCSAIMXCH
K HaJIeTalomeMy IPOTOHY. 3TOT BHIBOA Cpasy Ke craegyer H3 ¢op-
myJ bl (166.8), ecan ee WHTEpNPETHPOBATH KaK 3aKOH COXPaHEHHHA
BHEpPrHU.

OctaHoBHMCA Tenepb HECKOJIbKO mojpofHee Ha Borpoce 00 yrJo-
BOM paclpejie/ieHHH HEYNpPYro paccesiHHBIX NpOTOHOB. [1pexne Bcero
BBeaeM B 3kcrnoHeHTY (166.15) Bekrop Ry, HanpaBJieHME KOTOPOro
cOBIajaeT ¢ HampaBJieHUEM BEKTOpa F,, MOJOXHB

kyr'cos (ry, r)=Fky-r'.
Menonbayst cootnomenus (166.11) n (166.4), nonyuaem
f(d)=— —21% S dsr’et =y )1

><S Uy (Fy) {-— 1% (r’)——,—r%rj} Uy (P} dor,.

Ouesunno, 4to wied ¢ V(r’) He nact BkJaja B Heympyroe pacces-
nue (v==0). dopmanbHO 3TO cJielyeT H3 OPTOrOHAJIBHOCTH (QyHK-
UAR Uy, a GH3HUECKH OOYCJOBJCHO TEM, YTO B3AHMOJEHCTBHE MpO-
TOHA C aTOMHBIM OCTOBOM HE MOXKET IIPDHUBECTH K BO30GYKIEHMIO
9JIeKTPOHA, KOTOPLIH HE fABJAETCA YaCTbio 3TOr0 ocToBa. BBoas
naJjee nepelaHHbl umnyaec Ky = R— Ry, noayuaem

etKV -

: M . . ,
’(ﬂl)zﬁjdsrzuv (ry) u, (r,) S‘I—r’———r;[—dar . (16617)

Tlon 3Hakom BHYTPEHHENO HHTErpa/a CTOMT BbipaKeHHE, COCTOS-
(iee H3 IBYX COMHOXHTEJEH, KaXIbli H3 KOTOPBIX MOXKHO DPa3Jo-
KHTb B PSIA [0 CPEpPHYECKMM TapMOHHKAM, 3aBHCAILUM OT YIJIOB
4" u U, coorBeTcTBEHHO MeXIy BekTopamu K, H r’ U BeKTopamu r,
ur:

tK_.r 1 w‘ ————
e v =g ,,2_1/4n(21+1)il,L(er')Y,,0(ﬁ')
N (=0
5]
1 4n ’
e 2V om R 00,
rne
1 ( r’A\n ,
P R r <r;y .
R,={ \" ) (166.18)

1 ra \” ,
=l Syl B ro>r,.
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BriOupas HanpaBJeHue BekTopa K, B KaueCTBE HANpPaBJEHHA I0-
AApHOfi ocH cdepHuecKod CHCTEMBI KOOPIHHAT, Mbl MOXEM IIpHMe-
HATH K QyHKuuu Y, ((8;) TeopeMy cJiokeHus CHEepHUECKUX Tap-

MOHHK!
+n
’ 4 * I4 ’
Vo)=Y 5 22 Yin®,9)Y,0 0 (9 @),

rne %, @ u ¥, ¢, coOTBETCTBEHHO cepHUeCKHE yIJibl BEKTOPOB 7’
u r,. Temepb BO BHYTpeHHeM HHTerpaJe B dopmyse (166.17) Moxuo
MPOH3BECTH HHTErPHPOBaHHE 10 yrJjaM. Mel nMeem

‘K’V 4
|r~r2|d3r _25 Kr l/ 21+111L(va)RYl.o(ﬁz)dr

Bocnoan3oBaBiuch 0603HaueHHEM
4 . i L. (K, r ,
gi(ry)= 1/2111 t’ofr 2 —§<v”,—,)R,dr . (166.19)

smecto (166.17) mosyunm

F(8,)=2M § uZ (ro) u,(r) 2 g () Vi o (B d'rs. (166.20)

Wurerpaa (166.19) seruncaserca Touso. B3sp B kauecTBe nepe-
MEHHOH MHTErpupOBaHHsl BeJNHUHHY y=K,r’ u nojoxus x= Kyr,,
¢ yueroM cooTHoueHH# (166.18) Haxonum

gir)=17y 2,411 i{x"l“Sxy’“h(y)dywtx’Fy"il(y)dy}-
0 x

[ocsegnne HHTErpAJBl XOPOIUO HM3BECTHHL H3 TEODHH O0ecceseBhIxX
¢yHKOHA:
X
P . )
Sy i () dy = x4, (%),

0

*®

S."/—liz (y)dy=x""j,_, (x),

X

Tak 4YTO BHIpaXkeHpe, cTosAllee B (PHIYPHBIX CKOOKAaX, OKasblBaercs
PaBHBIM

Joar )+ 1o () =21+ 1)]_'1_1(:_‘_).
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CnenosartenbHo,

g (r)=V4n 20+ l)i‘j’(TK;rﬂ. (166.21)

y'2

B pacuere amnauTyabl paccesnus (166.20) MoxHo clenaTh eme
OAHMH war. Msl 3HaeM, 4TO COCTOAHHS u, cojlepkKaT B KauecTse
MHOXHTEIs chepHyecKyw TrapMoHHKY. Tak Kak OCHOBHOE COCTOsI-
HHE u, He 3aBHCHT OT YIJIOB, TO NOA 3HaKoM HHTerpasa B (166.20)
CTOSIT TIPOHU3BECHHNA Pa3/IHUHBIX nap cepHUecKHX rapmoHHK. B cuay
OPTOrOHAMLHOCTH [OCJAEIHHX OT cyMmMbl, ¢urypupymowmes B (166.20),
noc/i€ HHTErPUPOBAHHS OCTAHETCA TOJBKO OIHMH uJeH. Y UYHThbiBaf
Jajee, 4To

1
Uy =7, 1070 Yo (O, @) (166.22a)

(och KBaHTOBaHHS HarpasjeHa 1o BekTopy K,) H uTO
|
”o=—,;Xo (72), (166.226)

noJyyaeMm

o

2M T 1. j KV 2
(00 = SV TREFD i | Kt ) xtr drsc (166.29)
0

v vle

CocTofiHHAl € pasJHuyHLIMH 3HAYEHHAMH KBaHTOBOIO YHCJa m Bbl-
poxnennl. [Ipn Heynpyrom paccesiHHH ONTHUYECKHH 3JIEKTPOH MOXKeT
nepefiTH TONBKO B TaKoe BO3OyXKIeHHOE COCTOSIHHE, KOTOpOEe SIBJSIETCS
JuHefHOl KOMOHHalUKed 3THX BBIPOXKJAEHHBIX COCTOSHUN H B KOTOPOM
IPOEKIHA MOMEHTa KOJMHUECTBA [BHXKEHHS Ha HalpaBJieHHe nepe-
1auHoro Hmnysabca K, paBHa Hymo. UYT0o Kacaercsi KBaHTOBOTO
yucaa [, To 31ech HHKAKOro mpasuJ/a orbopa He cyiiecTByer. B 3a-
KJIOYeHHe cJ/ieyeT OTMETHTb, YTo aMmJHTyaa (166.23) neficTBHTeIBHO
3aBUCHT OT YyrJa paccesnua ¢, TaKk Kak OT 3TOro yIvia 3aBHCUT
BeJHuHHa K,y:

K2 =k? - k2 — 2kk, cos 9,. (166.24)

Bxoasmyio ciona BeJHYHHY R, MOXKHO ONpeleJHTb M3 3aKOHA COXpa-
geuusi sHepruu (166.8); or yraa O, ona, pasymeercsi, HE 3aBHCHT.

3amenanue. TR XKe Pe3yJabTaTH MOMKHO NMOJYUHTH, NPHMEHHB K PacCMOTpCH-
HOMy npoueccy sosomoe npasuso Pepmu (cm. 3anauy 183).
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b. Ouenn GoablllOE YHCJIO YACTHL,.
KBaHTOBaf cratucTMxa

3agauya 167. daexTpoHHHIi ras B MetaJie

B rpy6om npHOJHXKEHHH MOXHO CYHTaTh, YTO 3JEKTPOHBI IpO-
BOAMMOCTH B METaJljé CBOGOJHO ABHXKYTCA BHYTPH MOTEHLHAJbHOrO
SIMKA, CTEHKH KOTOPOrO COBMNAJalOT C MOBEPXHOCTHIO, OrpaHHYH-
BAOIIEA DACCMATPHBAEMBIH KYCOK MeTa/a, H MPENSTCTBYIOT BHIXOLY
3JIEKTPOHOB IPOBOAMMOCTH H3 Hero. [nsa KycKa cepebpa (mJjor-
Hoctb 0 =10,5 r/cm®, aTomunlit Bec 108, onHH 3/1€KTPOH NpPOBOKH-
MOCTH HAa OJMH HOH aToMa cepebpa), Hmewomero ¢opmy Kyba,
HalTH

a) MAKCHMAJbHYI0 3HEPrHI0 { 3JeKTPOHA, KOrja paccMmaTpHBae-
MbI 3JIEKTPOHHBLIH a3 HAXOLHTCH B OCHOBHOM COCTOSIHHH,

6) CpELHIOI0 3HEPTHIO 3JEKTPOHOB,

B) IaBJeHHE 3JEKTPOHHOr'O rasa.

TenJsioBeiM BO30yXIeHHeM NpeHebpedb.

Pewienue. /lonycTHMble 3HAY€HHS 3SHEPrHH 3JEKTPOHOB B KyCKe
cepebpa, uwmeromeM ¢opmy Kyba, ofbeM KOTOpOro paseHn L3, co-
rJjacHo 3anaue 18, onpeneasiorca bopMmyJon

i 2 2 2
E =< (ni+ni+n3), (167.1)
rae ny, iy, N,~—IOJOXHTE/bHbE Uesble yucaa (1,2, 3, ...). B cuay

npuauuna Ilayjn B KaXaoM COCTOfIHHH, ONHCHIBAGMOM TPOHKOMH
KBaHTOBBIX 4Hcea (n,, n,, 7,), HMEETCS 1Ba 3JEKTPOHA ¢ MPOTHBO-
MOJIOXKHOH opueHTauMefi cmuHOB. Tak Kak B paccMaTpHBaeMOM
KyCcKe MeTajaJa Mbl [JOJ/DKHBI paclpele/dTbh OUYeHb GOJIbILOE YHC.IO0
3JEKTPOHOB, TO B Aa/bHeHIIeM HaM NpHAETCS HMEThb J€J0 B OCHOB-
HOM C OueHb OOJbLIMMM 3HAUYEHHAMH KBAaHTOBBIX UHCEJ.

PaccMorpuM npocTpaHCTBO ¢ KOOpAHHATaMH n,, n,, n,. Kax-
NOA TOYKe C [eJOYHCJICHHBIMH KOOpAHHATAMH, pPachoJOKEHHOH
B IIEPBOM OKTaHTE 3TOT0 IpPOCTPAaHCTBA, COOTBETCTBYET HEKOTOpoOE
coctosinne ¢ sueprueil (167.1). O6o3nmaunm uepes n paccTOsiHHE OT
HayaJia KOODJIHHAT [0 paccMaTpHBaeMOH TOUKH Hallero MpOCTPaH-
cTBa, TOI'Ia

n?4-ni+4nd=n2, (167.2)

H MOXHO HalHCcaTb, YTO YHCJO TOYEK MEPBOr'O OKTAHTA C LEJOYHC-
JICHHBIMH KOOpJMHAaTaMHd, 3aKJ/IOUeHHBIX Mexny cdepamHu pajuyca n
u n--dn, paBHO

1 4
- 2 = -~ 12
3 4nntdn 5 1 dan.
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Jlomenas“ B KaXiayilo W3 3THX TOYeK [0 JBa 3JEKTPOHA C MPOTH-
BOMOJIOKHOH OpHEHTalHelt CNHHOB, NoJy4aeM, dYTO MeXIy 7 H
n+dn umeorcs nn®dn 3JEKTPOHOB. YUHTHIBaf, Jajiee, UTO SHEp-
rusi (167.1) 3aBHCHT TOJILKO OT 7!

fizn?
E=gnnt dE=

’”“2 v ndn, (167.3)

LJ151 YHCJa SJEKTPOHOB, 3HEPrHH KOTODPBHIX 3aKJIOUEHbl MEXJY 3Ha-
ueHHAMH £ u E +dE, HaxomuM dopmyny

]/ 2mlE ml?
dN =nntdn=n W.de’

dN = V2m I/EdE (167.4)

HJIN

a. MaxkcumanabHast 3HePrHf § 3JeKTPOHA, Korja paccMarpHBae-
MBbIfi 3JIEKTPOHHbLIA Ta3 HAaXOAHTCA B OCHOBHOM COCTOSIHHH, OIlpele-
JeTCs TOJIHBIM YHCJOM 3JEKTPOHOB nposoaumocTd N. [[as naHHoro
KyCKa MeraJJa uHCJ0 N —¢uKCHpOBaHHas mnocTosiHHasi, Takum
06pa3oM, umeeM

4
N:V%ﬁijlffdﬁ (167.5)
n2hs
0

ECJ]H BBE€CTH B paCCMOTpeHHe IIJIOTHOCTL
N
N=-ﬁ , (167.6)

TO TOTAa noJiyyaioTc GOpMyJbl, B KOTOpble He BXOAMT 0oObeM pac-
CMaTpHBAaeMOT0 KyCKa MeraJjJa:

—g,l;; (22’7@)’ (167.7a)
HJaIH
=2 (gmrary, (167.75)

IMockomeky of'=p/M, rme M-—wmacca oguoro aroma cepedpa
(M=1,80-10"%2r), TO B HaleM c.jyyae

' =05,85-1022 cm~3

H ¢opmyna (167.76) maer 418 MakCHMaJbHOH 3HEPIHH 3HaueHHE

{=28,80-10"1 3pr =5,55 3B.
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Sra SHEPrHsl 3HAYUTENbHO GOJbLIE€ 3JHEPIHH TENJIOBOTO [BHXKEHHSA
(kT =0,026 3B npu 300 K), nosromy TernnoBoe BO3OYKIACHHE MOXKET
JMIIb OYEHb HE3HAUMTE/IbHO H3MEHHTh paclpelie/leHHe 3JeKTPOHOB
no sHEprusiM. IToT 3PPEeKT, Ha3bBAeMbIH BHLIPOXKACHHEM 3JEKTPOH-
poro rasa (depmu-ras), ¢usuuecku OOYC/IOBJEH MaJOCTbIO Macch
3JE€KTPOHAa, BXOJAHICH B 3HaMeHaTesb BblpaxeHus (167.76).

B ofwem csayuae MakCHMaJbHVIO 3HEPTHIO { HA3BIBAIOT sHepeuell
depmu FTEKTPOHHOIG rasa.

6. Cpeansiss sHeprusi 3J€KTPOHOB OIlpeseasiercs (GopMyJoh

_ SEdN
E= , (167.8)
{ av
orciofa ¢ yuerom (167.4) nosayuyaem
3
S V'E EdE
o 3
E=%— ==t (167.9)
S VEdE

0

B. laBienue anekTPOHHOro rasa BCerja MOXHO ONPENENHThL, He
npuberast K TepMogMHaMMKe. [[/11 3TOro JOCTaTOYHO pACCMOTPETh
paboTy, KoTopast IPOH3BOAMTCS MNpPH yMeHbIleHHM ofbema rasza V
Ha Besinuuny dV:

dW = pdV.
Bes sta paGoTa MieT Ha yBeJHYEHHE CYMMAapHOH SHepruu rasa U
Ha BesnuuHy dU, nosToMy MOXKHO HanHcathb @

dW =duU.

C npyroi#t cTOpoHBI, CyMMapHyIO 5HEpPrui0 yacTH rasa (upu T =0)
MOM(HO 3amHcaTb B BHIE

U=NE=2nt, (167.10)

CornacHo ¢opmyne (167.76), smepruss depMn { 3aBHCHT OT
otnowenusi N = N/V u, caergoparennHo, or obneMa V:

au 2 dv
~V-ra, AU 24V
v T 3V

1) Benwe npepnoJsiaraercs, YTO CXKaTHe rasa IIPOH3BOAMTCA agHaBaTHUECKH,—
Hpun. ped.
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Orcrona AJI1 JaeJieHusa noJyuyaem

4 _2U =2 &2 (167.11)

[ToxcraBass B aty Qopmyay 3HaueHHs o' u [, onmpenesieHHEle BhIILE,
HaX0IuM

p=2,06-101 nun/cm?,

970 coctaBasier npuMepHo 200000 atM. 3To YynOBHLIHOe jaB/ieHHe
yPaBHOBELINBAGTCA KYJOHOBCKUMH CHJAMH INDHTSXKEHHS MEXILy
37eKTPOHAMH MNPOBOAMMOCTH H HOHAMH, HaXOASWHMHCA B y3Jjax
KPHCTAJJIMUECKOH PeIleTKH.

3apaua 168. MapamarHuTHasi BOCIPHUMUHBOCTD METaJla

Jns HyJieBoit TeMnepaTypbl ONipefe/HThL NapaMarHHTHYIO BOCHPH-
HMYHBOCTh MeETaJl1a, paccMaTpuBas 3/eKTPOHBl TIPOBOAMMOCTH Kak
¢epmu-ras. TloaspusyeMocTb MOHOB KPHCTAJIMYECKOH peLIEeTKH
HE YUHTHIBATh.

Pewenue. CorsiacHo pesyspTaTaM mnpegblayilell 3agaud, 3J€KT-
POHBI IPOBOAMMOCTH 06pasyloT (pepMH-Fa3, NpHUeM NpefebHasg 3Hep-
FHsl 3JIEKTPOHOB (3Heprus PepmH) onpegensercsl BrlpaKeHHEM

;;:{”mi (Br2) s, (168.1)

rae oN'—4HCJIO 3JIEKTPOHOB TPOBOAMMOCTH B efuHuLe ofnema. Pas-
HocTh 3Heprufi AE JBYX COCEIHMX SJEKTPOHHHIX YPOBHEH HaXOMHTCS
U3 COOTHOLICHHSA

4p*Ap = 4n )/ 2mE mAE = (2?/1;)3 : (168.2)

Orcioga mas yposHeH, pacnosoXeHHbIX BOGsiH3H sHeprun Oepmu,
noJiyyaem

AE(,:%OT\?,‘—,. (168.3)
HeficTBHTETbHO, MOXHO HamHCaTh
AEONQ—‘/’= gac/’ ’

a BMecTO {'/* moacTaBuTh Bolpaxenue (168.1). Ilpn Hysesoit Temne-
patype BCe YPOBHM, NS KoTophlx E < [, 3aHATH NapaMH 3JeKTpo-
HOB C NPOTHBOIIOJIOXKHO OPHEHTHPOBAHHLIMH CIHHAMH, 8 BCE ypPOBHH,
ansi Kotopeix E >, cBOGOAHbI.
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Ecau Tenepb NOMECTHTb MeTaJ/lT B MAaCHHTHOE TOJIe, TO MOXHO
JOGHTBCSL BBIMTphILIA B 3SHEPTHH, pa3iensis 3JeKTPOHHble Naphl H
ODMEHTHPYSl CHHHBl KaXJOH mNapbl 3JEKTPOHOB NapaJJieibHO Mar-
puTHOMY nosmo 7. Ecaum pasgeseHbl v TaKHX 3JEKTPOHHHIX nap,
TO BBIUTPHIII B 3HEPrHH, OYEBHJHO, COCTABHUT

eh
vopuH, tae p=s_-. (168.4)

c

Pa3jenenyie 371€KTPOHBOH Iapsl, pasyMeeTcs, BO3MOXHO TOJbKO
B TOM CJydae, eCJH XOTS Obl OQMH H3 NpHHAANEKAWUX €l 3JeKTPO-
HOB [MEPeBOAMTCA HA HE3aHATHIH Ypo-

BeHb, JeXawuii Belwe ypoBHs E=T. E .« AR

Ho 3T0 o3Hauyaer, YTo BHLIMTPHIL B HEP-
run (168.4) Tparutca Ha yBeauyeHue

KHHeTHYECKOH  3HEPIHH  3JEKTPOHOB. ” | AE \

O6patuBminck K ¢ur. 66, Buaum, uto ¢ = {F =X

Ha pasjejieHHe TNEpBO# mapbl, T. €. Ha - 1= = = =
- -— s ——

nepeBol OAHOTO 3JeKTpoHa C C€aMoro
BEpXHE[O 3aHATOTO YPOBHA HA CaMblii Bes nonst ¢ nonem
HEXXHHA He3aHATbIl ypOBeHb, TpeéyeTcij ®ur. 66. Cunm-pann 563K
sueprusi AE,, Ha pasnesienne BTOPO# n0BepXHOCTH DepMH, BHI3BaH-
napet—3sHepruss 3AE,, Ha pasgeqeHune HBIH MATHUTHBEIM TIOJIEM.
TpeThell Mapbl—3Heprus HAE, u T. 1.

B ofweM cayuae Ha pasjieseHHe v nap TpefyeTcs 3aTpaTuTh
SHEPrHI0

[14+3+5+... +(2v—1)]AE, = v:AE,. (168.5)

Cocrosinne paBHOBECHA JOOCTHTAeTCsA IIPpH YCJAOBUH, YTO HOJHOE
H3MEHEHHEe 3SHEpruH W, BbI3BAHHOE€ MArHHTHBIM IOJIEM,

W = —2vu% + v?AE,, (168.6)
UMeeT MHHUMYM, T. €. )

¥ — 9% + 2vAE, =0,

Takum o6pa3oM, NpH PaBHOBECHH

v=“A‘?’:, (168.7)
npHyeM
W, —— B2 (168.8)

AL,

Ecsin mpoussogurcss pasjesneHue GoJbllero 4ucJsa map, TO HOJHas
SHEpPrHA SJeKTPOHHOTO rasa BHOBb BospacraeT. [lpH paBHOBecuu



124 1V. Muoeowacmuunsie 3adaqu. 5. Ouenv 6oasuioe wucio wacmuy

CyMMAapHbIl MarHMWTHbIH MOMEHT KycKa MeTaslja GyzeT paseH

2
m=2’\7'“—":—'—iﬁ,

4, BCIOMHHafa OnpeneJeHHe HapaMaFHHTHOﬁ BOCIIpHMMYKBOCTH,
MOXKHO HaIlucartb

oM 2p2
L=Zy = VA”EO : (168.9)
YunrsiBasi Tenepn cootHomenus (168.3) u (168.1), Haxoaum
2 3 Y
x:ﬁ(%’) . (168.10)

Jnas nonyueHnsi dYHCJIOBLIX 3HAaYeHHH IJIOTHOCTH SJEKTPOHOB
NPOBOAMMOCTH CJEAYET BbIpAa3uTh Yepes IJIOTHOCTb MeTaJl1a P, Maccy
oxHoro ero atoma myA(A—atoMHBI Bec) H €ro BaJEeHTHOCTh 2.
Mpl, oueBuaHO, HMeeM

_ %
—mHA ’
H, cJeloBaTe/bHO,

Ynaps = 1,86- 1070 (223, (168.11)

HpI/l CPpaBHEHHH 3TOrO pesyJbTaTa ¢ 3KCIEPHUMEHTaJbHbBIMH JAaHHBIMH
A3 TMOCJeJHHX HEOOXOAHMO BhIYECTH AHAMaruuTHyO BOCHPpHHMYH-
BGCTb HOHOB xpncra.n.nuqecxoﬁ peleTKH.

3amewanue. B samaue 160 Obuia BpluHC/IeHa JHAMaTHHTHAsi BOCHPHHMYHBOCTH
HeOHa, NMPAKTHUYECKH OHa JOJKHA COBNARATh C AMAMATHHUTHOH BOCHPHUMYHBOCTHIO
noHoB Na+. Kax 6nuto HaiizeHo,

Ymma = —=5,61-10-% cM3/moits.

YuHTHIBasl, YTO IJIOTHOCTD METAJ/IHYECKOTO HAaTPHsi  COCTABJAET NPHMEPHO
1 r/cm3=1/23 moJab/cM3, B NPHHATHLIX HaMH eAMHMIAX NOJyuaeM

Yana =—0,25-10-6.

C npyro#i cropousl, corqacko (168.11), BKJIan 3/eKTPOHOB NPOBOLHMOCTH B 3TOM
clyyae paBeH

Xnapa = -+0,66-10—6.
Mbi BHzuM, 9TO of€e BEJHUHHLI HMEIOT OAMH H TOT e HOPsAIOK, HOITOMY HeKOTO-
phie MeTaJubl (Hanmpumep, LesHil) MOIYT OKasaTbhCsl JaXKe JHAMATHETHKAMH.

Jlurepatrypa

Dpenxero f. H.,Zs. Phys., 49, 31 (1928). [CM. takme Ppenxers 1. H., Beene-
HEe B Teopuio MeTaanos, Puamatrus, M., 1958, crp. 106 u panee.— [Ipum. ped.)
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3agaua 169. XonomHas amuccHs Ge3 yyeta CHJ 3JEKTPOCTATHYECKOT O
n3obpaxeHus

OnpeesiuTh NJOTHOCTb TOKA 3JEKTPOHOB, SMHTTHPYEMBbIX MeTal-
JUYECKOH MOBEPXHOCTBIO M0J NelCTBHEM CHJLHOIO 3JeKTPHYECKOro
noaa &. Temneparypy cuuTaTh HH3KOH, CTPYKTYDY KpHCTaJLIHUe-
CKOH pelleTKH, a TaKKe CHJbl 3/JEKTPOCTaTHYeCKOTO H300parkerus
HE YUYHTHIBATD.

Pewenne. Ilycth sMuTTHpYyIOIIAsS NOBEPXHOCThH COBMAfaeT ¢ IO~
ckocTblo z=0. Bayrpu meranna (z << (0) 3JeKTPOHBI NMPOBOAHMOCTH
HMEIOT TIOCTOAHHYIO TOTEHIHaJbHyI0 sHepruo V =0, pHe Merasna
(z > 0) ux noreHuHaJbHAs SHEPIUA B OTCYTCTBHE 3JEKTPHUECKOIO

®ur. 67. XonoxHas 3MHCCHS.

Caega: 5JeKTPOHHBIE YPOBHH BHYTPH MeTajJsa 3alOJHEHH BIVIOTb A0 3HepruH PepmH f;
cnpasa: xol NMOTeHLMaJla BHe MeTaJJa.

nmoast paBHa V,. BuyTps wMeransa 3.€KTPOHbI NPOBOZAHMOCTH B CO-
BOKYIHOCTH 00pasyioT ¢epmu-ra3 B OCHOBHOM COCTOSIHHH H 3aHH-
MalT BCe 3HepreTHYecKHe YPOBHH BILJIOTb A0 YPOBHSA, COOTBETCTBYIO-
wero 3Heprud @epmu {. [lpu Haauuuu 3JNEKTPHYECKOrO MOJS
NOoTeHIUAaJbHasg 3SHepPTus 3JEKTPOHOB BHE MeTasiJid ONHCLIBAETCS
BBIpaKeHHEM

V() =V,—ebz. (169.1)

O6pamasice Kk ¢ur. 67, Mpl BUAHM, YTO NPH HAJUYUH NOJS BHE
MeTassia ofpasyerca noreHumadpheiit Gapeep. Ilycte E, o3mauaer
Ty 4acTb SHEPIHH 3.1€KTPOHA, KOTOPAas COOTBETCTBYET Z-KOMIIOHEHTe
€ro CKOpOCTH, Torga ans koapduunerTa npoxoxaesua T, paccyuTtaH-
Horo B npubauxenuun BKD, MoxHo Hamucate

29

( =0
r=exp {2 % fVV(z)—Ezdz)} , (169.2)
; 2
rae V (2) onpexensierca dopMyaod (169.1), a
E,= 7w, z(,=—‘%—&. (169.3)

Bripaxenue (169.2) Goicrpo yObisaer npd yOeiBanuu E,, a Qurypu-
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pyiOUIHﬁ B HeM HHTErpaJl JIeTKO BbIYHCJAETCA H Mbl ITOJdyHaeM

~ 4 Vom “/-} 169.4
Tmexp {5 Hm (Vo E'} (169.4

[110THOCTb TOKa 3JEKTPOHOB MOXKHO OIPEeNHTb N0 hopMyJie
j=e$0,Tdn, (169.5)

rae dmn—uyucao 3JeKTPOHOB MPOBOAHMOCTH B 3JIeMEHTE MMMYJbCHOIO
npocrpaucTsa dp.dp,dp,, orHecensoe k lcwm®. [las ¢epmu-rasa
BHYTDH (epMH- c¢>epbx T. €. [P YCJOBHH

pi+py+pi< 2mg, (169.6)
noJyyaem
dp, dp, d
dn =2—p——£31——p—z, h=2xh,

BHe GepMH-cheprl nMeeM
dn=0.

Ecai B HMIYJbCHOM INIPOCTPAHCTBE BBECTH LMJMHIADHYECKHE KOOD-
IMHATHL P, @, p, H NPHUHATH BO BHHMAaHHE, YTO

Px=pcosq, p,=psing, p*+pi<2mi,
to uurerpas (169.5) moxHo 3anucaTh B BHIE

vime  Vom 03

. 2

=g § dp. [ o ()T,
0 0

IpHYeM Bhille MHTErPHPOBAaHHE PACIPOCTPAHSETCA HA BCE 3JEKTPOHHI,
AJs1 Kotophix v, > 0. C noMmouibio BBEJEHHS HOBOH NepeMeHHOH

e=t—F, (169.7)

focJaeAHHHA HHTErpaJ ylnpoiaercsa, U Mbl IoJjsydaeMm

4
]= 4“"’"58T (e) de, (169.8)

rpe '
7o) =exp { —5 B2V, —C oy} (169.9)

Haa ouenku murerpaJa (169.8) BocmosbayeMcst TeM 06CTOSTENb-
CTBOM, 4TO KO03pbHUHeHT npoxoxiaenus T (¢) HUMeeT MaxCHMAJbHoe
3HaveHHe npH €=0 (TO COOTBETCTBYET MaKCHMYMY SHEpPTHH 3.Je-
KrpoHoB £E,=1{), a 3atem mo wMepe pocra & Oblctpo yOuiBaer. [lo
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370l NpHYHHE OCHOBHOM BKJax B uHTerpas (169.8) xaior ssektpons
¢ MaJbIMH 3HAUEHHSIMH &, B Mbl MOXKeM BOCIIOJb30BATHCA PA3JIOXKEH HEM

(VomThe)s = (Vo= 0% + 58 VoD + ... .

Beoasi Tenepb oGO3HAuUEHHE

Vam @ ey

2,%3 Vo—0" =g, (169.10)
HaX0A¥NM

o o (~iy)
H

iz%@e_%qfse"p(_v,ﬁ;)da'
0

31ech CHOBa MOJBIHTETrpasbHOE BbIpaxkKeHHe ObcTPo yObIBaeT ¢ po-
CTOM &, NO3TOMYy, HE€ BHOCA 3aMeTHOH OWHOGKH, HHTEr pHPOBaHUe
MOXXHO pachnpoCcTpaHMTh 10 6ecxouequcm, TaK 4TO OKOHYATeJbHO

2 -——

=S ol e (169.11)

Yucaosoit npumep. CorsacHo ¢opmyaam (169.10) u (169.11),
NJOTHOCTh TOXKAa 3JEKTPOHOB GBICTPO NajdeT ¢ POCTOM PaboThi Bbi-
xofa V,—! H ¢ yMeHbIUeHHEM HATNPSKEHHOCTH 3JEKTPHUECKOTO
noasi &. Ecsan HanpspkeHHOCTh MoJiSi H3MEPATh B BOJIbTaX Ha cal-
THMeTp, paGoTy BBIXOAAa—B 3JEKTPOHBOJLTAX, A IJOTHOCTh TOKZ—
B ammepax Ha KBaipaTHbii caHTumerp, To ¢opmyasl (169.10) n
(169.11) mpmmyT BHR

Vo—0)™
=1,047. 108 =2t
g=1,047-10 e

169.12)
j=15g.loloﬂg2c_>2e-%q ‘
’ q .

Ecnn sesuuMHa ¢ uMeeT NOPANOK 1, TO A/1d MHJOTHOCTH TOKa CJe-
AyeT OXHIATh 3HaueHHe nopsaka 10'® A/cMz. D10 3HAUMT, YTO NOYTH
KaXblfi 3J€KTPOH, yAApaOUIHHACA O NOBEPXHOCTH, MOKHAAET METAJLI,
Pasymeercsl, B 3TOM CJydae HH CaMa Mojesb, HH NPHOIHKEHHbIH
MeToj pacueTa COBeplieHHO HempHuroguel. C yBeJHUeHHEM 3HAUEHHH ¢
NJNOTHOCTb TOKA GBICTPO MNajaer, MO3ITOMY pa3yMHO CHPOCHTb, AJifi
KaK¥X 3HAaYeHHH HATPSKEHHOCTH NOJs MPU PasHbIX 3HAYEHHSIX pa-
6OTbl BHIXOZ@ MbI MOXXEM OXKHIAaThb NJoTHOCTh ToKa 1A/cm?? Ilpu-
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BeJeHHAsl HUxKe TabJauia JaeT OTBET HAa IMOCTaBJEHHBIH BOMPOC:

& =10°B/cm V,—¢=0,0833B
107 0,43
108 2,19

Tax xak aas Meraanos pabora Beixoxa V,—UC Bceraa umeer mopsizox
HECKOJbKHX 3/EKTPOHBOJBT, TO JJs IMOJEH, HAalPAXKEHHOCTh KOTOPHIX
menpie 108 B/cMm, XOJIOAHAs 3MHCCHS JOJKHA OTCYTCTBOBAaTh. JKCHe-
pPUMEHTHI K€ [0Ka3blBaloT, YTO NOPOroBOe 3HAUEHHE HalPSAKEHHOCTH
noasn umeer nopsaok 10° B/cm. Takoe cusmbHoe pacxoxpeHue, pa-
3yMeeTcsl, Heqb3s OObACHUTh TENJIOBLIMH BO30YKACHUAIMHU (epMHU-rasa:
yu4eT HX MO3BOJIA€T NOHH3HTb PaGOoTy BHIXOJA HA BEJHUMHY MNOpALKA
1/0—1/1003B (kT ~ 1/305B npu obblunbix TeMmneparypax). Kak
NOKasaHo B cJeqyloilleii 3ajgade, NOJYYEHHQE NPOTHBOpEYHE
ylaercsi yCTpaHHUTb, IPUHSIB BO BHHMaHHe CHJIBI 3/1€KTPOCTATHYECKOTO
u306paxkeHHs.

3anaua 170. XonogHast SMHCCHA C yYETOM CHJ
3JIEKTPOCTATHYECKOTO W300paKeHus

Bricota notenipannHoro 6apbepa, NMPeNsATCTBYIOUETO XOJOAHOM
SMUCCHH, 3HAUUTENHHO NOHHIKAETCS H3-3a CHJ 3JIeKTPOCTATHUECKOTO
u3obpaxeHns. BHACHHTh, KaK BJAMAIOT 5TH CHJbI HA BEJIHUUHY IJOT-
HOCTH TOKA XOJIOJHOH 3MHCCHH.

Pemenue. Cuijbl 3/1€KTPOCTATHYECKOTO H306paXKEHHST BOZHHKAIOT
BCJEICTBHE HCKAXEHHMs! TOBEPXHOCTHOTO 3apsia, BbI3BAHHOIO MpH-
CYTCTBHEM 3JIeKTpoHa B objactu z > 0. Ecau sennuuna z sHauu-
TeJbHO 0o0Jsbll€ MOCTOSHHOH KPHCTAJJIHUECKOH [eweTkH, TO Mbl
MOZXKEM He IIPHHHMATb BO BHHUMAHHE N€TaN¥ BHYTPEHHEH CTPYKTYphl
METaJJla M pacCMaTpHBATh €ro kKak HempepelBHYyI cpeay. B stom
C/yuae CHJbl 3JEKTPOCTATHYECKOrO H300paXKeHHst pacCYHTHIBAIOTCS
METOAAMH KJACCHUECKOH 3JEKTPOCTaTHKH H MBI MOXeM HanHcaTh

e2

V,,3=~Tz—. (170.1)
IL7isi MasblX 3HAYeHHH z 3TO BbIpPa)KeHHe HENPHTOXHO: NpH z =0 oHO
IIPOCTO PacCXOAHTCH H, CJEIOBaTeJbHO, TEPAET (PUIHUECKHH CMBICJ.
Onsako B nanbHeiitiem Mol 6y[eM [0Jb30BATbCS NPHBEIECHHBIM Bbl-
paxeHHeM BO BCeHl 00.1aCTH H3MEHeHHs 2, JONYCKaeMasi NMpH 3TOM
ouInOKa He CKAaXercd Ha HallHX pe3yJ bTaTaX, TaK KaK MNJOTHOCTb
TOKa XOJIOZHOH 3MHCCHH 3ABUCHUT HCKJ/IOYHTEJIBHO OT LUHPHHbI H
BBICOTBI [IOTEHLHAJBHOrO Gapbepa B TOH 0GJACTH 3HAYEHHH SHEPTHUH,
TJe BbICOTA 60Abuie SHEPTHH 3JeKTPOHA.
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C y4yeToM CKa3aHHOT'O NOTEHIHaJibHas 3HEPTHA 3JEKTPOHA, KOT 13
OH Ha@XOAHTCH BHE MeETaJja, HMEET BHI

V() =V,—2 —eéz. (170.2)

(Ucnosp3yroTcsa o603HaYen Ul Npeablayllel 3ajaus, cM. Takxe (pur.68.)
Boipaxenne (170.2) wunrepecyer Hac Juilib B 0BJacCTH MeXAy 2,

z

@ yur. 68. XosonHan SMHCCHA C YYETOM CHJ 3JeKTPOCTaTHUECKOro H300paXKeHHS.

0 2,, TOe 2, 4 2,—KODPHH KBajpaTHOTO ypaBHeHHs V (2) =E,. Mu,
OYEBHAHO, HMeeM

Vo—E, Vo—E7 ¢
22 = "G5 i]/( ‘;ezén) ~4g- (170.3)

O6a kopHfi GyayT AeHCTBHTE/bHLIMH, €CJH

o6 < (LEY:,

e

3aMeTHM, 4TO 3TO YCJOBHE BLINOJHACTCA jaxe AJs NoJel, Hanps-
JKEHHOCTb KOTOPLIX uMeer nopagok 10° B/cM. s 60/bliKX 3HAUeHHH
HaNpsOKEHHOCTH BbicoTa Gapbepa Oyaer HHKe sHeprHH dDepmu 3Jex-
TPOHHOTO Tasa B MeTajle. B 3KCnepuMeHTax HeNosb3yIoTca MO0Js,
HanpsXKeHHOCTb KOTOpHX He npesocxofuT 107 B/cM, nostomy moxHO
CUHTATh, YTO

(&< (V-E}z)” (170.4)

1 Bmecto pajukana (170.3) B3fiTb COOTBETCTBYIOILEE pa3JOKEHHE.

Takum obpaszoM, umeeM
¢ 170.5
Q= TwamE) M RTh A (170.5)

rae

Vo—E ’
2= (170.6)
npuueM 2, < z,. boarogapa cunaM 3JeKTPOCTATHUECKOTO H306parKe-
HHUA BepIIHHA NOTEHIHaJsbHOro 6apbepa, coraacHo gopmyJe (170.2),

casuraercsl Ttenepb H3 ToukdH 2=0 B TOuxy z-——l/e/4@§°, a €ro Bbl-

5 N 1172
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cora paBHa Tenepb He V,, a
V,—el eé.

Corsacio ycaosuio (170.4), 3To NPHBOAWUT HE CTOJNLKO K TOHHKe-
HHIO TIOTEHLHaJbHOTO Gapbepa, CKOJbKO jesaeT ero BeplIMHY Gosee
HOJIOTOl, H Mbl MOXEM OXHJA4Th, YTO IPH NPOYHX PABHBEIX YCJIOBHAX
KO3h(HIHEHT MPOXOXKAEHHS OYyAeT HMeTb Tenepb 3HAUYHTEJBHO 60Jib-
wyio BesquyuHy. IloBTOpsiA paccyKaeHus npelsiayuiei 3agaun, MOXHO
ybenuThCst, YTO OCHOBHOH BKJ/AaX B NJIOTHOCTb TOK@ XOJIOAHOH 3MHC-
cuH GYAYT NaBaTh Te JEKTPOHBI, SHEPTHs KOTOphHIX 6JH3Ka K 3Ha-
yenmio E,=1{. Ilas takux suepruii sesuunna 2z, =e’/[4 (V,—{)] o
BCSIKOM CJiydae He MeHblle NMOCTOSTHHOH KDHCTaJJIHYecKOH pelleTKH,
M03TOMY HaJHYHE pacXoAMMOCTH npu 2z=0 B NoTeHUHaNe CHJ
5JEKTPOCTATHUECKOTO H300paxkeHus JJs JaJlbHEHJIIero He HMeeT
HUKAKOro 3HaueHus.

Cuosa ucnosb3ys mnpubamwxkenne BKDB, moxno Hanmcate ans
Koa(pHIeHTa [POXOKACHNA BbIpaXKeHHe BHUAA

T=exp{— 2V—;2i_ﬁ§l/1/ (2)—E,dz}.

Yuurnisass fajiee, yro
V@) —E, =% (z—2) (@,—2),

nosyyaem

h [BNa renrn ¥ ey
_W InT = S 1/-(7' 21)2(22 2) dz. (170.7)
Z

S1oT MHTErpas OTHOCHTCA K WMHTErpajaM SJUIHNTHYECKOro THIIa,
H ero MOXKHO BBIPa3uTb uepe3 TabJHUHHeE HHTErpa/sl. Beejem
BMECTO 2z HOBYIO NEpeMeHHYI0 X=(z2—2z,}/(2,—2,), B pe3y’abrare
Haul WHTerpaJj mnpeobpasyeTcsl K BHIY

1 -
s 1—
(23—12)'"r S V-Lgx{:i) dx,
1]

i (]

2y

c= .
Z,—2z,

INosoxuM pasiee

DA (170.8)

2y
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(1—£&2) sin? @
1—£k2sin? @

*

TOTa BMECTO MHTErpaJid, cTosilero B npasoil yacTu paseHcrsa (170.7),
MOXHO HamHcaTh

K 3/, sin? @ cos? @
“kz 5(1 k2 sin?q)’/s dg. (170.9)

B cBolo ouepexb 3TOT MNoCJeJHHH HHTErpa’ MOXKHO IIpeJCTaBHTb

B BHJE JHHEeHHOH KOMOMHAIMH ABYX INOJHBIX 3JVIHNTHYECKHX HHTe-
rpanoB E (k) u K (k):

175 ]

sin? ¢ cos? @ L ra—g?
S T b do = [1—_—72-25(1@)_21( (k)]. (170.10)
0

B cnpasessuBocTH paBeHcTsa (170.10) MoxHO y6enuTbhCs CliefyIOLUM
o6pasoM. Ecsn BBecTH of03HaueHHe
1 —&%sin?2 p = A?,

TO TIOJIHbIE 3JJUNTHUECKHE MHTErpaJibl 3anHIIYTCAd B BHAE
/2 /e

di
K@= (2, E®={ad.
0 0
Hanee nyrem paugpdepeHUpOBaHUA HETPYAHO INPOBEPUTH CIIpaBel-
JIMBOCTb TOXKAECTBA

, sin?pcostp = 2—F? 2
3k A% ) AT

d . 1 2— k2
7 [snocoso( ==z |-

Ecan Temeph mnponuTerpuposaTh 3TO TOXAECTBO MOWIEHHO MO @,
TO B pe3yJbTaTe MOJYYHM COOTHOLICHHE

/2
3k Sﬂ—‘g—ﬁ‘ﬂdcp P(I——E(k) 2K (k)
0

13 KoToporo cpa3sy caenyer paeercrso (170.10).

Cymmupys HalUM pe3yJibTaTol, MOXHO 3amucath dopmydst (170.7)
u (170.10) B BHUZE

3 2 57,
—2V2me InT = z,

5‘

[(2—Fk%) E (k) —2(1 —k) K (B)]. (170.11)
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Dra ¢opmysa Jomyckaer nagbHeiliine ynpoweHus. [lelicTBHTe bHO,
2,Lz2,, caeqobateqbto, k*~~ 1 u napameTp A* MOXHO 3aMEHHTbH
napaMeTpom :

’ F4
Fr=lop =2 g, (170.12)

a 3aTeM pas3JoXHTb mpasylo uacte ¢opmyas (170.11) B 6blcTpo
CXOAAHIKMICS DAX 1O CTENEHSM 5TOr0 HOBOTO NapaMerpa. Mul uMeem ¥

K(#)=A+5A—D R+, ..,
E(k):H—%(A—%)k’H—...,

npuueM Boimie A =In (4/k’). TlogcraBasst oTH psAn B IIPaBYIO 4aCTh
(170.11), naxonum

30 [Lewe(-dn )] -

=220 [1 —%k’z (—;—-{—ln ki)]

Ecau 6b1 £'=0, T0 y Hac nosyunsoch 6bl 175 KosbduuneHta mpo-
xoxaenua T npexuee sHauenue (169.9), nafinennoe Ges yuera cuJ
5JEKTPOCTaTHYeCKOTo H3o0paxeHuss. OGO3HauHM 3TO 3HaueHHEe ve-
pes T,, TOria

T=Tt ™ (170.13)
rje

3 ., 1 4
A=7k2(7+1n7>. (170.14)

-HaMm ocranoce, ucnosnbsys HoBoe 3HaueHHe KosddHuueHTa mpo-
Xoxaen#usi T, OUEHHTbL HHTerpas, QUrypupyiolui B dopmysae s
naorHocTH Toka (169.8). Kax u B npenbyymied 3anaue, oCHOBHOH
BKJAJ B IJIOTHOCTb TOKA XOJIOAHOH 3MHCCHH [AIOT 3JEKTPOHbI, AJs
KOTOpLIX 3nayeHus E, sexaTr B6au3H Touku E,=7{, no atoir npu-
YHHEe Mbl MOXEM Dpa3JIOXKHTh BEJWYHHY A B PSiA B OKPECTHOCTH
TOUKH E,={, T. €. B OKPeCTHOCTH TOYKH &=0, H OTPaHHYUTHCA
B JaJbHEAIIeM uJeHoM, JIHHeHHO 3aBHCsuM or €. [Ipakruuecku
3TO O3HAyaeT, YTO MBI MOJaraeM

15 2 . aE
2P (—1>EZ o= T (170.15)

2 —0)®’
a HHTETDHPOBAHHE BHINOJHAEM TaK Ke, Kak H B 3ajauve 169. B pe-
1 Cm. cnpasounuk: Jahnke E., Emde F., 2 ed., 1933, p. 145. (Mmeetcs ne-

RXEBOR: SHrke E., Imde ®., Jéw &., Cnenuanbunie yukiuu, uag-so ,Hayka“,
., 1968, ctp. 114. — [Tpun. nepes.)
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ayJbTaTe BMeCTO BeipaxeHnus (169.11), koTopoe Mbl 0603HauNM yepes j,,
y Hac TNOJYYMTCSi BbipaxK€HHe BHAA
2

j=ie® (170.16)

rae A€ 1. Ilpu Gosee Tounom pacuere B fopmyde (170.16) nossuncs
Obl JONOJNHUTEJBHLIE MHOXHTEJb

(1 —§x+k'2)"2.

PasymeeTcsi, OCHOBHYIO deIb B ¢opmyse (170.16) wurpaer skcno-
HEHTA.

Haw aHaaus 3akonuwm pasbopoM uyucJosoro mnpumepa. Ecau,
Kak W B NpeAblAyuel 3ajgaue, HalpPS2KEHHOCTh NOJA & H3Mepsiercs
B BOJIbTaX Ha CaHTHMeTp, a pa6Gora Bboixoja V,—{-——B 3JeKTpOH-
BOJbTAaX, TO Hapsaiy ¢ cooTHolleHHssMH (169.12) Mbl umeem Teneps
COOTHOLLEHHE

k*=358.10-— 6
! (VO—C)Z
[IpennonoxuM, yto pabora Beixoga V,—{ =35B, a HanpsAKXeHHOCTh
nosas & =107 B/cM, Toraa
g=>54,5, k'*=0,0397, A=0,208,
2
<A
e3 "7 =1860, j,=0,9-10-8 A/em?, j=1,7-10"%A/cu?.

3apaua 171. Beantii Kapauk

[peanonoxum, uyro Temneparypa €€J1Or0 KapJHKa 1OCTATOYHO
BHICOKA W MOSTOMY BCE aTOMbI NPAKTHYECKH NORHOCTbIO HOHKW30BAHLI.
Kpome toro, GyneM cuHTaTh, 4TO 3Ta TeMIEPATypa BCE €ilie HACTO/IbKO
MaJia, 4TO MOXHO NpeHeGpeyb JaBJeHHeM [a3a U JaBJCHHEM H3JYy-
YeHHsI 110 CPaBHEHHIO C [aBJeHHEM BLIPOXKAEHHOTO 3JEKTPOHHOID
rasa npu abCcoJIIOTHOM HyJle TeMIepaTyp (TO BTOpOe NPEANOJoke-
HHe He sIBJSIETCS BIIOJIHE YJOBJETBOPHTeNbHbIM). Cuurasi, 410 1aB-
JieHHe, COOTBETCTBYlOilee abCOMOTHOMY HYJIO Temuneparyp, ypaBHO-
BEIHBAETCH CHJAMH TDaBUTALlHOHHOIO NpPHTSXKEHHsA, HaHTH pacrpe-
fieleHHe TJOTHOCTH BellecTBa no obbeMy 3pesabl. Macca 3pesgu
npeanoJaraeTcs 3aaaHHoM.

Pewenne. B cdepuuecku cuMMeTpruHOii Macce rasa TPaiueHT
JaBneHHS B HaNnpaBJeHHH pajguyca [OJDKEH PaBHATLCHA MJIOTHOCTH
rpaBUTAlHOHHBIX CHJ (6apomeTpHuecKas dopmysa):

dp__  GM,

'—dT_—— 2 P. (171.1)
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3necb (—rpaBuTanMOHHAsT NOCTOsIHHaA, M,—Macca Belecrsa,
3aKJI0ueHHass BHyTpU cdepbl paauyca r, T. €.

r

M,=4ngr"“p (r"dr', (171.2)
b

¥, HaKOHel, p (r)—INJOTHOCTb BeulecTBAa, T. €. Macca BCeX HOHOB
¥ BCEX CBOGORHBIX 3JEKTPOHOB, Haxoafuiuxca B 1cm® 3Be3fHOTO
pemectsa. Ilpu nosHoll Honusamuu B 1cM® mapsiay ¢ of° szdextpo-
HaMmH cojepxuTcsl N'/Z HoHOB (si1ep), MO3TOMY

p= %mHA’

rne myA—wmacca HefirpasibHOro atoma. Ecam Bemectso 3Besjbl co-
JepXKHUT pasyuyHbe 3JEMeHTHl, TO (HUrypHpYylouiHe 3fieck A H Z Hano
HOHUMATh KaK HeKHe cpefHHe 3HayeHusd. B 3T0H CBA3H HEOGXORHUMO
OTMETHTb, YTO OTHOLIEHHE

A
L2 (171.3)

[IOYTH HE 3aBHCHUT OT XMMHMUECKOTO COCTaBa: BeJHYMHA o MeHseTcs
or 1,0 go 1,3 npu mepexoxe OT JETKHX 3JEMEHTOB K TAXKeJbIM, U
JEIIb BOKOPOA, AJA KOTOPOTO G =1/,, HpeicTaBJSET B 3TOM OTHOLIE-
HHUH HcKJ/oueHHe. Takum o6pasoM, IJOTHOCTh BellleCTBA

o = 2om (171.4)

OPAKTHYECKH 33aBHCHT JHLIb OT MJOTHOCTH 3JEKTPOHOB.
CorsracHo pesyJbTaTaM 3agaud 167, napJeHHe 3/eKTPOHHOTO rasa
npH a0CoJIOTHOM HYyJie onpelensiercs ¢HopMyJiol

Pe=g ,%2 (3r%)*/s. (171.5)

Uro xacaeTcst JaBJ/ieHHsi Ta3a HOHOB, p;, TO MpPH aGCOJIIOTHOM HyJie
OHO (6YAydYH TPONOPIHOHAMBHBIM oN;/s/m;) 3HAUHTENLHO MEHbIle
AABJCHHS P,

pPi_ ojﬂ)s/"ﬂ___z—“/ _m_
=) M=

Haxe B cayuae pogopoaa (Z=1, A=1) Mo umeem p;/p,=1/1838;
AJiS APYTHX 3JEMEHTOB OTHOLIEHHe p,/p, eule MeHblue. [lo sToit mpHu-
yuHe Mbl TIpeHeOpexeM BEJHUMHOH p; W OTOXKIECTBHUM [aBJieHHE
3JEKTPOHHOTO rasa p,, Qurypupywouwee B dopmyne (171.5) ¢ nou-
HbIM [aBJIEHHEM p.

O6oiiTHch Ge3 pacCMOTpeHHs TeMNepaTypHbIX 3Q(eKToB Janeko He TaK (1pocTo.
[a3s MoXHO CYHTATL CHJbHO BHIPOXKAEHHEIM TOABKO B TOM Caydae, Korda {> &T .
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Tpu 5TOM YCJOBHH LaBJieHHE Ta3a NPAKTHYECKH He OTVIMYAeTCA OT JaBJleHHs HpH
a6comornoM Hyge. [as snexrponop sueprus Pepmu onpexensiercs GopMyJol

(=2 < 3’p )'/‘=1,64(-‘l)”'913.

- % 2amH o

BbiuHC/IEHHbIE C MOMOWIO 3TOK dopMyJibl 3HaueHHs { HANO CPaBHHUTH CO 3HAYEHH-
aMu TenJosok smepruH. Ilpn TeMmepatype 108 K Mu umeeMm kT =~ 100 3B, u nawxe
zss1 naoTHocTH p =103 ofe BeauuyuHbl OKasLIBAIOTCH OfHOrO mopsaxa. ITpu 3Tom
ra3 HOHOB BooCmle GyIeT HeBHPOXIEHHHIM, & €ro BKJaj B MOJHOE laBjenHe GyJeT
CpaBHHM C BKJIaJOM 3JEKTPOHHOro rasa. UTo e Kacaercsl pajfualldOHHOrO jaBJie-
HHs, TO O/ Hero cnpasefyusa ¢opMmyJia

pp=2,52-10-18 T puujcM2,

C npyro# cropodnl, coriacuo (171.5) u (171.4), umeem
1]
Pe==3,16.1012 (—g:—) ls nun/cue,

IMpu T=10% K pagnauuonHoe jaBJeHHe N0 NOpAIKY BeAdunHb paBHO 10° muu/cM?,
H LIS NJIOTHOCTeH BemecTBa, C KOTOPHIMH MBI CTaJKHBAeMCsi B GeJIBIX KapJHKax,
ero JeHCTBHTEJIbHO MOXHO HE YUHUTHIBATh.

Kombunupya dopmyaet (171.5) u (171.4), nosyuaem ypaBHeHHe

COCTOSTHHS
p=fp's, (171.6)
rie

f he <3n2 :

= 1om —2-> o (aumyy)="s = 3,17 10%%q,~"/s r=*/s cpé ¢ 3.

Koraa ¢ynxunuoHa/bHAs CBA3b MeXAY JaBJeHHEM H IJOTHOCTBIO
HMeeT BHJ
1

14—
p=fp ",
TO I‘OBOpHT, yTO MBI UHUMeeM noxtumpony C IioxKasareJieM n. TaKHM
oépasoM, MO2XKHO CKa3atb, 4YTO COCTOSIHHUE BelleCTBa B 6eJIOM Kamexe
OMHCHIBAETCS IMOJNHUTPONOR ¢ mokasarteseM n="/1

[MoxcraBnsas seipaxenue (171.6) B ycsiosne pasHosecus (171.1),
nonyyaem

5 ca,dp__ Gp
sl g=—7 M.

Orciona nytem audpdepeHupoBaHus HAXOXHUM

%%(r”p"/a%g-)=—4nr’p. (171.7)
Buecto nJsiotHocTH p yA0GHO BBECTH Oe3pasMepHyI0 (QYHKIHIO

o=(2)", (171.8)
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TAe p,—HEeKOTOpasi MOCTOSIHHAS, a BMECTO pajHyca r —6e3pasmepHYio
nepeMeHH Yo

X=- (171.9)

riae BeJIHUHHA r; HUCNOJb3Yyercd B KaueCTBE €AHHHIbI AJHHBI H Ompe-
Aensiercd COOTHOLIEHHEM

5f -1, ,
r=olpi. (171.10)

B pesyabrate STHX npeoOpasosanuit ypasuenne (171.7) npusoantes
K BHUAY, He 3aBHCALIEMY HH OT KAKHX (PH3MYECKHX IOCTOAHHBIX:

o 2dp | Ly
T -;a-—{—cp/——o. (171.11)

Ecin MBI OTOXZECTBHM MOCTOSIHHYIO p, € TIJIOTHOCTHIO BEIlIECTBA
B UEHTpe 3Be3isl, To X ypasHeHuwo (171.11) wago npucoeinHuTh Ha-
yaJibHble YCJOBHSA

e =1, ¢ (0)=0. (171.12)

EnnucTReHHOE pelieHHe HeJuHEeHHOro aH(gepeHlHa bHOTO YpaB-
nenust (171.11), ynosJersopsollee HauadbHBM ycjoBdsM (171.12),
HAXOQUTCS TMyTeM YHCJAEHHOTO WHTETPHPOBAHHSA. DTO pellieHHe MOHO-
TOHHO YyObIBEET K B TOUKE

, x=X==3,6537 (171.13a)
obpauiaercss B Hysab (@ (X)=0). B a3toii ke TOuxe
de
(E)m{:—D:_o,zo& (171.136)

CoraacHo coorHowenuo (171.8), Hyab QyHKUHH ¢ onpepesser pa-
AMyc 3Besgpl R. 3Had paguyc 3Be3lbl, MOXKHO 3alyCaTh €e MHOJHYIO
maccy:
R X
M=4n S r’p (r)dr = 4np,ri S xip*ladx.
0

0

Tlocnennuit HHTErpajJ MOXHO BBIYHCJIHTb, HE 3HAs BCEX UHCJOBBIX
3HaueHH# QyHKuHuM @ (x). JleficTBuTeNbHO, B CHJY ypaBHenus (171.11)
uMeeM

d d
20s = — [ 42 20
e dx(JC dx)’

1109TOMY
' M = 45tp r3X?D = 34,5p,r°. (171.14)
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Koraa Macca 3Be3jibl H3BECTHA M3 ONbITa, MeXKIY BEJHYHHAMH P, H 7y
B cuay (171.10) u (171.14) umeercss 1Ba COOTHOIIEHHS:

po’rf=a, (171.15a)
rjae
a= L —9,46. 10%q~"/s '/s cm,
86 = o
4
pori="b, (171.156)
rae
b=0,0290M.
Orciona
ry==ab=s, p,=b%a"?, (171.16)
TaK YTO pagMyc 3Be3[nl R MOXHO 3anucaTh Tenepb B BHAE
R=r,X=3,6537r,. (171.17)
Jasi cpepneil NJOTHOCTH 3BE3JAHOIO BellleCTBA HMeeM
6 =22p,=0,169,, (171.18)

CJIE0BATEJBHO, OHA COCTABJIAET NPHMEPHO !/, NJOTHOCTH BELIECTBA
B [EHTpPe 3Be3Jhl.

Yncaosoii npumep. HaGmonenusa 3a gsuxennem CupHyca noxa-
anBaoT, yro Cupuyc B, Bxopsuuii B cocraB 5T0# ABOHHOH 3Be3fH,
umMeeT Maccy, npuMepHo paBnyio  Macce CoaHua, a HMEHHO
M=1,94.10**r. Takum o6pa3oM, B JaHHOM cCJyuyae

r,=2,47-10*a="s cwm,
R=8,98.10%a~"scm,
0,=3,73-10a® r-cmM~3,
p=6,15-10° a3 r-cM~.

HssecTHo Takke, uto paguyc Cupuyca B cocrasiaser npHMepHO !/,
paguyca Cosmnua (R,=6,95-101° cM); 3TOMy B Hallei MOAEJH COOT-
BercTByer 3HaueHue o = 0,445. HalineHnoe 3naueHue JOBOJBHO GTH3KO
K 3Hauenuio o ==0,5 1J151 BONOPOAHOMN 3BE3AbI, XOTSl ¥ pacloJsaraercs
¢ nenpasusbHOfl ctoponsl. Hano, oaHako, HmeTe B BHAy, YTO B Ha-
uiefl MojeJsiH IJIs paauyca 3Be3jibl NoJyyaeTcs 3aHMKEHHOE 3HaueHHe,
TaK KaxK NP BHIYHCJEHHAX Mbl HE YYHTBHIBAJU TeMmmepatypHbie 3d-
GbeKThl H, CJe10BaTeJbHO, OTOPOCHJH CYLICCTBEHHYIO YaCTh AaBJEHHS.
daxkTHUECKH 3B€3/a AO/KHA PA3AyThCs 10 3aMeTHO GAMBLIHNX PasMepos.
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3apaua 172. Mpubauxenue Tomaca — ®epmu

PaccynTaTh NJOTHOCTb 3/EKTPOHOB B aTtoMe (HJH MOJOXHTEJIbHOM
voHe). UToGbl mosyyuTh NMpHeMJeMoe NPHONHKEHHE, NPEANONOKHTe,
Y10 BO BCSIKOfi 06J1aCTH, FAe 3JeKTPOCTAaTHYECKHil MOTEHLHAJ MOXKHO
CUNTATh MPAKTHUECKH MOCTOSHHBIM, HMMEETCsl AOCTATOUHO GoJiblloe
YHUCJIO 3JEKTPOHOB, TaK YTO MX JONYCTHMO paccMaTPHBATh CTATHCTH-
YECKH.

Pemenine. B ocHoBy 3T0ffi MOAeJW atoMa MOJIOXKEHO JBe HAEH:
OJHA 3aHMCTBOBAHA M3 3JEKTPOCTATHKH, /pyras-—u3 KBaHTOBOH
CTATHCTHKH. MBI HauHeM ¢ 3/eKTpPOCTATHUECKOH YacTH Hallled 3ajgauyH.
Ecnn Ha paccTOSIHHM r OT aTOMHOTO sjpa B eiHHHIE oObema co-
JepKUTCH £ (r) 3JeKTPOHOB, TO 3JEKTPOCTAaTHUECKHH MOTEHIHAaJ,
co3/aBaeMblii B IPOCTPAHCTBE COBMECTHBIM JeHCTBHEM 3JEKTPOHOB H
aToMHOrO siipa, yaosJjersopsier ypasnenuwoo Ilyaccona. Taxum o6pa-
30M, NEepBOE OCHOBHOE ypaBHEHHe HAlUEH 3ajauM [JACHT:

Vi@ = 4dme-n (r), (172.1)

rae p (rY=—en(r)—NJOTHOCTb 3apsna 3JeKkTponHoro ofnraxa. Ha
peLleHHe 3TOTO YpaBHEHHs HEOOXOAMMO HAJOMXHTb ABA TPAHHYHBIX
YCJIOBHSI: B HeNOCpeACTBEHHOH OJIM30CTH OT sapa ¢ 3apaioM Ze

®=% mpu r—0, (172.9)

H, KpoMe Toro, €cJii R-——pa;.myc IIOJIOKHTENbHOTO HOHA C 3apsAaoM ze,
TO

O=— npu r=R. (172.3)

dakTHUECKOE 3HaYeHHe DPaJMyCa IOJOXKHTENIbHOIO HOHA HaM Mpef-
CTOMT ONpeleuTh B AalbHehdIeM.

Ha rpanuue uona, T. €. B TOUKax r==R, He JOJKHO GhiTb HH-
KaKHX CHHTYJspHOCTEH, NOSTOMY 3]€Ch HerpepbiBeH HE TOJbKO HO-
TeHIHaJs, HO W HaNpsXKeHHOCTb Nonag. B ¢Bs3H ¢ 3THM rpanuyHoe
ycaoBHe (172.3) MOXHO mepelHcaTbh MO-HHOMY:

d®
OR)=Z u (?)R=—%. (172.4)

Ilepefinem reneps K KBAHTOBOCTATHCTHUECKOH YacTH Hallel 3aauH.
Paccmarpusas mo6o# 3/ieMeHTapHbIH 06beM BHYTPH aToMa (HJH HOHa),
Mbl BHJHM, 4TO HMIYJLC P BCAKOTO HAaXOAALIErocs B HEM 3JEKTPOHA
CBfi3aH C €ro SHeprvell COOTHOLWIEHHEM

E=Z _c0 (r)
2m *
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Urobbl 3JEKTPOH OblI B CBA3AHHOM COCTOSHHH, 3Ta 3HEPTHA BO
BHYTPEHHHX 00JacTIX aroMa, OUYeBHIHO, He JOJIKHA MpeBbIIAaTh Mo-
TeHnHa bHyio sHepruio —e® (R) Ha ero rpanuue. Orcioga crenyer,
YTO HMIYJbC 3/IEKTPOHA, HAXONAIIErocs HA PacCTOSIHHH r OT SApa,
He MOXet ObIThb 6OJblUe p,,,.., TAe

pz
L =e[D (r)—®D(R)]. (172.5)

2m

CornacHo e KBaHTOBOH CTAaTHCTHKE, BEJHYHMHA p,,,.. CBA3AHA C IJIOT-
HOCTbIO 3JIEKTPOHOB 1 (r) (cM. 3agauy 167) cooTHOWeHHEM

3
_ 9. A0 Puake
n=2. 4 Jue (172.6)

Cpasnenne cootnowenuit (172.5) u (172.6) npusoaut X Apyromy
OCHOBHOMY ypaBHEHUWIO Halledl 3ajaum:

nlzﬁs 12me [@ (r) — @ (R)]}/». (172.7)

Ypasuenus (172.1) w (172.7) B npuHuHNEe NO3BOJSIOT Onpene-
JuTh 06e HeuspecTHbIe PyHKUHH 1 (r) H D (r). Hckimouas dyHkiuio n ()
H NOJb3yACh cepHUeCKOoH CHMMeTpHeH 3ajaud, IoJydyaeM

vio=12 o)= 3:—23- {2me [® (r)— @ (R)]}""2.

r dr?

n(r)=3

Beons BMecto @ (r) Ge3pasmepHyw (YHKIHIO
(1) = 7= [® () — D (R)], (172.8)
a BMECTO He3aBHCHMOH nepeMeHHO# r G(e3pa3sMepHyI0 NEPEMEHHYIO

, (172.9)

Y

X =
rae

9n® \Y; K2 B
“=<Tm> —=0,88534Z-:0

NPHXOAHUM K YHHUBEPCAJbHOMY AH(QepeHHaNTbHOMY YPaBHEHHIO

d2(p_ (p”/,
= (172.10)

I'panuyneie ycaosus (172.2) u (172.4) Tenepb NpHHHMAKOT BHA
90)=1 (172.11)
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PX)=0,  X¢'(X)=—-F%, (172.12)
IpHueM Bbillie Mbl Nosoxuan X = R/a.

