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NPEAI,ICJIOBIIE

B nacrogulefi rnure BuepBbre crrcreMarrl3r,tpylorct reoperr,rqecKue MeroAbr
HaxoxAeHEf, cyMM aroMrrblx BeJrLtlIuH - tro'BceM MHorogJreKTpoHrrbrM KBaH-
TOBbTM qEcJraM, no [poMexyToyHbrM cocTosHtrrM, no EeKoTopbrM Merree
BaxHbrM KBaHTOBbTM {HCJIaM, ITpTIBOATTCT BbrpaxeEEf, A[t pa3ltrqEbrx
cperHlrx rr cyMMapnbrx xaparTepr{crnK aroMoB u ux ctreKTpoo, o6cyxgarorcr
ux nphMeHeHl{.rr.

Cpe.rprr,re xapaKTeprrcrtrKrl ctrerTpoB, Taxrre Kar cpeAr.fl.f, gueprtrfl, ,qllc-
rlepctls, acuMMerpr{r{, 3xcrrecc rr Apyr[e, oco6egno trpu rtaJrrquu nx rBHbIx
orrpaxenr.rfi, rro3BoJrrlor u3yqarb o6rque oco6ennocrtr ctreKTpoB, rrx u3MeHe-
HI{e B prAy aToMoB urtr B rr3ogJreKlpoHrroM prAy, orleHtrBaTb BJrnrHtre pa3-
rr{rrHbrx nrauuo.4efic'rsaia aa crpyrTypy cneKTpa, a rarxe iuoryr 6rrrr
[cloJrb3oBaHbr Ans upn6luxemoro oflEcaHktfl. a wrTepflperalrtrtr cJroxHbIX
cnerTpoB. Cpe4uue xapaKTeptrcr[Kr{ troJre3nbr rrpr,r paccMorpenilr Mrroro-
gneKrpoHnbtx sS$erron B aroMax.

{nr cyruruaprrblx aroMHblx BerLIq[H, B ToM rrEcJIe Ant BpeMeH )KE3rrIr
ypoeuefi, ruupnH yponnefi u Jtnxmit, BbrxoAoB $lyopecqernpll, rroJrnbrx ce-
ueuufr, Moryr 6rrrr uonyueHbl {Bnhre, B Herorophrx cryqa.flx Aocraroquo
npocTbre BbrpaxeHrrfl, cyulecTBerrrro ycKoptrorrlEe EX pacqeT.

I,IcnorlgosaHre pa3rr.rrrnbrx trpaBfin cyMM AJrrI cut tnyvrit, cr{JI ocr{nrJrff-
TopoB, BeporrHocrefi uepexo4oB, MarpnqHbrx gJreMeHToB oleparopoB lro3-
BOJrter oqeHrrrb rltx rorrHocrb u corJracoBaHHocrb, o6nersaer upoBepKy
TeopeTuqecKr,rx pe3yn6TaTOB.

Cyurvlu aroMnhrx BertrqlrH lrrr4poxo rlcloJrb3yror cfl, npn noryrleHqr.r E
upeo$pasonaHrrr{ Bbrpaxceurfi, gnr Bepo,flTHocrefr. utru ceqenlrfi pa3Jrr{qnbrx
npoueccoB.

Heroroprre npaBnJra cyur'r 6rrnr ycrarroBnenbr yxe Ha rlaqaJrbuoM gratre
pa3Brrrnr rsaHrosofi Teoputr aToMa tr npuBe.qeHbr s ugsecrHoft uonorparfun
E. Kou4oua u f. Illoprnn [1]. Bosrvroxnocrr4 rraxoxgerrtrr aroMr{brx cyMM
pacllupr{.Jrr.rcb c rrorBJreHEeM MeToAa HeqpEBoArrMbrx TeH3opHbrx otrepaTopoB
[2. 3]. Cym,rupoBanue BeJrtrqtrrr MoMerrra KoruqecrBa .qBaxeEu.n parpa6ain-
BaJrocb z o6o6qalocb B Morrorpa$nax t4- 8]. B [6] 6rrrr r{3JroxeH opurtrHzurb-
nrri rpa$nuecrufi vreroA cyMMrrpoBauu.a, roroprri BuAorr3MeHrJrcr r{ AotroJr-
las;tcfi. B prAe pa6or U-ll rr Ap.l. C upuueuenneM cHaqana n rgepnoft, a
rroroM s aroMHofi c[eKTpocKorruu [peAcraBJrerrnf, BTopErrr{oro KBar{ToBa-
Hriq Bo3HuK Hosrrfi s$$errunnufi,ueroA cyMMr,rpoBauw, ll2- 14]. Ou lo-
3BOJIfleT BbrtrOJlrrtTb cyMMr,IpoBaHue rlo KBaHTOBbTM rrItCJr€rNI HeI(OTOpbrx co-
crognlrfi rrJru B HeKoropbrx rroAnpocrpaHcrBax. Korvr6rrurpy{ npeAcraBJreHue
BTOpEqHOTO KBaHTOBaT{U.'I C MOTOAOM trpJIMOrO CyMMr{pOBaHVg,, l,rfl. Irr{3mnx
MoMeHToB ctreKTpoB ypoeuefi srrepruu ll u3ryqeHr.rs yAaJrocb nonytrurb rB-
I{bre Bbrpaxe[vrfl,, Ha ocHoBe Korophrx 6rrn paenrar sSrfer<ruruufi uerog upra-
6nnxeHHoro orrcarrLrfl. tr trETepnperaqr{lr cleKTpoB MHoroKparrrbrx r{or{oB
tlsl.

O6rqee pementre upo6netrlrr Haxox.qeHr{r cyMM uo BceM MHorooneKTpoH-
EbIM KBaI{TOBbrM SUCTaM CTaJro Bo3Mo)r(HbrM 6laro4apx [pr{MeHeHr4ro reo-
ptrtr Bbrcfftrx rpyrIII [16] u pa:pa6orre cneqraanrnofi AlrarpaMMrloi rexnr.rrra
[17- 19]. I,Iuenuo B groM HanpaBJreur{[ B rrocne.(H[e roAbr 6lrnu uo:ry.leuu

Free Hand
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6 npeAucrroBre

CYUICCTBCHHbIE PE3YJILTATbI, KOTqPbIE U COCTABJI'IIOT OCHOBSYK' qACTb

nacrosuleft Kntrru. Baxsoft oco6ennocrrro sroro MeroAa cyMMEpoBaHru
flBrflercfl Bo3MoxHocrb Haxox.4errllf, arrpaxennft AJrt IrMpoKoro KJracca
cpe,Fux xapaKTepucrEK B trpoMexryTotHofi cass[ 6eg trpoBe,4eHtr,fl .44aro-
Hzuirr3aqm Marprrq 3rrepfEr( u pacqeTa rosr[([uqfieuroB pa3JroxeHfis s 6asu-
ce BoJrnoBbrx $yuxq@ sucrofi cBrsr. Cpe4nne xapaKTeptrcraKn B npn6nr-
xenur{ cMerrrtrBtrutrg xou$uryrpauufi Toxe MoryT 6rrrr arrpaxenbl rrep* cyM-
Mbr rro o.rg{orouibrrrypaqnoxnbrM cocrotntrrlM 6es onpegeremx rosQifruuen-
ra cMerrruBatut, 1201.

Bupaxeuux KaK B o4noxonr[rrypa$rossofi MoAeJrr4, TaK ll c ytleroM Kop-
peJrrqr{oHHbrx sr!(!erron, xaK trpaBr{Jro, 6y.qrr trprBoA[Tbc.fl B HepeJrsrl{Btrcr-
crou npn6rulxeruru. Te xe ocuoBHbre Mero.&I cyMMnpoBarut nprrMeul{Mbr
rr B peJuruBr4crcKoM upr6nuxenrul (Aaxe roarvroxrro trpflMoe npeo6paso-
BaHne sepenrTrrBrrcTcKEx oopvryl B peJrtTtrBl[oTcKue rryTeM 3aMel{6t cooT-
EerorByrorulrx nenxvux), o.qnaxo ecrr 6onee upocrofi n eS$erruenrrfi
cnocoS ytrera persrnBr.rcrcKfi x e$tpexron, uossorffIourrfi coxpanrtrb xapaK-
Tepnylo Ar-fl 6omffrdncrsa o6oroqex Z,S-cs.{sb - 3aMeHa r{HTerpaJIoB B

HeFenflTEBr4CTCKr{X BbrpaX(eHIrqX rOr"r6nUaqlrlMr,r peIqTr,IBIrcTcKI4x I{HTerpa-
nov [2], 22].

Arg'llreleug Kr{r{rn neo6xo,Euvo 3naroMcrBo c ocrroBaMr{ reaxrosofi rv{e-

xaltruKr{, a raxxe c reopuefi aroMa (uprvrepno s o6rel4e trepBbIX AByx rnaB
[23]). Ocaoenue $oprrry.uu AJrt MarpIrrIHbIX 3JreMerrroB HeupI{BoALtMbIX TeH-
3opl{hrx oneparopoB rrpeAcraBnenbr Ha rperberrl $opeaqe.

B ruune ncilonb3yercfl, a'ratvlrt.as, crrcreMa e,ryHr{q, a oneparopbr oflpeAe-
Jrsrorcr B rrceBAocrau4aprnofi cncreMe Sas (rax z r pa6orax 12, 6,23-25
r4 r,p.]). @opl"rymr Eyruepyrorct B npeAeJrax rJraB, a B ccblJrKax na Qoprvrynrr
u: 4pyrrx rnaB nepeg HoMepoM ([opuynu yKa3blBaerct HoMep rJraBbr, Ha-
npr{Mep (2.10). @opvry.nrr upunoxennft )rxa3brBarorcr c .qorloJruure.nruoft
dyxeoft fI, 4a;ree trepe3 Toqry cJreAyrcT r{oMepa trptrJloxeurt u i$oprvrynrr,
nanprlr\{ep GI.1.6). flpu rcuorn3oBaHr{rr Qopt"ryn, trprrBe.{euffiIx na Sop:a-
{ax 3 u 4, xvrxHoMepaMcnepe,ry.uo6asrqercs 6yrra @ H HoMep tfop:aqa,
Eanpr.IMep (O. 3.2).

Anrop 6.narogapeu npotf. 3. Pyasrxacy 3a BHItMaHve r pa6ote r{ co3Aa-
nue ycnonuft 4r,fl, :aanficanytfl. Knl,rrrr,,q-py Oi,Is.-var. x. IO. Kanrycracy sa
noxe3rrbre o6cyxgennr il qenrrble coBerbl, xaIrAFAaraM (prs.-uar. n.
l. Xyxaycxacy u A. Canyrunacy 3a rrJloAorBopnoe o6cyxAerrne pyxotrucu.
Aerop Ecr(peHHe rrpr{3rrareJrelr cBoIrM corpylgrtrxaM KaHIFAarau Sns.-uar.
u. C. Kyvacy, ff. lpy4snncKacy, acx. JI. PyAgmafire, B corpy.umqecrBe c r(o-
TopbIMn 6rrn uorryreu pgA p$yJrbraroB, E3JroxeHr{F.D( B KHIrre, l. Muxla-
ruercxoMy 3a Brrr{MaTeJrbH@ peAaKTrtpoBaEqe, a rarxe B. Fapmrene - 3a
TulareJrbrroe o$oprrlnenue pyrcomrcu

Free Hand

Free Hand



l.l. Cyrrlunr BoJrnoBbrx rfyuxuufi n roeQQnqr.reuroB pasJroxenr.rs

I. KBAHTOBO.MEXAHI{IIECKUE METOAbI CYMMI{POBAHI,Ifl
B nepnovr pa3AeJre 3Tof rJraBbI paccMarpr{Barorcfl rrpocrefiiltre Mero.qbr
HAXOXAEHILf, CYMM ATOMIIbIX BEJIEqITE, I{CNOJIb3YIOUEE YCJIOBEE trOJIHOTbI
6asrca BoJrrroBbrx Syrxqui, yHr.lTapHocrb Marprrq ux upeo6pagosaur.rfi u
qpEHquII ctreKTpocKotrr.rqecrofi ycrofirnaocru. ,{a-rree n3Jraraerc.fl rpa(bnec-
xrrfi ruero4 cyMMrrpoBaHlu u npeo6pa3oBaHr.rr BeJrrrqurr reoprur MoMeHTa
Korur{ecrBa ABr{xeHufl - roet|rfnunenron Kne6ura - lopgana r 327'-16366"-
rlr{errroB. B rperrev pa3.qeJre rrpr,rBoAtTcfl pa3nnqrble qpaBmra cyMM Airs
cr{Jr ocrrr{JrJr.rrropoB r o6o6qenrrrrx crn ocqrrJrJrtropoB.

1.1. Cyumn BoJrHoBbilx Qynxqufi n xoerpfnqr{eHroB llx paaloxennfi.
llpunqxn cneKrpocKor[qecKofi ycrofiq[Bocr[

Co6creeHHrre BoJrHoBbre ([ynruun roquoro uru npn6rurxenHoro raMrrJrbro-
Hr{aHa aroMa o6pasyror opror{opMnpoBaHnyro crrcreMy r[yrrqufi, yAoBirer-
Bopqrcur4x ycJroBr{Io noJrHoTbr

f V*(Tl"r, xz,..., xrr)V(ylx'r, x'r,..., x',)dxr...dxn:

: 8 (xr - x'). ..I (x,r - xi7), (l)
rAe T - na6op trBaHToBbIx quceJr, xapaKTeptr3yrouflfi cocrotnue .l[-gner-
rpouuofi clrcreMbl; xi=t, o, - ua6op npocrpaucrBeulrbrx u cmirroBbrx
KoopAnHar i-ro eJreKTpoHa; 8(x-x')-4e.nrra-r[yrrKrltrfl. Cyuuu.ponaure
trpoBoAr{Tcr rro BceMy crler(Tpy, BKrK)qar [rrTerprrpoBaEr{e IIo HenpepbrBHo-
My cneKTpy. B AamnefiureM Ar.f, BoJruoBbrx <bynrqufi B KoopAr{HarHoM npeA-
craBJreurrr[ 6yAer"r r{crloJrb3oBarb corpauleHrrhre o6o3naqennr,{upara:

Y(y]"r, x2,..., x,*)=ly), Y*(ylxt, x2,..., xn)=(yl. Q)
Vcnosue noJrnorbr BbmoJrHf,erct v AJIA o.qrrosJrerrporrEblx nonnonrrx ([ym-
qufi, ecrn oHn coorBercrByror roMy )Ke o,qHogJreKTponrroMy raMuJrbronua-
uy. B cnyvae rleHTpaJrbno-crMMerprrrruoro rlors oAHogJreKTpoEHztr BoJrHoBafl
(|yururr Qarropusyerca

t|lnr,'r,(r, d): + P,r(r)Yr^(0, q)x*(o'),

rr rorAa paAnaJrbrrHe Pnt(r), c(fepu.recme Y1^(0, g) u crnuronrre X*(o)
([ynxqrn o6pasyror or.qenbHo troJrr{bre cr{creMbr $yrrqnfi B coorBercrB)rx,-
ulllx noAtrpocrpaHcTB:lx:

T "",(r)P,r(r'):8 
(r-r'), (4)

al

I Z 
"f*(0,9)Y'.(0', 

p'):8(p-p')8(cos0-cos0'), (5)
l-O m--l

112

f Xf(c)Xn("'):8(c, o'). (6)
IlL:- 2

(3)

Free Hand

Free Hand



l. Keauroao-M€xaHnrrecKue MeroAbr cyMMupoBaHr.rfl

B (4) cyrtrrrlrpoBaHrre ro lt BKrK,rraer B ce6r nHTerpxpoBaHrrre no guepruu
cno6o.qEoro gJrexrporra e. @ynxqrall Pnr(r)n P"1 Q) AoJrxubr 6rrrr pemenr,rr-
MU TOrO 

'(e 
paArraJrbHoro ypaBrreHnt.

