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3JIEKTPHqECKOE TIOJIE ATOMA BOPA 



1. PaccMoTpHM aToM Bopa, KOTOphlii npeACTaBJIHeT co6oii npocTeiimyro 

:meKTpHqecKH HeHTpaJibHYIO CHCTeMy' o6pa30BaHHYIO Il0K0H~HMCSI 

IJ0JI0)KHTeJihHbIM 3apHA0M (HAPOM) H ABH)KY~HMCSI 0TpH:u;aTeJibHblM - :meKT

p0H0M. CorJiaCHO o6~enpHHS!TblM npeACTaBJieHHSIM SJieKTpHqecKoe IlOJie TaKO

ro aT0Ma A0JI)KHO 6h1Tb paBHO HYJIIO. OAHaKo, KaK 6b1Jlo IlOKa3aHO paHee [1, 2 ], 
cyMMapHoe IlOJie Il0K0H~erocg H ABH)Ky~erorn 3apMa paBHblX 3HaK0B, B006~e 

fOB0pH, OTJIHqHo OT HYJIH. 3TO o6yCJIOBJieHO TeM, qTo, HanpHMep, CJiaraeMhle 

IIOJIHOfO IIOTeH:u;HaJia (KyJIOHOBCKHH IlOTeHII;HaJI Mpa H IlOTeHII;HaJI JIHettapa -

BttxepTa SJieKTpOHa) BeAyT ce6H no-pa3HOMy. ll;eJib 3TOH 3aMeTKH H 6yAeT 3a

KJIIOqaThCH B HJIJIIOCTpa:u;HH yKa3aHHOI'O cpaKTa. 

,UJIH Il0TeH:u;HaJIOB SJieKTpHqecKoro IlOJISI MPa (npOTOHa) H SJieKTpona HMe

eM C00TBeTCTBeHHO 

(1) 

e 
R .- {JR sin 9' sin E> 

e 

(2) 

3AeCh Re - 3ana3Ab1BalO~ee paCCTOSIHHe OT SJieKTPOHa AO T0qKH ua6JIIO

AeHHSI (P), {3c - cKopocTh sJieKTpotta (AJIH aToMa Bopa f3 ::::: 10-2
), 9' - ero 

IIOJIS!pHbIH yroJI. MbI orpanHqHMCH CJiyqaeM, K0rAa TOqKa p Jie)KHT B IlJIOCKOCTH 

Bpa~eHHSI SJieKTP0Ha (E> = :rc/2), rAe o6cy~aeMblH scpcpeKT MaKCHMaJieH. 

OTMeTHM, qTo cpopMyJia (2) noJiyqeHa B pe3yJihTaTe 3aMeHbl B IlOTeH:u;HaJie 

Jlttenapa - BttxepTa Re cos 0 ➔ R sin g,,onttpaHch Ha TeopeMy CHHycoB. 

Ha OCHOBaHHH (1) tt (2) AJIH cyMMapHoro IlOTeHII;HaJia HaiiAeM [3 ]: 

<I>= 
e[R(l +f3sing,)-Re] ~ e {3sing, 

R(Re - {3R sing,) - - R 1 - f3 sin 9' · 
(3) 

3AeCh Mbl yqnH, qTo c BbICOKOH CTeneHhlO TOqHOCTH R = R, a f3 < < 1. JI:ng . e 

ABYX HaH6oJiee xapaKTepHbIX CJiyqaeB (g,b = :rc/2 tt 9' d = 3:rc/2 (pHc.1)) HMeeM 

<l>b e - ~(/3 + /32 + ... ) ' cl> de - ~(-{3 + {32 - ... ). 
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PHc. l . .D:11arpaMMa, IIOllCHlllOW.all BblqHCJieHHll 

:meKTp11qeCKOl'O IIOJ!ll aTOMOB 

P11c.2. BpeMeHHall 3aBHCHMOCTb :meKTpHqec

KOIU nOTeHI.\HaJia Jl)Jll npocTewrnero amMa liopa 

ECJIH npH STOM nepBhl:U 1LJieH MeHSieT 3HaK, TO BTOpo:u (KBaApaTlfqHhl:U) 

OCTaeTCSI HeHyJieBhIM. B TO :>Ke BpeMSI oqeB~HO, qTo <l> = <l> = 0. I1oBeAeHHe a C 

SJieKTpHqecKoro IlOTeHii;imna aTOMa Eopa B 3aBHCHMOCTH OT BpeMeHH npeACTaB

JieHO Ha p11c.2. (qT06hl IlOAqepKHYTb o6cy~aeMhl:U scpcpeKT Mhl B3SIJIH /3 = 
=0,3.) 

