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YAK 530.145(075)

Kuura @uorre mnpejacTaBasier coGofi cBoeo6pa3HOe H3JOXKEHHE
KBaHTOBOHA MexaHHKHM Ha Gase aHa/n3a 3ajay u npumepoB. OHa oxBa-
ThiBaeT IIOYTH BCe pAa3fesNbl KBAHTOBOH MeXaHHKH, Hauelude GOJb-
woe NpakTHYecKoe MpHMeHeHue. BHumatennHo uuras kuury Puorre,
MOXHO He TOJIbKO H3YYHTb OCHOBHl KBAHTOBOH MEXaHHKH, HO M Ha-
YUHTBCS MPHMEHATh €e K KOHKPETHHIM 3aflauam.

Kuura paspenena Ha n8a Toma. Bropoit Tom coctout H3 nsTH
raas (III—VII). T'n. 111 nocesimena nBuxeHMIo KakK OXHOH (4acThb A),
TaK H HECKOJIbKHX (4acTb B) HepesNsITHBHCTCKHX YaCTHI, CO CIHHOM 1/,
TnaBa IV mno cymecrBy npeicraBiser coGoii AsabHeiiiee pasBu-
e ra. II1. B nefi mccnenyercss nBueHue o4yeHb GOJLIIOrO YuCa
YyacTHN (9/1eKTPOHHHH Tra3 B MeTaJsle, Mofesab aroMa Tomaca— Pepmn
W T. A.). B ra. V BouwmM HecrauwoHnapHble 3afaud, B ra. VI —
3alayd W TpHMEpbl, CBSI3aHHbIE C peJSTHBHCTCKHM  yDaBHEHHEM
Jlupaka, a B mochenniow, ra. VII—osjeMeHT TeopuH BTOPHYHOrO
KBAHTOBaHHUS, BKJIOUas KBAHTOBYIO TeODHIO HanyyeHust. Kuura cra6-
#eHa MaTeMaTHYeCKHM MNDHJIOKEHHEM, KOTOpPOe HOCBSILEHO CllelHal b
HbIM (DYHKIHAM H HEKOTODHIM HHTErpaJjiaM. 4acTo BCTPeuaiolUMCs B
KBAaHTOBOH MeEXaHHKe.

KHura nosesHa CTyJleHTaM M NperofapatesisiM, a TaKkKe IWHPO-
KOMY KpYry (H3HKOB-3KCNIEPHMEHTAaTOPOB, He OGJIaJalomuX [0CTa-
TOYHHLIM ONBLITOM BRIMOJIHGHHA KOHKDETHHIX KBAHTOBOMEX aHHUECKHX
pacueroB.
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Ill. YacTHupl CO CHHHOM

A. OpHoyacTuuHble 3ajauu

3apavya 129. flBumifi Bup matpun Ilayau

UYactHua co cnuHOoM 1!/, o6aagaer Tpems (yHmIaMeHTaJbHBIMH
0COGEHHOCTAMH.

1. Efi npucymu BHYTpEHHHEe BeKTOpHbIE CBOHCTBA, He 3aBHCALIHE
OT NPOCTPAHCTBEHHBIX KOOPJAMHAT.

2. COOTBETCTBYIOLIUHA BEKTOP NpPeICTaBAsAeT COOOH MOMEHT KOJIH-
yecTBa JBUXKEHHS (CIIUH), KOTOPHIH fO/MKeH GBITh f06aBieH K OGbid-
HOMY OpOHTAJLHOMY MOMEHTY YaCTHILEL.

3. M3mepsia Kakyo-nu60 KOMIOHEHTY CIHHA, MOXHO INOJYYHTh
TOJILKO OJHO H3 [ABYX 3HaueHHH: +1/2ﬁ U —/,n.

[Tepeuncnensubie 0COGEHHOCTH MOXKHO ONHCAThb C MOMOUIBbIO ABYX-
KOMIIOHEHTHBIX BOJIHOBHIX (GYHKUHH. COOTBETCTBYIOLLHE WM CIIHHOBbIE
onepaTopel H3o0pakaloTcs JBYXPAAHBIMM MaTPHIAMH, SABHBIA BHJA
KOTOpHIX OyleT Ha#leH HHXKe.

Pewenne. [lycrs

S=+0

vof

— OonepaTop BEKTOpa CIIHHA, TOoraa JJjs €ro KOMIIOHEHT B CHJIY
. 2 JOMKHBI HMETh MeCTO NepecTaHoBOYHbIE COOTHOLIEHHA

S,S,—8,S,=hiS, u 1. 1. (129.1a)

Ouu crnpapeJuBbl /151 ONEpPaTOPOB MOMEHTA KOJIMYECTBA JABHKEHHUS.
Jinisi 6e3apa3MEpHLIX ONEPATOPOB O; 9TH COOTHOLUEHHS MPHHUMAIOT B

0,0,—0,0,=2i0, U T. J. (129.16)

Cornacso n. 3, coGcTBEHHBIE 3HAU€HHsl KaXIoOro H3 oleparo-
pos 0; paBHbl -+1 ®m —I, nosromy onepaTopnl 0; JOJKHBE AOMYC-
KaTh NpEICTaB/JEHHE B BHUAE JBYXPAMHLIX MaTPHI( B ABYMEPHOM I'HJIb-
GepToBoM npocTpaHcTBe. F3-32 HEKOMMYTaTHBHOCTH PacCMaTpPHBAEMbIX
MaTpHIl BCe OHH He MOTYT OBITb JHArOHAJbHBIMH B OHOH M TOH e
rHILGEPTOBOH CHCTEME KOOpAHHAT. MH BbiGepeM IOCJEIHIO TaKHM
obpa3oM, 4ToOb MaTpHLA

o, = (é _?) (129.2)



10 I11. Qacmuypt co cnunom. A. O0Howacmuynbie 3a0a4u

6bli1a JMaroHaJ/JibHOH, TOTJa €IUHUYHbBIE KOOpIHHaTHbi€ BEKTOPBI MO2KHO

3anucaTb B BUIE
oz,=<(l)> i l3=(?>, (129.3)

ooa=a, O0p=—p. (129.4)

Ecau wactHia HaxoguTCsi B COCTOSTHUH, OMHCHIBAEMOM I'HJIBGEPTOBBIM
BekTopoM o« (f), TO B 5TOM COCTOSIHHH €€ CIIHH HamnpaBJjeH BJOJb
MOJIOXKHUTEJLHOTO (OTPHUATENBHOTO) HAMPABAEHHS OCH 2.

Martpuuel o, H 0, 3anulieM Tenepb B O6LIEM BHJE:

all alZ bll bl?
o, = o, = . 129.5
* <a21 G )’ v by by, ( )
Uro6bl HaHTH MaTPHYHBIE 32/1€MEeHTHl, Mbl CHayaJa BOCHOJb3YeMCs

IBYMSl TEPeCTAHOBOYHBIMH cooTHoweHusMH (129.16), auHeAHBIMH
OTHOCHTEJLHO MATPHL Oy U O

TaK 4TO

0,0,—0,0, = —2i0,,
HJIH
< 0 —2a12> 2.<‘b11 bm)
2a2] O = b21 b22 !
23
0,0,—0,0,= + 2i0,,
HIIH

0 ""‘Qbm\ G Gy
<2b21 0 )= + 2 <a2l Q)"

Taxum o6pasom, umeem

all :a22;—_‘b11:‘.b22=0,
. . 129.6
bm: — 1@y, bZl = @y, ( )

M HaM OCTaercsi ONpeleNHTb JIHIIL ABAa MATPUYHBIX 3JEMEHTA Qg
H a,. TpeTbe IepecTaHOBOYHOE COOTHOILEHHE

0,0,—0,0,=2i0,,

2ia,,a,, 0 /1 0
0 —%ia,a, J= %0 —1)

Aaer €lle OAHO pPaBE€HCTBO:

HJIH

(40, = 1. (129.7)



130. Cobcmeennvie sexmopbt mampuy Ilayau 11

PapenctBa (129.6) u (129.7) Bce ellie 0CTaB/AAIOT OHH KOMILJIEKCHBIA
napaMeTp, CKaxKeM da,,, HeompeieJeHHbIM. Mbl 3aQHMKCHpyeM 3TOT
napamerp, MPOU3BOJBHO IOJOKHB

a,=1, (129.8)

TaK 4YTO OKOHYaTe/JbHO MaTpHIbI Haynu IIpUMYT BUJ

0 1 0 —i 1 0
=11 0 y Oy=\; 0 ) 9%=\o —1/- (1299)

PapenctBa (129.9) MOXHO 3aMeHUTb SKBHBAJIEHTHOH CHCTEMOH
paBeHCTB

o,0=p, oa=if, 0,0 =a,
op=a, yﬁ = —ia, o,p= —p, (129.10)

€CJIM BOCNOJIb30BaThCs coGCTBEeHHBIMY BekTopamy (129.3) oneparopa o,.

3apaua 130. CoGcTBennble BekTopol matpuu [ayan

HaiiTh cOOCTBEHHBIE BEKTOpHl ONEpAaTOpOB O, U O, U I0OKa3aTh
HeoéxonnMOCTb yCAOBHSl |@y,|%2=1. BbisscHHTD CBOHCTBa WJIECTHHY-
HBIX" ONepaTopoB

0,=0,+i0, U 0_=0,—i0, (130.1)
H omepaTopa KBajpaTa BeKTOpa CIHHA
0 =0} 40} 03 (130.2)
Pewenne. [losaras B pesysabraTtax Npeiblaylled 3ajaud a,, =a,
noJjyyaem
0 a 0 —ia
0"=<lia 0>, °U=<i/a 0 >, (130.3)
H, CJeIoBaTeJbHO, .
0 2a 0 0
cr+=<0 0>, G‘=(2/a O>' (130.4)

Ilyctb panee Y ecTb IBYXKOMIOHEHTHAs BOJHOBas (GyHKIHS

fu 1 0
¢=(0>=u<0>—|—v<1>=ua+vﬁ, (130.5)

u av u —iau
oclo)=(am) o(o)=(a )

W\ /2av ‘u 0 (130.6)
o(0)=(0) o-(0)=ae):

TOrJa



12 I11. Yacmuyst co cnurom. A. O0Hosacmuunbe sadauu

Co6CcTBeHHble BEKTOPHl ONEpaTopa O, YIOBJETBOPAIOT ypaBHEHHIO
C’x‘!’——‘?ﬂl’,
rane A —cobcTBenHoOe 3Hau4yCHHEe; 3TO YpaBHEHHE MOXKHO 3anucarb
4yepes KOMIIOHEHTBbl B BHIE

u
av=MAu " E—:Av.

Ilocnennne ypapHeHHS COBMECTHBI TOJAbKO B TOM CJjyyde, eCJu
A=+ 1. Takum o6pasoM, j/s COGCTBEHHBIX BEKTOPOB TOJydaeMm

sl )-slor ) o 1o,

1 (130.7
b= 0)=u (a=58) mow a= )

BepoaTHocTH opueHTauui CIHHA BBEPX (B MNOJOXHTEJbHOM Hampas-
JIGHHH OCH 2) M BHU3 NPONOPLHOHANBHBEL KBaJgpaTraM MOAYJeH Ko3b-
(GMUHEHTOB NpH TUJbOEPTOBHX BeKTopax o W P, a uMeHHo: | H
1/lal*. Tak xakx HH oAHA K3 OpHEHTAUHH He SABJIAETCA MPEANnoY-
THTEJNBHOH, TO OTCIOAA CJieAyeT

lap=1. (130.8)

[lpuBesennble paccyeHHus NOJIHOCTBIO IPHMEHHUMBL M K ONlepaTopy .

31ech W BCIOAY B JajibHEHIUEM MBI [Jsi ONpPEAESEHHOCTH 6yneM
nojarate, uto a=1. Takum 00pa3oM, COOCTBEHHbiE 3HAUEHHS KaX-
nolt u3 MaTtpuul o; paBHbl +1 W —1, a8 HX COGCTBEHHBIE BEKTODHI
HMEIOT BHI

0 1 ) 1 "y 1

0x=<1 0/’ ‘P1=2 2<1 v o= ’<_1 ’ (13093)
0 —i /1 1

"=\; o >, w‘:2_1/’(i>’ ¢2=2—‘/,<_i>, (130.96)
1 0 1 0

L N gt

Bce Tpu marpuunt ITayan spMHTOBH, Of =0;, a X COGCTBEHHBIE
3HaveHHs JdeHcTBHTesbHb. Hanporus, omeparopbl

02 00
0+=<0 0) | 0_=<2 O> (130.10)

HE ABJAITCA 3PMHTOBbIMH:

ot=0_ n ol=a,.



130. Cobcmsennsie sexmopst mampuy, Iayau 13

Jlna HUX 3ajada Ha cOOCTBeHHBIE 3HAUEHHs OKAa3blBAeTCA Hepaspe-
[IMMOH, TaK KaK 3TH OIepaTopbl HE/Ib3A NMPHBECTH K JHArOHAJbHOMY
BHAY. B 3TOM MOXKHO y6enHuTbCsl C/IEAYIOMHM 06pasoM.

B nauGosee ofinem cjydae ABYXPSAHYIO YHHTApHYIO MaTpHIly
MOXHO 3allicaTh, €CJHM OTBJEeYbCH OT HECYLIeCTBEHHOrO :(pa3oBoro
MHOXKHTENA, B BHJE

cos O sin Gets
U=\_ sin9etm  cos Ot €+ /0

rae O, §, m—jaefctBuTenbHble napamerpul. IlpousBoxa Hap omnepa-
TOPOM O, YHHTapHOoe npeofpa3oBaHue, MOJdydaem

/—sin¥cosV cos? Pt 3
]

N o
Uto,U=2en —sinz¥e~%  sin¥cos Y,
HO MNOCJIEJHIOI MATPHIY Heab3f CcAeJaTb AMaroHa/JbHOH HM IIpH
KaKoM BHIOOpe NeHCTBHTE/NbHLIX [apaMeTpoB, MOCKOAbKY (QyHKUHH
sin® u cos¥ HM nNpu KakoM 3HayeHWH apryMenTa O He obpawaiTcs
B HYJb OJHOBPEMEHHO.

Ecsnu onepatopamu 6, M 0_ NojeAcTBOBaTb Ha THJAbOEPTOBLI BEK-

Topsl o u B, TO, corjacuo papeHctBaM (130.6), mosayuum
o,0=0, o_a=2f, o,0_a=4a, o_o,.a=0,
o.p=2a, o_Pfp=0, o,0.p=0, o_o,p=4p.

DtH onepaTtopbl yAOBJETBOPRIOT N€PeCTAHOBOYHLIM COOTHOLLEHHAM

6,0,—0,0,=—20,, 0.0,—0,0_=+20_. (130.12)

(130.11)

Ecau or oneparopoB ¢, W O_ MnepedTH K HOPMHPOBAHHHEIM oOllepa-
TOpam
h h
S+=-Q-0+ H S_=-2~0,, (130.13)
TO OHH, TaK XK€ Kak u omepartopbl L, u L_ (cM. 3agauy 56), 6yayr
cABUraTh COGCTBEHHOE 3HAaUEHHe Z-KOMIIOHEHTHl CNHUHA Ha eIUHHIY
(B exuuunax h):
S,a=0, S_a:ﬁﬁ,
S,p=ha, S_p=0.

CocrosiHue P ¢ mpoekuuei cnuna —1/,/i nox neiicrerem oneparopa S,
MepeXoNUT B COCTOAHHE & C MpoeKuued crmuma --'/,/i, onepartop
S_ neilicTByeT aHaJOTHYHO, HO B APYryl cTOpoHY. Bhipaxenus S, o
u S_f Do HeoOXOZHMOCTH NOJKHBI O0OpamiatbCsl B HYJb, TaK Kak,
COTJIaCHO [PHBEJEHHOMY MpaBWJYy CIBHra, B pe3yJbTaTe NOJKHBI
6Gbl1H Gbl I0/1y4HTHCA COCTOAHHSA C MPOCKUHAMY cuHa +3/,h u —3/,4,
HO TakKMX COCTOSHHA B paccMarpuBaeMOM THJIb3epTOBOM NPOCTPaH-
CTBE He CYLIEeCTBYET.
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B sakgaioyenne pacCMOTPHM ONepaTop KBajpara BEKTOpa CMNHHA
1
0’2=0§+0§+0'§=7(0+0_—|—0-0+)—{—0§. (130.14)

Herpynio BuAeTh, 4TO BCe TPH MAaTPUUBI O} SABJSIOTCS eQMHHYHBIMH
MAaTPHUAMH, NO3TOMY MaTpHla 6% JuaroHajbHa:

o g(10
=201/’

a ee 3HauyeHue paBHO 3, KakKoi OBl BEKTOp THJbOEpPTOBa IpPOCTPaH-

cTBa Mbl HHW Opanau. B chnpaBemsuBoCTH 3TOTO pe3yJibTaTa MOXKHO

y6eiuThCA H C TOMOILBIO BTOporo H3 Bhipaxkeuu# (130.14), Bocmojb-

30BABILHKCH A5 NPOU3BeleHHH 0,0_ U o_0, coorHomwenusimu (130.11).
s pasencrea (130.14) crenyer

s:=3 1

Ecau BBeCTH CNMHOBOE KBAHTOBOE WHCJIO S, TO IIpaByl 4acTb IIO-
CJ€JHEro paBpeHCTBA MOXKHO 3amnucaTe B BHAE

eSS (S 4 1),

rie S=1/,. IMeHHO 5TO uMMeIOT B BHJy, KOT1a TOBOPSIT, UTO COCTOS-
HHE HMeeT ,CIHH 1/,“.

3apnaua 131. Aare6pa CNHHOBBIX MaTPHIL

Mokasark, uto Tpu Marpuus [layau BMecTe ¢ elHHMYHOH MaTpH-
el oO6pasyloT NOJHBIA Habop JuHEeHHOH anrefphl.

Pewenne. Eciu 1, o, 0,, 0, 00pasylor noauvii 6asuc, To 3TO
O3HayaeT, YTO B pe3yJbTaTe CJIOKEHHUS HAM YMHOXKEHHS 3JEMEHTOB
BHJA

N =a,-a,0,-}a,0,+ay0,, (131.1)

rne a;—INpOou3BOJbHbIE KOMIJIEKCHBIe YHC/A, HEJb3sl MOJYYHTh 3Je-
MEHTOB, He MPHUHAJIeXaUlUX paccMaTpuBaeMoit asrebpe. [Las cao-
JKEHHS 3TO OYEBHJAHO, YTO XKe KacaeTcsl YMHOMKEHMS Haphbl 5/1eMeHTOB,
TO B CIPABeAJIMBOCTH CHEJAHHOIO YTBEPXKIAEHHS elle NPeACTOUT
yoenutbest. C 3Tol Hesbio Mbl COCTaBHM 1st MaTpuu [ayan TaGauuy
YMHOXKEHHS.

Iycrs i, k, I—mnpousBosbHas LHKJIHYECKasl NEPECTAHOBKA Tpex
MHIEKCOB X, Y, 2, TOTAa MaTPHIBl O; JO/XKHBI YIOBJETBOPAThL Iepe-
CTaHOBOYHBbIM COOTHOILEHHSM

0;0,—0,0; =20, (131.2)
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A HOPMHPOBOYHBLIM COOTHOLIEHHSIM
oi=1. (131.3)

KpoMe TOro, kak HeTpyZHO NPOBepHTh, MaTpuubl [layan anTHKOM-
MyTaTHBHBL:
0,0,+0,0;,=0, i<k (131.4)

Takum oOpasoM, cKjaaiwpiBasi u Bhiuutas pasenctsa (131.2) u (131.4),
noJiyyaem
0;0,=1i0;,, 0,0;=—Ii0,. (131.5)

CrnepoBate ibHO, fpou3BefeHHe J1060H napbl Ga3sHCHBIX 3JIEMEHTOB,
ec/il OTBJIEYbCS OT KOMIIJIEKCHOTO HYHCJOBOIo Ko3(pduiMeHTa, CHOBA
fIBJSETCA 6A3HUCHBIM SJEMEHTOM:

BTopo#t cOMHOXHTEND
[Tepsolit comHOKHTETL
1 (L ay s,
i 1 Oy oy O,
Oy Oy 1 io, —~i0y
gy oy —io; \ {0,
a, o, ioy, —i0, !

Cnenyer o6paTuTh BHHMAaHHe, YTO NPOH3BEJEHHE BCEX TPeX Mar-
punt ITaynu umeer oueHb MPOCTOH BHJ

0,0,0,=1i. (131.6)
3ameTHM TaKikKe, 4TO, COIVIaCHO MNpHUBeNeHHOH} Tab/ulle, He HMeoiHe

COGCTBEHHBIX 3HAYEHUH ONepaTopbl G, W O_ JOJIKHBEL YIOBAETBOPATH
paBeHCTBaM BHJA

0% = (0, & ig,)* =0t—0} £ i (0,0, + 0,0,) =0.

STOT HHTEPeCHLIR pe3yabTaT o3HayaeT, 4To B aare6pe matpuu [Taysau
KBaZpaT HEHYJEBOTO 3JeMEeHTa MoXeT OHhTb paBeH HyJ0. B aT10#
CBAI3M CJIeAlyeT 3aMeTHTb, 4TO B pacCMaTpHBaeMOH a/jredOpe He cyiie-
CTBYET 3JIeMEHTOB, OOpaTHHIX 3JeMeHTaM O, H O_.

HenyneBoii snement anre6pst, N, y10BIeTBOPSAIOUINA COOTHOLICHHIO

N=Ne, (131.7)

HasblBaeTcsl MAEMIOTEHTHBIM 3JIeMeHTOM. B Hawied a.nreépe TaKue
3JIEMEHTBI MUMEKT BHA

T4y 1 g(—o), i=x g z (131.8)



16 111. Yacrmuyp co cnuton. A. OOnowacmuunsie 300a4u

B MaTpHYHOM npeﬂCTaBﬂeHHPl, HamnpuMmep, nojayyaeM
10
(1+02)—(0 0)
00
a—ey=(39).

Hefictene onepatopoB P, u P_ Ha 6a3ucCHbIe BEKTOpH THIbGEPTOBA
IpOCTPaHCTBa o U P naeT

P,a=a, P_a=0,
P,p=0, P_p=8.

Taxum o6pasoM, 5TH omepartopnl, LEHCTBYA Ha COCTOSIHHS CO CMe-
IIAHHOH CNIHHOBOH OpHeHTaluel, MoxaBJAT JH6O a-, JHOO P-KOoM-
TIOHEHTY CMeCH

P, (ua+of)=ua, P_ (uo+op)=0f,

TaK YTO B pe3yJbTaTe MOJy4YaeTcs BEKTOD, COBNAJAMWUIA N0 HAMpaB-
JICHHIO C OJHMM H3 0a3HCHBIX BEKTOPOB THAbGEpTOBa IPOCTPAHCTBA.
[To stoii mpuuMHe yKa3aHHblE ONEPATOPHl HA3BIBAIOTCH IPOEKIHOH-
HBIMH OrepaTopamMH. ‘

2| zol

Sameuanue. Anre6pa marpunt [laynm no cymtectBy cosnapaer ¢ anreGpoi
KBaTePHHOHOB, B KOTOPOH BMeCTO BeJHYHH Op B KauecTBe Ga3HCHBIX 3/1eMEHTOB
HCIOBSYIOTCH BEJIHYHHB iOg.

3agaua 132. TpancdopmaumoHHbie CBOHCTBA CHHHOPOB
Kag MoxHO NMoKasarb, YTO CMHH OJHOYACTHYHOI'O COCTOSIHHS,
=y opasx, (132.1)

npencraBasier cofoil BeKTOpP? YuyecTb, 4TO MaTpHLUB O; He npeobpa-
3yIOTCA NP [IOBOPOTE NPOCTPAHCTBEHHHIX KOOPAMHAT W YTO TPAHC-
dopMalOHHbBIe CBOACTBA CHHHA § MOJHOCTbIO OOYCJOBJEHBLI TPaHC-
(opMaLlHOHHBIMH CBOACTBAMH BOJIHOBOH (PYHKLHH.

Pewenre. Tax Kak [pocTpaHCTBEHHble BpaileHHss 06pa3yioT
rpynmny, TO AOCTaTOYHO PacCMOTPeTb GECKOHeUHO MaJble Mpeofpaso-
BaHHUs

=xi+%], EinXpy  Epi = — Ep, (132.2)
rae
o= 0lgy g3 =0y, €3 =0, (132.3)

— GecKOHEYHO MaJble YTJbl IOBOPOTOB OTHOCHTEJNbHO KOOPAHHATHBIX
ccefi. Ecau cnuH § sBasierca BeKTOPOM, TO OH AOJIKEH Npeobpaso-



132. T pancdopmayuonbie ceolicmsa cnuropog 17

BbIBaTbCs MO TEM XK€ NpaBHJIaM:
" ’
§;=§; +§ €:1Sks (132'4)

BHIMTOJIHEHHE TIOCJENHHX LO/KHO 06GecleyHBaThCs 3a CUeT npeobpa-
30BaHUSA TOJbKO CaMOH BOJHOBOH (YHKIIHH:

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

rre §—unpuuuTesumanbubiit oneparop. Huxke Gyner nafinen sapubi
BUJ YKa3aHHOIO Npeolpa3oBaHuA.

Mbl HaudeM ¢ 3ameyaHus, uTo mnpou3BeseHue Yt saBIserca
CKaJsipOM, M INO3TOMY NOJIZKHO BHINOJHATBCA PaBeHCTBO

P =Pt (1+E) (1 +8) p=1yt,
UJH
gt =—E. (132.6)

[loncrabnss nanee soipaxkenus (132.6) u (132.5) B popmyay (132.1),
noayyaem

si= {9 (1—8) 0,(1 -8 pdix=s, + § ¥ (05 —Eo) b v,

CpaBnuBas 3TO BhIpaxenHe ¢ BrupaxenuneM (132.4), npuxoaum
K ypaBHEHUAM

of—to =3 eucs, i k=1,2,3, (132.7)

M3 KOTOPHIX MOXKHO omnpenesutbh oneparop & HerpyaHo nposeputs,
YTO peIlleHHEe HMEeT BHJ

E == 5 (€190 €401 +€,0). (132.8)

IleflcTBUTENIbHO, TOACTAaB/AAA NPHUBEJEHHOE BHIPAXKEHHE B JIEBYIO
yactb (132.7) u ucnomb3ys KOMMYTALMOHHBIE MPaBHJA, HANPUMEp,
ana cayvas =1, naxonum
i i . .
) (01, 81505+84530,-25,0,] :_Q'{— €15 200, + 84+ 200, } = £,,0, + £,,04,
YTO B TOYHOCTH COBNAJAET C BbIPAXKEHHEM, CTOfILHM B NPABOH YacTH
(132.7). Amanoruysele pesysabTaTeHl NONYYalOTCss ¥ B TOM CJaydae,
Korga i =2 umm i=3.

Oneparopy (132.8) moxHo npuaars €osiee NPOCTOM BHA, BOCHOMb-

30BaBIUKCh JJIsI YIVIOB IOBOPOTa OGO3HAYEHHSMH, NPHHSATHIMU B (OP-
Myaax (132.3):

E=5 X 00 (132.9)
R
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Ecan paccmarpuBaemoe npeo6pa3oBaHHe NPHMEHHUTh K [IPOU3BOJNBHOM
IBYXKOMIIOHEHTHOH BOJIHOBOH (PYHKIIHH

¢=<‘;>=ua+vﬁ, (132.10)

TO B pe3y/bTaTe MOJyuuTcs npeobpasoBaHHas GyHKLHA

P = (Z,> =u'a+v'B, (132.10a)
rne
u' = (I +l?oca ) u+'l§' (OLl—l'OLQ)U,

; . (132.11)
v':;(aﬁ-iag)u—}—(l—?as)v.

JByxkoMroHeHTHaA ¢yHKUNA, obnajalomas TaKUMH TpaHchopMa-
LHOHHBIMH CBOHCTBAMH, HA3bIBAETCH CAUHOPOM.

3ajgaua 133. JJAEKTPOH CO CNUHOM B UEHTPAJLHOM [oJe

Hafith Bo/HOBbie (YHKUHU 3JEKTPOHA CO CIHHOM B MOJE He
3aBUCAWIMX OT CNHHA UEHTPaJbHBIX CHJ. Y4ecTb, 4TO BOJIHOBbIE
GYHKUMH J0/KHBI ObITh COGCTBEHHBIMH QYHKUHAMH IBYX ONEpaTopoB

Sr=(L+8)? n J,=L,+8S,, (133.1)
rie L u S—cooTBeTCTBEHHO OpOUTAJBHBIA H CHHHOBBIH MOMEHTHI
3JIeKTPOHA.

Pewenne. HauyHem ¢ 2-KOMNOHEHTHEI MOMEHTa KOJIMUECTBA ABHNKe-
uus. YuuThBasi, 4TO -

hoo b 1 0
=73+ Si=70 °==(0 —1)'
MOXKHO HaillucaTb

;0 4L 0
J,=ﬁk ag’ LA (133.2)

CobcTBEHHble (DYHKIHH 3TOTO ONeparopa HUMEIT BHJ

/ (l - 5
(m=%)e
V= Clet<m/+i)¢ , (133.3)
C.e 2
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rie C, u C,—II0Ka ellle NPOH3BOJbHBIE (YHKIHH NepeMeHHbX 7 u U.
B 5TOM HEeTpyAHO yGEAHThbCS, NOAeHCTBOBAB OnepaTtopoM J, Ha (yHK-
uuio P. B pesyabrare moaydum

Jp="lmpp, (133.4)

JI09TOMY BeJIHYHHA ﬁmi- ecTh COOCTBEHHOE 3HayeHHe onepaTtopa mHpo-
eKIUH NOJMHOTO MoMeHTa J Ha ochb 2. CMbIC/T BOJHOBOH (QYHKIHH
(133.3) craner GoJ/iee OueBHIHBIM, €CJH NepenucaTh €€ B BHIE

wzcle‘<m’ 2)wa+CQe[(mi+%)¢ﬁ. (133.3a)

Mbl BHIMM, YTO NEPBBIH YJEH OIHCBIBAET 3aBHCHMOCTb (YHKUHH
OT KOODAHHAT, €CJH CHOHH Hampas/ieH BBepX, a BTOPOH UJEH Onu-
CHIBAET TY K€ 3aBHCHUMOCTb, €cJIM CIIHH HanpaBJ/ieH BHU3. OITOH
KOODJMHATHOH 3aBHCHMOCTBIO OIPENE/]IAETCA 3HAuYEHHe firm; NpOeKLHH
op6urasbuoro momeHta L Ha ocb 2, H OHO JOJIKHO ObIThb TaKuM,
yto6el m; =0, +1, +2, ..., T. e. 660 UeabIM uucJjoM. B ciayuae
CMHHA, HAMPABJEHHOIO BBEPX, Mbl HOJYy4ydeMm

1
m/= m, +—2— ’
a B CJyyae ClHHa, HallpaBJ/JEHHOro BHHU3, HMEEM

Takum. o6pasom, m; SIBJSETCS TNOJYLEJBIM YHCJIOM. DTOT pe3yJbTaT
npeacTaBsser cofod XOPOILIO H3BECTHOE M3 BEKTOPHOH MoJeJH mpa-
BUJIO CJIOXKEHHSI MOMEHTOB. XapaKTepHas OCOOEHHOCTb BOJHOBOH
¢yukuun (133.3) uau (133.3a) coCTOMT B TOM, UTO fn; IPEICTABJISET
co6oil , xopolluee KBaHTOBOE YHCJIO“, @ YHCJO /11, TAKOBLIM He sIBJAETCS,
IIOCKOJIBKY BEKTOD P €CTb CMeCh ABYX COCTOSIHMH, XapakTepH3yio-
IHXCS PA3/JUYHBIME 3HAYEHHSIMH KBaHTOBOI'O YMCJA ;.

Iepeiinem Tenepb X omeparopy J2. Mcrnosb3ys SIBHEI BHA MaTrpHll
Mayau, Bxoxsuux B onepatop S = (//2) 6, MOXHO HamKCATb

1 L, L.
Jz:LZ—FSZ—%-Q(L'S):LZ+%ﬁ2+ﬁ<; L>'
+ T Lz

Takum o6pazoM, Mbl JOJUKHBl PEIIHTH CJEAYIONLYIO 3alayy Ha coO-
CTBEHHBIE 3HAUEHHH:

Lo+ fe 4 hL, AL_

P
i, L 3he—tr, ) R G+ )b,

Jp =

(133.5)
NpHYEM BHILE N0 aHAJOTHH CO CJyuaeM OpGUTasbHOrO MoMeHTa L2
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Mbl MPOH3BQJbLHO OOO3HAUHJIH HCKOMOE COGCTBEHHOE 3HAYEHHE [10-
CPe/ICTBOM fizj (j +1). Uro6bl cienath (GyHKIHKO Y obmell coGCcTBeH-
HOH (yHKUHEH onepatopoB J, u J2, MBI JIOJUKHBI NPHAATL el dopmy
BoipaxeHus (133.3) u, kKpome Toro JOJIKHBIM 06pa3om ONpeaesuThb
3aBHCHMOCTD @yuxunu C, u C, or nepementHoir ¥. Iroro MoxHO
JOOHUTBCA, moJiarasi, 4ro ‘

FOY, (0, 9

N A
- 133.6
lewy,  Loe) (155:6)

Y A
Ctepuueckue rapmoHuku B. Boipaxenun (133.6) saBucaTt or ¢ Kak
pas TakkuM 06pasoM, Kax 310 TpeGyercs corsacHo paseHcTBy (133.3).
Ilpu pacyere BhIpaXeHHs J?P B COOTBETCTBHH ¢ COOTHOILEHUSIMH

(133.5) u (133.6) Mbl Bocnosb3yemcss oOWUMH GOpPMyJaMH  (CM.
3anauy 56):

LY, ,=—kV((+m+)(—m)Y, ..,  (133.7a)
LY, ==tV {Ii+mI—m+ DY, ,_,, (133.76)

LY, .=hmY, ., (133.78)
L Y, m_ﬁ Ll+1Y, (133.71)
OxoHuaTe/IbHbIA Pe3yJbTaT HMeeT BHUJ
fry L+ +5 2 (m— —
[ (m=5)] ¥ s
1
—e) Y (1+m+5) (1—m 5 )Y nt

J2p = fi2
10V (Fem ) (=m=g)Y, 0+

+e( [te+0+5—(m+5)]Y,

i, m +—
* T e

Hoaromy 3ajaua Ha coGCTBeHHbie 3HaueHHs (133.5) coxutcs K ABYM
JIMHEHHbIM aareGpanyeckuM yPaBHEHHAM OTHOCHTENBbHO (YHKUHMIA

Fir) w g (r):
Flresn+5+(m—5)=iG+1]—

——g]/<1+ )—m, 0,
—f]/(i+) —mi+g[LU+ 1)+

—Qm+5)—4u+n]=a

(133.8)
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Tor akT, 4T0O Ham YAAJOCh HCKJIIOUHTL ChepHYeCKHe FapMOHHKH,
moxasblBaer, 4yTto BHIOOD QyHKUHH ¢ B BHie (133.6) neficTBHTENBHO
N03BOJISIET DEHIHTh NOCTaB/EHHYWO 3ajxadyy. Takum oGpasom, H mpH
HaJIHYHK CIHHA YHCJIO [ Bce ewe SBJAETCH ,XOPOLMIHM® KBAHTOBBIM
YHCJIOM.

YpaBuesus (133.8) coBMecTHBI TOJMBKO B TOM CJyuae, KoOrja
¢yuxkuuu f(r) u g(r) omiuMualoTCs APYr OT APYra JHIUb MOCTOSH-
HbIM MHOXKHTeseM. [loaToMy MEI MOJIOXKHM

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

a otHowenHe B/A moxHo Oyner Hafith u3 ypasHenuit (133.8). Tax
KaK CcHcTeMa JHHedHBIX ypaBHenu# (133.8) omHoponua, ee ompene-
JITE/Ib JOJIKEH OBITb PAaBEH HYJIO:

[] G4 ——(l +%>2]2_—_m?__ [<1+%>2_m?] =0. (133.10)

[TocnenHee cOOTHOIIEHHE, KaK OYEBHJIHO, HE 3aBUCHT OT KBAHTOBOTO
yucaa m;. IJTO fABJIAETCS OXHMM M3 TPOCTEHIHX CJEJICTBHH BecbMa
ofuwe# Teopembl Burnepa—3kkapra. MMeercs nBa pas/iMuHBIX 3HA-
ueHHs uYMcJa j, yAOBJAeTBOpAlHUX ycjosuio (133.10).

Pewenue 1
1
I+—=—m;
i=l+g, B=—4)]/ ——,
I+ +m;
1/’+%+’”/‘ Y, o1
. _Fi(n) i3
P, = . (133.11)
Vaori 1/1_,_?__,,1} v, -
Pewenue 11
1
45 —+my
j=l—y, B=4]/ ——2,
l/l”L%“‘m/ LY
Fy(r) )2
Py = —e . (133.12)
VATI\ Y tbgtm, v, 0
-t

OBa pemenusi HopMuHpoBaHbl. Tak Kak BO BCeX KOMIIOHEHTAaX BOJ-
HOBOH ()YHKIHMH B KauecTBe MHOXHTeJeHl (QUrypupyIOT cdepuyecKue
TapMOHMKH OZHOTO M TOFO XK€ MNopsiika [, a moTeHUMaJs IpexnoJsa-
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raeTcs He 3aBHCAIEM OT CNHHA, QYHKUHMIO F, MOXHO ONpeIe/uTh
U3 paavajbHoro ypasHeHus llpenuurepa

[ N (R
—2'—,,,(761— (r;f_ )Xl>+v(r)Xl=Elea (13313)
rane
Xe=rF(r). (133.14)

Sanmevanue pedaxmopa nepesoda. Dopmyna (133.11) ocraerca cnpaBeniuBofi
u B cayuae [=0, Tak KaK npH 3ToM KoxpdHUHEHT, CTOAWHE NepeX He HMeoLiEH
CMbic/a  CPePHUECKO TapMOHHKOA Y, ., TOXINECTBEHHO paBeH HyJio. Taknm
o06pa3oM, B 9TOM CJayuae UMeeM
Fo(r) (1 1
= npa =0, mi=-+—+
B Vi \0 p =+

_ _Fy(nro N 1
qp,_-—m<1> npn [=0, mj=— -

Uro xe KacaeTcsi BTOPOro pemleHus, Yy, To npu /=0 oHO He cyulecTByer, Tak
KaK KBAHTOBOE YHCJO j NO ONpeleJieHHIO MOJIOXKUTEJbHO.

3apaua 134. KpagpynoJbHulii MOMEHT NpPH HAaJUYHM CIIHHA

Brluucautb KBallpyHOJIbeIﬁ MOMEHT OAHO3JIEKTPOHHOIO COCTOS-
HHUS B CQJepuqecxu CHMMETPHYHOM IOTEHIHAJbHOM I10JI€, IIDHHSAB BO
BHUMaHHe HaJAHyUe CIIHHA.

Pewenne. Kpajpar monyns coGerseHHolt GyHKumun [cM. pase-
crBa (133.11) u (133.12)] Bhipaxkaercst GopMmyaoi

(T
#(trgm)|Vunpaff o
ecnn j=1I1-+1/,, u opmyJoi
el =5 (g a4
+(z+.;_+m,>|yl' . “}, (134.16)

ecau j=1I1—1, Hanomnum, yro |m;|<Cj u yto npu /=0 pemenue,
COOTBETCTBYIOIEe (PYHKUHH Pri, OTCYTCTBYET.

Tak kak Bolpaxkenus (134.1a) n (134.16) He 3aBHCAT OT yrJaa @,
TO 3J€Ch OCTAIOTC B CHJe apryMeHTHl, IIpUBeJeHHBIe B 3ajaue 6],
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Mo3TOMY CpeJHHe 3HayeHus HEAHaroHaJ/JIbHbIX 3/JEMEHTOB TEH30pa
KBaApYyNOJbHOTO MOMEHTA OﬁanJ,aEOTCﬂ B HYJ/b, a CpedHHE€ 3HAUCHHA
ero JUaroHaJibHBIX 3JIEMEHTOB CBsI3aHbl COOTHOLIEHHEM

1
Qux> =<Qyy>=—75 <> (134.2)
TakyuM o6pa3oM, Mbl ONAATH JOJIKHBI BBIUHCJHTL JIHIIBL OJHY BeJH-
quny <@,.,>, onpeznensiemyo dopmyoh
<Quz> = § | [* r* (3cos? 0 — 1) d°x. (134.3)

[MoacraBnas cioga sbipaxkenus (134.1a) um (134.16) u yuurbBas
J0Ka3aHHoe B 3ajgauye 61 cooTHoweHHe

2 (1 4-1) —6m2
§Beost 8—1)|Vy, n[*dQ =727(_—1)—(’ﬁ . (134.4)

nonyyaem
« 1\2
2l(l+l)~6<m-——>
< I 2
<sz>:21+1 (l+—§_im/> 21—1)(243) t
I 2
L\ (1+1)—6(m,+7>
+(l+?+’"f) @=nei+s |

3nech BEpXHHH 3HAK OTHOCHTCSl K CAyHal [={-1/,, a HUXKHHH —
K cayvawo j=I[—1/, u [Z>1, u, KpomMe TOro, BBEIEHO 06O3HAYEHHE

@®

§ 1P () Pdr =<, (134.5)

0

[Tocne snemeHTapHO# NeperpynnupoBKH 4leHOB B (HUI'YPHEIX CKOG-
Kax MOJyu4eHHOe BhIpaXKEHHe NPHBOAHTCA K BHAY

Q> =<r" BTG5 v (134.6)

YyI0OHOMY JJ151 CpaBHeHHs ¢ BhipaxkenueM (61.8).
IMocnexHiolo Gopmysy MOXKHO 3anucath B 00Jee KOMIAKTHOM
BHIE, €C/MH 3aMEHUTb KBAHTOBOE YHCJO [ YMCJOM j:

—¢r .L( _ﬂ)
Q>=<r-5 (1 D) - (134.7)
Ora dopMyJsa HMeeT MeCTO MDY J0GOM BhIGOpe 3HAKA B BHIPAXKEHHH

j=1+41, B amxkecaexywolel Tab/uie NpuBeIEHb YHCIOBbIE PE3Y/lb-
TaTbl JUIS HECKOJbKHX MEPBBIX 3HAYeHHH KBAaHTOBOIO 4HCHIA j.



24 111, Yacmuyer co cnurnom. A. O0nowacrmuunste 3adauu

<Q,,>/<r*> man
CocTosHRS i \ 3 5 7
m].:;g:-g- mj=i7 m].: iT mj.::}:T
Sipr Py & 0 - - -
Pa/, ’ Ds/’ 3/ +s —%5 - -
D“/a ’ F“/g %2 +19/35 +4/35 —205 -
Foy Gy, /s +19/4; +8/9 —%a —H/y

M3 Ttabmuuel BHAHO, uTOo OpH j=1/, ciepuyeckoii CHMMETpuUel
obnafatoT Kak S-, Tak M P-cocTosiHusi. BooGlie MOXHO YCTaHOBHTH,
YTO N0 Mepe YBeJIHYeHHs 3HaueHH# |m;| BbITAHYTas ¢opma 3JieK-
TPOHHOTO pacHpelesIeHUsT 3aMeHs1eTCsi Ha CIIIOUEHHYIO.

CymMma uucen <Q,,>/<r?>, crofmux B Hawed TaGauue Ha OfHOH
CTpPOKe, KakK HEeTPYIHO BHAETb, PaBHa HYJ/IO. JT0 OOBSCHAETCHA TeM,
YTO TaKoe CYMMHPOBaHHE NPHBOAHT K KOHQUTrypauUWH 3aMKHYTOH
000JI0YKH. B 3ToM MOXKHO ybOexuTbhesi 4 B ofuieM cJlyyae, €cJu Mpu-
HATb BO BHHMaHue, 4YTO

C yuyeTom 3THX COOTHOIIEHHH HMeeM
!

i i
Y Q=< Z 1— 1(1+1) 3 m}}:O.

ml.=‘/, m, /s mj=1/l

3anaua 135. Cpentee 3HaueHHE MATHHTHOTO MOMEHTa

st »JeKTpPOHA CO CIIMHOM B HEHTPAJbHOM IOJie BBIYHCJIHTD
cpesHMe 3HAYEHHS BCeX TPeX MpoeKuud BekTopoB S, L M J, a Takxke
BEKTOPAa MaTHHTHOTO MOMEHTa.

Pewenne. Ilyctb

/ul\

u=
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_ coOCTBEHHBIH CIUHOp, TOTrAa
fi
uf qu =79 (uyu, + usl,),
%
ut S,u=

2
h
u'l' Szu———?

(ugu,—usu,), (135.1)
(uiu,—usu,).

CornacHo pesyJ/bTaTam 3aaaud 133 s COGCTBEHHBIX CNMHOPOB J2
u J, uMeeM

Fy(r)

—_—— A, 1
Uy VmA,'lYl’ m].-? » 35,9
u2=—————Fl(,) B,‘ [Y 1 ( ) )

Ver+1 " Lmpr

rue

1 1
Ar = Vitstm, By ,=—V l+g—m 13530

l+—-2-

H
1 1
Al—%, l= Vl+7—m/, Bl——;-, [= ~l/l+‘§'+ml (13536)

Takum obpasom, B BoipaxeHusix (135.1), KOTOpble HCNOJB3YIOTCS
AN BBIYHCJEHHS CPeIHHX 3HaueHud S, W S,, OTHeJbHBIE YJIEHbI
6yAyT cojep:aTb MpPOH3BELAEHHS Pa3/HUHBIX chepUUecKuX (pyHKIU,
[IO3TOMY

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

C npyroit CTOPOHBI, AJf CPEIHEro 3HayeHHs S, U HOPMHPOBOYHOrO
KHTErpaJja Mbl COOTBETCTBEHHO HMeeM

Sp=2 (O (43 B} )ar (135.4)

(P LEOF (a3, By dar=(r|Fnpar=1. (136.9)
[ 0

Orciona caenyer

2 _RB®
# (135.6)
i

b A
2 a3 48},

S =
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B coctosthusix ¢ j=1{-1/, umeem

8>, =hmy;5— 21+1 ﬁm, 37 (135.7a)

ecnu xe j=I[—1/,, TO
1 1

Cpennue 3HaueHUs NpoeKIHH OpOUTAIBHOTO MOMEHTa MOXKHO IIO-
JIyYHTb aHaJIOTHYHBIM 00pa3oM, paccMaTpPHBas BHIpaXKCHHUE
ut Lu=uiLu, +u;Lu,.

Tak xax omeparopbi L, -£iL, H3MEHAIOT BTOPOA HHAEKC cPepuue-
CKoHl QyHKUMHM Ha =1, TO cpemme 3Hauenust L, u L, cHoBa oGpa-
IWanTcs B HyAb (cM. 3ajauy 58), a s cpeﬂHero 3HAYCHHS L, nmeem

S{ uy (m,—%) Uy +us (mj—k%) ug}dsx

S { u'{ul —{—u§u2} d3x

<Lz> = ﬁ'

HJIH

Ly=Hh- At (= t:,l(m]ﬂ)

Ecnu Bocnoab3oBaTbes opmyaoit (135.6), To mnoc/iesHeMy pesyiib-
TaTy MOXHO NMpHAaTh Gosee NPOCTON BHA:

KL =hm;—<S,>. (135.8)

Sry ¢opmyny Mbl MOTJIM Obl MOJNYYHTH Cpasdy, ecau OBl YU/IH, 4TO 4
ecTb COGCTBEHHBIE ClHHOp omeparopa J,=L,-+S,, npuHamiexRamuii
COOCTBEHHOMY 3HAuYeHHIO fum;.

Cpennue spauenus J, uw J, TakXe paBHb HYJIO, NOCKOAbKY
PaBHBl HYJIO CcpenHue 3HAYEHHS coomercrsy;omux NPOEKUHHA BEKTO-
poB L u §.

Oneparop MacHUMHO20 MOMEHMAQ UMEET BHJ

e
M=— (L +28), (135.9)

Fle —e— 3JIeKTPHYECKUH 3apsx anekTpoHa. CpefHie 3HaUeHHs NPOoeK-
UMHA MArHUTHOTO MOMEHT2 Ha OCH X M Y O6GpalatoTcs B HyJb, OMHAKO

M =— 5= {<L>+2<Sh (135.10)
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yTo ¢ yueroM ¢opmyasl (135.8) MoxHO 3amucaTh B BHIE
e
(M. = — o (im;+<S.>).

Orcrona, NpHHHMasi BO BHUMaHue coorHoweHus (135.7a) u (135.76),
HAaXOJAUM, YTO B COCTOSIHHAX ¢ j=1[-41/, '

| ho o 2f+1
M3 ym— (1) = — e, BEL, (135.11a)
a B COCTOAHMAX C j=I[—1/,
eh | eh  2j-+1
My> = — ey ( 1=t ) = — pem 35 (135.116)

3ameuanue. TlpuBesennbie GopMysbl MOKa3blBAIOT, YTO B 3aMKHYTOH mopo6o-
jgouke (n, l) pe3ysbTHpYIOWHH MarHHTHLIH MOMEHT paBeH HYJIO KaK B ciyuae
j=14+1',, Tak u B cayuae j=1I—1/,.

Muoxurenb, croamuid B ¢opmynax (135.11a) u (135.116) mpu
Benuunne — (eh/2me) m;, HasviBaetcs g-(paxropom Jlamaé paccmaTpu-
BaeMoro cocrosiiua. OH no3ponser sanucaTh BeqWuuHy <M,> B Buje

h : .
M =—5—mg(j)=—5=<J,>g(j).

2me
Orciona BuaHO, 4yTo g-Pakrop JlaHmé omuchiBaetT OTKJOHEHHE OT
KJaCCHYECKOTO COOTHOIIEeHHs MakcBe/na MeXay MarHUTHBIM U MeXa-
HHYECKHM MOMEHTaMH 4acTHIbl, O0YCJOBJIEHHOE HaJIHUHEM Y YaCTHLUBI
CIIHHA.

3apaua 136. TonKas CTpPyKTypa
BsaumoneficTBHe COGCTBEHHOrO MAarHUTHOTO MOMEHTA 3J/1EKTDPOHA,

——gZts, (136.1)

¢ ero op6HTAa/JbHLIM MOMEHTOM L OMMCHIBaeTCsi Y/I€HOM B TaMHJbLTO-
HHaHe BHJA
r__ g 1dv(n
H =5E T dr (S-L). (136.2)
OnpenenuTs 0GyCJOBMEHHOE 3THM B3aMMOAEHCTBHEM pPaCIIeN/IeHHe
3HEPreTHYeCKHX YPOBHEH.

Sameqanue. Tak HasciBaeMbli g-QaKTOD SJEKTPOHA OYeHb OJMH30K K eAMHHILE.
Kak 6b1o ycranosaeno, ero Tounoe aHauenwe pasHo 1,001145. Tak Kak MOJIHYIO
TEOPHIO TOHKOH CTPYKTYPhl HeJIb3si MOCTPOHTH, OCTABasiChb B PaMKaX HepPeJsTHBHCT-
CKO# KBaHTOBOH MeXaHUKH, TO K BBEJEHHOMY Bbitle g-QakTopy He cleflyeT OTHO-
CUTLCS CJHIIKOM CePbe3HO. 10 Ke 3aMevyaHHe B NMOJIHOA Mepe OTHOCHTCA ¥ K MHO-
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xutemo 2 B 3HaMmeHaTese Boipakenus (136.2) (rak HaseiBaemas nonpaska Tomaca D),
€ro NosiBJIeHHe HeBO3MOXHO OGBACHHTL B PaMKaX HEPEeJSITHBHCTCKOH TEOpHH.

Pemrenne. BosaHoBasi (yHKIHS 3/eKTPOHa B LEHTPaAJbHOM IoJe
eCcThb OJHOBpeMeHHO cofcTBeHHas (YHKIHA onepatopoB J? u J,; ee
yrjoBas 3aBUCHMOCTb Obl71a yCTAaHOBJIEHA B OJHOH U3 MNpeablAyIUX
3ajay, NoSTOMYy (PUIypHpYyOWHH B ramuiasToHHade (136.2) oneparop
(S-L) MOXHO HCKJIOYHTb, HMeSl B BUAY, UTO IJA COCTOsHHuA Y =], [>
CrpaBei/]HBO COOTHOLIEHHE

Sli, D={L*+8"+2(S-L)}|], >,

HJIH

i i+ n—[ta+0+3] i D=2 81 b

Takum obpasoM, Haju4yMe B raMH/bTOHUaHe uneHa (136.2) B Kouey-
HOM cuyeTe J06aBJjsieT K NOTEHUHANbHOH 3Hepruu V (r) sHeprHio Bo3-

MYLIEHHsT BUla
, Rt 1 dv L 3
V(r):%c_z_r-%{](]-}-l)—l(l—}—1)——7}. (136.3)

Sra sHEprHs 3aBHCHT OT KBAHTOBHIX 4MceJ j M [, U MO3TOMY NpH
OIHOM M TOM e 3HaueHHH [ oHa Oyler pasJUUHON AN pasHbIX
3HaueHud j=141/,.

B nepBoM mnopsike Teopuum BO3MYLIEHHH MONPaBKa K YPOBHIO
3HEPTHH omnpejensercsa ¢opmyaon ?

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

ITonb3ysch TeMu e 0603HaueHHsAMH, 4TO H B BbIpaxceHusx (133.11)
¥ (133.12) n npuHMMas BO BHMMaHHe YyCJIOBHE HOPMHPOBKH,

@

(rF(npar=1, (136.5)

nosyyaem
, 2 3\ ¢ 1 av
E,-.:=-;§,7;{1(1+1)—l(l+1)~T}Sr2|F,(r)|2771f_dr. (136.6)

0

Takum o6pa3om, paciienjeHHe ypoBHel C ONHHM H TeM XK€ 3Haye-
HHeM [, HO pa3/IMYHBIMH 3HAYEHHSIMH | OKa3bIBaercsi NpPOMOpLHO-
HaJbHBIM PA3HOCTH

(r+4) (e 3)=i=) ).

D O6biyHO ee Ha3HBaWT nonpaekoii Tomaca — Dpenxens.— I1pum. *ped.

2 Marpuua suepruu BosmymenHs (136.3) quarosasibHa o KBAHTOBOMY HHCJTY mg,
N03TOMY MOXHO OCOHTHCH (OPMyJaMH TeODHH BO3MYLIEHHSI Ge3 BHIPOXKIEHHA.—
llpunm. peo.
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N103TOMY

AE = “(21—}-1)Sr2|F () o+ dr. (136.7)
3ameTHM, YTO MOAYPOBEHb ¢ MeHbIIUM 3HAUeHHEM | pacrosaraercs
cHU3Y (HOpManbHBIR Ay6JeT).

Hekotopoe npesncrtaBienne o BesqnuuHe uHTerpasa (136.7) MoxHO
NOJYYATb, B35IB B KauecTBe IIOTEHIHa/Na BblpaxKeHHe

e 14z (136.8)

r rodr r3

Tax kak BOJU3H sJlpa BCAKOrO aToMa (IOTeHLHaJs Beler cels ykKa-
3aHHBIM 00pa3oM U TakK KakK B 3TOH o6jacTH

F,~r,
TO TOABIHTErpajbHOe BhlpaxkeHnne B (136.7) npomopuHoHaAbHO 7241
M, CJeJoBaTeJbHO, HHTerpaj KoHeyeH npu /=1, 2, 3, ... u Jjora-

pudMHUecKH pacxoauTcsa Aas S-coctosiHui, koraa [=0. ITockonbky
S-cocTosiHuA He pacwWengfloTCs, a JHlb CABUTAIOTCS, MOCHEIHHUH
pe3y/ibTaT He HMeeT oco0Or0 3HAUEHHs NpPH aHAJH3€ CHEeKTPOKOMH-
yeCKHX JaHHBIX. B aKkKypaTHOH peNsiTUBHCTCKOH TEOPHH TPYAHOCTH
BooOlle He BOosHHKaer (cM. 3agauy 203).

W 6e3 netanbHbIX BBIYMCJECHHH MHTerpasos THna (136.7) moxHO
C yBEPEHHOCTBIO CKa3aTb, YTO Pe3y/bTaT HMeeT BEJNHUYHHY TOpsijKa
Ze*/a®, Tle a@— BeNMYHHA TAKOTO e MOpSAKa, 4TO H Paauyc aToma.
Tax kak aToMHble TepMbl HMEIOT MOPANOK Ze?/a, To, rpy6o rosops,

AE A2

F
rae A= f/mc—KoMnTOHOBCKas AJMHA BOJHEL. OHa npeacTaBJsier
Co0OH Manyl BeJHYHHY, M03TOMY oOCyxnaeMbli pdexkT meicTBH-
.TeJIbHO HOCHT XapaKTep TOHKOH CTPYKTYpbl, H IJIst €ro paccMmor-
PEHHS MOXHO OTPaHMUHTLCH, Kak 3TO ¥ ObUIO CHEJIaHO, NEepPBbIM
NIOPSIAKOM TEOPHH BO3MYIUIEHHH.

3agaua 137. Maockue BOJHLI AJS 4YaCTHU CO CIHHOM 1/,

Pa3/0XuTh NJIOCKYI0 BOJIHY, ONKHCHIBAIOULYI0 CBOOOAHYIO YacTHLY
CO CITHHOM !/, B pAJ no chepHyecKHM rapMoHukam. PaccMorpersb ciy-
Yyal MOJIOXKHUTENbHOH H OTPHLATENbHOH criupanbHOCTH. CuHTaTh, YTO
BOJIHA pPACIPOCTPAHSETCS B TMOJNOXKHTEJSbHOM HANpPAaBJEHHH OCH 2.

Pemenuye. [lnockuM BOMHAM, DacnpoCTpPaHSIOUIUMCH B IOJOXKH-
TEJIbHOM HampaB/JeHHH OCH 2, OTBeYaloT /Ba CNWHOPA

$u= (é) et n P = (?) eikz, (137.1)
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B cocTosiuuM W, CIHH YaCTHIbl HANpPaBJieH NO IBHKEHHIO, H Ml
TOBOPHM O ROA0KUMeAbHOU crupabrocmu, h=+4-1. B cocrosiHuu y_
COUH Hanpap/eH [POTHB [BWXKeHHS, W h=—1. Eciu pasioxuts
paccMarpuBaeMble CIMHOPHL MO COOCTBEHHbIM (QYHKUHAM [OJHOro
MOMEHTa KOJHMYeCTBAa I[BHKEHHs, TO B ofoux cayvasx m;=0, a
m;= -1/, AN COCTOAHHUA Y, H m;=—*/, LJS COCTOSHUA P_.

B 3anaue 133 Obl10 MOKa3aHO, Y4TO NMPH AAHHOM 3HAYEHHH OPOH-
TaJbHOTO KBaHTOBOTO uMcJ/a [ MMeeTcs JBa Poia OOLIMX COOCTBEHHBIX
CIIUHOPOB onepaTtopoB J, U J?, a HMEHHO

Fy(r) l,m/ 2
Lim, = —r=—= R (137.2a)
Y 21 +1 !
Vet ——]/z+%-—m,Y 1
l,m/+7'
ecnn j=1-+1,, H
1
Fy(r) / 1/[+7_m’ Yime-4
1 7
Ul m, = —F—— O — , (137.26)
tT 2 | 1
Va+ \ l/l+?+m/yl.m/+?l

ecau j=[—1/,, opuueM pyHxuua F;(r) yIoBJETBOPAET paavajbHOMY
ypaBuenuio [lpenunrepa. [l CBOOOAHOH 4aCTHUBI OHO HMEET BHJ

F;+_f_p2+<kz_l(l+l))1“,=0, (137.3)

re

M A5l pPeryJsipHoro B HyJ€ peleHHN (HOPMHPOBKAa MPOH3BOJILHAS)
Mbl HMEEM BbIpaKeHue

I, :
Fy=z Iy (kr). (137.4)

Teneps pasnoxeHue mIOCKOH BOJHEL 1o peinenusm (137.2a) u (137.26)
MOKHO 3amucaTh B CJeAYiouleM BHIe:

b= 2 Ay m,+Builn). (137.5)

MBI HauHeM cO caydYasli MOJIOKHTENBHOH chupaftbHOCTH A= -1,
Korja m,=-*/,. PaBencro (137.5) B 3TOM C/yuae npuHUMAeT BHJ

< (A VI+T1+B,V DY,
w+=k—’X—'——/,(kr< ‘ JEAL )

— 137.6
(—AVI+BVIF) Y ( )
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Uro6sl BTOpas KOMIIOHEHTa CIMHOpa ofparujachb. B HYJb, KakK 3TO
tpe6yeTcs corsacHo pasencTsy (137.1), Mbl AOJIKHBI NOJOKHTb

)
B,= ]/m 4, (137.7)

TaxuM 00pasoMm, fojyyaeMm

( )2 A4, 1/21[}511 j (BROY . (137.8)

M3 cpaBHeHHS NOCJENHETO BLIPAMXKEHHS C OObIYHBIM Pa3JONKeHHeM
naockoll BosHbL [cM. dopmyday (81.13)],

. 1 & -
e =o N VIn 2+ D) itj, (kr) Y, o, (137.9)
=0
caeayer
A,=Vian(+1)i, (137. 10)

H03TOMy QKOHYaTteJabHoe Bblpa)KeHPle IIPHHHMaeT BHJ
b =Vdn 2 (VIFTu, vV Tut)sy,). (13710

B npomsononomuom ciydyae, Koraa h=—1 u m;=—1/,, paseH-
ctBo (137.5) sanuchiBaeTcs B BHIE

> (A, VI+BVIF1)Y, _\
ki§=1 i1 (kr )(

(—AVTFI+BY DY,
Teneps, cormacHo pasenctBy (137.1), gomxkHa 06paTHThCA B HYJb
nepsass KOMIOHEHTa CIIHHOPA, CJIeN0BAaTe/bHO,

o (137.12)

l
B,=—]/m A, (137.13)
Hanee u3 cpaBHeHHs1 ¢ passoxenuem (137.9) Bbitekaer
Ay=—Van({(+1)i, (137.14)

NNO3TOMY OKOHYATEJbHO MBI NMPHXOAHM K pPas3JjOXEHHIO BHAA

Vo= Vﬁé FWVTHTw, o=V Tu20y,). (137.18)
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3apnaua 138. CnHHOBBIH pPe30HAHC A CBOOONHOTO 3JNEKTPOHA

CB0OOOAHLI 3JEKTPOH MOMELIEeH B MOJOCTb, IJe HMEETcs JBa Mar-
HUTHBIX IIOJfi: OJHO TOJe TMOCTOsiHHOe u ojpHopojaHoe, H,, Hanpas-
JIEHHOe 1O OcH z, Apyroe moJje, 3#’, Bpailalouieecss B IJIOCKOCTH Xy:

H.=0, 7, =0, =,

Hy=H"coswt, H,=% sinot, F,=0.
B moment Bpemenn (=0 cnuH 3/EKTPOHA HanpasjeH MO OCH z;
B 3TOT K€ MOMeHT BKJioyaeTcs moje H'. Haiitw BepostHOCTL P

OOHApYyKEHHA 3JIEKTPOHA, CIHH KOTOPOTO OpPHEHTHPOBAH IPOTHB
OCH 2z, KaK (pyHKUMIO BPeMeHH {.

(138.1)

PeineHue. ﬂﬂﬂ HalueH 3aJa4d ramMmHuJbTOHHAH HUMEET BH]J
H= w (0’2.%0+ Ox%; ‘I"Oy'%y),

rie —ug —oneparop COOCTBEHHOIO MarHHTHOIO MOMEHTA 3JEKTDOHa,
a p=eﬁ/(2mc) (TeopeTUKO-10IeBble MONPaBKUH HE YYHTHIBAIOTCH).
3aMeTuM, 4To

, .1 , .
0, F s+ 0, =5 T (0,67 +o_ev),
rzae
0y =0,k i0,

nosroMy ypassenue [llpepunrepa npunumaer BHA

——?—%—?=u{%ooz+i2%'(é-‘°”o++e“°’o_)}q>. (138.2)

Pellenne 9TOro ypaBHEHHS MOXHO BHIPa3HTb 4Yepe3 COGCTBEHHbIE
GyHKIMHE omeparopa o,:

¥ (¢) =u(t)a+u(t)p. ' (138.3)

[ToxcraBnsaa seipaxkenue (138.3) B ypasuenme (138.2) u noabsysich
coorHoleHuAMH [cM. dopmyanl (129.10)]

ga=a, o,a=0, o_a=28,
ofp=—P, o,p=2a, o_p=0,

noJjy4aem
B
— 7 (ue4-vP) = pI, (uo—ovp) 4+ pF’ (e~ v - eforyp).
CoOupas Ttenepp Kos(uuHeHTH npu o 4 B U BBOAA OfO3HAUEHHUS

T2 wF ’ (138.4)
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IPUXOAUM K CHCTeMe ypaBHEHHH
iu=w,u+oe-oy
0 T L (138.5)
V= —,u+ o'e%y.
Peulenye 3TOH CHCTEMBI HMeeT BUJ
u=Ae-t &+t gy Be-t =10t (138.6)
HenocpeAcTBeHHBI# MOACYET NMOKa3blBa€T, YTO BO3MOXHEI 1Ba CJyyas:
Q=42 u Q,=—Q,
rae

Q- ]/(coo-——-%-co>2+ﬁ)'2. (138.7)

COOTBETCTBYIOUIHE S5THM CJydYasiM aMIVIMTYAB OGO3HAaualoTCs HHXKe
nocpeactBom A;, B, u A,, B,. OxkoHyaTenpHbI# pe3yJbTaT 3aMHChI-
BaeTcs B BHJE
Lo, fo,
P (1) = (A2 + A e * a (Be-i%t 4 Byl e® B, (138.8)
npuuem
:!:Q—((oo-—-;—w)
B, .:=4,,, ; . (138.9)

®

[MTorpe6yem Tenepb, uto0bl peienue (138.8) ynoBiaerBopsjo Haualb-
HoMy yeqoBHio P (0) =a, WiIH

A+ A4,=1, B,+B,=0. (138.10)

1o TpeGoBaHHe C yueToM cooTHoweHui (138.9) naer
)

Wy—5 ® 10 {0

—1 ’ —
VP () = {coth—-———Q—2—— i sith] e ? a—-—%i sinQte® B. (138.11)

Orciona [isi BepOATHOCTH OGHAPYMKEHUS 3MEKTPOHa C MPOTHBOMO-
JIOXKHBIM HalpaB/eHHEM CIIMHA B MOMEHT BpeMeHH ! moJjyuaem ¢op-

MyJy

p=(%) sin0t, (138.12)

KOTOpast nmocJje yCcpeaHEHUd [0 BPEeMEHU naer

Plo®_

> 0 . (138.13)

]
0| —
—
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=)
|
l —
€
—
+
a\
~N
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Ecau nponsBoiHTh MeIJeHHOE H3MEeHEHHEe OJHOPOAHOIO noJsa F7,,
a TeMm cambiM, corsiacHO (138.4), u napmopoBoil wacToTH ®,, TO A%
3HayeHH
fio

T‘L’

1

)=, T.e H,= (138.14)

CpenHfsl BepPOATHOCTh OOHAPY2KEHHS 3JEKTPOHA C IIPOTHBOIMOJOKHBIM
Hanpap/ieHHeM CNHHa (CNUH-(INIA) cTaHeT MakKcHMaJbHOH. Mbl Ha-

30BeM TaKoe [10/€ Pe30HaHCHBIM H OO03HaYHM €TO0 MOCPEACTBOM F7 peq,
TOrZa

— 1 '%12
P=+ . 138.15

2 (-.%0—' pe3)2+%'2 ( )

[Ipu pesonance P =1/, HE3aBHCUMO OT HAMNPSAKEHHOCTH Bpallalollle-

rocst noas ¢', onHako UIMPHHA pe30HAHCHOH oéVacTH, pazymeercsd,
onpenensercs BeJIHUMHOH F7'.

3amedanue. STOT METOX MOXHO NPHMEHATbL JIMGO AJIST ONpENeJIeHHS BeJHYHHE
N0 HANpPSXKEHHOCTH PE30HAHCHOro MoJs, JHGO, €CM BeJHYHHE | JOCTaTOYHO XO-
pollo H3BeCTHa, ANS ONpeleNieHHsi PAsHOCTH MeXy BHEIIHHM IOJIeM U NoJeM,
DeliCTBYIOLUHM Ha SJIEKTPOH BHYTPH MOJIeKynbl. /sl pacriosHaBaHHs MOJIEKYJISIPHBIX
CTPYKTYP MOXOXKHM 06Pa3oM MOXKHO HCIOJB30BaTh W MPOTOHHLIH Pe30HAHC.

b. IByx- H TpexuacTHuYHbie 3aJauu

3apgaua 139. CnuHoBble QYHKUHH ABYX 4YacTHY

Hmeerca cucremMa M3 JABYX YacTHI CO CIHMHOM !/, (Hampumep,
HefitpoH ¥ nporon). Hafith cnnHoBble GQYHKIMH cuCTeMbl, guaroHa-
JIU3YIOLMe OJIHOBPEMEHHO 2-KOMIIOHEHTY H KBajpaT onepatropa CyM-
MapHOro CNMHa

S=125- (6, +6,). (139.1)

Pewenue. Ilycts o,, B,—ruabbeproBbl 6a3ucHbE BEKTOPH Heii-
TpoHa, a o, P,—06asucHsle BexTOphl MporoHa. Toraa cnuHOBas
GYHKIHA § ABYXYAaCTHYHOH CHCTEMBl JOJ/KHAa UMeTb BHJ

x = Aa,0, + Ba,p,+ CB,o,-+ DB,B,. (139.2)
s onpenenennss cnuHOBHIX omepaTopoB (cM. 3axauy 129) caenyer
2
”ﬁj SZX« = (an + opz) r= Aanap + Ba’an_ Cﬁna’p'— Dﬁnﬁp +
+ Aa,o,— Bo, B, +CB,0,—DB,B,. (139.3)

Takum o6pasoM, Kaxibli OTAeNbHbIH unen B BhipaxkeHuu (139.2)
sBJseTcss coOCTBEHHOH (QyHKuUMeH omepartopa S,:
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Co6cTBenHBIE 3HAYEHHA CoBeTIBeHHNe SHATEHHS
Co6cTReHHble PYHKIHH °“e2p“°pa onepartopa

re st Sz

3
anpllp +2 +h
LpPp 0 0
Broy 0 %
Bnbp —2 _

3nauenns npoekumn cnuHa +1, 0 —1 (B exununax %) coracyiores
C MOJYKJIACCHYECKOH BEKTOPHOH Mofaenbio. HyJeBoe coGeTBEHHOE 3HA-
yeHHe fIBJIAETCH BBIPOKICHHBIM: €My IpPHUHaMJIeXKaT ABe COGCTBEHHLIE
dynkunn, o.B, u f,a, a cieropatenbHo, H J06as HX JUHeHHas
KOMOHHALHA.

Paccmorpum Tenepp omeparop

2
<%> §*=0,+0;+2(0,0,)=6+2 (02x0px + 0pnyTpy +6,,0,,)-

Msi nMeeMm
OuxOpxX = Aﬁnﬁp + Bﬁnap + Canﬁp + Da’na’ ’
cnygpyx = Aﬁnﬁp + Bﬁ"OLp + Canﬁp_Dana'pv
032004 = Aa’uap _Ba’nﬁp—— CBnap + Dﬁnﬁp

H, CJef0oBaTeJbHO,

<%)2 S*a,0, = 8a,0y, (139.4a)
( % >= S* (BB, + CB,a,) = 4 (B+C) (B, + B,2%,), (139.46)
<%)2 S*Bufp = 8By (139.48)

Meur BuguM, 1O ynkuun o0, u B,B, npuHALTERAT COGCTBEHHOMY
sHavenno 2% omepatopa S*. BBoxs OGHuHBlE 0GO3HAUEHHS

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

MOXHO CKasarb, YTO 3TH (PYHKUHH XapaKTePH3YIOTCH KBaHTOBBIM
unacaoM S=1. Ha s3bIKe NMOJyK/IacCHYECKOH BEKTOPHONH MOJKEJH 3TO
O3Hadaer, yTo CyMMapHbifi cnuH S=1 (B eauHuuax h), a ero npoex-
uus S, paBua saubo -1, qu6o —1.

OcHoBbIBasich Ha paBeHCTBE (139.46), MBI MOXKEM CKOHCTPYHPO-
BaTh emie aBe COOCTBeHHBble GYHKIUH omepatopa S?, IpHHAAIexRaIHEe
coGereenHoMy 3HaueHuto S,=0. ITycTh A—IOKa He H3BECTHOE OG-
CTBeHHOe 3HaueHue onepatopa S*/A*. Torja MOMXHO HamHCaTb

(B+C) (@4fp + Baoty) = A (Baof, + CBu2ty).
2#
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10 maeT ABa JHHEAHBIX ypaBHEHWs 11A onpenenenus B u C:
B4+C=AB, B+C=A\C.
IleTepMUHAHT 3TOH CHCTEMBI JOJIKEH OOGPATUTLCS B HYJb:
llT;“ 1_}_}":0, w1 —A=+1.

Takum ofpasom, aaa aByx coOcrBeHHbIX (yHKUHUH omneparopa S?,
npuHajexamux co6CcTBeHHOMY 3HaueHuo S, =0, nosyuaem

s A=2 B=C, A= P, +Pup S=1; (139.6a)

ama A=0 B=-—-C, y=a,p,—B,a, S=0. (139.66)

OxoHyaTeJbHble pe3yJabTaThl cOOpaHbl B NPUBOAMMOH HiXKe Tab-

JHule, npHyeM cobcTBeHHble (GYHKUHUH HOPMHPOBAHBI C YYETOM YC-
JIOBHH

<ajoad=1, <B[f>=1, <a|f>=0.

Tpunaer, S=1 (cummer- Sy=--1 &nlp

pHYyHas chnuHOBAas (YHK- 1

Lust) S,=0 W(anﬁp‘f'ﬁna’p)
Sy=—1 ﬁnﬁp

Cunrner, S=0 (aHTHCHM- 1

MeTpHUYHas CIMHOBAs S;=0 V3 (nBp—Puotp)

byHKUYA)

3amewanue. 13 pabencrna
(0,+6,)?=642(6,0p)
c/leflyeT, 4YTO TPHIJIETHBIE H CHHIVIETHAsl CIIMHOBLIE (YHKLMH, Yt W Ys, NMPHBEJeH-
Hple B TabJule, ABASIOTCA TaKkKe COOCTBEHHBIMH (YHKUHAMU onepatopa (G,-Gp),
apuuem
(0. 0p) Xt =1,
(0n0p) Y5 =—3Ys-

9TH pesyabTathl GyAyT MOJeE3HH B CJAeAyiouleil 3ajnaue.

3apaua 140. LlenTpaibHoe B3anMOJEHCTBUE MEXLY HYKNOHAMH,
3aBucsliee OF CIHHA

C pasymMHOH CTeneHblO TOYHOCTH B3aHMOJEHCTBHE HEHTpPOHA H
NPOTOHa B S-COCTOSIHHM MOMHO OIHCaTh C NOMOIbIO HEHTPaibHbIX
CWJl, WMEIOUWMX Pas3JUYHYI0 BEJUUYHHY A5 CHMMETPUUHOI'O U aHTH-
CHMMETPHYHOTO CIIMHOBBIX COCTOSHUN. BBlpasuTbh ykaszaHHOe B3aHMO-
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JeCTBHE 4Yepe3 - 3aBHCSLIMA OT CMMHA MOTEHUHaJ, HCHOMb3YS NJIs
5TOTO

a) OOMeHHbIl CITHHOBBIA omepartop 2‘.,, ,

.6) omepaTopLl CNHHA O, W O, HEHTPOHA W MPOTOHA.

Pewense. LleHTpa/bHOe B3aHMOJEHCTBHE O3HAUAeT, YTO SHEPrUs
B3aUMOJEHCTBHSl 3aBHCHT TOJbKO OT pAacCTOSRHA £ MEXAY ABYyMs
4aCTHUAMH. Ora dHeprusi JOKHA OHITb DA3/MYHON B COCTOSHHAX
c pasHOil CIIHHOBOH CHMMETpHeH, HaHpHMep V,(r) B TpunjeTHom
COCTOIHMH, KOTJAa CHHHBI mapajnenbhel, H V,(r) B CHHIVIETHOM cO-
CTOSIHHM, KOTJa CIHHBL amnnapamenbﬂm

a. HyCTb x(q,,, Sp) — ABYXuacTHyHas ¢yHkuus. Onpereanm 06-
MEHHBIHl CMHHOBLIH ONEpPaTop C MOMOILBIO PaBEeHCTBA

an (Sn! sp)ZX(S . S,;)- (1401)
IIJ]H CHMMETPHYHOIO TPHIIJIETHOTO COCTOAHUS

Xt (Sns sp) = %At (spv Sn)»

M09TOMY
2%t = Xe- (140.2a)
C zpyro#i CTOpPOHBI, AJi1 aHTHCHMMETPHUYHOI'O CHHIVIETHOIO COCTOSHHSA
o Xs(Sms Sp) = — s (Sps Su)
H, CJ€J0BaTEJbHO,
2 ohs = —Xs- (140.26)

Takum o6pa3oM, o6a THna QyHKUHHA ABJIAIOTCA COGCTBEHHBIMH YHK-
UHAMH OOMEHHOro olepaTopa U MPHHALJIEKAT COOTBETCTBEHHO CO5-
CTBeHHbIM 3HaueHHAM -1 u —I|. Tak Kak TpH TpUNJETHBIE H OXHA
CHHIJIeTHas QyHKUMH 00pa3yloT noJiublii Habop, To paBencTBa (140.2a)
u (140.26) onpenensiioT OOMEHHLIH OMepaTop NOJHOCTBIO ¥ NPHTOM
eIHHCTBEHHEIM 00pa3oM.

Ecau Teneps onpefenuTb 3HEPrHio B3aHMOAEHCTBHA BbIDaXKEHHEM
BH 2

V=V1(’)+V2(r)2np’

TO, corJacHo (140.2a) u (140.26), ZO/KHBI BLITOJHATHCS PABEHCTBA
VXt = (Vl + V2) A H VXs = (Vl - Vz) Ks»
03TOMY, BHIPaXKEHHUS
=V, +V, u V=V -V,

OyAyT ONMHCHIBATL SHEPTHI0 B3AHMOAEHCTBHSI COOTBETCTBEHHO B TPH-
NJIETHOM ¥ CHHIJIETHOM cocrosiHHsix. Orciona cuepyer

= —é-(v, +Vo)+ —; Vi—V5) Z,p (140.3)
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6. B kKoHue npeabiaymief 3agauw Mol MOKZ3aJH, YTO CIHHOBLIE
GYHKUHH 7§y H Y ABJAIOTCA COOCTBEHHLIMH ¢YHKUHAMH oOlepaTopa
(0,-0,), npHuem

(0.70,) Xt =%ts  (05°0,) Ys = —3%s- (140.4)

Orciona caenyer, 4TO onepaTop 2,, NUHEHAHBIM 00pPa3OM BbIPAXKAETCS
yepes onepatop (6,-0,). B camom uene NIOJIOKUB

Enp':%(l +(0,:0,)), (140.5)

MBI yOexjaeMcs, 4TO TakoH BLIOOp oOeCleuydBaeT BLIMOJIHEHHE pa-
BeHcTB (140.2a) n (140.26). Ilockonbky, Aasee, He CyLIECTBYeT APY-
THX CIOHHOBHIX (PYHKUHH JBYXHYKJIOHHOH CHCTEMBI, TO 06a onepaTopa
MOJIHOCTBIO onpefensiiorcst paBencTBamu (140.2a), (140.26) u (140.4),
nostroMy cootnoureHue (140.5) oGnajgaer Bcell BOZMOXKHOH CTeNeHBIO
OGLIHOCTH.

Hckmouast ¢ nomoupio (140.5) oneparop 2,,, us pasencrsa (140.3),
OKOHYaTeJbHO MOJyyaeMm

V=t @V V) Vi—V,) @, ). (140.6)

3apaya 141. CreneHd COHHOBBIX OMEPATOPOB

Ilokasarb, yTO omepatop (0,-G,)", I'le G, H G,—CIHHOBbIE OIle-
paTopbl 4acTHUBl | M yacTHibl 2, BbIpa)aercs JHHEHHO uyepes ome-
paTop (o,-0,).

Pewenne. Onepatop (o, - 6,) MOJHOCTBIO ONHKCHIBAETC S PABEHCTBAMH
(0,:0) 4t =1  (0,-0,) Ys = —s» (141.1)

LEMOHCTPUPYIOILUMH €ro AefCTBHE HA TPM TPHMJETHbIE H OAHY CHH-
FAETHYI0O (DYHKUHH, MOCKOJNBKY OHU OGPAa3yIOT MOJIHLIH OPTOHOPMH-
poBaHHbIi HaGop ¢yHkuui. Takum o6pas3om, HaM ROCTATOYHO pac-
CMOTpeTh JeHCTBHE onepaTopa (0,-6,)" HAa (QyHKUHH YKa3aHHOTO MOJ-
Horo HaGopa. IloBTOpHOE npHMeHeHHe onepatopa (0,-G,) K ofeum
vacTsiM pasedcTB (141.1) HemensienHo naer

(0 -0,)" Xt = At» (0'1-0’2)” X:=(_3)" As- (141~2)

Orcrona cJepyer, uto onepaTrop (o,-0,)" JHHEHHO BbIpaXKkaercsi yepes
onepatop (0,-0,):

(0,-0,)"= A+ B (0,-0,). (141.3)

INopcraBnas Boipakenue (141.3) B pasencta (141.2) H. yuuThIBas
(141.1), Haxogum

(A+B) Xt = %» (A —'33) X:=(“3)" As:
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Orciopa cJjaenyer
A+B=1, A—3B=(—3)",
WUJIA

=1 [B+(—3)7], B=T[l—(—3)]. (141.4)

Takum o6pa3oM, Mbl, HampuMmep, HMeeM
(01 -0,)2 = 3—2 (0’1'0'2),
3 __
(01‘02) =—6 +7 (0’[ '62)-
3ameuarue. TIpencTaBiieHne 3HEPrHUM B3aHMOEHCTBHSA, 3aBUCAUIErO OT CIHHA,
B Busie (140.6) B mpeanifymedl 3afade AeHCTBUTEJbHO SIBJAETCH €AHHCTBEHHBIM, TaK
Kak saMeHa BbipaxeHHs (140.6) psiom no crenenam (0,°0,) He MOXKET H3MEHHTD

OKOHYaTe/bHOro pesyqbrata. Peiienne 3ajaun Bbirasfeso GHl elie mpoiie, ecau Gl
MBI PAacCMaTpUBaMM DA 1O CTeNeHsAM OGMEHHOTO omepaTopa Zj,.

3agaua 142. CoOcTBeHHbie (YHKHMH OmepaTopa MOJHOFO MOMEHTa
ABYX 4acTHU, 00JajalollUX CIHHOM

Haiitu cobcTBenHble QyHKIUH onepaTopoB J, U J?, ONHCHIBAIO-
MHe TPHIIJIETHbIE COCTOAHHA CHCTEMBbl JBYX YacTHL, 06/aJaroLUindX
criuHoM Y/, Henosb3ayiite =1 Kak enMHHIY MOMEHTa KOJIHUECTBA
JIBUIKEHHA.

Pewenue. JI:06yio QyHKUHIO TPUNJIETHOTO COCTOSIHHSA, PA3yMeEEeTCs,
MOXKHO 3alucaTh B BHJE

p= go{fz DY tom=Xa1 €Y 1t F (DY i Xa, -1} (142.1)

B 3ToM BbIpaXeHWH Ka)Kias U3 TPEX BO3MOMXHBIX CIHHOBBIX (YHK-
UM yMHOXKAeTCS] Ha (YHKIMIO NPOCTPAHCTBEHHBIX KOOpAMHAT, (op-
MaJbHO 3alMCAHHYIO B BHJE Pa3JioXXeHHsi Mo CepHYeCKHM rapMo-
HHKaM. BTopble MHIEKCH C(hEepHYeCKHX rapMOHUK Y BbIGpaHbI TAKHM
06pasoM, YTOGBI HMEJNO MECTO PaBEHCTBO

J b =myp, (142.2)

T. . ytoObl pyHKIHA ¢ Oblia co6CTBeHHON QYyHKUUelH onepaTtopa J,.
PaccMoTpuM Tenepb neHcTBHE onepaTopa

1 . 1
p={Ltg@to) =L FL (0, +0) + [6+2(,0,)]
Ha dymaguuio (142.1). C sroit wensio ya06HO BBECTH OINEPATOPHI
6,=0,+i0, U 0_.=0,—Ii0, (142.3)

aHaJoruyHble (CM. 3ajgauy 56) omepartopam
Ly=L,+iL, n L_=L,—iL,, (142.9)
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Toraa onepatop J* MOXHO 3amucaTh B BHJeE
P =L g (Lo +L_6,)+ Lo, + 54 (0,-0,), (142.5)
rae
0‘i=01i—{—02i H  0,=0,,+0,.
JleicTBHE 3THX OMEPATOPOB HA TPUIIETHHE CIMHOBbIE PYHKIUHHU AaeT
X1 \ _ 0 °
04| Xiy0 )=2V2 %11 |0
\X1,-1 X1,0
%11 %10 X1a X1 \
O_1 %10 =2V—2 X1,-1 | Oz. Yio |=2 0 )
X1,~1 \0 \X1,-1 —X1,-1
Tenepb, HEINIOCPEACTBEHHO BBLIYHCJ/IAA, noJyuaem

S = (L24-2+2L,) Y111 I/E L %100
J2X1.0=V_2L—X1.1+(L2+2) X1.0+V§L+X1.—v (142.7)
I -1 = V—2 L g0+ L2 42—2L,) ;-

Hcnonb3ya stH (OpMyJbl, 8 TAaKXKe XOpOLIO H3BECTHbIE COOTHOLLE-
Hus (cM. 3agauy 56)

LY ==V {4+m+1)(—m)Y, o,
LY, y=—VI+m)(—=m+1)Y, .., (142.8)
Lzyl.m-—;myl,mt

HETPYIHO IOKa3aTb, YTO

Jup = ,g:o{[f, (4 1) +2m)—g,V2UFm) (—m -+ )|x

XY mettan H—F V2O Fm)(—m 1)+
+a U+ +)—mV2IT+m+ )T m|Y ke +

=g V2U+m+ Ty T—m)+n, (L (L+1)—2m)]Y ;. pirta. -1}
(142.9)

(142.6)

Urobbl ¢yHkuMA P Obla cOOCTBEHHOH (GYHKuHeHd onepartopa J2,
nocjefHee BbIpaXKeHHe JOJKHO paBHATbCA j(j-1)¢. Orciona aas
byukuuit f;, g;, h, nonyvaercs TPH HE3aBHUCHMBIX JHHEHHBIX ypaB-
HeHHs. 3TO TOBOPHT O TOM, YTO TPH paiHa/bHble PYHKUKH JOJIKHBI
UMeTb OAMHAKOBBIA BHA M Pa3/MuaThCs JHIIb aMNJIHTYIAMH:

L=AF (r), g =B/F ), hy=CFy(r). (142.10)
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[Tocrosiunble amnautyaet A,, B;, C, MOXHO HafTH 43 CJeayloulei
CHCTEMBl JIMHEHHBIX ypaBHEHHH:
[Ll+D+2m—j(j+ D] A,—V2{+m)(—m+1)B,;=0,
—V2U+m=m+D A+ [+ )+2—i(+1)] B,—
—Vel+m+(—m)C,;=0,
—V2U+m+ O —m) B, + [l (L+1)—2m—j(j+1)] C,=0.
- (142.11)
Onpeneautesb 3TO# CHCTeMbl AOJIKeH obpaumiaTtbcss B HyJ b, Orcioja
nocJje 3MeMEHTAPHBIX TpeoOpa3OBaHUH MoJydaeTC ypaBHEHHe AJf
onpejieNieHUss j, He cojJep:Kallee KBAaHTOBOTO 4YHucJa i,
CO+D—iG+DH{[E+D)—i(+D)]P+
+2{U+)—j(+ D] =4+ 1} =0.
OHo uMeeT TPH (MOJIOKHUTEJNbHBIX) KOPHA:
j=1+1, j=I1, j=Il-1; (142.12)

ISl KaXKAOro M3 3THX KOopHe# amnautyawt A,, B;, C, Tenepp Haxo-
AATCS C TOYHOCTbIO O OOWIEr0 ITIOCTOSIHHOTO MHOXKHTEJSI H3 ypas-
Henuit (142.11). Huxe B Tabanue npuBOAATCA OKOHYaTes bHbie pe-
3yJbTATHl, [MOJYUYEHHbIE NPH IPOU3BOJNLHOM MPEAINOJIOKEHHH, YTO
ycJIOBHE HOPMHPOBKH HMEeT BHJ

' +-B}+C=1. (142.13)
i At Bt Cl
I 1 (+m+1)(I+m) (I4+m+1) (I—m+-1) (—m41)(—m)
2(+H@2I+1) ({+1)(214-1) 20+ NE@I—m)
; U=m+T)(+m) ___m _/ TFnEDi—m)
20(1+1) Vi{i+1) 20(1+1)
- 1/(l—m+1)(t—m> dEm —m) JFmIDFm
2021+ 1) 1214+1) 2021+ 1)

3agaua 143. TeH30pHBIE CHJAB

Tak Ha3biBaeMble TEH3OPHBIE CHJIbl, NEHCTBYIOLINE MEMXAY YaCTH-
namu 1 ¥ 2, ob6JafaloUWUMHE CIIMHOM 1/,, ONpPENessIOTCs OnepaTopoM
3HepPruu B3aHMOJEHCTBUA BHAA

V=W (T,
rae

P 80Ol o) 1431
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Paccmorpers zeficTBHe 3TOro omeparopa Ha CIHHOBblE COGCTBEHHBIe
GYHKIHME ABYXYaCTHUYHON CHCTEMBI.

Pewmenne. Oneparop T';, WHBapUaHTeH OTHOCHTEJBHO OIEPAHH
obmena cnuHamu. CsegoBaTesbHO, NPH JeHCTBHH 3TOTO ONEpaTopa
CHMMETPHSI CIHMHOBBIX (YHKUHUH He u3MeHserca. Tak Kak HMeeTcs
TOJBKO OJjHa AHTUCHMMETPUYHAs ChHHOBas QYHKUHA, Y, ., TO OHA
Jo/KHA ObiThb coOCTBeHHOH ¢QyHKuMe# onepatopa T,,. OxHako 3toT
oneparop, BooOlle TOBOpsSl, MOXKET CMeLIHBaTb COCTOAHHS, OMNMCHI-
BaeMbie TpeMsi CHMMETDHYHBIMH CIHHOBBIMH OGyHKuMaMHU. [laJee,
oneparop T, UHBaDHAHTEH MO OTHOLIEHHIO K OOMEHY MpPOCTPaHCT-
BEHHBIMH KOOpPJHHATaMHM YaCTHI, JPYrHMH CJIOBaMH, II0 OTHOILEHHIO
K NPOCTPAHCTBEHHOH MHBEPCHH, NOTOMY NpPH JEHCTBUH 3TOTO Olie-
paropa COXpaHsieTcsl YETHOCTb COCTOSHHS. 3TO O3Hayaer, 4To Bblpa-
#eHHe T,,% CONepXKHUT CPepHUeCKHEe rapMOHHKH TOJBKO UETHOTO IO-
pagka. BoJee Toro, MoxHO OXHIaTh, YTO BKJaj GYAyT AaBaTh JHUIb
COCTOSIHMA, 1717 KOTOPHIX OpOHTaJbHbl MOMEHT / He MpEBLILIAET ABYX.

Urobel pasobpartbcsi B JeTasifiX pacyera, DPACCMOTPHM Mpexie
BCero JeHCTBHE ONHOYACTHYHOTO omneparopa (6-f) Ha OJHOYACTHYHbIE
CNHHOBbIE (PYHKIHHU:

) a\ _ a\ __ [(x+iy)p+za
(o-r) (ﬁ) (0. x+ 0,4+ 0,2) (B) ((x—iy)a——zﬁ)' (143.2)
Orciofa HemocpeaCcTBEHHO CJeyert ‘
%Oy [(x+iy) B, +204] [(x+iy) B, ‘If‘?f'“z]
o,f, - [(x +iy) By +2a,] [(x—iy) o, —2f,]
@1 @D\ Ba, | =\ [(x—iy) o —2,] [(x+iy) By +20] |
BB, [((x—iy) oy —2B,] [(x—iy) o, —2,]
[MpuHuMasi BO BHUMaHUe PaBEHCTBA
(x £ iy)? =r2sin? Ge+2/o, B4+ yr=r2sint 9,
(x £ iy) z=r2sin Ocos Geti®, z2=r2cosz¥,

MOXHO. T€iepb HallHCaTb

oy 0y
(0,:1)(0,-1) alﬁ? _
r By |
B1B.

cos? Ba,a, + sin @ cos Fe'® (o, B, + f,c,) + sin? Ge2of B,

sin & cosBe—*®a, o, —cos? B, B, +sin? O, a, — sin ¥ cos Befop, B,
sin ¥ cos Ge~®a,a,+sin? do, B, —cos? Of,a,—sin & cos Fe'oB, B,
sin? 9e~ *%q,q,—sin ¢ cos ¥e— 1@ (a,f, + B,,) + cos? 0B,p,
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Ons panbhefiniero yno6HO BBeCTH o06O3HayeHHe X mgs @ HMEHHO
AJs TPUIIETHBIX QYHKUHH

0% =%1, v
1
ﬁ (alﬁz + ﬁlaz) = %1, 09 (1433)
ﬂlﬂﬂ =%1, —1
| LIS CHHIVIETHON (QYHKUHH
1
%o, 0='V_'-2—(a162'—51a2)- (143.4

B sTHX ©00O3HaYeHMAX I8 CHMMETPHYHBIX TPHUIJIETHBIX (PyHKUHHA
HMeeM

1.1
e =
r
K1, =1

cos? 0+ V2 sin 9 cos Beio X1, 0 +Sin? Be2ioy, -,
V2 sin ® cos Be=iey, |, -+ (sin? @ —cos? 0) y,, o —

— —co , (143.5)
—V 2 sin ¥ cos detoy, _,
sin? 8e-2y,  — )/ 2sin ¥ cos Y@y, 4 cos? Oy, _,
a IV aHTHCUMMETPHYHON CUHIVIETHOH (QYHKLUH nojyuaem
)0y 7
“’11—22)%.0:_%'0‘ (143.6)

Bropoe cnaraemoe B onepatope 7T, yXe paccMaTpHBaJOCh
B 3ajaue 140. CorjacHO MOJy4eHHHIM TaM pe3yJbTaTaM,

%1, ms> < X1, m:>
G, 0 = . 143.7
(©:-0,) <Xo, 0 — 3%, 0 ( )

Kom6uuupys Ttenepb pa.BeHCTBa (143.6) u (143.7), mel cpasy xe
HaXouM

T a¥o. 0 = 0. (143.8)

Takum o6pa3oM, TeH3OpHbIE CHJ/IbI HE NAIOT AMHAMHUYECKOrO BKJaja
B CHHIJIETHOE CITHHOBOE COCTOSIHHE. '
Teneppr Ham ocraercss o6CyIHTb BONPOC O TPHIJIETHHIX COCTOS-
HUsiX. BBonsi HopmupoBaHHHE cepuueckue (YHKUHM B COOTBETCT-
BHH ¢ onpeneeHHsIMH, IIDHBEJAEHHbBIMH B 3anaue 67, ¢ [mOMOLIbIO
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paBeHcTB +{143.5) u' (143:7) MOXKHO TIOJAYYHTH
2 an —
Ty2X1,1 =73 l/—si (yz. oX1, 1 +V§y2. X1, 0t VG Y, 2 _1),

. 2 4 , — ,
TiXa, 6 =7 1/—31 (_-ﬁy‘z. 1%, 1 2Y 50X, o-l/3 Y, 1%, -1h

2
Ty 1= 3 5 (V.— 6Y, Xt V 3 Yo - o Yo oka, —1)

(143.9)
Ity $opMyJbl 10Ka3LIBAIOT, YTO NPH AeHCTBUH oneparopa T, HApALY
C YETHOCTBbIO H OOMEHHOH CIWHOBOH CHMMETpPHEH COXpaHsercs |
Z-KOMIIOHEHTa nojJHoro MoMeHTa. OjHaKO OpPOMTANbHbBI MOMEHT,
TdK 'XKe- KAK H €ro’ Z-KOMIIOHEHTa, He HABJAITCA XOPOUIMMH KBaH-

TOBBHIMH YHCJIaMH B JBYXYaCTHYHOH CHCTEMe C TEH3OpHLIM B3aHWMO-
JelCTBUEM.

3apaua 144. JleATPOH-C TEH3O0PHBLIM B3aHMOJAEHCTBHEM

IIpennonoxum, 4TO B3aMMOAEHCTBHE MEXAY APOTOHOM M HeHTpO-
HOM OOYCJIOBJIEHO LEHTPaJbHbIMH M TEH30DHBLIMH CHJIAMH, T. €.

V=V () +V () Tpn, (144.1)

TOrJa OCHOBHOE COCTOfiHHE [eHTPOHA [O/KHO ObITb CMechio S- H
D-cocrosinuii. HaiiTh oGuiee BeIpa<eHHe BOJHOBOH (QYHKIHH OCHOB-
HOrO COCTOSHHS J€HTPOHA M MOJNYYHTb VIS DajHajbHbIX (QYHKIHi
S- n D-cocrosnuit cucteMy ABYyX AuddepeHUUa/bHBIX YpaBHEHHH.
CyHraTh, YTO CHHUH AEHTPOHA HANpapJeH MO OCH Z.

Pewenne. CnuH JefTpPOHAa W ero NpoeKUHMss Ha OCb 2 PaBHBI
equHHLE (B eluHHUAx Ki), mo3TOMy HamGoJee o6mAs CyNepHO3HLHSA
S- u D-cocTosiHMA NO/MKHA HMETb BHJ

Y=F("Ys X1 T Yo, a1 +AY o, %0, o H0Y 4 000, —ofy (144.2)

[IpHYEeM IIOCTOSIHHBIE A H BbléupaxoTcsl TakuM o0pasoM, 4TOOLI
BLITOJHAJOCh PaBEHCTBO

I = 24, (144.3)

rie ]—onepatop MO/NHOTO MOMEHTA KOAHYeCTBA ABHIKEHHS (cnuH
IefiTpoHa): COraacHO pe3y/bTaTaM MHpPeAbAYILEH 3alayud, HMEeM

Bp={yy, s (L*+2+42L) +%,  VILL (Y, , +8Y0 )+ |
Mg V2L 4y, o (L2 42y, -, V2L gYy,  +
+P‘ {XI, " V—2-L- '* Xl.‘—l (L2+2—'2Lz)} gyz 2
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i, CJej0BaTelbHO,

Py =111 [2fVo, 0 +B—2V31) g¥, o] + o

+ Xt o (_ 2 V3 +8}‘—'2V§P’) gyz. 1 +X1. -1 (_2 V2 A + 4”) gyz, 2°
[Tocsennee paBeHCTBO MepexoidT B pasenctBo (144.3), ecaum mnoso-
XKHUTb

A=V3, u=V6, (144.4)

[05TOMY HHTEpecyioLlas Hac coOCTBeHHas (DYHKUHS NMOMHOrO MOMEHTa
npUHAMaeT BHJ

Y=Y, X, 1 +g ) {Y,, oX1, 1+ ng?. 1X1, 01 ngz. ZXI.'-I}'
.. ; (144.5)

Bripaxkenue, crosilee B GHIrYypHBIX CKOOKax B paBeHCTBe (144.5),
B TOYHOCTH COBMAafaeT C OJHOH M3 KOMOMHAUHH cdepHueckux rap-
MOHHK M CHHHOBbIX (PYHKUHH, MOJydYeHHBIX HaMHM B [Openblayuled
sajave [cM. nepsywo u3 dopmya (143.9)], nmosroMy MBI MoOxem
sanucaTh Hally BOJHOBYIO (QYHKIHIO B Gojee KOMIAaKTHOM BHJE:

be A= O 5V T (1446)

3afivemcs Temepb ycJoBHeM HoOpMHpOBKH. M3 paseHncrBa (144.5)
HEMOCPEJCTBEHHO cJjenyer

*

(e +10g)dr=1.
0

Ilna nanbrefiliero ymnoOHO NEpeATH K HOBBIM pajgHa/bHbIM (yHK-
UHAM, TIOJOXKHB

f(r)=1g(r)cos o, g(r)z”"v%\po(r)sinm, (144.7)

IpyU 5TOM HMeeM

(pirdr=1, (pdrdr=1 (144.8)
0 0

\p:ﬁ {q;s (r) cos ® +2—1§f% (r) sin mr,,,,} 1. (144.9)

dyukuua (144.9) nomxHa yroBJETBOPSTH ypaBHeHuio Llpeaun-
repa 4J1s1 OTHOCUTE/IBHOTO ABHKEHHs (Mbl noJiaraeM h=1, m,=m, =1,
npuBefleHHasl Macca paBHa !/,, cM. 3anauy 150):

(— ViV + VT, —E) =0,
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TakuM ob6pa3oM, mosygaem

{(— V2 +V,—E)cos ops+ [é—;—.‘q_(-—— y*+4-V,—E) x

3
X sin oyp + V; cos tmps] T pn +3 ﬁV, sin (mpDTg,,} X1, =0 (144.10)

Oneparop T%,, eciu OH HefCTBYeT Ha TPUIJIETHYIO CNHHOBYIO GyHK-
LHIO );, MOXHO JIMHEHAHHIM OGP430M BHIPa3HTh yepe3 oneparop T,

8 2
Tt = (g—5 Ton ) e (144.11)

B 3tom HeTpygHo yGeAMTbCH, BOCNOJL3OBABIIMCh CIPaBENJHBBIM [JS OLHO-
YaCTHYHBIX CITHHOBLIX COCTOSIHHH TOXIeCTBOM

a 1 a cos & sin 0e*®
S —(o-r >= ) (“) .
(ﬁ)af( )<ﬁ (sint}e'"" —cos ¢ ) p
Orciona caenyer, uro S?=1, u nostomy
1 2
s§n={72-(u,,-r) (on-r)} =1.

Kpome Toro, Mbl yxe 3HaeM, 4To (0p-0,) Yt ="t (cM. CTp. 36), csrenoBaTteabHO.
B noJHoM corsacud c (144.11) umeem

_ 1\ 2 1 10 2/ 1
Tfm_<spn—-3-) =l=3Sut5=5-3 \Tpn+.§>.
Tenepb ypasuenne (144.10) MOXHO 3anHucaTh B CJAEAYIOUEM BHAE:
{cosw (— V2 +V,—E)gs+2 ‘3/2 sin thwo} X1, 1t
ine|—2e(—v:eyV —F)—-L
+{31n®[2ﬁ( v +Vc E) V2_Vt:l 'q:'D"{‘
+cos® Vt\ps} Toute, 1 =0.  (144.12)

Onepatop T,,, cTosAmui 3pech Mocje BTOPOfl (QHIYPHOH CKOOKH M
AeHCTBYIOIMA Ha (YHKUHIO %, ,, IOPOXKIAeT TOJbKO WieHH ¢ [=2,
OpTOroHasbHble ujenam ¢ [=0, co6paHHBIM B NepBoii CKOOGKE, 4TO
N03BOJSIET pa3ObuTh ypaBHeHHe (144.12) Ha nBa OTAENBHBIX pajH-
aJIbHBIX YypaBHEHHS:

cos ® [w"s +%w's +(E-=V,) ‘I’s] —sinw-2 ;/71/,%: 0 (144.13)

u
sin o [ + 2 — S +(E.—Vc+-§—V,)¢D] —
—cos 022V = 0. (144.14)

3
310 4 ecTb HCKOMas cHCTeMa AuGQepeHUHANbHHX YypaBHEHHI.
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3anaua 145. JneKTPHYECKHA KBajAPYNOJbHbIA H MarH#THGIH
IAMTIOJAbHbIA MOMEHTBI AeHTpPOHA

CunTasl 3aJaHHOH BOJIHOBYIO (YHKLUHIO AEHTPOHA, ONpefeeHHYIO
B Ipenbifylied 3anaue,

a) BBIYHCJIMTH 3JIEKTPHYECKHH KBaApyNOJbHBIA MOMEHT JeHATpoHa
H BHIPA3UTh €ro 4Yepes HHTETpaJlbl

A——-S%«por‘dr, B=S1I77>r“dr; (145.1)
0 0

6) HalTH cpejHee 3HAYEHHWE MACHHUTHOIO JHUIOJbHOIO MOMEHTa
JeHTpoHa.

Pemenue
a. Tensop KBaApyIoOJbHOTO MOMeHTa (cM. 3ajgauy 61) B paHHOM
cjayvyae HMeeT BHJ

1
Qur =7 Bxxy—r20,).

B nepBonavasbHOe ompejejeHHe 3TOr0 TEH30pa MHOXHTENIb !/, He
Bxoaua. IlosiBienue ero 3gech oOGBACHAETCSA CJIENYIOUIHM. Tak kKak
HEeATPOH He HeceT 3JEKTPHYECKOTro 3apsja, TO BKJAaL B KBajapy-
MOJNbHBIA MOMEHT [JeHTpOHa JaeT JIMLIb OJMH MPOTOH, pajuyc-BEKTOp
KOTOPOTO OTHOCHTEJbHO LEHTpa Macc paBeH !/,r. ¥ pedTpoHa B CO-
crosHun ¢ M,=1 pacnpegenenue 3apfja akCHaJbHO CHMMETPHYHO
OTHOCHTEJIbHO OCH Z, MO3TOMY yCpeJHEeHHe KOMIIOHEHT TeH30pa KBal-
PYIOJIBHOIO MOMEHTa MO YIVIY ¢ IPHBOLUT K COOTHOLIEHHSAM

ax!/"___Q-yz':-Q-zsz’ axx="Q—w=—%_Q_,,. (145.2)

CrieoBaTelbHO, HaM HEOOXOAHMO BBIYMC/HTH JIHMIIL CpeJHee 3Haye-
HHe onepartopa Q,,, KoTopoe ompegessercss ¢opMyJ/oi

(Qu> = | Quil ] 7dv=% [ r* (Beost 0—1) || 2dr =
sV E[ev, v (145.3)

[oxcrapasis cioga BoHOBYIO QYHKUHIO AEATPOHA, HAKNEHHYIO B mpe-
IbiAywmieH 3azaue,
P =cos s (r) Yy, 0%y, 1 +
. 1
tsine VI_OQPD (MY s, o¥a1 + ﬁyz. 1X1, 0 F VFY:.%XL - (145.4)
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M YYHTHIBasi OPTOHOPMHPOBAHHOCTb CIHHOBBIX (YHKLHE, IOJyuaem

Q=g Flarrgr.d

it ¥2 31V, [ 461V, ]3] 2.

2

+

. Yo
cos oPgY, o+ sinw 7;—(—)}’2, o

B sToM BBIpaMeHHH uieH, cozepxauiuii Y3, HcyesaeT Gaaroxaps
oproroHanbHocTH cepuueckux ¢yHxkuuil. C npoussereHueMm Ygogp
CBf3aH TPHBMAJbHbI HHTETpaJ

§Y0’0|Y2,0l2d£2: l

Vian
Heckonbko TpyaHee BLIMMCJAHTL TPH OCTaBUIHXCS WHTErpaja, cCBsi-
3aHHBIX C Pp. Mbl NpPUBOZHM /ML OKOHUATE/NbHbIE PE3YJ/IbTAThL:

; 2 5
ﬁyz.olyz.o,2d9=7 l/ﬁ:
| 5
v, ov.,ae—ty L, (145.5)
2 5
ﬁyz,o’ya.deQ:_?l/-ZE'

Co6upasi BMecTe BCE€ 3ITH COOTHOUICHHsI, NMPHUXOAUM K cJeiyouel
npocTtoli opmyJe:

1 1 .
Q2> =g‘ﬁAcosmsin o— 55 Bsin?o. (145.6)

Eciu B npoueHTHOM OTHOWEHHH NpuMech D-COCTOSHHA K S-Co-
CTOSIHHIO MaJsia, TO MaJjbiM Oyner u napamerp o. B rakom cayuae
BTOPOA OTpuuaTenbHbiii uieH B ¢opmyne (145.6) 6yner urparb poJb
MaJIoi MONPABKM MO OTHOIIEHHIO K MOJIOKHTENbHOMY MEPBOMY YJieHY
H BeIMYMHA <Q,,> OKaxercsl NOJOXHUTENbHOH. IJTO 03HAYaer, uTo
JAedTpoH obsajaeT BHITAHYTOH (opmoii Baosb ocu 2. Ilocaennuii
BbIBOJ NMOATBEPKIAETCS 3KCIEPHMEHTOM.

