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Mocxkoscruti 2ocydapemsennuid yrusepcumem mauwurnocmpoerusn (MAMU)
115280, Mocksa, Poccus

ITocrynuna B pemakiuio 4 cenrsiopst 2014 r.
nocsie mepepaborku 21 cenrsiopst 2015 1.

C ucnonb3oBaHneM NOMYYEHHOrO peleHnst ypasHeHus Jupaka ansi anekTpoHa B nose TodeqHoro sgpa (Ze),
ABASIOLLErocs cOBCTBEHHO dhyHKLMeR WpeanHrepoBCcKoro onepatopa [aMunsToHa 1 onepaTopa NpoeKTUPOBa-
HUSA CNUHa Y3, 1 B OCHOBHOM MOPSIAKE NO napameTpy pasfoxerus (Ze) < 1 Bnepeble BblYNCAEHA BEPOSTHOCTb
W) n3nydeHns HelATPUHO B eANHULY BpEMEHN BogopoaonoaobHeIM atomom (Ze)* — (Ze) 4+ v, Kak okasa-
nocs, W) goctatouro mana, a cootserctaytouiee spemsi xusnu ) = [W )] 7! snauntenso npesbiwaer
Bo3pacT BceneHHoli, Tak 4TO 3TOT NMPOLECC HE MOXET NOBANATL Ha BanaHC HU3KOIHEPreTUYECKMX HERTPUHO.
370 nopaenermne W) obycnosnero He Tonbko Hanu4mMem ouesmaHoro «cnaboro» daktopa (Gm2)*(m/myp)*
B soipaxkeHun anst W), a Takxe, B OCHOBHOM, «31eKTpoMarHuTHoro» caktopa (Za)'?, npuuem nocnepHee
0BCTOATENBCTBO MOXET BbITh BbISSCHEHO TOMBKO NpU KOHKpeTHOM pacueTe. [NpuBoaATCA apryMeHTbl, 4TO no
3TUM ke HallfieHHbIM BONHOBbIM byHKLUsM hoToHHOe nsnydenue (Ze)* — (Ze) + npu ero paccmoTpeHun B
pamkax K9/[ moxeT oTcyTcTBOoBaTh (aHann3 (hOTOHHOrO M3nyyeHus TpebyeT fasbHelillero passuTus MeToaa),
a akcnoHHoe (Ze)™ — (Ze) + a — HanpoTnB, MMEET MECTO, XOTsl nocsefHne ABa spdbekTa AeTanbHO B paboTe

N HE pacCMaTpUBAlOTCS.
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1. BBEAEHUE

[Tpobsiema BOIOPOIOIIOM0OHOI0 aTOMA SIBJISLIIACH Ca-
MOIi IIDUOPUTETHON CO BpEMEH CTaHOBJICHUS KBAHTOBOI
busnKm BOOOIE U KBAHTOBON MEXaHUKH B YaCTHOCTH.
D710 OOBSCHSIETCS W ee MPUHININAJIbHBIM 3HAYEHUEM
C «YHCTO aKaJIEeMUYIECKOI TOUKU 3PEeHusi» KaK IIPOOHO-
o KaMHs [IPOBEPKU &JIEKBATHOCTU TEOPUHU HA IIPUMEDe
[IPOCTEMIIIEro aToMa, 1 BO3MOYKHBIMU aCTPOMUITIECKI-
MU acCIeKTaMU, TOCKOJIbKY BOJIOPOJ — CAMbI pacipo-
CTpaHeHHBIH 3/1eMeHT Bo Bceenenmoii.

ITomumo 7aBHO pereHHol 337249 00 OIpe/IeICHII
CIIEKTPA 3JIEKTPOMATHUTHOI'O M3JIyYIEHUS BOIOPOJIOIO-
JIOOHOIO aToMa, BaXKHOE 3HAYEHUE MMeeT U BBIYHCJIe-
rue Bepositrocreit W(7) B equnmity Bpenenn mepexoza
3JIEKTPOHA C m3JiyueHueM (hOTOHA M3 BO30YKICHHBIX
COCTOSIHUI C COOTBETCTBYIOIINM OIIPE/IeJIEHUEM BPEMe-
mu sxusin 700 = (W]~ 5 arux BosGykaeHHbIX CO-
crostHusX. HacKOJbKO HaM WM3BECTHO, 3Ta 3aJada Tak
[IOJIHOCTBIO U He ObLiIa PelleHa B aHAJIUTUIECKON hopme

* E-mail: v.skobelev@inbox.ru
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[IPU UCIIOJIB30BAHUK TOYHBIX MeTo/0B KD/I ¢ narpan-
JKUAHOM B3aUMOJIEHCTBUS

L

e[P AT JA,. (1)
B03MOXKHO, 0OTYACTH ITO CBA3AHO ¢ OTCYTCTBUEM B JIU-
TepaType HPUEMJIEMOrO i MPAKTHYECKUX DACUETOB
pemerna ¥ (U, = e *P'W) ypapuenus lupaka s
9JIEKTPOHA B II0JI€ TOYEUHOro sijpa (Ze).

Jljist OLEHOK OOBIMHO UCIOJIB3YIOT HOJIydaeMoe Ha
OCHOBAHHU TOJIYKJIACCHIECKIX COOOPArKEHNI BhIpazKe-

HEe BUja (CM., HApuMep, yueOnuk [1])

4 aAE?
(M — Z 222 2
W = 2 OO e P 2
.1 Ap-p
" he T 137 T anh (2)
m(Ze?)? (Za)?
E=F,=— =—
2h2n? oz

HE YyUHUTBHIBAIOIIEe, €CTECTBEHHO, CIIMHOBBIX 3(DEKTOB.

OjHako B paMKax HCIIOJIB3YeMOro B paboTe IpH-
OIMKeHNs TTOTyIeHHoe B pa3/l. 2 Bbipakenne W Taxo-
BO, YTO MATPUYHBIN JEeMEHT U3JIyUYeHUs IIOMEePETHO-
[IOJISIPU30BAHHOTO (POTOHA BOJIOPOIOIOI0OHBIM ATOMOM
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no Jjarpamxkuany (1) obparmaercsa B myib. U sror BO-
poOC, 110 HAIEMY MHEHWIO, JOJIKEH OBITH MPEMETOM
JMATBHEHIINX MCCAEOBAHNUI ¢ b0 yUueTa CIMHOBBIX
3(b@dEKTOB U BBISICHEHHsI COOTHONIEHHsI STHX JBYX HOJI-
XOJIOB B 3ajade 0 (GPOTOHHOM HU3JIy9eHUH BOJODPOIOTIO-
Jo6HOrO aroMa (CM. Takike pasf. 4, 1. 3).