Heo6XoqumMo noAYePKHYTh, 4YTO DPH TaKHX TDaHUYHLIX YCJIOBHAX Bce Z-—2z
3JIEKTPOHOB JeHCTBHTEJBHO 3aKJIOUEHE BHYTPH chepnl pagdyca R. B arom MoxHO
yOenuThes ciaelyomuM obpasoM. Ma ypaeuenus (172.7) u cootHowenus (172.9)
cyenyer

R X
4n§ n(r) r2dr=zS Vx9"2 (x)dx.
0 0

C nomoupio ypasuesus (172.10) byukuuio ¢™/s, GUrypHpYOmMYIO B NOCJAEHEM HH-
TerpaJje, MOXHO BbIpasHTb uepe3 MNPOM3BOAHYIO ¢, TAK UYTO 3TOT MHTerpaJ Gyjer
paBeH
X X
z S X" dx=Z [x9' —¢) ) =Z {¢ (0)+ X¢' (X)}.

v

C yueroMm e rpanuuHbix yesosuii (172.11) u (172.12) nociennee BhipaxceHHe IO-
NpoCTy DaBHO
z
VA ( 1 - )—-Z —z.

Takum o6pasoM, yHCJO 3/IEKTPOHOB, 3aKJIOUEHBHIX BHYTpH cdepul pazuyca R, jefl-
CTBUTEJBHO PaBHO Z —2z.

Mbl cBeaH Hally 3ajady K HHTeTDHPOBAHHIO YHU3€PCadbHOrO
ypasHenusa (172.10) npu rpanuunbix ycuaosusax (172.11) u (172.12).
Yrc6bl mosnyyuth ofliee MNpPeacTaBAeHHe O pa3HOO5pasHu peilieHHH
5TOro AHQdepeHLHaNbHOr0  ypaBHeHH s,
1leJecoobpa3Ho  IPOHHTETPHPOBATL €0
IPH OFHOM MW TOM 2Ke HayaJpHOM YCJ0-
BuH @ (0)=1 ¥ passnyHOM HaKJOHe Ka-
caresibHBIX B Ha4aabHO# Touke (¢’ (0)<< 0).
YHerbipe Takux pellendsi [10K43aHB Ha
bur. 69. KpussiM [ # 2 COOTBETCTBYIOT
KOHeunble paguychi X; u X,, Tak Kak B
<1>H% 69. Pegem::(slf%ﬂl%e- oboux cayuanax @ (X)< 0. Oba ykasau-
g:‘;’"qgﬁziecﬂ gg;ﬂoﬂw' ng HbIX  pellieHHs, COIJIaCHO  YCJIOBHIO
catesbHO# B Havanpnod togke, (172.12),  ONHCHIBAIOT  MOJOMKHTENbHEE

HOHBl. Jlna  HedTpasnpHOrO aTomMa 3
(172.12) caenyer, uto @' (X)=0. D10 ycaoBHe He yIOBJETBOPAETCS
HA NpH¥ KaKoM KoHeYHOM 3nayenun X. Ha ¢ur. 69 takomy ciyuaio
COOTBETCTBYET KpuBas 3 (paguyc atoma Geckoneuen). Uro Kkachercs
KpuBOH 4, TO A/ CBOGOAHBIX aTOMOB WJIM HOHOB OHA HE HMEeT He-
NO0CPeCTBEHHOTO (PHU3KUUECKOTO CMBIC/IA, OAHAKO C €€ NOMOILBIO MOXKHO

z
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onuiChIBAaTh aTOMbl, CBA3aHHBIE BHYTPH KPHCTAJJIHYeCKON pemieTku
(pasymeerTcsi, TPaHHUHbIE YCJIOBHUS B 3TOM Cjlyyae GyayT COBCEM HHBIMH).

Huxe wnac raaBupiM of6pa3oM OyjaeT HHTepecoBaTb KpHBas 3,
COOTBETCTBYIOLIAs HeHTpaibHOMY aroMy. MHI Ha30BeM MNOJyuYeHHOE
pellenne cmandapmuon ¥ Oynem 0603HauaTh ero yepes @, (x). Yuc-
JIOBble 3Ha4yeHHs QYHKUHMH @,(x) TpHBeIeHbH B HHXKecJeqyolie
tabnrne. Hakn1on KacaTebHO# B HayalbHOH TOYKE B paccMaTpHBae-
MOM CJyyae XapakTepuayercsi 3Hauenunem @, (0)=—1,58807, a
acHMIITOTHYECKOe INOBeJeHHe HMeeT BHA @, (x) — 144/x® [3amerum,
KCTATH, YTO YKa3aHHAs aCHMITOTHKA $BJfAETCH TOYHBIM pelieHHeM
aupdepennnansioro ypasuenusa (172.10), oxnako npu x=0 370 pe-
lIEHHE HMEeT CHHTYJspPHOCTh]. JlJsl mpaKTHUeCKHX uesell MpuBeneH-
HOE aCHMIITOTHYECKOE BBIpa)KeHHe MAJIONPHTOJHO, TaK KaK jaxe NpH
x = 100 0HO OT/IHYAeTC S OT TOYHOTO pelieHHst @, (x) mpumepHo Ha 40%.
Hano, onHako, HMeTb B BMAY, YTO MCTHHHBIH NOTEHIHAN HeHATpalb-
HOTO atoMa @, AoJKeH yOLIBaTh [0 Mepe pocTa X 3HAYHTEJbHO Obl-
cTpee, BO BCSIKOM cJjyuae YObIBaHHEe JOJIKHO OBITh 3KCIOHEHIHa/b-
oM. Omu6xa, cpoficteennaa moznenn Tomaca — Depmu, Kak u JM0Goi
ApYTOfl CTaTUCTHYECKOH MOjeJsiH, ObICTPO BO3PacTaeT ¢ yMEHbLIeHHEM
ypcaa yactul. Ha GojbmuX pacCTOSHHAX YHCJ/IO YACTHI[ CTAHOBHTCH
CKOJIb YTOIHO MaJbIM, NOITOMY HeJb3sl OXKHJaTh, 4YTO TaM Hallle NMpH-
6avkeHHe, KakKHM OBl XOpOIUMM OHO HH 6bIO BO BHYTPEHHHX O00-
Jactsix atomMa, GyAeT OCTAaBaTbCA MPHTOHBIM.

Yro6bl NOJAYYUTh pelueHHs, 6JH3KHe K CTaHAAPTHOMY, MOXKHO

I0JI0XKHTh
@ (x) =@, () -+ k1, (%), (172.13)

TaK YTO A/l MaJblX OTKJIOHeHHi kn, u3 (172.10) nonyuaercs aune-
apHM30oBaHHOe YypaBHeHHe

2. 1/
d"°=%<?§) - (172.14)
Kpome Toro, yrobbi ynOBJETBOPHTb TpaHHYHOMY yciaoBuio (172.11),
Heo6XOAHMO NOJOXKUTE 1), (0)=0. B uenssx craHZapTH3alHH MOXKHO
Tak¥ke TNoTpe6oBaTh, YTOOGBI BBHINOJHAJOCH paBeHCTBO 1, (0)=1, a
rpannyuoMy ycaosuio (172.12) ynossneTBopHTb NyTeM NOAXOASIIErO
BhIGOpa nmapamerpa k. Takum oGpasom, HMeeM

P (X)
p—— D (172.152)
k:———l~—<—l—+q>' (X)) (172.156)
no(X)\ZX T ’
k=o' (0)—q; (0). (172.158)

Cootnowenune (172.15a) ycrauaBauBaeT IPOCTYIO CBSI3b MEXKAY INa-
pamMerpoM & U PaauycoM NoJIOXKHTeJbHOro HoHa X. 3HaueHH (YHK-
IHH 7, (X) ¥ ee POH3BOAHOH 1), (X¥) IpHBeAeHH B Tab.Hle.



x ©q (X) --(p6 (x) No (X) n") (x)
0,00 1,0000 1,5881 0,0000 1,0000
0,02 0,9720 1,3093 0,0200 1,0028
0,04 0,9470 1,1991 0,0401 1,0079
0,06 0,9238 1,1177 0,0604 1,0144
0,08 0,9022 1,0516 0,0807 1,0220
0,10 0,8817 0,9954 0,1012 1,0306
0,2 0,7931 0,7942 0,2069 1,0846
0,3 0,7206 0,6618 0,3186 1,1528
0,4 0,6595 0,5646 0,4378 1,2321
0,5 0,6070 0,4894 0,5654 1,3210
0,6 0,5612 0,4292 0,7023 1,4187
0,7 0,5208 0,3798 0,8494 1,5246
0,8 0,4849 0,3386 1,0075 1,6384
0,9 0,4529 0,3038 1,1773 1,7599
1,0 0,4240 0,2740 1,3597 1,8890
1,2 0,3742 0,2259 1,7650 2,1696
1,4 0,3329 0,1890 2,2296 2,4805
1,6 0,2981 0,1601 2,7593 2,8222
1,8 0,2685 0,1370 3,3605 3,1954
2,0 0,2430 0,1182 4,0396 3,6012
2,2 0,2210 0,1028 4,8032 4,0406
2,4 0,2017 0,0900 5,6582 4,5149
2,6 0,1848 0,0793 6,6116 5,0253
2,8 0,1699 0,0702 7,6708 5,5730
3,0 0,1566 0,0625 8,8434 6,1594
3,2 0,1448 0,0558 10,137 6,7858
3,4 - 0,1343 0,0501 11,561 7,4538
3,6 0,1247 0,0451 13,122 8,1646
3,8 0,1162 0,0408 14,829 8,9198
4,0 0,1084 0,0369 16,693 9,7208
4,5 0,0919 0,0293 22,09 11,93
5,0 0,0788 0,0236 28,68 14,47
5,50 0,0682 0,0192 36,62 17,34
6,0 0,0594 0,0159 46,08 20,59
6,5 0,0522 0,0132 57,27 24 23
7,0 0,0461 0,0111 70,39 28,30
7,5 0,0410 0,0095 85,64 32,81
8,0 0,0366 0,0081 103,27 37,80
8,56 0,0328 0,0070 123,52 43,29
9,0 0,0296 0,0060 146,66 49,32
9,5 0,0268 0,0053 172,94 55,92
10,0 0,0243 0,0046 202,67 63,11
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3anaua 173. INonpaska Amaabjgn Iisi HelTpajJbHOro aroma

B npaByio uacte ypaBHenus [lyaccona, /exallero B ocHoBe Mo-
nenu Tomaca -— depmu, npaBu/bHee 6b1I0 GBI OJCTABUTD HE NJIOTHOCTD
3apsifia BceX Z JIEKTPOHOB, a IJIOTHOCTb 3apsifa, co3naBaemyio Z—1
3/MEKTPOHOM. DTO CBSI3aHO C TeM, YTO C MOMOLIBI0 YKa3aHHOTO YypaB-
HeHud omupenesnsercs 3pQpeKTHUBHBIH [OTEHIHAJA, B MNOJME KOTOPOro
ABHXKETCS ONHH OTHEJBbHO B3ATHH 3/M€KTPOH. BHIACHHTH, K KaKuM
H3MeHeHusiM TPUBONUT YKasaHHas HonpaBKa K Moaead Tomaca —
depMu B c/ayuyae HeHTpaJbHOTO aTtoMma.

Pemenne. Buecro ypaBuenus (172.1) Tenepr HMeem

V'O =dne-21n (), (173.1)

rae @ osnauaeT MOTeHIHaJ, CO3faBaeMblii sfgpoM H Z——1 sjekTpo-
HOM H JeHCTBYIOIIMA Ha He BKJ/IOYEHHBIH B [PaBylo0 4acTb ypaBHe-
uus (173.1) snextpon HoMep Z. Ilpu TakoM ynpoOlleHHOM MOXXOAE
Ge3pa3quyHO, KaKOH HMEHHO 3/EeKTPOH MBI PaCCMATPHBaeM B Kavye-
cTBE NMpPOOHOrO 3apsia, 4To, BIIPOYEM, BIIONHE COOTBETCTBYET TOY-
HOCTH, CBOHCTBEHHOH CTaTHCTHYecKo#l Kaprure. I'paHHYHOE ycioBHe
npu r — 0 onpenensiercss 3apsjaoM fnpa H, cleOBaTe/IbHO, OCTaeTcs
HpeXHHM:

O =% mpn r—o0, (173.2)

Ha rpanune xe HeﬁTpaﬂbHOI‘O aToMa TENEpb NOMKHO 6BITD
e dd e
OR =%, (G =7 (173.3)

TaK KaK OIuH TIO/IQ KU TE b HBI/ ﬂﬂepﬂblﬁ 3apaAn e B JaHHOM cJjydvae
OCTaeTcsi He3asKpaHHPOBaHHBIM Z—1 3JIEKTPOHOM H IIPpOAOJXKAEET
nelcTBOBATh Ha 3JIEKTPOH, paCCManHBaeMbeI HaMH B KauecCTBe

11pobHOro.
Ilpyroe OCHOBHOE ypaBHeHMe, C/epyloulee W3 KBaHTOBOH CTaTd-
CTHKH, MMeeT NpeXHUH BHA, TaK 4TO CHOBA MOXKHO HANUCATbh

1(r) = s {2me [© () — @ R)]Y . (173.4)

Uckmiouasi u3 ypasrenn#t (173.1) u (173.4) ¢yskumio # (r) ¥ BHOBb
BBOAA Ge3pasmepHy0 (yHKIHIO

=7 [P (N—D((R)] (173.5)
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noniyyaeM MNpeKHee yHHBepcalabHoe AHPdepeHUHnanbHOE YypaBHeHHe

d?cp_q)'/n

B KOTOpOM 6e3pasMepHaﬂ HelzapuCcuMada nNepemMeHHaa OoIpeaeasaeTca

Tenepb COOTHOLIEHHEM X =r/a, MpPHUYEM

=*/s

&———a(l-—%) , (173.7)

H a—XxapaKkTepHas [JiHHa, 3HaueHHE KOTOPOH JHaeTcsi paBeH-
creom (172.9).

Tak kak a > a, To Ha nepBbIil B3N] paccMaTpHBaeMasi NOMpaBKa
yBE/IHYMBAET pa3Mephl aToMa, XOTS H3 (DH3HYECKHX COO0BpaxeHui
SICHO, 9TO 5Ta [ONpaBKa JOJ/IKHA YMEHBUINTb OTTAJKHBAHHE 3JEK-
TLOHOB, B pe3yJ/bTaTeé OHH CHJbHee OYIyT NPHTACHBATBCS SAPOM
W pa3Mepbl aToMa NOJIKHEI YMeHblinTbeA. Ha camom pege 3necs mer
HHKaKOTO0 NPOTUBOpEYHs, MOCKOJBKY TEnepb MBI HMEEM [E/0 C H3-
MEHEHHBIMH TPaHHYHBIMH ycaoBHaMH. Jaa yHkuuu @ (x) ycaopust
(173.3) 3anucelBalOTCS B BHJE

9X)=0 1 X¢'(X)=—. (173.8)
STH ycCJ0BHU s MOI‘YT yIlOBJ'IeTBOpHTBCH JUIIb HpH KOHCYHLIX 3HAYEeHUuax

pajuyca aroma, 4TO C JIMXBOH KOMHEHCHpYeT 3(xbeKT pacnibiBaHUs]
aroma, CBSI3aHHBIA C BETHUHHOH a.

3apaua 174. Oueprus aToma B moueau Tomaca — Pepmu

Ionpsysick Mopespio Tomaca— ®epMu, BEUKCAUTE [OJHYIO 3HEP-
THI0 HEHTPaJbHOro aroma. Kpome TOro, ¢ HOMOLIBI) BapHAUHOHHOH
npouenypsl, MHHHMH3HDYIOLIEH INOJHYK) 3HEPrHI0 aToMa, BHIBECTH
AxddepeHnnanbHoe ypaBHEHHEe IJ5 1IM0THOCTH 3JEKTPOHOB 1 (r), WK
COOTBETCTBYIOLIGE yDaBHEGHHE JJs  3/JEKTPOCTATHYECKOTO [OTEH-
nuana @ (»).

Pewenue. Ilonnyio sHepruio atomMa MOXKHO NPEJACTaBHTh KaK
CYMMY KHHETHYECKOH 3HEpPIrUH 3/eKTPOHOB, NOTEHLUHAJLHON SHEPrHH
B3aUMOJIEHCTBHS 9MEKTPOHOB ¢ IPOM E(hey M, HAaKOHEN, NOTEHIHAb-
HOH SHEPIHH B3aHMONEACTBHS 3/EKTPOHOB MEXIY COG0H ElZhe..

BripaxeHue 17 KMHETHUeCKOH SHEPTHH MOXKHO HaNHCaTh, BCHOM-
HMB, OCHOBHBIE pe€3yapTathl 3ajaud 167. Ecau n(r) —naotHocts
9JEKTPOHOB, TO CpENHsisi KMHETHYECKAsl 3JHEPIUA 3JEKTDOHA, HAXO-
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JAUIErocsA Ha PpacCTOsiHHH r OT fAjxpa, ONPEeACasieTCsA BhIpaKeHHeM

E=Lt= s, (174.1)

e 3h2
H= T(m' (33'[2)1/’.

Orciona i CyMMapHOH KUHETHUeCKOH B3HePrHH BCEX 3JEKTPOHOB
HaXOAUM

Epw={ n(r) E (1) dv
UJan
Epn=n{ s de. (174.2)
(1)

Boipaxenns 118 Elgien ¥ Ehen HOJlYy4aloTCSl HEMOCPEJICTBEHHO H3
COOTBETCTBYIOWHX (QOPMYJ 3JIEKTPOCTATHKHU:

Efhen = — Zet S n(r) ? (174.3)
H

E® niryn(r')

Evoren =+ SS F—r] dvdt’. (174.4)

Takum obpasoM, A4S NOJMHOA SHEPrHMH, T. €. NJIfA CYMMbI Bbipaxe-
Huit (174.2)— (174.4) moxkHO Hanucarb

E—_—Sdr{un‘/a—gfjn—l—%ez Sln(r) dt’ }EST]dT. (174.5)

r—r'|

Teneps ¢ noMolpio nogxonfuero Beopa GpyHKNUM 7 (r) MBI JOJKHEL
MHHHMH3KMPOBATh NOJHYIO HEPIHIO, YUMTBIBAS [PH 5TOM YpaBHEHHE
CBAI3H

(nrya=2z, (174.6)

O3Hayalollee, 4TO MOJHOE YHC/IO 3MEKTPOHOB paBHO Z. [las pelienus
NOCTaBJEHHOH BapUAalHOHHOA NpPOG/JeMBl HEOOXOAHMO pPacCMOTpPETh
ypaBHeHHe

8§ (n+an)dr=0, (174.7)

rie A—Heonpene.neHHblﬁ MHOXHTeJb Jlarpanxka. [locse nogctaHoBKH
BolpaxkeHusi (174.5) B ypaBnenune (174.7) naxomum

Sdrén(r){——un%——_;. Sl"(” v +x} 0. (174.8)

r—r|

Bhillle npu HanmucaHUH NOCJEAHEr0 uJeHa Mbl Y4YJH, 4TO BapbuUpOBa-
une Gyskuui 2 () ¥ n(r’) B ABOHHOM HHTerpaJe /(BayKAbl HPUBOAHUT
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—

K OJHOMY H TOMY XKe pe3yabTaTy. DHeprus E Oymer skcTpeMaJibHa,
€CJId BBIpaXkeHHe, crosiuee B QHrypHelx ckobkax B (174.8), obpa-
aercsi B HY.Jb,

YuHTBIBaS fasiee, YTO IJIOTHOCTE 3JEKTPOHOB 7 (r) 3aBUCHT TOJBKO
OT 7 M HE 3aBHCHT OT YIVIOBBIX NI€PEMEHHLIX, TpeTul usieH B Quryp-
HBIX CKOOKax C NOMOLIBI0 Pa3JOXKEeHUS NOJBHTErPaJbHOTO BHIpaXe-
HUsl 0 cepuuecKUM TapMOHUKaM MOXKHO NPEICTaBHTb B BHIE

S I n(') d ! fl—‘s‘r’ﬂn " dr'+4n?r’n (r"ydr'.

0 r
Takum o6paszoM, B cuay (174.8) nmeem

5 nils
'§ wni/s — +

4me?

S ren(r’ydr’ +4ne2Sr n(r'ydr'+A=0.
b

UroOnl HCKJIOUHTE A, npoxnuddepeHUHPYEM [OAYYEHHOE ypaBHe-
HHe MO r:

r
0 2 4me? ’ ’ ’
-19— = ‘;’;—I—Zg ——:: r'tn(r'ydr’ =0.
0

(Bknagsl or pudpdepeHUHpOBAaHUS HHTETPaJoOB NO HEPEMEHHBIM Mpe-
JejiaM B3aUMHO YHHYTOXKAIOTCA.) YMHOXKas MOCJeqHee ypaBHeHHE
Ha r? u cHoBa pauddepeHIUpyss N0 r, MBI U306aBaseMCS OT HHTETr-
pajJbHOTO 4J€Ha M IHoayuyaem JAuddepeHnuasbHOe ypaBHEHHE BHIA

10 d dn

—xu—1{ rep~-ts 252

3 ”dr( ren dr) 4stetrin. (174.9)
Hans panbHefiero yno0Ho mnepefiTH OT NJIOTHOCTH JEKTPOHOB 71 (r)
K aJeKTpocraTnyeckoMy nortexiuany @ (r); coraacHo 3ajaue 172,
OHM CBSI3aHBl COOTHOIIEHUHEM ¥

1 /2me®\°*/s

YuutbiBasi Tenepb, uyro norteHnuas @ ynopseTBopsieT ypaBHEHHIO
Tlyaccouna

V2D = 4men,
#H BBOAA AJfA KPaTKOCTH 0603Haqune
8 me?, r5—
C=5: 5 Vome, (174.11)
HaxXonuMm ypaBHeHne
v2(I)=C(D'/s’ (]74.12)

1) Ilas HefitpaabHoro aroMa R= o, a @ (R)=0.—ITpum. ped.
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KOTOpO€, €CJAH HNPUHATE BO BHHUMAHHE PABCHCTBO

qu)—'r—m'(fq)),
COBNAJIA€T C YpaBHEHHEM, BHIBEJEHHHIM B 3ajaue 172 gpyrum cro-
co6OM.
Coortrowerusa (174.10) u (174.11) nossossiioT W3GaBHTBCS OF
ApOOHHIX cTeneHeidl ¢yHKuuH f B Qopmynax (174.2)—(174.4), rue
B 3aBHCHMOCTH OT OOCTOSITEJIbCTB CJICAYET IOJIOXKHTh

C e
v:®, aubo n=4—m(1)/2. (174.13)

1
an6o n= 1
e

Taxkum o6pasoM, uMmeeM

Ern= 5 chv ® dr, (174.14a)
Effpen=— o | Toan, (174.146)
Eren =53 ﬁ T du . (174.148)

DTH HHTErpaJibti MOXKHO 3HAaYHTEJbHO YNPOCTHTH, HPHHSAB BO BHHMa-
HHE cepHyecKylo CHMMETPHI0 M BBoAA BMecro @ (r) ¢yHKIHIO

¢(N=7D() (174.15)

Tak kax
Ze "

VO ==¢" (1),

10 43 Qopmyarl (174.14a) Temepws caenyer

|

3 I Z ” 3 ( ’ ¢ !
Eu=3Z0%g rzdr=gZ2eﬁ{l—(q>cp reo— [ @ Zdr}} . (174.16a)
0 0

Ananoruuso ¢ nomompio (174.146) nmonyuaem

Ehen=— 1o (£ grae=20¢’ (0).  (174.166)
Uro066! BHIYHC/NTL HHTErpaJ, BXxosmuil B popmyay (174.14s), npexne
BCEro SaMeTHM, uTO

r

1) =4z | Y200 e, ~ L (12010 (1 dry + | 1,930 (1) dr, =
0 r

r

=ZTe S 1" (ry) dry +Ze S Q" (ry) dry =ZTe {@—rg'),cs—@ (N}
0 r
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Taknm obpasom, smecto (174.14B) Tenepn umeem

@®

Elhen=g= S 1(r) VD= Srzl (nLdr=

0
-_—%2232 {S(p’2dr+[rcp’2],=o}. (174.168)
0

BmecTo nepemeHHOH r yno0HO HCIOJBb30BaTh Oe3pasMepHyio Ie-
PEMEHHYIO X, OIpeje/uB €€ COOTHOLUEHHSIMH

r 9nz \s Fi2
x=L, a:<__1282) 2 (174.17)

(cm. 3amauy 172). Tak kak npH Manselx r, HJIH, 4TO TO XKe Camoe,
IPH MaJbIX X HMEET MECTO pa3J/okKeHHUe

Q)=1—px+...,
10 B ¢dopmyaax (174.16a)—(174.168) MOXKHO IOJOKHTE

—@e)=b. (F)_=—%. [(%)]_ =0

O’I‘CIOILa OKOHHATEeJIbHO IOJyYaeM

3 Z2%2
EKHH:'E'T —J),

Eren=—220, (174.18)
l 2,2

E#l?ren—‘z‘é;" )

rme
J= S(dx) dx. (174.19)

0

Bhillie ¥ nmpousBoAHas W UM MHTerpas J He 3aBHCAT OT Z, NOCKOJIbKY
OHHU ONPEAEAIOTCA UCKJIOUMTE/LHO yHHBEPCaIbHOH q)yHKuuen @ (x).
Tabauna 3Hauenuit QyHKUUE @ (X) npuBeiera B 3agaue 172. C no-
MOILIBIO 3TOH TaGJHUbI HAXOAUM

p=—¢ (0)=1,588,  J=0,454. (174.20)

Orcioga A/1% NOJHOH 3HEPrHM aroMma, T. €. JJs CyMMHI Tpex Bblpa-
xkenult (174.18), nosayuyaem

Ze Z2e?.
E——-<—— +10J) —0,680 2. (174.21)

Tak KaK a~ Z~'/s, TO noJHasi 3HEPTHSI NPONOPHHOHAMbHA Z'/s:
E=—0,7687Z"/s pundepr = —20,93Z"/+ 3B. (174.22)
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3agaua 175. Teopema BHpHana aas mojeanm aroma Tomaca—Pepmn

C momouipi0 MeTosa, paspHTOro B 3ajaue 151, mokasarb Teopemy
BUpHAJA N/l MOJNENH aToMa Tomaca—®epmu. B kauectBe cuoef-
CTBHS 5TOMl TEOpeMbl NOJNYYMTH CBA3b MeXAy BeJHuHHaMM b u J,
onpeje/ieHHEIMH B NpPefuinylIesi 3ajaue [em. (173. 20)] H BBISICHHTD,
KaKOB OTHOCHTEJBbHHI BKJaJ COCTaBHBIX YacTell 3HEPTHH aToMma
B €70 MOJIMYIO SHEPTHIO.

Pemenne. Iloapsysice MmacuitaGHelM npeoOpa3oBaHueM, 3aMeHHM
¢yHRUMIO 1 (r) HabopoM (QyHKIHH
my, (r) =A3n (Ar),

Kaxnasi U3 KOTOPEIX YZOBJETBOPSIET YCJOBHIO HOPMHPOBKH
S m (ndi=Z.

B pesysnbrare oTaesbHBIE YACTH IHEPTHH 3/IEKTPOHOB [BbIpaiKeHHS
(174.2)—(174.4)] npeoGpasylotcs K BHAY:

Eyun (M) =ME\y,
Etoren (\) = AE{Sren,
Elren (A) = MEiren.
Taxum o6pasoM, nonayuaem
E M) =ME u+Moqoren:

Tak xe kak u B 3ajgaue 151, MBI poskHB nOTpeGoBaTh, UTOGH
0F (M\)/0h=0 npn A=1. M3 sroro rpeGoBaHHA cpasy xKe Ciaeayer
1e0opeMa BHpHAJA

2EKHH+EHOTQH:O‘ (1751)

[Toacrasassi B nocJiefHee paBeHCTBO BHpaxkeHhHsa (174.18), no-
AyuaeM

p=—rJ (175.2)

B TOJIHOM COTJIACHH € YHCJOBLIMU 3Hauenusmu (174.20). Pasauynbie
yacTH 3Heprum anekTpoHa (174.18) Tenepp MOXKHO BRPA3UTH uepes
seauyuny J. Mel umeeM

Evn=oU, Efen=—vU, Efhea=5U, (175.3)
rae
Z%?

u=2%. (175.4)
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Orciona il moJiHOH 3HEPTHH aToMa MOoJydaeM

E=—3U, (175.5)

4TO ONATH-TAKH HAFOHHTCA B COTJIACHH C YHCJIOBBIM DPE3YJbTATOM,
HafileHHbBIM B KOHLe npexbaymell sagaud. Kak H J0/KHO GBITH,
cpaBHeHHe BhIpaxeHH# (175.5) n (175.3) BHOBb NPHBOIMT K Teopeme
BHpHAJIA.

3anaua 176. Ipuéimxenne TadiTtua aas mMopeam atroma
Tomaca — Pepmu

B cuayuae HefiTpanbHOrO atoma BMECTO YHHBEPCAJbHOH (GyHKUHH
Tomaca— Depmu @, (X) MOXHO BOCIOJBL3OBATHCS OUYEHH XOPOUIHM
NpHOJIHIKEHHBIM BbIPaXKeHHEM

~ 1
? )= e (176.1)

BHOpaB QUTYypUPYIOLIHH B HEM napaMeTp o HajJekaluM 06pasoM.

[Ipexnonaras, 4t0 ¢YHKUMA @ YIOBJETBOPSET TOYHOMY YCJIOBHIO
HODMHPOBKM M YTO ¢ HE 3aBHCHT OT Z, HaATH 4YHCJ/O0BOE 3HAuYeHHEe
3TOr0 napamerpa, a TakiKe CPaBHHTh YHCJOBblE 3HaueHHs (yHKUUH

¢ H Q.

Pewenne. B 3anaue 172 6uli0 nokasaHo, 4TO IJOTHOCTH 3JEK-
TPOHOB 7 (r) ¥ HOTEHLHas aToMa (B aTOMHBIX €IHHHIAX)

V(r)=—26,(r) (176.2)
CBfAA3aHb! COQTHOILIECHUEM
n(r) = g (— 2V) . (176.3)

Orciona caepyer, 4TO yCJIOBHE HODMHPOBKH
s rn(rydr=2 (176.4)
0

MOXKHO 3amucaTb B BHJE

o (22)' { rager (x) dr =2z. (176.5)
0

10 paBeHCTBO fABAfETCA I8 GYHKUHM @, (X) TOYHEIM, €CJH

== u a=0,88534Z-"%. (176.6)
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Teneps MbI 3aMeHHM QYHKLHMIO @, NpHO/IMKeHHON QyHKIueH ¢, onpe-
nensieModl Beipaxkendem (176.1), o OymeM cuuTarh, 4YTO YCJOBHE
HOPMMPOBKH IIO-TIpeXHeMY ocTaerca B cuje. Ilocsie 3amennl nepe-
MEHHBIX y=aX==(o/a)r noayuaem

@O

8VZ ., = (a\{ Vydy .

12yZ (E) L (176.7)
0

Hoc.nemmﬁ HHTeraJI MO2KHO BBIYUCJINTHE C NOMOIILBIO NoACTaHOBKH

u==y*. [elicTBUTEIbHO, HETPYAHO NPOBEPHTH, YTO

Vdy o Wrde 1 Tu@—1)
|- o 7= | Gy Toretg )

(1+gp
IMogcranoska npenenoB wuuTerpupoBanusi y=0 u y=oo gaer 3Ha-
yenne n/8, U B cuay (176.7) nosnyuaem

a=<2—z)”’a=o,6057oz'/sa. (176.8)

9

Orciona ¢ yuetom cootHowmenus (176.6) Haxoxum
a=10,53625, (176.9)

Hicnosb3ysi nosyueHHoe 3HayeHHe napaMeTpa o, MOXHO CPaBHHTb

YUCJIOBbIE 3HaueHUs] QYHKUHA @, M ¢. COOTBETCTBYIOI(HE JaHHBIE
HPUBEICHH B HHKeCJeNyIOWeH Tabauie.

x ? @ -0
0 1 1 0
0,1 0,9008 0,8817 +0,0191
0,2 0,8156 0,793 -+0,0225
0,5 0,6219 0,6070 40,0149
1,0 0,4237 0,4240 —0,0003
2,0 0,2328 0,2430 —0,0102
5,0 0,0738 0,0788 —0,0050
10,0 0,0247 0,0243 40,0004

Jameuanue. B opurknanwupx paborax Taiirua [Tiefz T., Journ. Chem. Phys.,
25, 787 (1956); Zs. Naturforsch., 23a, 191 (1968)] BMecTo HaIEro HOPMHPOBOU-
Horo MHoxHutens 0,60570 [paBencrBo (176.8)] ucmosbaoBan MHoxuTenb 0,64309.
Taxum obpasom, npubmuxenue TaliTia He yAOBRETBOpAET TOYHOMY YCJIOBHIO HOD-
MHPOBKH. OIHaKO B €ro NpuOJIMIKEHHH DA3HOCTH () — @, B HauGogee CYIeCTBEHHOM
obnacti 0 < x < 0,5 HeCKONLKO MeHblue HalHX, XOTH npu x > | Hawe npuGiu-
KeHHe Jyulne,
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3apauya 177, Bapuaunodublii MeTOJN 1S MOJENH aToMa
Tomaca — Pepmn

B BapuannonHofi 3ajaue, 3KBUBaJeHTHOH juddepeHIHANBHOMY
ypaBHennio Tomaca— Pepmu, HCHOMB30BATH B KauyecTBe NPOGHBIX
¢yuknui ¢ynkuun TafiTua

~ 1
? () = et (177.1)

cuMrasi o napamerpoM Purua.

Pewenne. uddepenuuanbaoe ypaBHeHHe
Q" = x~"2g"s (177.2)

9KBHBAJICHTHO BapHaU,HOHHOI':I 3ajgaue o0 3KCTpeMyMe HHTErpaJga

JZK‘(%q,f“r_g_x-u,(p»/.)dx (177.3)
0

npu (GUKCHPOBAHHEIX TPaHHU4HBIX YCaOBHAX @{0)=1 u ¢ (oc0)=0.
IloxcTaBasisi  yIOBJETBOPSIOLULYIO TPAHHUYHBIM YCJAOBHSIM NPOGHYIO
¢yukumio (177.1) B unrerpan (177.3), noayuaem

T 2w 2 1
J=§{m+3‘x " e 4

Jlns BbIUMCJ/IEHHSI 3TOTO MHTErpaJia IOJIOXKHM BO BTODOM CJ1araeMoM
ax=1? ¥ BOCHOJb3yeMc (GopMyJioi

dat 1 t 7 t 35 {
S(1+,2)5_=§{(1+t2)4+g(1+,2)3+2—4(1+,2,2+
35 ¢ 35
+1-61—_H2+1—6 arctgt;,

CIpaBelIMBOCTD KOTOPOH HETPYAHO MpOBepHTH. B pesyabTaTe Ha-
XOIHM

2 35 _,
Jsg(oc—l-ﬁ—ga' /«). (177.4)
Takum ofpasoM, ycJoBHe 3xcTpemyma dJ/da =0 gaer
a:(%\)%=0,570. (177.5)

DTO 3HayeHHE O JHLIL CJETKa OTJHYaeTcs OT 3HaueHusa o = 0,536,
KOTOpoe, Kax OblJI0 [0Ka3aHO B Mpexblayliedl 3a1aue, yAOBJIETBOpPSET
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TOYHOMY YCJIOBHIO HOPMHPOBKH
(Vignde=1. (177.6)

0

B nauem xe cJiyua€ 3HayYCeHHE HHTErpaJia paBHO
fud 32

o= o =

8 35”7

T. e. npubJuxkerHasi GYHKUUSA, MUHHMU3HPYIOLLAs 3HAUEHHE HHTEr-
pana J, COOTBETCTBYET HAJM4YHUIO B aroMe 32/yZ 3/€KTPOHOB.

3agaua 178. BamsiHue 2KpaHUPOBKUM Ha K-31eKTPOHBI

Hajitn monpaBky K sHepruu cBs3u K-3/eKTpOHa, OOYCJIOBJIEHHYIO
3KkpaHupoBKo#. Ilpu pacuerax ucnoas3osBaTh npubamxenue Taftua
naa moxenn aroma Tomaca— Pepwmu.

Pewenne. Ilpeanosioxkum, 4To U3 atoma c 3apsiioM suupa Z yaa-
JIeHbl eNMHHYHLIA SfepHBIA 3apsfg ¥ OOMH H3 JIBYX K-3JI€KTPOHOB.
B pesynbTare Tako#f onepaunud y Hac NOJY4YHJCH OBl HEATDaJbHBIA
atoM ¢ 3apsgoM saunpa Z—1. Eciy Tenepb BepHYTH SAPY YAaJeHHHH
panee MOJIOXKUTEJbHBIH 3apsj, HO MpeHeOpeyb €ro BJAHSHUEM HaA
IBUXKeHHe ocTaBliMXcs Z—1 39JeKTPOHOB, TO NOJYYEHHAs TAKHM
o6pasom cHcTeMa 3apa0B OyJeT CO3[aBaTh B IPOCTPAHCTBE 3JIEKTpPO-
CTAaTH4eCKUH TOTEHUHa/, onuchiBaeMbli GOpMyJiol (HHKE HCIOJB-
3YIOTCS aTOMHBIE €IMHHILI)

® (1) =+ + 21

9 (), (178.1)

rae ¢ (x) —¢yukuua Tomaca —Pepmu oT nepemennoit
x=2, a=0,88534(Z—1)="s (178.2)
Ecan tenepn no6aBuTh K 3TOH CUCTeMe paHee ypaneHHHH K-3Jek-
TPOH (3apax —I1), TO ero noTeHuuaJbHasd sHeprusi OyneT pasHa
V(r)y=-—®(r). (178.3)
8 jpanpHeHIIHX pacyeToB BocnonbéyeMc;i TEOpHEH BO3MyLIle-

Hui. Bes yuera sKpaHMpOBKH BHIpameHHe HJISi NOTEHLHAJbHOH SHep-
rud K-3/eKTpoHa HMesno Obl BHJ

Vo(r)"—""",é
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Takum o6pasom, ¢ yueTOM SKPaHHDOBKH HMeeM

V)= =V, )+

P W] (178.4)

B npeneGpexennu »KpaHHPOBKOH 9Heprus E, u coorsetcTByOlas
ell posHOBast GYHKIUS U, (r) K-3/EKTPOHA ONPENeNSIOTCS BHIpame-
HHSMH

VAR
'/ It

Bsarozaps sKpaHUPOBKE HepreTHYeCKHIl YPOBEHb B EPBOM MOPSIIKe
TEOpPHH BO3MYIIEHHH CHBHIaeTcsl Ha BEJHUYHHY

AE_,=Su'gz

E =

0

— D, = e, (178.5)

) u, dr.

[Mocsennee BhlpakeHHe Iocsae TOACTAHOBKH B HEro OGYHKUUH U4,
IpHHEMaeT BUJ

AE,=42° (Z—1) S re=32r[1—g (x)] dr. (178.6)

Tenepe yXe MOXKHO BOCIOJIL30BAaThCS npnénmxenneM Ta#itna (cM.
sajgady 176):

‘P(")"‘TI‘-FW’ a=10,53625. (178.7)
Uro6bl BuiyHCJAHTb uHTerpas (178.6), nepeiineM K HOBO# mepeMeHHOMR
t=0(+ax), (178.8)

rae
p=2Z 2 =3,302Z (Z—1)""s. (178.9)

B pesysbrare mnonyuaem

AES=Z(Z—1)éﬁ§e-t(t—ﬁ—$+%)dt. (178.10)

durypupyomuil 3nech HHTEr pan

@®

E, (6)=§e't% (178.11)

npexpcraBaser cofoli XOpolo U3BECTHYIO (YHKIHIO, 4CHMITOTHUECKO®
noBeJeHHe KOTOPOH NpH Go/bIIMX 3HAYEHUSX B ONMHCHIBAETCSH, PAIOM

b
E@ =5 (1—f+F—pE..). B2



178. Bauanue skpanuposku Ha K-asexmpors: 155

Yro Ke Kacaercsi HHTerpaja oOT HOC/eIHero uJieHa B dopmy.e
(178.10), To oH Takxke Belpaxaerca uepes E, (8):

E, (ﬁ)_S Y ) (178.13)

TakuM 0o6pa3oM, HaXoxuMm
AE,=Z(Z—1)[1+B—B*(1+P)BE, (B)].  (178.14)

Orciopa npu B>1 ¢ yderom pasnoxenus (178.12) okouuarenbHo
HOJTyYaeM

24 150
)- (178 .15)

AE_,:Z(Z—I)%( -—9—[/33+F—F3-i ..

[lepexons K uHCJOBHIM OHEHKaM BE/MHYHMHBI CHABUl'A 3SHEpreTHUe-
ckoro ypoBHsi AE;, nmpexpme Bcero 3ameruM, uro napamerp f, ompe-
neasiemerii opmyqofi  (178.9), neficrBHTesIbHO BeJHK (CM. TaKxke
NpUBEJEHHYI0 HuXke Tabauny), nosromy npubamxenne (178.15)
sBAseTcss BHNOJHE pa3yMHBIM. B TpetbeMm crogbie TabaHIBI JaHb!
3HaUYeHHs BLIPAXKEHHS, CTOSALIET0 B KPYILJBX CKOOKax B ¢opmy.e
(178.15) (HayanbHble wieHBl 3TOro psjga OwcTpo yOwBaor). [lpu
usmenenuun Z ot 20 go 80 cuaBur sHepreTHueckoro yposHs AFE,
cocraBaser 26 —129% or Benuuunnl | E,|. CiegoBaTesibHO, OH JeHCT-
BUTE/BHO HpeJCTaBJseT co0OH BCero JHWb HONPaBKY, XOTH H He
HACTOJbKO MaJyl, 4TOCbl yuer BTOPOro NMOpSiiKa TEOPHH BO3MYLIe-
HUHA He MOT H3MEHHTb ee Ha HeCKOJbKO npoueHToB. Hago, oaHaxo,
HMETh B BHAY, 4YTO yxXKe caMa HO cefe wHCHOJb3yeMas MOJEb
Tomaca— @epmu cavmgoM rpy6a, MO3TOMY ydyeT BTOPOro NOPsAKa
TEOPHHM BO3MYIIEHHH (QHU3HUECKH HeleJecoobpaseH.

B peHTreHocnekTpockonHH OOCBIYHO INPHHATO XapaKTepH30Bath
CHBHUT 3HEPreTHUECKOTO YPOBHA C MOMOIIBIQ 3KPaHHPOBOYHOH MOCTO-
AHHOH S, ompeje/seMOll paBeHCTBOM

E=— 12"+ AE,= ——(Z—s)". (178.16)
M3 storo onpenenenus caexyer

( ]/1_,%) (178.17)

3HaueHusl 3KPAaHHPOBOYHOH MOCTOSIHHOH, pacCyMTaHHBIE IO STOH
¢opmyJsie, Takxke NpHBeneHbl B Hauledl tabauue. Tak Kak

AE,< ¢ |El,
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To IJs rpy6oil OUEHKH KBajpaTHBIA KOPEHb MOXHO 3aMEHHTb CTe-
HEHHBIM pa3/oxeHHeM, M MBI IOJyyaem

AE;  AEg

~ P
s~ 7 STE.] 7

Takum o6pa3oM, 5KPaHMPOBOYHAS MOCTOSTHHAS [PMMEPHO HPONOP-

nMoHa/ibHa Z'/». Ecay Aa8 OLEHOK BOCHO/Mb30BaThesl rpyGof ¢op-
MyJ0# BUAA
§=0Z" s,

TO C €€ HOMOIIbI0 HETPYJIHO MOJNYYUTh CJEXYIOLIHe Napbl 3HAYCHHIL:

Z =20 50 80
o =103 1,12 1,15

OzHako onpeneasTe Ko3pdDHLIHUEHT NPONOPIHOHAMBLHOCTH & ¢ TaKOM
Go/ibIIOf TOYHOCTBIO He HMeeT cMeicJa. CpaBHEHHE 3KCIEpHMEH-
TaJbHBIX 3HAYEHHH 3KPaHHPOBOYHOH MOCTOSIHHOH § C ee TeopeTHue-
CKMMH 3HayeHHSIMM NOKasblBaer, 4to BHJOTH g0 Z = 50 coraacue
MEXIy TeopHed M 3KCNEPUMEHTOM JOBOJBHO XOpollee, HO IO Mepe
Ja/JbHEHIIero pocra Z cOrJacHe MexAy HUMH Hapyliaetcsi. Bwmecro
IPEJCKA3LIBAEMOTO TEOPHEH MEIJIEHHOIO yBeJHUEHHs S (haKTHYECKHe
3HaYEHUsI 5KPaHHPOBOYHOH MOCTOSHHOH, NOCTHIHYB MakKcumywma 3,7,
HAUHHAIOT CHadYaja Mej/IeHHo, a mocae Z=70 OncTpo yGhlBaTh.
BriosiHe o04YeBHAHO, YTO OTMEUEHHOE INPOTHBOpEYHE MeXIy TeopueH
¥ 3KCIIEPHUMEHTOM IIpu OOJIbILMX 3HAueHHAX Z cJefyeT NpHOHCATh
peaatusdcTckuM sddextam. Takoe 3ak/oueHWe KayecTBEHHO Mof-
TBEPXKJAeTCs JaHHHIMH, NPHBEASHHEIMH B IBYX IOCJAEIHHX CcTOAGLAX
Halei TabJHIbL.

z i} (1—...) AEs 1 Eo| P AE, s’
20 24,75 | 0,847 52,2 200 2,81

30 32,25 | 0,880 95,2 450 3,36

40 38,96 | 0,897 | 144,3 800 3,79 | —17,1 | 3,35
50 45,12 | 0,910 | 198,0 | 1250 4,13 | —a1,7 | 3,2
60 50,90 | 0,921 | 257,3 | 1800 4,42 | —86,3 | 2,94
70 56,35 | 0,927 | 318,6 | 2450 4,71 | —160 2,34
80 61,56 | 0,932 | 384,0 | 3200 4,96 | —273 1,62

CorsniacHO peJIATHBHCTCKOH KBAaHTOBOH MeXaHHke (cM. 3axauy 203),
HEBO3MYIIEHHasi 9HEPrus K-3/EKTPOHA INOHHKAETCH HAa BEYIHYHHY

AE,=— 428 (é—i)
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DTOT CHABHT yPOBHS HaA0 A06aBMTL K caBury AE;, o6yc/oBJjeHHOMY
3KPaHHUPOBKOH, U JMIIb 33T€M BHIYMCJATL 5KPAHUPOBOUHYIO [OCTOSIH-
Hylo. Pe3y/bTaTel TAKHX PacyeToB NPHUBEJEHBI B NOCJEIHEM cToJ6UE
namel Tabaunel. Tak KaK CyMMapHBIH CHBHT

AE =AE,+ AE,

10 Mepe pocTa Z [eqaercda BCe MEHbIUE H MEeHbIIe 0 CpaBHEHHIO
¢ nepBOHAuYaJbHBIM CABHTOM AE,, TO HCIPaBJEHHOE 3HAuUEHHE HKPA-
HUPOBOUHOH IIOCTOAHHOW S, XapaKTepH3ywllee OTKJIoHeHHe 3ddek-
THBHOTO MO0Ji1 OT HE3KPAHHPOBAHHOTO HOJA sifipa, TaKXe YyObIBaer
Bce OblcTpee C pPOCTOM Z, 4YTO COTJacyeTcsi ¢ HAaHHBIMH 3KCMeEpH-
menta. CTporo roBopsi, peasTHBHCTCKHE 3hPeKTH CJe10Bajo Obl
yuecTh He TOJbKO IPH BBIYHCJEHHH 3Hepruu E,, HO U mpHU BHIYHC-
jgeHnd ciasura AE;. B 3ToH ¢BA3M HAallM pe3y./bTaThl HYXHO pac-
CMaTpUBaTh KAaK CPaBHHUTEJAbHO rpyboe npubauXKeHHe, ORHAKO RO-
nycKaeMas HaMH OLIMOKA BpsiJ JH BHIXOZUT 33 PaMKHU TOYHOCTH
monenu Tomaca—®Pepmu, ne yuuThHBawwed 3pdeKTOB, 06yCJIOB-
JIeHHBIX 000/0Ye4HO# CTPYKTYpOH aTtoMa.



V. Hecrauuonapubie 3ajayu

3ajaua 179. JIByxXypoBHEBast CHCTEMA MOJ IeHCTBHEM He 3aBHCSILEro
OT BpeMEHH BO3MYLIEHHS

Cucrema ob6safgaer TOMBKO [BYMs CTAlHOHAPHBEIMH COCTOSHMAMYU

[1> u |2> ¢ sueprusvu ho, u fo, (o, < fo,). B MOMEHT BpeMeHH
{=0, Korga CHCTEMa HAXOAHJACh B OCHOBHOM COCTOSIHHH, GHLIO
BKJIOUEHO He 3aBUCsllee OT BpeMeHu BoaMymenue W. Beluncauts
BEpOSITHOCTb OOHADYKEHHSi CHCTEMH B TOM HJH HHOM H3 €e BO3-
MOXKHBIX COCTOSHHI B MOMEHT BPEMEHU I.

Pewenne. Ilycte H o03Hayaer raMH/AbTOHHAH HEBO3MYIIEHHOH
CHCTEMBI, TaK YTO [Ba €€ BO3MOXHBIX CTAallHOHAPHLIX COCTOSIHHSA
OMHCHIBAIOTCSH ypaBHEHUSIMHU

H|l>=ho, |1 H|2>=ho,|2>. (179.1)

Torpa pemeune ypasuenus lllpeaunrepa npH HaJuuuM BO3MYILEHHA
hod

—5 | W=E+W)|P> (179.2)

MO2KHO BBIPDA3HTE 4EPE3 cTalijyoHapHbpi€ COCTOAHUA:
[ (1)> =y () =0t | 1> 4-c, (F) e=lort | 2. (179.3)

Dra BO3MOXHOCTb oOycJoBJEeHa TeM, 4To cocrosEHs |1> n |2)
o0pa3yioT NOJHEIH OPTOHOPMHDPOBAHHEBIA HAabop COCTOAHHA U COOT-
Howeunune (179.3) npexcraBnfer coOOH NPOCTO-HAIPOCTO pasJioKeHHe
cocTosiHuA |¢> N0 yKa3aHHOMY NOJHOMY Ha6opy, npHueM Ko3ddu-
UUEHTHl PA3JIOKeHHS SBJASITCH (YHKLHSIMM BPEeMEHH M  [OJIKHBI
onpenensThCs H3 HauaJbHBEIX YCJOBHU

qO=1, ¢ (0)=0. (179.4)

Ecau soipakenue (179.3) moxcraButb B ypaBHenue (179.2) u
YMHOXKHTb ¥ 3TO ypaBHeHHe nounesHo Ha <I| uam Ha <2|, To B
pesyJsbTaTe LJs ONpenesieHHsi KosthpHIHeHTOB MBI HaiijieM aBa IuG-

D 3meck mMeeTcA B BHRY CKaJsfpHOE YMHOXKEHHE COBEKTOPA Ha BEKTOD B HJb-
GepTOBOM NPOCTPAHCTBE COCTOSHUH,
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¢epeHIHaJbHBIX YPAaBHEHUS] NEPBOr0 MOpsiiKa:
i' —doy — — iyt —~ 1@yt
——;.icle 0 =1 | W 1) ciem i@t 1| W | 2) cpe~iont, (179.5)
— i—t':ze~ 050 = (2| W | 1) cre=t0rt - 2| W | 2) ce—tont,

[lycTe aas KpPaTKOCTH
<M,WIV>ZWMVQ
TOrZa B CHJAY 3pMHUTOBOCTH Omneparopa 1\ AuaronajbHpl€ MarpHYHbLIC

anementel Wi, u W,, OyayrT nefCTBUTENBHEIMH, 4 HEIMaroHaJbHbHIE
MAaTpHUYHbIE BJEMEHTH OYAYT CBS3aHBI COOTHOILIEHHEM

lezwzl-
Ilonp3ysce o6o3HaueHueM

Wy = Wy — (179.6)
(hw, ecTb, oueBMIHO, PA3HOCTb SHEPIHE ABYX PACCMAaTPHBAEMBIX

coctofnui), ypaBuenus (179.5) MoXHO nepemucarb CJEIYIOIHM
o6pasoM:

ﬁicl =W 6+ W, e~ t0elcy,

) (179.7)
fic, = W j,etoltc, + W0,
Peuieune sTolt cucremnl HileM B BHAue
¢, = Ae-tot ¢ = Be-tto-og 1 (179.8)

Iocne noxcranosky Beipaxenui (179.8) B cucremy ypasuenuit (179.7)
Hosyqaem

(Wu—ﬁm) A4+W,B=0,
W A+ (W, —ho +Fio,) B=0.

Onpenenutenb 3TOH CHCTEMBb JIHHEHHBIX aJre6panuecKHX ypaBHEHHH
obpaitaercss B HyJb IpH ABYX 3HAUEHHAX YacTOTH ®:

oy, n=%’—‘+%\ei o, (179.9)
e

iy =W — Wy, +ho,,

b W (179.10)
Jlanee uMeeM

By y=tonn—Wu 4 (179.11)

Wil
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H, CJeJ0BaTeJ/IbHO,

e (1) =A™ " 4 A et

¢, (1) =Wl_2le[m°{ {(ho,— W) Ae™ " + (ho,—W,,) Aje™ v’}
Tloctosunee A; u A;; MOXHO HCK/IOYUHTh, BOCIOJb30BABLIHChL Ha-

yadbHeIME  yesoBuaMu (179.4). HecstoxkHble BBIYMCJIEHHS [PHBOAAT
K CJELYIOLIEMY pE3yJbTaTy:

¢ (f)=exp [—'<%+%v) t} <cos ot+i%sin 0t> ,  (179.12a)
e iV i (W 1 ;
e (t)=— i3 exp[ l<ﬁ 7 m0> t] sin of. (179.126)

Orcofa s BEpOATHOCTH OGHADYXKHMTb CHCTEMY B BO3OYKIEH-
HOM COCTOSiHHM I10J/1ydaeMm
2 __ I W12 ' 2 H
|C2 (l)l ————%2—‘—511'1207.

INocnennee Buipakenue ¢ yuerom (179.10) npunumaer sug
4 l Wl? i 2 in2

C () 2= ——2 " sin®ol. (179.13

0] Ry -+4] Wy |2 )
BeposiTHoCcTh 00HApYKHTB CHCTEMY B HCXOZHOM OCHOBHOM COCTOSHHH
onpejeasercs BbIpaKeHHeM

2

[¢, (¢)]*=cos? ot+<%> sin® of,
HJIK '
(A2 +4 W2

3ameruM, uTo cymma shipaxenut (179.13) u (179.14) pasua eguunie.
Takum o6pasoM, paccMaTpuBaeMasi CHCTEMA OCUMJUIHPYET MEXKAY
JBYMSI CTAllMOHAPHBIMH COCTOSIHHSIMH C [EpPHOAOM 7U/0.

le, ()] 2=1— sin? of. (179.14y

3apnaua 180. JleiicTBHe mepHomKyecKoro BO3MYIIeHHA
Ha JBYXYPOBHEBYIO CHCTEMY

Viveetcsi Ta ke camas IByXypOBHEBas CHCTeM3, YTo H B Ipe-
Abiiyunled 3anade. B moMeHT Bpemenu f=0 BKmouaerca nepuodude-
ckoe Bo3MmylieHne W cosw! (HampuMep, cBeTOBas BOJIHA), YacTOTa
KOTOpOro no#mu COBNANAET ¢ YaCTOTOH ®,=0,— ®,, COOTBETCTBYIO-
el pa3HOCTH 3SHEPTUi JBYX paccMaTpuBaeMelx yposHell. Onpege-
JIMTh BEPOSITHOCTE OOHApyMEHHS CUCTEMBI B TOM HJIM ‘HHOM H3 €e
BO3MOXKHBIX COCTOSIHUH B MOMEHT BpeMeHH | MOCJ€ BKJOUEHHA
EPUOAHUYECKOT0 BO3MYUIEHHSA.
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Pemienmwe. Pemenue ypaBrenus [lpenunrepa

_l:”,af“ﬂ\p):[ﬂ-}-Wcosmt]W) (180.1)

HIIEM B BHJE
[ (@)> =c, () e= fos | 1> ¢ () e=F0uf | 23, (180.2)
rae KO>(PMHIHEHTH Pa3/OXKEeHHs NOJKHBL OINpefendTbCsl W3 HauaJb-
HOTO YCJIOBUSA
[P (0)>=]1>, nm ¢ (0)=1, ¢ (0)=0. (180.3)
Boime |1> u |2)—pemenus ypasuenns Ulpepunrepa nas cramuo-
HapHBIX COCTOSIHHH:

H|ly=ho 1>, H|2>=ho,|2), (180.4)
npHyYeM yKasaHHbE CTallHOHADHBIE pEIlieHH MOXHO CYHTaTb OpTO-
nopmupoBanubiMi. [logcraBnss Beipaxenue (180.2) B ypaBHeHue
(180.1) u yMHOXKasi 3arem 310 ypashenue Ha <l| mam <2|, nony-

yaeMm jBa D,H(I)(l)epeHUHaJIbHBIX YpaBHEHHA AJf ONpEeAC/NCHHA BEJIHYHH
AUR AL

—-lié,e' 010 = cos f {<1|W | 1> cre=tot 1| W | 2> ce=fout},

. (180.5)
— T Cye™ 0l =cos of {K2| W | 1> cre~tort -<2{ W | 2) ciemtout ).
Beenem ofo3Hauenue
0, = 0, — ®,
U, KpOMe TOro, IOJIOXKHM
0 —o, = Ao. (180.6)
Huxe 6yzem cuuTaTh, 4TO
|Aw | <€ o, (180.7)

Cuctema ypaenenufi (180.5) Temepp nmpuHHMaer BHJ

i6y = o {CLIW | 1> (@ om0 ¢, +<1| W | 25 (60 e ovan o),
ic,= 2—1ﬁ {2 W | I (e (0wt gmiboty o 4 (2| W |2) (e +e—toty g,

[lpu Tako#i s3amucH OTYETJIMBO BBHISIBJISETCS HaJHYHE UJEHOB ABYX
THIIOB: BBICOKOYACTOTHHIX —C YaCTOTAMH NOPSiiKa @ H 2@ W HH3KO-
YaCTOTHBIX —C 4acToTofi Aw. YcpenHeHHe MO BpPEMEHHOMY HHTED-
Bajy 2m/® NO03BOJS€T H30aBUTbCS OT BBICOKOYACTOTHBIX UJIEHOB,

6 No1172
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I05TOMY, 3aMEHUB KO03PpHUHEHTH ¢, H ¢, yCpPeIHEHHBIMH BeJHYHHAMU
t+%

1 14 ?
Cuty=5 § autrar,
(=1
rpe

T ==

ela

r

NoJIy4uM [ 9THX YyCPeNHEHHBIX BeJHYHH 3HAyHTeNbHO O6oJee
IPOCTYIO CHCTEMY YPaBHEHHH, €CcJaH NPH yCcPeaHeHHH OyJeM CHYHTaTb
MeJJIEHHO MEHSIOIHMecs] MHOXKHTEJH exp (4= iAwf) NoCTOSHHBIMH:

iC}=%<l]Wi2>e"A°"C,,
. 1 (180.8)
iC,=—<2|W|1)e-ta0lC,,
2k
Cuctema audepenunanspueix ypasHenufi (180.8) xomyckaer tou-
Hoe pelienne. JleficTBHTesbHO, AubdepeHUUPYs MNOUYNEHHO OAHO H3
HHX M HCKJIOYasi C I[OMOWIbIO JPYroro ypaBHEHHS OIHY U3 HCKO-
Mbelx QyHKOME, nonydaem

&, —iAeC, +4 9°C, =0,
) o (180.9)
&y + 180G, + 3 9°C, =0,
rae
Q1 =<1 W25 <2W |1y =<2 W [ 15]% (180.10)

Ecsin Tenepp BBecTH 0o003HAayeHHE
R =V ¥ (Aw), (180.11)

TO pelleHHe nocJefHed CHCTeMBbl, YAOBJETBOPSIOILee HAayajlbHbIM
ycaosusaM (180.3), moxkHO 3anucate B BHAE

. Ao

C,=e Tt(cos %—l— Asin %—t> ,
' (180.12)

A2 Ry
C,=e ? Bsm—2—.
durypupyouie 31echb HOCTOSHHLEIE HHTerpHpoBaHHs A M B MOXkKHO
BHIYHCJHTb, NOAcTaBUB Bhipaxenus (180.12) B cucremy ypaBHeHHi
nepBoro nopsaka (180.8). YkazaHHas noACTAHOBKA naer

A=—ibe, B=—i<—2—'ﬁ%u3. (180.13)
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Jl1si BePOSITHOCTH OGHAPYXKHTh CHCTeMY B BO3GYXKIEHHOM COCTOS-
HHH B MOMEHT BPEeMeHH [ MoJyyaeM

[N -

. t
—_—mslna'&. (18014)

2
BeposiTHOCTL ke OGHApYyXHUTb CHCTEMY NO-IPEXKHEMY B OCHOBHOM
COCTOSTHHH HMeeT BHJ
Rt (Aw)* . Rt
?=c08? 5+ 55 7 Sin? . 180.16

|C,|*=cos 2+92+(Am)2 sin? 5 ( )
Corsaco dopmyJie (180.14), nepexon cucTeMbl B BO3GYKIEHHOE cO-
CTOsIHHE TpencTaBJjsieT co0of THIMYHBIA pE30HAHCHHA upouecc:
BEPOSITHOCTh BO30YyXK1€HHS OBICTPO MagaeT IO Mepe PocTa EETHUYHHEL
| Aw|. HeoGxonumo MOXYEPKHYTh, YTO Hallle pPACCMOTPEHHE NPABO-
MEPHO JHIIL X0 TeX Mop, YI0Ka BulNMoJIHsAeTcs ycuosue (180.7). ITpo-
uecc BO3OYIKIEHH S CHCTEMBI TIePHOJUYECKH MOBTOPSiETC S ¢ YacTOToH R,
onpenensiemoii Bbipaxenuem (180.11), KoTopoe B OCHOBHOM 3aBHCHT
OT BeJHYHHBl MAaTPHYHOro sjemeHTa. Cnycrs Bpems

=22, n=1,2,3, ..., (180.16)

CUCTeMa BHOBb OyjleT OOHapy)XeHa B OCHOBHOM COCTOsiHHH. Takum
o0pa3om, €C/H MepPHOIHYECKOE BO3MYIIEHHE, Halmpumep CBeToBas
BOJIHA, BKJIOYAETCSI B MOMEHT BpeMeHH f{ =0, a 3aTeM BBIK/IOYaeTCSH
B MOMEHT BpeMeHH {=1{,, TO B pe3yJbTaTe Mbl He OGHAPYXKHM HH-
KaK1X H3MEHEHHH B COCTOSIHUH CHCTEMBL.

Npunoxenne. [lyctb ramuabronnan H onHcbiBaer B3anMofeficTBHe s-3.1€KTpoHa

¢ MarHuTHHIM nojeM 3€,, HanpasiaeHHHM BROJIb OCH 2. B stoM cayuae Beamunma

(w;—@;) PaBHA DACCTOSHHIO MEXAY YPOBHAMH, OTBEYAIONINMH [POTHBOMOIOKHEIM

opHeHTalMAM cnuHa. Ecau cocrosnue |2 cooTsercTByeT BepXHEMY YPOBHIO, a Cco-

crosiune | 1> —HuKHEMY, TO @y =2uF¢ /. [lycts Temeph BO3MyInEHieM CJIYXKHUT
nepeMeHHOe MarsuaTHoe nose, ¥’ cos wf, Tak uro

W=—pn(c -¥) cos wt, ———

Ecan none 3’ napamteavno nomo 3, o marphumbiit sneMent (I [ W [2> ofpa-
waercs B Hyab. B sToM ciyuae Kaxgoe u3 cocTosHHE | 1> W | 2> HesaBuCHMO
NOABEPraeTCsd [EHCTBHIO BO3MYINEHHS, HO MePeXofbl MEXAY HHMH OTCYTCTBYIOT.
Ecau xe nome ¥’ nepnengukysispro nomo %€, (MoxHo, HanpuMep, CYATaTb, UYTO
OHO HanpaBsJIEHO BJOJIb OCH X}, TO JHATOHAJIbHbIE MATPHYHLIE S/MCMEHTE! oneparopa W
o6paiaiorcs B HyJb H Mbl NPUXOXWM B TOUHOCTH K TOH caMoli 3afaue, KoTopas
6bina pasoGpaHa HaMH Bblle, IPHYEM B JAaHHOM CJIyuae

AWI[D=QIW|[D=—pg".

Cors1acHO NOMYYEHHBIM DaHee pesyJbTaTaM, eCiH @ & @), TAKAS CHCTeMa 6y et
BECTH CeGst Pe3OHaHCHbIM 06pa3oM, monepeMeHHO NMEPeXOXs W3 OZHOTO MATHHTHOrO
COCTOAHHS B Apyroe. PaCCMOTDeHHBIi NpHMep NpERCTaBJfeT coGoH mpocrefimafl
CAYUall napamMazHUMHOR0 DPE3OHAHCA.

6*
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3anaksa 181. Teopus Bo3mymeHnuit Jiupaka

Ilycte y aToMHOH CHCTEMBEl HMEIOTCSH HEBHIPOMKAEHHHIE CTAIHO-
HapHele cocTosiHUA |¢,>. B MomeHT Bpemenn f=0 cucreMa Haxo-
JUTCS B OCHOBHOM COCTOSIHHH |,>; C 5TOr0 MOMEHTa Ha Hee HaUYHHAeT
IeH#cTBOBaTb BO3MYLICHHE (3aBHCSILEE HJIH HE 3aBHCSILEE OT BPEMEHH),
KOTOpO€ BHI3BIBAET MEPeXOibl B APyrHe cocTostHHA |P,>. B MomeHT
BpeMeHH [ BO3MYILIEHHe BhIK/oyaeTcs. CuuTasi BO3MYUIEHHE MaJIbiM,
HalTH BEPOSITHOCTb OGHAPYMKEHHS CHCTEMBI B COCTOSTHHH |;>.

Pemenne. IlycTh cocTOSHHA HEBO3MYIIEHHON CHCTEMbI YIOBJET-
BopsiioT ypasHeruio llpenunrepa

—h s = H . (181.1)

rjpe
o> =]k>e-iout,  E,=ha,

H NyCTh, KPOME TOro,
KU k>=1§,,. (181.2)
[locsie Brmouenuss Bosmyulenus W COCTOSHHE CHCTEMH GYyneT OMH-
ChIBAaThCSl ypaBHEHHEM
hod
—T g =H+W)|p. (181.3)

CocTosiHHe [P> MOXHO Pa3/iOXHTb B pff

|®=§%@W0- (181.4)

B cuay coornowennét (181.2) us dopmyant (181.4) caenyer

Tla@®p=1. (181.5)

Besnunna |a,|* npencraBaser co6ofi BEPOSATHOCTH OOHAPYKHTh CH-
CTeMy B COCTOSIHHH |{,> B MOMEHT BpeMeHH f.