6. MarHMTHBIA AMNOJBHBII MOMEHT CKJIAAbIBAaeTCs H3 CIIHHOBOM
4acTH, W,0,, +N,0,;, H 3 OPOHTAIbHOM YacTH, BKJAL B KOTOPYIO,
pasyMeercsi, JaeT TOJbKO OJMH NPoTOH. KoMnowenra op6GHTa/ibHOrO
MOMeHTa L, AJsi paccMaTpHBAaeMOH [BYXYaCTHUHOH CHCTEMbl Haercs
BbIpaXkeHHeM
(o 9
L":T(aq)p + 09, ) ’

064 C/araeMbiX 310H KOMIIOHEHTH BHOCAT OAHHAKOBbIi BK/Ial B op-
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6uTaJbHBIA MOMEHT OTHOCHTEJIbHO LEeHTpa MacC. B MarHuTHHIA xe
MOMEHT BKJjaJ| AdaeT TOJbKO MepBoe cJaraemoe, MO3TOMY B BhIpake-
HUe /51 MarHMTHOTO MOMEHTa orneparop L, BOHAET ¢ MHOXKHTeJeM !/,:
e 1
Wops = ome —sz
CpelnHee 3HayeHHe z-KOMIOHEHTBI MAFHHTHOIO MOMEHTa ONpeNensercs
dopmyoi

w>= S B (W50, 4 PaOnz - ogs) VAT, (145.7)

CpeAHHE Xe 3HAYeHHs ABYX APYTHX KOMIIOHEHT pPaBHbl HYJIO.
[Tpumensis omnepartopel 0,, U 0,, K TPHNJETHHIM CIIHHOBBIM QYHK-
uuaM, MOJTy4yaeM COOTHOILEHUSH

Opz¥1.1= X1, 10 0nz¥1,1= X1, 1
Opz%1, 0 = %o, 09 Gnzk1, 0= — %o, 00 (145.8)
OpzX1, 1= %1, -0 Onz¥a, -1= — %1, -1-

[TostoMy, KpaTKO 3amucas JCHATPOHHYIO BOJIHOBYIO (YHKILHIO B BHIE

Y= UYy, 1 + V%1, 0 WXy, -1
noJayyaem

pd>= S (@i, 0T o F T, — My (UXg, 1+ 0%, 0o — WKy, 1) +
+ B (W%, 1= %o, 0 —@WX1, ~1) T Pops (UX1, 1 + V%1, 0 + X4, - dr.

C yueroM OPTOHOPMHPOBAaHHOCTH CIHHOBBIX GYHKLMA ToOC/enHee
BbIpaKeHHe [PHHHMaeT BHI

o= § 40 (0 Bope) 1+ URops0 07 (— By, + Hogg) 0} 4.
Hanee [cm. dopmyny (144.5)] nmeem

u=fY0,0+gY2'0, U'_—Vé—gyz,n w:l/ggyz.z,
N03TOMY
' Lu=0, Lyp=hy, Lw=2khw

H, cJenoBaTesIbHO,

@ = § {0+ ) wu—te) + % @+ 200) | dr =

4 ]

=(u,+un)§ﬂ<f=+g2—6g2)dr+%fru3gz+2.6gﬂdr.
0

3aMeHsii B 3TOM BHIpaxieHHH OGYHKUWHM [ B g HOPMHDPOBAHHBLIMH
byHkuMaMH YPg H YPp, cornacHo (144.7), n Gepa B KauecTse eju-
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HHIB fIepHBIA MarHeToH, efi/(2mc), MPHXOLHM K tdopmye
3 . 1
QD:“%+“Q—?$mm(W+MM_?) (145.9)

Taxum o6pasom, nompaBKa K MarHHTHOMY MOMEHTY, 00ycCJIOBJeHHast
npuMecblo D-cocTOSIHHSI, OKa3bIBA€TCS BTOPOTO MNOpPsAKa MaJIOCTH.

3apaua 146. CnuHoBble (DYHKUMH TpeX HaCTHIY

2
INonyuurb coGcTBesHBle (YHKIHH onepaTtopoB S, H § aas cu-
CTeMBl TPeX 4acTHl, o0JajJaroUlHX CIHHOM !/,.

Pemenne. B nanHOM caydae oneparop CyMMapHOrO CIIHHA MOXKHO
3anucatb B BHAE

S=%(61+02+03). (146.1)

Ero z-KoMIOHEHTa, OUEBHIHO, HMEET cJefylouue co6CcTBeHHble QYHK-
LHH:

¥ (P/2) = 0,004,
% (M2) = Ao,aofs + Bouy oy 4 CByo,a,
% (=) = A'Bifag + B'Bro, By + C'ax,PoBs,
X ("3/2) = ﬁlﬁaﬁa-
B kauecTBe aprymenta (GyHKUHH ¥ Mbl yKa3blBaeM CQOTBETCTBYIOIIee
COOCTBEHHOE 3HAueHue onepatopa S, B exunuuax fi. CoGcTBeHHble

3HayeHus '/, W —1!/, TPeXKpaTHO BbIPOXKAEHBl. UTOGbl yCTpaHUTH
yKa3zaHHoe BbIPOXKAEHHE, nepefiieM K PacCMOTPEHHIO OlepaTopa

$=(5) @ +o,+op=
=(§)10+20, 0)+26, 00 +2(0,0)).  (146.3)

(146.2)

B 3apgaue 140 MBI nokasaJu, 4TO
(0,-0,) 2,0, =0, t,, (0,-6,) a,f, = 28,0, — B,
(01 : Gz) 510"2 = 20‘152— 51002, (01 ' 02) 5152 = ﬁlﬁz’
uau, Gosiee KOMIIAKTHO, YTO ONepaTtop
1
212=—2—(1 +-06,-0,) (146.4)
[POCTO B3aUMHO 3aMEHsIET CITHHOBbIE COCTOAHHA vactui 1 u 2:
2, 2=yx(2, 1). (146.5a)
Jpyrumu cJioBaMH, Mbl HMeeM
20, =a0,, 2,08, =B,a, B T. A (146.56)
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[To sto#i mpuunHe onepatop (146.4) Ha3LIBAIOT OO6MEHHBIM CRUKOsBLM
onepamopom AJsi dactdn 1 u 2.

Tenepp Mbl MoXeM Bblpa3uTh omneparop (146.3) uepes rakue
of6MEeHHBE ONnepaTophi:

Sz:(%)” {(8+4 (S + Zop+ Za))b- (146.6)

[eficTBHe 3TOrOo omnepatopa Ha NEpPBYK H YETBEPTYIO CIIHHOBLIE
(GyHKIHH Cpa3y Ke Jaer

Soy (%) = (%)2 15% (°/)), S (—*/,)= (%)“ 15y (—*,). (146.7)

Takum o6pasoMm, 5TH JABe GYHKIHHM yXKe caMH IO cefe SBJAIOTCS
cOGCTBEHHBIMH (YHKUHAMH omepatopa S? H MpHHALJIEXKAT HeBbIPOXK-
JeHHOMY coGcTBeHHOMY 3HavyenHro S(S+1)=13/,, umm S=3/,.
B BEeKTOpHOH MoOJeJH OHHM COOTBETCTBYIOT [apaJJiesbHOH OpHeHTa-
IHY BC€X TpeX CIUHHOB MO HJH NPOTHB OCH 2.

He Tak mnpocto o6cToMT fedio ¢ GyHKUMAMH, NPHHAANEKAUIUME
BHIPOXKJIEHHBEIM COGCTBEHHBIM 3HaueHHAM '/, u —/,. JleficTBys one-
patopom (146.6) Ha dyukumio y (*/,), Hojayyaem

h
S =(3 ) o en+
+ 4 [Aa,0,8, + BBat,0ty + Cayfaos] -
+ 4 [Ao, Byoty + B, otoBy + CP gty ] +
" -+ 4 [AP,o,05 + Boty ooty + Cotyotofs ]} =
- (ﬂ’ {(TA + 4B +4C) 0 0By + (44 +TB +4C) 0, Byct, +-
+ (4A + 4B +7C) Pyayy}-
C apyro#t cTOpoHBHI,
S () = h2S S+ 1) {Ao,a,B; + Bo, ooy +CByoa0),

H Mbl IIPUXOAHMM K CHCTEME TPeX JHHEHHBIX OJHOPOAHBIX ypaBHEHUH:
TA+4B+4C=4S(S+1) A,
4A+7B+4C=4S(S+1)B, (146.8)
4A4+4B+7C=4S(S+1)C.

YcaoBre ofpalieHdsi B HYJb ONpEAe/UTE]st TOH CHCTEMbI JAeT Ham

Ky6uueckKoe ypaBHEHHe AJs co6cTBeHHOro 3HaueHusa S (S 4 1). Pewas

3TO ypaBHeHHe, HaXOAUM

15 3 3 3 1 1
S(S+l)=~, T) T’ ?9 —2—’ 'é-' (1469)

Tor xe pe3ysbTaT moJydusica Gbl Y HAC W NpPH AeHCTBHH OMNeparopa
$? Ha QyHRuUHIO ¥ (—/,), TOJbKO BMeCTO GYKBBHI ¢ BCIOAY Oblja Obt
6ykBa B. :

uim S=
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Ona nepsoro- u3 coGcTeeHHbhX 3Hauenuit (146.9) pewenue cuc-
Tembl (146.8) onHosHauHo npunumaer Bujg A= B=C. Hcnoap3ysa
[ipH 3amucH cnuHoBbiX GYHKUHA GoJee NOAPOGHYIO CHMBOJHKY
% (S, S,), Mbl mosyyaem CJeAYIOULHH Kgapmem 4YeThIPeX MNOJHOCTbIO
CHMMETPHYHHIX (PYHKUHHA: '

3 3
X ERAY) = 0 Aylly,

1[5 3)= 7 e, +aba+ B,
1(30 —7)= 7 Bibas+ Breufs +aupipy),
(5. —3)=Bbibs

DTo pelieHHe COOTBETCTBYET B BEKTOPHOI MOJIe/IH YeThIpeM BO3MOX-
HbIM OpHeHTauMsiM cnuHa 2/,. [locsle noncTaHOBKH [ABYXKPaTHOro
KopHs1 S=1/, B cucremy (146.8) Bce Tpu ee ypaBHeHHsS HPUBOAAT
K OIHOMY U TOMY € COOTHOIUEHHIO:

A+B+C=0,
410 no3soJsiser Ham Hanucate C=— (A4 B), HO He NaeT HHKaKOH
uHpopmauun otnocuteabHo A M B. Takum ofpasoMm, umeeM
I 1
17 7) = Amcus + By — (A+ B) Brov,
l l ¥ ’ ’ ’
X <“§‘ ’ _“2‘> =4 5152‘7‘3 + B ﬁlazﬁs—‘(A + B )axﬁaﬁa-

OTH QopMyJibl BCe elle ONHCLIBAIOT CMECh ABYX pasJ/IMYHBIX ayG.ie-
TOB, /1A KaXKAOTO H3 KOTOpHX S=1/,.

Yrobbl pa3fe/HTb yKa3aHHBe Ny6JeThl H CHSITb OCTaBLIEECs Bhi-
poxieHue, oOpIUHO MpeanoJararT?, yro

=1 —— B
Jau6o A=B= Ve an6o A B VT (146.12)

B nepsoM csiyuae Mbl mosyuaem ay6.aer

(146.10)

(146.11)

X1 (% ! %) :—Vl‘? {o, (@,Bs + Boos) — 2B, - 00},

(146.13)
.51 (% T —;—> = ﬁ {B1 (Baots +a,Bs) — 20, - By},

1) Hasuune BEIPOXIEHHS CBSI3AHO C TEM, YTO AJIA TPEXYaCTHUHOH CHCTEMHl oOfle-
paropnl 8§ m S, He o06pa3yloT nonHoro HaGopa HaG/monaeMbix. UTA6L HMeTb
TaKo# Ha6op, Hallo NPHUCOEAMHHTHL K 3THM OflepaTopaM OXMH H3 OGMEHHEIX CIHHO-
BHX onepatopoB Z;,. BoJHOBHE GYHKLMH, NpHBEJEHHBE B TEKCTe, MOJyvaoTCs
8 TOM clyiae, Korja BhIGHpaeTcss OOMeHHBIH omepaTop Zgq.— [Tpum. ped.
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CUMMETPHYHBIA 110 OTHOLIEHHIO K IepecTaHOBKE CIIHHOB YaCTHL 2 H 3
cumBosiueckd 1,23); a Bo BTOpOM CJyyae — gyGJer

1 1 1
Xz(‘f: ?)2"”270‘1 (B —Pyts), v

. (146.14)
1 1 1
. X2 (? T §> = %3 ﬁ_l (ﬁz%—%ﬁa),

aHTl/ICI/IMMeTpPl'lleII':I MO OTHOLIEHHIO K MEePeCTaHOBKE CIHHOB YaCTHIL

2 u 3 (cuMBoanueckd 1,23). Tpebys, uro6bl HMMEHHO I/ CHHHOB
gacTdll 21 3 MMeJ1a MecTo IPOcTasi CAMMETPHS, MBI, pa3yMeeTcs, MoCTy-
MaeM COBepIUEHHO NPOU3BoJbHO. Ilpyrofl BolGop mocTossHHBIX A U B,
Hanpumep B=—1/,A, npusen 66l K COHHOBOH (YHKUHH C CHMMET-
pueit 12,3. TosbKo HONOJMHHTENbHEIE YCJIOBHSA, HaJlaraeMpie Ha pellle-
HHe B TOH WJiM HHOH KOHKPETHOH 3ajaue, MOTYT CHATh 3TO CheLH-
(pUYECKOe BBIPOXKAEHHE. :

3apauya 147. PaccesiHHe HEATPOHOB MOJEKYJSIPHBIM BOAOPOAOM

[Mycts vactuusl 1 ¥ 2 npepplaywieii 3ajaud — 3To NPOTOHLI, BXO-
Asiilie B COCTaB MOJIEKYJBl BOAOPOJA, a YacTHLA J— MeIJIeHHbL
HEHATPOH C AJUHON BOJIHbI Ae DpoHJs, 3HAYHUTEJbHO mNpeBHILaloLled
pasMepsl MoJiekyJbel. OnpejesuTh ceyeHHe paccedHHs HeHATPOHOB
MOJIEKYJIaMH Napa- H OPTOBOJOPOAA, CUHTAs, YTO np-B3aHMOEHCTBUE
¥MeeT LEeHTpaJbHbIH XapakTtep (cM. 3agauy 140):

V=g BV +V) + 5 Vi—V,) 0,0, (147.1)

Yro6bl CBA3aThb AJIMHBI pacCesHHA C NOTEHIMaJaMH, B KauecTse Ipy-
60ro NpuGAMKEHUS TPEANOJOXKHTE, UTO LAJHHA PacCesiHHsl IpPOnop-
LHOHAJbHA FJyGHHE MOTEeHIHAJNbHOH fIMEL.

Pemenne. XapakTep [JBUKEHHS HEATPOHA OMNpelessercs ero
B3aUMOJeACTBHEM C ABYMS npotoHamu. Eciu A/anHaA BOJHBI HEATpoHA
BeJIMKa, TO TPAaKTHYeCKH 00a MpOTOHA PacroJsiOKeHbl B OJHOM MecTe
¥ NSl ONHCAHHUA JABUKEHHS JOCTATOUHO OJHOH OTHOCHTEJLHOH KOoOop-
avHatel r. Dynem o603HayaTb HEHATPOH MHHAEKCOM N (BMECTO MH-
Jexkca 3), Torja B3aUMOLEHCTBHE HEHTpPOHa C MOJIEKYJO0#H Bojopoja.
corjiacHo (147.1), MoxHO 3amucaTb B BUIE

=% (3vt+v-f) +'}1-(Vt—vs) (0, (0, +0,)), (147.2)

rie
Vi=Vi(r) u V,=V, ().

OpToBozopOA ¥ NapaBoAOPOA XaPaKTEPH3YIOTCA COOTBETCTBEHHO
CHMMETPHYHOH H AHTHCHMMETDHYHOH CNHHOBBIMH (YHKLUHAMH, [O-
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9TOMY B Hauled TpPeX4aCTHYHOH npobseMe, COIJIACHO pe3yJbTaTaM
npepinyiiedl 3agaud, HMETCs CJelyiolide BOoCeMb CIHHHOBLIX GYHK-
LH#:

X(%» +%):a1a2am
3 I
X (7 , + '2—) = 7% (@B, +a, By, + B12,2,), | Kpaprer, cnun
(3 1 */; _OpTOBONO-
X7 —7) = V§ (B:B22, + BBy +-asBaBn), | pon, T2n
3 3
Xa<%, + %) Vlﬁ ((a,B, + B,a,) a, — 20,0,8,), i J ybJeT, CIHH
1 1 B, 1 0 + Y, OPTOBOAO-
%(z —7) =g (@bt B B.—26:B,2,). | por, T2,n

(147.4)

iﬂ,yﬁneT, CNHH
v Y _NapaBono- (147.5)
J pon, 12,n

% (

y T+ i) = _V!—Q— (alﬁz—ﬁlaz) Xy
— )= 775 @bi—Bio) B,

$
TN

Bce stu BoceMb ¢yHRUME CyThb COOCTBEHHBIE (DYHKLHMH ONEpaTopa
§t= (0, +o0, +0n)2’

ApuHagexaiine co6CTBEHHBIM 3HaueHUsIM 15 u 3 COOTBETCTBEHHO
ANS KBapTeTHbIX ¥ NyOJeTHBIX cocTosHHH. Tak Kak

§2=0}+0} +0;+2(0,-0,) +2(0, (6, +0,)), (147.6)

npuyeM KaxKabli u3 I€PBLIX TpexX 4JCHOB paBeH TpeM, a AJd 4YeT-
BEPTOro HMEEM

(0,-0,) = { +1, OPTOBOROPOL, (1477)
—3, mapaBojopof,
TO OKOHYATEJILHO [0JyYaeM
15=9+2+2(0,- (6,4 0,) } opTOBOKOpOR { KBapTerT,
3=9+242 (0,-(0,+0,)) ayGaer

# 3=9—6+2(o, (0, +0,)), napasonopox, Aybsaer. Takum obpa-
30M, HMeeM

2, oproBojpopol, KBapTer,
(6, (0,+0,))={ —4, oprosonopon, ayGJer, (147.8)
0, napasogopon, aybJeT.
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Orciona B cuay Gopmyanl (147.2) MBI OPUXOAUM K CJERYIOIIHM TpeM
THNaM B3aHMOJEHCTBHA MEXIY HEeHTPOHOM K MOJIEKYJIOH BOLOpOAA:

1
1 ( 2 (Vt—" Vs.)
V=5 @Vi+Vy)+ {I — V=V, =
{ 0
2V, KBapTeT, OpPTOBOAOPOL,
— % Vi +% V., AayGJer, oproBomopon, (147.9)

% Vi —I—% Vs, LybJer, mapaBofopof.

BosspaTHMCsA K BONpOCY O PacCestHHM HEHTPOHOB H PacCMOTPHM
npelesbHbld caydail HyJsieBoH sHeprud. B sToM mpenese pauna pac-
CeflHUS a JMHEeHHBIM 00pa3oM CBfi3aHa ¢ TayOHHOH HOTEHLHAJbHOH
SIMBI, €CJIH Iocjefdsas ,MaJja“. Ciaeayer, OAHAKO, MOAYEPKHYTb, UTO
I/ peaJjibHOro np-B3aUMOJEHCTBHA 3TO JOBOJIBHO rpyboe npubJu-
xkeHHe. C yueToM YyKa3aHHOro mNpUOJNHMKEHUS Mbl /IS yOpyroro
paccesiHusl HEHTPOHOB NOJyYaeMm

2 1 /1 3 2
00910243{3(201)2 +‘3“("2-at+§as) } '
3 |
0'napa\:‘}” {7 a; +—2'as}21
UJau

Gopro=n{(3at+as)i+2(at-a,g)z}, (14710)
Opapa = 70 (3at + as)z'

3ameuanue. Jlyumne 3HaueHHs NI JJMH DAcCesiHHS Gy M Gg B JBYXHYKJIOH-
HOH 3ajlaue paBHBl COOTBeTCTBeHHO -5,39 depmu u —23,7 ¢epmu. INoxcraBasis
STH 3HaueHMHA B (opmyssl (147.10), Mbl noayuaeM Ogpro =55 6apH H Opap, =
= 1,77 6apu V. XapakTepHO# OCOGEHHOCTbIO STOTO /I0 HEKOTOPOH CTeNeHH rpy6oro
pesyJbTata ABJSETCS YAHBHTEJbLHO MaJjoe 3HaYeHHe CeueHHS paccesiHus Ha mnapa-
Bofopofie. Tem He MeHee 3TOT pe3yJLTAT NOJHOCTHIO NOATBEPKAAECTCS IKCIEPHMEH-
TaMH 10 PacCesiHHIO TeMJIOBBIX HeHTPOHOB. Ecau Gbl BBINOJHAJIOCL PABEHCTBO
ag=—3a;, TO CeuyeHHe paccessHHs Ha NapaBoXOPOAe ObLIO Gbl B TOYHOCTH PaBHO
Hyaio. Kak 6bl TO HE GBLIO, HO €r0 MaJOCThb MOKA3LIBAET, YTO BEJHYHWHA Qg JOJKHA
ObiTh GOMbIIOH M ee 3HAK JOMKEH GOBITb NPOTHBOIOJOXKEH 3HAKY BEJHYHHBI ay.
C Ipyroii CTOpOHEI, IS CYLIeCTBOBAHHS CBS3aHHOTO 3S-COCTOSIHHUS MEHTPOHA TPHII-
JIeTHas! AJIHHA paccesiHHs NOJKHA GHITh mosioxutenbuoi. Cnefoparesnho, ag < 0,
U N03TOMY CYLIECTBOBaHHe CBSI3aHHOro 1S-cocrosinust HeBosMokHO. Heo6xomumo
OTMETHTB, YTO 3TOT 3HAK MOXKHO OUPEJNE/HTh TOMbKO B HHTepdepeHUHOHHBIX OINbI-
Tax ONHCAHHOTO THIIAa, HO He B SKCNEPHMEHTaX IO PacCesHHIO HEHTPOHOB Ha H30-
JIMPOBAHHBIX NMPOTOHAX, TAe NPHXOAHTCH HMETb JeJO C HEKOTePeHTHBIMH BOJIHAMH.

Hawu pesysnbTaThl HENOCPEACTBEHHO OTHOCATCA K TPEENbHOMY C/yuaio HyJe-
BOH 3HeprHH, B TO BPeMs KaK B JKCNEDHMeHTe HEHTPOHBI MOTYT HMETb 3HEprHio
IOpsAJKA HECKOJNbKHX COTBIX 3JeKTPOHBOJbTa. C/lefloBaTeAbHO, WX IJHHA BOJHBI He

D 1 ¢epmu=10-13 cM, 1 GapH = 10—24 o2,
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TaK yX BEJHKAa IO CDPaBHEHHIO C Pa3MepoM MOJEKYJH. DTO BbI3bIBAET MOSBJEHHE
HeyNPYrHX MepexofoB C H3MEHEHHeM YeTHOCTH MEXAy BpallaTesNbHHIMH COCTOS-
HUSIMH OpPTOBOJOpPoAa ¢ J =1 u cocrosnusiMu napaeofopofa ¢ J =0. Ykasannve
nepexofn MOABJAAIOTCA Grarofaps TOMY, UTO rpy 7 Ipe. Ecan BBectH ofo3Hauenue

1
7 Vi=Va=U(n),
TO AJA 4acTH B3aUMOJeHCTBUSA, 3aBUCSILEHA OT CIMHOB, MOXXHO HAIUCATH

U(ra) (0,-00)4U (1) (0,-05) =% (U (rm) +U (rp9)) (6, (0, +6,)) +

1
+'2_ (U (’nl)_U (’nz)) (0’,, '(UI "'62))’

Hs-3a mocsiefiiero uyseHa B MpaBodl 4acTH 3TOrO PaBEHCTBA CIHHOBLIE (yHKLHH
(147.3) —(147.5) Gonble He ABJAAIOTCH COGCTBEHHHIMH (QYHKUHSIMM OMEpPaTOpa 3Hep-
FHH B3aHMONEACTBAA; HMEHHO 3TOT YJeH B 3HEPIHH B3aHMOEHCTBKA W BLI3HIBAET
0pPTO — Napa-nepexogml.



IV. MHuorouacTuunbie 3agadu

A. MaJjoe uyucao yacTHly

3anaya 148. Jlpe OTTaNKMBAIOWHECS HACTHULI HA OKPYKHOCTH

JlBe onHHaKOBHIE TOYEYHblE YaCTHUBl HAXOAATCH Ha TIJafKoH
OKPYXKHOCTH pajauyca r M B3aHMOIEHCTBYIOT MO 3aKOHY

V (91, @) =V,cos(p,—9,), (148.1)

3TO MO2KET, HallpHMEpP, CJHYXKHTb MOJE€/]bi0 KYJOHOBCKOI'O OTTaJIKH-
BaHHs 3/J€KTPOHOB B OCHOBHOM COCTOSAHHH aToma reJud. BriBecTn
3aKOH COXpaHeHHs MOMEHTa KOJIHYeCTBa [IBHUXKEHUA H PacCMOTPETb
OTHOCHTEJIbHOC JBHXKE€HHE 4YaCTHI.

Pewenne. ¥Ypasuenue lpepunrepa

A2 U U
T 2me ( ot T a0l ) +Vocos (@, —@) U=E-U (148.2)

JONyCKaeT pasje/jeHHe IepeMeHHBIX, €CJAH MepedTH K HOBBbIM KO-
OpAHHATaM

a=0,—,, 6=%(q’1 + @), (148.3)

ONHCHIBAIONMM OTHOCHTEJbHOE H ,aGCOMIOTHOE® JBHMKEHHE YacTHIL.
J{efiCTBHTENILHO, MOACTABJSAS BbIPAXKEHHS

7} 4 1 d 0 a 1 0
o9 9x TT O I, ox T
B ypaBHeHHue (148.2), npuxoiuM K ypaBHEHHIO

ke (azU 102U)+Vocosoc-U=E-U,

mr? \ 9o U 4 op¥

peuieHne KOTOpOro MOXHO HCKaTb B BHAE

U, By=u()v(P). (148.4)
Tenepb MBI uMeeM
Wodu )y ~E 148.5
——mm"l‘ OCOSOL-u— a'u ( i )
i
B e (148.6)
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npHyeM
E,+Eg=E. (148.7)
Abcorromnoe 0suditerue YacTULL onpejenasercss ypaBHenueM (148.6).

YuuTbiBas, yTo OnepaTop NPOEKUHMH CYMMapHOrO OpGHTaJbHOIO MO-
MEHTa Hamel IBYXYaCTHUHOH CHCTEMBl Ha OCb Z [AeTCsi BbIpPaXKeHHEM

L=t )22,

Mbl MOXeM nepenucath ypaBHenue (148.6) B Buze
1
2—9—1.30=Eﬁ-v, (148.6a)

rge © =2mr2—cyMMapHbIi MOMEHT HHepUHMH o0eux yacTHU. [locaen-
Hee ypaBHEHUE MO3BOJISET ONpeleNHTh COOCTBEHHBIE 3HAYEHHA ofe-
paTopa BpawareabHoil sHeprun. Tak Kak peueHue ypaBHenus (148.6)
HMeeT BHJ

v=eMB  M=0, &1, £2, ..., (148.8)
TO AONYCTHMbIE 3HAUCHHA BpamaTeJleOﬁ SHEPruH 6y1l}IT paBHbBI
M2
Eg= 22~ (148.9)

[opasfno ciioxkHee BONPOC 00 OMHOCUMEAbHOM OBUJCEHUL YACTHL,
TaK KaK OHO onpepejsiercs AuddepeHUHaNbHEIM ypaBHeHHeM Matbe
(148.5). YUTo6bl ynpoCTHTb NOCAEAYIOLIHE pacCy KAeHHd, npeodpasyeM
ypaBuenne (148.5) K cranzapTHO# (opMe, MOJOKHB

o =2p, 4'—"51:‘0;:7», 4%vo=2q. (148.10)

Taxum oGpa3oMm, noJyuyum
g-;‘;+(x_2qcos2cp)u=o. (148.11)

Mzl 6yaeM HHTEpecoBaTbCs MEPHOAMYECKHMMH pelleHHAMHY ¢ nepuo-
IOM 2m MO NepeMeHHOH o WJH, YTO TO XKe caMoe, C NepUOAOM Tt Mo
nepemeHHoll ¢. Tak kak B ypaBHeHun (148.11) xoapduuueHT npu
GYHKUHE v 4eTHbBIM 00pa3soM 3aBHCHT OT yIJia @, TO DELIeHHS 3TOrO
ypaBHeHus OyAyT JHOO YeTHHIMH, JIHOO HEUETHbIMH QYHKUHAMH Q.

L) 3fech HCKOMble pelueHHsi MPHHIHMNHAJIbLHO OTJHYAOTCA OT pelleHHH ypasHe-
nus Llpexnnrepa ¢ mepHOAHYECKHM MOTEHIHAJIOM B TEOPHH KPHCTAaJJIMUECKOH pe-
merku. Tam pemenusi, He GyXyuH NepPHOLHYECKHMH, NIPH Nepexofe OT ORHON AUeHKH
pelleTkKH K JApyrofi yMHOXaloTcsi Ha (asoBelli MHOXHTeab (cM. sanaud 28, 29).
B Teopum xpHcTaJHUECKO#i PeleTKH SHepPreTHYeCKUH CNEKTP HMeeT 30HHYIO CTPYK-
TYpy, B HalleM XKe Cjydyae CIeKTP COOCTBEHHBIX 3HayeHHH A JMCKpeTeH.
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[lepHONHYHOCTb PEIIEHHH MO3BOJIAET Pa3J/IOKHTL HX B psalsl Dypoe,
[I09TOMY Mbl HMeeM

Uger= Ag+ Ay c052¢ 4 A cosdp .. .;
Unewer = By sin2¢ 4- B, sindp 4. .. .

O6bIuHO NPHHATO 0003HAYaTh COOCTBEHHBIE 3HAYEHHS A [OCPEACTBOM
Qyy gy G4y ... B Cllyuae YETHBIX PEILEHHH U NOCPeACTBOM b,, by, by, . .
B CJlyyae HeueTHbIX pelueHuit?. B
TeOpHH YypaBHeHHs1 MaTbe mNOKasbl- A
BaeTca, UTO CoGCTBeHHble 3Hauenus 0
MOKHO. PacClo/IORKUTb B CJEAYIOUIEM ,)
nopsaKe: 16 ~—

oy 0
a<b<a,<b<a, .. (148.12) % 0 | TN

\a

Ha ¢ur. 61 npuseneHa 3aBucH- 'K 0B 2 ‘25\30 7
MOCTb COGCTBEHHBIX 3HAUEHHH OT - \\ S
nepemeHHOl ¢. Baaronaps HepaseH- Q NG

crpam (148.12) kpusble Ha ¢ur. 61 -20

ue nepecekatorcs. B caywae g=0 \
HMeeM =30

— — — 92
4y (0) =0, b2 (O) =0, (O) =22, ® ur. 61. 3aBHCUMOCTb COGCTBEHHBIX
b,(0)=a,(0)=42 u 1. 1. (148.13) 3uavennit A or ryGunE nOTEHUHAND-
HOH MBI q.
B c/lyyae Ke OueHb OOJBIIHX q BenuuvHb A B ¢ Raubl B Ge3pasMepHHX
€IMHHLIAX B COOTBETCTBHH C oOnpegene-
CnpaBeAJIUBbl ACHMIITOTHYECKHE CO-  HusMu (148.10). TIpaMbiMu JIHHHAME OF-

MeyeHB MNOJIOKEeHNss MHHHMyMa H MaKCH-
OTHOWEH NS MyMa OOTEeHHHaJIbHOH SHEePrHH.

azr(Q)‘“’—29+2(2f—}-l)‘/a-—%_[(r_*.1)2+r2],
o (148.14)
byr (q)‘*—24+2(2f—1)Vq ’-"‘I[(f—l)z—{—fz].

Cwmeica cooTHowenn#t (148.13) u (148.14) MOXHO MOHATL ¢ NOMOLIBIO
CJIEAYIOWHUX 3/7EeMEHTapHbIX pacCyXAeHuil.
Ecnu ¢=0, Tto ypaBHenue (148.11) npuoGperaer BHA

d?
EE%-{—?»U:O

1 Hacko/bKO 3TO BO3MOXHO, Mbl MNpHIepXKHBaeMcs 0GO3HAUeHHH, TPHHATHIX
8 cnpasoynuxe AGpamosuua u Creryua (Abramowitz M., Stegun I. E., Handbook
of Mathematical Functions, Dover Publ., New York, 1965, Ch. 20).

Kpussble, npuBejieHHble Ha (Hr. 61, Takke NOCTPOEHH! COrJIACHO AAHHBIM yKa-
3aHHOTO CNpPaBOYHHKA.
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H oba ero nepuommecxux peillieHusa -
Uger = Azr Cos 2!'([), Uheger = Bzr sin 2rcp

NpHHALJIEXKAT OJHOMY H TOMY e cOGCTBEHHOMY 3HaueHHIO A = (2r)2.
DTO NMOMHOCTBIO COrJacyercsi ¢ coorHomenuem (148.13).

Ecnu, ¢ gpyrofi cTOpoHbl, 3HayeHHe ¢ OYeHb BEJHKO, TO BOIH3MK
TOYKH o =7 Mbl OYAEM HMETb OYeHb MIYOOKYIO MOTEHUHAJIbHYIO MY,
YTO [PAKTHYECKH MOYTH IMOJHOCTbIO 3aQHKCHPYeT HallX YacCTHLbL Ha
NPOTHBOMOJOKHLIX KOHLUAX JHaMmerpa. B 3ToM cilyuae BMecTO nepe-
MEHHOH @ yJ0OHO BBECTH HOBYIO NMEpeMEHHYIO

1 n
=5 @—¢,—n)=9—7. (148.15)
W3 cooTHowmenui
cos 2rg = (—1)"cos 2rn, sin2r¢=(—1) sin2ry
caeayer, 4T0 QYHKUHH Uyer M Upeqey OYAYT COOTBETCTBEHHO YETHBIMH
¥ HEUETHHIMH (PYHKUHSMH H IO OTHOLIEHHIO K nepemenHofl 7. Ecun

NoTeHUHaJbHasi fiMa OYeHb rJy0oKa, To B ypaBHeHuH (148.11) moxHo
Hamvcatb '

€0s 29 = —cos 2~ — 1 4 272,

H OHO MpHOJHMMKEHHO nepedaer B nuddepeHlHaJbHOE ypaBHEHHE 1715
FapMOHHYECKOTO OCLHJ/IATOpA:

e+ [0+ 20— 4g7] 0=0. (148.16)

Kax xopomo ussectHo (cM. 3azauy 30), coBcTBeHHble 3HAUEHHS st
3TOr0 ypaBHEHHS] PABHEI

h+29=2Vq 2n+1), n=0,1,2, ..., (148.17)

a cobcTBeHHHE (QYHKUUM, OTHOCHIMECH K YETHBIM (HEYETHBIM) 11,
YeTHbl (HeueTHbl) no mnepemeHHoH 1. CoorHowenue (148.17) nouru
MOJIHOCTBIO COBMajaeT ¢ cooTHouleHHeM (148.14), ecau oroxaecTBUTD
pelleHHsl MPH MaJblX 1) C PEeHHsIMH NPH GOJBILIHX ¢ 1O CXeMe:

n=0 1|2 |3] 4|56
Yertnrle (ay,) : r=90 1 2 3 (...
Hevernuie (b,,) r== 1 2 3 .

Honoanutesnpheie nocTosnuele, durypupyomue B hopmyaax (148.14),
MOKHO MOJIYYHTb, YAEPKAB B PA3JIOKEHHH COS 21 €lle OQHH YJeEH,
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2 3aTeM BOCNOJIb30BaThCH TeopHell Bo3myuleHuii. B pesyabrare
110J1y4UM ‘

Mo+20=2V7 @n4+)—gq<n|nt[n>.  (148.18)

Kak 0KasplBaeTcs, 3TOT JONOJHHTEJbHBIH - uneH obecneyuBaeTr mnoJ-
noe corsacue mexay dopmynamu (148.18) u (148.14).

3ameqwanue 1. Ha ¢ur. 61 Mpt H306pa3u/ii IHaTOHAJH JIBYX KOOPAHHATHBIX YIJIOB:
HUXHAS AHAroHaJb OTMEYaeT MOJOXKeHHe MHHHMYyMa NMOTeHWHaJbHON 3Hepruy ( — 2¢),
BepXHsis — MoJIOXKeHHe ee MakcHMyMa (-1-2g). Co6cTBenHble 3HaueHHs, pasymeercs,
BCcerja pacroJsaraloTcsi Bbllie JMHHH MHHHMYMa [OTeHIHaJbHOH sHepruu. Ecsan onm
JexkaT HHXe BepXHell JHaroHaju, TO COOTBETCTBYIOLHE HM COCTOSHHSI SIBJSIOTCSH
xoneGaTesIbHBIMH COCTOSIHHSIMH BHYTPHM NOTeHLHaJbHOH sMbl. Tax, Hanpumep, MpH
g=10 HMelOTCA uYeTHIpe T3KHX KoJieGaTeJbHLIX COCTOSHUS, MNATOE Ke COOCTBEHHOE
3HaueHHe (ag) COOTBETCTBYET COCTOSHHIO JHOpauHoHHOro THna. [Ipu Jau6paunu
IBUXKEHHE YaCTHIL 3aXBaTEHIBA€T BCIO OKPYKHOCTb, TaK YTO BpeMeHaMH IOJIOXKEeHHS
ofeHx YacTHU coBnanaioT. Ilepshie ueThlpe COCTOSHHE MOXKHO G6blo Obl HasBaThb
aHTapMOHHYECKHMH Kose6aHHaMH. HauwHas e c nNATOro COCTOSHHS MO Mepe pocTa
3HeprHH JBHXKeHHe Bce Gosiee u Gosee npHOAMKAETC K INBHXKEHHIO HeB3aHMoIeicT-
BYIOIHX HE3aBHCHMBIX YACTHIL

3ameuanue 2. OTHOCHTeIbHOE IBHXKEHHE IBYX HacTHU NPOHCXOAMT B MOTEHLH-
aJAbHOM moje Toro ke Bufa (V, cos &), 4TO H B Cyyae MaTeMaTHYECKOrO0 MasiTHHKA.
B kJaccHueckoii MeXxaHHKe 3Ta 3afauya CBOJHTCH K SJIHNTHYECKHM HHTErpaJaMm,
KBaHTOBasl e 3ajlaya TpebGyeT AJS CBOEr0 peweHHs, Kak Mbl Bujend, GyHKIHK
Marbe. 310 cHoBa nokasmiBaer (cM. Takxe 3afauy 40), HackoJbKO CJOXKHee B Ma-
TEMaTHYeCKOM OTHOIUIGHHH CHTyanusl B 3ajauax KBaHTOBOH MeXaHHKH 1O cpaBHe-
HHIO C aHAJIOrHYHBEIMU 3a3J1a4aMH KJACCHUECKOH MEeXaHHKM.

3apaua 149. TpexatomHas JMHeiliHas MoJjekyJa

B nosioxeHHu paBHOBECHS MOJIEKYJa JBYOKHCH yrJepona HMeer
¢opmy murefinoli nenoukn O=C=0. TIlycTs He3aBHCHMO OT TOrO,
OJMHaKOBble HJIM Da3Hble H30TONbI KHCJOPOJA, PaBHOBECHOE COCTOSA-
Hue Mexay atoMaMu B komiJekce C= O paBHO @, a COOTBETCTBYIO-
uas ynpyrasi NOCTOSIHHash BaJeHTHBIX cual paBHa f. IlpeneGperas
NoNepeyHbiMH KoJle6aHUAMH, PacCMOTPeTb B [aPMOHHYECKOM MPHOJIH-
XEHHH OJHOMEPHYIO Moxesb MoJeKyJsl CO, W ompefesuTb YacTOTHI
ee KoJseGaHuIl.

Pewenne. OG6o3Hauum uepes x,, X,, X, NOJOXKEHHsi aTOMOB Ha
OCH X, a NOCPEACTBOM m,, M,, M,— UX MacChi, TOTAA 1/ JHHEHHOH
MOJENH B rapMOHUYeCKOM npubimkenun ypaBHeHue [lpepunrepa
OyneT UMETb BHA

B 1 0w
—3 Ea—x%qL?f[(xz——xi—a)z+(x3—x2—a)2]‘F= EY.
(=1

(149.1)
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Yto6bl OTAENHTb NBHKEHHE IIEHTPa MacC OT OTHOCHTE/IbHOIO JBHIKE-
HUSA, Mbl TepeHieM K HOBBIM NEPeMEeHHBIM:
Uu=x,—x,—a,
U=Xy—X,—a, (149.2)
X= Tl,f (myXy 4 myx, + myx,),

M =m, +my+ms.

CTapre NPOU3BOJAHBIC CBfI3aHbLI C HOBBIMH MPOU3BOAHBIMH COOTHOLIE-
HUAMH:

0 _ma 0o
= MIX T
0 _mx a 0

T = MaxX T

[ToBrOpHOE mMpHMeHEeHHe STHX COOTHOLIEHHH AaeT

3
1 9 1 8 1 1 9*
IEW=7W+(E+5)W+
1 1 0% 2
Hamtm)

7n7+‘n7; 9% m, Oudv’

{=

Taxum o6pasoM, ABHMKEHHE LEHTPA MacC AEACTBHTENLHO OTAE/NSAETCS,
H Mbl NIpHXoauM K ypaBuenuio Llpeamnrepa, copepxaiieMy ToOJBKO
JiBe HE3aBHCHMble TepeMEHHble 4 U v,

=5 () ot () we— o) +
: +5f W +o)—Eb¥=o. (149.3)

Ilpu sToM BbIE MBI mepeonpesennsn sHepruio E, W oHa Tenepsb
B orinyue ot (149.1) osHauaeT onHY JIHIUb SHEPTHIO OTHOCHTEJBHOT'O
ABHxkeHUA. Hanuume B onepaTtope KHHETHUECKOH SHEPTHH CMellaH-
HOH NpPOM3BOAHOK 02/0udv jenaeT nanbHeiduyro (GaKTOPH3ALHIO He-
BO3MOXKHOH. OnHaxo ecou Mbl BBEJeM ,NOBEPHYTYIO® CHCTEMY KO-
OpAMHAT

"=ucosa-+tuvsina,

v =—usina4+vcosa, (149.4)

TO HaJ/IeXKalUM BHIGOPOM YIJa o Y/eH CO CMEIAaHHOH MPOH3BOJHOMN
0%/0u’dv’ MoxHO Oyner o6paTutb B HyJs. UTO ke Kacaercsi MmoTeH-
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nHaJbHOH 3HEpPTHH, TO IPH TaKOM Npeobpa3s0BaHUU OHA HE MEHSETCS:

ur vt = u'? —{—0'2.

Ypassenue lllpepunrepa B HOBBIX NEPEMEHHBIX NPHHUMAET BHJI

Az ( 1 92 : 0 ., 02
{-— 3 [ m]—l—m—2>< Em ,2-—2cosasmaa 3o ---sin s >+
1 1 o2 02
o) (sinfay ,2—1—2003asmoc sway TCos* & am |—

g mg

2 0 . . 02 L
— (cosasmoc——-,g—{-(cos o— sin a)a 5o Cosocsmocgv,—zﬂ +

+yf @ +o)—E ¥ =0. (149.5)

UJjenpl €O CMEIIAHHOA NPOH3BONHOH HCUE3HYT, €CAM MOJOKHTh

(—I——L> sin 2o == cos 20,
mg my My

2mymg
My (my — mg) *

tg 2a = (149.6)

Bsens maccoBbie KoHCTaHTHl A u B, ompejessieMbie COOTHOILUEHHSIMH

! =<_l_+_‘_)coszoc——micosocsina—|-<
2

T my My
L
B

1 1 o
E—{—E—)Sm“a
AN, 2 . : (149.7)
_<—+E>sm oc—i—m—ocosasmoz-l—(ﬁ;—[—

l
— }jcos?a,
my

mg

Mbl MOKeM mnpHaatb ypaBHeHuio [lpeaunrepa 3HaunTenbHO GoJlee
NPOCTOH BHA:

|- et put| w4 [ — _B ety o V=E¥. (149.8)

Tenepb mepeMeHHble pa3neAoTCA:

Y, v)=vpu)e @),

E—E, LE, (149.9)
B Mbl nogayvyaem

ke a2 ,

2A dullpz + fu 21|J EA‘I)’

he g (149.10)

2B dv'z‘l‘ [‘v'%p E go.
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DHepreruyeCcKHe ypOBHHM 3THX JBYX TapMOHHYECKHX OCUHJJISATOPOB
Mbl MOXeM Hanucarb cpasy (cM. sazauy 30):

E,=ho, (nA—}—%), w,=VT74;

1 _ (149.11)

E3=ﬁm8<n3+—2—), QB=Vf/B.
PasenctBa (149.6) u (149.7), nospoasiomue HalTH KOHCTaHTH A u B
[0 H3BECTHBIM MaccaM, COBMECTHO ¢ papeHcTBamH (149.11), ompe-
JACISIONHMMHE SHEPTHH M YaCTOThl KOJIeGaHHUi, MOJHOCTBIO pelakoT
IOCTaBJIEHHYIO 3a4aqy.

Tenepp Mbl Gosiee MOAPOOHO MPOAHAJNU3HPYEM HODMAJbHBIA CJy-
yafi, Korga m,=nm, (B COCTaB MOJIEKYJbl BXOAAT OJHMHAKOBBHIE H30-
Tonbl Kuchaopona). B sroM ciayuae, kak caepyer u3s popmyant (149.6),
a=mn/4 u ana KoHctauT A u B wmbl, corsnacHo (149.7), nonyuaem

L1t 1.2

AT m’ B m " m
U, CJeJOBATENbHO,

0, =Vim, wp= ]/l—{—?%mA. (149.12)

Tax Kak yacTora ®, He 3aBHCHT OT m,, TO OTCIOJAa MOXHO CJe-
JiaTb BBIBOJ, 4YTO TPH KOJieGaHHAX C TaKoH yacTOTOH aToOM yIJepozaa
octaercsi B noxoe. ITockosbKy, Kpome TOro, UEHTP Macc MOJIEKYJIbL

c C 0
[ o [ ] —-~—@ a
0 C o
> <9 [ ]

®dur. 62. [Ipa HopMaJbHEIX KoJe6aHus Mosekyssl CO,.
MMonepeunble kKoseGaHua B 9TOH 3ajave He PaccMaTPHBAIOTCSA.

npepnoJaraeTcsl HENoABHXKHBIM, TO KoJebaHHe paccMaTpHBAEMOTro
THNA JOJM¥KHO ObITh CUMMETPHYHBIM, YTO CXEMaTHUYECKH H3006paxKeHo
Ha ¢ur. 62,a. C apyrofi cTopoHbl, KOJIEOAHHSI C YAaCTOTOH @z, B KO-
TOPbIX [PHHUMAET yyacTHE H aTOM YIJepoja, KaK MOXKHO 110Ka3aTh,
ABJAIOTCH AHTHCHMMETPUUYHBIMH (cM. ¢ur. 62,6). UTo6sl BHISICHHTD,
YyTO COOTBETCTBYET 3TOH KJACCHYeCKOH KapTHHE HOPMaJjbHBIX KoJle-
6aHHIl B KBaHTOBOH MeXaHHUKe, pAacCMOTPHM CBOWCTBA BOJIHOBHIX
¢yukuni (149.9). BonHoBass QyHKHHA OCHOBHOTO COCTOSIHHSI (HOp-
MHPOBKa IPOH3BOJ/IbHAs) HMEeT BHJ

Y, (, v)=exp <~~ Aoa u")-exp (——%‘Dﬁﬁ v”) , (149.13)
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rie
u'=—L_—(x3——x1—2a), — (%, -+ x,—2x,). (149.14)
2 V
O6a comuoxutenas B (149.13) umeror pesku#i MakKCHMyM COOTBETCT-
peyHo npH #' =0 u v'=0. Takum obpa3oM, HyJ/eBble KoJeGaHHs
COBepIIAlOTCSl BOJH3H TNOJOXEHHA X, +Xx,=2x, (IpH 3TOM aroMm
yI/epojla HaXOIWTCS TOYHO MOCEpeIuHe MeXIy aTOMaMH KHCJ/0poja)
¥ BOMM3H IIONOXKEHHS X;—X,==2a (T. €. pPacCTOFHHE MeXiy aTo-
MaMH KHCJOpoia paBHO 2a). Mbl BHAUM, yro Hau6GoJiee BepOsATHOE
0JIOKEHHE aTOMOB B OCHOBHOM COCTOSIHHHM MOJIEKYJBI KakK pa3 co-
BIaJaeT € HX KJacCHYeCKHM DABHOBECHBIM IIOJIOKEHHEM.
PaccMorpum Tenmeph nepBoe BO3GYXKIEHHOe COCTOSTHHE Koseba-
TesbHOH Momet A. B srom ciyuae Kk BosaHoBo# ¢yukuuu ¥, no6a-
BUTCS JHIIHUA MHOXKMTENb u’. Tak Kak QyHKIHUSA
1 2]

P (u,) = u’e-—? ’

AO)A

=T’
MMEeeT 1Ba SKCTPeMyMa IIPOTHBOINOJIOXKHBIX 3HAKOB B TOYKax
u' =4 A-"s, T0 Temepb HauGoJiee BEPOSTHbIE IIOJOKEHHS aTOMOB
ONpeNesIgIOTCs YCJOBHAMH

—ti—2a=x Y =, xr—20=0. (149.16)

Knaccuueckum asaJIoroM HauboJsiee BepPOSITHOTO IIOJIOXKEHHSA OCIHJ-
JUpyIOWell YacTHIBl fBJAIOTCA TOYKH IIOBOPOTA, BOGJH3H KOTOPHIX
YaCTHIA NPOBOAMUT HAHOOJBIIYIO YacTb BpeMeHU. Takum o6pasoM,
nsa sHauennsi u’ B (149.15), orBevaiommue >KCTpeMyMaM BOJIHOBOH
GYHKUHH, COOTBETCTBYIOT YEMY-TO BpPOJE AMILIHTYJ KJaCCHYECKUX
koneGaHn#. Ycsosue v’ =0 mokasbiBaeT, uyTO aTOM YIJIEpOja, Bepo-
ATHEe BCEro, pacroJaraercsi Kak pa3 IocepefyHe MexX1y aTOMaMH
KUCJIOPO/ia, PACCTOSIHHE XK€ MeXIy CaMHMH aTOMaMH KHCJ0poaa
TOMepPeMEHHO TO YBEJHYHBAETCs, TO YMEHBIIAaeTcs, Kak 3TO CXeMma-
THYECKH TOKas3aHo Ha ¢ur. 62, a.

Ecnu xe Bo36GyxiueHa XoJseOaresnHas Mmona B, To nosoxenue
3KCTPEMYMOB BOJIHOBON (PYHKIMH OIpeNe/sieTCsl COOTHOLICHHSIMH

: _ Bo '
5 —2=0, x4n—2n=x) L, Bon - (149.16)
Mpbl BuguM, 4TO HanboJee BEpPOATHOE pPAacCTOSHHE MEXKAY ATOMaMH
KucJjopona (x;—x,) ocTaercs, Kak ¥ HpH PaBHOBECHH, paBHHIM 2a,
NpHYeM CaMd OHH CIBHTAIOTCS TO BJEBO, TO BIPABO M0 OTHOIICHH:O
K aToMy yrJepona, YTo CXeMaTH4ecKH HOKa3aHo Ha ¢ur. 62,6.

rae

3 w1172
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3anaua 150. [IpukeHHe LEHTpPa Macc

B knaccuueckOH 3ajaue MHOTHX TeJ [BMKEHHe IeHTpa Macc
oT/IeJIeTCsl OT OTHOCHMTEJIbHOrO JABHXXEHUS, €CJiM B CHCTeMe JeHCTBYIOT
TOJIBKO OfHH BHYTpeHHHe cHJbl. [lokasaTb, uTo Takoe oOTAe]eHHe
BO3MOXHO U B KBaHTOBOH MexaHuke. CreuHaJsJbHO pPaccMOTpPeTh
cayuyafl ABYX uacTHil.

Pemenne. Mbl HauneM C raMHJIbTOHHAaHA CHCTeMbl U3 N yacTuu,
Ha KOTOphle He ﬂeﬁCTByIOT BHEIIHHE CHJIBL:

N
1
H-—_Z:W H Zk_ X=Xy Y=Y 2;—24) (150.1)

u samenum 3N KoopauHat X;, y;, 2; KOODAHMHATaMH LEHTPa Macc
X, Y, Z u koopaunatamu &, ma, {», onpenensiomumMi NoJOXKeHUE

yactuipl A (A=1, 2, ..., N—1) otHocureabHo yactuusl N. Mbl nmeem
N N
1
:T’f; m,-xl-, M:;m[, (150.2)
EBa=x—xy @(G=12, ..., N-1)

H cooTBeTcTBylomue ¢GopMmyasl ana Y, Z, m,, &n. HcnosbsoBanune
STHX KOOpAWHAT, pasyMmeercsi, HapyllaeT €CTECTBEHHYIO CHMMETPHIO
ramuabronMana (150.1), Tak kak uwacruua N MCKYCCTBEHHO BBbIne-
JsieTcsl U3 yHucJaa APYTHX YaCTHIL.

W3 ¢opmya (150.2) serxo moJayuaroTcs CJAEAYIOLNIHE ONePaTOpHbIE
COOTHOLUCHHS:

1/ my 9
+a7v<”_Nz"x“ Zaxag +ZZ aguagh>
=T4—_X_ {2 N 552 +mVZZ aguagx}

TI€ CyMMHPOBaHHE 1O TpeYecKoMYy HHJIEKCy Tnposogutess or 1 o
N—1. Mp BHIHM, 4YTO BC€ CMEIIAaHHLIE NPOU3BOJAHBIE 0%/0.X0E;
B3aHMHO COKPAaTHJUCh H HE BOLIJIH B OKOHUATesJbHBIH pe3yJbTar.
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D10 MO3BOJIAAET pasémb raMHJAbTOHUAH Ha JOBE YacCTH:

H=H,+H,, (150.3)
rje nepBas vacTb

e e, o
Hy=— 331 (3% +o77 + 527 (150-4)
OMUCHIBACT JABHXKCHHE UEHTpa Macc, a BTOpas
hi2 1 1
Hr=—-g{2m—xvi+—,,g22vrvu}+‘/ (150.5)
A A w

— OTHOCHTeJIbHOE [BHIKEHUE 4yacTHL. BXoxasiwas ciofa noTeHnuanbHas
SHEPTUA

V:'é_zzlvlu(gl_gur N — Ty, Ch—gu)_l_ZVhN (ghi U gl)v
A ou A

(150.6)

pa3ymeeTcsl, TaKKe HEe 3aBUCHT OT KOOpAMHAT UeHTpa macc. Temepwb
ypaBHenue Ulpenunrepa

(Hy+H)U=E-U (150.7)
JOTyCKaeT pasjeseHde nepeMeHHuix. [losaras
U= (X, Y, Z)uEr, m, &) (150.8)
noJstyuaem
LRI 150.9
Hu=E,.u, (150.10)
E,+E,=E. (150.11)
Pewmenue ypasuenus (150.9) umeer BHA MNJIOCKOH BOJHBL '
. ﬁzK-z
(p:e‘K'R, EO:—Q—/W—’ (15012)

rie R—sBekTop ¢ KoopauHatamu X, YV, Z. [lonyueHHBIHl pe3y.bTaT
ilaXOUTC B [OJNHOM COOTBETCTBHH C KJ/AaCCHUGCKHM 3aKOHOM JBHU-
XKEeHHS UEHTPAa MacC: LEHTD Macc [BHXKETCs KaK MaTepHaJsbHas
Touka ¢ Maccoit M M NOCTOAHHBIM uMnyJascom hK. XapakTep OTHO-
CHUTEJBHOrO [BHKEHHS YacTHL onpejensercs ypaBHeHueM (150.10)
H COBEpIIEHHO He 3aBHCHT OT JABHIKEHHS UEHTpa Macc.

Haanuue B Bbipaxkenun (150.5) tperbero usieHa NpensiTCTBYET
najbHedled ¢dakropusauuu GpyHkuun u (§a, M, &a) Togabko B ABYX-
yacTHUHOH 3anaue, korfa N=2 u A=p =1, yactb raMuJbTOHHAHa,
CBsI3aHHAR C OTHOCHUTEJBHBLIM [BUKEHHEM, YIPOLULAETCH H IPHHHMaeT

3*
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BH]A

_®

H.= z{mi]V?vL;nl;V%}Jer(El, N, &), (150.13)

BBozs cioza npuseneHHyio Maccy m¥*, onpelesneHHYiO, KaK H B KJjac-
CHYeCKOH MeXaHHKe, COOTHOIICHHEM

— = (150.14)
H ONyCKasA MHJEKCH B 0003HAaueHHsIX OTHOCHTEJbhHBIX KOOPAHHAT H
NOTEHUHAJIbHOA 3HePTUH V,,, MBI NPHXOAUM K YpaBHEHHIO

“273:* Viu+VE, n, Hu=Eu, (150.15)

npeacTasJasiomemy coboii ypaBHenue lllpenunrepa n/1a sKBHBaJeHT-
HOH OJHOYaCTHYHOH 3ajauH.

3amewarue. B sanave 67 Mpl paccMaTpHBAJM aTOM BONOPOXA B PaMKax OXHO-
YacTHYHOTO NOXXOAa M CYHTAJNH, YTO siAPO aroMa nokourca. CorslacHO ypaBHEHHIO
(150.15), npaBuJ/ibHee GblI0O Gl BMECTO MacChl JEKTPOHA # BBECTH I[PHBENEHHYIO
Maccy anpa H sjektpoHa m*. Kpome srToro, HHKakHX APYFHX H3MeHeHHH, YUMTbi-
BAIOIHX yYacTHe fiIpa B OTHOCHTEJLHOM JBHMKEHHH OKOJO ILEHTPA MacC, BHOCHTb
He Tpebyercs. Tak xax Macca snpa M snayutenbHO Gosblle /1, TO BMECTO paBeH-
crBa (150.14) MOXHO NOJMB30BATHCS NMPHG/HMKEHHBIM COOTHOLIEHHEM

m*=m ( 1 —-%n—d-) .
CpasHuBas 15 mpuMepa 4actoty Kpacuofi quuun H, (n=3 - n'=2) B cnexrpe
aToMa BoJOpOja
5 et
v (Ha) - 56 Qﬁzh

€ YaCTOTOH COOTBETCTBYIOLIeH JIMHHH B CIIEKTpe aToMma nefTepus

H YUYHTbIBasi Npy TOM, 4YTO MD - QMH, MBI /51 PAa3sHOCTH 4HacCTOT IOJyuaeMm

*

mp —my m
V(Da)‘_"’(Ha)='_‘—m« v(Hg) z——QMHv(Ha)_
H

¥YkasanHOe pas/HuHe He OYeHb TPYAHO OGHapyxuTb. [lpd pauHe BosHE 6563 A
oHo cocrasaser 4,12 cm—1. Taxeusli Bojopon Ow1 otkpur IOpu, Bpuksenme u
Mapgu B 1931 r., HaGmonaswmmy y Juuuy H , B ClIEKTpe eCTECTBEHHOrO BOJOPOXa

caaleiii careqnur D, (Urey, Brickwedde, Murphy, Phys. Rev., 40, 1 (1932)].
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3apaya 151. Teopema BHpHaaa

JlokasaTtb, uTo AJis J000i KBaHTOBOMEXaHHUECKOH CHCTEMBI YaCTHII,
yIePKHBAEMbIX BMECTE KYyJOHOBCKHMH CHJIaMH, CIPaBe[J/HBa TeOpeMa
BHpHAaJa:

2EKHH + E_noren =0.

Jl0Ka3aTeJbCTBO HPOBECTH C NMOMOMbIO MacmTaGHOro npeo6pasoBaHus
KOOD/MHAT, COXDAHAIOUIEr0 HOPMHDOBKY BOJIHOBOH (YHKHHM pac-
CMATPUBAEMOH CHCTEMBI.

Pewenue. Bosnnosast ¢yHKRUMs cucteMel N yacTHIL C MaccaMH m;
U 3JMeKTPHYECKHMH 3apfiaMHu e; yroBJerBopser ypasHeHuto Illpe-
JMHTepa

i < vIv 4 2 N Ly gy 151.1
SERa T avesr oo
= e
M YCJOBUIO HOPMHPOBKH
{ar, { dr,... (v wdry=1. (151.2)

Cpenuue 3HaYeHUS] KMHETHUECKOH H IIOTEHIHAJbHON SHEpPTHH CHCTEMBI
B coctosiHnu ¥ onpeue.nmorcx dopmynamu

— fi2

- — Sdr1 Sdrz. .. g VYWt  (151.3a)

14

elede‘clSdtz...S‘F* Ydt,. (151.36)

2

N
E 1

noten — 5

i=1k=]

MacmraGroe npeoGpasoBaHue
r.=Ahr,, (151.4)
octaBasiioiee B cuje ycsaoBue (151.2), osmauaer, uyro BOJMHOBasi
GyHKLHUSA
W(ry, ry oo, Iy)
saMeHseTca GpyHKUUel
Yy, =AN2W (Ar,, APy, ..., AFp). (151.5)

IMoncraBnss Beipaxkenue (151.5) B ¢opmyas (151.3a) u (151.36)
U Tepexois K HOBBLIM IIepeMeHHBIM HHTerpHpoBaHus (151.4), a Takxke
Y4HTBIBas, 4TO

1 1
1
e

Vi=AV,
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Mbl BMECTO MCTHHHOIO 3HAU€HHA DHEPTrHHU

E= Exmi + Enoren
noJiyyaeéM BbIpakKeHHE

E (M) =ME, +ME sorens (151.6)

KOTOpOe, OUEeBHHO, NOJ/DKHO HMeTb MHHMUMYM B TOM CJlyyae, KOria
u3 cemeiictBa ¢yukuuil (151.5) BpIGHpaercs QyHKUHUA, ABJIAIOLIAACS
peiiennem ypasuenusi lpexunrepa, T. e. npu ycaoBud A =1. Cre-
JoBaTeJbHO, NP A= 1 BbIpaxkeHHe

GEM)

“on QKE_KHH ~+ Enoreu
JOJUKHO 06patathcsi B HyJb, W MO3TOMY
QEmm +Enoren=0» (1517)

4To H Tp€60BaJIOCI: J0Ka3aThb.

Sameuarue. IIns npubIMKEHHBIX pelueHHH CNpaBeldJ/IMBOCTb TeOPeMbl BHpHANa
He ofs3artenbHa, TeM 6oJiee WHTEPECHO, YTO €€ MOXHO J0KasaTb IJfi CTaTHCTH-
yeckoil Monesnu atoma Tomaca— Pepmu (cMm. 3azauy 175).

3agaua 152. Onpegeanrenn Cnarepa

[Tycts BosiHOBas GYHKUHMS CHCTeMbl u3 N OJMHAKOBBIX YacTHIL
npeicTaBieHa B BHJE [DOH3BEJCHHS OJHOYACTHYHBIX BOJIHOBBHIX
¢GyHKUMA W aHTHCHMMETDPH30BaHa B COOTBETCTBHM C TNPHHIHIIOM
[Taynu. Brlpasurb cpeiHee 3HaueHHe onepaTopa, OMMCHIBAIOMIETO
JefiCTBYE BHEIUHHX CHJ, Yepe3 OJHOYACTHYHEIE UHTErpaJbl,

Pewenne. OG6o3HauuMm uepe3 u;(v) OJHOYACTHUHYIO BOJIHOBYIO
GYHKUHIO v-H 4acTHIB B COCTOSIHHH [ (V 03HauaeT COBOKYIIHOCTb
NPOCTPAHCTBEHHBIX M CIIMHOBOH KOOpAMHAT paccMaTpUBaeMol uac-
THLBI). TOrga moJHOCTbIO AHTHCHMMETPHUYHYIO BOJIHOBYIO (DYHKIHIO
cuctembl H3 N OJMHAKOBBIX YaCTHL[ MOXHO 3alHCaTb B BHIE OMpe-
peautenss Casrtepa:

u (1) u,(2) ... u (N)

y=C u, (1) 4, (2) ... u,(N)

: (152.1)
tp(l) Uy (@) .. uy(N)
pacKphiBasi KOTOPBIH, MOJy4aeM
¢=c'%}(—1)PP(u1, Uy ney Uy). (152.2)

3necb P o3HayaeT NPOU3BOJIbHYIO [epPecTaHOBKY (YHKLHH &; OTHO-
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CHUTENIbHO HX apryMeHTOB v, B3ATHIX B CTaHAAPTHOM IOpsIKe
1, 2, ..., N. Eciu P-—uerHas nepecTaHOBKa, TO COOTBETCTBYIOLIEE
cjaraeMoe B CcymMe Oepercsi €O 3HAKOM IUIIOC, B NPOTHBHOM CJYy-
yae—CO 3HAKOM MHHYC.

Brewrnne cuJibl, OmuchiBaeMmbie onepatopoMm L, 6yayT AefcTBOBaTh
Ha BC€ YaCTHUH OJUHAKOBBIM 0OpasoM. JTO O3HAYAET, YTO

N
Q=D Q,, (152.3)
v=l
W ero cpejiHee 3HaueHHe OyAeT PaBHO

P|QY>=|CP X (—1)P+P x

P, P
><(P' (uy, ..., uN)'gszv Py, ..., uN)>. (152.4)

Boinesnum u3 cymmel (152.4) oaHo ciaraemoe, B KOTOpOM onepa-
Top €2y HEHCTBYET TOJbKO Ha (YHKIHIO KOOPAMHAT M CIHHA v-H
yacTHLbI, HanpuMep, Ha QyHKHUIO U; (v). KoopaHHaTtel u cUH 060k
JAPYro#, CcKaxeM W-H 4YacTUUB, QUIYPHPYIOT B 3TOM CJIaraeMoM B
KayecTBe apryMeHTa Kakod-HuGyAb APYrod QyHKUHH U, B oBGeux
nepectanoBkaXx P u P’ ojHOBpeMeHHO, TaK KaK B NPOTHBHOM CiJly-
yae paccMaTpHBaeMblii ujeH Hcye3 O6bl B CHJY OPTOTOHAJbHOCTH
OJIHOUACTUYHBIX BOJIHOBBIX (YHKIHMH:

D10 03HAYaeT, YTO MepecTaHoBKM P W P’ B OTJHYHBIX OT HYJA
yjeHax UACHTUYHBI H, CJIEOBATE/IbHO, 3HAKOBLIH MHOXKUTeNb B (152.4)
Bceraa paBeH -1, a BKJaj paccMaTpUBaeMOro cJ/araeMoro MMeer
BUJ, OJHOYACTHYHOIO HHTerpaJa:

(P |Qy | P> =8ppr <tt; (v) | Qo] ; (v)). (152.6)

Jna panbHefiitero nojacuera cymmbl (152.4) 3ametum, 4TO B BOJIHO-
Bylo ¢yHKuuio P MHOXHUTeNb u;(v) ([ B v QUKCHPOBAHLI) BXOLHT
B coueTaHuu c ornpenenurejem N — l-ro nopajika. 3a BbIYETOM PyHK-
UMK u«; U apryMeHTa v y Hac emie ocraercd N —1 ¢ynkuua u N —1
aprymeHT, Tak 4To M3 BceX N| BO3MOXKHBIX NEPECTaHOBOK B HaIleM
pacmopsikenun umeerca (N —1)! mnepecranoBok N —1 dyHKIHH
orgocurenbHo N-—1 aprymedra. Takum ofpasoM, nogydaem

N
<P QP> =[CR(N—1)! .~§ <y (V)| Qo] (v)>. (152.7)

3rorT pesy. bTaT, pasyMeeTrcs, OCTAaeTCs B CHJe, KakKoH Ol oneparop
Q, w3 cymmer (152.3) Mbl Hu GpaJsu, [OSTOMY CpelHEEe 3HaYeHHE
<Pp|Q|¢Y> Oymer comepxkaTh N oaunakoBhix caaraemblx (152.7).
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CrenoBaTe/ibHO, Mbl HMEEM
’ N
<P Q|w>=|C?| N! 2’1 <y (v) Q] 1y (). (152.8)

Ham ocranoch HalTH HOPMUPOBOYHYIO NOCTOAHHYIO C M3 yCJOBHS
<plp>=1, (152.9)

03HAYAIOLUIETO, YTO B MPOCTPAHCTBE JOCTOBEPHO HMeeTcsi N dYacTHLL.
dopMaJbHO 3TO MOXKHO CleJiaTh, MNOJOXKHB B paeeHcTBe (152.3)
Q,= 1/N. Tax kak mnpu stom Q =1, T0 pasenctBo (152.8) c yuerom
YCJIOBHSI HOPMHPOBKH OfHOYacTHUHBIX ¢yHKuui (152.5) naer

N

bl o>=|C[NL Y, o-=|C [ N1,

{=1
Orcrona ¢ nomombio paBeHcTBa (1562.9) moayuaem
C=N!-", (152.10)

Tenepp npaByio yacTb paBeHctBa (152.8) MBI MOXeM OKOHUYAaTe/NbHO
3anycaTh B BHJE NPOCTOH CYMMbl CpeJHUX 3HAYEHUH MO OJHOYACTHY-
HBIM COCTOAHUSM:

.
<""9"">=i§ <u; (v) | Qv u; (v)>. (152.11)

3ameuanue. TlpeneOperas cHMMeTpH3aUHeH M 3aMeHHB BOJIHOBYIO (YHKIHIO
(152.1) npocTsIM NpoM3BeAeHHEeM
o

Y=u (Yue (@) ... uy W), (152.12)
MBI TIOJIYYHJH Obl
. N i
12> =) <ol Auy> (152.13)
=1
3 . v“ :
<plPp>=1, (152.14)

T. e. MO CYIeCTBY Te ke camble pesyubTathl (152.11) u (1562.9), xortoprie Guiiu
HafileHbl ¢ TOMOIIbLI0 AHTHCHMMETPH30BAaHHOH BOJIHOBOH ¢yHkumMH. Hu aaa B3aumo-
RefiCTBH MeXJAy dacTHUaMH, KOTOpoe He yJIoBJeTBopsieT papencrBy (152.3), uu
@S HeOPTOTOHAJMBHBIX OJHOYACTHYHHIX (YHKUHH, A KOTOPHIX HApyLIAeTcsl ycJo-
Bue (152.5), Takoe coBnajenue pe3ysbTATOB He HMEET MeCTa.

3apaua 153. Onpegeaurenp Castepa W 0OMEHHOE B3aMMOJEHCTBHe

CucTeMa ONMUCHIBAETC aHTHCHMMETPH30BaHHOM BOJIHOBOH QYHKIHEH
npenpiaymieil 3agauu. OmnpegesauTh cpeidee 3HaYeHHe oNepaTopa

l ’
Q=—2—§ Quv, (153.1)

OTBEYaIOIEro IapHoMy B3aUMOJEHCTBHIO YaCTHIL.
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Pewenue. Ilonp3ysick TemMu ke 0603HaUEHHSIMH M HOPMHPOBKOH,
YTO ¥ B TpeIbiAyleH 3ajaye, MOXHO 3alHCaTh CpejHee 3HaueHHe
oftHOTO ujeHa cymmbl (153.1) B Buge

<P Quy [P>=
1 , ’
smgl(—l)w’ <P (tyy «nvy Up)| Quo| P (Uyy +n.y up)>. (153.2)

Bce QyHKIHH 4,,, apT'yMEHTHl KOTOPHIX OTJIHYAIOTCS OT b U v, NOJXKHbI
BXOIUTb B NepecTaHOBKH P u P’ opuHaxkoBbiM 006pasoM, 4YTOGH!
COOTBETCTBYIOILee ciaraemoe B cymMe (153.2) He obpaTu/ioch B HYJb.
Tak kak B HaileM pacnopaxkeHHH umerorcsi N —2 takhe QyHKIHR
W CTOJBKO K€ apryMeHTOB, TO MEI MOXKeM NepecTaBasTh ux (N —2)!
pasiuuHbiME  crocobam. Ecsm Bce 3TH 4acTHUHBIE MepPECTAHOBKH
ONMHAKOBBIM 00pa3oM BXOAST B TNoJiHbie nepectaHoBKu P u P’, To
Ha JOJI0 apryMEHTOB [ M v B KaXKAOM HeUCue3alollieM 4JeHe CyMMbl
(153.2) ocraeTcsi TOJMLKO OnHAa napa OQyHKUW#, Hanpumep, uu,.
Takum ofpasom, umeeM

| Qv =L Z { < () 1y (9)] Qs ) (9> —
—<u; (P«)u (V)| Quo [ u; (0) u; (v)>}. (153.3)

B nmepBoM KJ/AaCCHUECKOM usieHe M3 (HIypHBIX CKOGOK NepecTaHOBKH
P w P’ oaMHAaXOBbl Jaxe NO OTHOLIEHHIO K apryMeHTam p H v,
MO3TOMY 3JIeCh 3TH I€PecTaHOBKM COBNAIAIOT MOJHOCThIO. Bo Bropom
OOMEHHOM uYJjieHe MepecTaHoBKH P M P’ orjnyalorcsi Ha OAHY TpaHC-
nosunuio  ({j — ji), YT0 KaK pas TUPHUBOAUT K TMOSIBJEHWIO 3HAKa
MHHYC.

PaccmorpuM Teneps cymmy (153.1) Takux omepatopoB Q. Mu
uMeeM

PIR 0> = g 2 e €0 0 9) | Do () (> —
—<uy () u; (V)| Qo 4; (w) u; (v)>}. (153.4)

B sroit dopMysie HMHIEKCH B H v SIBJAAITCA HEMbIMH NE€PEMEHHBIMH,
’

nostoMy cymma 2, coctouT u3 N (N-—1) 0IMHAKOBHIX CJaraeMbix
u, v
(uneHBl W, v W v, N CUHTAIOTCS 37€Ch pasjnuHbIMK). ClenoBaTe/bHO,

HCKOMOe cpezmee 3HAYeHHe OKasblBaeTrcs paBHbIM
l ’
BIQUp> =5 2 {<u; (1)) 2)] Q| 4y (1) 11 (2)>—
[
—<u; (VD) u; (2)) Q| ug () u; (2)>). (153.5)

3aech cuUMBOJBL 1 W 2, KOHEYHO, COBEpILICHHO [POH3BOJIbHBEL.
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Cregyer CHOBa MONUEPKHYTb, YTO KaK B 3TOH 3ajaye, TaK U B
npeablIyIel, KaXkaasi OQHOYaCTHYHA A BOJIHOBasi QYHKUHS u; 3aBHCHT
H OT HPOCTPAaHCTBEHHHIX KOODAMHAT H OT CIIHHOBOLO COCTOSIHHSA.

3anaua 154. JIBa aTOMHBIX 9JEKTpOHA B OCHOBHOM COCTOSIHHH

K-o6osouka atomMa 06pasoBaHa ABYMS 3JEKTPOHAMHU B ls-cocTosi-
Hud. ONEHNTb HX SHEPrui0, BOCIOJbL30BABILUCh KPAaHHPOBAHHLIMH
BOJOPOJIHLIMH BOJIHOBHIMH (GYHKIHSMH B noJe GeCKOHEYHO TSHKEJNOoro
siapa ¢ 3apsaaoMm Ze.

Pewienne. ['aMuabTOHHAH AAaHHOH 3a7auM, 3aHCAHHBIA B ATOMHBIX
ennunnax (e=Hh=m=1), BHIAIAT CJACTYIOUHM 06Pa30M:
i 1 1 1
H=— g (i+W—Z (1) +7-, (154.1)
1 2 12

a npuOJMKEHHass BOJHOBAas (YHKUMA, COrJacHo 3afaue 67, mmeer
BUI
3
U=u(r)u(ry)=—e o+, (154.2)
37ech
a=27Z—o0, (154.3)

rie o-—»3KpaHupoBouHass mnocrosiHHas. Cijenyer OXxHEaTh, uTO
0 < o<1, nockosbKy JeACTBHE SJEPHOTO 3apAja Ha KaxKublf
3JCKTPOH JIHIIb YaCTHYHO SKPAHMPYyETCs APYTHM 3jeKTpoHoM. Oraesnb-
Hble COMHOXHTEJH K3 BhlpaxkeHus (154.2) ynoBseTBOPAIOT BOJHOBHIM
ypaBHEHUSIM

(._ 1 Vg_-"i) U (r) =— 5 2 (r,),
( - V2 — )u(re)——%&%(f)
TaK 4TO .

0=[( o =E52) (g =252) 4] 0

n £ T2

4 BblpaxKeHHe AJ4 CpeJHero 3HadyeHHsA 3Hepruyd MPHUHHUMACT BHJ

E—= S([—an_~—_+ ]Uﬁdr,drz (154.4)

n

INoacraBnas cloga aBHoe BHIpaxenwe (154.2) nas dyaxkuuu U u
YYHTHIBa HOPMHPOBKY Ka’KJOTO COMHOXHTENSl U, NOJydaém

o [ e=20r 6 — 20 (ry+1y)
E=—a2—2 RS‘T‘“‘_‘_%jji—_fIﬁ_—mldrz’ (154.5)
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IlepBuiit unTerpas B opmyJie (154.5) BbIUHC/ISETC 3/1EMEHTAPHO:

@

o~ 201 .
'g " dr, =4n X re=dr =, (154.6)
b

o2

UTtoObl BHEIUHCANTDL ABOHHOH HHTErpaJ
—~20 (ry+ry)
e
J=55‘——r1;-—d1:1 de,

pa3/oxkHuM Apobb 1/r,, no nosuHoMam JlexaHapa:

(1 & "

| mE (B) Pecose), o<n<r,
f12 {I 1 0: i d n

lr— <7?—) P,(c0os®), r,<r, < oo,

rae © —yrosa MexXay BeKTopaMd r, H r,. Bknax B uurerpan J naer
TOJIBKO IIePBLIH 4J/ieH passioxeHuda (n=0), Mo3ToMy uHmeeM

re @®
1
J= S"dee_ 20r2 4y (Z S rie-2rdr, 4 S rie= 2% df1> .
0 s
Tak kak
dv,=4nridr, u 0<r,< oo,
TO BCE MHTErpaJ/bl BLIYHCJSAIOTCS 5JEMEHTapHO, H Mbl MOJydaeM

J= (154.7)

8ab °

Ilocne noxcraHoBKM 3HaueHHH uHTerpaJsioB (154.6) u (154.7) cpennee
3HayeHHe sHepruu (154.5) mpuHHUMaeT BHI

E=—a*—2(Z—a)a+2a. (154.8)

Jo cux mnop Mbl He HanaraJu Ha 3HA4eHUs O HUKAKHX OrpaHHu-
uennfi. Tenmepb xe Mbl morpeGyem, uTOOB 3HauYeHHe o OBIJIO ONTH-
MaJibHBIM B CMBIC/I€ BAPHALMOHHOINO HCUUCJEHHSA, /A5 3TOCO IOJOKHM

. (154.9)

doa
Orciofa nosyuaem
a=Z—2 (154.10)

E:—~(Z——£>2. (154.11)
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OrMeTdM, 4YTO DpH TakoM 3HaYeHuH o OyHKnus (154.2) craHOBHTCH TOUHOH
coGcTBenHol dyHKUHMel!l raMHJIbTOHHAHA

H°=—%(V§+ Vi) —a (—,%-l——,%) (154.12)

nonyckamouiero pasgeneHue nepeMeHHbix. CpaBHuBas Belpaxenus (154.12) u
(154.1), HaxopuM

H'=H—H°=—a(-’%+i)+_1_

Ty T1g

Ecan paccmarpuBaTth Temeps H' Kak 3HEPruio BO3MYLIEHHS, a4 9KDaHHPOBOUHYIO
NOCTOSIHHYI0 ¢ BbIGpaTb B COOTBETCTBHH ¢ paBeHctBoM (154.10), To B nepsoM mo-
psilke TEODPHH BOSMYLLEHHH CIBHI PacCMaTPHBAeMOrO YpPOBHS

AE= S S UH'Ud 1ty dr,
OKaxXeTCsi PaBHBIM HYJIIO.

B 3akJoyenne paccMOTPHM HECKOJIBKO HHCJ/IOBBIX IpHMepoB. Pas-
BUTasl 1€0PHS ONMCHIBAET aTOMbl, ¥ KOTOPHIX YJaJeHbl BCE 3JIEKTPO-
Hbl, 3a HCKJIOYeHHeM [BYX 3/JeKTPOHOB, Haxoasduuxca Ha K-o6o-
Jouke. Mpl pacrnonaraeM sKclepHMEHTaJIbHBIMH JAHHBLIMK [OJ151

Z=2 3 4 6 8
He Lit B*+t C#+ O+,

Bo Bcex 3THX c/yuasix u3MepsieTcsi He cama sHeprusi E, a sHeprus
HOHH3aUHH [, HeoOXOAMMas IJf OTPhiBA OT HOHA TONLKO OJHOrO
u3 aByx K-snektpoHoB. Ocrawomuficis HOH o00sajgaeT BCEro ONHHM
9JIEKTPOHOM, I103TOMY €ro 3Heprus paBHa

E'=—12,
a anas SHepPHH HOHH3aUHUH nonyqaeM
1=(z—%)”-4—;-zz. (154.13)

M3 npuBoguMoil HHM:Ke TaOGJULUBL SICHO BHAHO, YTO COIJIaCHE 3KCIle-
pHMEHTaJbHBIX NaHHEIX ¢ popMydoit (154.13) HenpeprlBHO yJayuliaeTcs
no Mmepe pocta Z.

I, sB
z 2
TeopHsA 9KCMEPHMERT

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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OTa 3aKOHOMEPHOCTH BIIOJIHE pa3yMHAa, TaK Kak 4neH l/r,,, oTBer-
CTBEHHBI/ 32 B3aHMOJEHCTBHE 3JIEKTPOHOB MeXAy COOOH, Hrpaer Bce
MEHBIIYIO pOJib MO Mepe TOro, KaK € POCTOM Z YBeJHYHBaercs
CBfi3b KaXJOTO 3JEKTPOHA C SPOM.

3anaua 155. Bo3GyxpeHnvie COCTOSIHHA aTOMa rejus

Y HeHTpaJbHOrO aToMa TredHs OAHMH 3JIEKTPOH HAaXOMUTCH B OC-
HOBHOM ls-cOCTOSIHMH, a Jpyroi—B BO30GYXIEHHOM COCTOSTHHH
¢ KBaHTOBHIMH uucjaMu n 4 [ (n>2, [>1). Onpereuth 3Hepruio
HOHHM3aLHH, CBA3AHHYIO C OTPhIBOM (1, [)-371€KTpOHa, HJs OpPTO- H
naparesusi. Ilpn pacuere HCroJib30BaTh BOAOPOAONOAOOHBIE BOJHOBHIE
(YHKIUH, cuYhTasg, 4To 1S-3/I€KTPOH IOJIHOCTBIO SKPaHHUPYET OXHY
eIUHULy 3apsja sfAxpa. B uacTHoM cayuae 2p-cocTosfiHHA (n=2,
{=1) mpou3BEeCTH YHCJIOBLIE paCyeTHl.

Pemienne. Ecau  ls-a/exTpoH nojasep:keH JAeACTBUIO MHOJIHOTO
sajepHoro 3apsna 2e, a Ha (n, [)-3/€KTPOH [eHACTBYeT TOJIBKO 9Kpa-
HUPOBAHHBIA 3apAl e, TO OXHO3JEKTPOHHBIE COCTOSIHUS OMHCHIBAIOTCSH
pelueHHsAMH AH(POhepeHIHAIbHBIX yPaBHEHHH

(—gv—2)u=Ew, (—3V—7)0u=Eu, (155.1)

a MMEHHO

u=|l>=) ze, E=—2
1

U =|m=Ry(NY; »(0 @), E,=—353,

(155.2)

rie R,,—HOPMHDOBaHHbe paJMaJbHLIE BOAOPOAHEIE (YHKLHH (CM.
3apauy 67).

[TpuGnuxkennoe pemenue ypasHenus Ilpexnunrepa aaa Haurei
IABYX3JEKTPOHHOH 3ajaun

(g vi—g Vi — 24 ) o=Ey (155.3)

JOJIXKHO HMeThb BMJ CHMMETPH30BAHHOTO NDOU3BENEHHS BOJIHOBBIX
GyHKUHMH:

v=u(lv, (2 +ev,(Hu@)=|1n)+¢e|nly, (155.4)

rjae ¢ = -1 B cayuae naparesus (CIUHBI AHTHIAPAJIJIEJNbHBL) H &= —1
B CJyuyae OpTorejus (CIHHB TNapaJjieNbHbl). YCJOBHE HOPMHPOBKH
ana Gyuknud P umeer BuA {p P> =2.

Uro6sl dyHkuusa (155.4) kak MOXKHO Jyulle yIOBJETBOPAJA ypaB-
HeHuto (155.3), MBI [O/KHBL HaAsNexalqHM oOGpa3oM ONpeleJUTh
suepruw E. C ato#i uesbio ymHOXHM ypaBHeHue (155.3) nounexzo
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Ha cosexTtop (ln|:

= Vi—g Vimt—— o [p> = E<In| >, (155.5)

Tak kaxk
KA Iy=1, <njn>=1, <A|n>=0

(ecmn [=£0), To HekoTOophle H3 BxoAAmHUx B (155.5) wmHTerpaJios
pa3buBaioTCs Ha GoJiee NPOCTHIE, 8 HEKOTOpble 00paINalTCs B HYJb.
Tax, Hanpumep, MbBl HMeeM '

Anl—y vi—Z[1n>=E,

| 2
Adn|—5 Vi—7-|nl>=0,
1 2 1
An|—5 Vi—=|Inp=E,—<n|—|n> u . 1.
2 Ty r
Ilna BCeX ONHOZJEKTPOHHBIX COCTOSIHME TeopeMa BHpUAda (CM. 3a-

Jauy 151) mpuBOOUT K COOTHOLIEHHIO

El’lOTeH = 2Ea
I03TOMY 110J1y4aeM
1 7 1
<n , T'n>:_ Enrcl))TeH Z_QE“:?
Taxum o6pa30M, OKOHYAaTEeJbHO Mbl IPHXOAUM K CJAeLYIOIIEMY BbHI-
PAXKEHHIO /IS SHEPTHH:

E=—2—+61¢d, ' (155.6)
rjae
i€=<1n|r1;| 1> (155.7)
O3Hayaer KJIaCCHUYECCKYIO, a
é°=<1ni;i~21nl> (155.8)

— OOMEHHYI0 3IHEpPrMH B3aHUMOJEHCTBHS 3JEKTPOHOB MEXIYy COOOIl.
Ocraercsi JMib BEIYUCJIMTH 3TH [Ba HHTErpaJa.

B o6oux cuayuasx Msl pasyioKHM HpoGb 1/r,, 1O INOJHHOMaM
Jlexxanppa:

/ ®
1 A
1 JIZKZ_‘O(;_H Py(cosD,,), 1, < 1y,
R (155.9)
1\7‘—;\2—‘0{%> Py (cos &), r,>r,,
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rie ©¥,,—yron MexAy paouyc-BEKTODAMH 5/€KTPOHOB F, H F,.
Mbl HauHeM C HHTeTPHPOBaHHA 1O yrJaM, B CBSI3H C YeM HaM [pH-
JCTCSl BBIYHCJIMTb HMHTErpaJibl

Byra= P 42,1V, , @) 1! § Pi(cos 9,,) dQ, (155.10)

Eyen=P QY] @D P Y, (1) Pi(cos9,)dQ,.  (155.11)

B Bbipaxenun @, BHYTpPeHHHH HHTerpasn pasen 4md,, o, mostomy
U3 BcexX uJsieHOB pasJsioxkenusa (155.9) y Hac ocraHercs BKJaj JHUIb
or uieHa ¢ A=0. Takum obpas3om, KJjaccuyeckas uacTb 3J/EKTPOH-
3J1E€KTPOHHOIO B3auUMOACHCTBHA OYyIeT paBHA

re

6= 4n5‘dffz|u(f)lz< LS’rlR,m)lwrl

+Sr1:R,,l<r1> ; drl) (155.12)

Yrobpl BBIUMC/ANTD BHYTPEHHHH HHTerpas B Buipaxenuu (155.11),
BOCMOJ/Ib3YEeMCSsl TeOpeMOH CJIOKEeHHA ccpepnqecxnx rapMOHHUK:

Z Viu()Ya (2.  (155.13)

u—-—?».

4IL

Py (cos¥,) =

Torga Mbl HMeeM

4
95 Y, » (1) Pr(cos 0,,)dQ, = 21—{_”1

) 81,

éaym“"gl_{_lal Ao (15514)
CrnenoBatesibHO, M3 BCEX uJieHOB pasJgoxeHus (155.9) B oGmenHyio
SHEPTHUI0 B3aUMOZEHCTBHA JaeT BKJAJ JHIUb YieH ¢ A=/, rosTomy
noJyiyyaem

ll

2 (b () Rus 1) (;‘; [ (2) wt) Rustrydr+
0 0

+§r1 () () Rury ctn)- (155.15)

Uem GoJsblle KBaHTOBbIE 4HCJAa 7 M [, TeM Jydlle Haile NpH-
G/auXKeHHe, TaK Kak no Mepe pocrta #n W | ymeHbluaercs o6.1acTh
nepeKpHITHA ABYX OJHO3/JEKTPOHHBIX BOJHOBBIX (yHKuui. OcraBass
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B CTOpOHe S-COCTOSIHHMsI, MBI JOJIKHBL OXKHAATh OT HAIIEro MeTosla
HaHXYAUIHX Pe3yJbTAaTOB B TOM cJayuae, Korga n=2 u [=1. OgxHako
€C/¥ ¥ B 3TOM YaCTHOM cJiyuae OH NPHBOAUT K Da3yMHLIM pe3y.ib-
TaTaM, TO Ha Hero TeM O6oJiee MOXHO I[IOJIOXKHUTBCA B ciayudae GoJiee
BBICOKHX BO30YXKIEHHBIX COCTOIHMA. PaccynTaem Tenmepb 3HEPIHIO
YKa3aHHOTO BO30YXK/IEHHOI'O COCTOSIHMA aroMa rejHsi H CpDaBHHM
NOJTyyeHHble Pe3yJbTaThi C SKCNEPHMEHTAJbHBIMH JaHHBIMH.
B unrepecyiomem Hac cjydyae HOpMHpPOBaHHas pajauaJbHasg QyHK-
uua R,, uMeer BUL
r
)

Ry, = (155.16)

1
—re
Y 24
Iloacrasasas B uHrerpaast (155.12) u (155.15) Buipaxenus (155.16)
as R, , u (155.2) nst u, Mbl mocjie NPOCTHIX, XOTE H HECKOJbLKO
YTOMUTE/bHLIX, BRIYHCJACHHH HAXOAMM /IS HHX C/eAVIOLiHe 3HAUCHHS:

€= ( 1 —511-215) —0,24896

=1 ({f)-)“ (%)4=0,00382.

1o naer Ans SHEPTHH (B aTOMHBIX €IMHHUAX) 3HayEHHE
E=—2,12604 +¢.0,00382.

Sueprus MOHH3AaLMM paBHA PasHOCTH sHepruu uoHa He* B ocHoB-
HOM COCTOSIHMM E* = —2 (B 3TOM cJIyuae OfHH 3JIEKTPOH HAXONHTCH
B ls-cocroamuu, a Apyroit ynanex) u suepruu E. Takum o6pasom,
MBI HMeeM

I =E*—E=0,12604—¢.0,00382,
HJIH
I=(3,429—¢-0,104) sB.

IMomemennas Huxke Tab/IHLA NO3BOJIAET CPABHHTH 3TH Pe3yJbTaThl
C JaHHBIMH 3KCII€DHMEHTA.

DHeprusi MOHu3auuu, 5B

Teopusn SKCMepHMEHT
INaparenuit, & =1 3,325 3,368
Oproreauit, e=-—1 3,533 3,623
Pasnocts 0,208 0,255
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Mbl BHAHM, YTO COIJiaCHe BIIOJIHE Y/OBJETBOpHTeJbHoe. [laxke
AU CABMIA MEXIy Napa- U OPTOYPOBHSMH OHO HE TaK IJIOXO, Kak
MOXKHO ObLIO OBl OXHAAThb, €CJH HMEeTb B BHAY, 4YTO YKa3aHHbIH
C/IBUT JOBOJIbHO YYBCTBHTE/JEH K MEPEKPHLITHIO U B3aHMHOH IIOJIADH-
3ali¥ OJHOIEKTPOHHBIX cocTOsiHHH. C/IeyeT OTMETHTh, 4TO YPOBEHb
napare/aus C ero CHMMETPHYHOH MPOCTPAHCTBEHHOH BOJIHOBOH (YHK-
LMeH JIEKHT 6bide YPOBHA oOpTOresnsi, o0Jajaiollero aHTHCHMMET-
pUYHOH MNPOCTPAHCTBEHHON BO/MHOBOH (yHKUMEH. IJra CHTyaunsd,
TaKUM 0Gpa3oM, MPOTHBOMOJOXKHA TOH, C KOTOPOH MBI BCTPETHMCS
B cayyae mojiekyJant H, (cM. 3amauy 163). Ilopsagox caenosanus
YPOBHEll JIETKO NOHATH, €CJM yYeCTh, YTO TOJBKO BKJ/aJ, CBA3aHHBIHA
¢ oOmeHHOH sHepruedl BzaumopeiicTBus (155.8), 3aBHCHT OT 3HaKa &;
caM e OOMeHHBIf HHTerpaJ, o0sa3aHHBII CBOHM INIPOHMCXOXKIEHHEM
B3aMIMHOMY OTT2VIKHBAHHIO Napbl 3J€KTPOHOB, IOJIOXHTEJEH, H, CJe-
JIOBaTENBHO, CJayualo €=1 oTBeyaer 6oJsice BHLICOKHH YPOBEHD.

3agaua 156. Bo3GyxkaeHHble S-cOCTOSIHHSI aTOMa reJjus

Merop npeppaylied 3afayd paclIpoCTPAHHTb HA 3JEKTPOHHYIO
kondurypanuto 1s, ns. [nad 3TOro no-npexHeMy CuHuTaTb, 4YTO
1s-3/IEKTPOH OMHCHIBAETCS HEBO3MYLIEHHOH BONOPOJAHOH (yHKIHEH,
OTHOCHTEJIbHO K€ BOJHOBOH (YHKIHH 7£5-3JI€KTPOHA HE JAeJaTh HH-
KaKHX Cr.elHaJbHbIX npeanonoxenuit. PaccmaTpuasn nasnee o6MeHHbIH
HHTErpaJ M HHTErpaj NEpeKphLITHSA KaK MaJible NOoNpaBKH, NOKa3aThb,
YTO MOXKHO TOCTPOUTb 3(PdeKTHBHOE NMOTEHLHAJbHOE 110J€e, B XOTOPOM
IBHXKETCS NS-3JeKTPOH.

Peumienwe. Mbl 3anyiieM BOJIHOBYIO (PYHKUHIO B BHJIE CHMMETDH-
30BaHHOI'O [IPOU3BEIEHHS BOJHOBHIX (YHKUHH OXHO3JIEKTPOHHBIX
COCTOSIHHH:

w—%u(])v,,(2)+ev,,(l)u(2)=]1n>+e|n1>, (156.1)

rae e= 1. a9 BosaHOBOK QYyHKUKH 1s-3/7€KTpPOHA (B aTOMHBIX €JH-
HULaX) UMeeM ‘

3
u=|1>= —e",
Ce=p=Y/ 3 @56

OTHOCHTE/ILHO K€ BOJIHOBOH (YHKIMH 1S-3/I€KTPOHA MBI 3HaeM JIHLIb,
YTO OHA HE 3aBHCHT OT YIJIOB H YIOBJIETBOPSET yCJOBHIO HOPMHPOBKH:

v, (r)=|n>, <n|n>=1. (156.3)

Hukakux HHBIX Tpe6oBaHMH K QYHKIHHM |n)> He NpelbABJAETCH.

BosnnoBasi ¢yHKUHA ¢ ABJIsETCH NPUOJIHKEHHEIM PeLieHHeM YpaB-
nHenus pepunrepa
' (H—E)y=0, (156.4)
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B KOTODOM TraMUJ/IbTOHUAH HUMEET BHJI
1 1 2 2 1
=— 5 V—gy Vi—T—— . (156.5)

g ry T2

TakoBbl OCHOBHblE ypaBHeHHs Haluell 3ajayu. [lpexae Bcero
yMHOXUM ypaBHenue (156.4) mouneHso Ha cosekrop <In|:

An|H—E|1n>+e<ln|H—E]|nl>=0, (156.6)

3aTeM HafiieM HHTerpaJbl, cojepxalllue onepatop H, onpene-
Jsiembiii (156.5). o cux mnop Hailh (opMyJ/bl OU€Hb MOXOXKH Ha
GopMyabl NpeauIAyllell 3afaud, XOTH OJHO CYLIECTBEHHOE OTJ/HYHE
MOACHO yCMOTpeTb HeMensieHHo. OHO 00yCJ/IOB/ICHO TeM, 4TO (DYHKIHH
[1> ¥ [n> B NaHHOM cJy4ae HeOPTOTOHAJbHBI, [OCKOJbKY 00€ OHH
TpPUHALJIENKAT OLHOMY U TOMYy Ke 3HaueHHo [=49, HO OTHOCATCA
K pa3HbIM MOTEHLHAJbHBIM NossM. B 3Toll cBsi3Wm Mel BBeAEM HHTe-
rpaJ MepeKphITHA

S=<1|ny=<n|l» (156.7)
H BOCIIOJIb3yeMCH 0003HAYEHUAMH
dnb%“n%=€,<hﬂ%ﬂm>=£. (156.8)
Tenepb HaM OCTaeTCst PacCMOTPeTh CJENYIOUIHE HHTET paJIbl:
nl—g Vi— | In> =<1 |—5 Vi—2 | 1> =—2,
<1nl—-;,—v3—72;i1n>=<nl—-%v3—%|n>=1{n, (156.9)
am-%w-%m0=dﬂ—%w—%mb=—%?

3nech [IpH fOJYUECHHH T[OCJEeJHEero pAaBEHCTBA Mbl HCIOJb30BaJH
TOKAECTBO

K1]v2|n>=<n|v?|1).

C yueToM 3THX cooTHowleHu#i ypaBHeHue (156.6) MOXHO 3anucaTh
B BHJE

—2+K,+8—E+e(—458*+&—ES) =0,

IR
_ Knp+% +e(&—25Y
E=—-2+ [Tos? . (156.10)
Taxk kak E*=—2 ecTb 3HEPIrUs OCHOBHOI'O COCTOSIHHSI HoHa Het
TO SHeprusa HoHusaumu [ = E*—FE Ttenepp paBHa
[= Kot @te(@—25) (156.11)

1-}e82
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Urobbl OnpeaeuTb BeJHYHHY L usM BeJHuMHY [, Mbl MOXKEM Bbl-
yucauTh HHTErpass S, K,, €, &, noab3ysacb KakHM-HHOYAb J0CTa-
TOUHO YJNOOHBIM HaGopoM QYHKUUA |7), 3aBHCAIIUX OT HEKOTOPOro
ygcJa napaMerpoB PuTiia, a 3aTeM MOAXOISLIHM BHIGODOM 3THX
napaMeTpoB MOGHTbCS 3KCTPEMa/]bHOCTH BeJHUMHBL E HWJIH  BeJH-
ypHbl 1.

Ecan uuterpas nepexkpbitisi S u oOMeHHBIH HHTerpaa & nocra-
TOYHO MaJel, To cootHouienus (156.10) u (156.11) ynpomarorca u
NPUHUMAIOT BHJ

E=—2+K,+%, [=—(K,+%). (155.12)

K COOTHOIIEHHSM TOYHO TaKOrO K€ BHJAA Mbl NPHLJIH OBl H B TOM
cayyae, ecsan Obl cpasy npeHeSperJu CUMMETPH3alHeH, IIOJOXKHB
¢ =10, HMEHHO B 5TOM CMbICJI€ MOXXHO FOBOPHTb, UTO HHOI'Ia BOJHO-
Bhle (DYHKUMY MHOTOYaCTHUHBIX 3ajJau He TPeOyIOT CHMMETpPH3aLUH.

Bosspamasce kK onpegenenuam (156.8) u (156.9) nns uuterpa-
qoB K, u €, MoxHO 3amucaTb mnepBoe u3 pasBeHCTB (156.12) B Buge

E=-—-24<n|Q]|ny, (156.13)
rjae omnepatop €2 ompeneasierca GOpMyJIOH
_ 1 P 2 u? (f’) ’
Q~—-7V4—7—I—Smdt. (156.14)

Uro6bl HaHTH HOPMHPOBaHHYIO (YHKLUHIO |7)>, MHHHMH3HPYIOILYIO
sHepruto E, MbI JOJ/DKHbl PacCMOTPETh BapHALHMIO:

8 (<a| Q[ n>-+A<n|n>) =0,
rje A-—MHOXHTEJb JTarpamxa. Tak kax
8<n|Qn>=2<8n|Qn> u d<nln>=2<0n|nd,
TO IIOJIy4aeM
On|Q+An>=0,

M BBUIY IpPOM3BOJILHOCTH BapHauHMu |On> BosHOBas GyHKUHA |n)>
IOJDKHA YIOBJIETBOPATb YPABHEHHUIO

(Q+A) | n>=0.
[epenucas Teneps pasenctBo (156.13) B Buae
<n|Q—E—2|n>=0,

JIETKO yCMOTpeTb, 4T0 A= — E—2, u, csiefoBaTe/bHO, QyHKUUA |n)>
o0s13aHa yJIOBJIETBOPSATbL OAHO3/JIEKTPOHHOMY ypaBHeHHIo [lIpexunrepa

— g V1> 4 Vigo (1) | 1> = (E+2) | n (156.15)
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¢ 3pdeKTHBHBIM [OTEHIIHAJOM

2 uz(r’) ,
Va¢¢(f)=—T+STrT’:,—l'dT. (156.16)
IToTenias TOYHO TAKOTrO K€ BHZa Mbl MOIJH Obl MOJYYMTh, peras
ypaBHeHue [lyaccoHa

V2V o0 = 410,

rle p— IJOTHOCTh 3apsija, HpelcTaBJfAMmero co60f CyMMy OTpHIA-
TEJbHOI'O MPOCTPAHCTBEHHOT'O 3aPAja 15-3JEKTPOHA — U2 H TOUEYHOTO
apepuoro sapsina 2. Iloxcrasasas B ¢opmyay (156.16) sBHOe BbI-
paxenue (156.2) ana QyHKUMH U, HEME[JEHHO MOJydaeM

vaw:—}—(}u)eﬂr. (156.17)

Haiina ¢ nomomplo ypaBHenus (156.15) dynkuuio |n), Mbl MoxeM

3aTeM BBIYHCJHUTb NPHOJHKEHHBIE 3HAYCHHUS 6Cex WHTErpaJioB, BXO-

JAUIMX B Bbipaxkenue AJ1s1 sHepruu (156.10). Jo Tex mQp moxa Bean-

yuHBl S U &§ YAOBJETBOPSIOT HepaBeHcTBaM S<K 1, §<K € u, caeno-

BaTesJbHO, fIBJSIOTCS JIHIIb MaJbBIMH MOMPaBKaMH, 3TO HPHOJHKEHHe
MOXKHO CYMTaTbh HOCTATOYHBIM.

Mpunoxenne. Hucsosble pacueTsl 10 oOpUCOBaHHOH Bhllle OOILef
CXeM€ MON'yT OKas3aTbCsl JOBOJIbHO TPYIOEMKHMH, U IIO3TOMY MbI
npHuBeleM /A 2S-COCTOSIHHAI pPe3yJIbTaThbl, MOJYYEHHBIE C ITOMOILbIO
Gosiee mnpocTol BapHAIMOHHOH mnpoueaypsl. Mbl 6yheM MMHHMH3H-
poBaTb BbipaxeHHe (156.12), ucrmoab3ysi npoGHele (PYHKUHH BHIA

|2>= A (e~3 —pre-'/7), (156.18)

rie p—BapHalHOHHBIA napamerp Putua u <2|2)>=1. 3t PyHkuuH
KOHeuHbl NpH r=0 ¥ KaXZag U3 HHUX HMeeT OJHH HYJb, UTO Heol-
XOAHUMO /151 25-COCTOSIHHSI, KpPOMe TOro, OHHM 00J1afaloT HpaBHJIbHOM
aCHMITOTHKOM, KOTOpasi OIpeleJsieTcsi BTOPbIM CJjaraeMeiM. [lepsbii
yjeH B BbeipaxeHHH (156.18) omHCHIBaeT OTKJIOHEHHS NOBEAEHHS
HaluX GyHKHUHA OT NOBEeNEHH s BOXOPOAONOIOGHOH BOJMHOBOH GYyHKIHH
Ha MaJblX PAcCTOSIHHAX OT fiApa, Iie SKPAHHPOBKA fNEPHOro 3apsja
CTaHOBHTCH BCEe MeHee CyIlecTBeHHOH. Tak KaK BOMHOBas (QyHKUus
Is-cocTossiHuA BegeT ce6sl Kak e~?, TO 3TOT WieH HOJKEH BECTH
ce6st NpHMEPHO TAaKUM ke 06pasoM.

[TpoGuble pyHkumH (1566.18) NPHBOAAT K CAEAYIOUUM Pe3yJ/bTaTaAM:

1 768 -1
mdr=(g—gap+960t) 7,
1 384
K= andr(— g+ Sep—11pt), .

5  512.6350 | 74688
= 2 -
E=nd (32 195- 26561 7 1 3125 pz) ’
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S=8V2?A(‘ % p),

327625
& — 19874 (_5_ 25 436 1058 )

2006 3570125 P T 78105 7"

Sueprus E, onpenensieMas Boipaxenuem (156.12), Gymer umers
MHHUMYM [PH NOAXOAslleM BbibOpe mapaMerpa p: OH JHOJKeH
yOBJIETBOPATL KBAAPATHOMY YPaBHEHHIO, Y KOTOPOrO HMeeICsi OfHH
noJoXuTeNbHbH KopeHs p=0,1105. Ecau He yYHTHIBaTE CHMMeT-
pH3AlLlHI0, TO OTCIOfA JJ/Is1 SHEPI'HM HMOHM3AIHH MOoJyyaeM

1=—(Kz+€)=0,145 ar. ex., uan [ =3,94 3B.

Ecau Ke npH TOM »Xe 3HAUEHHW MapameTpa p HCIOJb30BaTh [/l
3HEPTUH HOHM3AUMH TNOoJHOe BhlpaxKenue (156.11), To O6ynem umersb
[ 0.145—0,021

130,0225¢ 4T ®A&

[NosyueHHple ¢ MOMOULbIO 3TOR (OPMYJ/bl pe3y/abTaThl BMECTe C 3KC-
nepyUMeHTabHBIMU JaHHbLIMH [PHBOLSITCA B HHXKeCJeAylolel Tabauie.