C@epnuecxue Symqwl c tlurcrporaHHblM / y4onnernop.f,ror reopeMe
CIOI(EHITS

I

Z,f*(s,

rge P1(cos o) - noJrrrnoM Jlexangpa or Koclrnyca yrJra <o Mex.qy HarrpaBJre-
ElrflMr4 0, g rr 0', g'. flpn o:0 uorusoM paBen I u (7) yrpoilIaerct:

I

\ lv,^(o, E) l' :Z#
flepexo4 or oAHoro lazuca oprolropMrlpoBanubrx BoJTHoBbIX Symunfi

K,qpyrrrM oprouopMr,rpoBarrHbrM $yrrqnau ocyulecrBJlterc.f, npl4 troMolqlt
yrrarapr{oro npeo6paaonanux

tv): f (P Iy) I P), (e)
P

rAe 9, 1 - na6oprr KBaHToBbrx qlrceJr, xapaKTepu3yrotuux cocroflIrl{e oJreK-

TpoHubrx o6onoqex aroMa B pa3nuqr6lx rlpegcraBJreHrrsx, a (9 I y) - ros($-
$nqraenrrr pa3no)KeHru BoJrr{oBblx $ymunfi cocrogHr.Ifi ly) n 6asuce $ytr -
qr4ft | B ), ygorrerBoprpry{e ycJIoBI,ItM

g) Y r^(0', q) : !# P, (cos o), (7)

(8)

YMnoxa-r (9) c.rena Ha BoJrlroByro ([yuxqlto (oc l,-naxoAlrM coorHolrJeutre
MexAy rosif$uqnenraMr{ pa3Jro)Keuu.tr s 6asficax la) u I p):

(alv): f ("19)(glv).
0

B o6ruela cJryqae cyMMI,IpoBaHue n (9)-(11) 4onxuo rpoBo.4trTbct rlo
BceMy crreKrpy co6crseHnrrx sHaqeH[fi. Oguaro Bcne.qcrBue KBa3nAI{aro-
HaJIbHocTI{ MaTpI'lIIbI 3l{eprl{u I{3-3a KoMr\dyTa\ua raMUJIbTOHIltaHa c KBaApa-
ToM noJrHoro MoMeHTa KoruqecrBa ABrrxeHufl 3neKTpoHnrtx o6olo'rer,
a rar)Ke B pe3ynbrare npene6pexennfl - B paMKax r.rcnoJrb3yeMoft o4no- lulr
unororon(frarypaql{oHHofi uoAenu - BceMu lu6o unorl{Ma IIe.qI{aroH€lJIb-
HbrMu MexKou$urypaqlonHblMrr 3neMeHTaMn 3To cyMMI,IpoBaHI{e cyurecr-
BeHHo ofpaHurfl{Baercq, qacro - cpaBHtrTenrno ne6onblrll'rM tll{croM co-
croqHrft Ar{cxperHoro cnerrpa. Ecnu s (9)-(1t) lV) - BoJrHoBbIe Synruuu
npoMexyToqnofi cu3u, iloJryqaeMble rryTeM,4rlaroHaJrr43alln[ MaTpr'rqbr SHep-

riu, a lo,), lp) - $yuKuuu qncrofi cBt3lr, ro cyMMltpoBaHrre B (9)-(ll)
qpoBoAr.rTcr Jrr{IIlb 11o cOCTotHI{tM TOro ]Ke 6nOxa KBa3[IAtraroHalruOii lrar-
plulbr, HanpuMep, n o4noron$urypaqlroHHolr npu6rutxeHl{Il - Jrlllllb no
TepMaM oAnofi ron$nrypaqul{ c reM xe 3IraqeH}IeM xBaHToBoro qncJra tton-
Horo MoMeHra J. B cryqae npeo6pa:onanl4t MexAy $yHrqraarvlu .uByx rlllc-

f <pIv)* (g IY') :D(r, Y), f <ptr)*(B'lv):s(p, p'). (lo)

(11)

Free Hand

Free Hand



Ll. Cynarr,Iu BoJrHoB,Eilx rlyuruufi u KoeQOl,tlII,teHroB pa3,'IoxeHl4t 9

Tbrx cB.a3efi KB:rHToBbIe qficrra p r (10) To)I(e npo6eraloT JItrIIIb MEOTOSJIeKTpoH-

Hbre KBaHToBbIe qI{cJIa paccMaTplrBaeMofi KoHOtrrypaqtrR c onpe.4eJIeHHbM "f.
l4z (9), (10) cneAyer ycJroBne noJrHoTbr 6as]1lca trJrn Rc[oJrb3yeMoft crcTe-

Mbr BoJrHoBbrx t[ynrculi

f l">("1: f lr)(vl, (t2)

xoTopoe, B oTJrr{que or (1), np[MeHuMO TaKXe ,4r.fl KOHSqHOTO _6asnca. s
ToM qrrcJre tr B cJryuae o,q{o- IrJrn mrororon$nryparprounoro npu6nuxenua.
Cornaqro (12), npollsneAeulle solnosofi ibylrrqllll Ha conpfiKeHuylo $yIIK-
uuro, npocyMMIIpoBaEEOe IlO BCeM COCTO'HI{'M MOAeJIbHOTO upocTlpaHcTBa,
HC 3ABI{C}iT OT TIIIA CBfl3N..

flpuvrenenue cooTHomeaW (12) K cyMMe AtraroHzUIbEbIX Ma'TputIIIbIX

sJIeMeEToB He1oToporo ([usnuecroro onepaTopa T 4aet u3BecTIIoe trpaB[Jlo
lHBapfiaHTHocTII cJle.qa MaTpnUbI oTIIocuTeJIbHO ygtrTapHblx Irpeo6paSO-

nannir i[ynxurfi
(t 3)

Hanpr,rllep, ecln T - oneparop B3atrMo4eficrBnt aroMa c IIocrotHHbIM
MATHI(THbIM IOJICM

Fl': - (B p), (14)

rAe B - IHAyKIII,IS IIOJI1, TO Bblpaxat MarIItrTIIbtrl MOMeIIT SJISKTpOIIII6IX

o6Ono.rex atOrura U, qepe3 MarI{eToH Fopa p,o, UOntrrrft MOMeHT O6O.nOqer

aroMa J ra rnnroxurenr JIanAe, ra.nra g-(faxrop,

P,: -PogJ, (1s)

a or{epr1aro B3al4MoAeficTBtrfl - qepgs MaTpusgrtri gJIeMeHT orteparOpa J,
(ocy z coBMerr(aerct c BeKropoM B), rourpern3upyeM (13) rar dpaBrrJro cyMM
IanAe: cyMMa lnrloxnrelefi JIanAe AJII Bcex yponuefi Aannofi ronr$urypa-
qnn, trMeIOtqIIX OAI{O E TO 11qe CO6CrSeIil{Oe 3Haqentre J, Ae S.annCUT OT TI4na

cuxzu ll, 241

Z s"r: f t"r. (1 6)

lpyroft qacrHbrfi clyvari cooTHomeHrrrr (13) npe.qcrarnxer co6ofi npaBrrJro

cyMr,t Cnsre pa Mfl Hepentrl{BncrcKofi sHeprEtr ypornefi . flpeggolarat' qro

la) - rbysrqur HecBt3aHr{bIX MoMeI{ToB, a lV) - abysrqrrr r-,S-cexsn u
Bbrrrr(cbrBiur cyMMy AJrt olpeAeJreHlrbrx sHaqeHrrft upoerUrft Mu Ms pe3yJrb-

tupylorqux MoMeIrroB (rr,rarplrqa gHepru[ AuaroEanbHa Ilo sTIlM npoeKqr{-
ru), norryvaeu [25]

s s f E(yLSM'M,):
1 "rf*,t) s(fM,t)u 

\t uP"- L"'st

f (" lrlD: f <r lrlr).
a'(

s
mr mt. . .mt
Fr Fr. .'lrt

(mr4rrnr4z...m*ltolHlrr\Vrtnz4z,..mypr), (17)

Free Hand

Free Hand



t0 l. KsaHtoeo-MexaHHrr€cKHe MeroAbr cyMMtrpoBaHIrt

rile mi - npoeKrlnfl op6llTanbHoro MoMeETa lr, a p, - npoeKr{Hr ctrr{HoBoro
MOMerrTa s,. cyMMe B npaBofi qacTr{ paBer{cTBa orpaHrrqeHa ycroBfiflMll

kk

Z *,:Mr, f *,:t".
i: I r':1

Ilesas qacrb paBeucrra (17) npeAcraBJrrer co6ofi cne.4 cy6Marpr{q co
3Har{eFlu{Mrt ZS, conuecrI,IMbIMI{ c Aalrl{brMrrt 3HaqeHu_flMr,r nx npoerqri.

flpanu.uo (17) mnporo r{crloJrb3oBairocb Anr pacrrera yponnefi sr{eprnu
AO pa3Br{Trr{ MeToAa HelrplrBoAr{Mbrx TeH3opHbrx onepaTopoB. oso no3Bo-
JI{eT, Haqpllivlep, noJlyqrTb BbrpaxeHr.re AJrr 3HeprrM sJreKTpocTaTr4rrecKoro
B3al4MoAeficrBr.r{ Mex4y sr(BrrBaJrerrrHbrMn gJrer(TpoHaMr{ /il, ycpe4nennofi uo
BceM KBaHToBbIM qucJIaM, 3a r.IcKrroqeHrreM noJrr{oro crl{Ha p.6]. Ectru (17)
trpocyMMr{poBarb rro Mru pazAetrlrrb Ha qlrcJro cocrorngft c AaHr{oft npoeK-
qnefi cnnHa g(M), To norytrr.rM cpeAHroro oHeprrrrc E(Mr). Sneprnr n
oTcyrcTBr{e BrrerrrHero rroJrf, He 3aBr4crrT or npoeKqrrfi, nosrorrty M", (y (17)
MeHteM o6oanaqenuf, S*>,S', a Mr-->Mr,) Mo)KHo rrpuHflTb parroft S nu6o
S+ I (S<,S'):

s(Ms,: S)E(Ms,:s): f I E(yLS' M,M,,: s),
S' (> S) '|LML

I (Ms, :s+ l),8(44, : S+ 1) :

s'(>.S+l) ytML

Pasnooru (19) u (20) annxerca cpegnefi eneprraeft o6ono.rrfi c ,qaHHbrM
cIIIIHoM, yMHoxeHHot na sucro cocroflHnft c srEM cntrHoM

,E(/rS)g(S):
: g(Mt': S) E(Ms;:,S) -g(Ms,:,S* r) E(Ms,:,S + 1). (21)

Auarorruro g (S)/(2S+ 1) paono pa3Hocrlr
crnHa Ms,:S n My:5a1.

#* : I (Ms, : s) - s (M* :^s + t).

Cregonarenruo,

qllcer cocron]d'ui,t. c upoerqaefi

E (/rvs) : (2S + 1; g (n1v : s) E (Y:',: s)-- g (M-s'-: st 1)-4 (i1s' :'s + t ) . (23)g(Ms,:S)- g (Ms,:,9+1)

lllrcno cocrosHufi u cpeAufls gJreKTpocrarnqecrar 3r{eprtrt o6onoqrn
c trpoenruefi cmna Mg wroryr 6rrrr nafi.qer{br rrcxoAfl lt3 cnnE-trorspn3o-
sanuofi Mo.qeJrtr [26]. floapo6uee ronpocbr ycperuexf,f, sueprtrn tr Apyrrx
BeJrE!IUH IIO BCeM MIIOrOgneKTpOHrrbIM KBaI{TOBbIM lrIrCJraM, 3a I{CKJTX)qe-
IrueM crrr{rronrrx, 6ygyr paccMorpeubr n pas4. 4.2.

9acro B Teopur aroMa trpExoAETcfl [Merb AeJro c cyMMaMtr xBaAparoB
uo,ryrefi aMnJruryA trepexoAoB, qepe3 xoropbre Bbrpaxarorcfl BepoflTrrocrE
trrtr ceqenufl pa3Jrnrrrrbrx upoqeccoB. B uepaor"r tropf,.rye reopEu sosMyrqend

(l 8)

(1e)

(22)

Free Hand

Free Hand



l.l. Cyuun BonuoBrirx Qynxuufi u roap$nuuenroB pa3Jroxteuut

aMnJrr,rryga rrepexoAa paBrra Marp[qHoMy sneMerrry oueparopa nepexo4a O.
Cyrntuupyx KBaApar MoAyJrf, aMrrnnrylpr tro BceM Harr:rJrbHbIM rr KoHerrHbIM
cocrosHr{rM r{ nprrMeutfl r o6ourvr cocrotrraf,M coornoulenrre (12), EaxoEEM:

f l<^" lolK'a')lz: f l<"v lolK'l)1,,
dd, .ry.

rAe K - HaqaJrbrrafi, a K'- KoHeqHar ron$nrypaqnu.
Bcnegcrrue npaKTaqecrofi saxxocru groro [paBEJra cyMM orro nony-

qraro cleu[arbHoe rra3BaHr,re trpugqrrna cllexTpocrotrusecrofi ycroiwrnocru,
roropuft i[oprraynnpyerc.fl TaK: noJrHar cyrrrMa KBaAparoB uo,rynefi aMmrETyA
nepexoAoB He u3MeH.f, er cfl Trprr yurmapuhrx npeo6pa:or annax Brryrpr{ rpynrr
HaqaJrbHbrx u KoHetrnbrx cocroxnnfr. 127f.

flpnnqun cnexrpocKonusecrofi ycrofirunocrr.r, I(aK tr qpaBrJro cyvru (13),
Moxer 6rrru Rcnonb3oBan AJrr HaxoxAenrm trprMbrM cyMMEpoBaHueM cyM-
MapHbrx BeJrr{qr{H rryreM rrepexo.qa r npocrefimerry 6asrcy AerepMuuarrrrrbrx
Qyurrlui HecBr3aHHbrx MoMeHToB, B KoropoM Bb{paxeHnr Arr Marp[rrnbrx
gJIeMeHToB He co,4epxar HecrarrAaprrrblx Ml{oxnrenefi - reneaJlortrqecKr{x
xoe$rfuquenros. TaxnN{ cnoco6ou n [28J 6rrno uaft4erro Bbrpaxenne Ails,
cIIJrbr coBoK)mHocTra paAlraqnoHlrblx SneKTpr{qecKtrx ,uFIIoJrbIIbrx [epexo-
,u,oB:

,s(K, K'): ) l<r'v'lD[DlKy)),. (2s)
vv'q

3.uecr Dft) - HenprrBoAuMar KoMrroHeHTa otreparopa gJreKTpr,rqec(oro .qll-
IIOJTbHOTO [epeXOAa

N N,I

Df\: -r'fl,": -r C[1)(0r, qr)rr,
k:l k:l

rge r[1), rk - paryryc-BerTop n ([oprr.re HenpEBoAuMoro reu3opa nepBoro
paHra a paAptarr';Hafl trepeMenna.r /r-ro snerrpona; Co - oneparop c$epu-
qecxofi $ynxqHH; cyl!{Mr,rpoBanne n (popvryne qpoBoAnrc.rr tro BceM sJrexTpo-
HaM aroMa. B (25) K u K' - rourfurypat\trpr, ornrrrv;arorr{necr xBaHToBbrMtr
qucJIaMH o.IIHOTO 3JleKTpOHa