MNoxcraasis cymmy (181.4) B  nuddepeHunanbhoe  ypaBHe-
Hue (181.3), nonyuaem :

13 .
—T 2 (@—ioa)| ¥, = D (o, + W) ay | 9s>.
k k
¥YMHOXas noc/iefHee PABEHCTBO MOUJIEHHO Ha <!| M yuMTbIBasi 3aTeM

1 Ecan Hapagy C AMCKPETHBIM HMEETCS HENDEPHIBHEIA CHeKTp, TO MNéC/eiHHR
nyTeM BBelleHHs Ky6a NEPHOXMUYHOCTH (OPMANbHO MOXKHO npeo6pa3osath B JHC-
KpeTHMH CHEKTp M BKJIGUHTh ero, TaKuM 06pa3oM, Ge3 RafibHellHX OCJOXKHEHHI
B cymmul (181.4) u (181.5).
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coorsowenus (181.2), maxomum

dlz_%ze—i(mk—mo‘(l]Wlk)ak. (181.6)
k

Jo cux nop Mbl He npuOeraju HH K KaKUM HPHUOJMKEHHAM, W IIO-
csejHee ypaBHeHHe siBjsercs TouHbiM. OHO oTpaxaeT TOT (aKT, 4TO
CKODOCTb IIepexoia B COCTOSIHHE |[> 3aBHCHT OT 6rex COCTOSIHHI
CHCTEMBI, KOTOPbIE NMPH A€HCTBHH AaHHOTO BO3MYIUEHHS KOMGHHHPYIOT
¢ cocrosinuem |[>. Pasymeercsl, TOT Ke BBIBOA CJENYET H U3 COOT-
HoweHus (181.5). IeiictBHTenbHO, ecsii OaHH H3 KO3(DHUHEHTOB,
CKaXeM @, H3MEHHJICS, TO JOJIKHBI H3MEHUTHCS H ApYyrue Kodpdu-
LLUEeHTHI, TaK 4To6bl cyMMa (181.5) octaBanack nocrosinno#t. (Cum. Takxe
3ajauy 179, rae paccMOTpeH cJiyuall CHCTEMB C ABYMSI BO3MOXKHEBIMH
COCTOSTHHSIMH..)

Eciu Boamymenue maso, To pJs1 NOJy4eHHsT MepBoro npubsu-
JKEHUs] Mbl MOXXeM MOJACTaBHUTb B NpaByio uYacTe ypaBHenus (181.6)
HayajbHble 3HAYEHHS

a; (0) = §,,. (181.7)
B cayyae /40 smecro (181.6) noayuaem
dl_——__%e—‘(mo-ml)t(llWIO), (181.8)

3aMeTHM, YyTO 10 CPaBHEHHIO ¢ 3ajaveli 179 Hamwe paccMmoTpeHHE
HMeeT Tenepb 3HAUWTEJbHO MeHee OOUWIMH XapakKTep, TaK KakK MHl
npenebperaeM o6paTHbIMH NepexoiaMH H3 COCTOSIHHA |[> B cocTosi-
Hue |0>. HMurerpuposanne ypaenenus (181.8) naer

¢

a, (t)=-ﬂ’ LW |03 et @-wdt gy, (181.9)
4]

BesiulHa 3TOro HHTerpaJ/a B 3HAUHTEJNbHOI Mepe OfpeneJsercs TeM,
KaKk uMeHHO Bo3Mymenne W, a cJejoBaTe/bHO, H €r0 MaTPUYHbHE
9JEMEHTHl 3aBHCAT OT BDPEMEHH.

Hame npub.anikenue npaBoMepHO JiMIIb 10 TEX IOP, MOKa

KUW 0]t
12l <1, (181.10)

TaKk yto Bce Koahbuuuentst a,(f) Bce BpeMsl OCTAiOTCs MaJIbIMH.
Hano samerutb, uro B cHay HepaseHcTBa (181.10)

} (o, —
((‘)l—'mo) t << |<l(|m‘lV l(g;.)l .

Tak Kak cTOfillasl B YHCJ/IHTEJE SHEPrusi BO3OYKIeHHs OOLIYHO 3HA-
ynTeNsHO GoJiblile MaTPHYHOIO 3JEMEHTa, CTOSLIero B 3HameHareJe,
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TO IOKa3aTeJb SKCNOHEHIHAMbHON PyHKUHH, durypupymouwed B dop-
myaax (181.8) uan (181.9), MOXKeT o0KasaTeCsl [OBOJBHO GOJBIIOH
BETHUHHOH, 1I0STOMy KO3ppuIMEHT a,(f) OyAeT B STOM cJjyuae oc-
uuAaupyiomled ¢GyHKUHeid BPEMEHH, 4YTO He BIIOJIHE COTrJacyeTcs
C OCHOBHOH HjeeH, Jexaue#i B OCHOBE HCIIOJIb3yeMOH HAMH TEOpHH
BO3VIVLIEHHH. B HuXKecsenyouwel 3ajaye NnokasaHo, KakKUM oOpasoMm
MOXXHO HM30aBHTBCS OT 3TOH TPYNHOCTH.

3apava 182. [lepuoantueckoe Bo3MylIeHHE H Pe30HAHC

[TycTe aToMHas cucTema, pacCMOTPeHHasl B NIpenbiayuled 3agaue,
moxsepraercsi AeHCTBHIO NePHOLHYECKOTO BO3MYUIEHHS

W (t) = We-iot L- Pt etot (182.1)

O8cynuTh BONPOC O PE3OHAHCHOM MOLVIOWIEHHH M BHIICHWTb, KaKHM
06pa3oM BJIUsIeT HAa Be POSTHOCTh NIEPEXON0B KOHEYHAsl IIMPHHA CIEKT-
pasbHOM JIMHHY BO3MYHLIAIOUIETO MOJIA.

Pemenne. IloncraBue Buipaxenue (182.1) B obwyio dopmysy
IIEPBOTrO Mopsijka Teopuu BosMmymeHuit (181.9) u BHIOJMHHB HHTEr-
pUMpoOBaHHe, MOJYYUM

a(t)=—5{<t|7]0> 2

[ (0= Wo=®) 1

Ho;—0y—o)

+<L| 97| 05

el ((z)[—(oo+(0)t___l } 182.9
ioy—ogtaw) |- (182.2)

dueprus BosGyxaenns, Eyps = h (0, —®,), ABJSETCH MOJOKHUTEABLHOH
BeJMIMYMHOHA, I103TOMy InpH pe3oHaHce, Koraa Hw = E.. nIepBui
uJeH B Bhipaxenud (182.2) snaunTesbHO GoJblle BTOPOTO U/EHA,
TakuM o6pasom, ecsu BhINOJMHEHO ycJoBHe uactor Bopa

=m,—0,, (182.3)

TO CHCTeMa 3a0HpaeT SHEPrui0 OT INPHJONKEHHOrO K HeH nepemeH-
HOTO MOJIA M MBI HMeeM

S
|az(t)|2=ﬂ<—’—'ﬁ7f’—‘%-sm 7 @70 1804

(0 — 0 —w)?

Ora ¢opmysna ocraeTca crpaBefJHBOA M B TOM cjyuyae, KOTAA
CHeKTpaJ/ibHasl JIHHUS BO3MYLIAIOUIErO [M0Jf HUMEET KOHEUHYIO LIH-
puHy. Ecsii MHTEHCHBHOCTD BO3MYLIAIOWIETO HOJIS B HHTEPBAJE YacTOT
Mexay o U o-do xapakrepusyercs BblpaxeHnem p (©)dw, TO
MOXHO HanHcaTb

sin? —Ql— (W — @y —w) ¢

he (0 — 0y —@)?

la, (2) P=Sp(co)-4|<ll%”]0>12 do. (182.5)
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Bsoas ciona HOByIO NepeMEHHYI0 HHTErPHUPOBAHHUs

1

x=-7[o—(0,—0,)]¢
noJyyaeM
la, (t) | = 2t j.p(a)l—a)0+2x/t)l<l‘2:~}0>z S g,
sin’x
‘Z'Z
1 |
25 ~JT 0 5 ar
X ——

®ur. 70. Pynxuus sin? x/x2, onHCHBAOMAL €CTECTBEHHYIO (GOPMY CeKTpanbHof
JMHUH,

Durypupyomuil 31ech MHOXHTENb SiN%x/x? uMeeT Pe3KHH MaKCHMYM
npi x=0 (¢pur. 70), mosTOMY OCHOBHOH BK./aJj B WHTErpaJ

+

sin? x g
S —dx=mn
X

—®

NpOUCXOaHT oT ofaactu |x|<m. BHyTpH 3TOro HHTepBaja Mbl,

oueBunHO, uMeeM |2x/¢| << 2m/f. Tak KaK B pacCMaTpHBaeMOM CJIy-
Yyae JOJIKHO BBINOJHATBCH ycgoBue (181.10), corsacHo Kotopomy

ki |05 | <,

U TaK KaK MaTpPUYHBIA 3JeMeHT OOBIYHO MaJ IO CpPaBHEHHIO ¢ 3Hep-
ruefi Bo3OyKAEGHHsS, TO apryMeHT (yHKIHH p MOXKHO 3aMEHHTb pas-
HOCTBI0 ®;— ®,. AHAJOIHYHBIMH COOOPaKEHUSIMH MOXHO BOCHOJIb-
30BaThbC W TMPH pPaCcCMOTPEHHH MATPUYHOIO 35JEMEHTa, KOTOPLI
MOXHO, TaKHM 00pasoM, CYHTaTh He 3aBHCSUIAM OT I€PEMEHHOH
HHTErpHpoBaHusA Xx. B pesysbrarte nosyyaeM BhlpaKeHHe

(1 %)0)'29 (@,— ), (182.6)

U3 KOTOPOTO BHJIHO, YTO BEDOSITHOCTE OOHApyXKHTb CHCTEMY B CO-
CTOSIHUM |{> pacTeT NpPONOPLHOHAJLHO BpeMeHH {. DTO MO3BOJSET
BBECTH He 3aBHCSILIYI0 OT BPEMEHH 8epoAmHocme nepexcda, omnpeje-

la, () |2 = 2nt
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JIUB €€ COOTHOLICHHEeM
1
Pi=la,(t)]. (182.7)

B cuay (182.6) BeposiTHOCTb mepexoja HMMeEET BHI

Py =2n (l %‘OWP (0;— ). (182.8)

Bameuanue. Tlocnennee Bhipaxkenne no ¢Gopme OueHb HANOMHHAeT 30JI0TOe
NpaBHJIO, KOTOpoe paccMarpuBaercs B 3afaue 183. Caenyer, o1Hako, HMeTb B BHRY,
YTO 30JI0TOE NPABHJO IOJYYyaercsl B pe3yJibTaTe CYMMHPOBaHHS NO GJIH3KO Jiexa-
IHM KOHE4HbIM COCTOSIHHSIM, B TO BpeMsi Kak BbipaxceHue (182.8) moayueno nyrem
HHTErpHPOBaHHsl MO HENPEpHIBHOMY CHEKTPY WYACTOT GHewiHe20 BO36YXKAAKOIIEro
noasi. IIpu sToM MEl NpHHAJAM 6Ge3 NoKa3aTeJbCTBA, YTO CYMMHPOBATh HEOGXOLUMO
He aMnauTynbl [BbipaxeHue (182.2)], a sepoaTtHocTH [BeipaxeHue (182.5)].

3anaua 183. 3osnoToe npaBUJO AJA PacCessHHA

Tlyuox uacTHO C HAua/JbHLIM HMmyJbcoM p;=HhE; ynpyro pac-
ceuBaercsi Ha noreHunane W (r) BHYTPb Tesecnoro yraa dl,, npuuem
B KOHEUHOM COCTOSIHHH p,=HhE; Ilosp3ysch HecTauHoHapHOH Teo-

pueil BosmymeHHH [lupaka, moayuutk auddepeHnHasbHOE CceyeHHe
paccesinus do/dQ,.

Pemenne. Corsacuo (181.9), B mepsoM mopsiike HecTalHOHApPHOH
TeopuH Bo3MylleHu#l [lupaka

4
a,(t)=—ﬂ<f|W|i>e—f<wr—mf>t'dt'. (183.1)
]

Ecan MaTpuyHBIH 5/€MEHT He 3aBHCHT OT BPEMEHH, TO STOT HHTeT-
pas JIErKo BHYHCJ/HTb, H B pe3y/bTaTe I[oJydyaeM CJ/EAYIOMLYio oc-
HOBHYIO (pOpMYJIy:

. i_ t
|a,(l)l“=4£2<(fm|Wriljsinﬁ(a’ 2(0’) . (183.2)
i —®r

H navasnbuoe W KoHeuHoe COCTOSHHS NpHHAAJMEKAaT HENPEpPLIBHOMY

cnexkTpy. Beoasi HOpMHPOBOYHEIH 0GBEM, COOTBETCTBYIOLIHE BOJIHOBHIE
(yHKIHH MOXKHO 3aIHCaTb B BHJe '

liy=V=thettpr,  (f|=V-Yag=itrr, (183.3)

[lpu koneunom o6veme V B okpectHocTH cocTosHHA {f| HMeercs
OyeHb GoJblIOe YHCJIO OMMSKHX K HeMy COCTOSIHHM, IpHYeM B, mpe-
Jene V — oo naxe B OECKOHEYHO MAaJIOH OKPECTHOCTH HX UHCJIO
okasbiBaercst OeckoseunuM. [lo 3Tofi npuunHe BOIpoc O BepOSTHOCTH
nepexofa B 00HO OTAEJBHO B3fITO€ KoHeuHoe coctosiHue < f| ¢ BnoJaHe
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onpeleJeHHbIM 3HAYEHHEM HMIYJ/bCa ﬁk, CTAaHOBHTCH GeCccMBIC/IEHHBIM,
M MBl MOXKEM CHpalMBaTh JHIIb O BEPOSTHOCTH OCHApPYKHTb pac-
CefIHHBIE YaCTUILl B HEKOTOPOM HMHTEpBaJie KOHEYHBIX COCTOSIHHI.

Ilycte p, (E;) dE; o3HauaeT uyucaO COCTOSIHUA BHYTPH MHTEepBaJja
dE, KoHeuHbiX sHepruil E, ¥ MycTb 3TH COCTOSHHS XapaKTepPH3YITCs
HMITY/IbCAMH, JIeXKaulMMH BHYTPH TeJIecHOro yrja dQ, Ttorpa Bepo-
SITHOCTh I€peXola B €AVHHIY BPEMEHH B YKa3aHHBII MHTepBaJ Te-
JIECHRIX YIVIOB OyleT onpejenaTbCs BbIpaXKeHHeM

dT=—:—Sla, (t) ]2 o, (E,) dE,. (183.4)

Takoe onpenenenHe fABAAETCH PA3yMHBIM JHIIE B CHJY TOro, 4TO

NpHBeJEHHOe BBIpAXKEHHE He 3aBHCHT OT BpeMeHH, a HHTerpHUpoBaHHE

(akTHYECKH paclpOCTPAHSIETCs] HA OYeHb Y3KHH HHTepBaJ sHeprui.
[lepefineM K HOBOH nepeMeHHOH WHTErDUPOBAHHSA

1
x=7(cof——co[) 3

H [OJIOXKHM, KpoMe Toro,
Toraa

7 dx.

Orciona, corgacHo ¢opmyaam (183.2) u (183.4), monyuaem

dr = {0 (E) kI | W [} d.

[Tpu BHIYHCJIEHHH MOCJELHErO HHTErPasia Mbl BIPaBe BOCHOJNb30BAThCS
COOBPAXKEHUSIMH, H3JIOKEHHBIMH B NpeibiAyilel sanave. Bkaaj B uH-
Terpaj 1o oueHb OOJBIIOMY HHTCpBaJly INEpeMEeHHOH X C LEeHTPOM
B Toyke x=0 faiOT JIMIIb COCTOSIHHS M3 OYEHb Y3KOI'0 HHTepBaJa
SHEPrUil ¢ NeHTpoM B Touke E,=E;, nostoMy

AT == 0, () [<F W | 3] (183.5)

Jlnsi BepOSITHOCTH Nepexoja Le/ecoo0pa3sHo COXPAHUTh OOO3HAYEHHE
B BHje auGepenunana d7, Tak Kak B BeJqHYHHE , TIOKa elne Co-
AEPKHUTCS GeCKOHEUHO MaJblii HHTEPBAJ TeJecHulX yIiaoB d€2, (Bo3-
MOXHO, YTO B CBSI3# C 5THM CaMy BEJHUHHY p, OBLIO Obl Jydlle
o6o3nauath nocpeactsom dp,). Pasenctso (183.5) HasbiBAOT 3040mbiM
npasuAOM.

[TonyyeHHas BEPOATHOCTL NEPEX0ja OYEBHAHBIM 00pa3OM 3aBHCHT
OT HOPMHPOBOYHOTO obbema V H OT HawyaJbLHOH CKOPOCTH v, = lik;/m
CTO/KUBAIOUMXCS € MHILIEHBIO 4YacTHIO. BMecTo BEpOSTHOCTH nepe-
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Xoia uesiecoo6pasHo BBeCTH BeJMYHHY d0, He 3aBHCAMYIO OT HOp-
MHPOBOUHOro o6beMa V, onpenesuB €e pABEHCTBOM

dT =< do. (183.6)

Ora pesiMuMHA HMEET Pa3MEPHOCTb CM? H IpencTasJsfeT cobol Aud-
¢epeHnnaJbHOE CceyeHue pacCesiHHsl, IpHYeM, COIVIAaCHO 30J0TOMY
npaBuay (183.5),

do p, (E) —[KFIW i), (183.7)

TakuM 06pasom, HAM OCTAeTCs BBHIYUCJHTH IJIOTHOCTh KOHEUHBIX
COCTOSIHHi 0, W TONY4YHTb BBEIPAXEHHE AV MaTPHYHOTO S/EMEHTa.
HJIOTHOCTI: KOHEUHBIX COCTOAHHMH MOJKHO BHIYMCJHTH, MPHHSAB BO
BHUMadHHe, 4YTO HAa OJHO COCTOsSIHHE OeCCIIHHOBOA YACTHUBI B HM-
NyJbCHOM TPOCTPAHCTBE MNPUXOAUTCH o0OBbeM, pPaBHbH (2nliy3/V.
[TosToMy B IpOH3BOJILHOM 3JeMeHTe 00beMa MMy IbCHOTO IIPOCTPAHCT-
Ba d¥p copepikUTCH
a3pV
8n3fs

COCTOAHUH. Y4YUTHIBasA, yTO
d*p=p*dpdQ=mpdE dQ,

noJy4aem
mp dE (dQ.V
p/dE, =~ (183.8)
H, CJefoBaTeJ/bHO,
2= () i< w ok 183.9
dQ,  \2nk? I <FIW DL (183.9)

B cJayyae ympyroro paccesiHusi MHOMHTE/Db ks/k;=1 u ero B nab-
HelilieM MOXKHO OMYCTHTb.

HOuaisi cdeprueckd cHMMeTpHuHOro moreHunana W (r) mMaTpuusbli
3/EMEHT MEXKJAY COCTOSSHHSIMH, ONHCBHIBAEMBIMH [JIOCKHMH BOJIHAMH
(183.3), umeer Bupg

FIW iy = %Se‘ KW (r) dox, (183.10)

rae K= R;—FR;—TaK nasblBaeMbii nepejaHHbli UMIYJbC (B €IMHH-
uax fi) VlaTerpupoBaEne NHO yrJOBLIM MEPEMEHHLIM [deT

LD —-VESW (r) = redr, (183.11)
[
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MO3TOMY OKOHYATEJ/JbHO II0JdYyYaem

_do_ 2 smKr 2
o ﬁzj W (r)sldr | (183.12)

Pesyabtar (183.12), Kak W cjegoBano 0XHiaTh, coBnajaer ¢ op-
MYJIOH 1epBoro GOPHOBCKOTrO MpHOJMKeHHSA (cM. 3agauy 105). efict-
BHTEJbHO, Hamla ucxopHas ¢opmyqa (183.1) yxe npegnosaraer, uro
pacceusawoomuii noreruuan W (r) paccmarpuBaercss B KayecTse BO3-
MYIIEHHS; UMEHHO MO 3TOH MPHYHHE AJI ONMHCAHHA HAYaJbHOTO H
KOHEUHOTO COCTOSIHHHA ObLIH HCIOJb30BaHBl MJIOCKHE BOJIHBL.

3anauya 184. BopHoBsckoe paccesiHHe B MMNYJbCHOM MpPeiCTaB/EHHH

[Nosp3ysick MMIYJBCHBIM NPEACTABJEHHEM H OTPAHHYHBASIChH Nep-
BHIM MOPAAKOM HECTAlHOHADHOH TEODHH BO3MYILIEHHH, NOJYy4YuTb
BhIpaXkeHHe ana AuddepeHuHasbHOro ceueHuss paccesiuusi. CuMrarh,
4TO BO3MYIeHHE BKJ/IOYaeTCsl B MOMEHT BpeMmeHd (=0, a 3aTeM
OCTaeTCsi MOCTOSTHHBIM.

Pemenne. Kak Obl1o mokazzHo B 3ajaue 14, npu nepexope
K HMIYJbCHOMY IIpeiCTaBJieHHIO HecTalHoHapHoe ypaBHeHue [lpe-
JUHrepa

e P vy (184.1)

3aMeHsieTCsl HHTerpo-auddepeHIHalbHEIM ypaBHEHHEM BHAA

—éf’(k, t)=2ﬁ—;k2f(k, t)—{—SW(k-—k’)f(k’, Hdk,  (184.2)

rae f(k, t) 1 W (R) coorBeTcTBeHHO (pypbe-o6pasel P (r, ) u V (r)
(HopMupoBKa Ta XKe, 4To U B 3ajaue 14). Ypasuenue (184.2) moxuo
HECKOJLKO YMPOCTHTb, BBEAA BMECTO [ HOBYIO (YHKUHIO:

R, )=0(k, e o, o=k (184.3)

Mp uMeeMm

av(akt, t)':_iﬁ"yei(m—m')tW(k—'k,)U(k’, t)dak, (1844)

[Tpu pemennn ypaBHenus (184.4) B mepsoM nopsjke TeopHH
BO3MYIIEHHH (QYHKUHIO U B NOABIHTEIDAaJbHOM BHIPAMEHHH CJELyeT
3aMEHHTb HEBO3MYLIEHHON BOJHOBOH (PyHKiHeH

v, (R, 1)=C (2n)’/: 6 (R—k,), (184.5)
KOTOpasi npejcTaB/ser co6ofi dypbe-o6pa3 NOCKOH BOJIHBL:
P, (F, £)=Ce*or, (184.6)
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B pesysbraTe ypaBHenue (184.4) npuoGperaer BUR
a"%;‘)_—_ _iﬁc ©@Qn)'s W (k—Fk,) f (@-w0)

PeulenyeM 5TOro ypaBHEHHS CJYXHT QyHKUHA
et' (0~ ) t-—l

v (k, t):-%(m)”/- W (k—k) Sl . (184.7)
W
CrenoBaTesbHO, BEPOSITHOCTb OGHAPYXHTh YacTHUY C HMOYJbCOM kB

BHYTPH HHTepBana d’k B MOMEHT BpeMeHH ! (cM. 3apauy 15) naercs
BHIP2KEHHEM

lo(k, t)[ k= lc—'%gi)i (W (k—F,) | tail’:i‘kmkdg,

rae AJisi KPaTKoCTH Mbl [0J102KHJIH

x=—;—((o-—coo) t.

Tak Kak
2m
H
+ w -
S‘ sxzzxdx:n,

TO BEPOATHOCTb nepexoad, OIpelae/iCHHAsl PABEHCTBOM

dT =+ dQ Sk2 |v(k, &)[dk, (184.8)

nocse WHTErpHPOBaHHA IO dk NPUHHUMAeT BHJ

dT:iilz%?_‘ﬁk_\W (k—k,) |2 dQ, (184.9)

npuyem Buiwie (cM. 3anavy 183) |k |=|k,|. [ubdepeHnuanpuoe ceye-
HHE CBSI3aHO MO OMNPEJe/]EHHI0 C BEPOSTHOCTBIO NEpexola COOTHO-
LIEHHEM

dT =|C Pogdo = | C 2 o, (184.10)
103TOMY
4 ']
do=@£4—m|W(k-—ko) 2 dQ. (184.11)

B cuayuse ueHTPaJbHOTO B3aUMOAEHCTBHS 53Ty OOuLyl0 GopMyay
MOX(HO HECKOJIbKO YIPOCTHTh, TaK KaK HpH BbIUHCJAEHHH Qypbe-
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o6pasa mnorennuana V(r) ynaercs nposecTd HHTErPHPOBAHHE IO
YIJIOBBIM TiepeMeHHBIM. Mbl umeem

W (k— ko) = g | &% ’V(f)d‘"’X—@n)sSV( ) X 2 dr, (184.12)

rae K=k—k,—nepegaHsblii UMIyJbc (B eanHunax ), npuuem K u
yro1 paccesiHus ¢ cBfi3aHbl COOTHOIUEHHEM

K =2k,sin 3 . (184.13)

[Moxcrasasisi Tenepb Bepaxkenue (184.12) B dopmysy (184.11), moay-
yaeM XOpOLIO H3BECTHHIH Pe3yJ/ibTaT AJIS CEeYeHHS DAaCCesHHA B mep-
BOM GOPHOBCKOM NpPUG/HKEHHH:

& {QmSV( )S‘”K’ r“‘dr} (184.14)

3amenanue. Tlepexon ot BoJHOBOR GYHKIHH f, ONHCHIBAIOLIEH COCTOSIHHE YaCTHUB!
8 MMIYJbLCHOM NpPeACTaBJeHHH, K (GYHKLIHH U COOTBETCTBYET B O6HIEM Ciyyae nepe-
xony or Kaprusul Lllpesunrepa x kaptune J[Hpaka (mpeicTaBJieHHe B3amMOJefCT-
Bus). B orcyrctBue B3aumopeiictsus W (k) dynkunms v He 3aBucena 6Hl OT Bpe-
Menu ¢. DopMysa Aks cedeHHst paccestHHs (184.14) Gblia HaMM BhIBefeHa paHee
B 3agaue 105. 3amerHm Takke, ut0 dypbe-o6pas W (B—~Ry) c TOUHOCTHIO A0 HOP-
MHDOBOYHOTO MHOMHTEJsS €CTb MATDPHUHBIN 3JieMeHT noTenunuana V () B o6blunOM
NPOCTPAHCTBE!

@y W (k— ko)== S e~ TV (r) R T B =<k V | Ry>.

C yueroMm noc/efHero 3ameyanns ¢opmyJe LA ceyeHus paccesinus (184.11) moxuo
HpHAATb BHA

m 2
do=|—5—<R|V|ky| dA. 184.15
| s <® 1V 156 (184.15)

3anaua 185. KyJaonosckoe Bo3OykieHHE aToMa

[Tycte Ha paccrosiHuM b (OpHUeJbHOE paccTOsfHHE) OT aToMa
LIEJIOYHOTO MeTassa mpoJeraer 3jeKTpoH. CKOpOCTb 3JIGKTPOHA U
npexanoJaraercss 6OJMbUIOA MO CPABHEHHIO CO CKOPOCTbIO BAJIEHTHOrO
3JeKTpoHa B aroMme. B pe3ynbTare KyJOHOBCKOrO B3auUMOJeHCTBUA
aToM MOXKeT IlepefiTH B BO3OyXJeHHoe cocTogHHe. C MOMOHIbIO HeCTa-
LIMOHAPHON TEODHM BO3MYLIEHHH paccuuTaTh 3P(eKTHBHOE CeyeHHe
TaKoOTo Hpouecca.

Peutende. DByjeM ONHCHIBATH NOJIOKEHHE BAJIEHTHOTO 3JEKTPOHA
OTHOCHTEJIbHO aTOMHOTO ocToBa (¢ur. 71) pagyc-BeKTOpOM F (X, ¢, 2).
Ecan Hasgeraiomuil 3JeKTPOH HAXOAHTCA B TOYKE P, TO 3HEPTHIO €ro
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B3aHMOJIEUCTBHSI € BaJICHTHBIM 3JIEKTPOHOM MO2KHO 3dIIUCaTh B BUJe

V(t)=§e—:t—), (185.1)
rae
R = (vt —x)* +y? 4- (b—2)°. (185.2)

Huxe 6ynem npenebperaTb shdekTaMu, CBI3aHHBIMH ¢ 3aMeAJEHHeM
HJIM OTKJOHEHHEM HaJjeTaiomero siektposa. Kpome Toro, paccmar-
pHBas HaJieTalOMUA 3JE€KTPOH KaK KJjac-
CHYECKYI0  YacCTHIly, Mbl, KOHEYHO, He
1 P YyUMTBIBa€M H Bce OOMeHHBIE 3DhbeKTH.
Ecan psmna BOJHBI HaseTAIOLIETO 3JEKTPO-
Ha Maja IO CpPABHEHHIO C NOpPHUEJbHHM
paccrosiHueM b W ¢ JIHHEAHLIMH pasMepa-
MH aToMa, TO TaKoe MNpUOJHMKEHHe BIIOJHE
pasymuo. Jlis nmpocrotsl GyneM Takxke
CYHMTaTh, UYTO MPHIEIBHOE paceTosiHHEe b B
CBOIO OYe€peib BEJIHKO IO CPABHEHUI ¢ JH-
HeHHEIMH pa3MepaMd aroMa, u, CcJeloBa-
TeIbHO, MOKHO BOCIOJIb30BATBCA PAa3JIOKEHHEM
R V@i +e (vf)? -+ b

B 3ToM npuG.vKeHHH MaTPHUHBIH 3JEMEHT Nepexoia U3 OCHOBHOTO
coctosinusi (MHAEKC () B BO3OyxKAeHHOe (HHAEKC k) 3aNmHChIBaeTCs
B BHIE

®ur. 71. CxeMa CTONKHO-
BeHHS 3JIEKTPOHA C aTOMOM.

2
<k[V(t)|o>=m[vt<k|x;0>+b<k1z[0>], (185.3)

MOCKOJIbKY IMepBHIi (cTaTHYecKuH) uieH u3 Bhlpaxenus (185.2a) paer
BKJaJ TOJIbKO B JHaroHaJbHBIA MaTpuuHblii ajemeHnT <O |V |0, ore-
YAoK YIpyroMy paccesiHuIo.

Ecan neposmymennoe coctosinue |k> yLOBJETBOpPSET ypaBHEHHIO
. lllpenunrepa

H|k>=hao,| k>,
TO BosmymeHHoe COCTOSAHHE 3aIuCbiBaeTCs B BHUAE
| > = e-iwot [ 0> +§’ a (t)e—topt | k>, (185.4)

rae (cM. sapauy 181)

¢
G(t)=—7 S e O b1y (1|05 de (185.5)



185. Kyaonoeckoe 6036yxcOerue amoma 175

Orciofia BEpOAATHOCTh OOHApYXKHUTb ATOM B BO36GYKIEHHOM COCTOSIHHH
|k> mocsie Toro, Kak MpoIecC CTOJKHOBEHHS 3aKOHUMTCs, PaBHa

Pr=|a (00) |2, (185.6)

a pdekTHBHOE ceueHue BO30GYKIEHHS COCTOSHHA |R> mnosywaercs
13 Hee MHTErpHPOBaHHEM IO MPHUETBHOMY DPacCTOSHHIO!

®

0p =2 { | 2, (00) [ L. (185.7)
0

TakuM ob6pa3som, 3aauya B OCHOBHOM CBOJMTCS K BLIYHC/CHHIO aMIJIH-
Tyasl a,(oo). [locne noacTaHOBKH BhIpaMKEHHsl [/ MAaTPHUHOrO 3J€-
menTa (185.3) noayuaem

. + o i( _
a,,(oo)=_%ez [?_t);’?ﬁw[t<k|x|o>+b<k|z|o>]dz
Beoxsi o6o3naueHus
p=loazed sty (185.8)

7]

rnocJsiefHee BbIpaK€HHE MOXHO nepemucarb B BHAE
{ +w
= ——d
@, (00) =— % i<k|x| | e s+<k|z|0>5(l+2),, ds

(185.9)

O6a ¢urypupyrouine 3leck HHTErpaJ/a HeTpyaHO BbIUHCJANTD, BOCHOJb-
30BaBLIKCh HHTErPAJIbHHM MPeCTaBAeHUeM MOAUGDHLHPOBAHHON PyHK-
uug Xaskens:

@D

BK, (ﬁ)=§”%ﬁ;§-ﬁds. (185.10)
0

[Toc/ienHH# WHTErpas MOKHO MPEICTABHTbL B HHOM BHIE:

@ £ 4+

] e[ﬁs d TR o= 1B 4 | _»’”)’“ d
N\ AS - — |\ T3 48 = — ——s-as,
2) (147 Tt \ (1+ s> 5T j (14-52)°/2 3
(4] [}} -
NO3TOMY
T s 5
———ds = 23/ (). (185.
S T s = 20K, (1) (185.11)

-
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Iuddepenunpysi paserctso (185.11) mo B, nmoayuaem

+ @

ML

' =—2 185.12
i § s =245 [BK, (B =— 2K, (). (185.12
Takum o6pasoM, umeeM
@y (00) = — 5+ L+ {<k] x] 0> (— BK, (B)) +i <k ] 2] 05 BK, (B)}-

(185.13)
Ecan atoM He moJispu3oBal, TO yCpeAHEHHe MO MOJspH3alHH AaeT
<klx|0>=<k|z|0>=0, [<k|x|0>P=|<k]|z|0>}, (185.14)

103TOMY -
(@ ()= (72 ) 75 TRTFIOF B [K3 (B + K (B)]. (185.15)

C yueroM coorHoweHu#t (185.7) u (185.8) ana sddextuBHOrO Ceue-
HHsI BO3GYXKAEHHsI COCTOSHHS |k> mosyuyaeM

0y =8 () [<Tx |o‘>‘rzj[1<2 (B)+K? (B)] pdp. (185.16)

Ecan 6H B mocsenHeM HMHTErpaje HHKHHME Tpeles Obll OTJIMYEH OT
HYJs1, TO MBl MOIVIH OBl HalHCaTb

(K28 +K3(B1BAB =BK, (B K, (B).  (185.17)
B

[Mpy Manblx 3HaueHusfix P clpaBexHBHL [IpejleJIbHEIE COOTHOLIEHHA

2
BK, (B) — 1, K, (B) ——>-—-—C—|—1n—5‘, (185.18)
rae C=0,5772...— nocrosinHasa Diinepa. Taxkum obpasom, paccmaT-

pHUBaeMbI HHTErpaJ pPacXoAHTCA NPH MaJsiXx 3HaueHHAx f, T.e.,
corjacHo (185.8), npu MasslX 3HaYEHHAX NPHLEJILHOIO PACCTOAHHUS b,
DTa pacxOAMMOCTb CBSI3aHA C HCNOJAb30BaHHeM pasfoxenus (185.2a)
IJSl 3HePTUH B3aUMONEHCTBHSA, KOTOPOE HMeeT CMBIC/ JHIIb B TOM
cjlyyae, €CJH PacCTOsHME 7 MeXAy BaJEHTHHM 3/J1eKTPOHOM H aTOM-
HbIM OCTOBOM MaJ/O [0 CPaBHEHHIO C IPUHEJIbHBIM DAacCTOSHHEM b.
BosuuKIyI0 DacXOLMMOCTb MOXHO VCTPaHHThb, MnoJaras by, =r,,
rie r,— 3pdeKkTuBHbd panuyc atoma. Corsacko cooTHomenuio (185.8),
nMeeM
Iy (0Wg —
By = L2220 (185.19)

v
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Tak KakK CKOpPOCTb U AOJKHA OHITh BeJHKAa IO CPABHEHHIO CO CKO-
POCTbIO BAJIEHTHOTO 5J€KTpOHa, TO By, <€ 1 M MBI MOXeM noJb30-
Bathcs cooTHomeHusiMi (185.18). B pesysbrare Aaa sdpdekTusHOTO
ceueHHs! BO3OYXKIEHHS aToMa INoJiydaeM
e\ —5T—TAT; 2v
crk=8:n;<ﬁ~) |<k]x[0>|2{ln— c}. (185.20)
v

7o (0p — @q)

TouHoe 3HaueHHe 00pe3aOILEro pajuyca r, HECYLUIECTBEHHO, TaK Kak
OH CTOMT NOjJ 3HAaKOM Jorapugma, a Jgorapudmuueckast GyHKuHs
CpaBHUTEJILHO MelJeHHO MeHsieTcsi IpPH H3MEHEHHH e€ apryMeHTa.

[l pumeqanue. MeTof, HCNOJIb3OBAHHBIA IPH PelIeHHH 3TOH 3ajauH, 3aHMCTBOBAH
HAMH H3 TEOPHH KYJOHOBCKOrO BO36YKJeHHS AaTOMHBIX siep: CM., HallpHMep,
Alder K. Winther W., Dan. Mat.-Fys. Medd.. 29, 19 (1955).

3apaua 186. Potoapdert

Ha atoM Bopopona, Haxonsiluiics B OCHOBHOM COCTOSIHHH, HalaeT
JUHEeHHO TmoJfApuU3oBaHHas cBeToBas BoJHA (& ]| x, F7 | y), pacnpo-
CTpaHAOUAsACA B 0J0KHTE/IbHOM HanpaBseHnHd ocH z. Hafiru yraosoe
pacrnpesenenne (HOTO3/JIEKTPOHOB M BBIYHCJHTH AHDdepeHuHa bHOS
ceueHre (orospperra. C4HTAaTh, UTO S/IEKTPOHH B KOHEUHOM COCTOSI-
HHH NPHOJIHIXEHHO MOXKHO ONHUCHIBATh NJIOCKHMH BOJIHAMH. DeKTht
3ana3jblBaHHS HE YYHTHIBATh.

Pemenne. CBeToBy0 BOJHY MOXHO ONMHCATb, 32]]aB BEKTOP-NIOTEH-
nuas A B BHje

Ax=mié°ocos[m<t—%)+6], A,=0, A,=0, (186.1)

HIpH STOM OTJIMYHBIE OT HYJs KOMIOHEHTH HAMpPSKEHHOCTEH 3JeKTpH-
YecKOro ¥ MarHuTHOro noJed OyayT PaBHH

s =—5 A, =&sin[o(1—L) 48],

[+
F#, =25 = g, sin [co(t—%)-{-&],

Yepessenubit BeKTop YMoBa— [ToOHHTHHI@ HanpaBJeH BAOb OCH 2
¥ HMeeT BeJHUYHHY

I a7

Orcioga a5 uHcsaa (OTOHOB, MajamloKx B | ¢ Ha 1 cM?, nogyuaem

2
n— ;ﬁl . (186.2)
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DHeprusi B3aHMOJEHCTBHS MEXJly CBETOBOH BOJHOH H aTOMHLIM
3JEeKTPOHOM, COTJIacHO 3ajaue 125, umeer BuA

W z_fil (A-V) = We-to! | Wieiot, (186.3)

rae

W=..___eii_é°03-i66

(186.4)
Bellle MHOXHTeNb eXp ({w2/c), YYWUTBHIBAIOWIMHA 3aMasiblBaHUE, MBI
NOJIOXKHJIU paBHBIM 1.

Tenepb MOXKHO IPHUMEHHTb METON, PasBHTHIA B 3ajaue 182. Peso-
HAHCHBIl 3HaMeHaTelb ©;—®;—®, OOECNeYHBaIOWMUH BHINONHEHHE
3aKOHA COXPaHEHHs SHepruH, uMmeercss Juwb B wiese W. Ilonaras

|
Xx=7 (0;—0;—0)!,

noJiyqaem

lap (O = [ <FIW i S22

Orciona ni1s BepOATHOCTH nepexona P, U3 HayasJbHOTO COCTOSHHMA |i>
B KOHEYHOE COCTOSIHHE |f> HaXOJMM BHIPaiKeHHe

Pf——pfl<f|Wlt> 2, (186.5)

B KOTOPOM O, O3Ha4aeT MJIOTHOCTb 3/EKTPOHOB B KOHEYHOM COCTOf-
auu. CorgacHo coorHoueHuo (183.8), umeem

mV
3ﬁ2k dag . (186.6)
3aeck V—HOPMHDPOBOUHHIH 00BbeM, a ﬁk — BEJIHUHHA HMIIYJbCa cpo-
TO3/IeKTPOHA. I[u(bq)epeﬂunanbﬂoe ceqexme (OTO3MHCCHH B TeJIECHBIM
yroan dQ, ONpEJeJIAeTCH KaK OTHOIICHHE P /n, NOSTOMy C y4eToM
coorsomenui (186.2) u (186.4)— (186.6) MO}KHO HaIHCATh

do=mkfd§2fl<f‘a|i

Mbl MMeeM JieJI0 ¢ LEHTpaJbHLIM B3aMMOJEACTBHEM, TAK YTO BOJI-
HOBasl (PYHKUUs OCHOBHOTO COCTOfIHMSI |i> HE 3aBHCHT OT yIJVIOBbIX
HepeMeHHBIX H, CJIE}IOBaTeJIbHO NpoH3BoAHAas

Y |z>_—|L>sm ¥ cosg (186.8)

(186.7)

NPONOpHHOHAJIbHA ChEepPHUECKOH rapMOHHUKE 0epBOro MOPALKZ, fo-
5TOMY MAaTDHYHBIH 3/IEMEHT HE HCUYe3aeT TOJbKO B TOM CJjydae, eciu
cocrofiHue (hOTO3/JIEKTPOHA SABJSIETCS P-COCTOSHHEM.
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TlycTh KOHeYHOE COCTOsIHHE (OTO3/EKTPOHA NMPHOJIHAKEHHO ONHUCH-
BAETCS MJIOCKOH BOJIHOH, TOrjaa

> = V=™ Y = LY (@U-1) i, (kyr) Py (cosy), (186.9)
=0

e y O3HauaeT yroJ Mexny BeKkTopamHu K, u r. Kak yxe rosopu-
JXChb, M3 5TOH CYMMBl BKJ/AaJ B MaTPHUYHLIH 3J€MEHT JaeT JIMIb OAHH
yreH (p-coctosinue) ¢ [=1:

{f

YuuthiBasi nasee, 4TO
cos y = cos ¥ cos © +sin ¥ sin @ (cos ¢ cos D +-sin ¢ sin D),

o

> 3 (il (r), d‘|1ri> ridr fcos y sin & cos gdQ.

6l._
VV‘, kr
0

ox

rie ©, @ u ¥, ¢ —chepuyeckHe yrJbl COOTBETCTBEHHO BEKTOpOB R,
¥ r, HETPYIHO BLIMOJHHTH HHTErpPHpOBaHHe MO dQ:

sin © cos @ 95 sin? ¢ cos? pdQ) = 4—;‘ sin @ cos .

@

Takum ob6pasoM,
N 4mi jr(kyr) d|i>
t>=—_—sm@cos®§ e

<f V7 ) T kg dr

TaK yTo B cHJy (186.7) nmeem

0
or

redr,

d 8e? (w . dli ]2 .
lﬁ%:%({s‘rh(kﬂ)%dr}) sin?f@cos?@.  (186.10)

0

Jl12 nosiyueHHsI XOPOILIHX KOJIHUECTBEHHBIX Pe3yJbTaToB (HTYpHPYIO-
lyi0 B MOCJENHEM BLIDAXKEHHH pPajHajbHyl0 QYHKIHIO [, CAefyeT
3aMEHHTb 0OJiceé TOUHBIM BhIPAXEHHEM (HANOMHHM, 4TO pajvaJbHasn
GyHKUMS [, MOSIBJSETCH y HAc B Pe3yJbTaTeé HCIOJb30BAHHUA [PHU-
OaxeHuA NJAOCKHX BoJHY). OnHako yrJoBoe pacrpeienenue ¢Goro-
3JEKTPOHOB IIoJiyueHHass ¢opMyJa onucniBaeT MNpaBHAbHO. Takoe
pacrnpejeJieHUe COIJacyercs M ¢ KJACCHYECKMMH MNpeACTaBJEHHAMHY,
nockoJbKy GyHxuus sin?@ cos® @ jpocruraer Makcumyma, korga ¢o-
TO3JIEKTPOHBI BBIJIETAIOT NapaJlie/bHO OCH X, BAOJb KOTOPOH Hampas-
JIeH BEKTOP 3JEKTPHUECKOH HalpSXKEHHOCTH.

1 Tlpu6auxkeHHe NJOCKMX BOJH [PHBOZAT K NPABHJIbHBIM KOJIHYECTBEHHLIM
pesyJ/IbTaTaM, ecJqd Hapsjay C TepPBLIM yuecTb BTOpoe GOPHOBCcKOoe MNpPHOJIHIKeHHe,
Cwm., nanpumep, Jecos b. A., H3B. Bysos, ®usuka, 1, 71 (1961).— [Ipum. ped.
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3ameqanue. Jus K-3aexTpoHa
k2
T sy me

(N0 nOBOAY SKPAHHPOBOYHON MOCTOSIHHOH § cm. 3ajauy 178), nosromy HHTerpas
u3 dopmyJel (186.10) MoxkHO 3anHcaTb B BHAe

li>=n"""q~ Ve~ /3 a

o 0 X
, dli 1 sinx = y
J = ll(k,r)—l—zrdr=—— . S‘ —cosx Ve *F° xdx,
dr kfa? V ma X
] 0
rie x=/k;r. VHTerpan BHUHC/IACTCS JEMEHTAPHBIMM METOAAMH, H MBI NOJIyYdeM
2 kfa®

J =

Vwa (1+k}?)?
Sra ¢opMysa CnpapeiHBa NPH YCJOBHH k> 1, MOCKOMbKY B NPOTHBHOM Cayyae
NpUGIHKEHHE TJIOCKHX BOJH CTAHOBHTCH HECOCTOATeJbHEIM. Takum o6pasom, HMeeM

Jw 2 (ksa)=2
na

do 322 1

- sin? O cos? @.
dQ; meab  wkf

YuuTplBass paJiee paBEHCTBO

W g
1

2m

OKOHYATEJIbHO MNOJyuaeMm

do , €2 m2elo 1
—— ~8(Z—s)®sin2@ cos2 P — i —— |
%y he R (l)(l)%kf

DoJsee TouHble pacueThbl MOATBEepXKAAIOT B OOUIMX uepTax BbiTeKaiollHe H3 3TOH dop-
MyJ/ibl BHIBOABI: GHICTDOE YBeJNHUYEHHE CEUEHMs C DOCTOM BeJNHUMHH Z —s, GbiCTpoe
y6LiBaHUe CeueHWs, NPHMEPHO Kak ®—3%5, ¢ pOCTOM SHEPLHH KBAHTA Aw, IpaBHIIb-
HOe YIJIOBOE paclpefesieHHe 3JE€KTPOHOB H, HAKOHEN, NPABHJbHBIE MOPAKOK BEJH-
yHHBl ceyeHHst QoroapderTa.

Jlnteparypa

Stobbe M., Ann. Phys., 7, 661 (1930).
Yuer 3ana3guiBaHus RJS BOJOpoOJA:

Sommerfeld A., Schur G., Ann. Phys., 4, 409 (1930).
PenaTHBHCTCKAA TeOPHsi:

Sauter F., Ann. Phys., 11, 454 (1931).

3apgaua 187. ucnepcAas ceeta. CHAB OCUHIATOPOB

CeeroBasi BOJIHA, paccCMOTPEHHas B [peAbAyuiedl 3ajgaue, HO
¢ 8=0, B3aumozeiicTByer ¢ atoMoM. CurTas, 4TO BO B3auMoieficTBHH
yyaCTBYeT TOJbKO OAMH 3JIeKTPOH, HalTH HHAYLUHPOBAHHYIO MOJSPH-
3aUU0 H TMOJYyYHTb H3 HEe BBIPAXKEHHE AJf CHJ OCLHJLISTOPOB.
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[NpeneGperasi 3anasibiBaHHEM, BBIPA3HTh BCe BCTPeHalOUlHecs B 3a-
Jaye MaTpPHYHbIe 3/eMEHTHl uepe3’ MAaTPHUHbie 3JIEMEHThl 3JEKTPH-
4eCKOTO JUINOJbHOTO MOMEHTA.

Pemenue. B obosHauennsix 3anaud 18] cocrosnue aToma, Haxo-
Asiierocss noj AeHCTBHEM CBETOBOH BOJIHBI, 3alHCHIBAETCS B BHAE

19> =Za, (1) [ 1>e™ ™,

rae | [>—cocrosiHue HeBO3MYLIEHHOTo aToMa. KMcnosbsysa BhIpaxeHue
(182.2) nas Koshduuuentos a;(f) ¥ OMycKas B HEM YJEHLI, CBS3aH-
HHE ¢ NPOIeRYypOd BKJIOUEHHS CBETOBOH BOJHBI, MOJyYaeM

|h> = 0> e-fe! ——Z {<Z|W 10> 2

tm ~ Wy~ m)t

t(ml m0+m)t ot
.‘. -~
+<LW 10>—-—————m0+m }1z>e £,

Briwe |0) o3HauaeT OCHOBHOE COCTOSTHHe aToMa, a |/>— .moGoe
ero Bo36yX/eHHOe COCTOSIHHe, TaK yTo ®,—®, >0, H TONBKO uJeH,
CTOAUMHA B CyMMe NepBhHIM, HMeeT pe3oHaHCHHI Xapakrep. [IpeneGpe-
rasi Hepe3OHaHCHBIM YJIEHOM, MOXHO 3aIHUCaTh COCTOSIHHE aTOMa B BUE

]¢>_{[O>__ﬁ e—twtz Wi ”>}e_zmo (187.1)

O — Oy —Q

Mpl 3HaeM, 4TO ONTHYECKHE CBOMCTBA ONpPEeJ/SIOTCS B OCHOBHOM
HHAYUHPOBAHHBIM JHIOJBHBIM MOMEHTOM Py, KOTODbIH ONpene/Isercs
COOTHOLIEHHEM

Pan=—{§ cp|r|p>dix—<0|r|0>}. (187.2)

IMogcrasasa cwoja BoipaxeHnue (187.1) u mpeneGperass nompasKaMu
BTOPOTO MOpPAAKAE, NOJAyyaeM

— it *f0!
Z<0|r|l><llWI0>e IO AIWIO™ 187 3)
0 —0y—0

pm-m

210 BbipaXKeHUe MOXKHO 3HAYHTEJIBHO YNPOCTHTh, 3aMEHUB MaTPHYHbIE
sseMenTsl < [|W|{0> sHepruM B3auMOJeHCTBUS

ek . 0

MATpHUHbIMH 3JIEMEHTaMH 3JEKTPHUYECKOro AHNOJMLHOrO MOMEHTa aToMa
P B HANpPABJACHHYU 3JIEKTPUUYECKOTO T0JIfA CBETOBOI BOJIHbI:

APl 0>=—ei|x]|0>. (187.5)
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TaKYlO 3aME€Hy MOXHO cJeJiaTh, BOCIIOJIb30BABIIHCb COOTHOILIEHHEM

(1] -2 k>=—'g— (@p— ;) <L | x | BD; (187.6)

OHO CIIPaBeNJIMBO /s JIOGOA mapel cocTostHui |I> u | k).

dx

Coortrowerne (187.6) MoxHO BhBeCTH, Hanpumep, crefylomuM ofpasoM. Ms
ypasrenu#i Hlpexunrepa

(=2 vrav)165=honl o,
(—f—;v2+v)<z;=ﬁm,<z|

nocJsie MOYJNEHHOrO yMHOMeHHA Ha <I|X # X | k> COOTBETCTBEHHO H MOC/ENYIOLEro
BLIYHTAHHS OJHOTO YDaBHEHHS H3 LPYroro rnojayuaem

2
—Qﬁ—m {<llx v k>—<k]|x V2| l>*}=ﬁ(u)k—u),) Alx|k> (187.6a)
Tak kax
S(vx) Viudix = — S v (vx)-yu d3x::—S (xvv-vu + v%) d3x,
TO BHIpaKEHHe, cTosimiee B QUrypHHIX cko6kax B (187.6a), MoXHO 3anHCaTh B BHIe
_<z 9 k>+<k 9 z)* =—2(l 9 k>.

x dx ox
IMoncraBasisi 310 BHpaxenue B Gopmysay (187.6a), Jerko mosiydaeM COOTHOMEHHe
(187.6).

C nomouieio cootHoenHs (187.6) BuipakeHue 1151 HHAYUHPOBAH-
HOTO JQMMOJBHOTO MomeHTa (187.3) mpeobpasyercst X BHAY

oo OIPID U pg| 0 U | p 0> < | py | O>* £
P = Qiﬁtz yE—— . (187.7)

Ec/ai aToOMBl CTATHCTHYECKH HE3aBUCHMEI, TO HX JHIOJLHLIE MO-
MEHTEl p C PaBHOH BEPOATHOCTBIO MOT'YT HMeTb Jit06oe HanpapJeHwe,
II03TOMY [PH YCPEJHEHHH Y-KOMIIOHEHTA M 2-KOMIIOHEHTa BEKTOpa
Puun OOPATATCS B HYJb M OCTAHETCH JHUIIb KOMIIOHEHTa HHAYUHPO-
BaHHOTO IHINOJBHOTO MOMEHTA B HalPaBJEHHH OCH X, T. €. B HalpaB-
JeHHH NPHJIOKEHHOTO K aTOMy 3JeKTpHueckoro moss. Ina pafs-
HeHlero 3aMEeTHM, YTO B CHJIy 5PMHTOBOCTH OM€paTropa p

Olp|>=<1|p|0>*,
TOrAa

(TP, 105 FF = 5 [<[p[OST,
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NpUYeM B MPaBOfl 4acTH [OCJEJHEr0 COOTHOIIEHHs HET HEeOOXOQHMO-
CTH B YCPEIHEHMH, TaK KaK TaM CTOMT BHIDAXKEHHE, He 3aBHCsLlee
OoT OpHEHTAUUM artoma. TaKPIM o6pa3omM, MoJyyaem

Pusn = Zldlp“» £ 3in wf.

W — 0y —®
TTockonbKy BnlpameHnue
&,sinwt=4¢

npeicrasaser cob0d MIHOBEHHOE 3HAYEHME HANMPSKEHHOCTH 3JEKTPH-
YECKOrO [10J1s, MOXKHO OIMPENENHTh MOJAPH3YeMOCTh aToMa ¢, IoJa-
ras, Kak 00mIYHO,

puﬂn:aé}'
Orcrona HMeeM
1 [<I|plO>]?
o Zh(m,—mo—m) (187.8)

B koaccHueckoil omTHKe IJIS NOKa3atesss IpeJIOMJIHUS] N cripa-
BeasHBa (opmyJia

21 4
:T_-,_—2=-§1Noc, (187.9)

rpe N —uncJio atomMoB B eguHuine obrema. UTo ke KacaeTcs KJac-
CHYECKOH IMOJISIPH3yeMOCTH, TO OHA MpPEACTaBJ/seT cobol CyMMy BKJa-
JO0B OT BCE€X 3JEKTPOHOB aToMa H €€ MOXHO 3amucatb B BHUIC

e? h

o= — ey (187.10)
3neck W) — 4acTOTa COGCTBEHHBIX MEXAHUUECKUX KOJeGaHHHA 3JeKT-
poHa HOMEp A, a TaK HasblBaemasl CuAa oCcyuAIamopa [, ykKasblBaer,
KaKoe YHCJO 3/J1E€KTPDOHOB B aroMe HUMeeT 4acTOTy COGCTBEHHBIX KO-
seGanuil, paBHYIO ). [lepBple cOMHEHHA B NPAaBOMEPHOCTH KJACCH-
uyeCKO# KapTHHBl fIBJEHHS ObLJIY BRI3BAHBI TEM, UTO CHJBL OCLHJJIS-
TOPOB, KaK 0Ka3aJoCh, He fBJAAIOTCA HEJbIMH YHCJIAMH.
dopMasnpHO KBaHTOBOe Bhipaxenue (187.8) npusBoguT K oOueHb
MOXOXKEMY pe3yJpTaTy. JleficTBHTeIbHO, MBI MOXKEM HaITHCaTh

oc—_-iz(<nz—wo+co)l<lIpl0>l2 [<tipl0> ]
3 b ({0, — ©,)2 — 2] 3ﬁ (mz-mo)z-mz'

Hanee us dopmyant (187.9) caeayer

n*—1__4a e2 }
w23 Vo emero (187.10
{
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g€ CHJIBI OCHHJ/VISITOPOB TEMEDh OIpeAeJIEHbl COOTHOIIEHHEM

=20 <t ip |05 I (187.12)

QopmasbHOEe coBMajeHue KBaHTOBOTO pesysbrara (187.11) ¢ kaac-
cuyeckolt ¢opmysioft (187.10) okaswiBaercsi, OnHAKO, OOMAHYHBLIM.
B Boipaxenun (187.11) cyMMHpOBaHUE NPOHCXONHT HE M0 3JEKTPO-
HaM, a Mo BO30yXJEHHHIM COCTOSIHHSIM aroMa, IOTOMY CyMMHpOBa-
HYE 10 MHOXKECTBY TEPMOB OKa3rIBaercs HeOGXOAMMBIM JaXKe€ B Hamed
OJHOJIEKTPOHHON 3agaue. BMecTo 4acToT coGCTBEHHBIX KoJseBaHHuH my
B KBaHTOBOH ¢opmyJ/ie QUTYPHPYIOT pasHOCTH ®,—w,. Y Hakomeu,
CHJIBI OCHMJIIATOPOB f,—3TO yXKe HE UYHCJA 3JIEKTPOHOB, a CKopee
HEKHE [IOCTOSHHBIE, XapaKTePU3YIONHE HHTEHCHBHOCTD JHUIIOJBHBIX
Nepexos0B, 3HAaYeHHs KOTOPBHIX ofpejessiores, corJacho (187.12),
MaTPUYHBIMH 3/IEMEHTaMH 3/1eKTPHYECKOr0 JHNOJLHOI0 MOMEeHTa. Ta-
KHM 00pasoM, HE YAMBHTEJBHHO, YTO 3TH NOCTOSIHHEIE, BOOGLLE rOBOPS,
He SBJSIOTCHA LEJBIMH UHCJIAMHU.

3agaua 188. CnuH-yMn B MarHATHOH Pe30HAHCHOH CHCTeMe

Yactuua co cruHOM !/, W MATHHTHBIM MOMEHTOM [ JBHXKETCS
B HaIpaBJIEHHH OCH Y B [1I0CTOSTHHOM H OJJHOPOJHOM MarHHTHOM I10JI€ 3¢,
KOTOpOe INapaJJeJbHO OCH z. B TakoM mnoJe CHUH YacTHiBl OpHEH-
THpYyeTCst JIMOO B IMOJIOKUTENbHOM, JHOO B OTPHULIATENLHOM HAIpas-
JIEHHH OcH 2. JI1a ompegeseHHOCTH OyjaeM CYMTaTb, YTO OH HATIPaB-
JIeH B II0JIOKHTeJbHYIO cTOpoHy. Korja uyactuia B MOMEHT BpemeHH
t=0 npoxogut Touky y=0, OHa nonajaeT B cbGJacTh, LAe AeHcT-
ByeT ellle OJHO OZHOpOIHOe IIoJe, 3¢’, mnapassesbHOe OCH X. B Mo-
MEHT BPEMEHH ! =1{,, KOI'la YyacTHLa NPOXOAUT TOYKY y = I, oHa no-
Kujaaer obsacth gefictBua mnoas 9. KakoBa BeposiTHOCTb, 4YTO 3a
VKa3aHHHIH NPOMEXKYTOK BPEMEHU ODUEHTallHs CIHHA YaCTHIIH H3Me-
HUTCH Ha TIPOTHBOINOJIOKHYIO?

Pemenue. B ypasuenun Ilpenuurepa

SRS P (188.1)

HNOCJIEIHUI YJeH B NMPAaBOH 4acTH OOYCJOBJEH SHEPrueH B3aumojefi-
CTBUSI MarHUTHOTO MOMEHTa YaCTHHBR W C MACHHTHHIM [10JeM  9€.
OnepaTop MAaTHHUTHOTO MOMEHTA OTIpeleJISIeTCA PABEHCTBOM

u==Ug, (188.2)

rje ¢ —BEKTOP, KOMIIOHEHTaMH KOTOPOro sABJAITCA MaTPUOB l'Iawm
(cm. 3agauy 129).
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ITpu ¢ <0 Ha yacTHOy JAEHCTBYET TOJBKO NOJE 3¢, || 2, mO3TOMY
peiesne ypannenus (188.1) samuceiBaercsi B BHAE

p=eismen (1), 1853
a SHEprHf 4YacTHIbL paBHa
ﬁ AL 1
® = o — NI, (188.4)

Ecan rteneph B MoMeHT BpemenH t =0 BKJ/odaercs mnose %' | x, TO
COCTOSIHME YACTHIbl HAYHHAET MEHATHCS H €r0 CJEAyeT OIHCHBATh
BOJIHOBOH (QyHKIHEH BHAa

b = et (k=00 {a () <(1)> +b () (?)} = ¢l (ky=0at) (Z g;) , (188.5)

MMpHUYEM BHILIE MbI ITOJIOXKHJIH

hm‘,:%i. (183.6)

Ecnum MOKHO He y4YUTBIBATH HCKDHBJIEHUE TPAEKTODHH YaCTHIIM,
BBI3BaHHOe JeficTBHeM CuJsbl JlopeHla, KOTOpasi mepreHgHKyJsipHa
OCH Yy, TO MOXHO CUHTaThb, YTO B HAaNpPaBJE€HHH OCH y HMITyJbC Ya-
crup Bk Bce BpeMs OCTaeTcsl HOCTOSIHHBIM.

[Tpu noacranoeke Bepaxenus (188.5) B ypasuenue (188.1) nHyxHo
co0J1ofaTb M3BECTHYIO OCTOPOXKHOCTB, KOTJA J€JI0 KacaeTcsl 4YJieHa,
OTBETCTBEHHOTO 3a MarHuTHoe B3aumojgeficTsHe. Mpl nMmeeM

H, .%")
‘R)=pn(H,0,+FH'0c) = (
(w-3¢) =p (o0, +-F'0,) =p H —,)

a\ Fa+FH'b
W)\ ) =P\ gpra—gzp)
PaCHPICbIBaH JaJee ypaBHeHI/Ie H]pezmm‘epa 110 KOMIIOHEHTaM, noay-
yaem

H, CJe10BaresbHO,

e wstar,
. (188.7)
——b=—p(H'a—FHpb).
Uro6el HaliTH pelleHHe 3TOf CHCTEMbl YPaBHEHHH, [OJIOXKHM
a(t) = Aeo, b (¢) = Betvt,

B pesysbrate BmecTo (188.7) y Hac mosyuurcs cucTeMa JIHHEHHBIX
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ajre6paHuyecKuX ypaBHEHHUH

(w,—ho') A+pnF’'B =0,
n¥# A—nH,+ho’)y B=0.

Onpenenuresip 5TOfi CHCTEMB 00pailaeTcsi B HyJb IPH YCJAOBHH, 4TO

m'=:t—;—]/.7f§+%’". (188.8)

Takum obpasoM, peleHne cucTeMbl ypaBHeHHil (188.7) moxHO 3anu-
caTb B BHJE

a(t)= Ay et 4 Aye-ot,
b(t) = Bg*"" |- Bye-to,
rie

B _:‘:l %3"‘%’!_%0 A
I, 11— %' B

I, 1T

[Mocroaunsie unrterpupopannss A, W A;; onpesejsiorcsi U3 Hayalb-
HBIX YCJIOBHH:
a(0)=1, b(0)==0. (188.9)

Herpynno nposeputb, uto

A VL7 54
1 ———
oV i+ "

a, =V # H— 3t
2V i+ 3"
C yueroM sTHX pe3yJIbTaTOB I0CJIe OUEBHAHBIX IPEOGPA30BAHHE Hail-
Jem

", b4 T
a(t)=COS(D t+t*—0____*—sln(!) t,
Vti+a”

sinw’t.

. (188.10)
Vatitra®

Jlerko y6eaMThCH, 4TO

b(¢)

la@pP+]o@) =1

BepoaTHoCTh CIMH-(IMNA, T. €. BEPOATHOCTH OGHAPYIKHTB, UYTO
CIMH YacTHOBE OPHEHTHPOBAH B OTPUIATENLHOM HATPABJACHHH OCH 2
Ioc/1e TOro, Kak B MOMEHT BpPeMeHM f=={,=1[/v OHa MNOKHHY./a 00-
JlacTh, rae AedcTsyer nose 9¢’, corsacHo dopmynaam (188.10) u
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(188.8), ompenensiercsi BbipaXKeHHEM

2
lb(to)lz=%§%81ﬂz<%ﬂ9zx+%" to)- (188.11)
Buoipaxenue (188.11) mokaspiBaer, 4To paccMaTPHBAEMOE SKCII€PUMEH-
TaJbHOE YCTPOACTBO MOMKHO HCIIO/IB30BATh JJISI ONPEAEJTCHHS MATHUT-
HOTO MOMEHTa aTOMa CO CHHHOM !/,i (HampuMep, aToMa WIEJIOYHOFO
MeTasl/la B OCHOBHOM cocTosnuH). Ily4oK atoMoB GOKycHpyercsi, ecu
cnuH-QIUNa He MPOHCXOAMT, ¥ AePOKyCHpyercs, ecJH CIHH-QAMT
npoucxoguT. MeHsif B mpolecce SKCIEPHMEHTd HANPSAXKEHHOCTH Mar-
HUTHBIX TOJIeH, MOKHO JOBECTH HHTEHCHBHOCTb NyYKa O MHHHMyMa:

2
Ia (to) IK%IHH = _;‘%h_',z .
Ho+
MPIHPIMyM JOCTHraercs npu ycJoBHH, 4YTO

! T

%1/92’3—1—%'27:7- (188.12)

Taxoii croco6 onpepeneHuss MarHUTHOTO MOMEHTA, KOHEYHO, BO3MO-
JKeH TOJMBKO B TOM CJyyae, €CJId IPUHATH! CenHaJbHbie MEepHl, obec-
MeYUBAIOIHE CEJEKIHI0 CKOPOCTH, M BEJMYMHA U XOPOLIO HU3BECTHaA.
H3noxeHHast HaMH TEOpHs, pasymeeTcsi, SIB/IAETCS BEChMA YIMPOILEH-
HOH, TaK KaK OHa HE€ YUHUTHIBAET LEJbIH psAA JeTasell: OTKJOHEHHe
OT NEepPBOHAYaJbHOM TPaeKTOPHM H3-3a cuJjsl JlopeHua, HeopHOpo-
HOCTh TOJISE, MCHOJIb3YEMOTO AJs1 (OKYCHDOBKH, MOJISL PACCEesiHUS H,
caMmoe rJaBHOoe, AMHAMHYECKHE H3MEHEHHUS MATCHHTHOTO MOMEHTa 3a
cuer adpgerra 3eemana. Hawr mogxoa ckopee OTHOCHTCA K cJyualo,
Korja umeer mMecto spdekr INamena— bBaka, T. €. KorAa cBA3b MKy
Op6HUTa/IbHBIM M CHHUHOBHIM MOMEHTaMH pas3opBaHa, HO TOTAa MOXKeT
BO3HHKHYTh BONPOC, 3aKOHHO JIU MBI IpeHefperaeM H3MEHEHUEM HM-
nysbca, NMOCKOJbKY TaKOoe NpeHeOpeeHHe, OUeBUIHO, TIPELTIONAaraer,
YTO HANPS2KEHHOCTh MATHUTHOTO NOJS MaJa.

3ameuanue. CTporo ropops, 4acTHUY, HAXONAULYIOCH B MOMEHT BpemeHH =0
B Touke y=0, caenosaso Ob OMHCLIBATL BOJHOBLIM NaKeToM (cM. 3ajaudy 17).
Onnako B HaweM cjyyae 5TO He NMPHHOCHT 0coGOH MO/b3bl B BBOJHTb B PaccMoT-
peHHe BOJHOBOH MaKeT HellesecooGpasHo.
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3ameuanue. B 3TOH TiIaBe Mbl MCIOJIb3yeM UeTBEPTYI0 KOODIHHATY X, =icf
€BKJIHIOBY MeTPHKy. [peveckne uuJekchl (Hanpumep, L) NPHHHMAIOT 3HaueHHs I,
2,3,4, a JaTHHCKHE HHJEKCH (HaNpUMep, k) — TOJBKO 3HauyeHus 1, 2, 3.