DHeprusi HOHM3aUUH A 2s-3JeKTpoHa, 3B

Teopus SKCIEPHUMEHT
[aparemuii, e= + 1 3,30 3,97
Oproreant, e=—1 4,62 4,76
PasHocTb 1,32 0,79

Msul BuAMM, YTO TeopeTHYecKHe 3HaYeHHs TePMOB, KaK 3TO Bcerja
ObiBaeT NpH BapHAUMOHHBIX pacyeTax, HECKOJbKO MNPEBHILAIOT HX
HCTHHHble 3HayeHHsA. [lOBOJIbHO 3HAUMTEJbHBIH CIABHT MEXIYy OpTO-
H NapaypoBHAMHU Aaxe B 3TOH OYEHb NPOCTOH NPHOJUKEHHOH TEOpHH
nosiyyaercsi ¢ 35°,-HOH TOYHOCTBIO.

3anaua 157. OCHOBHOE COCTOSIHHE aTOMa JHUTHA

Boiunic/iuTh HEPryi0 OCHOBHOI'O COCTOSIHMSA aTtoMma JUTHA (Z = 3).
Cunrath, uTO JBa ls-3/€KTPOHA JIHTHS ONHCHIBAIOTCS BOXOPOAOIO-
IOOHBIME 3KpPaHUPOBAHHEIMH (YHKLUHAMH, HaiileHHBIMH B 3ajaue 154.
OGwmennble 3ddeKThl He YUHTHIBATh.

Pemenne. B nanHo#l 3ajaue raMmJbTOHHAH HMeEET BHJ
1 1 1 1
H={— 51+ —3(++ )+ +

+{_% Vg_%}+{L+L_.1}_ (157.1)

713 Tag £
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3neck nepBas (urypHas CcKoOKa COOTBETCTBYET JBYX3JEKTPOHHOH
sajaye Jas1 woHa Li*, Bo BTopoH (UIypHOH CcKOOKE CTOMT TaMHJlb-
TOHHAH OJHO3JEKTPOHHOH 3ajayd, TPHBOISUIMA K BOJHOBOH (yHK-
HHH 2S-COCTOSIHHS TPETBEro 3JEKTPOHA B I110/1€ 3KPaHHPOBAaHHOIO
siIpa C Pe3yJibTHDPYIOLIMM 3apsioM +-1; HakoHew, B Tperbeil cKoOKe
coOpaHbl OCTaJbHblE UJeHbl HEPIHM B3aHUMOJEHCTBHA. Takoil moixon
K J[BYXXEHMIO TPerbero 3/MeKTpoHa Obul Obl BIIOJIHE ONpPAaBAaH, eCaH
6b1 paguyc K-ob6onouku Obla ropasjo MeHbLIe paguyca OpPOHTH
2s-asiekTpoHa. Tak Kak B [JEHCTBHTEJNLHOCTH JeN0 OOCTOUT HHaue,
TO HCIO/Ib30BaHHe [JI1 OMNHCAHMs TPETbEro 3JeKTPOHa BOHOPOIO-
nono6Holl GyHKUMM ¢ Z=1 cJenyer paccMaTpHUBATL B KauecTBe
Gosiee UM MeHee rpy6oro npHOJHKEHHHA,
Mpi sanumeM BOJHOBYIO QYHKIHIO B BHJAE NPOH3BEIEHUSA

uQ, 2, 3)=u()u2)v(3), (157.2)
B KOTOpPOM u (r) o3HauyaeT QyHKuUIO ls-cocTofHHUSA:

o'/e

u(r)y= l/_e"’", (157.3)

11

a sddeKTUBHBI 3apsajy sapa, oOyCJOBJECHHbIH B3aUMHOH SKPaHHPOB-
Koil 1ByX ls-anektpoHoB uoHa Li*, ompepeasierca dopmy.oit (cm.
3anauy 154)

5
0 = Z— 1= 2,6875. (157.4)

Kpome Toro, xak cJenyer H3 pe3yabTaToB 3agaud 154, sHeprus
(1s)*-cocTostHu A

B =(fuu@{—gmr+mw—s8(+)+
+,—i;}u(1)u(2) d, dr, (157.5)

Teneps omnpenenasercs GopmyJoi
E*t=—a2. (157.6)
BoaHoByl0 (yHKIMIO TpeTbero 3/J€KTPOHa MBI BO3bMEM M3 Tal-

JIMLBI, NpPHUBEJEHHOH B 3anade 67 (nmpobaema Kemsepa). Haa nus-
HIEr0 25-COCTOSIHMSI TOTO 3JEKTPOHA OHA HMEeT BHJL

v(r):V—gzn(l—%r>e—‘/s’ (157.7)

U yloBJeTBOpsAeT AuddepeHnHaNbHOMY Y paBHEHHIO

(——;— V?,-—;l:’—)v(ra):—%—v(rs). (157.8)
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Eciu dyukuuu (157.3) m (157.7) nomcraBuTb B (opMyay Ad
3HEPTHH

E={{0uyu@uv@ Hu()u (@0 @) dr,dv,dr,, (157.9)

rae H—ramuabronuan (157.1), 1o B cuny paBencrBa (157.5) Bkaan
ot nepBoit hurypHoi ckoOku Beipaxkenust (157.1) 6yner pasen E*,
a BKJaJ OT BTOpO# durypHo# ckoOKH, corjacHo ypasHeHHIO (157.8),
Oyzer paBeH —1/,. Takum o6pasoMm, HMeeM

E=E+—%+SSS w? (1) w2 (2) v* (3) X
x(—l—+—1———%>drldrzdrs, (157.10)

i3 Tag 3

M JIeJIO CBOAMTCS K BHIUHCJAEHHIO IOCJ/EJHEro HHTerpaJsa, KOTOPbIH
[i0cJle OUEBHJIHBIX YIPOIMEHHH NPUHHMAeT BUL

J=2Sd1302(3)<gu2(1)d11 —713} (157.11)

T3

Wcnosib3ysl fasee paBeHCTBO [cM. B 3amaue 44 ¢dopmyny (44.19))

Su2 (l)d_tl :71; [1 —(1 +ar,) e—zars],

ra

noJryyaem
v (3) -
J=—25 — = (L fary) e dr,.
3
[MopcraBasis ciooga BmecTo ¢GYHKUMYM v ee Bhlpaxkenue (157.7), mbi

mocJie 3J€MEHTAapHOro, HO [JOBOJIBHO TI'POMO3AKOIO HHTEr pHpOBaHHUSA
OKOHUYATe/JbHO HaxoJHM

5 -8+ 16a3 (157.12)
BT

Orcioga aas 9HEPruy¥ OCHOBHOI'O COCTOAHHSA aTOMa JIHTHHA MOJydaeTcs
BhIpaKe€HHEe

J=—

| %—1—30&-{—16043
E:—oﬁ—-s—-——(lw, (167.13)
a DHEprusi ONHOKPATHOH HOHH3aUUH OyAeT paBHA
. -—;-—]—3a+16a3
[:E+_E=§_W' (157.14)
B3sie Teneps s BeJHYMHBL o 3HauyeHHe (157.4), mosayuaem

1=0,1553-=4,23 3B.
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Haiinennoe 3naueHue sHeprHH MOHH3aIMM CJENYET CPABHUThL C 3KCIIE-
pHUMEHTaJ/IbHBIM 3HaueHueMm 5,37 3B. Mul Bumum, uro Hama npuGuau-
XKeHHas TeOpHA He CJHIIKOM xopolia. IIpHYHHY TaKoro passauuus
He/1b351 OTHECTH HH 3a CUeT NPEANOJIOKEHHS O MOJHOM 5KPaHHUPYIOLIEM
nefictBun K-060/M0UKM Ha TpPeTHH 3JEKTPOH, HU 3a CYET TOro, 4TO
Mbl mpeHe6persy HeGOJILIIHM pas3/HuUHEM B 3HAYEHHAX BEJHUMHLI o
I/ WOoHa M HeHTpaJsbHOoro atoma. O6a ykasaHHHIX shdekra cauiu-
KOM MaJibl, 4ToObl C HX NOMOMIbI0 MOXKHO OLIIO OOBSCHHTH PaACXOXK-
neHue Gosee yeM B 1 3B. ¥ Hcnosp30BaHHON HaMH BOJIHOBOH (yHK-
IIHH MMeeTcs ewle JiBe O0COGEHHOCTH, KOTODhIE MOTJIH BBI3BaTh TaKOe
pacxoXJIeHHe MexX1y TeopHeH H 3IKCIEPHMEHTOM: BO-NEPBLIX, OHa
HUMeeT BHJ NPOH3BEJEHHS, a4 BO-BTODBIX, OHa He 06GJafaeT NOJKHOH
CHMMeTpHeH, M, cJeloBaTe/bHO, HAallla TEOPHUS HE YUHTHIBAET OOMEH-
HYI0 3HEpPTHIO.

3anauya 158, QOGmeHHbIe MOMPAaBKH K OCHOBHOMY COCTOSHHIO
aToma JHTUSA

Hcnpasure HafineHHoe B mpeiplayllell 3ajaye 3HAYEHHE 3HEPTHH
OCHOBHOT'O COCTOSIHHSI aToMa JIMTHs, NPHHSB BO BHUMAaHHE CHMMET-
pPHIO BOJIHOBOH (PYHKUHH.

Pemenue. CocTosinus ABYX 1S-3/I€KTPOHOB H OJHOTO 25-3/€KTPOHa
MBI GyjeM ONMCHIBATD COOTBETCTBEHHO TEMH K€ OIHO3JIEKTPOHHBIMH
dyukuuaMH U (r) H v (r), KoTopnle ObINIM HCIOJL30BaHbl B Ipefbl-
nywelt 3agaye. UTo6bl NMOCTPOHTH BOJHOBYIO (YHKIHIO C HajlJjexka-
el CHMMeTpHel, Mbl JIOJIKHB MPHHATb BO BHHMaHUE CHOHHBI 3J€K-
TpoHOB. [lonHOCTBIO aHTHCHMMETpHUHAS (YHKUHUS S3anuChIBAETCS
B Buze onpeneaurens Ciasrepa (cM. 3agauy 152):

ua(l) u@a@) u@a(d)

'«pz—‘,—‘—gu(l)ﬁa) w(@B@ w@pE)|, (1581
v(Dal) v@)a2) vB)a(3)

rae cnuHoBble GYHKUHH O H 8 COOTBETCTBYIOT COCTOSTHHAM C IPOTHBO-
NOJIOKHBIMH HampaBJaeHusAMH cnuHoB. Onpenennrens (158.1) mpex-
cTaBssier coboli npuOaHKEHHOe pelueHHe ypaBHeHHst Llpenunrepa

(H—E)|¢>=0 (158.2)

¢ raMuJbTOHMAaHOM H, onpeneneHHBIM B mpeabiayuieil sanauve. Pac-
CMOTPHM Jlajiee PaBeHCTBO

<HIH—E|$>=0,
rie ckxajnsipHoe TINpPOH3BeACHHEe FHﬂbéepTOBbIX BEKTOPOB BKJIOUAET

B8 ce6st. Hapsily ¢ WUHTETPHPOBAHHEM CYMMHPOBZHHE MO CIIHHOBBLIM
nepeMeHHLIM. BLIMOHUB B 3TOM paBeHCTBE CYMMUPOBaHHE [0 CIiH-
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HOBBIM NEPEMEHHBIM, NPUXOAHM K COOTHOLUEHHIO
(S umu@o@—v)u@u@E) H—E) %
% u (1) u(2)v(3)dr, dv,dt, = 0. (158.3)
Ecan ‘Teniepp BBecTH O0O3HAYCHHA '
E={{§utyu@o@) Hu(l)u@o @) dvdr,dr,, (158.4)
&= 0o u@u@ Hu()u@o@)dr,dr,dr, (158.5)
S={ov)u)dn, (158.6)

TO HCNPABJEHHYIO (QOpMYJy /s 3SHEPrHH MOXKHO OyJeT samucathb
B BHIe
E-¢

E=7=8.

(158.7)

3zech nocpesctsoM E 06o3HaueHO HeCKOPPEKTHPOBAHHOE 3HAUEHHE
SHepruu, omnpejeseHHoe paseHctBoM (157.13) mpeasiayme#t sagauw,

E=—(ar+5)+,

rae
304 1608
(14-20)5

BeJHYMHA & ONHCbIBaeT OOMEHHYIO SHEPrHio, a BeJHYHHa S npen-
cTaBJsieT co0ofl HHTErpa/J NepeKphLITHA QYHKUHH « W U, KOTOphe,
KaK Mbl 3HaeM, HEOpPTOroHa/bHbl. TakuMm o6pasoM, Halla 3ajava
B OCHOBHOM CBOLUTCS K BBHIUHCJEHUHIO ofMeHHOH sHeprum (158.5).
Ecau mpl 3anuiieM raMH/abTOHHAH B BHJE

= (=2 (-2 (i)
3= 8w 2 L1 1 (158.9)

" g rs Tig  Tig  Tag

J o= (158.8)

TO feficTBHE TpeX ero nepBblX 4seHOB Ha mpoussegeHue u (1) u (2) v (3)

CBEJeTCA MPOCTO K YMHOXKEHHIO COOTBETCTBEHHO Ha —1/,a2, —'/,a?,—1/;
U Mbl MOJYUYHM

. I\ A 1 1
=— (oc‘ —|——8—) St—(3—a) Sgi%v—(—)drl——-
2(2 3)v (3 1 1).u2(2
— B—a)S? S%mg_ QSS“—Q;& dty+ SSSW dt, dv,+
+§S AUOTICTIOp. . +SSS' u? (2)::3)0(3)‘172‘1%'
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BBoas cokpameHHble 0603HaYeHHsI

U=Si‘3dr v={%ar, (158.10)
_ ([ r0e@-u) o)
X—SS QO drav, (158.11)
u2(r) cu(r’yv(r’) ’
Y = SS 0D e, (158.12)

MOXKHO 3amucaTbh OOMEHHYIO SHEPrHi0 B BHIE
= —(az +%)SZ—(5——0L)SV—(3—-0L)82U+28Y+X. (158.13)

Orcrona ansa sueprum (158.7) monyuaercs BbipaxKeHue

E:E+[J+(3—a)U]SZTEZZ—a)V )S—X (158.14)

Tenepb Mbl NpHCTYNHM K BblYHCJaeHUIO uHTerpanos S w U, V, X, Y,
ofpejeJeHHBIX COOTBETCTBEHHO paBeHcTBamu (158.6) u (158.10) —
(158.12); nns sToro BO3bMEM (QYHKUMHM 4 H U B BHIE

o'l 1 1

— __ p—or — — = 3/yr
u(ry= ne , ul(r) V@?(l 2r)e .
HexoTophle TpyAHOCTH BO3SHHKAIOT JIMLIb MPH BBbIYWCJIEHHH JIBYXuyac-
THYHBIX HHTerpasoB X u Y. Bxoaswmyio B HHUX ApoGb l/|r— r|
Mbl MOJKEM Pa3JIOKHUTb B Psifl N0 nMosMHOMaM JlexaHzapa ot cos (r, 7').
Tak kKak ¢yHKUMM # M U He 3aBUCAT OT YIJOB, TO BKJajy Oyner
JlaBaTb TOJIbKO OJMH W/IeH psija, colepkamiuit noausom Jlexanapa P,
H, CJIe1OBaTe/bHO, BHYTPEHHHE 4YacTH uHTerpasoB X u Y Oyayr
HMETb BHUJ

r

(4 \
u———(')v(’)d'c_4n{ S‘r u(ryuv(r'ydr’ —l—Sru(r)v(r)dr}
0

[r—r"| W’

Bce panbuHeiinine BBIUUCJIEHHS TPHUBHAJIbHBI, NO3TOMY Mbl MPHUBEAEM
JIMllb OKOHYATEeJbHBIE PE3YJbTAaTbl:

S__2 V?aa“(a—l)

_———————<a+;_)4 ,
U=a,
y az—%s,
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Ay
2 4 8
PR U
\a+7>
23 1
66a6—i—26a5—25<x4——160@3———8—062-—§a
Y = S.

2(a—1) (305 —1—%)4

[Tosraraa 3pech o = 2,6875, nonyyaem

$=10,203,
J =—0,030,
U = 2,6875,
V=0,419,
X =0,0558,
Y = 0,303,

[+ (3—a) U] S2= 40,0334,
[(6—a)V —2Y]S= -0,0735.

CymMa MOJIOXKHTEJNbHBIX WJIEHOB B yHCJHTese xpobu (158.14), kak
MBI BHJHM, NPEBOCXOAUT OTpHUATENbHLIH 4leH —X, 1N03ToMy OOMEeH-
Hasl TONPaBKa HECKOJbKO YBENMYHUBAET SHEPIHI0 OCHOBHOI'O COCTOS-
HHs aToMa JIMTHA. ITOT HeyjauHblii pe3yibTaT OOBACHSAETCS BHIGO-
poM (PYHKLIHH v (r), KOTOpasl CJAHIIKOM MaJja B 30HE NEpPEeKpPbITHS;
B pesyJbTaTe Mbl COBEDILEHHO NpeHefperaeM yBesauueHHeM 3Pdek-
THBHOTO 3apsja, AeHCTBYIOLIErO HA 2S-3J€KTPOH IpPH €ro mpo-
HAKHOBEHHH BHYTPb Is-o6o0ukn. [IpeneGpexkeHue saTum aphEexTom
BbI3BIBAET JHWDb HeOOMbIIYIO OWKOKY MNPH BLIYHC/ACHUH HECKODpPEK-
THPOBAHHOTO 3HAYeHHs! 3HEPTUH, ONpeleJsaBUIErocs B Npeablayliel
3ajaue, HO MOXeT 0Ka3aTb 00JbILOe BIAKHSHHE HAa OOMEHHYIO NONPABKY.
HefictBurensHo, uHTerpansl V u Y 3aBUCAT OT MPOU3BEAEHHA w4
JIMHeHHo, a uHTerpas X B3aBHCHT OT HEro KBaJpaTHuHO. Takum
o6pa3oM, MpH JyyueM Bblbope (GyHKUHM v (r) TpeTHH (OTpHUATE/]b-
HbI) 4JeH B yHcJ/aHTesne Apobu (158.14) mor Obl CTaTh 3HAUHTEJBHO
Gosbllle, B TO BpeMs KaK BTOPOH (MOJIOXKUTE/bHBIH) uleH BO3pPOC
Obl He OYeHb CYLIECTBEHHO, TaK UTO BCE BbIpAaKEHHE B LEJIOM BIOJHE
MOrJIO OBl H3MEHHUTb CBOH 3HaK.

3anauya 159. daekTpuueckas BOCIPUHMUHBOCTD

[TycTe cTamuoHapHble COCTOSTHHS aTOMa ONHCBHIBAIOTCA pelleHH-
amu ypapHeHus [lpenunrepa

H|ny=E,|n)>
M MyCTh OCHOBHOMY COCTOSIHHIO COOTBEeTCTBYeT BekTop |0)>. Brrunc-
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JUTb 3/IEKTPHYECKYIO MOJSIPU3YEMOCTb aTOMa o (HJH 3JeKTPHYECKYIO
BOCIIPHHMYHBOCTb 7 BellecTBa, cofepxkaumero N atomoB B 1 cwm3).
Kakune ofumye coofpa)eHuss MOMKHO BBHICKa3aTb O IIOJISPH3YEMOCTH
aTOMOB IIeJOYHBIX MeTaJslJIOB?

Pewenne. Ha aroM, novellensbiéi B suekTpuueckoe mnote &,
HanmpaBJIeHHOe BIOJMb OCH 2, NEHCTBYET BO3MYIleHHe

W=eé X2.. (159.1)
3necb —e—3apAn 3M€KTPOHAa, a HHIEKC A HYMepyeT aTOMHhIe
5/eKTPOHE. B mepsoM mopsiike TeOpUH BO3MYLIEHHH YypaBHeHHe

(H+W)p>=E|d> (159.2)

HMEET CBOHM DELIEHHEM BEKTOD COCTOAHHUSA
<n w0
lw>—|0>+2 G 1m,

HJIA

I< >
[p> =105 +ed X %ln>. (159.3)

Cpennee 3HaueHHe INIPOEKIHMH JIHUIMOJBHOTO MOMEHTA aTOMa Ha Ha-
IpaBJieHHe moJs omnpenensercs QopmyJion

P =—e<h| Xa|b>. (159.4)

C TOuHOCTBIO JO 4JI€HOB INEPBOIo MopsAaKa MaJOCTH BKJOUYUTEJIbHO
HMEEM

. \ "[<n| W 0> \|
—e{ 0210 + T [GIE2 O Baln+
R Bal o]

IMepBbifi useH B 3TOM BBIPAXKEHHH XapAaKTEPH3YeT IHNOMBHBIA MO-
MEHT (€CJId TaKOBOH HMeercsl) HeBO3MYILEHHOTO aToMma. Bropoii usen
ONMHUCBLIBAET JIUINOJbHBIA MOMEHT, MHIAYUMpPOBaHHBH nosem. O6o3Hauas
HOCJIEHUA TIOCPEACTBOM Py, OTPENeJHM MOJISAPU3YEMOCTb ATOMA O
PaBEHCTBOM

Pz =& (159.5)
Takum o6GpasoM, Haxonum

o= 2e22 [<nl Znl P (159.6)

T E,—E,
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3neck E, 03HayaeT SHEPrHI0 OCHOBHOIO COCTOSIHMA, MOITOMY 3Ha-
MeHaTe b BbIpaxkeHHs (159.6) mosoXkuTeJNeH H, CJENOBaTeJIbHO, IO-
JISIPH3YeMOCTb O TaKKe MOJOKUTE/bHA.

Snexrpuyeckas BOCIHPHHMYHBOCTD ) NPEACTaBJseT coboi Koadhdu-
LHEHT NPONOPLUHOHAJbHOCTH MEXAY HalPSKEHHOCThIO IOJSA U IIOJ-
pusanuedl pemecrsa P = Np,,.:

P=x&, (159.7)
TaK 4TO
[<n| Dz 0>
X=2Ne2§n: ——E—_”E;—- (159.8)

u, cjaenosatesapHO, ¥ > 0.

ATOMB! IIEJIOUHBIX METaJlJIOB COCTOSIT U3 aTOMHOT'O OCTOBA H OJHOTO
BHEUIHEro »/eKTpoHa. BosbyxieHue 3JEKTPOHOB aTOMHOILO OCTOBA
TpeGyeT 3HAYHUTEJbHOH 3HEPrHH, YTO NPHBOIMT K HOSIBJEHHIO GOJb-
wnx 3HameHateneft B dopmyse (159.8). Ilo sTofi npuuuse npu rpy-
6bIX OLEHKaX JOCTaTOYHO YYeCTb BO30YXKIEHHEIE COCTOSIHHSI OJHOTO
BHEILIHETO 3JEKTPOHA, MBHXKYIIErocs B 1OJE HEBO3MYLIEHHOTO aTOM-
Horo octoBa. COOTBETCTBYIOIHE BOJHOBHIE (DYHKIHH MOMXKHO 3aIHCATh

[O>=u(r), ln>=vn(r)yl.m(ﬂs <P)7

MpUYEM BBIIE Mbl YUJH, YTO OCHOBHOe cocTosinue |0) siBsisiercs s-Co-
CTOHUEM H He 3aBHCHT OT yIJoB. Tak Kak

—
z2=rcos O=r 1/_3n_ Y00

TO JJIl MaTPUYHOTO 3JeMeHTa <n|z|0)> HMeerT MecTo (opMy.a
<n|z|0> =S drriv, (r)u(r) 95' Y] mcos ®dQ,
0

U OH He ofpauiaercs B HyJb ToAbKO npu /=1 u m=0. B »1OM
NOoCJIeIHEM CJlydae ToJydyaeM
a0
=
<njz|0y= ]/-315 grsv,,(r)u(r)dr.
]

Ilpu nanpHeHAMX BHIYHCJIEHHAX HEOOXONMMO JE€TaJbHO 3HATL PaH-
aJIbHYI0 YacCTh BOJIHOBOH (PyHKUINH.

Ecusu 651 MBI He I10Jib30BaJUCh 0e3pasMEPHLIMH eNUHKHUAMH, TO He-
TPYAHO OblJIO Obl YBHAETH, UTO TOJISIPH3YEMOCTb C0 HMEET pa3MepHOCTH
ofbemMa, 03TOMY 1O MOPAAKY BEJHUYMHBI OHA, TpyGO [OBOps, AOJIKHA
paBHsATbCA (fi2/me?),
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3ameuarue. C TakUM ke YyCIeXoM MOxHO Oblio Obl  paccMmorperb abdekt
[lltapka BTOpPOro MOpsAKa, MPUBONSUMHA K CHABHTY YPOBHA

1O W [ n> 2
AzE:Eﬂ: TE,—E,

STOT CABHI XO/DKEH DPaBHATHCH — /02, OTCIOAA IS @ MOJyHaeTcsi TO XKe camoe
BEIDAXKEHHE, KOoTopoe OblIO HalleHO BRILIE.

3agaua 160. /lnamarHMTHas BOCNPHHMUYHBOCTb HEOHa

BreuncinTe IMaMarHUTHYIO BOCHPHMMYMBOCTE HeoHa (Z=10),
BOCIIOJ/Ib30BABLINCh BOAOPOJAONONOOHBIMA (YHKIIUSMH C Pa3JHUHBIMH
9KPaHH POBOUHBIMH IIOCTOSIHHEIMH O, ;. [Ipy UHCJ/IOBEIX pacueTax MOXHO
NOJIOXKUTD

0,,=023, o0,,=326, o0,,=4,.

Pewenune. JlnamarnutHash BOCHPMHMYHBOCTb Ha | Mosb BelecTsa
onpesensercs ¢opmyJaoi [cM. paseHcTBo (128.14)]

2
X=-—6fn—céN2<r2>. (160.1)

3necb N —uucno Asoraapo (N =6,02-10%), a cymmupoBaHue pac-
MIPOCTPAHAETCA HA BCE 3/EKTPOHLI NAHHOTO aToMa (MJIH MOJIEKY.JIBI).
Cpennue 3HaueHUs r2 B COCTOSAHMSIX C BOJIHOBBIMH (DYyHKIHSMH

1
u .l.m:TXn,l(r) Yim (@, 9)

ONpeleJIoTCA HHTET paJiaMu

L

<= 12yl dr. (160.2)
0

PajnasnbHbie 4acTH BOAOPORONONOGHBIX (YHKUHH MOMKHO B3siThb U3
TaG/HLbl, TPHBEIEHHOH B 3ajave 67, 3aMEHHB B HHX BeJHYUHy Z
BesquynHOH Z—o0. Kak HerpynHo npoBepuThb, Aaa HHTerpaJios (160.2)
noJTyualoTes caelylouue sHauenus [B ennnunax (h2/me2)2]v:

(n, H=(1,0), (2,0, (1),
(Z—o0)2<r*> =3, 42, 30.

1) OTu pesysabTaThl NOJAYHAOTCA KAaK YacTHHE CJy4an OOIIEr0 COOTHOLICHHS

<ty = g {2 1—31 1+ 1)},

BLIBOJ KOTOPOTrO BeCbMa IPOMO3ROK W He MpejcTaBjseT ocoGoro uHtepeca. [lo mo-
BOLy Herajeil cM., Hanpumep, Bethe H. A., Salpeter E. E. B xuure: Eneyclopedia
of Physics, vol. 35, Springer, Berlin—Gottingen—Heidelberg, 1957, 'p. 103.
(Mimeetcs nepeson: Beme ., Coanumep 3., KsaHtoBas MeXaHWKa aTOMOB C OLHHM
H AByMs saexTponamu, Pusmarrus, 1960, crp. 33.— [pum. nepes.)
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UucJo 3MEeKTPOHOB, HAaXONAIHXCHA B 3THX Tpex (7, [)-COCTOAHMAX,
COOTBETCTBEHHO paBHO 2, 2, 6. IlopAnoxk BeJMuMHB JHaMarHUTHON
BOCTIPHUMYMBOCTH OYIET ONpeNensTbCAd MHOMXUTEJEM
e N (V= 0,790. 1075 en® 160.3
XO—W (m) =V, . cM®/MOJIb. ( . )
Taxum oOpasoM, AN AMAMarHHTHOH BOCIPUHUMYHBOCTH HEOHa [10-
JyyaeMm

2.3 2.42 6-30
ANe =1%o {(10—ol,o>2+<10—c2,o>2 T } =
=—5,61.10"% cM®/MOb. (160.4)
DTOT pesysbTAaT HAN0 CPaBHUTh C SKCNEPHMEHTAJbHBIM 3HaueHHeM
KNe = —6,7-107¢ cM3/MouIb.

OTMeTHM, 4YTO BKJaJ OTIENbHBIX 104000J0UYeK B JHAMAarHUTHYIO
BOCIIDHHMYHBOCTb HEOHa [T. €. BKJaj OT Tpex uieHoB u3 (160.4)]
COOTBETCTBEHHO COCTABJSAET

y(l,5)=-—0,05, % (2s)=-—1,46, % (2p)=—4,10-10"% cmM*/MoJb.

Kak Mbl BHINM, camasi BHeEIIHAA 004060JI0YKAa BHOCHT HAHOOJbLIKHA
BkJaaja. K coxanenuio, A4a 3JeKTPOHOB 3TOH MOA000/I0YKH  3PdeKT
9KPaHUPOBKH, OYAyuYd OueHb GOJbIUMM IO BEJHYHMHE, HEJOCTATOYHO
XOpOLLO H3BECTEH IKCIEPHMEHTAJLHO.

3agaya 161. Cuant Bau-gep-Baaabca

JlBa aTomMa BOJOPOJAA, HAXOLSILLKECS B OCHOBHOM COCMOAHUU, pac-
M0oJI0XKeHbl Ha paccTossHUH R apyr ot apyra. Cudras sipa aToMoB
TNIOKOSILIUMUCA, TOKa3aTh, YTO B MEPBOM [OPALKE TEOPHH BO3MYlle-
HHil SHEPrHsl B3aHMOJEHCTBUA aTOMOB paBHA HYJIO H UTO yYeT BTO-
pOro mopsiika TEOPHH BO3MYLIEHHH NPUBOAUT K CHJAM [IPHTHKEHHSA
Ban-nep-Baasnbca. B To#t yacTH raMuJsbTOHHaHa, KOTOpPasg OTBETCT-
BEeHHA 3a B3aMMOJEHCTBHE, OCTABHTb TOJbLKO TJaBHLIE YJeHbl, Mpo-
NOpILHOHAJbHEIE HAaWHU3IUIEH OTpHUATEbHONH cTeneHn R.

Pewenne. [1ycTp moJokeHHe 3JIeKTPOHA | OTHOCHTENbHO AApa a
XapaKTepU3yercs paguyc-BEeKTOPOM F; C KOMIIOHEHTAMH X,, Y,, 2,
a MOJIOXKEHHE 3JEKTPOHA 2 OTHOCHTEJIBHO siipa b-—pajnnyc-BeKTOpOM
F, C KOMIIOHEHTaMH X,, Y,, Z,, 1 NYCTb OCb 2 HaNpaBJeHa IO MHps-
Moi#i, coepuHswowedl sapa atoMoB (dur. 63). [Ipu nokosuxcs aapax
(npubamxkenue Bopua—OnnedrefiMepa) raMu/JIbTOHHAH paccMaTpHBae-
MOH CHCTEMbl UMeeT BHI

H=H+H', (161.1)
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rge omneparop
AR oyt P (161.2)
OINHUChHIBaeT J1Ba HE3aBHCUMBLIX 4TOMda, a OIepaTop ‘
H =St ot (161.3)

OTHChHIBAET HX B3auMojelicrBue. Mbl OGyaeM paccMaTpuBaTh onepa-
Top H’ B KauecTBe sHepPrum Bo3myileHusa. Ecau onepatop H’ pas-

®ur. 63. OtHOCUTeIbHOE PACIONONKEHHE 3JEKTPOHOB X SIep.
BSaPlMO}leﬁCTBPlSI. MOKa3aHHbIe TUYHKTHPHBIMH JIMHHHSMH, BKJIIOYEHBI B SHEPrHi0 BO3MYIIERHA.

JIOXHTh B PS4 O OTPHLATE/bHBIM CTENEeHSM R, NpeanoJaras, 4ro
ry LR u r,€R, TO OCHOBHOH WJIeH passiokeHus GyIeT COOTBETCT-
BOBaTb B32aWMOJEHCTBHIO IBYX Aaunosed al u b2 ¢ MomeHTamu p, =

= -—er, U p,=—er, OcTaB/ss OJUH 3TOT YJeH, OJyyaeMm
R) (p:R
H, =p1R£2—3(p1 ;é(p% ). (161.4)
B xoopaunaTHOH samucH sTa (OpMyJia NPHHEMAET BUJ
2
H =—£—3- (X1Xy + Y Yy — 22,2,). (161.5)

Ona 6yner MCNOJB30BAaTBCS B NOCJEAYIOUWMX BHIYHCJACHHAX.

[Tycte Temepep u,(r) o3HauaeT BOJHOBYK (YHKIHIO aToMa B OcC-
HOBHOM COCTOSIHHH, TOT/@ BOJIHOBYIO (YHKIMIO BCefi CHCTEMbI B Hy- -
JIEBOM MNDHUOJ/IHXKEHHH TEOPHH BO3MYIUEHHH MOXHO 3arHcaTh B BHIE
NpOU3BeJeHH I

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

Msbl nmpeneGperaem cuMMeTpusalmei,, Tak Kak OOMeHHble 5hdeKTH
9KCIIOHEHIHAJILHO YOLIBAIOT ¢ POCTOM paccTOsHus R.

B HyseBOM NpuOMHXKeHHH SHEPIHS CHCTEMBl PaBHA CYMMe SHeEp-
THfi BYX HeB3aUMOJEHCTBYIOIIHX aTOMOB. B mepBoM nopsike Teo-
PHH BO3MYUIEHHH Mbl NOJIKHEI K Hell 1OGABUTb BENMUYHHY

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

Herpynuo nposeputs, 4To 3Ta nompaska AeACTBHTEJBHO PaBHA HYJIO.
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Tak, nanpuMep, B3sB nepeelil uneH pelpaxeHus (161.5), umeem
2 2 2
75 <ULxs | U> =5 gl x| upyr = 5 | [t ) e

OuUrypupyromuil 31ech HHTErpas ONHUCHLIBAET CpejHee 3HAYEHHE KOM-
MOHEHThl JMNOJLHOTO MOMEHTA HEBO3MYLIEHHOr'O aToMa, KOTopoe JJis
cepHUecKH CHMMETPHYHOT'O COCTOSIHHSI PaBHO HYJIO V.

Bo BropoM mnopsnke TeopuH BO3MYLIEHHH NONpaBKa K 3HEPTUH

HMEET BHJ
"1<O|H | n3 2
=% 10 | 161.7
En: E,—E, ° ( )

TJ€ CYMMHPOBaHME BEIeTCA 0 BCeM BO30OYKAEHHHIM COCTOSTHHSIM, a
uHaeKc 0 OTHOCHTCS K OCHOBHOMY coctosinuio. Tak kxak E, > E;, To
BCE 3HAMEHATEJH B 3TOH CyMMe OTPHLATe/bHBIE BEJHYHHBI, MOITOMY
E" <0, u Mexny aToMaMH BO3HHKaeT NpPUTsKeHHe. MaTpuuHbie 3Je-
MEHTH 3aBHCAT OT BeJHUHMHH R~%, T. e. TOJbBKO OT NOCTOSHHOIO
MHOXHTEJNs!, KaK 3T0 BHAHO M3 ¢opmyanl (161.5). Takum oGpasom,
sHeprus E” uMeer BuJ

Eﬂ______g_

R%’

rge C—rnosoxurejbHas nocrosHHas. Ho, Kak XOpolo H3BECTHO,
MMEHHO TaKOH 3aBHCHMOCTbIO 3HEPTMH OT PACCTOSIHHSI XapakTepH-
3YyIOTCSl CHJBl NpUTSKeHHs Ban-nep-Baasbca.

Jlurepatypa

Schiff L. I., Quantum Mechanics, New York, 1949, p. 174—178. (Mmeercs
nepeox: lupgh JI., KpantoBas mexannka, MJI, 1959, ctp. 205—208.)

3anaua 162. OGMeHHOe BBIPOXKNEHHE MNPH HAJMYMH BO3GYXKIEHHS

JBa aromMa BOAOpOAa NOKOATCH HA PACCTOSIHHM R APYr OT Apyra
H HaXOAATCA B pPA3AUYHLIX KBAHTOBBIX COCTOSIHHSIX: OJHH-—B OCHOB-
HOM S-COCTOSIHMH, & APYroli—B BO30YXKIEHHOM -p-cocTosiHHM. Kak
Obl10 NMOKa3aHO B NpeiblIylied 3ajaue, MexKAY aTOMAMH HMEET MECTO

D Ecan 06a aroMa HaxXomATCA B OLHOM H TOM XK€ COCTOSIHMH, TO TaKue HH-
TerpaJsl Bcerja ofpamalnTcs B HYJdb, H S-COCTOSIHHE HE fIBJseTCS B 3TOM CMbICJE
HCKJ/IIOUeHHeM (CM. TaKXe CJAeAyiomylo 3ajauy). Jlaxke B caydae JBYX BO36GYXKIAeH-
HBIX COCTOSIHMH (PYHKLHSA |z, |2 3aBHCHT OT yIJIOB Kak KBajpaT chepHYeCKOH rap-
MOHHMKH, KOTODHIH MOXKHO pa3JOXKMTb Ha CyMMy cdepHYeCKMX TIapMOHHK OLHHX
uemtolx nopsakoB. Ho B NogbIHTErpaibHOM BbIPAKEHHH HMEIOTCH €lie KOOPAHHATHI
X, y WaH 2, NPONOPLUHOHAMbHEE CHEPUYECKHM TapMOHHKAM IEPBOIO MOPSIAKA, T. €.
HEUYETHOro MNOpsAJKa, IO3TOMY paccMaTpuBaeMble WHTErpajbl OyAyT PaBHHE HYJO
B CUJY OPTOrOHAJLHOCTH C(epHYeCKUX TrapMOHHUK UYEeTHHIX U HEYETHHIX MNOPSAKOB,

4 N 1172
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AMIIOJIb-AUNIONBbHOE B3auMojeiicTBHe. YOenuThes, 4TO Tenepb Aaxe
Ha OOJIbIIHX PacCTOSIHUAX, TAe MNO-NPEXHeMY MOXKHO He YYHMTHIBAThb
nepeKphHiTHE BOJHOBHX (YHKUHH, NEPBHIH INOPSNOK TEOPHH BO3MY-
IeHWH JaeT HeHYJeBOH BKJAA B 3HEPTHIO CHCTEMbI, M BBIYHCJ/IHTD
COOTBETCTBYIOILYIO NONPaBKY K HEBO3MYLIEHHOH 3HEPTHH.

Pewenue. Ilycts |[,m)> o03Ha4aeT BOJHOBYI0 DYHKIHIO OTAEb-
HOTO aToMa B COCTOSIHMH C KBAHTOBBIMH 4MCJaMM [ M m, TOorja oc-
HOBHOE COCTOSTHHe GyjeT OmHChIBaThcs BoOJiHOBOH (QyHkuued |00), a
TPH BO3MOXHBIX p-COCTOSIHHSI — BOJNHOBHIMH (YHKUMSAMH | Im), rae
m=1, 0, —1. BonHoBble YHKUHUH BCEH CHCTEMBl B HYJEBOM IIpH-
6nvxeHud OYAyT HMeTb BHI MNPOU3BENEHHH, W Mbl UX 0CO3IHAYUM
yepes

|00, Im> wu |lm, 00, (162.1)

OpHYeM rieppasi mapa KBaHTOBBIX YHCEJ 3]eCh OTHOCHTCS K I€pPBOMY
aToMy, a BTOpasi lapa—&KO BTOPOMY.

Oneparop (161.5) Ml mo-mpexHeMy OynxeMm paccMaTpHBaTb B Ka-
yecTBe 3HEPruH Bo3mylleHHA. Bpoas ob6o3naueHust

E=x+iy, Et=x—iy, (162.2)
€ro MOXKHO 3anucatb B BUIE
H' = 5 (8.8 + &8, —42,2,). (162.3)

Oneparop (162.3) nuHe#iHO 3aBUCHT OT KOOPAMHAT KaxKAOT'O 3JIEKT-
poHa, H, CJe10BaTeJbHO, €ro MaTpHYHble 3JEMEHTHl, BBIYHCJ/EHHBIE C
nomoieio GyHkunit Tuna (162.1), 6yayT OTJIHYHBL OT HyJsl TOJIBKO
B TeX CJyuasiX, KOTAa B HHX KOMOHHHDPYIOTCA S- H pP-COCTOSIHUS IJIA
060UX 3JIEKTPOHOB OJHOBpPEMEHHO V. DTH MaTPHUYHblE 9JeMEeHTH HMEIOT
BH]

<Im,, 00| H'|00, Imy> u <00, lm,|H’|1m,, 00.

B cuay OunjuHeidHOH CTPYKTYypn onepatopa H', onpene/jsieMoro
(162.3), UX MOXKHO NpEICTaBUTb B BHJE CYMMbl NpPOW3BENEHHH Mar-
PHUHBIX 3/EMEHTOB OTJEJbHBIX ATOMOB:

) .
<lm,, 00| H’ |00, 1m2>==2LR3(<1ml|g]00> <00 | & | Imy> +

4+ <1m, | €] 00> <00 | & | 1m,> — 4 <1m, | 2] 00 <00 | z| 1m,>). (162.4)

D MoxHO 6bBLT0 6B paccMOTpeTh JoGble COCTOSSHHS € UETHBIM M HEUeTHBIM

U"=1+1, ganpumep p- u d-cocTosHuA. DTO, OJHAKO, NPHBOAUT K HM3MEHEHHIO BOJA-
HOBHIX QyHKuUMA (162.1).
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O6o3navasi uyepe3 f,(r) paAuHa/ibHyl0 4acTb BOJIHOBOH (QYHKIHH OT-
JeJbHOTO aToMa H moJarast AJs [POCTOTH

- 0( Py (r) F, (r) dr, (162.5)
noJyyaeM CJEAyIOUIHi pe3yJbTaT [/ MaTPHYHBEIX 9/JEMEHTOB, (UTY-
PHPYIOLIMX B NpaBoH uactH ¢opmyanl (162.4):

¢<11|E]00y = ——i:ro, O0|E|1—1) =— ]/—%_ro
A—118100s =— }/ Zr,, <00l 1= Zr,,  (162.6)

<10]z]00>=V3ir0, <00|z| 10> = 1/%,0'

ITpu Bcex Apyrux KOMOMHAUHAX KBAHTOBBLIX YHCEJ 3TH MaTPHUHbIE
3JeMeHTbl 00pallalTcsl B Hy/lb. TaxkuM oOpa3oM, HMeeM

<lm,, 00| 7[00, > =
2
gRr:( 61 my 1 mg-}— 6 1, m,a 1,meg™ 60.m160,m’)- (162.7)

Mbl BHAMM, UYTO MaTPHUHBIH sjeMeHT (162.7) OT/IHUEH OT HYJISI TOJIBKO
OpH YCNOBHH M, '=m,.

Bce ecTh BOJIHOBBIX (PYHKUHMH HyJeBoro npubauxenus (162.1)
NpUHAAJIEKAT OJHOMY H TOMY K€ COOCTBEHHOMY 3HAUEHHIO, U YTOOBI
HalTH OOMPaBKY K SHEPrHH B NEPBOM MOPALKE TEOPUH BO3MYILUEHHH,
Mbl JOJIKHBI PeLINTh cekyJspHoe ypaBHenue. Ecam E’—wuckomas
nonpaeka, a QyHKLUHH HYJEBOr0 NPHGJIHKEHHS PacIONOXKEHB! B HHXKe-
CJIEAYIOIIEM MOpSAKe:

100, 113, |11, 005, |00, 105, |10, 005, |00, 1—1y, |1—1, 005,

TO Hallle CEKYyJ/sipHOe ypaBHeHHe GyleT HMeTb BHI

—E" e 0 0 0 0
ve —E 0 0 0 0
0 0 —E —%.e 0 0
0 0 —4/.8 ——E? 0 0 |= 0, (162.8)
0 0 0 0 —E e
0 0 0 0 e —FE
rae
2,2
&= Shr- (162.9)

3T0T onpele/uTe/]lb MOXHO DasJOKHUTh Ha TPH ONPEJENHTENS BTO-
poro nopsiika, YTo CYIIECTBEHHO YIPOULAET €ro BhUUCAeHHe, Pe3yib-
TaThl PacyeTOB IPHBEAEHBI B HHKECJeyiolmei TaGJuue.

4*
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Cocrosinue A B;géx;u:{%z;)sm? goHB}:(I;‘){ ? E
Hg 1 |00, 11> |11, 00> + 2/48
II, 1 100, 11> —] 11, 00> —2/5e
Zg 0 |00, 10> 4|10, 00> —4/3e
Zy 0 |00, 10> —]10 00> +4/5e
Hg —1 100, 1—1>-F}1—1, 00> —+2/ge
I, —1 100, 1—1>—|1—1, 00> —2/qe

3zech A o3Hauaer cyMMy KBaHTOBBIX YHCEJ m A8 OGOHX aTOMOB H,
CJIeJ0BATENbHO, XapaKTepH3yeT I[IPOEKUHI0 MOJHOT0 OpOHTaJbHOrO
MOMEHTa 3JIEKTPOHOB HAa OCb MOJEKYJbl, a A4 KJaccUDUKaUH
COCTOSIHHH HCIOJIb30BaHbl O0O3HAYEHHS, MPHUHATHIE B MOJEKYJSPHOH
cnektpockonuy. CuMBoJbl 2 U IT OTHOCATCS COOTBETCTBEHHO K COCTOS-
HUAM ¢ A=0 u 41, a HHAEKCH g M 4 —K YETHbIM H HEUYeTHBIM
BOJHOBBIM ~ QyHKUHsAM. [Ba II-cocTosiHus 06/alaloT OLMHAKOBOH
3HeprHefi, W MO3TOMY BCe elle BprO}KLIEHbI 3TO Ke 3aMeyaHHe OTHO-
cutcs ¥ K AByM Il ,-coctosnusm. Ilocnepuuit cromben B Tabauiue
JlaeT 3Hepruio B3amMoneiicThs E’ B eIMHHIAX €.

Ecun nosb3oBaThcsl aTOMHBIMH €IMHHIAMH, TO BOJZOPOAONOAO0HbIE
BOJIHOBbIe QyHKLHMH [, ¥ [, (cM. 3agauy 67) OyayT UMEeTb BHI

Ve

fo=2e"7, f,= T re='lzr1,
u unrerpa’ (162.5) HETPYAHO BBLIYHCJ/HUTH:
ro=V6-40 (162.10)

Torpa n1s & Ha OCHOBaHMH @opmymax (162.9) HOJIYUHM

16 384 e2a?

rae a,— panuyc GopoBCKO#A OpOHTHI. MBI BHAUM, UTO BO BCEX COCTOSI-
HHMAX 3Heprus B3auMojeHcTBuss E’ mnponopuuoHadbHa R~3. Takum
00pa3oM, Ha GOJIBIIMX PAacCTOAHHAX OHAa yOBIBAET MEAJICHHEE SHeprHu
B3aMMOJEHCTBHA, KOTOpas COOTBETCTBYeT cHJaM Bau-gep-Baasnbca
U nponopuuoHasibHa R~°. 3HaK pacCMaTPUBaEMOro B3aHMOZLEHCTBHSA
3aBHCHT OT COCTOAIHMS CHCTeMbl: B cocrostHusax %, # II, aTommr
OTTaJIKHBaIOTCS, a B cocrostnusax 2, u Il, npurarusaiorcs.

Jlurepatypa

Herzberg G., Spectra of diatomic molecules, 1946, (Mueerca nepeson:
Tepybepe ., CHeKprl 4 CTpOeHHMe JByXxaTOMHbIX MoJekyd, HMJI, 1949.)
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./Tauaézy Jd. 4., Jupwuy E. M., KeanrtoBass mexanuxka, Pusmarrus, 1963,
ctp 329.

Margenau H., Rev. Mod. Phys., 11, 1 (1939).

King G. W., Van Vleck J. H., Phys. Rev., 55, 1165 (1939).

3agaua 163. HeiitpajbHas moJeKyJa BOxopoja

Hafith 3HepPTHI0O OCHOBHOIO COCTOSIHHSI M PaBHOBECHHIH pasmep
HeHATpaJbHOH MOJEKYJbl BOAOPOZA. s pelleHHs BOCNOJB30BaThCA
METOJOM, aHaJIOTHYHLIM METOAY, NPHMEHEeHHOMY B 3ajaue 44 K vony H .

Pewenune. B npubamxennn Bopua—Onmnenrefivepa, Korga noJo-
JKeHHus fAfep 3aHMKCHPOBaHHI, paccMaTpuUBaeMasi 3ajava IpejicTaBJser
coboit mnpobaemy 1Byx Tten. CHaGauB sAxpa (IpPOTOHbLI) UHAEKCAMU
a u b, a 31eKTPOHb — HHAeKcaMu | ¥ 2, MBI MOXeM 3amucarth ra-
MHJBTOHHAH (B aTOMHBIX €lMHHIAX) B BUIE

He=—g (4 +— (ot t s ), (163.])
rie R-—paccrosiHue Mexay sjapaMH. B npenesibHOM cJydae OueHb
60/bIUKMX PACCTOAHUA R BOJHOBas (YHKHHS CHCTEMBbl JOJIXKHA TNpH-
HHMaTb BHJ NPOH3BEICHHs BOJHOBBIX (QYHKLIHH OTAENbHLIX aTOMOB.
Ecau ssextpon 1 Haxoaurcs BGJIH3U fJpa @, & 3JEKTPOH 2-— BOJAU3H
sapa b, To Mbl UMeeM npoussenenue f(r,,) f(#,.), €CaAH XKe NOMEHSTH
3MEKTPOHbl MeCTaMH, TO HMeeM npousBeneHue f (ry,)f(r,.). Ilpu ko-
HEYHBIX PAaCCTOSHMAX R pasyMHbIM npub/anxkeHdHeM OyneT JuHeHHas
KoMOHHanuA ABYX TaKuX npoussenenuii. Y3 coobpakeHuil CHMMETpHHU
C/IEIYyeT, YTO BOJHOBYIO QYHKLHIO OCHOBHOI'O COCTOSIHHSI MBI JOJIKHBI
BbIOpAaTh B BHJE CHMMETPHUYHOH KOMOUHALHH:

UL2)=a ([ (Fu) [ (Fo) +F (7)) [ (Fa2)]- (163.2)

3aMeTHM, YTO IPH STOM CIIUHBI 9JEKTPOHOB B COOTBETCTBHU C [PUH-
uunom Ilaynu 6yayT anTHIapasenbsbl. AHTHCHMMETPHUYHYIO KOMOU-
HallMIO, KOTOPas TaKxke SBJISAETCS pelieHHeM, HO He IPHUBOIUT K NpHU-
TSKEHHIO MEXJy aToOMaMH W K 00pa30BaHHIO MOJIEKYJB, MBI pac-
cMaTpUBaTh He 6yJeM.

[Tocse moacranosku ¢yukuuum (163.2) B ypasuenue [lpexunrepa

HU=E-U (163.3)
¢ ramusbroHnanoM (163.1) mosnyyaem
F (£ [(r) +Fra) Flro) + [ — e — S — Bt ] F(r) F(ru) +
+F(#3) [ (F) 1 () F (P + [ — o — - — E | X

X[ (re) F(re) =0, (163.4)
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rae AJs NPOCTOTHl BBeNEeHO 00O3HAUYEHHE:
1 1

Fra) =(—5 V1= ) Fra): (163.5)

[ToneficTByem Ternepb Ha JeBylO 4acTh ypaBHeuus (163.4) onepatopom

§an, Cdu,fo () 1* (o). .

(bynkuusa f npennosaraercs HOPMHPOBAHHOMH) K BBEJEM OGO3HAYEHHSA:
IJIl HHTErpaJja INepeKkphiTHS

S={ 1 (ro) Frp) dy; (163.6)
AJIs1 KYJIOHOBCKHX HHTErpaJioB
& = (o1} (r) 2dx, (163.7)
Hu
6 = ({17 (ra 1 (ry0) P dridny (163.8)

JAsi OOMEHHBIX HHTErpaJios

6= (ra) fry dr, (163.9)

& = (VP ra) Fra fr) P (ri) dridey; (163.10)
AJaa IBYX OCTaBLUHXCH naferpa.nos
A= () F(r,)dr, (163.11)
A" = 2 (r ) F (ryy) dar,. (163.12)
C yueroM yKka3aHHBIX o6o3HaueHHil noJyyaem

204+ A'S) =26 +ES)+ (6" + &) = (E— ) (1+5Y, (163.13)

HJH

_gA+AS 2@B+EN- B +E), |
E=27t G — o +4.  (163.14)

[TpuMensisi TOT Xe MeTOA, KOTOpBLA OblJ HCIOJL30BaH B 3ajaue 44
npu paccMoTpeHud vona HY, Mel Teneps moJoxum

fr)= /ge—vx (163.15)
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Cayuawo y=1 COOTBETCTBYeT BOJHOBas (PYHKLUHS OCHOBHOTO COCTOS-
HHUsl aToMa Bojopona. Mol 6yieM cuuTaThb BEIHUHHY Y BaDHALHOHHBIM
napaMetrpoM PuTia H noneiTaeMcs NOJNYYHTb HECKOJLKO Jyyllee npuo-
avxenue. Hcnosbsys siBublil BUA ¢yHxuun (163.15), Mbl B cooTser-
cTBUH ¢ paeencTBoM (163.5) Haxoxum

Fira)=(—5v+5=2 ) ra),

Tq1

TaK 4ro tenepb uurerpasel (163.11) u (163.12) 6ynyT paBuu

A=—gy+10—1), A=—3yS+E—18E. (163.16)

Jlasiee MOXHO MNOKa3aTh, YTO HHTErpaJl NEPeKpPLITHA S 3aBHCHT TOJIbKO
OT KOMOMHAUMH NepeMeHHbIX

p=7vR, (163.17)

KOTOPYIO Mbl MOXXEM HCHOJL30BaTh HApsAy C BEJNHYHHOH Y B Ka-
yecTBe BTOpOro napamerpa Purua. Bee octanbhble HHTErpadast €, €,
&, &' nponopuHoHANbHBE Y, NO3TOMY MBI MOXKE€M HanucaTh

€=1€(p), 6 =v6(p), &=v8 ), & =76 (p). (163.18)

B stux o6osnauenusix sueprus (163.14) npmmmaeT“ BHJ

E=—ay+by, (163.19)
rae BeJHYHHbI
2(1+8)+4SE — (B + &' 1
a(p)=2UTEEREE L) (163.20)
U
1 —S824-25§
b(p)z——-l—fgi—@ (163.21)

3aBHUCST TOJbKO OT [apamMerpa Q. SHeprm 6yIL€T MHHHMAJbHA, €CJIH

BbINIOJIHACTCA YyCJ0BLHE
0E
S=—at27=0,

HJIH
V=155 (163.22)
Torga uckoMoe MHHHMAaJbHOE 3HauyeHHWe 3HeprHu OyZAeT paBHO

a2

E=—2. (163.23)
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Ham octanocs Beluucauth nsate uuterpasoB (163.6)—(163.10).
Tpu u3 Hux OblIM Haigensl B 3ajaue 44 gas Hj:

=(1-0+07)e,
€= 5 [1—(1+p)e],
E=(1+p)e-r.

Heckonbko cioxHee wuHTerpatl %', HO H €ro MOMKHO BBIYHUCJIUTDH
9JieMeHTapHBIMH MeToaMH. C 3TO# Le/bio MPH BHIIOJIHEHHH MEPBOFO
HHTETPHPOBAHUS IO KOOpJAMHATAM BTOPOTO 3JIEKTPOHZ HaJ0 BBECTH
cepHUeCKYIO CHCTEeMy KOOPAHHAT C HAyaJoM B siipe b U IOJIsIPHOI
OChblO, HaNpPaBJIEHHOH [0 panHyc-BeKTOPY Fp,, TOIJA HETPYAHO MO-
KasaTb, YTO

1 1

...2rb2 . p—
=) re dt, =8 (ryy).

[locnenyromee MHTErpHpOBaHHE NO KOOpAMHATAM NEPBOTC 3JEKTPOHA
OPHBOAMT K YK€ BBIUHCJEHHBIM HHTerpajiamM, TOJbKO HEKOTOpbie U3
HUX COMEPXKAT B 3KCIHOHEHTe JHIUHHA MHOXKHTedb 2. OKOHYaTesb-
HbIH pe3yJsbTaT MMeeT BHJ

Zr 1 11 3, I\ 2p
€ —;[1—(1+§P+TP +§P>e .
JleficTBUTe/IbHBlE TPYZHOCTH CBfA3aHBl C BBIYHCJEHHEM OOMEHHOIO

HHTerpajga ¢, KOTODbA Heslb3s CBECTH K 3JeMEHTaPHBIM (QYHKUUAM.
PeaysbTaT nHTErpHpOBaHus, BIEPBHE MOJyueHHBIH Caruypoi, MOKHO
3anucaTth B BHJe

o 5 23 3
&= (f-Fo-So—ie)emrgn,
rne
¢ (p) =S5 (p) (Inp +C)— 8% (—p) E, (40) +2S (p) S (—p) E, (20),

a uepe3 £, (z) o0o3HaueHa HHTErpaJbHas 3KCIIOHEHTA
N-<)
e-t
k4

Herpynno y6enntbesi, 4to npu GOJBIIMX 7 HHTErpaj &' BeLeT Cebs
KaK e~ U uTO B NpejesbHOM ciyuae p=0 ou pasen & (0)=>%/,
B INOJIHOM COTJIaCHU C TeOpUeil OCHOBHOTO COCTOSIHMS aTOMa e,
AJSi KOTOPOTO PAacCTOsIHHE MEeXJIy NPOTOHAMH PABHO HYJIO (CM. 3a-
nauy 154).

6Pe3yanaTm YMCJ/IOBbIX DACYETOB COBPaHBl B NPHBOAMMOR HHKe
Tabaule.
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o % ~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 i,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

DHeprusi CBSI3M MOJEKyJbl JOCTHraeT MaKcHMyma BOJIH3H TOYKH
R=1,46 aT. ex., 4TO COOTBETCTBYET pPaBHOBECHOMY pPaCCTOSIHHIO
R,=0,77 A (3kcnepumeHTajbHoe 3HaueHne pasHo 0,742 A). Duepruio

mojekyanl E=—1,139 cJaeayer cpaBHHTb € CyMMapHOH 3Heprued
ABYX HEB3AUMOJEHCTBYIOIMUX aTOMOB BOAOPO/A, HAXOAAIUXCA B OCHOB-
HOM cocToAHuy, 2E,=—I1. Ecan o0603HauuTL 35HEPrHi0 HYJEBbIX

KosebaHuii MosexyJsl yepe3 1/, iw, TO SHEPTHIO AHCCOLMALUN MOXKHO
Oyurer 3anucaTb B BUJIE

D=2ED-<E g ﬁm):O,lSQ —+ o,

YroGpl HafiTH SHEPTHIO HYJEBLIX KOJieGaHHiH, MOXKHO BOCIOJb30BaThCA
TOH Ke Ipouenypol, uto u B cayyae uoHa Hf (samaua 44), npasaa,
Terepbp Halla TabJHna olpejessier allpoKCHMHPYIOHLYIO SHepreTH-
yeckylo napaboJiy 3HAYHTEJNbHO MeHee TOYHO. TakuM 00pa3oM MEI
moJiyyaeM ¢ TOUHOCThIO 10 +=5% 3uauenue 0,010 at. ex., uan 0,27 3B,
KCTOpPOE [MOJIHOCTbIO COTJIACYETCS € JKCIEePUMEHTaJbHbIM 3HAUEHHEM
ho =0,54 5B. Orciona Anst SHEPrHH JAHCCOMMALUU HAXOLHM

D=0,138 ar. ex.=3,75 3B,

B TO BpeMs KakK [0 3KCIepHMEHTaJbHbiM JHaHHbM D =4,45 3B.
CorJiacue MexJy TeOpHElH H 3KCIIEPHMEHTOM HE CJ/eAYeT CYHTATh CJAHLU-
KOM IIJIOXMM O NPHYMHAM, KOTOPLIE Mbl Pa3biACHUJM B 3anaue 44,
re aHaJOrHyHas CHUTYyalusi paccMarpuBanach aasi voma Hi.

3amesanue. Chefyer OTMETHTb, YTO NMapaMeTp y ¢ POCTOM BeJIHUMHE R (#au p)
cTpeMuTCS K efuHuue, a QYHKUHs f—K BONHOBOH (DYHKIHH OCHOBHOIO COCTOSIHHS.
B nepBonauanbioM metofe [afitiepa— JloHAoHa 5TO 3HaueHHe WUCMOJb30BAJIOCHL Ha
NPOTSAKEHUH BCEro pacuera, TaK YTO TaM He 6bLIO BTOPOro BAPHAIIHOHHOrO Mapa-
meTpa y. B stoM rpy6oM npubavKenuyn AJisi SHEPruM IMCCOUUALHH U PAaBHOBECHOTO
PacCTOSHUSA MEXIY AApaMH TOJYdalHCh COOTBETCTBEHHO 3Hadenus 2,90 sBn 0,88 A.
Bce Bospacraromue 3HaueHHsl napamerpa ¥, OnpejeJsieMble COTJIacHO Haiell Tabuanie
npy agnabaTHUeCKOM COJIHXKEHHH JIBYyX aTOMOB, OMHMCHIBAIOT CTATHBAHHE S/IEKTPOH-
HbIX BOJHOBBIX (YHKUHMIl B mpouecce o0pasoBaHusi MOJEKY /bl
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3anaua 164. PaccesiHe OJMHAKOBHIX YaCTHI{

[Tyyok yacTHI| C 3aPSANOM € CTAJKHBAETCH C MOKOSIIEHCS MHLIEHBIO,
CocTOsIIEH M3 YaCTHI{ TOro e copra. Kak cpasHUTL YrJoBoe pac-
npejesieHHe CTaJKHBAIOMUXCH YacTHI, OXHAAaeMoe B KJ/AaCCHYeCKOH
¢du3uKe, C yIrJIOBbIM paclpeieleHHeM, MOJYUYEHHBIM C -HOMOIbIO KBaH-
TOBON MEXaHHKH, €CJIH HPH BHIBOZE MOCJEJHEero YUYHTLIBAJACh CUM-
MeTpHsA BOJHOBOH (GYHKUUM? PaccMOTpeTb 3TOT BOIPOC IJIsI CTOJIKHO-
BEHUS HENOJ/IAPHU30BAHHBIX 4YacTHIl co cnmuHoM 0, 1 u /.

Pewenne. Amnaurtyna pe3eppOpIOBCKOrO pacCesiHusi B CHCTEMe
[eHTpa Macc CTaJKHWBAIOUUXCS 4acTHU Oblja mosydena B 3afade 110.
Ona umeer cnenymowui BHA:

L g O
—h(‘ In sin? r

f(ﬁ)_—z—k;e n"——m——, T]o:F(l—{—lK*) “641)
2
Bennuunbl ®* ¥ k* OTHOCATCA K CHCTEME IIEHTPA Macc, NpuueM
IO, ' AN .
i, k=7, E'=5, (164.2)

rae m*—InpHBeNEHHass Macca JBYX OAMHAKOBBIX 4acTHIL, m*=1!/,m.
OrtHocuTeNbHAs CKOPOCTh U HE 3aBHCHT OT BbHIGOpA CHCTEMhI OTCUETa,
Mo3TOMY JJs1 BeJHYHH %X, B W E, orHocsmuxcs X JaGopaTopHO#
CHCTEMe, MOXXHO HalucaTh

* * l
x*=x, k*=§k, E =7E. (164.3)
Orciona caenyer
)
—iulnsm'?
f(ﬁ)=——%eeinae————6——, Mo =T (1 +ix). (164.4)
sin2?

¥roa paccesinus B JabopaTopHoll cucteme © cBf3aH C ymom pac-
cesiusi O B cHCTeME LEHTPa MacC COOTHOLLEHHEM

®=§ﬁ. (164.5)
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CnejoBaTe/bHO, A1 3/€MEHTA TeJIECHOTO yrJsa MOXHO HamHCaTh
do=2nsIn%d¥=2n-4cos OsinOdO =4cos OdQ. (164.6)

C yuerom 3THX 3ameuaHHii AuddepeHunabHOe ceueHHe pe3epdopaos-
CKOTO paccesiHdsl NpHHHMaeT B Ja0OPATOPHOH cHcTeMe BH[

dOR 2 1
4cos@( ) g (164.7)
rae
% e? e?
®F T m® 9E°

Haxe ¢ TOUKM 3pEHHS KJaccH4YecKOoil MeXaHHKH sTa (GopMmyJa
HYXJa€TCsl B CYILECTBEHHHIX HchpaBJeHHsAX. [lelicTBUTENIBHO, ecJH
o0e CTaJKHBAIOIHECs YaCTHIbI OAHHAKOBbLI, TO PACCEHBAEMYIO YACTHILY
HeJb3sl OTJIHUMTL OT YacTHLBI, BHIOHTOH W3 MHLIEHH: 00e OHH AAIOT
paBHOLEHHbIA BKJajJ B cedeHHe paccesHHd. Tak Kax, COTJIacHO COOT-
HoweHHio (164.5), crajxuBalolldecs yacTHUB! pasJ/ieTaloTcs NOX Nps-
MBIM YIJIOM, TO 4YacTHLA, BEHIOHTas W3 MHILEHH, JIETHT MO YIJIOM
n/2—© K HanpapJeHHI0 INajawlero nyyka, a BMecTo (opMyJibi
(164.7) Mbl pOMXHBI Hamucarhb

oo 40050 (£ ) (5 + ) (164.8)

HiMeHHO 3TO KJ1accHYecKoe BhIPaXKeHHe CJeflyeT CPaBHHUBATh C KBAHTO-
BOMEXaHHYECKHMH De3yJ/IbTaTaMH, KOTODbie OYAYyT NOJYYeHbl HUIXKE.

CorsacHo 3aKOHaM KBAHTOBOH MeXaHHKH, MBI JOJIKHBI CKJajbl-
BaTb HE MHTEHCHBHOCTH (T. €. s(peKTHBHbIE CEUeHHSs), a AMIIJIUTYALI.
ITyctb u () — HeCHMMETPH30BaHHAs BOJMHOBasi (QYHKIMS B CHCTEME
IIEHTpa Macc, a ¥ — pagvyc-BeKTOP OTHOCHTEJbHOTO MOJIOXKEeHHS yac-
THLL. ACHUMITOTHKA BOJIHOBOH QYHKUMH, €CJIH OTBJICULCS OT JOTapud-
MHUYECKOT0 HMCKaXKeHHs (asbl, HMEeT BUI

ik*
ezkr

u(r)y— e*"z 4 f(o

r

®UrypupyIollyl0 B 3TOM BBIDaXKEHHWH MJIOCKYIO BOJHY MOXHO 3alTH-
catb B BHJe
oik* (21—2,)

[TocsienHee BhIpa)keHHE ONMCHIBAET JBE YACTHIlBI, IBHXKYILIHECH BJOJb
OCH 2: OfHa JBHXETCA CO CKOPOCTbIO 1/,0, a APYyrasi—co CKOPOCTHIO
—1/,v. Ecau BBecTH cloia MHOXHTE/b, OMHCHIBAIOWIUH JABUIKEHUE

LeHTpa Macc
eik* (2,+24)
’

TO y Hac HOJYYHUTCS NJOCKas BOJHA
k2 — plkz,
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OMHUCHIBAIOIIAN JBHMKEHHE dvacTuubi | (Haserawoollas yacTHlA), IPH
3TOM yacTHLUA 2 (4acTHlla-MuUileHb) OyIeT HaXOAHTbCH B COCTOSHHU
noxosi. [IpuBenenHnie paccyAeHHs OTHOCHJIUCH K HBeCUMMETPH3OBaH-
HOH BOJIHOBO# (D)YHKIHH ABYXYacTHYHOH cHcTeMbl. UTOOBI IPOH3BECTH
CHMMETPH3AlHIO, Mbl JIOJDKHBI 3aMEHHUTh u () Ha

u(r)+8u(_r))
rae
g=—+1.

Hasi chepuueckoll BOJIHBL B aCHMITOTHYECKOM BHIPAXXKEHUH BOJHOBOH
GyHKLHHM 5TO O3HayaeT 3aMeHy f () Ha

f(®) +¢f (n—19).

OrmeTuM, uYTO BeJHYHHA r OPU NEPEXONe K CHMMETPH3OBAHHOMY
BHIDAXKEHHIO OCTaeTcsi HeusMeHHod. TakuM o06pa3oM, HCIOJb3YA
Buipaxenue (164.4), umeem

. ~i{x In sin’——g— —i% 1n cost %
[(®) +ef (n—0)=—-—e2im0 +el T (164.9)
sin? 5 cosz§- .

U caefosatenbHo, Popmyna (164.8) a1 KaaccH4YeCKOro cedyeHHs pac-
cestHUSl 3aMeHsercs Tenepb QopMyJIoH

do e2 \a| g=inInsin®© g% Incost © |2
m:4COS®<W> sin? © +8 cos2 @ 1 (164'10)

KOTOpasi MocJe 3JeMEeHTapHBIX NpeoOpa3oBaHHil NMPUHHMAeT BHJ

p . | | 2 cos —eiln tg’G)]
o €2 \2 v
dQ =4cos Q(mﬁ) sin @ + cos40+8 sin? © cos? 6 ) . (164.11)

MBI BUAMM, 4TO OT KJAcCHUECKOT'O BbIpa’KeHHs MoJyyeHHas ¢opMmyJa
OT/IMYAeTCSl HAJHYHEM HHTepdepPEeHLUHOHHOro 4Hcaa. YToOk CpaBHUTD
KJ/IACCHYECKYI0O U KBAHTOBYIO (OPMYJIbl s nupdepeHnnalbHOro ceue-
HHs paccesiHHsI, YIOOGHO DaccMOTpeTb OTHOLIeHHE

d 2tg2 0 cos <)Tji In tg26>
0 v
T =1t ENLS (164.12)

B saksoueHue Mpl JOJ/IKHBI DElLINTb, KakKas 4acTb MEPBHYHO He-
HOJIIPU30BAHHOIO MYYKa OMHUCHIBAETCA CHMMETPHUHON aMIJuTyLOH,
a xakas —aHTHCHMMerpuuHofi. Ecsn o6e craskuBaoiuuecs YacTHIbI
ABJSIOTCA (pepmuonamy CO CHHHOM !/, Ka)kpaa (LBa I[POTOHA HJH
JBa 3JeKTPOHA), TO MX [0JiHAs BOJIHOBash (YHKUHUS [0JKHA OBITh
AHTUCUMMETPUYHOH, U NMO3TOMY CHMMETPUYHOE IO CIHUHY U aHTHCHM-
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METPHYHOE 1O [POCTPAaHCTBY TPUIMJIETHOE COCTOsHHE OyAeT ydYacTBO-
BaTb B paccesHuH C BecoM 3/,, a obJajaioliee MPOTHBOINOJIOKHOH
cMMMeTpueli CHHIJIeTHOe cocTosHHe —c BecoM !/,. Takum obGpasowm,
nMeeM

3 1
dG:TdG_ —5—74—d0+,
rie HHIEKCHl 4= COOTBETCTBYIOT ABYM BO3MOMKHBIM 3HAUEHHAM BeJIH-

uynnbl & B dopmyse (164.11). CnenoBartenbHO, B 9KCIIEPUMEHTAaX C He-
N0/ PA30BAHHBIMU [1yYKaMH

Ssd»m:_%‘}'%:_';“
u
o | tg? @ cos <—;—3 In tg26)
o= 1— = . (164.13)

I'paduk stoit PyHKUMH AJs1 Cayyas paccessHHsl NPOTOHOB Ha MPOTO-
Hax npu sHepruu E =100 xaB rmnokazan Ha d¢ur. 64. [lpakru-
yeckn 100 k3B —>310 TO HauGosbllee 3HaueHHE 3HEPrUd, NPH KOTO-
pOM B paccesHUM eile He MOfABJA-

I0TCS  CKOMbKO-HUOYIb  3aMETHBIM Y N

06pa3soM aHOMAJIMH, BO3HHKAIOILHE N 7
6sarogaps  KOPOTKOJEHCTBYIOUIMM T \

SEPHBIM CHJIAM TPHTSKEHUS MEX- /

1y mpoTOHamu (cM. caenyiouwyio A

3ajauy). B paccmaTpuBaeMoM Hamu " g

cayuyae x=0,50. Kpome Toro, Bbl- ' )
paxenne (164.13) ne mensercs npu N S S
samene © — n/2—0, nosToMy mpH 0° 15° 30° 45° 60° 75° 90°
BbIUMCJIEHHSIX JOCTATOYHO OrpaHH- @ ur. 64. PaccesHne AByX ONHHA-
YUTBCHA HHTEPBAJIOM yrJ0B KOBBIX (epMHOHOB.

e O Y . Ilokasana yrJyioeasi 3aBHCHMOCTb OTHOUIE-
0 < S == 45°. Ecan NepeHTH X Cy HHSI KBaHTOBOI'O K KJIACCHUECKOMY ceue-

IIeCTBEHHO 6oJiee HH3KUM SHEPrusM, puio. B okpecTHocTsax 0° w 90° mmeercs
6eCKOHEYHOE YHCJI0 YOBIBAIOWHAX MO amm-

BEJIMUMHA %X MOXKET CTaTb HACTOJb- AuTyZe ocimananuA

Ko 0OOAbILIOH, YTO B paccMaTpu-

BaeMoMm uHTEpBaJje y PyHKunu cos (x Intg?®) noABUTCA HECKOJBKO

ocuumasnuii. Jns ouenb GosblIMX 3HAUEHHH BEJHUMHBI % 3TH OCIHJI-

Asiiud OYAYT HACTOJBKO OBICTPBLIMH, 4TO UX Hesab3fl OyAeT PaspeluuThb

3KCMEepPHMEHTA/bHbIM NYTEM, U CeyeHHe paccesiHus OyAeT ONUCHIBATHCSA

KJaccuueckoll opmy.Ioi.

Ecau cTajKuBaloMecad 4YaCTUUbl $BJAIOTCA 0030HaMU W CIHUH
KaxJI0of M3 HUX paBeH HyJIO (HanpuMep, ABE «Q-4aCTUULI HJIH [1Ba
7-ME30Ha), TO BO3MOXKHO TOJBLKO [POCTPAHCTBEHHO CHMMETPHYHOE
cocTofiHue ¢ e=-- 1. Pasymeercs, s o-uyactun e? HeoOXOZUMO
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3ameHuTh Ha 4e¢?. Ecan xe ofe uacTuubl sBJsl0TCA OO030HaMH H
CNHMH KaxkJO¥ M3 HHUX paBeH | (Hanmpumep, ABa [IeHTpOHA), TO BO3-
MOXXHbl CIIMHOBBIE COCTOSIHHfl C CYMMapHBIM CIHHOM 2 (Bec 3/y),
1 (Bec 3/,) u 0 (Bec !/,), npHyeM B NEePBOM H B MOCJEAHEM CAyyasx
BOJHOBasi QYHKUHA NO/MKHA ObITh INPOCTPAHCTBEHHO CHMMETPHYHOM.
Takum o6pasoMm, HMeeM

5 1 3 1
cun=(§+4) 3=+ 4

H 2
J tg? O cos (% In tg? 8)
a v
55.(—,,=1+§ TFigi® . (164.14)

3amewanue. CHMMETPH3OBAHHOE KJaccuueckoe Bhuipaxenue (164.8) Bnepe
6bli0 Mcnoab3oBaHo B paGote [Hapsuna [Darwin C. G., Proc.-Roy. Soc., 120A,
631 (1928)). BuiBox KBaHTOBOMeXaHHUeCKOH GopMyJnl npHHanjJexut Motry
[Mott N. F., Proc. Roy. Soc., 126, 259 (1930)]. 3SxcnepumenTajbHas npoBepKa
aTol (GOPMYJ Bl NPHMEHHTEJbHO K PACCESHHIO Q-4acTHU Gblsa ocyuwecTsiena Ysa-
BukoM [Chadwick J., Proc. Roy. Soc., 128A, 114 (1930)], a Taxxke Biskertom u
Usmnuenom [Blackett P.M.S., Champion F.C., Proc Roy. Soc., 130, 380 (1931)],
a Jasa npotoHoB ato clenan leprsen [Gerthsen C., Ann. Phys., 9, 769 (1931)).

3apaua 165. AHomajbHOe paccessHHe NPOTOHOB Ha MPOTOHAX

[Tpu sueprusix, npessiiaroutx 100 k3B, B paccesAHHH NPOTOHOB
Ha NPOTOHaX HAUMHAIOT NOSBJSTHCS aHOMAaJHH, O00YCJOBJEHHBE Ha-
JMYHEM KOPOTKOAEHCTBYIOIUX SAEPHHBIX cHA nputskenusi. Onucats
5TO aHOMaJbHOE paccesiHHe C MOMOLIbI0 JOMOJHUTENbHOTO CABUra
¢dasel 6, napuuaabHoil BosHbl ¢ {=0.

Pewrenne. Be3 yyera cuMMerpu3anuu BOnpoc 06 aHOMAJIbHOM pac-
CeAHHM 3apsKeHHBIX YacTHIl paccMaTpHBaJiCsl HaMH B 3ajave 112.
CornacHo noJyyeHHbiM TaM pesyJbraTaMm [dopmyaa (112.5)], amnan-
Tyla paccessHHs B CHCTEME lIEHTPa MacC CTaJKHUBAIOUIMXCS YaCTHIL
HMeeT BHJ

1 s O
,v(ﬂ):____”_ﬁfe"“‘“ T ga(ete—1). (165.1)
2k*sin2~2— !

Jlna nanbHeiimero yaoOHO BBeCTH 0003HaueHUs
F(8)=Fg () +f,, (165.2)

rie nepBblii 4JeH ONMHCHIBA€T pe3epdOpPLOBCKOE paccesiHHe, BBI3BaH-
HOe KYJIOHOBCKHM B3aMMOJEHCTBHEM, a BTOPOH 4/ieH

fo= g (€0 —1) = K eitosin 8, (165.3)
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npeiCTaB/seT Co60H aMIUIMTYAy aHOMAaJbHOIO pPacCesiHHs. Y YHTHIBAf
jaJjee, 4To

kr=ah, +9=0 (165.4)

W YTO, COTJIaCHO pe3y/bTaTaM IIpelbiAylied 3ajauH, CHMMeTPH3alUHf
NPUBOJAUT K COOTHOLIEHHIO

to=1c0s0 [T @) —f@a—O) [+ |F(®) +F@—B) |, (165.5)
MBI [10JIy4aem
=405 | 3|72 (®)—Fr(n—)[: +
+ 71 Fr(8)+ fr (v—9)+2f ] . (165.6)

Taxk Kak amMnauMTyla aHOMajbHOrO PaccesiHMs He 3aBHCHT OT yrnia O, TO U3
nepBoro ujneHa QopMmyasl (165.5) ona Bemajaer. 3ameuarteNbHO, YTO Aake 0pH
6o/iee BBICOKMX 3HEPrusix, KOrAa B aMILIMTYAy aHOMaJbHOroO paccesiuust [, HaioT
BKJIaJl COCTOSIHMS C BLICLUMMH 3HAaYCHHSIMH MOMEHTa H KOrjga

@®
1 - :
fa=sgigs 2, @b+ 1) e (W= % —1) P (cos B),
i=0 N
HH OJHO M3 COCTOSIHUH C 4YeTHbIM [/ He JaeT BKJsaja B TpHHJIeTHblﬁ qﬁEH H HH OAHO

M3 COCTOSTHHE ¢ HeueTHBIM [ He JaeT BKJaja B CHHIVIETHBIH 4/ieH. JTOT pesy.abTaT
fABJISIETCS NPAMBIM CJeJCTBHEM COOTHOLIEHHS

Py (cos (it —§)) = (—1)* P, (cos ).
Takum 06pasoM, B CeYeHHE pacCCesiHHsi AAIOT BKJAl JHIIb Te HJEHb, KOTOpble
COOTBETCTBYIOT COCTOSIHHSIM
1§, 3p, 1D, 3F, 1@G, ... .
DToT pesyJbTaT HAXOAHTCH B MOJHOM COrJacHd C npunuunoM [laysu, ecau ero

NPHMEHSATH [0 OTAEJNbHOCTH K KaXIOH H3 napuHajbHBIX BOJH (cocTosihms 3S, 1P,. ..
3anpelyeHbl).

Beipaxenne (165.6) HeTpyaIHO mpHBECTH K BUAY

40 —acos @ {|p ()2 +] fr (1—) P—Re [f5 (8) fi (v—9)] +
+ Re [f,fp (0)] + Re [fofp (n—0)] +|/, [} (165.7)

B nepBofi cTpoxe 3nech cOOpaHbl 4JleHbl, OOYCJOBJIEHHLIE KYJOHOB-
CKHM paccesHHeM; OHH MOAPOGHO paccCMaTPUBAJUCh HAMH B IIpeibi-
nyieil 3agaue. Bo BTOpOHl CTpOKe HMeEIOTCS JIBa Y/€Ha, CBs3aHHBIE
¢ uHTepdepeHnUell KY/JIOHOBCKOTO H aHOMAJIbHOT'O PacCesiHUs, H YieH,
00yCJ/IOB/ICHHEI! COGCTBEHHO AHOMAJIbHBIM paccesiiueM. Ecan Bcnowm-
HATb SIBHBIL BHJ aMIVIMTYA fp 4 f,, TO 9TH TPU NOC/AEAHHE ujeHa
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HeTPYAHO BBIYHCJHTB:

e[faf;;(ﬁ)]=—%?—226—%C05(60+%11’1811’12 0),
Re [f.f5 (n—9)] = i’: z;r;fé cos (6, + % In cos? 0),
[fal? =—Sm 8,

OGbIuHO BBOJMTCS OTHOLIEHHE CeyeHWH paccesHHA

do
=G (165.8)

rje dO'c O3HaudaeT CeuY€HHE KYJIOHOBCKOIO pacCesiHHhsA, BLIBEJEHHOE
B Npenpifyllell 3ajaue [4JeHbl, CTOsIME B NEPBOH CTPOKe (POPMYJIbI
(165.7)]. Mol umeem
_2 sin 8, [cos (60—[Tx21n sin? 8)+cos 6o+ uzln cos? @)J +iz sin? 6,
R=1+ X sin? © cos? @ % )
1 cos (% In tg? ©)
sin4 @+ cos?® sin?@ cos? O

(165.9)

R(55°) Dro#t GOpMYJIOH MOXKHO IOJB30BATBCH [0
o'k TeX NOp, NOKa He UrpaeT poau 2P-pacces-
HHe, T. €. JO TeX IOop, MOKa 3Heprus mpo-
TOHOB HE MpEBBIIAET HECKOJbKO MaB.

Uz dopmyanr (165.9) caexyer, 4yro aast
yriaoB ® =0° u © =90° orHoweHnue R = 1;
IJ15 3THX YIJIOB KOHEUHbIHl BKJIaJ aHOMaJb-
HOI'O paccesiHusl [MOAaBJAETCS CHHIYJsIp-
HOCTBIO, HMEIOILEeACA B KYJOHOBCKOM pac-
i cesHHuu.
0° 20° 30° Bosee BaxeHn aHaju3 BbIpaXKeHUs 14
BeMUUKHHBL R mpu © =45°. B sTom cayuae
HMeeM

P

TTTT T

T

1 l
-20° -10°

8
6
4
2
1
0°

T
@ ur. 65. 3aBucuMocTb OT-

2 .
HOWeHHS (aKTHUeCKOro K R (45°) = 1 — = sin §, cos (8, —In2) +
YHCTO KYyJIOHOBCKOMY Ceue- %

HHIO paccesiHus npy © = 45° 1.
oT ciBura (asbl 8. + 3 sin? 8,.  (165.10)
TNonoxutenbHbM (OGTPHLLZTEJIB-
o fcrero:  [Ipeskie BCEro paccMOTPHM NpUBEJeHHOe
CHIE UPHTSMERHS (oTTankH-  BHIPAXKECHHE JJIS JOCTATOYHO MAJIOH 3HEPTHH
BaHHA)

nporonoB, ckaxem nuaa 200 k3B. Toraa
BequyuHa % ==0,316, T. e. eme JOBOJBHO BEeJHKA, H JONOJHHUTE/b-
HBIHl CIABUT ¢a3b1 paccesinust 8, Oyner oueHb MaJ, NOITOMY BTOpOiA

uied B BeipaxkeHUH (165.10) 3HaUHTENbHO I1PEBOCXOAHT TPETHH UJ/eH,
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i, HaGmojas paccesiHue nojA yrJom 45°, Mul JIeFKO MOXeM pelHTb
BONPOC O 3HAaKe JONOJHHTEJbHBIX CHJ. Ec/aum M HMeeM Jeqo ¢
casamu nputsxkenus, To 6,3>0 u R (45°) < 1, ecaum ke ™Mbl Hme-
eM JeJO C CuJaMu oTrajkuBanus, 10 0,<0 u R (45°) > 1.
DKCIEPUMEHT I[OKa3blBaeT, YTo sAAepHbie CHJbl ABJAIOTCA CHJIAMH
[IPUTAKEHHUS,

[lepefineM Tenmepb K Gosiee BhICOKHM 3Heprusim. Ilyctb, Hanpumep,
E=1MsB (x=0,158). Boluucsennasi no gopmyJe (165.10) saBucu-
MoCTh OTHOIeHHs R (45°) or cusura dasm §, nokasana Ha ur. 65.
Tax KaK Mbl yxke pemuau, urto 8, > 0 (IpuTsKeHHE), TO 3Ta KpH-
Bas OJHO3HAYHO omnpejessier cABUT ¢asel O,, ecau R (45°) > 1,
HvenHo Tak u oOcTouT gnesno B ciaydae E =1 MsB. Tlo gaunnbiM
sKcrnepuMenTa R (45°) =4,6 u, cienosartesbHo, O,=32°. [leiicTBys
TaKUM 0GpasoM, Mbl OJHO3HAYHO HAXOAUM 3aBHUCHMOCTb NOIOJIHH-
TEJILHOTO cIBHra ¢asel paccesiHusl §, OT 3HepTHH.

C nomoupio ¢opmyssl (165.9) w HafigeHHBIX 3HayeHHH 8, M
MOXKeM TelePb BLIUMCJIMTb OTHOLIEHHe R /s JPYTHX YIJOB paccesi-
HUsl M MOJIyYeHHble TaKHM IyTeM YyIJIOBble paclpenesieHus JJsl Kaxk-
JIOTO 3HAUEHHsd 3HEPruy CPaBHUTb C JAHHBIMM 3KcrepumeHnra. Tem
caMbIM TeopHusl monBepraercst GoJsiee TatesbHOH mpoBepke. Kax oka-
3a/10Cb, TEOPHS H JKCIEPHMEHT NPEeKpPacHO COrJIacyloTcesl Apyr
C JIpyrom.

Jlureparypa

Blatt J. M., Jackson J. D., Rev. Mod. Phys., 22, 77 (1950),
Fliigge S., Ergeben. exakt. Naturwiss., 26, 165 (1952).

3anaua 166. Heynpyroe pacceanue

Tlyyox NpOTOHOB CTAJIKUBAETCA C MHULIEHBIO, COCTOALLEH U3 ATOMOB
eJIOYHOTO MeTaJsuia. PaccMaTpuBaf B3auMOACHCTBHE MEXAY OPOTO-
HOM W aTOMOM B KaueCTBe BOSMYLICHHs, HAHTH CEueHHe HeYMmpyroro
paccesiHusl, COMpOBOXjamoUleecss BO30YXK/JIEHHEM OINTHUECKOrO 3JeK-
TpoHa. CuMTaTh, YTO ONTHYECKHH 3JEKTPOH MEPBOHAYAJbHO HAXO-
IUJICST B CBOGM OCHOBHOM cocTOsSHHH. OTHauy aTOMHOrO OCTOBA He
VUHTBIBATh (6ECKOHEUHO TsKeJI0e $1po).

Pewenne. Ml 6yjieM N0JIb30BaThCA aATOMHBIMU enukyuuamu (=1,
e=1, m=1) U 00603HaYMM TNOCPEICTBOM F, H F, DAZUYC-BEKTOPHI
COOTBETCTBEHHO IIPOTCHA H 3JeKTpoHa. Toraa raMu/bTOHHAH MOXKHO
[IPeJACTaBUTb B BHJE CYMMBI TPeX CJaraeMbiX:

H=H,+H,+H,, (166.1)

rae nepsoe cJjaraemoe,

Hy=— 55 V4, (166.2)
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ONHKCHIBAaeT CBOGOAHOE [BHXKEHHE [POTOHa Macchl M; BTOpOe ciia-
raemoe,

Hym— L9147 (), (166.3

OTHCHIBAET JBHKEHHE ONTHYECKOTO 3/IEKTPOHA B [10JIE aTOMHOT'O OCTOBa
M Tperbe cJjlaraemoe,
1

H,=-—V (rl)-m, (166.4)
OMMCHIBAET B3aMMOJEHCTBHE [IPOTOHA C ATOMHEIM OCTOBOM H MOJABEp-
raloumuMcsl BO3GYXKIEHHUIO ONTHYECKHM 3JIEKTPOHOM. DTO MOCje[Hee
c/jaraeMoe raMHJIbTOHHAHA CJIeJyeT pacCMarpuBaTh B KauecTBe BO3-
MmyuleHus. Takodl noxxox K 3ajaye NpaBOMEpeH JMIb O TeX MOp,
NOKa 3Heprus MPoTOHA He CJHIIKOM BeJHKa M OH He MOXeT BO36y-
IHTb HH OJHOTO 3JIEKTPOHA aTOMHOI'O OCTOBA.

O6osnauum uepe3 u, coOCTBEHHYIO QyHKUHIO onepartopa H,, npu-
HaAJexaulyro coOCTBEHHOMY 3HaueHHo W, (34ech HHAEKC V CTOMT
BMECTO COBOKYIHOCTH KBaHTOBBIX uuceJ n, [, m, npudem 3HaueHue
v =0 OTHOCHTCA K OCHOBHOMY COCTOfIHHIO). Mbl uUMeeM

Haouy (r) =Wyuy (r,). (166.5)

Tlycts nasee fik ecTh MMMIyJIbC HaJIeTAlOWEro NMPOTOHA, TOTAA B HY-
JIEBOM MOPSIIKE TEOPHH BO3MYIUEHHH, T. €. B NpeHeOpe:KeHUH onepa-
topoM H,,, pewenune ypasHenus llpeavnrepa Oyner umerb BHJ

Uo(ry, ry) =e*ru, (r,). (166.6)

Bo/nHOBYI0 (YHKIHIO MepBOro MNPHONHAKEHHS MOXXHO DAasOXKHTb [0
NOJIHOA CHCTEME OPTOHOPMHPOBAHHBIX (YHKUMH {uy }:

U (ry, 1) =e®reuy (1) + 3 Fo (ry) u, (1), (166.7)
mn

31ech 3HaK CyMMBI CJjelyeT NOHUMAThb KaK CyMMHPOBaHME [10 COCTOS-
HUSAM JHCKPETHOTO CNEKTpa M HHTErPHPOBAHHE MO COCTOSIHUSAM Henpe-
PHIBHOTO CNIEKTPa, a IUTPHX O3HAYAET, YTO CYMMHPOBAHHE HE pac-
NPOCTPAHSETCs HAa cocTosiHHe ¢ u =0,

[ToncraBass Boipaxenue (166.7) 8 ypaBuenue [lpeauurepa, mo-
Jgyuaem

Zu’ {Vng. + [k2-2M (W — Wo)] FM_QMHIEF“ P (ry) =
:2Mlee[k'r‘uo (ry).

B nepBoM mopsiike TEOpHHM BO3MYLIEHHH Mbl MOXeM npexebpeus B Je-
BOH 4aCTH 3TOr0 ypaBHeHHs ujeHoM ¢ H,,. BBoxs oGosHauerue

w=k—2M (W, —W), (166.8)
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MBI, TaKHUM OﬁpaSOM, noJsaydyaem
DAVIFu (1) +RE Fu ()} uy (1) = 2MH ety (r,). (166.9)
n

YMHOXKaf MOC/TeLHee ypaBHEHWe Ha QYHKUMIO u (F,) M HHTErpH-

pya MO NEpPEeMEHHOH r,, NPHXOAHM K COBOKYIHOCTH HE3aBHUCHMBIX
aubdepeHnnanbHblX ypaBueHu#i naa ¢ynkouii Fy:

ViFy + k2Fy = Dy (1), (166.10)
rape
Oy (r,) = 2Mens § u? () Hoqu, (7)) dor,. (166.11)

Kaxnoe u3 ypasuenuit (166.10) npencrapsser coGoli HeopHOpOaHOE
auppepeHuraibHOe  ypaBHEHHE W €ro MOXKHO pELUHTb C IOMOLIBIO
¢yukuun I'puHa, T. e. Mbl HMeeM

1 tkvlr,—r’
Fy (r1)=—ﬁjﬁ—~——®v(r)d3r (166.12)

Yro6bl noNyuutb GoOpMyJy AJNA CeYeHHs] pacCesiHHsi, Mbl JOJIKHbL
Ternepb HCCJENOBaTh aCHMMNTOTHYECKOe IoBeAeHHe peleHus (166.12)
npu r,— oo. Hurerpan B Bbipaxenuun (166.11) naa dynkuun
@y (r,) npu GosblIMX 3HAYEHHAX 7, yOblBaeT Kak 1/r%, Tak Kak orme-
patop H,, mpencraBnser coSofi 3SHEpPrHio B3aUMOIEHCTBHS NpPOTOHa
C HEATpaJIbHLIM aTOMOM H, COTJIacHO paBeHcTBY (166.4), crpemutcs
K —(r,-ry)/r} npu r,>r,. TakuM o6pa3soM, HaJHuHe MHOXKHTE/S
@y (r') B moabiHTErpasbHOM BhipaxkeHHH (166.12) npakTuyecku orpa-
HUYHBACT pa3Mephl 06/1aCTH HHTETpHPOBaHHA pasmepamu atoma. [lo-
5TOMY NpPH 7, — 0O MOXHO MPEANOJOXKHTb, YTO 7, >r’ H, cJjejo-
BaTeJsbHO,

eikv ry

4nr,

Fv(r1)""’_

g\e-lkv 7’ cos(ry, 1) o, (r’)d-‘ir’_ (]6613)

IMocnennee BhIpakeHHe mpeicTaBiasier coGoil pacxoasugylocs chepu-
YeCKYI0 BOJIHY, KOTOPYIO MOXHO 3alHCaThb B BHJE

ev:

Fy(r) —(9)) (166.14)
rge aMn.nmyzxa paCCBﬂHHﬂ

F0)=—2 (e-ity reosenm @, (7 dor’ (166.15)

sBJaserca QyHKUHeH yrJaa, Ha KoTophlii paccenBaercs nporoH. Orciona
caenyer, uro AHdpepeHUHAJNbHOE CeyeHHe HEYIPYTOro paccesHusi
IIPOTOHA, CONPOBOXKJAIOUIEECH IIEPEXOJOM OINTHYECKOTO SJEKTpOHA
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B UIEJIOYHOM MeTaJjie B COCTOdAHHE v, 6yﬂe'r pPaBHO
k
do==2|f (9, [dQ,. (166.16)

MHoxuteab ky/k nossJaserca 3jech H3-3a TOro, UTO CKOpPOCTb pac-
CEsHHOTO [POTOHA, a CJeJ0BaTe/IbHO, U CBsI3aHHAs C HUM MJIOTHOCTD
TOKa BEPOSITHOCTH MEHbIlle COOTBETCTBYIOULHX BEJHYHH, OTHOCSIIUXCH
K HaJeTawleMy HOpOTOHY. JT0T BBHIBOL Cpa3y ke cJeiyeT H3 ¢op-
MyJabl (166.8), ecqu ee WHTEPHPETHPOBaTh KaK 3aKOH COXDaHEHHS
SHEprHHU.

OcraHoBUMCsl Tenepb HECKOJIbKO MOjApoOHee Ha Bomnpoce 06 yrio-
BOM paclpeJeJieHHH HEYNpYro paccesiHHbIX NpoToHoB. [Ipexae Bcero
BeeneM B akcnoHeHTy (166.15) Bektop Ry, HampaBJieHHMEe KOTODPOIO
COBIaJaeT C HallpaBJeHHEM BEKTOpa r,, MOJIOXKUB

kyr'cos(ry, r')y=Fky-r'.
Hcnoabsys coorHowenusn (166.11) u (166.4), nosnyuaem
) = — g { dorreieryrr

XS Uy () {— % (r,)_—l_r’—lrﬂ} u, (r,)dor,.

OueBuano, yto ujeH ¢ V(r’) He nacT BKJajza B HEyNnpyroe pacces-
Hue (v==0). PopmajbHO 3TO CJeAYyeT W3 OPTOTOHAJBHOCTH (QYHK-
uuit 4y, a Quslivecku O0YC/OBJEHO TEM, YTO B3dUMOIEHCTBHE MNpo-
TOHa C aTOMHBIM OCTOBOM He MOXeT HPHBECTH K BO3GYKIEHHIO
9/IEKTPOHA, KOTODBHI He fBJIAETCA 4YacTblo 3TOTO OCTOBa. Bpoas
JaJnee nepejaHubld umnydasc Ky = k—=Fk, , nonayuaem
. . Ky -r
’('\?'1)=72/‘—4£(S\d3f2uv (r,) u, (r,) Sl—er,Tr?'—dar’. (16617)
[Tox 3HaKoM BHYTPEHHEro WUHTErpaJia CTOHT BblpaKeHHe, COCTOA-
(iee U3 JABYX COMHOXHUTeseH, KaXKibli H3 KOTOPbIX MOXHO pasJio-
KHTb B PAA N0 CPEPHUECKHM TapMOHHKAM, 3aBUCAILHM OT YIJOB
¥’ u U, COOTBETCTBEHHO MEXAy BeKTopamu K, u ' W BeKTOpamu r,
ur:
iK_.r i N
eV =g S 2 VIR D i (Ker') Y, ()

' (=0

#
1 - 4n .
o= 2 Vom RV 00,
rne
1 r’\n ,
) <

R,= " (166.18)

| ra \” ,
el Syl B r>r,.
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Buifupasi Hanpas/JeHne Bekropa K, B KaueCTBe HANPABJEHHSA IIO-
AApHOK ocH cdepuuyecKoil CHCTEMbI KOOPAHHAT, MBI MOXKEM I[IpHMe-
HATh K yHkumu Y,  (0;) Teopemy cuioXKeHHs CHEpPHUECKUX Tap-

MOHHK:
+n
’ 4 * 14 ’
Vo)=Y g1 22 Yin(@®, @) Y0 n(®: ),

rae 9, @' U ¥,, ¢, COOTBETCTBEHHO C()epHUECKHE YIJIbl BEKTOPOB r’
u r,. Tenepb BO BHyTpeHHeM HHTerpaJe B dopmyse (166.17) MoxHo
NPOU3BECTH HHTEFpHPOBaHUE N0 yrJjam. Ml uMeeM

tl(’v
lf —71 | = & _ZS K r l/ 21+1 LII(KV )R[Yl‘o(ﬁz)dr’-

Bocnoab3oBaBuIMCE 0003HAUEHHEM

TR &)
g (ry)= ]/21+1 t’ofr F R, Rar, (166.19)
Bmecto (166.17) nonyunm
F(0) =20 [ (r) uo(r) X g, (7) Ve, o () d¥r.. (166.20)

Unrerpan (166.19) Bouucasercs touno. B3sB B KauecTse mnepe-
MEHHOH HMHTErPUPOBAHUS BEJHUHHY y= Kyr’' U noaoxus x=Kyr,,
¢ yueroM coorHolueHu# (166.18) maxozum

gi(r)=} 2,411 i{X"“lSxy’“iz(y)dywdFy“i;(y)dy}-
0 X

[locsiegnue HHTErpaJbl XOpOLUIO U3BECTHH M3 TEOPHH OecceseBbixX
¢yHKUUHA:
X
Py . .
{41 dy = 22,0 (0,
0

®

Cotiydy=xti,_, (0,

X

TaK 4YTO BbIpa)KeHue, cTosiiee B (PUIYPHBIX CKOOKax, OKa3blBaercs
paBHEIM

Joag )+ fim1 () =214 1)]}_)(:_‘_).
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CaefoBaTtesibHO,

g (r) =V I @ I)i‘j'(—;‘—’r-ri). (166.21)

y'2

B pacuere amnauTyab paccesnus (166.20) moxuo cienaTh eme
OAMH miar. Msl 3HaeM, YTO COCTOSHHMA 4, CONEepXKaT B KayecTse
MHOXHTeNs cdepHuecKylo TapMOHHKY. Tak Kak OCHOBHOE COCTOs-
HHE U, He 3aBHCHT OT YTJIOB, TO NOJA 3HaKoM HHTerpaJa B (166.20)
CTOSIT NPOU3BENleHNsl Pa3JHUHbIX nap cdepruyeckyx rapMoHuk. B cuay
OPTOTOHA/MLHOCTH [IOCJEAHHX OT cymMmbl, durypupyowei B (166.20),
HocJ€ KHTerpUPOBaHHSA OCTAHETCS TONbKO OJMH uJeH. YuuThiBas
naJjiee, 4To

1
”VEZXM 1(r) Y, (B @) (166.22a)

(ocb KBAaHTOBaHUA HalpaBJieHa Mo BekTopy Ky) U uTO

o= 7= (72), (166.226)
nonyqaeM
oM K
F O =l 8, VAT it | 200y () vl dry. (166.23)
K5 Kyre

0

CocTossHUA! € pas/MYHBIMH 3HAYEHHSMH KBAHTOBOTO YHCJA /M Bbi-
poxneHbl. IIpu Heynpyrom paccesiHMM ONTHUECKHH 3JIEKTPOH MOXeT
NIepeiTH TOJILKO B TaKoe BO30YKAeHHOe COCTOAHHE, KOTOPOE SIBJSETCS
JUHedHO# KOMOUHAIHed 3THX BBIPOXICHHBIX COCTOSHHHA M B KOTOPOM
MPOEKUHS MOMEHTa KOJHYeCTBA [BHXKEHHS Ha HampasJieHHe mepe-
JaHHOro wuMmnyJibca K, paBHa Hy/Mmo. YTo KacaeTcs KBaHTOBOTO
yucaa /[, To 3mech HHKAKOro mpapHJa orbopa He cylecTByer. B 3a-
KJIOYeHHe CJeyeT OTMETHTb, 4uTo amnautyaa (166.23) nefictBurensHo
3aBHCHT OT yrJja paccesHus O, Tak Kak OT 3TOro yrJja 3aBHCHT
peJuyuHa Ky:

K2 =k - k2 — kb, cos 9,. (166.24)

Bxoxsugyio ciofa BeJUUHHY R, MOXHO ONpeleJHTh U3 3aKOHA COXpa-
Henusi sHepruu (166.8); or yrama &, oHa, pasymeercs, He 3aBHCHT.

3ameuanue. ITH Ke Pe3yNIbTATHL MOMKHO MNOJNYUYHTh, NIPHMEHHB K DPACCMOTDCH-
HOMy npoueccy sosomoe npasuso Pepmu (cM. 3amauy 183).
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b. Ouenn GoablllOe YHMCJIO YACTML,.
KBaHTOBaf craTHcTHKaA

3apauya 167. daekTpoHHBIKk ras B MerTajne

B rpy6oM npHOJIHXEHHH MOXXHO CYHTaTh, YTO 3JEKTPOHBI MpO-
BOAHUMOCTH B MeTaJ/lie CBOOOAHO JBUXKYTCH BHYTPH IOTEHLHAJLHOrO
fIMKa, CTEHKH KOTOPOTO COBMNAJalT € [OBEPXHOCTbIO, OTPaHUYH-
BAIOLIEH PAacCMaTPUBAEMbli KyCOK M€TaJlla, H NPensTCTBYIOT BHIXOMY
3JIEKTPOHOB IpPOBOAMUMOCTH M3 Hero. [i1a Kycka cepebpa (miot-
Hoctb 0 =10,5 r/cM®, aTomMHbii Bec 108, oauH 3/1€KTPOH MpoOBOAH-
MOCTH Ha OAMH HOH aroMa cepebpa), HMeiouero ¢opMmy Kyb6a,
HalTH

a) MakCHMaJbHYyI0 3Hepruio { 3/eKTpoHa, KOrja paccMaTpuBae-
MBIl 3JIEKTPOHHbBIA a3 HaXOQUTCS B OCHOBHOM COCTOSIHMH,

6) CpeIHIOI 3HEPrHUI0 3JIEKTPOHOB,

B) AaBJIEHHE 3JEKTPOHHOI'0 Fasa.

TennoBbiM BO3OyXKaeHHeM npeHeOpeyb.

Pewenne. [lonycTHMble 3HAyeHHA SHEPIHH 3JEKTPOHOB B KYyCKe
cepebpa, umetomem ¢opMmy Kyba, o6beM Kotoporo pasen L3, co-
rJacHo 3ajaue 18, ompeaenstorca dopMyJioi

ki 2 2 2
E———W(n,—}—nz—{—ns), (1671)
rae 1, Ny, N,~—NOJOXKUTe/bHbIE Uesble gucJaa (1, 2,3, ...). B cuay

npunnuna llayau B KaXkAOM COCTOSIHHM, ONMCHIBAEMOM TPOHKOM
KBaHTOBBIX 4YHCea (n,, f,, 7,), UMEETCS [Ba 3JEKTPOHA C IPOTHBO-
NOJIOKHOH opHeHTauue# crnuHoB. Tak Kak B paccMaTpHBaeMoM
KycKe MeTaJJa Mbl [OJ/UKHB pacnpefe/HTh OyeHb GOJIbIIOE YHCJIO
9NEKTPOHOB, TO B AdJ/IbHEHIIEM HaM IpPHUJETCS UMeTb [1e/10 B OCHOB-
HOM C OYeHb OOJIbIIMMH 3HAYEHHSMHM KBAHTOBBIX YHCEJ.