K: KolY'1Y", K' : lQl{}t l{rr, (27)

rAe K0 o6oguasaer He yrlacTBylorrtte B llepexoAe ,,traccuBHble" o6oIo.tKE.
flpuuer.ar rrpzurlrm crlerTpocxora'recroft ycrofirrrocrtr, trepexoArrM B

nparofr qacru paBescraa (25) r 6a3r,rcy EecBr3€rnnbrx $yrrurfi, rpr{ eroM
BoJrnoBbre Qynrrmu snexTpouoB, rra Koropbre oueparop ue geficrayer, cru-
Tarorcr oA[HaKoBbrMr4 n o6oux cocrorurr.flx rr trHTerptrpyrorct B eAtrHrrqy.
Cregoratenrno,

il

(24)

(26)

S(r, ir';: f, f t,(nrlrmrvrldfDlnrlrmrpr)lz.
tnD$D mrvrmrV2q

(28)

Free Hand

Free Hand



t2 l. Keauroso-MexauflrrecKl,te MeToLbr cyutrmporauul

flpnruenra npaBrllro (rI.1.2) K Bbrpa)Kenilo AJrs Marpr,rquoro sJreMeBTa
([.6.1) rrpr t: l, Haxo4luvr cyMrury rro npoerur.rflM MoMer{ToB rrepexoArulero
sneKTpoHa mTvb mavz rr rrpoeKur4r,r q:

,^n, u, 
I 
(n" lz m, v, i d? | nt I 1 mlpr) l' :

:2 (lrll Crtr 

' 
lr)2 (nrtrt,rlnrlr)z:2d|,r,, n"r". (2e)

Cyrrua tro ItpoeKqllflM. me4e MoMeHToB ,,IIaccrrtBHbIX" greKTpoHoB, Ko-
Topbre s o6onx cocro-flHuqx Aonxr{br nMerb re )Ke caMble KBaHToBbIe qacJra,
paBr{a .rr4cJry raKrrx cocrosuufi trJrr{ crarBecy. Crarnec o6oloqrra /x, snertpo-
nrr rcoropofi He yqacrByror B rrepexoAe, paBeH

sor: (o';'):nw*^*-*. (30)

B cryuae o6o.norex, yqacrBylorunx B rrepexoAe, o.sro cocro-flHrre 3aHrrMaerct
[epexoA.rrrqr.rM SJreKTpoHoM, rro3ToMy ocTiurbHhle gJIeKTpoHbI paclpeAeJur-
191sq lsrrir no 4l-f1 coctosHnqM r.r cyMMupoBar{r{e no Hr{M Aaer MnoxnreJrb

(3 1)

Brrpaxenue Arrfl, ct4Jtbr coBoKyrruocrrr rrepexoAoB r{Meer Br{A

S (Konrl{, nrl{,, Konrl{'+r nrty"-t):

(/r 1lc,t,lllr)2 (nrlrJ rinr-lr)z I Q2)

AHarornqHHM cnoco6or"r [oJryqaercf, n o6ulee BblpaxeHr4e AJrr crrnbl
coBoKyrrnocrrr oxe-repexoAoB I29, 231. 3ru nepexogrr o6ycnourr{Barorct
AByx3JreKTpoHHbrM B3ar{MoAeficrszeM, a Earr€Lrrbuat u Kouequaa ron$r,rrypa-
u[I{ oTIUqaIOTCT KBaTITOBbIMU rIrrCJIaMr.r AByX sJreKTpOHOB.

K coxaleguro, gror MeroA cyMMr4poBariu{ He nptrMerrr,rM .4JIt Marprrrl-
Hbrx sJreMeHToB p-sJreKrponHoro oneparopa, ecnn o6e ron$urypaquu K
a K' o4unaKoBbr uJru orrtrqalorc.fl KBaHToBbIMn rrr{cJraMr.r MeHbmero qucra
sJreKTpoHoB, v'eM p. TorAa ueo6xoAr,ruo npr,rMenflTb 6onee crroxrrlrfi nteroA
cyMMr{poBar{lra, roropufi 6yger rasrroxerr B Tperbeft rnase.

flpaeralo cyvrr'l (24) coxparrfler afirry n npu K: K', B ToM .rtrcJte v. A:r;fl.
Marpr{rlbr 3rrepruu. Ectm H - raMrrJrbroHlrarr aroMa, ly) - BornoBast[yur-
qnlr [poMe)r(yrounofi cBfl3v, a la), lp> - Synrquu pa3rr4qubrx trr{crbrx
cr.aseft, To HaxoArIM

f <"r lHIK"D,: ) <ra lHlKd>z: f <"p lHlKg'>,. (33)
^( dd' 99'

Tanurur o6paaou, yrrrrrapnbre npeo6pa:orarua.s 6agucnrrx ([yuruufi n'e E3-
Merr-rror cyMMbI KBaAparoB Bcex Marprrrtr{brx gJreMeHToB orAeirruoro 6ro-
xa KBa3r{Auaronalruofi MarprrqEl grreprurl. 3ro cs.rgano c 3KBrmaJlelrrEocrbro
cyMMbr KBaAparoB sJreMeuroB (33) crreay KBaApara Marpuqbr oneparopa I/.

(-1:') (#;ll)

:zs(K,) (-'il ') (#;l l)

Free Hand

Free Hand

Free Hand



1.2. lpaSuuecKHfi: MeroA cyMMupotsaHrrq 13

1.2. fparfnqecKr{fi MeroA cyMMnpoBaHrs BeJrr{qnH reopnrr
MOMeHTa,KOJInqeCTBa ABIiX(eHHC

Ilocroruxy B rlenrpaJrbuo-cr{MMerpr{quoM rroJre aroMa coxpzrrulrorct noJr-
grlfi uouenr KoJrr{qecrBa .{Buxellr{.fi sJIeKTpoHrrbIx o6oroceK rI ero npoeK-
\wfl Ha ocb z) a npu6nuxernro - TaKxe MoMelrrbr or,aenbl{blx oJIeKTpor{oB r,I

UX rpylm, TO B TeOpIru4 aTOMa I,ICKIIOqI4TeIbI{yrc pOJIb UrpaIOT BeII4rItrEbI
TeopEr{ MoMeHTa KoJrrlrqecrBa ABr{xeHr{r - Ko3sabuqueHTbr KJreoila-Iop-
aasa (Kf), 3n7'-roe$QrrulleHrbr n HerlprrBo.qnMbre relr3opnble oneparopbl.

Koe$$uuuenr Kl npe,qcraBJrrer co6ofi xo1${u4renr yrrllrapuoro npe-
o6paaoaanr,rs ot 6asuca BoJrHoBbrx $ynxurrfi HecBr3aHIrbIX MoMeHToB AByx
sJIeKrpoHoB (uru.r 4nyx rpyln sneKrpouoB) x 6aaucy co6crsenHrrx ([ynrurfi
pe3yJrbTr{pyroruero MoMeI{Ta 14 ero ilpoeKrlrlr4:

(34)

IAO .Ir' mr - KBAHTOBbI9 qI4CJIa O,{HO3JI9KTpOHHbIX MOM€HTOB I{ I{X [pOeK-
uufrq jm - co6crBeHHbre 3rrarreEvr pe3ynbrr{pyrcuero MoMeHra I{ ero IIpo-
exurx.

PasrfiqHrre sKBr{BaJreHTr{bre Bbrpaxeuns. Anfl, roe(f$uurenra Kf uepee
cyMMbr nporl3BeAerlrfi $arropraiuroB or napaMerpoB roar[{rruuenra - N{o-

MeHroB u r4x npoerqlrfi - npnro4flrcfl, r{arprrMep, s [7]. Koe$abuqueur Kl
He r{cqe3aeT nprr BblilonHenlru yclonrfi

' i,i,i*) : Alt;, 
t;, 

i,],t,m,) tizmz),

ljt-jr',(t(yr*yz, h*jz*j :k,

m:mL+mz, ji+mi:ki (i:1,2), j+m:k"

rge kr, k2, k, k' - IIeJrbIe qrlcJra. Vcnosue (35) narrmaercfl, Tpva/lablM ycJro-
nueu {jrj2j} nnn rpeyronrnofi genrra-$ynrquefi I (jrjrj).

?Is ynrarapnocrrr r4 BeurecrBeHnocrlr Marpr,rubr upeo6paaonayna (34)
cJreAyrcT coorrrolrenur oproroE:urbrrocrlr grr roe$O[unenros Kf:

Koerf([lrrluenr Kl Bbrpa]Kaercr uepes 6onee cuMMerpfitlrrylo BenI,ItII4Hy -
no:Q(fuquenr Brruepa unu 37-xoet|$lrqrenr:

lI,

(3 s)

(36)

A.l';, ';, '-Jli;, ';, l):Eci"i') 8(m' m')8(i'i'i)' (37)

4l';, ';, '-llk k;]:t (m" mi)8(m" m!2)' (3s)

t;, t-l:'-t)t'-i'+n'ot (t;, t;,

rAe Ul:2j+1.

:*), (3e)

Free Hand



t4 l. KeaHroso-MexaH[qecKr4e MeroAbr cyMMupoBastls

Bomrosrre $yu qlrn rpex E 6onee snerrporroB ujru ux rpyfltr cBr3hrBa-
rorcf, trpr{ troMourtr o6o6rqeunrrx ros@$uquenros Kre6ura- fopAaua (oKf)
171

(40)

rhe T - xpoMe)Kyrortrrbre MoMerrrbr. CnsgbrBaH[e Moxer ocyrqecrBJrsrbcr
rlocreileHHo rrpu troMorrF{ npocrbrx Ko906ltqEeEToB Kf, tro3roMy xoe$tbn-
rIEeETbr OK.f rrrpaxarorcf, rrep€3 cyMMbr npocrbrx roe(fsuqnenron Kf.
Hanpuuep, npn k:3 rrMeeM:

l';, ';, ';, 
t 
f,,,:Al';, ';, ';:,ll';:" ';" Xl (4r)

B cnyvae rpex tr 6onrurero sncra gJIeKTporroB Bo3MoxeH pasnuxrufi
trop.rrAor (cxenra) ux cBr3btBaErr. Marpzqrr rrpeo6paaosastrfi MexAy BoJr-
EoBrIME $yrrunxuz pa3nurrnbrx cxeM cBt3rlr He 3aBr,rcflT or npoerqrft r,ro-
MeEToB E Bbrpaxaprcq qepe3 cyMMbr rrpou3BeAenrfi coorsercrByrouux
.qByx xoelbQrd{neEroB OKf, nanpnvrep:

ljrjr...jkTJM>:
s f i,, i,.-.ir J1 ;-\rLt I *, m,.n1n2...il*, - - ";r 

t'lr"'m')lizmz) 
"'lir^)'

: 
^,V,_,1';, 

';, ';:"ll';:" ';" ';::"ll';: ';, 'r)"
^;:';r:

"l';, ';, ';:Jl';, ';, ';:ll*" l:: '*1,

(irirU, ) i "Ur, ) i ni I 
j, i "(i 

r"), i, inUz ) D :
S fi.- i, is in Jf fi, i, it

^,*?^,*,L*, ft12 ms tna MJi,,i-,L*, mz ftts

it /l
l:

nt4 M J,^r,,

(42)

rAe r cro6xax s resofi qacr[ paBeEcrBa yKa3arrbr npoMexyrorrxble MoMerrrbl
Taxnu o6pa:ou, rrpn [ocrpoexrrtr BoJrxourrx ifyurqrft eneKTponnbrx o6o-
JIorIeK tr naxoxAerutr Bblpaxeur,rit Nls Marpatfi{blx gJreMeHToB p:ritrrlrrrrbrx
oneparopoB n 6aszce srzx i[yrrrqrfi npr.rxo4grcr paccMarpnBarb cyM-
Mbr rrpor{3BeAenufi ros(fr[u4renros Kl. I,Ix upeo6pa3oBar{re lt cyMMrrpo-
ra^uue y.uo6no nporr3Bo.qurr rpaifzrecKrrM MeroAovr. On 6rrn pa:pa6oran
cEarltura gra ro:ibOErIueHToB Bnrnepa [6], a sarervr pa3BnBarcs r BrrAou3-
Menflrcs B ps.{e pa6or [7-11]. MeroA yqtrrrrBaer csoficrsa cr{MMerprru
rosrp$rqraenror Bunrepa u 3n7'-ros(!(!nqRenron, oArraKo trocroJlbKy trcxoA-
rrhIMIr BeJrrrqr{HaMr{ B Teop[tr MoMeHTa Ko[{qecTBa ABIDKeEnfl rBIsIoTcn
rosrl$uryeuru Kf u ux cyrrMbr, To rrptr ilepexoAe r roetlrpuqresrau Bnr-
Eepa notBJr*orcx (n qacrrrocrr{, B r[opvrynnpoBKe reopeMbr Bnrnepa - 9rxap-
Ta vlrn rernopnoro rpor'nBeAerrrfl orreparopon) Aononnurelblrble $aronrre

Free Hand

Free Hand



1.2. lpa$u.recrufi ueroA cyMMl,rpoBanufl, l5

u BecoBble MIIox[TeJru, ycJro)KHtroil${e rpaouqecKyro rexHnKy Ir ee npnMe-
HeHr{e. B [7] 6rrm pa3B[ra rpaoruecKat rexHI4I(a lOquca-EaHAsafiruca
Art KosoOnuI4eHToB Kf, nosnontroulaf, yrlpocrl'ITb HeKoropble [paBI{Jra,
B qacTHocTLI OnycTnTb CTpeJrKI4 Ha II4HI{-flX.

Baxxrru cBoficrBoM AlrarpaMM yrJloBbrx MoMerrroB, I'IJII{ coKpaurexHo -
MoMeHTIrbrx Ar,rarpaMM, tBJrrerct nx ronoJrorurrecxat gKBltBiurenilrocrr tpefin-
MaHoBcKr{M Ar4arpaMMaM reopuu Bo3MylqeHllfi [30, 3l].

HExe lrsroxeubl IrpaBr{Jra rpa$Hvecroro Mero.4a lorgrca-BauA3afiTrlca'
IIpLrMeHeHne Koropblx rrporlJlJllocTpupoBaHo HeKoTOpbIMr{ IIpIIMepaMn.

Ipa$urecnoe fi3o6paxeilte xolQQlqneura Kf n otrepaqf,f, c nnM.

Koe(f$uUneur KI- nao6paxaerc{ TpeMt BbIxoMuIIIMII ng oAnofi ToqKIl
(y:ilf rngurMr{, uro6paxarougMg coeA[IlteMbre MoMeHTbI KoJIIirIecrBa

ABr.rxenus (rouxne rulnru) r.r pe3yJrbrltpyrournft MoMeHT (yro.nulexxar rul-
uur) (pgc. ]'l, a). V xaxAofi nu11LI11 yl(a3blBaerct KBaHToBoe rII'IcJro MoMeHTa,

V;,';, ,)

[-i;, -'i,,, -'*]
fi o

1,, O

lt,,t;,

; ]:t: 
t^ t*,):su, i) t(m, m')

;]: t- t)t--ut

1l:'- r)j'+j'-j l:;, :L, !*)'

-<__F_)D_

..,]J
-<--l_-_>.

r0 0 r-l
Lo o '*):8 (i' o) I (z' o)

Puc. l.l. Ipadnqecxoe uao6paxeuue

I-:'8(j, j')t(^, _nil

itro--#-

ro![$uqrenror KI

a ecJrn ecru neo6xoAnMocrb - H ero npoeKqrlu. V ysna craBnrct 3HaK,,*",
ecJrr{ JITIE}IIo nepBoro MoMeHTa 7, neo6XO4uMo noBepnyTb npoTI'IB qacosofi

crpeJr1n, qro6rr coBMecTr{Tb c nnnraefi BToporo MoMeHTa i2, He trepece(af
Irpr.r 3ToM yronureunofi ;;1uanu j, u 3Har( ,o-", ecrg rarofi lroBopor npov3Bo-

AuTcr no qacosofi cTpeJIKe. Crpenxa Ha rfir6l111 o6o$Iasaer 3HaK npoe6llsll;
ecJrr4 oH IIoJIOXIITeJIeH, CTpeJII(a HanpaBJreHa oT y3JIa, a ecJrI',I oTpI{qaTeJIeH -
To K y3Jry, Cornacno coorHorrreHl,Ilo

ri.' i,
l--, mz

(43)

Free Hand

Free Hand



16 l. KsaHroso-MexaHuqecKr.re MeroAbI cyMMr.rpoBaHHt

rrprl n3MeHeHun EatrpaBJreEtrfi Bcex rpex lrnuft Bo3rruKaeT AoloJtr{[TeJrbHbrfr
Qaeonufi MrloxrrreJrb (- 1)J.+i.-.r'(puc. 1.1, 6). Ectn oAtrH trJrR ABa MoMeHTa
r xosi[r[nqr€ETe paBrrbr HyJrro, To coorBercrByroutre Jrlt&frn MoxHo crepeTb
(pnc. 1.1, s-d).