3anaua 189. KsappupoBanue ypasHenus Hupaxa

C nemowpio peiATHBHCTCKOTO 3aKOHAa JMCIEPCHH JJs JHPAKOB-
CKHX IJIOCKHX BOJIH BBIBECTH NEPECTAHOBOYHBIE COOTHOIUEHHUS, KOTO-
PBIM YIOBJIETBOPSIIOT OMEPATOPHl Y, @ TAKKE MOJYUUTH HEIPHBOLHMOE
MaTPUYHOE IIPEJCTABJIEHHE ITUX OMNEPaTOpoOB, TJ€ Marpuua y, AMaro-
HaJbHa.

Pewenne. Ecim pemennem ypasuenus Jlupaka /a8 cBoGOLHOM
YacTULHL

%Yuauw+"w=0 (189.1)

ABJAETCA IVIOCKAA BOJHA
P = Cei k-r-0t) (189.2)

TO BEJHYHHBL Y JO/KHBL YAOBJETBOPATH a/ireGpauyeckKoMy COOTHO-
WEHHIO

iy kupu+n=0, k=2, (189.3)
in

Kpome Ttoro, oMM He MOMKHBEI 3aBHCETh OT KOHKDETHOTO BhLIGOpa Be-
JUYHH k. [locsenHue MOXKHO HCK/IOUHTb H3 COOTHOWeEHHs (189.3)
JIUlib € MOMOUIbIO PEISATHBHCTCKOTO 3aKOHA AMCHEPCHHU:

ZkﬁEk2~§=—“’; (189.4)
n

€r0 MOXHO NOJIY4YHTb, KBaApHpys cootHomenue (189.3). Mmu umeem
w2k ) = — X 3 kb vy (189.5)
[T
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Tlocnegnee cootHoleHHe Oymer HIEHTUYHO cooTHoueHuwo (189.4)
B TOM U TOJBKO B TOM CJlyyae, €CJH B ABOHHOH CyMMe OTJHYHBI OT
HYJISl JIMIIb OJHM AOJIKHBIM O0Pa30M HOPMHPOBAHHLIC AHATOHAJbHLIE
YIeHbl, 2 HMEHHO eCJIH

Yu¥v + VvVu = 26uv- (189.6)

IlpuMensas aHAJOTHYHYIO NPOLEAYPY HEMOCPEICTBEHHO K ypPaBHEHHIO
Jupaka (189.1) u He Hcmosb3yA NMJAOCKHX BOJIH, IOJYYaeM COOTHO-
IIEHAE BHJA

= (% '\’uau>2‘l’ = § ; PPy Oulvp;

nocJefHee ¢ y4eTOM 3HauyeHHH anTHKoMMyTatopoB (189.6) mepexoaut
B ypaBHeHue Kuefina—®Poka:

oy —x2p = 0. (189.7)

L8 BEJHUHH 7y, MOXHO NOCTPOHTH HENPUBOAMMEIE NpPENCTABJIE-
HHA B BHJE 4YeTolpexpsiiublx Martpul. Ecam y,—oaHo u3 Takux
npeAcTaB/aeHUH, TO BCAKOe yHHUTapHoe npeo6GpasoBanne Uty,U mo-
pOXKIaeT HEKOTOPOE Jpyroe HenpHBoLHMOe npeicrasgenue, [To sroi
NpUYHHEe OJHY U3 MaTpHL, CKaxkeM Y,, BCEr]a MOXKHO IIPEANoJaralb
nuaroHanpHoli. Tak kKak 2= 1, To coGCTBEeHHBIE 3HAYECHHU S 3TOH MaT-
prubt JOMKHBL ObITe paBHhl +1 u —I1. Takxum o6pa3om, KoHCTpyH-
pys Habop MaTpHUIl y,, MOXHO HallHcaTh

—(Ak3k> k=1,2,3; (! 0> 189.8
Ve = Cka’ TRy S S \h*‘ko_l 1( )

rIe Bce MNOJyXKHUpHble OYKBBl 03HAUalOT ABYXPsiHbE MaTpuuel. [la-
Jee ¢ romolsto cootHowenuit (189.6) naxomum

= <B"C’* T BL 0 > 26,,, (189.9
Vv Ve¥i = 0 C,B,+C,B;) = 20m (189.92)
24, 0
VeVt =1 _op, =0. (189.96)
Insi nepBoiX TPEX MaTpHU 7Y, u3 cooTHoumenus (189.96) nosyuaem
A,=0, D.,=0,
a u3 coorHowenus (189.9a) caexyer .

[lepecTaHOBOYHEIE COOTHOIIEGHMUSI, IOJIYYEHHBIE 151 PACCMATPUBAEMBIX
IBYXPSAAHBIX MaTpHL, TNO3BOJSIOT BHIPasuTh HX uepe3 marpuius [la-
yau o, (cM. 3agauy 129). Ecaun a u b—o6bunble 4uc/ia, To COOTHO-
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wennam (189.10) 6yayT ynaoBJeTBOpATh MaTpPHLLI BHAA

Bk=a0k, Ckzbok, ab—_— l. (189.11)
Taxkum oOpasom, BCsKoe INpeCTaBJCHHE THIIA
0 b 1 0
Vk:(bok 0’*), 74:<0 —1> (189.12)

00713aH0 yJOBJETBOPSTb NEPECTAHOBOUHBLIM cooTHOIeHHsIM (189.6).
Cmandapmroe npedcmasiesue, YaCTO HCNOJB3YEMOE B JaJbHEHIIHX
3ajauax, IMOJyyaeTcs OTCIAa Npu b=i U HMEEeT BUJ

00 0 —i 000 —I
{00 —i o [ o001 o0
“"“loi o0 o) =l 010 o)
i 0 0 0 ~100 0 (189.13)
0 0 —i 0 10 0 D
o o" 0 fo1r o o
=V 0 00 “=loo —1 o
0 —i 00 00 0 —I
Bameuanue, Eciu nosoxuTh b=a==1, T0 BMECTO Tpex MaTPHI y; MBI MOJY-
4KEM MaTpPHUBL
ak=(:k g”) (189.14)

OHH BMeCTe C Magmueﬁ ¥4 ==[ yLOBJETBOPAIOT TeM e CaMbIM MePeCTAHOBOYHBIM
COOTHOLIGHMAM. [lBa yKa3aHHLIX Halopa MaTpHIL CBS3aHHl MeXZy co6oil COOTHO-
LIEHHAMH

Ye=— ifog; - Y4=B. (189.15)

Matpuuer o HCMOJB3YIOTCS B ZHPAKOBCKOM TaMHJILTORKAHE (cm. 3amaay 200),

3apaua 190. Ilnockue Boann J[lMpaka € MoA0KHTEALHO 3Hepruei

Hast cayuasi NOJOKHTENBHOR 3SHEPTHH HaHTH B CTaHJAPTHOM
NPEICTABJICHHH CIUHOPHBIE aMIIMTYABl AHPaKOBCKHUX MJOCKHX BOJH,
OTBEUAIOULHE KaK TMOJOXKHUTEJbHON, TaK M OTPHIATE/IbHOH CHHpaJb-
HOCTH.

Pemenne. [Tonaras
P =Cet tk-r-01) (190.1)

M [10/]B3y5Ch CTAHAAPTHLIM TNpencTaBaennem (189.13), mas ompege-
J€HHsA YETHIPEX KOMIOHEHT aMIIUTYABl C NOJyYaem CHCTEMY ypaB-
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HEeHUH

(ky— k) Cy -+ k,Cy+ (=% +x)c=0,
(ky+ ik,) Co—h,C, + ( —2 —l—u) c,=0,

(190.2)
— (ke —ik)) Cy—k.Cy + (2 +%) C; =0,
— (kg iky) Cy+ BCy (5 +) €y =0,
C noMollbi0 COOTHOMIEHHH
o k o)

BBEJEM Jajee 1napamMerp 1, uepe3 KOTOPHIH yA0GHO BEIPaXKaloTCs
BaxHeHIIHe ¢uU3HYECKHe BEJHUMHB, XapaKTEPU3YIOULHEe [BHIXKEHHE
yactiuel. Hampumep, MMIyJbC YacTHIEl, €€ KHHETHYECKass SHEPIus
H €€ CKODOCTh COOTBETCTBEHHO HMEIOT BHI

p=ﬁk=mcl~iin2, (190.4a)
E:M:W}jgz, (190.46)
v=c—l—j_711—2. (190.48)

Kpome Ttoro, mosnesno BBecTH cepuueckue yrael ¥ H @, Xapakre-
pusyiollve HanpasJieHHe BekTopa R:

k£ ik, =ksinexio | k,—Fkcos?. (190.5)

B HOBHIX o6o3Hauenusx cucTema ypashedu# (190.2) sanumercs
B BHZE _
sin Ye~#®C, + cos ¥C,—C, =0,
sin $e%Cy—cos ¥C, —nC, =0,

. . 1 (190.6)
—sinde-t* C,—cos 9C, —}—1—] C,=0,

—sinde’®C, + costC, —l-%‘- c,=0.

Taxum ofpasoM, /s olpejeseHUs UeTbipex BeAHUMH C,, Ml HMeeM
CHCTEMY YeThlpeX JWHEHHBIX OJHOPORHBIX ypaBHeHHH. Kak HeTpyaHo
y6enuThCst, OnpeaeuTe/]b 3TOH CHCTeMbl 00pallaeTcs B HyJb, OJHAKO
IPH STOM OH pAacnajaercss Ha ABAa COMHOMNHTEJS, KaXIblH U3 KO-
TOPBIX TO OTAENbHOCTH paBen Hymo. Orcioga ciaepyer, uTo Bce
yercipe BequuuHb C, HEBOSMOXKHO BHIPa3uUTh uepes KaKyl-HHOVIb
OfHy U3 HUX—JBe JoOble BenuuuHpl Cy, MOTYT ObiTh BHIODAHBL NPO-
H3BOJIbHEIM 06pasoM. UToOnl cpenath 3TOT BHIGOpP OZHO3HAUHBIM, MBI
BOCIIOJIb3yeMcsl CJAEAYIOUHM METOI0M.
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[lpexne Bcero HaiaeM coOCTBEHHBbIE (QYHKUHH Olepatopa CiH-
paJibHOCTH

1
h= D 0k (190.7)
!

OH NpejCTaB/seT CcoGOH oneparop ,IIPOEKIMH CIHHA HA HampabJe-
uue BeKtopa R“. Tak kak B CTaHJapTHOM I1PEACTaBJEHHH CNIHHOBHE
MaTpHObl BBIPAXKAIOTCA Yepes OAHOMMEHHDbIE ABYXPSALHbIE MAaTpUUbI
[Mayau s; B BuIe

1o B cuay onpezenerus (190.7) nomyuaem

cos O sin Ye—te 0 0
__| sindete —cos & 0 0
h={ " 0 cos®  sinde-io (190.8)
0 0 sin Jet® —cos ¥

O6o3nauum coBCTBEHHOE 3HAUEHHE OMMEepaTopa CnUpaJbHOCTH 4yepes A,
TOTJa ypaBHeHHe AJA COOCTBEHHBIX 3HAYeHHH

hC=hC

pasobbercs Ha Iapy YpaBHEHHil, cBsisbiBaouuxX Beauuunsl C, u C,:
C,cos % +4-C,sin de~ @ =hC,,

C, sin 0elv —C, cos & = hC,, (190.9)

H TaKylo K€ [apy YypaBHEHHH, CBA3HIBAOLHMX BeJHUYMHH C, u C,.
Onpenesntend cucremsl (190.9) obpamaercsa B HyJb NPH YCJIOBHH
h= 41, nosToMy Mbl MMeeM [Ba pelleHUA.

1y h= + 1 (cnun napasiesnen BekTopy R):

C,=tgyewC,  C,=tglenc, (190.10)

u
2) h=—1 (cnuH avTHMapaJ/ieneH BexTopy K):

) .
Co=—ctggeC,, C,=—clg2ewC,  (190.11)
Uro kacaerca pesnuuH C; u C,, TO UX BHIGOp BCE ellle [1POH3BOJIEH.
TloncTaBuM HaijieHHble pe3yJbTaThl B CHCTeMY ypaBHeHui (190.6).
C yueToM 3J€MEHTapHBIX TOXKAECTB
sinﬁtg%—}-cosﬁ:l, smﬁctg%-—cosﬁ:l, '

sin ¢ -—cos ¥ tg %=tg%, sin 4 cos ﬁctg%:ctg%
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u3 (190.6) moayuaem
C,=nC, npu h=-+1

Co=—nC, mpn h=—1.

Ecau tenepr BoCmO/b30BaThCH yCJOBHEM HOPMHPOBKH 1

Sw*wd%: S CiCdix=1,

12 1%

TO CIIUHODHDbIE aMIJIUTYAbl IPUMYT BHJ

i
v -Fe
COS?E
i
c 1 sin%e”’
= ————— npu h= 1,
TYvaEm o Lo | ™ T
ncos 5 e
i
B T
nsine
H
t
0 -5e
Sln—2-e
[
1 —-cos%e_{‘p
e ) npu h=—1.
VV T+ B P
—nsin e
0 50
1ncos 5 e

(190.12)

(190.13)

(190.14)

(190.15)

(190.16)

3amenanue. Kak ciaenyer ma coorHowenus (190.48), HepeaATUBHCTCKHA cayuait
noayyaerca npu m <€ 1. EcJan BHMOJHEHO YKa3aHHOE HEPABEHCTBO, TO KOMIOHEH-
TamH 3 H P, COHHOPA MOXKHO MpeHeSpeyb M BEPHYTHCH TEM CaMBIM K JBYXKOM-

noHeHTHOH Teopuu couua [laymu.

Y Crepyer noxuepkHyTh, 4TO YC/IOBME HODMHPOBKH JIOpPEHI-HHBApHAHTHO,
NOCKOJBKY (HIyPUDPYIOWMH B HeM HHTeIpPaJ MPONOPLHOHA/IEH MOJIHOMY 3JEKTPH-
4eCKOMY 3apslly, B3ak/ioueHHomy B ofweme V. Yacto ucnojp3yercs H Ipyras

JOpeHu-HHBapHA HTHAS HOPMHpPOBKa: == 1,

7 N 1172
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3apava 191. TpancdopMauuoHHbie CBOHCTBA JHPAKOBCKMX CIIHHOPOB

BrisicHuTh, Kak mnpeoOpasyeTcst cIUHOP 1 NpH GeCKOHEYHO Ma-
JHIX TIpeobpasoBanusax Jlopexua.

Pemenne. EeckoHeuno wMajoe mpeo6pasoBanue Jlopenma 3a-
NMUCbIBA€TCsd B BHAE

xh=xu+§3uoxo, eup=—2pp, |Eup| K1, (19L.1)

NpHYEM KOMIIOHEHTH £,,— NeHCTBUTE/NbHBIE BEJTHUHHB, 3 KOMIOHEHTH
€44 — YUCTO MHHMBIE. YpaBHeHnue /lupaka

zu]'\’uDu‘P'l'”‘P =0 (191.2)
B pe3y/bTaTe 3TOro Npeo6pasoBaHUs NMPHHUMAET BUL
%quhw'+x\P’=0, (191.2a)

npuueM KosbdumueHTHl Y, W % OCTalOTcs HeusMeHHeIMH. Oneparo-
pe D, sBasfiOTCA KOMIIOHEHTaMM 4-BeKTopa H Mpeobpasyrorcd 10
TomMy ke camoMy 3akoHy (191.1), uro m KoopaMHarhH:

D;=Du+§,stp- (191.3)
3akoH mnpeoOpa3soBaHUs BOJHOBOH (GYHKIMH 1 MOXKHO 3allHcaTh
B BHjE

V=048, (191.4)

rae GecKOHEYHO MaJjass BeJHYHHA § JIMHEfiHAa MO &y, W TNPEICTaB-
JAseT CO60H HEKOTOpoe KJaH(pGHOopAoBO YHCJIO.

Paccmorpum ypapHenue (191.2a) u mogcTaBuM Tyaa Bmecto D
u 1’ coorBercTBeHHO BulpaxKeHus (191.3) u (191.4):

gvu (Du + f)‘:ewop ) (1 4+8) p+(1 45 xp=0.

Ecsu yMHOKUTH IOJYYEHHOE YpaBHEHHE MOYICHHO CJEB2 HA BeJH-
ypny (1 —E), To mocnennee cnaraemoe craHeT paBHBIM M, T. €.
nepeiifer B nocJegHee caaraemoe ypasuenust (191.2). CaenoBarensho,
onepatop & Mrl AOKHH BHIOparb TakuMm o06pasoM, 49ToObl BHIIOJIHS-
JIOCh PaBEHCTBO

gu—am (Du + ; eupr) (1+Hp= g}quuw. (191.5)
IlpeneGperas BceMU BeIMUHHAMK BTOPOrO MOPAIKA MaJOCTH, HAXO1HM

2 WuE—Epu) D - %: euo¥uDpp =0.

M m
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Mennas najee B JBOHHOH cyMMe HeMble HMHIEKCH W H p IDYyT Ha
Jpyra ¥ ofosHauas 3aTteM HHIEKC p uepe3 v, MoJyuyaem

2 {(WE——E\’M) — Z e,wvv} Dyp=0.
N Vv

Tak xak mnpegnoJsaraercs, 4r0 35TO COOTHOLIEHHE J[OJIKHO HMETh
MeCTO NPH IIPOM3BOJBLHOM P, TO B HYJp JOJ/IKEH 00pamarhcs Kaxk-
Abl 4JIeH CyYMMHl 10 W B OTAEJbHOCTH:

PuE—Eyu = §emv. (191.6)

ExnncrBenHoe KaupdoOpAOBO UYUCA0, JuHEHHOE OTHOCHTEJbHO
BE€JIHYUH €,y U VIOBJETBOPAWOIIEE BCeM 3STHM YETbLIpEM COOTHOLIE-
HHAM, HMEET BU[

§=—1—22890Yp'\?0- (191.7)
49 T

B stomM HeTpynHO yOeAHTbCS IyTEM HENOCPEICTBEHHOTO BHIUMCJIECHHSA
nepecTaHoBOYHHX cooTHoweHHH (191.6). Mul umeem

VE—Evu= DZ 23800 (Yo Yo —VoVoTu)-
YuureiBasg paJsee, 4to

Yo Vo Vi =TVo (— YuVo + 26u0) = (Yo — 28,p) Yo + 2¥p Ouo
H 4TO, CJIEIOBATENBbHO,

Yu¥o Yo — Vo Vo Yu = 2 (Yo Spo— 1o Syo),
noJiyyaem

1
Yub—Evu= ) 2 2 €os (Vo Oup—p Ouo) =
p o

=—21'<2 §uavo—2 ﬁpu\’o>= zguv'\’v )
&) o v

T. €. cnpasegauBocTb Qopmysst (191.7) gokasana.
Taxum 06pasom, 11PaKOBCKHH CITMHOP 4 Npeobpasyercsi 1o 3aKOHY

B = Pt D 2 oo Yo ¥ (191.8)
p o

3anava 192. JlopeHueBb KOBAPHAHTHI

Ilyere I'—oaun u3 16 6asucHbiX sJeMeHTOB KJu(MGOPAOBOH
anre6pni. BbIACHHTL, KaKHe MOXHO IOCTPOUTH JOPEHUEBH KOBa-
pPHAHTH BHAA

G =Ty, P =Pt y,. (192.1)
7*
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Pewenne. 16 GasucHBHIX 3J€MEHTOB paccMaTpuBaeMol asre6pH
MOXXHO pa3buTe Ha mSATH TPYIIL

1. 1;

2. Vi, Yo Vs Ve

3. V1Var ViVer ViVar VaVar VoVar VsVas (192.2)
4. v,VsVer VsVaV1r VaViVer ViVeVas

5. ViVaVsvs-

Huxe /s KaXJoH M3 3THX TPYAN B OTAE/NLHOCTH MBI OyjieM KOH-
cTpyHpoBaTh OusnHediHbie ¢opmbl BHAa (192.1).

Tlpekae ueM MpHUCTYIUTh K BHIIOJHEHHIO HAMeUe HHOH [1POr paMMmH,
HccaeqyeM TpaHCGOpManmHOHHLBE CBOHCTBA KaKoH-HUGYAbL OAHOH u3
BesinuuH (192.1) oTHocHTe/IbHO GECKOHEYHO MAJIOro npeobpasoBaHH:A
Jlopexua

fu=Xut Zeupy (192.3)

B npenpinymei 3agaue OblJIO NMOKas3aHO, YTO 3aKOH npeobpasoBaHUA
BOJIHOBOfI (DYHKLHH Y HMEET BHJ

V' =(1+8, (192.4a)
rae

1
5""‘4‘ Z%G'\’@Ym
0o a

VuE—EVu = VZSMV, (192.46)

Besuunta G npeoGpa3syercss N0 3aKOHY
G =ty I = (1 +-8) 2. (14+8)
nostomy GopMaJbHO MOXHO HalucaTh
G =Ty, T'=vy,(1+E") v, (1+5). (192.5)

Ilocnesnee BolpakeHHe JOMYCKaeT jAaJibHEHIIME YOpOILEHHHA, OJHAKO
448 3TOro Hajo OoJsiee [eTaJbHO NO3HAKOMUTLCA CO CBOHCTBAMH
3PMUTOBO CONpsiKeHHoro oneparopa §&f. CorsacHo CcOOTHOLIEHHIO
(192.46), ar0T OmEpaTOp NOJIKEH YAOBJETBODATH ME€DPECTAZHOBOUHOMY
COOTHOILEHHIO BHAA

Bt ps— vabt = ; €4k Yes

TaK KaK y, =vyy. Jlatee, yriHl MOBOPOTA €, — YHCTO MHHMblE Be-
JIUYHHDL, TI03TOMY €y, = — €,, H, CJEI0BATE/bHO,

Y& — &y, = .2: €4uVa-
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Taxum obpasoM, uUmeeM
VaE Ve = Vu (Ve — Zepvd =8 — Xegvive  (1926)

Kpome toro, u3 coorsowenuss (192.46) npu e; =e,; (nefictBureib-
Hble BpallleHUs B 3-MEPHOM NPOCTPAHCTBE) BHITEKAET

1 1
R DI ARSI AN  (192.7a)
k ] &

M, CJEeA0BAaTe/bHO, 5DMHTOBO CONpPSMKEHHHN onepatop Ef MOXHO
3anHcatb B BHJE

1 1
= — 2 3 Y eVt Y EraVale: (192.76)
k1 k
M3 nByxX moc/eqHHX COOTHOLIEHHH I0JydaeM
§+&t =2k]8k4?kva- (192.8)
Toacrasasist tenepb Belpaxenue (192.8) B popmyay (192.6), naxonum
Ve&p, = —8. (192.9)

Tlocnennuit pesysbrTat NO3BOJIAET 3amHcarh ,N1peo6pPa3OBAHHBIA oOne-
patop® I, onpenenensnnifi paBenctBom (192.5), B Buze

I =T+ (I'E—E&I). (192.10)

Tenepp HeTpyAHO NPUMEHHTb 5TO NPOCTOE COOTHOUIEHHE K BHI-

BOJly TPaHCHOPMAUVOHHEIX CBOHCTB KaXXJQOH M3 NATH TPYNIN BEJH-
ypn (192.2).

1. Ona T'=1 us coornoumenus (192.10) cpasy xe nonyqaeM,
yro IV =1, nosromy

G=ypp—G =vp; G =G (192.11)

U, cJeloBaTeshHO, BesMundHa G B JaHHOM cJyuae seier cebs Kak
cKaAfp.
2. Ina T'=1y, cootrowenusa (192.10) u (192.46) nawor

== Yu +§ SHV'\,V)
1I05TOMY 3aKOH IPeoGpasoBaHUA Ternepb HMEET BHJ
Gu =7 — Gu=Gu + ewvGv. (192.12)

W, CJe0BaTe/NbHO, BeJHYMHB G, npeo6pas3yloTcs KaK KOMIIOHEHTb
eexmopa.
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3. llpu paccmoTpeHMH TpeTbeHl Tpynmsl BEJHUYHH ynoGHO cHa-
yaja pasOUTDL KaXKIOe NMPOU3BENCHUE Y,Pv Ha CUMMETPUUHYIO M aHTH-
CHMMETPHUHYIO YacTH:

1 1
Py = 7 (Vv + PPu) + 5 (Vuhv — Vo)

TlepBast yacTh MOCJEAHErO BLIPAXKEHHS CBOAHTCH K A€JbTa-QyHKIHU
Kponekepa Oy, T. €. npeacrasaser cobod ckaasp (192.11), ymuo-
JKEHHH#I Ha eAuHHuHH TeH3op. Hosble TpaHchopmanuoHHbE CBOM-
CTBa MOTYT OKasaTbCsl JIMIIb Yy BTOPOH aHTHCUMMETPHUHOH 4acTH,
[MO3TOMY HH2K€ MBI OFPAHHUHMCSH DPacCMOTDPEHHEM BREIPAMKEHHUSA

1
Guv='§‘(\’u'\’v_\’\"\’u)- (192.13)
CorsiacHo cooTrowenno (192.46), umeem
Epuyy = (qu—Z €upYe ) Yv = Vu (ng-z EvpYp )-2 EupVo Vv,
P [4 P
HJIH
YuVvE—Epuyy = ZDJ (EvoYuVo + EupVo¥v),

I05TOMY 3aKOH Npeo6pasoBaHUA TeNepb TJACHT:
Gy = POyt — G;w =Gy + 2 (BupGov + evplup), (192.14)
)

T. e. BeqHuuHbl G, BeAyT cebs mnpu GECKOHEYHO MaJbiX Bpaile-
HHSIX KaK KOMIIOHEHTBHl MEH30pa BTOPOTO paHra.

4, IlpousBeseHust Tpex BEJHYHH 7§ MOXKHO s3amucarh B GoJee
yA0o6HOM BHae, €cJH BBecTH KaugdopAoBO UHCJIO 7y, OIpPEeneJuB
€r0 paBEHCTBOM

Vs = V1P2VsVa- (192.15)
Mbl umeem
Y2Ys¥s = V1Vss YaV1Y2 = V3Vs»
—Vs¥4V1 = V2 Vs» —V1V2Vs = Va¥Vs-

Tak kKax BesUuMHa Y, AHTHKOMMYTHDYET CO BCEMH YETHIPbMA BeJlH-
YHHAMH Yy,

Yu¥s +757M=0’ (19216)

TO OHa JOJ/UKHZ KOMMYTUPOBATh C BeJUUMHOH §, 1MOSTOMY, mpHMme-
Hast cootHowenue (192.10) x Beipaxenuo I'=yuy,, noayuaem

[ = Puvs + (PuVsE — Evuys) = [Vu + (vuE—Evu) ] vs-
Takum o06pa3oM, Mbl BHOBb BO3Bpalllaemcsi K CJydaio 2, Tak 4To
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u Tenepp BesuuuHbl Gy 1peobpasyloTcs KAaK KOMIIOHEHTHl BEKTOpA:
Gy =E’Vu'\’5‘|’ - G;L':Gu +2 euvly. (192.17)
v

Tounee rosopsi, paccMarpHBaeMas BEJHYMHA NIPEACTaBJseT coboi He
BEXTOp (MOJISIpHEIH), a ncesdosexmop. CMOTPUTE B 3TOH CBA3H CJe-
IyIOLyI0 3ajauvy.

5. B atom cayuae us cootnowenuit (192.15) u (192.16) caenyer

G =yyp — G =G, (192.18)

¥ MBI 3aKJ04aeMm, 4To BeJHunHa G mnpeoGpasyeTcss Kak cKaJjsp.
B crenywowme# sagaue OyleT nokasaHo, uro pesauuuHy G TouHee
6bli0 6Bl HasBaTh NCEBOOCKAASLPOM.

3apauva 193. MNpocTpaHcTBeHHas MHBEPCHS

BuiscHUTb, KaK BefyT ce6s JIOPEHI-KOBADHAHTHHIE BEJHYHHBI,
PacCMOTPEHHEIE B INpEAbIAYLIEH 3ajaye, NpPH HHBEPCHH TIPOCTPaH-
CTBEHHBIX KOOpAMHAT (peoGPa3oBaHNe YETHOCTH).

Pemenne. [Ipexne Bcero BBISICHUM, KakK BeieT ce0s NpH Mpo-
CTPAHCTBEHHOH HHBepCHH cnuuHOp . Ilo onpepeseHuio npu Impo-
CTPAHCTBEHHOH HHBEDPCHHU,

,

T (193.1)
ypaBHeHue Jlupaxka

%ququrmp:O (193.2)
HQPEXOIII/IT B ypaBHEHI/Ie

Pu.?lenp’ + %’ =0. (193.2a)

Oneparoprl 0, Tak e npeobpasyrorca no 3akony (193.1). Bosee
nogpoGHLIA aHanM3 TpebyeTcss B cJydae, KOTjga MMEETCs JEKTPO-
MarHuTHoe IoJe. KOMIIOHEHThl HANpPSIKEHHOCTH 3JIEKTPHYECKOro
noasi &), CBSI3aHBI C KOMIIOHEHTaMH 4-Bekropa moreHnuana A, coot-
HOLUEHH AMH

l . .
é"k = — —C— Ak —ak(D == _l(a4Ak—akA4)'

Tak Kak HAIPSXKEHHOCTb 3JEKTPHYECKOTO MNOJIsi NIPEACTABJASET COOOH
noJisipHbIi 3-BEeKTOp, TO OHA IIPH pacCcMaTpPHBAeMOM NpeoGpasOoBAHNH
KOoOpAMHAT X, MeHsaeT cBofi sHak. Orciofa caenyer

Ay=—4, A=A, (193.3)

Takum o6pasom, BenunHbl A, npeobpasylorcs TaK ke, Kak one-
paropsl 0,. ITo 3TOM UpHYMHE IO TOMY XKE caMOMy 3aKOHY mpeos-
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pasyiorcsi u onepatopet Dy. Cnegoaresnsho, ypasHenue (193.2a)
MOXKHO Nepenucarb B BHJIE

— 2VDa’ + 7D+ =0.

Ecau tenepb MOJIOXKUTD
P =, (193.4)

TO JIECKO BHjAETh, YTO [0CJEIHEE YDaBHECHHE IEPEeXOAMT B YpaBHe-
ure (193.2), nmostomy pasenctBo (193.4) mpeacras/aser coO0H HCKO-
Mblii 3aKOH MpPeo6pasoBaHHsl CIHHOpPA P MPH MPOCTPAHCTBEHHOH
HHBEPCHH.

Yro Kacaercsa /10608 M3 BeJIHYUH

G =TIy ="y, T,
TO HX 3aKOH Ipeo6pa3oBaHHUsl IJACHT:
G’ =ty [P =PI Ty = vy, Ive,
H, CJ€OBaTCJ/]IbHO, MOXHO Halucarthb
G =9Iy — G =PIy, I =9,I'y,. (193.5)

[IpumeHuM [oJyYeHHBIe pe3ysabTaThl K Kax/J0d H3 [STH JIOPEeHM-
KOBAPHUAHTHBIX BEJIMYWH, BBEICHHBIX B nOpeasayimed 3agave. Mul
HMeeM

1. G=yy, r=1, =1, G'=G, (193.6)
5. G=1PY51|J, I‘:vb’ F’=V4V5Y4=_'Y5v G'=—G. (193'7)
O6e paccmaTpHBaeMbie Be/MYMHBI OIMHAKOBHIM 06pa3oM BexyT cefs
[IpH TNPOCTPAHCTBEHHBIX BPAaUIEHUsAX, HO IPU [IPOCTPAHCTBEHHON

HHBEPCHH HX NOBEJEHHe passuyHo. B »sTofi cBA3M Beauuuny | Ha-
3LBAIOT CKAAAPOM, A BeJHUNHY D—-rncesdockarspom. Hanee Mbl umeem

2. Gu=v7p, T'=7vu,

L= 4V¥s = —Vs 193.8
s (193.8)
Fi=v, G;=+G,.

4 Gu’ =PYuVs¥s = vuvs,
Th="90sVsVs = +VVs»  Gi=+Gy, (193.9)

Li=vvs=—V7vs Gi=—GC,.

Otu ABe BEJUUMHBI TaKXKe BeAyT cebsi NMPH NPOCTPAHCTBEHHBIX Bpa-
IEHHUSAX COBEPLIEHHO OJYHAKOBO, HO NPU NPOCTPAHCTBEHHOH HHBEp-
CHH HX IIOBEJEHHE DA3JIUYHO, [0 3TOH NPHYHHE BEJIHUYUHY 2 HAa3bl-
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BAIOT (TIOJIADHBIM) GeKMOopoM, & BEIHUYUHY 4 — aKCHAJBbHbIM BEKTODOM,
HJH 1Ces00osekmopom.

- 1
3. Guv=voup, T'= 5 (Yuyv — VvVu)»
Te=Tw,  Gu=Gy, (193.10)
I‘;M = —Fku Gl;:.x = _Gk4'

Tak Kak B paccMaTpHBaeMOH TEOPHHM HMEETCS BCEro OJMH TEH30p,
TO HEOOXOAUMOCTR B JaJbHelllell kJjaccuukauup oTnajaer.

3anaua 194. 3apsnosoe conpsKenue

3uass cnuHOp VP, sABJASIOWHMACST pelueHuem ypaBHenus [lupaka
I/ YacTHIB! C 3aPANOM e, NOCTPOUThL 32PsI0BO CONPSIKEHHBIH Criu-
HODP Vp,, OMHCLIBAIOMIUA IOBEAEHHE YacTHUB! C 3apSAA0M [POTHBOIO-
JIOKHOI'O 3HaKa —e.

Pemenne. B 310l 3ajaue pagu KpaTKocTH Mbl Oyaem M0Jib30-
BarbCcs 0603HaYEHHEM

€
a“: ﬁ—,—cA“"

rae A, — KOMIOHEHTHI 4-NOTeHIHaMa 3JeKTPOMAarHHTHOrO noJs. B sTux
o6o3HaueHNsAX ypaBHeHHe /Mpaxa JJsi 4aCTHUEL C 3apSAAOM e HMeeT
BHJ

27 Ou—iaw y+up=0. (194.1)

Cnunop ',, ONUCHIBAIOLIUA NOBEAEHUE YACTHIELI C 3aPAJOM IPOTHBO-
TNOJIOXHOTO 3HAKa, JOJ/DKEH YIOBJ/ETBOPSATH ypPaBHEHHIO

2% (Ou+ ia) e + . =0. (194.9)

Hama 3ajaya— yCcTaHOBHTH CBA3b MEKAY pelleHueM 1, ypaBHEHHS
(194.2) u pewenuem ¢ ypaBnenus (194.1).

Ilpexkne Bcero sameruMm, 4TO omneparop Jy -+ia,, QUIYpHpPYIO-
muii B ypaBHeHHH (194.2), nosBnsietcs Takke U B yPaBHEHHH

2 Outia) pyu—xp=0, P=vp*7, (194.3)
u -
KoTopoe IIpeAcTaBaseT coboft ypaBHeHHe, CONPSIKEHHOE HCXOLHOMY

ypasuernuo (194.1). IlpousBogs B 5TOM ypaBHEHHH ONEPALHI0 TPaH-
CIIOHHPOBaHHA, HAXOIHUM

2“] Pu @y + iau)‘fp—‘ “\T’ =0,



202 VI. Peramusucmcxoe ypaswerue Hupaxa

rjpe
@=§4¢*f (194.4)

VMHOXKHMM MoCJe[Hee ypaBHeHHe Ha Hekortopoe KJaudpdopaoso
yucqo C:

% C:Vu (au + iau) §4¢* - %C’h\l)* =0.

[MosyueHHOe TakuM o6pa3oM ypaBHeHue GyJeT TOXIECTBEHHO ypaB-
vernno (194.2), ecan kauddoproso uuciao C OIHOBPEMEHHO YyIOBIIE-
TBOPAET ABYM COOTHOIEH UM

—CRt W =TV CP* =1, (194.5)
Uro6Ll Hafitd BeJHuuHy C, HUCKAOYHM H3 5THX COOTHOLUEHHH Cnu-
HOD P,
—Cyuvab* = 1uCrd*.

Tak Kak jpamee cnudop y,p* cjenyeT CUHTaThb [POH3BOJABHBEIM, TO
JIOJI2KHBI BBINOJHATBCS COOTHOLIEHUS

C = —CVu; (194.6)

U3 HHX U ompejeisietcst BeauunHa C.

ITockoJBKY Mbl HMeeM Je/10 € OJHOPOIHBIMH YypaBHEHUSMH, TO
B COHWHOpE P, BCerJa COAEPXKHTCA NMPOH3BOJbHBIA NMOCTOAHHBIA MHO-
XHuTeab. Pa3yMHO 3adUKCHPOBATH 3TOT MHOXKHTeNb, MOCTYJAHpYS,
YTO 3aps]0BOE CONpPSKEHHE He INPHBOAHT K H3MEHEHHIO HOPMH-
POBKH:

pipe == "P)*. (194.7)
Tenepp B cuiy cootHouienuii (194.5) nmeem

it — v Ot
Yo =Ppy;C
H, CJea0BaTeJLHO,

bip = PriCTCT = (") (VICTC) ().
[TocnepHee cooTHoumeHne uaeHTHUHO cooTHouleHHto (194.7), ecam
1.C'Cy, =1
Win (MOCKOJbKY v§=v4, {34:?;‘) COOTHOLIEHHIO
C'C=1. (194.8)

Taxkum o6pasoM, C— yHHTApHLI omepaTop.
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BaMeTHM, 4TO B CTAHAAPTHOM IMpeJACTaBJACHHH

[ (194.9)
V3=~V Vs = Vas
no3ToMy u3 cootHowenu#d (194.6) caepyer, uro C KOMMYyTHpYeT C 7,

M y, H aHTHKOMMYTHpYeT C Y, U y,. TakHMH CBOHCTBaMH ob.Jajaer
KJAH(pHOpAOBO UHCIIO

C =y, (194.10)

KOTOpOe H SIBJAETCA eJHHCTBEHHBIM 3JeMeHTOM H3 BceX 16 Gasmc-
HBIX 3J1€MeHTOB KJAHGGOpAoBOH aaredpul, yAOB/IETBOPSIOUIHM HeThIPEM
cooTHowenuaM (194.6). Kak caenyer u3s (194.10)

C'=—C, Cr=—1, (194.11)

noatoMy, corsacHo (194.5), 3apsanoBo conpsxkeHHast BOJHOBAast QyHK-
[Hs B CTaHAapTHOM IIPeACTABJEHUH HMeeT BHJL

Yo =V (194.12)

3ajgaua 195. CocTofAHMS CO CMeUIaHHOH CNHPaJIbHOCTbHIO

JaHa pupakoBcKas mjocKas BOJIHA, PaclpoOCTPaHSIOWIAsCA BAO/IbL
ocu z. Iloka3arb, YTO CHHHOPHYK AMIVIMTYAY HEBO3MOXKHO BBIODATH
TakKHM 006pasoM, 4TOOBl BOJIHOBAasf (pyHKLHsS 1 ObLIia OZHOBPEMEHHO
coGcTBeHHOH ¢yHKIHeH onepaTopa o,.

Peuienne

a. Kak cjaeagyer u3 ypaBHeHusi Jlupaka, B cJaydae IJIOCKO#
BOJIHHI

P = Cel (kz-00, (195.1)
JIO/UKHO BBLIMOJIHATBCA a/reGpanyecKoe COOTHOLIEHHE
QCE<iky3—%y4+K)C=o, (195.2)
rge C—cnuHopuas ammautyza. Onepatop €2, ompeneseHHBIi COOT-
Homennem (195.2), He KOMMYTHPYeT C OHepPaTOpOM

Oy == —1V, Vs (195.3)
TaK KakK

. @ .
0,82 = Ry, ++1i — V¥V — V.7,
HO

Qo, = —ky,+1i % VaV3 Vs — I%V V5
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CnenosateqbHo, (YHKUHS P He MOKeT OblThb OOlied COGCTBEHHOH
¢dynKuHel o60HX YKa3aHHBIX ONeparopos ™.

6. B crasnaprHoM mnpeicTtaBieHUH coorHouteHHe (195.2), ecam
ero paclucarb IO KOMIIOHEHTaM, AaeT

KCy+(— 2 +n)C, =0,
—kCy+(— 2 +1)C,=0,
. (195.2a)
—kC1+<—C+u>C3=O,
kc2+<%+u)c,,=o
Orcona, BoAss o003HaUeHHSA
k
2 —w=tfn, %jwz?, (195.3a)
rnoJiy4qaem .
C,=1C,, C,=-—nC,. (195.4)

C zpyrofi cTopoHbl, 337auya Ha COOCTBEHHble 3HAUEHHS
0,C=A-C, (195.5)

rae A—co6cTBeHHOe 3HaueHHue, ecsi NepefiTH K KOMIOHEHTHON 3allHCH

010 0\ /C, /C, AC,
sC—| 1 00 0NC\_[C\_[2rC,
* 0001 C, C, AC, |
001 0/ \c, C, AC,
Jaetr
C,=AC,, C,=A\C, (195.6a)
H
Ci=MAC; Cy=AC,. (195.66)

OGe napsl ypaBHeHHl YIOBJIETBOPSITCS TOJLKO B TOM CJy4ae, ecjH
A= +£1. Tlonb3ysch palee ypaBHeHusmu (195.6), MOXKHO HCKIIOUHTD

xomnonentsl C, u C, u3 ypasnenuit (195.4). B pesyabrare nosnyuaem
Ba COOTHOILEHHS

C;=nC, u A,,=—nC,

1) B ofwev cayuae Takofi BBIBOJ HerpaBOMepeH, TaK KaK COOTBETC yomas
TeOpeMa YTBepXkKAaeT JIHIIb, YTO Y HeKOMMYTHDYIOIIHX ONEPATOPOB HET ogfqea cu-
cmemol  COGCTBEHHBIX (QYHKLHM, XOTS OTfesibHble OOIIHe « COGCTREHHbE (byHKIHH
BHOJIHe MOryT OwmiTh.— [lpun. ped.
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KOTOpBIE NpOTHBOpeYar oano apyromy. CueposarenbHo, cnuuop C,
YAOBJETBOPsiloWHi  ypapHeHHsM (195.4), He MOXKET OAHOBPEMEHHO
yAOB.1E€TBOPATH ypaBHeHusm (195.6).

3amewanue. B HepensrtmHcTcKOM npesese () —0) koMnoHeHTst Cy H C,,
a BMeCTe C HHMH M BTopas napa ypapneHmit (195.6) BHNAZalOT U3 paccMOTpeHHA,
¥ NPOTHBOPEYHE YCTPaHAETCH.

3agaya 196. CpegHee 3HaueHHe CNHHA

BeluncauTh cpeatee 3HaueHHE ONepaTopa o, B COCTOSIHHH, KOTOPOe
OMKCBIBACTCS CYNepHO3ULUed ABYX IJIOCKHX BOJH, PaCHpOCTpPaHsiio-
WHUXCSA B HAaNpaBJeHWH OCH ¢ U HMEIOIIHX [POTHBOIOJOXKHLIE CIIH-
paJIbHOCTH.

Pewenne. C noMombIO CNHHOPHBIX AMIJIHTYA [CM. BhIpaKeHHs
(190.15) u (190.16), B KOTOpPHIX B JaHHOM CcJy4ae HeOGXOAMMO MO-
JOxHTh ¥ == 0]

1 0

1 0 1 —1
C:—'—‘_—'...__— H C_“—‘——::—__——— , 196.1
TUYVEEm® | g VViaiFEg\ 0 (196.1

0 "

OTBEYAIOUWHX COOTBETCTBEHHO MOJIOXKHUTEJbHOH H OTpI/IL[aTeJleOﬁ CHH-
PaabHOCTAM, Mbl CKOHCTPYHPpYEM aMIJHUTYAY CMEUIAHHOTO COCTOSIHHUS

C=C,cosae®+C_sinae*8, (196.2)
YZIOBJETBOPSIOUIYI0 [PEKHEMY YCJIOBHIO HOPMHPOBKH
{cteax=1. (196.3)

Beiiie o ¥ B-—DNpOH3BOJbHBIE eHCTBHTE/AbHBIE NOCTOSTHHBIE.
CpezHee 3HaueHHe oneparopa ¢, omnpeflessercs no GopmyJe

o> = CtoCax. (196.4)
Yuyureigasi, uro
0 —1
VVI+n)o,C, = (1) . VVaFmec.= f] :
1 0
noJiyyaem
1 [—n?
CJ.T;.O'xC_i_:O, CtUxC+=—Vﬂ%,
CioxC_—:———‘H;:}'z, Cle,C_ =0.
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Orciona HMeeM
{0,> = —cos asin a (e 4 ¢~ 2F)

1—n
I+n?’
HAH .
{0,> = —sin 2a cos 25%—__%‘]—2. (196.5)

TakuM o6pasoM, aGCoMIOTHAS BEJIHUHHA CPejlHero 3HaueHHs omnepa-
Topa O, OKa3blBaeTcs Bcerja MeHbie l. B yJbTpapesaTHBHCTCKOM
cayuae, KOrja mapamerp 1) Npub/nxkaercs K ellHHue, CpejHee 3Ha-
yeHHe (0,> CTPEMUTCA K HYJIO, TAK YTO BOJHA OKa3blBAaeTCs IOUTH
MOJIHOCTBIO MOJAPH30BAHHOH Napajiyie/lbHO HJH aHTHIApaJJeabHo
HanpaeJeHHIO pacnpocTpaHeHHsa V. C apyroit cTOpoHbl, B HepeaATH-
BHCTCKOM CJydYae, KOrja NapameTp 1| OueHb MaJj, CTAHOBHUTCA BO3-
MOXKHOH H MOJNAPU3ANUS B HAMPABJIEHHH, NIePIeHJHKY/IIPHOM Hanpas-
JIEHHIO pacHpocTpaHeHHs BOJHBL. [lefcTBHTENbHO, A/ 3Ha4YeHHH
p=0u =7 n/4 B 5TOM Npejie/bHOM Cayuyae nogydyaeM <o,> = 1.

3anaua 197. Aare6pauueckne CBOHCTBa BOJIHOBOrO cmuHOpa Jlupaka

JlipakoBcKas d4acTHHA [MOMEIleHa B NoJe ¢ noTeHunaioMm V (2).
BosiHOBOH CHHHOp, OMHCBHIBAIOUIHHA COCTOAHHE YAaCTHLLI, B KOTOPOM
ee CMHH HanpasJ/ieH Jubo napaJjJesbHo, JHOO aHTHIAPAJIEIbHO OCH 2,
MOXKHO CUHTaTb HE 3aBHCAUIHM OT KOODJAHHAT X H Yy (OJHOMEpHas
3agaua). PaccMOTpeTb JBHXKEHHE YaCTHIBl, IM0Jb3YsCh, HACKOJBKO
3TO BO3MOXKHO, KNH(HopaoBoil aarebpoii, He o6palasich K KOHKPETHBIM
MaTpHUHBIM TNpencTaBjaeHusM. IlokasaTtb, uTo 3ajnaua CBOAMTCH K Ha-
XOXKJIEHUIO YeThlpeX QYHKUHH NepeMeHHOH 2z, YIOBJETBOPAIOUWHX He-
KOTOpOH cHcTeMe AudpepeHunasbHBIX ypaBHEHHH. BEIACHHTD, KaKuM
06pa3oM yHOMsIHYThble (QYHKIHH CBA3aHbI C KOMIIOHEHTAMH BOJIHOBOM
GYHKIMY B CTAHJAPTHOM MpPeACTaBJEHHM.

Peulenne. BoJHOBOA CNUHOP MOXKHO 3alHCaTb B BHIE

P (z, t)y=e-Etlhy (), (197.1)

TJ€ CIHHOD u (2) YAOBJCTBOPSE€T ONHOMEPHOMY YypasHenuio Jlupaka
di V(@ —E

BEENQ@utmu=0, Q@="5=2. (1972

KoHCTpyKIHA BbpaXKeHUs, CTOSALIETO B JIEBOH 4aCTH 3TOTO YpaBHEHUH,
TaKOBa, YTO OHO INEJHMKOM COIEP:KUTCS B MOjTeNe, GA3UCHBIMH 3Je-
MEHTaMH KOTOPOTO sBJANTCA KJaH(dopaoesl uncaa 1, v, V. ViVi

1 Bosee noApoOHBIN aHa/Ju3 CIMBOBEIX CBOHCTB 3JIeXTPOHA CM., HAIPHMeEp, B
kuure: Coxonos A. A., Teptos H. M., PensaTHBHCTCKHA 31eKTPOH, U3A-BO ,Hayka“,
M., 1974, crp. 192—198.— lIpun. peo.
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M0ITOMY pelleHHeM ypaBHeHHs AOJkeH ObITh CHUHOP BHIA
v(2) = A (2) + B (2) s 4 C (2) v + D (2) v57s- (197.3)
Pasymeercs, ecaun v—pemenne ypapHeHust Iupaka (197.2), to pe-
mieHMeM GyaeT M J000H CHHHOp
u=1ol, (197.4)
rae I'—-npoussosbHOe, He 3aBHCAllee OT 2 KJH(GGOPAOBO UHCJO,
B YaCTHOCTH Jt060H 3JeMeHT Kauddopaopolt anre6pbl, o6pa3oBaliHbIi
C NOMOWbI0 6Ga3HCHHBIX 3JeMEHTOB Y, H v,. Jlajee, OueBHAHO, 4TO
CIIHHOP U KOMMYTHPYET CO CIIMHOBBIM OHEpPaTopoM
0, = —IV1Vs, (197.5)

XOT H He #ABJsETcA COOCTBEHHBIM CIIHHOPOM 3TOTO OmepaTopa.
O6o0mwennoe BhipaxkeHHe (197.4) nossossierT cpenaTh pelleHHe ypas-
Henusi JIupaka coOCTBEHHBIM CIHHOPOM onepaTtopa 0,. Mul KMeem

o,u=qul =vo,l.
ITosTomy, ecn T’ ecTb HEKOTODBIH coGCTBEHHBLT CIIHHOP ONepaTopa g,

o '=4T, (197.6)
TO Mbl HOJyYaeM -
ou=2u. (197.7)
Co6cTBeHHBle 3HaueHHs -1 ¥ —1 Has3HBaWOTCA CRUPANLHOCMbIO
(cm. 3amauy 190). Janee nHerpyaHo yGeiuThCS, 4YTO
Ni=1l—iyy,=1+4o0, (197.8a)
H
I'.=14iyy,=1—o0, (197.86)

IpeJACTaBasAOT c060H coGCTBEHHbIC CNIHHODPH OmepaTtopa O,, nmpHHAaj-
Jexallie COOTBETCTBEHHO COOCTBEHHBIM 3HayeHumsam 1 u —1.
JlefiCTBHTENBHO,

GzF:t:Gz(lj—_cz)zgzilzi(liaz):iri'

Takum obpasom, nmeeM
u(2)=v(2) (1Fiy;v,), (197.9)

rje CN¥HOp v (2) elle HeOOXOZHMO ONPelENHTb IIyTeM MOACTAHOBKH
peipaxenus: (197.3) B ypaBuenue [upara (197.2). Hecnoxuble Bbl-
YHC/IEHHA JAI0T

(B'+QC+%A) +7,(A'—QD+%B) +v,(D'+QA+xC) +
4757, (C'— QB +uD) =0, (197.10)
IIpPHYEM BLillE WITPHX O3HauaeT auddepeHir poBaHNe IO NepeMEeHHOH 2.
Beipaxenne, ¢urypupymomee B JeBOA uyacTH pasenctsa (197.10),

ofpaiiaerca B HyJb B TOM M TOJBKO B TOM cJyuyae, KOTAa obpauia-
I0TCS B HyJIb BCE HETHIPE BLIPAXKEHHUS, CTOsIULHE B KPYIJILIX CKOOKaXx.
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Orciona caenyer, urto uerbipe dyHrunu A, B, C, D ynoB/IeTBOPSIOT

cucteMe JuddepeHuHaNbHEIX YpaBHEHHH:
B'"+QC+xA=0, A —QD+x%B=0,
D'+ QA+uC=0, C'—QB+uD=0.

KoMGuHHpYst 3TH ypaBHeHHs, MOKHO Npeo6pa3oBaTth cucTeMmy K GoJee
IIPOCTOMY BHLY:

(197.11)

(B—D)' +(x—Q)(A—-0)=0,
(A—C) +(x+Q)(B—D)=0 (197.12a)

(B+D) +(x +Q)(A+C)=0,
(A+C) +(x—Q)(B+D)=0. (197.126)

Mpl BHZWM, YTO NepBas napa ypaBHEHHH MNOJyueHHOH CUCTeMBI CO-
JePXKHUT JUIMb JBe HEH3BECTHHIE QYHKIIHH,

©,=5(B—D),  w=(A—C). (197.13a)

Bo Bropolt mape ypaBHeHHH COZIEPKATCS TAKKE TOJBKO ABE HEH3-
BeCTHhIE (PYHKIHH

w,=4(A+C), =5 (B+D). (197.136)

Iloacrasnas noJiyueHHHE pe3yJabTaThl B BhipaxeHue (197.3), okow-
yaTeJbHO HaXOIHM

v (2) = (W, +w,v,s) (1 + 7o) + @5 +-w@,v5) (1 —v).  (197.14)

Ecuoiu ¢yuxiuun wy, yaosierBopsioT ypassenusam (197.12a) u (197.126),
TO 00a uJieHa, QUTypUpyloUide B NpaBod 4acTH Buipaxkernus (197.14),
noposHb  YIOBJCTBOPSIOT ypaBHeHuro Jlupaka (197.2). Ymuoxkasn
KaxIpll W3 3THX WICHOB crnpaBa Ha I', uam Ha I'_ [cM. BripaxeHwus
(197.8a) u (197.86)], nonyuaeM peieHus: ypaBHeHHs [[npaka, KOTOpble
ONHOBPEMEHHO ABJIAIOTCA COOCTBEHHBIMH CIIMHOPAMH Omeparopa o,.

B 3aknioueHue ocTaercs NoKasaTh, KakuM o6pa3oM ¢GyHKIHH W),
CBfi3aHbl C KOMIIOHEHTAMH i, BOJIHOBOH GYHKIIHH B CTaHJapTHOM
npeacrasjedun. [logb3yAch CTaHZAPTHLIM NIPEICTABJEHHEM, ypaBHe-
yue upaka (197.2) mMoxHO pacnucarb MO KOMIIOHEHTaM:

—iug +(Q +x) u, =0,
iu, 4 (Q %) u, =0,
iUy 4+ (x—Q) uy=0,

—iuy+(®—Q)u,=0.

CpaBHuBas 3Ty CHCTEMY ypaBHeHnuii Ccucremoil ypasnenni (197.12a) —

(197.15)
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(197.126), naxoxum
Uy =W, Uy=IiW;, Uy=1[W,, Uy=W,, (197.16)

HJIH
A= —i(u,+u,), B=u,+u,

C=—i(u,—uy), D=u,—~u,. (197.17)

B cayuae u,==u,=0 cnupaspHocTh paBHa -1, ecqau xe u, =u,=0,
TO CHHPAJbHOCTH paBHa —1.

3agavya 198. [lnoTHOCTL TOKka B aareGpanueckoit Gopmyauposke

ITosyunTb BBIpaxKeHHs 15 KOMIOHECHT BeKTOpa NJIOTHOCTH 3J€K-
TPHUYECKOT'0 TOKAa B CJydae COCTOSIHHS, OIHMCHIBAEMOrO COGCTBEHHEIM
CIIHHOPOM

u(z)z(wa‘l‘wﬁs)(1“'74)(1“1.71%): (198.1)
HalIeHHBIM B Tpeablaylled 3ajave.

Pemienne. KomnoHeHTBl 4-BeKTOpa IIOTHOCTH 3JIEKTPHUECKOrO
TOKa ONpeNeNfioTCs BbIpaXKeHHUAMH :

sy =iecuypu,  w=uty,. (198.2)
B Hawem cayuae

ut =(1—1ivyv,) (1—7v,) (@5 +@{vs), (198.3)

TaK KaK KJHQPODPAOBLI UHCHIA [V,V,, V4 V3 [NPEACTABJAIOT COOOH
SPMHTOBH! onepaTopel. Takum oOpa3oM, HMeeM
sy =iec (1—iv,vs) (1—v,) (w5 +wivy) X
XV4Yu(w3 +w173) (I_sz) (1——1'\’1?2)- (198-4)
PaccMaTpuBasi KOMIIOHEHTBI §; H S,, YIOOHO HepeMeCTHTb KJH}-
¢opAOBO YHCJIO Y, HA ABa MeCTa BIpaBo, a KJAH(HOproBO YUCIO Y, —
Ha OJHO MECTO BJIEBO:
S1,0 = t€C (1 —i17,) (Va— 1) (@5 —wyy,) X
X (W —w1¥,) (14 74) V1,0 (L—iv1ve)-
O.epatop 1—iy,y, KOMMYTHpPYET KaK C ONEPAaTOPOM 7,3, TAK H C OIle-
partopom ¥y,, NO3TOMY
S1, = lec (,— 1) {(| g |2 + @, %) — (@i, +wsw,) v5} (1 4+7,) X
X (1 - l%?z) Yl.z( 1 _inVz)-

Jlns KOMIOHEHTBl ¢ W =1 Npou3BejeHHE TpPeX IMOCJAeJHUX MHOXKHTE-
Jell 3anuchiBaeTca B BHIE

(I —=v7.) (Vi —iv) = 91 + v — iy, — 71 = 0.
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AHAJTOTHYHO 1JI1 KOMIOHEHTHL C [ =2 HMeeM
(I —=ivv,) (Vo 4 ivy) = Yo — i - iv;— 7, =0.

TaxkuM o6pasoMm, KakK H CJIeA0BaJ0 OXHIATb, KOMIOHEHTH IJOTHOCTH
TOKa, HepreHAHKYJspHLIE OCH 2, OKa3bIBAIOTCS PaBHEIMH HYJIO.

BoinonHsas Takue xe npeo6pasoBaHHsA JJs KOMIOHEHTH S,, IO-
Jyyaem

85 = iec (v, — 1) (@5 —wivy) (@s v, +wy) (1 —7,) (1 —ivi7,)%.
Tak Kak
=iy =2 (1 —ivv,), (198.5)
TO Bblpa}KeHI/Ie pig;é: 53 NIpHHUMEaET BUJ
sy = 2iec (v, — 1) {(wsw, —wiwy) + ([0, 2 —| @ [2) v} (1—7,) (1 —i,7,)-

Ilepemewast 31ech nepBeiit MHOKUTEJL (y,— 1) Ha OJHO MECTO BITPAEBO,
noJsyyaem

83:2iec{(w:w3_w;wl)(1—Y4)+(]w1 |2_1w3 12)\’3(1‘+V4)}X
X (T—=v,) (T—iv,7,).
B cuay coorHolleHH#H
(I +v,) (I—7,) =0, (I—y)r=2(1—y,)  (198.6)

BTOPOH ujeH u3 QUTrypHBIX CKOOOK He JaeT BKJaja B paccMaTpHBae-
MYy!0 KOMIIOHEHTY, MO3TOMY OKOHYATeJbHO

s, = diec (wjw,—wjw,)(1—7,) (1—ivyyy). (198.7)
B ciydae KOMIIOHEHTBI S, -COBEPLIEHHO aHAJOTHYHBIE BBIKJAIKH
JAT
S, = fec (l ’—i'Y1Y2) (1 '—Y4) (W; + w;'\?s)(wa + wﬂ’s) (1 —Y4)(l "—inVz):‘
= 2iec(l _Y4){(lw1,2+,wslz)+(wfws‘l’w;wl)Va} (1—y,) (1—ivyy,)=
= diec (|, [+ @y [5) (1—1v,) (1 —ivayy)- (198.8)
BblpaxkeHns 1711 KOMIIOHEHT S, M S, MPEACTABJASIOT COGOH Kaud-
(Gop/10BBl UHCJIA OAMHAKOBOH CTPYKTypBl. UTOGBLI BBIICHHTH HX (bH-

BMUECKHH# CMBICJ, Mbl JOJXHb CDaBHHTb HaHIEHHBIE BBIPAXKEHHS
C HOPMOH crnMHOpa

= (1—iyyp) (1 —v2) @5 +05v,) ¥ (@5 +©,7) (1—y,) (1 — iy 7,),
KOTOPYIO € MOMOILIBIO TeX 2Ke peodpa30BaHHH MOMKHO 3aMHCATh B BHE
e =4 (Jw, P —|w, %) (1 —v,) (1—iy,p,). (198.9)

CoGupasi BMECTE IOJY4YEHHDbIE DPe3yJbTaThl, BHAMM, YTO KOMIIOHEHTa
8, LIOTHOCTH TOKA B HAMPABJIEHHH OCH 2, TJIOTHOCTD 3apsifa p (S, =icp)
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H, HAKOHeN, HopMa, ecJHu OTBJIeUbLCH OT O6ﬂler0 MHOXKHUTEA
=4 (l _Y4) (1 _"’iYI‘Vz)»
OIIpenearTCs OYCHBb MPOCTHIMH C-UYHCJOBLIMH BBIPpAXKEHHAMH:

8, = iec (wjwy—wsw) T, (198.10)

p=e(|w P +|w, )T (198.11)
H

un= (@, P—|w, ) I (198.12)

Kak 6bis0 MOKAa3aHO B Ipejbliymed 3ajaue, B CTAHAAPTHOM Mpei-
CTABJIEHHH U, =wW; H Uz=iw,, I103TOMYy HaHJeHHbIE BHIPAKEHUS
MOXKHO 3a0HCaTh I0-HHOMY:

S5 = ec (ugty +-uzu,) I',
p=elluPHlup T, (198.13)
uw={(u, P—| ug ) I'.

3aMeriM, YTO B CTaHAapTHOM NpPEACTaBJEHHHN omepatop I uMeer
oueHb Opoctoil BHA. Mbl umeem

0 0 00 2000
00 00 , 0000
l—y,=lg 0 2 0} I—iyy,=1+0,=| 0 2 0}
00 0 2 0 0 0 0/
U, CJIeIOBaTEeJbHO,
00 00
I'=16 8 8 (1) 8 , (198.14)
0 0 0 O

t. e. I' mpencrasaser cobofl avaroHaabHyl0O MaTpully C €IHHCTBEH-
HEIM OTJIHYHBIM OT HYJISl 3/JEMEHTOM.

3agaua 199. Tox NPOBOAMMOCTH M TOK NONAPU3ALMH

a) Ilokasartb, YTO MJOTHOCTH TOKA HAaCTHIB C 3apAAOM e,

Sy = ieCPyvP;  Sp=ju S, =icp, (199.1)
YOBJIETBOPSIET YPABHEHHIO HETPEPHIBHOCTH
as . 9
af,—_o wim  divy +a—t‘1=o. (199.2)

nw
6) Ilokasatb, 4TO BEKTOD S, MOXHO pas0uThb Ha JABE vaCTH:

Sy = 5% + 5y, (199.3)
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C
npHYeM MPOCTPAHCTBEHHbIE KOMIOHEHTBI MOKa NposodumMocnu Sy COB-
najzanT no ¢opMe C KOMIOHEHTAMH IJIOTHOCTH TOKa j, B HepeJs-
THBHCTCKO Teopuu. Bropas uyacTb mnJjoTHocTH TOKa S M3BecTHa

1o Ha3BaAHHEM moKa NOoAApUSALUU.

Peuicnue

a. Urobnl yOenuThcsl B CIpaBejIHBOCTH ypasHeHHs (199.2), mut
JOJUKHBl B [ONOJIHeHHe K ypaBHeHHo Jlipaxa

?Yu (O —iay) Y +xp=0,
rje
7] e
Oy =5— a,=—4,, (199.4a)
ck

’
6xu

paccMOTpeTh aHajoruunoe AudepeHlHasbHOe ypagHeHHe A/l QyHK-

uan P=yP'y,. Tak Kak BeJHUYHHBl X, U @, — JeHCTBUTEJbHLIE, a
BeJHYHHBL X, W @,—4YHCTO MHHMBIE, TO oONepPaTophl, KOMIJEKCHO
CONPsI?2KEHHBIE OlNEeparopam

Dk:ak—iak, D4=a4'—ia4,
HMEIT BHJ

D;=0,+iay, D;=—(0,+1ia,).
3anuueM ypaBHeHHe, CONpsixkeHHOe ypaBueHHIo (199.4a):
%‘, Dty + wpt = 0.
floc/ie MOACTAaHOBKH Y=y, OHO NPHHHMAeET B
— 2 Dive+ Dy, + 19 =0,
TaK YTO OKOHYaTeJbHO HMEeM
§(3u+ i@, ) Yy, — xp =0. (199.46)

Hckmouass u3 ypasHennit (199.4a) u (199.46) maccoBble usieHsI,
[LoJy4aeM

Y (. . . -
%l(‘l’?u(au_lau)‘l"l'(au’i"au)"Wu"P}ZO-
Usensl, copepxamue 4-BeKTOp MNOTEHLHANa @,, B3aHMHO COKpa-
HIAI0TCA, W MBL HMeeM

- 20 ) =0,

YTO TOJIHOCTBIO COTJIacyeTcs ¢ ypaBHEHHeM HernpepblBHOCTH (199.2).
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6. Kak 6buio nokasano B 3ajgaue 126, HepedsTHBHCTCKAasi ILJIOT-
HOCTb TOKa OIpele/sieTcsi BbIParKeHHeM

wh 5 (POH* —P*0xp -+ 2aphp™p) (199.5)

U, CJeJ0BaTeNbHO, CONEPKUT OHJHHEeHHble KOMOHHALHH BOJHOBBIX
(pyﬂxunn W HX NPOCTPAHCTBEHHLIX MPOM3BOLHBIX. Uro6el mpuaath
MJOTHOCTH TOKa Sy, ONpejeseHHOfi BhipaxeHueM (199.1), ananornu-
Hylo ¢opMy, Mbl JOJIKHBl JHOO BBIPA3HTb C M[OMOUIBIO ypaBHe-
uus (199.4a) ¢yskuuio P uepe3 ee mNeppbie NPOH3BOAHBIE, JHOO C
nomompio ypaeBHenust (199.46) chesate TO xe caMoe s QyHK-

unn P. [Tocrynas ykasannbM 0o0pasoM, MoJydaem

=X 2- (O + 1au) byu - vop= ———\sz Vo (Op —iay) .
Bepsi moaycymMMy NpHBEIEHHBIX BbIDaXKeHHH H yUHThIBasi, UTO
ec _Bﬁa
®oom’

3alnuiueM I1JIOTHOCTh TOKd B 6oJee CI/IMMeTquHOM BHJE.
ieh
le Z {ax T Vv P— "IWV'Vuax + ‘ap.lp (Y Vv +Yv?u)'¢}- (199.6)

HOJIbByHCb aaJgee aJis npeoGpasosa}mﬂ BTOpPOTO H TPETLEro 4/E€HOB
1epecTaHOBOYHLIM  COOTHOUIEHUHEM

YuVv -+ VvV =20,y,
MoJyyaeM

=%§{Z <§x¢ uYV‘P'HlJYquéx > 211) —I—Qtavqnp}

©w

Ecau B mnocienHeM BbIpa>xkeHHH BbLIAECJHUTD JHAaroHaJbHHHA UJeH
CyMMBl, TO OHO 3allHLICTCs B BHIE

leﬁ{ lp \p +2lav'lp'q‘)f+leﬁ24 ax ('qJYu,vv ) (1997)

B 3rOoM OKOHHYaTeJLHOM pe3yJbTaTe [epBLHIA uJeH Mo ¢opme B TOU-

HOCTH COBIajiaeT C HepessATHBHCTCKUM BhipaxenueM (199.5) u B co-

TJIACHH C HALIMM ONpeje/ieHHeM ero MOXKHO OTOXIECTBUTb C TOKOM

npoBoiuMocTH s¢. BTopoli ke useH mnpeacTaBaseT cOoGOH Tak Ha3bl-
BaeMblH TOK HOJAPH3AUHUH
i

s§ = ;Zj 0x (wvu\’vlp) (199.8)

sV
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Samewanue. 10 pasnokeHHe I[JIOTHOCTH TOKA BOepBbie OLWVIO HCCJACIOBAHO B
pabore Tlopmoua [Gordon W ., Zs. Phys., 50, 630 (1928)]. ITpoctpaHCTBeHHYIO

YaCTb NJIOTHOCTH TOKA MNOJAAPH3alHU Sf MOXHO 3aMHCaTh B BHJE

p_ & ehi 0 -
st = rot (1prp)—2—mc 5 (farp),
rie
k
Sk’_“_? Op

— KOMTIOHEHTH! BEKTOPA CMHHA, 3aNHCAHHEIE C [IOMOWBIO [PHBOLHMBIX YeTHIpEX-
PSAHBIX MaTpHL, & Olp— MAaTPHUB!, ONpelefieHHBIE B KOHUE 3afauu 189. B caywae
MJIOCKOH BOJHBI TOK NOJApH3aluH ofpamiaercs B HyJb.