Nsiyvyenne HeHTPUHO BOJOPOIOLOIOOHBIM aTOMOM
C UCIOJIb30BAHNEM KOHTAKTHOIO JIarDAHKHAHA

G
V2
110 MAJIOTIOHATHBIM TPUIMHAM BOOOIIE HE PacCMaTPH-

BaJIOCh paHee, XOTs HaJaHC HUZKOIHEPIeTHIeCKUX Hell-
TpuHO BO BcesieHHO# MOXKeT ObITH B IPUHIUIE O0Y-

L= 2 [T (Cy+Car) 0] [Toru(1+9)0,] (3)

CJIOBJIEH 1 3TUM 3(PHEKTOM B CHIY YIIOMSIHYTOH pac-
[IPOCTPAHEHHOCTU BOJOPOIa (U resius); KaK 0Ka3bIBa~
0T Pe3yJIbTaThl KOHKPETHBIX pacderon (pasfi. 3), aro
Ha CAMOM JIejIe He UMeeT MecTa. Mbl MOXKEM COCIATHCS
Jumb Ha Hamm paborel. B pabore [2| paccmarpusast-
¢l MIPOIECC U3JIyYeHUs HEHTPUHO BOIOPOIONOIOGHBIM
aTOMOM B 3(p(DEKTUBHO OJTHOMEPHOM IIPOCTPAHCTBE, Ie-
Hepupyemom cgepxcuibHbM (B ~ (>)10° Tc) marnmT-
HBIM H0JIeM, B pabote [3] — pe3oHaHCcHbIH 3 derT u3-
JIydeHHsI aKCUOHOB [4] B 9Toil 2Ke cuTyamun.

BamernMm, UTO 3HAYEHHS] CTPYKTYPHBIX KOHCTAHT
Cy, 4 ~ 1 B narpamxunane (3) 3aBUCAT, KAK H3BECTHO, OT
TUlA HEHTPUHO U BBIPAXKAIOTCA Yepe3 yroj Baitnbepra
Ow . Hanpumep, 111 9716KTPOHHBIX HEHTPUHO OHU PaB-
HBI

1
CA:§.

Paszymeercs, npejictaBisger MpUHIUIHATBHBI HH-
Tepec U3ydeHne ITuX ke 3(HhPEKTOB U B MeHee IK30TU-

1
CV = 5 + sin2 ew, (3&)

YECKOI IMOCTAHOBKE BOIIPOCA, T. €. B OTCYTCTBUE BHEII-
HEr0 CBEPXCUIHLHOIO MATHUTHOIO IIOJIA, XOTH 9Ta 3aa-
Ya M IPEJCTABISETCS C MATEMATUICCKOW TOUKH 3pe-
Husi GoJiee CJIOXKHOH, 1yeM B paborax [2,3], B Koro-
PBbIX BIUSHHE MATHUTHOIO IIOJIS CBOJWUT €€ K IIPOCT-
PaHCTBEHHO—OJITHOMEPHOI 3aji1ade, a B PeJaATUBUCTCKON
dOpPMyIMPOBKE — K JBYMEPHON B JBYMEPHOM IPOCT-
pamcrBe-BpemMern. Pu3nTecKoil MTPUIHHON ITOTO ABJIsI-
€TCa KOMIICHCAITAS SHEPIUU HYJIEBLIX KOJICOAHNI B Mar-
HUTHOM IIOJIE 38 CYeT OTPUIATEIHLHOTO BKJIAAA B SHEP-
TUIO IIPY OPUEHTAIUN CIIMHOBOI'O MATHUTHOTO MOMEHTA,
3JIEKTPOHA II0 3TOMY IIOJIIO.

B mammoii pabore, B IEJIOM NPHIEPKUBASCDH CXE-
MBI M3JI02KEHHS MATepHaJIa, IPUHATON B HAIIAX pabo-
Tax (2, 3], MBI paccMaTpUBaeM M3JTyUeHUe HEHTPUHHBIX
nap BOJIOPOIOIOA00HBIM aToMoM (Ze)* — (Ze) + vv
1o Jiarpamkuany (3), JJisi 9ero J0CTATOYHO MPOCThI-
MU M CTAHIAPTHBLIMU METOJAME TPAJUIAOHHOTO Kypea
KBAHTOBOH MEXaHWKHN NPEJIBAPUTEILHO PEIIaeM ypaB-
uenne upaka Jyist 9jileKTpoHa B noJjie spa (pasmi. 2)
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C HOJIyYeHHEM YJI00HOTO /I HPAKTUYECKUX PACUIETOB
(B TOM 4mcie U B JaHHON paboTe) BUIA DEIICHUS, & B
pasji. 3 BeraucssieM hU3nIecKue XapaKTePUCTUKHI TTPO-
uecca (Ze)* — (Ze) + v, KOTOPBIii, B OTJIMYUE OT IIPO-
necca usiydenus dorona (Ze)* — (Ze) + v, moxker
OBITH 0e3 TTPobJIeEM PACCMOTPEH Pa3BUBAEMBIM B pabo-
Te METOJOM YK€ B IIEPBOM HEHMCYe3aoleM (B paMKax
9TOTO MeTo/ia) Npub/IMKeHnH 110 napamerpy (Za) < 1
(pasz. 3). B paszz. 4 Mbl KpaTrko dhopMyIupyeM pesyiib-
TaThl pabOTHI, a TaKyKe 0DCYKIAEM IE€PCIIEKTUBBI Pa3-
BUTHSI 1 ODOOIIEHMS MPEIJIOKEHHOTO METOIA pacyeTa
3bdEeKTOB U3IyIeHns BOIOPOIONOIOOHBIM aTOMOM, B
FaCTHOCTHU, OOBITHOTO OHOMPOTOHHOTO U3y ICHUSI.

2. YPABHEHUE JVUPAKA 1 ET'O PEIITEHUE
AJ14d SJIEKTPOHA B ITOJIE AOPA

Vpasuenne Jlupaka s 9J€KTPOHA B IIOJE sIIPa
u3 coOOparKeHU JaJIbHeHero yno0cTBa mpecTaBuM
B BUJE

D_U =0, (4)

rJie IMPAKOBCKU OIIEPATOD PaBeH

)*yo—ihc<7~

a PCIIATUBUCTCKAasA SIHEPIUsd ET

(2e?)

2
Fme?,

(5)

D = <ET+ .

")

= mc? + E (ucxons
u3 crenudUKI PACCMATPUBAEMOrO B JAHHOM DPa3/iesie
BOIIPOCA O CTPYKTYPE U B3aUMOCBS3M JIBYX OCHOBHBIX
ypaBHeHUl KBaHTOBON Mexanmku — Jlupaka u Illpe-
JUHIrepa — [PUMEHUTEIHHO K €€ KJIACCHYEeCKON IIPOb-
JieMe BOJOPOJIONO/I00HOT0 ATOMA, MBI COXPAaHIEM B CO-
OTBETCTBYIOMNX (POPMYJIaX IMOCTOsSIHHBIE i, ¢, KAK U B
MIepBOHAYTAIBLHON OPUTHHAJILHON (HOPMYJIUPOBKE ITUX
yDaBHEHUIA ).