PaccMoTpuM npocTpaHCTBO ¢ KOOpAMHATaMH f,, n,, n,. Kax-
LOH TOYKe C UEJOYHCJEHHBIMH KOOPAHHATaMH, pacoJIOXKEHHOH
B IepBOM OKTaHTE 3TOr0 NPOCTPAHCTBAa, COOTBETCTBYET HEKOTOPOE
coctossuue c¢ sueprueit (167.1). O6o3nauuM uepes 7 pacCTOSHHE OT
HayaJa KOOPAMHAT N0 pacCMaTpHBaeMOH TOUKM Hallero MpoCTpaH-
CTBa, TOr'Aa

n 4+ nd+nk=n2, (167.2)

M MOXKHO HanHucaTb, YTO YHCJO TOYEK MEPBOTO OKTAHTA C LEJIOUMC-
JIEHHLIMH KOOpAHHAaTaMH, 3aKJ/IOUeHHBIX Mexny cdepamu pajuyca n
U n+dn, paBHO

1 k14
= 2 = -~ 12
5 4nn2dn 5 n2dn.
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Jlomemas B Kaxiayl M3 3THX TOUYEK IO JBA 3JEKTPOHA C MPOTH-
BOMOJIOKHOH OpHeHTallWell CIMHOB, TOJydYaeM, UYTO MeXAy 7 H
n-+dn umeorcs mn®dn 3J€KTPOHOB. YUHTHIBasi, LaJjiee, YTO SHEp-
rug (167.1) 3aBHCHT TOJIBKO OT 7!

fizn2 e
E = n? dE = Y

SmLz % ndn, (167.3)

I/ 9HC/a 3JEKTPOHOB, SHEPIHH KOTOPBIX 3aKJIOUeHbl MEXAY 3Ha-
uenusAsMH E u E +dE, HaxonuM copmyary

]/ 2mL2E  mlL?
dN =nantdn=m —ﬁ%;—'—ﬁz—nng,

dN = l/2m VE dE. (167.4)

HJH

a. MakcuMaabHast 3Heprus { 3JeKTPOHA, KOrJa paccMaTpuBae-
MBbIH 3JIKTPOHHBIH a3 HaXOAUTCS B OCHOBHOM COCTOSIHHH, Ompele-
JIATCA MMOJMHBIM YHCJOM 3JIEKTPOHOB mpoBoauMoctd N. Jlag maHHOrO
KyCKa MeraaJa uHcjJo N —@ukcupoBaHHas mnocTosiHHas. Takum
o6pa3oM, umeem

4
N:VQEﬁLiSVEdE. (167.5)
n2hs
0
Ecau BBecTH B pacCMOTpEHNE IJAOTHOCTH
S (167.6)

TO TOrjJa noayyaoTcsi (OpMyJbl, B KOTOpble HE BXOJHT 0GbeM pac-
CMaTpHBaeMOrO KyCKa MeTajijia:

3u2

1 2mg\ %/
(,iz) , (167.72)
HJH

t= -2 @ataryn, (167.76)

[Mockonbky o' =p/M, rae M-—wmacca ogmoro atoma cepedpa
(M=1,80-10"%2T), TO B HaweM cJjyyae

N =5,85-1022 cpm—?

u ¢opmysa (167.76) naeT A MaKCHMAJbHOH SHEPTHH 3HaUEHHE

{=28,80-10"12 s3pr =5,55 3B.
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Ota 3HEPrusl 3HAYUTEJbHO OGoJbllle 3HEPTHH TEIJIOBOTO ABHXKEHHSA
(kT =0,026 3B npu 300 K), nostomy TensioBoe BO3OyxIEHHE MOXKET
JAUlIb OYeHb HE3HAYHTEJLHO H3MEHMTb paclipefe/ieHHe 3JeKTPOHOB
1o 3HEepPrHsM. 10T 3pdeKT, HashiBaeMblH BBHIPOXKIECHHEM 3JEKTPOH-
Horo rasa (depmu-ras), ¢usHyeckH OOYCJ/OBJEH MaJOCTbIO MacChl
3JIEKTPOHA, BXOJsIECH B 3HaMeHaTesb BolpaxkeHus (167.76).

B ofmem cjaydae MakCHMaJbHYIO SHEPTHIO { Ha3BIBAIOT aHepeuell
depmu 3NEKTPOHHOTO rasa.

6. CpenHsisi 9HEprusl 3JEKTPOHOB ONpeleserca (opmyJon

. SEdN
E=3 (167.8)
SdN

orciofa ¢ yuerom (167.4) mosyuaem
£

S VE EdE
E=%—— =3¢ (167.9)
S VEdE

0

B. [laBienue 3/eKTPOHHOrO rasa BCeIla MOXKHO ONpENENHTb, He
npuberasi K TepmopuHaMuKe. [lJsi 3TOro JOCTaTOYHO pPacCMOTPETh
pabotTy, KoTopas NPOH3BOAMTCA OPU YMeHbIUEHHH oObeMa rasa V
Ha BesquuuHy dV:

dW = pdV.

Bcsi sra paGora umeT Ha yBeaHueHHe CyMMapHOH 3Hepruu rasa U
Ha BeauuyuHy dU, mosToMy MOXKHO Hamucartb v

dW =dU.

C npyroit CTOPOHBI, CyMMapHylo 3Hepruio yactul rasa (npu T =0)
MOXKHO 3alucatb B BHIe
3

U=NE=+ NL. (167.10)

CornacHo ¢opmyae (167.76), suepruss ®epMu { 3aBHCHT OT
orHowleHuss N = N/V u, caerosartesbHo, ot obvema V:
v 2dv

_3/ Pod A
UnV=ih, 3 IV

D Benpe npeAnosaraercs, YTO CKaTHe rasa Npou3BOAMTCH afgHaGaTHYECKH.,—
Hpum. ped.



122 1V. Muoeouacmuunsie sadauu. B. Ouens 60abwioe wucso wacmuy

OFClOII& AJ4 JAaRJIEHHS IIOoJdydaeM

2
p=—2U 20 2yt (167.11)

[oacraBasia B sty dopmyay sHaueHHs N H [, ompejeseHHbe Bbllle,
HaXOAUM
p=2,06-101 nun/cmz,

yto coctaBaser npumepHo 200000 atM. 3T0 uylNOBHULHOE aaBJIEHHE
YPaBHOBEIINBACTCA KYJOHOBCKUMH CHJIAMH INDHUTSXKEHHS MEXLY
3JIEKTPOHAMH IMPOBOAHMOCTH M HOHaMH, HaXOISWHMMHCHA B Yy3Jax
KPHCTAJJINYECKOH PeLIeTKH.

3apaua 168. IMapamarHuTHas BOCIPHMMYMBOCTL MeTalna

Jns HyJleBOH TeMmneparypbl OnpefesuTh NapaMarHUTHYIO BOCHPH-
MMYMBOCTb MeTa/sla, paccMaTpPHBas 3/€KTPOHbI MPOBOJAUMOCTH KakK
¢depmu-ras. TlonsipusyeMocTh HOHOB KPHCTAJJIHUECKOH peLieTKH
HE YYHTHIBATb.

Pewenue. CorjacHo pesyspTaTaM npeiblnymiedl 3ajaud, 3J/€KT-
POHBI MPOBOAUMOCTH 06pa3yioT epMu-ras, nmpuyeM nperesbHas sHep-
TUsl 3J7EKTPOHOB (3neprus Pepmu) omnpenensiercsi BbIpax<eHHEM

L= 7’”’; (Bm2N) s, (168.1)

rlie of°—uHuc/0 3JeKTPOHOB NMPOBOAHMOCTH B eluHuUe ofbema. Pas-
HOCTh 3Hepruft AE ABYX COCENHHX 3JIEKTPOHHBIX YPOBHEH HaXOIMTCA
U3 COOTHOMIEHUA

(2nh)3

4qp*Ap = 4nu )/ 2mE mAE ==

(168.2)

Orciona ans ypoBHeH, pacroJIOKeHHbIX BO/M3H 3Heprun depwmu,
noJiyyaem

AE0=—3~W§—,V. (168.3)
JleficTBUTEIbHO, MOXHO HanucaTh
AEONC—‘/’= gsg/’ ’

a BMeCTO ('/* noacraBuTh Buipaxenue (168.1). Ipn nysesoit Temne-
patype Bceé YpOBHH, M Korophlx E < §, 3aHATH napamu 3/4eKTpo-
HOB C NPOTUBOIOJIOXKHO ODHEHTHPOBAHHLIMH CIIHHAMH, 8 BCE YPOBHH,
oisi kotopeix E > [, cBOGOMHDI.
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Ecau Temepp NOMECTHTh MeTaJ/lli B MarHUTHOE MOJie, TO MOXHO
JOGHTbCS BBIATPHIIIA B 3HEPTHH, pas3fe/sisi 3JeKTPOHHBIE [aphl H
OpPHEHTHDYSl CIMHBI KaxJOH MNapbl 3JEKTPOHOB INapaJJiesbHO Mar-
HuTHOMY noyiio SZ. Ecau pasgefeHbl v TaKuX 3JEKTPOHHBIX Nap,
TO BLIHTPBHILI B SHEPTUH, OUEBHIHO, COCTABHUT

eli

2me”

2v.pF, roe p= (168.4)

Pasjenenue 37eKTPOHHOH Mapel, pasyMeeTcsi, BO3MOXKHO TOJIBKO
B TOM CJIyyae, ecjid XOTA Obl OJHH M3 NMpHHaLJeXKaULHX eH 3JeKTpo-
HOB TEPEeBOJUTCH Ha HE3aHATHA ypo-

BeHb, Jexauiu#l Bblle ypoBHa E=C. E . AE

Ho 3To o3Hauaer, yTO BLIMTPHIL B 3HEp-
run (168.4) Tpatutcs Ha yBe/uyeHHe
KMHETHYECKOH  SHePruH  3JIEKTPOHOB. 4E,
O6paruBiiuch K ¢ur. 66, BuauUM, uTO ¢ :‘:€

T

11444

Ha pasje/ieHuHe MNepBoHd mnapbl, T. €. Ha - = = = =
- - s —

NepeBOjl ONHOI'O 3JEKTpPOHAa C CaMmoro
BEPXHEro 3aHATOrO YPOBHA Ha caMblil FBes nons ¢ nonem
HHXKHUH He3aHSTBIA ypOBEHb, Tpe6yeTc§ ®ur. 66, Crn-paan o6nan
sHeprusi AE,, Ha pasiesieHue BTOpO: nosepxHocTH Pepmu, BbI3BaH-
napei—3neprus  3AE,, Ha pa3siejeHue Hblil MATHHTHBIM TIOJEM.
TpeThed mapbl—3Heprusa OSAE, v T. I.

B ofwem cayvae Ha pasfesenue v mnap TpeGyeTcs 3aTpaTHTh
3HEprHuio

[14+3+5+... +(@2v—1)]AE, = viAE,. (168.5)

CocTosiHue paBHOBECHs1 AOCTHTAeTCsA MPH YCJAOBHH, UTO [MOJHOE
H3MEHEHHE 3HEDPI'uH W, BbI3BAHHOE€ MArHUTHbLIM MOJIEM,

' W = —2vp % + v:AE,, (168.6)
HMEeeT MHHUMYM, T. €. )

v _

V= —2u5% + 2vAE, = 0.

Taxkum 06pa3oM, MpH pPaBHOBECHH

YA
v=bZ, (168.7)
IpHYeM
W, —— BT (168.8)

AE,

Ecan [IPOU3BOJUTCS pasjejeHue 6oJbLIero 4YHucJa nap, TO IoJHas
SHEPTrUfA 3JeKTPOHHOIO rasa BHOBbL BO3pacTaer. Hpu paBHOBECUH
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CyMMapHBIi MarHHTHbIH MOMEHT KycKa MeTaJsJa OyZeT paBeH

22
M‘:QV'H:'_PZH9

H, BCIIOMHHasd onpeneJieHue HapaMaFHHTHOﬁ BOCIIpUHMYHBOCTH,
MOXKHO HamnHucaTb

oM 2 (168.9)

YuurbiBasi tenepb cootHomwenus (168.3) u (168.1), Haxonum
X—L<§ﬂ>"’. (168.10)

T damet \ m

Jlng nosyyeHWs 4YHCJOBLIX 3HAYEHHH IJIOTHGCTD SJEKTPOHOB
TNIPOBOJMMOCTH CJIEAYET BBIDA3HTL uepes MJIOTHOCTb MeTraJsJa P, Maccy
ONHOro ero atoma myA (A—aToMHBLIH BeC) H €ro BaJIEHTHOCTH 2.
Mbgl, oueBUJHO, HMeeM

Y
—mHA ’
H, CJeAoBaTe’bHO,

Ynapa = 1,86- 10~ (22}, (168.11)

I'Ipu CpaBHEHHH 3TOr0 pE3yJbTaTa C 3KCNEPUMEHTAJbHBIMU JaHHBIMU
U3 [IOCJEIHHX HEOOXOIHUMO BhIYECTh AUaMaruiuTHyO BOCHOPHUMMYH-
BGCTb HOHOB Kpncmmmecxofa peleTKy.

3ameuanue. B sajave 160 6bina BhiYHC/IEHAa THAMarHHTHAsi BOCNPHHMYHBOCTD
HeOHa, NPAKTHYECKH OHA JOJIXKHA COBMNARaTh C JHAMAHHTHON BOCIPHHMYHBOCTHIO
noHos Na+. Kaxk Gbwio naiizeHo,

Ynpa = —D,61.10~8 cM3/moub.

YuuthiBasi, YTO TJOTHOCTb META/IMYECKOrO HATPHS  COCTABJSIET NPHMEDHO
1 r/cm3=1/23 MoJb/cM3, B NPHHATHIX HAMH €AMHHNAX IOJMyuYaeM

Yama =—0,25-10-8.

C npyro#i croponsl, cornacio (168.11), BKJal 3JeKTPOHOB HPOBOXHMOCTH B 3TOM
ciayuyae paBeH

Xnapa = +0,66-10—6.
Mbi BuauM, yTo ofe BeNHUYHHBI MMEIOT OAHH H TOT e MOPsI0K, NMOSTOMY HeKOTO-
pbie MeTaJsjibl (HanmpHMep, Le3Hil) MOLYT OKaszaTbes Aa)ke JHAMarHeTHKaMH.

Jlureparypa

Ppenkens f. H.,Zs. Phys., 49, 31 (1928). [CM. Takwe Ppenxess 5. H., Bege-
Hue B Teopuio MeTastoB, Pusmarrus, M., 1958, crp. 106 u nanee.— Tpum. ped.]
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3agaua 169. XononHas amMHccHA 6e3 ydeTa CHJA JIEKTPOCTATHUYECKOr O
n306paxeHus

OnpenenuTs NJAOTHOCTb TOK@ 3/J€KTPOHOB, SMHUTTHPYEMBIX MeTa.l-
JAUYECKOH TMOBEPXHOCTBIO NOJN NEHCTBHEM CHJBHOTO 3JIEKTPHUECKOro
nossi &. TemmnepaTypy cCuUHTaTb HHM3KOH, CTPYKTYPy KpHCTaJ/IHye-
CKOH PpeIleTKH, a TaKXke CHJIbl 3/]eKTPOCTaTHYeCKCTO H300paKeHusd
He YUHUTHIBATh.

Pewense. Ilyctb sMHTTHPYIOILAS NOBEPXHOCTH COBHAAAeT C IJIO~
ckocThio z=0. Bayrpu meramna (z << 0) 31eKTPOHBI NMPOBOLHMOCTH
MMEIOT [1OCTOAHHYIO TOTEHIHANbHYIO 3HeprHio V =0, Bue merassa
(z >0) ux noreHuuasbHass 3HEPrHA B OTCYTCTBHE 3JEKTPHUECKOTO

= V=0 —

dur. 67. XonoaHaa 3MHCCHS.

Cae6a: 5MeKTPOHHbIE YDOBHH BHYTPH MeTasjla 3aMOJIHEHbl BIJIOTb A0 3Hepruu depmu J;
cnpasa: Xo[ NOTeHIHNAJa BHe MeTajJia.

nonsi paBHa V,. BHyTpum wmeTanna 3/€KTPOHbI NPOBOAMMOCTH B CO-
BOKyNHOCTH o00pasyloT ¢epmu-ra3 B OCHOBHOM COCTOSIHHH H 3aHH-
MaloT BCe 3HepreTHyeckue ypOBHH BIJIOTb IO YPOBHS, COOTBETCTBYIO-
mwero sHeprun Gepmu . [lpu Hanuuuu 3JEKTPHYECKOTO [OJIS
NOTeHIMAJbHAA 3HEePTHs 3JIEKTPOHOB BHE METaJjla OIMChIBAeTCs
BbIpaKEHHEM

Vi{z)=V,—edz. (169.1)

O6pamasicb ¥ ¢ur. 67, Mbl BHAMM, 4YTO IPH HAJHUMH I10JS BHE
Merassna obpasyercs norteHuuaabuellt 6apebep. Ilycts E, osmauyaer
Ty 4acTb SHEPTHH 3/EKTPOHa, KOTOpas COOTBETCTBYET 2Z-KOMIIOHEHTE
ero CKOpocTH, Torja ans Koshduunenta npoxoxaenus T, paccuuTaH-
Horo B npubauxenun BKD, MoxHo Hamucatb

( o
T=exp |2 % \VV@—E,d}, (169.2)
‘ ; )
rae V (2) onpenensierca dopmyaod (169.1), a
E,= 7w, z(,z—‘/"—;g-f—ﬁ (169.3)

Bripaxenue (169.2) Geicrpo yObisaer npd yOeisanuu E,, a ¢urypu-
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pYIOU.IHﬁ B HEM HHTerpaJ JierKo BBIUHCJ/ACTCA H MbI NOJydaeM

4 Vom s }
=3 V /9 . 169.4
T—exp|—5 - (Vo—E) (169.4
nﬂOTH()CTb TOKa 3JEKTPOHOB MOXHO OIMpeneauTb Mo ¢>opMnye
j=e$0,Tdn, (169.5)

rae dn—uyucso 3JeKTPOHOB INPOBOJHMOCTH B 3JIEMEHTE HMIYJbCHOTO
npocrpanctsa dp,dp,dp,, ortsecennoe k lcm®. [las ¢epmu-rasa
BHYTpH ¢epMHu- cq)epbx T. €. NPH YCJOBHH

P+ pi+pi < 2mé, (169.6)
noJyyaeMm
dp, dp, dp, :
dn=2i—,§3¥—p—, h =25,

BHe ¢epmu-chepsl umeem
dn=0.

Ecan B MMIYJIbCHOM MPOCTPAHCTBE BBECTH UHJIHHAPHYECKHE KOOp-
IMHATH P, @, p, U NPHHATb BO BHHMaHHE, YTO

=pcosp, p,=psing, p*+p;<2mg,
tTo unterpas (169.5) MoxkHO 3anucaTb B BHJAE

Vomt Vemt -5}
i=gwen § dp. [ o (5)Tp,
0

0

IpHYEM BbIlIE HHTETPHPOBAaHHE PAacPOCTPAHSAETCHA Ha BCE JEKTPOHHI,
aast KoTopbix v, > 0. C momoubio BBEJEHHS HOBOH MNepeMeHHOf

e=t—F, (169.7)

nocJaAe HuHA HHTErpaJg ynpoiaercd, U Mbl MoJyyaem

4
1= [eT @ e, (169.8)

rape '
T(e)=exp{— < ’ffi’; Vo—lto)e) . (169.9)

Hns ouenku uHTerpasa (169.8) BocmosibayeMcsi TeM 0GCTOATEb-
CTBOM, 4TO KO3PdHUHeHT npoxoxaenus T (€) UMEeT MaKCHMAJbHOE
sHauenue npu e£=0 (370 COOTBETCTBYeT MaKCHMYMY SHEPTHH 3.e-
krpooB E,=Z{), a sateM no mepe pocra & OblcTpo yG6biBaer. [lo
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3TOff MPHYHHE OCHOBHOH BKJajA B uHTerpas (169.8) naior snektponn
¢ MaJBIMH 3HAUEHHSAMH €, H MBI MOXK€M BOCIIOJIb30BaTbCS Pa3JIOXKEHHeM

(VomT+e)" = Vom0 + 58 Vo) + ... .
Beons Tenmepp 0003HaueHUe
o ¥ 2m ”’” (Vo—0) = (169.10)
HaXOLHM

T=e 3 qexp (—ﬁ%)

4
. Adnem -—aq ge
j=—e °? lSSeXP(_VO—-g)dS'

31ech CHOBa NOABIHTErPANbHOE BhIPaXKeHHEe ObICTPO yOBIBAET C pO-
CTOM €, MO03TOMY, He BHOCS 3aMeTHOH OIUMOGKH, HHTErpHUpOBaHHE
MOXHO pacnpoCTPaHHTb IO 6ecxonelmocm, TaK YTO OKOHYATeabHO

4 2 - —
= S s, (169.11)

Yucaosoit npumep. CormacHo ¢opmyaam (169.10) u (169.11),
NJOTHOCTb TOKAa 3JEKTPOHOB OBICTPO MajaeT ¢ POCTOM pabOThi Bhbi-
xopa Vy—{ ® ¢ yMeHbLIEHHEM HANPS’KEHHOCTH 3/EKTPHYECKOro
nons &. Ecan HanpsikKeHHOCTb NOJI H3MepPATb B BOJbTaX Ha CaH-
THMeTp, paboTy BHIXOJa —B 3JEKTPOHBOJBTAX, a MJOTHOCTb TOKAa—
B amnepax Ha KBajpaTHBIi caHTHMerp, To c¢opmyanl (169.10) n
(169.11) npumyT BHR

Vo—0)™
=1,047. 108 e=> ~
q=1,047-10 e

169.12)
=1,59. 1000 Vo2 e'%“ (
»’ q .

Ecan pesnuuHa ¢ uMeeT MHOPSAAOK 1, TO A/ NJOTHOCTH TOKa CJje-
LyeT OXHIATb 3HaueHHe mopsaka 10'° A/cM:. D10 3HAUMT, YTO MOYTH
KaxIbl 3JIEKTPOH, YyIapsIOIIHHCA O MOBEPXHOCTh, NOKHAAET METaJll.
Pasymeercsi, B 3TOM cCJyyae HH CaMma Monesb, HH NPHOJIMIKEHHbIH
MeTOJ| pacyeTa COBEpLICHHO HenpHrojgHbl. C yBesUYeHHeM 3HAUCHHH ¢
NJOTHOCTE TOKa OBICTPO Majaer, NMO3TOMY Pa3yMHO CNPOCHUTh, 1Jis
KaKMX 3HAueHHi HATPSKEHHOCTH TIOJs NPH pa3HbIX 3HAYEHHSX pa-
60THI BHIXOJA Mbi MOXKEM OXHAaThb NJOTHOCTh ToKa 1 A/cm?? Ilpu-
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BeJeHHas HHKe TabJsuIa JgaeT OTBET Ha 1ocTaBJIeHHbIH BOMPOC:

& =10*B/cum V,—¢=0,0833B
107 0,43
108 2,19

Tak Kak AJs MmerasoB pabora Buixona V,—U& Beersia uMmeer OPSIOK
HECKOJIbKUX 3JEKTPOHBOJBT, TO JJS NOJEH, HaNpAXKEHHOCTh KOTOPBIX
menbiue 10% B/cM, XosoiHas 3MHCCHS JOJI2KHA OTCYTCTBOBaTb. JKCIle-
PHMEHTHI K€ MOKa3BBaloT, YTO [OPOrOBOE 3HAYEHHE HAIPSAKEHHOCTH
noasi uMmeer mopsnok 10°B/cm. Takoe cuabnoe pacxoxjeHue, pa-
3yMmeeTcsi, HeJlb35 OObSCHUTD TENJIOBLIMH BO30YXKACHH MY pepMH-Ta3a:
yueT X II03BOJISieT NOHH3HTb palboTy BHIXOJA Ha BEJHYMHY NOpPSAKA
1/0—1/1003B (kT ~1/303B npu o6blunbix Temmeparypax). Kak
OKa3aHO B  CJeAyIOlleHd 3ajzaye, [OJYYeHHQE HNPOTHBOpeuHe
ylaercsl yCTpPaHUTb, IPHHAB BO BHUMaHHE CHJIbI 3JE€KTPOCTATHYECKOTO
U300paKeHus.

3apaua 170. XoaonHas SMHMCCHAL C Y4eTOM CHJ
3JIEKTPOCTATHYECKOTO H300paxeHns

Bricora norenunanbHoro Oapbepa, NPENATCTBYIOLIETO XOJIOLHOH
SMHCCHH, 3HAUUTEJbHO TOHMIKAETCH H3-32 CHJ 3JIEKTPOCTATHYECKOTO
H300paxeHus. BBISICHHTb, KaK BJHSIOT 3TH CHJIbBI Ha BeJHYHHY MJOT-
HOCTH TOKa XOJIOZHOH 3MHCCHH.

Pemenne. CuJibl 3/€KTPOCTATHYECKOI'O H300paKEHHs] BO3HHKAKOT
BCJIG[CTBHE HCKaXKEHHsI TOBEPXHOCTHOTO 3apsia, BLI3BAHHOrO MpH-
CYTCTBHEM 3JIeKTpoHa B obsiactu 2z > 0. Ecau Benuyuna z sHauu-
TeJbHO OoJibllle MOCTOSTHHOH KPHCTAJJIMYECKOH [EeeTKH, TO Mbl
MOXKEM HE€ IPHHHMATh BO BHHMMaHHE N€TaJH BHYTPEHHEH CTPYKTYphl
METaJsla ¥ paccMaTpHBaTb €ro Kak HeNpepelBHYIO cpely. B 3stom
cJyyae CHJbl 3JEKTPOCTATHYECKOrO M300paKeHHsl PacCUMTHIBAIOTCS
MeTOJaMH KJaCCHUECKOH 3JIEKTPOCTATHKH H Mbl MOXKEM HaIlHCaTh

e2?

V,,3=~Tz—. (170.1)
Iljisi Masblx 3HAYEHHH 2z 3TO BHIPa)KEHHE HEMPHUTONHO: MpH z =0 OHO
NIPOCTO PACXOAHTCS H, CJIEJIOBATE/bHO, TEpSieT (U3HUECKHA CMBICI.
Onnako B fanbHedmieM Mbl GyAeM NOJL30BATbCS NPUBEIEHHBIM Bbi-
paxKeHueM BO BCell 00/ACTH HW3MEHeHHs 2z, JONYCKaeMasi NMpH 3TOM
owKrOKa HE CKaxercsl Ha HAllHX pe3y/bTaTaX, TaK Kak IJIOTHOCTb
TOKa XOJIOAHOH 3SMHUCCHH 3aBHCHT WCKJIOYHTEJHHO OT IIMPHHBI H
BLICOThHI [OTEHUHANBHOrO Gapbepa B TOH 06J1aCTH 3HAUEHHII SHEPTUH,
TAe BBICOTa 60/biie SHEPTHH JEKTPOHA.
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C yUyeTOM CKas3aHHOT'O MNOTEHUHWaJbHast SHEPrus 3JICKTPOHA, KOT1a
OH HAaXOJHTCA BHE METaJJja, HMEET BHJ

V(e)=V,—% —edz. (170.2)

(Ucnoab3yiotes: 0603HaYeHH s NPeAbla e 3ajaul, cM. Takxke (ur.68.)
Boipaxenne (170.2) wunrepecyer Hac Jsuiib B 0OOJACTH MEXAY z,

z

@ ur. 68. Xo/s0RHAR SMHCCHS C YYeTOM CHJI 3JEKTPOCTATHYECKOrO H306paXKeHHS.

0 2,, Tle 2, H Z,—KODHH KBaJPAaTHOTO ypaBHeHHs V (2) =E,. Mu,
OUYEBH/HO, HMeeM

_v —EZ Vo—E,)?
%, O == 1/( 03262) —é' (170.3)
Oda xopHs 6yIyT neﬁCTBHTeanuMH, ecJ/Iv
e < <V°—E ) .

3ameTuM, UTO 3TO YCJOBHE BLINOJHAETCHA Jaxe AJs I0JeH, Hamnps-
JKEHHOCTb KOTOPHIX UMeeT mopsinok 10° B/em. s 6onbuinx 3HaueHHH
HanpsAXKEeHHOCTH BbiCOTa Gapbepa OyneT HuxKe sHeprun depMu sJek-
TPOHHOTO Tasa B MeTajje. B 3KcnepuMeHTax HEMOJb3YIOTCA MOJs,
HanpsKEHHOCTh KOTOPHIX He npesocxoiuT 107 B/cM, nosromy MoxHO
CYHTaThb, YTO

e6< (252, " (170.4)

1 BMecTo pajukana (170.3) B3fiTb COOTBETCTBYIOLIEE Pa3JIOKEHHE.
Takum obpasoMm, umeeM

2
2, = I(V_oe:f‘:j H 2,=2,—2,, (1705)
rae
z0=‘ie“(gi, (170.6)

npuueM z, << 2,. bararogaps cunaM 3JeKTPOCTATHUECKOTO H3006paiKe-
HUSA BepIIHHA MOTEHIHaJbHOro Gapbepa, corJaacHo gopmyse (170.2),

capuraercsi Ttemepb H3 TOuKH z2=0 B TOuUKy z=)¢/4&, a ero BbI-

5 N 1172
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cota paBHa Tenepb He V,, a
Vo—el eé.

Coraacuo ycsosuio (170.4), 3TO NPUBOAUT HE CTOJILKO K TIOHHXKeE-
HHUIO [OTEHIMAJBHOTro Gaphepa, CKOJBKO JesaeT ero BepuinHy Gosee
TI0JIOTOH, W MBI MOXKEM OXKHUJAaTb, YTO MPH NPOYHX PABHBIX YCJOBHSX
KO3hGDHUIHEHT TNPOXOKIEHHS OyIeT HUMETh Tellepb 3HAUUTEIbHO 60Jb-
wyio Beauyuny. [lopropsas paccyX)aeHus npensblayulen 3ajauyn, MOXKHO
yOEeINTbCH, YTO OCHOBHOH BKJaJ B NJIOTHOCTb TOKa XOJIOAHOH 3MHC-
cuu GYAYT JaBaTb Te 3JEKTPOHLI, SHEPIHA KOTOPHIX 6JM3Ka K 3Ha-
venuio E,={. Ilas Takux sHeprufi BesuynHa 2z, =e?/[4 (V,—)] Bo
BCSIKOM CJIyyae He MeHblUe NOCTOSHHOH KPHCTAJMIHYeCKOH pelleTKH,
MI03TOMY HAaJIHYHe pacXOXMMOCTH IIpH z=0 B INOTEHLHAJE CHJI
3NIEKTPOCTAaTHYECKOTO H300paxKeHHA [JJs JaJbHEHIIero He HMeeT
HUKAKOTO 3HAUEHHH.

CuoBa wucnosb3ysi mpubauxenne BKDB, moxno Hamucars pas
KoaddueHTa NMPOXOXKAEHHST BbIpaXKeHHEe BHIA

T=exp]— 2V—z_ﬁ§1/v @—E.dz}.

YuurhiBas jnaJjee, yToO

V(@) —E, =& (2—2,) (2,—2),

F4
noJsyyaeMm

ﬁ’ [ 2—29)(25—2
— v nT —f Y/ E=E=0y,  a0)
2
S1oT MHTErpas OTHOCHTCA K HHTErpaJaM SJUIMNTHYECKOTO THIIA,
H €ro MOXHO BbIPasHTh uYepe3 TalJHuyHBIE HHTerpajsl. Brenem
BMECTO z HOBYIO HEpeMeHHYI0 X=(2—2,)/(2,—2,), B pe3yJbTare
Haul HHTErpaJ mnpeobpasyercsi K BHAY

1 -
P 1—
(2,—2)'r S Vﬂﬁ;—)dx»
0

2y
2,—2z, °

rae

C =

ITosoxxuM paJsiee

DA (170.8)

29
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(1 —&2) sin? @
1—k2sin2¢@ °

TOT1a BMECTO MHTErpaJia, CTOSIEro B 1paBoil yacTH paseHcrea (170.7),
MOXKHO HAamHucaTh

e 2y sin? @ cos? @
‘“kz 5(1 k?sin? )’ /s dgp. (170.9)

B csoio ouepexb 3TOT MNOCJEIHHH HHTErpajs MOXKHO IPEACTaBHTb
B BHJE JHHEHHOH KOMOWHALUHWH JIBYX MOJIHEIX 3JJHNTHYECKHX HHTe-
rpanoB E (k) u K (k):

/2

sin? @ cos? @ 1 r2—g?
S md@—m [mE(k)——2K (k)]. (17010)
0

B cnpasensiBocTH paBeHcTBa (170.10) MoXHO y6eAHTbCS CJELYIOUIHM
obpasoM. Ecau BBecTH 0003HaueHKe
1 —k2 sin? p = A?,

TO IIOJIHBIE JIJNHNTHYECKHE HHTErpaJibl 3aNHIIYTCA B BHAE
/2 2

K (k) = S%‘P—, E (k)= SA dy.

0

Ianee nyrteM AuddepeHUNPOBAHUSA HETPYAHO MNPOBEPHTH CIIpaBex-
JUBOCTb TOXKIECTBA

, sin? @ cos? @ 2—Fk? 2
3k AS = BE(1—k) mat

p ) 1 2—k?
""d—qT [sm ¢ cos (P(Ex"'mn )

Ecnn Temepb NPOMHTErpHPOBATH 3TO TOXKIECTBO MOYIEHHO MO O,
TO B pe3yJbTaTe MOJYUHM COOTHOMIEHHE

/2

5‘ sin2 CPCOS sin®@cos? @ d _k_z(l__E(k) kz K(k),

0

H3 KOTOpOro cpasy caenyer pasencrso (170.10).

CyMmmupys HallH pe3yJbTaThl, MOXKHO 3anucath ¢opmyJsl (170.7)
u (170.10) B BHIE

3 3,
—2V2me InT = z,

5‘

[(2—Fk%) E (k) —2(1 —k%) K (B)]. (170.11)
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dra dopmyna gomyckaeT JajbHelimine ynpoleHHsa. [eficTBuTeNbHO,
7, <L z2,, cnenosatesbHo, k*~~ 1 W mapameTp A MOXHO 3aMEHHTbH
napaMeTpoM :

’ 4
Fi=lek =2 LI, (170.12)

a 3aTeM pa3JioXKHUTb MNpaByld 4wactb ¢Qopmyasl (170.11) B GeicTpo
CXOAAUIHACA psJll 110 CTeNeHS M 3TOro HOBOro mapamerpa. Mul umeem ¥

K(R)=A+5 (A—1) k" +
E(k)=1+§‘—<A—%>k'2+...,

npuyeM Boiie A= In (4/k’). TloacTaBasia ard psiAs! B MPaByio 4acTb
(170.11), maxomum

22 [1+k'z(3—%1 Z;)]z
3

Y
2 s/, 4
=gt [l —g e (pring )]
Ecau 6n1 £'==0, T0 y Hac nosayuusoch 6l AJ kKodhpuuueHta mpo-
xoxnenna T mnpexuee 3Hauenue (169.9), Hakinennoe Ge3 yuera cuJj

3/M€KTPOCTaTHYeCKOro H3obpaxseHnss. OGO3HAyHM 3TO 3HAYEHHE ue-
pes T,, TOraa

T=Ti*, (170.13)
rne

3 ., 1 4
A= (—2—+1n 7). (170.14)

-Ham ocrasioch, ucnosib3ys HoBoe 3HaueHHe Ko3(pHIHEHTA Ipo-
XoxkaeHus T, OLEHHTb HHTErpaJ, (pnrypnpyroumu B hopmyse aas
njotHoCTH Toka (169.8). Kak u B npexpinynieit 3agaue, OCHOBHOM
BKJIaJ B MJOTHOCTH TOKA XOJIOAHON SMHMCCHH JaIOT 5/ICKTPOHBI, JIs
KOTOpPHIX 3HaueHus E, jnexart B6susu touku E,={, no 3Toil npu-
YHHE Mbl MOXEM pasJIOXKHTb BEJHYHHY A B Psiji B OKPECTHOCTH
ToukH E,={, T. €. B OKPECTHOCTH TOYKH €=10, ¥ OTPaHHYUTHCS
B JaJibHeHIIeM YJEHOM, JIHHEHHO 3aBHCAIUM OT &. [IpakTuuecku
3TO 03HayaeT, YTO Mbl IOJIaraeM

'3~ & o 836
kn~<zo >Ez =t~ T(V,—0)p’ (170.15)
a WHTErpHpOBaHHe BHINOJHSAEM TaK ke, Kak u B 3ajaue 169. B pe-

1 Cm. cnpaBounnk: Jahnke E., Emde F., 2 ed., 1933, p. 145. (Vmeetca ne-
»g’;eaon Anke E., Imde ., Jéw ¢> Crewabbe cpym(mm Hag-so ,Hayka“,
1968, c1p. [14. ——HpuM nepeg.)



171. ’Be/lbld Kapaux 133

3yJsbTaTe BMECTO Boipaxenus (169.11), koropoe Mbi 0Go3naunM uepes j,,
y HacC NOJIyYUTCs BbipaXkeHue BHIA :
i}bq

i=ice® (170.16)

rae A<L 1. I1pu Gosee TouroMm pacuere B ¢opmydsie (170.16) noasuacsa
6bl JONOJHHTEJNBbHBEIA MHOXUTEJb

(1 —§x+k'2)"2.

PasymMeetcsi, ocHOBHyI0 posb B (opmyse (170.16) wurpaer skcno-
HEHTa.

Ham anajn3 3akoHYMM pa3BopoM uucJ/oBoro npumepa. Eciau,
Kak ¥ B NpelplAylled 3ajaue, HANPSIKEHHOCTh NOJA & H3Mepsercs
B BOJbTaX Ha caHTuMerp, a pabora Beixoga V,—{-—B 3/eKTpoH-
BOJIbTaX, TO HAapsiay ¢ cooTHouleHHsMHu (169.12) mpl nMeem Tenepn
COOTHOLLIEHHUE

2 __ .10-8 é

k'*=3,58.10 AR
[Tpennonoxum, yro pabora Bbixoga V,—{=33B, a nanpsixexdnocTb
noas & =107 B/cM, Toraa

g=54,5,  k*=0,0397, A=0,208,
2
e 3™ — 1860, j=0,9-10-8 Ajew?, j=1,7-10-*A/cw>.

3agaua 171. Beawtit kapank

[Mpenmosioxkum, yTto Temmeparypa €eJoro KapJHka A0CTaTOYHO
BBHICOKA M IIOTOMY BCE aTOMbI IPAKTHUECKH NMOJHOCTbIO HOHH30BAHbI.
Kpome toro, GyneM cuuTaTth, YTO 3Ta TEMNEPATypa BCE eilf€ HACTO/IbKO
MaJa, YTO MOXKHO NnpeHe6peub JaBJeHHEM rasa ¥ JaBJeHHeM H3Jy-
YeHHsl 110 CPaBHEHHIO C [aBJEHHEM BBIPOXKIEHHOTO 3JEKTPOHHOID
rasa npu aGCoOJIOTHOM HyJe TemnepaTyp (3TO BTOpOe MpeinoJoxe-
HHE He SIBJISIETCS] BIOJIHE YIOBJIETBOPUTENBHBIM). Cuutasi, 4T0 KaB-
JIEHHe, COOTBETCTBYlollee aGCcO/IIOTHOMY HYJIIO TemrepaTyp, ypaBHO-
BEIIUBAETCS CHJAMH I'PaBHTAUHMOHHOrO IPHTSIKEHHs, HaHTH pacrpe-
IeJieHHe MJIOTHOCTH BellecTBa N0 oObeMy 3Be3abl. Macca 3Be3gul
npejrnosaraercst 3a1aHHoM.

Pewenne. B cdepuueckn cHMMeTpHUHOH Macce rasa FpajHeHT
IaBJeHHs B HANPaBJEHHH pajuyca JOJKEH paBHATHCS IJOTHOCTH
FpaBHTalHOHHBIX CHJ (6apomerpuueckass ¢opMmyJa):

dp__  GM,

d _ M, (171.1)
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3neck (G—rpaBHTalMOHHAs MOCTOSHHAsA, M,—Macca Bel(ecTBa,
3aKJ/IOYeHHass BHYTpH cdepsl pajuyca r, T. €.

M,=14a oo () dr, (171.2)

0

¥, HaKOHel, p (r)—MJOTHOCTb BEILECTBA, T. €. Macca BCEX HOHOB
U Bcex cBOGOAHBLIX 3JIEKTPOHOB, HaXoAsuluxcad B 1cM® 3BE3IHOTO
BemectBa. IIpu nosHOH wHoHu3auuu B 1cM® Hapsiny ¢ of° azexTpo-
HaMH cojepxkutca oN°/Z HOHOB (Axep), NO3TOMY

p= %mm‘l,

rae myA—macca HefitrpajpHoro atoma. EcJu BemecTBo 3Besjnl CO-
JIEPXKHUT pas3JUyHblE 3JEMEHTHl, TO purypupymouine 3lecb A U Z Hajo
IIOHMMATh KaK HeKHe CpejHHe 3HayeHHs. B 3Tofi CBA3H HEOOXOAHMO
OTMETHTb, YTO OTHOLUEHHE

A
7 =20 (171.3)

[OYTH HE 3aBHUCUT OT XHMHUECKOTO COCTaBa: BEJUYHMHA C. MEHACTCH
or 1,0 no 1,3 mpu mepexome OT NErKHX 3JEMEHTOB K TSIXKEJbIM, H
JIMIIb BOAOPOX, AJisi KOTOPOro o =1/,, MpeiacTaBJSI€T B 3TOM OTHOILUE-
HHH HCKJouenue. Takum o6pasoM, NJIOTHOCTb BeLIECTBA

0 = Qo' (171.4)

NPAaKTHYECKH 3aBUCHT JIHIWIb OT IJIOTHOCTH 3JEKTPOHOB.
CornacHo pesyJ/brataM 3afiaud 167, naBneHue 3JeKTPOHHOrO rasa
npu abCoJIIOTHOM HyJe omnpejensiercd (popmyJon

p9=-§-d\f'f72 (3m2N’) /. (171.5)

Yro Kacaercsi AaBJEHHsS Ta3a HOHOB, p;, TO NMPU AGCOJIOTHOM HYJe
OHO (OyAyYH NpPONOPHHOHAJBHLIM of';*/s/m;) 3HAUHTENILHO MEHbLLe

JABJCHUS P,
Pi__ (eﬁ)ﬁ”’ m__ gy, _m
Pe N mg myA”

Ilaxe B cayuae pogopona (Z=1, A=1) Mo umeem p;/p,=1/1838;
IJis APYTHX 3JIEMEHTOB OTHOLUEHHE p;/p, elle MeHblue, Ilo 3Tof npH-
YMHE Mbl IpPEHEOPEXKEM BEJHUHHOH p; H OTOXKIECTBHM JaBJeHHE
3JEKTPOHHOrO rasa p,, ¢urypupymoomee B ¢opMmyse (171.5) ¢ nou-
HbIM JaBJEHWEM p.

O6oiiTich Ge3 pacCMOTPeHHs TeMNepaTypHbiX 3bdeKToB Janeko He TaK (1pocTo.
['as MOXHO CUMTATL CHJBHO BHIPOXKAEHHEIM TOJBKO B TOM Caydae, Korda {> &T .
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Ilpy STOM YCJIOBHH RAaBJIEHHE Ta3a IPAKTHYECKH He OTJIHYAaeTCss OT AAaBJIEHHS NpH
a6comorHoM HyJe. [as saektponos sHeprusi depmu onpenensiercs GopMyJol

(=2 ( S’p >'/'=l,64 ( p )”'sB.

= 2m\ 2amy o

BLiuHC/ICHHBIE € MOMOWLbI0 3TOK (GopMyJnl 3HaueHHst { HajO CPaBHHThb CO 3HAYEHH-
siMH TenJioBolt aHepruH. Ilpm temmepatype 10 K Mbi umeeMm kT =~ 100 3B, u jaxe
ansi miaoTHocTH p =10% ofe BeJHYMHBI OKa3LIBAIOTCSI OAHOrO mopsifka. [IpH 3ToM
ra3 HOHOB BooGmle OyleT HeBHIDOXICHHBIM, & ero BKJA4A B TOJHOE JaBJjeHue Gyjet
CPaBHHM C BKJIaJlOM SJEKTDOHHOro rasa. UTo xe Kacaercs paXHallHOHHOrO JaBJie-
HHS, TO HJ/I Hero crnpaeefyuBa (opmyJa

pr=2,52-10-18 T* pun/cM2.
C zpyro# cropoHsl, cornacHo (171.5) u (171.4), umeem

5
Pe=3,16-1012 (—3—) fs Iun/cM2,

Ipu T=108 K paguaunonHoe xaBJjeHHe MO NOPSIAKY BeAHUHHE! paBHO 10° gum/cm3,
u IS TVIOTHOCTeH BelnecTsa, C KOTOPHIMH MBI CTaJKHBaeMcsi B GellHIX KapJHKax,
ero ZIefiCTBHTENbHO MOXHO HE YYHTHIBATD.

Kom6unupya ¢opmyaet (171.5) u (171.4), nosyyaem ypaBHeHue

COCTOSTHUSI
p=Ffp'l, (171.6)

rae
f hi? <3n2 :

= 10m —2-> s (amy)="ls=3,17- 101%a~"/s r~*/» cM4 c=2.

Korza ¢yHKIMOHa/bHASL CBA3b MEXJAY [AaBJEHHEM M IJIOTHOCTBIO
HMeeT BHJ

1
14—~
p=fp "'n’

TO TOBOPST, YTO Mbl HME€EM noaumpony C IokKaszatesneM n. Takum
0o6pa3oM, MOXKHO CKa3aTh, UTO COCTOSIHUE BeLIeCTBa B 6€JOM KapJuke
ONUCHIBAETCS TIOJHUTPONOH ¢ moxasateseM n ="/,

IloncraBnsas seipaxenue (171.6) B ycaoBue paBHoBecus (171.1),
noJayyaem

5. dp__ Gp
gl H=—F M,

Orciona nyreM aupdepeHIHpPOBAHUA HAXOLHM

5f d . 4
3_2;5(,2‘)- /,_d.f:_)=_.4m=p. (171.7)
Bmecto nJsiotHOCTH p yno6HO BBecTH Ge3pa3MepHylo (yHKIHIO

o=(2)", (171.8)
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rie p,— HEKOTOopasi NOCTOsiHHAsI, a BMECTO pajuyca r — 6Ge3pasMepHylo
nepeMeHHYIo

x=-, (171.9)

i‘ne BeJIMYHHA 7, HCNOJb3yeTCHd B KaueCTBE €AHMHHIBI AJUHbBI H OIIpe-
AensieTcd COOTHOLUECHHEM

5 1, ,
r=ok it (171.10)

B pesyabraTe 5THX npeo6pasoBanuit ypaBHenue (171.7) npusoaurcs
K BHAY, HE 3aBHCALIEMY HH OT KaKHX (H3HUECKHX MOCTOSHHBIX:

d?p . 2 do 3,
Ecau MBI OTOXKIECTBUM MOCTOSIHHYIO P, C IJIOTHOCTBIO BeIECTBA
B UeHTpe 3Besfiel, To K ypaBHeHuio (171.11) Hago mpucoenyHUTL Ha-
yaJbHblE YCJOBHSA

¢ (0)=1, ¢’ (0)=0. (171.12)

EnuHcTBeHHOe pelieHHe HequHefdHoro auddepeHuHa bHOTO ypaB-
nenusi (171.11), ynosJerBopsoumiee HauaJbHBIM ycJaoBuaMm (171.12),
HaxXOQUTCS NIyTeM YHCJEHHOTO HHTeTPHPOBaHHs. DTO pelleHHe MOHO-
TOHHO yObiBA€T M B TOYKe

’ x=X=3,6537 (171.13a)
obpamaercss B HyJs (¢ (X)=0). B sroii ke Touke
de
<“¢7)x=x=—D=“0’205~ (171.136)

CorsacHo cootHoweruo (171.8), Hyab ¢yHruMM ¢ onpenesser pa-
Auyc 3Be3npl R. 3Has pagvyc 3Be3Jbl, MOXKHO 3amicaTh ee NOJHYIO
Maccy:

R X
M=4xn g r’o (rydr = 4np,ri S x*Q*adx.
b 0

Tlocnennuit MHTErpas MOXKHO BLIYHCJHTbL, HE 3HAsi BCEX UHCJIOBBIX
3HaueHuH GyHKUHH @ (x). [leficTBUTeNIbHO, B cHJy ypaBHenus (171.11)
uMeeM

Xt = — Eid—<x2 ﬂ) ,

X
103TOMY
S M = 45tp,r3X?D = 34,5p,r°. (171.14)
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Korza Mmacca 3Be3jibl H3BeCTHA H3 ONBITA, MEXKAY BEJHUHHAMHU p, U 7y
B cuay (171.10) u (171.14) umeercsa nBa COOTHOWIEHHA:

oo ri=a, (171.15a)
rae
a= S =90 46.101%a-"s r'/s c™m
~8aG 7’ ’
H
pori="b, (171.156)
rie
b=0,0290M.
Orcrona
ry=ab-', p,="ba"?3, (171.16)
TaK YTO pajuyc 3Be3[pl R MOXKHO 3amucaTbh Temepb B BHJIE
R=r,X=3,6537r,. (171.17)
as cpegHed NMJOTHOCTH 3BE3JHOTO BelIECTBA HUMEEM
p=12p,=0,169p,, (171.18)

CJIe0BaTeJbHO, OHA COCTaB/Ie€T NPHMEPHO !/, MJOTHOCTH BELIECTBA
B LIEHTPE 3BE3/I5l.

Yucaosoii npumep. HaGmonenua 3a nsumxenuem Cupuyca Noka-
spiBator, yro Cupuyc B, Bxoasuuii B coctaB 3TOH LBOHHON 3Be3/i,
uMeeT Maccy, npuMepHo  paBHyio Macce CoJHUAZ, a8 HMEHHO
M =1,94.10 r. Takum oGpa3oM, B JaHHOM cJyyae

r,=2,47-10*a="s cm,
R=8,98-10%a~"/s cm™,
0,=23,73-10a® r.cm~?,
0=6,15-10°asr-cM~?.

MsBecTHo Takke, uto papuyc Cupuyca B cocrasJser mpumepHo !/,
paguyca Cosuna (R,=6,95-10" cm); sToMy B Haiuefi MOJENH COOT-
BeTCTBYyeT 3HaueHne o = 0,445. HailinenHoe 3HaueHue 10BOJIBHO GJIH3KO
K 3Hauenuio o ==0,b 1751 BOJOPOAHOMN 3BE3/Ibl, XOTH K pacnoJiaraercs
¢ HempaBHJbHOH cTopoHel. Hajo, omgHako, uMeTb B BHAY, YTO B Ha-
el MOAENH /ISl pajuyca 38e3bl NOJydYaeTcsl 3aHHKEHHOe 3HaueHHe,
TaK KaK NPH BHIYHCJIEHMSX MBI He YUHTHIBaJHM TeMnepatyphbie sb-
(beKTHl H, CJEI0BATENBHO, OTGPOCHJIN CYIEeCTBEHH VIO YaCTh JaBJCHHS.
daKkTHYECKH 3B€3/1a JOMIKHE Pa3AyThbC s 10 3aMeTHO GOJIbLIHX PasMepoB.
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3apaua 172. lpubanxkenue Tomaca — Pepmn

PaccuuTaTh NJIOTHOCTH 3JIEKTPOHOB B aTOME (MJIH IOJIOXKHTENbHOM
noHe). UroObl MONyYHTh NpHEMJIEMOE MPUOIUKEHHE, NPEINOJOKHUTE,
YTO BO BCAKOH 00J1acTH, rJe 3JMeKTPOCTATHYECKHI NOTEHIIHAJ MOXKHO
CYHTATh TPAKTHUECKH TOCTOAHHBIM, HMMEETCs JOCTaTOYHO OGoJiblloe
YHCJIO SJEKTPOHOB, TaK UYTO MX JONYCTHMO PacCMaTpUBATh CTATHCTH-
YeCKH.

Pewenne. B OCHOBY 3TOHl MOJeJHM aToMa MOJIOXKEHO JABE MIEH:
OIHA 34MMCTBOBAHA M3 3JEKTPOCTATHKH, Ipyras-—H3 KBaHTOBOH
CTATHCTHKH. MEI HAYHEM C 3JIEKTPOCTATHYECKOH YacTH Halllell 3aJaud.
Ecan Ha paccTOSHEM 7 OT aTOMHOTO sjpa B eAMHHIe o0beMa co-
JepKHUTCS 7 (r) SJEKTPOHOB, TO 3J€KTPOCTaTHYECKHH IOTEHIHa,
co3/1aBaeMblii B IIPOCTPAHCTBE COBMECTHBIM JEHCTBHEM 3JIEKTPOHOB H
aTOMHOrO sjpa, yaoJjerBopsier ypaphenuto Ilyaccona. Taxkum obpa-
30M, MEPBOE OCHOBHOE YpaBHEHHe HalleH 3ajauyd IJIacHT:

VD = 4dme-n (r), (172.1)

rae p (r)= —en (r)—NJOTHOCTb 3apfAna 3JeKTpoHHoro obnaka. Ha
pellleHHe 3TOro ypaBHeHHS HEOOXOAMMO HaJIOXKUTh JBa I'PAHUYHBIX
YCJIOBHSA: B HENOCpPEACTBEHHOH OJM30CTH OT siipa ¢ 3apfiioM Ze

®=% mpu r—o0, (172.9)

H, KPOME TOr'0, €C/IH R — pajuyC NOJOXKHTEJbHOTO HOHA C 3apPsIoM ze,
TO

®=% npu r>=R. (172.3)

dakTHyeckoe 3HaueHHe pajuyca MOJOXHTENbHOrO HOHA HaM Ipei-
CTOUT ONpEeNeUTh B JajbHeiiemM.

Ha rpauune uona, T. e. B Toukax r =R, He JO/KHO ObiTb HH-
KaKHX CHHTY/ISIPHOCTEH, MOITOMY 3/€Ch HENpephiBeH He TOJbKO Mo-
TeHIMaJ, HO U HanpsKeHHOCTb nojs. B cBA3H ¢ 3THM rpanuudoe
ycsioBre (172.3) MOMKHO mepenucaTh IO-HHOMY:

d®
OR)=% u <7>R=_%' (172.4)

INepeiinem Tenepb XK KBAHTOBOCTATHCTHYECKOH YacTH Hallel 3agauH.
PaccmaTpuBas J1000# 3J1eMeHTapHbI 00BEM BHYTPY aToMa (UJIH HOHA),
MBI BHAMM, YTO HMIIYJbC P BCAKOrO HaxXOAALIErocsl B HEM 3J/IeKTPOHa
CBfI3aH C €ro SHeprueil COOTHOLIEHHEM

E-v———efD (r).
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UroBbl 3/EKTPOH Obll B CBA3AHHOM COCTOSHHH, 3Ta 3HEPTHs BO
BHYTPEHHHX 00JacTsiX aToMa, OYeBHIHO, He NOJKHA NPEBHIIATh MO-
TeHUHaNbHYO 3Hepruio —ed (R) Ha ero rpanuue. Orciofa caenyer,
YTO MMITYJIbC 3/IEKTPOHA, HAXONAIIErocs Ha PacCTOSHHH 7 OT sjpa,
He MOXeT OHTb 0oJblle p,,.., TAe

pz
= =e[D (r)—D(R)]. (172.5)

2m
CorslacHO Xe KBaHTOBOH CTAaTHCTHKe, BEJAHYHHA p,,,.. CBA3AHA C ILIOT-
HOCTbIO 3JI€KTPOHOB 7 (r) (cM. 3ajauy 167) coorHOLIeHHEM

3
_ .47! Puaxc
n=2. ok (172.6)

Cpasnenne coorHowenuii (172.5) u (172.6) mpuBoiutr X apyromy
OCHOBHOMY YypPaBHEHHIO Hailefl 3ajauu:

3n12ﬁ3{2me [®(r)—D (R)]}s. (172.7)

Ypasuenusa (172.1) u (172.7) B npuHIHNE NO3BOJSIOT ONpee-
JMTb 06e Heu3BecTHbIe QYHKUHH 1 (r) u D (7). Mckmouas dyHkuuio 7 (r)
H NoJb3yACh chepHYeCKOH CHMMETpHeH 3ajayd, moJydyaeM

n(r)=

vio=12 o)~ 5 {2me [@ () —® (R)]}.
Beoxsi BMecto @ (r) GespasMmepHyio (DyHKLHIO
¢ (1) =7 [® () —® (R)], (172.8)
é BMECTO HE3aBHCHMOH NepeMeHHOH r Ge3pasMepHyIO MNepeMeHHYIo

x==L, (172.9)

SIR

rpe

9n® \Ys K2 B
a=(157) " 2a=0.88584Z -1,

OPUXOAMM K YHHBepCa/ibHOMY Au(depeHIHaNIbHOMY YPaBHEHHIO

d2(p_ cps/z
= (172.10)

I'pannunele ycsosus (172.2) u (172.4) Temepb NpHHHMAIOT BHX
¢(0)=1 (172.11)
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P(X)=0, Xo'(X)=—-, (172.12)
npHYeM BHILE Mbl nojoxuan X = R/a.

Heo6xopumMo MOAYEPKHYTb, YTO DPH TaKHX TPAHHYHEIX YCJOBHAX Bce Z-—2
3/IEKTPOHOB JeACTBHTENIbHO 3aKJ/IOYeHH BHYTPH cdepbl paguyca R. B stoM MoxHO
yGenuthes caeflyiouum obpasom. W3 ypasnenus (172.7) u cooTHouweHus (172.9)
caiexyer

R X
4:18 n(r) r“’dr:ZS l/v7ccpa/2 (x)dx.
0 0

C nomompio ypasuenus (172.10) bynkuuio ¢™/s, GUrypupyomyo B NocjaefHeM HH-
TerpaJe, MOXHO BBIDA3HTh uepe3 NPOH3BOAHYIO @, TaK YTO 3TOT HHTErpasa Oyjier
paBeH
. X
2§ v dx =2 [xg' — ) =2 {9 0)+ Xo' (X)}.
0

C yueToMm xe rpannyneix ycioBuii (172.11) u (172.12) nociexHee BhipaskeHHe Mo-
NpPOCTY PaBHO
z
Z < 1 -7 )—-Z —z

Takum o6pasoM, YHC/IO 3/1EKTPOHOB, 3aKJ/IOUEHHHIX BHYTpH cdepul paguyca R, gei-
CTBHTEJIbHO PaBHO Z — 2.

Mbl cBesqM Hauly 3ajayy K MHTETDHPOBAHHIO YHM3epCadbHOrO
ypaBHenuda (172.10) npu rpauuuneix ycaosusax (172.11) u (172.12).
YrcOnl monyyuTh oOfliee MpeACTaBJeHHEe O Pa3HOO5PA3UM pelleHui
5TOro AupepeHuHanbHOrO  ypaBHEHHs,
11€716CO06Pa3Ho  NPOHHTErPHPOBATL  €ro
OPH OJHOM H TOM K€ HayaJbHOM YCJO-
Bud @ (0)=1 ¥ pasiuvHOM HAKJOHE Ka-
caTeyIbHBIX B HaYaabHo# Touke (¢’ (0)<< 0).
UYeTblpe TakHX pelleHHs [0Ka3aHbl Ha
¢ur. 69. KpusbiM / u 2 COOTBETCTBYIOT
KOHeuHble paguychl X; u X,, Tak Kak B
@ur. 69. Pewenns ypasse-  ofoux ciaywasx ¢ (X) < 0. O6a ykasan-
uia Tomaca — epun (172.10), pelleHHs,  COIJIaCHO  YCJOBHIO
OTaAHYamHecas HAKJIOHOM Ka-
cateqbHOH B Hauanpnod Touke, (172.12),  ONHCHIBAIOT  NOJOMKHTENbHBIE

Houbl. Jlns  HeliTpanbHOro artoma M3
(172.12) cneayer, yro @' (X)=0. Bro ycjosue He YIOBJIETBOPAETCS
HY TPH KaKOM KOHeuHOM 3HaveHuu X. Ha ¢ur. 69 takomy cayuaio
COOTBETCTBYET KpuBasi 3 (paauyc atoma GeckoneueH). UTo Kachercs
KPHBOH 4, TO 1/l CBOGOAHBIX aTOMOB MJ/IH HOHOB OHA HE HMEeT He-
NOCPEACTBEHHOr0 PU3MYECKOrO CMbIC/IA, OJHAKO C €€ NOMOLLbIO MOXKHO

x
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onuchiBaThL aTOMbl, CBf3aHHBle BHYTPH KDHUCTAJJHYeCKON peleTku
(pasymeercs, TPaHMYHbIE YCJOBHUSI B 5TOM CJIyyae OyyT COBCEM HHBIMH).

Huxe Hac rsaaBHBIM o6pa3oM OYAeT HHTepecoBaTb KpHBas 3,
COOTBETCTBYWOILAST HEHTpPAJbHOMY aToMy. MBI Ha30BeM NOJAYYEHHOE
pelleHue cmandapmuoim 1 Oyfem 0603HauaTh €ro 4yepes @, (x). Huc-
JIOBble 3HayeHUs (QYHKUUM @,(x) NpHBEAECHH B HHXeCJAeAYIOLEH
tabauue. HakioH KacaTenpHOH B HaualbHOH TOYKe B paccMaTpHBae-
MOM cJiy4ae XapakTepuayercsi 3HaueHuneM @, (0)=—1,68807, a
acMMITOTHYECKOE TMOBEJeHHe HMeeT BHL @, (¥) — 144/x® [3ameTuMm,
KCTaTH, 4TO yKa3aHHas aCHMITOTHKA SIBJAETCS TOYHBIM pelueHHeM
uu(p(pepeﬂunaﬂbﬂoro ypaBrenus (172.10), onnako npu x=0 sro pe-
LIEHHE WMEET CHHIYJASPHOCTh|. JJ1fl mpakTHYeCKHX LieJedl NMpUBeAeH-
HOE aCHMOTOTHYECKOe BBIpaXKEHHE MaJIONpPHrOAHO, TaK KakK Jaxe NpHU
x = 100 oHO OT/IHYaeTCS OT TOYHOTrO PelleHus @, (x) mpumepHo Ha 40%.
Hapno, onHako, uMerb B BHJAY, YTO HCTHHHBIH [OTEHIHa] HEATpab-
HOTO aToMa @, AOJ/DKeH YOLIBATh IO MEpe pocTa X 3HAYMTENbHO Obl-
cTpee, BO BCAKOM cJsyyae YyOHBAaHHE NOJIKHO OBITb 3KCIIOHEHUHAJ/Ib-
ubiM. Omubka, cpoiicTBeHHas MoxesH Tomaca — Pepmu, Kak u JoGoH
Apyroft CTaTuCTHYECKOH MoJesH, OGbICTPO BO3PacTaeT C yMEHBbUIEHHEM
ypcja yactul. Ha Goabmux paccTOAHMSIX YHCJIO YacTHI[ CTaHOBHUTCSH
CKOJIb YFOAHO MaJjhiM, I09TOMY HeJb3sl OXKHIAaTb, YTO TaM Halle IpH-
OyuxKeHHe, KakuM OBl XOpOIUHM OHO HH OblIO BO BHYTDEHHHX OO-
JacTsiX aToMa, OyAeT OCTaBaTbCf IPHIOLHBIM.

Uro6bl NMONYYHTH pellleHHs, OJH3KHe K CTaHJapTHOMY, MOXHO

[OJIOXKHTh
@ (x) =@, (x) +kn, (x), o (172.13)
TaK YTO IJIsi MaJblX OTK/JOHeHHi kn, u3 (172.10) moayyaercs suHe-

apI/ISOBaHHOe ypaBHEHHe .
d? 3 /s
=5 (%) . (172.14)

Kpome Toro, 4rofpt yJOB/JETBOPHTb T'PAHHYHOMY YycaoBHio (172.11),
Heo6X0MHMO MONOKUTL 1), (0)=0. B nesnax craHgapTHsalud MOXKHO
TaKKe MOTpeGoBaTh, YTOOBI BHINOJHAJOCH paBeHCTBO 1, (0)=1, a
rpaHuynoMy ycaosHio (172.12) ynoBneTBOPUTh NyTeM INOAXOISIErO
Boibopa mapamerpa k. Takum oGpasoMm, uMeeM

Po (X)
p=—2l, (172.15a)
1 1 ,
= e e | e . 5
=¢'(0) — g, (0). (172.158)

CootHoweHnne (172.15a) ycTanaBaHBAaeT IPOCTYIO CBA3h MEXAy Ma-
paMeTpoM £ U DajMyCoM MOJIOKHTENBHOTO HOHa X. 3HaueHHst QyHK-
LHH Y, (X) ¥ ee NMPOH3BOAHOH M, (X) IpuUBEAEHHl B TalJHIe,



x ©q (X} --(p6 (x) N (¥) 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 - 1,03086
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
5,5 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
8,5 0,0328 0,0070 123,52 43,29
9,0 0,0296 0,0060 146,66 49,32
9,6 0,0268 0,0053 172,94 55,92
10,0 0,0243 0,0046 202,67 63,11
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3anaua 173. INonpaBka Amaabjau pjisi HeATPAJbHOro aroMa

B npaByio uacte ypaBHenus [lyaccona, /exallero B ocHOBe MO-
nenu Tomaca — depmy, npaBuIbHEe OBLIO GBI OJCTABUTH HE IJIOTHOCTD
3apsiia BceX Z JIEKTPOHOB, a IJIOTHOCTb 3apsilia, co3faBaemyio Z — 1
3JIEKTPOHOM. DTO CBSI3aHO C TeM, YTO C IIOMOLIbIO YKa3aHHOTO YpaB-
HeHHs ompenessercss 3pDeKTHBHBIH I[IOTEHIHAaJ, B T10J€ KOTOPOro
NBHKETCS ONUH OTAEJbHO B3ATHIH 3/E€KTPOH. DBBIAICHHTH, K Kakum
H3MeHEeHHsIM IPUBOAUT YyKa3aHHAs HONpaBKa K mojxeau Tomaca —
Qepmu B cJyYae HEHTPaJbHOI'O aToMa.

Pewenne. BmecTo ypaBreHus (172.1) temeph umeeMm

VO =dne- 210 (), (173.1)

rae @ o3HauaeT noTeHIHas, co3naBaeMblfi sapoM H Z—1 ajekTpo-
HOM M JeHCTBYIOILHMH Ha He BKJIIOYEHHBLIH B INPaBYIO HacTb ypaBHe-
uus (173.1) snexktpor Homep Z. IIpu TakoM YIpOLIEHHOM HORXOAE
6e3pa3JHYHO, KaKOH HMEHHO 3JEeKTPOH Mbl paccMaTpHBaeM B Kaue-
cTBE NpOOHOro 3apsja, 4To, BIPOYEM, BIIOJIHE COOTBETCTBYET TOY-
HOCTH, CBOHCTBEHHON CTAaTHCTHYeCKOH KapTuHe. I'paHHuHOe ycJ/oBHe
npu r — 0 ompenensercs 3apsAIoM fAlpa H, CJeJ0BaTebHO, OCTaeTcs
IpEXXHHUM:

O(=% mu r—o, (173.2)

Ha TpaHule xe HeﬁTpaﬂbHOFO aToMma Tenepb JNOJMKHO GBITH
e ad e
OR =%, (G )=—F (173.3)

TaK KAaK OJHH IOJIOXKHUTEJNbHHIH fNCPHBIA 3apsaf € B JAHHOM cjydyae
ocTaeTcsi He3a95KPAHHPOBAHHBIM Z--1 3/J€KTPOHOM H IIPOZOJIXKAET
JeHcTBOBaTb Ha 3JEKTPOH, pacCMaTpHBaeMbli HAaMH B KauecTse
npoGHOro.

Ilpyroe OCHOBHOe ypaBHEHHe, CJelylOUlee H3 KBaHTOBOH CTaTH-
CTHKM, MMeeT NpeXHHH BUI, TaK YTO CHOBA MOXKHO HANHCaTh

1.(r) = s {2me [© () —@ (R)]) . (173.4)

Uckmouass us ypasHenu#l (173.1) u (173.4) ¢ynkuuio n (r) ¥ BHOBb
BBOIsI Ge3pasMepHyio (QyHKUHIO

p= _—Z’e—[fb (rn—® (R)], (173.5)
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noJsiyyaeMm IIDEXHEE YHUBEPCAJIbHOEC xu@@epeﬂuuanbﬂoe ypaBHEHHe

d2(P (P/’
= - (173.6)

B KOTOpOM 6e3pa3MepHaﬂ He3apHCcuMasa IIepeMeHHasa onpeae/asieTcs
Tenepb COOTHOLUCHHEM X =r/a, npuyem

—*s

&——-a(l-—%) : (173.7)

U a—xapakTepHas [JMHAa, 3HaueHHE KOTOPOH JHaeTcsi paBeH-
creoM (172.9).

Taxk kak a > a, T0 Ha nepeblfi B3rJs/] paccMaTpHBaeMasi HOIIPaBKa
yBE/IMUHBAeT pasMepbl aTroMa, XOT1 H3 (PU3HYECKUX COOGpaxKeHUH
FICHO, YTO 3Ta NONpPaBKa JOJ/DKHA YMEHBIIHUTb OTTaJKHBaHHE JIEK-
TLOHOB, B pe3yJbTaTeé OHM CHJAbHee OylyT NPUTATHBATLCH SAPOM
H pasMephl aTtoMa JOJ/IKHBI yMmeHblinTbesi. Ha camoM j[esie sgech Her
HHKAaKOrO NPOTHBOPEYHs, MOCKOJBLKY TeNephb Mbl HMEeM [eJO € H3-
MEHEHHLIMH T'PaHHYHBIMH ycaoBHAMH. [as dyHruuu ¢ (x) ycjaosus
(173.3) sanuchiBalOTCsS B BHIE

PX)=0 u X¢'(X)=—-. (173.8)

D14 yCJIOBHS MOT'YT YAOBJIETBOPATHCS JIHIIb IPH KOHEYHBIX 3HAYEHHAX
panuyca aToma, YTo € JIMXBOH KommeHcupyeT s(deKT pacmibianus

aToMa, CBfI3aHHBIH C BeJHUHHOH .

3apauya 174. dueprus atoma B moaean Tomaca — Pepmu

Tonpsysce Mozesbio Tomaca — @epmu, BEYHCIUT NOJHYIO Hep-
THIO HEATPAJbLHOTO aToMa. Kpome TOrO, C IOMOIIBI0 BapHAUMOHHOH
NPONEAYPH, MHHUMH3HDYIOWEH NOJHYIO SHEPrHI0 aToMa, BLIBECTH
AvdepepeHinansproe ypaBHeHHe AJS1 1INOTHOCTH 3JIEKTPOHOB 7 (r), HJIH
COOTBETCTBYIOIIEE ypaBHEHME [JIs  3JEKTPOCTATHUECKOTO [OTeH-
nuana @ (»).

Pewenne. IlosHyl0 SHEpPrui0 aTtomMa MOXKHO NPEICTABHTb KakK
CYMMY KHMHETHUECKOH SHEPIHH 3/eKTPOHOB, NOTEHUHAJNLHOH SHEPruu
B3aHMOJEHACTBHS JEKTPOHOB C AIAPOM E(heq ¥, HAKOHE, MOTEHIHAD-
HOH SHEPrHH B3aHMOACHCTBHS 3JEKTPOHOB MeXAy COGOi Ehes.

BripaxkeHne Aaf KUHETHUYECKOH SHEPIHH MOXKHO HANKCATh, BCIOM-
HUB, OCHOBHBIE pe€3yJsbTathl 3ajauu 167. Ecau n(r )—HJIOTHOCTb
9/JEKTPOHOB, TO CPEJHssl KHHETHUECKAsl 3IHEPrHUA 3/EKTDOHA, HAXO-
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JALETOCS HAa pPacCTOSIHUH 7 OT siApa, ONpeleJsiercd BhbipaKeHHeM

E=3t=wn', (174.1)

e 3h2
= T(m' (33'[2)1/’.

Orciona i1 CyMMapHOH KHHETHUECKOH 3HEPIrHH BCEX 3JIEKTPOHOB
HaXOAUM

En=§ n(1) E (r)dr,
HJH

Epun=n{ s dx. (174.9)

Boipakenuss M Eloren H Elthen nosyuaorcs HEMmoCPeJCTBEHHO U3

COOTBETCTBYIOUIUX (HOPMYJ 3JEKTPOCTATHKU:

E%‘&eus—le‘zgn (r)‘? (174.3)
"
(
g))rex{: SSn]rr) nrrl)deT (]744)

Takum obpasoM, MJsi NOJNHOH SHEPruH, T. €. AJs CYMMbI Bbipaxe-
Huft (174.2)—(174.4) MoxHO Hanucathb

E=Sdr{nn‘/a——zf—zn—|—2 2nS|n(r) dt! }Egndt. (174.5)

r—r'|

Teneps ¢ moMoumkio noaxoAsiero sel6opa QYHKIUUH 7 () Mbl JOJ/KHBL
MHHHMH3UPOBATh MOJIHYIO SHEPrHIO, YYHTHIBAsA NPH 3TOM YpaBHEHHE
CBfI3H

(nia=2z, (174.6)

O3Hayalwlllee, 4YTO IMOJHOE YHCJO 3MEKTPOHOB paBHO Z. [l pelieHus
[I0CTAaBJIEHHOH BapHAUUOHHOH NpOGJEMb HEOGXOAHMO pacCMOTpeTh
ypaBHEHHUE

8§ (n+an)dr=0, (174.7)

rae A-—Heonpeaeneﬂﬂuﬁ MHOXHTeJ b Jlarpanxka. [Tocsie noacranosku
Belpaxkenus (174.5) B ypasuenue (174.7) Haxoaum

Sdtén(r){ wn'ls — 224 e | 20 v +x} 0. (174.8)

r—r|

Bhile npu HanucaHuH NOCJEAHErO uJeHa Mbl YU/H, YTO BapbHpPOBa-
nue ¢yHKUMH n(r) ¥ n(r') B ABOHHOM HHTerpafe /Ba</ibl NPUBOLHUT
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—

K OJIHOMY M TOMY e pe3yJbTaTy. DHeprus E GyleT SKCTpeMaJibHa,
€Ccyii BBIpaXKeHHe, crosmee B QUIYPHEIX ckoOkax B (174.8), obpa-
niaeTcs B HYJIb,

YuursiBas fanee, 4To IJIOTHOCTb 3JEKTPOHOB 71 (r) 3aBHCHT TOJIBKO
OT r W HE 3aBHCHT OT YIJVIOBBIX [I€PEMEHHHIX, TPETHH ujieH B (uryp-
HBIX CKOOKax ¢ IMOMOIIBIO PAa3J/IOXKEHHUS MOIBIHTErPaJbHOTO BhIpaXe-
HUsl mo cepuyecKUM TapMOHUKAM MOXKHO MPEACTABHTb B BHE

S i ) e — ‘S‘r’ﬂn r" dr'+4n?r’n (r'ydr'.

r—r'| o
0 r

Taxum o6pasoM, B cuny (174.8) umeem

%xn’/s —56—2 A= dne? Sr""n (r'ydr' - 4se? S r'n(r'ydr' +A=0.
0 r

UroObl HCKJIOUHTL A, NponuddepeHIHPyeM IOJyYeHHOE YypaBHe-
HHEe no r:

r
0 2 4me? ’ ’ ’
-19— ‘/(;?-}—Zg —:;— r’*n(r'ydr’ =0.
0

(Bknaabl or audpdepeHLHPOBAHHA HHTETPAJOB HO HEpPEeMEHHBIM IIpe-
JeJaM B3aHMHO YHHUTOXKAlOTCA.) YMHOXas MOCJ/eJHee ypaBHEHHE
Ha 72 M cHoBa JauddepeHuMpya mo r, Mbl U3GaBJASEMCS OT MHTEr-
paJbHOrO YJeHa M IHoJsyvyaeM auddepeHuuanbHOe ypaBHEHUE BHJA

10 d 1, dn

—n | ren~ts 2’ ) = 22

527 (r n-tls dr) 4merin. (174.9)
Jas panpHeiiiuero yaoOHO mepefiTd OT NJIOTHOCTH 3JIEKTPOHOB 1 (r)
K 3JeKTpocTaTHyeckoMy noTeHuuasy @ (r); corsaacHo sanave 172,
OHH CBSI3aHbl COOTHOILEHHeM V

nxslﬁ(”;_‘f‘f”. (174.10)

YyuTeBasi Tenepb, uTo noreHnuas @ yaoBaeTBOpAET ypaBHEHHIO
I1yaccona

V2@ = 4nen,
H BBOAA AJsi KPaTKOCTH 0603HayeHme
=§R—'%§—2V2~mé, (174.11)
HaXoJHUM ypaBHEHHe
V2D = CDs, (174.12)

1) Ilas HefitpajbHOro aroMa R= o, a ® (R)=0.—ITpun. ped.
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Ko10poe, ecJiv HpHHHTb BO BHUMAHue paBeHCTBO
V2Q)=_l_£(,cp)
r dr2 ’

COBNIAJIA€T C YpaBHEHHEM, BHIBEJEHHbIM B 3ajaue 172 apyrum cro-
co60M.

Cootrowernus (174.10) u (174.11) nosBossitor H3GaBHTBCS OF
ApoOHLIX crenenell ¢yHkuuu n B dopmynax (174.2)—(174.4), rae
B 3aBHCHMOCTH OT OGCTOSITEJILCTB CJI€JYeT MOJIOXKHTH

1 C s
aubo n= T v2D, Jubo n=4—M(D /2, (174.13)
Taxum obpasom, HmeeM
Eum=g5 | OV:0 a1, (174.14a)
Effron=— 5 | Toar, (174.146)
v2Dy (D
Eioren = 32n2ﬁ Tr—r,7 4T dv. (174.148)

OTH MHTErpaJibi MOXKHO 3HAYHTENbHO YNPOCTHTb, NPHHSB BO BHHUMa-
HHe cdepuyecKyio CHMMETpUI0 M Baois BMecTo @ (r) dyHKuMIO

P =70 () (174.15)
Tak xak
Ze "

VZ(D = (r)v

10 U3 Qopmyasl (174.14a) Temepp cJuenyer
3 mZ Z " 3 ( ’ & ’
E.mﬂ=g§78q>-—;eq> ridr = Z%® 4[ — (99 )m—S(P 2dr} . (174.16a)
0 0

Ananoruyno ¢ nomouwnbto (174.146) nosyyaem

ESren=——= [ 22 " du— 22029 (0). (174.166)

4n r“‘

UroO6b! BHUKC/INTD HHTETpaJl, BXoAsAuui B popmyay (174.14s), npexze
BCET'0 3aMemM, 4TO

D 1
[0 =g | 2 an = [ave (r1>dr.+j 1D (r,) dr, =

r

= ZTE S r@" (ry) dr,+Ze S Q" (ry)dry= E,'f {@—r9"),co—0 (N}
0 r
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Takum obpasom, Bmecto (174.14B) Teneps HMeeM

I 0 ’
Eiizo)'reﬂ=ﬁ S I (r)v:Ddrt= —;—Zebgrzl (r)-q;-dr=

= 2 {§ ¢2dr 4+ [rq)’z],=0} . (174.16B)
0

BmecTo nepemeHHOH r yNOOHO HCIIOJb30BaTh Ge3pa3MepHyIO Ie-
PEMEHHYIO X, ONpeJe/UB €€ COOTHOLIEHHSIMH
r In2 \/s ﬁz

(cM. sapauy 172). Tak kak npu Manslx r, WM, YTO TO XKe CaMoe,
NpH MaJbiX X HMEET MECTO pasJioXKeHue

Pp)=l—px+...,
T0 B (popmysax (174.16a)—(174.168) MOXKHO NOJIOKHTH

—00) =%, (F)_=—% [(&)]_=°

Orciofa OKOHYATe/IbHO MOJIyH4aeM
3 Z%2

Equ:'S'T(H_J)t
Eren=—220, (174.18)
E(z) 1 Z2€2J’

noten — ‘2' a

rjpe

J=S<%)zdx. (174.19)

Boilie ¥ npousBoAHas . M MHTerpas J He 3aBHCAT OT Z, NOCKOJbKY
OHHU ONPENeNAITCA HUCKIIOUHTEIbHO yHHBEPCAIbHOH (PyHKUHER @ (x):
Tabmuna 3vaueHuid QyHKUHH @ (X) npuBejena B 3anaue 172. C no-
MOIIBIO 3TOH TaGJHUBI HAXOAUM

n=—¢' (0)=1,588,  J=0,454. (174.20)

Orciona Aas nonHo# SHEPrMH aToMa, T. €. JJISt CyMMb TpeX Bblpa-
xeHul (174.18), nosyyaem

Z2%32 Z%®
E—__(— +10J) —0,680 2. (174.21)

Tak KakK a~ Z~'/», TO NoJaHasi 5HEPrHsl NPONOPUHOHANbHA Z'/s:
E=—0,7687Z"s punbepr = —20,93Z'/s 3B, (174.22)
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3apaua 175. Teopema BHpHaja jaaa mojaeau atoma Tomaca—®Pepmu

C nomouibio MeToja, pasBHUTOro B 3ajaue 151, mokasatb Teopemy
BHpHasa IJas Moneau artoMa Tomaca—®Pepmu. B xauecrBe caen-
CTBHUSl 3TOH TeopeMbl IOJIYUHUTb CBA3b MEXAY BEJIHYHHAMH B H J,
onpeieseHHbIMH B npembiaywed 3agaue [cM. (172.20)], u BBIACHHTS,
KaKOB OTHOCHTEJbHBIH BKJaJ COCTaBHBIX YacTed 3HEPruy aroma
B €ro IOJHYIO SHEpTHIO.

Pemenne. Jloabsysch MaciitaGHeIM npeoOpa3oBaHuEM, 3aMEHHM
¢yHkuMO 1 (r) HaGopoM GYHKUMH
ny, (r) =A3n (Ar),

KaX<Jas M3 KOTOPHIX YJOBJETBOPSIET YCJOBHIO HOPMHPOBKH
S m(r)dt=2Z.

B pesysnbTate OTAe/bHBIE YAaCTH IHEPTHH 3/EKTPOHOB [BBIpAaXKeHHS
(174.2)—(174.4)] npeoGpasyloTcs K BHAY:

Emm (?") = }“zExmn
Eﬁxt)reﬂ ()") = }‘Esl’i))TEH,
E%)Teﬂ 0") = }\’EI(‘:))TEH'
Takum o6pasom, nogayuaem
E (7") = szKHH + }'Enoreu'

Tax xe kak u B 3agaue 151, MBl j0/KHBL nOTpeGoBaTh, UTOGHL
OE (A)/OA=0 npu A=1. U3 storo tpebGoBaHus cpasy ke cjenyer
1e0peMa BHpHaJa

2E oy -+ Engren = 0. (175.1)

[oacraBasisi B nocJepnee paBeHcTBO BhipaxeHus (174.18), no-
JyuaeMm

p=_J (175.2)

B TIOJHOM COIJIACHH C YHCJIOBbIMH 3HaueHHsiMu (174.20). Pasaununbie
yacTH 3Hepruu ajekTpoHa (174.18) Tenepb MOXKHO BHIPA3UTh uepes
seJuuHHY J. Mbl HMeeM

3

Eun=oU, EBe=—aU, Efha=5U, (175.3)

2
rae
A

U==%%1. (175.4)

a
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Orciona Ana noOJIHOA SHEPTHH aroMma MOJyuaeMm

E=—3uU, (175.5)

YTO ONATH-TAKH HAFOJAMUTCA B COMJIaCHH C YHCJOBEIM pe3yJ/bTaTOM,
HalJleHHEIM B KOHLe npeisiymed 3agaun. Kak H J0/KHO GBITh,
cpaBHeHue BbIpaxeHH# (175.5) u (175.3) BHOBD NPUBOAUT K TEOpeme
BHpHaJa.

3apauya 176. IMpuGamxkenne TaiiTua jpias Mogeaum atoma
Tomaca ~— ®Pepmu

B cayuae HeATPaNbHOTO aTtoMa BMECTO YHHBEPCAJBHOA (QyHKUHH
Tomaca— ®epmn @, (¥) MOXKHO BOCNOJIB30BATHCS OUYEHb XOPOLIHM
NpUOJIMKEHHBIM BblpaXKeHHEM

~ 1
Q) = T gy (176.1)

BbIOpaB QUIypUPYIOIUA B HEM MapaMeTp « HajJekaluM 06pasoM.

Ilpennonarasi, 4T0 (QyHKUHA @ YAOBJETBOPSET TOYHOMY YCJIOBHIO
HOPMHPOBKHM H UTO 0. HE 3aBHCHT OT Z, HAWTH YHCJOBOE 3HaueHHe
3TOrO Napamerpa, a TakxkKe CPaBHUTb YMCJ/IOBble 3HAYEHHs (yHKUHH

P H Q.
Pemenne. B 3anaue 172 6bi10 nokasaHo, 4TO NJOTHOCTb 3J€K-
TPOHOB 7 (r) ¥ NOTEHUHAJ aroMa (B aTOMHBIX €IMHHIAX)
VA
V(r)=—="-9,(r) (176.2)

CBsAA3aHbl COOTHOLIEHHEM
1

n(r)=g—(—2V)". (176.3)

Orciona caepyer, 4TO ycJIOBHE HOPMHPOBKH
4§ ron(rydr=2 (176.4)
0

MO2KHO 3anucaTb B BHJIE

o (22)" S e, (x) dr = Z. (176.5)
0

D10 paBeHCTBO sABAAETCA I/ QYHKUHH @, (X) TOUHBIM, €CJIK

Xx=— u a=0,88534Z~", (176.6)
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Tenepp Mbl 3aMeHHM QYHKIHMIO @, NPHO/IHKEHHOH QyHKIMEH ¢, onpe-
nensieModl BoipaxkenueM (176.1), HO Gymem cuuTath, 4YTO YyCJIOBHe
HOPMHPOBKH I10-TIpEXHEMY ocTaercst B cuse. Ilocsie 3amennl mepe-
MEHHBIX Y =oX=(0t/a)r noJyuaem

®

8V2 ., 5 (a\{ Vydy .

YiyZ (E) L (176.7)
0

Hoc.nemmﬁ HHTeraJI MOXHO BBIYHCJHUTB C IIOMOIlBIO NOJICTAHOBKHU

u=y?*. JleHcTBUTE/IBHO, HETPYAHO NPOBEPHUTH, YTO

Vvdy . Wde 1 Tu(ud—1)
R w17 =7 | G Tarcte )

(I+yp
IoxcranoBka npenesnoB WHTErpHpoBaHHA y=0 M y=oo jaer 3Ha-
venue /8, u B cuay (176.7) mosyuaem

@ = (2—2 )”’a=o,605702’/sa. (176.8)

9

Orciona ¢ yyeroMm cootHoweHus (176.6) maxoxum
a=0,53625, (176.9)

Hicnonb3ysi mosyyeHHOe 3HayeHHe NapamMeTpa &, MOMXKHO CPaBHUTH

YHCJIOBbIE 3HayeHHs (yHKUHH @, ¥ ¢. COOTBETCTByIOL(HE AaHHbIE
NpHBEJEHb B HHXKecJsepyiomeld TabJuile.

x ? @ -0,
0 1 1 0
0,1 0,9008 0,8817 +0,0191
0,2 0,8156 0,7931 -+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 +0,0004

Sameuanue. B opurknanvupx paborax Taiitua [Tiefz T., Journ. Chem. Phys.,
25, 787 (1956); Zs. Naturforsch., 23a, 191 (1968)] BMecTo Hamero HOpMHPOBOU-
Horo muoxurena 0,60570 [paseHctBo (176.8)] ucmosb3oBan MHOXHTeqb 0,64309.
Takum ofpasom, npuGmnxenne TalTia He yOBJIETBOpPSIET TOYHOMY YCJOBHIO HOD-
MHpoBKH. OJHaKO B ero NpUOJIHXEHHH PA3HOCTH ( — @, B HauGo/ee CYIIeCTBEHHOH
obnacti 0 < x < 0,5 HeCKOIbKO MeHblle HalHX, XOTH npu x > | Hawe npuGau-
KeHHe Jyulue,
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3agaya 177. BapuauuoHHBIH METON AJS MOAEAM aTOMA
Tomaca — depmu

B BapuaunuonHofi 3anaue, 3KBHBaJieHTHOH AuddepeHIHaIbHOMY
ypaBuenrio Tomaca— ®epmH, HCNOMb30BaTh B KayecTBe NPOGHBIX
¢byskunii ¢ynxkuuu TafiTua

~ 1
? () = o (177.1)

cyuras o napaMerpom Puria.

Pewenune. Judpdepenuuansuoe ypaBHeHHE
Q"= x~"1q*s (177.2)

9KBHBAJICHTHO Bapnauﬂoxmoﬁ 3ajaue 00 3KCTpeMyMe- HHTEr paJia

J:,S (%cp/“r_g_x-z/,@»/,)dx (177.3)

NpH QHKCHPOBAHHLIX TPaHHYHHIX ycJaoBHAX @ (0)=1 u @ (o0)=0.
IMoncraBasisi  ynOB/NETBOPSAIOUYIO TPAaHHYHBIM YCJOBHAM IPOGHYIO
¢yukuuo (177.1) B unrerpaa (177.3), mosyuaem

¢ 2002 2 1
J=§{m+‘s‘x e 4

i1 BBIUMCJIEHHS] 3TOTO MHTErpaJsia NOJIOXKHM BO BTOPOM CJ/laraeMom
ax=1% u BocnoJibayemcsa (GopmyJoi

dt 1 t 7 t 35 {
Sorm=s {armr+ s or s+ Rarmet
35 ¢ 35
+715 1—+t”+ﬁi arctgt} )

CHpaBeNJMBOCTL KOTOPOH HETPYAHO NpoBepuTb. B pesysbraTe Ha-
XOAUM

2 35 .
J=3(a+ﬁ§a /n). (177.4)
Takum ob6pasom, ycJaosue sxcrpemyma dJ/do =0 paer
35 \?*/s
a:(2——55/) —0,570. (177.5)

DTO 3HAueHHE o JHLIb CJeTKa OTJIHYaeTcs OT 3Havenus o = 0,536,
KOTOpOoe, KaK OblJO N0Ka3aHO B Mpeibliyliei 3ajaue, yAOBJAETBOPSET
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TOYHOMY YCJIOBHIO HOPMHPOBKH

®

(Vignac=1. (177.6)
0

B nawem xe CJlyuyae 3HayeHHWe HHTErpaJa paBHO

’/n izg

o 35

T. e. npubauKeyHaa GYHKUHUS, MHHUMH3HDPYIOUIAsl 3HAYEHHE HHTEr-
pasna J, COOTBETCTBYET HaJHUMIO B atoMe 2/4Z 3JIeKTPOHOB.

3apaya 178. Bausanue axpaHupoBku Ha K-9/1€KTPOHBI

Hafitn nonpaBky K sHeprHHM cBs3H K-371eKTPOHA, OOYCJOBJIEHHYIO
skpaHupoBKoii. Ilpu pacuerax ucnosn3oBath npubmuxenue Tairua
ans Mmonesau atoma Tomaca— Pepmu.

Pewenne. Ilpeanosoxkum, 4T0 M3 aToMa Cc 3apaioM sapa Z yaa-
JIEHBl €1MHHYHLIA AJepHBA 3apsail M ONMH U3 ABYX K-3/7€KTPOHOB.
B pesyJbrare Tako#t omepauuu y Hac MOJYUHJCS Obl HEHTpaJbHBIHA
aTom ¢ 3apsitoM sinpa Z— 1. Ecau tenepb BepHYTb SIAPY YAAJICHHBIH
paHee NOJIOXKHUTEJbHBIH 3apsl, HO IpeHeOpeub €ro BJUSHHEM Ha
IBHKEHHEe OCTaBUINXC Z—1 3JeKTPOHOB, TO MOJIYUEHHAs TaKHM
o0pa3oMm cHcTeMa 3apsiioB OyleT CO3faBaTh B MPOCTPAHCTBE 3JEKTPO-
CTaTHUeCKHH IOTEHIHaJ, Ol‘IHCI:IBaeMbIH bopMyJIOH (HHXKE HCHOJIb-
3YIOTCS aTOMHbIE€ €IMHHUIIBI)

@ (r)=

(178.1)

rae ¢ (x) —¢yuxuusa Tomaca— Pepmu oT nepemMeHHoH
x=2, a=0,88534(Z—1)="h, (178.2)
Ecan Tenepp 100aBUTH K 3TOH CHCTEMe paHee yaaJieHHBIH K-3seK-
TPpOH (3apsi —1), TO €ro noTeHuHasNbHas 3Heprud OymeT pasHa
V(r)=—@(r). (178.3)

HJIH llaﬂbHeHI.LII/IX pacueroB BOCHOJ’IbS)’eMCﬂ Teopuen BOS‘VIyLLLE-
Hui. Bes yuera sKpaHMpOBKM BhIpaxK€HHE AJISI MOTEHLHAJbHOH 3HEp-
run K-3/€KTpoHa HMesao Obl BHI

Von=—2%.

~
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Taxum 06pa3soM, C yuyeToM SKPAHHPOBKH MMeeM

V(r)=—+—2= =V, () +5 [1—p (x)]. (178.4)

B npeneGpexennn »KpaHUPOBKOH 3Heprus E, W COOTBETCTBYyHOUIAS
eil BosiHOBasi QYHKUHSA u,(r) K-3/1€KTPOHA ONpPEJEJAIOTCS BhIpaxKe-
HHSMH

lZz 2 -2Zr

52 U= l/_e . (178.5)

n

E,=—

]

Bnaropaps 9KpaHHpOBKe SHEPreTHYECKHI YPOBEHb B MEPBOM IOPSIKE
TEOPUH BO3MYIEHHH CIBHTaeTcsi Ha BEJHYHHY

AE, = [uyZ

[Mocnennee BblpakeHWe MNOCJe MOACTAHOBKH B HEro OQYHKUHH 4,
NpHHUMAET BHA

Q) u, dr.

AE,=42° (Z—1) S re=3zr[1—g (x)] dr. (178.6)

Tenepp yxe MOXKHO BOCHOJIb30BATHCS npn6.nmxeﬁneM Tatfitua (cM.
sagauy 176):

[ (x)zm, o =0,53625. (178.7)
Yro6el BbIYHCAUTL HHTerpas (178.6), nmepefineM K HOBOH nepeMeHHOMH
t=0(-+ax), (178.8)

rae :
p=2Z - =3,302Z (Z—1)~". (178.9)

B pesysnbrare nosyuaem
AE,=Z(Z—1)eﬁ§e"(t—ﬁ—£:+%)dt. (178.10)

OurypupyomMi 31eck MHTEr paJ

-}

E, (6)=§e"% (178.11)

npencTaBaser co60of XOPOLIO H3BECTHYIO QYHKUHIO, aCHMIITOTHYECKOE
nopejeHHe KOTOPoH NpH OO/bIIMX 3HAYEHHAX [ OmHCHIBAeTCS, PALOM

e 21 3!
Ex (ﬁ)=—ﬁ_( ﬁ +ﬂ2 ps =+ . > (178'12)
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Uro K€ KacaeTCsi HHTerpaja OT IIOCJEJHEro 4jeHa B (opmyJe
(178.10), 10 oH Takxke Bhpaxaerca uepes E, (B):

e~ B
E(@—Sﬂ“ S—E, B). (178.13)

TakuM o6pa3oM, HaXOLHUM
AE,=Z(Z—1)[1+B*—B* (1 +P) P E, (B)].  (178.14)

Orciona npu Pp>1 ¢ yuerom passnoxerus (178.12) oxonuareanHO
f0/1y49aeM

24 150
)- (178 .15)

4 a2t 150
AES:Z(Z—I)F<1_—ﬁ+ﬁa B3i--.

IlepexoAst K 4YHCJIOBHIM OLIEHKaM BEJHUYHHBI CIBHI'Aa SHEpreTHYe-
ckoro yposHa AE;, npexzae Bcero sameTuM, yto napamerp f, ompe-
neasieMblit dopmyJsofi (178.9), neficTBHTENBHO BeJHK (CM. Takxke
NPUBEJEHHYIO HHXe Tabauny), mosromy mnpubmixkenne (178.15)
sIBNsieTCsl BIOJIHE pasyMHBIM. B TpetbeM crosifne Tabauibl JaHH
3HaueHHs] BBIPAXKEHHA, CTOSLIETO B KPYTJIBIX CKOOKax B ¢opMmy.e
(178.15) (HavanpHble 4JeHB 3TOro psjga OwlcTpo y6eBaoT). [lpu
n3menednn Z ot 20 no 80 ciapur sHepreruyeckoro ypopHs AE,
cocraBsser 26 —129% or Beqnunnnl | E,|. CienoBaTesbHO, OH AeHCT-
BHTEJbHO IPEACTaBJsAET CO0OH BCEro JMIIb MONPaBKY, XOTS H He
HACTOJIbKO MaJylo, 4ToObl yyeT BTOPOro MOpPsAKa TEOPHH BO3MYIie-
HUH He MOl HM3MEHHTb €e Ha HeCKoJbKo mpoueHtoB. Hano, omHako,
UMeTb B BHAY, YTO yXe cama no cefe ucHmoJb3yemMass MOJeJNb
Tomaca—®epMu caumKom rpy6a, IOTOMY yueT BTOPOTO MOPsAKA
TEOPHH BO3MYIIEHHH (pu3HuecKH Helesecoo6paseH.

B peHTreHoCHeKTpOCKONMHH OOBLIYHO INPHHATO XapaKTepH30BATh
C/ABHI 3HEPreTHYECKOrO YPOBHf € NMOMOIIBIO SKPAaHHPOBOYHOH NOCTO-
SIHHOH §, OmlpejessieMOH paBeHCTBOM

= — L+ AE,=— 5 (Z— 9. (178.16)
Hs3 storo onpenesenus craeayer

< ]/1_%) (178.17)

3HaueHHs SKPAHHPOBOYHON IOCTOSHHOH, paccunTaHHBle N0 3TOH
¢dopmyJie, TakKe NpHBeleHb B Hamel tabauue. Tak Kaxk

AE,< 5| El,
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TO AJsi TPy6OH OUEHKH KBaJpaTHbIH KOPEHb MOXHO 3aMEHHTH CTe-
NeHHBIM DPa3/I0XKEHHEeM, H Mbl NOJIyYaeM

AE;,  AE

~ — e e T S
s~ 27 STE = Z

TakuMm 0o6pa3oM, 5KPaHHPOBOYHAS HOCTOSTHHAS NPHMEPHO IIPOIIOP-

uuoHanpHa Z'/s. EcaM a8 OLEHOK BOCHOJb30BaTbCs TPyGol dop-
myJioft BHAa
s=0Z" s,

TO C €e MOMOIIbIO HETPYAHO MOJNYYHTH CJeNYIOLlHe Mapbl 3HAYEHH:

Zz =20 50 80
o =103 1,12 1,15

Onnako onpefenisaTh KO3)PUIHEHT TPONOPUHOHAIBHOCTH O C TAKOH
GOJIbIIOH TOYHOCTbIC HE HMeeT cMeicja. CpaBHeHHE 3KCIlepHMEH-
TaJbHbIX 3HAYEHHH 5KPaHHPOBOUHOH MOCTOSTHHOH S C ee TeopeTHue-
CKMMH 3HAauYeHWSIMH IIOKasplBaeT, 4To BIJIOTH A0 Z =50 corsacue
MeXJy TEOpHeH H 3KCIEPHMEHTOM JOBOJIbHO XOpollee, HO 0 Mepe
lasibHEHIero pocTta Z corJacue MexIly HMMH Hapylwaercsd. BwmecTo
NpefCKaskBAEMOr0 TEOPHEH MEIJEHHOTO YBeJHUYeHUs S (pakTHyecKHe
3HAUEHHsl 3KPaHMPOBOYHOH MOCTOAHHOM, NOCTHIHYB MaKcumyma 3,7,
HAUYHHAIOT CHavajJa MeJJeHHo, a mocne Z=70 6bicTpO yObIBATH.
Briosne oueBMaHO, 4TO OTMEUYEHHOe MPOTHBOPEUHE MEXAY Teopueit
¥ 3KCIePUMEHTOM npu GOJbIIMX 3HAYEHHAX Z cJelyeT NpPUNHCATh
peJIATUBHCTCKMM s¢ddektaM. Takoe 3akJ/IOUeHHe KAuyeCTBEHHO MOJ-
TBEPKJAeTCA JAHHBIMH, NPHBEACHHBIMH B JBYX MOCJAEIHHUX CTOAGLAX
HaweH TaGJHLEL.

z B A—..0|  aEs | Eo | $ 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 | —41,7 | 3,9
60 50,90 | 0,921 | 257,3 | 1800 4,42 | —86,3 | 2,04
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

CorJlacHO peJ/IATUBHCTCKOH KBAaHTOBOH MeXaHHKe (cM. 3ajauy 203),
HEBO3MYLIEHHAasl SHEPrus K-37eKTPOHA IIOHHKAETCH Ha BEVIHYHUHY

AE,=—4 20 (l—‘%)“’
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DTOT CABUT YPOBHA HaA0 A06aBHTL K cABHrY AE;, 06yC/IOBJIEHHOMY
9KPaHHPOBKOH, W JIMIIb 3aTeM BLIYHC/ATb 3KPAHHPOBOUHYIO HOCTOSH-
HY[0. Pe3yJbTaTel TaKHX PacyeToB IPHBEJEHBI B IOCJEIHEM CTOJAOUE
Hame#d TabJHLb. Tak Kak CyMMapHBIH CIABHT

AE =AE,+AE,

no Mepe pocTa Z [JeJiaeTcs BCE MEHble W MEHbIIe 10 CPaBHEHHIO
¢ NnepBOHAuaJ/bHBIM cABUroM AE,, TO HCIpaBJIEHHOE 3HaUEHHE 5Kpa-
HHPOBOYHOH IOCTOSIHHOH S, XapaKTepH3ylollee OTKJOHeHUue sdgex-
THBHOTO HOJII OT HE3KPAHHPOBAHHOTO MOJIA siApa, Takke YyGpIBaer
Bce ObICTpee € pOCTOM Z, UYTO cOrJacyercsi ¢ JaHHBIMH 3KCIEpH-
meHTa. CTporo rosopsi, peasTHBUCTCKHE 3DEEKTHl CJe10Bajso Obl
yuecTb He TOJIbKO IIPH BBIYHCJICHHH 3Hepruu E,, HO W TNpH BHIUHC-
JeHnd ciasura AE;. B 3T0fi CBA3H HalH pe3yJ/bTaThl HYXHO pac-
CMaTpUBAaTh KaK CPaBHHUTE/IbHO rpyboe NpuHO/HAKEHHE, OXHAKO JO-
nycKaemasl HaMH oOWIHOKa BpsJ JH BHIXOAHT 33 PaMKH TOYHOCTH
monemu Tomaca—Depmu, He yudThiBawmwesd 3ppexkToB, 006yCJIOB-
JIEHHBIX O00JIOYE€4HOH CTPYKTYpOH aToMa.



V. Hecrauuonapubie 3ajavu

3anaua 179. JIsyxypoBHeBast CHCTeMa MOJ, JCHCTBHEM HE 3aBHMCSILIETO
OT BPEMCHH BO3MYLIEHHS

Cucrema o6JaajaeT TOBKO JBYMSl CTAallMOHAPHBIMH COCTOSHHSIMH
|1> u |2> ¢ sHepruamu fio, v fio, (ho, < hw,). B MOMeHT Bpemenw
=0, xorga cucTeMa HaxOAHJachb B OCHOBHOM COCTOSIHHH, OBLIO
BKJIOYUEHO HE 3aBHCsIllee OT BpeMeHH BoaMmyileHHe W. Bpluncauts
BEPOATHOCTb OGHAPYKEHHS CHCTEMbl B TOM HJM HMHOM H3 €€ BO3-
MOXKHBIX COCTOSIHHH B MOMEHT BPEMEHH f.

Pemenne. Ilycte H o03HauaeT raMHJbTOHMAH HEBO3MYLIEHHOH
CHCTEMBI, TaK YTO [Ba €€ BO3MOXKHBIX CTALHOHAPHBIX COCTOSTHHA
OMHUCHIBAIOTCSA YPaBHEHUSAMH

H|l>=ho,[1>  H|2>=lo,|2>. (179.1)

Torma peienne ypasuenusi Lpeaunrepa npu HaJHUMH BO3MYIIEHHS
d

Ay — W) [ (178.2)

MOXKHO BbIPA3HTh uepe3 CTalHOHAPHEIE COCTOSHHSI:
[$ (£)>=1c, () e~ | 1> +c, (t) e~t0:t| 23, (179.3)

Jra BO3MOXKHOCTb OOYyCJ/IOBJEHA TeM, 4TO cocTosHMA |[1> u |2)
006pa3yioT IIOJHBIH OPTOHOPDMHDOBAHHBIH HA0Op COCTOSAHHH H COOT-
HoweHue (179.3) npeacrasJusier cob0H NPOCTO-HANPOCTO pa3JIOKEHHE
COCTOSIHUS |¢)> TO yKasaHHOMY NOJHOMY Habopy, NpHUeM Ko3(hdu-
UHMEHTHl PA3JMOXKEHHS SABAAIOTCA (GYHKIUAMH BPEMEHH M JOJ/KHBI
onpeensThCsl U3 HAUAJbHBIX YCJOBHH

O)=1, ¢ (0)=0. (179.4)

Ecnu Bolpaxkenue (179.3) moncrasute B ypasuenue (179.2) u
YMHOXHTb ¥ 3TO ypaBHeHHE nousneHHo Ha <1| mam Ha <2|, To B
pesyJbTare JJisl ONpejesieHHs] KOIPPHIHUEHTOB MBI HafneM aBa Iaud-

1) 3gech uMeeTcsa B BHAY CKaJSPHOE YMHOMEHHe COBEKTODA Ha BEKTOD B FHJb-
GepTOBOM NPOCTPAHCTBE COCTOSHHM,
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(epeHIHaJbHBIX YPaBHEHHS NEPBOTO MOPSAKa:
ﬁ h o= oyt — —iwy? ~ @yt
— 0 O =<1 W 1) crem o1 W 2) cpe=tont, (179.5)

— ii(';zr bt = 2| W | 1) cre=tort 1-<2{ W | 2> ¢ etost,

[Tycts 1J151 KPaTKOCTH
W W[v>=Wyy,
TOT4a B CHJYy SPMHTOBOCTH onepatopa W IuaroHasibHHE MaTpPHUHBIE

snemedTsl W, u W,, Oyayr neHCTBUTENbHBIMH, a HeJHATOHAJbHbIE
MaTpHYHbLIE 3JIEMEHTH OYAYT CBA3aHbI COOTHOILEHHEM

lezw/;l-
[Tonb3ysck o6o3HauUEHHEM

W)= Wy — 0y (179.6)
(o, ecTb, OYEBHAHO, PAa3HOCTb 3HEPTHl JBYX PacCMaTPHBAEMEIX

cocTosHHl), ypaBHeHHst (179.5) MoxHO nepemucarb CJEAYIOLIAM
o6pasom:

hic, = W 16 + Wy etoofe,,

. (179.7)
hic, =W y,etoctc, + W e,
Pemenue 3108 cHCTEMBl HINEM B BHIE
¢, = Ae-tot ¢y = Be-tlo-0g1t (179.8)

Ilocsie noncranoBKu BhipaxkeHuit (179.8) B cucremy ypasnenuit (179.7)
noJyyaem

(W, —Fo) A+W,,B=0,
WA+ (W, —ho +fiw,) B=0.

Onpenesutenb 9TOH CHCTEMBI JIMHEHHBIX aJreGpaHuyecKHX ypaBHEHMH
obpaiiaercsl B HyJb NPH JABYX 3HAUEHHAX 4acTOTH O:

o, 11=%u+’é—vd: o, (179.9)
rae
kY_—_sz“Wu"*"hmm
T . v 12 179.10
ho= Y $¥+Wal® (179.10)
Hanee nmeem
B, y=onn—Wu g (179.11)

Wil
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H, CJI€J0BaTeJ/bHO,
o ()= A" 4 Aot
& (1) = et {(ho, — W) Aie™ " - (hoy—W,,) Aye™ 'k
Tocrosnuee A, u A; MOXHO HCKJIOYHTb, BOCIIOJIb30BABUIMCH Ha-

yasbHbIMH ycJoBusiMH (179.4). HecJsioxHble BBLIYMCJIEHHSI NDUBOAST
K CJe/yIOleMy pe3yJbTaTy:

¢, (£) =exp [—i <%+%v) t} <cos of +i L sin cz>, (179.12a)
c,(t)==—i]—%2-exp [—i(%l—l—[—%y—wo) t] sin ot. (179.126)

Orciona 123 BEPOATHOCTH OGHAPYMKHTH CHCTEMY B BO30YKIEH-
HOM COCTOSIHHH [0Jyyaem

lca(t){"’:—l——%zlisinzot.

MNocnennee Bupaxkenne ¢ yuerom (179.10) NPUHUMAeT BHI
4 l Wl? i 2 in2

6, (8) |2 =5——"2— _sin*o!. (179.13

)] Ry +4| Wy, |2 )
BepositHocTh 00HapyXHTb CHCTEMY B HCXOZHOM OCHOBHOM COCTOSIHHH
ONpeJeiIsieTCcsl BhIPaKEHHEM

2 .

[ ¢, (t)l2=.cos“‘crt+<-2%> smfct,

HJIR '
4 Wi |®

(A4 Wy, |?