3apaua 200. YpasHeHue Jlupaka B ABYXKOMIOHECHTHO# 3amKMcH

3anucath ypaBHeHHe JIMpaka B raMH/bTOHOBON opMe H, IOJb-
3yACb CTaHAAPTHBIM NPEACTABJAEHHEM, PACIIENUTh YeThipe X KOMITOHEHT-
HOe ypaBHeHHe HA napy JABYXKOMIIOHEHTHBIX YypaBHeHHI, comepKa-
wux Matpuupl Ilaymu. Ilokasatb, uro wactuna ¢ PaBHOH HyJO
Maccoil nmokos (Hampumep, HEHTPHHO) AONYCKaeT ONHCaHHE B paM-
KaxX JIBYXKOMIIOHEHTHOH TEOpUH.
Peuwiesne. Ecou B ypaBHeHun [lupaka
ie
Z’YuDu"P’i‘mp:Oa Du=au—ﬂ W
n (200.1)
. l .
A, =i, D=V, Oy=——_0;
SIBHBIM 06pa3soM BBLIGJUTb IIPOH3BOAHYIO TO BPEMEHH, TO €0 MOXKHO
3alHuCcaTh B BHJE

3 .
3 VDbt v~ Ot g ) b =0.

n=1
yMHO}Kaﬂ 3TO ypaBHeHHe CcJleBa Ha Cﬁ/ Yas HOlellaEM
fLC 2 Y4vnDn'qJ - lh at"p + V’t]) + mCZYHP = 0)
a
58187
i oy

rie onepaTop
3 .
H=he ) vivs (0, —F A,)+V + men, (200.2)
n=1

MO2KHO paccMAaTpHUBaTb B Ka4Y€CTBE€ raMHUJAbTOHUAHA,
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B cranaaprHoM mpeacTaBieHHH

(0 s, o o003
Yn:\isn 0/ V4= 0 —1'/" (0 )

3neck s,—wmarpuubn Ilayan, a 1’ u 0'—eanHHYHas H HyJeBas
ABYXpAnHBIE MaTpuuBl cOOTBeTCTBeHHO. Jlasee uMeeM

' s 200.4
an—‘lv4vn“ S, Ol ’ ( : )
nosToMy ramuabToHHaH (200.2) MOXHO 3amHcaTh B pacuielnJeHHOH
¢opme

/ V -+ me? —hei Xs,D,
\——-hClZS D, V—me

Ecan BBeCTH /[BYXKOMIOHEHTHble QYHKUUH 1P, H 1,, CBs3aHHLIE
C uYeTHIPeXKOMIOHEHTHBIM NHPAKOBCKHM CIIHHODOM COOTHOLIEHHeM

=)

To ypaBHenHe J[lnpaka paciienuTcs Ha Hapy ABYXKOMIOHEHTHBIX
ypaBHeHHH:

B0 it (s D)y 0V + met)
ﬁdpr

12

(200.5)

(200.6)
= —ific (s-D)p, + (V—me?) .

B uyacTHOCTH, B CJyyae CTaLHOHAPHBIX COCTOSIHHH C MOJOXKHTEJb-
Ho#l sHeprued E mosyuaem

(S D) ‘Pb_ly'%:()»
ey mer (200.7)

(5 D) g —i ="y =0,

Teopus Heiitpuno. Ecain m =0, To BhILENpHBesEHHbIE YypaBHe-
HHsl COBHAJAIOT MexAy cO60H, MO3TOMY

Yp=Mp, H A=H1, (200.8)

a jJBa JUHEHHO HE3aBUCHMBIX pelleHHs VP, IOJKHLI ONpelessiThCs
U3 ypaBHEHHS

{(s-D)—ME;CV}xpazo. (200.9)
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Tax Kak 5TH ABe CHCTeMBbl HUKAK HE CBA3aHbl, TO B CjAydYae YacTHI|
C paBHOH HYJIO Maccofl TIOKOs HMEIOTCS [Be He3aBHCHUMEIE JBYyX-
KOMMNOHeHTHHe TeopHd. HerpyaHo mokasarb, 4YTO B OTICYTCTBHE
BHEIUHHX CHJ MapaMeTp A COBNAJaeT C  KBAHTOBLIM  YHCJOM,
HCIOMb3yeMbIM /111 XapaKTEePHCTHKH CNHpadabHOCTH. YUToBbl B 5TOM
yOeqHTbCsl, PAacCMOTPHM IVIOCKYIO BOJIHY, PaclpOoCTpaHSIOULYIOCH
BIOJIb OCH 2:
'QJGZCQU‘Z,

rage C-—IOCTOSIHHBEIL ABYXKOMIIOHEHTHBIHl cNMHOpP. B aToMm cayuae
nepBbiil uJeH B JeBoH uacTH ypasBHeHHs (200.9) npHoGperaer Buj

5363% =ik (ss'q)a),
B TO BpeMsi KakK BTOpPOH useH GyneT paBeH
. E .
—M ﬁ—cxpa = —kMp,,

H, CJIeA0BATEJ/IbHO,
$,C =AC. (200.10)

Taknm o6pasom, A ecTb COGCTBEHHOE 3HAUEHHE KOMIIOHEHTH! Omepa-
Topa cnHHa (B eiMHHUAX f/2) B HanpaB/eHUH pacnpocTpaHeHus
BoJHE (,cnupanabHocTh”). Tak Kak martpuua Ilayau s; puaroHanbua,

w=(h )

To npu A=1 pemenreM ypasHenus (200.10) siBasiercsi cnuuop

NIO3TOMY
Y= (g) etkz, (200.11a)

B cayuae xe orpuuaTtesbHON CHHPaJbHOCTH A= —1 pelleHueM yro-
MSHYTOTO YpaBHEHHsl AIBJAETCS CIIHHOP

(9.

H MO3TOMY
Cl

¢:<_0>ﬂa (200.116)

Sameuanue. Kak mnOKasaiu SKCHEPUMEHTHI, CHHPANBHOCTh HeHTPHHO BCeria

oTpuuareNbHa, T. e. A=—I, NO5TOMy TO/NLKC BTODOW BAPHAHT DPAa3BUTOM BbIlle

TEOPHH NPABHJILHO OMHCHIBAET (PAKTHYECKH MPOUCXOASILHE SIBJIEHUS MPUPOLBL.
PaccMorpum B 3TO# cBSI3H onepaTop

Yo = ViV2VsVas
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KOTOpHﬁ B CTAHJapTHOM NpeJCTaBJCHUH HMeeT BHJI
0 -
Y5_~<_11 0/>'
1 1" —1 1 <l’ 1')
+‘y5— —1 1’ ’ Vs = I M

Ecau nogeficTBoBaTh 5STHMH ONepaTtopaMu Ha Jofoe peienne ypaBHeHHS (200.9)
¢ A=-r1, T. €. Ha pelueHHEe BHAA :

lp-i-: (ij) »
(14-v5) ¥4+ =0, (1 =) Wy =20, (200.12a)

[eficrBue Ke 3THX oneparopoB Ha pellleHus ypaBHeHuss (200.9) ¢ A=—1, 1. .

H& pemeHHﬂ BUja
- xpa)
b~ (—wa ’

(I+ys)p-=2¢_, (1—~%s) - =0. (200.126)

B cu/y nosyueHHBIX pe3yJbTAaTOB MBI HE MOXKEM DELIHThb, PEasH3YIOTCH JH B IPU-
pojie MO KaKHUM-TO HEH3BECTHHIM NPHYHHAM TOJBKC OJHH COCTOSHHSA Y. HIH XKe
omepatop B3auUMOEEHCTBHS, OTBETCTBEHHBIH 3a pOMAEHHE HEeHTPHHO, COACPIKHT
MHOXKuTeNb (1Y), TaK 4TO pPOMIEHHe HEHTPMHO C A== CTAHOBHTCH HEBO3MOXK-
HoM. B sakiiouenne Hajo oTMeTHTb, 4ro omeparop (l--7ys) He KOMMyTHpyer ¢
OHEepaTopoM HPOCTPAHCTBEHHON HHBEPCHH, M B TaKHX B3aHMOJEHCTBHAX MpPOCTpaH-
CTBEHHAs 4ETHOCTh HE COXPAHSeTcH.

Jlanee umeeM

TO TOJIYUHM

Jaetr’

3agauya 201. LUentpaabHbie cuapi 8 Teopuu upaka

IlnpakoBcKas uacTHma IOMEIeHa B ChepHYeCKH CHMMeTpHUYHoe
nosne V (r). Bocnosp3osaBlinch TeMm, 4TO B CTaHAApPTHOM IIPEACTAB-
JeHuH ypasHenne [lupaka pacnlenJisercsi Ha Iapy JBYXKOMIIOHEHT-
HBIX ypaBHeHM# (3amaya 200), HaliTH coOCTBeHHBIE CITHHOPBI AMpa-
KOBCKOTO FaMHJ/IbTOHHAHA, KOTOPbIe OJHOBPEMEHHO ABJAIOTCA OO HMH
cOGCTBeHHBIMH CIHHOpaMH omeparopos J* u J,. Ilpm pacuerax
MOXHO OTPAaHHYMTBCA CJydaeM m;== +1/,.

Pewienuie. CorsacHo (200.7), ypaBHenue JlHpaka, 3alHCaHHOE
B paclienJeHHoH ¢opme, HMeeT BHUJI
3

2 Snaanb—iE':‘{‘%c)———nwz"pa = 0,
! (201.1)

E $,0,p,— i w P, =0,
n=1 ¢
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rae s, (n=1, 2, 3)—wmarpuun! Ilaynn, a ABYXKOMIOHEHTHBIE CHH-
HOPHI P, B P, CBA3AHL C JUPAKOBCKHM CIIHHOPOM COOTHOILUEHHEM

P,
= . 201.
v <‘Pb> (201.2)

B craHjapTHOM npeacTaBJeHHH ONEPaTOpPhl KOMIIOHEHT IIOJIHOTO
MOMEHTA, OIPEIeJeHHOTO COOTHOIIEHHeM

J=L+%o

nefiCTBYst Ha NUPAKOBCKHH CHWHOP, He CMEIUHBAKIOT JiBe ero HepBLle
KOMIOHEHTBI ¢, C ABYMf JIPYTHMH €ro KOMIOHEHTaMH ,. ITO CBs-
3a8HO C TeM, YTO B CTAHAAPTHOM MpeJCTaB/JICHHH CIIHHOBBIE YeThl-
pexpsAlHbIe MAaTpHIBl, 3anMcaHHble uyepe3d MaTpuubt Hlaynam, umeior

JIHaroHanbHyo GopMy
s, 0
o, = .
<0 Sn>

TakuM o6pasoM, ecsu ABYXKOMIIOHEHTHbi€ CIIHHODHL Y, U 1, ABJIA-
f0TCsl COGCTBEHHBIMH CIIHHODaMH omepatopoB J? M J,, TO 3THM xe
cBoiicTBOM OyjeT o06Jsanatb H 4-CIHHOP 1P, ONPeleJseHHLIH COOTHO-
menuem (201.2).

Panee, B 3agaue 133, Hamu GbliM HaijJeHbl JABYXKOMIIOHEHTHBIE
coBCTBeHHble CIHHOPH u; ; onepatopos J* u J,, NpHHajjexallye
COGCTBEHHBIM 3HAYCHUAM = [ 41/, H m;=+1/y

R < VT+1 Yt.o>=
Ver+1 Vi Y.,

= (’)< Vit Yiy 0>
e ot & 201.3a
147 "Vj'_l/z Yioy, ( )

l Y
ull =y, j4y, = gl © <ll;1+ ; Yl, 0 > =
i1

=____gf+'/z<”_<Vi+‘/z Yf+‘/v°>, (201.36)
VEGHD \V T+, Yiey,

IMonnitaemcss HaATH pelieHde Halleil 3ajayd, KOMOHHHPYS CIHHODBI

ABYX yKaBaHHbIX THUIIOB!
ul
¢=< > (201.4a)
u“

ul=uy, joy,=
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ull
¢=<ul>- (201.46)

Bonpoc 0 HopMupOBKe panuaabHbX GYHKuui f(r) 1 g(r), Koropas
MoxeT OblThb pasnauuyHoi AJs pemenuin (201.4a) n (201.46), noka
OCTaBHM OTKPBITBHIM.

Yrto6el BBINOJIHUTD HAMEUeHHYIO IIporpamMMmy, Heo0X0QHMO, CO-
ryacHo (202.1), paccMoTpeThb BhIpaKeHHE

Sub It — i syl 1= O:  Ox—iy ub 1t (201.5)
—n_—-_-l' nvn 6x+iay _az ) '

TMonb3ysick H3BecTHHIMU GOPMYJIaMH

+(0, £i0) (F(NY =V UEmf2)( £ mt D)

21 +3)2I4-1)
2 TFm( Fm—T)
><<F —TF)YHl,mil— AT ¥
( +lil_ >Yl—l,mi1 (20163)
H
0,(F(n\Y, ») = UmthI—mE1)

QI3 (2l+F)

, 1 TEmd—m) (o, [+1
><<F —7F>Yz+1,m+ W(F 7 F>Yl—l,m’
(201.66)

[OCJie HECKOJbKO YTOMHTEJBHBIX, HO BHOJIHE 3JIEMEHTApPHHIX Npeos-
pasoBaHUi BbIpaXEHHUH

Su! = ! /VE az (flyl, 0) _V—l_(axvl_ay) (lel, 1) >
VIF10,+i0,) (FY 1, o)+ V10, (7Y 1,0)

st L (V0. @&Y, ) +VI+10, -@,)(gm,o)
Va1 Vl (ax’i‘l@y) (g.Y,, o)“Vl“i-l 0, (&,Y,, 1)
B cJayuae j=[-1/, noayuaem
VIiFl v, >
S +1, 0
¢ = \fim f><1/1+2 Yiona

=1 p , <V]+ /s Yl+‘/z. 0> 201.7a
r fl—/z) V‘]—:i_—% Yi+l/5,l A 1a)

1 B
~ Ve !
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Ecmn xe j=1[-—1/,, To pe3yJbTaT HMeeT BH]

Sul' = : <1+l+l >< Vl_— Yl—I'O)Z

Vo= __l/l*l Y1 1/
i i+ Viti, Yioy, o>
= 2 g _ 2 . 1.7
i (g;+ vt g /2>< VIisT Yy (201.76)

ITonriTaemcs cHayaJa yAOBJIETBODHTbL cHcTeMe ypasHeHu# (201.1),
NOACTaBJAs Tyla BHpaxenue (201.4a):

2
Su”——lE —V—me

he
iE-—V—{—mcz
fe

ul=0,
(201.8)

Sul — ull=0,

BsaB ganee nns u!' u u!! Beipaxkenus (201.3a) u (201.36), a nas
Su' u Sull Bupaxenus (201.7a) u (201.76) u noacrasuB B JieBble
yacTH ypaeHeHHH (201.8), nosyuaem (misi OpPOCTOTHI OMyCKaeMm
HHJIEKCHl Y paaHajbHeIX QYHKUHHA [ U g)

,E—V—mc? ol =
he
1 by IS [ E~ v me? 1/1+1/ Yoy, 0
=—=(g + g— ( > =
Ve ( ’ —Vi—1, Y-y, 1>

Sul'—§

Sul_ig:_Vim_c?uu:
C
1 <fr_]"‘1/2]c [ E=VAme g) <V—f+1/z Yisy, 0>_
V2i+T) r he Vi+t®l Yien
Oba BbipaxkeHHs1 o6paumiaioTcsl B HYJb, €CJH PanuaJbHbie QYHKUHH

f(r) 1 g(r) ynoBJeTBOPAIOT cHcTeMe AHpPepeHlHAILHBIX YpaBHe-
HU#

gl+j+3/2g . E— V(r)—mczf 0
fic '

' 1—1/2 ; E=V(me?

f'— f— P

Inst pewenndt Broporo tuna (201.46) aHaJOrHYHBIM NyTeM MOJY-
YaloTCsl YPaBHEHHS, KOTOpble COBMNAAAOT M0 QOpMe C ypaBHEHHAMH
(201.8), olxsako B HHX Ha MecTe cnuHOpa u! CTOMT cruHOp u'' u
Hao0OpoOT, a TaKXKe B Kax/I0OM H3MeHeH 3HAK Iepej u/JeHOM mc® Ha
oboparubifi. TakuM o6pazom, ¢ HOMOIUBIO TeX ke BHIKJIANOK, YTO H
paHbiue, BMECTO CHCTeMbl AHdGepeHIHaNbHBIX ypaBHenui (201.9a)

(201.9a)
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NOJy4aeM CHCTEMY

i 3 —_— 2
g'+’+,/2g i E V(12+m F=0,

. _ . (201.96)
% ]rl/zlc B V(ﬁ mcﬁg___o'

Pemasi no otieJbHOCTH cucTeMbl ypaBHeHui#l (201.9a) u (201.96),
MBI J1JIs1 JIOOOTO 3aJaHHOrO MOTEHIHa a V (r) HaxoJHM TOJIHOe pelile-
Hue cPOPMyJNHPOBAHHON Bbille 3agaud. Tak Kak GYHKUMM [ H g
onpene/IeHHBIM 06pa3oM CBA3aHBL Mexay cobof, To, CJel0BaTe/bHO,
CBsi3aHBl Mexay €000f M HX OTHOCHTe/bHbie HODMHPOBKH.

Heo6xonuMo 1MOIYEPKHYTH, YTO B OTJIHYHE OT HEPEJATHBUCTCKOH
TEOPHU CIIWHA KOMIOHEHTH! IHPaKOBCKOro 4-CoHHOpa XapakrTepH-
3yIOTCS DA3JHYHBIMH 3HAaYeHHAMH [, NO3TOMY B peJIATHBUCTCKOH
TEOPHUH KBAHTOBOE 4HCJO [ 60Jblie He fABJAETCA XOPOIUMM KB4 HTO-
BbIM UHCJIOM, XOTfl KBAHTOBBIE UHCJA | U m; ¥ Telepb, pasyMmeercs,
XOpOLiiHe KBaHTOBbLIE HHCJA.

3agaua 202. MNpo6aema Kennepa B teopun Jlupaka

Pe3y.71bTaTbl Hpeﬂ,bIlIYULEﬁ 3ajayd NpUMEHHTb B YaCTHOM cJiyudae
C(Il)epI/IIIECKH CHMMETPHUYHOI'O IOoTEeHIHana
Ze?

H HAHATH JONyCTHMble 3HAYEHHs] SHEPrUH 4YacTHLHI.

Peuwienne. Kak ObLI0 NOKasaHo B Ipenblviledl 3agaue, omnpe-
J€JeHHe JONYCTHMBIX 3HAueHHH SHEPrHM JAHPAKOBCKOH HacCTHIb!
B o0uleM CJjyuae LEeHTPaJbHBIX CHJ CBOJMTCS K peLIEHHIO CHCTEM
and¢epeHunabubx ypasHenn# (201.9a) u (201.96), xoropriM o6s-
3aHbl yJOBJETBOPSTH pajHaJbHble YacTH BOJHOBBIX (yHKUMHA. Mpl
HauHeM ¢ cHctembl (201.9a). Beoasi oGo3HaueHH:

Z

2
[3—_—§ﬁ-'*c—=m (202.2)
(sesnunHa P, KaK mMpaBMJO, MaJja) H
B_zmcg——E l=m02+E
a he ' ha fic '
UJH
mc2—E fic
W=V werE T Vae B mer D (202.3)

cucTeMy IupGepeHuHasbHEIX ypaBHeHH# (201.9a) B yacTHOM Ciyuae
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norennuaJga (202.1) mMoxHO 3amucarb B BHIE
P .
g+l (L2,
’ i—l/z { L _ﬁ_ —_
Pl (LR e—o.
PeulenueM 3TOH CHCTEMBI MBI H 3afiMeMcs.

(202.4)

[Ipexne BCero BHIICHHM, KakK BefyT celi QYHKUHA [ H g NDH oYeHb GOMbUIHX
H OYEHb ManblX 3HAueHHsiXx r. B mpeene r — oo cucreMa ypasHeHudl (202.4)
npHHUMaeT BHA

’ i” — ’ PR
g+li=o,  F-Lyg-o
HopuupyeMble pelieHAs 3TOH CHCTEMb YpaBHEHHH HMeOT (OpMy
g=Ce="l8, fme C L gm1ra,
m

Uro ke KacaeTcs pemleHH, NMPONOPUHOHANbHBIX PARERE paccMaTpHBaTh HMX HeT
Heo6xonumoctH. C 1pyro#t CTopoHb, B HpelesibHOM cayuae r-*=>( peryJsphbie
pellleHHs, KaK MOXHO OXMAATb, HMEIOT BHJA

g=Ars-1, f=Brs~1,

Tlogcrasass npubenennsie BoipaxeHus B (202.4), monyyaem
6—0A+(i+5 ) A—iBB=0,
(s—-l)B—-(j —%) B—ifA=0.

Tpebys obpauieHHst B HyJb OlPeNEHTe/s] 1OCAeIHEH CHCTEMB YPaBHEHUH, HAXONHM

5= ]/<;+ ) —p. (202.5)

KoMmOuHHpyS Terepp sTH pe3yJbTaThl, LEJECOOGPA3HO TOJIONKHUTL
g=Crte=ring (7),
f:__icrs—le—f/aF (r). (202.6)

m

[Tonctanoska mnocnegunx Belpaxkenuil B (202.4) npuBoguT K cae-
Ayolel cucreme auddepeHIHaNbHBIX yPaBHEHHH:

|
G,+<s+<lr+_2->_%>6+(; fr>F 0,

|
A O

CksagpiBasi W BbIYATAf 3TH yPABHEHHA M IoJaras 3aTeMm
G+F=v(r), C—F=w(r), (202.8)

(202.7)
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rnoJyyaem
o+ o—— (bt q) 2
 ls—p v (202.9)
w —i—( - =—(k—q)
npuyeM Bbillle Mbl BBeJH OGO3HayeHHd
1 1 . 1
p=%(u—g), q=%(u+;), k=j+=. (202.10)
CorsiacHo nepBoMy H3 ypaBHeHm'Z (202.9), umeem
W= — [r0" 4+ (s+p) o],
k+" (202.11)

w':—m[rv"+(s+p+ o],

[MoncraBasis »TH BLIpa)KeHHsT BO BTOpPOe ypaBHenue cucrems! (202.9),
NPUXOAUM K OOCLIKHOBEHHOMY JH(depeHIHaIbHOMY YPaBHEHHIO BTO-
poro nopsiaka AJasl GyHKUHY U

rv” 4+ [(2s+ )-——r]v ———(s—\—p)v~ (202.19)
Ypaeuenue (202.12) —st0 ypaBHeHHe KywmMepa, a ero pery./spHoe

B HyJe, HO MPOH3BOJILHO HODMHPOBAHHOE peIIeHHE I[IPeICTABANET
cOGO#l BLIPOXKAEHHYIO T'HIEPreoMeTpPHUecKy0 QYHKIIHIO

v=1F1<s+p, 25+ 1; 2%). (202.13)
Ilonb3yscek panee obuiefl ¢opmyson
(z%—\— a>1F1 (@, ¢; 2)=a F,(a+1, ¢ 2),
u3 coorHomenuit (202.11) nosnyuaem
w—— kj;” F, <s+p+1, 25+ 1; 2%-). (202.14)

[oacraBass 3tu BhIpaxkenus B ¢opmyant (202.8), naxonum QyHK-
man G u F, a 3ateM ¢ nomousio ¢opmya (202.6) u paanajbHbe

dyHkuuHn g ¥ [
g=—1—Crs'le-’/“{1F1<s—{—p, 254+ 1, 2—:{)——

Zif;lF <S+p+1, 2s 41 2%)}
fz—ﬂCrS“le-’/“{1F1<s-{—p, %+ 1 2%)+
+E2 (s+p+1, 25+ 1 2%)}.

(202.15)
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OGe ¢urypupymomue 31eCh BBIPOXKACHHBIE I'MIIEPreOMEeTpHUeCcKue
(PYHKUHH acMMOTOTHYECKH IIPOINOPIUOHAJbHEL et¥le  y, craexoBa-
TeJbHO, TOJVYEHHBE pellleHUst OYAYT HEHOPMHDYEMBIMH A0 TeX MOp,
[0oKa MepBble apryMeHTHl BHIPOXKAEHHBIX I'HIEPreoMeTPUYECKHX (pYHK-
UUA HE PaBHBl HYJIO WJIH XK€ [eJIOMY OTDHULATEJIbHOMY YHCJY:

s+p=-—n,, n.=0,1,23,.... (202.16)

Korga s+ p=0, nepsnifi aprymMeHT BTOPOH BBIPOXKJIEHHOH THIEp-
reomerpuueckoit ¢yHkuuu s+ p-+1 pasen 41, onHako npu 3TOH
(YHKIHE HMeeTcsl MHOXHTENb S-+ p, TaK 4YTO B PaccMaTpHUBAEMOM
YACTHOM CJIyyae ACHMOTOTHYECKH pAaCXOAsIMecsl 4/eHbl H3 BbIpa-
xenuit (202.15) nonpocry Beimanyr. Takum ofpasom, HCKOMble cob-
CTBEHHBlE 3HAYEHHS MOJHOCTBIO omnpejessorcs ycjaosHem (202.16).
TojicraBaAsi B 5T0 YCJOBHE BMECTO p M | COOTBE[CTBEHHO BLIpaxe-
una (202.10) u (202.3), noayyaem AJs ONpefesieHHsT JOMYCTHMBIX
3HaueHUHA sHepruu E ypaBHeHHe

Orcrofa /st ypoBHEH 3HEPTHH BOIOPOIONOZOGHOTO aToMa HaXOAHM

Gopmyay :
mcﬁ
E == ———'__'——__B__.Z_-'
[ A w—

1/ T

o cux mop Mml eie He paccMaTpHBAJIH BTOPYIO CUCTEMY ypaBHe-

uit (201.96) nns onpeneneHus paguasbHBIX BOJHOBBIX (DYHKIHH.

Herpyano yGeaurtbes, yto B 3TOM cJydae BmecTo cucteMel (202.4)

y Hac noJyuuJach Obl cucTeMa ypaBHeHHu#, oranuamomasicsa ot (202.4)

3aMeHo#t W Ha —I1/u. B pesysabrate BeqMuMHBI ¢ M p, GUTYPHPO-

BaBUIME BHIIE, 3aMEHUJHCh Obl COOTBETCTBEHHO HA — g MU — p, a

ycJ0BHE AJA olipenesieHus cobcTBeHHBIX 3Hauenud (202.16) npuusamo
OBl BUJI

(202.17)

§—p=-—n,.

Bce stv u3MeHeHHsA, ONHAKO, HHYEro He MEHAT B GopMyJe aas
3HEPreTHYeCKHX YPOBHEH, NOSTOMY KaXKIplii ypOBeHb OKasblBaercs
HBYKPATHO BBIPOKIEHHEIM.

Ecan f > 1 (Z > 137), 10 onpefesennnit cootnomenteM (202.5) nokasareln s
B C/y4Yde OCHOBHOTO COCTOSIHHSI OKa3bIBAETCSl YHCTO MHHMOH BEeJHYHHOH H Halue
pemieHHe NepecTaeT YNOBJACTBOPATL FPaHHYHOMY ycaopuio npu r=0. Jlas oyeHb
GoabIIKX 3HaYeHUH Z TMOTeHUMaJbHAs AMa CTAHOBUTCH HACTOILKO TiyOOKOH, YTo
SHEPTHSA OCHOBHOTO CocTosAHHA E OKaspiBaercss MeHbuie —mc?. B cuay coornoine-
Hua (202.3) BesHuHHA @ NPH 3TOM CTAHOBHTCH YHCTO MHUMOH M QYHKUMH g H f
[em. (202.6)] He GyayT Gosblie 3KCUOHEHUHAAbHO YOLBATh Ha GOJBLIHX PaccTof-
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HHSX 7, 4TO ¢H3HYecKH 06yCJOBJEHO NPOHHKHOBEHHEM 3JEKTPOHHOH BOJHHI B 06-
JlacTh OTpUlATe/ibHbIX Hepru#l (mapanoxc Kuaeiina). Bosee mnoapoGHO Mbi oGCyauM
9TO SIBJCHHE JJIsl cAydYas IOTeHLHAJbHOH CTYNeHbKH B 3agaue 207 (cayuyait ) V.

3apaua 203. Tonkasm CTPyKTypa 9HEPreTHHeCKMX ypOBHe# aTomMa
BOJOPOJR

Haa aroma Bojgopoxa GUTypHUpOBaBIIMH B NpeAblAylled 3anaye
napamerp P cosrnagaer ¢ 3omMMmeptesbJOBCKOH MNOCTOSHHOH TOHKOH
CTPYKTYpHI

et 1
OC—E‘—W.

0T mapameTp AOCTATOYHO MaJ, W AJA aHAJ/H3a IOJNYUeHHLIX BhIILE
pe3ysabTaToOB MOXHO IOJIb30BATbCA CTEMNEHHBLIMH Da3JIOKEHHUAMH.
C nOMOILBIO YKa3aHHBIX Pa3J/IOKeHH! MOATBEPIHTb HEPEIATHBUCTCKYIO
TEOPHI0 M HANTH TMepBble PeNATHBHCTCKHE [IONPAaBKH K Hed.

Peuwenne. PackiageiBasi 1o cTenmeHAM o NOKasaTenb §, ONpeje-
ndeMblii cootHoulendem (202.5), noJayvaem

s=(i+7 )= +0@. (203.1)

[MoxcraBnsas 3aro pasnoxkenne B GopMyJsy AJs 3HEPIeTHYECKHX YPOB-
neit (202.17) u BBOAA IJ1aBHOE KBAHTOBOE YHCJIO

n=n i+, (203.2)

HaxXoaum
E=met {1t [of(n—gi )T}
HJAU
E= mcz{l—;‘—;[l +% (IJFL%—%)J +0 (oa“)}. (203.3)
Tax kak
me?a? Z”;i—e:’

TO (popMyJa 1A yPOSHEH 3HEPrHHM BOJAOPOAA C YUETOM NEPBOH pe-
JISTUBMCTCKOH [MONpaBKH mpHobperaeT BUJ

E=mc2—§%:—2;[1 +°ni”(]¢”m—§-)] (203.4)

1 CorsiacHO KBAaHTOBOH sJeKTpoauHamuke, nmpu Z > 137 ToueuHnld 3apsk
CTIOHTAHHO POXKJAeT NO3HTPOHbl. Bosee moapo6HO ¢ 5THM KPYroM BOIIPOCOB MOXHO
O3HAKOMHTbCH B 0630pHO# cratbe: 3eavdosuy fI. B., [onos B, C., YOH, 105,
404 (1971).— Hpun. ped.

8 Ne1172
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3necs NEpBHI 4YieH HOpeAcTaBasder CcOGOH 3Hepruio NOKos, BTOPOi
COBMAajaeT ¢ HepeJATUBHUCTCKOH OGaJbMeDOBCKOH 3Hepruei (cM. 3a-
Jauy 67) v, HakoHell, MoCJeAHHH UYJEH JaerT NepBYIO PeATHBHUCT-
CKYIO MOIIpaBKYy, IpoNopiuoHaabHylo a? = 0,532 10~4, T. e. cocras-
JSOULYI0 IIPHMEPHO 1/,,,% 3Hepruu cBasu. Tak kak 51a HonpasKa
3aBUCHT OT 00OMX KB2HTOBBIX WYHCEJ 71 H j, TO Kaxjbll HepessiTH-
BHCTCKHI YPOBEHb 3HEPrHH paclelseTcsl Ha HECKOJbKO OGJIM3KO
pacnoJIOKEHHbIX [OIypPOBHEH, O COBOKYINHOCTH KOTOPbLIX TOBOPAT
KaK O TOHKOH CTPYKType ypoBHel aroMa BOJOpOja.

PaccMorpuM Temepp cTelleHHOE pas3JjoxKeHHe IiapaMeTpa a, KOTo-
peifi onpenedisiercs cooTHomeHueM (202.3) v uMeer pasMepHOCTD AJHHBL
310 pasJioikEeHHe 3alHCLIBAETCA B BHIE

a=ﬁn[1—i‘ﬁ<—”——1)] +0 (o) (203.5)
me? 22\ j+1/, > ’
Ecan B BHIpaeHHH, 3aKJIOYEHHOM B KBajgpaTHble CKOOKH, IpeHed-
peub PeJATHBUCTCKOH MONDAaBKOH, TO B pe3yJ/bTaTe IOJy4uTCcsl 060-
POBCKHI pazuyc n-fi 371eKTpoHHOR OpOMTHI aToMa Bogoposaa. Tak Kak
OTHOIIEHHE 2r/a BXONUT B KayeCTBE apryMeHTa B BHIPOXKAEHHbIE TH-
nepreoMerpuyeckve (GyHKUMH ¥ Tak Kak B BbIpaxkeHus (202.15) nas
panHaJbHbIX BOJMHOBBIX GYHKIUH BXOAHT MHOXHTEb e~'/2, TO pas-
MepBl aTOMa BOAOPOIA OMpEeAeJSIOTCS BEJHYHHOH NMmapamerpa @ TOUHO
TaKHM Xe o0pasoM, Kak # B HePeJATHBHCTCKOH TEOPHH.

UroGBl OT pesIATHBUCTCKUX BOJHOBBHIX ¢yHKuui (202.15) nepefitn
K BOJHOBBIM (YHKIHAM HepeJaaTHBHCTcKol Tteopun IlpexuHrepa,
Heo0XONMMO PacCMOTPETh CTENEHHEIE Pa3JIoKeHHS NapaMeTpoB W H g,
ONpeZiesIeHHEIX COOTBETCTBEHHO cooTHoumeHusMu (202.3) u (202 10).
Mpr nveeM

e[Sl e
g=n[1-% (51— 7)) (203.7)

B 1epessTHBUCTCKOM NPUOB/IHKEHHH MHOXHTENb, CTOAWME NpH BTO-
po# runepreomerpuueckoii ¢ymknuu B dopmyaax (202.15), npunu-
MaeT BUJ

s+tp_ o n,
k+q  [+Ytn Qi+ (203.8)

H, CJeJ0oBaTeNbHO, MO MOPAAKY BEeJAHYHHLI DaBeH eAuHHUEe (HUCKJIO-
yeHHeM fBJsetcss caydall n,=0, Korjga yKasaHHBIH MHOXHTEJb
TaKXe paBeH HYJO). Tak Kak mapamerp W B pacCMaTpUBAeMOM MpH-
GauxeHud B cuay (203.6) no mopsAaKy BeJMUYUHLL PaBEH &, TO QYHK-
uusa f npumepno B 100 pas Gosbuwe dyukuuu g. ITostomy B Hepe-
JIATUBHCTCKOM NpHUOJMKEHHH pajHasbHble BOJHOBbE QyHKLUUH (HOD-
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MHpPOBKA HpOI/ISBOJIbHaH) OIPECaATC COOTHOLIEHU AMHU
g=0,
f:—_. rl-llzg—r/a |:1F1 (_nr’ 2j +2; 2%)_—
_hr

g ( —n,+1, 2i+2;2{1—)].

Ecau Ttenepb B BbIpaXkeHHH aJs OQyHKUHH [ mOMOxRuUTh f=1[-41/,,
TO OHO JAEHCTBHTEJNbHO NEpeHAeT B BhHIpAMKEHHE JJIsi LIPEIHHIepOB-
CKOl BOJIHOBOH# (yHKIMH [cM. cooTHoumeHue (67.12)]

]cmp__: ,.le—1)r1]-71 (+1—n, 204+2; 2yr), (203.9a)

rge y=1/a. B stoM MoxHO yGeautsca caexyioumm obpasom. C yue-
TOM paBeHcTBa j=1{[-1/, H3- ompejeJeHHd TIJaBHOIO KBaHTOBOTO
gucsaa (203.2) caenyer, uto n=n,+1+4 1, nosromy n,=n—I[—1u

f=fle-vf{ Fr(l+1—n, 2043; 2yr)—

n—l—l

A T F 2=, 243, 2yr)}

(203.9)

Bocrnonbsyemcst Teneps obuieit popmyaon
a.Fi@a+1, c+1; 2)=(a—c) F,(a, c+1; 2)4¢ ,F,(a, ¢; 2)

W, yura paBeHcTBAa a=[-+1—n, c=2042, z==2yr, npeoGpasyem
C IOMOLIBIO 3TOH GOpMYJILl BEIPAXKeHHe, cTosnlee B GUI'yPHLIX CKOOKax:

Fila, c+1 )+ == F (a+1, c+1; 2),
K BHLY

22
Lo Fa, 6 9= +jf+1 Fol+1—n, 24+2; 291).

Taxum o6pasom, Belpaxenue (203.9) neficTBUTE/ILHO EPEXOIUT B BHI-
paxenue (203.9a).

UToGbl mOJYUHTL HepeJqATHBHCTCKOE NpUbIHIKEHHE AJS peuleHuR
BTOPOro THna, Tpefyercsi crenuadbHoe paccMorpenue. B pesyabrate
3aMeHBbl BEJMYHHB | BEIHUYHHOH —1/u GyHKIHUA [ cTaHOBHUTCA MaJoH,
a ¢yHKUHA g—O0NbUION, IO3TOMY B HepeJATHBHCTCKOM NpHG/IHKe-
HUM (HODMHDOBKA ONATb MPOU3BOJILHAS]) MBL JOJIKHBEL MOJOXKHTD

f=0,
g=rit o=y L Fy (— 1y, 2042 29r)—F, (1—n,, 2j+2; 2yr)}. GO%10)

Tak kKak B paccmaTpuBaeMmom cJjyuae j=1I—1/,, TO Tenepbp HMeeM
g=r"te~¥ {F,(—n,, 2L+ 1; 2yr)— F,(1—n,, 21+ 1; 2yr)}.
8* ’
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Urobsr ybenuTbesi, 4r0o MocJeaHee Bhipaxedue copmajgaer ¢ (203.9a),
BOCIIONIb3yeMcsl oOUMH PopMyJIaMH
a{,Fi(a+1, c—1; 2)— F,(a, c—1; z)}———zd%IFl(a, c—1,; 2)
U
(c—l)d%,F1 (@, c—1; 2)=a F, (a1, ¢; 2).

C ux IOMOINbIO HETPYAHO I[0KasaTb, YTO C TOUHOCTLIO JO MOCTOSIH-
Horo MHoxwureas 2y/(2l4-1) aaa GyHKuuM g nonyuaercs BblpaxkeHue

g=rle-v.F,(1—n,, 2{+2; 2vr).
Tak kak, coraacHo (203.2),
l—n,=j43,—n
H, KpOMe TOro,
j= l“—l/m

TO NEPBHIHA apryMeHT BbIPOXAEHHOH T'HIIePreoMeTPHYECKOH (YHKUHH
ONATh OKashiBaercA pasHeM [+ 1—n u, cienoBatenbHO, NOJyYeH-
Hoe Bhlle BhIpaxkeHde cosmajaer ¢ (203.9a). '

Mo cux nop Mbl paccMaTpHBaJH BeIHYMHY | MPOCTO B KauyecTse
yAOGHOTO mnapamerpa, HE HHTEPECYdChb ero (OU3HUECKHM CMBICJIOM.

Uro6l BOCHOJIHHTBD 9TOT I1POGEJ, BHUHCJMM AJS OGOMX THIOB pe-
wenn# cpennee sHauenue oneparopa L2. IMone3ysick COOTHOLIEHHEM

Ly, =hkl(l+1)Y,,,

HEeTPYAHO TI0Ka3aTh, 4T0 B O6OHMX C/yyasix HHTEpecylolllee Hac cpen-
Hee 3HaueHHe ONHCHIBaeTcs (HOPMYJIOh

@

§ 10— G2 B+ G+ 12 () 1 P 2
Ly=h2

. (203.11)

[+ 3]

§ [1F 1241 g 2l r2dr

Has pewennft nepsoro Tuna GyHKuMA |g|* B a2 pa3 MeHblie (yHK-
uu | f|* B ee MOXKHO He YUHTHIBATb, CJIEJOBATENbHO, B STOM CJIydYae

KLy = (j—1/,) ( +1/,) B (203.12a)

H Mbl umeeM j—1/,&=[. JIna peuwleHH# BTOPOrO THIA MOXKHO Mpe-
ue6peus |f[* no cpaBHeHuio ¢ |g|* u monyunts

<L¥> = (j +1,) (j +*1,) ke, (303.126)

H, cJel0BaTe]bHO, B 3TOM cJyuae j—+1/,=[. IMenHo Takumu nog-
CTAHOBKAMH MBI H MNOJNL30BAJIHCHL B NPHUBENEHHBIX BBIIE pacyerax.
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JlpyruMH CJI0BaMH, B HEpeJSITHBHCTCKOM NPHO/IMKEHHH, KOraa GyHK-
uud f U g Gosbllle HE BXOAAT OJHOBPEMEHHO B OJMH H TOT e CnH-
HOp, / CHOBa CTAHOBHTCS XOPOIIMM KBaHTOBLIM YHCJIOM.

HNonosninenne. Kak Mbl mokasasd, coOGCTBEHHble CIMHHODHI CBASAHEL C JBYXKOM-
NOHEHTHHIMH QYHKUHAMH

1 V]"I‘l/zyl'_x/ 0
L 2.
“ V2] f(r) <— Vj*l/zyi_1/2,1>

@il = Y TEw) -l—g (r) <Vj+1/2yf+‘/z'o>
2(+1D ViFehY o

H MOryT OHITb JBYX THIIOB:
ul 7
‘q)a = il ) Hau ’ll)b = al ) ,

npuueM g<€f ana pewennsi P, u f<Kg ana pemenuit Pp. [MpuOAMKEHHO MH,

TakHM 06pasoM, HMeeM
ul i
1Pa=<0) B \sz(o)-

PaccmaTpusaemoe NpuGaHIKeHHe COOTBETCTBYET HepelATHBHCTCKO# JIBYXKOMIIOHEHT-
HOll TEOPRH CINHHA, B KOTOPOH |=1[+-1/, Aas BOJHOBbLX QYHKUHE P, B j=I[—1/y
LNt BOJHOBRIX (PYHRLMEt \p, T. €. IIPH 3aJaHHOM SHAUCHHH KBAHTOBOrO 4HC/AA |
BOJIHOBHE (YHKIHH He colepkKaT cpepHUYECKHX TapMOHHMK C Pas/JHYHBIMH 3Have-
HusiMA L.

Kpome Toro, Mbl MOKasajH, 4TO pajHa/JbHass 4YacTh ,00/bIUHX“ KOMIIOHEHT
cnuHOpa VP, onpelenserca GopMyJoi

fe==rl=Ye=TI"F (Y s —n, 2)+1; 2yr),
rjae j=1-{-1/3, a pagnanbHag 4acTh ,00JbIUHX® KOMIOHEHT CnuHOpa Yp oOlpele-
asercsa dopmyJon ‘

g=r/*"1e= 1M Fy (j+3s—n, 2] +3; 2vr),
rie j=1-—1,. Ori pemeHHs HOPMHpPYEMH TOJbKO B TOM CJydae, KOria rnepasie
apryMeHThl BHPOXK/EHHHIX THIIEPreOMeTPHUECKHX QYHKURA PABHH HYJIO HJH LeTOMY

OTpHUATEIBHOMY YHCJTY. BosmoXHbe COCTOSIHHS aToMa BOAOpOZA, OTBE€YAIOMIHE HH3-
MM 3Ha4YeHHSAM IOJHOIO MOMEHTa, NpHBeJeHbl B cnenylomeﬁ Tabauue:

Pemwenue CnekTpocKonHuecKHe 06O3HaYeHHs LA
| pelleHH it
Ya Yo VYo Yo
/g nx=1 nz=2 nsy, npy,
8/, ne=2 n=3 npy, nds;,
8, n=3 n=4 ndy, nfs,
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CoOTBeTCTBYIOLIHE STHM COCTOSIHHMSIM pajua/bHble BoJHOBHE dynkuun (aubo f,
aH60 g) COBNAAAOT C pPajHaJbHHIMH BOJHOBbIMH (YHKUHAMEH HEPeNATHBHCTCKOH
TeOp#H, KOTOPhie MOAPOGHO PacCMOTPeHb B 3anaue 67. YrioBble Xe HacTH BOJHO-
BbIX (YHKHHH SBJAIOTCA JBYXKOMIOHeHTHHIMH B IIOJIHOM COTJIACHH C HEpeasaTH-
BUCTCKOH TeopHeil cnuHa, pasoGpaHHoil B sanaue 133.

Ecnu oT6pocuTh 3HEPTHIO HMOKOS, TO, COTJIACHO COOTHOWeHHIO (203.4), ypoBHH
SHEPrHH OMHCHIBAIOTCA (GOPMYJIOH

En;=—Ey—AE,;,
rje

(Bblllle MBI TIOJIb3YyEeMCA aTOMHBIMH eAUHHUAMU, AJA Nepexola K OGLIYHBIM €JHHHLAM

npuaBeleHHOE BhIPAKEHHE CJeyeT YMHOXHTb Ha met/ B2 =272 9B) — 910 HepensTH-
BHCTCKas GajJbMepOBCKasi SHEPrusl CBfA3H, a

o? n 3
2= (7= 7)

— PeJIATHBHCTCKAs NONpPaBKa K HeHl. DHeprHH [MepBBIX TpeX YpoBHeH u penatu-
BHCTCKHE IIONPaBKH K HHM YKa3aHbl B NPHBOJMMON HHxe Tabauue.

(2/a?) AE

A 106X AE
n E® g % % nJ s
n

=t | a= | =t | d=ue | i=te | i

1 1/, Yy - — 6,68 — _
2 g 5/64 Yes — 2,08 0,42 —
3 Y18 36 Y108 Y824 0,74 0,25 0,08

[pnBegenHbie JaHHble TOKA3bIBAIOT, YTO YeM HHKE YDOBEHb, TeM CHJbHEE OH pac-
menaseTca. Mmenno mo sroff npuuuHe KpacHas JuHHA Ha  (mepexox n=
=3 — n=2) npu rpy6oM pa3pelleHHH HpENCTaBJAsIeTC AYGJAETOM, KOMIOHEHTH

KOTOPOTO pacoJiOKeHbl Ha PAacCTOSHHH
(2,08—0,42) x 10-9x 27,2 3B,
wu 0,365 cm—1,

3anaua 204. Ilpobaema Kenaepa. Papuanbible GyHKUHH TipH
MOJOKHTENbHBIX FHEPTHUAX

ONEeKTPOH, TOMELIEHHbIH B KYJIOHOBCKOE M0Je, 00J1a1aetr nb/aoxu-
TeNbHOH 3Heprued, Tak uro E—me? > 0. Hafitu paanasbHsie BosHO-
Bble QYHKUMH ¥ BLIACHHTD HX aCHMIITOTHYECKOE [IOBEIEHHE.
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Pemenne. Tak kak B paccMmarpuBaemom cayuae me:—FE <0,
To cooTHomenusa (202.3) yno6HO 3aMeHUTb TeNeph COOTHOIIEHHAMH

E—imc? k _E4mce (204.1a)

fe n ke

B KOTODHLIX BEJNIHYHHA K HMeeT CMBICJ BOJIHOBOTO UHCJA HA GecKOHey-
HOCTH. OTHM COOTHOLIGHHAM MOXHO MpPUAATh HHYIO GOpPMY:

n= E—mc?
EFme’
e (204.16)
b YE—me E T
= ﬁc .

Hama 3apaya cBoguTcs K peLIEHHMIO CHCTeMbl JudgepeHIHaIbHEX
ypaBHeHHH

g’+ﬁ;ﬁg+i(—nk—§)f=0,
p—i=tp—i(£4E)g—0.

r

(204.2)

Ilo ananoruu ¢ sagaueit 202 Gynem ucKaTh pelleHHe B BHJE

g=—é~ (@+0) ro-tet,
P (204.3)
2n '\ ?

rae

s=V (i +Y.) —p" (204.4)

BBOI[H 0603HaAUEHUSA
j2) 5 (7] 7])» Q= 5 <-———|—n> (204.5)

W HOBYIO NEPEMEHHYIO

2=—2ikr, (204.6)
[10CJIE HECJIOMKHBLIX BBIYKCJEHHH nonyqaeM
d? dw .
2+ [(@s+ 1) —2] 5 —(s—iQu=0 (204.7)
H
1 dw .
v—— [zd—z——l—(s—tQ)w]. (204.8)

[MpoussosibHO HOPMHpOBaHHOe penieHue auddepeHnHasbHOIO ypaB-
Henus (204.7), peryispHoe B Haua/je KOOPAHHAT, 3aIHUCHIBAETCH
B BHJE

w=C ,F, (s—iQ, 2s4-1; 2). (204.9)
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TNonb3ysce nanee obuieft dopmysof
(z%—}— a)lF1 (@ ¢ 2)=a,F, {at+1, ¢ 2),
¢ nomoupio (204.8) nonyqaeM

v=—C: Fy(14+s—iQ, 2s+1; 2. (204.10)

+1/ —I-lP !

Tak Kak BeJduHMHa r [JEHCTBHTEJbHAdA H NOJNOXKHTENbHAA, TO,
corJacHo coorHoinenuio (204.6), nepemenHad 2 ABAAETCHS YHCTO MHH-
Molt M argz=3n/2, nosTOMy MBl MOXEM cpPa3y BOCIHOJ/b30BATLCSA
acUMOTOTHUECKOH ¢opmyJI0H

1Fia, ¢ 2) —e-tma P{c(_c) +£8 ez za-¢, (204.11)
Takum o6pasom, HMeeM
e ( i +iQ In 2kr —f—s—iQ In 2kr X \‘
CT(2s+1)e i e +' _e-Z’k’j
W =""Ckr) TUFs+iQ) T—10Q) Skr

nQ

CT (2s+1e * s—iQ

T @R T+ S
( —EI—[S-HQ in skr 1 t—n—s-—iQ in 2kr 3
. .
*\“remo— wram=w e m'}'

Bropofi unen B QUrypHHIX CKOOKaX B BBIPAXEHHMH NI PYHKIHH ©
¥ NepBHIH ujeH B (QUTyPHLIX CKOOKax B BBIDAXKEHHH [/ QyHKIHH U
B kr pas MeHpllle JPYrHX 4JieHOB, GHIYPHPYWOUUX B 3THX BHIpa-
JKEHHAX, II09TOMY HX MOXKHO OTOpOCHTH. B pesyabTate ¢ yueToMm
cooTHoitenu#t (204.3) mosyuaem

rg—C,é (kr+Q In 2kt (C o=t (kr+Q In 2kr)

Nrf — Céf kr+QInzkn) __C o= (kr+Q In 2kr) (204.12)

rje IOCTOAHHBIE KOMINVIEKCHBIC aMIJIUTYIBl ONDEAC/AIOTCA BbIpaXKe-
HUAMH

-1 _ims
c._Ch@s+bhe * e *
= c . s
2 (2k) F(145--iQ) (204.13)
_nQ g
O _CT@+De *  s—iQ e*
y=—

2R T jF TP (T(4s—iQ)"

Pasymeercs, nocrosnnse C; u C, MOT'YT OTJHYATHCS JIHIIL HA30BBIM
MHOXHTEJIeM, TaK KaK CXOAAIlascs ¥ pacXoAsuiascsi napuuaJbHbie
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BOJIHBI JOJI2KHBI HUMETHb OJUHAKOBhHIE aAMIIHTYbIL. ﬂeﬁCTBHTeﬂbHO, He-
TPpYyAHO MNoOKasaTb, 4YTO

Pt N T =t (201

a, CJej0Bare/bHO, 00a MHOXKHTEJA, KOTOPHIMH OTJIHYAIOTCA APYr OT
apyra nocrosiHable C, W C,, Ha camoM Jefe SIBJAIOTCH (PA3OBBIMU
MHOXHTeJNAMH. /1A BTOPOro M3 HHX 3TO oyeBHaHO. UTo ke Kacaercs
IIEPBOTO MHOMKHTENs, TO MBL HMeeM
s—iQ P s4Q7
i+ +iP | T (Y2 P T

NOCKOJIbKY
Q—Pr=p w2 =(+)—pe.
Takum 06pasom, OKOHYATENBHO IIOJYYdeM
g=|C,|e0 2308, f=|Cl|e‘°2%?§, (204.15)
rine
E=kr+QIn2kr—2—f—8. (204.16)

3ameqanue. D10T Pe3yabTAT MONKHO CPABHHTH C pesﬁnmamm HepeJNSTHBHCT-
CKoil TeOpHH, PpaccMOTpeB mpexesbHulli cayyah <€ 1. 5TOM caydae f>g u

f~ —:-sin<kr+an2kr—%—(s+1)—§—6). (204.17)

DUrypHpyOLLYI0 31eCh BeandnHy Q ¢ moMowplo cooTHoweHnH (204.5) u (204.16)
MOXHO BBIDaSHTb uepes oHepruio E, a 3aTeM 4epe3 CKOPOCTb 3JEKTPOHA U Ha
GeckoneynoctH. C yuerom H3specTHOH (opMyJsl

v2 \-s

i1onyqaeM
Ze?
==,

v
H, cJefoBartebHO, BeJnyuHa Q coBmajzaeT C napaMeTpOM X, BBEJEHHHIM B 3a-
nade 110. Ha ocnoBanun coorHomenus (204.16), kpoMe TOro, 3akJ4aeM, 4TO

BeMHIHHA Bk ecThb HMITyJIbC 3JICKTPOHA Ha OecKoHeyHocTH. TakuM o6pasoM, ZABa
NepBHIX YJICHA B APryMeHTe cHHyca B ¢opmyae (204.17) nmosHOCTBIO corJacylores
¢ TOJIyYeHHBIM B HEPeJSITHBHCTCKOH TEOPHHM BHIpaeHHeM. B ToM ke mpuGinixe-
HHH TIOCTOSIHHHIA CABHT ()a3hl BBIYHC/ISETCS ¢ [IOMOLbIO COOTHOMICHHH

§s— j41Yy=Il4+1 u P-—Q=xn.
Mul nMeem

5 D HL+8 — T (12 + arg T (142 1x) —arg (I 41 +i%) =
=5 L+argT (141 +ix),
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Ecau ydecTh Teneps, 4YTo 3HAK BOJMHOBOH (YHKIHH He HrpaeT HHKAKOH DOJH H
4To, CJeoBAaTeNbHO, MOXKHO OTGPOCHTb MOCTOSHHbIH cHBHr asbl, DaBHHE 3, TO
HHTepecylomee HAC aCHMITOTHYECKOE BLiPa’kKeHHE OKOHYATe/bHO 3aIHIIeTCA B BHle

f~ —i- sin{kr+uln2kr—n-2—l~argr(l+l+iu) }

[onyueHHbIi pesyaAbTaT IOJHOCTBIO COTJIACyeTca C peaysbTaToM 3agaun 111, ecan
NPUHATL BO BHHMAHHE, YTO 37€Chb MBI HMENH JE/JO0 C KYJNOHOBCKHM IDHTSIKEHHEM.

3agaua 205. Pa3noxenHe AHPAKOBCKOH NJOCKOH BOMHEI MO
COCTOSIHHSIM C ONpejejdeHHbBIM MOMEHTOM

Ioayuennsle B 3agaue 201 o6upe coGeTBeHHBIE CIMHOPHL Ofepa-
TOPOB J? ¥ J, WCNO/b30BaTb AJA PA3JIOXKEHHsA NJIOCKOH NHPaKOBCKOH
BOJIHEL

1 1
p=C ?] gikz = C ?] 531/4n(2z+1)il¥,,0, (205.1)
I=0
0 0

KOTOpasi 06/1a1aeT IOJIOKHTENbHOH CHI/IpaJIbHOCTbIO (h=+41) u pac-
nPOCTpPaHAeTCs B HANpPaBJEHHH OCH 2.

Pemenne. Ilpexpe Bcero pemmnm cucrembl ypasaenu# (201.9a)
i (201.96) B cayuae coGomHoro asuxkenud. CorsacHo 3agaue 190,
rJ€ paccMaTpHBAJHCh IIJIOCKHE BOJIHLI, NapaMerp T CBf3aH C 3Hep-
ruefl ¥ MMIYJbCOM COOTHOLIEHHSIMH

E—m02= E—f—mcz____k_
C=kn, SR = (205.2)

C yuyeToM 3THX COOTHOLWIEHHHA cHcTema AubdepeHIHadbHbIX ypaBHe-
Huit (201.9a) sanucniBaercd B BHIE

i 3
g + 10 g ikmf =0, (205.3a)
F—Shi—itg=o. (205.36)
W3 ypasuenns (205.36) mosayyaem COOTHOILLeHHE

kR j—Y,
i g=t"——=" (205.4)

JUpPepeHHpya KOTOPOe, HAXOAHMM

RPN VR bt (Y N kel
ivg ==y
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[MoncraBass nocieanee Boipaxenue B (205.3a), mosyuaeM agist onpe-
nenenus QyHKUMM [ OGHIKHOBeHHOe AuddepeHIHanbHoe ypaBHeHUEe
BTOPOr'0 MOpAAKa

R P R (205.5)

Perynsipoe B HyJie peiueHHe STOrO ypaBHEHHs (HOPMUPOBKA [POHU3-
BOJIbHAA) HMeEeT BHUJ

F= - fis, (kr). (205.6)

[oncrasaas tenepp Beipaxenue (205.6) B coorHomenne (205.4), Ha-

XO04UM
.k 1 . +1
lquﬁ(]j_i/g ]l '/2>’

npuyeM IITPHX oO3HavyaeT AudQepeHlHpoBaHHe MO NepeMeHHOH Ar,
C nomoup0 H3BECTHOH (POPMYJInl

L@ =— i1 @

OKOHYAaTeJbHO II0JYyYaeM

g= g lrsry, (k). (205.7)

Takum o6pasom, HOpMHPOBKa GYHKUHH g PUKCHPOBAHA OTHOCHTENHHO
HopMupoBKH ¢yukuuu f. Ecau kBantOBOE uucsa0 | 3agaHo W
m;=+"1/,, TO (QOpMyJsI (205.6) u (205.7) mO3BOJAIOT 3anUCaThb
4- CHHHOp (201.4a) B aBHOM BHAE:

i 1
]/1+- B (b)Y oy
=V R e Vi,

Vi=%r
"lin ]/2’(7;/:) Jivrs (RE) Yisas,, 0

l'r] V2(]+ )],+1,2 kr)Y,+:/2 I

Pacemorpennsie B 3anade 201 pelueHus BTOPOro THIA HAXOIATCA
u3 ypasHenuit (205.3a) u (205.30), eciu B HIX NPOU3BECTH 3AMEHY
== 1/n. [lpu stom ¢yukuusa [ no-npexHeMmy Oyler onpeieqasTscs
Beipaxennem (205.6). Uto ke kKacaercd (GyHKUHU g, TO BblpaxkeHue
a8 nee notygaerca uz (205.7), ecan TaM MHOXKHTENb 7 NMEPEBECTH
M3 uMC/HTe sl B 3HaMeHaredb. C yueToM 3Tux 3adMedanuil 4-cnuuop

(205.8)
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(201.46) sanummercss Teneps B BHjE

. —._'l_'
L V== RN o) (IO
. T T
. ;—]/2’(—%_/—12) Jietsy (B1) Y jgy 1
i =g T

NV B, ) Vi

=

..Ti... jl""’/a (kf) Yl—'/z. 1 )

(205.9)

M3 nosyueHHHX BHIIE 4-CIIHHOPOB MOMKHO IOCTPOHTH BOJIHOBYIO
¢byskuuo, nogobuyic dyHruud (205.1), ecan noJoXUThL

p= ;‘miw}wiwi‘). (205.10)

B sTOM passiokeHHH MBI MOXKEM, pasyMeeTcs, paclOpPSIUTbCS He-
MBIM HHAEKCOM j IO cBoeMy ycMmoTpeHHuio. s zasnpHefimero yioGHO
8BECTH OpOHTa/JbHOE KBAHTOBOE YMCJ0 [ W BO BCEX CyMMax, colep-
KalHUX QYHKHHH

f1=11, (RP)Y jospy m
(m=0 uau 1), nomoxurs j=1I4+1,. B cymmax ke, comepxKamux
GYHKIHH '

fre1, RO Y 141, m,

OONOKUTb f=1[—1/,. YuurelBas jajnee coorHourenus (205.8) u
(205.9), maxozum

(A VTFT 4B VT )Y,

it (= A VT B, Ly TET)Y

v=2, VaiFir ( el T nyV ) L1l (205.11)
= (A1, VT 4+ Bras, VTFD Y
\(iT]Al-x/le—}—1—Bl+,/zl/7)yl'1

Herpyaso nposepurb, uto cymma (205.11) cBOAMTCH K BhIpaKeHHIO

(205.1), ecamn
Ay, =V 4aCit VI +1,

— i 205.12
Bl+1,.=nV4nCi’Vl—l—l. ( )
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Bagaua 206. PaccesHHe B moJie 1I€HTPAJbHBIX CHJI

Yacruna, onuceiBaeMasi AUPAKOBCKOH MJIOCKOH BOJIHOH € I10J10-
KUTENMBHON CIIHPAJILHOCTBIO, paccedBaercd Ha cepruecku CHMMeT-
puuHoM moreHuuagae. Iloayuute Qopmyay AJas aCHMITOTHKH pac-
CeiHHOA BOJIHBI, cu¥Tad, 4TO aspl pacCessHH{ MOXKHO B3ATbH U3
pelleHHH pajHaJbHBIX BOJNHOBHIX YpaBHEHHH.

Pewienne. Kak 0Oniio Mmokasano B 3agaue 201, uMeercda gsa Tuna
paataJbHBEIX ypaBHEHHH.

Tun I
3
g+ g —inf, iU (1) =0,
=1, h ' (206. 1a)
f/——,—fi—‘;]—gf-i—lU(ff)g/EO,
rae
vn="2.

Jlerko Bugerb, yrto i noreHnuasoB U (r), y6eBaomux ObCT-
pee 1/r, pelleHus 3TOH CHCTEMBI ypaBHEHHH acCHMITOTHYECKH BenyT
ce6s B COOTBETCTBHH ¢ (opMyJaMH

g,(r)--»l':'— sinoy, Iy (r)-»%cos o, (206. 2a)

o)=kr—(i+7) g+ (206.3a)

OrHocurenbHbldt casur ¢as ¢ynkuuit g, W f, pasen m/2, a ux
aMIIATYIB! [IPH JAHHOH NPOM3BOJIBHON HOPMHPOBKE CBA3aHBI MEXKLY
co0oif TakuM o00pa3oM, 4TO B HepeJATHBHCTCKOM npenese, Korja
n— 0, GyHKUHH [; U g; CTAHOBATCA pajHaJbHLIMH YacTAMH COOT-
BETCTBEHHO O0JbIIOH M Majof KOMIOHEHT BOJIHOBOTO crmuHopa. Ecan
¢ynkuus f; soibpana feficTBATENIBHOH, TO GYHKUHS g; GyAeT YHCTO
MEEMOH. Pasel pacCesiHds o, ONPERENAIOTCA IyTeM HHTET PHPOBAHHA
cucremst ypasneHnuit (206.l1a) npu rpaHuuHbiX ycaopusax g;(0)=0
u f;(0)=0. B HepeJATHBHCTCKOM mnpenese j=1I4-1/,, nosTomy pis
GOJBLUINX PACCTOAHHA r MOXKHO HaIuCaTh

1 .
f/(r)~—>73m<kr—l %—{—ocp,x/z), g;(r)—0.
Tun 11

j+3 .k R
H; /2g/—qui+lu(f)fj=0,

'_1 - .
fi— 5 f—ikmg; + iU (r)g; =0

g+
(206. 16)
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AcuMnroTHuecKOoe IOBeJeHHE PelIeHUl 9TOM CHCTEMBl OINpejessercs
¢opmyaamu

- I
gjﬁ%r— sin T, fj—-»—r—cosrj (206.26)

Tj:kr—(j+——é—>g-+ﬁj, (206. 36)

rae dasa paccesnus f;, BooOuie roBopsi, OTIHYaeTcs OT asbl pac-
cesuus o;. Tak kak cucrema ypasHenuit (206.16) noayuyaercs us
cucrembl ypaBHeHH# (206.la) myreMm 3ameHsl mapamerpa v mapamer-
poM 1/m, TO B HEpENATHBHCTCKOM npenese (GyHKUHS, g, CTAHOBUTCH
PaixajbHOM YacThbi0 OOJbLIOH KOMIOHEHTH BOJIHOBOTO CIIMHOpA,
a QyHKUAS [;-—paiua/bHOH 4acTblO €ro MaJjo¥ KOMMOHEeHTH. Taxum
ofpa3oM, B HepeIATHBUCTCKOM IIpeiesie UMeeM j=[—1!/, Hu, CJ€e10-
BaTe/LHO,

g;(r) ﬁ%sin (kr—l %‘{‘51—’/2) ,
fj (r) — 0.