PaccmarpuBas nastee, eCTeCTBEHHO, HEPEISTUBHUCT-

ckuii ciyyait § = |E|/mc® < 1, niem perienne B Bujie

(6)

cjielys U3BECTHOMY METOy KBaJIPUPOBaAHUA UCXOJHOT'O

\IJ:D+907

ypasuenns (4). ITocie nopcranosku (6) B (4) ¢ yaerom
(5) mostygaeM 1ocJie HeKOTOPBIX IIpeobpa3oBaHuii ypas-
HeHue

_h_2 B (Ze?) B E? B (Ze?)? B
om " r 2mec?  2mc?r?
Ni(Ze?) 1°(y - 1)
. = E
" ome r3 o (1)

rie A, — oneparop Jlamraca. 31ech ¢, pasymeercs, He
cdepudeckuil yroJi, a HEKOTOPBIN «BCIOMOTaTe/IbHBII»
CIUHOP, BUJI KOTOPOTO OYJIET YCTAHOBJIEH HUXKE B 9TOM
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pasneste. [lepexons masee mist ynodcTa K «6e3pasmep-
HBIM KoopauHatam» ¥ (r — r'):

/o Zm(_E)
r'=r 3 , (8)
nMeeM
12 (Za) 1 (Za)?
Ar+ o r 1+26+ 72 +
0(s/
N lie))

ITepBble Tpu caaraeMbiX B KBaJPATHBIX CKOOKaX
ypasuenus  (9)
ypasuenuio [lpenunrepa (cMm. takxke muke (11b)), u
He cojepzkar majoro dakropa (Za) < 1, a nociennue
TPH ONMCHIBAIOT TIOTIPaBKH Topsaaka (Za)? 1o mocro-
AHHOI TOHKOHU CTPYKTYPBI (v = e2 /hc 1o orHomeHuo

COOTBETCTBYIOT IIPEOOPA3OBAHHOMY

K [epBbIM TpeM (OTHOCHTEIBHO MOPsijiKa IMOCJIEHETrO
cimaraemMoro B (9) ©M. TakKe KOMMEHTApHii IOC/Ie
dopmyn (12b), (12c), (12d)). Ilpu srom napamerp
) —FE/mc* mcnonb3yeMoro HepessiTHBHCTCKOTO
npubJIzKeHus ¢ y9eTOM U3BecTHOro 3Havenus F (2a)
mMeeT TOpsaoK (Za)?, Tak UTO BTOpOE claaraemMoe B

KBaJIpaTHbIX CKOOKax (9), Kak mepsoe u TpeTbe, He
comepkur (Z@r), a 4erBepToe, KAK OTMEYEHO, MMEET
nopanok (Za)? m TakwKe SIBJISETCS TOMPABOTHBIM.
OTMeTHM, KCTaTH, YTO PENSTHBUCTCKAMH W CITHH-
opOHUTANBHBIMU ITONpPAaBKaMu K 3HadeHuio F (2a) B
HAIIIEM TIPUOJIZKEHNT MOXKHO MPEHEOPETb, TTOCKOIbKY
orn mpomoprmonanbubl (Za)t [1]. Takum obpasom,
npu yenosun (Za) < 1 (a (Za)? << 1), xoropoe
pU PasyMHBIX 3HAYEHUSAX Z UMEEeT MECTO B PACCMAT-
PHBAEMOM HAMH TPEXMEPHOM MPOCTPAHCTBE, MOXKHO
nperebpedb MOMPABOYHLIME JICHAMU B yPABHEHUN
(9), ocraBasgch B paMKax HEPEIATUBUCTCKOrO PUOIIU-
JKeHnsl. B mocsieHeM 3aMeuaHun Mbl [MOJIPA3yMeBaeM
Tak¥Ke, ITO B MPOCTPAHCTBAX JPYTUX U3MEPEHUil Me-
TOJ| MOYKET OBITh HENMPUMEHUM, TaK KaK Pa3MepHOCTD
U, eCTeCTBEHHO, BEJNYMHA 3JIEMEHTAPHOTO 3apsijia
[5] GymyT mHBIMEH, WeM B TPEXMEPHOM MPOCTPAHCTEE;
Ge3pasMepHblii  Ke Hapamerp, aHaJorudubii (Za)
B TPEXMEPHOM MPOCTPAHCTBE, B KBaJIPUPOBAHHBIX
ypasuernsax tuna (7), (9) Moxker ObITH, B IPUHIIHIIE,
U He MaJbiM. B JaHHO#l paboTe MBI OTPAHUTIHBACMCSI
peaJIbHbIM  CJIy4aeM TPEXMEPHOIO I[POCTPAHCTBA, B
KOTOPOM METOJ MOYKHO TPUMEHATH 0e3 KaKuX-Jnbo
JIOTIOJTHATETLHBIX TTPEITOJIOKEH OTHOCUTETBHO TUC-
JICHHBIX 3HAYCHWI KOHCTAHT, MOCKOJILKY IOCJIEIHNE,
pasyMeeTcsl, U3BECTHBI U (DPUKCUPOBAHBI.

B paccmaTpuBaeMOM HEpeJSITUBUCTCKOM IIpeJIesie
0 <« 1 ((Za) < 1) oneparop D4 (5) B ucnoibzyeMoMm
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B paboTe CTaHJAPTHOM HpeJICTaBJIeHun y-Marpul [6] ¢
TOYHOCTBIO JIO HECYINIECTBEHHOIO U3-32 OJHOPOJHOCTH
ypaBHenus (4) MHOXKHUTeJS PaBeH

1 I 0
Dy=-("+1)= , 10
p=50+n=( o (10)
rae 1,0 — euHTYHASA U HyJIeBas MATPUILI 2 X 2.
IIpencraBum cuumHOp @ B BUJE CTOJIOIA:

$1

P2
= (11)

¥3

P4

B cooTBeTCTBUM CO CKA3aHHBIM U C TIPE/ICTABIEHIEM
perierns B Buje (6) ¢ yuerom (10) MOXKHO IIOJIOXKUTH
TOrJa B MCIOJIb3YEMOM IIPHO/INKEHNY:

(11a)

o1~ @2 ~Wap; 3,04 — 0,

rie Vg, — HopMupoBaHHOE pertenue ypasuenus [pe-
JUHTEpa I BOIopoaonoaobuoro atoma |1, 7). Ipyru-
Mmu cioBami, oneparop (10) Bbimensier u3 Gosiee mn-
POKOI'O KJIacCa pelleHuil KBaJPUPOBAHHDLIX YPaBHCHUN
(7), (9) suib Te, KOTOPBIE YIOBIETBOPSIIOT HCXOJIHOMY
ypasuenuto (4). Vmenno, B rilaBHOM IPUGJIMZKEHUH <110
HepessTuBu3MY », anajgorudno (10), omeparop D_ ~
~ (v9—=1)/2, Tak uro ypasuenue (4) ¢ yuerom (6) yso-
BJeTBOpsieTcs Toxkaectsenno: D_D, = 0, a B ciemny-
TOTIEeM TPUOJIMKEHNN TPUXOIUM K YPAaBHEHUIO HA COO-
creennble dynkuun Ygy, u cobcrBennble 3HadeHus F
[IPEJUHTEPOBCKOIO ONIEPATOPA:

52
2m

(2

T

Uy = EVgy. (11b)

Takum ob6pazom, BostHOBYIO dyHKINIO ¥V pH ypaBHe-
nusi /JIlupaka B HalieM NpuOJIMKEHUN MOXKHO IIPEICTa-
BUTH B BUJIE

\I/D =0 = \IJSh’U,. (12)

3ech u — 06e3pazMepHbIil CIIMHOP, KOTOPBI MOXK-
HO BLIOpPATh KaK COOCTBEHHYIO (DYHKITHIO MaTPHUIIHI-
olepaTopa IPOEKIMU CuHa Ha ockb 3 [6] (B X3 31ech
JIJIsL IPOCTOTHI OILYIIEH MHOYXKUTEJb 1/2, KOTopblii Ipu-
cyrcrByer B Kuure [6]):

0
23 = 7 )
0 g3

1 0
03 = )