3ameTuM, 4yTo cymma BhipaxeHutt (179.13) u (179.14) paBua exnHure.
Takum ofpasoM, paccMaTpuBaeMas CHCTEMa OCLMJIHPYET MEXAY
ABYMSl CTAlMOHAPHBIMH COCTOSTHHSIMH C NEPHOAOM /0.

le, (£) |2 =1 — sin? of. (179.14y

3apaua 180. JeiicTBHe mNepUORKRUYECKOro BO3MYIIEHHA
Ha J(BYXYPOBHEBYIO CHCTEMY

Viveercsi Ta e camas IByXypoBHEBas CHCTeMa, YTO H B IIpe-
AblAylle# 3anaye. B MomenT Bpemend ¢ =0 BK/IOYaeTCs nepuoduye-
ckoe BO3Myuienue W cosw! (Hanmpumep, CBeTOBasi BOJHA), 4acTOTA
KOTOPOr'o fioumu COBIAJAET C YACTOTOH ®,==,—®,, COOTBETCTBYIO-
lieH PasHOCTH SHEPTHii JBYX paccMaTpuBaeMbix ypobueil. Ompeje-
JHTb BEPOSITHOCTb OOHApYyXEeHHfl CHCTEMH B TOM HJIM MHOM H3 ee
BO3MOXHbIX COCTOSIHHH B MOMEHT BpeMEHH f [OCJe BKJIOYEHHS
IIEPHOJHUYECKOTO BO3MYUIEHHUS. '
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Pemenne. Pewenne ypasuenuss [lpenunrepa

——’?.—%|\|;>=[H+Wcosmt]|1p> (180.1)
HIeM B BHJE
|9 (0> = ¢, (1) = @ | 1> e, (£) e=F0ut | 25, (180.2)

rie Koaqxbnunemm pasoXE€HHA NOJKHbI OINpeae]saTbCd H3 Havalb-
HOro YCJIOBHA

[$0)>=]|1>, nm ¢ (0)=1, ¢ (0)=0. (180.3)

Boiue |1> u |2)—pewenus ypasHenus llpepunrepa ans crauuo-
HapHBIX COCTOSTHHH:

H|1>=Fho 1>, H|2>=ho,|2, (180.4)

npuyeM yKa3aHHble CTallMOHAapHLIE pEIIeHHs MOMXKHO CYMTATb OPTO-
HopMupoBaHHbIMH. [loacraBasa Bolpaxenue (180.2) B ypaBuenue
(180.1) H ymHOXas 3ateM 3T0 ypaBHeHHe Ha <l| uam <2/, noay-
yaeM jBa AH(pepeHUHAJbHBIX YPABHEHMS IJISt ONpPENe/ICHUS BeJHYHH
¢, (£) B ¢, (t):

-—lié,e' ot =cos of {<1|W | 1> et <1 | W | 2> cpe=ioat},

. _ (180.5)

— 7 Ce™ 0l =cos of {K2|W | 1> cie~io +<2{W |25 cietout ).
Bsenem o6o3nayenue

0 = W, — O,
H, KpOME TOrO, MOJIOXKHM

0 —0, = Ao. (180.6)
Huxe 6yneM CUHTaTb, 4YTO

| Aw | <€ o, (180.7)

Cucrema ypabnenu# (180.5) Temepb npuHHMaeT BHJ
ié: =_21_ﬁ {(1 I 1174 ‘ 1> (ete! 4~ g=tot) ¢, +<1 I 1174 I 2> (e80! | g~ Hw+0) t)Cz},

ic, = Q_Ih 2| W | 1> (¢ (000 i gmidaty g 1 (2| W | 2> (efo! 4e-tat) ¢},

[1pu Takoii 3amucH OTYETJHBO BHIABJSETCA HAaJH4YUe UYJEHOB ABYX
THIOB: BBICOKOYACTOTHBIX —C YacTOTaMM IOPAJKA ©® H 2@ U HHU3KO-
Y3aCTOTHBIX —C YacToToi Aw. YcpegHeHHe NO BpeMEeHHOMY HHTEp-
BaJy 2m/® M03B0JAET H30aBUTHCS OT BLICOKOYACTOTHBLIX YJIEHOB,

6 N 1172
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IIO5TOMY, 3aMEHHB KO3DPHUUEHTH ¢, H ¢, YCPeNHEHHbIMH BeJHYHHAMH
t+%

1 14 4
Cut)=5 { auttrar,
(=7
rae

T =

ela

r

NoJly4uM AJsl 9STHX YyCpeOHEHHBIX BeJHYHH 3HAayHTeJbHO GoJee
IIPOCTYIO CHUCTEMY YPaBHEHHUl, ecJH NpH ycpeiHeHHH OyIeM cyurath
MeJIEHHO MeHSIOIHecss MHOMXKHTEJH exp (3= iAwf) NOCTOSHHBIMU:

iC, =%<1 |W | 25 eidorC,,
. ) (180.8)
iC,=—<2|W|1>e-ttolC,,
ok
Cucrema audpdeperunanbubix ypaBuenuii (180.8) xonmyckaer Tou-
Hoe peenue. [leficTBHTeNbHO, AMdpepeHUMPYA [OUNEHHO OJHO H3
HHX H HCKJIOYash C IIOMOWIbIO JIPYroro ypaBHEHHsS OIHY H3 HCKO-
MbIX QYHKIMH, noJjydaem

&, —ihoC, +49°C, =0,

] o (180.9)
&, +idaC, + 4 Q°C, =0,

rjge

Q1 =<1 W |25 <2|W | 1> =<2 W [1>]%  (180.10)

Ecan Ttenepr BBecTH 0G0O3HaueHHE
R =V O} (Aw), (180.11)

TO pelieHHe nocgaefHed CHCTeMbl, YHOBJIETBOPSIOLUIEE Haua/bHBIM
ycaosuam (180.3), MmoxxHO 3anHcaTh B BUIE

Ao
(1 . Rt
C,——-e‘ 2 (cos%—]—Asm%—),
re (180.12)
—-{—1
C,=e Bsin%’—.
Qurypupymouiie 3jecb MOCTOSHHEIC HHTerpHpoBaHuss A u B MOXHO
BBIYHCJUTb, NOACTaBHB Bhlpaxenus (180.12) B cucremy ypaBHeHHH
nepsoro nopszka (180.8). YkasanHas noiacTaHOBKa Jaer

A=—ibe, B=—i52'—ﬁ‘%u3. (180.13)
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Jna BepOATHOCTH OGHAPYXKHTh CHCTEMY B BO3GYXKICHHOM COCTOS-
HHH B MOMEHT BpeMEHH { IoJyuaeM

Q . g Rt ’
2 __ I
|Cy 2= o aarE St g (180.14)
BeposTHOCTL ke OGHAPYXHThb CHCTeMY MO-IPEXHEMY B OCHOBHOM
COCTOSIHHM HMeeT BHJ

2

1C, ]“=cos’%+g%ﬁg—®—25in2%{. (180.15)
CorsacHo ¢opmyJie (180.14), nepexox cucteMsl B BO3GyKIEHHOE CO-
CTOSIHHE MpeJCTaB/JseT COo00H THUMHYHBIA Ppe30HAHCHBIA OpoLecc:
BEPOSITHOCTb BO30YXXAEHHA GBLICTPO NaaeT MO Mepe PocTa EETHYHHBI
| Aw|. HeoGxomumo mnoxuepKHYTb, YTO Halle pPACCMOTPEHHE IMPaBO-
MEPHO JIHUIb JO TeX MOp, MoKa BhlNoJHsieTcs ycaoske (180.7). ITpo-
uecc Bo30YK/AeHH ST CHCTEMBI IIEPHOIUYECKH TIOBTOPSIETCS ¢ 4aCTOTOMH R,
onpenensiemMoii BbipaxenueM (180.11), KoTopoe B OCHOBHOM 3aBHCHT
OT BeJUUHHBl MaTpuyHOro ssnemenrta. Cnycrs Bpems

2nn

to="g, n=1,23 .., (180.16)

CHCTeMa BHOBb Gyjier OGHapyXeHa B OCHOBHOM COCTOSHMH. Takum
00pasoM, €C/M TNepHOAMYECKOe BO3MYLIEHHE, HANpPHMEp CBETOBAS
BO/IHA, BK/IOYA€TCSi B MOMEHT BpeMeHH [ =0, a 3aTeM BBIK/JIIOYAETCS
B MOMEHT BPeMeHH {=1,, TO B pe3ysbTaTe Mbl He OOHAapYyXHM HH-
KaKUX HM3MEHEHHH B COCTOSIHHH CHCTEMBI.

Npunoxenne. Ilycrb ramusistonuan H onHcHBaeT B3auMOgeficTBHe $-3J1eKTpPOHA

C MarHuTHeIM noseM 3€,, HanpaBneHHHM BIOJb OCH z. B aroM cayuae BeqnuHHa

(0, —@;) paBHA PACCTOSHHIO MEXIY YPOBHSMH, OTBEYAIOMHMH IIPOTHBONOMOKHBIM

opHeHTalUMAM cnuHa. Ecu cocrosiuue | 2> cooTBeTCTBYeT BepXHEMY YDOBHIO, 4 Co-

crosinne | 1> — HuxKHeMY, TO @y =2uF7/h. IlycTb Temepn Bo3MylLeHieM CJIYXKHT
nepeMeHHOe MarHuTHoe noJse, 9’ cos wf, tak uro

W=—pn (o -¥’) cos wt, e

Ecan none 3¢’ napamnessho nomo 3, To MarpHuHMi Smement <I [ W ]2 ofpa-
waercs B Hyab. B 9TOM cayuae Kaxjoe H3 COCTOSAHHEH | 1> u | 2> HesaBucHMO
NOABEPraeTCs JNEHCTBHIO BOSMYWIEHHS, HO IepeXONbl MeXAY HHMH OTCYTCTBYIOT.
Ecau xe none ¥’ nepnengukynspro momo ¥, (MoxHo, HanpuMep, CUHTaTh, YTO
OHO HalpaBJIEHO BAOJIL OCH X), TO JHArOHA/IbHbIE MAaTPHUHbIE 3/EMEHTH onepaTopa W
o6pamaiorcs B HyJb H Ml NDHXOAHM B TOYHOCTH K TOH caMoli 3afaue, KOTOpas
Gbiia pasobpana HAMM Bhle, MPHYEM B JAHHOM Cayyae

AWID=2{W|[b=—pg

Cor1acHO NOJIy4EHHBIM paHee pesyJbTaTaM, €ClH @ R @, TaKas CHCTeMa Oyfer
BeCTH ce6sl Pe3OHAaHCHBIM 06Da3oM, MONepeMeHHO NMepexXofs W3 OLHOTO MAarHHTHOrO
COCTOSAHHA B Apyroe. PacCMOTpeHHBIi NpuMep NpeRcTaBiaseT co6oH npocrefimuii
Cayyail napamazHumHO20 pesoHAHCQ.

6*
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3anakya 181. Teopus Bo3mymeHuit Jupaka

Ilycte y aTOMHOH CHCTEMBI HMEIOTCSI HEBBIPOK/EHHBIE CTALHO-
HapHble cocTosiHus |¢,>. B mMomeHT Bpemenn f=0 cucremMa Haxo-
JUTCA B OCHOBHOM COCTOSIHHMH |y,>; C 5TOTO MOMEHTA HAa Hee HAYMHAEeT
AeficTBOBaTb BO3MYLIEHHE (3aBHCALIEE HJH HE 3aBHCSLIEE OT BPEMEHH),
KOTOpOe BBHI3LIBAET NEPEXOfbl B fipyrue coctossuusa |¢,>. B momenr
BpeMeHH { BO3MyllleHHe BHIKJ/ouaerca. Cyutas BOSMYLIEHHE MaJibiM,
HaHTH BEPOSITHOCTb OOHAPYXEHHS CHCTEMBI B COCTOSTHHH |¢;>.

Pewmenue. T1ycTb COCTOSAHHA HEBO3MYUIEHHON CHCTEMbl YAOBJET-
sopsoT ypasHensio [llpexunrepa

% od
__izz{\pk>=H|1pk>, (181.1)
rae
[pe>=|k>e-iox,  E,=la,,
H HYCTb, Kpome TOTO,
k> =5, (181.2)

[locne Braouenus posmyuieHus W cocrosiHue CHCTeMbl GYAeT omu-
CHIBATbCSl ypaBHEHHEM

——?%lxp>=(ﬂ+ W) p>. (181.3)

Cocrosinue |¢P> MOXKHO Pas/OXKHTb B Psif

l¢>=§kjak () | Pe>- (181.4)

B cuay coornowenuit (181.2) us dopmyarr (181.4) caenyer?

Sla®p=1 (181.5)

Besuunna |a,|* npencraBaser co6oil BepPOATHOCTb OBHAPYXKHTL CH-
CTeMY B COCTOSHHH |{,> B MOMEHT BpEMEHH f.

Iloacrasass cymmy (181.4) B  audoepeHunanbHoe  ypaBHe-
nue (181.3), noayuaem :

13 -
—7 Y @—i0a)|b> = 3 (hog+W) ay | hp>.
k k
¥YMuoxas mocsenHee paseHCTBO NOUJEHHO Ha <!| M yuMTbiBas 3aTeM

1 Ecan Hapagy C IHCKDETHBIM HMEETCS HENpEepHIBHEIA CHEKTP, TO MNACIeAHHR
myTeM BBefleHHst KyGa NEepHONMYHOCTH (OPMAaNbHO MOXKHO npeo6pa3oBaTh B JHC-
KPeTHHH CHCKTDP H BKJIOUHTH €ro, TaKuM 00pasoM, 6e3 DaJbHeHUIHX OCIOKHEHHH
B cymmel (181.4) 1 (181.5).
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coorHowenus (181.2), naxoxzum

dlz_%ze—i(mk—mo‘d]W[k)ak. (181.6)
kR

o cux mop Mbl He NpHOerajn HH K KaKUM NPUOJIKEHU AM, M [O-
cJiefHee ypaBHeHMe sBJsercss TouHbIM. OHO OTpaxaer TOT (aKT, YTO
CKOPOCTb MEpexoia B COCTOsIHME |[> 3aBHCHT OT 6cex COCTOSIHHH
CHCTeMbI, KOTOPbIE NMPH AEACTBMH LaHHOIO BO3MYUIEHUS KOMGHHHPYIOT
¢ cocrosiHueM |{>. Padymeercsl, 3TOT Ke BBIBOA CJIEAYET H M3 COOT-
HoweHHs (181.5). IelicTBuTe/IbHO, ec/iM ONHH H3 KO3(XDHIHEHTOB,
CKaxkeM @;, U3MEHHJICS, TO NOJ/IKHbI H3MEHHThCA M Apyrue Kodpgu-
LIMEeHTHI, TaK yToObl cyMMa (181.5) octaBanack noctosinnoi. (CM. Takxe
3ajauy 179, rae paccmMoTpeH cJayudaill CHCTEMBI C IBYMS BO3MOXKHBIMH
COCTOSIHMSIMH..)

Eciu BoaMywmieHWe maszo, To AN8 IOJYy4YeHUs mnepsoro npubmau-
XKEeHHS Mbl MOXKeM IOJCTaBUTh B HpPAaBylo yacTb ypaeHeHus (181.6)
HayaJibHble 3HAYEHUS

a; (0) = 6,,. (181.7)
B cnyuae [0 Bmecro (181.6) nosayuaem
G, =— 7’;}_6—! @o=w0 £ ([ W | 0. (181.8)

3amernM, yTO 10 CpaBHeHHI0 C 3ajauyeit 179 Hame paccMOTpeHHE
HUMeeT Telepb 3HAYMTEJIbHO MeHee OOWMH XapaKTep, TaK KaK Mbl
npeHeGperaeM o6paTHbIMH NepexoqaMH H3 COCTOSIHHA |[> B cocros-
Hue |0>. MaterpupoBanne ypasnenus (181.8) naer

¢

a, (t) =—7i"- § L)W |0y et om0 £ 4", (181.9)
, |

BeauunHa 3TOro HHTerpaJia B 3HAUHTEJNbHOH Mepe Onpelessercs TeMm,
KaKk uMeHHO BoaMyimeHue W, a cJjefoBaTe/ibHO, H €[0 MaTPHYHEIE
3JEMEHTbl 3aBHCSIT OT BDEMEHH.

Hame nmpu6baukenne npaBoMepHO JHUIb 0 TEX NOP, IIOKa

KUW [0t
2 <1, (181.10)

TaK 4TO BCe Ko3hbunueHTs a,(f) Bce BpEMsI OCTAIOTCH MaJbIMH.
Hajo sameruTb, uyto B cuay HepaseHctBa (181.10)

} (o) —
(0)1—-0)0) t << Kl(‘m‘ly lﬁ(;(;)l .

Tax Kak cTosillasi B YUCJHTE/E 3HEPTUsi BO3OYyKIeHHUs OObIYHO 3HA-
yHTEJIbHO GOJIBIIIE MAaTPHYHOrO 3JieMeHTa, CTOfllero B 3HaMeHareJe,
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TO MOKa3aTeJb SKCMOHEHUHaNbHOH PyHKIuY, ¢urypupymoued B dop-
mynax (181.8) uan (181.9), MoXer oOKa3aTbCs [OBOJIBHO GOJBIIOH
BeJIHYHHOHN, MO3ITOMy Ko3pduLHeHT g, (f) Oyzer B ITOM cjayuae oc-
u#anupyoulei (GyskuHeH BpEeMEeHH, YTO He BIIOJIHE COIJIACYeTCsi
C OCHOBHOH HjeeH, Jexalledi B OCHOBE HCIIOJb3yeMOH HaMH TEOpHHU
Bo3vyuieHu#l. B Huxkecsenyomell 3ajaye mokKasaHo, KaKuM o6pasoM
MOXKHO HM30aBHUTBCS OT 3TOH TPYNHOCTH.

3apaua 182. [lepnoanueckoe BO3MyllleHHE H Pe3OHAHC

[lycTb aToMHas cucTeMa, PacCMOTpeHHasi B Npeabiayuled 3azave,
mojBepraercs NeHCTBUIO MEepHOAHYECKOTO BO3MYIIEHHS

W (t) = We-to! - Y’t elot (182.1)

O6cyauTb BONPOC O PE30HAHCHOM MOTJVIOIIEHHH M BEMCHUTh, KAKHM
00pa3oM BJIHSET Ha BEPOSITHOCTh MEPEXO0B KOHEUHAs HIMPHHA CIEKT-
panbHOH JIMHHM BO3MYLIAIOUIErO IMOJISI.

Pewenune. IloncraBup suipaxenue (182.1) B obwyw dopmyay
NepBOro nopsiika TeopuH Bo3MymieHui (181.9) W BHIDOJHHB HHTEr-
pupOBaHHe, MOJNYYUM

a, () =—% {1705 ¢

(0= 0g=0)  _ 1

Ho;— 0y —0)
e‘ (m;—o)o+m)t___l

0L TS (182.9)

dueprusi Bo36yxnenns, Ey s = h (0, —®,), ABJSIETCS MOJOKHUTENLHON
BEJNMYHHOH, I103TOMY IpH pe3oHaHce, Koraa Hhw= E.., MNepBLIM
yneH B Bhipaxenuu (182.2) 3xauutenbHO GoJsbile BTOPOTO UJEHa.
Taknm o6pa3oM, ec/iH BHINOJHEHO ycJoBHe uyactor Bopa

O =0;—0,, (182.3)

TO CHCTEMa 3a0HpPaeT SHeprhio OT IPHJIOKEHHOTO K HEH IepeMeH-
HOI'o MOJIT H MBI HMeeM

S
|az(t)|2=4'<—”,i‘7’:—‘%-sm g @00 1go.4

(0, — 0o —w)?

Ora ¢opmyaa ocTaeTcs CHPaBeAJIHBOA H B TOM C/yyae, KOTjAa
CNIeKTpPaJIbHAS JIMHHS BO3MYLIAIOWETO MOJSA HMEET KOHEUHYIO MiH-
puny. Ec/IH MHTEHCHBHOCTb BO3MYLIAIOLIETO M10JIS B HHTEPBAJE HYacTOT
MeX1y © # o-+do XxapakTepuayercs BblpaxeHHeM p (®)do, TO
MOKHO HalHCaTh

sin? L (W —wy—) ¢

la,(t>12=Sp(m)-4l<z|W10>J‘-* -

A2 (0 — 0y — )%

do. (182.5)
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BBoasa ciofa HOBYIO NepeMEHHYI0 MHTErPHPOBAHHS

1

x=5 [0 —(0,—0,)]¢,
noJiyuaem
la, () P = 2t 5.p(ml——a)0+2x/t)l<l‘9%—”’0>z S0 .
sinfax
‘Z'Z
I |
-~ ~JT 1/ - ar

P ——

®ur. 70. Pynxuusa sin?x/x2, ONKCHBAIOMAN ECTECTBEHHYIO (GOPMY CIeKTpaabHoM
JHHUH.

Qurypupyroumui 31ecb MHOXHTENb SiN%x/x? HMEET Pe3KHH MaKCHMYM
npu x=0 (¢pur. 70), nosTOMY OCHOBHOH BKJIaJ] B HMHTErpas

+ @

sin? x :
S - dx =7
X

—w v
NPOUCXOAUT OT obnactd |x|<zm. BHyrpu 3T0ro HHTepBasa M,

oueBH1HO, uMeeM |2x/t| < 2m/t. Tak KakK B pacCMaTpUBaeMoM CJIy-
yae JOJ/IKHO BHINOJHATBCS ycJaoBue (181.10), cornacHo Koropomy

ki 10| < 2,

H TaK KaK MaTPHUYHbIH 3/€MEHT OGLIYHO MaJ MO CPaBHEHHIO C 3HEep-
ruefi Bo3OykIEHHUs, TO apryMeHT (QYHKIHH 0 MOXKHO 3aMEHHTb pas-
HOCTBIO ®;—®,. AHAJOTHUYHBIMH COOOPAaXKEHUSIMH MOXKHO BOCHOJIb-
30BaThCl M MNPH paCCMOTPEHHH MAaTPHYHOTO 3JIEMEHTA, KOTOPHIH
MOXKHO, TaKHM 00pa3oM, CYMTaTh HE 3aBHCAILLHM OT [EepPEeMEHHOH
HHTErpUpOBaHHuA x. B pesysbraTe noJiyuaeM BhipakeHHe

(1| % |0 >'2p (©,—0y), (182.6)

3
H3 KOTOPOTO BHAHO, YTO BEPOSITHOCTE OOHAPYXKHUTb CHUCTEMY B CO-
CTOSIHHHM |[> pacTeT NPONOPLUOHAJLHO BpeMeHH {. DTO MO3BOJSET
BBECTH HE 3aBUCHINYIO OT BPEMEHH 68epOoAmHocmb nepexcda, onpeje-

la, () |2 = 2nt
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JIUB €€ COOTHOLUEHHEM

Py=r|a,(t) ] (182.7)
B cuay (182.6) BeposTHOCTb mepexoja HMMeeT BMJ
P,=2xl % 0>|2p (©,—a,). (182.8)

Bamewanue. Ilocnennee BrolpaxkeHHe no ¢GopMe OueHb HaNOMHHAeT 30/10TOE
IPaBHJIO, KOTOpOe paccMarpuBaerca B 3afave 183. Caenyer, onHako, UMeTb B BHRY,
YTO 30J10TOE NPaBHJIO IIOJyYaeTcss B pe3yJbTaTe CyMMHPOBaHHs IO GJH3KO Jexa-
UM KOHe4HblM COCTOSTHHSIM, B TO BpeMsi Kak BhipaxeHHe (182.8) moayuenHo myrteM
HHTErPUPOBAaHHA TO HeMNpEepHIBHOMY CHEKTPY UYacCTOT BHewiHe20 BOo30yKIalomero
noasi. [Ipn sToM MBI NpHHAJH Ge3 HOKas3aTeJbCTBA, YTO CYMMHPOBATh HEOGXOAHMO
He aMmJuTyabl [Bhipaxenue (182.2)], a sepoaTtHoctu [Buipaxenune (182.5)].

3ajgaga 183. 3oa0Toe npaBuUJO AN paccesiHus

Tly4oK yacTHI C HauaJbHBIM HMIYJabcoM p;=hk; ynpyro pac-
ceusaercs Ha noreHuuasne W (r) BHYTpb TejecHoro yraa di,, npuuem
B KOHEYHOM COCTOSIHHH p,=ﬁk,. Tlosp3ysicb HecTaHOHAapHOH TeO-
pue# BosmymeHuit Jlupaxa, nosyuumtb AuddepeHlHaNbHOE CeueHHe
paccesinusi do/d<Q,.

Pemwenne. CorsacHo (181.9), B mepeom mopsike HecTamHOHapHOH
TeOpHH Bo3MymeHH# Jlupaxa
t

a,(t)=_"%§<le|i>e-‘ (@=op ¥ d¢’, (183.1)

Ecsu MaTpuuublit 5/1€MeHT He 3aBHCHT OT BPEMEHH, TO 3TOT HHTer-
paJjl JIErKO BBIYHCJ/IMTb, H B pe3yJbTaTe [oJydYaeM CJEAYIOIlylo oc-
HOBHYIO (opMyJay:

. i—' t
|af(l)]’=4f:2<8WL’iljsinﬁ(w 2‘0/) . (183.2)
i — Q.

M nayanbhoe B KOHEUHOE COCTOSIHMA NPHHAJJEKAT HENPEPHIBHOMY
crnexTpy. BBoAss HOPMHPOBOUHBIN 0GbEM, COOTBETCTBYIOLLHE BOJIHOBLIE
(YHKIIHH MOXKHO 3alIHcaTb B BHJE

|>=V=tetter,  (f|=V-taemtkre, (183.3)

[lpu xoneuHom obbeme V B okpecrHocTH cocrosHus <f| umeercs
oyeHb GOJIbIIOE YHCJO OMH3KMX K HeMy COCTOSIHHH, IpHYeM B, Ipe-
nene V— oo gaxe B GeCKOHEYHO MaJIOH OKPECTHOCTH HX YHCJIO
oKasbiBaeTcsi 6ecCKOHEUHBIM. [To 3TOf MpHuHHE BONPOC O BEPOATHOCTH
nepexosa B 00HO OTAEJLHO B3fTOe KOHeuHoe coctosiiue < f| ¢ BmoaHe
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omnpeje/eHHbIM 3HaUeHHEM HMITYJbCca fik, CTaHOBHUTCH GeCCMBIC/IEHHBIM,
i MBI MOXEM CIpPAlIWBaTh JHIIL O BEPOATHOCTH OGHAPYXKHTb pac-
CesiHHBbIE YaCTHLLI B HEKOTODOM HHTEpBaJie KOHEYHBLIX COCTOSHMH.

[Tycts p, (E;) dE; 03HauaeT 4uC/0 COCTOSIHHE BHYTpH HWHTEpBasa
dE, KOHelIHbIX aﬂeprpm E; u nycTb 5TH COCTOSIHHSA XapaKTepU3YIOTCs
HMrlyJIbcaMH JiesKaIUMH BHyTpH TeJIECHOTO yrJaia df), TOTAa Bepo-
ATHOCTb IEPeXOofia B eLHHHIY BPEMEHH B yKasaHHbIH HHTepBaJI Te-
JIECHBIX YIJIOB GyNeT OMpenesaTbCsl BBIpaXKEHHEM

dT:-}gla, (t) |2 o, (E,) dE,. (183.4)

Taxoe onpeneneHue fBJAAETCH pPAa3yMHBIM JHIIb B CHJY TOTO, 4TO

NpHUBEJCHHOE BhIpa’keHHE He 3aBHCUT OT BpeMeHH, a MHTETPHPOBaHHE

(aKTHUYECKH PaCIpPOCTPaHfAETCA HAa OYEHb Y3KHMH HHTEpBaJ 3Hepruf.
Tlepefinem X HOBOH nepeMEeHHOH WHTETDHPOBAHHSA

1

H NOJIOXKHM, KpOME TOro,

Ef = ﬁ/ﬁ)f,
TOT/a
2h
dE, =% dx.

Orciona, corsacHo ¢opMmyJam (183 2) u (183.4), mosyuaem

dT =< 3 oy (Ep) S02 1< | W | >} d.

ITpu BEIYHCJIEHHH NOC/E/HETO HHTErpaJa MEL BIDaBe BOCHOb30BATECH
cooGpakeHUsIMH, M3J0XKEHHBIMH B Ipeabinylieli 3agaue. Bkaaa B uH-
Terpan 0o oOueHb GOJILIIOMY HHTCPBAJy NEPEMEHHOH X C LEHTPOM
B Touke x=0 [alOT JUIIb COCTOSIHHS U3 OYEHb Y3KOI'O HHTepBaJia
SHEPTH# ¢ LeHTpoM B Touke E,= E;, mosromy

dT=—2h£ o (E)|<FIW [i>p. (183.5)

/11 BEpPOSITHOCTH repexona Iesecoo6PasHo COXPaHUTh O0O3HAueHHE
B Buje auddepennnana dT, Tak Kak B BeJHUYMHE p, NIOKa elle Co-
JepPKUTC GECKOHEUHO MaJblii MHTEPBaJ TeJECHBIX ymos dQ, (os-
MOXKHO, YTO B CBf3H C 5TUM CaMy BEJHUMHY P, ObLIO Obl .nyrnue
0603Haanb nocpenctsoM dp,). Pasenctso (183.5) HaswbiBaioT 3040mbim
npaguUAoMm.

[TosnyueHHast BEPOSITHOCTb NepeX0jJa OYCBHMAHBIM 00Pa3oM 3aBHCHT
OT HOPMHPOBOYHOrO o06BeMa | M OT HauaJbHOH CKOPOCTH Uy = lik, Jm
CTCJAKMBAIOUIUXCS € MHLIEHBIO YacTHI. BMecTo BEpOATHOCTH nepe-
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Xoza lenecoo6pasHO BBECTH BeJHYHHY dO, HE 3aBHCAILYIO OT HOp-
MHPOBOUHOFO ofObema V, onpenesinB ee paBeHCTBOM

dT =< do. (183.6)

Arta BeJAMYHHA HMEET PasMEPHOCTH CM? M NpeiAcTaBJjseT coboH Aud-
¢epeHHaJbHOE CeYeHHe pACCesiHHs, INPHYEM, COTJIaCHO 30JI0TOMY
npasujay (183.5),

do =20, (B) 5 KFIW |03 (183.7)

Taxum o0pa3oM, HaM OCTA€TCHA BLIYHCJUTbL MJOTHOCTh KOHEYHBIX
COCTOSIHHM O, ¥ TOJYYHTb BBIPAXKEHHE JJIsl MATPHUHOrO SJEMEHTa.
HJIOTHOCTI: KOHEUHBIX COCTOSTHHE MOXHO BBIYHCJHTb, IPHHAB BO
BHHMaH#e, YTO Ha OJHO COCTOAHHE OECCIMHOBOH YACTHLH B HM-
MYyJbCHOM TPOCTpaHCTBE NpPUXOAUTCA 0O0beM, paBHLIH (2nh)2/V.
TTosTomMy B IpOM3BOJIbHOM 3JeMeHTe 00beMa UMITYJIbCHOTO IPOCTPAHCT-
Ba d®p COfepIKHUTCSA
apV
8n3%3

COCTOSIHUH. ¥ UYHMTHIBAsl, UTO
d*p=p*dpdQ =mpdE dQ,

InoJiyyaem
_mpdefdQ,V
H, CJAeN0BaATEJBHO,
do_(rnV )zk, iy 183.9
-&E,_ Py k_,-l< "1‘)[ (183.9)

B cJiyyae ynpyroro pacCesiHus MHOXHTEJb ky/k;=1 n ero B namn-
HefillleM MOXKHO ONYyCTHTh.

Ina cgepuyecku CHMMETpHYHOro mnoreHuuasa W (r) MaTpuuHbIA
5/EMEHT MEKAYy COCTOSIHHfIMH, ONHCBIBAEMBIMH TNJOCKUMH BOJIHAMH
(183.3), umeer BHI

SFIW 0> =%Se—"<-fu’/ (r) d®x, (183.10)

rae K= R,—FR;—Tax nasbiBaeMbii nepelaHHbIl MUMIYJbC (B €IHHHU-
nax %). HTerpupoBaHue NO yIJOBbLIM MEPEMEHHBIM AdeT

LA —-VES KL redr, (183.11)
0
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MO3TOMY OKOHUATEJbLHO MOJYy4YaeM

do_ et smKr
o ﬁzf W (r)S=ldr | (183.12)

Pesyabrat (183.12), Kaxk u cJemoBano oXHjaaTh, coBmajaer ¢ dop-
MyJioHf nepBoro GOPHOBCKOro mpHOJMMKeHHA (cM. 3axauy 105). Hefict-
BHTEJbHO, Hama ucxopHas gopmyna (183.1) yxe npeamosaaraer, uro
pacceuBatoiuii norenuuana W (r) paccMmaTpuBaercss B KayecTBe BO3-
MYLIEHHS; UMEHHO MO 3TOH MpHYHHE JJS OMHCAaHHA HaYaJbHOTO H
KOHEYHOTO COCTOSIHHH ObLIH HCIIOJb30BAaHbl MJOCKHE BOJHBL.

3anaua 184. BopHOBCKOE paccesiHHe B MMIYJbCHOM TNpeJCTaBJEHHH

Ilonp3ysich MMIYJIGCHBIM MPEACTABJEHHEM H OTDaHUYHBASCh I€p-
BBIM MOPSJIKOM HECTAlHOHADHOH TEOPHHU BO3MYLUEHHH, IOJNYUYUTD
BeIpaxkeHHe ansa puddepeHirasbHOro ceueHns paccesiHusi. CuuTath,
YyTO BO3MYIUEHHE BKJ/IOYaeTcs B MOMEHT BpeMeHH {=0, a 3arteMm
OCTaeTC MOCTOSTHHEIM.

Pemenne. Kak Oblo mokaszHo B 3amaue 14, npu nepexope
K HMIYJbCHOMY TMpeICTaBJNeHHIO HeCTalHoOHapHoe ypaBHeHue [lipe-
IHHrepa

LI (184.1)

3aMeHseTCs UHTErpo-AuddepeHHaNbHBIM YPaBHEHHEM BUIa

ik n=Lwrw 0+ (wa—r) 1@, naw, (849

rae f(k, t) u W (k) COOTBETCTBEHHO (yphe-06pasel W (r, £) u V (r)
(HopMHpOBKa Ta xe, 4To H B 3ajaue 14). Ypasnenue (184.2) MoxHO
HECKOJIbKO YNIPOCTHTb, BBEAS BMECTO [ HOBYIO (YHKIHIO:

fh, )=v(k, e o, o= k. (184.3)

Mzl umeem

wz —Lﬁyef ="t W (k—k)u (R, {)dk. (184.4)

Ilpu pemennn ypaBuenuss (184.4) B mepBoM nopsake TeopHH
BO3MYIIEHUN (YHKIHIO U B NOIBIHTErPaJbHOM BHIPAXKEHHH CJERYET
3aMEHUTb HEBO3MYLIEHHON BOJIHOBOH (YHKIHEH

v, (B, t)=C (2r)’/x 6 (R—k,), (184.5)
KoTopasi IpejcTas/ser coboil ¢ypbe-o6pa3 NJAOCKOH BOJHBL:
P, (F, t)=Cel*or, (184.6)
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B pesysbrate ypaBHenue (184.4) npuobGperaer BHUI

i (:: ik, 1) _ -_c Q) W (B— k) e @-00) 1,

PeiieHnieM 3TOro ypaBHEHHS CJYMKHT (PyHKUHA
C oe de-olt_)
v(k, t)=——ﬁ—(2n) HhW (k—R) ——————. (184.7)
0
CrienoBaTe/IbHO, BEPOSITHOCTb OOHApYXKHTh YacTHIY C HMIOyJbcoMm R
BHYTPH HHTepBaJsia d’k B MoMeHT BpemeHH ! (cM. 3ajauy 15) paercs
BbIpaXKeHHEM

ok, 1) ]2 d% = lc—'ﬁgi)— (W (k— k) P tair;:i‘kmdg,

rae A KPaTkoCTH Mbl IOJIOXKHJH
x=——((o — ) L.
Tak Kak

kdk = 2m

—ht—dx

+ @
S‘ sm2
-

TO BEpPOATHOCThL Me€pexoxa, olpeAc/ienHas PaBeHCTBOM
dT =+ dQ Skalv(k, t) |2 dk, (184.8)

noc/ie MHTErpHpOBaHHMs NO dk NpUHHMAET BUJ
Cl2@2n)mk |-
dT=J'_<h‘:’—ﬁ-1W(k—k0) | dQ, (184.9)
npuyem Beiwie (cM. 3anavy 183) | k|=|k,|. Lnddepernuabuoe ceye-

HUE CBA3aHO MNO OINPEAECJEHHIO € BEPOATHOCTHLIO IEPexXoaa COOTHO-
LIEHHEM

dr=|c;200do=[cyz%do, (184.10)
03TOMY
4 2
dozg%)ﬂ—mIW(k-—ko) 2 dQ. (184.11)

B cayuae u€HTPAJLHOTO B3aHMOAEHCTBHA 3TY OGHIYIO GOpMYJy
MOXKHO HeCKOJIbKO YNPOCTHTb, TaK KaK NPH BbIUKCJAEHUH Pypbe-
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obpasa moTeHUHaja V (r) ynaercs NpOBECTH HHTErPHPOBAHHE MO
YIJIOBBIM TiepeMeHHBIM. Mbl uMeem

W (k—ko) = Gy L | eV () dox — e S V() X e ar, (184.12)

rie K= k— k,—nepejaHHblii UMIYJbC (B eauHHIAX ), npuuem K o
yros1 paccesHus ¥ cBs3aHbl COOTHOLIEHHEM

K = 2k,sin 3 . (184.13)

[Moacrapass tenepb BhipaxenHe (184.12) B dopmyay (184.11), noay-
yaeM XOpPOILIO HM3BECTHHIM pe3ysbTaT AJf CEYeHHA paccesHHa B nep-
BOM OODHOBCKOM NPHOJIMKEHHH:

o {QmS ()S‘“K’ mtr} (184.14)

3ameanue. Tlepexon oT BoJIHOBOH (YHKIMH f, ONKCHIBAIOMEH COCTOSHHE YaCTHIbI
8 UMIYJLCHOM MPEACTaBJEHHH, K (QYHKIHH U COOTBETCTBYeT B ofuleM cilyyae nepe-
xony or Kapruebl Lllpenurrepa x kaprune J[Hpaka (mpeicraBJieHHe B3auMofelict-
Busi). B orcyrctBHe B3aumopeiictBus W (k) QymKIHS v He 3aBHcesa Ghl OT Bpe-
menu f. Dopmyaa Anas ceueHus: paccesHus (184.14) Gbia Hamu BEBelleRa DaHee
B 3afjaue 105. 3ameTnm Takxke, uTO (ypre-06pa3 W (k—Fk,) ¢ TOYHOCTBIO fO HOP-
MHPOBOYHOTO MHOXHKTE/S] €CThb MAaTPHYHBIH SJeMeHT noTeHnuana V (r) B obnldHOM
MPOCTPAHCTBE:

@enpP W (k—ko)—:.Se“"*" V(r)e*o T d3x =<k V| ky>.

C yuerom nocjefHero 3amedasus ¢opMmyJe IJA cedeHHs paccesnus (184.11) moxHo
NpHAATL BHA

m 2
do=|—=—<Rk|V|Rky| dAQ. 184.15
|5 <® 1V 186 (184.18)

3anaua 185. KynoHoBckoe BO30yXaeHHe aToma

[lyctb Ha paccTossHuM b (NpHUEJbHOE pPAcCTOAHHE) OT aToMa
MEJOYHOTO MeTaJla [poJieTaeT 3/eKTpoH. CKOPOCTb 3JEKTPOHA U
npeanoJaraercsa OOJbIIOH MO CPABHEHMIO CO CKODOCTBIO BaJIEHTHOFO
3JIEKTPOHa B aToMe. B pesyJbTate KyJOHOBCKOTO B3anMOAEHCTBHS
aTOM MOKeT NepelTH B BO36yxKJeHHOe cocTosiHHe. C MOMONLbIO HecTa-
IIMOHAPHON TEODHH BO3MYLIEHHH paccuutaTh 3(hdeKTHBHOE CeyeHHe
TaKoro mnpouecca.

Pewenue. DyJeM ONUCHIBATH MOJIOKEHHE BAJIEHTHOI'O 3JIEKTPOHA
OTHOCHTE/JIbHO aTOMHOTO ocToBa (pur. 71) paguyc-BeKTopoM r (X, y, 2).
Ecan naseraiol vl 3/7€KTPOH HaXOJUTCS B TOYKE P, TO IHEPTHIO €ro
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B3aUMOJEHCTBHSA C BaJIEHTHBHIM 9JICKTPOHOM MOXKHO 3aluCaTb B BHJE

e%
V(t)=ﬁ(7)’f (185.1)
rie

2= (vf—x)? 4>+ (b—2)2. (185.2)

Huxe 6ynem npeneGperaTb 3ddekramMu, CBI3aHHBIMH C 3aMeAJieHHEM
HJIH OTKJIOHEHHEM HaJeTaiollero aJjeKkrpoHa. Kpome Toro, paccmat-
pHBasi HaJeTawoUIU# OSJeKTPOH KaK KJjac-
AZ CHYECKYI0O  YAaCTHIly, Mbl, KOHEYHO, He
1 P YUYHTHIBAEM H BCe OOMeHHble 3thdekThl.
Ecau anuua sosHBl HaJseraioLiero 3JIEKTpO-
Ha MaJa [0 CPaBHEHHMIO C TPHUEJNbHBIM
paccrosiHueM b W ¢ JHHEeHHbHIMH pasmepa-
MH aroMa, TO Takoe MNpuOJIHKEHHE BIIOJIHE
pasymHo. Has npocrotsl GygeM Takxe
CUHTaTh, 4YTO MpPHLUEJbHOE PaCETOsiHHE b B
CBOIO Ouepellb BEJHKO II0 CPAaBHEHHIO C JIH-
HeHHBIMH pa3MepaMd aroMma, H, CJel0Ba-
TeJbHO, MOXKHO BOCIOJIb30BaThbCA PAa3JIOKEHHEM

! 1 vix-+ bz
—_—=—— | ] . . ]

B 3TOM mpubsMKEHHH MaTPHUHBIH 3/€MEHT Iepexoia M3 OCHOBHOTO
cocrossHHA (uHAekc 0) B BO36GYXKAEHHOE (HHAEKC k) 3amuCHIBaeTCs
B BHJE

®ur. 71. CxemMa cTONKHO-
BEHHS 3/IEKTPOHA C aTOMOM.

<RIV (E)]0>= [vi<k|x|0>4-b<k|2[05], (185.3)

e
[(00)+b%"/s

MOCKOJIbKY TNePBHIi (cTaTHYecKu#) uieH M3 Bhlpaxenus (185.2a) naer
BKJIa] TOJIbKO B JHArOHaJIbHBEIA MaTpuuHbH snemeHT <0 |V |0>, orBe-
YaIOIMA YIIPYTOMY PpaccesiHuio.

Ecan neposmylleHHOe cOCTOsIHHE |k)> YIOBJETBOPSET ypaBHEHHIO
. Hlpenunrepa

H|k>=Ho,| k>,
TO BO3MYIIEHHOE COCTOsIHHE 3alUCLIBAETCHd B BHIE
|¢>==e-ﬂ%tlo>4—;;'akU)e‘Jwﬂlk>, (185.4)

rae (cM. 3agauy 181)

¢
%m=—§S””WMQmwmmmﬁ (185.5)
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Orciofa BEPOSITHOCTH OOHADYXHTb aTOM B BO36YXKIEHHOM COCTOSHHH
|k> mocse TOro, Kak MpolecC CTOJKHOBEHHS 3aKOHUMTCs, PaBHA

Pr=ax (o) %, (185.6)

a bbeKTHBHOE ceueHHe BO30GYKAEHHS COCTOSHHA |RD> moJdydaercs
W3 Hee HHTErpHPOBaHHEM MO MPHUEJLHOMY DaCCTOSHHIO:

®

ap=2n { | a, (c0) [ Lab. (185.7)
0

Takum obpas3om, 3aaya B OCHOBHOM CBOJIHTCSl K BLIUHCJ/IEHHIO aMIlJIH-
TYRbL a,(c0). Ilocie MOACTaHOBKY BbIpaXKEHHA I/ MaTpPU4HOro 3Je-
menta (185.3) nonyuaem

. +® (©0-
a,,(oo)=_%ez m[vkklxlw—{—b(k}zl@]w
Bsogs o0o3HaueHHsI
Bz(_“’ﬁ_ﬂ)_b, s=2t, (185.8)

7

b

rnocJjiefHee BbIpa*K€HHE MOXKHO nepemucarb B BUIE

S

i
ak(oo)“"—ﬁ_'i<k|)5|0> j st—}-(klZ'O) S a_e____ds

2)'/,

{ +w

(185.9)

O6a ¢urypupytolye 31eCh HHTErpaJsda HeTpyIHO BbIUKCJANTb, BOCNOJb-
30BaBLIMCb HHTErPAJbHBLIM MPEACTABACHHEM MOAHDHIHPOBAHHON PyHK-
unn XaHkess:

BK, (B) = S%ds (185.10)

[Tocnemnit UHTErpasa MOXKHO MNpeiACTaBUTb B HHOM BUIE!:

@® €® . +

| ofhs d 1 e B d i P d
S\ A T — |\ a8 = - a8,
2) (183" + . \ (1-+s2)*7+ $ 73 S (1+s2)'/a ;
[4] 0 -
1'103‘1'01\1)/
tr ABs "
————ds = 23K, (). (185.
5 T s = 20K, (1) (185.11)

-
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Iuddepenunpys pabenctso (185.11) no B, momyuaem

+®

ifs
N G =—2 185.12
i § e [BK (B)]=—2BK, (B).  (185.12)

Takum o6pa3oM, HUMeeM
Gy (00) = — 2=+ L {<k| %] 0> (— BK, (B) +i <k] 2] 03 BK, (B)}.
(185.13)
Ecaun atoMm He NOJSPH30BaH, TO YCPEAHEHHE MO MOJSPH3aLUH NaeT

RTx]0>=<k[2[05=0, T<E[x[0>]F=]<k[z[05], (185.14)

N03TOMY -
(4 (@)F = () + 55 - TRTRTO>F B2 [K3 (B) + K3 ()] (185.15)

C yuerom cootHowenuit (185.7) u (185.8) nas sddexTuBHOrO Ceye-
HHs BO36GYXKAEHUS COCTOSIHHS |k> mosydaem

0y =87 (4 ):—<k—‘1x|o>rzj[K3<ﬁ>+K$<ﬁ>Jﬁdﬁ. (185.16)

Ecau 6ul B moc/efiHeM HHTErpaje HHUXKHHH npees Obll OTJHYEH OT
HyJd, TO Mbl MOrJIM OBl HanucaTh

-]

( (K3 8)+K1(B)]BdB =PK, BYK, (B).  (185.17)
[+]

ﬂpu MaJiblX 3HaUeHUAaXx [5 CIpaBelJINBbI Hpeﬂe.ﬂbﬂble COOTHOUICHH S

BK, (B)—1, K,(B)——C+In— T (185.18)

rae C=0,5772...— nocroaunaa Dinepa. Takum o6pas3oM, paccMmart-
pUBaeMbli HHTErpaj pacXORUTCS NPH MaJsix 3HaueHusix B, T.e.,
corsacHo (185.8), npu MaJibIX 3HAYEHUSX MPHLEJNBHOTO pPacCTOSTHUSA b,
DTa pacxonuMOCTh CBsi3aHa C HCNOJIb30BaHHEM pasnoxenus (185.2a)
IJi 3HEPTUH B3aHMOAEHCTBHA, KOTOpPOe HMeeT CMBICJ JIMIb B TOM
cjiyuae, eCJIU PACCTOSIHHE 7 MEXKJY BaJIEHTHHIM JEKTPOHOM H aTOM-
HbIM OCTOBOM MaJIO [0 CpPaBHEHHIO C IIPHUEJLHBIM paccTosiHHEM b.
BosHUKIIYI0O PacXONUMOCTb MOXKHO YCTPaHHTh, noJgarasg b, =r,,
rae r,— sddekTuBHbll paguyc aroma. Corsacuo coorHowmenuo (185.8),
nuMeem
ro (0Wg —
By = 20800 (185.19)

v
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Tak KaK CKOpPOCThb U JOJ/DKHA ObIThb BeJHKa 10 CPAaRHEHHIO CO CKO-
POCTbIO BAJIEHTHOTO 3J€KTpoHa, TO PB,,, <1 H Mbl MOxeM noJsb30-
Batbca cooTHomreHusiMH (185.18). B pesysbrare nna sdbextusnoro
ceueHHsl BO30OYKIEHUS aToMa MOJyvyaeM
EN2 —T—Tr T 2v
0k=8n<ﬁ> |<k1x10>|2{1n— c}. (185.20)

7o (0 — @q)

TouHoe 3HaueHHe oOGpe3aollEro panuyca 7, HECYLIECTBEHHO, TaK Kak
OH CTOMT MNOj 3HaKOM Jorapudma, a Jorapupmuueckas QyHKuUUS
CPaBHHUTEJBHO MEJJEHHO MEHseTcs [pPH H3MEHEHHH ee apryMeHTa.

[Tpumewanue. MeToll, HCIONb30BAHHLIH NPH PELIEHHH 3TOH 3aJayH, 3aHMCTBOBAK
HaMH H3 TEODHH KYJIOHOBCKOTO BO30YyKIeHHS AaTOMHBIX Ssep: CM., HalpuMep,
Alder K. Winther W., Dan. Mat.-Fys. Medd.. 29, 19 (1955).

3anaua 186. Potoapderr

Ha arom Bomopona, HaxonsmuUACS B OCHOBHOM COCTOSIHHH, Nafaer
JUHEHHO MNOJspH30BaHHAs cBeToBas BoJHA (& x, F ||y), pacnpo-
CTpaHsIoWAasCc s B [I0J0XKHTENLHOM Hall paBJeHHH ocH 2. Hafitu yraosoe
pacnpeseseHue (OTO3JIEKTPOHOB H BLIUUCJAHTL AudQpepeHunaspHoe
ceuenne ¢orosppexra. Cuntath, UTO IJEKTPOHE B KOHEUHOM COCTOS-
HUH NPUOJHIKEHHO MOXKHO ONHCHIBATh NJIOCKHMH BOJIHAMH. DgeKTr
3anas3jblBaHUA HE YYHTHIBATh.

Pemernne. CBeTOBYIO BOJIHY MOXHO OMHCaThb, 3a3[1aB BEKTOP-NOTEH-~
nuasa A B Buje

Ae=-s&ocos [o(t—2) 48], 4,=0, 4,-0, (186.1)

NPH 3TOM OTJIUYHBIE OT HYJS KOMIOHEHTH HANlpsI)KEHHOCTEl 3/EKTPH-~
YeCKOro M MarHWTHOrO noJiefi 6yayT paBHbI

6x=—1 A, =&ysin[o(1—2)+5],

5, =%z =6, sin [o(1—2)+5].

Ycpenuennnlit Bektop YMoBa— [TofiHTHHTa HanpaBJeH BAOJb OCH 2
H HMeeT BeJUUMHY

S_C TS a ¢
S=45 67, =5 6%

TCIOZ, s 4HcJa , B | ¢ na 1 cm2, noJyuae
O a JAJs UHC OTOHOB, Najatouiux B | 1 cm2, eM

2
n=— ;ﬁl . (186.2)
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DHEpPTHsi B3aHMOAEHCTBHS MEXJy CBETOBOH BOJIHOH M aTOMHBIM
3JeKTPOHOM, cOrJiacHo 3ajaue 125, umeer BHA

W =__eil (A-V) = We-iot 1 Weiot, (186.3)

rjae

w =--—eh— gote*“aa (186.4)

Briime MHOXHTeNb eXp ({wz/c), YYHUTBIBAIOWUA 3anasjblBaHHE, MBI
NOJIOKHJAM paBHBIM 1.

Tenepb MOXKHO NMPHMEHUTb METOJ, Pas3sBHTHIA B 3anaue 182. Peso-
HAaHCHBIH 3HaMeHaTeJb O;—®;—®, OOECHEYHBAIOUIMA BHINOJHEHHE
3aKOHa COXD4HEHHS SHEPTHHU, WMeerca Jumwb B dneHe W. [lonaras

X= % (u)f——m,-—m) t,
noJiyyaem
|af<t)|2=~l<fIWl ip [ 200X

Orciofa s BEPOSITHOCTH Nepexofa P, M3 HayaJbHOTO COCTOSHHS | i)
B KOHEYHOe COCTOsiHHE |f> HaXOAHM BHIpakeHHe

Pf——pfl<f|Wlt>l* (186.5)

B KOTOPOM p; O3HAa4aeT IJIOTHOCTb 3JEKTPOHOB B KOHEYHOM COCTOSI-
HHUH. Comacno coorHowenuio (183.8), 1meem

3){mk dQ,. (186.6)
31ech V-—HOPMHDPOBOUHHII 006beM, a fik,—BeJHuMHA HMIyJbca (o-
toaaekrpona. [Auddepenunasbroe ceqe}me (hOTOIMHCCUN B TEJIECHBIH
yron d); onmpeieJssercs Kak OTHOWIEHHe P,/n, NO3TOMy C yueToM
cooTHouieHuit (186.2) u (186.4)—(186.6) MoxkHO HamHCaTh

e2’

do = g Q[ (F | o | )

(186.7)

Mpl uMeeM 1eJo C UEHTPaJbHBIM B3aHMOIEHACTBHEM, TAK YTO BOJI-
HOBafl (DYHKUHS OCHOBHOIO COCTOSAHHS |{> HE 3aBHCHT OT YIVIOBbIX
nepemMeHHbIX M, CJel0BaTe/bHO, MPOH3BOAHAS

Oxll>_' e

sin¥cosg (186.8)
nponopuyoHadbHa chepHYecKol rapMOHHUKE (EePBOro MNOPSAKA, M10-
3TOMY MAaTDHYHbIH 3/IEMEHT He HCYe3aeT TOJIbKO B TOM CJlydae, ecJu
cocTosiHUe (POTOSJIEKTPOHA SABJIAETCS P-COCTOSTHHEM.
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TlycTb KOHeuyHOe COCTOsIHHE (OTO3/IEKTPOHA NPHOJHKEHHO OMHCHI-
Ba€TCSI TJIOCKOH BOJIHOH, Torja

> = V=™ 7 <Y = LY (2U4-1) i, (kyr) P, (cosy), (186.9)
=0

Ti€ Y O3HauyaeT yroJ MeXAy BeKTOpaMH k, u r. Kak yxe rosopu-
JOCb, M3 STOH CYMMBI BKJaJ B MaTPHYHHIH 3/IEMEHT JaeT JHIb OIMH
yjen (p-cocrosiume) ¢ [=1:

®

N_ B [fu(kr) d|t> .
1>_ v ‘(5 p rdrfcosvsmﬁcosq;dﬁ

0

<f§

YuurbiBas naJsiee, 4ro
cos y = cos ¥ cos © +sin ¥ sin @ (cos ¢ cos D + sin ¢ sin D),

rze ©, ® u ¥, ¢ —chepuueckue yribl COOTBETCTBEHHO BEKTOPOB B,
M r, HETPYAHO BBLIIIOJHHTD umerpnposaﬂne no dQ:

sin® cos @ f sin? ¢ cos? q)dQ T sin © cos ®.

Taxum o6pasom,

(lar 9=

TaK uTO B cuay (186.7) umeem

-]

0 jr(kyr) dli>

- L r2
sm@cos(Dj P radr,
g

2
do iy (yr) 2 dr} sin?@cost®.  (186.10)

dQ mcwk f l S

Jlnst moslyueHUs XOPOIUHX KOJIHUECTBEHHBIX Pe3yJbTaToB (DHTypHPYIO-
LYI0 B IOCJEJHEM BhIDAaXKeHHH pajHaJbHy0 (QYHKUHIO j, cJenyer
3aMeHUTb OoJiee TOUHBIM BEHIPAKEHHEM (HAIlOMHHM, 4TO pajyuaJjbHas
GyHKUHA [, NOSIBJASIETCH y HAac B pe3yJbTaTe HCIOJMb30BaHHs MNpH-
GaMKeHHsT NMJOCKHX BOJHY). OmHako yrJyoBoe pacnpejesenue GoTto-
3JEKTPOHOB INOJyueHHass (opMyJa OmHChHBaeT NpaBuUJbHO. Takoe
pacrmpejie/leHHe COrJlacyeTcss M ¢ KJaCCHYeCKMMH MpeICTaBJAEHHSIMH,
N0CKO/IbKY (yHKUHS sin%@ cos® @ pocruraer MakCHMyma, Koraa ¢o-
TO3JIEKTPOHB! BBIJIETAIOT MapaJJesbHO OCH X, BAOJb KOTOPOH Hampas-
JIeH BEKTOP 3JEKTPHYECKOH HaNpsiKeHHOCTH.

1) TIpuGauxeHHe NJAOCKHX BOJH IIPHBOAHT K [NpPAaBHJBHBIM KOJHYECTBEHHBIM
pesyJbTaTaM, eciu Hap;my C TEpBHIM yuecTb BTOpoe GODHOBCKOe NpPHGIHKeHHe.
Cwm., nanpumep, Jecos 5. A., 3. Bysos, ®usuka, 1, 71 (1961).— [Tpun. ped.



180 V. Hecmayuornaproe 3adaqu

3ameuanue. Ona K-snektpoHa
%2

S — =2 —3/28- rla a—=
li>=a""a ’ (Z—s) me?

(1o NOBOJY 3KPAHHPOBOYHON RNOCTOSHHOH § cm. 3ajauy 178), nostomy wuHTerpads
u3 QopmyJsl (186.10) MoxkHO 3amucaTh B BHAE

@«

X

1 sin x “Fa
221/— —cosx Je faxdx,
kia na , x
0
rae x=kg. Hnuterpas BbluHC/ASATCA 3J€MEHTAaPHBIMH METOAAMH, H Mbl TI0J1yYaem

2 k%a2

Vaa (14 kfa®)?
Sra Qopmysa crnpaBelHBa NPH YCJOBHH Ry >> |, TOCKONBKY B IPOTHBHOM Ciyuae
npub/aHXKeHHe NMJOCKHX BOJH CTaHOBHICH HecocTosTeabHbiM. Takum o6pasom, HmeeM

@
. dli>
J = ker) X< rdr=—
5‘11( f2) i
o

J =

2
J & — —— (k)2
Vaa 1
u -
do 32 1

- sin? 6 cos? @.
aQ; mea®  okj

YuutbiBasg Janee pPaBeHCTBO

hPkf
2m =hay,
OKOHYATE/ILHO TIOMTyYaeM
2 2010
o8 (Z—s5)®sin? @ cos? @. <. L I

a;

Bosiee ToyHble pacueThl TOATBEPXKAAOT B OOWMX YepTax BhITEKAIOWHe U3 3TOH (op-
MyJibl BBIBOABI: GLICTPOE YBEJIMUEHHE CEYEHHs C POCTOM BeJNHUMHBI Z —s, GLICTpOe
yGLiBaliHe CeueHMs, NMPHMEPHO Kak ®—%5, C POCTOM 3HePruEM KBaHTa fiw, npaBHJIb-
HOE YIVIOBOE pacnpelle/ieHHe 3JEKTPOHOB H, HAKOHel, NPaBHJbHLIN MOPALOK BeJH-
4YHHB ceyeHHS PoTodpeKTa.

Jluteparypa

Stobbe M., Ann. Phys., 7, 661 (1930).
Yuer sanasipiBaHus A8 BOZOpoLa:

Sommerfeld A., Schur G., Ann. Phys., 4, 409 (1930).
PeasiTuBucTCK 2 TEOpHsi:

Sauter F., Ann. Phys., 11, 454 (1931).

3anaua 187. ucnepcus cBetra. Cuibl OCUHAIATOPOB

CgeroBasi BOJIHA, paCCMOTPeHHasi B INpelblAylled 3ajave, HO
¢ 0=0, B3aumozefictByer ¢ atomoM. CuuTasi, 4To BO B3auMoeliCTBUH
YUaCTBYET TOJILKO ONMH 3JIEKTPOH, HAHTH HHIYLUMPOBAHHYIO 1OJSPH-
3alMI0 M TIOJYUYHTb H3 Hee BbIpAXKEHHE IJs1 CHJ OCLUAISATODPOB.
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I’IpeHeéperaﬂ 3anasibIBaHHEM, Bpra3I/ITI: BCe BCTpeuyamlyecsa B 3a-
faye MaTpUUHBIE 3JIEMEHTHI qepes MaTpHUHbI€ 3JIEMEHTBl 3JICKTPH-
yecKoro JHIIOJIbHOroO MOMEHTA.

Pemenue. B oGosnauenusax sajgauu 18] cocTosHHe aroma, Haxo-
ASLIETOCSH TMOJ /AEHCTBHEM CBETOBOH BOJIHBI, 3alHCBIBAETCS B BHAE

1> = 2, a, ()] 1>e” ",

FAe |[>—cocTosiHWe HeBO3MYIlLeHHOro atoma. Mcnosbays BhipaxeHnue
(182.2) masi KoapduuUKEHTOB a,(f) ¥ ONYCKas B HEM YJEHBLI, CBA3AH-
Hbleé C TPOUEAypOH BKJIOYEHHS CBETOBOH BOJIHBI, MOJyYaeM

9> = | 0 e=out ——E {<l|W|0>

‘(“’l W= ) !

i (u)l Wo+®) t
1. e —i(l)lt
+ | WH Oy —————— | I>e™ %,
O — W+
Bouue |0) 03HayaeT OCHOBHOE COCTOSIHME aToMa, a |[>—moboe
ero Bo30YXK/JeHHOe COCTOSIHME, TaK YTO ®,~—w, >0, U TOJIbKO UJeH,
CTOSLiM# B CyMMe NepBBIM, MMe€eT pe3oHaHCHuIfi Xapakrtep. [lpenebpe-
rasi HePe30HAHCHBIM YJIEHOM, MOXKHO 3alIMCaTh COCTOSTHHE aTOMa B BH/IE

]‘P>‘{l0>_ﬁ e—t(otZ RN !l>}e—two (187.1)

O;— 0y —®

Mpl 3HaeM, 4TO ONTHYECKHe CBOHCTBA ONPEJEeJAIOTCS B OCHOBHOM
MHLYLHPOBAHHBIM KHIIOJBHBIM MOMEHTOM Py, KOTODbIH ONpENeseTcs
COOTHOILIEHHEM

Pun=— !\ cp|r|p>dx—c0|r|0>}. (187.2)

IMoacrasasis ciofa Bbipaxenue (187.1) u npeneGperasi nompaBkaMu
BTOPOrO MOPsJKa, NOJyyaeM

Z<0|r|l><l|W|0>e‘”’”+<l[r|0><l|W|0>* ot
0;— Wy —® )

P = (187.3)

D10 BbipaxKeHUe MOKHO 3HAYHUTEJIbHO YIPOCTHTH, 3aMEHUB MaTPHYHbLIE
ssieMeHThl < {|W|0> 3Hepruu B3auMOACHCTBHA

ek . 0
= e il (187.4)

MaTpHUUHBIMH 3JIEMEHTAMH 3JIEKTPHUYECKOI'0 AHIIOJbHOIO MOMEHTa aToMa
P B HaNpPaBJCHUH 3BJIEKTPUUECKOTO TNOJA CBETOBOH BOJIHBI:

Apel0>=—e<l]|x]|0>. (187.5)
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TaKYlO 3aMe€Hy MOXHO cJeJiaTb, BOCIIOJIb30BABIIHCb COOTHOIUEHHEM

<l ] k>=—'g‘(‘”k_ml) x|k (187.6)

OHO CHP2BeNJIMBO MJA JMOGOH mapel coCTOSAHHA [I> u |AD.

dx

Coorrowenne (187.6) MoxHo BhIBeCTH, Hanpumep, cJjefylomuM ofpasoM. Hs
ypaBHennii Ulpegurrepa

(=2 vty 1= ol 5,
(—f—;v2+v)<z;=ﬁm,<z|

rnoc/ie TMOYJIEHHOTO YMHOMEHHA Ha <I|x H x|k> COOTBETCTBEHHO M MOCJeNYIONICro
BBIYHTAHHS OZHOTO YPaBHEHHs! H3 IPYroro noJyyaem

2
_Tﬁm {<lxv2lk>—<k|x V2| I>*} =T (0p—op) <I | x| k>.  (187.6a)

Tak kax
S(vx) Viu ddx = —S V (vx)-yu d3x::—S (xvv-vu + vg—l::) d3x,

TO BbIpakKeHHe, crosuiee B GUrypHbIX ckoOKax B (137.6a), MOXKHO 3amhcaTh B BHIE

a 0 | A* a
_<z 5 k>+<kla—x l) -_2<z = k>.
ﬂ(éncraamﬂ 3TO Bhpaxenue B QopMyay (187.6a), sierko mosyuaeM COOTHOIIEHHE
(187.6).

C nomoueio cootHowenus (187.6) BripakeHue 1Jsi HHAYLHPOBAH-
HOTO AumoJbHOro MomeHra (187.3) mpeobpasyercst X BHAY

o 0PI Pyl 0>e™ O <t p 0y <I | py | 0> €O
P = M}; pyp— . (187.7)

Ecnu aTOMBI CTAaTHCTHYECKH HE3aBUCHMBI, TO HX JUNOJBHBIE MO-
MEHTHl p C PaBHOH BEPOATHOCTHIO MOI'YT HMETh Jl0G0e HalpaBJeHHe,
IIO3TOMY [IPH YCPEAHEHHH Y-KOMIOHEHTAa H 2-KOMIOHEHTa BEKTOpa
Puus O0ODATATCS B HYJb M OCTAHETCA JIMIIb KOMIIOHEHTA HHYLHPO-
BaHHOrO JUIOJIbHOIO MOMEHTAa B HalpaBJIeHHH OCH X, T. €. B HaNpas-
JICHHH MPHJOXKEHHOTO K aTOMy 3JeKTpuueckoro moss. Jas gadb-
HeHINero 3aMeTHM, YTO B CHJIy SPMHTOBOCTH ONEpaTopa p

Olpll>=<l|p|0>*,
TOorpa

[[Tp. 105 = 5 [ [p[OST,
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npHuyeM B NpPaBoil 4acTH MOCJEAHEro COOTHOLUEHHS HET Heo6X0AHMO-
CTH B yCPelHEHHH, TaK KaK TaM CTOHT BBIPAXKEHHE, HE 3aBHCsLIee
OT OpPHEHTAUUH aToMa. TaxuM o6pasoM, moJsyuyaem
) 0> 2 .
Puna = 2“ Pl >I 3in wf.

Wy — O —

[Tocko/bKy BhIpaKeHUe
& sinwt=¢

npeicTasJser co00H MTHOBEHHOE 3HAYCHHE HANPSIKEHHOCTH IJIEKTpPH-
YECKOr0 I10J1s1, MOXHO OMpEIENHTh M0JPU3YeMOCTh aToMa o, [0Ja-
ras, Kak oOBIYHO,

Pusn = aéJ_
Orcoga umeem

a——zﬁ' diplo P (187.8)

(0 —wo— )

B kuaccHuecKOod onTHKe [Js1 MOKasaTess MpeJIOMJIEHHS n crpa-
BeqJuBa (opmyJia

2—1 4

rae N —uucso atoMoB B enuHHIe ofbema. Urto ke Kacaercsi KJjac-
CHYECKOH MOJIAPH3YeMOCTH, TO OHA IPEACTABJAET COOOH CyMMy BKJa-
JI0OB OT BCEX 3JIEKTPOHOB aTOMa H ee MOXKHO 3alucarb B BHIE

a_ﬁ}:l—. (187.10)

2 2
m T oy —o

31ech W) — yacTOTa COOCTBEHHBIX MEXAHHYECKHX KoJeGaHHil 3J/eKT-
poHa HOMep A, a TaK HasblBaeMmasi cuaa oCyuAAAmopa fp yKasblBaer,
KaKoe YHCJO 3JeKTPOHOB B aTOMe HUMEEeT 4YacTOTy COGCTBEHHBIX KO-
neGanuii, paBHYIO 3. IlepBble COMHEHHS B NPAaBOMEPHOCTH KJacCH-
YeCKOl KapTHHBI fIBJEHHS OblIM BBI3BAHBI TeM, YTO CHJBl OCLHJIS-
TOPOB, KaK OKa3aJoCh, HE ABJSAIOTCHA LEJNBIMUY UYHCJAMH.
dopmasbHO KBaHTOBOE BhipaxeHHe (187.8) npuUBOAUT K OueHb
NOX0XKEMY peayabTary. JleHcTBHTeNbHO, MBI MOXEM Hamucarh

=0 +e) < pl0> I<Llp|0>]?
&=3 Z

b [(@ — 0)2 — 02 Bﬁ (ml-mo)z-coz'

Hanee us ¢opmyant (187.9) caeayer

n*—1_4n ez }
=3 Va2 oo (187.11)
{
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rae CHuJnl OCI.U/IJUIHTOPOB Tenepb Oﬂpe[LEJIEHbI COOTHOIIEHUEM
= 2me 2 187
F=22 <t |0 (187.1)

dopmanbHOe coBHaJeHHe KBaHTOBOTO pesyJabrata (187.11) ¢ kiac-
cuyeckoll ¢opmyJiofi (187.10) oxasbiBaercsi, OfHAaKO, OGMAHYHBLIM.
B Buipaxenun (187.11) cymMmHpOBaHHME MPOHMCXOAHT HE IO 3JEKTPO-
HaMm, a Mo BO30YXIEHHBIM COCTOSIHHUSIM aroMa, MO3TOMY CYMMHpOBa-
HHE 10 MHOXKECTBY TePMOB OKa3BIBAETCsS HEOGXOAUMBIM faxe B Haued
OIHOJIEKTPOHHOH 3aaue. BmecTo 4acToT COOCTBEHHBLIX KOJeGaHUH )
B KBaHTOBOH ¢opMmyJse QUTYPHDYIOT PasHOCTH ®,—w,. Y Hakomeu,
CHJIBI OCHMJIJISTOPOB f,—3TO y2Ke He uMcJ/a 3JeKTPOHOB, a CKopee
HEeKHe [OCTOAHHbIE, XapaKTepHU3yloulHe HHTEHCHBHOCTb JHIIOJbHBIX
NepexoNoB, 3HAUEHHsl KOTOPBIX oOnpenesaTcs, corgacHo (187.12),
MaTPHYHBIMH 3/IEMEHTAMH 3JEKTPHYECKOIO AHMOJbHOrO MoMeHTa. Ta-
KHM 06pasoM, He yJIMBHTE/BHO, YTO 3TH NOCTOSTHHEIE, BOOGLIE FOBOPH,
He fIBJIAIOTCSA LENLIMH YHCJIAMH.

3anaua 188. CnuH-duiin B MACHUTHOH pe30HAHCHON cHCTeMe

YacTuiia co CIHHHOM l/zﬁ H MATHUTHBIM MOMEHTOM W JXBHIKETCS
B HAIPABJIEHUH OCH Y B IOCTOSIHHOM H OJHOPOJTHOM MATHUTHOM II0JIE 3¢,
KOTOpO€ I1apaJijieslbHO OCH 2. B TakoM moJe CIHH 4acTHUbl OpPHEH-
THpPYyeTCsi JIMOO B IOJIOXKHMTEJIbHOM, JUG0 B OTPHLATENLHOM Halpas-
JeHHH ocH 2. Jlia ompefeseHHOCTH OyleM CUHTaTb, YTO OH HAMpaB-
JieH B MOJIOKUTETbHYIO cTOpoHy. Korjaa uacTHia B MOMEHT BpeMeHu
t =0 npoxogur Touky y=0, oHa nonajzaer B 06.,acTh, TAE AEHCT-
BYET emle OfHO OZHODOAHOE IoJse, 3¢, mapaJenbHoe ocH x. B mo-
MEHT BpeMeHM f{=~{ , KOrja 4acTHlla NPOXOJHT TOUKYy Yy =/, OHa no-
kunaer obnacth gedicTBus moJs 9’. KakoBa BeposTHOCTB, uTO 3a
yKa3aHHBIA NPOMEXYTOK BpPEMEHH OpHEeHTallMs CIIHHA YACTHILI H3Me-
HUTCS Ha NPOTHBOHOJOXKHYIO?

Pemenne. B ypasuenun Ilpenuurepa
b hie .
=5 V=—g- VP —(n 2P (188.1)

NOCJIEHUH YJIEH B NpPABOH 4acTH OGYCJIOBJEH 3HEPTHEH B3aHUMOjeH-
CTBMSl MArHUTHOTO MOMEHTA WYAaCTHIB W C MaTHUTHBIM NIOJEM 9€.
Oneparop MarHHTHOIO MOMEHTd ONMpPEJEJISIETCs] PABEHCTBOM

=0, (188.2)

rJle 6 —BeKTOp, KOMIOHEHTaMH KOTOPOro fBJSIOTCA MaTpuibl [layu
(cM. sagauy 129).
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[Tpu ¢ <0 Ha yacTHIy JEHCTBYET TOJbLKO MOJE 3,| 2, MO3TOMY
pewenne ypapHenusi (188.1) sanuchiaercs B BUAe

P =gt ky-of) <(1)> ’ (188.3)
a SHEeprHf 4YacTUILl paBHa
ﬁ ATY 1
O = Z—— PI,. (188.4)

Ecnn tenepb B MOMEHT BpeMend ! =0 BKJ/Ioyaercs mnoJe 3¢’ ||x, To
COCTOSTHHE YaCTHIbI HaYHHAeT MEeHATbCSH H ero cJelyeT ONHCHIBATh
BOJIHOBOH (yHKLUHEH BHZA

p=ettu-on fa () <(1)> +b(0) (?)} = ett-ow ( 8;) , (188.5)
anqu BbILI€ Mbl IIOJIO2KUJIH

h2ke "
h(.l)o = om " (1806)
Ecau MOXHO He YYMTBIBAaTP HCKPHUBJIEHHE TPAEeKTOPHM YacCTHIIH,
BbI3BaHHOE JelcTBHeM CHJbl JIopeHNa, KOTopasi nepneHAHKyJ/sipHa
OCH Y, TO MOXHO CYHTaTh, YTO B HaNpaBJEHHH OCH y MMIYJbC Ya-
cTuubl fik BCe BpEMs OCTaeTcs NOCTOSHHBIM.

ITpu noacranoske BripaxkeHus (188.5) B ypaBnenue (188.1) HyxHO
co6.11021aTh M3BECTHYIO OCTOPOXKHOCTb, KOIZla JeJI0 Kacaercsi uJieHa,
OTBETCTBEHHOIO 3a MarHHTHOe B3aWMojeHcTBHe. MBI HmeeM

F, I
’
(M'W)=“(%ooz+%°x)=l"< ' '
!% _1%0

H, CJI€NOBAaTEJ/IBHO,
a\ FHK.a+F'b
(p'%) b =W %Ia_%“b .

PacnuceiBas jganee YpaBHEHUE H]pezmﬂrepa [0 KOMIIOHEHTaM, [10Jy-
qyaeMm

A e warar),
i (188.7)
—7 b=—p(FK'a—FHb).
UroOsl HaHTH pelleHHe 3TOA CHUCTEeMbl YpPABHEHHH, MOJOXKHUM
a(t) = Aeo’t, b (t) = Betvt .

B pe3yabrare BmecTo (188.7) y Hac noayuuTcs cucTeMa JIHHEHHBIX



186 V. Hecmayuonaptivie 3a0a4u

aJre0panyeckux ypaBHeHHf

(W, —Hho') A +p'B =0,
w¥' A— (g, +ho') B=0.

Onpenenureas sTOH CHCTeMb ofpamiaercst B HyJ/b IPH YCJIOBHM, YTO

w’=:i:—%]/%’§—l—.%". (188.8)

Takum ob6pasom, pelleHue cucTeMbl ypasHeHuit (188.7) MoxHO 3anu-
caTb B BHJE

a(t)= A et Aye- i,

b(t) = Bj'o't + Be-tot,
rae

B _ﬂ:l %3+%12_%0 A
I, 11— %' -

I 11

[Tocrosunele unterpuposanus A; u A” OnpeaenaoTcs H3 Hayajb-
HBIX YCJIOBHH:
a(0)=1, b(0)=0. (188.9)

Herpyano nposepurb, uro

4 V7 + 5
I 2 2
oV i+ a2

4, =V HAH 0
oV i+ 5"
C yueroM 3THX pe3yJbTAaTOB IOC/e OYEBHIHBIX NpPeo6pasoBaHuil Hail-
IeM

oy b4 .
a(t)=COS(0 t+l**o*_—sln(ﬂ t,
Vetita®

sin o’?.

. (188.10)
Vit

Jlerko yGenuTbCsl, 4TO

b(¢)

la@p+]b@) =1

BeposatHocTs cnyH-(uiMna, T. €. BEPOSTHOCTH OGHAPYMHThH, YTO
CIHH YacTHIbl OPDHEHTHPOBAH B OTPHLATEJILHOM HANPABJEHHH OCH 2
nocje TOro, Kak B MOMEHT BpeMeHH f=={,=1[/v OHa NOKHHyJIa 06-
JacTe, rjae jedcrsyer mnose 9, cornacHo dopmysaam (188.10) u
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(188.8), onpenensiercs BbipaXXeHHEM

2
lb(to)[2=%%31n2<%]/%g+%" t0>. (188.11)
Bripaxentue (188.11) nokaspiBaer, yto0 paccCMaTpHBAEMOE IKCIEPHMEH-
TaJlbHOE YCTPOHCTBO MOXKHO HCIOJIb30BaTh AJIst OMpeAeTeHHS MarHuT-
HOrO MOMEHTA aTOMa CO CIMHOM 1/,f (HanmpHMep, aTOMa LIEJIOYHOTrO
MeTasl1a B OCHOBHOM cocTosiHuH). ITy4yok aTOMOB (oKycHpyercsi, ecau
CIUH-QINNA He NPOUCXOAMT, H JePOKycHpyercs, ecaM COHH-GIN
NPOUCXOAHT. MeHss B mpollecce SKCNEPHUMEHT HANPSAKEHHOCTH Mar-
HUTHBIX NOJ€#, MOXHO JOBECTH HHTEHCHBHOCTH IyyKa A0 MHHHMYMa:

Ia (to) Izmﬂ = _;.fffo_; .
Hot+ T

MHHHMyM AOCTUraeTcs NpH YyCJOBHH, UTO
l i

Takoli cnoco6 onpeje/eHHsi MaTHHTHOIO MOMEHTa, KOHEYHO, BO3MO-
JeH TOJBKO B TOM CJyyae, €C/H NPHHATH ClelHalbHble Mephl, ofec-
TNeYHBaIOLHe CENEKLUHI0O CKOPOCTH, H BEJHYMHA U XOPOLIO H3BECTHA.
HanokeHHast HAMH TeOPHs, pa3yMeercsi, sIBJIAETCH BeCbMa YNPONIEH-
HOH, TaK Kak OHa He YuHThiBaeT UEeJLH pAA Jerasel: OTKJIOHeHHe
OT NepBOHaua/bHOH TPAEKTOPHM H3-3a CHJH JlopeHia, HEOZHOPOX-
HOCTb MOJS, HCNONb3yeMoro Ansi (GOKYCHPOBKM, NOJSA paccesiHus H,
camoe IJlaBHOe, JHHAMHYECKHE€ H3MEHEHMsl MarHHTHOTO MOMEHTa 3a
cuer sdpexra 3eemana. Hair nonxoa ckopee OTHOCHTCA K CJyvalo,
Korja umeer mecto sdpdexr ITamena—baka, T. e. korna cpssb Mexny
OpOHTa/IbHHIM W CAHHOBHIM MOMEHTAMH pa3opBaHa, HO TOTAA MOKET
BO3HMKHYTb BONPOC, 3aKOHHO JIH Mbl MpeHe0peraeM H3MeHEHHeM HM-
nyJbca, MOCKOMbKY TaKoe nmpeHeOpexeHHe, OYeBH/HO, MpELnosaraer,
YTO HANPSKEHHOCTh MArHHTHOTO TOJS MaJa.

3ameuanue. CTporo ropopsi, 4acTHIy, HaXONSULYIOCS B MOMEHT BpeMeHH { =0
B Touke y==0, cjenoBaso Obl ONHCHLIBATL BOJIHOBLIM NaxeToM (cM. 3agauy 17).
OnHako B HalleM cjyyae 3TO He NMPHHOCHT 0coGOH MOJb3H H BBOJHTb B PaccMOT-
peHHe BOJIHOBOM MakKeT Hele/ecoofpasHo.
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3ameuanue. B 370l TiaBe MBI HCIOJb3YeM UETBEPTYI0 KOODHHHATY X, =icf
€BKJHAOBY MeTpHKY. 'pedeckne uHeKchl (Ranpumep, M) NPUHMMAIOT 3HaueHus 1,
2,3,4, a natHHCKHe MHIEKCH (HANPHMep, k) — TOJbKO 3Hauenus 1, 2, 3.

3anaua 189. KsaapupoBanue ypasHenusi [Aupaxa

C nmoMolpio peATHBUCTCKOrO 33aKOHA JMCNEPCHH L/l AHPAKOB-
CKHMX TJIOCKHX BOJIH BbIBECTH NepPEeCTaHOBOYHBLIE COOTHOIUEHHS, KOTO-
PBIM YJIOBJIETBODSIOT ONEPATOPHI y, a TAKXKe MOJNYUHTh HENPHBOAUMOE
MaTPHYHOE NPEICTaBJEHWe 3THX ONepaTopoB, IAe Marpuua 7y, AHaro-
HaJbHa.

Pewenne. Ecian pemennem ypasuenus [Iupaka ans cBoGORHON
YaCTHLbI

%:Yuau¢+”¢:0 (189.1)

fABJAAETCS INJIOCKAa BOJIHA
p=Cefthr-on, (189.2)

TO BEJIMYHHBI Y JOJIXHBI YAOBJETBOPSATDH anreépauqecxomy COOTHO-
[UEHHIO

iy Rupu+n=0, k== (189.3)
uw

Kpome Toro, oHu He HOJKHBI 3aBHCETb OT KOHKPETHOTO BhIGOpa Be-
JuuuH ky. Tlocsennve MOXKHO HCKJIOYHTH H3 COoTHOweHus (189.3)
JIMLIb C NOMOLIbIO DEJISITUBHCTCKOTO 3aKOHA JMCHECPCHH:

Zﬁzm~g=_m; (189.4)
n

€ro MOXKHO MOJNyYuTh, KBaJApUpys cooTHoweHHe (189.3). Mbl umeem
w= Dkt )= — 2 kb vty (189.5)
[ [P
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[Tocsieanee cooTHowenHe Oyner MAEHTHYHO cooTHoienuio (189.4)
B TOM W TOJBKO B TOM CJlyuae, €CJM B JBOHHOH CyMMe OTJHYHBI OT
HyJs JIHHIb OIHH JOJKHBIM 00pa3oM HOPMHPOBaHHHIE JHAroHaJbHBIE
yjeHbl, a UMEHHO ecJau

Yu¥y + Vv ¥u = 28y (189.6)

[TpumeHAA aHAJOTHYHYIO MPOLEAYPY HErNOCPENCTBEHHO K YPaBHEHHIO
Iupaka (189.1) u He ucnonb3ys MJIOCKHX BOJH, MNOJydYaeM COOTHO-
iieHye BHAA

1= (g YuOy )2‘P = § g Puv Ou0v;

noc/efHee ¢ yueToM 3HaueHH# aHTukommyTaTtopoB (189.6) mepexonut
B ypaBheHue Kueilina— Poka:

[]2p — w2 = 0. (189.7)

s BeNMUMH 7Y, MOXHO NOCTPOUTb HENPHBOANMEIE MNpeACTaBJe-
HHl B BHJIE 4YeTblpeXpAfHbIX MaTpul. Ecau y,—onHO H3 Takux
npejAcTaBJeHHH, TO BCAIKOE yHHTapHoe npeob6pasosanne Ut y,U mo-
pOXKIaeT HEKOTOpoe Apyroe HenpuBOAHMOe npeicTaBjeHue. Ilo 3Toil
NpHYMHE ONHY H3 MaTpHI, CKaxeM Y,, BCErna MOXHO HpPeANoJarath
nuaroHagabHo#. Tak kak y?=1, 70 co6CcTBeHHbIe 3HAUECHHS ITOH MAT-
pHUBL TOJKHH ObiTh paBHel + 1 u —1. Takum o6pa3om, KOHCTpyH-
pys Habop MaTpHLl y,, MOXHO HaNHCaTb

A, Bk> /1 o>
7"‘(0,,1),, =LY v=(y ), (1899

e BCe TOJYKHpHble OYKBbl O3HAUAIOT ABYXpsigHble Marpuubl. [a-
Jee ¢ MoMoibio cooTHoweHuit (189.6) Haxomum

B.C,+ B,C; 0
Yi‘?k+7k?i=( 0 Cin—i-CkBi):Qéik' (189.9a)
Ve Vs +v4vk=<2Ak 0 >=0- (189.96)
0 —2D,
Ilna nepBBIX Tpex MaTpHl Y, 43 coorHoieHus (189.96) monyuaem
A,=0, D,=0,
a u3 coorHowenus (189.9a) caepyer :
B,.C,=1, B(C,+C,B;=0. (189.10)

[lepecTaHOBOYHEIE COOTHOIIEHMSI, MOJYYEHHbIE A/ PACCMATPHBAEMBIX
IBYXPSAAHBIX MaTPHL, TO3BOJIAIOT BHIPA3uTh HX uYepe3 martpuust [la-
yau o, (cM. 3agauy 129). Ecau a u b—oGpunble yuc/ia, TO COOTHO-
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wennsam (189.10) 6yayT ynoBJeTBOpATh MaTpHLbl BHIA
Bk=ao'k, Ckzbok, ab=1. (189.11)

Takum oGpasom, BCsiKoe NpeACTaBJEHHE THIIA

0 bo, 1 0

005132HO yJOBJIETBOPSITh NEPECTAHOBOYHLIM COOTHOWeHUAM (189.6).
Cmandapmnoe npedcmasienue, 4YaCTO HCNOJb3YeMOe B JaJbHEHIIMX
3ajiayax, NoJyuaercs OTCIOfia NMpH b=i U HMeeT BH]

00 0 —i 000 —1
00 —i O [ o001 o0
"o oo o) = o010 o)
i 0 0 0 -1 00 O (189.13)
0 0 —i 0 1o 0 D
0 0" 0 i fo1 0 o
BElioo0 o0 WEloo —1 o0
0 —i 00 00 0 —1
Samewanue. Ecan nosoxuts b=a=1, T0 BMECTO Tpex MaTpi Y& MBI 1OJY-
4HM MaTpPHUBI
akz(:k gk) (189.14)

OHH BMeCTe C MaTpHUEH y,==f} yIOB/ICTBOPSIOT TeM XKe CaMbiM NepecTaHOBOUHLIM
CooTHOWleHUAM. [lpa yKasaHHBIX Habopa MaTPHL CBSI3aHBI MeXIy COGOH COOTHO-
WeHHAMH

Ve=—iBag - y.=P. (189.15)

Matpuub o HCHO/IL3YIOTC B ZHPAKOBCKOM aMHJBTOHHAHE (cm. 3apauy 200).

3agaua 190. [lnockue Boanbi JlHpaka ¢ noJOXKHTebHON Hepruei

Has cayyas NOMOKHTENbHOH SHEPLHM HaBTH B CTaHJapTHOM
NpEACTaB/ICHUH CITHHOPHEIE aMILIMTYIBl AHPAaKOBCKUX MJIOCKHX BOJH,
OTBEUAIOIIHE KaK MOJOKHTEJNbHOH, TaK M OTPHUATE/bHON CHHpasb-
HOCTH.

Pewenue. Ilonaras
P =Cet tk-r-00) (190.1)

H N0JB3yfCh CTAHAAPTHBIM npenctaBnennem (189.13), mas ompege-
JICHHA YETHIPEX KOMIOHEHT aMMmJ/IHTYApl C MOMyyaeM CHCTEMY ypas-
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HEHHH

(ky— ik,) Cy+ £,Cq+ ( —2 +u) C,=0,
(ky+ ik,) Co—k,C,+ ( —& +u) c,=0,

(190.2)
—(kx_iky) C‘z_'kzcl + ("'(;l +‘K’) Cs = 0)
— (bt ik,) Cy+ RCyt (5 +) Co =0,
C NoMOILbIO COOTHOIIEHHH
® k o)

BBEJeM Jajee MapameTp 1, uepe3 KOTOPHIH YyHXOGHO BHIPAXKAIOTCH
BaxKHefilMe (H3HUECKHEe BEJHUMHB, XapaKTEPHU3YIOWHe [BHKEHHe
yactuubl. Hanpumep, UMNyJbC 4acTHUbI, €e KHHETHYECKas SHEpPrus
H ee CKOPOCTb COOTBETCTBEHHO HMEIT BHA '

p=hk=mc 7 2nn2 , (190.4a)
E=ﬁm=mczii2:, (190.46)
v=c—%. (190.48B)

Kpome Toro, mosesxo BBecTH cepuyeckue yrasl & u ¢, xapakre-
pH3yOlllHe HanpaB/eHHe BekTopa K:

k=t ik, =ksin et | k,=kcos?. (190.5)

B HoBbIX OGosHaueHHsX cucTema ypasuenu#i (190.2) samuiwercs
B BHJE '
sin 9e-i°C, -+ cos 4C,—nC, =0,
sin Ye#Cy,—cos 9C,—nC, =0,

in Ge-t 1 (190.6)
—sin e~ C,—cos §C, 4 C, =0,

—sindeoC, + costC, +~%— Cc,=0.

Takum obpasom, 414 onpejeneHHA ueTbipex BeJHuuH Cp Mbl HMeeM
CHCTEMY YeThipeX JIHHeHHBIX OJHODPOAHBEIX ypaBHeHuil. Kak HerTpyaHo
y6eauTbCcs, ONpele/uTe b 3TOH CHCTeMbl 00pallaeTcsd B HyJb, OQHAKO
IIPH 3TOM OH Ppacnajaercs Ha JBa COMHOXKHTEJS, KaXIblH U3 KO-
TOPBIX MO OTAEJbHOCTH paBeH Hymo. Orcioja caenyer, uTo Bce
yeTblpe BesiHuKHHBI C), HEBO3MOXHO BbIPA3UTh Yepe3 KaKyl-HHOVIb
OfHY M3 HHX—JBe JIoOble BeaHuuHbl C, MOTYyT ObiTb BEIOPAHH NpO-
H3BOJIbHBIM 00pasoM. UToOwl cjenaTh 3TOT BbIGOP OLHO3HAYHBIM, MBI
BOCIIOJIb3yeMCS CJIEAYIOIHM METOJ0M.
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[lpexxze Bcero HaiiaeM co6CcTBeHHble (QyHKUMH Omeparopa ChH-
paJIbHOCTH

h:::—’la—Z.Oiki; (1907)
!

OH npexcTasJifeT co0od omeparop ,IPOEKIHH CNHHA HA HampasJe-
uue pexropa k“. Tak Kak B CTaHJapPTHOM IPEJCTABJIEHHH CIIHHOBbIE
MaTpHLbl BBHIpAXKalTCH Y€pe3 OJHOWMEHHbIE ABYXPSAJHbIE MATPHUUEL
[laynu s; B Bune

To B cuay onpenenenus (190.7) noayuaem

cos ¥ sin Ge-t® 0 0
i e —cos ¢ 0 0
h—| Sin Be cos
0 0 cos ¥ sin Ge-te (190.8)
0 0 sin Vet —cos ¢

O6o3nauuM cOGCTBEHHOE 3HAYEHHE ONeparopa CnHMpaibHOCTH Yepes A,
TOTJa ypaBHeHHe /1 COGCTBEHHBIX 3HaueHHH

hC=hC
pa3obbeTcs Ha napy ypaBHeHHH, cBA3biBaoulix BenHuuHbl C; u C,:
C,cos %+ C,sin ¥e~ @ =hC,,
C, sin ¥e*¢ —C, cos & = hC,,
U TaKylo Xe Mapy YpaBHEHHH, CBA3HBaOWHX BeJHYHHH C, u C,.
Onpenenurens cucremsl (190.9) obpawiaercss B HyJab NPH YCJAOBHH

h= -1, 103TOMYy Mbl HMEeM JBa pElLeHHS.
1) h= + 1 (cnuu napanjeneH Bektopy k):

C,=tgYewC,  C,=tgoenoc, (190.10)

(190.9)

Y
2) h=—1 (cnuH aHTHNapaJ/iieneH BeKTopy K):

) .
C,=—ctggeC, C,=—clg2eC,  (190.11)
Uro kacaerca sesnuusd C, u C;, TO uX BHIGOp BCe eilie NPOM3BOJIEH.
[lonctaBiuM HaiineHHble pe3yJbTaThl B CUCTeMy ypaBHeHu# (190.6).
C yueToM 3JeMEeHTapHBIX TOXIECTB
sinﬁtg%-}—cosﬁ:l, smﬁctg%——cosﬁ:l, '

sin ¢ —cos ¥ tg %:tg%, sin & -4-cos ﬁctg%:ctg%
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u3 (190.6) mosyuaem
C,=nC, npu h=+41
u
C,=-—nC, npu =—1.
Ecau Temepb Bocmo/b30BaTbCsA YCJIOBHEM HOPMHPOBKH ¥
{prpae={cream=1,

v v

TO CIHHODHBIE AMMIHUTYAB MPUMYT BHA
i

-5
T o

1 sin 2

C,=—ee—— —
FEYVaTm A mp h=+1,

% -5
SlI'I?e

i
— cos%e—{m

1

Vv npn h=—1.

4
-—nsin-g—e EN

-
1)COS %—e 2

(190.12)

(190.13)

(190.14)

(190.15)

(190.16)

3ameuanue. Kak crenyer u3 cootsowenus (190.48), Hepenarusucrekuil caywai
nosnyuyaercss npH 1) <€ !. EcaH BHMOJHEHO yKasaHHOe HePABEHCTBO, TO KOMIOHEH-
TaMH {3 H Py COUHOPA MOXKHO mpeHeGpeyb M BEPHYTHCS TEM CaMbiM K JIBYXKOM-

noHeHTHOR Teopuu cnuHa [layim.

1) Cnepyer mnoguepKHyTb, 4TO YCJOBHE HODMHPOBKH JIOPEHI-HHBAPHAHTHO,
NOCKO/IBKY (UIypPHPYIOWME B HEM HHTeIpaj NPONOPLHUOHAJEH NOJHOMY 3JEKTPH-
YeCKOMY 3apafly, 3akJioueHHomy B o6weme V. Yacro ucnojbayercs © Xpyras

NOPeHU-HHBAPHA HTHAsA HOPMHPOBKa: PP==1.

7 N 1172
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3agaua 191. TpaHcdopMauoHHBIE CBOHCTBA JHPAKOBCKMX CIIHHOPOB

BrisicHuTh, kak mnpeobpasyercd cOHHODP P NpH GeCKOHEYHO Ma-
JBIX npeobpa3oBanusix Jlopenua.

Pemenne. [LeckoHeuno wmanoe mnpeoGpasosanve JlopeHua 3a-
nuchiBaeTcss B BHJE

X;L=xu+§lsuoxm eup=—"¢pn, |Eno| K1, (I191.1)

MpHYEeM KOMIIOHEHTH &,;, — AeHCTBHUTE/IbHEIE BeJHUHHE], 2 KOMIIOHEHTH
€r4— YHCTO MHUMBlE. ¥YpaBHeHHe [lupaka
2D % =0 (191.2)
m
B pe3yJbTaTe 3TOr0 NpeoGpa3oBaHUs TPHHHMAET BUJ

%quWH\P’ =0, (191.2a)

npuueM Ko3phULMEHTH Yy, H % OCTaloTcs HenaMeHHEIMH. Onepato-
pel D, ABJAIOTCS KOMIIOHEHTaMH 4-BeKTOopa M INpeoGpas’yloTcs 10
TOMy Ke camomy 3axoHy (191.1), uTo M KooppuHaTh:

D;=Du+§3uprv (191.3)
3akon IpeoGpasoBaHusl BOJHOBOH (YHKIHH P MOMKHO 3alHCaTh
B BH]E

P =(1+E)v, (191.4)

rie GecKOHEYHO MaJjasi BeJqHuHHAa § JMHeHHa IO €,, H MpEACTaB-
JgeT coboit HexoTopoe KJHPPOPRAOBO YHCIIO.

Paccmorpum ypasuenne (191.2a) u noxcTaBuM Tyaa Bmecto D,
u Y’ coorBeTcTBEeHHO BhlpaxeHusa (191.3) u (191.4):

;Yu(Du—*‘ geupr ) 14+ y+(1 &) »p=0.

Ec/an yMHOXHTb MOJIYUEHHOE YPABHEHHE NOWIEHHO CJeBa Ha BeJu-
upHy (1—E), TO mocsenHee csaraeMoe CTaHET paBHBIM X, T. €.
nepeiijer B nocJexHee cyaaraemoe ypasuenus (191.2). CaenoparennHo,
onepatop § Mbl HZOJKHBI BbIOpaTh TAKHM 06pasoM, YTOOLI BEIOJHS-
JIOCH PaBeHCTBO

gu—a)vu(Dﬁpz supr) (148 p= gquuxp- (191.5)
ﬂpeﬂeéperaﬂ BCEMH BEJHUYUHAMU BTOpOI‘O HOpﬂlIKa MaJoCTH, BAX0AUM

%—‘ (VuE—Eyu) D § %: eupYuDpp =0.
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Mensis pajee B JIBOHHOH CyMMe HeMBle HHJEKCH W M p ApYr Ha
Apyra ¥ o6o3Hauasd 3areM HH/IEKC p Yepes v, HoJyuyaeM

Z {(YME*—EYM) - 2 Suva}Du'll):O.
m v

Tak Kak npejnoJaraerc, 4T0 3TO COOTHOLIEHHE JOJUKHO HMeTh
MECTO NPH NPOH3BOJLHOM Y, TO B HYJb HO/KEH 00pallaThCs KarK-
JblH UJleH CYMMBbL IO [ B OTHEJbHOCTH!

YuE—Eyu= ;ﬁw’?v- (191.6)

EnuncreenHoe KJaupGOPAOBO UYUCJO, JHUHEHHOE OTHOCUTEJLHO
BEJIMUHH €,, M YIOBJETBOPAWIIEE BCeM STHM YETHIPEM COOTHOLIE-
HUSAM, HMeeT BHJ

E=— 2 X eoovovo- (191.7)
4 0 o

B sToM HeTpynHO yOeaHTbCS NyTeM HEeNocpPeaCTBEHHOTO BbIUMCJIEHHS
nepecTaHoBOUHKX cooTHoweHHH (191.6). Mp umeem

WE—Eru= pE 2200 (Vo Yo —VoVoVu)-
YuurtolBas npaJee, uyTo

Vo Yo Y = Vo (— Yu¥o + 2040) = (Yu¥o — 20,0) Yo + 275 Suo
U YTO, CJIEJOBATEJbHO,

Yu¥o Yo — Yo Vo Yu = 2 (Yo Oup—¥p Oua),
noJiyyaeM

1
TwE—Evu= 7 Z Z €0 (Yo Opp—"Vp Ouo) =
o O
1
=7 <Z Eno¥o — D Eouo >: ey,
g o] v

T. €. cnpéBeanuBOCTb tdopmyaet (191.7) nokasawua.
Taxum 06pasom, 1HpaKOBCKHH CIIMHOP 4 IpeoGpasyercs o 3aKoHy

Y = ¢+%Z§lapovap. (191.8)
0 g

3anaya 192. JlopeHUeBB KOBApHAHTBI

ITyctb I'—oaun n3 16 Ga3ucHBIX 9/1€MEHTOB Kau(PGPOPAOBOH
anre6pbl. BHIACHHTb, Kakue MOXKHO NOCTPOMTEL JOPEHIEBHl KOBa-
pHaHTH BHJA

G=yTy, Y=y, (192.1)
7‘
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Pemenne. 16 6asucHbIX 3JIeMEHTOB paccMatpHBaeMol aJreGpH
MOXXHO pa30HTb Ha NSTh TPYI:

1. 1

2. Y Var Var Vo

3. ViVar ViVss ViVes Va¥sr VoVar VsVas (192.2)
4. VyVsVar VaVaVir VaV1¥er ViVeVs

5. Y1V V374

Huxe nns xaxnoi M3 3THX TPYNN B OTAEJbHOCTH MBI 6yJeM KOH-
cTpyupoBath O6uauHeliHble dopMel BHAa (192.1).

Tlpexkne ueM IPHCTYNHTh K BHIIOJHEHHIO HaMeUeHHOH PO paMMHl,
HcesenyeM TpaHchopMalMOHHBIE CBOHCTBA KaKOH-HHOYAb ORZHOH U3
equuuH (192.1) oTHOCHTE/ILHO GECKOHEYHO MaJioro mpeobpasoBaHUsA
Jlopenua

Xp=xu+ %eupxp. (192.3)

B npempinymefi sagaue Obl/IO NMOKA3aHO, YTO 3aKOH NpeoOpa3oBaHHUS
BOJIHOBOH (QyHKUMH 1 HMEET BH]

V=>1+v, - (192.4a)

rge
1
§=—4‘ ZEDOYO Yo »
0 o

YuE—E&v = ;auvyv, (192.46)

Benuunna G mpeoGpasyeTcst o 3aKOHY
G =ty =" (1+&) v I (148 ¥,
nosToMy (hopMasbHO MOXKHO HamucaTh
G' =9Iy, T'=y, (1+E&)yv,[(1+5). (192.5)

[NocsienHee BblpakeHHE NONMYCKaeT AajbHeHille yHNpoUIeHHS, OJHAKO
IJis 5TOro Hajo Oosee JeTanbHO IO3HAKOMHUTECA CO CBOMCTBaMH
3PMHTOBO compsikeHHOro omneparopa E&f. CorsacHo COOTHOLIEHHIO
(192.46), stoT OmepaTrop HOMIKEH YAOBJETBOPATH ME€PECTAHOBOYHOMY
COOTHOLLEHHIO BHJA

Bt ye— Vbt = ; €4k Vs

TaK Kak y, =vyy. Jlalee, yraul IOBOPOTA &,,— YHCTO MHHMbIE Ee-
JIHUUHBL, [I09TOMY Ej,= — &,, M, CJEIOBATENbHO,

Y& — &y, = ; £ i Vi
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Taxkum oOpasom, nMmeeM

ViEF Y= m%ﬁ—Emw%ﬁ—Z&mw (192.8)

Kpome Toro, u3 cootHowenus (192.46) npu ey =e,; (aelficrBurenn-
Hble BpalleHud B 3-MEPHOM MPOCTPAHCTBE) BHITEKAeT

1 1
E=712 3 ErVavi g Y BaaeVas - (192.7a)
k1 3

H, CJEeNOBAaTeJbHO, SPMHTOBO CONpsKEHHbH onepartop Ef MoxHO
3anucaTh B BHJIE

1 1
= — 73 Y etV tg Y, BraVate: (192.76)
PR, k
V3 1ByX mocsefHHX COOTHOILIEHHH MNOJy4YaeM
B+ =Dewnre (192.8)
[Moacrasass tenepb seuipaxenue (192.8) B popmyay (192.6), Haxonum
Y&y = —8. (192.9)

[Mocnexnuit pesyabraT MO3BoJIA€T 3amucaTh ,NpeobpasoBaHHbIA ore-
patop“ I, onpenesiennsi pasencreom (192.5), B Buze

IV =T+ (TE—ET). (192.10)

Tenepb HETPYJHO IPHMEHHTh 5TO NPOCTOE COOTHOMUIEHWE K Bbl-
BOLY Tpancq)opmaum}mmx CBOMICTB KaXIOW M3 NATH TPYNI BEJH-
yun (192.2

1. Ona T=1 us cooTHOWeHUS (192.10) cpasy xe nonyqaeM,
yro I =1, nosromy

G=9p— G =9y; G =G (192.11)

W, cJefoBaTesNbHO, BequunHa G B JAaHHOM cJyyae Bejer cels Kak
CKAAAP.
2. Jasa I'=+y, coorHowenns (192.10) u (192.46) naior

=Yu+t g EpvPv,
MO3TOMY 3aKOH npeoépasosaﬂnﬂ Tenepb HUMEET BUA
Gu =7 — Gu=Gu + X eus Gy, (192.12)

W, cJeoBaresbHO, BeanuuHbl G, npeo6pasyloTcss KaK KOMIOHEHTh
eeKmopa.
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3. Ilpu paccmoTpenuu TpeTbedl rpynnbl BeJHYHH YJIOOHO CHa-
yaja pasOHTb Kax[oe NPOH3BEJEHHE Y,Vy HA CHMMETPHUYHYIO H aHTH-
CHMMETPHYHYIO YacTH:

1 1
Vv = 7 (Pu¥v + Vou) + 5 (Puvv — Vo)

[Teppas yacTb NOCJELHEro BLIPAXKEHHS CBOAUTCA K AeJbTa-QyHKIHH
Kponekepa Oy, T. €. mpeacrasasier cobo# ckaaap (192.11), ymHo-
JKeHHbIH Ha eguHMuHBIA TeH3op. Hosble TpancdopmaunnoHuble cBoi-
CTBa MOTYT OKa3aTbCfl JHUIb y BTOPOH aHTHCUMMETPHYHOH 4YacTH,
IIO3TOMY HHXK€ MBI OFDAaHHUHMCS PacCMOTPEHHEM BLIPa’KEHHS

1
Guv='§‘(Yu7v_Vv'\’u)- (192.13)
CorsacHo cootHomenunio (192.46), umeem

Bty = (Vs — 2 el ) Tv = Yu (Wé—Z evoo )—2 euo¥o Vv
Y 1Y o
HJIH
PuVvE—Evuvy = Z (EvoVu¥o + EnoVoVv),

[

II03TOMY 3aKOH NpeoGpa3oBaHHsi Tenepb TJIACHT:
Gy =Y0uvh — Gy = Gy + g (8uoGov +evplyp), (192.14)

T. €. BeJiuuHHBl Gy BelyT ceGsi HNpH GECKOHEYHO MaJblX Bpaile-
HHAX KaK KOMIIOHEHTHl /MeH30pad BTOPOTO paHra.

4, IlpousBeneHuss TpeX BeJUUMH Y MOXKHO 3amucath B GoJee
yAOOHOM BHJE, €CJH BBeCTH KJUPDOPIOBO YHCJIO Y, OIDEIEJaUB
€ro paBeHCTBOM

Vs = V1V2VsVa- (19215)
Mbl umMeem
Y2V3Va = ViVs» VaV1¥Y2 = V3Vs»
—V3sY4V1 = V2Vs» —V1Y2V3 = V4Vs-

Tax Kak BeqMYHHA Y; AaHTHKOMMYTHDYET CO BCEMH YETHIPbMS BEJH-
UHHAMHU Yy,

YulVs +Y5‘VU«=O’ (192-16)

TO OHa [JO/KH4 KOMMYTHPOBAaThb C BeJHYHHOH §, MO3TOMY, mpuMe-
HAs cooTHolenne (192.10) k Beipaxenuo I'=y,y,, nojyuaem

I = Yuvs + (VuvsE —Evuvs) = [Vu + (PuE—Evu)] ¥s-
TakuM 0Gpa3oM, Mbl BHOBb BO3BpallaeMcs K cayydarw 2, Tak 4To
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u Tenepb BeanunHel G, npeo6pas3yloTCsi KaK KOMIOHEHTHl BEKTOPA:
Gu=PYu¥sp — G =Gy + D eyGy. (192.17)
v

TouHee roBopsi, paccMaTpuUBaeMasi BeJHYHHA IpeJCTaBJser coboi He
BekTOp (MOJAPHBIH), a ncesdosexmop. CMOTPUTE B 3TOH CBSI3H CJle-
AYIOULYIO 3aady.