Kak wmul Bugenn B 3anaue 201, npu KaxjaoM 3HAY€HHH KBaHTO-

. 1 1

BOT'0 4HCJA | HMEeTcs ABa BOJIHOBHIX CIIMHOpA ; H 1p,I- , OITHCBIBAIO-
WHUX COCTOSAHHUSA, B KOTOPHIX NPOEKIHA I0JHOTO MOMEHTa Ha Ochb 2
JOCTOBEpPHO paBHa !/, (B egMHHUAX ﬁ). Hx acumnroruka wMeer BUX -

e
]/-L—'gjﬁcos o,Yi—,0

=2 o5 0.V
ca |V T eesoisa

Y — T ’
T s
in ]/m——f—) singY 41, o

s
lY] V I e sin O'fY,'+1/z,|
i

?f%‘) | / (206.4)
-YT msu‘l Tiy]'+1/2,0

IR YA
SN nl/2(1‘+1)51m’y’*”2"
i ~>k—r nYE

1/]-;-—]'_/_2(“0511'}//'—'/2,0

S i=s
— }/ 57 oS Yy,

/
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Ofuiee pemenne Bcerfa MOXKHO 3amucaTh B (opMme Cynepnosfuuu
paccMOTpPEHHHIX BHIIIE YACTHBIX pelleHHH:

w=§@%ﬁ+3wﬁ- (206.5)

31ech HHAEKC CYMMHPOBAHHS | MOMXKHO 3aMeHHTb Ha [ 41/, TakuM
o6pa3oM, 4TOOH BO BCeX CymMMax (GUIypHpOBaH JHIIb chepHUeCKHUe
rapMoHUKY [-ro mopsiika. B pe3ysnbrare acHMOTOTHKY BBIpaKeHHS
(206.5) mMoxHO 3amucaTh B BHJE

1 — 1
b= N VT
[Vl—i— 1 Al+:/2 C0S Oy, —{'—:];VZ—BI_I/Z sin Tl—?/g] Yl. 0

X |:—-—VTA1+1/2 COS 041y, —}—-:]—Vl—{— 1 B[._l/z sin 11_1/2] Yl. 1, (2066)

[l’lf] l/‘l_Al_l/2 sin Or—y, +l/ l+ 1 Bl+1/, Ccos TH_J/J Yl. 0
\[l"l’]l/ l+ 1 141_1/2 sin 01_:/2—]/1 B[.l.g/2 Cos ‘C;+;/2] Yt, 1 )

[To cBoelt cTpyKType nocjlenHee BhpaXKeHHE OYEHb HAINOMHHAeT
mIocKyi0 BoaHy (205.11), B KOTOpyl0 OHO mepexonuT, ecau a;=0
u p,=0 pns Bcex 3HaueHWd j. B 51O CBA3M NJIOCKYIO BOJHY Le-
JlecO06pasHO 3alHcaTb B BHJE

¥ =2 (A7 + Bipi'), (206.7)
i
rjge
Ay, =V a&aCitVIF],
B?+1/3—_—n/4?+1/2, (205-8)
Of =Ty, =hkr—l5.

Kak u3BecTHO, TPaHHUHOE YCJIOBUE MJA 3aj4ay pacCesHUs COCTOHT
B TOM, UTO NPH 7 —> 00 Pa3HOCTb

Py = p—y° (206.9)

COEPKHUT JIMIUb pacxojduihecss chepHuUeCKHEe BOJHLI U He COAEPHKHT
NpPONopIUOHANbHEE e~ /Ry cxoasuinecs chepryeckue BOAHH. TOJLKO
B 3TOM CJyuae (QYHKIHIO P, MOKHO OTOXKIAECTBUTH C PaCCesHHOH
posnoii. C yuerom Gopmysel (206.6) ykaszaHHoe rpaHu4HOe yCJIOBHE
NPUBOAUT K CJAEIYIOUIUM 4YeThipeM YpaBHEHHAM [Jis OllpeieseHust
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KO3(pUIIMEHTOB:

ki3

_ ((Z-a _ _
Vl+ 1 Aryr,e < 7 /2> +7]1_Vl Bi_1e Provyy -
S 2 _
=Vl+ 1 A?+:/2e 2 —f-nLl/-l B?_x/’,
t(—"—-al \ > [ -
—VT A 2o +WVl+lBl'll’e 1=y =
_ 12
=—VT Abrje ° —|-?l‘-l/l+lB,°_;,,, (206. 10)

— - R : i-—ﬁ .
—nVl Ai_ye ial-l/‘+Vl+le+1/,€ (2 l+»/.)=
Tt
&

_ {
=—-—’r]Vl A?.x/.+l/ I+IB?+1/‘3 ,
—tal_!/ i(%—BH 1/)
——T\l/ l+ | A;_:/,e ’—l/ ) B[.p/le V=

T

—_ {—
= -—1 Vl+ 1 A?_n/’—l/ l B?+z/2€ 2 .
DT ypaBHEHHMs YAOBJETBOPAIOTCS B TOM M TGJBKO B TOM Clyuae,
€eCJIH
A= A%"% B;=B%® (206.11)
I 4 ’ i— & : :
C MIOMOUIBIO MNOCJEAHHX COOTHOILEHH i HETPpYAHO TI10KasaTb, HTO

aCHMIITOTHUYECKOe [OBeJeHHEe paccesiHHOH BOJIHBI OmHChIBaeTcs: ¢op-
MyJIoH

—  pbr 2 1
¢S—>V4TEC T ; Vel
[0+ @t —1) + L P1=n—1)] Y,
[T+ 1) (Pt —e i)Y, |
N[l - — 1)+ (14 1) P — 1] Y,
. V———l ) (eQial_,/‘__eﬁﬁl_,_l/z) Yt,1

(206.12)

3agaua 207. I'nagxas noTeHUHAJbHAA CTynNeHbKa
Ha morenunasbHylo CTyNeHbKY, ONHCHIBaeMYIO (OpMyJOH

V(z)=—;—V0(l+th%>, (207.1)

CO CTOpPOHBI OTPHUATE/AbHBLIX 2z NajaeT IJOCKas AUPAaKORCKasa BOJHa



207. T'a00Kas nomMeHYUAIbHAS CIMYNEeHbKa 24}

C TOJIOXKHUTEJBbHOH chnupanbHocThlo (A= 4-1). Onpegenntb Koshdu-
LLHEHT I[IPOXOXKIEHHS [IJA DPA3JIHYHBIX BHICOT TNOTEHUHUAJIBHOH CTY-
NeHbKH:

cayuai a: Vo, < E—me?,

cayuald 6: E—mer <V, < E+mc?, (207.2)

cayuald 8: E4+med <V,

XapakTepHble OCOGEHHOCTH YKA3aHHBIX CJIYy4YaeB [POHJIIOCTPH-
poBaHul Ha ¢Hr. 72.

Pewenue. [lorennuan, onuceBaembiit dopmyaoii (207.1), usme-
HAercA oT 3HaueHHA V =0 npu 2z =-—oo 0 3uauenus V=4V, npu
z= 4oo0. YKa3aHHOe H3MeHEHHe 3HA4YEHUI NOTEHUHAaMa PAKTHUECKH
IPOUCXOANT BOJAH3UM ToukH z=0 B npejejax CJOf TOMIHHOH I.
PaccmaTprBaeMblil nOTeHIMAaJN NPEACTABIAET YACTHBEIA cayyall moreu-

5 VE§f§§M&*
+mcé +mcz\__/_
o—

L a
S\
E
+mct
g
—mc?
-\
¢4

Q@ ur. 72. llorenunanbHble CTYNEHbKHU PAa3JIMUHON BBICOTHL.
OGnacTH JONYCTHMHX 3HAYEHHH SHEPTHE YaCTHUMW 3aMTPHXOBAHM.

uuana 3agaud 197, Hna nosoxurespHod cnupansHoctd (h= +41)
KOMIIOHEHTE BOJIHOBOH (YHKUHU 4, U u, obpaumawoTcd B HYJb
M IeI0 CBOZHTCA K pEUIeHHIO CHCTeMbl ABYX JAH(pdepeHLHaNbHbIX
YPaBHEHHIL:

—i 28+ (0 + Q) 1y =0,

| (207.3)
1+(‘K Q)u8=0’
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rie
V(z)—E mc?
Q=-5-=, - (207.4)
BMeCTo KOMIIOHEHT 4, W 4, BBEIeM HX CHMMETDUUHYIO U AHTHCHM-
METPUUHYI0O KOMOUHALMH:

P = Uy + Uy, Qg == Uy — Uy (207.5)

Ilna oyHkuuit ¢ 1 ¢, BMecro (207.3) mosyuaercss GoJsiee mpocras
cucremMa ypapHeHHI BHJIA

— %@ =i+ Q@ *P, = ip;— Qg (207.6)
H3 KOTOPOH HEeTPYAHO HCKJIIOUMTb OfHY M3 HMX, Hanpumep ¢,. Mveem
P+ (Q*—x+iQ") p,=0. (207.7)

Penp 210 ypaBHEHHE NPH COOTBETCTBYIOUIMX FPAHMYHBIX YCJIOBHAX,
MBI 3aTEM C OMOLIbIO BTOporo ypasHeHus (207.6) wainem ¢yHK-
IHI0 .
Ecsu BMecto z mepeiiTd K HOBOH HE3aBHCHUMOH II€peMEeHHOMH
x=(1 421, (207.8)

To KoadbunueHTsl Audptepenunasbioro ypaeHenus (207.7) cranyr
panMoHaJbHBIMA (QYHKIHAMH X. YUHTbIBas COOTHOLICHHS
du 2 du
U BBOAA Oe3pa3MepHLIe MapaMeTpel
e Bl _md W,
2he’ ° 2k’ " ke

(Besuunna 2fic/l Urpaer y Hac pOJb €IMHHLUEL SHEPTHH), MOMKHO IPH-
Inath ypasHeHHI0 (207.7) caenyoomyio ¢opMy:

x(l—x) & [x(l——x) %] - 1{[oo (1—x)— et —

(207.10)

—ed+ivgx (1 —x)} o, =0. (207.11)
IocniesHee ypaBHeHHe mocJe OYEBUIHON 3aMeHBI
9= x* (1—x)Hf (1), (207.12)
rae
vi=gl—(e—u,)?, p2=gel—e?, (207.13)

CBOAMTCS K yPABHEHHIO AJIA THIEPreoMeTpHuecKod (pyHKIHH

x(1=2) '+ [@v+ ) — (2v + 20+ 2) 2] /' —
— (W v—iv,) (nFv—iv,+1)f=0. (207.14)
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B nanbueiileM HaM noHagoGHTCs, KakK MBI cefiyac yGequMcsi, TOIbKO
pewenue, peryaspHoe B Touke x=0. Takoe pemenne umeer Bug

f(X)=,F,(un+v—iv,, p+v-+iv,+1, 2v4+1; x). (207.15)
PaceMorpuM epanuunse ycaosus. CorJiacHo cooTHoulenuio (207.8),
nuMeeMm
x=1 npuz=-—o0 u x=0 npu z= +4oo.

Jaznee, cormacHo paserctBam (207.10) u (207.13),

p=— ik, ka:ﬁ%:;ﬂ:(%y, (207. 16)

No3TOMy BEJIMYHHA W BCerja sIBJIAETCS YUCTO MHHMBIM [apaMeTpoM,
NIPONOPUHOHAMLHEIM HMOYJILCY Najaomedl yacTuubl p=hk. B ok-
PECTHOCTH TOYKH X =1 runepreomerpuueckyio ¢yHkuuio (207.15)
MOXHO 11peo6pa3oBaTh ¢ MOMOILBIO (GOPMYJIHI
. Flc—a—b) .
2F1(a, b, C; )C):m 2F1(a, b, a—}—b——c—{—l, 1——X)+

' r b—
+(1_x)c-a-b%ﬂ F,(c—a, c—b, c—a—b+1; 1—x).

Takum o6pasom, u3 (207.8) u (207.15) npu x=x! (z >—o0) umeeM
I 2v+DT (—2p) |
Ps™ ““"Ou{ Tv—pFiv+ )T (v—p—ivg) "

o r@vt1)T () }
A=) e T T et T

YuurbiBas jaJiee, yTo

o2/l 22/1
1 —_X = :6—22—/7 — € 3
noJyuaeM
P, — Apikz + Be—lkz’ (20717)
rje
4 F@v+1)T@w (207.18a)

TG R ) Tt 1)
u
_ T (2v+ 1) T(—2w)
T T(v—p—iv) T (v—pFivg1)° (207.186)

Buipaxkenue 1751 aMIVIATyapl A OT/HYAETCH OT BHIPAXKEHHS /s ami-
natyasl B oMb 3HAKOM nepej BeqnuyHMHON p. Kak MOXHO Oblio
OKHAATh HCXOAA M3 (HU3HUECKHX coO0paskeHui, (YHKUHA g NpH
“6oMbIIUX OTPHIATE/IbHBIX 3HAYEHHSX 2 HpeicTaBaseT cofoi cynep-
[TO3HI{MIO M4/4a0Weld BOJHBL ¢ aMIUIUTYI0H A U OTPaKeHHOH BOJHBI




244 V1. Peasmusucmckoe ypasrerue Jupaxa

c amnaurynoli B. Takum obpasom, yacThHoe peluenue (207.15) ynos-
JIETBOPSIeT I'PAHHYHBIM YCJOBHAM NpY GOJBIIAX OTPHUATEJbHBIX 3HA-
ueHHAX z. QOYHKUHA ¢, TAKKE COCTOUT H3 CYNEPIO3UIHH IBYX
THOOB BOJIH. B 3roM MoxHO y6enuThCsl, MOACTaBJsS aCHMIITOTHYEC-
Koe peiieHne (207.17) B ypaeHenue (207.6). YKa3aHHaf OJCTAHOBKA
Jnaer

q>,,—»A(micz——%)eik’—{—ﬁ(”%—{—%)e‘m. (207.19)

IlyoTHOCTH 3JIGKTPHUECKOrO TOKa [cM. 3ajauy 198, coornomenude
(198.13)], ecnn otOpocuth HHTEPDEPEHIUOHHbIE UJEHBI, COCTOMT M3
JByX yactedt. [leficTBUTENbHO,

o= e0 ity +ujuy) = ec (@, P—| o, ) (207.20)

U, CJelJoBareJbHO,
j2= Inan—Jorp (207.21)

rie MJIOTHOCTH TOKA MAaJaloMIHX H OTPaKEHHBIX YaCTUIl COOTBETCT-
BEHHO PaBHBI A

R | E k\2 E—

nan=-ec| AJ® [1—(———-—) ] =ec| AIZCP—(—CP) (207.22)

met % (mc?)?

2
j;,Tp=—;—eclB|2 [1__<;n_150'2+_§) ] =eC|Bl2-CLE+—‘ﬂ, (207.23)

(mc?)?
a 3HEPrHsl W HMMIYJbC YaCTHIH! CBS3aHbl COOTHOUICHHEM
E =V (ep)*+(me)e.
Iepeiinem Tenepb K 0GCYXIEHHIO IMOBEAEHHS BOJHOBOH (PyHKIHH
B IpaBoOfi 4acTH INOTEHIHAJbHOHX CTYHNEHbKH, T. €. BOJM3M TOYKH
x=0, uau, IpyruMd cJoBaMH, NpH Z — +oo. M3 ¢dopmyna (207.12)
u (207.15) HemocpexcTBeHHO CJ/exyeT

2
o xv—e T, (207.24)

rae, corJacso.coorsowenusm (207.10) u (207.13),

ve=—it  pram EZVI—(md)
2 (ﬁc)z
Tenepb Mbl JOJIKHBE 110 OTAENbHOCTH pa3obpaTh TPH CJyuasi, yKa-
3aHHBle B ycqaoBuu 3afaud. Ecom E—V >met uau Vy—E > me?
(cryyau a@ v 6), TO BeJHUMHA R'? mosoxuteNbHas (R'? > Q) u, cJje-
noBaTe/bHO, BeJUuYuHa k' meficTBurenbHas. Ecim xe | E—V,| < mc?
(cayuaii 6), To BeJMUMHA R’ YHCTO MHHMasi, a BeJUYHHA v JeHcT-
BuTe/bHAs, B aTOM mocsenuem cayuae mpu v >0 BHA BhIpaKeHHs

(207.25)
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(207.24) roBopHT O TOM, YTO MBI HMMeEM [1€JO0 C IOJHBIM OTpaxKe-
HHEeM Majalolliell BOJIHBI, TaK 4YTO Kosgduyuewm ompanenus

o - |72 (207.26)
" Jnan | A E—cp
JIOJKEH PaBHATHCH €JUHHIE.

B stoM HeTpynaHo y6epuTbCsi, B3fB JJA aMIVIATYI BLIDAXKEHUS
(207.18a) n (207.186) u BOCHOJIB30BABIIKCH TOXIECTBOM

T+ 1)=2I(2).
B _vtptive T(vtp—ivg I'(v+p+iv) F(—zﬂ). (207.27)

AT v—ptivy T(v—ptivg)T (v—pr—ivy) T (n)

Tax kax BeJHUHHA QW BCerpa 4yuCTO MHHMAA,

Hmeem

= — {0,

TO TpeTHHl coMmMHOXHTeqab B (207.27) He naer HUKakKoro BKJaja B
abCoMIOTHYIO BesIMYHHY orHowleHusi | B/A|. Ecau Besnmunna v peii-
CTBHTe/IbHafA (cayyail 6), To BTOPOH COMHOXHTEJb TaKXKe siBJAETCA
OTHOILEHHEM JBYX KOMIIJIEKCHO CONDSDKEHHBIX BEJHYHH H, CJEIOBa-
TETbHO, He JaeT BKJaja B aGCO/IOTHYIO BeJIHUHHY PaCCMaTpHBAEMOro
orHolleHdsA. TakuM ofpasoMm, HMeeM

I Vit @e—o2_ v, (e—-o) E—cp
TV @ Fof ,(eto) Edep’

nostomy us (207.26) mefictBuTesbHO cJenyer, uto R =1. B cayuasx
a ¥ 6 (v—MHHUMasA BEJHYHHA) B 00J1aCTH JajleKO CIIpaBa CYIecT-
ByeT Oerymas BOJHA, NOCKOJBKY

Py —+ pik'z

M, KpOMe TOro, corJacHo ypaBHenuoo (207.6),

¥, E—V b E' —c¢p'
P, —><—-,;+W9)e‘kz = et

me

B srHX BepaXeHHsX p’' =hk’—uMOyJabC OPOIIENWIHX YACTHI,
a E'=E—V,. [110THOCTb 3/IEKTPHYECKOrO TOKA MPOIMIENIUIHX YACTHL
B cuay coorHomeHus (207.20) umeer Bux

B 1 - E/’_— ’ 2 IE/__ I3
=g 1= () | = TEmt. or2

Orciona ¢ yuerom Belpaxenusi (207.22) nis koapuyuernma npoxoxc-
Oexus nojyuaem popmyay

T L o (E—cp) (207.29)
Inan 4 '2 cp(E—cp) *
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Urto6bl Temepb BBHIYUCJUTL BeJIHYHHY | A[%, Mbl, KDOME TOXIeCTBa
IF'z+D=2I'(2),
BocroJb3yeMcsa obmell popmyioh

[T (Eiy))r= Y — NeACTBHTENbHOE UHCJIO.

ki
yshmy?
Yuureisasi, uro
p=—io, v=— [0

¢ nomompio (207.18a) nmosyuaem
1 -9 o+o' —u, sh 2ng sh 2no’ '
|A2 o o+0 4uv, sha(oc+o' +vg)shn(o4-0" —uvy)°
Ilpy noacTaHoBKe HOCJEIHETO BhIpaxkeHus B popmyJay (207.29) B Hedt
NOSIBJISIETCS MHOXKHTEJb

op (E'—cp) 0 o+0 —vy (E' —cp')(eptcp’ —Vo)

cp(E—cp) 0 oto Fu, (E—cp)eptop T¥) *

KOTOPBIH, KaK JIeTKO I[10Ka3aTb, paBeH efuHule. JlefcTBUTEJBHO,
sameHsia 3gech V, Ha E—FE’ W yuuTbiBas, 4yTO

E'*—(cp')? = E*—(ep)t = (me?)’,

(207.30)

nosyuyaeM
(£ —cp') ept-cp’—Vo) _ (E"—cp) (E" +ep’) —(E'—cp’) (E—cp) 4
(E—cp) (cpt-o0' FVe)  (E—cp) (EL-cp)—(E —cp) (E —cp) :

Takum o6pasoM, BeIpaxkeHHe IJs1 KO((HIHEHTA [POXOXKICHUS IPH-
HHUMaeT BHJ

sh 2no sh 2no’

T= sha(o 40" 4uvy) shw(o40" —uvp)°

(207.31)

B 3naMenatesie 3TOr0 BHIpAXK@HHS YAOOHO BBIEJHUTH XapaKTepHC-
THYECKYIO BEJNHUYMHY U,, IPONOPLHOHA/BHYIO [POU3BECHUIO BBHICOTHI
CTYHEeHbKH Ha €€ MIKPUHY M HE 3aBHCSIILYH OT 3HEePIUH HacTHIIHL:

T— sh 2no sh 2no’
" sh?n (64-0')ch?ayyg—ch? n (oL o')sh2my, °

(207.32)

B cnyuae a mpl mmeeM o+0 —u, >0 wam V,<c(p-+p’). 2ror
cayyall MOXKHO Ha3BaTb HOPMaJ/bHLIM: OH MMEET MeCTO M B HepeJd-
tTuBicTcKoil Teopuu. C apyroft cropoHsl, 6+ 0 —v, < 0 B cayuae g
u, caenosateqpHo, T < 0. Bosana npoHuxkaer B ofnacTb OTpHUA-
TeJbHBIX 3HEPTHH (cM. ¢ur. 72), rie NOJOXHTEIbHOMY HUMIYJbLCY
CONYTCTBYET OTPHUATeAbHEI 3/7eKTpUUecKuil ToK. B npegene mwy, 3> 1
uJn

- onk
Vs =
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polpaxkenue (207.32) ympollaeTcss ¥ NPUHUMaeT BHJ
iV,

— _gsh e gy e
T = 4shﬁshke .

Orciona BUAHO, YTO MPOHHIIAEMOCTb NOTEHIHAJNbHOH CTYHNEHbKH IpH

nepexojax OT MNOJIOXKHTEJbHBIX IHEPTHH K OTPHIATEAbHBIM GBICTPO

najgaer mo mepe pocra ,»ddekrupHoro pasmepa“ crymeHoku Vo l. Tak

Kak V, > mc® B cayuae 8, TO KCIIOHEHTA B BBIPAXKEHUH A/ K03b-

¢dunuenta npoxoxaeHuss T paeT BKJaj, KOTOPLIH 3aB€1OMO MEHbIIe
nme

e h :e—nl/h,

rae XZﬁ/fﬂC—KOMHTOHOBCKaﬂ JJIHHA BOJIHHI.

Jluteparypa

Klein 0., Zs. Phys., 53, 157 (1929).

Sauter F., Zs. Phys., 69, 742; 73, 547 (1931).

(Cv. Takke 3ommeppervd A., CrpoeEHe aToMa U CHeKTpH, T. 2, M,
crp. 270—282. — [1pum. ped.)

3agaua 208. HakjgoHHOe najeHHe IJOCKOH BOJIHBI
Ha TPSMOYroJbHyl0 MOTEHLHAJAbHYI0 CTYNEeHbKY

Yacrtuma, onucblBaemMasi AMPAKOBCKOH IIJIOCKOH BOJIHOH C Npou3-
BOJIbHOH IOJIApHU3alHell, HaKJIOHHO NajaeT Ha IOTEHIHAJbHYIO CTYy-
NIeHbKY, BBICOTa KOTOPOH MeHbIle KHHETHUYECKOH SHEPrdu YacTHIIH.
ITonyuuth 3aKOHBI OTpaXKEHUs W [PEJOMJIEHHs, a TAKXKE BHIYHUC/IUTH
HOJISIPH3aIHI0 NPOIEANIEH BOJIHBL.

Pewenne. OGosmayum mnocpencTsoMm P, P U V" COOTBETCTBEHHO
Majfamouyio, OTPaXKEHHYIO H npomexmyro BosHel. Ilycth nanee k, &’
H k" —BOJHOBBIE BEKTOPHl 3THX BOJH, |
HATIPABJICHHS KOTOPHIX Xapakrepuaylores %9
COOTBETCTBEHHO CdepuuecKHMH yrJaMH P
%, ¢, 0, 9" u ¥, ¢". Mu Gyzem cuu- / 4
TaTh, YTO MPEJOMJSIONAN [IJOCKOCTb COB-
najaer ¢ MJ0CKOCTbl0 z=0 H 4TO BOJ- 2
Hbl Y U P’ pacmpoctpansiiorcst B 006.a-
ctd z< 0, a BosHa " B obsacta 2 >0
(cM. dur. 73). Y re0

B naockoctu z=0 xns Bcex 3Ha-

YeHUH X M Yy HO/IKHO BHINOJHATHCA cO- @ur. 73. Haknownoe mage-

OTHOILIEHHEe HHe TIIJIOCKOH BOJIHBI Ha IOo-
TEHLUHAJIbHYIO CTYIeHbKY.

Yy =9, (208.1)
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B CHJYy KOTOPOrO BCe TDH BOJIHOBBIX BEKTOpPa R HMEIOT paBHEHIE
[IPOEKIHH HAa OCH X H Y:

ksin ¥ cos ¢ =k sin ¥’ cos 9" =£"sin 9" cos ¢”,

ksin ¥sing==~ksind’ sing’ =£k"sin 9" sin ¢".
M=l cMOXKeM YIOBJIETBOPHTb STHM COOTHOILIEHHSM, MOJOKHUB

=0 =q, (208.2)
¥ =n—70, (208.3)
ksin G =£k"sin 9", (208.4)

PaBeHCcTBO (208 2) moxa3sblBaeT, uTO BCe TPU BOJHOBHIX BeKtopa R
JieaT B OJHOH MepHJUOHAJBHOH IJIOCKOCTH, KOTOPYIO MBI MOXEM
BbIOpaTh B KauecTBe IJIOCKOCTH xz. [lpu Takom Bméope Y-KoMI10-
HeHTbI BOJTHOBBIX BEKTOPOB o0paiiaiorcs B Hy/b (¢ =0, 9" =0, ¢" = 0).
PagenctBo (208.3) B 3TOM cJayuae BeIpaxKkaeT 3aKOH, OTPaXKeHHUA, a
paBencTBO (208.4)—3aKOH IpeJOMJIEHHs, HpuUYeM I0Ka3aTesb Ipe-
JIOMJIeHHsI, OUEBHIHO, Olpejesercss cooTHoweHueM s =£k"/k. O6a
3aKOH4 COBNAJAIOT C COOTBETCTBYIOIIMMH 3aKOHAMH IJIF HEpessiTH-
BHCTCKUX IUPEIHHTEPOBCKHX BOJH (CM. 3ajauy 45)
Hono/murenbHble s(peKThl B DPEJATHBUCTCKOH TEOPHH CBA3aHBL
¢ noaspusayueti BosH. Ilonaras ¢=0 u ¢ =n—"7, 3anuwem Tpu
paccmatpuBaeMble BOJHOBBIE tbyHKuym B CTAH1apTHOM [IPeJCTABJIeHHH:

.9
Acos?—(-Bsmi

.0 &
e A sin ?—B cos

w=—7_—_— ,
VV(i+v) 7 (A cos%—B sin%)

n(A sing—l—Bcos%)

i ¢
651n7+Dcos~2—
e Ccos-‘}—D sin o
P = , 208.5
v VVa+w) (C sm——Dco L ( )
57)
4
(Ccos—+Dsm7>
Ecos +F sin 2
) Gih7r Esm%——F cos g”
V=yvorm w'(Ecos—Fsin)|
n”(E sin—2—+Fcos~2—>J

\
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Bblle nepBble yacTH CHHHOPOB, IIPOINOPIHOHAJBHBIE [OCTOSHHBIM
A, C n E, xapakTepu3ylOT COCTOSIHHS C IIOJIOXKHTEJIBHOH CIHpaJb-
HOCTBIO -1, a Bropble yacTH, HPONOpIHOHAJBHBIE MOCTOSIHHEIM B,
D u F,—cocTofiHUA C OTpHUIaTeNbHOH CIHpaNbHOCTBIO —1.
['panuunoe ycsoBue (208.1) npuMeHHTeJBHO K aMIIATYZAM Ja€eT

A+pB+pC+D=r(E+qF),
pA—B+C—pD=r(qE—F),

A—pB + pC—D = r\(E—qF), (208.6)
pA+B+C+pD=rk(gE+F),
rue
9 (208.7)
. 1+7]2 COS—2— ?L____I]:
I AR B T
T
Kom6unupys pasedcrBa (208.6), mosayuaem
1
A+pC=5r[(1+1A) E+(1—A)gF],
1 (208.8a)
PA+C=5r[(1+A)gE—(1—})F]
"
B+pD =5 r[—(1—N)gE+(1+M)F],
(208.85)

pB D= r[(1—1) E (1 +4) gF].

M3 neppoit maphl ypaBHeHUI HCKJouuM aMmiuTyny C, a u3 BTOpo#
napel—amnantyry D. B pesysprare y Hac nosyyatcsl COOTHOIIEHHS,
CBA3BIBAIOLIAE aMIlJIATY/Abl Npolleamied BoJHE E U F ¢ aMIJIHTYRaMu
najawoumei BosHsl A u B:

(1—p?) A= 7 [(1+3) (1—pg) E+(1—1) (p+9) F],

1

(208.9)
(1=p)B=5r[—(1—N(p+q) E+(1+M(1—pqg) F].

Cpelmee 3HauYe€HUue COHUpaJbHOCTH (I/IJII/I, HHaue, MpoAoJbHass HOJSApH-
Sa[ll/lﬂ) najamoleii BOJHEI ONpeneasi€TCsi BhIpaKE€HUEM

po AZ—B2 1 —(B/Ap
T AL B T (B/AE *

(208.10)
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AHajioruyHBIM BBEIPDAXEHHEM OIpeAesi€TCss W NpOJoJbHAaA NOoJadApu3a-

1085878 npomenmef/’l BOJIHHI:
, E2—F? 1—(F/E)?
W= = T (208.11)

W3 coornowenunft (208.9) Haxozium
B —(0=Mp+a-+0+41) (3 —pg) (F/E)
T = T 0—pg)+ A=A (T 9) F/E) (208.12)

INocnennee BhIpaxkeHHe MOXHO 3HAUATENbHO YHPOCTHTb, BBEAS INa-
pamerp u:

_1—hptq _n—n O+ &
lt_—1+}\,l—pq_"n+n"tg 9 - (20813)
C yuerom (208.13) Buipaxenue (208.12) npunumaer BHX
B __ (FIE)—u
=TT 6 - (208.14)

Ecan B s10H dopmyse BHpasuth orHoweHusa B/A u F/E uepe3 mo-
Jagpusauun h u h’, onpepensdemsie popmysamu (208.10) u (208.11),
TO HETPYAHO MOKa3aTb, 4TO

o 1—u W T

h —l—mh—l-_l_—uzl/l—h i (208.15)
Korga mnajamomas BOJHA TNOJHOCTBIO HPOJOJBHO MOJSIpH30BaHa
(h==1), nmeem
"__ 1 —ut
W=+1ra,
T. €. NOTeHIHaJ/JbHasi CTyleHbKa YacTHYHO JENOJSPH3YeT BOJHY;
OIHAKO 3Ta JenojspH3aunus ssJsgerca >bdekToM BTOPOTC Nopsaka
no napaMerpy 4. C Zpyrof CTOpOHBI, B CJydae IPOAOJILHO HENOJs-
pu3oBaHHOro nmyuka (h=0) nosygaem

" 2u
We=—1ra,

TaK 4YTO HaJHyMe MOTeHUHAJbHOH CTyNeHbKH MPHBOAHMT IO KpaiHed
Mepe K 4YacTHYHOH HpPOAOJILHOH MOJsIpH3alUH NyUYKa, NMPUYEM STOT
sdext suHeen mo nmapamerpy u. Ha mpakruke mapamerp u oxassl-
BaeTCs CPaBHHUTE/bHO Masu# BesmuMHOH (u =~ 0,1), mostomy uacruu-
Hasl MOJIsIpH3an¥s NePBHYHO HENO/AAPH30BaHHOTO MYyUKa [PeICTaBseT
OoJbIIN# HWHTEpEC, YEM YaCcTHUHAS JeNo/spH3auus MyykKa C BIOJHE
ONpeJeseHHOH CHNHPaJbHOCTEIO. B 3ak/ioueHHe cJ/eqyeT OTMETHTS,
4TO mapaMeTp 4 00pawlaeTcs B HYJb B CJyyae HOPMAJbHOTO Maje-
HHS, TIO3TOMY paccMoTpeHHble 3hdeKTh 11 POABAAIOTCH §0Jiee OTYETIUBO
NpH CKOJb3AlLEeM NMaJeHHH NEePBHYHOTO Iyuka.
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3agaua 209. OTpaxkeHHe OT NPSAMOYrOJLHOH NOTEHIHAILHOM
CTYNEeHbKH MpPH HAKJOHHOM MajeHHH

Yacruma, omuchiBaeMasi IJIOCKOH BOJIHOH €O CMeIaHHOH CIlH-
pajbHOCTBIO, I1ajaéT HAKJOHHO HA NOTEHHHAJbHYIO CTYIEHbKY,
Bruncauts KoaHUMEHT oTpakeHUs M J0Ka3aTb, YTO IJIOTHOCTB
TOKa HempepblBHA Ha [MOBEPXHOCTH, TIje MNOTEHLUAJ HCNLITHIBAET
CKau4OK.

Pemenue. T11OTHOCTL 3JIEKTPUUYECKOTO TOKa
jo=lecyt vy =echtap
MOXHO CJEIyIomuM o6pa3oM BBIPa3UThb Yepe3 KOMIIOHEHThl CHHHOpa
Py B CTAHJAPTHOM MPEICTABJICHHH:
i =ec (P1, + s + b5, -+ $idy),
Jy=ec (— willh + lpglps—'q’;lpz + IPZ%),
fz=€c (V1py — P53y + V3 — Pups)-
B cayuae nJoCKo# BOJIHBI 3KCIIOHEHLMAJ/bHbIE MHOXKUTEH, BXOSAILHE
B P, M Py, B3aHMHO COKpalIAlOTCA. Uro ke Kacaercsi HOCTOSTHHBIX

CIHHOPHBIX aMIiHTyh (208.5), To npm Hawem BHOGOpe CHUCTEMBI
KoopauHat, OJarofaps Koropomy ¢ =0, HX MOXHO, He Hapyllas
o6 HOCTH, cuuTaTh AeHcTBUTesbHBIMH. IIpH 3TOM, Kak H cJjepoBaJio
oxunath, j,=0. Has nanaromefl BOJMHBI JBE Apyrue KOMIOHEHTHI
IJIOTHOCTH TOKa HMMEIOT BUJ

2ec

jx:m—nz—) [(Acos +Bsm—>n<Asm——+Bcos )~|—
+(Asm — B cos g) (Acos—g—Bsin—g)J ,
jzsvﬁ%[(Acos + B sin 4 }n(Acos— Bsm—)
(Amn%—Bcosﬂ) (Asm—“]—Bcos-—)] .
Orcioga 1ocse OUeBHAHBIX YIPOINEHHH NHoJydaeM

I.= Zeen 5 (4% B sin 0,

V(i+ny)
_ % (209.1)
iz V(l+n)(A2+Bz)cosﬁ
Anasnoruyneie opMyJbl COPaBeJIMBHL /58 OTPAXKEHHOH BOJIHHL:
‘) 2e
i vafm) (C* + D2 sin 9,

(209.2)

i 2
fz=—y (linnz) (C2+-D?) cos @
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U JJis [poliexiueil BOJHBL V:
s 2ecn)”

— T 2 2) i 4
Ix V(1+n”2)(E —f—-F)Sll’lﬁ, (209.3)
2ecy)” " '
]z:We_‘:]}Fz—)(Ez—{_FZ)COSﬁM

Uro6pl BBIUHC/AUTL STH IVIOTHOCTH TOKOB, MBI CHAauaja BbIpasuM
amnauryabl C, D, E, F uepes amnauryiasl A u B napamomeli BOJIHEL,
peIuB JJIsl 3TOFO CHCTEMY JIMHEHHBIX ypasHeHui#l (208.6) uiu skBH-
BaJIeHTHYIO el cucteMy (208.8a), (208.86). B pesyJbTate snemeHTap-
HBX, HO JOBOJIBHO TPYAOEMKHX BBIYHCJIEHHH IIOJyyaeMm

—aA B A B
C:__OL'T—FL’ D=_5__:“A_°‘_, (209.4)
E=0AtoB - p_—oldeB (209.5)

rae

a=2M+1)p (14492 —4rg (1 +p?),

p=n—1)A—p)(1+¢),

A= (412 (1—pgy+(A—1)*(p+9g)*, (209.6)
pA = (h+ 1) (A—0ap)—(—1) B=4r(h+1) (1 —pg) (1 —p?),
oA = (A—1) (pA—a) + (A1) pp = 41 (h— 1) (p +9) (1 —p?).
U3 coornomenuti (209.4) u (209.5) nanee Haxogum

A2 (C? - D?) = (a2 - B2) (A% + B?),
4r2h3 (E* 4 F?) = (* 4 0%) (A4 + BY).
TMogcrasass Boipaxenus (209.6) 8 coorHowenus (209.7), nocne
NPOCTHX, HO JOBOJBHO AJHHHHIX IpeoOpa3oBaHuil MoJyuaeMm
A (p*+0%) =161 (1 —p?)? (209.8)

(209.7)

A?— (0 + B?) = AdA (1 —p?) (1 —g?). (209.9)

Tenepb HEeTPYIHO BHIpA3UTh MJOTHOCTH TOKOB OTpPaXE€HHBIX H
MpoumieqUIKX YaCTHL Hepe3 MJOTHOCTh TOKAa Majaloniux yaCcTUL; HallpH-
Mep, /s 2-KOMIOHEHT, NePNEeHIHKYJADHBIX IIJIOCKOCTH, Ha KOTOpOﬁ

1 Tak kak
S‘et (k"")'dax:O,

7O HHTep{epeHIHOHHbE YJeHbl, o6yC/IOBIeHH e HaJloxeHHeM oTpaxeHHoll ¥ naxaro-
wed BOJH, HJs Hac HeCYWeCTBEHHEl H HX MOXHO ONYCTHTh. JTH YJEHBl MOryT
NpenCTaBJATb HHTepec NPH H3YUYeHHH JIOKAJLHOro MOBeJEHHS IJIOTHOCTH TOKa (CM,
sagauy 23).
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NOoTeHIHaJa HCHObITHIBAET CKAauyOK, HMEEM

iz= - W!:z T AR jz (20910)

n  14+mn2cos®” E2{F2 1 1412 cos®” p24-0?,

=T1W7 " Cos® AL BE )z =0 T4q? cos o 4rthe Iz

IMonbaysce nanee ob6o3Hauenuamu (208.7), Jerko mokasarb, 4To
1" 14n% cos$ I ~}~1—q2

M 140 cosd 72 I—p?

H, CJeA0BaTeJbHO,

” 1—q2 02 2 |
e i (209.11)

Kom6unupyst cootHomenus (209.10) u (209.11) ¢ coorHomenusiMu
(209.8) u (209.9), naxongum

o [1 _ 4 —pZ)(l——qﬁ)] ;

Iz== Iz

. B (1—p?) (1 —g?) . (209.12)
jp=——F"]

21

rae A onpenessiercs no ¢opmyae (209.6). M3 nocaegnux coorHouwe-
HUfl cpa3y e cJ/elyeT YpaBHEGHHe HelpepbiBHOCTH

izt iz=1I> (209.13)
Orciona xe Aast KosdulpeHTa OTPaXKeHHs MOJYyyaeMm
4A (1 —p?) (1 —q?
R=1.___(_PA)(_Q. (209.14)

B cayuae HopmasbHOro magenus (p=0, g=0) koapduuuenr orpa-
XKEHH HMeeT OCOGEHHO IPOCTOH BHA:

R . 0"_ l)2

L (209.15)
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3agaua 210. KsanToBanue WIPEJUHIepOBCKOrO BOJHOBOTO NOJs

3anucaB MOAXOAAHIUM 0Opa3’oM SHEPIHIO, HMIYJbC H 5J€KTpUUYeC-
KHH 3apsijl WpeIHHIePOBCKOT0 BOJHOBOTO 110/t B CBOGOXHOM I1POCTPaH-
cTBe, OGCYAWTb MPOLENypYy KBAHTOBaHHS 3TOTO IOJIS B COOTBETCTBUH
co cratucTHKoi bose u crarucrukoll Qepmu.

Pemenne. Bynem paccMarpuBaTth ypaBHenue lllpenuurepa n.s
cBOGOJHOA YacTHIE B KayeCTBE YPaBHEHHS JJIS KJacCHYECKOTO BOJ-
HoBoro moJss 1, KOTopoe, TakuM o00pa3oM, HpeacTaBJisieT co6oH cka-
JAsipHyi0 QYHKUHIO MPOCTPAHCTBEHHBIX KOOPAHMHAT H BpeMeHH. Eciu
NOJIb30BAaTbCH OOBIYHOH HOPMHPOBKOH, TO 3HeprHus, HMIYJbLC H
9/1eKTPHUYECKUH 3apfi 3TOr0 I[0Js OHPELEe/AIOTCS COOTBETCTBEHHO
(cm. 3anauu 3 M 5) cJaeAYIOWMMH HHTETpPaJbHHIMH BEHIpaXKEHHSIMH:

W:———Q—ﬁ—,;glp*vzlpd*’x, (210.1)
=1j-§1p*vlpd3x (210.2)

H
Q=e{yprydn. (210.3)

3pech m U e CJELYyeT paccMaTpHBaTh KakK (JeHOMEHOJIOTHUYEeCKHe
napaMerpbl, KOTOpble MOKa ellle HMKaK He CBA3aHbl ¢ (PH3UUECKHMH
MaccaMH H 3apsilaMH YacTHIL.

Kak Mbl 3HaeM, HIpeIHHTepPOBCKOE MOJe NOJIAKHO YIOBJETBOPSATDH
JBYM CONPSUKEHHBLIM BOJIHOBHIM YpPaBHEHHAM

£ ooy 2
T T m Y o104
hovt B g, #1049

t m

YacTHBle pelleHusl 3THX ypaBHeHMH HMEIOT BHJ NIJIOCKUX BOJIH, KOTO-
ppie MBI HOpMHDYEM, BBOAS Ky0O HepHOAMYHOCTH MPOH3BOJLHOTO
o6vema %°. Torza ofiuee pelieHHe MOMKHO 3anHcaTh CJELYIOUHM
o6pasoM:

Y (F, 1) =971 X cpet br—on, (210.5)
k
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npuueM 3aKOH Jucrepcud, coraacHo (210.4), Hmeer BHX

o= (210.6)

2m

Eciu rtenepb ofuee pemenne (210.5) mogctaBuTh B BHIpaKeHHs
(210.1)—(210.3) m BOCIIOJB30BATLCS YCJOBHEM OPTOHOPMHUPOBaHHOCTH
IJIOCKHX BOJIH,

1 .
CZd Sei BTl = Oy, v,

67/0

TO HETpPYAHO IOKa3aTb, YTO

2 N .
WEWZkZCka’ P: ;ﬁk(}kck, Q:e; CeCr . (2107)
k

Tenmepp MBI NpHCTyNaeM XK KBAHTOBAHHMIO PasBUTOH BHILE KJac-
CHUecKoll TeopHH. BOJHOBYIO GyHKLHMIO p 3aMeHsieM omepatopoM 1,
JNefCTBYIOIIMM Ha THJBOEPTOBB BEKTODH COCTOSHHH 7 B HPOCTPaH-
cTBe uyucsaa yacTdl., Takoi ke cMBIC/ MMeT tenepb U Ko3hbuiu-

enTel Pypre ¢, purypupylomue B pasgaoxenud (210.5). Ilpu stom

ONepaTopH Cy M SPMHTOBO COMpSIKEHHBIE ¢ HUMH OMEepaTOpHI Cj HEeo6-

XoguMo mono0paTb TaKuM 0Gpa3oM, uTo0bl COGCTBEHHbBIE SHaUEHHs
NpOH3BENEHUA Chce GBLIM LEJBIMH UHCJAMH, @ HMEHHO:

N.=0, 1, 2, ... B cayuae cratucTuku Doaze,

210.8
Np=0, 1 B cayuae cratHcTHKH DepMu. ( )
Ilpn Takom moxxoxe Bce TpH BhipaxkeHHs (210.7) takke mpencras-
JA10T coGoft omeparophl. Mx coGcTeeHHbIe 3HaueHHS ONpENENAIOTCS
tdopmyiamu

WS NeEe, Es—22, (210.92)
& am

P=XNups, pe=hk; (210.96)
k

Q=eX N,. (210.98)
k

Sror HaGop coOCTBEHHHIX 3HAYEHHH ONMCHIBAET COCTOSIHHS CUCTEMBL
HEeB3aUMOJEHCTBYIOIUX YacTHI, H3 KOTOPHIX N, HaXOAsiTCs B COCTOS-
HUH B H COOTBETCTBEHHO HMEIOT 3HepTHIo Eg, HMIYJbC Pr H 32D €.

Yro6bl KBaHTOBAaHHE IIPHUBOAU/IO K TpefyeMbiM COOCTBEHHEM 3HaYe-

nusaM (210.8), omepaTopnl ¢; H ¢p JOMMKHBL yIOBRETBOPATH CJGLYIO-
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UM NE€PecTAHOBOUHLIM COOTHOLIEHHAM );

lca, cb]- =coch — chocs = Sser B caryuae crarucruru Bo3e,(2]O 10)®
[c,,, c}f,:]+ == ckc} - Chicr = Opar B ciyuae cTaTHCTHKH DepMu.

Orciofa, Kak HETPYAHO IPOBEPHUTh, CJEAYET, UTO [EepecTaHOBOUHBIE
COOTHOWIEHHUSI [/ BOJIHOBBIX ONEPAaTOPOB JOJ/DKHBl HMETb BHJ

Do (s 0, W1y Dl =575 3 Flen chluet s = tomon (=
kR

=—7-}J—Zefk-<r—f)=6(r—r'). (210.11)
k

3anaua 211. Paccesnue B GopHOBCKOM NPHGAHKEHUM

[TpumeHnTe pasBuTyIO BhILE TEOPHIO KBAHTOBaHHS ILpPENHHIepOB-
CKOTro BOJIHOBOTO [OJIi K 3ajaye 00 yIpyroM pacCesiHWH YaCTHH Ha
cepHyecKH CHMMETPHUHOM IoTeHlHade V (r).

Pewenwue. IlycTs kBaHTOBaHHOe CBOGOJHOE IOJie, PACCMOTpPEHHOE
B Npexwiylleldl 3amaue, BO3MYyLAeTcs MoreHuua oM V (r). 1o 3HauuT,
Yr0 K raMuJbToHHaHy moass W Mel JoJKHBL J0GaBUTH OTEpaTop
SHEPrHH BO3MyHIEHHUS

W' = ptvyaex. @11.1)

Ec/¥ orpaHHudThCA NMEPBHIM MPHOJHKEHHEM, TO BMECTO P H Pt Mb
MOXeM [0ACTaBUTb B onepatop W' cynepno3suuyio NJIOCKHX BOJIH
(210.5). Takum ofpasoM HMeeM

Wr ’ l

=— chce \V(r)etG-r)r gl @~0)t g3y (2112
CV()

kR K

Hurerpan (211.2) xopomo nam 3HakoM no GOPHOBCKOH TeopHu pac-
ceanusi (cM. 3apauy 105). BBoxst 3mech, Kak OGbIYHO, MepenaHHbIH
HUMITYJIbC

k—k =K, (211.3)

1) B arofi riiaBe Mbl NoJb3yeMCsl 0603HAYeHHeM
[a, 6)=ab—ba,

KOTOpO® OTJIHYaeTCA MHOKHTeneM i/f or of03HaueHHs, NPUHATOrO B ra. I.

2 B sagaue 31 Obulo MokasaHo, 4TO B Cayyae craTHCTHKH Bose dopMymnr zis
cobcrBeHHBIX 3HayeHHH (210.8) feflcTBUTeNLHO ABJSLIOTCS CJIESACTBUSMU repecTaHo-
BOYHBIX cooTHoweHui (210.10). Merog, Henosb3oBaHHHE B 3agaue 31, mpHMeHuM
4 B cJaydae CTaTHCTHKH DepMH.
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oJyuaem

a

EWiky={ v e’K"d3x=4n§r2V (N rldr (211.4)

(3aMeTbTe, UYTO STO BhIpAaXkKeHHE HMEeT pPa3MEepHOCTL 3Pr-cM?) i,
cJiel0BaTe/IbHO,

W’svlfzzal,cxk’IVik>e”‘°"‘°”- 211.5)
R R

TMepefineM Temepb K OMUCaHHIO mpolecca paccesnus. Hauasbhoe
COCTOsIHHE KBAHTOBAHHOTO MOJIA XapaKTEPH3yeTCs TeM, UTO UMeercsl
JHIIbL OJHA YaCTHIA B COCTOSIHMH R,, a BCe JpyrHe OJHOYACTHUHBIE
COCTOSIHUSA He 3aHATH. Takoe COCTOsSIHHE I10J1A ONHCHIBAETCA THJlb-
6epTOBLIM BEKTOPOM

Xi=[0"'1kn"'0kf"'>' (211.6a)

KoHeuynoe coCrosiHue MOJiA XapaKTepH3yercst TeM, UTO UMEETCs OJHa-
€IUHCTBEHHAasA dYacTHUa B COCTOsAHHHU kf, [IOITOMY

%r=10 . Op oor Le oo, (211.66)

Uro6bi HafiTM BEPOSITHOCTb N@PEXONa MeXIy 3THMH IBYMsI COCTO-
SHHSAMM, MBl JOJKHBI BBIUMCJUTb M&TPHUHBIH 3JIEMEHT

<K WL 21L7)
[Tosm3ysick cooTHOIIEBHAMHU
ce|0x>=0, el le>=]0s>,
noJyyaem
Ce Xt = Osa, | Orp>-

TakuM oGpasom, Korga onepatop W', onpenesieHHBIH COOTHOIIEHHEM
(211.5), nefictByer Ha THJ/LOEPTOB BEKTOp ¥; OT CyMMHl 1o R oc-
TAeTCsl €IMHCTBEHHBIH 4neH ¢ R=FR,, Npu 3TOM ONeparop cg, yHH-

YyTOXKAeT HAYaJbHYI0 YacTHHY M I[1PEBpalllaeT HCXOJAHOE COCTOsSHHE
noJst §; 8 BaKyymHoe coctosine |0>. Uto xe kacaercs ocrabiueiics

CYMMBI IO c,}, TO B He€ JNaloT BKJajJ BCE 4YJIeHB:, ¥ C YYeTOM COOT-
HOLUeHU$ '

C;r t 0> =I lkl>

ee MOXKHO 3anHcarb B BHIE

W’ l 1k0> = —-l‘vy_‘)- Z <k' l V lk0> ei (@' =@g) t’ lkl>.
I

9 N 1172
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B cuay ycsoBHH OPTOHOPMHPOBAHHOCTH
<xgl 1k'>=<]kf! 1k'>:6kflz’r
B MaTpHuHBY ssemeHT (211.7) Raer BKJax TakXe TOJbKO OLUH UYJCH
3TOH MocJIeqHeH CyMMBl, H MBI IOJIyyaem
sl W 1> = g5 <[V [ rgp ef @t (211.)

3Hass MaTpUUHHIH 3JeMEeHT, MOXHO C IOMOHIBIO ,30J/I0TOI'C Npa-
BHJIA“ BBIUUCJUTHL AA(pdepeHHaNbHOe CeueHHe DPacCesHusi:

do =22 o/ <x W' |11 %, (211.9)

rae
_ PPr*dpdQ =m20°VadQ‘ (211.10)
@nhBdE  8ndh?

Or

IpHYeM B TIOC/JEJHEM BbIPAXKEHMHM BC€ BEIMUHHB OTHOCATCH K KO-
HEYHOMY cocrosinuio. Ecsd temepb mozactaButh BhipaxkeHue (211.10)
B (211.9) u Bocmosib30BaThCH AJS MaTPHYHOTO 3jeMeHTa (GopMyJioit
(211.8), to obveM Kyba NEpPHOAHYHOCTH P° COKPATUTCA H MH IO-
JAYIUM

d 3
%=<5%> | <y |V | Ro> |2 (211.11)
dror pe3ysbraT ¢ yueTroM Bhipaxenus (211.4) moJHoCTRIO cCorJia-
cyercs ¢ Gopmy.Jioit epBoro GOPHOBCKOro NMpHOJIMKeHHs (CM. 3ajaud
106 u 184).

3agaua 212. KpaHToBaHHe KAACCHYECKOTO MOAS H3JIyYeHHs

[Toab3ysick KJaCCHUYECKHMH BHIPAXKEHHSAMH JJIST SHEPTUH H HUM-
1yJ/JbCa MaKCBEJJIOBCKOTO MOJISl B BaKyyMe, NPOH3BECTH KBaHTOBaHHE
3TOrO MOJISI B COOTBETCTBHM €O cTaTHCTHKOHM bDose. Cuutath, uro
BHYTpH Kyb6a o0beMoM %°=L® Ha noJie HaJOXEHO yCJOBHE [epH-
OAUYHOCTH.

Pemenne. Kiaccuueckoe noJie H3/yyeHHs] ONHCHLIBAETCS BEKTOD-
HEIM MOTEHIHAJOM A, yAOBJAETBOPSIOWHNM AH(depeHIna bHbIM ypaB-
HEHHAM

0A=0 u divA=0, (212.1)

H3 KOTOpHX IpH OOBIYHOH Kasu6pOBKE CJENyeT MNOIepeyHoCcThb
3JeKTPOMarHATHBIX BOJH. YUTOOH npuaarh (H3MYECKHH CMBICJ 3THUM
ypaBHEHHSIM, Hal0o JUMGO BBECTH COOTHOLUGHHS, CBS3BIBAalOUlME BEK-
TODHBIH IOTeHNHaJ A ¢ HanpsKEHHOCTSIMH SJEKTPHYECKOro W Mar-
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HUTHOT'O II0JIeH,

E=—1a4, gt =rof A, (212.2)

c

JAu60 paccMOTpeTb BHIPAXKEHHS [JSl 3HEPrU¥ H HUMIyJsbCa MOJA:

W:%S(@S’Mﬁc?) dx =g [-C—IZ—AZ—}—(rotA)Z] d5x (212.3)

1 . i .
P=rmS (&9 dxz—mg [A-tot A]d%x.  (212.4)

Obwee peuwenue auddepeHnuasbHEX ypaBHeHu# (212.1) MoxHo,
KaK 00blYHO, MPEICTaBUTb B BHJE CYEPIO3HIHH IMJOCKUX BOJH

A2
A= 1/ f;fd %‘. Uis, (Grae’ ® 79D f-gppe=t er=0h) - (212.5)

TIe U, —eIHHUYHBIA BEKTOpP, a HHAEKC A=1, 2 OTBeuaer AByM
COCTOSIHHSIM TIONEPEeUHOH mosdpus3amdd. BeKTOpH ), IOJLKHBL Yi0-
BJIETBOPSITh TPEeM YCJOBHAM OpPTOrOHAJIbHOCTH:

(akl'k)=(akz'k)=(llk1'llk2)=0. (212.6)

BbiGop HOpMHPOBOYHOTO MHOXHTEJS Mepel 3HaKOM CYMMBI B BbIpa-
wenuu (212.5) nponukroBan coofpaxkeHHusMH yao6cTBa. B cumay
yCJIOBHSI IE€PHOAHYHOCTH BHYTPH Kyba oGbemoM ¥° = L°® 3HaueHus
BOJIHOBOTO BEKTOPa R ONpENeJsioTcsl PaBEeHCTBOM

k=2"n, (212.7)
rie n;=0, =1, £2, ... . Yacrora BoJHN ® cBA3aHa C aGCOJIOT-
HO/l BeJMUMHOM BOJIHOBOTO BEKTOpDa X 3aKOHOM JHCMEPCHH

o=k, (212.8)

Tax xak Kaxpoe cJjaraemoe B cymme (212.5) cocrour u3 aByxX
KOMIJIEKCHO-CONPSI2KEHHBIX 110 OTHOILEHHIO APYT K APYry WICHOB, TO
BeKTOPHBIl mNoTeHnuan A mnpeicTaBiaser co6of JeACTBUTE/bHYIO
(GYHKOHIO HepeMeHHHX 7 ¥ f, KaK 3TO M JOJIKHO OblThb B KJ/AaCCH-
yeCKOH Teopuu Makcsessa.

Ioncrapasis obmee peienue (212.5) B Belpaxkenue NJsi SHEPIHH
(212.3), nosayuaem

2 '

W= 2ccya 22 S{— 02(20 e tler,— (R - tern] [k'llkx]} X
kA RN

X {Qk’}\,'ei (Rlr—w't) _q;,we—t (k’r—(o’t)} {qklei (kr—cot)__q,’;he—i (kr—cot)} d3x.

Ecsan Tenepb HEPEMHOXKHTbH BBIPAXKEHHA, CTOALLKWE B ABYX IOCJEIHHX
cKO6KaX, TO MOC/Je HHTErpHPOBaHHUS MO NMPOCTPAHCTBY y Hac ocTa-

g*
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HYTCS TOJBKO Te WJEHH C MPOU3BENEHUAMK ¢g H ¢*¢*, B KOTOpHIX
k' =-—Fk, 4 TOJbKO Te uJieHbl C NMpPOH3BENEHUAMH ¢¢* H ¢*g, B KO-
Tophix kB’ =Fk. B pesyabraTe BhlpaxkeHHe, (pUrypupylollee B IepBOH
CKOGKe, ecqd ellle y4yecTh CooTHoweHus (212.6), mpumer Bul

—%—(k’-kh{(l

ecan R = —R,

2-(2—:- S, € B =+ k.
TagkuM obpa3soM, moJayyaem
W= ; ©2 (gergen -+ Gkrgen)- (212.9)

C nomompbio aHaJOTHYHBIX BHIKJIAJO0K HETPYIHO MOKA3aThb, YTO BBIPA-
JKeHHe I uMmilyJbca (212.4) mpuBoguMTCs K BHRY

P= ; ok (gsrgin -+ gin ga.)- (212.10)

Tenepb MOXXHO NPHCTYIIHTb K KBAaHTOBAHHIO KJIACCUYECKOT'O MO/
U3JyyeHHs, 3aMEHUB KJaCCHYECKHEe aMIIJIUTYABL Gg) H (];;,, oneparo-

PaMH ggp M Gy, KOTOpHE yAOGHO 3amMHCAaThb B BHIE
| gin=Crbm. 1 qir=Cibh, (212.11)
rge Cp— NeHcTBHTE/IbHBIE HOPMHPOBOUHBIE MHOXHTEJH. Mbl HMmeem
W = ZaCt (beabin + binbn),

212.12)
et (o s b (212,
P = X 0kCi (brbin + binb).

k.
B cootBercTBMH cO cratucTHKOH DBo3e noiunHuM omepatophl bey w
bl MepecTaAHOBOUHEIM COOTHOLUEHHAM

baabhras — biasben = Sea-Ois, (212.13)

u OygeM cuyHTaTb, YTO BCE ApYyrHe KOMOHHAUMU THX ONEPaTOpPOB
KOMMYTaTUBHBI. B Cu/ly yKasaHHBIX NeDEeCTAHOBOUHBIX COOTHOLUEHHH

COGCTBEHHBIE 3HAUEHHS ONEPAaTOPOB bhibea, 0GO3HAYaeMbie HIXKe
yepe3 Npi, OKA43HIBAIOTCH HEJIOUYHCJEHHBIMH:
Nwm=0, 1, 2, 3, ..., (212.14)

npH 3TOM COGCTBEHHBIC 3HAYEHHS ONEPaTOPOB beabin, OyayT paBHBI
N+ 1 (em. sapauy 31). Ecau nagnee nosoxuth

Cr= i, (212.15)
20
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TO BbIpaxkeHHsl JJIfi ONEPaTOpOB 3HEPrHH H mMNyJbca (212.12) npu-
MYT BHJ

W= %; —gm— (beabia -+ bhabea),

z 212.16)
P= % Bk (berbin+ biabea),

a ux coOCTBeHHble 3HaueHust OYAYT paBHBI

W=§ﬁm(ka+l/2) u P=kZ:ﬁk(NM+1/2). (212.17)

Takum 06pa3oM, MBI MOXEeM HHTEpHpPETHPOBAaTb BEJHUMHY Ng), Kax
yucja0 (OTOHOB B COCTOSIHHH C KBaHTOBBIMH HHC/JIaMH R U A, mpuyeM
B YKA3aHHOM COCTOSHMH Kaxiblii (poToH obnajaer sHepruell fw, a
€ro HUMNyJbC HampaBJeH BAOAb BeKTOpa R H paBeH IO Be/UYHHE
hk=ho/c.

Hs (212.1) caenyer, uto Bakyym of6/ianaeT 3Heprueft

IV(,:;I;Q (212.18)

(Heprusa HyJieBHIX KosieOaHu@ mo.s). HecmoTps na 1o urto sHeprus
Bakyyma OeckKoHeyHa, efi He CJefyeT NpHiaBaTh ocoboro ¢usnuec-
KOro cMbIcja. QaKTHYecKH MOXKHO OrpaHHYUTBCA PAcCMOTPEHHEM
Pa3HOCTH 3HEPruil peaslbHOrO COCTOSIHHSI H BaKyyma

W—W,= D hoNg, (212.19)
kA

KoTopasi Bcerga KoHeyHa. BKJax ke HyJieBbIX Kose0aHH# noJs
B HMNYJbC paBeH HYJIO, TaK Kak WieHbl cymMmbl (212.17) ¢ ku —B
[IOTapHO COKPAalialoTCs.

B pe3y/bTate KBaHTOBaHHSI BEKTOPHEIH NOTeHHHaJ A CTaHOBHTCS
OneparopoM, MOPOKAAIOWHAM H YHHUTOXKAIOWHM (OTOHBEI. C NOMOIbIO
cootHowenuit (212.5), (212.11) u (212.15) merpyAHO mOKa3aTh, UTO
B KBaHTOBOH TeOpHH BbIpakKeHHe JJISi BEKTOPHOrO MOTeHIHasa
HMeeT BH],

A= 2 1/273;0_02 {birg! Brr=00) L plye=t Gr=0Dlg,, - (212.20)

k)

3agaua 213. BepoaTHocTs MepexojoB ¢ u3jaydyeHuem ojgHoro ¢orTona

DJeKTpoH moMeuleH B cdepuueckd cummerpuyHoe mnoge V (r).
BBIUKC/IUTE BEPOATHOCTh [1€peX0ja 3JEKTPOHAa C BEPXHEro ypOBHA HA
HUXKHAH, €CJH 3TOT Mepexol COMPOBOXKAAETCS H3JIYUEHHEM OHOrO
¢orona. dpdeKTsl 3ana3]bIBAHUS He yUHTHIBATb.
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Pewenne. B Kiaccuueckolt Teopuu MaxcBesia B3auMoefiCTBHE
BelIeCTBA (3/IEKTPOH) C H3JyueHUEM OINHUCHIBAETCS BblpaKEHHEM

H’=%S(A ) d*, (213.1)

rie A-—BeKTOpHBIH MOTEHIHaJ IOJs U3JyueHHs, a j-—IJIOTHOCTb
9JEKTPHYECKOr0 TOKa 4YacTHIl BeulecTBa. B TeopHH KBAHTOBAHHLIX
nojiefl BeKTOPHLIA MOTEHnWaJ, COTVIACHO pe3yJbTataM sajauu 212,
3anuchiBaercs B BHue Y

4= % i?;? ul” (bmet®r +blpe= %7, (213.2)

Boipaxenue Ass1 MJIOTHOCTH 3JIEKTPHUECKOTO TOKAa MOXKHO HAaNHCATh,
BOCNOJb30BABIINCE pe3yJabTaTaMH KBAHTOBAHHUS [IpPeIHHTePOBCKOIO
noJsi. Mimeem

'lpzzchun (r)r _z/_; V2u,,—'rvu,,=E,,u,,. (2133)

Orcioga ¢ nmoMotilbio GopMY.JIBE
12
J=— 5 (btyp— vt 1)

(3apsiL 3/eKTpoHa paBeH —e) NOJyuaeM

ﬁ . .
J=— 2 3 3 (v, —u,vun) ch,. (213.4)
n n

3peck U, (r) U tp (F)—OXHOYACTHUYUHBIE BOJIHOBHIE (GYHKIHH, SBHBIA
BHJ KOTODHIX MOXKHO HaHTH MNyTeM peweHus ypasHeHus (213.3);
MHIEKC n (UM n') pakTHyecKH 03HAYaeT COBOKYIMHOCTb TpeX KBaH-

TOBBIX uHCes. BeJWuuHH ¢, W Ch SBASIOTCA omepaTopaMH, BBeAEH-
HoIMH B 3amaue 210, W nOAUMHAIOTCS NEPEeCTAHOBOUHBIM COOTHOLIE-
HUAM
1 to_
Cncn’+cn’cn - 6nn'; (213 5)
Crlr + CpCn =0,

CnionranHoe n3Jsyuenue GoTOHa NPOMCXOAUT B IIpoilecce Nepexoja
5/EKTPOHA W3 HAYaJbHOrO COCTOSIHHS f1; B KOHEYHOE COCTOSTHHE Il
Ha s3bike T€OpHH KBAHTOBAHHOIO LIPEAWHI'€POBCKOIO MOJs 9TO O3Ha-
yaeT, YTO 3JIEKTPOH, HAXOAAUWMHACH B HAayaJbHOM COCTOSIHHH 7,
YHHYTOXKAETCH, 4 BMECTO HEero pOXIAeTCs 3JeKTPOH B KOHEUHOM

b B pepaxkenusx (213.2) u (213.3) Mb OnycTH/IH BpeMeHHEIE MHOXHTEJH,
¢urypuposasmue B Bepaxenusx (212.20) u (210.5). 3to cooTBercTBYeT mepexofy
or KapTHHH [lpenunrepa k kaptuHe IeiizenGepra.
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COCTOSIHHUH n,. B To Xe camoe Bpemsi NPOHUCXOAHUT poxkiaeHHe GOTOHA
B coctrosHUU (R, A). YKasaHHbIH NPOUECC OMUCHIBACTCA TEM UJIEHOM
B SHEPrUH B3aNMOJEHCTBHS, KOTOPHIH COJAEPXKHT NPOM3BEIEHHE OIle-
paTopos

1t

bincn Cn,-
Ecnu moacrasuth Beipaxenus (213.2) u (213.4) B sHepruio B3au-
mosedcteua (213.1), To Jerko yGenuThbesd, 4yTOo B HeH Takoi uJieH
JeHCTBHTEJBHO MMEETCS M erc MOXKHO 3alucaTb B BHAE

I H | i) biach g (213.6a)
rue
(f,H li>_ Sl/%cﬁ ?Eze iker (7») (un Vun univu:zf) d3x
(213.66)

— OOBIUHBIi MAaTPUUHBIA 3/IeMEHT Nepexoja MeXKAy Havya/JbHBIM H KO-
HEYHbIM COCTOSHHAMM. BeposTHOCTH HHTepecyloulero Hac Nepexona
MOXKHO 3aIHCaTh C TIOMOUIBIO 30JI0TOro MNpasHaa (cM. 3agauy 183):

p=2 Pfl <FIH i (213.7)

B sHepreTnueckofl IIKaJe IJIOTHOCTb KOHEYHBIX COCTOAHHH p,
IOJIHOCTBIO omnpeensercs (HOTOHAMH:

kdRQ, TP 9P
01 = Gnyp hear  8nhe

£dQ,, (213.8)

rae dQp — 3JeMEHT TeJeCHOro YI/a, B KOTOPHH BRLIETAaeT HCMyiieH-
HLIH (OTOH.
TaknuM o6pa3oM, ocraeTcsl JIMIIb BHIYHCJIHTL HHTErpaJ

I= S e-ikr (ur.sz”n,-—”niV”:zf) d’x,

¢urypupyomuii B gopmysae (213.66). Ecau amvHa BOJHBL H3Tyuae-
MOrO ATOMOM CBera BeJHKa IO CpPaBHEHHIO C €ro pa3Mepamu, TO
sdxpexTaMu 3amas/LIBaHHS MOXKHO npeHefpeysb, TAK KaK B 3ITOM CIHY-
yae MHOXHTEe/Ib e~**'7 B TNOABIHTErpaJbHOM BbIDAXKEHHH C XOPOIIeH
cTeneHbI0 TOYHOCTH MOXKHO 3aMeHHTb exunuueil. MHterpupysa gaJjee
BTOpPOH W/IEH MO 4acTaM, MoJyuaem

_ * 3
I=2 S u,,fvu,,id X.
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C nomoupto ypapHenuit llpenunrepa Ans QYHKUHA U, H uf,f He-
TPYAHO BBIBECTH TO}KILeCTBO (cM. 3amauy 187)

l—— T ™ (E, ,)ju,,rund%

Ecau Ternepb elle yuyeCTb 3aKOH COXpaHEHHSd SHEPTHH
’ El'" Ef:: fl«(l),

T0 MarpuuHblfi 3AeMeHT (213.60) MOXHO 3amucaTh B BHIAE

N R 2
<f|H |z>=—j—t]/ ,j;ﬁa o<f| @ ri, (213.9)

<l i> = us (0 r) un . (213.10)

rae

[Tocite moAacTaHoBKH Bhipaxenuit (213.8) u (213.9) B popmyay (213.7)
OKOHHYATeJBHO MOJyuaeM

P, x-=——"&-e o |<f|(a‘M Py i>p. (213.11a)

[Tocnenuee BbIpakeHHe MOXKHO IIpeiCcTaBUTh B 0osiee NPHUBLIYHOH
dopMe, BBeJA BMECTO @ YacTOTy V=w/2%

g2 4nv
Pya=—

= dQe | <F| @ 1) [0 P (213.116)

®urypupyouHi snech MaTpHUHBI 3jJeMeHT ynoOHO 3amucaTth B BHIE
NpPOU3BeJeHU s

@ r)|i>= (1)), (213.12)

B KOTOPOM I€pBBIH COMHOXHTE/b 3aBHCHT TOJIBKO OT HalpasJeHHs
BEIJIETA W HOJSIPU3AUHM H3./1y4aeMoro (OTOHa, a BTOPOH MOJHOCTHIO
onpejesNs€TCsl BHYTPEHHUMH NapaMeTpaMH H3Jy4aloulero aToMa.