Cytr,ttnrponanne rcoerfr$nqnenroB KI. Ecnu 4na roe$rfraulrerrra Kf cyrvrun-
pyrorcr uo o.Urofi r rofi xie npoerqlrr,r, uuerorqefi n o6orx (ooQQrlqueurax
oAEEaKOBbre 3HaKIr, TO COOTBerCTByrOrrllre Irfrfllar. COeATTE TOTC.A (prC. 1.2, A).

'.ll:"

'^)l*,

fj, i, i" ir Jl
=L-, m2 ms m. MJ,,.,,,

:ll:"
t;,,llt;

T

r

fi, i,
l-^, mI

lh Jz

l^, m2

j,/ \j'

';Jf-),Jz

m2

, i" r l_li,
lz m, M l- L-,

iz i,
m2 mj

r rir-,[;. t;,

A.l';, :,'^)l:, :,';)

:,t^J

_,2,^n-,1,), 
t;"

'"):;

Pnc. 1,2.,{uarpam,c,r cyMM roa$rbsqresroB KI u OKf 
:

flocronrry cyMMa tro mnpoleraer 3uaqeHu.f, or -74o7, napaMerp cyMMrpo-
g'A r,fl. Mo)r$ro 3aMeEETb m-->- rn. 3ro uoenon-ner npeue6peqb crperraMl
Ha 3aMruyrbrx Jrril{trrx. .{oronoprnac.fl otrycrarb crpeJrKn r.r na cso6oAHrrx
JIEEU'X, CqVTAg., IITO OrrE HatrpaBJIeHbI OT y3JrOB,

Pmc. 1.2, 6 ssrnercs. rso6paxenreu rosrfrfrqnenra OKf Tpex MoMerr-
ror. cyurvra upornBeAeHns AByx xosr[(frqnenros Kl tro AByM rrpoerqruM
(37) uao6paxaercf; 4rarpaurvrofi c nernefi (pnc. 1.2, e). {ro6u cyMMa AByx
rosQ$aqueuros Kl rro BceM TpeM rrpoeKqrxnr neo6pa)Kana rpeyroJlbEyK)
4enrra-Oynxquro ti.xrr^ rptra.4Hoe ycJroBtre (pnc. 1.2, d), 6y,qerr,r cqtrrarb, qro
coeAEIreHI{e AByx yronrqeEHbrx mmnfr. j o3uaqaer Ee roJrbKo cyMMnpoBaElre
tro npoeKllur{ 3Toro MoMeHTa m,Ho Lr AeJreur{e Ha qtrcJro ee gnaqeurft 2j+t=
:["lJ (puc. 1.2, z). Bcne4craue sroro B cJryqae rcqe3uoBeHux yromqemrofi
JrrrHvET npu npeo6pa3oBautrrx Ar.rarpaMMbr cytlvr roe($Srifi[reHroB Kf cne-

Free Hand

Free Hand



1.2. lpaSnvecrxfi ueroA cyMMrrpoBaunt

Ayer 4o6aBr.rrb Ml{ox(trTenl ffl -1, a IIplI IIotBneHI{I,l TaKoit rn'1,ivlvl - MHoxI{-
re,rr ff1. Ha pnc. 1.2, e anolpaxeHa cyMMa rpex xoa$QnryIeHroB Kf no geylr
rrpoeKqr{flM, [pe.{craBntrouraa roa$$[ql{eHT OKI verrrpex MoMeHToB.

3amrcryrrre Ar{arpaMMbl.,{uarparvrubl, He IrMeK)uIne cso6oAnrrx rrlnuft'
Ha3blBarorc{ 3aMKHyrbIMI,I. Oun r,rso6paxaror BeJrHqIrHbI, rre 3aBr'tctlur{e or
npoerqrfi. Haupuvrep, cyMMrlpyt qerblpe ro:$Sl,rrllreHra Kl no uecrr{ rpo-
erur{rM, [oryqaeM rlerblpexyroJlbHyro AI{arpaMMy (prac. 1,3, a), npegcrar.nx-

l7

Prc. 1.3. ,{larpanvoru Marpxlr
upeo6paroran{r rpex rl qerbl-
pex MoMelrrog 3

+
Jt
6

rculylo co6ofi MarprrUy upeo6pasonaHu{ Tpex MoMeHToB. Xs uee MoxtHo
BbrgeJrr{Tb 6oree cnuverpurruyro Ber[tI[Hy - 6./:xoa$0rquesr:

(i' i, U'r) i "i I i "i, 
(i 

"r) 
j, i) : i" i l*

tlts m f

Marpnqa upeo6pa:ooaHr{t r{erblpex MoMeHron r.no6paxeHa Ha pl{c.
1.3, 6. Oua orrpaxaerct uepe3 3n7-roa$t[rqueHr Broporo roptAKa, T. €.
qepe3 97'-roaS([rqr,renr

( i r ir(i'r), i 
" 
i n(i *) i l i r i r(i'"), i r i +U) i) :

fi, i, i",1fi', i,* 
L t, nt2 *r, lL*zz ffit

; fi'
*,^"^,Lffi,
-t*'1;;:r-r,,

';,';:,ll;:,

U,r, i"rf't'ltr', 
ti tr',',\ n,

(4s)

Marpnqu npeo6pasonaHru lpe.{craBn{Ior co6ofi orAentnrrft rnacc
3aMKrryrbrx Ar{arpaMM, coorBercrByrorqlrx cyMMaM upournegenrfi 2k
rosif$nqltenros Kf no 3k npoeKIIH.f,M (ft - qeloe .ruclo).

Brrperanne y3Jra nnn rrerJrrr. Eclr seroroprrit rvtouenT cralroBllTcs, pau-
r{bIM lrynlo lr coorBercrByroulat Jrr{HI,If ucue3aer, To y3eJr c romofi rr yroJl-
ulenuofi rnHtrsMr.r, coulacHo puc. 1.1, 6, Moxer 6rrrr nrrpe:aH tI3 A[arpaM-
MbI BMecre c nprtMbrKaIoIrrHMI,I K HeMy JrrrHtrtMu. B cnyuae 3aMKuyrbrx JrH-

Hrft onfi pa3pe3arorct nocepeAr,IHe, a ocraBlrll,Iec,' KoHIIbI coeAl{Htrorc.f, Me)K.Uy

co6oft.
fler.lrs Bblpesaerc{ rr3 AI{arpaMMbI corJlacHo pac. 1.2, e (37), a cso6oAurre

Konubr coeAtrE.flrorc,e KaK It ttpE yAaJIeHTII{ y3na. EcJrn s rlerJre l{Melorcf,
yroJruleHHbre rrwnvtr4, To cuaqara fierJrro na4o npeo6pa3oBarb xnugy 1.2, e

rryreM nepeHoca yroruuenuft.

: Lrp, i u, i,", i,a" 
liir,,,'ir, 

t;:)

Free Hand

Free Hand

Free Hand



r8 l. Ksauroso-MexaHrlqecKue Mero,4br cyMMt4poBaHut

flepexoc yrolqentf,. flpaonna repeuoca yrolulennfi c o.qHlrx Jrr.rHnfi Ha
n-pjrre cneAyror r,r3 npaBr.rJr nepecraHoBKr.{ napaMerpon r roaS$Eqr4eHTe
Kf:

(46)

Cuer{onarenbHo, rrpu rrepeHoce yrolueurfi cJreAyer .qo6aBrtrb Mrror(u-
renr fu,]l'2 gn.a xaxgofi rruwwi, (n c;ryuae:aurtryroil rrkrnw4 - MA xaxAofi
no.ny-unHuu), y roropoli Hcqe3aer yronuleHne, r{ MHoxlrreru Uyf-tlz grr
raxgofi rvrlc.prLt (nonynrnr,rn) jrk, y Koropofi no.flBr.f,ercr yronrrleHr{e (onrernlr,
qro ecru B pe3yJlbrare npeo6pa:oBaHl{f, AuarpaMMbr noJrHocrbro yronueH-
nax nuuwx.j [peBpau{aercfl B HanoJroBuHy yronqeHHyro un]r roHxyro Jtytrvtw,
To cneAyer AouoJrur{TerlHo Ao6anr.{Tb MHoxr{Te:r l,ll 

*t, a eeru o6pa:yercx
rroJlHocTbro. yTonIrIeHHar rvlutrfl. - Ml{oxr{reJrb U]). rlro6rr npr{ gTor{ He
Bo3Er{KaJrr{ orpr{rlaTeJrbHbre npoeKqr{u, a raKxe gro6lr oHr{ He notBJrf,Jlr.lcb B

{taeooorra MHoxr{TeJre, [epenoc yronqenufi cJreAyer npor{3BoAarb oAHo-
BpeMeHHo y o6oux y3JroB, coeAr{r{eunbrx ronrofi tuuneir (prc. 1.4). Toraa

"V-\/t(- r)r, u", jir,t,tj,, ji)-,t,u"r-,uiri'

Pvrc. 1.4. Flepenoc yronrqexrft y AByx y3noB, coeAurreuHbrx ronrofi nrrnaeft

Saronrrfi Mrroxr{Terb soo6rqe He Bo3H[Kaer rrpu [epeuoce yronqenrfi y
o6onx y3JroB B oAr{HaKoBoM HanpaBneHr.tr (no uacoaofi crpelre rJru nporr{B
Hee), ec.uu o6a ysna HMeror oAnnarostrfi 3Hax, lrJtrlt IIprI IlepeHoce yromuerrrfi
B npoTr{BoloJIoxHbIX HanpaBJreH[tx, ecJrr{ y3Jlbr r{MeroT pa3Ir4qHble 3HaKu.

9 gpy.rx cryqarx npr rrepenoce yroirurenufi y roHrofi rtuuuw j cne.4yer Ao-
6asurr Qasonrrfi Mnoxr{reJrb (- t;rr.

Vronuleurr rrepeHocrrcfl c rleJrbro npuBeAeHr{r ArrarpaMMbr K craHAapr-
HoMy BUAy r{Jr}r ee pa3pe3aHr.rr.

Pnc, 1.5. ,I[rarpaurura Marp]rrrbr npeo6pasonanx r{ oAr{a tl3 ee
nr,rnraft lanaunrrona (mrpnxonar)

Sxnnsarerrrnrrfi anA nrarpaMM. Cnoxnas Ar{arpaMMa rvroxer 6rrrr
npeACTaBJIeHa B pa3IIiIqHbIX SKBIBaJI€HTHLIX BI,IAaX, TaK KaK He TOnbI(O BCIO

.ul{arpaluMy, Ho r,I orAeJrbHble ee rracrr.r Mo)(Ho noBopa.rr{Barb vittr ge$opuu-
poBarb, r{e Hapyruatr ce.flrefi MexAy yTnaMkt. {nr naxox4eu{fl npocrel"rmero

lt;, 
t;, t-):r- r)j'-n' tili u,i--; lt^ l;, 

t;,1:

--(- l;;,*', Ul2 tirl-t, I i' i i'f
L- rr, m m, f'

Jz

ir+

Free Hand

Free Hand



1.2. fpa$uuecxr.rii r'rero,( cyMMupoBaHl.rt

auAa Ar{arpaMMEr yAo6rro ucrroJrb3oBarr, .nr{HLIro fa*tunrroaa - 3aMKl{yryro
JrrrEr{ro, KoTopa{ ilpoxoAl,I.l qepe3 Bce y3JIbI ,4I,IarpaMMbI OAIIII l{ TOJIbKO O,4UII

pae [31] (na prac. 1.5 oAna re rl&Iuit fauralrrona ro(a3al{a mrpraxarran).
V3,ru, qepe3 Koropble rIpoxoAI{T Jrr4rtifl favrRnrrona' Moxno pacrroJro)Krrrb

ts Bepur[Hax MHoroyroJrburara. HanpI,IMep, [ocJte raKoro npeo6pa3oBaHuq

Ar{arpaMMa, raeo6paxennas, Ha pfie. 1.5, npeepauaerct B y}Ke Il3Becrrryro

Jlr.{arpaMMy. npr{BeAeHHyro Ha pIIc. 1.3, a.

finarparvrurr co cBo6oAHbrM[ JrfitttrflMlr ll trx pa3Jroxe[tre. .{narpavrua,
uro6paxarouat cyMMy [pol43Be.r{euirft roa$i$r'rutreuroB Kl, Ao;rxua yAoBner-
EOp{Tb ycJroBr{tM, cne.{yrcul,IM raa ycnonrft Hel{cqe3rroBeH[S OTAenbHbIX

roa$srqraeuron: a) MoMeETbI, coorBercrBylolqrle ctso5o,{HblM ltliltusla, o6-
pa3yror MHoroyronbrrEK c rleprll\{erpoM, paBHbrM uenoMy trucJry; 6) upoer-
qrax oguoft yToIxIeHHoft cso6oAHoit .rrIIHwr4 m paBna cyNfMe npoerUufi ocTaJIb-
nrrx cso6ombrx Jrunrrft

m:Z mt.

C,re4oearenbrro, ecJrl{ B Ai{arpaMMe I{Meercr roJII'(o oAua cso6oAgag
Jrwldr4.fl,. TO ee MOMeHT I,I npoeKUr4fi paBHbI I{ynrc - ItulJurs' crl{paeTcf,, a y3eJr

yAanqercr no paHee yKa3aHHoMy rIpaBLIny. ts guarpavtlte c AByM-I cso6oA-
HbrMn Jtrt1qtflNtLt r{X MoMeHTbI I{ IpOSKUI.II{ .qonx(Hbl 6rrrr pannrr MexAy Co-

6ofi. flocrorbKy 3Ta [poeKII]Iq, corJracHo rlepBoMy lr: ycnonrrfi (36), onpe.ae-
Jr{eTcfl qByMf ,qpyrr{Ml{ upoeKIItI{MI{ nfinrrfi, BblxoAq1{fix I1t3 Toro xe y3JIa'

ro o6e cso6oAHrre Jruntlvt Moxlro coeAI{rrI'ITb MexAy co6ofi.