0 -1
MIOCKOJIBKY OH KOMMYTHPYET C HPOIOPIMOHAIBHBIM
eJIMHUYHON MATpHUIe T'aMHJILTOHHAHOM ypPaBHEHUST
IIpeaunrepa (11b), ¢ KOTOPBIM UMeeM €10 B HAIEM
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OpUOJIMPKEHNN; TIOCJIe/IHEEe CJIAraeMoe B KBaPATHBIX
ckoOkax (9), nompasounoe K <«BespasMepHOMY» Ia-
munbronnany Ipenunrepa, paBHOMY HEPBLIM JBYM
cnaraeMbiM B (9), He COXpaHsIeT z-IPOEKIUIO CINHA,
HO MBI €r'0 B JIIO00M C/Iydae B IPHHATOM HPUO/IHKEHUN
u He yuuTbiBaeM. TOrja CHMHODBI Ui COOTBETCTBYIOT
ODHMEHTAINA CIIMHA 10 OCH z (MHJEKC «+»), Jubo
npotus z («—»):

U — Ug o gly = Uy

(12a)

U — U_

o O = O O O o =

1 00J/1aJal0T BaXKHBIMU JIJIsl JIAJIbHERIIEro U3JI0KEHI
CBOMCTBaAMU:

Urug =usyur =1, ey yPuy = F1,

_ 5 _ , (12b)
sy Yous = -1, ey’ ug = +i,
UL YU () = ULUF = ﬂi70u¥ =
= ﬂi’yovsui@) =0. (12¢)

Paznmans mpaseix wacteit oj(= F1,—1,+i) mo-
cyieHUX Tpex papeHcTB (12b) He MMeT 3HAUeHUS —
B OKOHYATEJBHBI pPe3yjbTaT pasjl. 3 HEsSBHO BXOJUT
TN 070 = loj|? = 1, n uX BKJIaJ B HETO OJIMHAKOB
(em. Taxzke (13d) u (23) ¢ nocsemyommUM KOMMEHTAPH-
eM).

B obmem ciydae cMentannoro mo mpoeKIny CIuHa
COCTOSIHUS BOJTHOBast (DYHKIIUST PABHA

U=a 0 10 v 0 = wgus, (12)
lay | +la_|* =1.

B custy nepsoro coorsomennst (12¢) B MaTpuaHOM
sJ1eMeHTe M3JIydeHus GoToHa 1o Jjarpamxkuany (1) u B
paccMaTpuBaeMOM IPUOJIMKEeHUH 110 napaMerpy (Za),
KOrJa UMeT MecTo coornomenus (12a), (12b), (12¢),
«3JIEKTPOHHAA CKOOKa» paBHA HYJIO [PU 3HAYCHUSIX
uHAeKCca (4 = 1,2,3, U I [OIepevHo IOJISIPU30BaH-
HBIX (POTOHOB 3PdeKT B JAHHOM IPUOIMKEHUN OT-
CYTCTBYeT, KaK U yTBep:KJaJoch Bo Bwenenwmu. s
€ro pacCMOTPEHUsI HEOOXOUM yUeT CJEYIONNX HJIe-
HOB pa3jioxkenus BojaHOBOH dynkuun ¥, no mapamer-
py (Za), u 1pu 3TOM «BEKTOPHAs JIEKTPOHHAsI CKOO-
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ka» (V.yW,) Oyuer o KpaiiHeil Mepe HPOIOPIMOHA/ b
Ha (Za), HO 9TOT ciydail He BXOAUT B 3ajady JaH-
noit paborer. [lo 310l Ke mpuuMHe TOCIeIHee Cara-
eMoe B KBaJIpaTHbIX CKOOKax (9) npu BbIYUC/IEHUU €ro
MATPUYHBIX 3JIEMEHTOB HA CAMOM JIEJIE UMEET TOPSIJIOK
(Za)? (mnm, BO3ZMOYXKHO, GOIBIIHIT — 3TO eIle MPeJICTO-
UT YCTAHOBUTD, CM. TAKZXKe pa3il. 4) OTHOCUTEJILHO I1e€p-
BBIX TPEX, KaK U JBa IPEIbIIyIINX, YTO y2KE OTMeda-
JIOCH B 9TOM pas/IeJie.

s npomecca wuzsydenusi weiirpuno (Ze)® —
— (Ze)+vv (pasj. 3) B COOTBETCTBUM C COOTHOIIEHSI-
mu (12b), (12¢) u ciegyiomero u3 nux (13d) (cm. Huxke)
OJIOGHBIX 3aTPY/IHEHW HE BOSHUKAET U3-3a IPUHITUIIN-
AJIbHO PA3JIMYHON CTPYKTYpDI Jarpamzxkuanos (1), (3),
0 9eM yrKe TOBOPHJIOCH BO Brejenun.

3. U3JIYYEHUE HEUTPUHO
BOJOPO/JOIOJOBHBIM ATOMOM

Marpuanstii ssement (f|S|i) mporecca usiydenns
HEeITPHUHO C UMILYJIbCAMHA ¢, ¢’ BOJOPOIOIIOIO0HBIM ATO-
MoM (Ze)* — (Ze)+ VU upu nepexojie aToMa U3 CoCTO-
stHUsT ¢ HAGOpOM KBaHTOBBIX wmcen N = {n,l,m,S3}
B cocrosinue ¢ nabopom N’ = {n/,I',m’, S5} (ksamro-
BbIe 4HCJIA N, L, M — M UMET OOBIYHBIN cMbICs [7],
MOIUMDUKAINSA TTOCTIETHETO 0003HATEHNS UMEET IEJTHIO
n30eKaTh COBITAIEHNs C UCIOIb3yeMbIM B padboTe 060-
3HAYEHNEM Macchl m, a Sz, S5 = + xapakrepusyer po-
eKIUIO CIMHA HA OCb Z) 3alMIIEeM B BHJE

1
(f1S]i) = Zm 210(AE — Qo) M, (13)
Q=q+d,
YcE MF©"F®) (13a)
7 :

IJe «3JIEKTPOHHAs» U «HEHTPUHHAS» «CKOOKU» C Ode-
BUIHBIMU ODO3HAYEHUSIMU DABHBI

F(e)a [ﬂS§’7a(CV + CA’YS)U’S;;:I 3
F 4 = [@,(0)7a (1 +7°)u,(=¢)] »

a <«IIPeJIUHIePOBCKUN» MATPUYHBIA 3dj1eMeHT (371eCh

N = {n,l,m}, N = {n/,l',i'}, Usp — Vg, M)

(13b)

M = (N'|exp(i(Q-1))|N) =
:/@ShW’V exp(i(Q 1)) W, ™M dV.  (13c)
C yuerom cpoiicts (12b) Beipaenue g F(9)°
MOXKHO 3aIMCaTh B BUJIE

FE" = g% Oy + (13d)

Z 0;9%; | Ca,

j=1,2,3
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[pUYeM 3HAYCHHs NAPAMETPOB 0 OIPEIEJICHBI IOCTIe
dopmysst (12¢), a Kaxkgomy u3 craraembix B (13d), co-
riacuo (12b), coorsercrByer 3HaUeHue S%, OAHOZHATHO
ompeJiesigeMoe 3nadenreM S3 (IepBoe U BTopoe paBeH-
crBa (12b) onuceiBaror nporecc 6e3 epeBoporTa CluHa
S% = S3 — 910 IEpBOE caaraeMoe u ciaaraemoe j = 3
B (13d), a Tperbe n YeTBepTOE — C IIEPEBOPOTOM S§ =
—S3, 910 cinaraemble j = 1,2 B (13d), 1. e. «upaBusa
or6opay 110 S3 umeror BuJ + — £, + — F).