3amaua 214. Yriosoe pacnpejaelieHHe H3Jy4eHHs

[Moabaysacy dopmyaamu npexplayliell 3ajaud, NPOaHAJIN3HPOBATh
yIJIOBOE pacnpeneseHne (POTOHOB, HCIYCKAaeMBIX IIPH nepexoje 3JeK-
TPOHA H3 P-cocTosIHMA B S-cocTosiHue.

Pewenne. OGosHauuM uyepes © u D chepHyeckue yrinl BeK-
topa k. Onpefleanm janee JBa COCTOSHHA nonﬂpusaunu Bhi6paB
BEKTOP @’ B MepHIMOHAJbHON IJIOCKOCTH, a BEKTOP My — NepreH-

IMKYJSPHO K Hefl. OTH eJIMHHMYHble BEeKTOpPbH HMEIOT CJejylouie
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KOMINOHEHTHI:

uP =cosBcos @, yP=cosOsin®, uP=—sin® (214.1a)
uP =—sin®, uP =cos®, uP=0. (214.16)

Hro6bl MO/MyuNTL KOMIOHEHTH BEKTOpa f;;, MBI IIPEXIe BCEro BhIpa-
3UM KOMIOHEHTH paAHyC-BeKTOpa F yepe3 cepHuecKue rapMOHUKH:

5
x=r _;(Yl.l—l—yl.—l)’

. PEg
= —ir ]/7" Vi1 —Ye - (214.2)
i

e=r —3—Y'1'o.

3anuieM Ternepb MaTpHUHblE 3JEMEHTH 3THX KOMIOHEHT AJIA [epe-
XOZla MeXIY ABYMsI JEKTPOHHBIMH COCTOSIHHSMHU

|i>=v(r)yl.m(ﬁ’ Q) u lf>=u(r) Yo,o('ﬁv P). ‘ (214-3)
3ameuas jasee, 4ro Y, ,=(4m)~'/s ecTb mompocTy NOCTOsIHHAS,
nosiyyaem

xif=ﬁR(6m.a+ 8, - 1)
yif = 7‘% R (Sm. 1'_617;, —l)r (2144)

1
2 =VE Rb,,, o

rie yepes R obo3naueH paguaJ/bHBIH HHTErpasn:

R__;Su*(r)v(r)r3dr=l/3_|r,-/|. (214.5)
0

CorsiacHo dopmyse (213.11a), BeposiTHOCTH u3JyyeHHs QoOTOHA
¢ noJsipusanueil A B TeseCHBI yroa df2p MMeeT BHJ

Pan=5—— (D rop . (214.6)

C yuerom Buipaxenu#t (214.la) u (214.16) ana BexkTOopOB u u eul-

paxenus (214.4) xns BEKTOpa F;; CKa/PHOE NPOU3BEAEHHE (aﬁf"’-r,,)
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B cayyae A=1 3amuchiBaercq B BHIE

— a1 R —@
npu m=—1: V_G_cos(ae .

apu m=0: ——V—Rg_-sm@, (214.7)
npu m=—1: —V%—cos(ae@.

Ecan xe A=2, To MH HMeeM

npu m=+1: -—l—VI%e‘@,
npu m=0; 0, (214.8)

opy m=-—1: -{—iVI%e“"

H, CJIeJIOBAaTEeNbHO,

et 52 dQ4 Dy, (O, D). (214.9)
I

3HayeHus ,JIHATpaMMbl HanpaBJeHHOCTH" Dy, npuBoastca B Tabauue.

JlnarpaMma HanpasJeHHOCTH D s

kA

m A=1 A=2
+1 1/5 cos? @ Yy

0 sin? @ 0
-1 1/ cos?2 6 /e

B cayuae A=2 ussnyuenve ¢otoHa B J060M HalpaB/JEHHH PaBHO-
BEPOATHO, HO U3 HAYaJbHOTO COCTOSHHA ¢ m =0 ¢PoToHB TakoH
NnoJApH3alMy He H3Jyualorcss Boobule. TaxuM o6pasom, pacmap
P-cocrosnus ¢ m=0 NPOMCXOAUT TOJBLKO NyTeM H3JyyeHUsi (OToHa
c noaspusanueii A=1, mpuuyem yr/oBoe pacnpenesieHne (OTOHOB
XapaKTepHusyercs B 3TOM CJyuae MHOXKHTeJeM sin?®, M, cJeloBa-
TeNbHO, A1 m =0 OHM B OCHOBHOM HCIYCKAIOTCS B 9KBATOPHAJILHOM
naockoctd (0=90°). Ecomum xe A=1 u m= =1, 10 yraosde pac-
npeleseHe XapakTepH3yeTcs MHOKHTeNeM cos? © ¥ DOTOHBL B OCHOB-
HOM HCMycKaloTcs B HampaBgaeHHax ©=0° u ©= 180°.
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3anaua 215. [lonnas BepoATHOCTH mepexoja

DNIeKTPOH NEPeXOAHT C BEPXHero p-yPOBHS HA HUNKHUA S-ypo-
BeHb, HCNYCKas NMPH 3TOM OAMH (oTOH. BLAiCHHTH, KakOBa BeposiT-
HOCTb YKA3aHHOTO Iepexoja Oe30THOCHTENbHO K HaNpaBJeHHIO
ucnyckanusi QoroHa u ero monspusauuu. B Kauectse mpumepa pac-
CUMTaTb CpejlHee BpeMsi KH3HH aToMa BOOPOAAa B BO30YXKAEHHOM
2p-cocToaHuY.

Pemwenne. B npexpinymefi 3agave Oblia paccuutana nuddepeH-
ny¥asnbHasg BepPOATHOCTE H3JyYeHHsA (OTOHA B 3JEMEHT TeJeCHOro
yria dQ, B HanpaBaesuu O, @ aas cayyaeB m= -1, 0, —1 u
ofoux cocTossHHE mnossgpusamuu. C TOMOMIBIO 3THX dopmyn nocue
CYMMHDOBAHHS MO COCTOSIHUAM MOJISIPH3ALHH NOJNyuaeM

X Po =55 o dQusint 0 5

=g o ¢Sin?® nmjaa m=0, (215.1a)
A

Zthzfrz—‘jg;:ko%(l—{—cosz@) s m==l.  (215.16)

A

[ocsie wHTErpHpOBaHMA IO HANpaBJeHHAM Bblera (DOTOHOB AJA
BEpPOATHOCTH MNepexoja M3 p-COCTOSIHHSL B S-COCTOSHHE He3aBHCHMO
OT 3HAYeHWH KBAHTOBOTO YHCJAA /M IOJYYAeTcst OHO U TO XKe Bbipa-
JKeHue:

e2w® R? 8n  4e2p®

Buipaxkenue AJs pajauasbHOTO HHTerpasa R G6blio onpejeneHo
B Mpelbifyulel 3agaue, NOSTOMY Telepb MOXKHO NPHCTYIHTh HeMNOo-
CPeNCTBEHHO K pPaCCMOTPEHHIO INpuMmepa. AToM BOJOpOZA, HAXOAS-
muica B BO30YXKAeHHOM 2p-COCTOSIHHM, MOXKeT MnepedTH Jiullb
B OCHOBHOe ls-cocrosinve. B artomumix egunuuax (A2/me? ssasercs
eqUHULEH NJMHBI) BOJHOBbIE QYHKLMH 3THX IBYX COCTOSHMH 3aMH-
CHIBAIOTCH B BHJE

is= LV Bre-my, (215.3a)

[f>=2e~rY,, ,. (215.306)

Takum o6pasom, ¢ yuerom Breipaxkeuust (214.5) nonyuaem

218
re—'/z.e_rf3df:——l /2 524; R3=—~,
\3 ®

s
R=-5-2 s

ot _—8
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HJau, ecju BepHyTbCH K OOBIYHBIM €IHHULIAaM,
. 215
Rr=3 R (215.4)

Uacrtory H3JIy4yaeMOro CBeTd ® MOXKHO ONpeleJauTb U3 (GopMyJibl
3HEPreTHYECKHX YPOBHEH aToMa BoJopoja:
3 met

o=g5. (215.5)

Ioxcrasaas Ttemepes BolpaxkeHuss (215.4) m (215.5) aas R* u o
B dopmyay (215.2), mocie HeKOTOPOH MeperpyiniHpoBKH MHOMXHTE-

el HaxoAuM
p=<%)8 (%)“"ﬁ;;f (215.6)

BennunHa, obpaTHasg 3ToH BepOATHOCTH Iiepexola, HMeeT CMEIC]
CpeAHero BpEMEeHH KHU3HHU T BO36y)K}leHHOI‘O 2p-COCTOHHI/IF] aToMa
Bojopoda. Kwmeem

3\8/ hic\s A®
MHoxuteb
B _ 9 4187x10-1¢ (215.8)
me

MOKHO paccMaTpHBaTh B KauecTBe YJNOOHOH eIMHHIBI BpeMeHH, KoJib
CKOpPO [eJI0 KacaeTcsi BpeMEH JKHM3HH BO30YKIEHHBIX COCTOAHHI
atoma. MHoOXuTeJb

X =137,0373

npeAcTaBjser co6o# BeSHYHHY, OOPaTHYIO IIOCTOSTHHOMA TOHKOf CTPYK-
Typul. TakuM o6pa3oM, yKucJ/IOBOe 3HayeHHe CpelHEero BpeMeHH KH3HH
2p-cocTOsIHNSL aTOMa BOJOpO/Aa OKAa3blBAeTCs DABHLIM

T=1,5953 x 10~*c.

3apaya 216. Ilpasuna orGopa aJsi AMMOJNBLHOTO H3JyHeHHs

Ecau anuHa BOJIHBE M3/1yuaeMOro CBeTa BeJMKA N0 CPABHEHHUIO
¢ pasMepaMH aroMa, TO BePOSITHOCTb Nepexofia MeXay ABYMs OfHO-
3JIGKTPOHHBIMM COCTOIHMSIMH, Kak ObLIO MoKasaHo B 3ajgaue 213,
3aBHCHT OT MATPHYHOTO 3JIEMEHTA 5JeKTPHYECKOTro MMIIOJBHOTO MO-
menrta. Ilonyuurb orciona npasuJia orGopa IJs AUIOJbHOTO' H3ay-
YeHUS] H pAccMOTPeTb BHITEKAIOUIHe W3 3THX [PABHJ  CJEACTBHSA
B CJyuae HopMaJbHOro s¢dexra 3eeMaHa.
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Pewenne. CorgacHo (213.116), B AHNONBHOM NpPUGJHKEHHH
BEPOATHOCTb H3JYueHHs1 (OTOHA ¢ TNoJspu3aiuedi A B sJeMeHT Te-
JecHOro yrsa df, B HanpaBJeHHH BeKTopa B HMeeT BHJ

40, | <F| (U 1) 5. (216.1)

4

e? 4n

Poa=%

3nech #y) —eNWHHUHBI BEKTOP, XapaKTePH3YHOLIHl NOJIAPH3ANNIO.
Ecau o6o3naunth cdepuueckue yrael Bektopa k uepes © u @, to
B coorBeTcTBHH ¢ (opMmynaamu (214.1a) u (214.16)

u =cos Ocos D, uP®=cosBsin®, uP=—sin® (216.2a)

uP = —sin®, uP =cos®, u®=0. (216.26)
CocTosiHMS aTOMa OMMCBHIBAIOTCS BOJNHOBBIMHM (DYHKIHAMH
[,’>:(pt (f) Yl.m(ﬁ’ (p)' <f|=(pf(r)yl*’.m’ (ﬁy (P)’
TaK 4TO JJIfl MaTPHUHOIO 3JIeMeHTa paiuyc-BeKTOpa ¥ MOXKHO HaNHCaTh

Sflxxiy|i>= S dr r3q>,~(pf56 Yi mY,, nsinOefiodQ,
: (216.3)
fleli>= Sdrr%p,-cpf_(ﬁ Yi oYy mcos@dQ.
0

I/IHTeI‘paJIbIl No YyIJIOBbIM NE€PEMEHHBIM JIETKO. BBIYHCJAIOTCH, €CJaH
[IPHHATD BO BHHMaHHE€ COOTHOLIEHHA

sin '\()’eii(pyl,m - iAl+l, im+1yl+l, ma1 :‘F‘Al, ¥myl—-l, mEl,

216.4
cos Y, »=Bi1, Y 141, m+ Br, a¥ i-1, ms ( )
rjie
A, = (+m)(l+m—1)
GILN)@I=]) 216.5)
B, — (+my(l—m)
iy m

- ErrnEi—1"
B pesyabtate umeem )
<flxx i_l/l >= Rif(iAH-l, :tm+161', l+16m', me1+
$Al. FmOr, l—lam’,mil), (216.6a)
12185 = Rip(Bras, nde 1s1+ By, nbir, 1) Sy, o (216.66)

rae uepe3 R;, o6o3HaueH pajHa/bHBI MHTErpaJ

-

Rif:Srs(pi (r)Qz(r)dr. (216.7)

i}
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Bce marpuyHbie aJjeMeHTH 00pallaloTCs 8 HYJb, 32 HCKJIOYEHHEM
cayuasi I'=1[+ 1. D10 H ecTb NepBOe OCHOBHOE IIpaBHJ0 oTOOpa
LJIst JUIOJbHBIX nepexofoB. [lasee Mbl BHIHM, YTO MAaTPHUHbE 3Jle-
MEHTB X A= [y OTJHYHBl OT HYJSl TOJBbKO npu m’ =m 1, a marpuu-
Hble 3JeMeHTHl z—ToJbKO Npu m’ =m. Jlpyrue nsMeHeHHs KBAHTO-
BbIX YHcesa [ W m TpPU AUNOJBHBIX Nepexoiax 3anpeuleHs.

KoMGuHHpysi moJyueHHbie [paBuJa oTOOpa C BHIpaKeHHsd-
mu (216.2a) u (216.26), MOXKHO paccuuTaTh MaTpHUHBIE 3JEMEHTH

<F | (dh-r)| D>,

¢urypupyomue B ¢opmyae (216.1) nasg o60MX COCTOAHUE MOJAPH-
sanuu A=1 1 A=2. PeaynbTaThl TaKHX PacyeToB NPUBOAATCA B CJI€-
nywoied tabaue:

m’ A I'=l+1 I=l-1
1 1y cos O™ C R A1 11, m+1 — 1y c08 e PR Ay
m-1 )
2 — e~ RipArsy, m+1 Yae " PR AL -
1 — sin OR;th.H’ m — sin OR,-fBl, m
m
2 0 0
1 — 1/, cos Oe'PR;pA 141, ~m 41 Yy cos Oe'PR; 1A,
m—1
2 —i1,e*® RiApsi, —m+1 l/zei(DRifAl,m

Ecau uaayuawmomuii aToM He MMeeT OlpejeseHHOH OpHeHTalUHH
B NpOCTpPaHCTBe, TO Ha ONHTe Ml HabJIO2eM H3JdyueHHe, ycpei-
HeHHOe 10 HauaJbHOH OpHeHTaluH atoMma. Ecun ke aTom opueHTHpO-
BaH BIOJHE ollpeneJeHHEIM o6pa3oM, Kak npu spdekre 3eemaHa, To
MOXKHO TNOJYUHTb OoJiee nerasbHY0 HHpopMammio. B stom cayuae
HanpaBJeHHe TOJspHOH ocH cepHuecKol cuctemMbl KoopauHar (O = 0)
coBmajaer ¢ HampamJ/ieHHeM MarHUTHoOro noJs. Ecau Mel Habmogaem
HCIIyCKAHHE CBeTa B HANpaBJeHHH [0Js, TO MaTPHUYHble 3JIeMeHTbI
L5 mepexona m’ =m paBHHI HYJIO H HAGMIOAI0TCA JHIb CIEKTPab-
Hble JHHHH, COOTBETCTBYIOU[HE IIepexojaM, Ajas KOTOpuix m’ =m+ 1
um =m—1. C apyroii cropoHsl, pjs Joboro HanpaBJeHH:, Nep-
NeHAUKYJSIpHOTO noso, cos® =0, mnostoMy mnpH nepexogax, AJA
KOTOpBIX m’ =m == |, NosiBJsieTcA CHeKTpajdbHAsl JHHHSA C OJ#PH3A-
nued A=2, a npu nepexofax, AJs KOTOPHIX m’ =m, — CneKTpalb-
Hag AMHHA ¢ nojsipusaumefl A=1.
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B kauectse npumepa pasfepem 3eeMaHOBCKHe mepexojsl U3 D-co-
ctoanua (5 KoMnoHeHT) B P-coctosiHue (3 xomnoHentsl). Ecau B o1-
CyTCTBHE MarHHMTHOTO NOJIA H3JiyyaeTcsl CHeKTpaJbHAaS JHHHA C 4acTo-
TOH ®,, TO MNpPH HaJUYMM MATHUTHOrO NOJSA H3JydeHue (¢ur. 74)
MOXeT NpPOMCXOJUTb Ha Tpex 4acToTax:

0, =0,+0; npg m=m—1,

@, npu m' =m,

Oy =0,—w; npy m =m+1,
rae

e
OJL=2%.

Ecmm nHabmojeHue H3JydyeHHs INPOU3BOJUTCA B HAINpPABJIEHNH MOJS
(©=0), To cpenHaa JHHHA (®,) OTCYICTBYeT H Mbl MMeeM ay0.jer

m=+]

g
1 dmr=-1 Am=0 Adm=+]
®ur. 74. 3eeMaHOBCKHe IepeXxofu D — P,

B cooTseTcTBHY ¢ npaBHJAOM Am=+1, 0, —] cHeKTpajbHble JHHHH HMEIOT Pa3JHUHYIO
nONASIPH3aLHIO.

C yacToTaMH ®,+®; U ©,—®;. B HampasjeHNH XKe, nepHeHAHKY-
JADHOM MATHHTHOMY IOJIO, HAGJIONAlOTCs BCe TPH COCTABJAIOLIHE
HOPMaJ/IBHOT'0 3€eMaHOBCKOTO TPHILJIETa, HO er0 KOMIOHEHTh! OTHOCATCS
K Da3/HYHBIM COCTOSAHHAM MOJAPH3ALHH.

3agaua 217. UHTEHCHBHOCTH JHHHIl JalMaHOBCKOM cepuH

CpaBHUTb HMHTEHCHBHOCTH JABYX MNepBHIX JUHHH cepuu JlaiMaHa,
Lya u Lyp, B crmekrpe usiyueHuss aroMa BOAOpOAA.

PeweHune. Mbl J0JIKHBL paccMOTPeTh ABa Nepexoia:
Lya: 2p—1s u Lyp: 3p—ls.
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BeposiTHOCTL W3J1y4eHHs, NPOMHTErPHPOBAHHAA N0 BCEM HampapJe-
HUAM ¥ NPOCYMMHPOBaHHAsl MO OOOMM COCTOSIHHAM [0JspH3alliH,
1MeQT BUJ

P=%“;§ <P ] (217.1)

VIHTEeHCHBHOCTb CNEKTPaJbHOH JHHHH (T. €. SHeprus, U3jyuaemas
B | ¢) nmponopuroHa bHa NPOU3BEAEHUIO ® P, MO3TOMY MJISl paccMarpH-

BaeMbIX JHHUH
la _ <.E_a_ !
I Eg

B aroMHBIX equHHLAX 1] 3HEPTHH COOTBETCTBYIOLUIMX MEPEX0J0B
HMeeM

2

dsiri2e |° 217.2)

KIs|r|3p>

11
2 8

1
)

4

1
Ea= E=—g— (2173)

H EB=

| w

Takum oO6pasoMm, OCTaeTcsi BBHIYMCJHTE [BA MATPHUHBLIX SJeMeHTa.
CorsiacHo pe3ymbrataM 3afa4d 67, BOJIHOBas GyHKIHS KOHEUHOrO
COCTOSIHMSI 3aNHChIBaeTcs B BHIE

! ~-r
lls>—-ﬁe , (217.4a)

a ]/ BOJIHOBHIX (QYHKUH# HayaJbHBIX COCTOSTHHH MBI HMEEM B CJylae
auHuH Lyo BripakeHue

|2p> = —

4V 2

a B cayyae Jguuuu LyP BbipaxeHHe

re=*2 cos 0, (217.46)

=,;____4.._ ___1- ) p=1sr
| 3p> Vo (r g7 )e cos ¢, (217.4B)

Boile a4s o60HX p-COCTOSIHUH MbI NPOU3BOJILHO NOJOKUAN m =0,
310 OTHIOAL HE OTPAHMYMBAET OOMHOCTH PacCMOTPEHHs, MOCKOJBKY
Mbl He cofupaemcs ofcyxaaTh 3(pdeKTbl, CBA3aHHbIE ¢ OpHEHTalHeH
atoma. Paiunyc-BeKTop r HMeeT KOMIOHEHTH

x £iy=rsin¥ex’® u z=rcos Y.

Kax nemocpencTBEHHO BHIHO, MarpuU4HbIE 5JIMEHTHL X =+ (Y B Pe3yJib-
Tare WHTErPHPOBAHHUsS MO YIay ¢ obpailaioTcss B HyJb. Takum obpa-
30M, OCTaercs BBIYHCJIHMTH JIHIb MaTPUUHBIA 3/1eMenT <f|z|i>. MUmeem

_ 1 52 ¢ 45=3/yr
<ls|z]2p>—4nV§9§dQcob ﬁé‘rv dr
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_ s 09 (o (r—L o) oo
1s|z|3p> 27M/_§Sd€2cosﬁ§r (r 6r)e rdr.

I"Ioc.nezmne HHTErpaJsibl BLIYUCJAAKTCA 3JEMEHTAPHO, U MBI noJyyaem

I 256 1 27
<ls|212p>=—‘/—§ﬂ5 H <15|2‘|3p)='1/——2§- (217.5)
CobGupas BMecTe cooTHowenus (217.2), (217.3) u (217.5), okonua-
TeJbHO HAXOLHM

la 27\4/ 256 64 \2 -
Tﬂ:<3§) (ma) =0,510%6,23, (217.6)
HJAN

la 318,
Ig

Samewarue. PajuanbHEe MATPHYHHE SJeMeHTH I/l OPYTHX Tap COCTOSHH
atoMa sojopona npuseflennl B Monorpaduu DBere m Cosnurepa: cm. Bethe H. A.,
Salpeter E. E., B knure: Encyclopedia of Physics, Springer, Berlin — Géttingen —
Heidelberg, 1957, Vol. 35, § 63 u ocoGenno Taba. 13. (Hmeercs nepeson: Beme
I., Connumep 5., KpantoBasi MexaHHKa aTOMOB C ONHHM H NBYMSI SJEKTPOHAMH,,
®usmarrus, 1960, crp. 412—415.— Hpum. ped.)

3anaua 218. 3ddext Komnrona

OrpaHuyMBIINCh HEPEJATUBUCTCKOH Teopueff, paccMoTpers pac-
cesnne $oToHA Ha CBOGONHOM NOKOSLIEMCS 3JEKTpPOHE.

Pewenne. [Ipu HaiuuMH nosa M3JMyYeHHA MJOTHOCTh 3JEKTPHYEC-
KOro ToKa MPEINHTEepOBCKOTO IOJsA 2JEKTPOHOB ONHCBHIBAETCS Q)op-
MyJ10H

. eh 4 + e? " Yoy
J= =5y W VY=Vt ) —— APt =4 +j",  (218.])

m

a B3auMoIeHcTBHe noJied P U A HMeeT BUI
W=%S(j-A)d3x=W’+W". (218.2)

IloacTaBuB . B 3HEPTUIO B3aHMOJEHCTBUS BMECTO KBAHTOBAHHOTO mpe-

1) B panee PacCMOTDEHHHIX HAaMH 3ajauax 06 H3AYYeHHUH NOCJAERHMH JOMNONHH-
TeabHbll useH 8 ¢opmyJe (218.1) He paBan Bkaajza B [1pollecC MEPBOr0 NOpSALKas
H N0 3TOR NpHYHHE He YYHTBIBAJICS,
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JAUHTEPOBCKOI'O IT0JIA 1 BBIpAXKEHHE

. 1 ‘o,
=—n==Y cgel?r, 218.3

a BMECTO KBAHTOBAHHOTO NOJS H3JyYeHHS BblpakeHue
A= 2 I/Wﬁ 2 (ba.e* T + blpe=i®r), (218.4)

JIETKO 3ameTuTh, yro sHeprus W” (oHa BO3HHKaeT u3 uieHa ¢ j”)
LaeT BKJaj B paccesiHHe YyXKe B MEPBOM IOpSIAKE TeOpHH BO3Mylle-
HuHA, 3sHeprua xe W’ (OHa BO3HMKaeT u3 uwJjeHa C j') laeT BKJal
B paccesiHHe JMIUbL BO BTOPOM NOPsAKe TeopHH Bo3MmyiueHuii. Ilo arof
NpHYHHE Mbl COCPENOTOYMM Hallle BHUMaHHe HAa SHEePIMH B3aHMOjeil-
CTBHUS

" e 2 3
14 :—WSA Wt P, (218.5)
BOBHHKHOBBHP[C ITOr0 4YJjeHa B SHEPIrun BBaHMOﬂ,eﬁCTBHH JIerko 06BbSACHUMO

H C TOYKH 3peHHus KJACCHYECKHUX Hpe}ICTaBﬂeHHﬁ. Hanpﬂ)KeHHOCTb 3JMEKTPHYUYECKOT O
noJs CBETOBOH BOJIHH

1
E=——4
¢
najaouedl Ha 3/€KTPOH, NPHBOZUT €ro B JBMIKEHHe, TaK 4TO
.- e
mr=—e§ = - A

H. C/JeRoBaTe/bHO,

B pesyJsbTaTe BO3HMKaeT WHIYLMPOBaHHAs NJOTHOCTH TOKa
" . 4
=pr =-— pd
J=e me P4

rlle p— NJIOTHOCTb 3apsja. Cornacr{o XKe TeOpHHU MaKCBeJIJ'Ia B3aUMOJleicTBHe TOKa
H II0J11 U3JYUE€HUS HMeeT BHJ

W/”-_—? S - 4) d3x=—mfc—2- S pA2d3s,
Ecau clofa mocraBuTh BbipaxeHHe
p=—cy' ¥,
TO B pe3yJbTaTe Mbl npuieM K ¢opmyJe (218.5).

IIpy KOMITOHOBCKOM paccesiHHH HayaJsbHHE (GOTOH, HaxoAstuHcH
B COCTOSIHHH C KBAHTOBBHIMH 4HCJaMM R U A, W HAyaJbHBIH 3/1eKTPOH
C MMIYJbCOM Kg yHUUTOXKAKTCA H 3aMEHSIOTCS (DOTOHOM B COCTOS-
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HHH C KBAHTOBBIMH YHC/IaMH R’ M A’ i 3JEKTPOHOM ¢ HMIYJbCOM fig’ .
Takofi npouecc B nmepBoM MopsiiKe TEOPHU BO3MYIICHHH ONUCHIBAETC 5
TeM WJeHOM raMHJAbTOHHAHA, KOTOpHIA CONEep:KHUT KOMOHHAUMIO one-
paTopoB

chcqbhabm. (218.6)

MaTpuuHbIfl 3/1leMEHT HHTEpeCYIOLIero Hac uJeHa SHeprHH B3aHMo-
neficreua (218.5) nmeer Bux

i ——_.._ei_ ﬂﬁ_ M )Y ot (k- g~ —g°)-r 3
GFIW)i>= mczjcwww("" ul e @ rdix. (218.7)
OUrypHpYyIOLLINA 31€Ch HHTerpas] He obpaljaerc B HYJb JHUb MpH
YCJIOBHH

kt+tqg=Fk +¢q, (218.8)
T. €. B TOM CJyuae, eCcJii B pacCMaTpHBAeMOM IpOLecce BLINOJNHSETCS
3aKOH coxpasenus ummyJasca. C yueToM 3aKOHA COXPaHEHH s HMIYJibCa
BuipaxeHHe (218.7) nmpuHuMaer BHJ
(A A’
2neh (” ). "k' ))

FIW' D =—15 - 7k

(218.9)

Jnda onpenesieHus ceueHHs paccessHHA BOCIOJb3yeMCs 30JI0THIM NPaBH-
JoM. Hmeem

do (R, ?\,)—————pfl<f|W"|t>|“‘ (218.10)

rjie NnJOTHOCTb KOHEUHLIX COCTOSIHHH OIHCHIBACTCHA Bblpa}KeHHeM
kdR'dQ o

o= SﬂadEj ’ (21811)

a cyMMapHas 3Heprus (oTOHAa H 3JEKTPOHA B KOHEYHOM COCTOSIHUMU
HMeeT BHI

E,=ﬁck’+-§%q’2:ﬁc [k'+7’;(k'—-k_q)2] (218.12)

H=—

3

[TepeiizemM Ttenepb k paccMoTpenuio noaspusauuu. Ha ¢ur. 76
HMIIYJbCHl QoToHa kB U R’ 10 M mocje paccesHHs PacloJOKEHBL

B miockoctH Gurypel. Oba BekTopa ;) u ul) Takwe JexaT B 3Toit
(Ha durype oHH HE MOKa3aHbl)

2 2
IJIOCKOCTH, @ BEKTOPH u}e’ u uy)

nepneHauKyadpHel K HeHl. Cka/isipHble NPOU3BEJECHHA, CTOAULHE
B Bbipaxenuu (218.9), kak cseiyer HenocpeicTBeHHO M3 ¢ur. 75,
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HUMEIOT BUJ

(" 1)) = cos 0, (u"- u)=0, (218.13a)
(82 4l) =0, (@2 ul)=1. (218.136)

[losToMy B paccMaTpUBaeMOM MpOLECce BO3MOKHBEL JIHIIb Te Iepe-
X0Abi, IPH KOTOPHIX BEeKTOPHI, XapaKTepu3yIOou[He INOJAPH3anHio
COOTBeTCTBEHHO [0 H TOCJe paccesHus, Jubo o6a Jexar B NJOCKO-

D ur. 75. Dpdbexr Komnrona.
BexTopht u;cl) H uscl,), XapaKTepH3YiOlHe NOJAPH3aLHIO B HAYaJbHOM COCTOSHHH (R) M KOHeu-

HOM COCTOAIHHHW (R’), pacrioloXeHbl B NJAOCKOCTH BEKTOPOB 2 U &’; BEKTOPHI u}f’ H u;f.) nepeH-
OHKYJASAPHBL 3TOH IOCKOCTH (Ha GHrype OHH He MOKa3aHhl).

CTH BEKTOpPOB k& W R’, subo oba neprneHankynafapHul efi. B mepsom
cJyyae BeposITHOCTb Ilepexoja IPONOpLHOHaJbHA COS*Y, BO BTOPOM
c/lyuae OHa OT yrI.ia paccesiHus He 3aBMcHT. Ecniy BHavaJe cBer ne noss-
pH30BaH, TO HeOOGXOAHMO BEPOSITHOCTb Mepexojia YCPEeAHHTEH M0 MoJsi-
pusanuMd A ¥ DPOCYMMHDOBATh [0 KOHEYHOH monapusanuu A'. Takum
o6pasoM, moJyyaem

3 () ul)) = (1 -+ costd). (218.14)

g

Huxe Gynem npepnosarars, 4To B HA4a/ bHOM COCTOSIHHH 3JEKTPOH
MOKOHJICA. DTO O3HAuaeT, 4To

g=0, (218.15)

Torga ¢ yderoM dopmyJl (218.12) 3akoH coxpaHeHHs 3HEPr UM MOKHO
3an#caTb B BHJE

he [k’+ (k' — k)? ] — fick. (218.16)

Tax kak
(B —R): =k + k2 —2kk' cos ¥,

TO TpegBiylilee PaBEHCTBO MpeACTaB/sgeT coG0H KBajpaTHOE ypaBHe-
HHe OTHocuTeJbHO R'. Ero pemenune umeer B[

=kcos O —x+} u? 4 2uk (1—cos®) — k2 sim?®. (218.17)
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IlockoabKy, Aanee, B cuay (218.16)

dE o,
d—k{———fw [l +;(k —kcosﬂ)] ,

10 BhHIpaxeHue (218.11) ais nJOTHOCTH KOHEYHBIX COCTOSHHE D,
MOXKHO NPEACTABHTb B BHjE

o, =2 — dQ’. (218.18)
8n*he L4 (k' —k cos )

Takum ofpasom, ¢ yuerom BeIpaxkenud (218.9), (218.10), (218.14)
1 (218.18) okoHYaTeJLHO MOJyyYaeM

k'3

)2 —é—(l—]—cos”})
1—}—%(k'—k cos )

ki’

dQ’, (218.19)

mc®

dc:(i?—

rae BennuuHa R’ onpejensiercsi cooTHoweHHeM (218.17).

Jo cux mop pce HawM (QOpMyJEl B paMKax HepessaTHBHCTCKOH
Teopud GBIIH COBEPIIEHHO TOYHBIMH, HO, pasyMeercsl, HMH cJegyer
I0/Ab30BaThCH TOJBKO B TOM CJyude, e€c/JH KHHETHYECKas SHEPrHus
3JIEKTPOHOB MaJa [0 CPaBHEHHIO C mck:

Eu=hck—k") K me* nom k—Fk X,

nostoMy B ¢opmyaax (218.17) u (218.19) nenecoo6pasHo npuber-
HyTh K pasJIOKEeHHIO B DAl II0 CTeneHAM OTHOWeHHs k/x. Vmeem
k' k k2
"u—ﬂ % W (I—COS'ﬁ‘) +4+...

1 /e \e T k .
dcz—é-(m) [1—2;(1—;05{»] (1+cos2 §)dQ’.  (218.20)

Orciona nocsie 3/eMEHTAPDHOTO HMHTETPUPOBAHHA IO  YIJIOBHIM
Hep(::MeHHbIM HOJIy'-laeM Bblpa}KeHPle AJ IIOJTHOro CeYyeHHusd paCCQﬂHHH:

8n / e2 \s |
L (i L S (218.21)
3 (mz) 1+2_§_

Kak XOpoOLIO H3BeCTHO H3 KJACCHYECKOH SJIeKTPOAHHAMHKH, B
JJUHHOBOJHOBOM TPHOJIIKEHHH ceueHHe pacCMATpUBAEMOro Hpo-
uecca onucbipaercs popmysoii TomcoHna:

oo=8—;-(;le—:—2>2=6,652 % 10725 cuM?. (218.22)
®urypupylouHi B Bupakennu (218.21) nononHuTeIbHBIA MHOXKHUTEDb
npecTaBJsieT co00k NEePBYI0 KBAHTOBYIO NONpaBKy, OJarofaps KoTo-
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pofi BeJMMUHMHA CEYEeHHS YMEHbLIdeTcs C pOCTOM 3Heprud (oToHA
(k/xzﬁm/mcz). Pasymeercs, MBI MOXeM OrPaHHYHTBCH TOMBKO 3TOMH
NONpaBKoH JIHLIb B TOM cJayuae, ecau k/x<€1, T.e. ecan AJMHA
BOJIHBl N4JAIOLIEro CBeTa BEJHKA [0 CPaBHEHHIO C KOMITOHOBCKOH
AauHOE BOMHB /% = fi/mc (npu ﬁm:m02:0,51 MsB uaum k=mn
MBI HMeeM k=2nﬁ/mc).

Samewanue 1. Ecmu g =0, 1o Braag or uneHa W' sHepruu B3auMofmeficTBus
(218.2) Bo BTOpOM MOpPSIAKE TEODHH BO3MYIIEHHI paBeH Hymo. [IpH peslsTHBHCTCKOM
paccMOTPeHHH HHTepecylowero Hac npouecca OO6BIYHO A8 MNJIOTHOCTH TOKa HCHOJIb-
syercst Beipaxenue (199.1), Tak uyTo KOMOTOHOBCKHE HepeXOisl OKasblBalOTCs BO3-
MOXKHBIMH JIHUIb BO BTOPOM NOpsiAKe TeapUH BoaMylieHuit. OJHaKo H B pesATH-
BHCTCKOM CJyyae peUIEHHIO MOXKHO Hpujatbh (opMy, NOJHOCTbIO aHAJOTHYHYIO MpH-
BeJleHHOH BhIle, ecyu pa3GUTh BHIpaxKeHHe AJs IJOTHOCTH TOK2 Ha JiBe YacTH, Kak
310 6BLIO cliesnaHo B 3afauye 199.

3ameuanue 2. Ecan sHeprus QOTOHOB BesIMKA, TO S ONHCAHHS IJIEKTPOHOB
HeoGx0NUMO NoJb30BaThes ypasHenHeM [lupaxa. [lpu stom BMecto dopmyin (218.21)
noayuaetcst ¢opmyaa Kaeiina —Huwmnne. Cneayer, ogHako, 3aMeTHTb, YTO Haie
npuGJHKEeHHE OKa3blBaeTcsl XOPOIWHM B NOBOJLHO LIMPOKOH o6aactu sHeprui. Tax,
Hanpumep, npu k/x=0,2 u3 (218.21) noayuaeMm o/0,=0,714, a rtoyHas QopmyJaa
Kuaeiina— Huumnnb gaet 0,737. danee mpu k/x=1 coorBerctBenHo umeem 0,333
u 0,431. daxTHyeckas BeJMYHHA CEYEHHS PACCESIHHS YMEHbILAeTCsl ¢ POCTOM 3SHep-
r'HU 3HAYHTEJNbHO MeJJIeHHee, YeM 3TO CJelyeT U3 Halueil npHOMMKeHHOH (OpuyJsl,
Tak, manpumep, npu k/x=1000 BMecTo TouHoro 3nauenusi 0,0215 moayuyaem 3ua-
yeHue G/0,=0,0050.

3apaua 219. TopmosHoe H3ayucHHe

B pamkax HepeJsTUBHCTCKOH TEOPHH CTOJIKHOBEHHE 3JIeKTPOHA
C TAXKeJbIM fIPOM, CONPOBOXKIAIOUIEECS POKACHHEM V-KBAHTA, MOXKHO
paccMaTpHBaTh Kak IIpollecC BTOPOro MopsAfKa, B KOTOPOM SIAPO
cuntaercsi OGECKOHEYHO TSXKeJbIM W ONHCHIBaeTCS NPOCTO ero 3JeK-
TpocTaTHueckuM noJeM. [flosbsysAch ykas3aHHBIM  NpHOHKEHMeM,
paccuuTaTh CHEeKTP TOPMO3HOTO H3JYUYEHHs.

Pewerne. Ha c¢ur. 76 noxasanol jBe npocrefilive JHATPaMMH,
COOTBETCTBYIOIHE paccMaTpHBaeMoMy nponeccy. B HavasbHOM cocro-
SIHUH HMMEIOTCH IMOKOsileecs SAPO M 3JEKTPOH C UMIyJabcoM fig.
B KoHEWHOM COCTOAIHMM Mbl ONSTb HMeeM I[lOKoflUleecs fApPo, 3JeKT-
POH C HEKOTOPHIM MEHbIUHM HMIYJbcOM /g’ 1 (OTOH B COCTOSHUM
C KBaHTOBBIMH uxcJjaMH kB u A. Tak kak Mmacca sapa npeanoJsaraercs
GeCKOHeUHOH, TO B Ipollecce CTOJNKHOBEHHS MeHseTcsl JHUIIb ero
HMIyJbC, @ BSHePrua ocTaercd npexued (M =oo, p— KOHeuHas
seauunHa, p2/2M =0, v=0). TakuM oGpa3som, Haua/JbHOE H KOHeY-
HOEe COCTOSIHMS BCeX OCTaJbHbIX YacTHI[ YAOBJETBOPHIOT 3aKOHY
COXpaHeHHS SHEPrHH, 3aKOH XKe COXPaHeHHs HMIYJabca AAS HUX
He MMeeT MecTa.

OHeprusi BO3MYLIEHHS] COCTOHUT M3 JABYX Y/EHOR,

H =H,+H,, (219.1)



219. Topmosnoe uasywenue 279

npuyeM Ieppoe cJjaraemMoe

H, — —Ze2S}¢+¢dax | (219.2)
ONHKCHIBAT KYJIOHOBCKOE B3aMMojJeiicTBHe sifpa (3apan Ze) u ajek-
TpoHa (IJIOTHOCTk 3apsja p= —eyphp), a BTOPOE CjaraeMoe
H,= CLS (A-J) d*x, (219.3)
rie

J= 2,,,, Wrvp — v -¥),

J
T\ jSkr
€A
q

®ur. 76. OuarpaMmbl DeilHMaHa HHUSLIEro NOPSANKA [JA TOPMO3HOIO H3JIYUEHHS.
JIBOMHbEe JIHHHH OTHOCATCH K GECKOHEUHO TSKEJOMY SIAPY, ORMHOUHLIE JHHHH —K DJCKTPOHAM,
BOJIHHCTHIE JIHHUH —K GOTOHAaM

npejcTanJsier co60if SHEPrHIO B3aHMOAGHCTBHA 3JIEKTPOHA C IOJIeM
n3nyuenus. Hmeem

A=), i’;’f U (baetr + bipe-1r) (219.4)
R, A
H
- V—‘__%— }v.:cve“lv", V‘l’z—y% Z quoreisv. (219.5)

INoacrapass pbipaxenus (219.4) u (219.5) 8 Qopmyasr (219.2) u
(219.3), nocJse MHTerpHpOBAaHHS 10 BCeMY IPOCTPAHCTBY MOJydYaeM

= ——'ZC Cv

qv ; (219.6)

H

3 2ch
HF_%,;M;]/ Z A
X 0ty 086, gy gy +D1aBb. gy (219.7)

Yro6pl HaliTH OTJIHYHBIE OT HYJS MATPHYHLIE 3JIeMEHThbl, COOTBETCT-
BylOwme npoueccy, n3o0pakeHHOMY Ha auarpamme ¢ur. 76, a, HyxkKHO
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B3STb M3 [, ujeHbl, IPONOPLHOHANLHAIE cf,acq, U u3 H, uneum,
¥
NPONOPLUHOHAJbHbIE ancf,'bkr Hnmeem

4dnZe? 1
Ga | Hi | = — 5= (219.82)
H
eh nch

', kM| H,y|q> = —5— 55 U ul (g, +¢q). (219.86)

Yro kacaeTcsi mepBoOfi BepIUMHBI, TO 3JeChb y HAC HET HHKaKOro 3a-
KOHa COXpaHeHHs, BO BTOPOH e BepIUMHE JOJ/IKEH BHIIOJHATHCSH
3aKOH COXpaHeHHs HMIYJbCa

k+q' =gq,. (219.9a)
Orciofa ¢ yYeToM OPTOrOHaJLHOCTH BEKTOPOB a}}’ u k moayvaem
uP (g, +q4)=2ud q). (219.10a)

B cayuae npouecca, usoGpaxenHoro Ha Jmarpamme qmr 76,6, Mbl
JOJIKHBI B3ATh U3 [, wieHbl, NPONOpPIHOHAIbHbIE cchbbm, uus H,—

u/eHBl, NPONOPLUHOHAJbHBIE Cq,Cl,,

eh anﬁ

<G, kMHglq>=—2—m; w5 5 M- (g+q,) (219.11a)
H
’ 4nZe? 1
q'|H,|q>= ——%-W. (219.116)

B 3toM cuyuae 3aKOH COXpaHeHUs HMIYJ/bCa MMEeT MeCTO B MepBoil
BEpLIMHE

k—q-+q,=0 (219.96)
U, CJeJoBaTeJbHO,
uP - (q+q,)=2(ud-q). (219.106)
SHQPFHS HayaJbHOI'oO COCTOSIHUA
h2g2
E;= 2,‘7’2 (219.12)

J0J/KHA paBHATBCA 3HEPIHH KOHEUYHOI'O0 COCTOSAHUSA

Ej=l9" ﬁ"g + ek, (219.13)
NI03TOMY

§*=q'*+ 2uk, A= (219.14)
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Jlas mpoMeXYTOUHHX cocTosHH#, coraacHo (219.9a) u (219.96),
HMeeM

h2g2 2
Ey— oot = B (g iy (219.15)
! #
2~2 2
E, =% +ﬁck=% [(g— k) + 2xk]. (219.16)

Ilo1b3yficb BBeJEHHEIMH OGO3HAUEHHAMM, MATPHUUHBIH 3JeMeHT
BTOpOro MOPsAKa MOXKHO 3aNlucarbh B BHIE

’y s flHsla> Hyli Hilb<w | H
(le |l>= fl -IE“;_«]IEL 1|’>+<f| 11|5>_<El|, 2“)

ToxcTasasisl clofa BbIPAaXKeHHA NJS MaTPHUHHIX 3qaemenToB (219.8a),
(219.86) n (219.11a), (219.116), a Takxke BhlpakeHUA IJA HUMIYJb-
COB g, U §,, HaxXo@UM

P 4nZed b 2nch 1 (u-q)  (u"-q)
(le ll) "’—' 1/ 1q__q7_.k|2 [Ei“‘ E —Ep |
(219.17)

s nonyyeHus ceueHus TOPMO3HOIO U3JyUeHHS HeoOXOAdMO
BOCNOJIb30BATbCA 30J0THIM [PAaBUJOM H, CJeJ0BaTe/bHO, INpexie
BCETo BBIYHC/IMTD [JIOTHOCTh KOHEUHbIX COCTOSIHHA Q. 31ech UMeeTcs
HeboJbllasg TPYAHOCTb, TaK KaK H3-3a OTCYTCTBHS 33aKOHa COXpaHe-
HUSI UMOyJbC2 HANpaBJeHHs, B KOTODHIX BbLLIETAIOT KOHEYHLIE 4a-
CTHIBI, ABJSIOTCSA HE3aBUCUMBIMH. {/1s omHON yacTHIR! (OTHOCAUHECS
K Heli BeTHYHHBL MBI CHaOAMM HHAeKcoM l), Kak Mbl 3HaeM, HMeeT
MecTo (popmy.aa

_&En9? _ pi 7/3
0 =T, T di,.

Jas npyro#t uyacTHUbl (OTHOCAIIMECS K HeH BeJHUYMHBEI Mbl cHaGium
HHAEKCOM 2) TJOTHOCTb COCTOSIHHH p, Onpejefsiercss aHaJoruuyHoi
@opmyﬂoﬁ HO IIMPHHAa HHTepBana dE, W ero nojoxeHue Ha ocH
5Heprufl B CHJIY 3aKOHA COXpaHeHHs SHEPTHH 3aBHCAT OT IUHPHHDI
U OJIOXKEHHs HHTepBaja dE, ajs nepBoil uactuunl. Takum o6pa-
30M, HeOOXOQHMO MOJIOKHTh

Ps=P1P-dE,.
Ecau cuntath, 4To UHIEKC | OTHOCHTCA K 3/1€KTPOHY (g’), a HHAEKC
2—k Qorony (k), To B HalleM YacTHOM cJyuae HUMeeM
2

2
fe=mhy,  fr=Ghw, dE,=hedt

Ug
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hk?
8nd3h3c

mﬁq’

8r3h3
M3 obuweit ¢popmyasl aaa AH(@epeHlHaJbHOTO CeueHus,

do =22 . 2o [<f1H' >},

1

0= 55dQ" - 90dQ,-hicdk. (219.18)

nocJe MOACTAHOBKH B Hee Buipamenuft (219.17) u (219.18) noayuaem
& 2ot gk
Fe ™ ¢ lq—q —kP

(M) (M
<(" g) E ") >d£2 dQ'dk.  (219.19)
l

do = X

3necy d)’ —3J1eMEHT TEJNEeCHOTO yrya B HaNpaBJEHHH BELIETA 3JI€K-
TpoHa, dQs— 3JEMEHT TeJIECHOrO YrJa B HalpaBJeHHH BblLIeTa (o-
ToHa, a chik M A-—ero SHeprus W MOJSPH3AUHS COGTBETCTBEHHO.

Ham ocrasocs MOJY4HTh (POPMYJy [J/5l 3HEPreTHUeCKOTo CIeKTpa
TOPMO3HBIX (DOTOHOB Ge30THOCHTENLHO K €ro MoJisipH3alMH U HallpaB-
JeHHsM BblIeTa o0eHX 4acTHL. DTO O3HAUAET, 4TO NOCJIEeLHEE Bblpa-

®ur. 77. TopMos3Hoe H3aydYeHHe.
TlokasaRy HanpaBleHus oceff BLOPaHHON CHCTEMH KOODAMHAT.

JKeHHe, Mbl JOJ/IKHB HPOCYMMHPOBATh N0 A H HPOUHTErPHPOBATH IO
BCeM VIJIOBBHIM IepeMeHHbIM. B 3ajavax paccmarpuBaemoro tuna
Ipolenypa MHTETPHPOBAHHS MO YTJIOBLIM IepeMeHHbIM JOBOJILHO
YVTOMHTE/IbHA, OJHAKO B HACTOSIIEM CJy4ae, Kak Mbl yGeguMmcs
HUXKe, BCe OOCTOHT OueHb IIPOCTO.

Ha ¢ur. 77 nokasaHa cucTeMa KOODAHMHAT, B KOTopo#l yAoGHee
BCErO pACCMATPHBATh TPH HHTEPECYIOMIMX HAC BEKTOPA HMIIYJbCA.
DTH BEKTOpPH HEKOMIJAHAPHBI, T.€. ec/li BekTopbl ¢ u B B Bui6pan-
HOIl cHCTeMe KOOPAMHAT PACNoJaralTcsi B IJIOCKOCTH X2, TO BEKTOp
g’ UMeeT COCTABJSAIIYIO BIObL ocH y. Mmeem

q =40,0,1),
kB =k (sin?d, 0, cos?),
q’ =¢q' (sin®’ cos¢’, sind’'sing’, cosd)
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) —(—cos®, 0, cos9), u’=(0, 1, 0).

Uz gopmyast (219.14) caenyer, uto k<€g 0 k<€ q’, 1OCKOABKY
BeJHYHHA X BeJHKa, [03TOMY B HIJKECJeAYIOWHUX pacyeTax Mel
BOCHOJIL3YEMCS THUMHUYHBIM JAJs HEPeJATHBHUCTCKOH TeOpUH NpHOJIK-
XeHHeM ¥ npeneGpexeM UMIYJbCOM (GOTOHA MO CPABHEHHIO C HMITY . Ib-
COM 3JIEKTPOHA. DTO MO3BOJSIET YNPOCTHTh IHEpreTHYeCKHe 3HAMEHa-
Tesu, ¢urypupylomne B ¢opmyse (219.19). IToapsysice cooTHolue-
Husmu (219.12), (219.15) u (219.16), momyuaem

ﬁz 5 2 ’ 3
E,—EG:W((F——(] l'_'2(q k)_k2)7
Ei—Ey= 22 (—0xk+ 2 (q-B)— ).

B o6oux 3THX BbIpa’k€HHsIX MOXKHO NpeHefpeub IBYMS IOCJEIHHMH
YyJeHaMH, a BeJqHUHHY 2%k 3aMeHHTb, corJacuo (219.14), pasHocTbio
g*—q"2. Takum oGpasoM, HMeeM

Ei—Eaz—g-(W—-q"")z—(E,.—E,,). (219.20)

CrepoBaTe/IbHO, 3HepreTHueckHe 3HaMeHaTeJH B ¢opmyJe (219.19)
B 9TOM NPUGJIHKEHHH OKAa3blBAalOTCA PABHHIMM [0 BeJHYHHE H IIpo-
TUBOMOJIOKHBLIMM 110 3HAKYy, TaK UYTO Mbl MOMEM I[POCTO BHIYECTD
OJZHH YHCJHTENb M3 JPYroro, moJjaras Jubo A=1, qu6o A=2:

(- q")— (4l . q) = g'(— cos © sin ©' cos ¢’ + sin ¥ cos §') —g sin 9,
(219.21)
(. q) — (4 q) =g’ sin § sin ¢’.

Yro6b! NMpOHsBECTH CYMMHMPOBaHHME IO A, HEOOXOLHMO BO3BECTH 3TH
BhIpaXKeHHS] B KBAjpaT U CJIOXKHUTb.

Haxkonen, pesepdopnoBckuii 3HameHatesb B dopmyne (219.19)
B TOM e NpubJHXKEeHHH MOMKHO 3amucaTb B BUJE

(q—q —R)} ~(@—q' )= (q*+q'*—2qq  cos 9")2. (219.22)

Co6upass paccCMOTpPEHHble MHOXHTEJH BMeCTe, JIETKO 3aMETHTb, YTO
yrasl ¢ U @' QUIYPHDPYIOT TOMIBKO B CymMe, cofepxaiied KBanparhl
Beipaxenuit (219.21). Murterpan no ykasaHHBIM YIJIOBHIM IIePEMEHHBIM
BHUHMCJISIETCS] 3JIeMEHTApHO, M Mbl HAaXOAHM

2n
$a | ag' ¥ [l q) — ()} =57 g + 4" — 29" cos ).
0 A
(219.23)
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Corstacuo (219.22), Touno Takoe e BblpaxeHHe, HO TOJBKO BO3Be-
JCHHOe B KBajpaT, MMeeTCcsl y Hac ¥ B 3HaMeHaTejle, NOITOMY

+1
7o (€ \?16 ¢’ dk d(cos 9')
doll) =2 <ﬁc> 34 k J @47 - 20 cos B

rae uepes do (k) 0603HaYeHO CeueHue TOPMO3HOTO H3JyUeHHS (POTOHOB
¢ 3HeprUsiMu B HHTepBaJe dk Ge30THOCHTEJLHO X HaNpaBJeHHI0 HX
BblIETa M MOJSIPH3alUM W 6e30THOCHTENBLHO K HAalpaBJeHHIO BbLIETa
anekTpoHoB. [locnepnufi uHTErpas BhluHCJsieTcsl 3/€MeHTapHO,

+1

S A 1 q+d
Y, a0 at—2q'x 9'q Tq—q"’
TaK 4TO OKOHYATEeJbHO UMEeM
02 () (hmete) s
do(k) =52 (m) FIn L), (219 .24)

W3 aroit dopMmyssl ¢ mnomombio coorHomeHus (219.14) moxHo
HCKJIOYHTb HMIYJAbCH], BRIpa3suB BeJHYMHy ¢ depe3 sHepruio E ma-
JAIOUIETO SJAEKTPOHA M SHEPIHIO Ekzﬁck TOPMO3HOTO (OTOHA:

q+a et g [V E+ VE—EY*
nq__q'— o 2 E .
q*—gq B

1

OnuceiBaeMBlfl NMOJyueHHOH (GOpMyJO# 3HEpPreTHYecKUi CHeKTp TOp-
MO3HBIX (GOTOHOB IIOKa3aH Ha ¢ur. 78. MH BUIUM, 4TO B 06J1aCTH OYeHb

!

do.
ExaE,

02 04 06 08 L0
Ey/E —

® ur. 78. Pacnpenesenyie HHTEHCHBHOCTH TOPMO3HOTO H3JYYEHHS,
Yuer sKpaHHPOBKH KYJIOHOBCKOIO MONA YCTpAHAET JIOrapHpMHUUECKYI0O paCXOAHMOCTD NPH Ek_—.().

MaJIbIX 3HEPrHH (POTOHA HMEETCs CHHIYJSAPHOCTh, KOTOPYIO OGLIUHO
Ha3bIBAIOT WHOPaKPaCHOA PACXOXMMOCTHIO.

3aneqanue. TlocneloaTenbnoe PeJITHBHCTCKOS PemIeHHe 3ajayl, a JaKke
BONPOCH, CBsi3aHHbIE C 5KPaHHPOBKOH, cM. B Kuure I'afitaepa: Heitler W ., Quantum
Theory of Radiation, 3rd ed., Oxford, 1954, pp. 242—256. (Kmeetcs nepesox:
Taimaep B., KpautoBas rteopus u3ayyenus, HKJI, 1956, crp. 275—290.—
Ilpum. nepes.)
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Kpupoanueiinbie KoopauHaThl

Huxe npusoaatcsd . QopMyJsl, CBS3BIBAIOUWHE [PSIMOYIOJbHBIE
LAEKapTOBE KOODAMHATH X, Y, Z C HauboJiee YacTO BCTPEYAIOLIHMHCH
KPHBOJHHENHHBIMY KOODAMHATAMMK, a8 TAKXKE BHIPAXKEHHs AJs PaccTod-
HHsl MeXJy TOYKOH M HayaJoM KOOpauHaT

r=Ve+fy+e
u 1751 onepatopa Jlamiaca
02 02 0?
o T o T oz -
a. Chepuueckue KoopamHathi. Ecau noJsipHas oce chepuyeckoi
cHcTeMbl KOODJAHHAT COBNajaeT € OChIO Z, M YroJ MeXAY pajauyc-

BEKTOPOM 7 W 3TOf Ocblo o603HaueH uyepes &, a a3uMyTasabHbLIH
yron—uepe3 ¢, 1o (cM. dur. 33 crp. 154, tom 1)

x———rsim‘)cosq), y=rsindsing, z=rcos?,
2 ou i I 9 Si du 1 Q%
Veu= r2+r 0r+ 2{sm1‘}61‘}< “ﬁ?ﬁ>+smw&5§}'

6. Huaungpuueckne xoopamtatoui. [lycrts ock 2 sBasercss obuieft
OCbI0 KOAKCHAJbHBbIX UMJAHHADHYECKMX [OBepXHocTedl o = comst, a
(¢ -—CHOBA a3UMYTaJ/bHBLIH yroJ, U NyCcTb KOOPAMHATH TOUKH Xapak-
TepH3yloTca TPOHKOH uucen p, ¢, z, Toria

X=pcos g, y~psinq>, 2=z, r=Vop*+2,
lau lau
247 o —

B. [lapaGoauueckue xoopauHatul. Ilyctb och z saBasercs o6uieit
OCbIO JBYX CHCTeM MapaboJIOUZOB BpalleHus &= const u n=const,
(OKychl KOTODBIX PACHNONIOXKEHH B Hauaje Koophuhar (z=0), a pac-
TpyObl HaNIPaBJEHbl COOTBETCTBEHHO B MOJOKHTENBHYIO H OTPULATEb-
HYIO CTOPOHBI OCH 2. A3UMYTaJbHLIY Yrosl paiuyc-BeKTOpa # CHOBa
o6o3naunM vepes . Yaile Bcero HCmoAb3ylOTCA JBE CJeayiollne
cucreMbl KoopamHat &, 1, @.
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[lepsas cucmema
x=VEncosp, y=VEnsing, z=%(§—n);
=%(§+1])7 §=f+2, n=r—ez, PZVE"’_],

umgla () 2 (1) + %)

Bmopasa cucmema
. 1
x=Encosq, y=Ensing, z=5(E—n);
1 ;
=-2—(§2+n2)! §3=f+2, 7]2:’—‘2', P‘*‘:E'ﬂ;

vugrm{T R (%) +ram (v e )t

r. JuIMncoMjaibHbie KoopauHathli. [lBe TOUKH, Jexalllhe Ha OcH
2(z=4=c), BuibupaioTcss B KauecTBe oOH{WX (GOKYCOB BHITAHYTHX
3JJIMNCOUIOB BpallleHu s, KOTophIe ONHCHIBAOTCS ypaBHeHneM § = const.
Ilycte najiee ypaBHeHHe 1= const onmuchIBA€T CHCTEMY ABYIOJOCTHBIX
rinepGoOJIOHA0B BpallleHus, GOKYCH KOTOPHIX PaClOJIOXKEHH B TeX ke
Toukax. Kak H3BeCTHO, 3TH JIBe CHCTEMEI NIOBEPXHOCTEH OPTOrOHAJLHE!
Mexxny cotofi. OGo3HayuM uyepe3 ¢ a3UMyTaJbHBIH yroJ pajiuyc-
BeKTOpa r, a uepe3 r, U r,— pacCTOAHUs OT TOYKH COOTBETCTBEHHO
J0 (OKYyCcOB 2=—¢ U 2= -} ¢, TOrZAa

x=cV (E—N)(I—m)cosg, y=cV @—1){I—n?)sing,
z=ckn, ri=c@E+m), r,=c@E—m),
E=gr(rihr), =g (ri—ry),
r=cV B4 —1, p=cV/E-DI—m).
OGaacTh M3MeHeHUs MepeMeHHBIX:
T<<E oo, —1In+1, O<qJ<2:rr

S O )% 9 _gomt o
V= e (o E D Fo 5 (= S i -

I'-dyHkuus
I'-dbyuxuust npencrasiiger coboit obobiienue (yHKIUH
nl=1.2-3 ... n. (1)

Ora QyHKLMA ONpejeseHa JHIIb HJI HeNbIX MOJOMKHTEbHBIX dHcel
H YIOBJETBOPSAET PaBEHCTBY

m+Dl=@n+1)nl 2)
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OYHKUHIO A] MOXKHO TaK2Ke ONpeLeJHuTh C IOMOLIbIO Urmezpasa Jirepa
®*
= e-temat, 3)
0
ecJd YcJaoBUTHCH, 41O 0! =1.
I'-dyukuus nospossier 0606UuTL cooTHONIEHUS (2) U (3) Ha cuayual
MPOK3BOJILHOTO KOMIIIEKCHOIO YHCaa 2= X -+ iy:

F'iz+1)=2l'(2), T'(n+1)y=nl! 4)

w

T (2)={ettz-1at, )
0

ecin Rez > 0. Onpenenernas Bhime (yHKUASI SBJIsSETCH MepoMopd-
HOl M MMeeT [OJIIOCHI Ha OTPHULATEJBHOH AEHCTBUTEJbLHOH NOJYOCH.
OTH MOMOCH  pacnoNioXeH B Toukax z=-—n (n=0, 1, 2, ...),
a BblueTs! B HUX paBHb (—-1)?/nl.

Yacmnuble 3HA4EHUA.

P()=0=1, T (n)=(n—1l, (6)
P(-;-):VR, r(%):(é—)!:élfﬁ, )
P(n+-§>:(n+%>! =Gty 8)

Coomuoutenun mexcdy T-ynkyuamu om pasiudnbix apeyMenimnos.

F@AT(1—2) =gz, ©
P(22)=7—‘7— 2”‘11‘(2)I‘(z—|—%). (10)

Pazaocerusn 6 eude Geckoreunbix psdoe uau npoussedenuti. Ilas
BLIYHCJIEHHS KOMIIJIEKCHOTO YHCJa

[ (x +iy) =2Eem (11a)
MO2KHO HOJb30BaTbCs Pa3JIOKEeHUSAMH
@® 3 _1 .

q:y[——c—}—g (%—%ardgx——i—_i———-l)] , (11s)
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rie

C=Se"ln%dt=0,577215 (11r)
0

— TaK HaspiBaemas NOCTOAHHas Diijepa. B uacTHOM cayuae, xoriaa
x=1, umeem

B=|T(+iy) = gr. (12)

Acumnmomuueckoe nogeenue. Ilpu |z|>1 u |argz|<a (1em
caMbiM HCKJIOUAIOTCH TOYKH 2, Jexallhe Ha JeHCTBUTeJbHOH OTpH-
HaTreabHOM MOJYOCH, TJe pacloJoXkKeHbl NOJIoCh I'-QyHKUHH) MOXKHO
BOCTIOJIb30BaThCs opmyrot Cmupaunea:

lnI‘(z)=<z——%>]nz—z+~;—ln2n+0<%>, (13)
HJaH
I'g)~ ]/77T ez (lnz=1) (14)
Ina TOYHBIX BBIYMCJEHHH 4acTO HMCHOJb3YeTcs ¢opMyJia
— — T ~ [yp In 2— _l_ __..__1
2=Te+l='(2)~ V Onz ez in 2 ”(1—}— l2z+28822 +.. ) . (15)
Qurypupyouwuii 3gech psan ApJasieTcs acuMmnrTotHueckum, O TouHoeTH

3TOH (GOpMyJibl I[I03BOJIAECT CYAMTb NPHBOAMMAA HUKe Tabauua (mpu
pacueTax psl B CKo6Kax Obl1 3aMeHeH 1).

" al Vmen(lnn—l)
0 1 0,

1 1 0,925
2 2 1,920
3 6 5,836

4 24 23,506
5 120 - 118,01

Pynkuun becceas

Pemenne guddepeHuuansEoro ypaBHeHHs

u”-r%u'+<1——:;>u=0 (1)
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MOXHO 3amucarb JubOo B BHje
u=AJy(2) +BN,(2), (2)
Jubo B BuIe
u=CHY (2)+C,HY (2). (3)
Qynakuusa J, HaswBaercs ¢ynxyueld becceasn, a pyukuua N, -—

Pyuryued Helmana. Ecan v He sIBJSETCS [eJBIM YHC/JIOM, TO MOMKHO
NOJIb30BATbCS ONpeJeCHHEM

Ny (2) = (cos vy (2) — J_v(z)> . )

sin v
B mnporuBHOM cayvae (T. e. npuH v=n, rge n=0, +1, +£2, ...)
¢yuknuu J, U J_, He ABJAAIOTCH JUHEHHO HE3aBHCHUMBIMU U CBSI3aHbI
COOTHOLIEHUEM

Jon (@) =(—=1)"1,(2). (5)

Pyukuuio N, (2) MOXKHO ONpefeuTb U B 3TOM CJlyuae, MCXOAs U3
ee aCHMITOTHYECKOTO NOBEAEHHs (CM. HUKe).
®ynknuio Deccentst J, MOXKHO TaKe ONpPEAENHTb I10CPELCTBOM

pana
1@ =(5) X airarn(5) ©

KOTODHIH CXOAMTCH Ha BCeli KOMIJIEKCHOH IIOCKOCTH 2z C pa3pesoM
BIOJIb 1eHCTBUTENbHOH OTPpULIATENILHOMN [IoNyocH (T0uKa z = 0 sBJsercs
B oflleM CJydae TOUKOH BETBJEHHS).