TaKHM o6pa30M, KaK Mhl B~HM,SJieKTpHqeCKOe IlOJie aTOMa OCIJ;HJIJIHpyeT 

C TeqeHHeM BpeMeHH. BMeCTe C TeM, KaK B~HO 113 pHc.2, BpeMSI AeHCTBHSI IlOJISI, 

KOrAa SJieKTPOH ABH:>KeTCSI HaBCTpeqy TOqKe Ha6JI10AeHHSI (BnepeA), MeHhme, a 

B npOTHBOilOJIO:>KHOM HanpaBJieHHH (Ha3aA) 60Jihille ero IlOJiynep110Aa Bpa

IIJ;eHHSI (T112>· rro CBoe:u CYTH STO SIBJieHHe npeACTaBJISleT CJieACTBHe scpcpeKTa 

LI:onJiepa II OilHChIBaeTCSI COOTBeTCTBYIDIIJ;e:u cpopMyJIO:U 

ti= (1 +/Jef)Tl/2' 
b 

(5) 

me, OAHaKO, cp11ryp11pyeT HeKOTOpa.si scpcpeKTHBHaSI CKOpOCTb, Bhlpa:>KaeMaSI qe

pe3 CKOpOCTb npaIIJ;eHHSI SJieKTPOHa. YqeT yKa3aHHOI'O cpaKTa neAeT K TOMY, qTo 

cpeAHee 3a nepHOA 3HaqeHHe IlOJISI 6yAeT onpeAeJISITbCSI HHTerpaJIOM 

e/3 2:rc sin cpdt . . ,R 2:rc 
<<I>> = -- I cp . e/J I . 2:rcR 1 - /3 sin cp = - 2:rcR sm cpdcp . 

0 . 0 
(6) 

3AeCh Mhl y1LJI11, qTo npH H3MepeHHH nepHOAa B paAHaHax 

tcp = cp - /3(1 - cos cp), B pe3yJihTaTe qero scpcpeKT 3ana3Ahlnatt11.s1 noJIHOCThID 

KOMileHcupyeTCSI BJIHSIHHeM scpcpeKTa LI:onJiepa. B pe3yJihTaTe cpeAHee 3a 

nepHOA 3Haqett11e n0Tettu;11ana noJI.si o6paIIJ;aeTcSI B HYJih [4 ]. ITocKoJihKY 

T::::: 10-16 
c, TO o6cy~aeMhl:U «MaKpOCKOilHqecKH:U» scpcpeKT OCIJ;HJIJISIIJ;HH 

SJieKTp11qecKoro IlOJISI aTOMOB B HaCTOSIIIJ;ee BpeMSI BPM JIii AOCTyneH Ha6JI10-

AeHH10. Ho IlOCKOJibKY BpeMSI npOJieTa npo6Horo peJISITHBHCTCKOI'O 3apS1Aa OKO-

2 :,f \ 

\ 

JIO aTOMa COCTaBJISieT 10- 18 c, qTO 3HaqHTeJihHO MeHbme nepHOAa npaIIJ;eHHSI 

SJieKTPOHa, TO 3apSIA, oqeBHAHO, 6yAeT BCe :>Ke HCilhIThIBaTh AeikTBHe . 

SJieKTpHqeCKOI'O IlOJISI aTOMa. OAHaKO, pa3JIHqHe B AeHCTBH~X KYJIOHOBCKHX 

IlOJICH 3JICKTpOHa H npOTOHa (H3-3a pa3HHIJ;bl n pacCTOSIHHSIX AO npo6Horo 3apSI

Aa) 6yAeT 3HaqHTCJibHO npeBOCXOAHTb 3TOT peJISITHBHCTCKH:U scpcpeKT. 

XoTSI noJiyqeHHbIC pe3yJibTaThl onHpaIDTCSI Ha <<KJiaccHqecKyID>> MOACJib Eo

pa, OHH, no HameMy MHeHH10, 6e3yCJIOBHO 0Tpa:>Ka10T qJH3HqecKy10 CYTb o6cy:>K

AaCMOI'O SIBJieHHSI*, KaK caMa MOAeJih OTpa:>KaeT rJiaBHhle oco6eHHOCTH CTpOCHHSI 

aTOMa. 