ITpu 3TOM HAYAJBLHOE U KOHEYHOE COCTOSHUS ISt
[POCTOTHI CUUTACM MMEIOIIUME OIPEIEICHHbIE 3HAUE-

Hus z-upoekin ciuia (12), (12a). O6o6mmenne komed-
HBIX PE3YJIbTATOB Ha CJIydail CMEMIAHHBIX COCTOSHMIT
(12d) npejcraBisieTcs O4eBUIHBIM.

JaspHeiiime pacdeTsl MPOBOJUM B JIHIOILHOM
npubsmxKenun’) |Q r|eff < 1, TaK ITO € yHueTOM Ipes-
cTaBJieHUs! BOJTHOBOM dbyHKimu [1, 7]

W5, ™) = 01, (0)D 5, () Rt (1)

HAXO/TIM:

N =iQ| /Rn,l,*(r)@l,m,*%,*(@)x

X [cos B¢ cos @ + sin O sin 6 cos @] x
X Rui(1)015 ()@ (p) d sin@ df r3dr.  (14)

C yderom Bua

U mpaBmuI 0TGOPA MO KBAHTOBOMY ety m’ = m, m=+1
(KOTOpBIE, BIPOUEM, OUEBHIHBIM 00PA30M IIOJLY YA0TCS]
u u3 (14)) umeem

M =i|Q|F(6g), (15)
F(HQ) = {COS HQInl,n'l'(3)Jlm,l'm’(3)5m’,m +
+ 5 sinfg |:Inl,n’l’(1)Jl7h,l’m’(1)57h’,Tﬁ+l +
+ Inz,n'l'(Q)sz,z'm'@)ismf,m—l} }, (15a)
T ® = Jynem® =

i (0) cosfsind ©7,(0) dj, (16a)

D B obbranerx equnnnax |Q - rleg — |Q - rlep/h ~ Qr/h.
Vunrbias Takxke, uto Q ~ |E|/c, r ~ ph?/m(Ze?) (8), (19),
u p ~ 1(20), (21) gzt He oueHb GosbIIUX 3HAUeHuil n u (wiu)
n/(~ (<)10), nomyuaem [Q-r|c¢r ~ (Z), n B HameM ciryuae Tpu
(Za) < 1 gunosbHOe MpUGIIMIKEHUE C JOCTATOUHON (BO BCSKOM
citydae, [yl OLEHOK) CTEIEHBIO TOYHOCTH CHPABEJINBO.

4 KITOD, Bbim. 2
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1,2) _ 1,2)
Jlm,l'm'( )=Jlm,l'mi1( ) =

= / O1m+1*(0)sin? 0 Oy (0) do, (16b)
0

Inlm’l’ = Inl,n’l’(g) = Inl,n’l’(172) =

:/Rn/l/*(r)an(T)r3dr. (17)
0

Dyuknusa O57(0) B (16a), (16b) BbIpazkaercs [epes
LPHUCOEANHEHHbIE HOJMHOMBI Jlexkamapa [1,7]:

O (0) = (=1)™Cia P/ (cos 6), (18)
- (20 4 1)(1 — m)!
=\ ey
l' , l (18a)
. g AT (22— 1)
m _ 2\m/2
Bl (@) = (1 —a*)™ dai [ 211 ]
IIpu BBIMOJIHEHUY YCIOBUS HOPMUPOBKHU
/|Rnl|27‘2d7‘ =1
0
1 C TIEePexo0oM K 6e3pasMepHOil TepeMeHHOM [7]
m(Ze?)
=T (19)

KOTOpast CBsi3ala ¢ BBEJIEHHOIT panee (8) COOTHOIIEHH-
eM p = nr’, UMeeM TakkKe
hQ

m(Ze?)

Inl,n’l’ = Inl,n’l’v (193)

e 6e3pazmepHast BeIUINHA
fnlm’l’ = /Rn’l’*(p)Rnl(p)pgdpv (19b)
0

a paauasibHasg dysxiys R, (p) Moxker ObITh BbIpa-
KeHa Jubo depe3 0000IeHHbIe TOJUHOMBI Jlareppa
Lyt (p), mu60 uepes BBHIPOMKIEHHYIO THIIEPIEOMET-
puieckyto GyHKIWO [7], mpriem

_P

) (%) ~

2
xF(—n+z+1,2z+2,£>, (20)

2p
n

R.i(p) = Chiexp (

B 2
C n2(20+1)!

(n+1)!
(n—1-1)"

Cnl
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Torna Beipakernue (19b) s3amuceiBaeTcst B Bje

l 4
~ 2 2
Inl,n’l’:<g) (W) C(nlc(n’l’><
2p
x [ Fl-—n+14+1,21+2,— | X
n
0

2
><F<—n’+z'+1,2l’+2,—f> x
n

1 1 ,
X exp {—p (ﬁ + ?) } PP dp. (21)

Perent BuramucIeHnsT MATPUIHBIX 31eMeHTOB (16a),
(16b) ¢ upasunamu orbopa I’ = | + 1 nupusejen B Kuu-
rax [1,7] ¢ cooTBeTCTBYIOIUMU 3HAYCHUSME HHJEKCA
" B OCTAJIBHDBIX BbIPAsKeHUAX. 1IpU 9TUX BBIYUCICHUASIX
UCHOJIb3YIOTCS TaKzKe PEKYyPPEeHTHBIE COOTHOIIeHNst [1]

sinf Opmt1 = A+ O1—1m + B+ O141m,

cos0 Oz = AO; 15 + BO11m

U MHTErpaJjibl OT KBAPATUIHBIX KOMOMHAIUI [TOJIUHO-
MoB Jlexkanzpa [8] — a1y mporenypy BBHIY ee H3BECT-
HOCTH B JINTEPATYPE U KaK HE HMEOITYIO TPUHIIUITHAb-
HOTO 3HAYEHUS I TeJIeit JaHHOH PabOThI MBI OITyCKa-
em (cMm. Takzke dopmyy (23d) Huzke u IpeAIIECTBYIO-
mmii KOMMeHTApHil).

AsropurM BblYmCIIeHHs HHTErpaJa Buja (21) ¢ mo-
MOIIBIO PEKYPPEHTHBIX COOTHOMIEeHUI ¢hopMyIUpOBaH
B kHure [7]. OKOHYATEJBHBIH PE3yJIbTAT, KAK U B KHUI'E
[7], MBI HE IPUBOUM M3-38 TPOMO3IKOCTH COOTBETCTBY-
IONIEr0 BBIPAYKEHUsl, UTO JJIsl HAC OIATH-TAK! HE UMeeT
NPUHIUIHAJILHOTO 3HAYCHUS.

Bripaxkenune st BeposiTHOCTH OyHaeT coaepKaTh
uHTErpaJ o ha3zoBoMy 00beMy HEHTPUHO OT «KBaJpa-

Ta HEATPUHHON CKOOKM» (Fa(”)) F g(”) ¢ yuerom dak-
topa |M|? (15), (15a):
d3q d3q' .
Ing= | — —-6(AE — qo — q)|M|?
5 2% 24, ( Q0 — q0)| M|
x (Fa®) B, (22)

KOTOprfI MOZKHO IIepelrucaTb B BUIE

Py &y

d*Q|M|?

IQIP<AE?

X 60129(Q — g — ) x

x (Fa(”))* F;", Qo= AE.