,{uarparr,nr,ra, n3o6paxaloulax roeS$ruuenr OKF, BcerAa Moxer 6rrrr
nprlBeAeHa K cJIeAyIoueMy cTaII.4apTHOMy BI{Ay: Bce 3aMKHyTbIe II{HI{II -sB-

rqIOTCf, HaloroBt{Hy yTonxIeHHLIMII, a cno6o4nr,re JrLtLII|Ir4 - ToIIKI'IMI{, 3a

ucKrloqeHueM JrrIHI,tIlt, trpe.qcraBJrtrorqefr nolHrrfi lrouenr.
B [6] 6una AoKa3aHa o6qas TeopeMa pa3JroxeHur Ar4arpaMM, r{Meroulfix

cBo6oAHbre vlt]F'vrD, ua roropoft cJle.qyer ripaBl,Ino: .4r'rarpaMMy MoxHo pa3-

Jroxr{Tb Ha 3aMKIIyTyIO ALIarpaMVfy, IloJryqarcqypc-fi nyTeM coeAlIHeHIIf

cro6o,4rrrx JrnHr.ri paccMaTpllBaeMofi.4I.IarpaMMbI ros$rfuqnenToM OKI TaK,

qTo6br ero yToJ11qeq1afl ;a4qltfr coeAl{Htnacb co cBo6oAl{oft yromqeunofi
IrwluIefr, r,[ Ha ToqHo Ta(oft xe xoe$(|uqr,reHT OKf; npol{3Be.4eHlle IirHBap[aH-

Ta r{ r{o3$Ogqr{eHTa OKf cywupyerc-f, no BceM upoMexyroqHblM I!{oMeH-

raM, coAep)Kaull{Mct B Ko3$ibrqueure OKI.
B npapnUecKrl BaXHoM CJryqas .4I,IaIpaMMbI c TpeM.g SBO6O.qI{6IMII JII{-

lfrqtflr,fra, flpoMexyrorlHbre MoMeI{TbI OTCyTCTByTOT - Al'rafpaMMa [pocTo pa3-

Jraraerc-fl IIa 3aMKHyryIo AIIaIpaMMy II Ko3OabHUI{eIIr Kf. flprruep raKoro

upeo6pa3oBaHl{t, KoropoMy coorBercrByer coorHorlelrue

l9

(47)

^v_"1'*, 
';, '*ll'- '; ';,ll'^ l' ';,J:

: <j' j" (j") jrjrt j' jr(j) j" jrrlt;, t;, t;rf, (48)

Free Hand

Free Hand



20 l. Kganrono-MexaHnqecKfie MeroAbr cyMMupoBaHtrt

[pIIBeAer{ Ha pvc. 1.6, a. Pazto)r(eH}re ArlrarpaM\{br c qeTbrpbMf, cBo6oAHhiMu
rLrHrrflMH r{Jrnrocrpr{pyer prrc. 1.6, 6. flpeo6pa:oraune on[cbrBaercf, oop]fy-
J'IOfi

Js

tTte

:) <;',,; (i')i"i)i"i,(x)i,trlt;" *, ';, t-],

Br,rpaxaa Marpuuy upeo6pa:onaHr{r qepe3 67.-xoeSSruHeHr, a xoeQQnquenr
OKf - sepe3 cyMMy roaQQnuueHror Kf, HaxoArrM Baxnoe flpaBuno cyr{-
MIltpoBaHI{t (fI.1.4).

Ptrc. 1.6. Pa:loxenlre AlrarpaMMrr co cso6o.qHsr^4yr JrMHrtsMn Ha 3aMxHyryro AuarpaMMy
u xor$Sr.rurexr Kf (a) n:u OKf (6)

Parperanue .qlarpauM. Kax aavrxnyrafl, TaK rd He3aMKHyrar, Ho coAep-
xaqar 3aMKHyryIo qacrb, Ar4arpaMMa Moxer 6rrrr pa:perauaHa ABe qacru.
Ecnu parpe3arrue npou3Bo.qr4Tc.fl He no Ma(clrMaJrbHo Bo3MoxHoMy qucry
nwtauir, To oAHa r,rg .{acrefi .UoJrx(Ha r{Merb 3aMxHyryro rtacrb. Bce pa:peaae-
MbIE II4HI{II O6C[X qACTCI1 AI4ATPAMMbI 3AMbIKAIOTC' OAI{HAKOBbIM CTAHAAPT-
HbIM r(o30or{qrreHToiv{ OKf, upu oroM norBJr_sercr cyMMxpoBaHr{e no Bce\(
npoMexyroqHbrM MoMeHTaM, coAepxauluMc.fl B groM xoaSQuur,renre, a rax-
xe AonoJrHurelrnrrfi MHo)lo{TeJrb [.1]-t, rAe j coornercrByeT cBo6o4uo]i
yrorrqeunofi lr*rnvtra xoe$sruuenra oKf. Patperanue Moxrro trpoBoArrrb
rro ToHKI4M, HarronoBllHy yTonruerlHbrNl r4 noJrHocTblo yTonuerIHbIM JTI,IHLIqI\{,

oAHaKO B Cjryqae ucqe3HoBeHrr r{Jrn [orBJreHr4f, yTOJrUIeHnbrx Jlr,rHrri cJre.qyeT

Ao6aBffTb MHoxlITeJrr{, cBr3aHHr,re c oflpeAeJreHr,rent raxofi tt4lut4. flporrae-
XYTOIIHbIC MOMEHTbI HE TIO'B,II'IOTCf NPII PA3PE3AHIII4 NO TPEM I.I MEHEE JII4.
Hr{rM, cneAoBaTeJrbHo, B 3Trlrx cnyqarx ArlarpaMMa Mox(eT 6Hrr npocro pa3-
AeneHa Ha ABe Ar{arpaMMbr (pwc. 1.7).

Cyuuupoaanle AlarpaMM ro MoueHTalr KoJrnqecrBa ABnr(egrr. CyuulE-
poBaHrre 

'.Brflercfl 
onepaquefr, oSparHofi pa3pe3aHrdro. CJreAosareJrbHo, ec-

'^],:
I lr .lz

l- ^' mz

(4e)
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Free Hand



lpaQuvecxufi MeroA cyMMr.rpoB.aHr.rt

= 8(,rr, ir) 8(,rr, iJ'(r, o) 
S'€

= 8 (ir, ,r;) D€
P.r.'c. 1.7; Pa-rperarure AnarpaMMEI rto oAnoft, AByI\{ }r rpeM JrrrnutM. Bnorr l, B - neron-
xpeTrr3npoBaErrbre qacTr,r ArrarpaMMbr

JrrI B AByX ALrarpaMMaX UMerOTC.fl OAEr{aKOBbre {aCTlI, COOTBeTCTByIOTqLTe

cranAaprHovry roeifrfrqfienry OKF, To cyMMa upornBeAel{ut 3rrrx ALIarpaMM
rro BceM [poMexyroqHbrM MoMeHTaM, coAepxarql{Mct n ros$$uqleure
OKl, yrvrnoxeHuas Ha Ul -t, rge / - pe3yJrbrllpyroulrft MoMeHr r erovr xos@-

firrlueure, paBHa Ar{arpaMMe, noryvaeuoft [yreM BbIpe3aHE eroro ros([-
Qrudenra OKf s o6eux ArrarpaMMax I{ coe,qlrHeHtr.a coorBercrByrouryx
cso6oAHrrx rurtuit (npr erovr notBJreHr.Ie uJrr[ r{cqe3HoBerr[e yronlrleuHblx
wmfrt KoMtrerrcnpyerct AouoJIHtrTeJrbHbrMr{ Mno)KlrreJrtrvm). ,{na oAI,IIraKo-

rrrx rosqp@uuaenra OKf Moryr 6rrrr eupesalrbl tr I{3 rofi xe cauofi ArrarpaM-
MbI.

2t

TB,,fl=
Pnc. 1.8. Cywmpoeanue,@yx.utrarpaMM Iro o,4lroMy MoMesry [7]. Blorr l, B-nexonx'
perr{3npoBarrEbre qacrr{ AnarpaMM

flpuvlep cyMMI,IpoBaHrrt no o.ryoMy MoMelrry lroKa3arr r:apnc. 1.8. Or-
MerEM, gro BbIAeJreHEbre u3 HeKorKperrr3r'IpoBal{Irblx 6noroe rostf,Srquen-
rrr OKf l(Meror nporr{BorloJroxnble 3IraKE y oArflraKoBblx y3JroB, trocKoJrb-

ry HatrpaBJreHIIe Bpalqeg6fl. lrung.it MeHJIeTcfl npl{ 3epKaJIbHoIvf OTpa)KeHIIU

nso6paxeunr rost[$nquenra.
flpuueuenue BbrrrreyKa3arilroro trpaBr{Jra HecKoJrbKo pa3 tro3BoJrfler uo-

Jy.rarb cyMMbr rpex u 6olee guarpavrr,r. Haupruep, cyMMa rlerrrpex Atrar-

A B

lt
i,
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Free Hand



22 l. Ksagroso-Mexanr4q€cKrie MeroAbr cyMMupoBarrrrg

paMM lro MoMerrry y (pvc. 1.9) naxo4rrcr rryreM coeArrrreHr{r cnaqana trep-
Bofi E BTopofi, a rarxe rperuefi r,r uerneprofi AEarpaMM (r.rs wrx Bbrpe3arorc.a
oAI{HaKoBbre roeQ$uqrenrrr Kf), a 3areM - o6er,rx p*ynbrlrpyrorrlux
Arra{paMM (nrrpe:arorcr o.ryriaKoBhre Kog(botrIlneHrrr OKf c npoMer(yroq-
HrIM MoMeHToM J, - eruvr o6ycnoBJrelto notBJterrre B JreBofi rracrr.r cyMMr.rpo-
Banr{.rr Iro ./).

Prc. 1.9. Cyrrnra nerbrpex AEarpaMM tro MoMerrry y. Enorr A, B, C, D - neromperurn-
poBarrHbre qacTr AE:IIpaMM

Taxnvr o6pasolr, cy\,rMr.rpy.fl 3aMKrryrbre .4narpaMMbr, a 3areM Bbrpaxaf,
rlx qepe3 3nj-roe$QnuueHrbr, Moxr{o roJryrrr(rb npar.ilra cyMM Ant 6j- u 9j-
xogr|(lruuenroB, npr{BoAnMbre B npr{Jroxentrn 2. Cyn"naupoBaur{e AtrarpaMM,
coAepxaur{x no HecKoJrb(y oAuHaKoBbIx MoMeHToB, Iro3BoJrteT HaxoAr,rTI>

HecraHAaprHbre cyMMbr. Tau xe [prlBe.4eHbr HeKoropbre TaKr.Ie npocTefirrr,re
cyMMbr, [oryqaeMbre cnoco6olr Bbrpe3aHrr.t oAnuaroBbrx cacrefi lra o.qnofi R
roi xe AualpaMMbr c HecKoJrbKlrMr{ oAr{HaKoBbrMrr MoMeHTaM[ LInE npI,I
trctroJrb3oBaHr{r{ Bbrpaxe*trrit. Ans. cyMM MaTpru upeo6paronarnrft uepes xa-
paxTepbr rpyntrbr rpexMepllblx Bparqelrllfi, a raKxe qI{cJreHHbIM cyMMI{poBa-
I{EEM.

Ipat[urecroe mo6paxexf,e BoJIHoBbrx tfyncqllfi, Ten3opnhlx otreparopoB
x a)( Marlrf,rlEbrx sreMenroB. rpa(btrqecKrrft MeToA cyMMr{poBaHllr xoet}rflr-
r[reHToB KF uoxer 6rrrr pacmnpeH AJrt BblpaxelrE n npeo6pa:oBaEl{fi
MarpnrrEbrx gneMeHToB oueparopoB [7, 327. C srofi qenbx) neo6xoAgvro
,qononrrtrTeJrbHo onpe.qenuG rpa$uqecxoe l,rco6pa)I(eHrle co6crBeHHoft sor-
sosofi rfynxqrn MoMeHTa KoJ[rtrecrBa ABrlxeHr{.t lfim) (Y - Aouonul{TeJrb-
Hbre KBarrroBbre rrncJra cocro.anua) u HetrpuBoAl{Moro oueparopa Tf;l $mc.
1.10, a, 6). Paur otreparopa k n ero rrpoeKrlr,r-r q flBlrflrorcfr. aHaJroraMrr KBaH-

ToBbrx qxcen jr g m. Corraclro reopeMe Blrrnepa-SrKapra (@.3.5), 3aB[c]1-

Mocrb Marpll.rHoro oJreMeHTa or rlpoeKlrafi onpe4elrerca xoerf$uqrreHToM
Kf, noerouy MarpnqHblfi gneueHr It3o6paxaerct rpeMt cno6oAnrrnm nR-

EIlfMIl' ECXOA'IqIiME I'I3 KpyXOlIKa' CUMBOJI[3llpyrcUefO AOIOJIIIIITeILHyIO
rorQoprraaunro o6 oueparope E BoJrHoBbIx Qynxquxx (pnc. 1.10, e). Moruenr

7 ulo6paxaercrl yronureHnofi luruefi, TaK Kar< lrarplrvnrrfi 3JreMeHT y.{oBJrer-

Bopser yciloBr4ro m:Q*m'. 3sax y (pyxoqKa, yKa3blBaroqnfi uopx4or

,",,

Free Hand

Free Hand



1.2. fpa$u,recrnii ueroA cyMMr.rpoBaHufl 23

cBq3blBaHr{r MOMeHTOB, UO3BOLfleT OTJrr.rqaTb paHI OnepaTOpA lc OT KBaHTO-
BOrO q{cra BoJrHoBofi (lynruun 7'.

,{narparvrrvra MaTpurruoro 3JreMeHTa pa3JraragTc.[ Ha 3aMKHyTyIo Ar.rarpaM-
rvry, H:o6paxaroqyp He 3aBucrrr{r.rfi or npoexqufi uunapraaHT (puc. 1.10, e),
u rorSQuqnenr Kf. Cornacrro (O.3.5), r,lHBapuaHr c roqnocrbro Ao rpocro-
ro Mr{oxr{Ter.,a fi1-ttz paneu cy6vrarprrrrrHoMy sJreMeHTy oneparopa.

r;r,

1vim)

(yj,nlT[krly, j,n{ )

lT$) x WG,)f(k):

_s fe. k2 *l_,: 
*".Ln, s; c J 

r[:'*[:"

f], t'or

' 
€) 

u)-uz (vi*re) trv,i, )

Pac.l.10. fpa$r'recroerso6paxerreueuptrBoArMbrxreE3oprhrxotreparopoBrrBoJrrroBrrx
rbym{rf

,{na reusopHbrx oreparopa npu rroMorqn ros$$uuuenra Kl coeArrrrfl-
rorcr B Tex3oprroe npotr3BeAenre (cvr. (O. 3.2) (pnc. 1.10, d). Ha rptrMepe
MaTpnrlHoro 9JreMeHTa TaKoro olepaTopa [porrJrJrK,cTprrpyeM Bo3MoxHocTb
troJlyqeHtrt rpa$urecxnM MeToAoM BbipaxeHtrf, Arr MaTpErrHoro gJIeMeETa

cJroxuoro oneparopa uepes cy6rraarplrqnhre sJreMerrrbr orAeJrbnbrx otrepa-
TopoB E 3r?"/i-Ko300trryeurbr.

flycrr oreparopbr T&,1 m Sry&,, geitcrnylor B ToM xe flpocrpancrBe BoJr-
I{oBhrx Qynrurfi lfim). flepexogx tr HecB.s3aHHbrM oueparopaM rr BBo.qt
cyMMupoBartre rlo noJruor"ry 6asucy, HaxoArrM Bbrporerrrre

(yi mllTttJ x W&)f(k) [y' i'm'S:
: ) (yiml7ff')1,f i'm')(To i' m' tw*)1.(' i' *'>lk' kz

qtq' Lqt 4z
{fn'

Free Hand



24 l. KnaHroso-M€xaHHr{ecxHe Mero.&bI cyMM14poBaHDt

Pnc. 1.11. Ipa$lr.recxnft rrrrog ![opruynrr (O.3.7) Irrr cy6Marpnqxoro erreMesra
BexTopHoro npor43Beaesu AB)D( oneparopoB, AeftcrByroqr{x B ToM xe upocrpaucree [7]

xoTopoMy Ha pnc. 1.11 coorsercTByeT rlepBa.s Ar{arpaMMa. Ona pasnaraerc.n
Ha Ko3OQrqueHT Kl r4 3aMKHyryro AplarpaMMy, Koropafl B cBoro oqepeAb
pa3pe3aercfl rro rpeM Jrr{rrr{.flM ki"j, a raKxe krj"j' na cy6MarpEsHbre 3reMerr-
Tbr onepaTopoB r.r MaTprruy [peo6pa3oBaHr{f,

x 4t', j',llw(x) 1ly' j') (j" kr.kr(k) jl j'kr(j')k, j). (s t)
Marpnqa npeo6pa3oBar{rrr Bbrpa)(aercr qepe3 67'-xoeQr[zunenr U].

flprueu.ar K JreBofi .racrfi (51) reopeMy Br,rrnepa-3Kr(apra r{ coKpalqat He-
rynenofi Ko3$ibr4rrr,IeHr Kl, uaxo,4rarvr rfoplvryny,qnr cy6MarpnqHoro sJreMeH-
Ta Ter{3opr{oro npon3BeAeHrr.fl orreparopoB (o.3.9).