5. B atom cayyae u3 coornowenuit (192.15) u (192.16) caenyer

G=yy,p— G =G, (192.18)

M MBHl 3aKJgioyaeM, 9To BesqHuHHA G npeofpasyercss Kak CKaJsp.
B caepyowelt 3agaue Oyler nokasaHo, uro BeauuuHy G TouHee
6e1io Gbl HAa3BaTh 1CEB0OCKAAAPOM.

3anaua 193. TpocTpaHcTBeHHasi MHBepcUs

BeisicHuTh, KaK BexyT cebs JIOPEHI-KOBADHAHTHBHIE BEJIUUHHBI,
paccMOTpeHHbBIe B INpeAbAywed 3afaue, NPH HHBEPCHH IPOCTPaH-
CTBEHHBIX KOOpPAHMHAT (mpeobpa3oBaHHE YETHOCTH).

Pemenne. Ilpexxze Bcero BHISICHUM, KaK BeleT ce0a INpH Ipo-
CTpaHCTBEHHON HHBepcuH cnuHop ¢. [lo onmpenenenuio npH mnpo-
CTPAHCTBEHHOH HMHBEPCHH,

Xp = —Xp, Xy =Xy, (193.1)
ypaBHeHue [lupaka
§ YuDpp + 2 =0 (193.2)

NepexofHT B YpaBHEHHE
§qu;¢' + wp’ =0. (193.2a)

Onepatopsl 0, Tak ke mnpeo6pasyloTcs no 3akony (193.1). Bosaee
noApoOHEIA aHasu3 Tpebyercs B cJyyae, KOTAa HMeeTcs 3JeKTPO-
MarHuTHoe moJe. KOMIOHEHTHl HaNPSKEHHOCTH 3/1eKTPHYECKOro
nonsi &, CBSI3aHBl C KOMIIOHEHTaMH 4-BekTopa morteHuuasa A, coot-
HOLUEHHU AMH
1 ; .
Sr= —7 A —0,D = —i(0,A,— 0, A,).

Tak Kak HaNpsKEeHHOCTb 3JEKTPHUECKOro NOJS NPeACTaBJseT co6oi
noJApHLIA 3-BeKTOpP, TO OHA NPH paccMaTpHBaeMOM NpeoOpa3sOBaHHH
KOOPIHHAT X, MeHsieT cBoi 3Hak. Orciopa caexyer

Ay=—A4, A=A, (193.3)

Takum o6pasom, BenuuuHel A, npeo6pasyloTcst TaK Xke, Kak oe-
patopel 0,. ITo 310N UpPHYHHE MO TOMY K€ caMOMy 3aKOHy MpeoG-
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pasyiorcsi W onepatopet D,. CrexosaresbHo, ypasnenue (193.2a)
MOXHO NepelyucaTb B BHIE

— %kakw’ +v. Do’ + %’ =0.

Ecau Tenepb MOJIOXKHUTD
V=7, (193.4)

TO JIeTKO BHJETb, YTO IIOCJE€JHee yPABHEHHE NIEPEXONMT B ypaBHe-
uue (193.2), mostomy pasencrso (193.4) npexcrasJser co00#l HCKO-
Mblil 3aKOH npeo6pasoBaHMs CINHHOPA P MPH NPOCTPAHCTBEHHOH
HHBEPCHH.

Yro gacaercs J:000# U3 BEJHYHH

G =PIy =y'y,I'p,
TO UX 3aKOH NIpeoOpasoBaHHs IJACHUT:
G =gty Iy =Pt Typ =y, Ty, 0,
H, CJ€J10BaTEC/IbHO, MOXXHO HaAIlucarh
G =0T —G =PIy, I =v,I'y,. (193.5)

[TpuMeHHM MOJyuYeHHblE pe3yabTaThi K KamAOH M3 NATH JIOpPEHL-
KOBapHAHTHBIX BEJMYHH, BBeJEHHBIX B MNpeabayweil 3ajgaye. Mbl
HMeeM

1. G=9y, I'=1, =1, G’ =G, ~ (193.6)
5. G=vvy, T=v;, TI'=ypv%=—7, G =—G (193.7)
OGe paccmaTpHBaeMmbie BeJHYHHbI OJHHAKOBBIM 00pa3oM BeyT cebs
Npu TPOCTPAHCTBEHHHIX BpAIEHHWAX, HO NPH NPOCTPAHCTBEHHOMH

HHBEPCHH HX [OBeJeHHe pas3suyHo. B sToit cBsA3H Beqnuuny | Ha-
3bIBAIOT CKAAAPOM, A BEJUUHHY D — ncesdockarapom. Hanee mpl umeeM

2. GM:EYMP: F*:Yu’

I‘é=Y4?kY4'—‘—ka 193.8
Gy = —G,, (193.9)
Fi=%, G;=+G,.

4 Gu=Prvehs  T'=1vuts,
Te=VVeVsVs= +Vi¥s» Ge=+Gp, (193.9)

Li=ve¥s=—VVs» Gi=—G,.

OTM Be BEJIMYHHBI TaKXe BelyT ce0si NPH NPOCTPAHCTBEHHHIX Bpa-
IEHHSIX COBEPIUEHHO OJMHAKOBO, HO NPH IPOCTPAHCTBEHHOH HHBE-
CHH HMX NOBEJECHHE PA3JIMYHO, N0 3TOH NPHUMHE BEJWYHHY 2 Hashl-
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BalOT (IOJSDHBIM) 66KMOPOM, @ BEIHYNHY 4—aKCHAJIbHBIM BEKTOPOM,
UM NCes00seKmopom.

3. Guv="youvp, TI'= ) (Yu¥v — VwVu)
P/Ielzrklv G;elszlo (19310)
I‘;M =—T%,, Gl;:.x = _Gk4'

Tak Kak B paccMaTpHBaeMOH TEODHH HMEETCH BCErO OJHH TEH30p,
TO HeoOXOAMMOCTb B faJibHeimeld KJjaccuHKalUUd OTNajaer.

3apaua 194. 3apanosoe compsxenue

3uasa cnuHOp VP, ABJMOWMHMEACH pemeHueM ypasHeHHsl [lupaka
AJis1 4aCTHIB! C 3apPAJOM e, NOCTPOHUTh 3aPsJ0BO CONMPSI’KEHHLIA CHU-
HOD 1,, ONHCHIBAIOLIHHA IOBEJEHHEe YaCTHLBI C 3apSJOM [POTHBOMO-
JIOXKHOTO 3HaKa —e.

Pewenne. B 3To#t 3ajavye paau KpaTkocTH Mbl OyneM I0./b30-
BaTbcA 0003HauUeHHEM

e
au: ﬁ'/—CAu,

rie A, — KOMIIOHEHTH! 4-NIOTeHIMAMa 3JIeKTPOMarHUTHOrO onid. B sThx
o0o3HayeHUs1X ypaBHeHHe Jlupaka AJs 4YacTHUBL C 3apPSAAOM € HMeeT
BHI

2y Ou—iay) p+up=0. (194.1)

CnuHOp ', ONMHCHIBAIOIIHA MOBEJIEHHE YAaCTHLBI C 3apAAOM NPOTHBO-
TOJIOKHOTO 3HAaKa, JOJ/DKEH YAOBJETBOPATH ypPaBHEHHIO

Zul’vu (0u +iay) ¥, +xp, =0. (194.2)

Hama 3ajaua— ycTaHOBUTE CBfI3b MEXAY pelleHHeM VP, ypaBHEHHS
(194.2) u pewenueM ¢ ypasHenus (194.1).

[Ipexne Bcero 3amerum, uyTo omneparop 0, -+ia,, GUrypHpylo-
muii B ypasHeHHH (194.2), nosBisieTcs Takke W B ypaBHEHHH

%(6u+iau)1—qu—%l_l;=Ov Y=v",, (194.3)

KOTOpOe IIpeAcTaBJ/iseT coboif ypaBHeHHe, CONPSKEHHOE HCXOLHOMY
ypasuenuto (194.1). IlpousBops B 5TOM ypaBHEHHH OIl€paLHI0 TPaH-
CIIOHHPOBaHHA, HAXOIAUM

Zul %u Ou+ ‘iau)“?—‘ ”\T’ =0,
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rjpe
@zm*’. (194.4)

VMHOXKHMM M[OCJ€[Hee ypaBHEHHE Ha HeKoTopoe KJH(dopaoso
yucqo C:

§Cw}u (O + @) Yab* — xCyp* =0.

[TosyueHHO®e TaKHM 06pa3oM ypaBHeHHe OyAeT TOXKIECTBEHHO ypaB-
veunwo (194.2), ecau knuddopaoso uncao C OZHOBPEMEHHO YAOBJIE-
TBOPAECT ABYM COOTHOLIECH UM

—Cv* =vbe, Oyt =1, (194.5)
Yro6nt HaliTh BesqHuHHy C, HCKJIOYMM H3 5THX COOTHOLIEHHH CIiH-
HOP
—Cu V0" = PuCra¥*.

Tak kak jmasee cnuHop y,p* cJeiyeT CuHTaTb I[POU3BOJbHBIM, TO
JOJDKHBL BBIMOJTHATBCSA COOTHOILEHHS

C =—Cy; (194.6)

U3 HHX M ompejensiercs BeauuuHa C.

[TockoMbKY Mbl HMEeM [e/0 C OJNHOPOAHBIMH ypaBHEHHSMH, TO
B CIMHOpE 1V, BCErJa COIEPIKHTCH IPOM3BOJbHBIN MOCTOSHHBI MHO-
KHTeb. PasyMHO 3aUKCHPOBATH 3TOT MHOXHTeNb, MOCTYJIHpYS,
YTO 3apfJ0BOE CONpSIKEHHE He MPHUBOAMUT K H3MEHEHHIO HOPMH-
POBKH:

Pip, = pip = (i) *. (194.7)

Tenepp B cuiy coorouwenu# (194.5) nmeem

b — o OF
Yo =Py;C
M, CJIe[0BaTebHO,

bl = PrCTCr Y = (") (¥ C'Cy,) (¥
[Tocnennee cOOTHOWEHHE HAEHTHUHO cooTHoweHuw (194.7), ecan
1:C'Cy =1
HAH (IIOCKOJBKY Yh=17V,, Yis=7.) COOTHOLIEHHIO
c'c=1. (194.8)

Takum o6pasoMm, C— yHHTapHBLIH oneparop.
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sal\’leTI/IM, 4TO B CTaHAAapPTHOM MNpEACTaBJCHUH

nET BT (194.9)
Vs =—7s Y4=Ya»

nosToMy u3 cooTHoweduit (194.6) ciepyer, uro C KOMMYTHDYeT ¢ ¥,
M y, H aHTHKOMMYTHDYeT ¢ y, H y,. TakuMu cBodcTBaMu oOjajnaer
kaudpopaoBo yHCIO

C =%V, (194.10)

KOTOpOe H SIBJIAETCS €IWHCTBEHHBIM 3JeMeHTOM H3 BceX 16 Gaswc-
HBIX 3JIEMEHTOB KJIH(DGHOPAOBOH aireGpel, yAOBJETBOPSIOUIHM YeThipeM
cootHowenusM (194.6). Kax craepyer us (194.10)

C'=—C, Cr=—1, (194.11)

nostroMy, corJgacHo (194.5), 3apaposo conpsaxeHHass BOJHOBasA (QyHK-
LM B CTaHJAPTHOM NpeJCTaBJeHHH HMeeT BHJ,

Yo = VaP*. (194.12)

3agaua 195. CocTosfsHHS CO CMEWIAHHOH CIHPAJLHOCTBIO

Jlana AupakoBCKas IJVIOCKas BOJIHA, PaclpoCTPaHSAIWAACA BAOIb
oc# 2. [Tokasarb, 4YTO COHHOPHYIO aMILIUTYLY HEBO3MOMKHO BHIGpAaThb
TaKMM 06Gpa3oM, YToObl BOJIHOBast ¢yHKUHMS P OblIa OXHOBPEMEHHO
cobcTBeHHOl (yHKIHMEH omepaTopa O,.

Penienune

a. Kak cuaenyer u3 ypasuenua Jlupaka, B cJydae M[JOCKOH
BOJIHBI

W = Cel (k2=00), (195.1)
JOJ>XHO BBINOJIHATBCA a.m‘eépa HYECKOoe COOTHOlIeHHe
ch<iky3_"’7y4+x)C=o, (195.2)

rape C—cnounopuas ammautyna. OnepaTtop Q, ompeaeseHHBIi coor-
HowesneMm (195.2), He KOMMYTHpYeT C OIepaTopoM

Oy = _i‘Ysz (1953)
TaK Kak
0,2 = kv, +1 = VaVy Ve —%7,Vs0
HO

Qo, = —ky, +i % V2V3Vs— IXVaVge
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CnenoBaTebHO, QYHKUHS 1 He MOXKeT OblTb OOmeHd COGCTBEHHON
¢dynkuue#i o6OHX yKasaHHBIX ONepaTropoB Y.

6. B cranmapTHOoM mnpejacTaBiaeHun cootHomeHne (195.2), ecau
ero pacmycath 110 KOMIOHEHTaM, JaeT

kC3+<———(Z +x> C, =0,
—kCyt(— S+ ) Cu=0,
© (195.2a)
—kC, + (7—1—%) ¢,=0,
kC, -+ (%er) c, =0.
Orciona, BBoAA 0003HAYEHHSA
k
%_xzkn, —Uci-l—u_—_-?, (195.3a)
noJy4yaem .
C;=nC,, C,=-nC,. (195.4)
C npyro# CTOpOHBI, 3ajaua Ha COOCTBEHHbIE 3HAUYEHUS
g, C=A\C, (195.5)

rae A —coOCTBEHHOe 3HAaueHue, €cJl NEPeiTH K KOMIOHEHTHOH 3anucH

0100\ /C\ /C, AC,
oo 1000V [c)_ [,
0001]/\c, C, AC,
001 0/ \c, ¢,/ \ac,
naer
C,=AC,, C,=AC, (195.6a)
H
Co=AC;, Cy=AC,. (195.66)

OGe napbl ypaBHeHMH YNOBJIETBOPAIOTCS TOJMBLKO B TOM CJyyae, eCJH
A= +1. Toab3ysice nanee ypasHeHusiMu (195.6), MOXKHO HCK/IIOUUTD
komnonentel C, u C, u3 ypaBneuuit (195.4). B pesysanrare nonyuaem
[IBa COOTHOLLEHHS

Cs=nC, u AC;=—m\C,,

1 B ofmem cayyae Takoii BHIBOJ HenpaBOMepeH, TaK KaK COOTBETC yromas
TeopeMa yTBepXKJaeT JHlb, YTO y HEKOMMYTHPYIOIIHX ONEPAaTOPOB HeT ogfqeﬁ cu-
cmems. COOCTBEHHBIX (QYHKLHMH, XOTA OTHeJbHEE OGLIME « COGCTBEHHEE byHKUHH
BIOJIHEe MoOryT ObiTb.— [lpum. ped.
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KOTOpble NpPOTHBOpeuYaT oaHo apyromy. CaegoBatenbno, cnuiop C,
YAOBJIETBOPSIOWUA ypapHeHusiM (195.4), He MOMKeT OfHOBPEMEHHO
yAOBJIETBOPATL ypaBHeHusim (195.6).

3ameuanue. B HepeasTuBHCTCKOM npefese () —0) koMmnoHeHTHt Cy H C,,
a BMeCTe C HHMH M BTOpasi mapa ypaeHeHuii (195.6) BLINagaloT M3 paccMOTpeHHs,
W NPOTHBOPEYHE YyCTpaHsSeTCs.

3agaua 196. CpejgHee 3naueHue crnuHa

BolyucauTh cpeanee 3HaUEHHE ONEPATOPa O, B COCTOSIHUH, KOTOPOE
OMUCHIBAETCST CYNEPNO3HLKEA IBYX IJIOCKHX BOJH, PaclpoCTpaHsiio-
UMXCS B HAMpaBJEHHH OCH z M HMEIWHX NPOTUBONOJIONKHBIE CIIH-
paJIbHOCTH.

Pewenne. C nomoOMbIO CHMHOPHBLIX aMINIHTYX [CM. BbIpaKeHUs
(190.15) u (190.16), B KOTOpHIX B JaHHOM CJydyae HEOGXOLHMO IMO-
J0XKUTE ¥ == 0]

1 0
1 0 1 —1
C —_ H C_:——:——____——— , 196.1
TUVVIEm | q VVaFg\ 0 ( )
0 "

OTBEYAIOUIHX COOTBETCTBEHHO MOJOXHUTEJBHOH H OTpHHaTeJleOﬁ CIIHu-
PaJibHOCTAM, Mbl CKOHCTDYHpYEM aMIIJIUTYAY CMEIUAHHOIO COCTOSIHUSA

C=C,cosae®+C_sinae-*8, (196.2)
YIOB/IETBOPSIOULYIO NPEKHEMY YCJOBHIO HOPMHPOBKH
{cteax=1. (196.3)

Boune o wu B-—mnpousBosibHbe JEHCTBHTE/bHbIE [TOCTOSIHHbIE.
CpenHee 3HaueHHe onepaTtopa ¢, onpegensercs no ¢opmyJe

o>={ Ctocax. (196.4)
YuuThHiBasAg, uyTO
0 —1
VVTEwoc,=( o |, VITFmoec. = ?l ,
n 0
nosy4aeM
1 1—n
CJ.T;.O'xC.*_:O, Cf_O'xC,,_‘_“ Vﬂ%'
1 [—n2 .
Cioxc_——:——‘;IJl_:]'Q, Clo,C_=0.
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Orcioga umeeM
. N e
<0,>=—cosasino (2 +e-2) ; TP

HJIH
—_m2
<6,> = — sin 2a cos 2B }—Jr—gi . (196.5)

Takum oOpasom, abconioTHAasi BeJIHYHHA CPEJHEro 3HAueHus omepa-
TOpa O, OKasplBaeTcs Bcerja Mesnbiue 1. B yJbTpapenaTHBHCTCKOM
c/yyae, KOTAa mapamerp 1) Npubauxaercs K eJIMHMIE, cpeanee 3Ha-
yeHHe {0,> CTPEMHTCS K HYJIO, TAK YTO BOJIHA OKa3blBaeTcs MOYTH
IOJIHOCTBIO IOJISIPH3OBAHHOH MHapaJiJieIbHO HJIH aHTHIAapaJlie/bHO
HanpasJ/IeHHIO pacnpocTpaHeHHA Y. C Apyro# CTOpoHbl, B HEPEJATH-
BHUCTCKOM cCJlydae, KOTAA IapaMmeTp 1 OueHb MaJl, CTAHOBHTCS BO3-
MOXKHOH M IOJIIpH3allisl B HaNpaBJ/eHHH, ePHeHAHK yJIsPHOM Halpas-
JIEHHIO paclpocTpaHeHHs BOJHBL. [lefcTBHTeNbHO, IJA 3HA4YCHHH
p=0 n o= n/4 B 9TOM NpeaeJLHOM CJyuyae mojyvaeM <o,>= =4=1.

3anaua 197. AareGpauuyeckdHe CBOHCTBA BOJIHOBOrO CnHHOpa Jlupaka

JupakoBckasi uyacTHNA [OMelleHa B IoJe ¢ MoTeHmuatoMm V (2).
BosHOBOH cnHHOp, OMHCHIBAIOMIMHA COCTOfIHHE YACTHIbI, B KOTODOM
ee CIUH HanpapJeH Ju60 napaJJesbHo, JHO0 aHTHNaPaJJIeNbHO OCH 2,
MOXHO CUHTATb He 3aBHCALUIUM OT KOOPIAHHAT X U Yy (OZHOMepHas
3ajaya). PaccMOTpeTh IBHMXEHHE YacTHIIBI, NOJb3YACh, HACKOJBKO
3TO BO3MOXKHO, KJIH(PoproBoit anrebpoii, He ofpaliasich K KOHKPETHBIM
MaTpHuEbiM npencTaBaeHusM. IlokasaTtb, uto 3ajjaua CBOAMTCH K Ha-
XOXKAEHHUIO YeThipeX QYHKUUH TNepeMeHHOH 2, YJOBJETBOPAIOUIUX He-
KOTOpO# cucTeMe AudpepeHIHaNbHBIX YPaBHEHHH. BbIACHUTD, KaKuM
o6pa3oM ynoMaHyThie (QYHKLUHH CBA3aHbl C KOMIIOHEHTaMH BOJIHOBOH
GYHKUMH B CTaHAAPTHOM TpENCTaBJEHUH.

Pewenue. BonHOBON CIMHOP MOXKHO 3anucaTh B BHIE

P(z, t)=e-Ethy (z), (197.1)
rie couHOp u (2) YHOBJETBODSIET OJHOMEPHOMY ypaBHeHHIO [lupaka
di V@ —E

BEHRQ@utnu=0, Q@="G=2.  (197.9

KoHCTpyKIHSA BBIpaKEHHA, CTOSLIETO B JIEBOH YacTH 3TOTO ypaBHEHUS,
TaKOBa, YTO OHO IEJHKOM COJEPXKHTCA B MojaTtene, GasHCHBIMH 3Je-
MEHTAMHM KOTOPOTO SABJAIOTCA KAHPGOPHOBEL uucaa 1, Vs Vi VsVes

1 Bosee noApoGHHH aHa/NH3 CIHHOBLIX CBONHCTB 3JEKTPOHA CM., HANpUMeEp, B
kuure: Coxonos A. A., Tepros H. M., PensiTuBHCTCKHI 31€KTPOH, U3A-BO ,Hayka“,
M., 1974, crp. 192—198.— IIpum. ped.
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NTO3TOMY pelUCHHEM YPpaBHEHHSA JOJXKEH OBITH CIIMHOD BHJA

v(2) = A (2) + B (2) s 4 C (2) v + D (2) v57s- (197.3)

Pasymeercsa, eciau v— pemenue ypaBHenus [dupaka (197.2), to pe-
meHneM OyneT M J0GOH CIHHOp

u=1ol, (197.4)

rae I'-—-mpousBosibHOE, He 3aBHCAlllee OT 2z KJIHGGHOPIOBO UYHCIIO,
B YaCTHOCTH /i000H sJjemeHT kuauddoprosoii ajnrebprl, 06pasoBaliHbli
C NOMOWIbI0 6Ga3HCHBIX 3JEMEHTOB Y, U V,. Jlajaee, OUEBHAHO, UTO
CIIMHOP U KOMMYTHPYET CO CIIHHOBBIM OIEpPaTopOM

0, = — ¥V (1975)

X0Tsi K He gBJsAercs COOCTBEHHEIM CIHMHOPOM 3TOr0 ONepaTopa.
ObobwmenHoe BhipaxkeHHe (197.4) mo3BosisieT CiaenaTh pelleHHe ypaB-
HeHHs Jlupaka coGCTBEHHBIM CNUHOPOM omepaTopa o,. Mul nmeeM
o,u=0,ul'=vo,l.
ITostomy, ecan I' ecTh HEKOTOPHIE COGCTBEHHBI CIIMHOP ollepaTopa o,
o,'=+T, (197.6)
TO Mbl TOJYydaem -
O,U==u. (197.7)

CoOcrBeHHbie 3HAueHH -1 HW —1 Ha3HBAWOTCA CNUPANLHOCTIBIO
(cM. 3anauy 190). [anee HeTpyaHo yGenuThCsi, YTO

Ny=l—iyy,=14o0, (197.8a)

F.=141iyy,=1—o0, (197.86)

NpeJCTaB/AT co00H COOCTBEHHbIE CIHHOPHI oneparopa 0,, NpHHAA-
Jexxaule COOTBETCTBEHHO COOCTBEHHBIM 3HaueHHsaM -1 u —1.
JleHcTBUTENBHO,

Gzrizoz(]iO'z):szil':i(li"Uz):iFi-

Takum obpasom, umeeM
u(2)=v(z) (1Fivvy), (197.9)

rje COMHOp v (2) elle HEOOXOAMMO ONpENEJSHTb NYyTeM MOACTAHOBKH
Boipaxkenusa (197.3) B ypaBuenue upaxa (197.2). Hecnoxuble Bbl-
YHCJIEHUs JaioT

(B’ +QC+%A) +7,(A'— QD +%B) +7, (D" + QA +xC) +
+ V¥ (C'— QB +xD) =0, (197.10)
IpPUYEM BhHIIIE IITPHX O3HauaeT nupdepeHIHpoBaHIe M0 [ePEMEHHOH 2.
Broipaxenue, Qurypupymoomee B JeBoH uyactu pasenctBa (197.10),

o0pallaercs B HyJib B TOM H TOJBKO B TOM cJydyae, Koria ofparuia-
JOTCH B HyJb BCE UYETHIPE BBLIPAXKEHMS, CTOAULHE B KPYIJbIX CKOOKaXx.



208 V1. Peasmusucmckoe ypastenue Jupaxa

Orciona caeayer, yto uerwipe ¢yHkunu A, B, C, D ynoBJeTBOPSIOT

cucreme nudpdepeHHaNbHBIX YPAaBHEHHH:
B,+QC+KA=0) A'__QD_*—%B:();
D'+ QA+xC=0, C'—QB+xD=0.

KoM6uHupys 5TH ypaBHEHHS, MOXKHO Ipeo6pa3oBath cHcTeMy K GoJee
IPOCTOMY BHLY:

(197.11)

(B—D) +(x—Q)(A—C)=0,
(A—=C)' +(%+Q)(B—D)=0 (197.12a)
(B+D) +(x +Q)(A+C)=0,

(A+C)Y +(x—Q)(B+D)=0. (197.126)

Mpl BUAMM, YTO nepBas napa ypaBHEHHH IONyYeHHOH CHCTEMBI CO-
NEPXKHUT JIHIIbL JBe HEH3BECTHHIE (PYHKIMH,

w,=5(B—D),  w,=+(A—C). (197.13a)

Bo Bropo#t mape ypaBHeHMH cojep:Karcsl TaKXKe TONbKO IB€ HEHM3-
BECTHbIE (YyHKIHH '

w,=5(A+C),  w,=%(B+D) (197.136)

[oncraBasia moJsiyueHHble pe3yJsbTaThl B BblpaxeHde (197.3), okoH-
yaTeJbHO HAXOJHM

0 (2) = (@, +w,,) (1 +70) + (@5 +wyv5) (1 —7v,).  (197.14)

Ecau dyuxuuu w,, ynossersopsitor ypasHeHusM (197.12a) u (197.126),
TO 003 uJieHa, GUTypUpYIOUHe B IpaBOH yacTH BhlpakeHusa (197.14),
nopos3Hb yHOBJETBOPSAIOT ypapHeHuio J[lupaka (197.2). ¥Ymuoxasn
KaX1blil H3 5THX uJieHOB crpaBa Ha I', uau Ha I'_ [cM. BhIpaxkenus
(197.8a) u (197.86)], monyuaem pereHus ypaBuenus npaxa, KoTopble
ONHOBPEMEHHO ABJSIOTCS COGCTBEHHBIMH CHHHOpAaMM Oneparopa o,.

B 3ak/ioueHHe ocTaeTcsi NOKa3atbh, KaKuM o0pazoM QYHKUMH W,
CBSI3aHbl C KOMIIOHEHTAMH i, BOJIHOBOH QYHKUHMH B CTaHJapTHOM
npencras/jeHun. [loab3ysich CTaHAApTHBIM HPEICTAB/CHHEM, YpaBHe-
nue [upaka (197.2) MOXHO pacnucath N0 KOMIIOHEHTAM:

—ius +(Q + %) u, =0,
iu,+(Q + %) u, =0,
iuy 4+ (—Q) u;=0,

—iuy+®—Q)u,=0.

CpaBuuBas 3Ty CHCTEMY ypaBHeHHUH ¢ cucTeMoi ypasrenuit (197.12a) —

(197.15)
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(197.126), naxonum
Uy =w,, Uy=1IWw,, U=1I[W,, U=, (197.16)

HJIH
A=—i(u,+uy), B=u,+u,,

C=—i(u,—uy,), D=u,—u,. (197.17)

B cayuae u,=u,=0 cnupanpHocTs paBHa -1, ecau ke u, =u,=0,
TO COHpPAJbHOCTH paBHa —1.

3apaua 198. InorHocTh TOKa B aareGpavueckod (opmyanporke

TlosyunTs BbIpaXKeHHs A1 KOMIOHEHT BEKTOpPa IIJIOTHOCTH 3.eK-
TPHYECKOr0 TOKa B CJy4ae COCTOSAHHS, ONHMCHIBAEMOr0 COOCTBEHHBIM
CIIHHOPOM

u(2) = (w, +w@,,) (1 —7,) (1 —iv,y.), (198.1)
HafeHHBIM B MpeAblaylied 3anaue.

Pemenue. KommoHeHTH 4-BeKTOpa MJIOTHOCTH 3JEKTPHYECKOTO
TOKa OIpENeJSIOTCS BbIpaKeHHsIMH 4

s, =iecuyy u, w=uty,. (198.2)
B Hawewm cayuae
ut =(1—ivy,) (1 —74) (@5 +wivs), (198.3)

TaK KakK KJH(DOPAOBH uHCAA [V,V,, Vs Vg HNPEACTABJASAIOT COOOMH
3PMHTOBH! OIEpaTopHl. Takum ofpas3om, HMeeM
su=iec (1—ivv,) (1—7v,) @5 +wivs) X
X VeV (@5 +@,v;) (1 —75) (1—ivyv,). (198.4)
PaccmaTpuBasi KOMIOHEHTHI S, H S,, yAOOHO NEPEMECTHTb KJIHO-
(GopaoBO YHCJ/IO Y, Ha JBa MECTa BIPaBO, a KaupHOPLOBO YHCJIO Y, —
Ha OJHO MECTO BJIEBO:
S1.0=1€C (1 —i7,7,) (Va— 1) (@) —wiv,) X
X Wy —wiY,) (1 -+74) V1,0 (1—iP172)-
O.iepatop 1—iy,y, KOMMYTHPYET KaK C ONEPAaTOPOM Y,, TaK M C OMme-
paTopoM 7y,, HO3TOMY
Sy =tiec (v, — 1) {(| @y [* +| @, [P) — (@fw, +wiw) vy} (14 7,) X
X (1 - l‘Vﬂ’z) Yl.z( 1 _ivﬁz)-
Jlna KOMIIOHEHTHl ¢ W =1 Npou3BejeHUe TpeX MOCAeJHHX MHOXHTe-
Jefi 3alHCLIBaeTCA B BHUIE

(I —=9,72) (i — V) =9, +iva— iy, — 1. =0.
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AHaJIOI‘I/I'{HO JJis1 KOMIIOHEHTHI C }L=2 uMeeM
(I —=iyyv,) (Vo4 ivy) = Vo —ivs +iv,— 7, =0.

Takum obpa3oM, Kak U CJE0BAJ0 OXHIAThb, KOMIIOHEHTBI IJOTHOCTH
TOKa, HepHeHIUKYAspPHEe OCH Z, OKa3LIBAIOTCH DABHBIMH HYJIO.

BoinonHss Takue xe npeo6pasoBaHusi JJ1si KOMIOHEHTH S,, IO-
Jyyaem

83 = iec (vy— 1) (@5 —wivy) (@s ¥ +w@;) (1 —7v,) (1 —iyyv,)2
Tak kKak
(T —ivyv,)* =2 (1 —ivy7,), (198.5)
TO BbIpa>X€HHE 1JIs Sq NPpUHUMAET BH]
Sy = 2iec (y,— 1) {(wsw, —wiwy) + ([, 2 —] @, [?) v} (1—7,) (1 —i7,7,).

Ilepememan 3aech nepebifi MHOXKHUTEIb (y,— 1) Ha OJHO MECTO BIPAaBo,
noJyyaem -

Sa=2iec{(w;ws_w;w1)(1—Y4)+(lw1 |2—lw3 [*) V3(1A+Y4)}X
X(I-Yz.;)(l—"f%?z)'
B cuay cootHoleHuH
(T +v,) (1—7) =0, 1=y =2(1—y,) (198.6)

BTOPOH 4J/leH H3 (PUIypHBIX CKOGOK HE JaeT BKJaja B pacCMaTpHBae-
MYIO KOMIIOHEHTY, MO3TOMY OKOHYATeJbHO

s, = diec (wiw, —wjw,)(1—7,) (1 —iy,y,). (198.7)
B csayyae KOMIOHEHTHI S, COBEPIIEHHO aHaJOrHUYHblE BHIKJAIKH
JaioT
s¢ = fec (1—iyyy,) (1 —7v,) (@5 +w7,) (@, + @y v,) (1= v )(1 —iv,v,) =
= 2iec(l—y {(j@r [+ |w,]?) -+ (wws+wiw, )y, } (1—y,) (1—iv,y,) =
= diec (@, '+ |w, [)) (1—7,) (1 —iv1v,)- (198.8)
BhlpakeHus 1/ KOMIOHEHT S, W S, NPEACTABAAIOT Co00# KAHD-
¢GopaoBEL uHCJIA OAMHAKOBOH CTPYKTYphl. UTOGH BLISCHHTH HX (bH-

BUYECKHH CMBICJ, Mbl JOMXNKHbBI CPaBHHTb HaHJIEHHBIE BBIPAXKEHUS
¢ HOpPMOH cnuHOpa

Hu = (1 —iy;v,) (1 —va) (@5 FWiY,) Ve (@5 +w@,y,) (1 —y,) (1 —iyyY,),
KOTOPYIO € IOMOLUBIO TEX XKe Npeohpa30BaHHH MOXKHO 3aMHCATh B BUE
L_‘u=4(iwll2—|walz)(i-Y4)(1——iY1Yz)~ (198'9)

CoOupasi BMECTE IOJIyYEHHBIE Pe3ysbTaThl, BHJMM, YTO KOMIOHEHTA
S, IIOTHOCTH TOKa B HANPABJIEHUH OCH 2, TJIOTHOCTD 3apsiia p (s,==icp)
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H, HaKoHel, HOpMa, €CJH OTBJe4YbCA OT o6u1e1‘0 MHOXUTeJNd
=4 (l _Y4) (1 _"’inYz)»
Oﬂp.e}leJIﬂIOTCﬂ O4Y€Hb NPOCTBIMH C-YHCJOBLIMH BBIPAXKCHHAMH:

s, =iec (wiw,—wsw,) T, (198.10)
p=e(w P +|w )T (198.11)
uu=(w, P—|w, )T (198.12)

Kak 6biio 1oKas3aHo B NpefbAyullell 3ajaue, B CTAHAAPTHOM IIpel-
CTaBJIEHUH U,=Ww; H Us=Iiw,, TOITOMY HalleHHbe BbIPAXKEHUS
MOXKHO 3a[HCATb MO-HUHOMY:

5= 0 (it uju) T,
p=e(u P, (198.13)
wu=(|u, | 4,9 T.

3ameruM, YTO B CTaHJAaPTHOM npeicTaBaeHHH omnepaTop I' umeer
oueHb npoctofl BHA. Mbl nmeeM

0 0 0 0 2000
00 00 . 0000
l—y,= 0O 0 2 0} l—iyy,=1+0,= 00 2 01/
0 0 0 2 0 0 0 0/
H, CJeaoBaTEJ/bHO,
00 0O
r=16(g 9 9 9, (198.14)
0 0 0O

1. e. I' npencrasasier co6oil AMaroHaJbHYIO MaTpUIY C €JHHCTBEH-
HBIM OTJIMYHBIM OT HYJISI 3JEMEHTOM.

3agaua 199. Tox NPOBOAHMOCTH M TOK MOJSPH3ALMM

a) INokasaTh, YTO MJOTHOCTh TOKA YAaCTHLEHI C 3apsIOM é,

Sy = leCPyy;  Sp=j.; S, =icp, (199.1)
VJIOBJIETBOPSIET yYPABHEHHIO HENPEPHIBHOCTH
Js . 9
ai,—_o wi  divy +5-§-=o. (199.2)

i
6) Ilokasath, uTO BEKTOP Sy, MOXKHO Da30UThb Ha JABE MaCTH:

Sy = Sy +5v, (199.3)
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Cc
NpHYeM NPOCTPAHCTBEHHbIE KOMIIOHEHTHI moKa npogodumocmi Sy COB-
najnaroT no ¢opme ¢ KOMIOHEHTAMH IJIOTHOCTH TOKa f, B Hepens-
THBHCTCKOA TeOpHH. BTopas uacTh NJIOTHOCTH TOKa S) M3BecTHa

104 Ha3sBaHUEM MOKa HoAApU3ALUU.

Pewenne

a. Uro6sl yGeautbca B crpaBefsHBOCTH ypaBHeHHs (199.2), mbl
JOJKHBl B JOIOJIHEHHE K ypaBHeHHio J{upaxa

g]vu (Op —iay) p+xp=0,
rje

9

ox "

Oy ==, auzéAu, (199.4a)

paccMoTpeTh aHajoruuHoe auddgepenunasbHoe ypapHeHHe A4S DyHK-

unn p=19*y,. Tak Kak BeJHUHHBl X, W @, — JeHCTBUTEJbHLIE, a
BeNMYUHBL X, ¥ Q,—4YHCTO MHHMLIE, TO OIEPATOPR], KOMIIJIEKCHO
CONpsi2KEHHbIE OIepaTopam

Dk:ak—iak, D4=a4’—ia4,
UMEIT BHI
D=0, +iay, Di=—(0,+1iay).

3anuuemM ypaBHeHMe, conpsixkeHHoe ypaBHeHHio (199.4a):
%‘, Dyt py, 4 wpt = 0.
[Tocsie MOACTAaHOBKHM P =Ty, OHO NPHHHMAET BHJ
— 2 Dy + Dy, + %9 =0,
TaK 4TO OKOHYaTeJbHO MMEeeM
%}(ﬂ,ﬁr ia,) Py, — xp =0. (199.46)

Hckmouass u3 ypasuenuit (199.4a) u (199.46) maccoBele uJieHb,
1oJlyyaeM

3 (v (Ou— i) o+ (O + i) -9} =O.
UneHsl, cojepxaique 4-BeKTOp NOTEHUHANa @,, B3aHMHO COKpa-
LIAI0TCH, W Mbl MMeeM

- 20 rt) =0,

YTO MOJIHOCTBIO COrJIacyeTCsi C ypaBHeHHeM HenpepbiBHOCTH (199.2).
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6. Kak 6bu10 noxkasano B 3agaue 126, HepelsiTHBHUCTCKAasl ILIOT-
HOCTb TOKa OIpeJesasierTcsi BhIparKeHHeM

T = 2 (o — 0, + 2™ (199.5)

H, C/leJ0BATeJIbHO, CONEPKHT OuJHHelHble KOMOMHAUHH BOJHOBBIX
q)yHKulm H WX MPOCTPAHCTBEHHBIX [POH3BOJHBIX. Yrobel npuzath
IJIOTHOCTH TOKa Sy, ONpenejaeHHO#l BblpaxeHueMm (199.1), ananoruu-
Hylo QOpMy, Mbl JO/IKHBl JH0O BBIPA3HUTb C [OMOUBIO YypaBHe-
nusi (199.4a) ¢yukuuio P yepes ee nepsbie NPOM3BOAHBIE, JIHOO C
nomotpio ypasHenus (199.46) cpenath To ke camoe IAsT QyHK-

uuu P. ITocTynas ykasanHbiM 00pasoM, IoJydaem
v =%c‘ Z (On+ iau)‘_wu PP = _ﬁ;ﬁ ‘I’sz Yu (Ou —ian ).
u n

Bepst moaycyMMy NpHBEIECHHBIX BLIDA’KEHMH M YYHTHIBas, YTO
ec eﬁ

x m’

3a0HIlIeM [JOTHOCTh TOKAa B OoJsiee CUMMETDHYHOM BHJE:
fi
le Z{ax TuVvP— ‘P'Vv?uax +‘au‘l’(Yqu +VV'Yu)‘|’}- (199.6)

n0ﬂb3yﬂCb AaJjiee ais Hp606p33088HPlH BTOPOr0 H TPETLEr0 YJ/EHOB
1epEeCTAHOBOYHBIM COOTHOLLICHHUEM

Putv + VvV = 20y,
noJiyyaem ’
o
= {Z (af Vu s ¥+ Bru e > 2 +2lavw}

Ecau B nocieaHem BBIPpaX€HHHU BbIJEJIUTD JHaroHaJbHbLIA uJeH
CyMMBI, TO OHO 3allHLIETCS B BHJAE

wﬁ{ p— lpaw +2Lav1|ﬂl’f+wﬁ2‘ ax, (Pyuyv ). (199.7)

B 3TOM OKOHYaTeJbHOM pesyJbTaTe IEePBHIA YJieH 1Mo ¢opme B TOY-
HOCTH COBNAjAeT C HepeJsITHBHCTCKUM Bhipaxkenuem (199.5) u B co-
IJIaCHH C HALIUM ONpEJieIeHHEM er0 MOXHO OTOXKJECTBUTH € TOKOM
nposoauMocTH s$. Bropoil ke uneH mnpeacTaBaseT CoGOH Tak Hasbl-
BaeMblfl TOK TNOJSIpH3ALHH
ieh
Sf T axu (‘!Wu\’vlp) (199~8)

==V
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Samevanue. 10 pasnokeHHe [JOTHOCTH TOKA BNepBHe ObLIO HCCJAELOBAHO B
paGore lopmoua [Gordon W ., Zs. Phys., 50, 630 (1928)]. IIpoctpaHCTBEHHYIO

HYacTb MJVIOTHOCTH TOKA NOJSPH3aUHHU Sf MOXHO 3alHcaTh B BHJAC

ﬁ

s =ne_1 rot (PpSp) — at (ww)
rie
k
Sk’_':? Op

— KOMNIOHEHTH! BEKTOPA CMHHA, 3aNHCaHHBIE C [OMOLIbIO MPHBOXHMBIX UYeTHIPeX-
PSIHBIX MaTPHL, a O — MaTPHIBl, ONpeleJeHHble B KoHue 3afaux 189. B cuayuae
IJIOCKOH BOJIHHL TOK NOJIAPH3AlMH 00pamaercs B HyJb.

3apaua 200. YpapHeHue Jlupaka B JBYXKOMIOHEHTHO# 3amucu

3anucarb ypaBHeHue [lWpaka B raMuibTOHOBOH QopMe H, NOJb-
3yfCh CTAHAAPTHBLIM MPEACTABICHHEM, PACIIEN T YeThIpe XKOMIIOHEeHT-
HOe ypaBHEeHWe Ha Napy JABYXKOMIOHEHTHBIX YypaBHEHHH, colepiKa-
mux smarpuust Ilayau. Ilokasarb, uro wactuma ¢ paBHO# HyJo
Maccoil nokos (HanpuMmep, HEHTPHHO) [ONYyCKaeT ONHCaHHe B paMm-
Kax J1BYXKOMIOHEHTHOH TEOpHH.

Pewenne. Ecau B ypaBHeHnn Ilupaka
Z'Yu w+xp=0, Dy =0y — ﬁc W

A,=i®, D=V, 0,=—Lo,

(200.1)

IBHBIM 06pa30M BBIIEJUTb MPOH3BOAHYIO 10 BPEMEHH, TO €I'0 MOXKHO
3alucarb B BHIE

3

PR N e A s It

n=1

YMHOXKasi 9TO ypaBHeHMe CJeBa Ha chy,, noJydaem
he § Va¥uD b — ik Opp 4 Vip ++ mery,p =0,

HJIH

io
N

3“[45

= Hy,

A€ OmepaTop
3 .
H=he Y vy, <a,,_;iﬁc A,,) V4 mery, (200.2)
n=1

MO2KHO pacCMarpHBaTh B Kau€CTBE€ raMHJbTOHUAHA,
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B cranjpapTHOM npeacTaBieHUH

(O —is o 200.3

'Yn—\isu 0’ ’ Vo= Or ___1/ . ( . )

3necb  s,—wmarpuub [laymu, a 1’ u 0'—eauHuyHas H Hy’esas
JABYXPSAHBIE MaTpHLBI COOTBeTCTBeHHO. [lasee mmeem

0 s

Oy == 1YV == (S 0’i> : (200.4)

n

nostoMy ramusapToHuHaH (200.2) MoXHO 3amucath B paclieJeHHOH
¢opme
V -+ mec? —hei anDn
n

H= \\——-fwi >s,D, V—me

Ecau BBeCTH JABYXKOMNOHEHTHHIE GYHKUHH ¢, U \,, CBA3AHHEIE
C YeThIPEXKOMIOHEHTHBIM JAHPAKOBCKUM CIIMHOPOM COOTHOLUEHHeM

P,
1p—_<‘Pb> '

TO ypaBHeHue J[lypaka paculenuTci Ha napy ABYXKOMIIOHEHTHBIX
ypaBHEHHH:

(200.5)

R ke (s Dy gyt V- mer)

__lﬁ.%‘l;.b = —ific (8- D) P, + (V —me?) .

(200.6)

B uyacTHOCTH, B CJyuae CTaLHOHAPHBIX COCTOSTHHH C IOJIOMXKHTE/Ib-
HO¥i sHeprueii E nosyuaem

(D) y—i "2y, =0,
, (200.7
(- D) p,—i E= S g, =0 )

Teopus Heiltpuso. Ecau m =0, To BhlLENpHBELEHHbIE YypaBHe-
HHMS COBNANAOT MeXJy COO0H, NO3TOMY

Yo=Mp, u A=, (200.8)

a jABa JHHEHHO He3aBHCHUMBIX peneHns 'l])a JOJ/IKHEI OIIpPEAe/IAThC S
U3 YypaBHEHHA

{(S-D)—ME;CV}%zo. (200.9)
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Tax kak 3TH ABe CHCTEMBl HHKaK He CBS3aHbl, TO B CJyuyae YacCTHI|
C DaBHOH HYJIO Maccofl TOKOS HMMEIOTCS JiBe HE3aBHCHMbIE IBYX-
KOMIIOHEHTHble TeopHu. HerpyaHo nokasaTb, 4YTO B OTCYTCTBHE
BHEUIHHX CHJ TapaMeTp A COBHAJaeT C  KBAaHTOBLIM  YHCJOM,
HCIOJIb3YeMBbIM JII XapaKTePUCTHKM cnupajbHocTH. Uro6el B 3TOM
yOequThCsl, PacCMOTPHM IVIOCKYIO BOJIHY, pacHpOCTPaHSIONIYIOCH
BIOJb OCH 2:
w«;zceikz’

rae C—noCTOSHHEIA JBYXKOMIOHEHTHHIH cnuHOp. B arom ciyuae
nepsblif ujeH B JeBod uactH ypaBueHus (200.9) npuobperaer Bupg

Ssaa‘Pa =ik (Ss‘\IJa),
B TO BpEMsl KaK BTOPOH ujeH OyieT paBeH
—M%xpa = —ikMp,,

H, CJIENOBaTEJIbHO,
5,C =AC. (200.10)

Takum o6pasom, A ecTb COGCTBEHHOE 3HAUYEHHE KOMIIOHEHTHI onepa-
Topa crMHa (B enMHUNAX 7/2) B HaNpaBJeHHH pacrnpocTpaHeHus
BOJIHB (,criupagabHocTh”). Tak kak Martpuua Ilaysau s, auaronansHa,

Sa‘—':((l) _?) ’

To npu A=1 pemenuem ypabrenus (200.10) sBasercs cnuHop

N03TOMY
Ph= <g> efkz, (200.11a)

B cayuae ke orpHuaTeNbHOH CnHpasbHOCTH A= —1 pelueHuem ymno-
MSIHYTOTO ypaBHEHHS SABJSETCA CIUHOD

e-(Q).

U TNO3TOMY
Cl
= (_ c ) eikz, (200.116)
Sameuanue, Kak 1OKasan¥ SKCIEPHMEHTH!, CIHPANbHOCTh HeHTPHHO BCErfa
OTpHuiaTe/bHa, T. e. A= —1I, NO5TOMy TONBKO BTOPOH BApPHAHT pPa3BUTOM Bbille

TEOPUN TNPABHJIBHO ONUCHIBAET (baxmqecxu NPONUCXOAsLIIHE ABJECHHA IPHUPOLDI.
paCCMOTpHM B 5TO#l CBA3H onepartop

Yo = ViV2VsV4s
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KOTOprﬁ B CTAHIapTHOM NPeACTaBJeHHH HMeeT BHI
0" —1
Y5_~<_11 0’ .
1+ " —1 1 (1' 1')
E\—r 1) =\ o)

Ecim nopeficTeoBaTs sTHMH omepatopamH Ha JioGoe peuenne ypasHerus (200.9)
¢ A=-1, T. e. Ha pelueHHe BHIA

1"p+ = (:ﬁz) »
(14vs) ¥+ =0, (1—yg) Oy =20, (200.12a)

IefictBHe Ke ITHX oOmepaTOpOB Ha peuieHusn ypasHenus (200.9) ¢ A=—1, T. e.

Ha peuIeHHs BHAA
< a)
_.14]

(14ys) p-=2¢_, (1 —95) P =0. . (200.126)

B cuny nosyuyeHHbIX Pe3yJbTAaTOB Mbl He MOMEM DelldThb, PEAIH3YIOTCH JH B IIpH-
pOle MO KaKHM-TO HEM3BeCTHBIM NPHYHHAM TOJILKO ONHH COCTOSIHHS . HJH XKe
omeparop B3aHMOKEHCTBHsI, OTBETCTBEHHbIH 3a pOMXAECHHE HEATPHHO, COAEPKHUT
MHOXHUTENb (1} Ys), TaK 4TO poXJeHHe HEeHTPHHO ¢ A =1 CTAaHOBUTCS HEBO3MOMX-
HbiM. B 3ak/ioueHHe Hafo OTMeTHTb, urTo onepatop (1--7ys) He KOMMyTHpYeT ¢
OMepaTopoM NPOCTPAHCTBEHHOH HHBEPCHH, H B TAKHX B3aHMOJEHCTBHUSAX MPOCTPaH-
CTBEHHasl YeTHOCTb He COoXpaHsercsd.

Jlanee umeeM

TO TNOJIYYHM

Jaet’

3agauya 201. LleaTpanbHbie cuabnl B Teopun Jupaka

JlupakoBcKasi w4acTHla I[OMelleHa B CEPHYECKH CHMMETPHYHOE
nose V (r). Bocnosnb3osaBmuch TeM, YTO B CTaHAAPTHOM IIPEACTaB-
JeHHU ypaBHeHHe [lvpaka pacuienssiercs Ha napy ABYXKOMIIOHEHT-
HBIX ypaBHeHUH (3amaua 200), HalTH coOGCTBeHHBIE CITHHOPLL AMpa-
KOBCKOT'O FaMHJIbTOHYAaHA, KOTOPhIE OJHOBPEMEHHO SBJAIOTCS OOLIHMH
cOOCTBEHHBEIMH CIHHOpaMH omepatopoB J2 u J,. Tlpu pacuerax
MOXKHO OTPaHHYHTBCA CJyHaeM m;== +41/,.

Pewenne. Corsacuo (200.7), ypaBHenue J[lumpaka, 3alHcaHHOeE
B paculenJieHHO# ¢opme, MMEET BHJ
3

S s, E0E o,
! (201.1)

Z 5,0, — i E=XOFME o g,
e



218 V1. Peasmusucmcxoe ypasrenue [upaxa

rae s, (n=1, 2, 3)—wmarpuust Ilaynu, a ABYXKOMIIOHEHTHHIE CITH-
HOpHL Y, U P, CBA3AHBl C AHPAKOBCKHM CIIMHOPOM COOTHOLIEHHEM

Yo
lp_<%>. (201.2)

B craHjapTHOM INpeICTaBJCHHH ONEPATOPH KOMIIOHEHT IIOJIHOIO
MOMEHTa, ONpEAEEHHOI0 COOTHOIEHHEM

J=L +%o

NefcTBYs Ha AWPAKOBCKHH CIIHHOP, He CMEIUMBAIOT JBe €ro IepBble
KOMIIOHEHTH {, C ABYMs JPYTMMH €ro KOMIOHEHTaMH ,. IT0 CBH-
3aHO C Te€M, YTO B CTAaHJAPTHOM NpPEeACTaBJEHHH CHHHOBHIE YETHI-
pexpsilHBle MaTpHUBI, 3amucaHHele ueped Marpuubt -Hlaynau, umeior

JAuaroHaJjbHyo Gopmy
(s 0
"0 s, '

Takum ofpasoM, ecsqu [ABYXKOMIIOHEHTHHIE CIUHOPH P, U Y, ABJA-
foTcsl COGCTBEHHBIMH CIIHHOPAMH onepatopoB J? u J,, TO 3TUM XKe
cBoficTBOM Oyfer ofaanars ¥ 4-CIHHOP v, ONpENENeHHbIH COOTHO-
mwenuem (201.2).

Panee, B 3ajgaue 133, Hamu Oblid HaiieHbl ABYXKOMIIOHEHTHbIE
COBCTBEHHble CIHHOPH u; , onepatopoB J? u J,, mnpuHajjexaiiye
COOCTBEHHBIM 3HAuEHHAM ]—~l;};1/2 U omy=+1,:

_h) < VT+1 Y;.o>=

ul=uy, joy,=

VaorF1 Vi Y.,
=M< V]‘+ Yo Y-y, 0> (201.3a)
Vel \—=Vi=", Yoy, '
B
m_ . gl(f) <Vl Yh°>=
u Uj, j+17, = __I/H—l Y,
=M<w+l/2 wa»o). (201.36)
V2G+D \Vji+%, Yisyn

TonwiTaeMcss HafiTH pelleHHe Halied 3ajayd, KOMOHHHUPYS CIIMHOPHI

ABYX YKa3aHHBIX THUIOB:
ul
¢:< > (201.4a)
u“
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ull
w=<ul>- (201.46)

Bonpoc o HOpMHpOBKe paauasbHeX ¢yHKIui f(r) u g (r), kKoropas
MOKeT OHIThb pasqanyHod aJas pewenuit (201.4a) u (201.46), moka
OCTaBHM OTKPBITHIM.

Urobpl BBIMOJAHUTH HAMEYEHHYIO IporpaMMmy, Heo0XogHMo, cO-
raacHo (202.1), paccMOTpeTb BbIpaxKeHHe

bt S 9 yb 1l 0 00 201.5
Su :ngl's,,,,u _:<0x+i3y —a, ub i, (201.5)

TMonb3ysacs usBecTHeIME (opMyJiamu

. 4+ 2 £ i
(0, = i0) (F (N Yy = Y gt

o (FmIFm—1
><<F ——r—F)YzH, ml— 1/ eifnei—n ~

x(F’ +“+‘F>y,_,,,,,i, (201.6a)

X

H

0 (F(/’)Yl m)__ (l+m+l)(l—m+l)><

@F3)@TD
/ CEmT=m (o 1]
(F _*F>Y’“ "’+]/(2l+1)(2z (F = F>Yl-l,m»
(201.66)

nocsie HEeCKOJIbKO YTOMHMTEJbHBIX, HO BIIOJIHE 3JIeMEHTapHBIX Ipeol-
pa3oBaHHUl BbIpaKEHHH

Sul — 1 /VE 9, (f,Y,, O)—Vr(ax"‘"i_a_y) (FiYe,) >
VIF10,4i0,) (Y, ) +VI0, (Y1)

Sull — {Vl@ (@Y, ) FVTT1(0,—id,) (@Y, 1)>
%+ VI©0,4id,) @Y, ) —VIF+10,(aY,,,)

B cayuae j=/[-}1/, noayyaem
ViFl Y >
S R I+1,0
= (i f><1/z+2 Yy
—‘I/in-a/ ><V]+ la Yisuy,
’ UNVIFs Yiey,,

1 4 0 -
_— e il - . 0 ./
V2(1'+1)(f’ /2 1> (201.72)
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Ecan xe j=1[-—1/,, TO pe3yJbTaT HMeET BHA

1 Lo VI Vi)
Sull = 71 ‘ -
u VT( gt = ><—Vl“] Vi1, 1/
1 , j’f‘3/2 V-j+l/2 Yf‘l/ '0>
== ——— fpt —_— it R ’ : 20176
VQT(g” hTT /2><‘—Vj_l/2 Vi, 1 ( !

ITonbiTaemca cHayaJsia YAOBJETBOPUTb cHcTeMe ypaBHeHuil (201.1),
NoACTaBMAsl TyAa Belpaxenue (201.4a):

2
Su”—lE —V—mc

e
Syl — i E=VAme® n_g.
fic

ul'=20,
(201.8)

Basas manee ang wu! u u!! Belpaxkenus (201.3a) u (201.36), a aas
Sul u Su!! Bripaxkenns (201.7a) u (201.76) u moxpcraBuB B JieBble
yactH ypasnenud (201.8), noaywaem (mas nNpOCTOTH OMyCcKaeMm
HHIEKCH y pajHajbHBIX QYHKUUA [ u g)

E—V —mc?

Syl —j =22 7
fic
P Lk BV —me Vit Yioyo
=L g + f>( i 2 ] 2
V21< r he —Vi—, Yoy, 1/
u
St —i E=VEme
C
(f S g><l/-f+1/z Y;+-/2.o>.
V2<]+1> he Vit Y

Oba BbIpaxkeHNs o6paumlaloTcsi B HYJb, €CJAH PajuasbHbie PYHKUUH
f(r) v g(r) ynoenersopsiloT cucreMe AuddepeHLHaJbHBIX YypaBHe-
HU#
, i 8 . E vV — 2
g+ g 2= p oy,
]cl I-l/2f . E— V(ﬁf)+m02
C

Insa pemenuit Broporo tuna (201.46) aHAJIOrHUHBIM IyTEM HOJY-
YaloTCsl YPaBHEHHS, KOTOPHe COBIARAOT N0 GOpPME C YpaBHEHHSIMH
(201.8), onHako B HHX Ha MecTe cnuHOpa u! ctouTt cmuHop u'' M
Hao0OpOT, a TaKXe B KakJOM M3MeHeH 3HaK mepe] uJeHoOM mc® Ha
obpatHbifi. Takum o00pasoM, ¢ HOMOIILIO TEX Ke BLIKJAJOK, YTO H
paHblle, BMECTO cHCTeMbl AHpdepeHnHa bHbIX ypaBHeHu# (201.9a)

(201.9a)
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floJiydyaéM CHCTEMY

P13 _ 2
g,+]+r /2g_iE V(ﬁrj—{-mc F=0,

; (201.96)
I ]—,1/2f iE—V(fZ—mcﬂg 0.

Pemias 1o otaeJbHOCTH cucTeMbl ypaBeeHuit (201.9a) u (201.96),
MBI JJ1s1 JIFOOOTO 3aJaHHOT'O MOTeHlHana V (r) HaxoquM NOJIHOe pelie-
Hue cpopMyJHpoBaHHON Bbimle 3ajaud. Tak kKak QyHKuMH [ U g
onpenejeHHbIM 00pa3oM CBS3aHBl MexAy co00H, TO, CJeN0BATEJbHO,
cBsi3aHbl MEXAy cO00H M HX OTHOCHTEJNbHBIE HOPMHPOBKH.

Heo6xonuMo 1noAYePKHYTb, YTO B OTJIHYHE OT HEPENATHBHCTCKOH
TEOPHH CHUHA KOMIIOHEHTHI JAHPaKOBCKOro 4-CmHHOpa XapakTepH-
3YIOTCS  Pa3/IMYHBIME 3HAYEHHAMH [, NOSTOMY B peJIATHBHUCTCKOH
TEOPUH KBaHTOBoe yucJso [ Gojbuie He fABJAETCS XOPOLUMM KBaHTO-
BBIM YHCJIOM, XOTSl KBAHTOBbIE YMCJA j M m; W Tenepb, pasymeercs,
XOpOIUKe KBAaHTOBbE UYHCJIA.

3apaua 202. TlpoGaema Kensepa B Teopuu Jupaka

PesysnbraTel npeabiayuiedl 3ajayd NPHMEHHTb B YAaCTHOM CJayuae
c(pepHUeCKH CHMMETPHYHOIO MOTEHIHaNa
Z 2

Vi)=—= (202.1)

r

~

A HalTH JOMYCTHMBIE 3HAUEHHS 3SHEPTHH YaCTHLHI.

Pewenne. Kag Obl10 TOKa3aHO B IpeAblAYLIEeH 3axaye, ompe-
JeJieHue JOMYCTHMBIX 3HAUGHHMH 9SHEPrHH JHPAKOBCKOH YaCTHILbI
B OOLIEM CJyyae LUEHTPAJLHBIX CHJ CBOAMTCA K DEIEHHIO CHCTEM
nuddepeniuanpublx  ypaBHenuit (201.9a) u (201.96), xotopnim 06s-
3aHbl YJOBJETBODPSTH pPajHaJbHble YaCTH BOJHOBHIX (DyHKLHI. Mul
HauneM ¢ cucremsl (201.9a). BBonsi ofo3nauenus

=§;§=TZ—7 (202.2)
(BesmunHa P, Kak MpPaBUJIO, Masa) U
B_zmcﬁ——E L_mc*—]—E
a he ' ma fe
HJH
mc:—E fic
— nw—= = 202.
W me?+-E° a VimE—E)(mFE) ( 3

cucreMy audepeHIHa bHEIX ypapHeHui (201.9a) B yacTHOM cJyuae
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notennHaJga (202.1) mMoxHO 3amucarb B BHIE
j1.3
g+l (L-Lr—o,
. j—1 /1
= i (7 ) e=o0.

Pewlennem 3TOH CHCTEMBl MBI U 3aiMeMcs.

(202.4)

Ipexne BCero BHISICHHM, Kak BeRyT ce6f QyHKUHHH [ M g NDH OYeHb GOMbUINX
M OYeHb MajwX 3HaueHusix r. B mpenene r — oo cucreMa ypasHeHu# (202.4)
npHHEMaeT BHA

! i” —_ ' ’ o
g+%i=0,  r—rg=o0.
HopumupyeMule peureHns 3Tofi CHCTeMBI ypaBHeHHH HMelOT GopMy

g=Ce~ "4, f=~CFi e~7/8,

Uro ke Kacaercss peilewHii, mponopuuoHansumx et’/%, To paccMaTpeBaTh HX HeT

Heo6xonumoctd. C JIpyroft CTOpPOHEI, B IpefeJbHOM cayuae r-=»( peryJspusle
peleHHsl, KaK MOXHO OXHJAaTh, HMEIOT BHI

g=Ars=1, f=Brs-1,

TMoxcraBasas npuBefeHHble BhipaxeHus B (202.4), monyyaem
(=0 A+(i+ ) 4—ipB=0,
(s—l)B—(] —%) B—ifA=0.

Tpebys obpaiwieHns B HyJb OnpefeNHTe it HOCJAERHeH CHCTEMEl YpaBHEHHI, HAXOIHM

o= l/<’+ > —p. (202.5)
KoMGuHipys Tenepb 9TH pe3ysbTaThl, LEECOOBPA3HO NONOKHTD
g=Crs~te-18G (r),

f=—-li;CrS-1e-f/aF (r). (202.6)

[Tonctanoska mnocnenunx Bolpaxkenud B (202.4) nmpuBOZUT K cJe-
Ayolel cucreme aupdepeHnHaNbHBIX yPaBHEHHH:

cf+<i1<’;i%_>_¢>c+@_£> F—o,

a a

1
L TUTE) I
F +<—Q—7>F+(7;+%E)GSO-
CkJsanbiBafi H BBIYHTASl 5TH YPABHEHHS M IIOJarasi 3aTeM
G+F=v(r), G—F=w(r), (202.8)

(202.7)
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noJy4yaem
v+f” v=—(k+q) 7

o + (- jo=—k—g) 7,

MMPpUYEM BELIIIE MBl BBEJIH 0003HaYeHU A

(202.9)

p=5(n—1), =f(n+r). E=itg. @210

CorsiacHo nepsoMy H3 ypaBHeHu# (202.9), nmeem
! ,
W=— [ro" + (s-+p)v],
4 1 " ’
w =_k—+q[m ++p+1)v]

[MoacTtaBasis 3TH BEIpaXKeHHst BO BTOpoe ypaBHeHHe cHcreMbl (202.9),
MPUXOAHM K OGHIKHOBEHHOMY IH(pepeHInaJbHOMY ypaBHEHHIO BTO-
poro nopsiaka AJs GyHKUHMH U

o’ -+ [(25+ 1)-—%r] v—2(s4po=0. (20212
Ypapnenue (202.12) —st10 ypaBHenue Kymmepa, a ero peryJsapHoe

B HyJe, HO IPOH3BOJBHO HODMHDOBAHHOE peIleHHe IpeICTaBJ/seT
coGOfl BBIPOXKJEHHYIO THIEPreoMeTpHuecKyo QYyHKUHIO

- F1<s+p, 254 1; 2L). (202.13)
a
[MTosb3ysick nasee obuiell ¢opmysoh

(zad;..l- a)lFl (a’ c; Z)=a 1F1 (a’l"l’ c, z)s

(202.11)

u3 coorHoweHu# (202.11) nosyuaem

____s+tp .ol
w=—3tL P, <s+p+1, 2%541; 2 a). (202.14)

[TopcraBasisi 3TH Beipaxeuus B gopmyant (202.8), HaxonuMm QyHK-
uiu G u F, a 3ateM ¢ momowpio ¢opmyn (202.6) u paguasbHble

byukuuy g u f:
gzl—Crs—le—f/“{lF1<s—}-p, 2$+ l; 2—:{)——

—L F(s+p+1, 251 2 L)),
f:—ﬂCrS—le—r/a{1F1<s-{—p, 2s+ 1, 2%)-{—
+EL (s+p+1, 25+ 1 2%)}.

(202.15)
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O6e durypupymolye 31eCb BbIPOKAEHHbIE THII€PreoOMETpHUUECKUe
(PYHKUUH aCHMNITOTHYECKH I[1PONOPLHOHAJbHbI e*t?¥/e 4, crexoBa-
TeJIbHO, MOJIYUEHHbe pelieHust GYLYT HEHODMHPYEMBIMH 1O TeX 1op,
f0Ka NepBbe apryMeHTH BHIPOKACHHBIX THNEPreOMETPHYECKHX PYHK-
HUA He PaBHBbl HYJIO HJH e 1leJIOMYy OTPHLATEJbHOMY YHCJY:

s+p=-—n,, n=0,1,23,.... (202.16)

Korna s+-p=0, nepsuifi apryMeHT BTOPOH BLIDOXIEHHOH THIEp-
reomerpuueckoit ¢yHkuun s+ p-+1 pasen +1, ogHako npu 3TOH
(GYHKIHHE HMEEeTCS MHOXWTENb S+ p, TAaK YTO B paccMaTpHBaeMoM
YyacTHOM CJly4yae acHMOTOTHYECKH pACXOASLIMECH 4YIEHH H3 BhIpa-
xennit (202.15) nonpocry Beinanyr. Takum o6pa3oM, HCKOMBE COG-
CTBEHHbIE 3HAYEHHs] MOJIHOCTBIO OMNpejensoTcs ycsaoBHeM (202.16).
[NojgcraBasis B 5TO yCJOBHE BMECTO p H W COOTBE[CTBEHHO BHIpaKe-
Hus (202.10) u (202.3), mosyyaeM pJA ONpEfEJCHHS JONYCTUMBIX
3HaueHHil sHeprun E ypaBHeHHE

b (VB V)=t

Orciofa A/s ypoBHEH 3HEPTHH BOJOPOAONONOOHOTO aToMa HaXOAUM
Gopmy.ry :

Fom—__m? |
Y
(nr = 8)?

Jlo cuX mop Mbl €llle He paccMaTpPHBAJIM BTOPYIO CHCTEMY ypaBHe-
Huit (201.96) anst ompenesieHHss pPagHaJbHBIX BOJHOBBIX (YHKIHH.
Herpyano y6eautbcs, 4To B 3TOM CJyyae BMecTo cHcteMbl (202.4)
y Hac noJyuuJjach Obl cuCTeMa ypaBHeHHH, oTsinuaiouasics ot (202.4)
3amMeHoi W Ha —I/p. B pesyibrate BesquuMHBl ¢ M p, ¢UTypHpO-
BaBlUMEe BhIIE, 3aMEHHJHUCH Obl COOTBETCTBEHHO HA — ¢ U —p, a
yCJIOBHE AJs oIpejesneHua co6cTBeHHbIX 3HaueHnH (202.16) npunsio
Obl BHJ

(202.17)

S—p = —1n,.

Bce 3TH H3MEHeHMs, OJHAKO, HHYEro He MeHSIOT B GopMmyne aas
SHEPreTHYECKHX YDPOBHEH, NOITOMY Kaxibli YpOBeHb OKa3hIBaeTcH
NBYKPATHO BbLIPOXKAEHHEIM.

Ecmu § > 1 (Z > 137), To onpenenenuntii cootHomennem (202.5) nokasarelb s
B CJyyae OCHOBHOI'O COCTOSIHHSI OKa3blBAeTCA YHCTO MHHMOH BEJHUHHOH M Halue
pellieHHe AepecTaeT YNOBJETBOPATbL TIPaHHYHOMY ycaoBuio mpH r=0. Jlas odeHb
Go.iblIHX 3HAUEHHI Z MOTeHUMasdbHas $SIMA CTAHOBHTCS HACTOMBbKO TyOOKOH, 4TO
3Heprusi OCHOBHOTO cocToAHHA E oxaspiBaercs MmeHbiue —mc2. B cuay coorHowe-
HusA (202.3) BeJHYMHA @ NPH 3TOM CTAHOBUTCS YHCTO MHHMOH W (QyHKUHH g H f
[eM. (202.6)] He GyayT GoJdblie 3KCHOHEHUUAALHO yOBIBATh Ha GOJBILUX PAcCTORA-
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HHSX 7, 4TO ¢H3KYeCKH OOYCJOBJEHO INPOHHKHOBEHHEM 3JEKTPOHHOH BOJHHI B 00-
JacTb OTpHUIATeJbHBIX 9Hepruil (mapanokc Kueitna). Bosee moxpoGuo Mbl o6cyaum
5T0 fABJEHHE IJS caydas NOTeHUHANbHON CTyneHbKH B 3afaue 207 (cayuait 6) V.

3ajaua 203. Tonkas CTPyKTypa 9HePreTHu4eCKHX ypOBHe# aroma
’ BOJAOpOJAA

Jna aroma Bojgopoxa ¢HIypHUpOBaBIINI B NpeIbIAYLIEd 3anaye
napametrp P coBmagaer ¢ 30MMep¢esNbIOBCKOH [OCTOHHOH TOHKOH
CTPYKTYPHI

2 1
OC—E—W.
0T mapamerp JOCTAaTOYHO MaJj, H [Js aHa/An3a NOJYYEHHHIX BHIILE
pe3yJbTaToB MOXHO I0/1b30BAaThCH CTENEHHBIMH PA3JIOKEHHSMH.

C nomowpl0 yKa3aHHBIX Pa3J/oKeHHH NOATBEPIHTL HEPRJATHBHCTCKYIO
TEOPHI0O H HaiTH NepBble PEJATHBHCTCKHE IIONDABKH K HeH.

Pewenune. PacksagpiBasi 1o cTenmeHAM o Nokasartenb §, onpeje-
nseMblii cootHomeHnueM (202.5), noayyaeM

s=(j+—;—>—2—]f-°_—l2_——l+0(oc4). (203.1)

[Moacrasniss 370 passoxkeHue B GOPMYJy LJsi SHEPTETHYECKHX YPOB-
Heit (202.17) u BBOAA IJIaBHOE KBAHTOBOE YHCJIO

n=nti+y, (203.2)
Haxo4guM
! a2 \2] |-
E=me {1+ [ (=g T
HJau
2 r 2 3
E— mc2{1—g;—2[1 +% (=53] +o (oc“)}. (203.3)
Taxk Kak
mea? Zﬂ;i—e:’

10 hopMmyJia AN YpOSHEHl SHEPrHM BOJOPOAA C YUeTOM IepBOil pe-
JATHBUCTCKOH MONpaBKH IpHOOpeTaeT BHUJ

E=mc2—§'%:—2;[l +°§(]¢”m—%)] (203.4)

1) CorsiacHo KBaHTOBOH sJeKTpoinHamuke, npu Z > 137 Toveunwldl 3apsx
CTIOHTaHHO POXAAET MO3UTPOHBL. DBosee noapo6HO ¢ 3TUM KpyroM BONpPOCOB MOXHO
03HAKOMHTbCA B o63opuoit craThe: 3eavdosuu f1. B., [onos B, C., YOH, 105,
404 (1971).— I pun. peo.

8 Ne 1172
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31ech TNEPBBIE UNEH MpejcTaB/ser cOOOH SHEPTHI0 NOKOA, BTOPOW
COBIajaeT C HepeJATHBUCTCKOH O6asbMepOBCKOH 3Hepruei (cM. 3a-
nadqy 67) M, HaKOHell, MOCJEAHUH UJE€H HaeT MePBYI0 DeNATHBHCT-
CKYIO TONpaBKy, NponopiyoHaabHyo a? =0,532x 10~4, T. e. cocras-
JISIOWLYIO IIPUMEPHO 1/,,% 3Hepruu cBssH. Tak Kak 3Ta IIONpaBKa
3aBUCUT OT O0OMX KBAHTOBHIX YHCEJ f H j, TO KaXJAbld HepeJssTH-
BHCTCKMH YPOBEHb SHEpPrHH pacHIelN/IseTcss Ha HEeCKOJIbKO OJH3KO
paclo/IOKeHHBIX MOAYPOBHEH, O COBOKYIHOCTH KOTOPBIX TOBODAT
KaK O TOHKOH CTPYKType ypoBHEH aToMa BOAOpPOJa.

PaccmoTpuM Tenepp CTENEHHOE pasJoKeHHE IapaMerpa a, KOTo-
peifi onpeneJisiercs cooTHomenueM (202.3) 1 uMeer pa3aMepHOCTD AJIHHEL
Sro pasJioxeHUe 3alHChIBaeTCA B BHJE

a=Pal1—2( 2 _1)]10 @ (203.5
=nan| 1=t (Fm )] - )
Eciu B BbIpameHHu, 3aKJ/IOYEHHOM B KBaJpaTHbE CKOOKM, IpeHes-
peub peJATHBHUCTCKOH NONpaBKOH, TO B pe3yabTaTe NOJyuHTCA 00-
POBCKHH pafuyc r-i 3JeKTPOHHOH OpOHTHI aToMa BOAopoja. Tak Kak
OTHOIIeHUE 2r/a BXOAWT B KauyecTBe aprymMeHTa B BHIPOXKIEHHbIE TH-
nepreoMerpuyeckue QYHKUMH U TaK KakK B BeIpaxeHus (202.15) aas
paiuaJbHbIX BOJIHOBBIX (QYHKUWH BXOJHT MHOXHTE/b e~'/%, TO pa3-
Mephl aToMa BOJOpPOJa ONpelensioTCss BeJHYHMHOH NapameTrpa @ TOUHO
TakuUM e 00pa3oM, Kak ¥ B HepeJIATHBUCTCKOH TEOPHH.

UroObl OT PeJIATHBUCTCKUX BOJHOBHIX GyHKuu# (202.15) nepeiitu
K BOJHOBHIM (YHKUMSM HepeaaTHBHCTCKOH Teopuu Ilpexunrepa,
Heo0XOAUMO DPacCMOTPeTh CTENeHHble Pa3J/IOKEeHHS NapaMerpoB U H ¢,
onpelesleHHBIX COOTBETCTBEHHO cooTHoweHuaMH (202.3) u (202.10).
Mbr umeeM

T LS M
oS ewo

B HEpeNSITHBHCTCKOM MPHGMXKEHUN MHOXHTENb, CTOSIWME NPH BTO-
poil runepreomerpuueckodi ¢yHxkuuu B dopMmynax (202.15), npuuu-
MaeT BHJ

s+p —— ny —_ ny
k+q i+ tn n.+(2j+1)

(203.8)

H, cJefoBaTeNbHO, MO NMOPALKY BEeJMHUHMHBEI PaBeH efHHHLE (HCKJIO-
yeHHeM fBJsieTcsl caydaii n,=0, Korja yKasaHHBIH MHOMXHTE/b
TaKKe paBeH HYJIO). Tak Kak mapamMerp B B pacCMaTPHBAEMOM IIpH-
G6amxenuu B cuay (203.6) no nopsiiKy BeJHUHHEL paBeH &, TO (QYHK-
uus f npumepHo B 100 pa3 Gosbue ¢yHkuuu g. ITostomy B Hepe-
JIATHBHCTCKOM MNPHOJIMKEHHH pajualibHble BOJHOBblE (PYHKHHUH (HOP-
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MHPOBKa NPOH3BOJLHASN) ONPEAEJAOTCA COOTHOLIEHH AMH
g=0,
f:: ri=Yzp-rla |:1F1 (_nr’ 2] _1\_2’ 2 %.)__.
_

Qs ER ( —n,+1, 2i+2;2{l—)].

Ecau Tenepp B BhIpaXeHUH AaS1 (QYHKUUH [ HOMOXKHUTb [==1[--1/,,
TO OHO JAeHCTBUTE/IbHO [IepelieT B BhIpaKeHHe JJIfA LIpeJHHTepOB-
CKOIl BOJIHOBOH (YHKUHH [cM. cooTHouenue (67.12)]

fup=rle=v"F, (I +1—n, 204+2; 2yr), (203.92)

rie y=1/a. B stoM MOxHO yGeautecsi ciepyromum ob6pasom. C yue-
TOM paBeHcTBa j=1[-1'/, U3 ONpEleJEHHs TJABHOI'O KBaHTOBOTO
uncaa (203.2) caenyer, uto nA=n,+1-+1, nosromy n,=n—I—1u

f=rle-w{ F,(l+1—n, 204+3; 29r)—

n
T B (2 —n, 243, 2vr)}

(203.9)

Bocnonb3yemcs Tenepb obuiell ¢opMyoi
a,Fi@+1, e+1; )=(a—c) ,F, (@, c+1; 2)+c,Fi(a, ¢ 2)

H, yuTss paBeHcTBa a=I[-+41—n, c=204-2, z==2yr, npeoGpasyem
C NOMOILBIO 3TOH GOpMYJIbI BEIPAXKEHHE, cTosiilee B GUTYPHBIX CKOOKaXx:

WFia, e+ 15 2+ = Fila+1, c+1; 2),

K BHAY

2142
CLalFl(a, ¢ 2) = +;’+1 Frl+1—n, 204-2; 2yr).

Takum o6pasoM, Beipaxkenue (203.9) nedcTBHTENbHO HEPEXOAHT B BHI-
paxenue (203.9a).

YTo6el MoJyYHTh HepeasTUBHCTCKOE NPUOJUIKEeHHe AJS pelmeHui
BTOpOro TuIa, tpeyercs crnelnHaJbHOE pacCMOTpeHHe. B pesyJjbrare
3aMeHbl BeJHUYHHBI b BEJIHIUHON ~—1/p QyHKIHA f cTAHOBUTCA MaJoi,
a (yHKUHSA g—O0JbIIOH, NO3TOMY B HEpeJSITHBHCTCKOM MNpHOJIHKe-
HHH (HODMHDOBKA OMNSTb NPOU3BOJIbHAS) Mbl JOJIKHBI TIOJIOXKHTD

f=0,
g=ri=the=vr{|F (—n,, 2i+2; 2yr)—F, (1—n,, 2j+2; 2vr)}. (203.10)

Tak KaK B paccMaTpuBaeMoM cJydae j=[—1/,, TO Temepb MMeeM
g=r"te=v {F,(—n,, 2l+1; 2yr)— F,(1—n,, 21+ 1; 2yr)}.
8* ’
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Utobbl ybenuTbCcsl, YTO NOCJE[HEe BhIpaXkeHHe copmajnaet ¢ (203.9a),
BOCNOJb3YyeMcs oOLBMH (OpMyJaMH
a{,Fi(a+1, ¢c—1; 2)—,F,(a, c—1; z)}=zd%1F1(a, c—1; 2)
"
(c—l)dgle1 (@, c—1; 2)=a F,(a+ 1, ¢; 2).

C MX NOMOHIbIO HETPYAHO I[0Ka3aTh, YTO C TOYHOCTBIO JO IOCTOSIH-
Horo MHoxurens 2y/(2l+1) ana GyHKUMH g moJayyaeTcss BhHIpaxkeHHe

g=rle=v\F, (1—n,, 204+2; 2yr).
Tak kak, coraacuo (203.2),
l—n,=j+4+3,—n
H, KpPOME TOro,
j= l“—l/m

TO TEPBHIH aPryMeHT BBIPOXKAEHHOH TI'HIepreoMeTpHYecKoH (yHKUHU
ONATh OKasplBaercs paBHBIM [+ 1—n u, ciegoBaresbHO, NOJAYyYEH-
HOe BBbIllIe BhIpaXxkeHHe coBrnajaer ¢ (203.9a). '

Ho cux mop MBI paccMaTpHBAJHM BEIHYHHY / NMPOCTO B KauyecTse
yA0OGHOTO napaMeTrpa, He HHTepecyschb ero (H3HYeCKHUM CMBICJIOM.

Yro6Ll BOCHOMHHTL STOT NPOGeJ], BHIYHCJIHM AJIsi 0GOHX THIOB pe-
IeHn# cpennee sHauenue onepatopa L2, Tlosp3ysick COOTHOLIEHHEM

LY, ,=hl(+1)Y, ,,

HETPYIHO TI0KasaTh, YTO B OGOHMX CJyyasix HHTEpecylollee Hac Cpes-
Hee 3HAUYEHHE ONHKCHIBAeTCs (GOPMyJOH

@®

§ 10— G+ B+ G+ 22 G+ 12 ) 2 ar
KLy =he 2

. (203.11)

-]

§ [1F 124 1g 2l r2dr

Iois pewenuit nepsoro THna QyHKuMA |g|* B o~2 pa3 MeHbuie (yHK-
uud |f|* M ee MOXMHO He YUHTHIBaTb, C/IEJOBAaTe/NbHO, B STOM CJyuae

L2y = (j—1/,) (i +1/,) B* (203.12a)
M Mbl umeeM j—1/,&=[. JIna pelieHHil BTOPOTO THNA MOXHO TMpe-
He6peunb |f[* no cpaBHeHHmIO ¢ |g|* M TmOAyYHTD

KL= (i +1/,) (j + ) B, (303.126)
H, CJIe0BATE]bHO, B 3TOM cJyuae j-+1/,=/[. VIMenno Takumu noj-
CTAaHOBKAMHM Mbl M II0/Ib30BaJIUCh B INPHBEJEHHBIX BbIIE pacyerax.
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JIpyruMH CJI0OBaMH, B HEPEJSTHBHCTCKOM NMPHOJMKEHHH, KOTAa QyHK-
udn f B g Gosblue He BXOASIT OJHOBPEMEHHO B OJMH M TOT XKe CIH-
HOp, [ CHOBAa CTAQHOBHTCS XOPOIIMM KBaHTOBBIM YHCJIOM.

JHononnenne. Kak Mul nokasaju, COGCTBeHHBIE CIHHODH CBS3aHBl C JBYXKOM-
NOHEHTHBIMH QYHKUHAMH

W=t f(r)< 1/]"f-l/zyl-’/g,o>

V:?_!- —“V]'—l/zyj_x/,,l

ull = ———Vz_____l glr (V’:“}_l/*yiw/g.o)
G+ VIFRY i

H MOryTt GHITb JIBYX THIIOB:

ul ull
() o e(2)

npuyeM g<€f nna pewennsi P, u f<K g ana pewenuin Pp. [TpHOAMKEHHO MHI,

TakuM o6pasoM, HMeeM
ul ul
‘l’az<0) H ‘pb=<0)*

PaccmaTpuBaeMoe NPHGAMKEHHE COOTBETCTBYET HeDENATHBHCTCKOHN JIBYXKOMIIOHEHT-
HOH TEODHH CNHHA, B KOTODO# [=1I--1/y AN BONHOBHIX QYHKIMA Yo U j=I[—1/y
LAt BOJHOBRIX GYHKLME 1p, T. €. NpPH 3aJaHHOM 3HAUYEHHH KBaHTOBOrO yHC/a |
BOJHOBbe (YHKIMH He coxepkaT cepHYECKHX TapMOHHK C Das/HYHBIMH 3Have-
HHSMA L.

Kpome TOro, MH HOKasajH, 4TO pajHa/JbHas 4HacTh ,60MbIUHX“ KOMIOHEHT
cnuHOpa v, ompelensercs GopMmyJoi

f=r"!/’e-'/ﬂ1F1 (j-+Y2—n, 2j+1; 2yr),

rae j==1-1/,, & paguaabHasg 49acTb ,0OMbUIMX® KOMIOHEHT CMUHOPA 1y Ompeje-
asietcs Gopmyaio

g=r*"e~TIMFy (j+%3—n, 2]+3; 2vr),
rie j=1—1,. Dru pemeHus HOPMHPYEMH TOJbKO B TOM CJy4ae, KOria nepsble
apryMeHTE! BEIPOXK/EHHBIX THIEPreOMeTpHUeCKHX GYHKUHMA PaBHB HYJIO HIH LeJoMy

OTPHUATEJNIbHOMY YHCJY. Bo3MoxHbe COCTOSIHHS aToMa BOJOpORA, OTBEYaIOUIHe HH3-
IIMM 3HA4YE€HHAM MOJIHOrO MOMEHTAa, NMPHUBEAEHHl B c.nenylomeﬁ Tabaniue:

Pewenue CﬂeKTpOCKOﬂquCK}lE 0603Havedu s naa
i peleruit
Vg vy Va ¥
Vg nx=1 n=2 nsy, npy,
8/, n=2 n=3 nps, nds,,
8, n=3 n>4 ndy, nfy,
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CoOTBETCTBYIOIIHE STHM COCTOSIHHSIM pajMajbHble BOJHOBHe ¢yHkuum (aubo f,
Jan6o g) COBNAjAlOT C paJHaJbHBHIMH BOJHOBLIMH (YHKLHSMH HepeJATHBUCTCKOH
TEOPHH, KOTOPHIE MOAPOGHO PaccMOTpeHbl B 3ajaue 67. YIJOBble Xe 4acTH BOJHO-
BBIX (YHKIMH SIBJSIOTCA JBYXKOMIIOHEHTHHIMH B IIOJIHOM COIJIACHH C HEPEeJSiTH-
BHCTCKOH Teopuell ciuHa, pasoGpanHOl B 3agade 133.

Ecnu or6pocuTh 3HEPrHio NMOKOs, TO, COTJIACHO COOTHOIeHHIO (203.4), ypoBHH
SHePruH ONHCHIBaOTCA (opMyJIoH

Ep;=—Ey—AE,
rae

(Bbﬂﬂe MBI TIONb3YyEMCA AaTOMHBIMH €JWHHIaMH, A/ NEepeXoia K OOBIYHEIM eINHHIIAM

npuBeleHHOEe BBIPa)keHHe CAeAyeT YMHOXHTh Ha med/h? = 27,2 3B) — 310 HepeasiTH-
BHCTCKas GaJbMepOBCKAs SHEPrHs CBf3H, a

a? n 3
2= (77— 7)

— peJIATHBHCTCKAs MONpaBKa K Held. DHepPruu INepBBIX TpPeX YpOBHeH U pensTH-
BHCTCKHE IIONpaBKH K HHM yKa3aHbl B NIDHBOJHMOH HHXe TabJHIe.

. g0 (2/a2) AEn,j Ansa 108 X AEn,j AAs
=t | i=n | a= | d=ue | i=ve | d=va
1 1y Y, — - 6,68 — -
2 /g 5/6a Ye4 - 2,08 0,42 —
3 s Ysg /108 Y504 0,74 0,25 0,08

[NpnBegeHHpe naHHBIE TIOKa3bIBAIOT, YTO 4YeM HHXKEe ypDOBEHb, TEM CHJbHEE OH pac-
mennsiercss. Vimenno mo stoli npuymHe KpacHas JsuHus Ha (nepexos n==
=3 — n=2) ups rpy6oM pa3spelleHHH MNpelcTaBJaseTcs Ay6/eToM, KOMIOHEHTH!
KOTOPOTO DACHOJIOKEHbl Ha PAaCCTOSIHHH

(2,08—0,42)x 10-%x 27,2 3B,
uau 0,365 cm—1,

3anaua 204. INpobaema Kensepa. Papuanbuble GyHKUHH TpH
MOJIOKHTE/NbHBIX IHEPrUsiX

DIeKTPOH, NOMEILEHHBIH B KYJOHOBCKOE noJe, o6aanaer nbJoxH-
TeNbHOH 3Hepruel, Tak utro E—mc? > 0. HafiTu panuanbHeie BoJIHO-
Bble QYHKLMHU ¥ BBIICHUTH HX ACHMITOTHUECKOE MOBEJECHUE.
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Pewenne. Tak Kak B paccMarpuBaeMoM cayuae mce*—E <0,
10 cooTHomeHHsl (202.3) yno6HO 3aMeHHTb Teleph COOTHOIIEHUSIMH

E—mc? k  E-mc? (204.1a)

fc n ke

B KOTODbIX BEJIHYHHA K HMMeeT CMBICJ BOJIHOBOTO YHCJ/ia Ha GeCcKOHeu-
HOCTH. DTHM COOTHOLICHHSIM MOXHO HpPHAaTb HHYIO GOpMYy:

nk=

= E—mc?
E¥me’
tme (204.16)
o YE—wh ELmeh
== ﬁc .

Hawma 3agaya cBOAMTCA K pelIEHHIO CHCTeMBl AudgpepeHIHaNbHBIX
ypaBHEHHU

g’+ﬁ;ﬁg+i<—nk——§)f=0,
p—iztp—i(f+8)e=0.

r

(204.2)

[To ananoruu ¢ sapaueit 202 GyneM MCKaTh pelUEHHE B BHJE

g= _}2_ (w -|-U) -t et’kr,
| . (204.3)

f= P (@—v) re-tet,
rie

s=V i+, —p" (204.4)
Beoxst o6o3HaueHus

1 1

p=§(?_n), Q=%(—-ﬁ-—}-n> (204.5)

U HOBYIO NEPEMEHHYIO

2= — 2ikr, (204.6)
nocJe HECJIOXKHBIX BbI‘JHCJIeHPIﬁ no.nyqaeM
d* dw .
25+ [+ 1)—2] S —(s—iQw=0 (204.7)
n
1 dw .
U:—m \:Zd—;—l-(S—IQ)ZEJ] . (204.8)

[TpousBosbHO HOPMHpOBaHHOE pelleHue AuddepeHiHalbHOTO YpaB-
Henus (204.7), peryJaspHoe B HauaJie KOOPJHHAT, 3alUCHBAaETCH
B BHJE

w=C ,F, (s—iQ, 2s+41; 2). (204.9)
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Tlonb3ysace aanee obuiell gopmynod
(z%—}— a) Fi, ¢ dy=a,F, (a1, c 2),
¢ nomompbio (204.8) nonyuaem
v—_——-ci—ﬁ—;%},—,ﬂ(ws—m, 2%+1; 2).  (204.10)

Tak Kak BeJHYMHA r JCHCTBHTEeJbHAd M NOJOXHTEJNbHAA, TO,
corjiacHo cootHowenuio (204.6), mepeMeHHas z ABJISAETCA YHCTO MHHU-
MOH U argz=3m/2, NO5TOMY Mbl MOXEM Ccpas3y BOCIOJb30BaThCA
acUMITOTHYeCKOH (GopMyJIoh

T (¢) T (¢)

1F1 (a, C, Z) —>g—ina mz-a—*-m e z28-¢, (20411)
Takum o6pasom, umeem
e ( —i—ni+iQ In ekr —@—iQ In 2kr X \
CT (2s+1)e *? i e ® ie *® . e-Z'k’j
- @kr)s T(1+s+iQ) + T (s—iQ) 2kr

nQ

_Cr@st+lhe *  s—iQ

> @S TEatP ©
ins ins
( e—T+tQ In 2kr i T—iQ In 2kr \

e ~alkr
\ e w e
Bropo#t unen B QUIypHBIX CKOOKaX B BBHIPaXK€HMH MJIA QYHKLHH ©
U NepBbI uMeH B (UTYPHBLIX CKOOKAax B BhIPaKeHHH AJsi QyHKIHH v
B kr pa3 MeHblle ADYFHX YJEHOB, (UI'YPHPYIOLIHX B 3THX BbIpa-
JKEHHAX, II03TOMY MX MOXKHO OTOpocHMTb. B pesysbrate ¢ yuerom
cootHoweHu#t (204.3) momyuaem

rg— Ciet kr+QIn2kn)'y (¢ o=t (kr+Q In 2kr)

nrf —s C,¢f (kr+Q Inskr) _(C o—1 (kr+Q In 2kr) (204.12)

rje ImnoCTOSAHHBIC KOMIVIEKCHBIC aMIIJIMTYAbl ONpPEACJIAIOTCA BbIpaxKe-
HUAMH

_m _ims
c._Cr@s+he * e *
= . ——,
2 (2k)S L(l14-5+1iQ) . (204.13)
_me &
O _CT@s+he * s—iQ e?
J—

2ERF R 4iP T(14s—iQ)"

Pasymeercs, nocrosinusie C; u C, MOT'YT OTJIHYATHCS JIHILb HA30BbIM
MHOXHTEJIEM, TaK KdaK CXOAALIAACSA H PACXOASINAsCA [1apIHaJbHbIE
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BOJIHBI JOJIKHBl MMETb OQMHAKOBbHlE aMIIHTYIbl. JleACTBHTeNbHO, He-
TPYJAHO I[OKa3aTb, YTO

j_:;;fipzezto I %%._‘%:ezic, (204.14)

a, CJeJ0BaTeJbHO, 00a MHOXKHTEJA, KOTOPBIMH OTJIHYAIOTCH ADYr OT
apyra noctosisnble C, u C,, Ha camMoM Jiesie SBJSIOTCS (ha30BLIMU
MHOXHTEJSAMH. /11 BTOPOro M3 HHX 3TO oueBHJAHO. UTo ke Kacaercs
NEePBOro0 MHOMKHTENA, TO Mbl HMeeM
s—iQ P __4Q
i+ +iP | (P

NIOCKOJIbKY
Q—P=f n s=(j+)—p
Takum ob6pasom, OKOHYaTeJbHO MOJyYaeM
g=|C,|e02; 0%, f=|cl|e162£n‘§§, (204.15)
rpe
g:kr+Q1n2kr_E2f—g—6. " (204.16)

3amedanue. DTOT pPe3ysbTaT MOKHO CPABHHTH C peaﬁm,rarom HepeJIATHBHCT-
CKOH TeOpHH, paccMOTpeB TpeleqbHE caydait n<<l. ITOM cayvae f>g n

f~ —rl-sin(kr+an2kr——g—(s—{—l)—C—G). (204.17)

Durypupylomyio sjech BeqnunHy Q ¢ nomomplo cooTHowehuii (204.5) u (204.16)
MOXKHO BBIPa3HTb 4Yepes SHepruio E, a 3areM uyepe3 CKOPOCTb SJIEKTPOHA U Ha
GeckoteynoctH. C yuetoM uaBecTHOH (GOPMyJIbI

2 -1
E:mcﬂ(l—z—,) f

[10Jy4aeM
Ze?
Q =7

k

v
H, cJeloBaTeJbHO, BeauuuHa Q CcOBNAfaeT C NapaMeTpoM %, BBEJEHHHIM B 3a-
naue 110. Ha ocuoBauum cooTHowenust (204.16), kpoMe TOro, 3aKJK04aeM, uTO

BesuuMHa ik ecTh HMIIyJIbe 9/7IeKTPOHAa Ha GeckoHeyHOCTH. TakuM o6pasoM, ABa
nepBhIX UJeHA B aprymesTe cuHyca B ¢opmyie (204.17) mosHOCTbIO coraacyrorcs
C TOJYYEeHHBIM B HEpeNSTHBHCTCKOR TEOPHH BHIpaxeHHeM. B ToM ke npu6Juxe-
HHH TIOCTOSIHHBIH CABHI' (pa3bl BBIYHMCJ/ISIETCH C IOMOIBIO COOTHOLUEHHUM

§s— j41Yy=Il4+1 u P—Q=mn.
Mbl uMeem

S 6 DL+ — - (12 +arg T (1+2+i0) —arg (I + 1) =
=n 5 [+arg T (11 +ix),
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Ecnu yuyecTh Teleps, 4TO 3HAaK BOJHOBOH (YHKLMH He HrpaeT HHMKaKO# DO H
4YTO, CJIEeJOBATeJLHO, MOMKHO OTGPOCHTb MOCTOSIHHBIH CHBHT (asbl, PABHHH T, TO
HHTepecylolee HaC aCHMNTOTHYECKOE BLiPaXkeHHEe OKOHUYaTe/IbHO 3aNuilercs B BHIe

f~ -—]r- sin {kr+uln2kr—%l——argI‘(l+l+ in) }

[MosyuenHslfi pesyJbTaT NOJHOCTHIO COTJacyeTcs € pesyJabTatoM 3ajauu 111, ecum
NPUHATH BO BHUMAHHE, YTO 3[€Cb Mbl HMENH JEO0 C KYJOHOBCKMM TPHTSIKEHHEM.

3ajgaua 205. Pasnoxenve AHPAKOBCKOH NJOCKOH BOJHEI MO
COCTOSIHUSAM C oOMpejeJieHHbIM MOMEHTOM

IMonyuennple B 3anaue 201 ofupe coGCTBEHHBIE CITHHODBI Omnepa-
TOPOB J? W J, WCNO/b30BaTh AJS PA3JIOKEHHS MJIOCKOH NHPaKOBCKOH

BOJIHBI
/ 1 1
q)ZC\?l eitz — C ?] fj Vian QI+ 1)i%,, (205.1)
0

I=0
0

KoTopast 06/1azaeT MOJIOKHUTENbHOR CHHpaJIbHOCTb}O (h=+1) u pac-
[IPOCTPaHseTCS B HAIPAaBJEHHH OCH Z.

Pewenne. [lpexae Bcero pemum cuctembl ypasHeHuit (201.9a)
u (201.96) B cnyuae cBobonHoro asuxkenus. CorsacHo 3apaue 190,
rJe paccMaTpPUBaJUCh I[JIOCKHE BOJIHBI, NapameTp v CBfA3aH ¢ 3Hep-
FHeH U HMIYJbCOM COOTHOIUEHHSIMH
E —mc? E +mc?
STk o me
fe oW 2

C yueTtoM 3THX COOTHOIIEHHH cHcTemMa AMb¢epeHUHabHEIX YpaBHe-
Hui (201.9a) sanuceiBaeTcss B BHAE

g + 1k g ipnf—o, (205.3a)

k
= (205.2)

= f—ig=0. (205.36)
Us ypasuenus (205.36) nosyuaem cOOTHOLIEHHE
.k , 1
i Te=F—1=L, (205.4)

nupdepeHuupyst KOTOPOE, HAXOLHM

APV TR bt U T b0
ivg ==y Iy,
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[Moncrasaas nocseanee Boipaxenue B (205.3a), mosyuaem jgs ompe-
nejeHusi Qynkouu [ oObIKHOBEHHOe AH(GepeHIHaIbHOe YpaBHEHHE
BTOPOTO MopsAnKa

P2y [l g, (205.5)

PeryJ/isipHoe B HyJle peilleHHe 3TOr0 ypaBHEHHsi (HOPMUPOBKA MpPOHU3-
BOJIbHAd) UMeeT BUL

F= - fis, (kr). (205.6)

IMoncraBnsas Temepb Bhpaxkenue (205.6) B coortHowenue (205.4), Ha-

XOIUM
.k 1 . +1
lﬁgzﬁ(]l‘_l/g .’1 ‘/2)’

IpuyeM UITPUX oO3HayaeT AH(PepeHIUPOBAHHE II0 MEpeMEeHHOH Rr.
C nomomplo H3BeCTHOH (HOPMYJIbI

. I+1. .
Q=T @ == @
OKOHUYAaTC/JbHO IOJYyYaeM

g= 1 ra, (1), (205.7)

TaxkuM 00pasoM, HOPMHPOBKa QYHKUHKHM g GUKCHUPOBAHA OTHOCHTEJHLHO
HOpMI/IpOBKIfI dyukuuu f. Ecam xBaHTOBOE uYHC/IO [ 3agaHo H
m;=+1/,, 10 ¢opmyasl (205.6) u (205.7) no3poAAOT 3anucars
4- CI’IHHOp (201.4a) B siBHOM BUJAE:

]+ /2 ]i /s (kr) Yl"'!/z

o 1/ sy (Br) Yy,

i Y L e (1) Vi,

l'f] 2](—]i_+ )],4).1/2 kf)yl+1/2 1

(205.8)

Paccmorpennsie B 3anaue 201 pelueHus BTOPOro THIA HAXOIATCH
u3 ypastenuit (205.3a) n (205.36), ecau B HHX NPOU3BECTH 3AMEHY
== 1/n. [lpu sToM ¢yHKUMA [ nO-npexHeMy Oyiaer ompeieqasTbes
Beipaxennem (205.6). Uro ke kacaercs PyHKUHHU g, TO BbIpaxkeHue
a4 Hee rnosdyuaercs ua (205.7), ecan TaM MHOXKHTENb 7] MEPEBeCTH
U3 4MC/JIHTEaa B 3HaMeHatedb. C yueroM 5THX 3aMedandidl 4-cnuuop
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(201.46) sanumercss Tenepb B BHIAE

T 1/21(_,:_/;) fiesr, (BP)Y jiay, 0
'lP“ 1 l/-Q (]+1)]i+‘/, (kr) YI+1/2' 1
! kf V]"*‘ 2]]'—1/2 (kf) Y,'_x/g o

] ],'_1/9(kf)yl 1/, 1)

(205.9)

M3 mnonyueHHBIX Bhlle 4-COHHOPOB MOXKHO TOCTPOUTH BOJIHOBYIO
¢yskuuio, nogobuyo ¢ynkuug (205.1), ecan MOJOKUTD

p= >,,J<A,-w,‘+3,-w}‘>. (205.10)

B sToM pasnoxeHHH MBI MOXeM, pasyMeercs, pPaclOPSHTbCS He-
MbIM HHJEKCOM j IO CBOeMy ycMoTpeHHio. [Lisi nanpHefimero yao06HO
BBECTH OpOHTaJbHOE KBAHTOBOE YHCJO [ H BO BCeX CyMMax, coep-
XKalUX QYHKUHH

-1, (R) Y josfym
(m=0 uau 1), NOJOXKHTB ]wl—i—l/,I B cymmax xe, cozepxxaumux

QYHKIUH
fres, (R Y ji3yy, my

0JIOXUTh j=[—1/,. YuuthiBaa panee coorHoweHust (205.8) wu
(205.9), nmaxonum

<A1+‘/.VI+I+BI—‘/,_:]‘VT)Y
N ek |~ A, VT 4B, LV T Y
11’—2 V2I+1kr ( e _ ! /nV ) L), (205.11)
° (Ao, VT 4B, VIFY, ,
\(inAl“l/z Vl+ I—Bl+l/’ VT) Yl' 1

Herpyaso nposeputb, urto cymma (205.11) cBOAMTCA K BBIPa’KEHHIO
(205.1), ecau

Ay, =V 4aCit VT+1,

ok T 205. 12
Bisy, =0V 4xCi'VTI+F1. ( )
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3agaua 206. PaccessHHe B noJie EHTPAJNbHBIX CHJ

Yacrtuua, onuchiBaeMasi JHPAKOBCKOH MJIOCKOH BOJHOH C M0OJIO-
JKHTENBHOH CIUPAJALHOCTBIO, PACCeHBaeTcsl Ha CQepHuecKH CHMMeT-
puuHOM mnoTeHuHase. Iloayunth QopMyay IJiS acCHMITOTHKH pac-
cessHHOH BOJIHEI, cuHTasi, 4TO (asbl pacCCeAHHN MOXKHO B3fITh H3
pelleHHH pajHaJIbHBIX BOJHOBHIX ypaBHEHHH.

Pewienne. Kak 6niio mokasano B 3ajgaue 201, mmeercs jgsa tuma
pajMaJbHplX ypaBHEHHH.

Tun I
3
g+l g — ik, iU () =0,
. e (206. 1a)
fi—— f,-—l;l—gf+tU(sf)g/=0,
rne
U(r)=%.

Jlerko BuJeTb, 4TO AJs noteHuuanos U (r), yOwiBaiomux OwICT-
pee 1/r, pelieHust 3TOH CHCTEMBI YPABHEHHH ACHMITOTHYECKH BEAYT
ce6sl B COOTBETCTBHH C (popMyJamu

g;(’)——»—i:]— sinoy, I (r)——>}cos o, (206. 2a)

oj=kr—(i+3)F+o (206.3a)

OrHocurenpHblt casur ¢as ¢ynkuui g; u f, pasen m/2, a ux
aMILIHTYAR NPH JAHHOH NPOH3BOJBHOH HOPMHPOBKE CBSI3aHBI MEXKIY
co6oii- TakuM 00pasoM, YTO B HEPEeNATHBHCTCKOM Npelnese, KOraa
n—0, GYHKUHH f; U g; CTAHOBSATCA pajMAJbHLIMH YACTAMH COOT-
BETCTBEHHO OOJbLIOH H MaJoH KOMIOHEHT BOJHOBOrO cmuHOpa. Ecan
¢ynxuust [, Boibpana IefcTBHTENbHON, TO QyHKuHA g; Oyzer uHucTO
muuMoi. Dasbl paccesHHs o; ONpPENe/AIOTCA IyTeM HHTEr PHPOBAHHA
cuctembt ypasHenu#t (206.l1a) npu rpaHuuHbIX ycaosusx g,(0)=0
u f;(0)=0. B HepensaTHBHCTCKOM mpejese j=I/--1/,, mosToMy a5t
GoJbIIMX PACCTOSHHHA 7 MOXKHO HAITHCATh

1 .
f/-(r)~—>75m<kr—l %+a1+1/2>, g;(r)—0.
Tun Il

i3 .k .
H; /2g,~—l?f,~—l—tU(r)f,-=O,

A_l - .
I°}—]—,ﬁ j—ikng;+iU (r)g; =0.

g+
(206. 16)
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AcumnToTHuecKOe IOBeJeHHE pelfeHUl 5TOM CHCTEMbl ONpejessiercs
¢opmyaamu

- 1
gjﬁ%r— sin T, fj_»—r—cosrj (206. 26)

T]-:kr—(j+—é—>g-+ﬁj, (206.36)

rae dasa paccesinust f;, BooOlie FOBOPS, OTJIMYAETCA OT (a3l pac-
cesinust ;. Tak kKak cucrema ypasHenn# (206.16) nosyuyaercs us
cucrembl ypaBHeHHit (206.la) myTem 3ameHbl mapamerpa v Iapamer-
pom 1/m, TO B HEPENSTHBHCTCKOM npenese (YHKUHS g; CTAHOBHTCS
paaxajbHOH YacTbio GOJbLIOH KOMIOHEHTH BOJIHOBOTO CIIMHOpA,
a QyHRuMs f;-—paauatbHOH YaCTbIO €ro MaJjioi KoMmoHeHTH. Takum
o6pasom, B Hepe/sAITHBUCTCKOM IIpejese umeeM j==I/—1!/, u, cieno-
BaTeJbHO,

g;(r) —~sin (kr—-z §+[3,_./2> ,
f(r) —0.