2. PacCMOTpeHHaSI npo6JieMa Il03BOJISICT, IlO-BHAHMOMY, AaTh OTBeT Ha 

oqeHh Ba:>KHhlll BOnpoc. LI:eJIO B TOM, qTO B HaCTOSIIIJ;ee BpeMSI cyIIJ;eCTBY10T 

cpaKTHqecKH ABa Bbipa:>KeHHSI AJISI IlOTeHIJ;HaJia IlOJISI paBHOMCpHO ABH:>KyIIJ;eroCSI 

3apSIAa, I1pH 3TOM o6IIJ;CH38eCTHOe Bbipa:>KeHHe; KOTOpoe OilHChIBaCT C:>KaTOC 

noJie JICTSIIIJ;ero 3apSIAa, HMeeT n~ [5, 6 ]: 

<l> = e 

Re[l - /32(L- R2 
sin

2cp/ R;) ]112 = 
e 

R(l - {32
cos

2cp) 112 
' 

(7) 

rAC R - y:>Ke MrHOBeHHOe paCCTOSIHHC, T.e. IlOJIO:>KeHHC 3JICKTpoHa 6epeTCSI n 
e 

MOMCHT Ha6JI10ACHHSI. B AaHHOM CJiyqae AJISI cpeAHCI'O 3a nepHOA 3HaqeHHSI 

3JICKTpHqeCKOI'O noTeHu;HaJia 3JieKTpOHa B npocTeiimeM aTOMe Eopa HaiiAeM 

<<l>- > = __ e_ J (1 - /3 sin cp)dcp /32 e 
2:rcR O 1 - /32 cos 2cp) 1/2 = -(l + 4) R. 

(8) 

B pe3yJibTaTe cyMMapHaSI BeJIHqHHa IlOTCHIJ;HaJia, oqeBHAHO, oKa3hIBaeTCSI 

OTJIHqtto:u OT HYJISI, nponopu;HoHaJihHOH {32
• I1pH nepexoAe OT nJIOCKOCTH 

op611Thl SJICKTPOHa KOCH qHCJICHHhl:U KOS(p(pHIJ;HCHT pacTeT OT 0,25 AO 0,5. ITo-

CKOJibKY {32 ::::: 10-4 , TO yKa3aHHhl:U scpcpeKT AOJI:>KeH, Ka3aJIOCb 6hl, npOSIBHTbCSI 

B H3BeCTHhIX OilhITaX no HCTeqeHH10 ra3a H3 6oJihillOI'O o6beMa (CM., HanpHMep, 

[7 ]) . KaK CJieAyCT H3 3THX OilhITOB, BeJIHqHHa AOilOJIHHTeJihHOI'O K0-

3(p(pHIJ;HCHTa e (cKa:>KeM, y 3apSIAa B noTeHIJ;HaJIC KyJioHa) He AOJI:>KHa npeBhl-

maTh 10-21 , TOrAa KaK B COOTBeTCTBHH C (8) e ::::: {32
::::: 10-4

• KotteqHO, 3TH pac.:. 

cy~eHHSI cnpaBCAJIHBhl, CCJIH B ynoMSIHYThIX 3KCnepHMeHTaX, KaK cqHTaeTCSI, 

* )],aJKe eCJI11 yqeCTb, qyo :meKTpOH aTOMa B0,AOpO,Aa HaXO,A11TC!I B s-COCTO!IHl111, T .e. COBeprnaeT 

KOJie6aTeJibHOe ,ABl1lKCHl1e. 
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H3MepsreTCSl HMeHHO 3neKTpHqecKHH noTeHIJ,Han, a He HanpsrX<eHHOCTh nonsr. B 

3TOM CJiyqae yKa3aHHhle 3KcnepHMeHThl CBH,!J;eTenhCTBYIOT cpaKTHqecKH npoTHB 

061IJ,enpHHS1Toro npem:-raBneHHSI nonsr ,1J;BHX<y1IJ,erocsr 3apSl,!l;a B cpopMe cX<aTOro 

3JIJIHnCOH,!J;a Bpall.l,eHHSl, qTo, B CBOIO oqepe,!l;h, SIBnSleTCSl npSIMbIM CJie,!J;CTBHeM 

yKopeHHBmerocsr npe,!J;CTaBneHHSl O COKpall.l,eHHH npO,!l;OnhHhIX pa3MepoB npH 

,!l;BHX<eHHH. IloCJie,!J;Hee YTBep)K,!J;eHHe CTaHOBHTCSl oco6eHHO nOHSITHhIM, ecnH 

yqecTh, qTo mior,1J;a CX<aTHe nonsr npe,!l;CTaBnSllOT KaK CJie,!J;CTBHe nopem.1,eBa 

CX<aTHSl KaPTHHhl CHJIOBhIX JiHHHH 3nei<TpHqecKoro nonsr (CM., HanpHMep, [8 p. 