Oyukuuu HY u HY naswiBaiores @yuxyuamu Xaukein coot-
BETCTBEHHO [1€PBOT0 U BTOPOro pOAa. IJTH (YHKUMH OINPENEJISIOTCS
COOTHOIIEHH MU

HY @)=Jy(2) +iNy(2), HY (2)=Jy(2)—iN,(2). )

Pynkuuu, obpasyoue (QyHIAMeHTaJbHYIO CHCTEMy pelleHH# (2),
NPUHHMAIOT AeHCTBUTEeJIbHbIE 3HAUeHHs] NpHU JAeHCTBHTE/IbHBIX 3Haye-
HHMSAX z, @ HX BPOHCKHaH paBeH 2/(nz). BpoHckuaH ¢yHjpameHTab-
HOH cucTeMbl perueHuidl (3) paBen —4i/(mz). Ecau v He ecTh ueJsoe
YuCa0, TO QyHKUMH Jy H J.y 00pasyioT Tperbio (hyHAAMEHTAJbHYIO
CHCTEMY DelIeHHWH ¢ BPOHCKHAHOM, paBHBIM —2 sin mv/(mz).

Pekyppenmuvie coomuowznua. JIns Kaxjaoro M3 Yeroipex THIOB
¢dyHKuMiH, onpejeseHHHX paBeHcTBaMU (2) u (3), MMEIOT MecTo pe-
KYppeHTHble COOTHOUIEHHA:

2v ’
Uy—y +uv+1=_z‘uv: Uy_y—Uysy = 2Uy, (8a)

10 N 1172
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UJau
v ’ 2v
uv+1=7uv—‘uv, Uypy = 5 Uy — Uy-1. (86)

Acumnmomuneckpe noseferue. [N panbHeimero yno6HO BBeCTH
o6o3HaueHye

Q:z—%(v—{—%). (9a)

Ecmu |2|>1+4]v| u |argz| <m (1. e. 4151 GOJbIIHX 3HAYeHHH |z|
B KOMIJIEKCHOH TNJIOCKOCTH 2 C pas3pe3oM BOJb JeHCTBHTe/bHOH
OTPHIATENLHOH MOJYOCH), TO MOKHO [OJIb30BAThCH aCHMATOTHYECKHMH

¢opmyaamu
viz)— ]/—-cos@, Ny (2) — ]/——smg

H‘J’(z)—»]/%et‘, HY (2) — ]/~e“‘

Oynxnuy Buja 2=/ HY P (2) npu AefACTBUTENbHBIX MOJOXNUTEbHLIX 2
ONHCHIBAIOT COOTBETCTBEHHO DPACXOASINMECS H CXOISIIUECS] BOJIHBI
Modugpuyuposannee pyrxyuu Becceana. Pynaxuuu

v (%) =17V y (ix) (10)

(96)

Ky ()= 1 H{ (ix) (11a)
HJu (ecqu v He paBHO HEJIOMY !mc.ny)

Ky (x)= [-v()—Ty (0] (116)

2'sin vt

NMPHHHMAIOT JefiCTBHTesbHBIE 3HAUEHHS, KOTJA X JAelCTBUTEJbHAsl U
NoJIoKUTeApHAsA BeJaHuHHa. PyHKuUMs K, npeacraBnsieT ocoObIH HH-
Tepec OJsarojapsl ee aCHMITOTHYECKOMY MOBEICHHIO TIpU GOJbIIKX

3HAYEHHSX X
—s ]/——e x, (12)

Boabmoe umcao ¢opmyn aias dyskumit K, m K, umeerca B 3amave 185.
B sanave 99 6wl NOKasaHo, YTO pelerueM AUMPEPEHIHANLHOTO YpaBHEHHS

W —g¥ix-ry=0 (13a)
fiB/fEeTCA (PYHKLHA

u= V;Kﬁ (—f:x""), (136)
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rie
n—2

A=2

B HexoTophix AudpPaKUHOHHHIX 3aj]a4aX ONTHKU GOJIBIIYIO pPOJb
urpaer ¢ynskyusa ipu

Ai ()=~ V%K:,&%x%).. (142)

AHaJIHTquCKOe NpoaoJIXeHHe B 006.J1aCcTh OTpHLUATEJbHBIX 3HAYeHUuH x
MPUBOAUT K COOTHOLIEHHIO

Ai(—0=+V7x [Jl,s (% x’/2> oy, (% x%)] . (145)

B sroit kHure dyHknus JiipH Hcnogab3oBanacs B 3afade 40, tam xe Ha dur. 28
npusene ee rpaduk. PyHruHO DipH MOXKHO 6blI0 GBI HCNOABL30BATL U B 3aia-
ge 117, HO MBI MPEATIOY/IH BEDHYTLCT HENOCPEACTBEHHO K (yHKUusaM Beccens J,

ul,cv==l,

Copepuneckue ¢ynkyuu becceaa. Pyuxuusi Deccensi ¢ HHpekcom
v=1[+41, rae =0, 1, 2, ..., urpaior B ¢u3kke GOJBLIVIO POJb,
TaKk KaK OHM IOSIBJSIIOTCH NPH pPellleHHH BOJHOBOTO YypaBHEHUs Me-
TOJOM pas/jiesieHus nepeMeHHbX B chepruyeckux KoopauHartax. OGpIuHO
BBOAAT (PYHKUHH YeTblpeXx CTaHAapTHHIX THIIOB

L@ =V @), (1)

nz

n@ =V EN @ =0 YV @, (16)
@ =i @ +in @, W @=i(@—in (2. (D)

OTH QyHKUMH SABJSIOTCA pelleHusivu qudpepeHlialbHOTO ypaBHEHHS
1 2
(++3)

L B sutepaType HaliM GYHKUMH f; # T. A. 4acTo 0603HAualOT uepes j; U T. H.
H, KPOME TOro, BBOZAT PYHKLHH

1 A

iz=?lt-

[Tp@®umyutecTBo TakKol cHCTeMEl 0603HAYeHHH COCTOHT B TOM, 4T0 Tenepk
(pyHKOHH

1 -
At ® @)=—h{"> (o)

HMe0T CMBIC/ PAaCXOAAMUXCHA H CXOAAUMUXCH cq)epuqecxnx BOJIH,

10*
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n 06J1afal0T OYEHb NMPOCTHIM ACHMIITOTHYECKHM HOBeJeHHeM:
. . In in
],(2)—+sm<z——7>, n,(z)——»—cos(z——Q— , (19)
h;l) _ i—(lﬂ)ez‘z’ h}z) (2) —_ [1+1e—iz‘

Jlns crpaBOK npHBeleM 3HaueHMs HauGoJee 4acTO BCTPEUAIOUIMXCS
BPOHCKHAHOB:

jiu—ngi=1, KO — AP = 20, (20
[pu |z|<€ 141/, uMelOT Mecto TPUO.IMKEHHble (QOPMYJIbt
2t 201t
il (Z) z(—mzl+l, n, (2):—%2—l. (21)

Pexyppenmnpie coomroulenus. [l KaXnoro u3 uyeThlpeX THIOB
¢dyHKOM#A, onpeleneHHbIX paBenctBamu (15)—(17), cnpasemyuBu
COOTHOLLIEHH I

2l +1

I+1 .
Uppr = Up—Uy-yy,  Uppg=—7— Uy —U. (22)

Ileppoe H3 yKasaHHBIX COOTHOLIEHHH MOMKHO TaKiKe€ HCIIOJb30BaTh
s onpenenesus coheprueckux ¢yukuuit Beccens npu orpuuatens-
HBIX 3HAUeHHAX [.

Chepuueckne ¢pynkuuu Deccens BAAIOTCS dJeMeHTapHHIMH QYHK-
nusamMd. Heckoabko nepBHX QyHKUMH MOPHBOAATCA HHIXKE:

j. =sing, f,=—C0S 2,
, sinz cos z .
j;=———co0sz, . n1=———z——smz,
=(3 l\sinz 3cosz R, = 3 1 )cosz 3sinz
[ = 22 / ) ’ 2 2? 2
H
hD = —jelz, R = je—tz,
W _ [ iz . @ (1% -
(= ot)or (L)
3i 3 R 3i 3 . .
(1) - i 2 __ -
h.z)—<—z—2'-7+l>€2, hg)—(\z—2—?—‘l>e "2,

Pyukuun Jlexanapa

IuddepenunansHoe ypaBHeHHe
(I—2)u"— 220" +v(v+Hu=0 n

NPHHAANEAKHUT K yPAaBHEHHSIM THIePreoMeTpHUeCKOro THMa ¢ Tpems
0COOBIMH TOUKaMM: z= -1 H z=oco. O6mee pelieHye ypaBHEHUA
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(1) moxxHO 3anmucats B BHJIE

uv=-42F1(—V' v+1, LIk T>+
1 1
+BzvLF (5L §4g, vhg &) @)

rie nepeoe W BTOPOE cJaraeMble NpelcTaB/sHOT COZ0fl, eCJH OTBJeubCs
OT HOPMHPOBOUHBIX MHOXHTeJIeH, TaK Has3blBaeMble (py HKUUK JlexaHipa
IEPBOTO ¥ BTOPOTO POAOB, KOTOpble OOHIYHO OGO3HAUAIOT COOTBETCT-
BEHHO uepe3 Py (2) u Q. (2).

Ecan v—uenoe wncso (v=1I; (=0, 1, 2, ...), 10 OyHKUUS
Jlexanjapa nepBoro poja BblpoXkIaercs B nosuHoM. Korna z= x, rae
X—neficTButesbHOE uWncao M |x|<{1 wuam x=cos ¥, NOJHHOMHI
Jlexanapa, 6yayuu cBfizaHbl co cdepHUeCKNMH TrapmMoHHKamu Y,
COOTHOLUEHHEM

4n

Pl (COS ﬁ‘)—_—" mY, 09 (3)

HMEIOT MpOCTOH reoMeTpUYecKHH CMbICJI.
Ceoiicmea noauromos JlexcanOpa. ITH NONMHOMBI 06PA3YIOT OPTO-

FOHAJIbHYIO CHCTEMY:
+1

i

gp, (%) P (%) di = —— By (4)

I

1 2

nepBbIe naTh NOJHHOMOB HUMEIOT BHJ
Po)=1, P ()=x, P,()=—sx—,
(5)
P.;(x)=%x3—%x, P4(x)=-?§x4—14—5x2+%.

Bce onu snubo ueTHple, JuG0 HeueTHEIE (YHKUHM nepeMEHHON x.
HerHocTp nosnHOMOB JlexkaHapa onpenessieTcss YeTHOCTBIO HHIAEKCa [:

Py(—x)= (=1 P, (x). (6)
[ToiHOMBI ¢ {Z>2 MOXHO MNOJYYHTH C [OMOWIBIO PEKYpPPEHTHOrO
COOTHOLIIEHH A
(LD Py (0 + 1P, (1) = 21+ 1) xP, (). ()
TMonnHoMbl Jlexanapa @ HX NPOU3BOAHBIE CBA3AHBI [POCTHIM COOT-
HOLIEHHEM
(1 —x) Pi=1(P;_,—xP)=(l41)(xP;—P,,,), (8a)
H3 KOTODPOTG, B UYaCTHOCTH, CJENyeT
(2Z+I)P1=P;+1 *Pll—l- (86)
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Ilpu x= 41 umeeMm
Py(£l)=(—1) (9a)
H
dnPy(+1) (——l)l+n ({+n! (96)

dxn 2t (I—n)!*’

Ec/u BBeCTH HOBYIO IlepeMeHHYio X =cos ¥, To ompenenesde (2)
nosuHOMOB JleXKaHApa MOXKHO [peICTaBUTb B HHOH (opme:

Pl(COSﬂ)zzFl(l'*“l, —1, 1; sin2%>=

[4 ]
i ! ¢
=3 (1) g i =

lll= I—DHI4+-DUA4-2) .., =
=1——(1—,i;2)sm R )((2';2)('*')51#—2—... (10)

Korpa />>1, a monyss |sin §/2| no nopsaky BenuuuHsl pasen 1/,
nocJe HHH psijg ynpouiaercs H MBI [OJydaem

P,(cosﬁ)zJo((2z+1)sm%), (1)

npuuem omubka 3TOro NpHGIMKeHUsl HMeer mopsigok 1/[2. YUro xe
Kacaercsi KopHefl MOJMHOMOB P;,, TO W mnpH OOJbIIMX 3HAUEHHAX
yrsaa & OHH [OBOJIBHO XODOLIO OMNKCHLIBAIOTCA MNpUGJHXEeHHOH ¢op-
myqoit (11). das cayuas /=10 nonunoM Jlekanipa u COOTBETCT-
BYyiolasi eMy annpokcHMHpymomas ¢yHKuua bBeccenass nokasaubl Ha
¢ur. 55 (tom 1, ctp. 284).

O COOTHOILIEHUSIX, CBSI3aHHBIX C [eOMETPHYECKOH HHTeplIpeTauHed,
CM. pas3jel, NOCBAINEHHHIE c{epHYeCKHM TapMOHHKaM.

Dyuryuu Jexcandpa nepgoeo poda. Korpa v He sBJSETCH LeJbIM
yncaoM, pag (10) yxke He oGpbiBaeTcs Ha KOHEUHOM ujieHe, H Py (X)
CTAHOBHTCSl TpPaHCUEHJEHTHOH (PyHKIHEHd ¢ OCOGEHHOCTSIMH B TOYKaX
x=41. 31y PyHKIMIO MOKHO Pa3JIOKHTL B PAL MO HoJHHOMaM Jle-
XKaHjpa:

@©

sin v (=1 2n--1)
Py = 2 v—n)(v+n+1)P" (). (12)

Pap (12)—uactHrift ciyuafl pasiomeHUs (yHKIHH

= 3@+ )P, ) (13)
n=0
¢ KO3 pUUHEeHTAMH

+1
=5 | F@ P, () dx. (136)
g
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Tak kax noannoMnl JlexaHzapa o6pa3yiOT 704HYHO OPTOrOHAJNbHYIO
CHCTEMY, TO TaKOe PasJIoKEHHe BO3MOXKHO JJIsi IIHPOKOro KJjacca
GYyHKUUHA.

IlpuBeneM MpHMepHl YAaCTO KCIOJNb3YEMHIX Pas3/IOMEHHUH:

€lxy=—;—2(21+l)Llll(y)Pl(x) st ‘xl<l, (14)
sinly VI0—x) _
yV2(i—x §(21+1)n () P, (x). 15)

B ¢(u3nuecKHX NPUNIOKEHUAX OOBIUHO y=Fkr U x=cos?®, Tax 4YTO

yV 2(1—x) = 2kr sin -21

Psanst (14) u (15) cxousrcss npn Bcex JEHCTBHTE/bHBIX 3HAUYEHUAX
nepemeHHoOH y. Ilpyro#t BaXHHH NpuMmep:

l ®
—_—_—— % P, (x) npu < 1. 16
YA T n2=oy (x) opu |y| (16)

IMocnennee pasnoxkeHne MOXKHO TaKXKe HCIOJb30BaTb B KauecTBe
ompejeseHns NoJaWHOMOB Jlexaunppa,
DPynkyuu Jlexandpa emopoeo poda. PaccMmorpum pasnoxenye

=2 @n+1) Q. (2) P, (x), (162)
n=0
rje z — NPOU3BOJIbHOE KOMILJIEKCHOE UHCJIO, He IPHHA 1 JIeXKalllee OTPE3KY
neficreutenbHOl ocu [+1, —1]. ®dynkuus Q,(2), onpeneneHHas
COOTHOLUE HHEM
+1
dx
Q@)= § Lo, (166)
-1

HasbiBaercs ¢yHxkuMedl Jlexanzapa Broporo posa. B cuany cumMmerpuu
pasyoxenus (16a) mo OTHOLIEHHIO K NepeMeHHBHIM z H X 3TH (YHK-
LUKMH JOJIKHBL YJIOBJIETBOPSITh TOMY e camomy AubddepeHnHassHOMY
ypaBHeHH1O (1), KOTOPOMY Y IOBJIETBOPSIOT NOJMMHOMSBI Jlexkanapa P, (x).
Oyukuuu JleXkannpa BTOporo pofia umeloT npu z= +1 Jsorapud-
MHuecKHe TOUKH BeTBJeHHf. [IpuBejieM ABHBble BhIpaMeHUs JJIs TpeX
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nepepix ¢ysxuui Jlexkanapa sroporo popa:

-1 1
Q0(2)=§ln§-i-_1"

Q@) =P, @) Q) —1, (17)
Q. () =P:(2) Qy () —5 2.

Boipaxkenus a4 ¢yHKUUH 60Jee BEICOKOIO NOPSALKA MOXKHO IOJYYUTh
C TOMOIilbI0 PeKYpPPeHTHOro CooTHomeHus (7), KOTOopoe CrpaBelHBO
4ast OyHKuMH Q,(2), TaK XKe Kak W 1as nojuHoMoB P, (z). B obuem
cayvae pyHkuus Q, (2) umeer BHUJ

Qn (z):Pn (2) QO(Z)-Wn~1(2)’ (18)

rie W,_,—nmnoausoM (n—1)-#i cTenenu. 10T NOJHHOM SABJAAETCSH
YETHBIM, ecJIH YeTeH HHJEKC 1, H HeuyeTHbHIM B I[IPOTHBHOM CJjyuae.

Cihepuueckue rapmMoHUKH

Eciu npu pasjesneHHH NepeMEHHBIX B BOJIHOBOM YpPaBHEHHH HC-
MOJIb3YI0TCS chepHYeCKHe KOOPAHHATHL
x=rsin¥cosg, y=rsin¥sing, z=rcos® (h

(och z BpifpaHa B KauecTse NOJSIPHOH OCH), TO YIJIOBasl 4acCTh pelic-
HUsl JOJIKHA YAOBJETBOPATh AH(PdepeHIHa bHOMY YpaBHEHHIO

1 0 . d 1 02 :
—-—SMa—ﬁ(smﬁﬁﬂ-—smwﬁﬁz(w1)u=0, @)
rie =0, 1, 2, ... . [lpoussonsa Aanbueiiiee pasmeﬂ.eﬂue nepeMeH-
HbIX
u=0 (4) ¢mo, (3a)
rae m=0, &1, 2, ..., noaydaem _
1 4 . de ’ m?
mﬁﬁmﬁaﬂju [1(z+ 1)—m]@:o. (36)

[locnennee ypaBHeHHe C NOMOULBIO 3aMeHBl llepeMEHHOH
4
{ =—=cos ¥
r
NPUBOAHTCA K BHAY

(- 22 29 [1 o+ 1)_%}@):0. (38)

Ypabrenue (3B) ABJsercA 00OGWEHHEM ypABHEHMs IJA [OJHHOMOB
Jlexaunpa P, (f) u nepexoaut B Hero upu m=0. OxHako npu m =<0
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9TO0 ypaBHeHHe IpPHHAAMEKUT K OOUIMM ypaBHEHHSIM THIIepPreoMeTpH-
yeckoro Ttuna. FErc epuHCTBeHHOe [MPOH3BOJBHO HOPMHPOBaHHOE
peryJsipHoe pellieHHe MOXHO IIpeiCcTaBUTh B (opme

0, = (1=t ZH, (3)

rae m > 0. Kak okaspiBaercst, QyHKUNH O, _, He fABJAIOTCH HOBLIMH
(pnyuHﬂMn M MX MOXHO Bblpasuth uepes ¢pyukuuu 0, ,. Tak kak
NOJIMHOM P, uMeeT OTJHYHbIE OT HYJsl INPOHU3BOJHbIE JIUIIbL B TOM
cJyyae, €CiH UX MOPAJOK He MpeBHILAeT /, TO NPH LAHHOM 3HaueHHH
I cymectByer Bcero 2/-4-1 perynapHeiX pemieHudl, nJs KOTOPHIX
|m] <! (HamOMHuM, YTO 37€Ch /M -—I€/I0€ YHCJIO).

TlepefineM Temepb K BONpoCY O HOpMHUpOBKe. Mpi OyjeM Hpupep-
JKMBaThcs HauboJsiee yrioTpeGHTe/IbHOIG COTJallleHKsi, KOTOpoe JAydlle
BCE[O OTpaKaeT TIEOMETPHUYECKHH CMBICT 3THX peme}mﬁ, BCIOAY
PeryJsipHBIX Ha IIOBEPXHOCTH ennHHquﬁ chepsl:

Yin@ @)=—= V— Pl (D) etme 4)
H
FIV ald2=1 ®)
HJIH
§[9’,’"(ﬁ)|zsmﬁdﬂ=l. (6)

0

Takum oGpasom, a5 HOPMHPOBAHHHX QYHKUHI (3r) uMeeM

m_ 1/ 2 FT({=m) mya 47P( ()
PP = 1/ 2 (+m) (1=t =55 7

Uto6bl BKJIOYUTH oTpunareJbHble 3HauyeHHg m, NO OlpeElEeHuUI0
MOJIOXKHUM

O (9) = (—=1)" T (D). ®
SIpHble BBIpaxkeHHs 144 c¢epHueckKHX rapmoHuk ¢ /=0, 1, 2, 3

npueenennl B Tome 1 Ha crp. 183,184, ITpu m=0 umeror mecro no-
Jie3Hble COOTHOLLEeHH I

1 2
A=V 1+5p w v =1 ELp, ©

Pexyppermuvie coomuowlenus. CyinecTByeT UeJbH paj BaxKHBIX
COOTHOIIEHHH, CBASHIBAKOWIMX chepuyecKue FapMOHHKH C COCEJHHMH
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3HaYeHHSIMH HHAEKCOB [ U m:

sin®e®Y; ,=a; .V ;11 me1—-1, cm=1Vi=1, me1s (10a)
sin®e~Y, =—a;, _,Yi11, m-1 T 8G-1, m=1Yi-1, n-1, (100)
cos Yy, ,=b, nY 11, m T 011, 0¥ 1-1, o (11)
rae
a = (Am+-D(+m--2)
bLm™ @i+n@Er+3)
(12)
b = 1/(l+m+1)(l—m+1)
Lm= CEDEE I

IoBTOpHOEe mpumeHeHue cooTHoweHu# (10) u (11) mosBossier mpeoG-
pasoBLIBaTh BhIpa)KeHHd, COJepiKalllie MPOU3BENEHHs GoJee BHICOKHX
creneHedt sind u cos® u QyHkuuu Y, _; pasymeeresi, npu 3TOM
HOABJSIIOTCH CepruecKre TapMOHUKH ¢ MHIEKCaMH, OTJHYAIOIMHMHUCS
Gonee uem Ha 4=l or mHzekcoB [ u m.

11 poussodneie. IleficTBy A Ha ChepHYECKYIO I‘apMOHHKy orrepaTopamu

J 0 ; J
r (ax—%—z ay) =eitw{sm0r 4-cos ﬂaﬁ 4+ — smﬁ a(p}
U
d

ra—z=cosﬁr —sin ¢ aﬁ , (13)

HOJyuaeM
(; +i )Yl m-—+lal :I:mYl+1 m+1¢( +1)al—1. :Fm—lyl—l,mila
Yl, bl myl+1.m+(l+1)bl l,myl 1, m» (]4)

rue a;, , v b, , onpenensiorcs BolpaxenusiMu (12).
B Teopun MOMEHTA KOJIMYECTBA JBHIKEHHs GOJBIIYIO POJb HIPAIOT
9pMUTOBBL oneparopul L,, L,, L,, rzme

Lz_—-—i<x(-%—ya%> H T. 1. (15)

B cdepuueckux KoopavHaTax uUMeeM

LiziniLy=iei"q’<+L———}—ctgl‘}acp) (16a)
H
g
L, s=—igs (166)

HefictByss Ha ceprueckyio rapMoHuky, omepatopsl L, U L_ coor-
BETCTBEHHO MOBHIIAIOT H NOHWXKAIOT HHAEKC m Ha 1:

LY, w=—VITT D =m @+ DYy, s (17a)
LY, y=—VIl+D)—mm—1Y, ,_.. (176)
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Uro ke kacaercs oneparopa L,, To aas Hero Y, . sBjasercs cob-
CTBEHHOH (QyHKLHEeH, npuueMm

LY, n=mY, .. (18)

Coeprueckue IapMOHHKH, KpOMe TOTo, fBJIAIOTCSA COGCTBEHHBIMH
$YHKUHSAMH OnepaTopa

L= L34 L+ L3 =5 (LoLo+L L)+ L} (19)
¥ YJOBJIETBOPSIOT ypPaBHEHUIO
Ly, .=ld+1)Y, . (20)
OrMmeruM Takxke NOJIE3Hble COOTHOUIEHHS
LoL,Yy = [0+ ) —m(m+ D]V, (21a)
LL_ Y, ,=[({+)—mm—1]Y, . (216)

Beenentbie 3I€Ch OliepaTopsl Li OTJIHYA0TCa OT one;’)a'ropos HpOQKLLP[[’l MOMEHTAa
KOJIMUECTBAa IBHXKeHHsl, HCHOJb30BAHHBIX B 3TOH KHHre, MHOKHUTEJEM

OpmoeoHarbrocmo u wacmo  ecmpedaroujiecss paszioncerus. Jas
cihepHuecKHX FrapMOHHK BBHIIOJNHSIOTCS YCJAOBHS OPTOHOPMHpOBaHHOCTH

95 Vi mYi mdQ=048mm. (22)

Tak kak, nanee, chepuueckue rapMOHHKH 00pa3yioT NMOJHYIO CHCTEMY,
TO JI03yl0 PeryJsipHyio Ha eguHuuHod cdepe dyuxuuio [ (¢, @)
MOKHO INIpeJCTaBHTb B BUJe

] +1
f(ﬁ, (p):l;() m=2:—l fl, myl, m(ﬂy ‘P): (233)

rae KosgHUMeHTs pas/oxkeHus f, . onpeaensiorcsi GopMyJIon
fm=¢Yin(® @) f (O, ¢dQ. (236)

Huxe npuBomATca npMephl 4acTO BCTPEUAIOMMXCsT Pa3J/IOKeHHH.

1. Pazaoocenusn 0aa noaunoma Jlemandpa P,(cosy), rae y—yroa
MeXJly BEKTOPaMH, KOHIbBl KOTOPHIX JeaT Ha eJIMHHUYHOH cepe
B TOYKax ¢ KoopauHatamu ¥, ¢ u ¥, @”:

4 +l * r ’
Picos)=grr7 3 Yia(®, @)Y, (8, o). (24)

m=-1

Dra dopmysa H3BecTHa KaK TeopeMa CJOKEeHHS.
2. Pasaoscerue naockoll eoamns. Ecau miaocckas BOJIHA paclpo-
cTpaHdAeTCsd BAOJb MOJSPHOH OCH, TO B pa3JOXKEHHU YUaCTBYIOT
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JHLIb [OJMHOMBI JleKaHIpa:

pikz — ptk! cos 025‘;2 Vi QI+ 1) itj, (kr) Y, , (9). (25)

=0

HoxazatenbcTBo 310l opMyJsl ObLIO AaHO B [polUecce pellleHUs
sagauyu 81. O3pamas gopmyay (25), monyuyaeMm noJiesHoe HHTErpadib-
Hoe npeicraBjenue cepuueckux (yHKUHI DBecceisi:

+1
=it S ei#1P (1) dt. (26)

-1

Ecai nyockas BoJIHE pacHpoCTpaHdAercss B HalpaBJjieHHH JBeKTopa R
co ctepuueckumu yraamp © u @D, To umMeeT MecTO pasjoxKeHue
ofiero Bujaa

err =2 N (k) Y] (O, DY, , (0, ¢). (27)

(=0

3. Ceepuueckan 6oana, ucnosvsyemas 8 xasecmee Qynkyuu I'puna
804H06020 YpasHenus. IlycTe r u r’ —[Ba pagHyc-BeXTopa, Halpas-
JeHHS KOTOPBIX XapaKTepPH3YIOTCS COOTBETCTBEHHO C(epHYECKHMH
yraamMy ¢, @ u 9, ¢ U OyCTb y-—YroJ MexAy HUMH, TOFAa

tk‘r—r' 9] 1
- 2_ l/ + Lyry r')Y,, ,(cOsSY), (28a)

njr—r |
rae
?" (kryh® (Br’) npu r <r',

T, r)={ | (286)
" ji (B YWY (kr) mpu r>r'.

B npesenbrOM cayyae k— 0 oTciona noJyyaercs XOpOLLO H3BECTHAs
gopmy ia

Ma

| —rl— (:—) P (cosy) mnpu r<r’,

Tr=rT

l

1]
o

(29)

Ms

(
|
=1
l—,l— —’r— P,(cosy) npu r>r'.

i=y
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I'unepreomerpuyueckas QyHKuus

Huddepennnanptoe ypapHeHHe
t(l—2av"+{c—20)—(@+b+1—2A—2u) 2} '+
AR B89 () (tu—a—b)+ab] bo=0 (1)

2

HMeeT TpH npaBHJbHble ocobele Touky z=0, I, co. C noMoupio
NOJICTaHOBKH

v(@)=2"(1—2"u(2) (2)
ero MOXHO NpeICTaBHTb B CTaHAApPTHOHN (opme
z(l—2z)u"+ [c—(a+b+ 1)2] u’' —abu=0. 3)

, YpaBHenue (3) HasblBaeTcsi THIIEPreoMeTPHYECKUM AU(GepeHlUHalb-
HHM ypaBHenHeM T'aycca. Jlas mo6eix 3HauyeHu#l mapamerpoB a, b,
¢, Kpome ¢= —n, rae n=0, 1, 2, ..., 370 ypaBHEHHE HMECT
He obpamaromeecs B HyJap npud z=10 perynspHoe peueHue. Yka-
3aHHOe pellieHue, HOPMHPOBaHHOE B COOTBETCTBHH C  yCJIOBHEM
1 (0)=1, nHa3bIBalOT TuUnepreoMeTpHuUeCKHM pHAAOM H 0003HAdaloT
nocpeiactsoM ,F; (a, b, ¢; 2). Pewas nuddepennuanbHoe ypaBHeHHe
(3) ¢ nomombio pasnoxeHHss B PAL B OKPECTHOCTH TOUKH z=0,
noJy 4aeM

b 1 2

a(a+1)<a+2)b(b+1)(b+2) z3
cerDETD

-+ . (da)

HJIH

) I () L@a+mTl(b+n) ,
Fi(a, b, e 2)= amb)Z AT (46)

Jta GOyHKUKMA UHBAPUAHTHA [0 OTHOIUIEHHIO K 3aMeHe napaMmerpa a
napamerpom b. Ecau a= —n uau b= —n, rae n=0, 1, 2, ...,
TO THIepreoMeTpUueckKHH psan obpbiBaeTcsi HAa KOHEUHOM 4dJIeHe U
BulpoxKJaeTcsl B moJuHOM cTereHd 7. COOTBETCTBYIOMIHE MOJIMHOMBI
Ha3piBAIOT MoJMHOMAaMH $SIKOOH W OmpelesisiioT COOTHOILIEHHEM

Jalp, ¢ 2)=,F(—n, ptn, q; 2).
[MosiuoMbl $1K061 06pasyioT OPTOrOHAJbHYIO CUCTEMY, IIpHYEM YCJIo-
BHE OPTOTOHAJbLHOCTH HMEET BU]L
1
S 217 (1 —2)p-2J,_J,dz=0 npu m=~n.
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Ecau ¢= —n, To runepreoMeTpHuecKHii psAj He CYyLECTBYeT.
B s1oM cayuae pelieHde ypaBHEHHUSt (3) MOXKHO [OJIYYHTb C MOMOIUbIO
npenesLHOro nepexoja

lim oFila, b, ¢, 2) _ T(a+n+)I(b4n-1)en+!
¢—sn L' () - L@ T () (n+1)!

X Fil@atn+1l,b+n+1, n+2; 2). (5

Ecau HU OaMH U3 [apaMeTpoB a, b, ¢ He ABJsAercA LEJbIM OTPH-
HATeJbHBIM YUCJIOM WJIM HYyJeM, To pal (46) cxoputcsa abcoJI0THO H
paBHoMepHO 1pH |z| < 1. FunepreomeTpuquKuﬁ PSIL MOXKHO OJHO-
3HAYHO MPOJIOJIKHTb BO BHEIIHOCTb €IMHMYHOH OKPYXKHOCTH |z|>1
¢ paspe3om nmo Jayuy [l, oo].

HJsi  aHajauTUueCKOro IMpOJOJKEHUS MOXKHO BOCIOJIb30BAThCA
tdopMyaaMu

JFi(a, b, ¢ 2)=

)l (c— b
F((?—gr(_i_b;f (@, b, ad+-b—c-+1; 1—2z) -+

+ @ T ) (1—2z)¢-e=t F, (c—a, c—b, c—a—bL+1; 1—2z) (6)

H

F,(a,b,c; z)=F(C)F(b—a)
2 k) 3 ’

Fm(—z)-a F <a, a—c+1,a—b+1; lz\)_[_
—[‘%%(_2)_”21:1(17, b—c+1, b—a-+1; %) @
[Mpumensss nocnefH0l0 GOPMYJy, MOKHO 3aNUCATh ACHMITOTHKY
GyHRIMY LF, npu z — o
Fu@ b, 69— For g (— AT g (AT ©)

OGuwiee peuteHHe runepreoMeTpHYecKoro JuddepeHiHansbHOro
ypaBHeHud npu |z| <1 mMoXHO npeicTaBUThb B BHIE
u=C.F,(a, b, ¢; 2)+Cz*~¢,F,(a+1—c, b+1—c, 2—c; 2). (9)
Hekaouenue cocrasasier cayyait ¢=0, =1, £2, ..., TaKk Kak
npy ToM 062 YACTHBIX pelleHHUsl, KaK HENOCPEICTBEHHO BHUIHO U3
coorHoweHnust (5), coBmajgawT. Bropoe nuHellHO He3aBuCHMOe pelle-
HMe B ITOM CJlyyae WUMeeT JOrapH(hMHUecKYI0 OCO0EHHOCTb B TOUKe
z=0.

Hue npuBonurca cBopka dopMmyJ, Haubojee BaXKHBIX C TOUKU
3peHus npaxmqecxnx npnnox{eﬂnﬁ rUnepreoMeTpuyeckoft GyHKUHH

Fo (@, b, c;2)= “‘c b)zF (@1, b, c-[—l 2) +
+’c’(‘; a)zF (a b1, c41; 2)=

+—c"—zF1(a+1,b, c+1; 2),



Boipomdernan eunepeeomemputeckan pyHKyus 303

2, F, (a, b, ¢ z)=c—_—]—[?Fl (@a—1, b, c—1; 2)—

ol Fila—1,b,c—1;2)—

—Fia, b—1, c—1; 2)]="=1
—zFl(a—l,b—l,c—-l'z)] ;—“ F,(a—1, b, ¢; 2)+
+b JFala, b—1, ¢; 2)+,F, (a, b, ¢; 2),
(1—2) ,F, (@, b, ¢; 2) =<=— ,F (a—1, b—1, c—1; 2) +

+ 2= Fila—1, b, ¢ 2).
dopMyabl M5 [1POU3BOAHBIX:
P b, 6 =2 Fiatl, b+1, e+ 15 2),
2(1—2) 2 Fy (@, b, ¢; ) =220 P (a—1, b, ¢ 2)+

+ b(c b) ”(_C___:_‘ZE:_“)Jl (a, b, ¢; 2).

F1(a, b-l ¢, 2)+

BuipoxjeHHass runepreomeTpuyeckas QyHKuMs

Eciu B rumepreomeTpuieckoM JUGp(ePEHIHMANLHOM YpaBHEHHHU
laycca cnenarb npepespHui#l nepexol b —s oo, 2=x/b, T0 B pe3yib-
Tare moJyyurcs auddepeHuHanbHoe YpaBHeHue Kywmmepa:

' xa—g—{-(c—x) Ez—au=0. (H

[pu 3tOM ocobasi TouKa z==1, HMEBILAACA B MCXOJHOM YpaBHEHUH,
CMECTUTCS Tenepb B TOUKY x=oco. Takum o6pasoM, Ha KOMIJIEKCHOH
NJOCKOCTH X paccMaTpuBaeMoe ypaBHEHHE HUMEET [1PaBHJLHYIO 0CO-
6yio Touky x=0 H CyUeCTBEHHO O0CO0YyI0 TOYKY X== 00, IOSIBHB-
WyKCs B pe3yJbTaTe CJAUSHUA OCOOBIX TOueK z2=1 U 2=o0

O6miee peurenue ypaBHeHus (1) MoxHoO sanucaTh B Bnne

u=CyFi(a, ¢; ) +Cox'~¢ Fy(a—c+1, 2—c; x), 2

rie TakKk HasblBaeMbll BBIPOXKIEHHBIA THIEPreOMeTPHYECKUH DAL
fF, no onpenenenunio paseH

oy a z ,a(a+)2®  a(@fl@F2)2 |
Fila, =1+ gty ationery 3T 62

HJH

T @lnyzn
2 Tors o (36)
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Jtor pAn abCOIOTHO CXOAUTCS BO BCeH KOMILJIEKCHOH MJIOCKOCTH 2.
OnpegensieMyio BBIPOXKACHHBIM TUNEPreoMeTpUYECKUM psagoM ¢yHK-
M0 MOXHO cliesaTh OJHO3HAYHOH, MpoBels pa3pe3 MeX1y TOYKaMH
2=0 u z=o00. B Hamell KHUre B KauecTse JHHUU paspesa BuIOpana
MHHUMas MOJIOXKUTEJbHAS [0J1YOCh.

Ecnu ¢=—n, rpe n=0, 1, 2, ..., 10 psin (36) He cyuiecTByer.
B stoM cnyuae pemienue ypaBHeHua (l MOKHO I[OJYYMTb C [IO-
MOUIbIO TIpelesibHOrO Mepexona

WFila ¢ 2) T(atntl) zn+!
1F(C) - T (a) (nF 1Y lF (a i I’L-[—l n-t+2; 2) ()

lim
C>—-n
(Boite nepemenHas x obo3HaueHa uepes z.)

AcumnroTHyecKoe MOBeIeHHEe BLIPOXKAEHHON T'HilepreoMeT puYecKoi
GyHKUMM npH |2 | —»oco ONHCHIBaeTcs (GopMyaod

: r -
JFi(a, ¢ 2)—emine r(c(—C) "+F (©) pega~e, (5)
Sra ¢opMyJia He OTHOCUTCH K cayuaw a=-—n, rae n=20,1, 2,

TaK Kak, CorJacHo (3), BHPOXAEHHBIH THIEPreoMeTPUYEcKUd psia 1
yKa3aHHOM cJy4Yae npeBpaulaeTcAd B MOJHHOM cTeneHu n. Cpemu
TakUX TOJHHOMOB H3UOOJbIINE HHTepec NPeNCTaB AT NOTHHOMEI
Jlareppa

Ly (2)=%1F1 (—n, m+1; 2) 6)
U NOJHHOMH JDpMmuTta (cM. 3amauy 30)
2n)!
Hyp ()= (=1 EL P, (—n,
2n-f 1))
Hz,,ﬂ(z):(—l)"‘—”,;—ﬁi.?z Fy (=0, 3i2)

l\?'»—
%
S

B saksioueHue 1npuBeieM CBOIKY HauboJee BaXKHLIX B NPAKTH-
YeCKOM OTHOLICHHM OPMYJl AJSl BBIPOXAEGHHOH THIIepreoMeTpHue-
Ckofi GYHKIMHM U ee MPOU3BOJHOMH:

1 (a, ¢ Z)=‘ca“1F1(
File—a, ¢; —2),

zElFl(a’ ¢; 2)=al,F (a+1, ¢; 2)—,F,(a, ¢ z)],

d
ElFl(a’ 2 z)=‘:‘1F1(a‘f‘]y c+1; 2).
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Hexkoropbie hyHKuUHM, Ompeje/seMble HHTErpajamy

Unrerpan omub0K H cBs3aHHbE ¢ HHM ¢yHKund. HuTerpas
omHGOK ONpeseNsiioT PABEHCTBOM

w

erfcz= S et df.

F4

Yacro HCNOJb3YETCs HECKOJbKO HHOE OIIpeaeJeHUue:

z

3

erfz= €-t2dt:le1 <_l B
2° 2

§ )

YkasaHHble HHTET paJbl CBA3aHbl COOTHOLLIECHHEM

s 2]

erfcz-%—erfz:‘g‘e"’a dt=%l/n—.

0
Oyuxknuio erf 2 MOXHO 3anucarb B BHAe pfja

i 2
er z—z——”—3+§!—5—... .

HPH 6OMBbIINX JeACTBUTENbHBIX M TMOJIOXKHTENbHBIX 3HAYEHHAX 2
HUMeeT MECTO aCHMIITOTHYECKOEe NpeicTaBJieHHe

- ,,(2n) an €% 1 3
_l) genn # _2—z<1_@+4_z2'“>'

Huddepernypys ToxkIeCTBO

@

F(z, By="{ eBrdt=p-"rs eric (VB 2),

HETPYLHO MNO0Ka3arb, 4TO
i S fre-B dt_—— ~herfe(l/ Bz) —gg =P
ITonaras 3necy Pp=1, nomyuaem

¢ -2 _i i -z2
Stze dt—2erfcz—{—28
-4
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AHnanornyebiM 00pa3oM NyTteM NOBTOPHOro AudxpepeHOHpoBaHUS Bce
MHTerpajbl BUAA

°§ t2ng=t (it

MOXHO cBecTH K (yHKUMH owmubok. B wacrHoctd, mpu z=10 moay-
yaercs GopmyJia

Comit = (@n—1)
Sﬁe ! dt—-l/-ﬂ:m—__—l)i
0

C nomombio 3aMeHbl TNepeMeHHOH #2=x ee MOXHO 3anucaTb dYepes
HHTerpaJa JHJjepa:

o

{emertdr =

0

x"-’/'e“"dx=%l‘ (n —}—%)

©C—38

UuTerpaibHas mokasaTesdbHas (yHKuus. 3Ty GYHKUHMIO olpeje-
JIFIIOT PaBeHCTBOM
z
. e
Eiz= S —t_

Ocofblil UHTEpec MpeiacTaBjsfieT cayyad z=-—x, Tle Xx— JelCTBH-
TeJbHOE N0J/10KUTeNbHOe uuca0. B 3stom csayuae nosaraior

E, (x) = — Ei (—x)=Set:dt.

X

O®yukuuio E; MoxHO 3anucate B BUAE pAfa

E,(¥)=—C+1n— -[—x 2'2_{_%_...,

rie
C = Se" 1ntidt=o,577 215...
0

—TaK HasbiBaeMasi mocrosuHas OSfuepa. Ilpu x>>1 umeer mecro
acUMIITOTHYECKOe NpeJcTaBiieHune

E, (x) = (1__+“’_L_...)_

x2
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MoxHO BBecTM 0O6OGWIEHHYI0O  HMHTEerpaJbHYIO  [I0Ka3aTeJbHYIO
(yHKuMIO:

o
e—1
X
Gurypupyouuii 3nech UHTErpas MoXHO cBectd K ¢ynkuuu E, (x),
ecJl MPUHATH BO BHUMaHHe COOTHOLIeHUe
1 -
E,(0)=,—[x"7¢"*—E,_, (0],

noJiyvarouieecs WHTErpUpPOBAHHEM [I0 4YACTAM.



MpeameTHblil ykasareab K 1-My # 2-My ToMam

Lndpsl ykaspisaloT HoMepa 3afiau, a He cTpaHuu. 3amaud |—128 cocraeagwor
cofepxatue l-ro toMma, sagaun 129—219—2-ro rtoma. Byksa [l orHocutca Kk ma-
TeMaTHYECKOMY TDHJAOKEHHIO, [OMEIeHHOMY B KOHIe 2-TO ToMa.

Akcunagbupli BekTOp, cm. [lceBnoBexTop

AManpid nmonpaBKa K MOZeNM aToMma
Tomaca — Pepmn 173

AMTIHTY 8 BOJIHOBOA (YyHKIHH, €e H3-
MeHeHune 26, 27

— paccesHHs Bhneped 21, 22, cM. Takxke
Pacceytine

— — wHazag 21, 22

AxrapsmoHdueckuit ocuuansartop 35, 69,
70

AHoMaJsbHOe paccesanue 85, 112

— — TPOTOHOB HA npoToHax 163

AHTHKOMMYTaUHOHHBIE CBOACTBA MaTpHLL
Jdupaka 189

— — — [ayau 13l

AHTHCHMMETPH30BAHHOR
152

Atoma painyc 173

AToMBl LEJOYHBIX METAaJJIOB, paccesHHe
neynpyroe Ha Hux 166

— — — sJeKTpHYecKas
Bocth 159

Npou3BeeHUuE

BOCIIPHHMYH-

Bapoep norteduuaneustii 19, 21—23

Berymas soana 16

BeJbtit Kapauk 171

BeckoreyHo Maable BpauleHus 47

Beccens ¢pyHkiuuy, ocHOBHble Gopmy bl [1

Bere —[lattepaca ¢opmyaa 40

Baoxa teopema 28

Bose cratuctuka 210, 213

Bopa marderon 127

Bopua — Onnexreiimepa
44, 161, 163

Bopua npubanxenne 94, 96—98, 102,
105—107, 183, 184, 21l

apubankedye

Bopuosckuit
105, 108

Bpeiita — Burrepa dopmyaa 114

Bpuamosna so4m 29

anTerpan, pacxolUMOCTh

Ban-nep-Baanbca cuabr 161

Bapuaunounniéi npueuun leuurepa 95

— — [lpenunrepa 2

Bekrtop B Teopun [upaka 192

Bekropuas uacrwua 52

BexTopHblil moTenlnan 125

— — pas3ioXeHue ero Io
BO/IHaM 212

Benruens — Kpamepca — B puaitosna me-
tos, cm. Merox BKDB

Bepmuna 219

Burnepa —3xkapra teopema 133

Bupuasa teopema B cayuae KyJOHOBCKHX
cua 151, 175

— — 151 BO3GYKAEHHLIX COCTOSIHHH re-
ausa 155

BupryanpHbii yposenb 26, 27

BAaecTUMOCTh  MOTeHUHAAbHOH siMbl 25,
63, 68, 106

Boxopoaa atom 67

— — BpeMs KH3HH BO3GYKAEHHBIX CO-
crostHiu 215

— — HHTEHCHBHOCTb
aunuf 217

— — Kax 3ajaua geyx rten 150

— — peaATHBHCTCKas Teopus 202, 203

— — cobcraeHHble GYHKLUHK B HMIYJbC-
HOM [peAaC1aBieHun 73

— — rabauua cobeTeenHbIX pyHxuui 67

— MoJekyaa, HoH 44

0J0CKHUM

CIEKTPAJIbHBIX
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Bosopoaa MoJeky/aa He#iTpanbHas, oc-
HOBHOe cocTosiHHe 163

— —— paccesiHHE MeJJIEHHbIX HEHTDOHOB
Ha Hell 147

Boaopoauaa 3sesga 171

Bosmywenue, cm. [lepuoauveckoe BO3-
MylleHHe

— cBeToBOil BoOJHO 186

Boanosoit maker 17

BocnpuuM4dBOCTb IMAMArHHTHAA H Oa-
pamarautHas 128, 160, 168

— anexTpuueckas 159

Bpauare/ibtble yDOBHH ABYXaTOMHO#M MO-
nekyqaer 69—71

Bpamenuii rpynna 46, 52

Bpemenn ofbpaluerne 16

Bpems xu3nH BO30YKACHHbIX COCTOAHHH
215

Bpouckuan 24, 28, [1

Byaa—Cakcona norenuuan 64

Buipoxkaesne rasa 3/iexTpoHos 167

— npu Hanuyud Bo3GyxpzeHus 162

— cof6cTBeHHbIX 3Havenni 42, 46

BripoxneHHasn rUnepreoMeTpHYecKas
dyukuus 30, 42, 65 70, 110, 111,
202—204

— — — dopmyast [1

a3 aTOMHBIX 34eKTPOHOB, cM. Mogess
atoma Tomaca — Pepmu

— 3/eKTpOHOB B Geqaom kKapauke 171

— — npoBOAUMOCTH B MerTalne 167, 168

[atitnepa — Jlonnona npubanxenne 163

I'amnabTOHHAH, 3aBHCSIWHAI OT BpeMeHH 11

— Py HAJIH4YHH  CHHH-OPGHTANBLHOIO
B3aumogeiicteus 136

FapmonHueckie KosaeGaHus JHHEHHOH
mosteKyasl 149

I'apmornueckuil ocuuansgTop B a6cTpakT-
HoM ruabGeproBom npocTpanctse 31,

— — — [pelcTaBAeHHH HUMOyJbcHoM 34
— — — — KkoopauKaTHoM 30

— — — npubamxkenun BKDB 118

— — rabauua cobeTBeHHbIX QyHKuui 30
leiisen6epra kapruua 10

— COOTHOLIEHHEe HeonpedesnedHoctd 17,

[ennit, BosGyxaeHHble cocTosHus 155,
156

— OCHOBHOE COCTOsiHue 154

[exeparops! rpynnsl Bpamenni 52

I'u/b6GepTOBO [POCTPAHCTBO AMs FapMmo-
HHYeCKOro ocuuaasropa 3!

— — — onepaTopa moMesTa 65

— — — cnuHOBLIX oliepatopos 129, 139

[HbGepTOBO MPOCTPAHCTBO COCTOSIHMMH
6, 10, 12, 31, 33, 50

['nnepreomerprieckas ¢yHkuus 37—39,
46, 64, 68, 207

— — ¢opmyan 1

[naBHoe kBaHTOBOE yucao 67

[puHa QyHKUMsA 4As NapUHAIbHBIX BOJH
94,

— — — TpexMmepHoi 3agaud 94

[pynoosast ckopocts 16, 17

JaBnenue 3aeKTpOHHoro rasa 167, |71

JBa aTOMHBIX 3/MEKTPOHA B OCHOBHOM
cocToanuu 154

Ilale4 YacTHubl HA IJagkoH OKPyHOCTH

JByxyposHeBas cucrema 179, 180

Hedrepuit, oTkpbiTHe 150

Je#TpoH, MOZeab ¢ B3aWMoOJeiCcTBUEM
TeH30pHbIM 144, [45

— — — — ueHTPasbHbIM 72, 75

— — — JKeCTKOH cepiueBuHoil 91, 92

— CBA3aHHOE COCTOSIHHE H [AMHa pac-
CesiHUS! HeHTDPOHOB Ha npoToHax 147

Henbra-yHKuns, NpeicTaBleHue B BUIE
uHrerpana ®@ypbe 14

Henoaspusanua IHPAKOBCKOH M/10CKOA
BosiHbl 208

Huamarnerusm 128, 160

ﬂ[/I%OJIb-ILHHOJIbHOE B3aumojedctBue 161,
162

Junoab MarHUTHBIR 127

Jumonbtoe nsayuvenne 213—215

— — npasuta ot6opa 216

Junoabubie nepexoast 43, 79, 213—216

Jupaka ramuastodnad 189, 200

— Teopust Bo3MmylleHui [81—183

— ypaBHeHHe LA OXHOMEDHOrO CJyuasi
197, 207

— —— kBajgpupoBanue 189

— — JIOpeHu-HHBapHaHTHOCTb 19]

— — mpocTpaHcTBeHHas HHBePcus 193

— — pacuwenyennas gopma 200

— -— CTaHjapTHoe mpexacrasaeHHe (89

Jucrnepcuy 3aKOH AJs1  PeNSTHBHCTCKHX
BosiH MaTtepud 189

Iucnepcus csera 187

LLHS(N)epeHuHabeHoe ceueHHe paccesHHs
V]

Oudpdyszuu ypashenue 16
Ilyﬁgnemble cnuHoBHe QyHKLUMH 146, 147,
194

Xectkas cdepa, paccesHHe Ha Hed 84,
9
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3apsaaa noTHOCTH |

3apagosoe conpsikenue 194

3eevana addexT HopmanbHlll 127, 216

3oa0T0e npasuao 182, 183, 211, 213

3ommepdenbaa— Barcona npeoGpasosa-
Hue 113

3omMepenbaa ycaoBHe HaaydeHus 80

3onHasg  CTPYKTypa  SHEPrerHyeckoro
cnekTpa 28, 29

W3nyuenne nunonpHoe 213, 214

MsnyueHuss KBaHTOBaHHOe moje 212

H3sotonuueckuit cABHr ypoBHelt K-3/1€KT-
posoB 73

Hzorponnnlfi ocuuansaTop

Hmnyasca oneparop 3, 7, 8, 10

— MJOTHOCTh |

WMnyabchoe npepcTabiaenue 14, 15, 34,

Mmuayasc nonHsli peJHErepOoBCKOro no-
as 1, 3, 210

Hnnyunposannbifi AHNIOAbHbIE MoMeHT 187

Unrerpanbras noKasareibHas GyHKIHs

MuTerpasbnoe ypaBHeHHe IJA BOJIHOBRIX
¢yHKOu# B MMIYJILCHOM NpeacTaBie-
wuu 14, 77

————— papHaibHBIX 94

M HTeHCHBHOCTb OTPaXKEHHON BOJIHBI 2] —
23, 37, 39, 45, 207, 209

— chexTpadbHbIX JuHuE 213, 217

Honusauus B 3ee3fiHoM BeliecTse 171

Hcnyckaune oaroro gorona 213, 214

KannGpoBounoe 125,
126

Konoxxepo ypaBHenne 97, 100

— — nuHeapusoBaHHoe 98—102

Kauonuueckue ypasHeHus 10

KeagpynonbHoro Momenta tessop 54, 61

Kpagpynoabueii Moment 61

— — IefiTpona 145

— — B3JeKTPpoHa CO CIOHHOM B LEHT-
panbHOM Iode 134

KpasunorteHuuaa 104, 124

KpantoBaune nong uanyuenus 212

— — wpeauHreposckoro 210

KBanrosomexannyeckoe cpennee 3, 4, 5

KBapTeTHble CIHKOBBIe hyHKUMHK 146, 147

KpatepHuosnl 131

Kenaepa npobJjieMa B HMITYJIbCHOM TNpen-
cTaBjeHun 78

— — mnpu6amxkenue BKB 120

— — peluenHe JJIs NOJOXHTEIbHEIX 5He-
prufi B TEOPHH HepeasTHBHCTCKOH 111

———————— pesSITHBHCTCKOf

npeo6pas3oBanue

Kenaepa npofiema, CBA3aHHbIE COCTOsi-
g?ﬂ B HEPEJATHBHCTCKOH Teopuy

Kn%emqecxoﬁ SHepru oneparop 13, 46,
4

— — IJOTHOCTb D

KnaccHueckast J#HAMHKA I KBaHTOBO-
‘MeXaHUYecKux cpefHux 3, 4, b

— rouka nosopora 40, 117—124

Knefina — Humunst Gopmyaa 218

Kneiiva nmapagoke 202, 207

Kaefina — Poka ypasHeHne 189

Kanggopaosa aarebpa 192, 194, 197

Kmugpoprosut yucna 191, 192

KoneGanus asyxaTomHo#l MoJeky.sl 69,

70
KomnroHa sddekT, HepeasTHBHCTCKOE
ceuenne 218

Koncranta B3aHMOJefCTBHA, pasfoxe-
Hue B paj no Helt 102, 105

Kongpurypauus saMxkuyTol 06osouku 61

KoopaunaTel kpuBoauHeiinse I1, 13, 46

Kparuepa MoeKyasipHelil notexuuan 69

Kpucrajsnnueckas pewletka, cM. Ilepuo-
IHYeCKHH NOTEeHIHA

Kyaonoeckoe BosGyxnekne 185

— paccesiHHe M aHOMa/jlbHOE pacCesHHe
112

— — Ha 3apsifie 1POCTPaHCTBEHHO pacrpe-
ZenerHom 108, 112

— — — — ToyeuHom 110, 111

— — pasjoXeHHE [0 NaplHaibHbM
BoJiHam 111

— — pacyer (a3 B npUONHKEHUH
BKb 123

Kywmmepa IudepeHiiHanbHoe ypaBHeHHe,
cM. BblpoxnenHas runepreomerpuue-
CKasa (pYyHKIHA

K-anekTpon, yueT 3kpaHipoBKH 178

— 3Heprus casu 154

JlaiimaHa cepHsi B CHOEKTpe H3JydeHHs
Bojopoza 217

Jlange MHoxuTens 135

Jlapmopa uacrota 138

Jlexauppa ¢ynkuuyu a noanHomst 1

Jlennapaa — JxxoHca norennuan 104

JIUTHA aroM, OCHOBHOE cocTosiHHe 157,
158

Jlorapugmuueckas npoussomnaa 20, 22,
23, 82—86, 89, 101

Jlorapudgmuueckoe uckaxerue ¢aspl 69,
110—112

JlopeHua GeckoHeuHo MaJoe npeocGpaso-
pauue 192
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JlopeHueBbl KOBapHaHTH |92

JlopeHu-uHBapHAHTHOCTb ypaBHenus [Iu-
paka 191

Jlareppa noaunowmsl I1

Markeron bBopa 127

Maruutdoe KBaHTOBOE 4Hca0 127

— noJe, CIAHOBO pesoHaHc B HeM 138

— — ypaszenue Ilpegunrepa 125

Maruurssle cBoictsa epmu-rasa 168

MaruuTHBIH MOMEHT pedTpoHa 145

— — punoJbHbli 127

~— — HeoHa 160

— — o0ycJ/I0BJeHHbIR
IBHXeHHeM 27

— — CIHHOBBIX
3Hauenue 135

— — anekTpoHa 136, 138

— pe3onanc 183

Malépuquoe npencraejeHde oneparopa 6,
3

OpOHTaAbHbIM

COCTOSIHHH, CpelHee

Marbe ypaBuenne 148

MesoaTom 74

MeTaj1, napaMariuTHas BOCIPHHMYH-
BocTs 168

Metox BKB, B 3ajnaue o kosb¢HnHeHTe
npoxoxnenua 169

— — rpanuyHoe ycaosue Jlanrepa 117,

18

— — JJs pajMa/bHBIX BOJHOBBIX (yHK-
nui 116

— — — yposHeit sneprun 118—120

— - — ¢as paccesnusa 121—123

MeTpHKa YeTblpeXMepHOro NPoCTPaHCTBA
189

Mogudpuunpopanuble ¢pyukuun Leccens,
dopmyast 1

MouJiekyJia Bogopoaa, cM. Boxopoza mo-
JeKyJaa

— nByxaTomHas 69—71

— KAk CHMMETPHUHBI{1 BOI4YOK 46

— TpexaToMHasi, HOpMaJjbHbe KoJeGa-
Hus 149

Mosekyaisipible DoTeHmHatn 44, 69, 70

MoMeHT Ko/MHuecTea IBHXKeHH:A 4

— — — B 3ajaye 0 CUMMETPHUYHOM BOJY-
ke 46

— — — — penATHBHCTCKO# TeopuH 201

— — — AJd JIBYX YacTHL Ha rJaako
okpyxkHocTH 148

— — — M CBSI3aHHBIH C HUM MarHHUTHBIN
momeHT 127

— — — Kak IepeMeHHast Ha KOMILJIeKC-
Ho# mJockocTd 113

- — — KOMIIOHEHTHI oliepatopa B cde-
pHuYeCKHX KOOpAHHaTax 48

MoOMEHT KOJHMUeCTBa JIBHKEHHMs, olepa-
Top 42

— -— — OnepaTopbl KOMITOHEHT, HX Olpe-
IeJleHHe C TNOMOIIBI0 GeCKOHEYHO Ma-
JblX BpameHH# 47

— — — NepecTaHOBOYHbLIE COOTHOLUEHHS
50, 51

————— C KOMIOHEHTaMH TeH30pa
53, b4

— — — pas/IoKeHHe aMIJIHTYAbI
cessHus1 82

— — — — [JI0CKOH
205

— — — cBsi3b conepatopomM Jlamiaca 49

MomenT cuanl 4

Mopca norednuan 70, 71

pac-

poansl 81, 136

HaG6uiofaemble H IOBTOPHOE H3MepeHHe 12

Hawmaruuvennocts 128

Heitmana pag 94, 105

— yHKIHH, ocHOBHHE (opmysbr 1

He#tpuno teopusa 200

HeonHopozHoe anddepeHiHanbHOe ypaB-
HeHue 94

HeoH, AuamMarHuTHas BOCIPHHMYHBOCTD
160

HenpepblBHocTH ypaBHeHHe 1, 21

HenpepriBHeiii crextp 26, 219

Henpusonumoe npeiCTaBjeHHe TPy B
Matpuu 189

Heynpyroe paccesnue 166

Hnsgxoaﬂepremqecxoe paccesnue 83, 88,
8

— — u cBasaHHOoe cocrosiHue 90, 147

— 5— Ha noteHuyane [leuns — Tennepa
9

Hopmuposka 1, 14, 15

HopmupoBoutslii o6pem 183

Hyaesble xoaeGaHHa  moJs
Hus 212

Haayde-

O6MeHHbI HHTErpan 44

— — 11 BO3OYyXKJACHHBIX COCTOSHHH
reaus 155, 156

— — — 3agayM MHoOrux vactuy 153

— -— — HeHTpaJbHOH MOJIEKy.bl BO-
nopoaa 163

— — — OCHOBHOTO COCTOSIHHSl JIMTHA
158

OpHopogHOe MeKTpuYecKoe MoJe, [BH-
AeHHe 31eKTpoHa B HeM 4l

OKpYXHOCTb C ABYMA TOYEUHBIMH MaC-
camu Ha Heii 148

OnepaTop MarHHTHOro MomeHta 135

OnepaTtopsl B NPOCTPAHCTBE HHCIA Ya-
cray 210
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Onrtuueckas Teopema 104

OpGuragabhblii MOMEHT, cM. Takxke Mo-
MEHT KOJIHYECTBA IBHKEHUS

-—— — cpenHee 3HaueHHe B PeJIATHBHUCT-
ckofi Teopuu 203

OproBonopoa, chnuHOBble ¢yHKuuu 147

Oproreaunit 155, 156

OproroHanabHasi cheteMa (QyHKuH# 2

OprororanbHocTh chepHUYECKHX Fapmo-
HUK 57

Ocuuansatop aurapmonuveckuit 35, 69,
70

— rapmosunueckuit 30, 31, 33, 34, 118

~— u30TponHH 65

— Kpyrosoifi 42

Orpaxenua sakon 45, 208

Oumnbok ¢ynkuua IT

MapaGoauueckue KoopauHath I1

[NapaBojopox, cnuHOBHE (yHKuHA 147

IMapareaunsi 155, 156

TMapamaruerusm 128, 168

[MapamaruuTHbIl pesonaHc 180

[NlapunansHoe ceueHue 84, 87

IMapunanbieie BoJubi 81, 82, 205

— — pasJioXKeHHe MO HHM aMIIHTYIH
paccesnus 82, 83

————— B CJy4ae KyJIOHOBCKOro
paccesnus 111

————— nJjockoft BoJHbl 81

————— TpexMepHOH (PyHKUHH
I'puna 91

Tlayau marpuust 52, 129, 130, 189

— — ux aare6pa 131

— npuuuun 162, 157

IepekpeiTis uHTerpaa 44, 156, 158, 163

Tepecranoska uacrun 1562, 153

IlepecraHoBOUHBle COOTHOWEHHA 7, 8

— — JJs BOJIHOBHIX omepartopos 210

— — — KOMIOHEHT ONepaTopa CIHHa
129

— — ¢ ramdabToHHaHoM 10

Ilepexona BeposTHOocTh 182, 183, 186,
211, 213

Iepuonnueckui norennsan 28, 29

Tlepuonnyeckoe BO3MYyIEHHE NBYXYPOB-
HeBo#t cHcreMn 180

INepuonuynoctn ky6 15, 210

ITewna —Tennepa norednyans 38, 39,
93

[Tiiockas BosiHa, HAK/IOHHOe najeHue 45,
208

— — OMKCBHIBAWILAS HEpPeaATHBHCTCKYIO
yacTHHy co cnuHoM 137

— — — DE&JATHBHCTCKYIO YaCTHUY cO
cniuHom 190

[lnockas BoHa, pasioxeHHe NO Oapuy-
aJbHbIM BoJiHam 81, 136, 205

[MnotHocTe BepostHocTu 1, 16, 17, 126

— uMnyJbca |

—QTgﬂequx cocroanni 183, 186, 211,

— Maccel |

—lcocmﬂﬂuﬁ 3/IeKTPOHOB B (hepmu-rase
67

-— TOKa BepoaTHocTH 1, 16, 17, 80, 126

— 3JleKTpHyeckoro toka 1, 213

— — — B Teopur [lupaka 198, 199,
207, 209

— 3HepreTHuecKux yposHeir 26

Ilokasateab npenomaesus 187

[Tone ueHTpadbHBIX CHA, peaATHBECT-
CKHH 3/eKTpoH B Hem 201

— — — M COHH 3JekTpoHa 133

IToautpona 171

[TosHoe oTpaxenue 45

MNoaHbIfi MOMEHT KOJIMUECTBA IBHIKEHHS
133, 142, 201

[Monynpokunaemas neperopogka 19—22,
27, 86

Tonapusannounsiis Tok 199

TMoaspusanua AUNOJABLHOTO H3NYYeHHS
214, 216

— IJIOCKOR JMpakoBCKO# BoJsibl 208

Tonspusyemocts atoma 159

ITonepeunas Bosna 212

TocsienoBare/lbHble NpPHOAKKEHH AAS
pEleHHs] HHTerpajbHOTO YPABHEHHS
94, 96, 105 :

[Morenunas, uMmeomyi BUA CTENEHA IH~
Ha pacceanus 99, 100

Ilorennuanbuas crynenoka 37

— — B Teopun upaka 207

— SHEeprHs, MJIOTHOCTL D

— sama 25

TlpaBuna or6opa nasi IUNOMLHOTO H3JY-
uenusn 216

ITpenomaenus sakon 45, 208

TlpuBepennas macca 72, 75, 150

TpuneabHoe paccrosinue 104, 185

[poussogHeie omepaTopoB N0 BpeMeHH
8, 10, 1!

IMpoxoxaenue AAPaKOBCKHX YaCTHIL 4e-
pe3 noreHuHanbHblli Gapbep 207

[Mpowenweii BoAHBL HHTeHcHBHOCTE 21,
22, 23, 39, 45, 207, 209

INcesnosektop 192, 193

[MceBpockaasp 102, 193

[Tyaccona ypasHenue 156, 172—174

PaGora Boixona 169
PaBHoBecHOe MEXAaTOMHOE pacCToAHHE
B MoJieKyJie Bogopoga 163
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PajiaibHas KOMIIOHEHTa OIepaTopa UM-
nyabca 59

Pagua/bHbie BOJHOBbE (QYHKUHH B NpH-
6auxenun BKB 116

PaccesiHHe B XBaHTOBOM TeopHy nous 211

— QHMpPAaKOBCKHX 3JEKTPOHOB B [f0Je
LeHTpaIbHBX cua 206

— u soqoroe npasuao 183, 211

— Ha xecTkoft coepe 84, 109

— — cieprueckoii nooctu 86, 88

— HEATPOHOB Ha MOJEKYJIsiPHOM BOJO-
pone 147

— Heynpyroe 166

— OJMHAKOBEIX 4acTull 164

— opHOMepHas Mogeab 21—23

— npotoHoB Ha nporonax 165

PaccesiHus aMIJIMTY[a, DA3OXKEHHE [0
napuHa/bHbIM BOJIHAM 82, 85

— — CXORMMOCTb pa3JjoXKeHHd Mo map-
yHanbHeIM Bosnam 83, 103

— pauHa 84, 92, 95

— — JJA [OOTeHHHaJa, HMEMero BHI
crenent 99, 100

— — — — IOkasbt 102

— — — paccesiHHs HEATPOHOB Ha MpO-
ToHax 147

chepHuecKd CHMMETPHYHOH
npsivoyrosbrol amut 89 101

— — ee 3HakK 88, 147

— ceuenne, onpegencuue 80

PaccesiHHaa BoaHa, HHTepdepeHuusa ¢
nagaiomeii soanoi 80, 82, 1056
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