Kax Mbl Bugenu B 3agaue 201, IpH KaXAOM 3HAauY€HHMHM KBaHTO-
BOTO 4MCJIA | HMeeTCsl JBa BOJHOBBLIX CIIHHOpA ‘P} u 1];,1-1, OMHUCHIBAIO-
IIMX COCTOSIHHA, B KOTODBIX IPOEKUMs IMOJHOTO MOMEHTa Ha OCb 2
JOCTOBEPHO paBHa !/, (B eguHHUAX ﬁ). Hx acumnrorHka umeer BHJ -

—
‘/-]—'Q—jﬁcos oY j-1/,,0
l | —]/ ]/2COSO'Y,_1/21

Vi — 5 - ’
kr in Vi——f——/—z— sino;Y 41, o

2(j+1)
i3/
LY] V sin O'-YH,l/z, 1
‘ +/” ’ / (206.4)
—n— (]+ 1 sin 7;Y 14, o
i i+3 e .
wo 2T 0 oM T i

Vi
kr H
1/]‘—“_’: ./2 CcOS ijl‘_l/z’ 0

}/’ 2cos 1Yoy,

/
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Ofuiee penlenne BCerfa MOXHO 3anucaTe B (OpMe CYNepHoO3ULHH
pPacCMOTPEHHBIX BHILIE YACTHHIX pelieHHH:

¢=§tﬁw+3wﬁ. (206.5)

31ech HHIEKC CYMMHPOBAHHSI j MOXHO 3aMeHHTb Ha [ 41/, TakuMm
o0pa3oMm, 4TOBBl BO BCeX CyMMax (pUI'YpHPOBAJH JHLIb chepHuecKHe
rapMoHHKM [-ro mopsaka. B pesysbrare acHUMNTOTHKY BEIpa)KeHHUS
(206.5) MOXKHO 3amucaTh B BHJIE

| — 1
v E L VETET
[Vl+ 1 A1+:/2 COS O; 41y, "]—:];VZ—BI_I/Z sin '1'1_;/2] Yl. 0

X [—_VTAHI/, COS 0141/, + Tl]_ Vit1 By, sin Tl-llz:l Yol (206.6)

[V T Ay, sinoiy, +VIF1 By, co8 Ty, |V,
\[i?‘]l/ [+1 1‘11_1/2 sin 0'5_:/2—1/[ B[+1/, cos Tg.,.!/z] Yt, i )

[To cBoell cTpyKType noc/ejHee BhLIpaXKeHHE OYEHb HAaIOMHHAET
miockyio BoaHy (205.11), B koTOpylo OHO nepexopuT, ecau o;=0
u P,=0 aas Bcex 3HaueHWH j. B 3T0H CBA3M NIOCKYI0 BOIHY Le-
JecooOpasHo 3alucaTh B BHJE

w=§0mf+m%%, (206.7)

rpe

Ay, =V aaCitVIF1,
0 0
Biyi, =MAls1y,, (205.8)
11
0?_1/2———1:?_1/2:[&—1—2—.
Kak wu3BecTHO, 'paHUYHOE YCJOBHE AJd 3a/Jay pacCessHHS COCTOUT
B TOM, UTO NIPU 7 —> 00 PA3HOCTDb

Py = p—1p° (206.9)

CO/IEPKUT JHIIb pacxojduiueca chepHueCKHe BOJHH H He COJEPKHT
NpornopUUHOHAIbHEE e~ 7 /kr cxoasmnecs cheprueckne BOJHb. TorbKoO
B 3TOM cJyyae (QYHKLUHIO P, MOKHO OTOXAECTBHTb C PaCCesiHHOMH
poJinoii. C yuerom dopmyabl (206.6) ykasanHOe rpaHH4HOE YCJAOBHE
NPUBOIUT K CJREAYIOUIUM YeThipeM YPaBHEHHAM [/ ONpejelieHust
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KO3(pHUIIMEHTOB:

n

_ (L, , _ _
Vl+ 1 Aryre (2 e /2> +7]1_Vl Bi_1ye Provyy
S 2 .
=Vl+ 1 A?+:/2e 2 —f-nLl/-i B?_x/’,
t(i-al , > R -
—VT A o +W VI+1Biye ==
— 12
=—VT Ayrje ° —|-?l‘-l/l+lB,°_;,,, (206. 10)

— - R i i-—ﬁ .
—nVl Aoy e ial_l/“{‘l/l—l—lBHt/,e (2 l+»/.)=
Tt
T

—_ {
=—-—-’I’]Vl A?.x/.+l/ I+IB?+1/23 ,

ELd

-t 1 i [ 1
——T\l/ [+ | A;_x,,e al_r/’—l/_l‘ B,+;/,e (2 i+ /'> =

T

S i
= -—1 Vl+ 1 A?-n/’—l/ l B?+x/2€ 2 .
DTH ypaBHEHUS YHOBJETBODPAIOTCA B TOM H TOJbKO B TOM Clyuae,
ecu
A= A%"% B;=B%"*; (206.11)
j= 4 7, j=bDje . .
C noMmolbi0 MOCHAEAHHX COOTHOIIEHMH HEeTPyJAHO MOKasarb, YTO

aCHMIITOTHYECKOe IOBeJileHHe pacCessHHOH BOJIHBI ONHChbiBaercsl ¢op-
MyJok

—_— eik" ® 1
[+ 1) @1y L Pr-n—1)] Y,
VIUTF1) (¥ Pr-1—e® a1y Y, |
N[ — 1)+ (14 1) @ P —1)] Y,
W VIUFT) " 4-1—e*Pirn) Y,

(206.12)

3agaua 207. 'nagxas noTeHUHAJbHas CTynNeHbKa
Ha noreHuHa/NbHYIO CTYNEHbKY, ONHCHIBAEMYIO (OPMYJIOH

V(z)=—;—V0(l+th%), (207.1)

CO CTOpPOHBI OTPHUATEAbHLIX 2z IajaeT IJIOCKas AMPAaKORCKas BOJIHaA
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C TOJOXKHTENIbHOA cnupaapHocThiO (h=41). Onpexenuts Ko3hdu-
ILHEHT NPOXOMKIAECHHSA AIJs PAa3JUYHBIX BHICOT TNOTEHNHAJBHOH CTYy-
HEeHbKH:

cayual a: Vo < E—mc?,

cayuaid 6: E—me* <V, < E+4me?, (207.2)

cayuai 6: E4+me* <V,

XapakTepHble OCOGEHHOCTH YKa3aHHBIX CJy4YaeB INPOUJUIIOCTPH-
poBaHel Ha ¢ur. 72,

Pewenue. Ilorenuuan, omnucniBaembili ¢opmynoit (207.1), usme-
Haercs or 3HaueHusa V =0 npu z=-—oo 10 3nauenus V=4V, npu
z= +4oco0. YKa3aHHOe H3MeHeHHe 3HAueHWH NOTeHUHaNa (PaKTHYECKH
npoucxoaut BO.IH3M ToukH z=0 B mnpejgenax cjof TOMUHHOH [.
PaccmatprBaeMblii MOTEHIHAJ [IPEACTaBAACT YaCTHBIH Ciydal rorex-

. NN w
+mco ——_/—th _—/_

L

@ ur. 72, [NoreHunaabHble CTYNEHbKH PA3JHYHON BBLICOTHI
O6nacTH AONYCTHMHIX 3HAYEHHH SHEPTHH YACTHUH 3aWITPUXOBAHLL.

unana sanaud 197. Has nmonoxurenbHOH cnupansHoctd (A= +1)
KOMIOHEHTH BOJIHOBOH (YHKUMHM U, H u, oOpamawTcd B HYJb
H JeJ0 CBOAHTCS K PpeLICHHIO CHCTeMB IBYX AH(PdepeHLHaNbHBIX
YpPaBHEHHIL:

. dug

—i G+ (e Q) uy =0,

; duy

4 dz +(M—Q) u8=0’

(207.3)
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rae

V(z)—E mc?

= , Kom=— 207.4

Q=" 2 (207.4)

BMeCTo KOMIIOHEHT 4, ¥ U4, BBeIeM HX CHMMETPHUHYI0O H aHTHCHM-
METPUUYHYI0O KOMOMHALMHU:

Q= U, + Uy, Qg ==U;—U,. (207.5)

Ilas oyHrUuA ¢g 0 @, BMecTo (207.3) mosyuaerca Gosee Ipccras
cucreMa ypaBHEHHH BUJA

—%ps = i, + Qg wP, = iP;— Qq;, (207.6)
H3 KOTOPOH HeTPyJHO HCKJIOYHTb ONHY M3 HHMX, Hanpumep ¢,. Mmeem
P+ (Q2—x%*+iQ") ¢, =0. (207.7)

PemyB 310 ypaBHEHHE IPH COOTBETCTBYIOUIMX I'PaHMYHBIX YCJOBUSAX,
MBI 3aT€M C MOMOLIbIO BTOporo ypaBHeHus (207.6) wafineM ¢yHK-
10 @,.
Ecau BMecTo z mepefiTd K HOBOH HE3aBUCHMOH II€peMEHHOH
x=(14e2/H)=1, (207.8)

TO K03(buuHeHTH AMpEepeHunanbHoro ypaeHenus. (207.7) crauyr
palHOHAIBHBIMH (YHKIHAMH X. YUUThIBasg COOTHOILIEHHS
du 2 du
Ez—=———l-x(l——x)a, V@) =V,(1—x) (207.9)
H BBOIsl Ge3pa3MepHble IapaMeTphl
El Imc? v,

8 == —— & =———, Uy = —
2k’ ° 2kc’ 0 2ke

(seamunna 2fhic/l urpaer y Hac poJib €JHHHILI SHEPTHH), MOXHO NPH-
Inath ypaBHeHHI0 (207.7) caenyromyio ¢opMy:

x(l——x)d—dx [x(l—x) d—%:] +4{[v, (1 —x)—e]2—

(207.10)

—ed+ivgx (1 —x)} @, =0. (207.11)
INocnenHee ypaBHEHHe mOcJie OYEBHAHOH 3aMeHBI
@ =x* (1—x)4f (x), (207.12)
rie
vi=gl—(e—u,)?, p2=¢el—e?, (207.13)

CBOJHTCA K YPaBHEHHIO IJIsi THIIEPreOMeTPHYECKON (YHKUHH

x(l=x) "+ [@v+ ) —@v+2u+2)x] ['—
— (W +v—iv,) (W +v—iv,+ 1) f=0. (207.14)
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B ja/npHefilueM HaMm NOHanoGHTCH, KaK MBI cefiac y6emquMcs, TOIBKO
peiieHne, peryJaspHoe B Touke x=0. Takoe peiuenne umeer BHJ

fX)=.F,(0n+v—iv,, p+v-+iv,+1, 2v41; x). (207.15)
PaccmorpuM epanuunse ycaosus. CorJacHo cooTHouenuio (207.8),
HMeeM
x=1 npu z=--00 u x=0 npu 2= +oo.

Ianee, cormacHo pasenctaM (207.10) u (207.13),

h=— ik, ka:%:(%)’, (207. 16)

NO3TOMY BEJIHYHHA | BCeria fBJAETCS UHCTO MHUMBIM [apaMeTpoM,
NPONOPIHOHANBHEIM HMIYJIbCY Majaiomedl uactuusl p=»Hhk. B ok-
PECTHOCTM TOUKH X =1 runepreomerpuueckyio ¢yuxuuo (207.15)
MOXKHO Npeo6pa3oBaTh C MOMOLLBIO (QOPMY.JIBI

. _TI'(@Tl'(c—a—b) _ .
JFq(a, b, ¢ x)‘l“——(c—a)l“(c—b) I, b, atb—c+1; 1—x)+

T'or’ b—
—|—(-1——x)0"1*"—(C)l,((g%n—f2 Ji(c—a, c—b, c—a—b-+1; 1—x).

Takum o6pasom, u3 (207.8) u (207.15) npu x=~1 (z >—o0) umeeM
FPEv+1)T(—2u) :
(Psh’(lmx)u{ T(v—pFivg+ )T (v—p—ivg)

o I v+ 1) T (2p) }
+(1—x) mr(v-]_y,—ivo)l‘(\"f'ﬂ”{‘wo'l'l) '

Yuureag paJee, yTo

(2211 -
l—x= s i
nosyuaem
(8 —>Aeikz+ Be—lkz’ (20717)
rje
— T@v+ 1T 2p)
A—P(V+M—iUQ)F(v+M_{_{yO+1) (207.18a)

H

_ P (2v+ 1) T(—20)
T T v—p—lo) T (v—pFivg+ 1) (207.1806)

Buipaxenue st aMnautyasl A OTJMYaeTCs OT BhIPa*keHMa AAs amil-
ndTyabl B aMinb 3HAaKoM nepej BeaHuyHHON p. Kak MOXHO Oblio
OXKHJATh HCXOAs M3 (HU3HYECKHX coobpakeHUH, (PYHKUHSA Qg NPH
*60/bIIUX OTPHIATE/BHBIX 3HAYEHHHAX 2 HpeicTaBasdeT coGod cynep-
MO3NIMI0 MajaloWed BOJHLL ¢ aMIIUTYJ0H A W OTpaKeHHOH BOJHEL
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¢ amnuurygoil B. Takum obpasom, yactHoe pemenue (207.15) ynos-
JIeTBOPSieT I'PAHHYHBIM YCJIOBHAM NPH GOJbLIMX OTPHLATENLHBIX 3HA-
yeHHAX 2. QYHKUUA @, TaKKe COCTOUT H3 CYHEPIO3HIHU JABYX
THIOB BOJIH. B 3TOM MOXHO yGeguTbesi, HOACTaBJSAS ACHMIITOTHYEC-
Koe pemweHue (207.17) B ypassenue (207.6). Yka3aHHa# OJCTAHOBKA
Jaer

0= Alsa— ) +B(smt & )e (207.19)

[lsioTHOCTE 3JEKTpHYecKoro Toka [cM. 3amauy 198, cooTHomenue
(198.13)], ecan ot6pocutb HHTEPGhEPEHIIHOHHbBIE UYJIEHBI, COCTOMT H3
IBYX uacte#t. JleficTBHTebHO,

* " 1
Jo=eo(uing +ugn) = ec (@, P—|g, [ (207.20)

H, CJEN0BaTe/bHO,
iz=]nan—10'rp» (207'21)

rA€ IJIOTHOCTU TOKa MMajaloHluX U OTpPa)KEHHBIX YaCTHI[ COOTBETCT-
BEHHO DAaBHEI .
, { k\? —
=g el A1 [1= (G ] —eel 4R o722

me* % (mc?)?

2
forp=-yec| B! [l——(m%—}——;)]:eﬂB]zM, (207.23)

(me?)?
a 3HeprHs M HUMIYJbC YACTHIHI CBSI3aHbl COOTHOLUCHHEM
E =V (cp)*+(me?)>.
ITepeiinem Tenepp K 0GCYXIEHHIO NMOBEJEHMS BOJHOBOH (byHKIHHU
B INPaBOH YacTH INOTEHUHaJbHOM CTYNEHbKH, T. €. BOJHM3M TOUKH
x=0, HJH, IPYTHMH CJOBaMH, IpH Z — 4 oco. U3 dopmya (207.12)
1 (207.15) HenocpeACTBEHHO CJenyeT

2
(ps —y x‘V — e_T vz , (20724)

rae, corJiacHo.coorsowenuam (207.10) u (207.13),
ra . (E—Vy)?—(mc*?
(hey? '
Tenepp Mbl JOJDKHBE 10 OTAEJBHOCTH pa3obpaTh TpU cCJyuas, yKa-
3aHHBle B ycsI0BHM 3afaud. Ecau E—V,>met uwau Vy—E > mec?
(cnyyam a W 6), TO BeJHYHHA k'? mosoxuTeJbHas (R'? > Q) u, cJe-
noBaTe/IbHO, BeJHYHHA k' meficTButenbHass. Ecau xe | E—V | < mc?
(cayuait 6), To BeqMuMHa k' 4MCTO MHHMasi, a BeJHUYHHA v JeHCT-
puTebHasA, B sToM mocaesHem caydae npu v >0 BHA BhIpaxKeHus

v=—isk, & (207.25)



207. I'ra0kan nomeHyuUarbHAR CIMYNEHOKA 245

(207.24) rosopuT O TOM, YTO MBI HMeeM [€JO C MNOJHBIM OTpaxe-
HHEeM HNajalollied BOJHBI, TaK YTO Kodgguyuenm ompaneHus

_forp , FE +op (207.26)
" Jjnan A E—cp
JONKEH PaBHATbCSH EIHHHIE.

B stoM HerpyaHO yGeAuTbCs, B3fB AJS aMILVIHTYA BbIPaXKeHHS
(207.18a) u (207.186) 1 BOCIOJIB30BABUIKCH TOKAECTBOM

I'(z4+1)=2T(2).
B _vtptivg T(v+p—ivy) I'(v+p+iv) F(_QP«). (207.27)

AT v—pFiv, T(v—p+io)T (v—p—iv) T ()

Tak kKax BeaMuHHA QW BCEraa 4YUCTO MHHUMAad,

Hmeem

= — {0,

TO TpeTHH coMHOXHTeJb B (207.27) He JmaeT HHKAaKOro BKJana B
a0Cco/IIOTHYIO BesIMyHHY oTHoweHusi |B/A|. Ecau BenuunHa v jeii-
CTBHTeNbHAA (caydall 6), TO BTOPOH COMHOXHTE/b TAaKXKe fBJAETCH
OTHOLIEHHEM JBYX KOMIIJIEKCHO COMpSIXKEHHBIX BEeJUYHH H, CJeJoBa-
TeJIbHO, He JaeT BKJaja B aGCOJIOTHYIO BeIHYHHY PacCMaTpUBAEMOro
orHolleHUsA. TakuM o6pasoM, HMeeM

B _viH(vp—o}® 20, (s—«f) E—cp
l A| TV @+op  2o,(+0) E+ep’
nostomy u3 (207.26) nefictBHTesIBHO cJyexyeT, 4to R ==1. B cayuasx

@ ¥ ¢ (V—MHHMas BeJMYHHA) B 00J1aCTH Ja/eKO CIIpPaBa CYILECT-
ByeT Oeryiias BOJIHA, MOCKOJBKY

q) — eik’z

U, KpoMe TOro, corjacHo ypaBHenuio (207.6),

" CE—Vo\ pee  E'—cp'
B (— Gt Tt ee =T e

‘B smux BhHIpaXeHUusix p’ =ﬁk’—nmnym>c NpOLIeAIIHX YaCTHIL,
a E'=E—V,. [1n0THOCTb 3/IEKTPHYECKOTO TOKA IPOLICAIIMX YACTHL
B cuay coorHowenus (207.20) pmeer BuR

, 1 ’ E'—ecp’' \2 ep' (E'—cp’

inp =g €C [1— (—W_) ] =y (207.28)
Orciona ¢ yuerom Beipaxkenusi (207.22) aas koagpuyuenma npoxoxc-
Oerus moJiyyaem ¢Gopmyay

T Jw_ L @ (E—cp) (207.29)
fnax  1A]P “ecp(E—cp) °
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Uro6pl Tenepb BLIYHCJHTb BeJHUUHY [AP, Mbl, KpOME TOXK/ECTBZ
I'z+1)=2I(2),
BOCNOJIb3yeMcA ofumed dopmyJioh

[I‘(iiy)]zzy—sﬁ—@, Y — efiCTBUTEJIbHOE YHCJIO.

YuureiBasi, 4T0
n=—io, v=—ig’,
¢ momoutpo (207.18a) monyuaem
1 0 o+tad'—y sh 250 sh 2no’ '
|A2 ¢ o406 4v, shn(o+0" +vg)sha(of6 —uvy)”
Ilpy noxcraHoBKe nOCJAEAHETo BhipaxkeHus B Gopmyay (207.29) B neft
HOSIBJSIETCS MHOXHTEJb

(207.30)

cp' (E'—cp’)
cp (E—cp)

LI+ —vy _ (E'—cp') (ept-cp’—Vy)
GFa +v  (E—cp)epter +¥)

KOTOPHI, KaK JIerKo I0Kas3aTb, paBeH efuHuue. JleficTBUTENbHO,
sameHsia 3gecb V, na E—FE’ ¥ yuuThIBasi, 4TO

E*—(ep')* = E*—(cp)* = (mc*),

o
‘o

roJiyyaem
(E' —cp') (ept-cp’=Vo) _ (E"—cp) (E'+cp’) —(E'—cp') (E—cp) _ 4
(E—cp) (cp~+cp'+Vo) (E —cp) (E~cp)—(E —cp) (E'—cp’) ’

Takum oOGpasoM, BEIDaXKeHHE I/ KO3PUIHEHTa NPOXOXKICHHA IIPH-
HUMaeT BUJ

sh 2nio sh 2no’
T=Shﬂ(0+0'+00)8hﬂ(0+0'—00)' (20731)

B 3nameHnartese aTOro BbhIpaKeHns )’ILOéHO BbIJEJINTb XapaKTepHC-
THYECKYIO BEJUUYHHY U,, NPONOPHHOHAJBHYIO NPOU3BEACHUIO BbICOTHI
CTYII€HbKH HaA €€ IUHPUHY U HE 3aBUCSILYI0 OT 3SHEPTrUU 4YaCTHLBL

T — sh 2no sh 2no’
~ sh®m (640’)ch? av,—ch? n (6-0') sh2 my,y *

(207.32)

B cayuae a Mol umeeM 0+06 —u, >0 uau Vy<c(p-+p’). dror
cJay4ya#dl MOXKHO Has3BaTh HOPMAJIbHBIM: OH HMMEET MeCTO M B Hepesd-
tuBuctckoit Teopun. C japyroit croponsl, ¢+ 0 —v, < 0 B cayuae g
n, caenosareabdo, 7 < 0. Bosana npoHuxkaer B of61acTe oOTpHUA-
TeJbHBIX 3HEPTHH (cM. ¢ur. 72), rie NOJOXKHTEILHOMY HMIVJbCY
CONYTCTBYET OTPHUATE BHbIH 3JeKTpHUUecKuil Tok. B npenede noy, >> 1
nay

- onh
Vs =
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Bhlpaxkenue (207.32) ympoulaercss U NpUHHMaeT BUJ
Y,

T:—-4sh%;—pshﬁ%p—’e he |

Orciofa BUAHO, YTO NMPOHUIAEMOCTh NOTEHLHAJbHOH CTYNEHBKHU NMpH

nepexofax OT IMOJIOKHUTEJbHBIX 3SHEPrHH K OTPHIATEJbHBEIM GBICTPO

najgaer 1o Mepe pocta ,5bpeKTHBHOr0 pasmepa“ cryneHbkH V l. Tak

kKak V, > mc® B cayuae 6, TO SKCIIOHEHTAa B BBIPaxKEHHH AJs KO3D-

¢uunenra npoxoxkaenus T JaeT BKJaj, KOTOPHIH 3aBelOMO MEHbIIe
a/me

e h :e—nl/h,

rae A= fi/mc— KOMOTOHOBCKAsl AJMHA BOJIHHL

Jlureparypa

Klein 0., Zs. Phys., 53, 157 (1929).

Sauter F., Zs. Phys., 69, 742; 73, 547 (1931).

(Cm. Takke 3Sommeppersd A., Crpoesne aToMa u CHeKTpH, T. 2, M.,
cTp. 270—282. —IIpum. ped.)

3agaua 208. HakjaoHHOe najeHHe TUJIOCKOH BOJIHBI
Ha NPSIMOYrOJbHYI0 NMOTEHLHAJbHYIO CTyNEHbKY

Uacrtiua, onuchiBaeMasi AMPAKOBCKOH IIJIOCKOH BOJIHOH € Hpou3-
BOJIbHOU NoJisipu3anuel, HAK/JIOHHO MajaeT Ha IOTEHUHAJbHYIO CTY-
NEHbKY, BbICOTA KOTOPOH MEHbIE€ KHHETHUYECKOH 3HEPTHH YacTHUbI.
[TonyunTh 3aKOHBI OTPaXKEHUS H NPEJIOMJEHHS, a TAKKE BHIYHCJIUTH
HOJISIPH3ALKIO ITpOLIe/ell BOJIHHL.

Pewenne. OfosmayuM mnocpeiacTsoMm P, P’ H " COOTBETCTBEHHO
najaouyio, OTPaXKeHHYI0 M npowenmyio BoJnb. IlycTts pasee &, &'
M Kk’ —BOJHOBEE BEeKTODbl 3THX BOJH, _ |
HANpaBJEHHA KOTOPHIX Xapakrtepuayiorcs 9
COOTBETCTBEHHO C(HepHUYECKUMH  YIJIaMu B
O, ¢, O, 9" u 9, ¢’. Mul Gyzem cuu- / &4
TaTh, YTO NMPEJOMJISIONIAS I1JJOCKOCTh COB-
najaer ¢ NJockocTolo z=0 H 4TO BOJI- 2
HEl P H ' pacmpocrTpaHsiiorcsi B o6Ja-
ctu z2< 0, a BosHa V" B obGsactd 2 >0
(cMm. ¢ur. 73). 5% 10

B unockoctn z=0 gaa Bcex 3Ha-

YeHHH X M Yy JHOJ/IKHO BBINOJHATHCA co- Pur. 73. Haknonnoe mage-

OTHOLLIeHHue HHEe IIJMIOCKOH BOJIHBI Ha HO-
TEHLHAJbHYIO CTYNEHBKY.

PP =1, (208.1)
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B CHJIy KOTOPOTO BCe TPH BOJHOBBIX BEKTOpPa R HMET paBHblE
MPOEKIHH HAa OCH X H ¥

ksin ¥ cos ¢ =k sin 4’ cos ¢’ = £" sin 9" cos ¢”,

ksin ®sing =#£sin ¥ sin ¢’ =£"sin 9" sin ¢".
MbI CMOXEM YIOBJIETBOPHTH 3THM COOTHOLIEHHSIM, HOJOMKHB

=0 =9’ (208.2)
& =n—9, (208.3)
ksin® =k’ sin 9" (208.4)

PaBeHCTBO (208 2) moxasbiBaer, 4TO BCe TPU BOJHOBHIX BeKTOpa R
JexaT B OJHOH MEepHIHOHAJbHOH IJIOCKOCTH, KOTOPYIO MBI MOXEM
BLIGpaTD B KauecTse IJIOCKOCTH xz. Ilpu Takom BeIGope y-Komio-
HEeHTHI BOJTHOBbIX BEKTOPOB o6pauiaorcs B HyJb (¢ =0, ¢’ =0, ¢" = 0).
PapenctBo (208.3) B 3TOM cayuae BbipaxaeT 3aKOH.OTDamKeHHus, a
paBeHcTBO (208.4)—3aKOH MpesiOMJEHHs1, NPUYEM NOKa3aTesb Mpe-
JIOMJICHHSl, OUeBHJHO, OINpeRessercsl cooTHoweHueM n=k"/k. O0a
3aKOHa COBMAJAlOT C COOTBETCTBYIOIIMMH 3aKOHAMM IJIF HEpEJSiTH-
BHCTCKHX LIPEIHHIepOBCKHX BOJIH (CM. 3ajauy 495).
L[ono.anTe.anbIe 3(pdexTl B PeJATUBHCTCKOH TEOPHUH CBSI3aHBHL
¢ noaspusayuet BoaH. Ilonaras ¢=0 u ' =n—9, sanuwem Tpu
paccMaTpHBaeMble BOJIHOBbIE (pym([mu B CTaHIlapTHOM Hpe/CTaBJ/IeHHH:

Acos +Bsm—

R {) &
Jh-r A sin —2——B cos &

Vv n(Acos%—Bsin%) '

n(A sin—“Z +Bcos%)

Csin—+ +Dcos———
N ST Ccosﬂ—D sin% (208.5
'q) - VV(I—HI“) (CSIU—-—DCO E\ ’ ’ )
7)
O
(Ccos—+051”n3>
Ecos +F sin i
ity E sin lz——l"‘ COS — ﬂ”
ﬂ)":e:‘ 2 9" 2 ” .
VYV n”(E cos—F sin 7)
(Esm —{—Fcos?ﬁ)J

\



208. Hakxaonnoe naderue naockotd 6oarbt 249

Bruue nepsble 4yacTH CIHHOPOB, HDPONOPIUOHAJbHBIE MOCTOSHHBIM
A, C u E, XapakTepH3yIOT COCTOSIHHSA C TOJIOXKHTEJbHOH CIHpaJb-
HOCTBIO 1, a BTOpble 4YacTH, MPONOPLHOHAJIbHEIE NMOCTOSHHEIM B
D u F,—cocTosiHHdA C OTpHLATEeNbHOH CNHPaJbHOCTBIO —1.
['panuunoe ycsoBue (208.1) npuMeHHTeJbHO XK aMIIMTYAAM IaeT

A+pB+pC+D=r(E+qF),
pA—B+C—pD=r(gE—F),

A—pB+pC—D=r\(E—qF), (208.6)
pA+B+C+pD=rh(gE+F),
rie
9 (208.7)
e 1+T]2 COS—2— A__’I’]_”
I AR TR I T
7
Kom6unupysa pasencra (208.6), nosnyuaem
A+pC=gr[(1+N) E+(1—1)gF],
1 (208.8a)
pA+C=r[(1+1) gE—(1—2) F]
H
B+pD = r[—(1—h) gE+(1+4)F],
) (208.85)

pB+D=r[(1—A) E+(1+M)gF].

W3 nepsoii napbl ypaBHEHUH HCKJIOYUM aMmIiutyny C, a U3 BTOpOH
napeol—amaautyny D. B pesysprare y Hac nosyyaTcs COOTHOILEHHS,
CBSI3bIBAIOLIME aMIIJIUTYABI Ipolueaeii BosiHbl £ U F ¢ aMnianTyiamu
najatmoued BosHE A u B:

(1—p) A= [(14+2) (1—pg) E+(1—1) (p+q) F],
1

(208.9)
(1=p)B=5r[—(1—28) (p+q) E+(1+1 (1—pg) F].

CpenHee 3HayeHHe CNIHPAJbHOCTH (MMM, HHAYe, MPOROJbHAA NOJSIPU-
3a0us) Najaloluedl BOJIHBL ONpENeJsAeTCss BblpazKeHUeM

A2—B®  1—(BJA)?

h=A2+Bz“1+(B/A)2 .

(208.10)
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AHaJIOTHYHBIM BBIDAXKE€HHEM OIIpeaesaeTCsd H NPOAOJAbHAA MOJAApU3a-

197878 npomezlmef/’l BOJIHBI:
v EP—F* _ 1—(FJE)? |
W=t =T (FIDF (208.11)

W3 coornowennit (208.9) nmaxozum
B _—(—=M(pt+e9-+U+2 (—pg) (F/E)
A= AFH A—p)F =2 (pT9) (F/E) (208.12)

INocsiesnee BhIpaXKEHHE MOXHO 3HAYHTE]bHO YIPOCTHTh, BBEAdA MNa-
pamerp u:

u=1=tpta _n—w,, 949" (208.13)

=TFAl—pg  nFw & 3

C yuerom (208.13) puipaxenue (208.12) npunumaer BHA
B _ (FIE)—u
2 =1%a(FE) - (208.14)
Ecnu B atoil ¢popmyse Bulpasuth orHouwlenus B/A u F/E uepe3 mo-
Jaspusaunu h u A', onpenensiemble popmyaamu (208.10) u (208.11),
TO HETPYAHO IOKas3aTb, UTO
"__ 1—u? 2u T 52
K ~1—+7h—1—+—u21/1—h . (208.15)
Koraa mnajamloumas BOJHA TNOJHOCTbIO NPOAOJBHO TOJAPH30BaHA
(h==1), nmeem
"__ 1 —ut
W= I+u??
T. €. NOTeHIHasbHasi CTyNeHbKa YaCTHYHO JeNoJspH3yeT BOJHY;
OIHAKO 3Ta JenoJsapusauus aAsjasercd 3PpPeKToM BTOPOTO mopsixa
no mapamerpy 4. C Zpyroft CTOPOHBI, B cjydae NPOAOJBHO HEMOJS-
pu3oBaHHOro nyuka (h=0) nosyvaem

" 2u
We=—1ra,

TaK 4TO HaJHuKie NOTEeHIHaJbHOH CTyNEeHbKH NPHUBOAHT MO KpaiHell
Mepe K YaCTHYHOH NPONOJLHOH MONApHU3aLUM NydKa, NMPHYEM 3TOT
stdekr snuHeeH mo napamerpy u. Ha npakrtuke mapamerp u oxassi-
BaeTcsl CPABHHTEJbHO MaJOd BeJHYHHOH (u = 0,1), mosromy vacTHy-
Hafl MOJIIPU3aLUs IEPBHYHO HEMOJSPH30BAHHOTO ITyYKa NPeJCTAaBJIsIeT
OoJsibIIMH MHTEpec, YeM YaCTHUHas AeNoJIApH3auUsl NyYKa C BHOJIHE
Olpejie/IeHHOH CIHPaJbHOCTLIO. B 3ak/loueHHe cJeJyeT OTMETHTD,
uTO NapameTp 1 obpauiaerca B HYJb B cJydyae HOPMAJBHOTO naje-
HHS, TTO3TOMY paccMoTpeHHble 3QPeKThl NPOABAAIOTCA §0J/ee OTYETINBO
IpPH CKOJb3fAIUEM MaJeHUH NEPBUYHOTO Iyuka.
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3agaua 209. OTpaxeHHe OT NPAMOYroJbHOH MOTEHUHAIbHOMN
CTYNEHbKH NpPH HAKJIOHHOM TajeHHH

Yactuua, oOnHChiBaeMasi IJIOCKOH BOJHOH CO CMENIaHHOH CIIH-
pafBHOCTLIO, IajaeT HAKJ/JAOHHO Ha MOTEHIHAJbHYIO CTYIEHbKY.
Boiuvcanuts Ko3phULUEHT OTpa’KeHHs H J10Ka3aTb, YTO MJIOTHOCTh
TOKa HenpepbiBHAa Ha [IOBEPXHOCTH, TJ€ MHOTEHIUAJ HCHLITHIBAET
CKayoK.

Pewenne. TIMOTHOCT 3JE€KTPHUYECKOTO TOKA
Jo = tecy vy, b = echtogp

MOXKHO CJIEVIOWIUM 00pa3oM BHIPa3HUTb Uepe3 KOMIOHEHTHl CIHHOpA
Py B CTaHAAPTHOM NIPEACTABJEHHH:

jx=ec (Y1 + Pops + Pap, -+ piby),

Jy = eci (— Pivy + Vaps — P3P, + pipy),

jz =ec (‘I’I‘Pa —¢;¢4 + "p;lpl —‘PZ%) .
B cayyae mioCKoH BOJIHBI SKCIOHEHIHAJNbHbBIE MHOXUTEJH, BXOISIIHE
B 1P; " Py, B3aUMHO cokpauwaoTcs. UTo xe KacaeTcs NOCTOSTHHBIX
CIHHOPHBIX aMmMnauTys (208.5), To npum HameMm BHIGOpE CHCTEMBI
KoopaHuHaT, OJarojapsi KoropoMy @ =0, HX MOXHO, He Hapylas
OOIIHOCTH, CYHTaTh JeHcTBUTEeNbHBIMH. IIpH 3TOM, Kak H CJeL0BaJo
oxuiath, j,=0. [nsa napaioweid BOJHLI 1Be APYrHe KOMIOHEHTHI
[IJIOTHOCTH TOKa HMEIT BHJ

2ec

ix=w[(/lcos +Bsm—>n<Asm —I—Bcosg—)—{—
—I—(Asin%-—Bcos—‘?-) (Acos%—Bsin-g)J,
2ec

i‘:V'(T+—112) [(Acos + Bsin— )n(Acos%-B sin%)_‘

— Asin—ﬁ——Bcosi M Asini—l—Bcos—Q .
\ 2 2 2 2

Orcrofa nocsie OYeBHAHLIX YNPOIIEHHH NoJydaeM
2N (A3 { BY)sin 9,

_ ey

_ (209.1)
L=yaTmy

) (A2 4 B%) cos 9.

Ananoruynnie GopMyJbl CHPaBeJIUBEL AJIs OTPAKEHHOH BOJIHDBL:

., 2
ii=y (lej_*‘nz) (C*+D?)sin 9,

. 2
[z=—y (lf-nnz) (C2+-D?) cos©

(209.2)
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¥ AJis Tpoluefileil BOJHH V:

%N’ (E* 4 F?)sin ©,

j”= ”
iy V‘;ej;]‘{} g (209.3)
j;:m (E*+F?)cosd”. .

UTo6p BBIYHCJAHTL 5TH MJIOTHOCTH TOKOB, Mbl CHadaja BLIPa3HM
ammuaryasl C, D, E, F uepe3 amnauryasl A u B najawoumeli BOJHEI,
peLiuB JJ/s 5TOr0 CHCTeMy JHHEHHbIX ypasueHu# (208.6) uam sksu-
BaJeHTHYIO efi cucreMy (208.8a), (208.86). B pesynbrarte s;iemenrap-
HbIX, HO JOBOJIBHO TPYNOEMKHX BBIYHCJIEHHH IOJyuaeM

—aA B A B
c==241B8  p._PAtel (209.4)
E=fAteB  p_zofteB (209.5)

rjae

a=2(A2+1)p (1 +4¢%) —4rg (1 +p?),

p=A—1)(1—p*) (1497,

A= (b4 1)* (1—pg)* + (A—1)* (0 + 92, (209.6)
pA=(A+1) (A—ap)—(—1) p=4A(A+1) (1 —pg) (1—p?),
oA = (A—1) (pA—0) + (A + 1) pp = 44 (h—1) (p +4) (1—p?).
U3 coorHowennit (209.4) u (209.5) nasee Haxoaum

A2 (C24-D?) = (a* 4 B2) (A% + B?),
4r'p* (E* + F?) = (0" + 0*) (A* + B?).
[NoxcraBnsas eolpaxenus (209.6) B coornowenus (209.7), nocJe
IPOCTHIX, HO JOBOJIbHO NJMHHBIX Npeo6pasoBaHHil MoJydyaeM
A (p* +0%) = 16A* (1 — p?)? (209.8)

(209.7)

A?— (0 + B*) = AdA (1 —p?) (1—gP). (209.9)

Tenepb HETPYAHO BBIPA3UTDH I[IJIOTHOCTH TOKOB OTpa*kK€HHBbIX H
ApomIeAWHX 4YaCTHIL Yepe3 IJIOTHOCTb TOKAa NnajarlluX 4YacTHL(; HanpH-
Mep, AJfA 2Z-KOMIIOHEHT, NEPNEeHAHKYJAPHBIX IIJIOCKOCTH, Ha KOTOpOI::I

L Tak Kak
S‘et (k—k')rd3x=0’

7O HHTep(epeHLHOHHbE YIeHH, OGYCJOBAeHHbIe HalOXeHHeM oTpaxeHHol ¥ najato-
wed BOJH, HJIsi HAC HECYUIeCTBEHHEl H HX MOXHO ONYCTHTh. DTH 4JEeHB MOTYT
NpeACTaB/ATb HHTepeC NPH H3YUeHHH JIOKAJbHOrO MOBEJEHHS IJIOTHOCTH TOKa (CM.
3ajauy 23).
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noTeHuuaJ HUCIBITHIBAET CKAaUYOK, HMEEeM

== gy l:=——g I (209.10)

v  14mn%2cos®” E24F2 , 1 1412 cos§” p2--02 .

=Trwe —n Cos® AL Bz =W Toq? coso artie Iz

[Tome3yace panee obosnauenuamu (208.7), serko noxasaTh, 4TO

1” 1412 cosﬂ"_l_“;\ll—q2
M 1412 cos¢ r27 T1—p2

H, CJEeJ0BATENbHO,

” 1_ 2 A2 2 .
Iz:tg—zp—g‘i,z. (209.11)

KomOunupys coorHomenuss (209.10) u (209.11) ¢ coorHomenusimMu
(209.8) u (209.9), HaxonuM

. 40 (1 —p2)(1—g?)7 .

]zz_[l_ ( pA)( q)] Iz

w4 (1—p?) (1 —g?) . (209.12)
]z:_—'&*]z’

rae A onpeneaserca mo ¢opmyae (209.6). M3 nocaeanux coorHolue-
HHH cpasy Xke cJefyeT ypaBHEHHE HelpepbiBHOCTH

izt i:=1s (209.13)
Orciona xe A1a KoadxpHIlMeHTa OTparKeHHs MOJyyaeM

R= 1‘__..____4“‘—":)“—‘72). (209.14)

B cayuae Hopmasbroro nanenus (p=0, g=0) KospduuueHT OTpa-
XeHHs HMeeT O0COGEHHO NPOCTOH BHX:

R o 0‘_ l)2

~ e (209.15)
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3anaua 210. KsanToranue mpegHHrepoBCKOro BOJHOBOTO MOJS

3anucaB MOAXOAAMUM 00pa3soM HEPTrHIO, HMIYJbLC H 3JeKTphduec-
KHii 3apsj peJHHTepPOBCKOr0 BOJIHOBOTO 110J15 B ¢cBOGOJHOM IIPOCTpaH-
ctBe, OOCYAUTH NMPOUEAYPY KBAHTOBAHUS 3TOTO IOJ B COOTBETCTBHU
co craructukoil bose u crarucrukoit Pepmu.

Pemenue. Dynem paccmarpuBath ypaBHenue lllpenunrepa pis
cBOGOAHOH YacTHIbI B KauecTBe ypaBHeHHA NI KJacCHYECKOro BOJI-
HOBOTO MOJisf {, KOTOpoe, TakuM o6pa3oM, HpeacTamJisieT co6oft cKa-
JAAPHYI0 (QYHKUHIO NPOCTPAHCTBEHHBIX KOODAHMHAT M BpeMeHH. Ecau
N0Jib30BaTbCsl OOBIYHOH HOPDMHPOBKOH, TO 3HepPruf, HMIYJbC H
9JIEKTPHUECKHHA 3apsii 3TOTO HOJA ONpPeNEe/sIOTCA COOTBETCTBEHHO
(cM. 3amayu 3 M 5) CJAEAYIOULMMH HHTErpPaJIbHBIMH BhIpajXKEHHSAMH:

W:~§—¢W%ﬂm (210.1)

P:%jw*ww% (210.2)
U

Q=el{prydx. (210.3)

3mece m M e CcJaelyeT paccMaTpHBaTh KaK (heHOMEHOJIOrHyeckue
napameTpsl, KOTOpble NOKa ellle HHKaK He CBA3aHBl ¢ (DH3HYECKHMH
MaccaMM M 3apslaMH 4aCTHIL.

Kak Mbl 3HaeM, LIPEIHHIepPOBCKOE IOJe JIOJIKHO YIOBJETBOPSATDH
JABYM CONPSUKEHHBIM BOJIHOBHIM YpaBHEHHSIM

£ oy 2
R e T L 210
hopr  # T * (210.4)
i ot 2m :

YacTHbie perieHHs 3THX YpPaBHEHHH HMeEIOT BHJA NJOCKHX BOJH, KOTO-
pele MBI HOpDMHDYeM, BBOAS Ky0 NEpPUOAMYHOCTH MPOU3BOJBHOTO
o6bvema %°. Toraa ofulee pelIeHHe MOXKHO 3alHCaTh CJAEAYIOMIHM
o6pasoM:

V(F, 1) =97~ Dcpet r—ob), (210.5)
13
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npuueM 3aKOH AucIepcHH, coraacHo (210.4), HMeeT BHA

o= (210.6)

2m

Ecau Tenepb ofumee pemenue (210.5) noacTaBuTh B BHIpaKeHus
(210.1)—(210.3) n BOCNOJIL30BATHCH YCJOBHEM OPTOHOPMHPOBAHHOCTU
IJIOCKHX BOJIH,

1 n.
s Sei #=EYTdx = Op, ws

%D

TO HeTPYAHO IOKasaTh, YTO

2 . \
W’“Wzkzc""k' Pzghkckck» Q:e,;Cka. (210.7)
k

Tenepb MBI NpUCTyNaeM K KBaHTOBAaHHMIO PA3BHUTOH BHILE KJac-
CHYyecKOd TeopuH. BoJiHOBYIO ¢YHKIHIO 1 3aMeHfAeM OIepaTopoM 1P,
IeACTBYIOIIUM Ha THJIbOEPTOBH BEKTOPHI COCTOSIHHH % B IIPOCTpaH-
CTBE 4ucJa 4YacTHH. Takoil ke CMBICJ MMeET Tenepb U Kospbuuu-

eHTHl Pypre ¢, purypupyiomue B pasaoxkenuu (210.5). Ilpu stom

OIepaToOpHl Cx M SPMHTOBO COMpPSKEHHHE C HUMH ONepaTophl ¢ Heob-

X0IuMO nojo6paTh TaKUM 06pa3oM, YToObl COGCTBEHHLIE SHAYEHHS
NPOH3BEJEHHUSA Chcy GBLIH LEJBIMH YHCAAMH, 8 HMEHHO:

N.=0, 1, 2, ... B cayuae craTuCTHKH Dose,

210.8
Np=0, 1 B CcJaydae craTHCTHKH Depwmu. (210.8)
IIpu TakoMm moxxoze Bce TpH BhipaxeHus (210.7) Takxe mpencras-
Js10T co6of omeparopbl. Mx coOGCTBeHHble 3HAYEHHSA ONpeleJIsIoTCs
¢dopMysnamu

W= NeEp, Ee=2, (210.9a)
kB um
P=2Nwp, p»=nhk; (210.96)
k
Q=eNs. (210.98)
&

Aror HabGop COGCTBEHHLIX 3HAYEHHH OMHCHLIBAET COCTOSIHHS CHCTEMB
HEB3aUMOJICACTBYIOIINX YaCTHIl, U3 KOTOPBIX N, HaXOXATCHA B COCTOSA-
HUH R ¥ COOTBETCTBEHHO HMEIOT dHepTHIO Ep, HMITYJbC Pr H 33D e.

Uro6bl KBAHTOBAHHE MPHUBOLUJIO K TpeGyeMbIM COOCTBEHHBIM 3HAYe-

musiM (210.8), onepaTophl cx H ¢ JOMKHBL YAOBJETBOPATh CJELYIO-
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1M MEPecTaHOBOYHBIM COOTHOLIEHHSM

lce, cb]- =crch — chcs = Ser B caryuae craTucruxy BO3e’(210 10)®
[ca, cb]s =crch + clrcs = Sew B cryuae cTaTucTHKE Depmu.

Orciona, Kak HeTPYAHO MpPOBEPUTH, CJEAYET, UYTO II€PECTaHOBOYHBIE
COOTHOLIEHHUS JJIsi BOJIHOBBIX ONEPAaTOPOB IOJIKHBI UMETh BHJ

[¥(r, ), V07, t)]i=—7}d—22[c,,. ch)sel tr-rry — t(0-at —

kR R

z__‘y}o_zegk.(r—r')zﬁ(r_r’), (210.11)
k

3anaua 211. Paccesinue B GOPHOBCKOM NPHGMHIKEHUM

[TpumenHTe pasBUTYIO BHILIE TEOPHIO KBAHTOBAHHSA LIPEAUHIEPOB-
CKOr0o BOJIHOBOTO MOJI K 3afiaye o6 ympyroM paccesiHWd 4YacTHIL Ha
cepruecky CHMMETPHYHOM HOTeHIHaJe V (7).

Pewenne. ITycTe KBaHTOBaHHOe CBOGOAHOE MOJIE, PACCMOTPEHHOE
B NpenbiAylledl 3afaue, BO3MylaeTcs noteHnuaaoM V (7). ro suauur,
YTO K TaMHJbTOHHaHY noas W Ml JOJ/uKHBL 106aBHTb ONEPaTOp
SHEPTHH BO3MYIUEHHS

W' = ptVyaex. @11.1)

Ecau orpandunTbCs nepBHM NPHOIHXKEHHEM, TO BMeCTO Y H Pt Mbi
MOXKeM IOJACTaBHTL B omeparop W' cynepnosHuHio NJOCKHX BOJH
(210.5). Takum ob6pasoM umeem

W =53 Y da (Vinetwrr gw-orgpe (@119

kR R

Wurerpan (211.2) Xopomo HaM 3HAKOM 10 GOPHOBCKOH TEOPHH pac-
ceaunsi (cM. 3agady 105). BBoas 3nech, Kak OOBIYHO, NepenaHHBIH
MO YJIbC

k—F =K, (211.3)

1) B arofi riaBe Mbl NoJb3yeMcsi 0G03HAYEHHEM
[a, 6)=ab—ba,

KOTOpOE OT/IHYaeTcs MHOXHTeNeM i/l or o6osHauenus, NPHHATOrO B TJ. I.

2 B sagaue 31 ObuI0 HOKa3aHO, uTO B clyyae cTaTHCTHKH Bose dopMyas zus
cobersenHbIX  3HaueHHit (210.8) meficTBHTENBHO SIBASIOTCA CJEICTBHSIMH T€PECTAHO-
BOUHbIX cooTHowenul (210.10). Merog, ncnosb3oBaHHuA B 3agaue 31, npHMeHHM
H B cJydae CTaTHCTHKH DepMH.
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HoJyuyaem

®

<k WViky={ Vv e"‘"dsx=4n§r2V (NS ldr (211.4)

(3amMerbTe, YTO 3TO BhHIPaXKEHHE HMeET pPa3MEpHOCTb 3pr-cM®) u,
CJIeIOBATEJ/IBHO,

W’=ﬁ2201,ck<k'IVik>e”‘°"“”)’. (211.5)

kK

IlepeifiieM Tenepb K ONHCAHHMIO Ipollecca pacceanus. Hauambhoe
COCTOSIHHE KBAHTOBAHHOTO II0JI1 XapaKTEPH3YeTcs TEeM, UTO HMeeTcs
JHIIb OJHA YACTHIA B COCTOSIHHH R,, a BCe ApyrHe OJHOUYACTHUHBIE
cocTosiHusl He 3aHATH. Takoe COCTOSIHME IIOJIA ONHKCHIBAETCA THJlb-
0epTOBBIM BEKTOPOM

=10 Lge . Op .0 > (211.6a)

KoneyHoe coCTrosiHue M0JIs1 XapakKTepPH3YEeTCs TeM, UTO HMEETCHd OnHa-
€UHCTBEHHAaaA 4YacTHla B COCTOSAHHH k/, nosTOMY

stlo Oko lk/ cee ). (21166)

Uro6bl HAlTH BEPOSTHOCTb MEPEXOja MeXAy STHMH [ABYMS COCTO-
SHHSAMH, Mbl JOJ/DKHBI BBIUMCJIHTL MATPHYHBIA 3JEMEHT

STLARVDS (21L.7)
[Tosb3ysick COOTHOLIEHHSIMU
e |0 >=0, Celle>=10r>,
noJsiyuaem
CeXs = Onn, | Oap>-

Takum ofGpasoM, korja oneparop W', ompeneseHHbIH COOTHOIIEHHEM
(211.5), mefictByer Ha ruJb0EpTOB BEKTOP %;, OT CYMMH IO R oOc-
Taercsi €JUHCTBEHHBIH 4YJjeH ¢ B=R,, UPH 3TOM OINEpaTop Cp, YHHU-

YTOXKAeT HaYaJbHYI0 YacTHUY ¥ [pPEBpaliaeT HCXOMHOE COCTOSTHHE
noJsisi §; B BaKyymHoe coctosiHue |0>. Uro Ke Kacaerca ocraBllueAcs

+
CYMMBI [0 (p’, TO B HEE [AOT BKJIAA BCE 4JjieHBE, H C Y4YETOM COOT-
HOLIEHU A ’

cie [0> =] 1>

€e MO2KHO 3amHcaTb B BHE

w’ l lko> =—71/0_ Z <kl IVlko> gt (0"=ag) t’ lk'>°
k/

9 N 1172
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B cuay ycnoBu#l OPTOHOPMHPOBAHHOCTH
gl lerd> = <1kf! lg> = 6kflz’r
B MaTpuuHbil sseMenT (211.7) Kaer BKJal TakKike TOJNbKO OJMH 4J€H
5TOH MOCJ/eAHEH CyMMBbI, ¥ MHl IIOJIy4aeMm
sl W 1> = 5 <oy [V [ Iegp et =0t (211.8)

3Has MaTpHYHLIH 3JeMEeHT, MOXHO C IOMOIIbIO ,,30JI0TOrO IIpa-
BHJIA“ BHIUKCIUTL AuddepeHnHasbHOE ceYeHHE DACCEsHHUA:

2 ’
do =22 o[ x| W > P 22, (211.9)

rae
_ P2pt dp dQ =m2U°7/adQ' (211.10)
@nhPdE  8x*hd

Or

npHyYeM B TIOCJEHEM BbIpaXXeHUHM BCE BEJIHYMHBI OTHOCATCS K KO-
HeyHoMy coctositio. Ecau Tenepp mojcrasuTh Bhipaxkenue (211.10)
B (211.9) ¥ BocmoJB30BaTBCA I/ MaTPHYHOIO 3JeMEHTa (QOpMyJIOH
(211.8), To o6beM KybGa NEPHOLUYHOCTH ¥° COKDATHTCH H MBI MO-
JY4YHM

d 2
E%.==<5§%;> | <k, V| o> . (211.11)
drorT pe3ysabTaT ¢ yueToM BhipameHusa (211.4) noanocThio corJa-
cyercsi ¢ GpopMyJIoil MepBOro GOPHOBCKOTO NPUOJ/IHXKEHHA (CM. 3afauH
105 u 184).

3apaua 212. KpanToBanue KJACCHYECKOro NOJS H3JyYeHHs

Tlonb3ysich KJacCHUECKHMM BLIPAXKEHHSAAMH JUIl SHEPTUH H HUM-
nyJibca MaKCBEJJOBCKOTO IOJIsi B BaKyyMme, IPOH3BECTH KBAaHTOBaHUE
3TOrO0 NOJII B COOTBETCTBMH CO craTHcTHKo# Dose. Cuurtarb, uro
BHYTPH Ky6a o6beMoM %°=L® Ha moJ/ie HaJIOXEHO YCJOBHE IepH-
ONUYHOCTH,

Pewenne. Kuaccuueckoe noJse n3jyueHHs] ONHMCHIBAETCS BEKTOp-
HBIM TOTEHUMAIOM A, yroBaeTBOpAomuM AuddepeHunalbHBIM ypaB-
HEHHAM

0A4=0 u divAd=0, @212.1)

M3 KOTOpPHX TIpH OObIYHOH Ka/JuOpOBKe CcJeAyeT MOlepeyHoCThb
9JMEKTPOMAarHUTHBIX BOJH. UTOGH npuaarb (QU3MYECKHHA CMBICJ 3TUM
YpaBHEBHAM, HaAO JHOO BBECTH COOTHOLUCHHSA, CBSI3bIBAaIOUiNE BeK-
TOPHBIA MOTeHLHaJ A ¢ HaNpAKEHHOCTSIMH 3JIEKTPHYECKOTO H Mar-
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HUTHOI'O IOJieH,
§=—+A4, gt = rot A, (212.2)

Au00 paccMOTpeTb BHIpAxKEHHUS [JIA SHEPTHHM M MMIYJbCa IMOJS:

W:%S(@S’H—W) dr= o= [—C};Zl’+(rotA)z] &% (212.3)

p=I:ES (&3] d3x=—ZI%C;S [A-rot A]d*x.  (212.4)

Obee peulerue nuddepeHnnalbHHX ypaBHeHul (212.1) moxHo,
KakK OOBbIYHO, MpPEeICTaBUTb B BHJE CYNEPNO3HLHH NJOCKHX BOJH

Arc?
a=y %5 %‘. i, (quae? BT=00 gy e=t Br=00) - (212.5)

TA€ Up),—EIHHAYHLIA BEKTOpP, a HHAEKC A =1, 2 oOTBeuaeT ABYM
COCTOSIHMAM TONepeyHoll nosaspusaund. BeKTOpH ), AOMKHBL y10-
BJIETBOPATE TPEM YCJOBHSIM OPTOrOHAJIbHOCTH:

(U~ ) = (o ) = (tts: - Usz) =O. (212.6)

BriGop HOPMHPOBOYHOI'O MHOXHTENS TNepej 3HAKOM CYMMBI B BhIpa-
xenuu (212.5) npoaukToBaH cooGpaxkeHusAMH yroOGcrBa. B cuay
yCJIOBHSI NEPHOAHYHOCTH BHYTPH Kyba obbemom ¥° = L°® 3HaueHus
BOJIHOBOTO BeKTOpa R Ompe.e/sloTcsl PaBeHCTBOM

2n
rae n;=0, =1, +2, ... . Yacrota BoJHH ® cBA3aHa ¢ abCoOJIOT-
HOH BEJIMYMHOH BOJIHOBOTO BEKTOpPA R 3aKOHOM JUCNEPCHH
o = ke, (212.8)

Tak xak kaxpoe cJjaraemoe B cymme (212.5) coctouT H3 ABYX
KOMIIJIEKCHO-COTPSIXKEHHBIX 10 OTHOWIEHHIO JAPYT K APYTy 4/€HOB, TO
BEKTOPHBIH mnoTeHLHan A npencrasifger coOOH JeACTBHTEJIbHYIO
QYHKUHNIO [EepeMEeHHEIX rF ¥ f, KaK 3TO W JOJUKHO ObiTb B KJACCH-
ueckoit Teopuu MakcseJa.

ToacraBass ofuee pemenne (212.5) B BriparkeHHe A 3HEPTUH
(212.3), nosyuaem

2 1
W =555 2 3 {4 — % vt — [# -] [e-ti] b
BN BN

X {q;:we" (k’r—(x)’t)_q;m,e—l (krr—m't)} {qmei (kr—cot)_q”;he—i (kr—mt)} dix.

Ecsin Teneph MEPEMHOXKHTb BhlpaxKeHUd, CTOALIME B ABYX NOCJEAHHX
CKO6KaxX, TO IOCJe MHTErpHPOBAaHHA MO NPOCTPAHCTBY y HAC OCTa-

g*
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HyTCS TOJBKO Te UJeHH C IPOH3BEIEHHAMK ¢g H ¢*¢*, B KOTOPBHIX
kR'=—Fk, M TOJBLKO TE YJEHBl C MPOHU3BEJEHUAMH ¢¢* H ¢*g, B KO-
TopuiXx kB’ =Fk. B pesysbraTe BbipaxeHHe, QUrypupyioulee B MepBOH
CKOGKe, ecqu elle ydyecTb CooTHOWeHHA (212.6), mpumer BHI

. ’ [0, ecqH k' =—R,
—_%—(k 'k)zl -—-2-(2—:-6M,, ecan B =+ k.

Takum o6pa3oM, nojgydyaeM
W= ; ©? (Gragrsr -+ Grrgen)- (212.9)

C nmomolbi0 aHAJOTHYHBIX BHIKJAJZOK HETPYIHO MOKasaTh, YTO BbIPa-
JKeHue Ans umnyJgbca (212.4) npusoguTcs K BHAY

P= g ok (qeagir + Gk Gra)- (212.10)

Tenepb MOXHO NPHCTYNHTb K KBAHTOBAHHIO KJIaCCHYECKOTO IOJS
H3JyueHus, 3aMEHUB KJaCCHYECKHE aMIIUTYABL Gg) H (g, ONEpaTo-

DaMH Qep H Gjn, KOTOpble yNOGHO 3amucaTth B BHJeE
| gin=Cabm ® qin=Cabln, (212.11)
rae Cp— HeACTBHTEIbHBIE HOPMUPOBOYHLBIE MHOMKHTeJH. Mbl HMeeM
W = 3 6Ch (burbin -+ binbes),

) (212.12)
P= ; okCH (busbi 4+ birbes).

B cootBercTBHMH cO craTUCTHKOH Do3e nopunHUM onepaTopwl bz u
bia N€PeCcTaHOBOYHLIM COOTHOLUIEHHUSIM
¥
birbh s — bl aben, = SreSrns, (212.13)

u 6yaeM CUHTaTh, YTO BCE JPYrne KOMOMHALHMHM 3THX ONEPaTopoB
KOMMYTATHBHB. B CHJy yKasaHHBIX NepecTaHOBOYHBIX COOTHOLIECHHEH

cobcTBeHHbIE 3HAYEHHUS ONEPATOPOB bhaber, 0GO3HAuaeMbie HUXKE
yepes Npa, OKA3BIBAIOTCS LEJIOYHCEHHBIMH:

Nea=0, 1,2, 3, ..., (212.14)

npu 5TOM COOCTBEHHBLIE 3HAYEHMsA ONEPaTOPOB beabin, 6ynyT paBHH
N+ 1 (em. 3apauy 31). Ecau panee nosioxuTh

Ce=V 1, (212.15)
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TO BBIPAXKCHHS J1JI ONEpaTopoB 3HEPrMH H HMnyJbca (212.12) npu-
MYT BH]

W= %; —gm— (Drabia + bhabea),

T 212.16)
P= kz}:: Tik (bsabin + biabea), v

a X coOCTBEHHElEe 3HaueHHs OYLYT PaBHBI

W=k2;‘ﬁw(Nm+l/2) u P=§ﬁk(N,m+1/2). (212.17)

Takum 06pa3oM, Mbl MOXXEM HHTEPNPeTHPOBATh BEJHUMHY Ng) Kax
uncyio OTOHOB B COCTOSTHHH C KBAHTOBBIMH UYHCJAMH R M A, IpHUYeM
B YKa3aHHOM COCTOSHHM KaxIblit (OTOH o6nagaer smeprued Ao, a
€ro HMNyJbC HaNpaBJ/JeH BJOJAb BeKTOpPa R H paBeH IO Be/IHYHHE
ik = holc.

M3 (212.1) caenyer, yro BakyyM o0JajaeT 3Hepruel

W/],:;lzﬂ (212.18)

(sHeprus HyJeBHIX Kose6aHMH noJjs). HecmoTps Ha TO uro 3Heprus
BaKyyma OeckoHeyHa, el He cJejfyerT NpHaaBaTh 0coforo ¢usmyec-
Koro cmbicsia. PaxTHUeCKH MOXKHO OTPAHHYHUTBCSA PacCMOTPEHHEM
pPa3sHOCTH 3HEPTHH peaJlbHOTO COCTOSIHHSI M BaKyyMma

W—Ww, =2knm1v,,k, (212.19)
r

KoTOopasi BCerha KoHeuna. Bkiax »xe HyJeBblX KoJeGaHUH noss
B UMNYJbC paBeH HYJIO, TaK Kak wieHbl cymmbl (212.17) c ku —R
NOMapHO COKPALLAloTCs.

B pesysabTare KBaHTOBAHHS BEKTOPHLIA MOTeHLHaJJ A CTAHOBHUTCS
onepaTopoM, NOPOKAAWMM H yHHUTOXKaOmWUM doTtonkl. C nomoubio
cootHowenn#t (212.5), (212.11) u (212.15) HerpyAHO moKasaThb, uTO
B KBaHTOBOH TEOPHH BhIpaKeHWe JJisi BEKTODHOTO TNOTeHUHa/a
IMeeT BHUJ

A= %; l/%;a—‘f {brel ®er=0n L plig=t Cer—ahlg,,  (212.20)

3apgaua 213. BepoATHOCTb mepexofos ¢ u3jiyyeHuem opHoro ¢orouna

DJeKTPOH moMewleH B coepuueckd cummeTpuyxoe noae V (r).
Bulunc/iiTh BEPOSITHOCTb NEPeXOfa 3JEKTPOHA C BEPXHEro ypOBHS HA
HUKHHH, €CJU 3TOT IMepexojl CONPOBOXKIAAETCS H3JyYeHHEM OJHOro
¢otona. ApdeKTl 3anasjblBaAHUS HE yUHTHIBATD.
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Pewenne. B Kiaccuueckoih Teopuu MakcBessia B3auMOAeHCTBHe
BElleCTBA (3/EKTPOH) C H3JIyueHUEM ONHUCHLIBAETCS BblpakKeHHEM

H’=%S(A ) d*x, (213.1)

rie A-—BeKTOPHBIH NOTeHIHaJ NOJs H3JyYeHHA, a j-—IJIOTHOCTb
9JIEKTPHUECKOT0 TOKa 4YacTHl BellecTBa. B TeopHM KBaHTOBaHHHBIX
noJied BeKTOPHLIA MOTEHIMaJ, COTVIACHO pe3yJsbTaraM 3ajaud 212,
3amuchbiBaercsi B BHjeV

A=2 iﬂ;ﬁ? ul” (bmaet®r +blpe= 7). (213.2)
kA

BulpaxeHHe [IJsi NJOTHOCTH JEKTPHYECKOTO TOKa MOXKHO HalHCaTh,
BOCMOJIb30BABIUHCEL Pe3y/bTaTaMH KBaHTOBAHHS WIPEXUHTEPOBCKOrO
moas. Mimeem

'lpzzchun (r)v _;‘i—; V2u,,—’rVu,,=E,,un. (2133)

Orciofa ¢ noMouLbio GHopMyJibi

f=—{;%7(w*vw—w*-¢)

(3apAR a/eKTpPOHA paBeH —e) IOJy4aeM

J=— %’; 3 3 (uhvuy—uyyui) e, (213.4)

3necb u,(r) U up (F)—ONHOYACTHYHBIE BOJIHOBbIE (YHKUHH, SBHBIMA
BHJ KOTOPHIX MOXHO HaHTH IyTeM pellleHHsl ypaBHeHus (213.3);
MHIEKC n (MM n') GaKTHYEeCKH 03HAYaeT COBOKYIHOCTb TPeX KBAH-

TOBBIX uHceJ. Bennuunw ¢, u ¢t apasiorcs omepaTopaMH, BBEIEH-
HbIMH B 3anaue 210, H MOAYMHAIOTCS MEPECTAHOBOYHBIM COOTHOLIE-
HUSIM
1 o
Cncn’+cn’cn = 6”.”', (213 5)
CnCn' + CnCn = 0.

CnionTanHOe H3JyyeHHe GOTOHA MPOUCXOAUT B NpOLECCe Mepexosia
S/JEKTPOHA W3 HAYAJBHOIO COCTOAHHSA 71; B KOHEUHOE COCTOSIHHE 1.
Ha s3blKe TeOpHH KBaHTOBAHHOTO LIpPEeIMHI'€POBCKOTO M0JIs 9TO O3Ha-
YaeT, YTO 3JIEKTPOH, HAXOAAMMACH B HAyaJbHOM COCTOSIHHH #;,
YHHUTOXKAETCH, a BMECTO HETO pPOXKJAETCS SJIEKTPOH B KOHEUHOM

b B pepaxkenusx (213.2) u (213.3) ™Mb OmycTHJIM BpeMeHHEE MHOXHTEJH,
¢urypuposapimne B Bepaxenusx (212.20) u (210.5). D10 cOOTBETCTBYET MepexoRy
or KapTHHH [lpenunrepa x kaptuHe IeiizeHGepra.
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COCTOSIHHH n;. B TO Xe camoe BpeMs NMPOHUCXOAHT poxiaeHHe GoTOHA
B coctosinul (B, A). YKasaHHbIH NPOLECC OMHCHIBACTCS TeM UJICHOM
B 3HEPrHH B3aHMOJEHCTBHS, KOTODBIH COAEPKUT MPOU3BEJCHHE Ole-
paTopos

1t

bk;vc,,fc,,i.
Ecau noacraButh Bhlpaxkenusi (213.2) u (213.4) B sHepruio B3au-
moneiictBusa (213.1), To Jerko yGenuTbCs, YTO B HeH TaKOH uJeH
JEHCTBUTELHO UMeeTCS W ero MOXHO 3amucarb B BHJE

FIH iy b,‘;xcf,fcnl., (213.6a)
rnpe
i IH li> — S]/anﬁ fize in.r (7~) (un Vun uniVu;f) d3x
(213.66)

— OObIUHBII MATPHYHBIA 3JeMEHT Nepexofa MexKAy Hava/bHbBIM H KO-
HEYHBIM COCTOSIHHSIMH. BepoATHOCTE HHTEDECYIOLIero Hac mnepexoja
MOXKHO 3alHCaTh C MOMOUIbIO 30JI0TOTO NpaBuJa (cM. 3apauy 183):

p=2 pfl <FIH iy [ (213.7)

B sHepreTnueckofl mKaje IJOTHOCTb KOHEUHBIX COCTOSIHHA QO
NOJIHOCTBIO Onpejensiercss POTOHAMM:

KRR, YO _ PP
— k2dQ 213.8
01 Gy hede  8nohe R (213.8)
rre dQp — 5JeMeHT TEJeCHOTO Yrja, B KOTOPHIA BHUIETaeT HCMyuleH-

HbId (OTOH.
TakuM 006pasoM, OCTaerca JHUIbL BHIUHCJAHTb HHTErpast

I= S e-tkr (u;,V”n,-_”niV”;f) d’x,

¢urypupywomuii B gopmyne (213.66). Ecnu anuHa Bo/HBL H3Myyae-
MOTO aTOMOM CBETA BeJHKAa IO CPaBHEHHIO C €ro pasMepamH, TO
shekTaMi 3amasjbIBaHMS MOXKHO IMpeHeOpeub, TAK KaK B 3TOM CJy-
yae MHOXHTEIb ¢~%7 B NONBIHTErPaJbHOM BBIPAXEHHH C XOpOIIeH
CTENEHbI0 TOYHOCTH MOXKHO 3aMeHHTb equHuled. VHTerpupysd nadee
BTOPOH YJI€H II0 4acTaM, NoJyvyaem

I=2 S u,',fvu,,[d"*x.
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C nomouisto ypapHenuit [lpenunrepa Aaa QYHKUHA Un, U u;f He-
prILHO BBLIBECTH TO}KZIECTBO (cM. 3anauy 187)

l—— ) ™ (E, ,)ju,,ru,,di’x

Ecau Tenepb eule y‘-lec’l'b 33KOH COXpaHEHHUA SHEPruu

TO MaTpUYHBIH 3AEMEHT ('213.66) MOYKHO 3alucaTh B BHJE

s s R 2
<f|H|t>=—§—t]/ ,j;ja o <fl - r), (213.9)

<Fld-ryi>=§up (@) ua . (213.10)

rpe

[Tocne mopacraHoBKH Bbipaxenuit (213.8) u (213.9) B dopmyay (213.7)
OKOHYATeJBHO I0J1ydaeM

P,,,xc%%&%%lm(a“’ 7] i>p. (213.11a)

[TocnienHee Bbipa)kKeHHe MOXKHO MpeJCTaBHTh B OoJjiee MNPUBLIYHOH
dopme, BBelsl BMECTO © YACTOTY V= /27

P,,;,———;;““% A |<f| @ - P> (213.116)

®urypupylowHi 3Jech MaTpPHUYHLIA 3JeMeHT yAOoOHO 3amMCaTh B BHJe
NPOM3BENEHHU

<@ r)i>= @ r;, (213.12)

B KOTOPOM II€pBbIl COMHOXKHTE/b 3aBHCHT TOJIBKO OT HalpaBJ/eHus
BhIJIETA M [OJISPU3ALUH H3/1y4aemMoro (oToHa, a BTOPOH MHOJHOCTHIO
onpenesisieTcss BHYTPEHHHMMH IapaMeTpaMH H3/ydalollero atoma.

3apaua 214. YraoBoe pacnpejesieHHe H3Jy4eHHs

[Monb3ysicy dopMyJaMu Npeaslayllell 3agaud, NPOaHAJIH3HPOBATh
yIrJIoBoe pacnpejieneHde ()OTOHOB, HCIYCKAaeMblX [pPU MEepexofie 3JeK-
TPOHa U3 P-cOCTOAHHS B S-COCTOsIHME.

Pemenne. O6o3nauuM uepes O u @ cepHueckHe yrabl Bek-
ropa k. Onpejnenum pasee JBa COCTOSIHHS nonﬂpnsauun shiGpas
BeKTOp 4% B MEPHIHMOHA/BLHOM IJIOCKOCTH, a BEKTOD Wy — IepreH-

AMKYJADHO K He#l. DT eIMHHMUHble BEKTOPHI HMEIOT CJelylouiHe
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KOMIIOHEHTHI:

uP =cosBcos @, uP=cosBOsin®, uP=-—sin® (214.1a)
uP = —sin®, uP=cos®, u®=0. (214.16)

HTo0bl MOJIyUHTL KOMIOHEHTH BEKTOPa #;;, MBI NpEXJe BCEro Bhpa-
3UM KOMIIOHEHTHl pafHyC-BeKTOpa r 4epe3 CepruyecKHe rapMOHHKH:

TS
X=r _é't'(yl.l"l—yl.—l)!

. o
y=—ir Tn(yl. =Y - (214.2)

i
e=7 V_; Y'l'o.

3amnuiuem TENEepb MAaTpHYHLIE 3JEMEHTHI 3THX KOMIIOHEHT AJA nepe-
X0Aa MexXNy ABYyMsi 3JIEKTPDOHHBIMH COCTOSIHUSIMU

|>=0(NY1, (8 @) v [D=u()Y, (3 ¢). (214.3)
3ameuan pagee, 4yto Y, ,=(4m)~'/s ecTb NONPOCTY IMOCTOSIHHAS,
noJjydaem

x,-,-——VLé—R(ﬁm.H- 8, 1)
Yiy=— = V_ R®u, 1—0, 1) (214.4)

Z“f=7? Rﬁm' 0y

rae uyepes R obosHaueH pajHaJbHBIH HHTErpaJ:

R___.Su*(r)v(r)r3dr=l/3_|r,~,|. (214.5)
0

CornacHo ¢dopmyse (213.11a), BeposiTHOCTb H3JyueHHs (GOTOHA
¢ nojsfpusanued A B TejecHell yroa d2p uMMeeT BHA

b A

P =50 20 | o (214.6

C yueroMm Buipaxenu#t (214.la) u (214.16) nn1a BekTOpOB u u BBbI-

paxenus (214.4) nsisi BeKTOpa r;, CKa/sipHOE NPOH3BEJCHHE @ ri)
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B cayyae A=1 samucuiBaercs B BUJe

— a1 R -t
apu m=+1: V_G_cos(ae .

apu m=0: ——V—Rg_-sm@, (214.7)
npy m=—1: -V%—cos(ae“”.

Ecan xe A=2, TO MBl HMeeM

npp m=+41: —i —V%e“‘”,
npu m=0: 0, (214.8)
npp m=—1: i V[% D

H, CJE€I0BaTENbHO,

52 dQ4 D, (O, D). (214.9)
11

Ppa=5-

[l

3HaueHUA ,JHArpaMMbl HanpaBJeHHOCTH" Dy, NPUBOAATCSA B Tabaule.

JlnarpaMma HanpabsJie HHOCTH th s

m A=1 A=2
+1 1/4 cos? © g

0 sin? 6 0
—1 , 1/, cos?2 @ s

B cayuae A=2 usayuenue ¢oTtoHa B s06G0OM HanpaB/IeHHH paBHO-
BEPOATHO, HO U3 HauaJbHOro coctosiHus ¢ m =0 GoTOHE TaKoi
noJsApH3alKH He H3JyualoTcs Boobwe. Takum o6pasoM, pacnaj
P-coctosinusi ¢ m =0 NPOMCXOJAHT TOJBKO MyTe€M H3JyyeHHs (OTOHA
¢ nonspusaunued A=1, npHueM yrjoBoe pacnpejejeHde (GOTOHOB
XapaKTepH3yeTcsi B 3TOM CJydae MHOXKHTeJeM sin?@, u, csenosa-
TeJbHO, A/ m =0 OHH B OCHOBHOM HCMYCKAIOTCSi B 9KBATOPUAILHOI
niockoctd (0=90°). Ecan xe A=1 u m= 41, 1o yraosde pac-
npelesieHHe XapaKTePU3yeTcs MHOKHTENEM cos? © U (OTOHB B OCHOB-
HOM HCIYCKalTCA B HanpasJeHHAX ©=0° u © = 180°.
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3apgaua 215. losnasi BepoOSTHOCTD nepexoga

ONIeKTPOH NEPEXOMT C BEPXHEr0 p-YPOBHS HA HUMKHHH S-ypo-
BEHb, HCNYCKas NMPH 3TOM OAHH (OTOH. BHIACHHTL, KaKOBa BEPOAT-
HOCTb yKa3aHHOTO Iepexoja Oe30THOCHTENbHO K HAlPaBJeHHIO
HCTycKaHHs (OTOHA W ero mosispusauuu. B kauectse mpumepa pac-
CUATATb CpeJHee BpeMsi XKHU3HH aTroMa BOJOpOLAa B BO3GyKAEHHOM
2p-cocTosiHuH.

Pewenne. B mnpeavinymeit sagave Gblia paccunrana aucddeped-
IHa/IbHASA BEPOSTHOCTb M3JyueHHS (OTOHA B 3JIEMEHT TEJECHOro
yraa d{, B HanpaBienunn ©, @ s cayuwaes m=-+1, 0, —1 u
oGouX cocTosHHH mosspusamuu. C momompbio 3THX (GopMys mocJe
CYMMHPOBaHHS IO COCTOSIHHSIM ITOJISIPH3ALHH [O/ydaeM

EL:PMJZ_{:EREdgksinz@ s m=0,  (215.1a)
Z 2w’ R2 1 . .
kaz—ﬁadgki(l—i—cos 0) ama m=4l1. (215.16)
A

[Tocsie wHTErpHpOBaHHs MO HaNpaB/eHHsSM BblIeTa (DOTOHOB AJs
BEPOSITHOCTH NEePexXo/la U3 p-COCTOSIHHA B S-COCTOSIHHE He3aBHCHMO
OT 3HAaYeHHH KBAHTOBOrO YHCJIA m TOJYYaeTcsi OXHO M TO e Bbipa-
KeHUe:

p=C0° R 8 R:. (215.2)

BoipaxeHue [J1d pajuaJbHOrO HHTerpasa R OGblIO oOnpene/eHo
B Ipelbiaylleli 3afaye, NOSTOMY Temepb MOXKHO MPUCTYNHTh HENO-
CPEICTBEHHO K pacCMOTPEHHIO IpuMepa. AToM BoJopojxa, HaXoAs-
muiics B BO30YXKAEHHOM 2p-COCTOSIHHM, MOXKET I[epeHTH JHLb
B OCHOBHOe ls-coctosinme. B artomMHmx emumuuax (A2/me? sBasiercs
eAMHHULEHA AJUHbl) BOJHOBblE (DYHKIMH 3THX JBYX COCTOSHHE 3amu-
CHIBAIOTCS B BUJE

li> =15V Bre=nY, , (215. 3a)

If>=2erY, . (215.36)

Taxum o6pasom, ¢ yuyerom BbipaxkeHnus (214.5) nomyuaem

215
re=r%.e~rridr = — (%)524; R*=7%,

Ve
R=-5-2 V5

ot —8
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HJH, €CJIM BEePpHYTbCA K OOBIYHBIM €AHHHIaM,
. 215 s
R B (215.4)

HacToTy H3/JyyaeMOro CBeTa ® MOXKHO OINpelNeNuTb U3 (HOpMY bl
3HEpreTHYeCKUX YPOBHEH aToMa BOJOpOAA:
3 met

o=5%. (215.5)

[MopcraBasis Tenepb BhipaxkeHusi (215.4) u (215.5) naa R? u
B Qopmyay (215.2), mocse HeKOTOPOH meperpynmHpPOBKH MHOXHTE-

Jiel HaXOoAuM
p=<%)8<%>8%. (215.6)

Besnunina, ofpatHad 3TOH BEpOSITHOCTH [epeXoia, HMEET CMbICA
CpellHero BpEMEHH »KHU3HHM T BO30YXKIEHHOIO 2p-COCTOSHUS aToMa
BoZopoaa. Kmeem

3\8/ hc\s A®
v=(7) (%) e (215.7)
MHoxuTe b
B 9,4187x10-17¢ (215.8)

MOXKHO paccMaTpHBaTh B KauyecTBe YROGHOH eNHHHILI BpeMEHH, KOJb
CKOPO [IeJIO KacaeTcsi BpeMeH IKH3HM BO3OYXKIEHHBIX COCTOSHHIM
atroma. MHOXKHTEDb

he

5 = 137,0373

npeacrassier co60i BeHUMHY, 06PaTHYIO NOCTOAHHON TOHKOH CTPYK-
Typhl. TakuM o6pa3oM, 4uCJIOBOe 3HAUEHHE CPEHErO BPEMEHH KH3HU
2p-CcOCTOAHUA aTOMa BOROPOJA OKa3bIBAETCS PABHBIM

T=1,5953 x 10 c.

3apaya 216. Ilpasuna orGopa jJsi AMNOJNLHOrO W3Jy4eHHs

Ecau nnuMHa BOJIHBL M3JyYyaeMOro CBeTa BeJHKA 10 CPAaBHEHHIO
¢ pasMepaMH aToMa, TO BEPOSTHOCTb Nepexofa MEXAY JBYMs OJHO-
3JICKTPOHHBIMH COCTOSIHHMSIMM, KaK OBLIO IOKasaHo B 3ajaue 213,
3aBHCHT OT MAaTPHYHOTO 3JEMEHTA 3JEeKTPHYECKOTO JMIIOJBHOTO MO-
menta. Iloayuurs orcioga npaBusia or6opa JJIsi AMNOJbHOTO' H3JY-
YEHHs1 M PacCMOTPETb BHITEKAWOUIMe U3 3THX MPaBHUJ CJEJCTBHSA
B Cayuae HopMasbHOro adxpekra 3eeMaHa.
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Pewenne. Cornacno (213.116), B AHNOJBHOM NpPHOMHKEHHH
BEPOATHOCTb H3/yueHHs (OTOHA ¢ mNoJsApH3auWedl A B 3/eMEHT Te-
JIeCHOro yrJia dQ, B HampaB/ieHHH BeKTOpa B HMeeT BHJ

2 494 | <F| (- 1) 5. (216.1)

[

e? 4n

Poa=%

3nech #y) —eIMHHYHBIA BEKTOP, XapaKTepH3YIOLHit NOJISIPH3ALIHIO.
Ecan 0603HauynTh cdeprueckHe yriel BekTopa B uepes © u @, To
B COOTBETCTBHH ¢ (opmynamu (214.1a) u (214.16)

u =cosOcos D, uP=cos@sin®, wuP®=—sin® (216.2a)

uP = —sin®, uP =cos®, u®=0. (216.26)
CoCTOSIHHA aToMa ONHCHIBAIOTCS BOJIHOBBIMH (DYHKIIHSMH
[>=0,(NY, (8, @), <Fl=9,(NYL (9, @),
TaK 4TO /I MaTPHYHOTO 3JIEMEHTA PalHyC-BEeKTOPA F MOXKHO HAMHCATh

flxxiyli>= S dr r“’q)icpfsg Yi Y, nsinfexiodQ,
. (216.3)
Hlzliv=Sdrrgg,§ Y .Y, acos8dQ.
0

HHTel‘paJlbI._ 0 YIJIOBBIM I[I€PEMEHHBIM JICTKO  BbIYHUCJIAKTCA, €CJH
NPpHHATE BO BHUMAaHHUC COOTHOWICHHSA

sin '{)’eiimyl,m = i‘.AH—l, im+lyl+l,m:j:l :‘F‘Al,atmyl—l,mil,

cos VY, =B 1,V 141, Bi, ¥ 1=1, (216-4)
rje
o (+m(l4+m—1)
b ernen—ny e (216.5)
B, - (+m)y(l—m)
Lm GrrneE—n-

B pesyasTaTte nmeeM )
SFletiy|i>= Rif(iAH-l, +m+10p, 1+10m' ma1F
FAL #mO0r, 1-10m7, mx1), (216.6a)
<Flz|>=Riy(Bis1, mOr, 141+ By, wbir, 1=1) S, i (216.66)

rae uepes R;, o0o3HaueH pajHaJbHBIA HHTErpaJ

@

Ris={roi)esnar. (216.7)
¢
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Bce marpuunbie 3neMeHTH 00pallalOTCs B HYJb, 338 HCKJIOUEHHEM
ciayuast ['=1[+41. D10 4 ectb nepeoe OCHOBHOe IIpaBHJo orfopa
I/ IMIOJBHBIX nepexonos. Jlajee Mbl BHAHM, YTO MaTpUUHELIE 3Jie-
MEHTHl X == [y OTJIHYHBl OT HYJ/f TOABKO IpH m’ =m == 1, a MmaTpuu-
HBle 3JIEMEHTH Z—TOJIBKO Npu m’ =m. [lpyrue u3MeHeHus KBaHTO-
BHIX uuces [ U m mpu JAHIOJBHBIX I[1€DEX0JaX 3ampelleHH.

KomGuHHpys nosyueHHbie npaBusia oOTOOpa C BHIpaXeHus-
mu (216.2a) u (216.26), MOXKHO pacCUUTaTh MaTpPHUHBIE 3JEMEHTHI

<f | (uh-r)| D>,

¢urypupyomue B popmyae (216.1) aasg 060HX COCTOSHMH MOJAPH-
sanuyu A=1 u A=2. Pe3ysbraThl TAKHX PACUETOB NPUBOAATCA B CJ€-
nywoiled rabJauue:

m’ A U'=1+1 I'=l-1
1 1/, cos Be~'P RifAi+1, m+1 — 1/, cos @e‘id’R;fA,, -m
m-1 )
2 —1/29-1®Rz’/141+1, m+1 l/ze-@RijAt,—m
1 — sin OR;th,H, m — sin OR{/BI’ m
m
2 0 0
| 1 — 1/, cos @e“DRngHl' —m+1 1/, cos @e‘d’RifAt, -
m-—
2 — 1" P Ri AL 41, —m1 1ize£®Ri/A1, m

Ecan uwaayualouipii aToM He HMeeT OHpeje/IeHHOH OpHeHTalHH
B [POCTPAaHCTBE, TO Ha ONbITe Mbi HalJIOJaeM H3JyuyeHHe, yCpen-
HEHHOE 110 HayaJbHO#l OpHeHTauuu aroMa. Eciu ke aToM OpHEHTHPO-
BaH BIOJIHE olpeje/ieHHBM oOpa3oM, Kak npu spdexrte 3eemana, TO
MOXHO IOJIy4dTh OoJjiee neTajbHyl0 wuHOopMapuio. B stoMm cayuae
HanpaBJ/eHue NoJsIpHOH ocu chepHyecKol cucTeMul KoopauHar (0 = 0)
COBMajaer C HampaBJIeHHEM MarCHUTHOro mous. Ecau Mel HaGmonaem
MCIYCKaHHe CBeTa B HANpaBJeHUH IOJs, TO MATPUYHBLIE 3JIEMEHTHI
IJs mepexoia m’ =m PaBHbI HYJIO H HAG/II0AI0TCS JIMIIb CIIEKTpaJlb-
Hble JIHHHH, COOTBETCTBYIOLINE Iepexojam, Aas KOTOPHIX m’ = m -1
um =m—1. C Apyrofi cTOpoHHI, AJs JIOOOrO HanpaBJeHHA, Nep-
NEeHAUKYJASPHOrO ToaI, cos@® =0, mosToMy npu Nepexofax, AJA
KOTOpHIX m’ =m = |, NosiBJseTcs CHeKTpajbHas JHHUS C NOJIFPU3a-
uveit A=2, a npu nepexofax, AJg KOTOpHIX m’ =m, — CleKTpaJb-
Had AMHMA ¢ nosaspusauuedl A=1.
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B kauectBe nmpumepa pasfepeM 3eeMaHOBCKHE mepexoisl u3 D-co-
cToAHHA (D KOMIOHEHT) B P-coctosinue (3 KoMmnoHeHtsl). Eciu B o1-
CyTCTBHE MarHHTHOTO MOJSI U3J/Iy4aeTcsl CHeKTpasbHast IMHUSA ¢ 4aCTO-
TOH ®,, TO MPH HAJMYHH MATHUTHOTO MOJA H3JyueHHe (pur. 74)
MOXKET MPOHCXOAMTb Ha TPeX YacToTax:

0, =0,+0; o0pi m=m—I1,
®, apu  m' =m,
O, =0,—®; npu m' =m+l,
rae
e
= ome

oy

Eciu HabmoneHHe H3JyYeHHS NPOH3BOAUTCS B HaNpaB/IEHHH MOJA
(©®=0), 10 cpennas JHHHA (®W,) OTCYTCTBYeT U Mbl HMMeeM 1y0Jer

m=+2
+1

0

-1

~Z

m=+!
g
-l

dm=-1 Am=0 Am=+1
@ ur. 74. 3eeMaHoBCKHe nepexonn D — P.

B cooTseTcTBHY ¢ npaBHaoM Am=+1, 0, —] CHeKTpaJbHLle JHHHH HMEIOT Pa3JHIHYIO
noJIAPH3aLHKIO.

C YacTOTaMH ®,+®; H ®,—®;. B HanpaB/eHUH Ke, NePHEHAHKY-
JSIPHOM MAarHUTHOMY MOJIO0, HaOMIONAIOTCS BCe TPH COCTABJSIOLLHE
HOPMaJIbHOF'O 3€eMaHOBCKOTIO TPHILIETa, HO €r0 KOMIIOHEHTHI OTHOCATCS
K Pa3JIMYHBIM COCTOSIHUSIM MOJIADH3ALMH.

3apaya 217. HHTEHCHBHOCTH JHHUIH JalMaHOBCKOH cepuu

CpaBHUTP HHTEHCHBHOCTH [BYX MepBHIX JUHHUH cepuHn JlafiMaHa,
Lyo u Lyp, B cnekrpe u3ayuyenus atoma BOAOpoOjA.

Pewmenne. Mbl JIOJKHBI pacCMOTPETh J(Ba Iepexoja:
Lya: 2p— 1s u Lyp: 3p—1s.
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BeposiTHOCTL  W3J1yuYeHHsi, NPOUHTErPUPOBAHHAA O BCEM HampapJie-
HUAM M [POCYMMHPOBaHHAsl 0O . O0OMM COCTOSTHHAM NOJsSPH3alMH,
HMeQT BHI

4 ew
P='§

(217.1)

HuTencHBHOCTL CHEKTPaAbHOH JIMHHHM (T. €. SHeprus, usJjydaemas
B | ¢) mponopuroHa bHa MPOU3BENEHHIO ®P, MO3TOMY AJs paccMaTpH-

BaeMbIX JHHHHA
lo _ <.E_a !
Ig Eg.

B aTOMHBIX ejMHMUIAX 1J8 SHEpPrHil COOTBETCTBYIOUIUX ME€PEXONOB
HMeeM

Asir|2p> [

<Ts[r[3s5] - (217.2)

4
—E=7 (217.3)

Takum oOGpasoM, OCTaercsi BHIYMCJHTL JBa MATPHUHBIX SJEMeHTa.
CoryiacHo pesymbTaTaM 3ajaud 67, BOJHOBAA QYHKIHS KOHEUHOTO
COCTOSIHUSI 3aNHCHIBaeTCs B BHJE

| 18> = —=— (217 .4a)

=

a 1Js BOMHOBHIX (QYHKUME HayaJbHBIX COCTOSTHHI MBI HMEEM B CJyuae
miHuK Lyo BeIpaxeHHe

|2p> =~ Vlﬁ re="sr cos 9, (217.46)

a B cayvae auHdd LyP BbipaeHHe

- 4 —_.—1- 2 -1/sr
'3[)) m(f g r )e cos . i (21748)

Boiine s 060MX  p-COCTOAHHH MbI NTPOU3BOJILHO ROJOXKHAU m = 0.
10 OTHIOAb HE OrpaHHYMBaeT OOUHOCTH PAcCMOTPEHHs, NMOCKOJIbKY
Mbl He coGupaemcs obcyxaaTh >(pGeKTbl, CBSA3aHHbLIE C OpHeHTaluel
atoma. Panuyc-pekTop 7 MMeer KOMIOHEHTHI

x £iy=rsin¥ex’® u z=rcosV.

Kax HemocpencTBEHHO BHAHO, MaTpUYHLIE SJIEMEHTHL X = iy B pe3yJib-
TaTe WHTETPUPOBAHHS 0O yIJay ¢ ofpamaiotcsl B HYJb. Takum obpa-
30M, OCTa€TCsl BBIYMCJHUTDH JIMIIb MAaTPUYHBIH 3/1eMeHT <f|z|i>. Nmeem

<15|212P>—— ‘99 dQcoszl‘}Sr e= ey
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— 4 2 ¢ 3 _l 3\ p—t/,r
1s|z|3p> TV SdQcos ﬁ§r (r 6r)e dr.

IMocaenuue HHTET paJibl BBLIYHCJAAIOTCH 3JEMEHTapHO, U MBI MOJy4yaeMm

(ls|zl2p>=—‘fl—_2§§ " (lslz‘|3p)=—lfl—_2§%. (217.5)

Cobupasi BMecte cooTHowenus (217.2), (217.3) u (217.5), okouua-
TENbHO HAXOLUM

la 27\4/ 256 64\2 -
| l—s:(ﬁ) (m'ﬂ) =0,510 6,23, (217.6)
HJau
la 318,
Ig

Sameuanue. PannanbHble MATPHYHHE SJIEMEHTHl AV IPYTHX Tap COCTOSHH
aTomMa sojopoxa npuBelleHbl B Monorpapuu bBere m Coanurepa: cm. Bethe H. A.,
Salpeter E. E., B knure: Encyclopedia of Physics, Springer, Berlin — Géttingen —
Heidelberg, 1957, Vol. 35, § 63 u ocoGenro tabn. 13. (MMeercs nepeson: Beme:
I'., Coanumep 3., KBanToBasi MexaHHKa aTOMOB C ORHHM H NIBYMSI SJEKTPOHAMH,.
dusmarrus, 1960, crp. 412—415.— [Ipun. ped.)

3apaua 218. 3ddext Komnrona

OrpaHnyuBIIHCD HEPEJATHUBUCTCKONH Teopued, paccMOTpeTs pac-
cesiHHe (POTOHA Ha CBOOOXHOM TOKOSILEMCS 3JEKTPOHE.

Pemenne. [Ipy HaanuuM noas M3/TyYeHHS [VIOTHOCTD 3JEKTpHYEC-
KOr0 TOKa MIPEJHHTePOBCKOTO [M0Js1 3JMEKTPOHOB OMHUCHLIBAETCS (Op-
My.Jof ¥

= —;—fuf (B VO— VYt )~ AP p=J +,  (218.1)

mc

a B3auMojeHcTBHe noJseil P 1 A HMeeT BHI
W:-c‘-S(j-A)d3x=W'+W”. (218.2)

INoactaBuB . B HEPruIo B3aUMOJEHCTBHS BMECTO KBAHTOBAHHOTO mpe-

1)-B panee pacCMOTPEHHBIX HaMM 3alauax of HM3JyYeHHH NOCJIEAHUR NOMOJHH-
TeqbHblA uied B ¢GopMyse (218.1) me IaBaam BKJaja B NPOLECC NepBOro MOPAAKa
H no 5Tofl NpHYHHE He YYHTHIBaJCH,
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JAWHTE€POBCKOTO IMOJA P BhIpAXKEHHE

. 1 la-
=——V¢,elr, 218.3
a BMECTO KBAHTOBAHHOro MNOJsA H3Jy4Y€HUs1 BbIpayKeHue
A=2 V i o pthean, @18

JIETKO 3aMeTHTb, 4To 3Heprus W” (OHa BO3HHKaeT W3 uJeHa ¢ j)
JlaeT BKJaj, B paccesiHde YK€ B IEepPBOM INOPsIAKE TEOpPHH BO3MYIIe-
Hufl, sHeprus xe W’ (oHa BO3HMKaeT M3 uJjieHa C j') JaeT BKJaj
B pacCcesiHHe JIHIUb BO BTOPOM MOPsJKe TeopHH BosMyuleHuii. Tlo sTof
NpHYMHE Mbl COCPEJOTOYMM Hallle BHHMaHHE Ha SHEePrHH B3aHMOJel-
CTBHUSA

" et 2 3
W =—WSA Wt pdsx, (218.5)
BOSHHKHOBQHHE 3TOro 4wieHa B 3IHEPruH B3aHMO}l€I’ICTBHﬂ Jerko 06bsICHUMO

H C TOYKH 3PEHMs KJAaCCHUeCKHX NpexcraBsieHHH. HanpsikeHHOCTb 3/1€KTpHUYECKOro
110151 CBETOBOH BOJIHBI

|
&=——4
c
najamoweil Ha 3MeKTPOH, NPUBONHT ero B ABHXKEHHe, TaK YTO
. e s
mr=—ef=—A
c
H. CJIeJOBaTeNbHO,
. e
r=—A.
me
B pesysbTate BO3HMKaeT MHIYLHDOBAHHAS MJIOTHOCTh TOKA
. e
M
= =-—— pA
J'=pr=—pA4,

rie O —IJOTHOCTbL 3apsja. Comacao XK€ TEOpHH MaKcae.rma B3aHUMoJeficTBHe TOKa
H N0JI H3JAYUYEeHHS HUMeeT BHI

W”———? S - 4) d3x=7ch S pAds,
Ec/H clona NoCTaBUTb BEIpaXKeHMe
p=—ep'y,
TO B pe3yJbTaTe Mbl NpHIeM K ¢opmyJe (218.5).

Ipy XKOMITOHOBCKOM pacCessHUHM HauyaJbHbIH GOTOH, Haxoxsmtuics
B COCTOSIHMHM C KBAHTOBBLIMH 4YHCJaMH R U A, U HayaJbHBIH 3JEKTPOH
C UMIYJAbCOM fig YHHUTOXKAIOTCA M 3aMEHSIOTCS (OTOHOM B COCTOSi-
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HMH C KBAHTOBBIMH YHC/IaMu R’ WA’ H 3JEKTPOHOM C MMIYJbCOM g,
Tako#t mpoumecc B nepBoM NOpsiKe TEOPHH BOIMYLICHHH ONHUCHIBAETC 5
TeM 4YJ€HOM TaMHJAbTOHHAaHA, KOTOPLIA CONEPIKHUT KOMOHHAUHUIO ofle-
paTopoB

chocgbhaba. (218.6)

MaTpHyHbIfi 2/IeMEHT HHTEPECYIOUIEro HAC YJieHa SHEPTHH B3aHMO-
neficteusa (218.5) umeer Bug

" H 2 2 ﬁ
<f|w ]”>=—Zec_2_ %I%-ﬁ

OUrypUpYIOLIH 31eCb HHTerpaJ He ofpamiaercs B HyJb JUUbL OpH
yCJIOBHH

(u}}’-ug") el (B+q=#=g"-r g3y (218.7)

k+q=F +q', (218.8)

T. €. B TOM CJlyyae, €C/Ii B PacCMaTpHBaeMOM NPOLECCe BLITOJHSETCS
3aKOH cOXpaHeHyus uMnyJbca. C yyueToM 3aKOHA COXPAHEHHs MMIIyJbca
BolpaxkeHue (218.7) mpuxHuMaer BUJ,

), O
2neh ("k ). “l(&' ))
mcy? Rk

FIW" )iy = (218.9)

JInst onpezesieHns ceyeHUsl pacCesTHUS BOCNOJb3yeMCs 30J10ThHIM IPaBHU-
JoM. Hmeem

do (B, k')_———pfldl w"|i> 2, (218.10)
rae nJIOTHOCTb KOHEYHBIX COCTOAHUH OmHCHIBAETC s Bblpa}KeHPIeM
k2dR'dQ’
pr="Ggr (218.11)

a CyMMapHasi 3Heprus ¢OTOHa U 3/JeKTPOHA B KOHEYHOM COCTOSIHUH
HMEeT BHJ

E,=hek' +§~;q'2 =he [k’ +7lx—(k’——k-—q)2] (218.12)

[Mepeitnem Temepb K paccMoTpeHdio noaspusamuu. Ha ¢ur. 75
HMIyJbch (oToHa B W R’ 10 M Iocje pacCesHHA DaclOJOKEHB

B mjaockoctn ¢urypsl. Oba BekTopa 1y u uld) Taxxe nexar B atoft

2 2
IJIOCKOCTH, a BEKTOpHl 4§ W iy (Ha (QUIype OHH He MOKA3aHHI)
nepnenguKyasapuel K Hell. CKajsipHblE TNPOW3BEJNEHHHA, CTOAULHE

B Bbipaxenuu (218.9), kax cJjeiyer HenmocpeicTBeHHO H3 ¢ur. 75,
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UMET BUJ
(uf,“-uﬁ,',’)zcosﬁ, (2" 1) =0, (218.13a)
(a2 u}el')) =0, (u}f). u)=1. (218.1306)

[TostoMy B paccMaTpUBaeMOM IpoLiecceé BO3MOXKHBL JHIIb TE [epe-
X0Abl, ITIPU KOTOPHIX BEKTODHi, XapaKTepU3ymollHe NOJSPU3aLHIo
COOTBETCTBEHHO A0 U MOCJie paccesHUs1, JuGo oba Jexar B MJIOCKO-

ufl

O ur. 75. Ipdext Komnrona.
BeKTOpbl u;el) H u(kl,), XapaKTepH3youye NoJadapHU3aLHI0O B HAY3JIbHOM COCTOSTHHR (k) ¥ KOHey-

HOM COCTOSHHHW (R’), pacroioxKeHsi B NJAOCKOCTH BEKTOPOB £ H R’; BEKTOPHI u;f’ H u;f.) nepnex-
-~
OUKYJSPHBL 3TOI IVIOCKOCTH {(Ha (dHrype OHH He MOKa3aHhl).

cTn BekTOpoB kB M R’, snbo oba nepneHaukyJ/isipHbl efi. B nepsom
cJyyae BEPOATHOCTb INepexoja NPONOPLHOHaJbHA COS*Y, BO BTOPOM
cJlyyae OHa OT yIJia paccesiHys He 3aBUCUT. Ec/in BHauaJie cBeT He noJisi-
pH30BaH, TO HEOGXOAHMO BEpOSITHOCTb II€pexofa YCPEAHHUTHb IO MOJisi-
pu3auMd A u NPOCYMMHPOBATL 110 KOHEYHOH noJaspusauun A'. Takum
obpasoM, noJayyaem

2 @ ul) =5 (1+cosH0). (218.14)
AI

Huxe 6yaeM npeanoJararb, 4YTO B HaYaJbHOM COCTOAAHHUH 3JIEKTPOH
NOKOUJCHA. DT0 O3Hayaer, 4To

q=0, (218.15)

Torza ¢ yderoM ¢opMysl (218.12) 3aKOH cCOXpaHEeHH A 3HEPT UK MOKHO
3anucaTh B BHIE

he [k’ S k)2] — fick. (218.16)

Tak kak
(B — k)t =k"" + k2 —2kk' cos D,

TO TIpeABiyllee PABEHCTBO NpeacTaBJ/ser coG0id KBajpaTHOE ypaBHe-
Hue OTHOCcHTeJbHO k'. Ero pemenue umeer BuJ

"=kcos O—un+ ) u¥+ 2xk (1 —cos®) —k2 sinz®. (218.17)
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IMockousbKky, nasnee, B cuay (218.16)

dE 1,
S =the [l+7(k —kcosﬁ‘)],

T0 BhHIpaxenue (218.11) nas nNJOTHOCTH KOHEUHBIX COCTOSIHME P,
MOXHO MPEACTABHTb B BHJE

7 K :
0, = Q. (218.18)
T ke +% (k" —k cos ©)

Takum oGpasom, ¢ yuerom Bblpaxkenuit (218.9), (218.10), (218.14)
u (218.18) oxoHYareJbHO IOJYyYaeM

k'3

)2 —;—(l+cos2ﬂ)
1—}——:1 (k' —k cos §)

kR’

dQ’, (218.19)

mc®

dc:(ﬁ—

rae seaHuHHa k' onpejessieTcs cooTHouwenueM (218.17).

Jo cux nop Bce HailW (OpMyJibl B paMKax HepPeasITHBUCTCKOH
Teopuu OLIJIM COBEDIUEHHO TOYHBHIMH, HO, pasymeercs, MMM CJIeayeT
N0/Ib30BaThCsl TOJNBKO B TOM CJyyae, €cJH KHHETHYEeCKasl 3Heprus
3JIEKTPOHOB MaJia N0 CPaBHEHHIO ¢ mc?:

E= he (k—Fk)Y<Lmer v k—Fk K x,

nostomy B dQopmynax (218.17) u (218.19) wnenecoobpasno npuGer-
HyTb K Das/IOKEHHIO B pPAJ 1O CTEHEHAM OTHOWeHMsA R/x. Mmeem
k' k k2
TE—;—F(I_COS,&)_{—“.

lfeNe | k .
da=?(m> [1—27(1-,cosﬁ)] (14+cos?®)dQ’.  (218.20)

OTClOlIa [ocJ/Je 3JEMCHTAPHOI'O HHTErpUPOBAHHUA 110 YIJIOBbIM
nepeMeHHbIM no.nyl{aeM BbIpaxKE€HUEC AJA MOJNIHOTO CEeYCHU A paccessHus:

8n /e \s |
oz_?’_(”_@) @_ (218.21)

Kak Xopollo M3BeCTHO H3 KJACCHYECKOH 3/IEKTPOAMHAMHKH, B
INJIBHHOBOJIHOBOM ITPUOJIMKEHHH CeUeHHe pacCMaTPHBAEMOro Hpo-
uecca onuceipaercs opmynoit Tomcona:

8n [ €2 \2 -
0= (122 )' = 6,652 x 107 cxee. (218.22)
®urypupyomuil B BhipaxeHuu (218.21) ronosHuTebHBIA MHOXHTE/b
npeacTaBJseT coO0OH NepByI0 KBAHTOBYIO HonpasKy, 6Jarofapsa KOTo-
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poil BeJHMUHHA CEUEeHHUs YMEHbIIAeTC C pPOCTOM B3HEePruud ¢oToHA
(k/% = ho/mc?). Pasymeercsi, Mbl MOXeM OrPaHHUYHTBCS TOJBKO 3TOH
NONPaBKOA JIMLIb B TOM cJydae, ecau k/x<Z1, T.e. ecjqH AJIHHA
BOJIHBI MAJaIoOlero CBeTa BEJHWKA MO CPaBHEHHIO C KOMIITOHOBCKOH
AMMHOM BOJHBL 1/%=Ff/mc (npu Fo=mec2=0,51 MsB man k=x
MBI HMeeM A = 2mfi/mc).

3amewanue 1. Ecn g =0, to BkAaj or uwilena W’ shepruu B3auMofeiicTsug
(218.2) Bo BTOpOM TIOPSIAKE TEOPHH BO3MYIIEHHI paBeH Hymg0. [IpH pesIATHBHCTCKOM
PacCMOTPEHHH HHTEDecyiolero Hac rpouecca OOBIYHO AJ/S NJOTHOCTH TOKa HCIOJIb-
ayercsi BeipaxeHue (199.1), Tak 4TO KOMIITOHOBCKHE MepeXOisl OKa3bIBAIOTCS BO3-
MOXHBIMH JIMUIb BO BTOPOM MOpsAKe TeOpHH Bo3MyuleHui. OfHako H B peasitu-
BHCTCKOM CJIyyae peilieHHI0 MOXHO NpuaTh (opMy, MOJHOCTHIO aHAJNOTHYHYIO NpH-
BEJEHHO! Bblllle, ecJH Pa30HTh BHIPaXKeHHE AJs MJOTHOCTH TOKA Ha IBe YacTH, Kak
3710 6BLTO CclesaHo B 3afave 199.

3ameuanue 2. Ecan sHeprus (QOTOHOB BeJHKa, TO JJS ONHUCAHHS 3JIEKTPOHOB
HeoGxoiuMO NnoJib3oBathest ypasHenueM Jlupaka. [Ipu sToMm BMecto dopmyas (218.21)
noayuaercs ¢opmyna Kaeitna— Huwmnnel. Creayer, ofHAaKO, 3aMeTHTb, YTO Hame
npHGaHKeHHE OKa3blBaeTcs XOPOIUMM B JOBOJIBHO IMPOKOH oGaacTd sHepruii. Tak,
Hanpumep, npu k/x=0,2 u3 (218.21) noayuaem o/0,=0,714, a rtoynas dopmyaa
Kuneiina — Huwmnues paer 0,737. lamee npn k/x=1 coorserctBenHo umeem 0,333
# 0,431. dPakTuyecKas BeJHUHHA CEYEHHsS PACCesHHS yMEHbLUAeTCst C POCTOM SHep-
rHH 3HAYHTE/IbHO MelJIeHHee, YeM 3TO CJeAyeT M3 HalleH NPHOIKeHHOH GOpMYJIHL
Tak, wanpumep, npu k/x= 1000 BmecTo TouHOro 3nauenus 0,0215 moayyaem 3Ha-
yeHue 0/0,=0,0050.

3apaua 219. TopmosHoe H3ny4eHue

B pamkax HepeasiTUBMCTCKOH TEOPHM CTOJIKHOBEHHE 3JIEKTPOHA
C TSKENBIM sIIPOM, COIPOBOKAAlOILeeCH POXKAEHHEM Y-KBAHTa, MOXKHO
paccMaTpuBaTh KaK IpPOLECC BTOPOro IMOpsiika, B KOTOPOM SIAPO
cuuTaercsi GECKOHEYHO TSXKeJbIM H OIHCHIBAeTCS IPOCTO €ro 3JeK-
TpocTaTHYecKHM moJeM. [lobsysch yKasaHHbIM TNPHOJIHIKXEHHEM,
pacCYMTaTh CHEKTP TOPMO3HOTO H3JYUYEHHUS.