Eclr pesyrrrupylorqufi panr rerr3opHoro trpoII3BeAeHr{rI k:0, to suec:
To [Z(t') * 14t{d1{a tracro trcnonb3yercr cKaJrflprroe trporr3BeAeurre otreparopoB
lTtr') - 14tlr'11 (o.3.3). O6parurr,r Bur{Marrr{e, qro E3o6paxaf, orreparop rpa$u-
qecKr{, a raKxe upeo6pasyx cnoxnrrfi oneparop rpa($rvecra utw atrce6pam-
qecKrr rrpu noMorufi Marpnq npeo6paaonanur., ngo6xoAr{Mo TIPTMeHITb
otrpeAeneHr{e cKan.rrpHoro nporaane renufl. 1T{D x W@l6o), a ne (T{x) ' W@).

Pagnraqnrre nprrMepbr rrpnMeHeHr{t rasroxeHnofi rparfruecrofi Te)GIITKTI

Mo)KHo nafirn n l7l.
B [l l, 33] rpeAnoxeHo pacilrpeHr{e rpa$uuecxoro MeroAaloqnca-BauA-

3aitrnca, BKJrIoqaIouIee B ce6t I,I3o6paxeHtre MoMerrroB c orpffqareJrbrrbrMu
[poeKIIrlrMr.I, ouepaTopoB pox(AeHr4t ]4 yHuqroxeHl{t SireKTpoHoB Il trpaBr{na

rlx rrep€cTaEosox. oHo rro3BoJrfler upeo6pa:oobrBaTb onepaTopbl n sopve
BTOpTFTHOTO KBaETOBaHT{.f,, B qaCTI{OCTI'I, uoJryqaTb OTAeJIbEbre gJIeHbr eQi}ex-
TIlrBHorO IaMI4JIbTOHI{aHa aTOMa En{. prEA CTaII[OHapHoI4 TeOpnI BO3My-

J.u{enrft B cnyqae aroMoB c orKpbrrblMr o6orocKaM[.

J

(y.i m lf<t') x W(o"\[f;) lY' j' m') :

:f i', k 
'I f u, iill-,tz(yiyr&)1y"i") x

Lm 4 mJy"i'

k ! r'r.,
\L/ -T.//k u

k 6

Free Hand

Free Hand



1.3. Cymrtln cu!'r @q[/rrrropoB t25

1.3. Cy*rruu clrJl ocqxJlJrcropoB lt Irx MoMeHTbI

Pagnu.rgrre xapaKTepltcrl{x14, onr{cbrBaloqr4e B3arlrMo.qeicrsue aroMa c
gJreKTpoMarHrrrnbrM rroJreM, TaKr{e KaK BepotrHocrl,I trepexoAoB,_ rost[$u-
UI.IEHT IIOilIOUICHIII.I, NOISPI'I3YEMOCTb V TP., B AI{NOJIbHOM IPU6II'IXEHI,II4
Bbrpa)Karorcf, qepe3 6eepasrvrepuble Beruquubl - cuJIbI ocqlrJrJrlTopos. CEra
oc{r{JUrrTopa [epexo,4a Mex,4y cocTotHr.r,'IMu YJM a 7'J',M" 1tOJr.[pI{3oBaH-
fioro IIo HarrpaBneHl4ro KoMnoHeHTbI BeKTOpa nontpu3aqEr'I e[", IIMeet cJIe-

Ayrou{ee oupeAeJleHl{el

fo(( J M, y' J' M') : ] ln 0' n - E ft J)ll (\' J' M' I Dp i y J M) l', (s2)

rAe y - na6op KBaHToBbIx quceJr cocroturrg aroMa, 3a l{cKJrroqeHffeM yKa-

3aHubrx nno; E(yJ) - eneprrr ypoBut ff J; DP - xoMrloHeHra olreparopa
sneKTpurlecKoro AlirnonbHoro nepexorc (26).

B c.nyvae clyvafiuofi oplrellTaultrr aroMoB clrJra ocqllJrJrtropa trepexoAa
Mex.{y ypoBIItMIt (n Aanrnefigrevr coKpaulegHo - cv;Ta ocrpgrnaropa)
noryqaercr rryreM cyMMI.rpoBaHw (52) no M', q fi ycpe4neHtrs no M r;:pu
noMourr (O.3.4), (n.1.2):

1

f (^(J, y'J'):;n f fn1J M. T'J'M'):
MM'S

: ! ttl' lE (y' J') - E (y J)) (y' J' ll D(') ll y"/)' (s 3)

Cr,rna ocqunJlfTopa IIMeeT cMbIcJI arfSerrzanolo r{LIcJra rapMoHulecxl{x oc-
IIr{JrnflTOpOB - KTaCCnSeCKIIX sneKTpOHOB, KOTOpbIe nOHrOIl'IaJIU 6rr USly-
qeHue raK.xe, KaK aroM rrpll AaHHoM rrepexoAe. 3ra Berulquna orplrqareJrb-
Ha AJrr r.r3ryqarenbHblx nepexo.qoB r{ noJIoxI{TeJrbHa ,4nfl [epexoAos Ha 6o-
Jree BbrcoKlte ypoBHLr upu $orono:6yx4enrau.

B clyuae [epexoAoB B HenpepbrBuHfr cuexrp cr4Jra ocrlr4JrJrflTopA 3aMeHt-
ETC,I EC IIJIOTHOCTbIO

qI-gr,ll:W-2 :
de

tJl-r lE (7' J') -.8(y/)+ el f, | (1' J' e Ii J" M' I DtD I \ J M> l" (54)
MM"q

r,4e e - 3Heprut tforoslerrpoHa' BoJIHoBaa Qyuxqu.a Koroporo HopMlrpo-
BaHa r{a I (e - e').

IrlsseCrHrr pa3JII,IqHble, O6ulue I{ qacTHble IIpaBI{JIa cyMM AJIfl CUJI OcqI{JI-

rqTopoB 134* 37,24]. Ouu nosBoJItK,T 3KcTpanoJltrpoBaTb cIIeKTp ctrJI ocqLUI-

JTflTOpOB n o6lagtr, He I{CCJI9AOBaHHyIo SKCq9pI,IM9HTaJI6IIO, [poBeptTb TOq-

HocTb lt cOUIacOBaHHOCTb TeopeTI,IqeCKuX pe3yJIbTaTOB. 9epes cyMMbI cIIJI

ocqr{nnrropoB BbrpoKarorct pa3ruqHrre (lusu'recxue BeJMrIuIIbI.

OcHOsHbrv u xapaKTepI{cTaKaM}I pacnpe4elerrnx CtrJI OCI1I{JIJIITOpOB aTO-

]\{A 
'BJI'IOTC.f, 

ItX MOMEHTbI

2

3

s-: f (Ej-t,)kf,t.
i (+n)

(s5)

Free Hand

Free Hand



26 l. KgaHroso-MexaHHrrecKr.re Mero.4br cyMMHpoBaHr.rt

cyltruuponanrre trpoBo,qw'rcs, ilo BceM KoHeqHbrM cocro{ulrru aroua 7,
BKJIrOqaf, uHTerprrpoBar{r{e no HelpephlBHoMy crreKTpy. Ectu n - He ocr{oB-
Hoe' a no:6yxgeuuoe cocro-flHr.re aroMa, To B cyMMy (55) nxogxr cr{Jrbr ocur{Jr-
JI'TOpOB, COOTBeTCTByIOq?re KaK IIOUIOUIeHIIO, TaK I4 I{3nyqeHLrIO.

MoMeqrrr s* o6rrvxo onpeAeJrrrorcfl ToJrbKo AJrr qeJrbrx s'aqeuufi ft ( 2
(upu k > 2,5 onu craHoB{Tcf 6ecrone.rHrrMr{ BcJreAcrBne roro, qro [Jrorrrocrb
cfinb[ ocqlrJrnrropa npn 6omuurx 3}repn{.{x seAer ce6s KaK e-1lz [36]). cyrleroM sHeprull [epexoAa, cogepxauqefic_fl B cal"{ofi cune ocuunJrrropa,
MOMeHT [OprAKa k co4epxur 3Ty BeJruqr{Hy B creneHr{ k+ 1. Sror 3rreprern-
'Iecr[fi MHOXHTenb Moxer 6rrrr ncrnroqeH nptr r4crloJrb3oBaHnx pa3nEqHErx
tfopu oneparopa [epexo4a. Coornoureur.rr MexAy 3Tr{Mtr rpopvraura, creAyro-
urre r43 ycloer.rfi KoMMyrarI[[ paAnyc-BeKTopa r u uMnyJrbca p c HepeJrrrtr-
BI{CTCKI4M IaMITUIbTOHITIaHOM aTOMa, I{M€IOT BI{A

(^t'i ri lY) : i(Er- Er')-l (y'l Pily):

: (Ey- E.(,)-2 <^( I
Y tV l,y),

I
j

r
i

r
j

(56)

(s7)

rAe Z - norenqvralrbnat 3rrepru-rl B HepeJrrruBr,rcrcKoM raMrrJrbrorrtraHe
N-e.nerrponnofi cucreMrr

N

H :> p?12 +V (rr, r", . . ., tn), (5S)
j:1

a otreparop rpa,qrreHTa V, a upaaofi .racru (57) geficrayer ronxo ua Z.
Bce rolluoxenrrr Df) oneparopa uepexoAa D(1), cornacno ([.6.10),

AaK,T o,quxarourrfi ar.nag B crrJry ocqrrJrJrflTopa, rrosroMy n (53) ruroxno rrpo-
u3BecTtr 3aMeHy

f l(T'J' M'lDIDlyJM)1,:3 f l(y'J' M'lDpiyJM)lr. (se)
MM'q MM'

KoMnoueHra T|t) Helpr{BoArrMoro BeKTopa paBHa ero z-KoMtrorreuTe
7". ll.cnor,s3yfl coornomeHr{e (56) 4rrq z-KoMtroHeHT BeKTopoB, a raxxe
ycJIoBIltr SpMItToBocTI{ olepaTopoB p,: -iY, u r,

(ylr"ly'):(t'lr"l^(), (ylp,lT'): (t'lp! lt)= - (\'lp"ly), (60)

Bbrpaxerrrre (53) uoxno npeo6pa:orarb cJre,{yrcuplu o6pasovr:

f QJ, \'J'):2IE(^f'J')-E(yt)l \ etal Z rr,"]y,J,M,) x
MM' J

x (y'J'M'l 11, ,ly J M) :

r
MLf

11, 
"ly'J' 

M') (^( J' M'l Z n.,l\J M> :
j

r
j

: -2i QJMI

Free Hand

Free Hand



1.3. Cyur'ru cuJr ocqunnsropoB 27

:t f fQtalZo,.'l^(J'M')(r'J'M'[ f 'r, "lvJM)-
MM'$jj

-(yJMI f t. "lT'J'M')(T'J'M'iZpr,"lyJM)f ,
ii

IAe rJ,", PJ,, - z-KOMnOHeHTbI fj Ilt pj.
Cyrr,rvupyx (61) no BceM KoHe{HbrM ypoBurNr u ucuoJrb3ys cnoficrso nor-

norrr 6asr4ca BoJruoBbrx (pynxr1ufi l^('J'M'), MoMeHT 56 nrrpaxaeM qepe3

KOMMyTaTOp Z-I(OMTTOHeHT paAUyC-BeKTOpOB rr r{MnynbCOB pa3Jrr{qHblx
SnerTporroB

sr: f f(TJ,\'J'):i Z gtu1l.pi,", ri,,)ltJM). (62)

(61)

(63)

\,J' jj'

C yueron roro, qro Korv{Myrarop paBeH - tD U,.i '), a r.rnaerclrj, j'npo6eraror
KoopAr.rHarbr scex -nf gJreKTpoHoB aroMa, [oJryqaercr{ Il3BecrHoe .npaBuno
Tovraca-Pafixe- Kyua

^9.: Z f(yJ,y'J'):N.
\,J'

AHarona.{Hrrvr cnoco6orr.t MoMeHTbr S-., S, u S, nupaxarorcfl qepe3

Marputrnbre gJrer\,IeHTbr I{Hbrx oueparopoB orHocl{Te.lrbHo EoJrrioBbIX tfytxqraft
paccMarpr{BaeMoro ypoBHr [34, 361:

{-,(y/): f lE(y'J')-E(yJ)l-'.ft^iJ, T'J'):
f'J'(+vJ)

N

:2 Z jJM I f rr. "rr,,,t,yJM), (64j
M jj'

,S, (y"r) : Z le $' t') - E(y J)) f (y J, y'l'):
^t' I'.

N

:2 Z (yJMt Z p,,"pi,,")yJM>, (6s)
M jj',

sr(y/): \ lzQ't')- EQJ)1,.f (yJ, 7'J'):
t'J'

NN:\ erMlZ# lvrM):ry QrMr f sG,)i,^rrM). (66)
Mjj

flocne5n.s.fl Sopvyna npeo6pasonaHa c yqeroM Toro, qro BKraA grreprtrrr
sJrerTpocrarnqecKoro Mex(gJreKTpoHl{oro nsar,ruogeficrnna l+-L, l-t B
dzYldz] coxparqaercr c ero BKJTaAoM n dzVldfi,, a Bropa.fl trpoa3BoAnar or
loreHrlr{aJra rApa Bbrpa)Kaerct rIpI{ rloMorrIu ypaBnenr]x llyaccoua ue-
pe3 nJrorr{ocrb 3aprAa xgpa ZD (r).

Free Hand



28 l. KeaHroeo-MexaHutlecKr.re Meroabi cyMMrpoBaHr.tfl

cyrvtrurr s- r r{ s, co4epxar MarpnqHbre 3JreMeHTbr or npol{3BeAenufi
I{OOPAI,IHAT I,I I,IMIIYJIbCOB PA3NI{qHbIX 3NEKTPOHOB I,I TAKI4M O6PA:OU YCTAHAB-
JII'IBaror cBt3b Mex(Ay pacupeAeneHr{eM cr.rn ocqr{nnrropoB r4 MexgJreKTpoH-
HbrMr{ xoppen.rrqu'rMfi B aroMe [36]. Eclll KoppeJr{q[oHHbrMrr qreHaMr4 cj*j'e (64), (65) MoxHo npene6pe.G, ro S_, Bhrpax(aercr trepe3 MarHr,rrHyro
Boc[pur{Mqr4Bocrb aroMa B cocrotuuu yJM

N

x^: -# : <rrMlr?lrr M>, (67)
j

(c - cropocrr cnera), a sr - qepe3 KllHernqecKylo 3Heprurc srreKTpoHoB

EoQ):Qr Ml z qtrlyrM)
i

uru c yqeroM TeopeMbr Br,rpaana - qepe3 3Hepmrc cBr3E BCex 3JTeKTpOHOB
aToMa.