.n:orrOJIHEHl1E 

(3neKTpHqecKoe none HeiiTpaJibHOro KOnhIJ,a c TOKOM) 

Ha OCHOBe pe3ynhTaTOB n.l CJie,!J;yeT [4 ], qTo npH yBenHqeHHH qHCJia 3neK

TpOHOB (B qaCTHOCTH, Bpa1IJ,a101IJ,HXCSI Ha 0,!l;HOH H TOH X<e op6HTe) aMnnHTy,!J;a H 

nepHO,!J; OCl.l,HJIJISIIJ,HH yMeHhmaIOTCSl npoiIOpl.l,HOHaJihHO HX qHCJiy. TaKHM o6pa-

30M, B npe,!l;ene 3neKTpHqeCKHH noTeHIJ,HaJI MHOro3neKTPOHHOH CHCTeMhl 

CTpeMHTCSl K Hyn10. 

IloCJie,!J;HHH BhIBO,!l; MOX<eT paccMaTpHBaThCSl KaK npHHIJ,HnHanhHhIH OTBeT 

Ha ,!l;OCTaTO'lHO H3BeCTHblji Bonpoc: nOSIBnSieTCSl nH 3neKTpHqecKoe none OKOno 

HeHTpaJibHOro KOnhIJ,a noCJie B036y)K,!J;eHHSl B HeM TOKa? XOTSI 3,!l;eCh Mhl HMeeM 

,!J;eJIO C MaKpoCK_OnHqecKOH CHCTeMOH H nonOX<HTenhHhle 3apSl,!l;hl (HOHhl) pac

npe,!l;eJieHhl no KOnhIJ,y. IloCJie,!J;Hee, KOHe1IHO, He oqeHb cyll.l,eCTBeHHO, eCJIH 

none Ha6n10,1J;aeTCSl Ha ,!J;0CTaTOqHOM y,!J;aJieHHH OT K0nhIJ,a. Bnpo1IeM, paHee [3] 

C nOMO.ll.l,blO npOCThIX n' HarmI~HbIX BblqHCJieHHH noTeHIJ,HaJia 3neKTpHqecKOro 

nonsr Ha 0CH0Be TOHK0ro K0nhIJ,a Mhl yX<e ,!J;aJIH 0TBeT Ha nocTaBneHHhIH BOnpoc. 

O,!J;HaKO, cy1IJ,eCTBYI01IJ,ee HenoHHMaHHe q>H3HqecKon· CT0pOHhl paccMaTpHBae

MOH npo6neMhl H nonHoe HenpHSITHe Hamero pemeHHSl 3acTaBnS1eT Hae BepHyTh

CSl K 3T0MY Bonpocy. 

MOX<HO CKa3aTb, qT0 rnaBHOe 3,!J;eCh 3aKJIIOqaeTCSl B Hen0HHMaHHH Toro, qTo 

H3-3a pa3H0ro noBe,!l;eHHSl 3neKTpHqecKHX noneiI ,!l;BHX<yll.l,erocsr H noK0S11IJ,eroCS1 

3apSI,!l;0B cyMMapHoe none 3neKTpHqecKH HeHTpaJibHOII CHCTeMbl 

(c ,!J;BHX<Yll.l,HMHCSI 3apS1,!J;aMH), B 061IJ,eM, He paBH0 Hyn10. Ha npaKTHKe X<e 

B03HHKmasr B CB0e BpeMSl ,!J;HCKYCCHSI (CM., HanpHMep, [9-11 ]) 6h1Jla CBSl3aHa C 

Hen0HHMaHHeM T0ro, 'ITO B C0OTBeTCTBHH C C0BpeMeHHhIMH B033peHHSIMH Mhl, 

CTporo IUB0pSl, HMeeM ,!J;Ba COBepmeHH0 pa3HhIX 0TBeTa Ha noCTaBneHHhIH B0n

poc, 'ITO o6yCJioBneHO ,!l;BYMSI pa3nH1IHhIMH npe,1J;CTaBneHHSIMH nonsr ,!J;BHX<yll.l,e

rocsr 3apS1,!J;a. XOTSI BCe q>H3HKH (3a HCKJIIOqeHHeM M0X<eT 6h1Tb HeCKOnhKHX C0T

PY,!J;HHK0B Jia6opaTOpHH BhICOKHX 3Hepmn: O11.SIH) y6e)K)J;eHhl, 'ITO 3neKTPH1Ie

CKoe none neTS11IJ,ero 3apS1,!J;a HMeeT cpopMy CX<aToro 3JIJIHilC0H,!J;a Bpa1IJ,eHHSl. 