Pewenne. Ha ¢ur. 76 noxasansl jse npocreillliie AHArpammbl,
COOTBETCTBYIOIIME paccMaTpHBaeMOMY npoueccy. B HauasbHOM cocro-
SIHHH VMEIOTCH IMOKOsileecss ANPO M 3JEKTPOH C HMIYJbCoM hg.
B KOHEYHOM COCTOSTHHH MBI ONSITh HME€EeM MOKOflleecs PO, 3JeKT-
POH C HEKOTOPHIM MEHBUIMM HMIYJbCOM hq' ¥ poTOH B COCTOAHHH
¢ XBaHTOBbIMHM uucsJaMu B ¥ A. Tak Kak Macca sjapa npeinoJsaraercs
GeCKOHEUHOH, TO B IIPOLECCE CTOJNKHOBEHMS MEHsIeTCs JIMIIb ero
HMITyJbC, a BSHepPrus ocraerca npexHedi (M =oo, p— KOHeuHas
BeauuuHa, p2/2M =0, v=0). Takum oOpasoM, HayaJbHOe H KOHeU-
HOEe COCTOSIHHS BCeX OCTaJbHBIX YacTHIL YJOBJETBODPSIOT 3aKOHY
COXpaHeHHs 3HEPrHH, 3aKOH 2Ke COXDaHeHHs HMOyJbca I HHX
He HMeeT MecTa.

DHeprusi BO3MYLIEHHS COCTOUT M3 JBYX UJIEHOB,

H =H,+H,, (219.1)
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MpHYEeM IMEepBOe cJjaaraemMoe

H, = —Ze2S}1p+\pdax | (219.2)
ONMCHIBAET KYJIOHOBCKOE B3auMojeicTBHe siApa (3apsan Ze) u sJek-
TpOHa (IJIOTHOCTb 3apsijga p = —epip), a BTOPOE CJjaraemoe
H,= CLS (A-J) d*x, (219.3)
rie
J= by — v -p),

th

J
T\ kA
G
q

®ur. 76. JuarpaMmbl PeilHMana HH3WEro MopsAAKa N1 TOPMO3HOTO H3JNYUEHHS.
J{BOMHEE JIHHUH OTHOCATCH K GECKOHEUHO TSKEJOMY SIAPY, ORHHOUNBIE JHHHH —K 3JeKTPOHAM,
BOJIHKCTblEe JHHHM—K POoTOHAM

npejacTapJ/seT cof0# 9HEePTHIO B3aHMOJAEHCTBHSA 3JIEKTPOHA C MOJeM
usnyuenus. HMmeem

4=y 2/::;/? BN (b r +bipe-1#7) (219.4)
kA

1 i
e LY v, — L3 quoeavr. (219,
b e VP s 2 g @109

Ionacrapassa Boipaxenns (219.4) u (219.5) B ¢opmysnr (219.2) u
(219.3), nocJie HHTerpHpOBaHHA NO BCEMY IPOCTPAHCTBY MNOJyyaeM

Hi= — 25 Dcfe 0y

qv Ta—aF (219.6)

12 " 2nch
H,= —fmg%l/é}; £ (@t gu) X
X cfev (0rar, g, —gy + 01,00, gy-g,).  (219.7)

Yro6el HalTH OTJMYHBIE OT HYJA MAaTPUUHbIE 3JEMEHTbi, COOTBETCT-
Byioliue Iporeccy, H3obpakeHHOMY Ha Auarpamme ¢ur. 76, a, HyXKHO
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B3ATb M3 H, 4JjeHbl, NpONOpHUHOHAJbHbBIE cf,acq, u u3 H, unensl,
f
PONOPLHOHAJbHBIE Cq,,c;'bw Hnmeem

4n7e? 1
, GalHi|@> = — g5 o= (219.82)
)7 .

eh 2ncfi

G, M H | q>=—51 550 ul(q,+q). (219.86)

Uto kacaercs mepBOH BepIUHHBI, TO 3JeCb y HAacC HeT HUKAKOro 3a-
KOHa COXPaHEHHs, BO BTOPOH e BepIUMHE JOJIKEH BHINOJHSITHCSH
3aKOH COXPaHEHHs HMITYJbCa

k+q' =q,. (219.9a)
Orciofa ¢ yuyetoM OPTOrOHaJNbHOCTH BEKTOPOB a;f") U R noJayuaem
uM-(q,+q4")=2ud-q). (219.10a)

B cnyuae npouecca, u306paxeHHOro Ha zmarparvnvxe qmr 76,6, Mbl
JIOJKHEI B3ATb U3 H, ujeHbl, NPONOPHHOHAbHEIE cch bly, ¥ u3 H,—
uJ/ieHbl, NIPONOPIHOHANbHbIE cqbc*

eh 2ncfi

Qo BN Hy|>=—52) G55 40-@+a)  (219.11a)

, _ _4ze 1
q'|H|q»>= KZ2NT =k

B sTOM Cslyyae 3aKOH COXPaHEHUS HMIIYJbCA HMEET MECTO B NepBOil
BEpLIHHE

(219.116)

, k—q+q,=0 (219.96)
H, CJeI0BaTeJIbHO,
uP-(q+q,) =2t -q). (219.106)
SHepI‘Hﬂ HA4yaJIbHOT'O COCTOAHUSA
fi2g2
Ej==t (219.12)

JOJ/IXKHA PAaBHATHCS 3HEPIrHH KOHEUYHOI'O COCTOSIHUSA

E,=19" ﬁ"g + fick, (219.13)
N03TOMY

P =q'*+ 2uk, A=, (219.14)
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Jlns npoMeKYTOUHHIX cocTosiHuii, corjacHo (219.9a) u (219.96),
HMeeM

f202 2
E, =t %(q’—{—k)? (219.15)
! n
2472 2 .
E, :2_31" +hck=7ﬁ,; [(g— k)2 + 2uk]. (219.16)

HOJIBSYHCb BBECACHHbLIMH 0603HaquHHMﬂ, ManI/I‘IHbIﬁ JIEMEHT
BTODOro mopsaika MOXKHO 3alHCaTh B BHJAE

' s flHyla><a|Hyli Hy|b><b|H
(le |l>= Il _IE‘z_‘;L 1|’>+<f| 11|5>_<El|, 2“)

[NoxcTaBasst cloja BbIpa)KeHHs s MaTPUYHLIX aqeMeHToB (219.8a),
(219.86) u (219.11a), (219.116), a TakKe BhHIpaK€HMA IJS HMIIYJb-
COB ¢, U g, HaXOIuM

4nZer  ehy 2:rrcﬁ 1 (u}}" . q’) (u;ﬁ" . q)
<f|H l >—‘—-——- ]/- q7—'k]2 [Ei_Ea+Ei_Eb .
(219.17)

g nonyyeHHss ceueHHs TOPMO3HOTO H3JIyueHHS HeoOXOJ:MO
BOCIOJ/Ib30BATHCA  30JI0THIM [PABUJIOM H, CJEIOBaTeJbHO, HNpEKIe
BCEro BBIYMC/IMTH IJIOTHOCTh KOHEUHbIX COCTOAHHA p, 34ech HMeercs
Hebo/bilas TPYAHOCTb, TaK KaK H3-3a OTCYTCTBMA 3aKOHa COXpaHe-
HHSl UMOYJbCAa HaIpaBJEHHA, B KOTOPBIX BBIJIETAIOT KOHEYHhIE ya-
CTHIBI, SIBJSIIOTCS HE3aBUCHMBIMH. g olHOH yacTHIB (OTHOCSULHECH
K Hell BeJHYHHBI MBI CHaGAMM HHAeKcoM 1), Kak Mbl 3HaeM, uMeeT
MecTo opMmy.ia

_En7? %dgl.

s npyro#l wacTHubl (OTHOCALIMECA K Hel BEeJMUMHBI Mbl CHAGIMM
MHAEKCOM 2) MNJOTHOCTb COCTOSIHMH p, ONPENeJasieTcd aHaJOrHYHOH
(popMnyoix HO WWMPUHA uHTepBata dE, ¥ €ro moJOKeHHe Ha OCH
3HEepruil B CUJy 3aKOHA COXPaHeHUS SHEPrHH 3aBHCAT OT LIHPHHBI
M MOJIOXKEHHs1 HHTepBaja dE, njs nepBod uwactuubl. Takum o6pa-
30M, HEOO0XOQHMO MOJIOXKHUTh

s =010, dE,.
Ecan cunrath, 4To uHAEKC | OTHOCHTCH K 3/€KTPOHY (g’), a HHAEKC
2—k (QortoHy (k), TO B HalleM YaCTHOM cJ/yuae HMEeM
2

2
P by, 22 _ Db, dE,=hodk

U Ug



282 Vil. Teopua usaywenua

hk?
8ndh3c

mhy'_

83h3
W3 obuweit Gopmyasl s AH(PepeHIHaJbHOTO CeueHus,

do— 22 . o [<fIH' >},

1

0y=——p—92dQ’ - 92dQ, - hicdk. (219.18)

nocJie MOACTAHOBKH B Hee Buipamenuft (219.17) u (219.18) nosnyuaem
&zt gk )
Fe g lq—q—k["

(A) (M
<(“ g) E'_") > d9,dQ" dk.  (219.19)
l H

do = X

3nech dQ2' —3MEMEHT TENECHOTO yr/a B HANpPAaBJIEHHH BHLIETA 3J€K-
TpoHa, d€x — 3JIeMEHT TeJIeCHOro yrja B HallpaBJeHHH BblieTa (o-
TOHa, a chk ¥ A-—€ro 3HEpPrus H MNOJAAPU3ANHA COOTBETCTBEHHO.

Ham ocrasiocs noJy4uTh QOpMYJ1y /s 3HEPTeTHUECKOro CIeKTpa
TOPMO3HBIX (POTOHOB G€30THOCHTEJNBHO K €ro MOJISPH3AllMH U HalpaB-
JIEHHSIM BbljeTa oOeHX 4acTHU. DTO 03HAYaeT, 4YTO NOCJeLHee BhIpa-

q'(0:9')

®ur. 77. TopmosHoe H3ayueHHe.
Tloka3aBw HanpaBiedus ocel BHIOPaHHONW CHCTEMbl KOODAMHAT.

¥KEH#e, Mbl JOJKHBI IIPOCYMMHPOBaTh N[O A M IPOHHTErpHPOBATh IO
BCceM YIJIOBHIM INepeMeHHbIM. B 3amavax paccmarpuBaeMoro Tuna
nmpouesypa MHTErpPHPOBAHHA 10 YTIJVIOBBIM II€PEMEHHBIM JOBOJBHO
yTOMHTEJNbHA, OAHAKO B HACTOSALIEM cJyuae, KakK Mbl yOeaumcs
HUXKE, BCe OOCTOMT OYeHb MPOCTO.

Ha ¢ur. 77 nokasaHa cucteMa KOODJMHAT, B KOTOpO# yloOHee
BCErO pacCMaTpHBaTb TPH HHTEPECYIOLIMX HAC BEKTOpPa MMIIYJbCa.
OTH BEKTOpHl HEKOMIJIaHApHBI, T.€. €CJAY BeKTOpH g U R B BblOpaH-
HOHl cHcTeMe KOOPAMHAT PAcloJaraioTcsl B IJIOCKOCTH X2, TO BEKTOP
@’ HMeeT COCTaBJSIONULYI0 BIOJb OCH y. MMeeM

qg =40, 0, 1),
kB =k(sin?d, 0, cos?),
q’ =g’ (sind’ cos¢’, sin¥’ sing’, cosd)
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u;{l).__(_cosﬂ', 0, COS@), uﬁf":(O, 1, 0).

U3 gopmyant (219.14) caenyer, uto k<€q 0 k<€ q’, 1OCKOJBKY
BeJIMYMHA X BeJHKa, MO3TOMY B HIDKECJEAYIOWUX pacyerax Mbl
BOCMOJ/Ib3YEMCSl THMNHUYHBLIM 1/ HEPEJATHUBUCTCKOH TEOPHH MPHOJIH-
JKEHUEM H NpeHeOpexeM HMIYJbcOM (OTOHA MO CPABHEHHIO C UMMYJIb-
COM 3JIEKTPOHA. DTO IO03BOJseT YNPOCTHTb SHEpreTHUeCKHe 3HAMEHa-
Tesiu, ¢urypupytomue B ¢opmyae (219.19). Tloabsysick cooTHoule-
Husamu (219.12), (219.15) u (219.16), noayyaem

ﬁZ 5 ? ’ 0
E—E,=-_(*—q*—2(q" -kR)—Fk?),

E,.—E,,z—Qﬁ% (—2xk + 2 (q- k) — k).

B o6oux 3THX BBIpaXKEHHSX MOXKHO NpeHeGpeub NBYMS IOCJEAHHMH
uJieHaMH, a BeJIHUMHY 2xR 3aMeHMTb, corsacHo (219.14), pasHocTbio
g*—q’t. TaxuM oGpa3oM, HMeeM

he ,
E;—E,~ 5 (*—q*) = —(E;— Ey). (219.20)

CrefoBaTe/slbHO, 3HEpreTHuecKHe 3HameHarteqH B dopmyJae (219.19)
B 5TOM MNPHOJ/IMKEHUH OKAa3blBAalOTCA PABHLIMH 10 BeJHYHHE H Ipo-
THBOMOJ/IOXKHLIMH [0 3HaKy, TaK YTO Mbl MOXEM IIPOCTO BBLIYECTb
ONMH YHUCJAHTE]Nb M3 APYroro, mosaras au6o A =1, 6o A=2:

(4" q')—(u” - q) = g'(— cos ¥ sin ¥’ cos ¢’ + sin & cos 9')—¢ sin O,
(219.21)

(uy?-q)— (- q) = ¢  sin ' sing’.

Yto6Bt nponssecm CYMMHpOBaHHe 1O A, HEOOXOAUMO BO3BECTH 3TH

BhIPAXKEHHs] B KBAAPaT H CJOXKHTb.

Hakonen, pesepdoproBcKuit 3HameHatesnb B GopmyJde (219.19)
B TOM e NpPHOJIMMKEHHH MOXKHO 3anucaTb B BHJE

@—q —k)\}~@—q)=(g*+q*—2q9q cos §')2. (219.22)

Cobupasi pacCMOTPEHHble MHOXKHTe/H BMeCTe, JIETKO 3aMeTHTb, UYTO
yrasl & M @' QUrYpHPYIOT TOJIBKO B CyMMe, cCoJepxkalled KBajparhl
Boipaxenuit (219.21). Murerpan no ykasaHHBIM YIJIOBBIM 1€ DEMEHHBIM
BLIUKCJ/ISIETCS 3J1€MEHTaPHO, U MBI HaXOJHM

16

2n
$d% § do’ 3 [(uf - q)— (- @) = == (¢ + 9 —2qq" cos 9.
0 A

(219.23)
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CorsacHo (219.22), TouHO Taxoe ke BbIpa)keHHe, HO TOJbKO BO3Be-
JeHHOe B KBaJpaT, MMeeTCs y HAC M B 3HaMeHarese, IOITOMY

+1
_ 7o [€\216 ¢' dk d(cos §')
do(k)=2 <ﬁc> 3 q k lqz—{—q"——qu’cosﬂ”

rae uepes do (k) 0603HaueHO CeueHHe TOPMO3HOTO H3JyYeHHs (OTOHOB
C SHEPTHsSMH B HHTepBaJje dk Oe30THOCHTEJILHO K HampaBJeHHIO HX
BhLJIETa M NOJAPH3aUUH ¥ 6e30THOCHTEJbHO K HANpaBJEHHIO BblIeTa
snekTpoHoB. IlocienHuil uHTErpa/ BHIUNCJSETCA 3JEMEHTapHO,

+1

S d _ L gete
@?+q*—29q'x 99 9—4
TaK 4TO0 OKOHYATeJbHO HMEEM
=870 9tq
do (k) = Z (m) (q2 nit q) (219.24)

W3 sroit QopMysasl ¢ momompio cootHomeHusi (219.14) moxsO
HCKJIOYHTh HMITYJIbCHI, BLIDA3UB BeJIHYHHY ¢  4epe3 sHepruio E ma-

JIAIOLIEro 9JeKTPOHA M 9Hepruio £, =/hck topmosHoro ¢ortona:
Rl Y [(V E+ VE—E;;)Z]
In 7 n .
q-—q g>—q" Ep

OnucriBaeMBill MOMTYYeHHOH (POPMYJIOA 3HEpPreTHUeCKHH CMEeKTp Top-
MO3HBIX (OTOHOB NMOKasaH Ha ¢ur. 78. Mbl BUUM, 4TO B 00/1aCTH OYEHb

Ey ag,

02 04 06 08 L0
EyfE —

® ur. 78. Pacnpenenentie HHTEHCHBHOCTH TOPMO3HOTO HM3JYYEHHS.
Vuer 5KPAHHPOBKH KYJOHOBCKOrO MOJs YCTPAHSET JIOra pHGMHUUECKYIO PaCXOAHMOCTD nph £ =0.

MaJibIX 3Hepruil (oTOHA HMMEeTCs CHHIYJSAPHOCTb, KOTOPYIO OOBIYHO
Ha3BIBAIOT UH(PPAKPACHOH PaCXOIUMOCTBIO.

3aneuanue. TlocnejoBatenbnoe pensiTHBHCTCKOE PeNIeHHe 3ajayH, a Jakxke
BOINPOCHI, CBSi3aHHbIE C 5KPaHHPOBKON, cM. B Kuure Iafitnepa: Heitler W ., Quantum
Theory of Radiation, 3rd ed., Oxford, 1954, pp. 242—256. (I/IMGETCﬂ IepeBox:
TFaimaep B., KBaHTOBaH Teopusi usaydenus, HJI, 1956, crp. 275—290.—
Ilpum. nepes.)



Maremarnueckoe NPHJIOKECHHE

KpusBoanneinblie KOOpIHHATHI

Huxe npuBoaarcs- QopMyJbl, CBA3BBAIOWHE [PAMOYIOJbHbBIE
JI€KapTOBbl KOOPJAWHATHL X, y, Z ¢ HauboJiee 4aCcTO BCTPEUAOULHMHCA
KPHBOJIMHEAHBIMH KOOpDAMHATAMH, a TaKike BbIpaXKeHUs IJs1 paccTof-
HHA MeXIYy TOUKOH W HauaJioM KOOpIHHAT

r=Vxy¥y+z + Yy -2
H pas onepatopa Jlamiaca
o
ox? ' oy? ' 022’
a. Chepuyeckne koopauHate. Eciu noJsipHas och chepHyeckois
CHCTeMbl KOODAWHAT COBMafaeT € OCbIO 2, H YToJ MeXAy pafuyc-

BEKTOPOM # ¥ 3TOH ocbio ofo3HaueH uepe3 U, a a3uMyTaJbHbIN
yroa-—uepe3 ¢, 10 (cM. ¢ur. 33 crp. 154, Tom 1)

x=rsinﬁcosq), y=rsindsing, z=rcos?,
20u 1 | ] . ou 1 J%
veu 0r2+r o T 2{sin1‘}5¥}-<5mﬁ%>+sm‘306_¢7}‘

6. Huaungpuyeckne koopaunatwi. [lycTh ocbh z siBasieTcs ofiel
OCbl0 KOAKCHAJbHBIX UHJHHIPHYECKMX MNOBEepXHOCTell o = const, a
(¢ —CHOBa a3uUMyTaJbHbIH YroJ, ¥ MycTb KOOPAHHATH TOUKH Xapak-
TEPU3YIOTCHA TPOHKOH wmces p, ¢, 2, TOraa

X=pcosg, y~p3incp, z=2, r_sz+zz,

ldu 1 d%u
2
veu 2+ o dp 2(7Lp-+622 .

B. [lapaGoauueckne koopauHathi. [lycTb och 2z sBjasieTca oOuied
OCbI0 ABYX cHcTeM napaboJlonfioB BpaiieHus §=const # m=const,
(GOKYChl KOTOPBIX PaCHOJIOKEHH B HauaJje KoopAuHar (z=0), a pac-
TpyObl HanpaBJeHbl COOTBETCTBEHHO B NOJIOKHTEAbHYIO H OTpHLATE b~
HYIO CTOPOHBI OCH 2. A3MMYTa/BHEIH YroJ pagnyc-BeKTOpa ¥ CHOBA
0603HaunM depe3 @. Yaule Bcero Hcnoab3yloTcst ABE CJeAyIOLIHE
cHCTeMBl KoopauHAT &, 1, @.
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[lepsasa cucmema
x=VEncosp, y=VEysing, z=%(§—n);
=%(§+n), E=rtz, n=r—z p=Vin

ol 468+ 8 )

Bmopasa cucmema
. 1
x=Encosp, y=Ensing, z=5(E—n);
1 ;
=5E+n), B=r+z m=r—z, p=En;

1 1 0 du 1 0 ou 1 1) 0%u
=gtz (%) a5+ () e

r. danMncoujalbHble KOOpAHHATHI. [lBe TOuUKH, Jexaliye Ha ocH
2(z=d=c), BHOHpalOTCA B KauecTBe OOWHX (OKYCOB BHITAHYTHIX
3JJIMIICOUNIOB BpallieHH s, KOTOPhLIE ONMCHIBAIOTCSA YpaBHeHHeM § = const.
Ilyctp nanee ypaBHeHHe 1= const OMUCBIBAET CHCTEMY ABY IOJIOCTHBIX
runepboNOHJ0OB BpallleHHsl, (GOKYCHl KOTODHIX PAaCMOJIOXKEHH B TeX 2Ke
Toykax. Kak MaBecTHO, 3TH JIBe CHCTEMbl TOBEPXHOCTEH OPTOrOHAbHE!
Mexxay coboit. OGo3HauMM uepe3s ¢ asUMyTaJbHBIH yroa paauyc-
BeKTOpa r, a 4epes r, U r,— PacCTOSAHUA OT TOYKH COOTBETCTBEHHO
N0 POKYyCOB 2=-—C H 2= - C, TOTJa

x=cV (E=T)(I—mcosq, y=cV E—I)(I—n?sing,
z—c'én, ri=cE+m), r,=cE—m),
1
=—(r1| 2)s n=§;(f1—-fz),
r=cVEF+np—I1, p=cVE@—=1)1—m).
OﬁﬂaCTb H3MEeHeHUd ﬂepeMeHHbIXZ

[<<E<oo, —1n<K+1, 0<<p<2:rr

1 O ey yOu, 0 Bt ou
-—c‘z——<gz_n2>{a§(§2 1) G5 (1= 5+ r=i E‘—U"‘PZ}

Ccu

I'-dyukuus
I'-dyukuua npeicrasiser co6oil o6obuieHue QyHKIHH
nl=1.2.3 ... n. (1)

Ora QYHKUHMA ONpefeseHa JIHIb JJIf UeJBIX MNOJOXKUTE/IbHBIX YHCeJ
H YHOBJIETBOPAET PABEHCTBY

(n+1)l=(@m+1)nl @
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OYHKUHMIO 7] MOXKHO TaKXKe ONpeiesidTh ¢ MOMOUIBIO urmezpasa diirepa
®*
nt={e-tendt, ®)
0
ecJd YcaoBuTbesl, yto 0! =1.
I-dpyHkuHs no3poJsier 06o6MWHUTL COOTHOWEHUS (2) H (3) Ha cayual
NPOM3BOJALHOTO KOMIVIEKCHOTO YHCJA 2 =X+ iy:

T(+1)=2'(2), T(n+1)=nl (4)

o

I (2)={e-tt=-1at, ©)
0

ecaun Rez > 0. Onpenenennas Boie ¢yHKUHS SBJISETCH MepoMopd-
HOH M HMEeT MoJIIOCHl Ha OTPHLATENLHOH AEHCTBHTENHHOH NOJIYOCH.
OTH NOJIOCH PAcNoNOXeHsl B Toukax z=—n (n=0, 1, 2, ...),
a BHUETH B HUX paBHBI (—1)%/nl.

HacmHote 3HAUEHUA.

ri)y=0=1, I'(n)=@n-—-NnH, (6)
f()-rm t3)=()erE w
F(n%——%)z(rﬂ-%)! =@t Dy ®)

Coomnowenus mexdy T-QyHKyUAMU OM PA3AULHBLX GP2YMEHMOE.
Fr@T(1—2) =g, ©)

L opae 1
P (22) = =2 1I‘(z)I‘(z+2). (10)

Pazaoocenus 6 eude GeckoHedHbix pados uau npoussederui. J1as
BLIYHCJEHHST KOMIJIEKCHOI'O 4HC/a

[ (x +iy) =Ee (11a)
MOXKHO I[0JIb30BaTbCA Pa3JOKEHHUAMH
@® 2 _1 .

1 =y[—C+g (%——%arctg x——}——i——_l)] ’ (11s)
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rie

C=Se—tln%dt=o,577215 (11r)
]

— TaK HasbiBaeMas nocrosHHas Jisepa. B uacTHOM cayuae, Koraa
x=1, umeem :

e=IT(+iyP=gr- (12)

Acumnmomuueckoe noeederue. Ilpn |z|>1 u |argz| <z (Tem
caMbiM HCKJIIOYAIOTCS TOYKH 2, JIeKallHe Ha JeACTBHTENBHON OTpH-
1aTeIbHOM MOJYOCH, T/le PAcloJIoXKeHbl NoJochl [-Qy HKIHH) MOXHO
BOCIIOJIb30BaThCs hopmyrold Cmupaunea:

lnI‘(z):(z——%)]nz—z—i—%—ann%—O(%), (13)
HJIH
I'(z) ~ ]/27‘ ¢z nz=1) (14)
Ilns TOUHBIX BBIYMCJEHHH 4acTo chonbsyercﬁ dopMyJa
. = 1 1
2=Te+=2zZl'(?)~ l/2nze2.(‘“z‘ 1)(1—{-1—2—2—}—W+ .. ) (15)
Qurypupyolikil 3nech pan ABJAseTca acumnroTHueckum. O TouHOCTH

3Toil (OPMYJ/Ibl NO3BOJAET CYAMTb NPHBOAMMAS HHKe Tabauua (npu
pacuetaXx pang B ckoOkax Obl1 3aMeHeH 1),

n al Vmﬂn(ln n—-1)
0 1 0,
1 1 0,925
2 2 1,920
3 6 5,836
4 24 23,506
5 120 - 118,01

®yukuun beccens

Pewenne nuddepernuanbHOro ypaBHeHHUs

u"+%u'+<1——:;>u=0 )
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MOXKHO 3anucarb JUO0 B BHJAE
u:AJv(Z)+BN\‘(Z): (2
Jubo B BHAE
u=CHY (2)+C,HY (2). 3)
Gynkuusa J, HasbiBaercs yukyuel Becceas, a dyuknusa N, -—

Qyrryued Heldmana. Ecnu v He sBJASETCS LEJbIM YHCJAOM, TO MOXKHO
H0JIb30BaTbCsl OMNpelesieHHEM

Nv(z):

1
Py (cos vy (2)—J oy (z)) . 4)
B nporuBHOM ciaydae (T. e. npd v=n, rge n=0, +1, +£2, ...)
dynkuuy J, ¥ J_, He ABASAIOTCA JIHHEHHO HE3aBUCHMBIMH U CBSI3aHbI
COOTHOLLIEHHEM

J—n(z):(—-l)n Jn (Z) (5)

Qyukuuio N, (2) MOXKHO ompeiesdTb M B 3TOM CJayuyae, HCXOAS U3
ee aCHMITOTHYECKOI'O TIOBEAEHHUS (CM. HHKE).
®ynkuuo beccens J, MOXHO Takxe OIpPELEAHTH I10CPEACTBOM

psiaa
n@=(3) gmnwwn(z)”' ©

KOTOPHIH CXOJMTCS Ha BCeH KOMIJIEKCHOH IIJIOCKOCTH 2 C pa3pesom
BJI0J/Ib I€HCTBHTEILHON OTPUIATEebHOHN NoJyocH (TouKa 2z = 0 sBasiercs
B ofllleM cJiyuae TOYKOH BETBJEHHS).

Oyuxunn HY u HYP waseBatotes (ynxkyusmu Xankeas coor-
BETCTBEHHO MEPBOrO U BTOPOTO pPoja. ITH (GYHKUHH ONpEeLessioTcs
COOTHOLLIEHUAMU

HY @) =Jv(@) +iNy (@), HP (2)=Jy(2)—iN,y(2). (7

®ynkuun, obpasywouye (QyHIAMEHTAaJbHYIO CHCTEMY pelleHu# (2),
NPUHUMAIOT NeHCTBUTEJbHbIE 3HAYEHUsi NPHU AEHCTBUTE/bHBIX 3Haye-
HHUSIX 2, @ UX BPOHCKHAH paBeH 2/(mz). BpoHcKnaH ¢yHmameHTaJb-
HOH cucTeMbl peuleHufi (3) paBeH —4i/(mz). Ecsau v He ecTh wesoe
uncao, 10 QyHKuud Jy 0 J., 06pa3yioT TpeTbio ¢PyHAAMEHTAJbHYIO
CHCTEMY pEIIeHMH C BPOHCKHAHOM, paBHBIM —2 sin mv/(mz).

Pexyppenmuvie coomuowznusn. s Kaxkioro u3 yeThipex THIOB
GYyHKUME, Onpele/ieHHBIX paBeHcTBamMu (2) u (3), HMEIOT MecTo pe-
KYppEeHTHblE COOTHOLIEHHA:

2v .
Uy—y +uv+1=_z‘uv, Uy_y—Uysy = 2Uy, (8a)

10 N 1172
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HJH
v 4 2v
uv+1=‘z‘uv—‘uv, Uyty = 5 Uy — Uy-1. (86)

Acumnmomusueckoe noeederue. s najbHelero yjpo6HO BBeCTH
o6o3HayeHHe

t=2e—5(v+73)- (9a)

Ecau |2|>14]v| n |argz| <m (T. e. 119 GOMbIINK 3HAYEHHH |z|
B KOMIIJIEKCHOH TNJIOCKOCTH 2 C pa3pe3oM BHOJb JAeHCTBHTEJNbHOH
OTPHHIATENbHOH MOJYOCH), TO MOXHO [0JIb30BATbCH aCHMITOTHYECKHMH

¢opmyJiaMu

7 e
Jy(2) — ]/-Ecos &, Ny(@)— ]/?z— sing;
7 ) 2,
HP @ — Y Lt HY@— Y Zek.
dynkuny Buna 2= HY ® (2) npu neficTBUTENbHBIX NOJOXKNTEbHBIX 2
y P

OITUCHIBAIOT COOTBETCTBEHHO DACXONAIHMECS H CXONSUIUECH BOJIHBL
Modugpuyuposanroe ¢ynkyuu Becceasn. Pynkuuu

Iy (x) =i=%Jy (ix) (10)

(96)

Ky (x) =" i H® (ix) (I1a)
HJM (eCM v He PaBHO LEJIOMY quc.ny)

Ky(x)= [y () =1y (%)] (116)

2'sin vx

NPHHUMAIOT JeHCTBUTE/NbHBIE 3HAYEHWS, KOTJa X JeHCTBUTeJbHasi M
TIOJIOKUTENbHAsA BeJUuuHa. PyHKuusa K, npencrapfsieT ocoObli MH-
Tepec OJarofaps €e acHMITOTHUECKOMY IMOBEAEHHIO MNpd GOJbLUMX

3HAUEHUAX X
— ]/——e X, (12)

Boabmoe uncao ¢opmya aas ¢yukumit K, u K, umeerca B 3amaye 185.
B sagaye 99 6nuio nNokasaHo, YTO pellendeM AU(PEPEHIUANLHOIO yPaBHEHHS

' —gix-ny =0 (13a)
aBasfeTcA (PYHKLHA

u= V?K%‘ (—f:x""), (136)
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rae

B HekoTopbix AUGPAaKUHOHHBIX 3a/a4aX ONTHKH GOJBLIYIO POJb
urpaer ¢ynrkyus 3ipu

Ai (1) = V%K:,s(éx%).. (14a)

AHnanupuueckoe npojoJKeHHe B 06/aCTb OTPHUIATENbHBIX 3HAUEHHUH X
IPHBOAUT K COOTHOLUCHHIO

Ai(—x)=+V% [Jl,s (% x’/2> oy, (% x%)] . (145)

B sroit kHHre QyHKuHs Diipu Hcnosb3oBanach B 3afaye 40, tam xe Ha dur. 28
npuBefed ee rpaduk. Pyurmuio iipu MOXHO 6blI0 OBl HCNOABL30BATL H B 3aia-
ye 117, HO MEl NpeANOYJH BEPHYTLCS HENOCPeACTBeHHO K ¢yHkuuaM Beccens J,

nl,cv=xlj

Copepuneckue ¢ynxyuu beccean. OPynkuus beccens ¢ namekcom
v=I[41,, roe =0, 1, 2, ..., urpaior B pusnxe GOJBLIVIO POJb,
TaK KaK OHH INOSBJSIOTCA TNPH pelleHUH BOJHOBOTO YpaBHEHUSA Me-
TOJOM pasjeJsieHus nepeMeHHBbIX B chepuuecKux KoopauHarax. OGbIUHO
BBOZAT (QyHKLUHH 4YeTblpeX CTAaHAapPTHHIX THIOB

&=V i), (15)
@)=Y F N, @=(=1*" Y F I an@,  (16)
hi (2) = j; (2) +in, (2), hi® (2) = j, (2) —in, (2). (17)

Oty QyHKUMH ABJAIOTCA pelleHuAMU AudbepeHUHaNbHOIO YPaBHEHHA
1 \2
(+5)

u”—l— 1—'7—' u=0 (18)

U B surtepaType HallM OYHKUHH j; B T. A. 4acTo 0603HAYAlOT uepe3 j; U T. X.
4, KpOMe TOro, BBOZAT DYHKLHH

s 1~
lz=?lz-

[Tp@imyutecTBo Tako#l cHCTeMBl 0GO3HAYEHHH COCTOMT B TOM, 410 Temeph
(yHKIHH

1~
hit B @) =— R (2)

HMEIOT CMbIC/ PACXOUALHUXCA H CXOAALIUXCSH cq)epuqecxux BOJIH.

10*
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n o6J1aal0T OueHb NNPpOCTHIM AaCHMITOTHYECKHM [IOBEJCHHEM:

i (2) sin{ z [ n,(2) cos|{ z I
— ——— —_— —_
]l 92 ’ l 9 ’ (19)
h;l) —_ i—(lﬂ)eiz’ h}z) (Z) —_ ,"l+1e—iz'
IL)’[H CIIpaBOK NpHBEAEM 3HAHYEHHUSA HauboJiee 4acTo B‘CTpeqa}OLU.I/IXCﬂ

BPOHCKHAHOB!
j—ngji=1, BB — RPAD = 2, (20)

[pu |2|<€1+/, umeloT MecTO TNPHGJANKEHHBIE GOPMYJIbE

2t 20!
@)~ gt ==t (@1)

Pexyppenmnste coomroutenus. [l KaxKAoro M3 uerhipex THIIOB
GyHKUHMH, ompenedeHHBIX paBeHctBaMH (15)—(17), cnpasennvBu
COOTHOLIIEHH S ‘

2l +1 141 .
Uppr =g U= lUoy, U= U —U; (22)

Ilepoe M3 yKa3aHHBIX COOTHOLIEHMH MOMKHO TaKXKe HCHOJIb30BaTh
o onpeneneHus chepuueckux byHKunA Beccens npu oTpuuaress-
HBIX 3HauYeHHUsX [.

Coepuueckne dyHKUMH Deccens sBAAOTCS djJeMeHTapHLIMH QYHK-
pusMu. Heckonbko nepBbix GQyHKHUE OpHBOAATCS HMKe:

jo=sing, fly=—COS 2,
. sinz Cos 2 .
Il=-z——0032, . n1=_7_31n2‘
[, = —3———l\sinz 3cosz n,=— —3——-1 cos 2 -3—sinz
[=\ 3 ) z ) g = pe .
U
h = —iefz, hp = ie—t2,
i i )
mo=(—L—1)ex, - = (L1 ) et
3i 3 . 3i 3, :
h§l)=(—z—2‘7+l>€”, h§2)=(2—2—~2———l>e“2,

Oyukuuu Jlexanapa

INuddepenunanpioe ypaBHEHHe
(1—22)u"—2zu'+v(v—|-l)u:0 ()

NPUHAANEKHT K YPABHEHHSIM FUIEPreOMETPUUECKOTO THMA C TpeMms
O0COOBIMH TOUKamMM: 2= +1 U z=o0. OOee peleHue ypaBHEHHHA
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(1) MoxHO 3anucaTh B BHje
11—z

uv=-42F1(—V, v, 1S >+

rlie MepBoe U BTOPOE cJaraeMble IpelCTaBJIsioT cOZ0il, eCcJ/iu OTBJeUbCs
OT HOPMHPOBOUHBIX MHOXHTeNIeH, TaK Ha3biBaeMble (py HKIHK JlexaHapa
[epBOrG M BTOPOTO PONOB, KOTOpble OGHIYHO OBO3HAUAIOT COOTBETCT-
BEHHO uepe3s P, (2) u Qy(2).

Ecan v—uenoe uucao (v=1I; (=0, 1, 2, ...), T0 OyHKuHUS
Jlexanpa nepsoro poja BblpoxAaercs B nosuHoM. Korna z= x, rae
x— neficTBuTeslbHOe uwHc0 M |x|<{1 wuam x=cos ¥, NOIHHOMEI
Jlexxannpa, 6ynyud cBAsaHbl cO cdepHUeCKUMH TrapMOHHKamd Y, .
COOTHOLLEHHEM

4n
Pl (COS ﬁ) = '2—1_{—_—‘-1 Yl. 0y (3)
MMEIOT MPOCTOH TFeOMETPHUECKHH CMBICI.

Ceoticmsa noaunomos Jlexcandpa. Ith NOJMHOMBI 06pa3ylOT OpTO-

FOHAJIbHYIO CHCTEMY:
+1 ,
P, (x) Py (x)dx= 0o “4)

~1

I'Iepsbxe IAaTb NOJHHOMOB HMEIOT BHI

Py(x)=1, P, (x)=x, P, (x)=~g—x?—%,

3 15 3

5 35 ()
Pyx)=5x—5x, P=gx¥—F3r+%.

Bce onu nm6o yetHble, G0 HeueTHble (YHKUMH HEPEMEHHON x.
HernocTh nosmHOMOB JlexkaHApa onpesensieTcsi YeTHOCTbIO HHIEKCa

Pz(_x)=(—‘1)l P, (x). (6)

[Mosmuomel ¢ [2>2 MOXHO MOJYYHTb C TOMOLIBIO PEKYpPPEHTHOro
COOTHOWEHHN A

(+DP,, (x0)+IP,_, (x)= (21 + 1) xP, (x). (7)

TMonuHomBI .ﬂemaﬂnpa H KX INIPOHU3BOAHLIE CBA3aHBI TMPOCTBIM COOT-
HOLIIEeHHEM

(1 —x2) P;=l(P1—1"‘xPl)=(l+1)(xP1-Pl+1)¢ (8a)

H3 KOTOPOro, B YaCTHOCTH, cJaeAyeT
(2[+1)P1=P;+1 *Pll-l- (86)
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[Tpu x= 41 uMeeM
Py (xh=(=1) (%a)
H
anPy(£1) (——l)l+n ({+n)! (96)

dxn 2ol (I—n)!”

Ec/ii BBeCTH HOBYIO MEpeMeHHYW X=cos ¥, To onpelenesde (2)
nojinHOMOB JIexKaHApa MOXKHO IpeICTaBUTh B HHOH Qopme:

Pl(COSﬁ):2F1(1+1, —1, I Sil’l2%>=

{ .
T
=2 =D eyra—mi S0 5 =
TED (=D IIE DI +2) .
=1 sin 5+ @

ﬁ P
4——-

sin® - ... (10)
Korpa /> 1, a monpy.b |sin ¥/2| no nmopsaaky BequyuHsl pasex /1,
nocJelHU#A PsiA YIPOUIAETCs U MBI NOJIyHaeM

P, (cos 8) ~ JO((21+1)sin%), (11)

npuyem omubka sToro mpubIHKeHua Hmeer mopsamox 1/[2. Yro ke
Kacaercsi KOpHedl NOJMHOMOB P;, TO u mnpd OO/MbIIMX SHAUECHHSAX
yraa ¥ OHM JOBOJBHO XOpPOLIO OIHCHIBAIOTCS NpubInmeHHOH ¢op-
myqoi (11). Husa cayuas =10 nonusom JlekaHipa H COOTBETCT-
Bylolllasi eMy annpoxcuMupyioumas ¢ynkuus DBeccens nokasaHbl Ha
¢ur. 55 (tom 1, cTp. 284).

O cooTHOLIEHHSX, CBS3aHHBIX C FEOMETPUUECKOH HHTepnpeTalued,
CM. pasfel, NOCBAILEHHBIA CPEpHYECKHM TapMOHHKAaM.

Dynkyuu Jewandpa nepsoeo poda. Korja v He fIBJIAETCA LeJbIM
yncaoM, pan (10) yxe He oOphiBaercsi Ha KOHEYHOM uJjeHe, U Py ()
CTAHOBHTCA TpaHCUEHJEHTHOH (yHKLHeH ¢ OCOGEHHOCTAMH B TOYKaXx
x= 1. 31y QyHKUMIO MOXKHO Pa3/OXKUTh B PSA MO MoJuHHOMaM Jle-
KaHzapa:

sin v (=1 2n--1)
Py (x)= }__“ eI ) (12)

Psan (12)—vacTHeifl ciyuadl pasnoxeHUsl GyHKIHU
f)=¥@n+1)f,P, (x) (13a)

n=0
¢ Ko3ppHUHEHTaAMH

+1
=5 [ F@ P, (dx. (136)
g
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Tak kax noaunomsl Jlexkanapa 06pasyioT NOAHYHO OPTOTOHANBHYIO
CHCTEMY, TO Takoe pPasJjoKeHHEe BO3MOKHO JJ WIHPOKOrO K.jacca
byHKUIHU#.

IlpuBeseM npuMepbl 4acTO UCMOJb3YEMBIX Pa3JIONKEHMUI:

et =3 @1+ 1) i, () Py (x) 2w [x] < 1, (14)
1=0
il V2U=9) 3 (214 1)1 9) P, (). (15)

yV2(l—x =0

B ¢mu3nuecKHX NPUJIOKEHHAX OObUHO y=Fkr W x=cos¥, Tak uTO

yV T(01—2) = 2kr sin .

Panpt (14) u (15) cxomsitcs mnpu Bcex HAEHCTBHTEJbHBIX 3HAYEHHAX
nepeMeHHOH y. Jlpyro#i BaXHbIH npuMep:

TfT——.‘;x—yT?_};y P, (x) mpu |y| < L. (16)

[Nocnennee pasjioxeHue MOXKHO TAKXKE HCIOJNb30BATH B KayecTBe
onpejeseHHs MOJMHOMOB JlexaHppa.
Dynryuu Jlexandpa emopoeo poda. PaccMoTpuMm pasnoxeHue

l @®
7= 221t 1) Qu () P (), (162)
rje 2— POH3BOJIbHOE KOMILIEKCHOE YHCJIO, He IPUHALJIeKallee OTPE3KY
zeHcTBuUTeNbHOH ocu [+1, —1]. dysxkuus Q,(2), onpenejeHHas
COOTHOLUEHHEM
+1
Q)= § LU, (166)
-1

HasbiBaercs (ynkuuelt JlexxaHapa sroporo poxa. B cuay cummerpuu
pasjoxenusa (16a) no OTHOUIEHHIO K MEPEMEHHHIM 2z H X 3TH QYHK-
UK JOJIXKHBI YJOBJIETBOPATb TOMY e caMoMy JubdepeHHa bHOMY
ypaBHeHHuo (1), KOTOPOMY yIOBJIETBOPSIOT IOJMMHOMBL JIexanapa P, (x).
®Oyukiuu Jlexanapa Broporo poja uMeloT npH z= =41 Jorapug-
MHYyecKHe TOYKM BeTBseHus. [IpuBeneM ABHble BbIpaMeHHA IJis TPex
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nepeblX (QyHKUMH JlexkaHapa BTOporo popa:

-1 i
Q@)= 2y,

Q=P () Q@) —1, (17)
Q. () =P,(2) Q () —5 2.

Bripaxenus aas QyHKUU# GoJiee BBICOKOIO NOPAAKA MOKHO MOJYYUTD
C MOMOLIBIO PEKYpPPEHTHOI'O COOTHOILeHHs (7), KOTOpOEe ClpaBelIHBO
ans OyHKUMA @, (z), TaK Xe Kak U JJd noadHomos P, (z). B obuiem
cayuae ¢yHKUMA Q, (2) uMeeT Buj

Qn (Z):Pn (Z) QO(Z)-Wn-I (2)’ (18)

rage W,_,—mnonuHoM (n—1)-#i crenenu. DT0T NOJHHOM SIBJSIETCS
YETHbIM, €CJIM Y4eTeH MHIEKC 71, U HEeYeTHHIM B IIPOTHBHOM CJy4ae.

Ciepuueckne rapMoHHKH
Ecau npu pasjeneHvn nepeMeHHHX B BOJIHOBOM YypPaBHEHHH HC-
NOJIb3YIOTCA CcepHUecKde KOOPAHHATHL
x=rsinVcosgp, y=rsin¥sing, z=rcos & (1)

(ocb z pbifpaHa B KayecTBe NOJIAPHOH OCH), TO yIJOBas 4acTb peLic-
HHS JOJIZKHA YJOBJIETBOPATH AuddepeHalbHOMY YpPaBHEHHIO

1 d . a 1 o2 :
\m(j—ﬁ@mﬁa%)-{-ma—;g—i—l(l-&—l)u:& @)

rpe [=0, 1, 2, ... . [IpousBoas AanbHefillee pasjeneHue nepemMes-
HbIX

u =0 (9 emo, (3a)
rape m=0, 1, +2, ..., nosyyaem _
I d/ . .d® : 2
m%(smﬂﬁ>+[l(z+1)—§%ﬂ®zo. (36)

nOCJIelIHee YpPaBHEHHE C [IOMOIBIO 3aMEHbI nepeMeHHoﬁ
t=2=cos®
r
NPUBOJUTCH K BHIY
d2e do m2
(1—12)3t—2TQtd7+[1(1+1)—l—:ﬁ}®:o. (38)

YpaBHenue (3B) sBJsercs 00OGLIEHHEM ypaBHEHHA AJs [10JHHOMOB
Jlexxanapa P, (f) u nepexoaut B Hero upu m=0. Oxuako npu m =<0
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5TO ypaBHEHHe TPHHAAJEKHT K OOUIMM YPABHCHHSAM THIEPreoMeTpH-
yeckoro tuma. FETo eAMHCTBEHHOe TIPOH3BOJBHO HOPMHPOBaHHOE
peryJsipHoe pellieHHe MOXKHO IpeACTaBHTb B dopme

0, = (1—12)ms ZH, (3r)

rae m > 0. Kak okasbBaercs, ¢yHKIUM O, _, He ABMAIOTCS HOBLIMH
cpyHKuuﬂMn M HMX MOXKHO BblpasuTh uepe3 ¢yHkuuH 0, ,. Tak kak
noJIMHOM P, uMeer OTJHYHbIE OT HYJS MPOU3BOJHbIE JHIIL B TOM
cJyyae, €CJH HX MOPANOK He MpeBHIIAeT /, TO NPH JAaHHOM 3HAYCHHH
[ cymectByer Bcero 2/+4-1 perynapHbiX pewleHHH, I/ KOTOPHIX
|m] <! (HanoOMHHM, 4YTO 371€Chb /M -—II€JI0€ YHCJO).

[Mepefinem Tenepb K BONpoCY O HOPMHpOBKe. Mbi OyjaeM mpuuep-
JKUBaThbcsi HauGoJsee ynoTpeGUTELHOTO COTJialleHHsl, KOTOpOe Jyylle
BCErO OTpaKdeT TIeOMETPHYECKUH CMbICJA 3THX pemeﬂnﬁ, BCIOLY
pery/spHBIX Ha MOBEPXHOCTH enuﬂnqﬂoﬁ cepsl:

Yim(® @)= V PP (D) efmo 4)
u
PlY, alrdR=1 (5)
HJIH
§l9‘7‘(ﬁ)lzsmﬁdl‘}=l. (6)

0

TaknuM oGpasom, Ans HOpMUPOBAHHBIX QYHKUHE (3r) uMmeeM

2+ 1(—m)! dnpP (1
L@r[n = ;_ El +Z;, (1 - tﬁ)m/'ﬁ dt[m( ) ‘ (7)

UTto6bl BKJIOYHTD oTpuuaresbHble 3HAYEHHA m, IO ONPECIECNCHUIO
N0JI02KHM

P (8) = (=" Pr(@9). ®)

SIBHble BbIpaxKeHHst AJa cdepuueckux rapmoHuk ¢ /=0, 1, 2, 3
npueesensl B Tome 1 Ha crp. 183,184. Ilpu m =0 umelor MecTo no-
JIe3Hble COOTHOILIEHH S

1
50?:]/1+5P, wo V,,=) Ztflp, )

Pexyppermnoe coomroutenus. CyumecTByeT Lesblii PAL BaXHBIX
COOTHOMIEHHH, CBSI3BIBAIOMIMX CpePHYECKHE TapPMOHMKH C COCEJHHUMH
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3HAYEHHSIMH HHAEKCOB [ U m:

Sinﬁeicpyl.m:al.mYl+1.m+1—al—1,—m—lYl—l.m+1v (108)
sin®e~9Y, ,=—a; Y141, p-1+ 41, m-1Yi-1, m-1, (106)
cos ﬁyl.mzbl. myl+1.m+bl-—l.myl—1, m (l])
rjae
N4 (e e SV ()
Lhm™= CIFDCIF3)
(12)
b _l/(l+m+1>(1—m+1)
Lom™= @I+ EIFY)

IoBTOpHOe mpumeHeHue cooTHoweHu# (10) u (11) mosBossier mpeoG-
PasoBbIBaTb BblpaKeHHsl, COAEpiKalllue IpOoU3BeleHHs 6oJiee BHICOKHX
creneneli sin® u cos® n ¢ynkuum Y, ,; pasymeeresi, npu 3Tom
NOABJSAIOTCS C(hepHUECKHe FapMOHHKH C HHJEKCaMHU, OTJIHYAIIIHMHUCS
Gosiee ueM Ha =1 oT HMHAekcoB [ U m.

11 poussodnsie. JleficTByd Ha chepuyecKylo TapMOHHKY On¥epaTopaMu

0 0 . i 0
(ax.*-lay):ei”?{smﬁr +cosﬁaﬂ_ o 5‘P>
H
7}
ra—z=cosﬁr —sin® 01‘)’ (13)
HoJIyuaem
((;14—[ )Yz m=TFla, smYisr, mer FU+D -y, wm-r Yicy, maa,
r&yl.m=_—b1,myl+1.m+(l+l)bt-l,m =1, m» (]4)

rie a;, , 4 b, , onpenensorca BhpaxeHusmMu (12).
B Teopny MOMEHTa KOJIMYECTBA IBMIKEHHS GOJIbLIYIO POJb HI'PAIOT
opMuTOBBL onepatopel L, L,, L,, rae

L,=—i <x(—%—y(%> H T. A (15)
B ctepuuecKuX KOOPAMHATAX HMEEM
Li—L, il = iext (¢ i-b%-[—ctgﬁ%) (16a)
51
Lz=—i6%-. (166)

HefictByss Ha cdepHuecKyio rapMoHuMKy, omepatopel L, u L_ coot-
BETCTBEHHO [OBBILIAIOT M NOHMKAIOT HHIEKC m Ha |

LY, w=—VTUFD=mm+ DY, pers (17a)
LY, ,=—VIl+D)—mm—1Y, ,_. (176)
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Uro xe xacaerca oneparopa L,, To mjs Hero Y, , siBasercs coO-
CTBEHHOH (yHKUHeH, npuueM

Lzyt’”‘:myl’m. (18)

Cdepuyeckue IrapMOHHKH, KpOMe TOTO, SBJAIOTCH COOCTBEHHBIMH
(GYHKIHAMH OHepatopa

D=L L+ L= Lo Lo+LoLy)+ L (19)
W YIOBJICTBOPAIOT YpPaBHEHHUIO
Ly, .=l{+nY, . (20)
OTMeTHM TaKKe MNoJie3Hble COOTHOUIEHHS
LoLyYyu={L(+)—mm+ D]V, , (21a)
L,L.Y, =1+ )—m(m—1)]Y, . (216)

BBenennele sjechk onepaTopel L; OTIHYAIOTCS OT OMePaTOpOB MPOEKIHH MOMEHTa
KOJIMYECTBA IBHMKEHHS, HCIOMb30BAHHLIX B 3TOH KHHMIe, MHOXHTRNEM N

OmeZOHLZ/leOCI’nb U qacmo  ecmpedaroujuecs pPasioMeHus. ,HJIH
C(i)epH‘IGCKPIX rapMOHHUK BBINOJIHAIOTCA YCJAOBUSA OPTOHOpMPIpOBaHHOCTP[

ﬁwwnmm=wmm (22)

Tax xak, nanee, chepuueckre rapMOHUKH 00pas3yioOT MOJIHYIO CHCTEMY,
TO JIOJyI0 peryJ/sapHyio Ha exuHHyHOH ctepe dyukuuwo f (¥, @)
MOXHO INIPeJCTaBHTh B BHJE

1

fl. mYl, m (ﬁy (P), (238)

-1

+

Tnvs

f(ﬁlv (P)"—‘l

m

rie KoapdulueHTH pasJsoxeHus f, , onperensioress GopMyJoi
Fron= @ Yin(® (O, ¢d. (236)

Huxe npuBoiATcs NpHMepHl 4acTO BCTPEUAMOIHUXCHA Pas3/oKEHUH.
1. Pasaosceriuss daa noaunoma Jlexcandpa P,(cosy), Tae y—yroa
MeXJAY BEKTOpaMM, KOHUBl KOTOPHIX JexaT Ha eAuHH4HOH cdepe

’

B TOYKax ¢ KoopiuHatamu &, ¢ u 9, ¢":

4 +l * r ’
PicosV =57 3 Yin(®, 9)Y, (@, ). (24)

m=-1

Ora ¢opmysa H3BecTHa KaK TEOPEMa CJIOXKEHHSH.
2. Pasaoxcenue naockoil eoamps. Ecoau mnjockasi BoJiHA pacnpo-
CTPAaHAETCA BJAOJIb [MOJSIPHOX OCH, TO B pa3JioKEHHH YHacTBYIOT
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JMllb NOJHHOMBI JiexkaH1pa:

R ; | X TR il
elks =gtk cos 0 — = N VA (20 A1) it (k1) Y 1, (9). (25)
1=0 .
JlokazartesbcTBO 3TOH (popMyJbl CblIO JAaHO B HPOLECCE pelleHHs

sagaun 81. Obpamas gopmyay (25), mosyuaem moJie3Hoe HHTerpaJib-
Hoe mpencraBjeHue cpepuueckux ¢yHkuui Becceas:

+1
j(@)=it & S ei#P (1) dt. (26)

-1

Ecnu nnockas BoJiHa pacnpocTpaHsieTcss B HalpaBaeHHM BeKkTopa R
co cdepuueckumu yriaamu © u @D, TO umMeeT MeCTO pasJioxkKeHHe
ofiiero BHAa

v r =N (kD) Y (O, DY, 4 (0, P). (27)

=0

3. Cdopepuseckan eoama, ucnorvdyemasn 8 kavecmee pynxyuu I'puna
8041068020 ypasHenus. [lycTs r U r’—Ba pajuyc-BeKTOpa, Hampas-
JIEHHSt KOTOPbIX XapaKTepU3YIOTCsl COOTBETCTBEHHO C(epHYECKHMH
yraamu ¥, ¢ u 9, @’ U nycTb y—Yyroa Mexjay HHMH, TOrJa

R yr—r'| 1 i 21 i
Tt =mr 2 V) ST, )Y (cosy),  (28a)

rjpe

%/‘1 (kry R (kr") npu r <r’',
Ly(r, r)=A1 ; (286)
7 ji (kr YW (kr) nmpu r>r’.

B npenesnnHoM ciyuae k— 0 orciosa Nosy4yaeTca XOPOILLO M3BECTHAs
¢opmyaa

\ ri (:—) P,(cosy) npu r<r',

Tr=rT

(29)

i 1

—'r— P,(cosy) nmpur>r'.

(
|
Bt
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lunepreomeTpHueckass QyHKuHUA
HuddepenunanbHoe ypaBHeHHe
t(l—2)v"+{(c—2\)—(a+b+1—2A—2u) 2} v +
H{AASE 029 () (tu—a—b)+ab] bo=0 (1)

4

HMeeT TpU nOpaBHJbHbe ocoGble Toukn z=0, |, co. C noMoumpio
NOJICTAHOBKH

v(@)=2"(1—2)"u(2) )
€ro MOXKHO MPEeACTaBHTb B CTaHIapTHOH opme
z(l—2)u"+[c—(@a+b+1)2] u' —abu=0. (3)

, YpaBHeHue (3) HasbBaeTC THIEPreoMETPHYECKHM AH(GepeHuHalb-
HbIM ypaBHeHHeM ['aycca. [na /no0bix 3HaueHUH napamerpoB a, b,
¢, Kpome ¢= —n, rge n=0, 1, 2, ..., 370 ypaBHEHHE HMeeT
He ofpamalomeeca B HYAb OpH z=0 peryJspHoe pelieHue. Yka-
3aHHOE pelliecHue, HOPMHDOBAHHOE B COOTBETCTBHH C YCJIOBHEM
© (0)=1, Ha3bBaIOT THNEepreoMeTPHYECKHM PsJOM H 0603HAYAIOT
nocpenctsoM ,F, (a, b, ¢; z). Peman nugpdepenunasbHoe ypaBHEHHE
(3) ¢ nomMoubio passoXkeHUs B PAL B OKDECTHOCTH TOukH z =0,
nosyuaeM

AR JT 2
+ AEENYeE) rte- (a)

HJTH

. I'(c) Fa+nmI'(b+n) _,
Fila, b0 2)= T@r ) 2 Termn < (46)

Jta GyHKUHA HMHBADHAHTHA [0 OTHOIIEHHIO K 3aMeHe napaMeTpa a
napamerpom b. Ecau a= —n unn b= —n, rage n=0, 1, 2, ...,
TO THUIepreoMeTpuyeckuil psajg oOpblBaeTcsi Ha KOHEYHOM UJIEHEe K
BLIpOXKJaercss B HOJHHOM creneHd 7. COOTBETCTBYIOIiHE MOJIHHOMBI
Ha3bIBAIOT MOJMHOMAMH $IKOOH H OMNpelesslioT COOTHOLIEHHEM

Julps § &) =yF 1 (—n, pt+n, q; 2).
[NonuHoME! $1KOGH O6pasyOT OPTOrOHAaJbLHYIO CHCTEMY, NPHUYEM YCJIO-
BHE OPTOTOHAJIbHOCTH HMeEET BUJL
1
S 217t (l—2)p-2J,J,dz=0 npu m=~n.
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Ecaun ¢= —n, To runepreoMeTpuuecKui psj He CYLIECTBYeT.
B aroM cayuae pelieHne ypaBHEHHSt (3) MOXKHO MOJYUYHTb C NOMOLIbIO
npeaesbHOT0 Nepexoia

lim oFila, b, ¢, 2) _ T(@+n+1)I(btnf1)zn+?
c—>—n I' () o L@T @) (n+1)!

X Filatn+1,b4+n+1, nt+2; 2). (5

Eciu HM ONMH 43 mapameTpoB a, b, ¢ He fBJsETCH UEJIBbIM OTpPH-
naTeJbHBIM YHCJOM HJIM HyJeM, To pAan (46) cxoautcs abCcOJIOTHO H
paBHoMepHO npu |z| < 1. anepreomeTqueCKuH PSAL MOXHO OJHO-
3HAYHO MPONOJIKHUTHL BO BHEIIHOCTb €IVHHYHOH OKpYyxKHOCTH |z > 1
¢ paspezoM mo Jaydy [l, oo].

Husi  aHaJUTUYECKOTO MNPOJO/MMKEHHS MOXKHO BOCIOJIb30BAThCS
dopmynamu

')l (c— b
Fi(a, b, 2)—r”§cc)—$r<i—b;f (@ b, a+b—c+1; 1—2)+

b
+F—@1),—l;;—)a1:"(—b)—c)(l—z)“““”2F1 (c—a, c—b, c—a—b+1; 1—2) (6)

4!

NN 1
JFa(a b, e 2)= F%—r((ra;( 2)7¢,F, (@, a—c+1, a—b+1i 5 )+
INOINC !

T @ e= _(_2)_b F (b’ b—c+1, b—a+1; ;). )

[TpuMensia nocsefHol0 (QOPMYJy, MOXKHO 3aNucaTh acCHMITOTHKY
GYHKUHH LF, npH 2 — 00!

. T'{c)l'(b—a) —a L) T (a—b) _
1,0, 6 ) — 55— T Y roremy T2 ©)

Obwee pelleHHe TrUIepreoMeTpUYeCcKoro  Au(pdepeHUHaJbHOrO
ypaBHeHUsi npH |z| <] MOXHO NPENCTaBUTL B BHIE
u=Cy,F, (a, b, ¢; 2)+C,2*~¢,F.(a+1—c, b+1—c, 2—c; 2). (9)
Hckaouenue cocrasasier cayuaih ¢=0, =1, 2, ..., Tak Kak
npyd 3ToM 06a YaCTHBIX pelieHHs, KaK HeloCpPeACTBEHHO BHIHO U3
cooTHoweHus (D), comanailoT. Bropoe JuHeHiHO HesaBucHMOe pelle-
HHE B 3TOM CJ/lyuyae HMeeT JOrapu(PMUUECKYI0 OCOOEHHICTb B TOUKe
2=0.

Huxxe npusoaurtca cBoika ¢opmya, HanboJiee BaKHHIX € TOYKH
3peHus npaKTquCKHx npmlmxeﬁnﬁ TUNepreoMeTprueckKod QyHKUUH

Fo(b,c z)—“‘c b)ﬁF @-+1,b, c+1; 2)+
b(c—
+c(b a) ¥ 1

+%2F1(a+1) b: c—l_l' 2)1
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2, F (g, b, ¢ z)=c;]—[?Fl (@—1, b, c—1; 2)—

oL Fila—1,bc—1;2)—

—Fi(a, b—1, c—1; 2)]=—=¢
—zFl(a—l,b—l,c—-l'z)] =2 Fila—1, b, ¢ 2)+
+b JFila, b—1, ¢; 2)+,.F, (a, b, c; 2),
(1—2) ,F,(a, b, c; Z):'a_:T2F1 (a—1, b—1, c—1; 2)+
-I—Q—T Ji@—1,0b, c; 2).
GopMy sl 4715 NPOU3BOAHBIX:
L Fi@ b, 6 =2 F @+l b+1, c+1; 2),

z(l—z)d JFila, b, c 2)= a(c a) SLila—1, b, ¢; 2)+

b(c—b ) —a(c—a)
—b

+b(c—b) Fi(a, b—1, ¢; )+ L1, b, ¢ 2).

BuipoxjeHHas runepreomMeTpuyeckan QyHKUHSA

Ecu B THePreoMeTpHUIecKoM JuddepeHHaIbHOM  YPaBHEHHH
laycca caenarh npenebHbill nepexog b— oo, z=x/b, T0 B pe3yb-
TaTe MOJYUHTCS au(bq)epeuunanbﬂoe ypasHeHue Kywmmepa:

' xm—[—(c—x) E;—au=0. (1

[pu stoM ocofasi Touka z=1, uMeBWascA B HCXOIHOM YPaBHEHHH,
CMECTHTCS Tenepb B TOYKY X =oo. Takum o6pasoM, Ha KOMILIEKCHOH
MJIOCKOCTH X paccmaTpHBaeMoe ypaBHEHHE HMeeT IPaBHJILHYIO 0CO-
6y Touky x=0 M cyllecTBeHHO OCOOYyI0 TOUKY X == 00, IOSBHB-
Wycsl B pe3yJ bTaTe CJAHAHHSA OCOOBIX TO4eK 2=1 H Z2=00

O6wmee peulenue ypaBHeHHs (1) MOXHO 3anucaTh B BHIE

u=CyFi(a, ¢ x) +Cx*~¢ Fi (@a—c+1, 2—¢; x), 2

rfie TaK Ha3blBaeMblii BBLIPOXKIEHHBI TI'HIepreoMeTpHUYecKHH psn
\F, 1o onpeneseHHio paBeH

oy a z + aa+1)22  a(atl)(@t2)?
Fi@ e =1+t atieihery 3T (32)

HJIH

=3

(@t+n)zr
cfnynl

Fi@a, ¢ )= (36)

":I
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STOT psif a6COJIOTHO CXOOUTCSI BO BCEeH KOMILJIEKCHOH IJIOCKOCTH Z.
OnpenensieMylo BbIPOXKAEHHBIM FHIEPreOMEeTPUYECKHM pAAoM (YHK-
IMI0 MOXKHO cle/aTb OJHO3HAaYyHOH, MPOBels pa3pe3 MeKIy TOUYKaMu
z2=0 u z=o00. B mamel KkHHTe B KayecTBe JIUHHHU paspesa BHIOpaHa
MHHMas HOJIOXKHTeJbHAsl NOJYOCh.
Ecnu ¢=—n, rae n=0, 1, 2, ..., 10 psix (36) He cyILeCTBYeT.

B stom ciayuae peienne ypaBHeHus (1) MOXKHO MOJAY4YHTH € mO-
MOLIbIO TIpeNieJIbHOro mepexosia :

. Fi(a, ¢ zntl

lim * 1(1,’(;’ z)=r(a;(2)+l)(n+l)! Filata+1, n42; 2). 4)

C>—n

(Beie mepemenHas x o0o3HaueHa uepes z.)
AcumnroTHyeckoe noBeleHHe BHIPOXKAEHHOH T'HIIEPreOMeT PHUECKOH
GyHKUMH TIpH |2 | —0o0 onMchiBaercs GopmyJiol

. —ina_ L (©)
Fia, ¢ 2)—e ‘"“F(C j 2 "—}—F ) grga=c, (5)
Sta ¢opMyJsa He OTHOCUTCH K Caydaw a=—n, rge n=20, 1, 2,

TaK Kak, corJjacHo (3), BHIPOXJEHHBIH . TUIEPreOMeTPUYECKUH psij 1
YKa3aHHOM cJiyyae INpeBpallaercsi B MOJHMHOM cTeneHu n. Cpeau
TaKUX MOJHUHOMOB HQUOOJBIIKHA HHTEpec NPE/ICTABJIAOT TIONHHOMBI
Jlareppa

' .
Lym (2)~("—,;,F,,f.’~) 1Fr(—=n, m+1; 2) (6)
U MOJHHOMH JpmuTa (cM. 3ajauy 30)
2n)! 1
Hy ()= (=11 S F (—n, 55 22),

2 7
2n+-1)!
Honr @) = (=1 &5 22 F, (—n

B 3akJ/ioueHHe npHBefieM CBOAKY HauGoJiee BaXKHBIX B NPaKTH-
YeCKOM OTHOWIEHHH (OPMYJ 1/l BBIPOXKJAEHHOH THIEpreoMeTpuye-
CKOH (YHKUMH H ee NPOHU3BOJHOMH:

Fia, e )=—,

=e?* F,(c—a, ¢; —2),
Z(ElFl(a’ c Z)=a[1F1(a—}—l, ¢, 2)—,F,(a, ¢ 2)],

d
ElFl(a’ G Z)=—?~1F1(a‘{-1, c+1; 2).
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HeKOTOPble (l)yHKl],l/ll/l, ofnpejecasemMble HHTErpasamMmu

WHterpan omuGoK W CBA3aHHbIE ¢ HUM (YHKUHUH. I/IHTerpa.u‘

OlHGOK ONpeNessiOT paBeHCTBOM

w

erfcz= S et di.

2

Yacro HCICJAb3YETCA HECKOJAbKO HHOE OIpeaeseHue:

2

g2 1 3 .

erffz=\e tdi=2F, {5, 5; —2°

2 2
0
VKasaHHble HHTErpaJibl CBSA3aHBLI COOTHOLIEHHEM
an
—42 1 —
erfcz-%erfz:Se t dt=7l/n.

0

®yukuuio erf z MOXXHO 3amucaTe B BHAe psAa

i z
er Z—Z——IE—F%——... .

inI 6ONBIIMX JNEHCTBHUTENbHBIX H TOJOXHTEJNbHBIX 3HAUYEHHAX
HMEET MeCTO aCUMITOTHYECKOE IpeiCTaBJieHHE

C )t

e=2 1 3
1)y pE Ly ) I R L
D gini? T gz (l 57 T I >

OudtepeHuupys TOXKIAECTBO

F(z, B)= S e=B dt =p-"s erfc (VP 2),

HETPYAHO T0KAa3aTb, 4TO
aﬁ = —-S f2e-Btt dt =—f"" erfc(Vﬁz)—— e-bz*,
ITonaras 3neck Pp=1, nonyuaem

2

gl 2 o=z
Sﬁe dt—2erfcz+26 .
4
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AHajorHyHeiM o6pa3oM NyTeM NOBTOPHOro AuddepeHUHpoBaHHA Bce
HHTerpasbl BHJAA

°§ t2me=t* dt

MOXKHO cBecTH K (QyHKIMH owub6oK. B wactHocTu, mpu z=10 noay-
yaercst opmysa

Com it g 1= @n—1)
Stze dt= Vﬂm—__—l)l‘
0

C nomombio 3aMeHbl NepeMeHHOH 2= x ee MOXKHO 3aNUCaTb uYepes
HHTerpaJj JuJepa:

[me-ttar= L {omonesdr= LT (w4 5).
0 0

UHTerpanbHas mnokasaresbHasi QyHKuMs. 3Ty (QYHKUHIO ompeje-
JISIIOT DABEHCTBOM
z
. e
Eiz= S —t_

Oco6biii uHTEpEC mNpeicTaB/feT cJayuyal z=-—x, rie x— neHCTBU-
TeNIbHOE [10/I0HTENbHOe 4Hca0. B atom ciyuae noJaraior

El(x)=—-Ei(—x)=Ser;tdt.

X

dyukunio E; MoxHO 3amucarb B Buie psia

E,(x)=—C+1n— —[—x 2'2-}_%_...,

rae
C = Se" mtidt:o,sn 215...
» .

— Tak Has3blBaemas MnoctosHHas Dinepa. Ilpn x3>>1 umeer mecto
aCHMNTOTHYECKOE NpeCTaBJeHune

E, (1) = (1__+2_L_...)_

x2
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MoxHo BBeCcTH  OGOOILEHHYIO  HHTErpajJbHYl0  NOKa3aTeJbHYIO
dynKIH0:

E, (x) =j§t;

Qurypupyouui 31ech HHTErpan MOXHO cBecTH K ¢yHkuuu E, (x),
€Cc/ii MPUHATH BO BHMMaHUe COOTHOILEHHE

E, ()= [x""'e™* —E,_, (v)],

noJydarolieecd HHTErpHPOBAHHEM 10 4aCTAM.



MpeamerHbiit ykasareabp K 1-My ¥ 2-mMy TOMam

Uuppsl ykaspiBaloT HoMepa 3afiay, a He crpanuu. 3agaud |—128 cocrasasior
conepxanue l-ro toma, 3agaud 129—219—2-ro roma. Byksa [l orHocutcss Kk Ma-
TeMaTHYeCKOMY MpPHJAOKEHHIO, [OMElleHHOMY B KOHLe 2-T0 ToMd.

Akcnagbubli BekTOp, cM. [lceBoBexTop

Ayaabfd monpaBka K MOJesd atoma
Tomaca — Pepmu 173

AMnaaTyna BOJNHOBOH (yHKUMH, ee H3-
MeHeHue 26, 27

— paccesHns sueper 21, 22, cM. Takxe
Paccesnue

— — Hasajg 21, 22

AHFSp\IO}IH‘{eCKPIﬁ ocuuaasartop 35, 69,
/

AnomasabHoe paccesinue 85, 112

— — NpPOTOHOB Ha npoToHax 165

AHTHKOMMYTAlMOHHbIe CBOHCTBA MaTpHLL
Jdupaka 189

— — — Ilayau 13l

AHTHCHMMeETpU30BaHHO
152

AToma paauyc 173

AToMBI IIEJOYHBIX META/JIOB, paccesiHHe
Heynpyroe Ha Hux 166

— — — 3JeKTpHYecKas
BOCTb 159

npou3BeieHHe

BOCIIPHHMYH-

Bapoep noreHumnaabsbtit 19, 21—23

Berywas BosaHa 16

Beabiit kapaux 171

Beckoteyno MaJsle Bpaulenus 47

Beccenst pyHxiun, ocnosHele Gopmybl [1

Bere —I[laitepsica dopmyna $0

Baoxa Teopema 28

Bose cratuctuka 210, 213

Bopa marseron 127

Bopua — Onmnenrefimepa
44, 161, 163

Bopua npuGauxkenune 94, 96—98, 102,
105—107, 183, 184, 211

apubauskeHue

Bopuoscknit
105, 108

Bpefita — Buruepa ¢opmyaa 114

Bpunmosna soub 29

auTerpan, pacxoanuMoCThe

Bau-nep-Baanbca cuapr 161

Bapuauuousnii npuauun lsunrepa 95

— — Mlpenuurepa 2

Bekrtop B Teopuu [dupaxa 192

Bekroptas uactuua 52

BekTtopHbiii notenunan 125

— — pasjlokKeHHe ero o
BosiHam 212

Benruenss — Kpamepca— Bpuaiaosna me-
To4, ¢M. Merox BKB

Bepwunna 219

Burnepa —3kxapra teopema 133

Bupuana Teopema B c/yuae KyJOHOBCKHX
cun 151, 175

— — 15 BO36YXKIEHHbIX COCTOSIHWH re-
ana 155

Bupryanbubiii ypoBenb 26, 27

BaiectuMOCTL  OTeHUHAJbHOH siMbl 25,
63, 68, 106

Bonopoaa atom 67

— — Bpems XKHU3HH BO30OYKAEHHBIX CO-
crosiHui 215

— — HHTEHCHBHOCTb
auuui 217

— — Kax 3ajjaua AByx Ttea 150

— — peasiTuBHCcTCKas Teopus 202, 203

— — cob6cTBeHHble QYHKUHN B HMIYJ/AbC-
HOM MOpeAC1aBjieHHH 78

— — ra6axua co6cTBeHHbIX pyHkuui 67

— monekyaa, uon 44

J10CKHUM

CMEKTpaJIbHbIX
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Bonopoaa MoJeKyJa HeHTpa/ibHas, oC-
HOBHOE cocTosiHMe 163

— — paccesiHie MeJJIeHHbIX HEATPOHOB
Ha Hed 147

Bonopoauas 3sesga 171

Bosmywenue, cm. [leproauueckoe BO3-
MylieHHe

— cBeToBOil BOJIHON 186

Boauoso#i naker 17

BocnpuHMYHBOCTL AHAMarHMTHas H Ha-
pamarautHas 128, 160, 168

— ajekTpHyeckas 159

Bpaulate/ibHble YPOBHH ABY XaTOMHOH MO~
nekyabi 69—71

Bpauennii rpynna 46, 52

Bpemenu o6pawenue 16

Bpems xu3HH BO36YHKAEHHBIX COCTOAHUMA
215

Bpouckuan 24, 28, I1

Byna —Cakcoua nortesunan 64

Bhipokaenue rasa 3iekTpoHos 167

— npu HanMYMH Bo36yxmeHus 162

— co6CTBeHHBIX 3HayeHHH 42, 46

Bripoxnenuas runepreoMeTpHyecKas
obynkuus 30, 42, 65 70, 110, 111,
202—204

— — — ¢opmyan [1

[a3 aTOMHBIX 3J4eKTpOHOB, cM. Mogenb
atoma Tomaca — Qepmu

— 3/eKTpoHOB B GejoM Kapauke 171

— — npoBojuMocTH B MeTanse 167, 168

[afitnepa — Jlonflona npubaukenue 163

I'aMubTOHHAH, 3aBHCSLLHAI OT BpeMeHH 11

— NpH HAIHYHM CHHH-OPOGHTAJIbLHOrO
B3aumogelicreus 136
apmonnyeckve kose6aHus JHHeHHOH

mosiekyabl 149

[apmonnyeckuit OCUHMIATOP B abCTPaKT-
Hom ruabGepToBoM npocTpascTee 31,
33

— — — MpeicTaB/JeHHH HMMYJbCHOM 34

— — — — KoopauHaTHoM 30

— — — npubauxendd BKb 118

— — rabauia co6eTBeHHBIX QyHKumi 30

Teiisen6epra xapruua 10

— COOTHOLIeHHe HeonpeleseHHocTH 17,

Tequit, Bo3GyKAeHHble COCTOSHUA 155,
156

— OCHOBHOe cocTosiHue 154

[eHepaTopsl rpynnel Bpawerdii 52

[nab6epTOBO NPOCTPAHCTBO [ rapMo-
HHYecKoro ocuuaasropa 31

— — — oneparopa MomeHTa 65

— — — COHHOBBIX oneparopos 129, 139

[H1b6epTOBO MPOCTPAHCTBO COCTOSTHHA
6, 10, 12, 31, 33, 50

unepreomerpuueckas ¢yHkuua 37—39,
46, 64, 68, 207

— — ¢opmyan 1

I'naBHoe kBaHTOBOE 4ucao 67

puna QyHKUHS AJA DapLHaAbHBIX BOJH

— — — TpexMepHoi 3ajaun 94

I'pynnosas ckopocts 16, 17

Japnedue 3jekTpoHHoro rasa 167, |71

JlBa aTOMHBIX 31€KTPOHa B OCHOBHOM
coctosiHun 154

IIBle4 ;acmubl Ha IJagKOH OKPYKHOCTH

JlByxypoBHeBas cuctema 179, 180

He#dtepuit, oTkpbiTHe 150

HeiitpoH, moAeab C B3auMogeiicTBHeM
TeH30pHbIM 144, 145

— — — — LeHTPa/bHbIM 72, 75

— — — JKecTKOH cepjiueBuHofi 91, 92

— CBI3aHHOE COCTOSIHHE H JJHHa pac-
CesiHMSl HEHTPOHOB Ha NpoToHax 147

Henbra-pyHKuus, npejcrabBieHse B BUIe
HHTerpana ®Pypoe 14 .

Henoasipusandss AHPAKOBCKOH MAOCKOA
sotbl 208

Hduamaruerusm 128, 160

Ilnré%ﬂb-llHHOJleOe B3aumogedcTBue 161,
1

Junons MarHuTHeli 127

[unoasHoe usnydenue 213—215

— — mnpasuia or6opa 216

HOunoabubie nepexoast 43, 79, 213—216

[upaka ramuibroHnan 189, 200

— Teopusi BOaMyneHui [81—183

— ypaBHeHHe L1 OJHOMEPHOro CJjy4as
197, 207

— — KBajapupoBaHde |89

— — JIOpeHU-HHBapHaHTHOCTL 191

— —— NpOCTPaHCTBEHHAs uHBepcua 193

— — pacwenneHHas ¢opma 200

— -— CTaHJapTHOe npejcTaBaeHue 189

Jucnepcun 3aKOH I/ PeqSTHBUCTCKHUX
BO.IH MaTepuu 189

Hucnepcusi csera 187

ﬂuéi)@epeﬂuuanbﬂoe ceyeHHe paccesHua
0

Juddysuu ypabhenue 16

Jly6aeTHble CIHHOBHE QyHKUHHA 146, 147,
194

Mectkan cdepa, paccesHHe Ha Hed 84,
9
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3apsga naoTHOCTb |

3apsnosoe conpsikenHe 194

3eemana sbdekT HopMmanbHE 127, 216

3oao0toe npasuno 182, 183, 211, 213

3ommepdenbaa— Batcona npeoGpasosa-
Hue 113

3omMepdeabaa ycenosue uanyuenna 80

30oHHast CTPYKTYypa  SHEPTeTHYeCKOro
crnekTpa 28, 29

HW3nyuenne nunonbHoe 213, 214

Manyuenuss KBaHTOBaHHOe nose 212

HsoTonuueckuil casur yposHed K-3j1eKT-
poHOB 73

H3zorponunifi ocuuansaTop

Wmnyabca omeparop 3, 7, 8, 10

— MJIOTHOCTh |

WmnyabcHoe npeacrasiaenue 14, 15, 34,

HMmuyabe noJiHbi HipeAHHT€POBCKOro Mo-
asa 1, 3, 210

WHayuupoBaHHbIf IMIIONbHEIH MOMeHT 187

HuterpanbHasi nokasaTe/ibHas QyHKIMS

MuTerpasnbuoe ypaBHeHHe IS BOJHOBBIX
QYHKUUI B MMIYJbCHOM NpelcTaBie-
Huu 14, 77

————— paauanbHbix 94

VIHTeHCHBROCTb OTPAXKEHHOH BOAHB 21—
23, 37, 39, 45, 207, 209

— CNeKTpalbHBIX JuHuii 213, 217

Honusauuss B 3Be3nHoM BemecTse 171

Hcnyckanue onHoro dotona 213, 214

KasmuGposounoe mnpeoGpasoBanne 125,
126

Kosonxepo ypaBHenue 97, 100

JauHeapusoBaHHoe 98—102

KaHouuueckue ypasHenus 10

KBaapynonbHoro momenra Texsop 54, 61

Keagpynoabublii MomeHT 61

— — peittpona 145

— — 3JEKTPOHA CO CHHHOM B IlEHT-
paabHoM moge 134

KBasunorexdunan 104, 124

KBauToBauue NoJst usiyuyeHus 212

— — wpeauHreposckoro 210

K BaHToBOMeXaHHYeckoe cpennee 3, 4, 5

KBapTeTHble CIHHOBEIE QYHKUUH 146, 147

Kparepuuoust 131

Kensepa npo6JjeMa B HMNYJILCHOM Npef-
cTaBJeHud 78

— — mnpubamxenue BKB 120

— — pelllenHe A5 NOJOKHTENbHEIX SHe-
prufi B TeOpHH HepessTHBHCTCKON 111

———————— peNsiTHBHCTCKO

Kensepa npo6.ema, CBSi3aHHBIE COCTOS-
HHS B HEPEeJATHBHCTCKOH Teopum
67

Kuneruueckoli suepruu oneparop 13, 46,
4

— — IJIOTHOCTb D

Knaccuueckast IMHAMHKa LAS1 KBaHTOBO-
‘MeXaHHYeCKHX cpeluux 3, 4, 5

— TOYka mosopora 40, 117—124

Kneiina— Humuner Gopmydaa 218

Kanefina mapanokc 202, 207

Kuefina— ®oka ypasHenue 189

Kauggoprosa aarebpa 192, 194, 197

Kmuddoprosu yucna 191, 192

Kone6anusa nsyxatoMHoii MoJexydsl 69,
70

Komntosa 3addekr,
ceueHue 218

KoHcTanTa B3auMOJEHCTBHMA, pasioxe-
Hue B paj mo Hei 102, 105

Kou¢urypauus 3aMkiyToil 0060/104KH 61

KoopauraTe kpusoanneiinbe I1, 13, 46

Kparuepa MonekyasipHulil notenuuan 69

Kpucranaunyeckas peterka, cM. Ilepuo-
JMYeCKHH NOTeHIHa

Kyanounosckoe Bos6Gyxnenne 185

— paccesiHMe M aHOMaJbHOE paccesHHe
112

— —— Ha 3apsANe NPOCTPaHCTBEHHO pacrpe-
neqaendom 108, 112

— — — — Toyeunom 110, 111

HepeIATHBHCTCKOE

— — pasjoXeHMe MO TNapuHaJbHbIM
BoJiHaM 111

— — pacyer $a3 B NPHOIHKEHHH
BKbB 123

Kymmepa nuddepennuanbHoe ypaBHeHue,
cM. BblpoxneHHasi runepreoMeTpHue-
ckast QyHKIHS

K-31ekTpoH, yueT 3KPaHHPOBKH 178

— sHeprus cBaAsH 154

JlalimaHa cepusi B CNEKTpe H31yueHHS
BOJOpoAa 217

Jlaune mMuoxurens 135

Jlapmopa uacrora 138

Jlexxangpa ¢oyHKUMM ¥ noHHOMBE [1

Jlennapna — Ixkonca norenuuan 104

JIMTHS aToM, OCHOBHOE cocTosiHde 157,
158

Jlorapugmuueckas npoussopuas 20, 22,
23, 82—86, 89, 101

Jlorapugmuyeckoe HCKaxenue ¢asnbl 69,
110—112

Jlopenna GecKoHeuHO Majoe npeo6paso-
BaHHe 192
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JlopeHleBbl KOBapHaHTH 192

JlopeHu-uHBapHAHTHOCTb ypaBHeHHs [lu-
paka 191

Jlsreppa nonunomsr I1

Marueron Bopa 127

MarsuTHOe KBaHTOBOe uucao 127

— noJe, CIMHOBOH pesoHanc B HeM 138
— — ypasuenne lpenunrepa 125
MaruntHele cBoficta Gepmu-raza 168
MarnutHbiit MOMeHT fefiTpona 145

— — punoJbHbli 127

~— — HeoHa 160

— — 00yCJOBJACHHbIR OpOuTaAbHBIM
nBHxeHueM 127
— — CNHHOBBIX COCTOSIHHH, CpelHee

3Hayenue 135

— — sanekTpoHa 136, 138

— pe3sonanc 183

Marpuusoe npejcrasJjenue oneparopa 6,
33

Martbe ypaBHenue 148

MesoaTtom 74

Meraas, napaMarHHTHas BOCIHDPUHMYH-
BocTb 168

Merox BKB, B 3azaue o xosdduunuenre
npoxoxnexus 169

— — rpanuynoe ycaosue Jlanrepa 117,

8

— — JJs paguafbHEX BOJHOBBIX QYyHK-
uui 116

— — — yposueit sueprun 118—120

— — — (a3 paccessnus 121—123

Merpuka 4eTHIpeXMEpPHOr0 NPOCTPAHCTBA
189

Mopuduunposanusie dynkunn Leccens,
dopmyasr 1

Mousekyaia Bogopoaa, cM. Bomopoxa mo-
JleKyJ1a

— nByxaTomHas 69—71

— KaK CHMMETPHUHBIH BOMUOK 46

— TpexaTomHasi, HOpMaJjbHble KoJeGa-
Hus 149

MonekynsipHele noTeHIMaabl 44, 69, 70

MoMeHT KOMHYecTBa ABHxceHHS 4

— — — B 3ajaue 0 CHMMETPHUYHOM BOJIY-
ke 46

— — — — pensTHBUCTCKOH# Teopuu 201

— — — &18 ABYX YacTHIL Ha IJiajKo#
okpy:KHocTH 148

— — — H CBfI3aHHBI C HUM MarHUTHbIH
momeHT 127

— — — Kak [epeMeHHass Ha KOMIJIEKC-
Ho#t nyockoctH 113

— — — KOMIIOHEHTH Omeparopa B cde-
pHYeCKHX KOOpAHHATax 48

MoOMeHT KOJIHYeCTBa ABHIKEHHs, omepa-
Top 42

— -—— — OIepaTOPbI KOMIIOHEHT, HX Onlpe-
JlefleHHe ¢ NOMOLIbO GeCKOHEeYHO Ma-
JIBIX BpaileHHH 47

— — — MepeCcTaHOBOYHLIE COOTHOIIEHHUS
50, 51

————— C KOMINOHEHTaMH TeH30pa
53, 54

— — — pa3noXKeHHe aMNJHUTYAbi
cesHus 82

— — — — NJOCKOH
205

- — — cBfI3b comnepaTopoM Jlamnaca 49

MowmenT cuanl 4

Mopca norenunan 70, 71

pac-

poaHel 81, 136

Ha6monaeMble # NOBTOpHOE U3MepeHue 12

Hawmarnuuennocrs 128

Heiimana psg 94, 105

— (yHKIHH, OcHOBHble dopmy.ni [1

Heiirpuno Teopus 200

HeoanoponHoe auddepenuanbHoe ypas-
Henxe 94

HeoH, nnamarsuTHas BOCIPHHMYHBOCTD
160

HenpepeiBHocTH ypaBHenue 1, 21

HenpepriBrbiii cnektp 26, 219

Henpusoaumoe npeiCTaBieHue TPy NIkl
marpui 189

Heynpyroe paccesinue 166

Hnsgxoauepremqecxoe paccesinue 83, 88,
8

— — u cBasaHHoe cocrosinue 90, 147

—gg— Ha noreduyade IMTewss — Teanepa

Hopmuposka 1, 14, 15

HopmupopouHniit o6bem 183

Hynesble KoseGaHusa  moJst
Hua 212

uasyye-

OGMeHHBI HHTerpan 44

— — 19 BO30YXKJAEHHBIX COCTOSIHHMH
requs 155, 156

— — —— 3ajayd MHOTMX uacTuy 153

— -— — HeHTpaJbHOH MOJIEKYyJbl BO-
nopoaa 163

— — — OCHOBHOI'O COCTOSIHHSI JIHTHA
158

OnHopoJHOe 3JeKTpHYecKoe Ioje, [BH-
JKeHHe 3/1eKTpoHa B Hem 4l

OKpy*)HOCTb C AByMS TOYEUHBHIMH Mac-
camu Ha Hefi 148

Oneparop MarHutTHOro Momeuta 135

Oneparopbl B NPOCTPAHCTBE UYHCJa Ya-
crun 210
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Ontuyeckas Teopema 104

Op6uranbyblii MOMEHT, cM. Takxke Mo-
MEHT KOJIHUEeCTBA ABHIKEHHS

— — CcpeAHee 3HaueHHe B PEJAATHBHCT-
ckoft Teopun 203

OproBogopoa, cnuHoBble (yHKUHH 147

Oproreanii 155, 156

OproronanbHass cucreMa (yHKuui 2

OproronanpHocTbh ChepHYECKHX TapMo-
HHUK 57

Ocuuansitop anrapMonuueckuit 35, 69,
70

— rapMounveckuit 30, 31, 33, 34, 118

— wusoTponuuil 65

— Kpyrosoi 42

Orpaxenus 3akon 45, 208

Ownbox dynkuus I1

MapaGonuyeckne koopaunaral I1

Ilapasogopon, cnuHoBble ¢yHKuHH 147

IMaparenus 155, 156

[Tapamarueruam 128, 168

IMapamaruuTHolil pesonanc 180

IMapuunanbroe ceueHue 84, 87

IMapuuancuwie sosnn 81, 82, 205

— — pa3ioXeHHe MO HHUM aMIJHTYIbI
paccesnus 82, 83

————— B CJyuae KyJIOHOBCKOIO
paccessnus 111

————— njaockofl BoJHb 81

————— TPeXMePHOH (yHKUHH
I'puna 91

IMayan marpunm 52, 129, 130, 189

— — ux aJare6pa 131

— npruuun 152, 157

IlepexphiTust HHTErpan 44, 156, 158, 163

IMepecranoBka wacruy 152, 153

IlepectanoBoYHble COOTHOlWeEHHs 7, 8

— — /1% BOJIHOBBIX omepartopos 210

— — — KOMIIOHEHT OonepaTtopa CHHHa
129

— -— ¢ ramuJabToHHaHoM 10

ITepexona BeposiTHocTh 182, 183, 186,
211, 213

INeprnonnueckuii norenunan 28, 29

INepuonuueckoe BO3MylLlEHHE ABYXYpOB-
HeBoit cucrembl 180

IMepuonuunocru ky6 15, 210

[Mewnss — Teanepa mnorennuann 38, 39,
93

IMnockas BosHA, HAKJOHHOE MajfeHHe 45,
208

— — ONHCHIBAOILAS HEPESTHBHCTCKYIO
4acTHUy co cnuHoM 137

— — — PeJATHBHCTCKYIO YacTHLY CO
cninioM 190

[lnockas Bosma, pasnoxeHune 10 napmm.
anbHBIM BoJiHam 81, 136, 205

[Mnoruocte BepostaocTh 1, 16, 17, 128

— HMIlyJbca |

—21]<§)Heqﬂbxx cocronnui 183, 186, 211,

— Macchl 1

—lg_;cmsmm"d 3JIEKTPOHOB B (hepMH-Taze

-— TOKa BeposTHocTH 1, 16, 17, 80, 126

— 3JieKTpHueckoro Toxka 1, 213

— — — B TeopuH Jlupaka 198, 199,
207, 209

— SHepreTHYeCKHX ypoBHed 26

Ilokasarenr npesomnenns 187

[Tosre ueHTpanbHEIX CHJl, peNATHBHCT-
CKHH 3/1eKTpoH B Hem 201

— — — H CHHH 3JjekTpoHa 133

IToaurpona 171

ITosHoe orpaxenue 45

IMosHLI MOMEHT KOJHUECTBA JIBUIKEHHS
133, 142, 201

IMonynponunaeman neperopogxa 19—22,
27, 86

Honsipusannonusiii Tok 199

Tonsipusanusi AUNONBLHOTO H3JyueHHR
214, 216

— IJIOCKOH AHpakoBcKofi BoJHbI 208

HMonspusyemocts atoma 159

Tlonepeuynasi Bosna 212

IMocnepoBarenbrbie npuGAKKEeHHS Aas
PEIIeHHS] HMHTEerpajbHOrO ypaBHEHUs
94, 96, 105 :

[NoTenunan, umerowni BUA CTeNeHd  AJH-
Ha paccesinus 99, 100

INoteHunanbuas crynenoka 37

— — B Teopun dupaka 207

— 3HEprus, MJIOTHOCTH 5

— aMa 25

[TpaBuna oT6opa A4S AHNONBHOTO H3AY-
genus 216

Ilpenomnenus 3akon 45, 208

IlpuBenennas macca 72, 75, 150

IpunenbrHoe paccrosiHue 104, 185

ITpousponHeie ONEpaTopoB MO BPEMEHH
8, 10, 11

ITpoxoxnenne AMPaKOBCKMX YacTHIl ye-
pe3 noTeHuMaJbHblll Gapbep 207

IMpotweneli BOJHB HHTEHCHBHOCTH 21,
22, 23, 39, 45, 207, 209

IceBroeektop 192, 193

IceBrockaasp 102, 193

ITyaccona ypasuenne 156, 172—174

Pa6ora Beixona 169
PaBHoBecHoe MeXaTOMHOE pacCTOsTHHE
B MoOJeKyJe Bogopoja 163
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PannajibHaa KOMIIOHEHTa ONepaTopa M-
nynasca 59

PapuajbHble BOJIHOBble (YHKIHH B NpH-
6auxendn BKB 116

PaccesiHue B KBanToOBO# Teopuu moast 211

— [JMPAKOBCKHX 3JEKTDOHOB B [noJe
HeHTpatbHeX cud 206

— u soaortoe npasuao 183, 211

— Ha xecTKoil cpepe 84, 109

— — coepuueckoit nojoctu 86, 88

— HeHTDOHOB Ha MOJEKYJsiPHOM BOJO-
poxe 147

— mneynpyroe 166

— OoA¥HAKOBHIX uacTul 164

— onHOMepHasi Mojesb 21—23

— NpoTOHOB Ha npoToHax 165

PaccesiHus aMIlJIATY[1a, DA3JIOXKEHHE 00
napuuajbHbM BoJHam 82, 85

— — CXOMMMOCTb DPa3JjIOXeHHus 0o nap-
nuanbHEIM BoJiHam 83, 103

— nomna 84, 92, 95

— — JJA TOTEHiIHaja, MMeKWero BHI
crenenu 99, 100

— — — — [OxaBm 102

— — — paccesiHHsl HEHTPOHOB Ha mpo-
tonax 147

— — — cOepHYECKH CHMMETPHYHOM
npsMoyroapsoi ame 89 101

— — ee 3HaK 88, 147

— ceyenue, onpezenenue 80

PaccesiHHas BOJIHA, HHTepdepeHuus ¢
nagawomeii poanoir 80, 82, 105

Pexke noJiockl B Tpaekropun 113, 114

Pesepdopaa paccesnue 108, 110

— — OfMHAKOBLIX dacruny 164

PesonaHc NpH NEePHOAHYECKOM
mennn 180, 182

Pe3oHaHCHAs HanpsikeHHOCTb moas 138

PesonaHcHoe morJomiesue 182

— paccesnue 84, 86

PesonaHcHbll 38ameHarteab 182, 186, 187

— ypoBseHb 27 '

Pukkaru ypasHende 115

PuTua BapuaudoHHbifl MeTon 44, 72, 74,
75

— — — aasa auddepeHUnanbHOrO ypas-
geuusi Tomaca — Pepmu 177

HeHATpaJbHOH  MOJIEKYJIBI

Bogopoaa 163

COCTOAHHH artoMa

BO3MY-

154, 156
Porarop 43, 79

requs

CaGatepa npeobpasoBaHue 124
CamoconpsixkeHHblil omeparop, oM. 3p-
MHTOB ONeparop

Cso6opHoe najgeHue B KBaHTOBOH Mexa-
Huke 40, 119

CBs3aHHOE COCTOSHME H HH3KO3Hepre-
THYecKoe paccesinde 90, 147

Cesizu sueprus 90

Cuapl ocuuanatopos 187

— 3JEKTPOCTATHYECKOTO H306paKeHns,
BJIMSIHHE Ha XOJIOAHYIO 3Muccui 170

CuMMeTpH3alHsi B MHOTOYAaCTHYHBIX 3a-
gavax 152 .

—-lggquacmqﬂux CIIMHOBBLIX YHKUHI

~— pesepOpAOBCKOH  aMIIHTYABI  pac-
CeIHUSI B CJAyuYae ORHHAKOBBIX YaCTHIL
164, 165

—— COCTOSIHHH aTtoMa requsa 155, 156

—lzgexqacruqumx CNMHHOBBIX GbYyHKLHIH

Cummerpuunbiit Bonyok 46

CunrnetHas cnuHoBass ¢yHkuus 139

Cxansp 192

Cnsrepa onmpepeaurens 152, 153, 158

Cmech S- H D-cocrostHuil 143—145

Co6cTBeHHBlE BEKTOPbl CHHHOBHIX One-
patopos 130

— 3HayeHus oneparopa 'amuabToHa o,
DHepruu ypoBHH

— CIHHOPHl MOJIHOTO MOMEHTa KOJHYe-
crpa asuxkenus 133, 137, 142, 201

— GyHKUME 1A aToMa BOJOpOAa, Tab-
auua 67

— — — TapMOHHYECKOro OCUHJIATOPA,
rabauna 30

CoGcTBEHHBIH MArHHTHBIA MOMEHT 3/1€KT-
pona 136, 138

Coxpanenue BeposiTHocTH |

— 3apsaga |

— 3HepruH 5

CrnekTpa/iibHas JHHHS, HHTEHCHBHOCTb
213, 217

— — ¢opma 182

Cnekrp 3HepreTHYecKHi TOPMO3HOFO U3-
Jayuenus 219

CrnuH BeKTOpHOH uacTHUBL 52

— JBYX3NeKTPOHHOTO cocTosiuus 139

— ero npeoOpa3oBaHue NPH NPOCTPaH-
CTBEHHBIX nosoporax 132

— TPeX3JIEKTPOHHOTO COCTOAHHA 146

— BJEKTPOHA, CpejHee 3HAYeHHe KOM-
noHeHT 196

Cnunosblii o6meHHblll onmepatop 140

— pesonasc 138

Cnuu-op6HuTaibHoe
136

CnuHOp B HEpeJATHBUCTCKOMH Teopun 132

— 914 oaHomepHoe ypapHenHe [lupaxa
197

B3aUMOJEACTBHE
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Counuop npeo6pasoBanus Jlopenna pas
Hero 191

Cnuu-¢sun B MariutHOM noje 188

CnupasnbHocTH onepatop B TeopuH [u-
paka 190

— — JJs ojHOMepHHIX 3agau 197

CnupansHocts 137

— mneiirprHo 200

— nJockoll aupakoBcKolt BosiHb 190,

. 195, 196

— cpennee snauenne 196, 208

CranpaprHoe DpelcTaBJeHHe
Hupaxa 189

CratucTika xBaHTOBas 167—178

Craunonaphoe cocTosiHHe 16

Crupaunra ¢opmydaa I1

Crosiuast Bosna 18

Crynenbka, cM. [loTenuunanbuas
neHbKa

Coepryeckne TapMOHHKM BTOPOro IO-
pslKa, TeH30DHble cBOkcTBA 54

— — OpTOrOHaJABHOCTb 57

— — ocHoBHble Qopmyssl 1

— ~— mnpeo6pasoBaHHe NPH MNOBOPOTaX

MaTpHL

cTy-

— — pasJjoxeHHe MJIOCKOH BOJIHBEI IO
Hum 81, 136, 205

— — rabauna 67

— koopauuathl [1

— dynkuun Beccens 62, 63, &1, 83,
87, 108, 109

— — — HHTerpajbHOe NpencTaB/ieHue
81

— — — ¢opmyan I1

CdepryeckH CHMMETPHYHAS MPSIMOYTO/b-
nas ama 63, 89

— CHMMeTpHYHOE  pacnpeje/ienue 3sa-
pana, paccesinine Ha Hem 108

TaiiTua NpHGIHKEHNE IJS MOLEJH aTOMa
Tomaca — ®epmu 176—178

Teeproe Tes0 B KBAHTOBOH MeXaHHKe 46

Tensop B Teopuu [Qupaka 192

— MepecTaHOBOYHLIE  COOTHOIUGHHSI C
KOMIIOHEHTaMH MOMEHTa KOJIHYeCTBa
neuxKenus 53, 54

TeHsopHble CHJB 143

Teopusi BO3MyILleHHH B 3ajaye O B3a-
WMOZeCTBHH  HeHTpaNbHEIX aTOMOB
161, 162

— — — NpPHMEHEHHH K BBIYHCJIEHHIO
3JIeKTPHUECKOH BOCIpHHMYHBOCTH 159

— — Ilupaxa 181—183

— — I/ aHrapMOHHYECKOro OCLHJLIA-
Topa 35

Teopus Bosmymenu#i, pacuer AByXypos-
HeBOH cHcTeMHl 43

pacueT H3OTOITHYECKOTO CABHra
yposHe# 73

=~ — — MarH¥THOH BOCHPHHMYHBOCTH
128

— —— — YpOBHeH SHepPruH Mesoaroma 74

— — — sddexra Ilrapka 43, 79

Tox mNpoBOLHMOCTH B peNATHBHCTCKOI
Teopun 199

Tomaca nonpaska 136

Tomaca — @epmu Mozess atoma 172—178

Tomcona dopmyaa 218

Tonkass CTpyKTvpa ypoBHe#l aToMa Bo-
ﬁxggona B HEpeJIATHBHCTCKOH TeopHm

—————— PeNATHBHCTCKOH TEO-
pun 203

Tpexatomuast mosekyna 149

Tpunserusle cnuHoBbie dynkuuu 139

TynnenbHbifl 3pdext 23

— — " XoJoAHas smuccHsa 169, 170

YryioBas 3aBHCHMOCTb AMIOJIBHOTO W3-
Jgydyenus 214

— — ceyeHHs ¢porosdptexra 186

YMHOXeHHs Tabauua B aireGpe CHHHO-
BbIX Mmarpul 131

Ymoba —ITofiuTHHra BekTOp 5

Yuuraproe npeo6pasosanue 10, 50

YHHTapHEle MaTpHIbl ABYXpsaHbe 130

Ynpyroe paccesinue, cm. Paccesinne

YpaBHenue HempepriBHocTH 1, 21

da3a paccesnus 82, 84—87, 93

— — B npubmmkennn BKDB 121, 122

— — — cJayuvae noreunnana IOkase 106

~— — — -— 3KCNOHEHIHaJbHOr0 MOTEeH~
uuana 107

BHIYHMCJEHHe C IOMOWbIO HHTe-
rpanpHOro ypasHenus 94

— — OmpejeJieHHe METONOM IOCJeR0-
BaTeJIbHBIX NpHOMHXKeHu#t 96, 97

®asopas ckopocth 16

®epmu ras 167

— craructuka 210, 213

— oHeprus 167, 168

Droke Teopema 28

®opmdaxTop 108

@otToH, BeposTHOCTb H3NyuyeHHs 213

@otoaddexr 186

®perens tdopmyaa 45

®ypve unrerpan 14, 15, 17

— npeobpasosanue 14, 34, 76, 184

— —— noTeHuuana 77

Xanxens ¢yuxnuu 63, 82, 83, 117, 183
— — dopmyant II
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Xonoanas smuccus 169, 170
Xopoiee kBaHTOBOe uucao 133
XiwoabTeHa norexnuxan 68

LleHTpa/ bHble CHJBI, 3aBHCSILME OT CIH-
Ha 140, 147

— — HMOyJbcHOe mpefcTaBienue 76,
77, 91

[entp macc, ero nsmxkenne 150

— — TpexaToMmHOl MosieKyanl 149

Huauunpuueckue KoopauHatsl I1

YeTHocTH npeoOpasoBaHHe I/ ypas-
Henuss upaxa 193
Yernocts 18—20, 22, 25, 26, 143

WlBuyrepa BapHAIIMOHHBIE nNpHHIHD 95

Ulpenuurepa xaptuHa 10

— none, ero kpantoBanue 210

[lltapka sddeKT g NBYXMEPHOTO po-
tatopa 43

— — — TpexmepHOro potaTopa 79

ditkonaa 115

Ditnepa yraw 46, 55

Diipu ¢yukums 40, 41, 117, 11

OKpaHHPOBaHHEIE BOJIOPOIONOAOGHEE
¢yuxuun 154—157, 160

JKpaHHpPOBKa K-3/IEKTPOHOB B TAKENBIX
atomax 178

— sagepHoro 3apsaja 156

SKpGaHuposqub[e nocrosiiuere 154, 157,
160

OKCroHEeHI HAAbRBIA NOTeHUHan 75

— — paccesinue Ha Hem 107
DeKTpHUecKasi BOCIPHHMYHBOCTL 159
DneKTPOHHBIN COHHOBBIH pesoHaHnc [38

DneKTPOHEl MPOBOXMMOCTH B MeTalie
167, 168

daauncoujanbHeie KoopauHatsl 44, I1

DanunrtuyeckHe HHTerpans 170

Suepreruyeckue 30HB 28, 29

— YPOBHH aHTapPMOHHYECKOTO OCLHJ/IS-
Topa 35

— — aroma Boxgopoaa 67, 203

— — rapMoHHUYecKoro ocuuiiastopa 30

— —— AByxaToOMHOH MoJieKyanl 69—71

— — yYaCTHIB B IPaBHTALHOHHOM TOJe
y noBepxHocTH 3emau 40, 119

— — — — cayyae noreHnrana [leur-
a1 — Teanepa 38, 39

—————— XwJsbTeHa 68

————— OPSIMOYTOJIbHOH fIMBL €
NOJyNIPOHKIaeMOl neperoponkoit 19

OHeprHH COXpaHeHHe 5

Sneprus Bakyyma 212

— HOHH3aUHH IS5 Teaus d redauenofot-
HeIX HoHOB 154, 155

— rnosnHas B monenu aroma Tomaca —
Gepmu 174

Opwmura noauHomer 30, 32, I1

dpmuTtoBo conpsikeHue 6, 31

— conpskeHHEH ouepatop 6, 7, 59

AddexTnBHOE ceuenue, cM. Paccesnue

— — H BeposTHOCTb Mepexoxa 183

— — KOMNTOHOBCKOro paccesiiusi 218

— — TOpMO3HOrO Hajiyuenus 219

DpdexTHBHHIA pagHyc B3aHMONEHCTBUS

,
HOKkaBnl nmoTeHuuan 72

Slzpo aTOMHOe, BJHSHHE €rO Pa3mMepoB
Ha SHEPrHIO CBSA3H JEKTPOHOB 73

— MHTErpajbHOTO YPaBHEHMA, CHMMeT-
pH3auua 94