Movrenr S, cnxsan c flJrorr{ocrbro gneKTpoHoB r{a rApe, u S_r, [pe.{craB-
rser co6oft rosrf$uqr,renr pa3JroxeHr{r AuHurMr4qecxofi gunoDnofi nolxpn-
3yeMocT[ aToMa x3JryqeHueM qacToTbl G):

,Edf,*- H#, - -,: r s-,, -, .". (6e)a(co): f
'r' J'(*vJ)

B qacrnocrra, MoMeHT s-, panen crar[.recrofi Aunonrnofi nonrplr3yeMocrr{
ATOMA

oc (0):5_r, (70)

? |-ou 5-6 caasanrr c 3aBr,rcrurtrM or qacrorbr rroKa3areJleM npenoMJrentr{
[36, 38].

Pexe ucuonb3ylorcs MoMeHTbI c AouonHETeJrbHbIM rorapu(flru.recKtrM
MHO)KureJreM - TaK Ha3brBaeMbre cpeAHrre .uorapnSvrrr sHeprnr nos6yx4e-
IIIIIfl.

Er: Z (4- E,)otnla^- E1l f,i,
i Gn)

Koropbre roxe cB.fl3aFrbr c pr.qoM $ra:ravecxrax xapaKTepr.rcr[K aroMoB [36, 38] .
Ecnu ssecrfi HerrpepbrBHylo Symquro ^S 

(k'), Koropar IIpIl ueroq[cJreHrrbrx
k':k cosilaraer c MoMeHTaMr{ Su, ro Movremnt 2lrsnritorc . ee [porl3BoA-
HbIMI{

n ds (k') 
I

- k dk' lo,=o'

flpou-nmocrplrpyeM HeKoropbre csoftcrna MoMeHToB Sp peaynrrarauu
cucTeMaTusecKr{x pacqeToB AJrt 3JreMer{ToB nepBbrx Tpex uep[oAoB c BoJIrro-
nr,Iun (pyrrquauu fepuana-Crnlrvraua [38].

t:0

(68)

(71)

(72)

Free Hand

Free Hand



1.3. Cyrtlrr,ru cr.rJr ocrlrlrqropoB

Psc. 1.12. Mouenr pactrpeAe-
JreHtrr cr.rJr ocqru.mropor ,So (63)
(cunomnar nurrr) rr BKJraAbr B
Eero oT rrepexo,qoB I rretrpepbrB-
Hhrfi ctreKrp (e), eog6yxaerrfi
us aanesrsoft o6ono.rru{ (+) r.r

Bcex nucttperHbrx aoe6yx.qerufi
(A) r pagy ueftrpanrnrrx aroMoB.
Z - aro:tl*ttrit rioMep. Pacqer
[38] c aonnoruur Syuxqurun
Iepuana-CxnrrMaHa

z

Mouenr So, corlacno (63), flr'rflercfl nr.rnefiHofi $yxxqnef, or Z (puc.
1.12). Ott B ocHoBHoM onpeAenrercfl cvrauw ocuunntrTopoB nepexo.[oB B
HenpepbrBHbrfi cnerrp, BKnaA KoTopbrx Airq xa}(Aofi oTAenbHofi o6o.noqru
npr,rMepHo nponopqr{oHareH trucny 3nexTpoHoB B Hefi. Ponr gucxperHbrx
Bo36yx(,qeHr,rfi roapacraer Anr ruenoqHbrx r4 il{eJrorrHo3eMeJrbHbrx 3JreMeHToB
c He3arroJrHeHHofi p-o6onouxoi.

B cnyuae MoMeHra S-, (pllc. 1.13) u B erqe 6onrureft crereHr.r - S-2
r{3-3a BO3paCTAHng, BeCa MaJrbrX SHepreTr.rqec(ux Bo36yxAe]'dlvi4, ocHoBHofi
BrJraA B HefO BHOCTT rIepeXOAbI B .qr4cKpeTHbri CneXrp, r,r MoMeHT cTaHoBr{Tct
HeMOHoTOHHOfi rlynrUueir or z.

,29

.t"

l6

Pnc. 1.13. Mouenr pacnpeAene-
lanrt cxr ocrlnrrnrropoB ,S-t (O)
u BKna.Gr B Eero or aor6yx.uearfi
rg sareHrsoft o6onoqxl (+) rl
Bcex aacKperublx ror6yx,aexufi
(A) B ptAy uefrpa*nux aroMoB
[38]. Ilpu6lnxeHre xax Ea pnc.
1.12

,8
z

Free Hand

Free Hand



30 l. KeaHroso-MexaHr.rqecxlle MeroAr,r cyMMr.rpoBaHr{t

llonegerule S* rar $yurqura uoprr.ura k pazgenxer sJreMeHTbr Ha rpLr
rpyurrbr (puc. 1.14). ,{lr ,,unorubrx" aroMoB rrHeprHbrx rason S* Bo3pacraer
MOr{OTOI{HO C pOCTOM k, A]irx ,,phrxJrblx" aroMoB xlenoqHbrx r4 nrenoqHo-
3eMeJrbHbrx 3JreMeHToE So r.rrueer r;ry6orlrfi Mr.rHr{MyM s o6racru k:-1,
Z AITfl. ATOMOB OCTAIIbHbIX 3JIEMEHTOB XAPAKTEPIIO IIPOME)I(YTOIIHOE MEXAY
3TtrMr{ AByMf rrlflaMr{ uonegeuue Sn.

5

logro &

4

-6 -4 -2 0 2 -6 -4 -2 0 2 -6 -4 -2 0 2
a6nk

999._1.1+. Morvresr pacnpeAe.renrrr crn ocqr.rrrrrrropon ,Sp (55) rar $ymqaa ero ropr,rya
t{38]. Ary BoAopo.{a FI lrcnonrrosagrr roylrrre pe3yJrETar6r, Irl,r IJe, Ne r Ar Kpyxonrr
o6oasasaror trorrygMrmptrrlecxne rrrIn 4pyrtre )noqfferubre 3raqeu{r, crrJroltrELre JrtrE1tr-
pe3yJrbratbr pacqera c Borforuw $ynr4nrvu fepuana-crnnruaua; ro xe npn6nrxelIre
r{ctroJrb3oBaEo tr Ang Bc€x ocraJrbgbrx gJreMeEToB: d - ,,rrJrorE6re" arorrrr; 6 - ,,uporvre-xytomre" aroMbr; 6 - ,,pbrxJrbre" aroust

flocronmy nprr BbrBo.qe BbrpaxeHr{fi (63) - (66) 6rus racno.ub3oBarrbr JrErrrE
o6rque reopeMbl rBaHrosoft Mexanr{Ktr, 3TLI npaBnJra cyMM sBiltlorcs srpo-
rlrMu npaBnrlavu. Ognaro r{x npaKTtrllecKoe trpr4MeHerrue orpauuquBaerct
TeM, qro cyMMbr BKJTTOqaIOT B Ce6fl. BCeBO3MOXHbIe llepexoAbr u3 pa3Jrtrrrrrbrx
o6onoser aroMa, KaK BHemHfix, TaK I,I BHyrpeHHIIx.

Moxno c([opvry.nupoBarb 6oJree rrore3Hbre, Ho ripr{6JrrrxeuHbre trpaBuJra
cyMM ocrtffJrJt.f,TopoB, coorBercrByrou$n lepexo,qaM tr3 oArrofi o6onoqru
nrl!'-- nrl!'-r n' l' . Onrr 4oxa:rrBarorc.f, TeM xe cnoco6oM, uro r (63)-(66),
Ho rrpr{ sroM trcrroJrb3yerc{ cnoficrno troJruorbr 6azuca ro-nnonrrx ([1m<\ufi'ne
Bcero aToMa, a oAr{o3JIeKTpoFrHbrx $yurrufi n' l"KoTopbte.{Jr_{ SToro AoJDK-
rrhr o[peAeJrrrbcr raK co6crBeHubre $ynrryru o.qnoro rr roro Ne upu6luxen-
Horo raMrurbrorrr{aHa. C y.rerov oproHopMrrpoBaHHocrn srux $yurqnfi a

\:"*

Free Hand

Free Hand



1.3. Cyulan cu,'r ocqn,'rrrrropoB 3l

onepaTope nepexoAa MoxHo olycTl4Tb qneHbl, .qefrcTBylolque Ha ,,IaccrIB-

cyMMbr f f 3aMeHtlorct
jj'

HbIe" gJIeKTpoHbr Apyrrrx o6oro.rex, noSToMy
N, N,

"u f f,. Buecro (63)
jj'

f t1xon,t!'vJ,
v' J'n' l'

lonyqaeTcr cJreAylouee npaBnno:

Ksnrl!t-l n' I'y' J'):1gr,

rAe Ko - ronrfurypaqrrt ocroBa. Cyrraua ro n ' sxrroq aer n ce6fl, rar u r (63),
r,rrrrerpupoBaHue no He[pepbrBHoMy crrexTpy. orueruu, uro n (73) BxoAer
cnJrbr ocquJln.rlTopoB, cooTBeTcTByroulle 3anpeuleHHbrvl rrpuHIIlInOvI flayln
trepexoAaM B 3anoJrHer{nrre o6oro.rrfi.

B cnyuae oAHosJreKTpoHHoro arorvla r{3Becrrbr raxxe roqHhle (r nepe-
Jltrr{Br,rcrcrorvr npu6rutxeunr.r) uacrubre npaBllna cyMM orAerbHo AJII ne-
pexoAoBHaypoBHn cl':l-lu c l':l+1, Ha3brBaeMbre npaBnJraMu Bnrne-
pa-Kupxryna 134, 241:.

Z f ("U, n't'1:t-r)i'): - #+ ,

n' j'

Z f @ti, n't'(:t+ t)i')
n' j'

Cnaras o6e grr,r cyMMbr, nonyqaeM r npanoil qacrlr eAr,rHlruy, T. e. npaBI4JIo
(63). OrpuqareJrbHocrb rloJirHoro BKna.qa nepexoAoB I->l-l o3Har{aer, qro
cpeA{ Hrrrx ocuoBHy}o ponb nrparor r{3rytrarer},Hbre nepexo.qbr B 6onee Hn3-
KrIe cocTof,Er{r, B To BpeMr KaK 3HaK cyMMbr crrJr ocrlHnJrrTopoB trepexorqoB
l-->I+l onpeAeJrflercs nepexoAaMra r ro:6yx4eHr{bre cocrorntrt. flpr.rnurlar no
BHI{Mar{r{e, qro gueprr4.rr lepexoAa rroJro)KureJlbHa rrpu Ln:n'-n> 0, uoxuo
cAeJrarb BbIBoA, .{ro 6oree Beporrabr nepexoAbr c u3MeHeHrIeM rJlaBHoro H

op6nramnoro r(BaHToBbrx quceJr B oAHoM HanpaBJreHr.ru,
Cyr'rvru crrJr ocqrlnJrrropoB rrepexoAoB Ha Bce ypoBHr{ Heroropofi roHeunoti

xonrpurypaqur{ Tecno cBr3aHbr co cpe.qHr{Ml.r xapaKTepucrr{KaMu cnerTpa
$oronos6yxAeHnr.

flocronrry ronnrrfi MoMeHT arolua tBJl.rerc.fl xopourl{M KBaHToBbtM ttl4c-

JroM, MOXHO noryrlr{Tb BbrpaxeHr{r AJIfl cyMM clrJr ocuunntropoB nepexo-
4oB trpu t[urcuponanuoM 3Haq€Hnrr sroro MoMeHTa B Ko]requoM cocrotH]llr
aroMa [37]. B o6u{ell cJryrrae .uJt oreparopa 3neKrplrqecKoro nepexo.aa
O(t) uynrrrrroJrbHocrn t onpeAenreM cyMMy

(73)

(74)

(75)

(76).se-l ("r') : Z :EiiE#ry (y' r' 1 s{n tly l )2.

,{nr ucrnroueHur sueprerr4r{ecKoro MHoxr{TeJr.fl BBeAeM /r-xparur,rli xonr-
Myrarop otreparopa OG) c raMr{JrbroHnarrou H (nocronrrcy 11 - cra,rrp
To KoMMyrarop - Hetrpr.rBoAuMrrft renaop paura t):

K@&):[r., tr* IH, oo] 
:1].

k KowyraropoB

(77)

Free Hand

Free Hand



32 L KsaHroso-MexaH[rrecKue MeroAr,r cyMMr.rpoBaHnff

Ero cy6vrarpnuHrrfi oJreMeHT paBeH

. 
(T' J' 11r.(Jt (Qlly J) :IE(y' J')-E(^(J)jo (y' J' lloo lltJ). (78)

Llcuolrryx gpMr{ToBocrb orreparopa OQ), uoc;regnlrfi Muoxo{TeJrb n (76)
npl4 rroMoutrrl @.6.8) Moxrro npe,qcraBr.rrb B BEAe

(y' J' llO@ 11y lSz:(- t;r'-r1y JllOo llT, J,) (y' J' llOo llyJ). (79)

lelr npanyro qacrb r{a ABa oAr{HaroBbrx qJrerra, npnMeH{,a Ko BTopoMy
MHOXI{TCJIIO NCPBOTO qJIEHA I{ K NEPBOMY MIIOXI{TCJIIO BTOPOTO {JIEHA CO-
orHorueHr{e (78) z uo.qcraBJrrr pe3yJrbrar n (76), HaxoAtrM

&-, (,r') : ( - t)]' - r { u -' f [ <v, ti o(, ll \, J, ) (r' J,ll i((') (/6) ll yD +
v'

+ ( - l)* (y J ll xo (k) ll t' J' ) (y' J' llOt') ll y/) 
] 

. (80)

Cyrrarua npor.3Be.qeHrat cy6varprlqHbrx sJreMeHToB AByx HetrpfiBo,qtrMbrx ole-
paropoB Bbrpaxaercr rrepe3 Marpuquufi sJreMeHT Ten3opHoro trpoa3BeAe-
Hr,r{ 3Tr{x onepaTopoB

f (y"r l[rt"r 
', 

T' J') (^(' J' Ji o(',) ll ,( J) :
't'

:f r -t)K+uv'JIKi l': ': 1I <rr11Jr.,rx o(,,)i') lty,D, (sr)
r [/ J J'l \'|- L- r i'

no3roMy (80) npeo6pazyercx [37f y

s*-r(/') : #n f t- 9'*''**1nt l', ', :,1"
x (y,rll lott) x*u,6fy*,+(- ly [KG)@)x o(t](,() llyD. (82)

B .IacrHorvr cnyqae t:1, k:l
g{i: -f rrf,, j(<rr1t): -

j

u cyMMa (82) yuporuaercfl:

so(/) :Z f er, r'r'):, ## f c- t)K+r+r'+ttR|*
f'K

"11 
t { } (vrll f ([rl')x njttl<xt-llrrxr(r)lrrr;llr/). (84)l,r J J'l' jj.

Oneparop c pe3yJrbrr.rpyulnM paHroM K:0 sHpaxaercfl trepe3 KoMMy-

rarop f t4tr, p!f]. Tensop Broporo par{ra ucqe3aer, a urenbr oneparopa
jj'

c K:l cxna4rraarorct, rocKoJrbxy upr K>0
lpjl x y9tl<rt: (- 1)" lrjt) x p\D[rt.