Los =

(22a)

Bropoit uaTErpas B 9TOM BBIDAYKEHUHU ABJIACTCS MHBA-
PUAHTOM, DABHBIM, KAK H3BECTHO U3 TEOPHN [i-DACIIA/IA,
(em. Takxe [2])

Qa5 ~ Qges) (220)
(mMaccoit HeHTpUHO My, KaK U B [2|, B 3TOM pasjene
npenebperaeM; 3TO BIIOJIHE OIPABIAHO, IOCKOJIbKY ee
BO3MOYKHOE 3HadeHne B quanasone 1072 5B-1 3B wmmo-
ro menpine pesmuud AE = E, — E,/ U4 He O4YeHb
GOJILIINX 3HAYCHUN KBAHTOBBIX YUCEJI 71, 1/ — CM. TaK-
2Ke npeaniectyiontyio caocky 1). Tlocie ceeprku (22a)
€ «KBaJIPATOM 3JIEKTPOHHOI cKoOKu» (13d) u ¢ yuerom
(15) 910 BBIpazKeHue TPUOOPETAET BUJL

47

T e)” e)P 1%
I=FOFO ) oy = = F*QIQIPF(0g) x

[QI<AE
x F*(6q) [1QI°Cv? + Q3CA”] ’QO:AE’ (23)

opu4ieM B KBaJApPaTHBIX CKO6KaX MBI OIIyCTUJIN KOIVI6I/I—
namun Buga (Q,Qp, o # [3, He Jaronme BKJIaja B I
AHaJIOTUYIHO, CJjlaraeMbI€ C Pa3HBIMH BEPXHUMMN HMHIECK-
camn (15a) B mpoussenennu F'(0q)F*(0¢g) ne unrepde-
PUPYIOT.

ITpocroe Borancienue ¢ yaerom (15a), (19a), (19b)
mocJjie cyMMHpOBaHH 110 1’ jJaeT

. 47 2 1 2 1 9 7
I = ? ?CV —f—gCA Anlﬁ‘LAE ) (233’)

2 2
Apiim = [L] A,

7 (23b)

¢ 6e3pa3MepHOil BEJTMIUHOM

A, = Z {'jnl,n’l’|2 [‘Jlm,wm(?’)

'=l+£1

1 2 2
+ 3 (‘Jlm,z'mﬂ(l)’ + ‘Jlm,l’Th—l(Q)‘ )] } (23c)

"+

N3-3a orMeveHHOIT TPOMO3IKOCTH OOIIX BHIPAXKEHIH 1
JIUIST OLCHKH BEJIMIUH Ay, 7 IPUBEIEM B KAUECTBE BAZK-
HOI'O YaCTHOIO cirydasi 31oT daxrop (23¢) juis nepBoro
BO30YZKJIEHHOIO COCTOSIHUSI C yHU€TOM IIPABHJI OTOODA,
T.€. ero 3HAYCHUd AQ,l,O; A271,i1 (' =0,m =0) gua
nepexoga n =2 —n' = 1:

) 9\ 10
Agpg=2° (5) ~ 0.55,
(23q)

10
< 2
A271,i1 = 26 (g) ~ 1.11.
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Bo BBejieHHBIX 0003HAMEHNAX BbIPayKeHUEe CyMMap-
HOH BEPOATHOCTHU HIJIyYCHUd HEUTPUHO BOJOPOIOIIO-
JIOOHBIM ATOMOM B €/IMHUILY BPEMEHU IIPH II€PEX0ax

IN ={n,1,m,S3}) = > (N ={n',l',m/, S4}|
n’,Sh
paBHO
G?* -
Wyn = ——= 1. 24
" 2(2m)B (24)

Torna Beipaxkenme (24) ¢ ygerom (2a),(23a), (23b),
(23¢) MOXKHO IIepelcaTh B BUIE

_(Gmp2)2 m ! 12
Wi = 5amyas iy ) (B0 x

~ 1 1
A | = Cv? 4+ = CA2
X Anpi {7 1% +5 A]X
7
1 1 c h
— —— | —, Ac=—
X(n’Q n2> ' 9T me

CooTBeTCTByIOIAsT «MHTEHCUBHOCTLY Sy, = AE X
X Wnn paBHA

_(Gmp2)2 m\* 14
Snw = 5amyar iy ) (B

(24a)

~ 1 1
X Apir l:? CV2 + 5 CAQ] X

8
X (% - %) me? <. (25)
n n Ao
Kaxk cienyer uz kommentapus K dpopmyie (13d), B arux
BbIpakeHUAX (PaKTUIECKHU Y2Ke IPOBEIEHO Cy MMUPOBa-
HUE ¥ 110 KOHEYHBIM CIIMHOBBIM COCTOSIHUSIM, & He TOJIb-
KO 0 KBAHTOBBIM 4ncyam [’ m’ ¢ cOOTBETCTBYIOIUME
paBUaIaMu oTobopa.
[ToJsiHast BEPOSITHOCTD U3JIyYeHUs B €UHUILY BpeMe-
HU [PU TIePEeX0JaX ¢ SHEPreTUIecKOoro YPOBHs 1 C Ha-
60poM KBAHTOBBIX unces N Ha BCe «JIeXKallne HUXKE»,
n' < n, 04eBHIHO, paBHA

n—1

Wy =W,= Y Wan,

n/=1

(25a)

a IIOJIHaYd MHTEHCUBHOCTDH HeﬁTpHHHOI‘O U3JTy4YeHud Co-
BOKYITHOCTBIO aTOMOB —

n—1
S = § Nn § SNnH
N n'=1
riae N’I’L — YHCJIO aTOMOB B COCTOAHUN C KBAHTOBBIM YUC-

JIOM 7, KOTOPOE, OYEBUJIHO, HE 3ABHCUT OT OCTAJLHBIX
KBaHTOBBIX 4nces u3 Habopa N. Pacnpeznenenne N, (T)

(25b)

npuBeeHo B Hammelt pabore [2]. IIpu sToM 3aBHCHMOCTD
S(T) B upuHIuIe MOXKET ObITH HANJEHA YUCICHHBIMU
MeTO/[aMU U TIpe/ICTaBIeHa rpadpnuaeckn, Kak u B padbo-
re [2], HO Jy1st 1eseil JaHHOl PaGoThI, B KOTOPOIl B 0C-
HOBHOM MBI WJITIOCTPUPYEM OOIIME TIPUHIUIIBI PACIETa
[0 HaIel MeTo/MKe, 9TO He IIPEJICTAB/ISAET HHTEPECA.

Ecan okpyrimTs dncsieHHbie GakKTOPHI 10 TOPSIIKA
BEJIMYUHBL U OIYyCTUTH (PAKTOPBI MOPAIKA SAUHUIBL (C
ydaerom s3nadennit Cy, 4 ~ 1), ocrasiisgs UL Xapak-
TEepHBIE MHOYKUTENN, B OCHOBHOM OIPEJESIONINE 110~
PSIJIOK STUX BEJIMIHMH U UX Pa3MEPHOCTh, TO B TaKOii
YIIPOIIEHHOM 3alicy Boipazkenus (24a), (25), (25a) mo-
r'yT OBITH TPEJCTABJIEHBI B (hOpME

4
W — W ~ 1075(Gm,2)>2 <ﬁ> x
mp

x (ZQ)H% ~ 10—53212%, (26a)

4
S — 8™ ~107%(Gm,?)? (ﬂ> X

mp

X (Zoz)Mmc2i ~ 10758 72 S (26b)
)\c /\C
Cormacno (26a), spemst xusmn 77 = [W#)]~1 aro-

Ma BOJIOPO/Ia B BO30YK/IEHHOM COCTOSIHIHM OTHOCUTE b~
HO «caaboro nepexofa» (Ze)* — (Ze) + vU Ha MHO-
r'0 IIOPSAJIKOB IIPEBBIIIAET BO3pacT BceseHHoil, Tak 4To
BKJIAJIOM 3TOI'O IIpoliecca B OajaHc HU3KOIHEPreTHde-
CKUX HEATPUHO B HEW MOXKHO IIPAKTHYECKU IpeHed-
pedvb.