HanOMHHM, 'ITO, B qacTH0CTH, ypaBHeHHe 3KBHilOTeHIJ,HaJien: CJie,!J;yeT H3 cpop

Mynhl (7). BMeCTe c TeM, KaK HeTpy,!J;H0 BH,!J;eTh, cornaCH0 (7), «TaHreHIJ,HaJih

H0e>> 3Ha1!eHHe IlOTeHIJ,HaJia B y pa3 npeB0CX0,!J;HT Kyn0H0BCK0e 3Ha1IeHHe. A 
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n03T0My (6e30THOCHTeJihHO K BOnpocy 0 BeJIH'lHHe IlJI0TH0CTH 3neKTPOHa). C 

yqeTOM paBeHCTBa 1IHCJia (N) 0TPHIJ,aTeJihHhIX H nonoX<HTeJihHbIX 3apSl,!l;0B 3a-

KJII01IaeM, q;o cyMMapHhIH noTeHIJ,HaJI Ha ocH K0nh1.1,a nponop1.1,HoHaneH N{P /2. 

TaKHM o6pa30M, B C0OTBeTCTBHH C Tpa,!J;HIJ,H0HHhIMH npe,1J;CTaBneHHSIMH 3KC

nepHMeHThl B 3T0M HanpaBneHHH, CTporo roBopsr, ,!l;0nX<Hhl ,!J;aBaTb non0X<HTeJih

HhIH pe3ynhTaT. XOTSI 3aqacTy10, HCX0,!l;Sl H3 HeBepH0H Il0ChIJIKH, 'ITO Il0SIBneHHe 

3neKTPH1IeCK0ro nonsr o6sr3aTeJihHO CBSl3aH0 C H3MeHeHHeM 3apMa CHCTeMhl, 

6e3aneJIJISIIJ,HOHHO yTBep)K,!J;alOT 06 o6sr3aTeJihHOM 0TpHIJ,aTeJihH0M pe3ynhTaTe 

nO,!J;06HbIX 0ilhIT0B. 

C ,!J;pyron: CTOPOHhl, Ha 0CHOBe nOTeHIJ,HaJia JlHeHapa - BHxepTa (2) 

3KBHilOTeHIJ,HaJihHbie KPHBhle (B TepMHHax 3ana3,!l;b1Bal01I.1,HX paccTOSIHHH) HMe

lOT cpopMy BhITSIHYThIX 3nnHnC0B [12 ]. IlpH 3T0M, KaK HeTpy,!l;H0 BH,!l;eTh, cor

naCHO (2) <<TaHrenIJ,Hanh~Oe» 3Ha1IeHHe C0Bila,!l;aeT C KynoH0BCKHM. OTCIO,!J;a 

CJie,!J;yeT, 'ITO Il0TeHIJ,HaJI 3neKTPH1IeCK0ro nonsr Ha OCH K0nhIJ,a paBeH Hyn10 [3 ]. 

IlpOTHB namero Il0,!l;X0,!J;a, 0,!J;HaK0, B~BHraeTCSl B03paX<eHHe, 'ITO TeopHSl 

OTiiocHTeJihHOCTH (no,!l;pa3yMeBaSI noTeHIJ,HaJihl JlHeHapa - BHxepTa) 

HenpHMeHHMa K Bpa1I.1,aTenhHhlM ,!J;BHX<eHHSIM (nO-BH,!l;HMOMY, HMeeTCSl B BH,!J;Y 

HaJIH'lHe ycKopeHHSl). TaKoe yTBep)K,!J;eHHe HMeJIO KaKOH-TO CMhICJI, eCJIH 6hl, 

HanpHMep, noTeHIJ,HaJihl, KaK H nanpSIX<eHHOCTH, 3aBHCeJIH OT ycKope!IHSl. Ho C 

T0'IKH 3peHHSl q>H3HKH TaKoe nonoX<eHHe BPM nH ,!J;0nycTHM0, n0CK0nhKY 

3neKTPH1IeCKHH noTeHIJ,HaJI xapaKTepH3yeT noTeHIJ,HaJihHYIO 3Hepml0 CHCTe

Mhl, a ycKOpeHHe - npH3HaK )J;eHCTBHSl CHJibl*. 

K C0X<aJieHHIO, npO,!l;eJiaHHhle 3KCnepHMeHThl [13, 14 ], HaCK0nhK0 M0)KH0 

cy,!J;HTh, He ,!J;alOT onpe,!J;eJiennoro 0TBeTa Ha nocTaBneHHhIH Bonpoc. 
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