4. SAKJIFOYEHUE 1 OBCY2KJIEHUE

1. Meromom pasnoxkenns 1o mapamerpy (Za) < 1
B OCHOBHOM 110 HEMY NPUOJINKEHUU HANRJIEHA BOJTHOBAs
byuxiusa ¥ p, SBAAIONAILCA HEPEJIATUBUCTCKAM PEIie-
HueM ypaBHeHUs Jlupaka Jjisi 9JIEKTPOHA B IOJIE sifl-
pa (Ze). Ilokazano, uro ¥ MOKHO BBIOPATH Kak CO0-
CTBEHHYIO (DYHKIMIO MATPUIHOIO OIEPATOpa X3 IIPO-
eKIMU CIIUHA Ha OCh 3 W OHA BBIPAXKAETCS UE€pPe3 CO-
OTBETCTBYIOIEE HOPMUPOBAHHOE PEIEHNE yPABHEHUS
Ipeaunrepa Ygp,: ¥p = Ygpt4, 0O U4 — COOCTBEH-
Hasi (QYHKIUS-CIITHOP OIllepaTopa Xsg: 23U+t = Ui,
U+u4+ = 1.

2. C UCHOJIb30BAHUEM ITOrO PEIICHUS U KOHTAKTHO-
ro JarpaHkuana cJaboro eevy-B3auMOIeHCTBISA Oy~
JeHb! BhIpazkenus st BepositHoctr W) B emmmmimy
Bpemenn u uaTeHcuBHOCTH SY) HefTpEHHOrO HM3ITyde-
HUsI BOJIOPOJONOIOOHBIM aToMoM (Ze)* — (Ze) + v,
OKA3aBIIMECs]  TIPONOPIUOHATBLHBIMU  COOTBETCTBEHHO

(Za)*2, (Za)'.

4*
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3. B srom ke npubmmkenuun 1o (Za), B KOTO-
poMm Hailiena BoaHoBas Gyukiusa ¥ p, COOTBETCTBYIO-
e xapakTepucTuku hboTOHHOrO usiydenus (Ze)™ —
— (Ze) + 7, B omym4me 0T HEHTPUHHOIO, 0OpaIaoT-
cs1 B Hyab. Ilpu masbHeileM pasBUTHH METOIA BO3-
MOKEH U PaCUYeT XapakKTepUCTHUK IIPOIecca (pOTOHHOTO
u3Jlydenud 110 Jjarpamxkuany (1) ¢ y4eroM CHMHOBBIX
addekros. TIpeaBapuTe/ibHO MOKHO [IPUBECTH CJIELY-
OIIME COOOPaYKeHUsI OTHOCUTENIHHO BO3ZMOXKHOI'O BHJIA
dopmys Tuna (26a), (26b) mist GoroHHOrO N3y YeHMs.
Bo-nepeoix, daxrop (Gm,?)?(m/m,)*/2, ouesuano,
JIOJIZKEH OBITH 3aMEHEH Ha (v, BO-BTOPBIX, MATPUIHBIIT
snement (W,yV,) no arpamkuany (1), paBHbIi Hy/TO
(KaK OTMEYEeHO B pasil. 2) B UCIOJIb3YyeMOM npubin-
KeHuu 110 (Zav), B ClelyiomeM IpubIizKeHnu JI0J2KeH
6bITh nponopuuonasen (Z«). Hakowner, B-rperbux, u3s
coobpazkennii paszmepaoctu BMecto AE” B dbopmyie
Buja (23a) Gymer AFE?, oCKOIbKY: a) «KBajpaT Heii-
TPUHHOI CKOOKI» (Fa(”) )*Fﬁ(”) ¢ Pa3MEpPHOCTBIO KBAJI-
paTa MMILyJIbCa 3aMeHsieTcs Ha 0e3pa3sMepHyr KOMOu-
HAIIIIO BEKTOPOB MOJISIPU3ALIY €, *€eg, 6) B BBIPasKeHIN
BEPOSATHOCTH OYJIET TOJHKO OJUH WHTErpaJI 1Mo (ha30Bo-
My 06beMy, a HE J[Ba, KaK IPU U3JIyYeHNN HEHTPUHHBIX
nap. Ilo srum npuuunam a), 6) crenens (Za) B op-
Mysax tuna (26a), (26b) s doromHHoro m3iydeHnst
YMEHBIINTCA Ha 8:

[(2a)*]") = [(Za)—5]".
aﬂee7 C VYETOM 3HAYEHUA MaTPUYHOI'O dJIEMEHTA
pill y p
2
(' |e|n)? = [R?/m(Ze)]™ |(n|p|n)|?

(em. rakke (19), (23b)) Beipaxkenue (2) MOXKHO st

) 3
npudeM Ge3pasMepHbBIil MATPUIHBIN d1eMeHT |(n'|p|n)|
JIOJI?KEH BBIYUC/IATHCA 110 0e3pa3MEePHBIM PaIHaIbHbIM
byuxiuam Ry, (p) u no mapossim GyHkimaM Yz, =

= 017(0)®(p), co smagenmem |(n'|p|n)|? Buma (23c),
He 3aBucsdmum or (Z().

yI00CTBA TIPEJICTABUTHL B BUJIE

1

9 1
n

C

Ev (27)

v 1 4
WUZEQwKMMMI-W—ﬁ

Takum o6pasom, creretsb (Z«) o garpanzkuany (1)
Oyaer coBuagarh ¢ (2), (27) jumb B ciiydae HE3aBUCH-
moctu (U yW¥,) # 0 or (Za), omHako, Kak GBLIO OTMe-
YeHO, 3TO He TaK. B CBA3M ¢ 95TMM BO3MOXKEH U APYToii
BapuanT. VIMEHHO, TPH TIEPEXOJIe BO BTOPOM CJTAraeMOM
B (5) K cdhepuueckuM KoopauHaTaM ¢ 6e3pa3MepHOii me-
pemMenHOi p (19) MOXKHO y6e U ThCst, 4TO OHO IIPOLIOPIIU-
oHaibHO (Za), aBysigach ciaenyomieil no (Zaq) nomnpas-
Koii K ocnosHOMY BKjIay (10); pu Boraucienun xe ¥

292

o dpopmyite (6) o cobersenabiv Gyuknuam ¢ = Wgpu
(11), (11a), (12), (12a) oueparopa X3 «HHUKHUE» KOM-
noHeHThl U 0Ka3bIBAIOTCs IIPOHOPHUOHAJIBHBIMUA (Z )
U IPOU3BO/IHBIM 10 cepuieckuM KoopauHaraMm oT W gy,
C BABUCAIIIMA OT HUX KO3 pUIHEeHTAMMT:

VUdown ~ (Za) K, 6,0(p, cos8,p)0¥ s, /0p, 0 cos b, 0p,

u IIPpU 9TOM

(\:[167\:[/6) ~ ( iiown)*\IISh7 \Ij%’h*\PdOUWH

rJle COMHOXKUTE/IU OTHOCATCH K HAYAJLHOMY M KOHEU-
HOMY COCTOSIHUAM U HE SIBJIAIOTCs, €CTECTBEHHO, Op-
TOMOHAJIBHBIMU (OPTOrOHAJIBHBI \I/fgh* u ¥gp). Torma
[IPU UCIIOJIHb30BAHUN PAJIOKEHUS 110 MAJIOMY IIaPAMET-
py q-r ~ (Za) (eM. Takxke CHOCKY) «(DOTOHHOIO 9KCIIO-
HeHnmanbHOrO hakropar expli(q-r)] =14+i(q-r)+...
OTJIMYIHBIN OT HyJIs JIMJUPYIONUH BKIAJL JAeT He BTO-
poil wien paszyioxkenus (OOBIYHO UMEHYEMbIH IO/
HBIM IPUb/IMZKEHIEM ), KAK 9TO [OJIyYeHO B JaHHON pa-
6oTe JIsl U3JIydeHus] HeWTPUHO, a MEePBbIil. DTO MpHU-
BOJUT IIPU IIPOYUX PABHBIX yCJIOBUAX K yMEHBIICHUIO
crenenn (Z«) B MATPUYHOM 3JIEMEHTe Ha eIuHuily. B
UTOre, KAK MOYKHO BUJIETH, OYI€T UMETH MECTO Ta JKe
CBA3b MEXKJy CTeleHbIo (Z) B BbIPAXKEHUAX JJId Be-
POATHOCTH JIJIs HEHTPUHHOTO U (DOTOHHOIO U3JLyYCHUS
W ~ (Za)k, W) ~ (Za)F~8, koropeie npuseenbt
Beime. Kak ycranosieno, k = 12, mosromy WO~
~ (Za)*, aro cosmagaer ¢ (27). HeTpyaHo momyduTs,
9TO JPYTo#l XapaKTepHbIit (PAKTOP — YUCTO 7, KaK U B
(27), Takzke GyJieT OTCYTCTBOBATH B KOHEUYHOM DE3YJIb-
Tare IpPU BLIYUCICHUAX HAIIUM MeToAoM. Takum obpa-
30M, 110 9TUM JBYM XapaKTepHbIM dakropaMm (Z«a) u
06a MoxXo1a UIEHTHIHBL. Pasname MOKeT COCTOSITh B
GyHKIMOHAIBHO 3aBUCUMOCTH aAMILIUTY OT KBAHTO-
BBIX YHCEJ, & TaKXKE B HOABJCHUU <HOBBIX» MHTErDa-
J10B 110 df, Kpome unTerpasios tuna (16a), (16b), comep-
JKAIUX, KaK 0TMedeHo, npoussognbie dO 7, (6)/d cos b,
dOy 7 /d cos @, wau unrerpasos tuna (16a), (16b), Ho
C JIDyTUME <HECTAHIAPTHBIMU» KOMOWHAIMSIMU TPH-
roHoMeTpuIecKux pyHKIuit. B pesynabrare B mpuHIm-
e MOIYT M3MEHHThCsi OOBIYHBIE Tpasmia or6opa [1]
1o kBaHTOBOMY wnciyy [. IIpemsBapurenbHbie pacdeTsb
[IOKA3BIBAIOT, YTO BIIOJIHE BO3SMOXKHBI U JPYTHE HEYET-
wble 3nadennsa Al, kpome +1, mpuuem npasusia orbopa
IO 1M [P BBIYUCJICHUAX ITUM METOIOM HE MEHSIIOTCH:
Am = 0,+1. OgHako ToYHbBIE Pe3yJIbTATHI J1Jist (DOTOH-
HOI'O U3J1y9eHus 110 Jarpanxuany (1) B nepsom Heucue-
zarorieM npubsmkennn no (Za) suga (24a), (25) s
HEATPUHHOIO, CO CTPOIMM JOKA3ATE]bCTBOM HAJNIHS
WM OTCYTCTBUZ ITUX APYTrux 3uadenuii Al, B JaHHOMN
pabore Mbl HE NPUBOAUM — ITO IIPEAMET JJIg OTIe/Ib-
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HOT'O HCCJIEJIOBAHMSI 110 IPUIMHE BO3HUKAIOIINX U [IOKA
HEIPEOIOICHHBIX BBIYUCIUTEIbHBIX TPYIHOCTEIL.

4. BamernM eme, 9TO B PAMKAX METO/a BO3MOXKHO
U PACCMOTPEHUE U3JLyIeHUs AKCUOHOB BOLOPOLOIOL00-
HbIM aToMoM (Ze)* — (Ze) + a, 0bycioBieHHOe B3au-
mozeiicTBreM 9]

da

OxH’

_ &
=57

npuiemMm l\danI/I‘{HbIIL/'I QJIEMEHT, KaK 1 B PaCCMOTPEHHOM

[

L (TyHy° W) e~ 1, (28)

CJIy4ae HEHTPUHHOTO U3JIy I€HUsT, OTJIMIEH OT HyJIsl yIKe
B PAcCMOTPEHHOM B pabore mopsike 1o (Z«). Ouxua-
KO 3TOT [POIECC B IPOCTEHIIEM BAPUAHTE 10 JIarDaH-
»)kuany (28) He mpejCcTaBiIseT HHTEPeca U3-3a MaJoCTU
KOHCTAHTBI B3aMMOJIEHiCTBHsL ¢2/2f. DTO oryacTu Mo-
2KeT OBbITh KOMIIEHCHUPOBAHO PE30HAHCHBIM (P (DEKTOM
0 MaJIoil Macce akKCHOHA, 0OYCJIOBJIEHHBIM MIETIEBBIME
BCTABKaAMU B KOMOMHUPOBAHHY O BHEIIHIOK JIMHUIO, KO-
TOPBIii, HAIIPUMED, UMEET MECTO B CUJIBHOM MATHUTHOM
nosie [3]. B ¢Ba3u ¢ 9TuM BIOJIHE BOSMOXKHO PE30OHAHC-
HOE M3JIy4eHUe AKCHOHA BOJOPOJONOI00HBIM ATOMOM
(ecin Takoil pe3oHaHC BOOOIIE CYIIECTBYET B OTCYT-
CTBUE MArHUTHOIO I0JIg — HA JAHHOM JTAIle ITO II0KA
HESICHO), HO JIJIsl 9TOI0, BOODIIE TOBODs, CJle/lyeT HailTu
dyuximio puna 3/1eKTpoHA B 110JI€ TOYEUHOIO gpa B
UCIIOJIb3yeMOM Ipubizkernu 1o (Za), COOTBETCTBYIO-
niyio ypaBHenuio (4), — sra 3ajada TOXKe HAMH II0Ka
HE pellleHa.

5. Paccmorpennbiii B pabore HOpomece reHepanuun
HEATPUHO BOJIOPOJONOMOOHBIMU ATOMAME HE MOYKET

293

BJIUSTH HA OAJIAHC HU3KOIHEPreTHIeCKUX HEUTPUHO BO
Beenennoit. [IpeaBapurenbHble OIMEHKH TOKA3BIBAIOT,
9TO 9TOT BBIBOJI OCTAETCS B CHJIE U IIPHU OOODIIEHUN pe-
3yJIbTaTOB Ha CJIy4ail reHepanuu HeiiTpUHO IPU IIepexo-
J1aX 9JIEKTPOHOB B JIIOOBIX aroMax (X ZA)* - Xz 4w,
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