Ztu, r|t\l:i f pf',,
jj

(83)

(85)



1.3. Cyuuu cfin ocqu,'rJrflropoB

Kouxperusupya 67'-ros$Ququenr c K-- l, HaxoALlM

Z rut, ^,'r'1:fiffi 
f{r,r uu'}-a)+

v'

+ | U'-J)(J' +J+D Dl,

rge o6oanategue D r{Meer cMbrcJr

D: -f,JQ+I)(2J+t)1-, i1/23til f t't', xpjl>1<t> llyJ). (87)
jj,

3lecr .ureHrr otreparopa c j:j' npegcraBr.f,ror co6ofi (c rovnocrrK, Ao trocro-
ruuofi) op6nranrHrre MoMeHTbr coorBercrBylouux gnerrponoB.

Ecm (84) trpocyMMnpoBarb rro J', To, corJracno (II.Z.4), qnex c K>0
ucrre3Her tr tronyqrrM npaBr,rJro cyl,,ru (63). B o4nosnerrpourroM cJryrrae uptr
rroAcraHoBre N: 1 ri 3aMeHe jr->l, j'-->l' ue (86) cneAyror rrpaBr{Jra Bnrxepa-
Knpxny4a (74), (75).

Brrpaxenue (52) rr,roxno o6o6qrlrr AJrfl r{eoArrraKoBbrx sacereHHocrefi
9Cy ucxo4nbrx cocrorHuft [37]. Torga BMecro (53) ucuonr3yercr otrpeAe-
JIerrl'e

fry(rJ, T'J'):
:2[E(y' J')- E(y J)] f I : cYCy ("y' J' M' | (ertr.D(1)) I T J M> lt, {St)

M'M

rgs E(r) - eAllHnrrHblft aerrop rroJrflpr.r3arl[n rporona;3aceJreHrrocrr4 rropMn-
poBaHbr ycJroBHeM Z l'fe *12:1. flocne 3aMeubr B oAr{oM Marplr.rnoMere-

M

Menre orreparopa f rjt, "u f plt, rccr oneparop nepecBr3hrBaercr cre-
,4yrcurrM o6pasoru:

(€(1) . /(1))(e{r) .rtr)) : * (ru, . p(il) - 11eril x €(r)l(r) . 17(il x p(r)l(l))+

(8e)*([ettr " 
.(r)1(D. Jrtr) x po)](zl).

Tpn v-rrena n npanofi rracru Tor(,qecrBa orxocsrcr r He[oJItpn3oBaEHoMy;
ufipKyrrpHo rronrpn3oBaHrroMy u nunefino tromptr3oBaHuoMy u3rytreHuro
COOTBETCTBCHHO.

Cyrrnaa cuJr ocqrrJrJrrropoB So nonyuaercx pannofi

Z frre(yJ, y'J'):
't' l'

:ar+z f' utr
:i/-sin29

2. Karazija

crc*cfeflQJMl([e(r) 
" r(r)1(r). ptr) xp(1)](1)) lyJfrS:

(Z rfre*p) D, (eo)
M

tt

(86)

Free Hand



34 l. KaaHroso-MexaunrrecKrie MeroAbr cyMMupoBaHr.rt

rge D - cy6Marpurrubri ereMenr (87); i[ - quc.no oneKrpoHoB aroMa;
p - yror MexAy BeKTopoM nor.flpn3aqr,rrr u ocbro x (ocr z coBMeureHa c
HalrpaBJreHr{eu Qorona), paonlrft -145" 

'.Jrs, 
JreBoHaupaBaennofi u -45"

,qJrt npaBorrarrpaBJreHHofi qnprynrpnofi nonapr.r3aqr{r{. Bropofi qJlen He }rc-
qe3aer Jrr{rub B cJryqae u}rpxyJupHo [oJr.flpn3oBaHHoro ]r3ryqeHufl npv cY(u *
JCWf tL_M.

B [39] paccMarpl.rBaJrucb aHr.r3orpo[Hbre MoMeHTbr cr4Jr oculrJrJrrropoB
c olrpeAeJrenHofi nonrpllsaqraefi, naftgeno BbrpaxeHl{e .qnr BToporo MoMeHTa
Ir ycTaHoBJIeHa ero cBt3b c rpaAueHTaMr,r 3le(TpuqecKoro loJrr Ha gApe.

IIpu onucaruu aaaNrrlo4efictnrax 6rrcrphrx 3Jrer(TpoHoB c aroMaMn r,rcloJrb-
3ylorcr o6o6uennue cr{Jrbr ocqr.rJrJrrropoB

.fn(y J, T'J'):
N

:2[t1-t q-zlE(y' J')- E(y J)f f I 
(T' J' M,] f "t 

<t'") 
iy J M),', {91)

Mtt' ' k:l

rAe q - uepe4annrrfi r{MtryJrbc. B npegele q+0 o6o6rueunafl cura ocqrrJr-
Jrflropa coBrraAaer c f (yJ, y'J')"

Oneparop 
"i(e'rt) 

pa3Jraraercr B pf,A rro cSepuuecrrall (pynrulrqM rl
fn oupaxaercr B Brr,qe cyMMbr BKnaAoB or oneparopoB pa3rurlnofi lrynrrlr-
NOJIbHOCTIT:

fo(TJ, y'J'):

:2[t7-r o-zlE(y'J')-E(yJ))i rnrr'r'tl f cro G) j,(x)l]1J),. (e2)
,:0 k

34ecr n(x*) - cSepuvecnax Qynxqux Eeccen-fl or rrepeMeHloro xk:c.fki
cyMMxpoBaHtre no t orpaHurruBaercr ycnoBueu I J-J' | < t< J+J'. Bxlagrr
B cyMMy

sr(J' q): f If (y'"1')- E(yJ)1" fo(TJ, ^( J')
v'

oT oTAeJrbHbIx MyJrbTrlnoJrbHbrx qJrerroB pa3JroxeHrlt
Aersrorcr trpH rroMorrlu $oplryru (82). Cyurvra
parnofi [40]

S6("I'q): #f
x (y,Ilf X(r)llf.D,

r.ue

f r-r)r+r+r'+r tiry,,l: : f,l"

(e3)

oneparopa e'G') oupe-
npu k:0 norryqaerc.f,

(e4)

(e5)

(e6)

y<n:[[4, f(r] x f(rl(x) -ffo x []1, rG)l](K),

Nr
i:l

7(J): C@ G)i'(qr).

Free Hand

Free Hand



1.3. Cyuurr cHJr oc(urnrropoB . gs

34ecr [}1, 7] o6osnavaerKoMMyrarop, a [Sx ?-J(r) - reH3opr{oe rpor3BeAe-
Hr{e oneparopon. flpu noAcrarroBKe rBHof o BbrpaxeHr.rr AJrr raM[JrbroHuaHa
H u acnonb3oBaHr.rr csoficrs crfepnvecrnx rfynrqrfi Eeccen.fl oreparop
X(r) rpeo6pa3yercr K Br{,qy

Xff):tl-(-l)Kllr(')r6rrr1$rra ; nrtnr,, ('g ; f )"
* X cgr1i,) [I#) i,(x,), - ;i j,_t(xi)z -i# j,+L@t)z), (s7)

I

rxe

c('): f V, (.ri (x,) c,r) V, (e8)

- gnepalop: R KoropoM V, 4eftcrnyer Ha Koop.rynarrr f-ro sJreKTpoua.
Ecnn Se (J'q) npocyMMr{poBarb rto J', To, couracHo (fI.2.4), f cyur"re

He r{cqe3aer Jrr{rrrb rrJrer{ c K:A, B KoropoM oueparop lflo) panen

.N
xftt -( - l)'+r r qzfsl-zta I pti,_L(x)z+(2t*2)j,*r(x,)zl. (gg), ,:,

flogcraonxr ero n (94), noryqaeM npaBr{Jro Eere g.nx cyr"nr o6o6rqerrHbrx
cr{n ocur{JrJrxropon [41]

N@

Z f"Ut, \'J'):f f Ui,-r(x,)r+(r+l)i+l(x,)rl:
,,r,* 

* 
,:1 ,:o

:f f [t]it@)2:N. (loo)
i-1 r:O

rrpu q-->0 oHo nepexoAnr B [paBr{no (63) .qrx o6rr.ru'x cur ocqrluursropoB!

2. OnEpATOpbI, HX CPEAHt4E n MOMEHTbI CnEKTPOB
B nacro.flurefi rnane olpeAensrorct ocHoBr{bre BeJrr{{urrbr, Koropbre fic[oJrb-
3yrorcr B [ocJreAyroqnx DraBax, rr paccMarpuBarorc.fl rIX o6rqre csoftcrsa.

flpeAnonara{ 3HaKoMcrBo rrllTareJrt c ocHoBaMtr TexHIrK[r HetrpuBoAtrMblx
Terr3opHbrx oueparopoB (ucnoD:yeubre B KHrrre $opr"rynu AJtr oreparopoB
v ux MarpLrqubrx gJreMerrroB pa.w{ yAo6crna ccbrJroK rrprrBeAeHbr na (!opaa-
rle 3 n B lpr{JroxeHusx3-6), B pa3A.2.1 usrararcrcs csoftcrsa otreparopoB
B [peAcraBneHnl,I BTopurlHoro NBarrros.anvlg., Koropoe flBrflerc . ocuoooft pas-
Jrr{qHbrx MeToAoB cyMMr{poBar{ut.

Cyr"rvrrr aroMHblx BeruqllH qacro Bbrpaxarorcs rrepe3 cpeAure or npor{3-
BeAeEr,rfi snerTponoB lrrtr Marpnqrrbre gJreMeHru e([$errrBubrx olepaTopoB,
cnoficrna Koropbrx paccMarpuBarorcr B pa3A. 2.2. [arce onpe,qeJrrrorcr oc-
HoBrrbre cpe4nue u crarr{crtrqecKfie xapaKTepl{crrlKl c[eKTpoB - Irx MoMeHTbr,
uJrorrrocrH s symrylu pacupeAeJrenEtr yponnefi rnn rmruni - tr ycraHaBJrEBaer-
C.tr CBC3b ME)KAY IItrME II BBEAEHIIbIMII B PA3A. 2.I CYrVrUAPrrbIMtr BCTETItrHAMI.

Free Hand

Free Hand



Jt) 2. Oneparopu, nx cpeAur.re l.t MoMeHTbr cneKrpoB

Heroroprre o6urue npaBr{Jra cyMM ycranaBJrr,rBarorcr nprMbrM cyMMr{po-
BaHneM MarprtrHbrx sJreMeHroB (pasl. 2.4). Tauxe o6cyx4arorcr Bo3Mox-
nocrtr Haxox.qexrt tBrrbrx nrrpaxerrft qJrr cyMM npr{ [oMorr[r coornoruenrrfi
AJrr reueaJrorrrecrr.rx u 327'-roeQQfiur{eHToB.

2.1. Oneparopbr r{ rrx npeAcraBJreHr{e n Qopue Brop[qHoro KBaHroBaHnf,

OcnosHrre oueparopbl aroMHblx BeJrI,rguH - gro oneparopbr oAHogJreKTpoH-
HOrO trnr{ AByx3JreKTpoHHorO TETra:

F:Z r,,
i

e: \ su,
i<j

rle ft - o,qHosJreKTponnHfi o[eparop, 4eficrnyrouri Ha KoopArrHarH i-ro
sJIeKTpoHa, a git - AByxgJrerTponnrrfi oneparop, 4eficrnyrourufi Ha Ko-
opAl.IHarbr i-ro u 7'-19 gJIeKTpoHoB, cyMMt4poBaHne npoBoAr.ITcr no BceM 3JreK-
TpoHaM rIJn{ BceM rrapaM sJreKTpoHoB aroMa. Cyrrrvrapnrre oleparopbr oAHo-
url{ AByxgJreKTpoHrroro rrna (1), (2) o6osnavatorafl. TeMrr r(e, Ho upoudcHbr-
vr 6yraauu; qacro rrx roxe (ecnu sro He nprrBoArrr K ABycMbrcnennocrr)
coKparrleHuo 6y4ervr Ha3brBarb oAr{o- trJrrr .qByrcJreKTponnbrMn oleparopaMn.

flpn paccrvrorpeHurr KoppeJrrq[ounux sSrfexroB B aToMax lorBJ]rrorct
orleparopbr, ,qeficrnyronlr,re na 6onee qeM ,qBa 3JreKTpoHa, nosroMy BBeAeM
o6urrfi p-3neKTpoHHufi oneparop

T: S t.., ,t t..,k.
i<j<... <& p zx.qercos

B xepelnnBlrcrcKoM npu6ruxeHufi Anfl, orrucanug
noJlb3yercr clegyroqnfi raMtrJrbroHr{ar{:

H:Ho+H'+H"o. (4)

34ecr .F/o - oAr{osJreKrponnrrfi oneparop Krruerr{qecxofi sneprnu sJrerflpo-
HoB r{ llx norerilIuanrnofi srreprtrE B noJre fl,4pa, ero o4noronr[urypar{Eou-
HbIe MaTpfiqIIbIe 9JIeMeHTbI He SABfiCtT OT TepMa r,r BHOCTT BKJra.q JrI{IIIb B
nonuyro sHeprrro aroMa (n.4.26); H'- oneparop oneKrpocrarr{qecKoro
nsaruogeftcrBtrfl MexAy oJreKTpoHaM[

(l)

(2)

(3)

aToMa o6rr.IHo uc-

".:I 0,,, ni,:n!u: i.6 (cfkt.s5*t1, (5)

rAe r< il t, - coorBercrBeHrro MeHbrrrri n 6olrruuit, uz paawyc-BeKTopoB
srreKrporroB rt tt tji Clk):C@ (0i, gi) - oneparop cSepr.rrecxoi Qymurn
k-ro panra.

Oneparop cunn-op6nraJrbHoro naar.ruogeficrBt4fl H'o flBlrsercs, crporo
roBopr, pen-rrrr{Br.rcrcKrrM otreparopoM, a B rrepeJlsrrrBr{crcKoM nplr6nuxe-
HHr{ [onyqaercs upu nocryJrrlpoBaHulr cuuHa 3JreKTpoHa, oAHaKo on neo6xo-

Free Hand

Free Hand



2.1, Oneparopu n $opue Bropr4qHoro KBaHroBaHr{t

.qr{M AJrf, orll{caHr{r pacutrelr;reHr.u repMoB T/.S Ha ypoBHn 1ZS,I. Sror one-
parop 6y.Ueu r{c[oJrb3oBarb B nprr6Jrr.Dr(eHuoM oAHogJreKTpoHr{oM nnpe 123,
24], yrurl'r.earculeM n:auvro4eftcrBue ,,c[r.rH-cBo{ op6rrra" u ocHoBrryx) -
o,qHo3JrerffpoHHyro qacrb B3anMo4eficrnnr,,crrrru-tryxafl. op6trra":

H"': Z (/ft).sft))((r,), (6)

rAe /fl), ,r,(l) - oneparoprr op6uraJlbHoro lr c[IrnoBoro MoMeHToB i-ro srer-
TpoHa, a C(rr) - paAr{aJrbr{a{ qacrb orreparopa.

OcuosHrre - paAtraq[oHrrbre gJrel(Tplrqecrr{e flepexo.@r B aroMax orttrcbr-
BaroTct oArro3JrerTpoHlrbrM o[epaTopoM nepexoAa

oG): _Z rlcl,r, (7)

xoroprrfi flpE t:l paren oneparopy ArilIoJrbHoro flepexoAa Oi':Do>.
Irlcnolrsyeubre B Krrr{re $oprr,rylu .qnt Marpnqlrhrx sJIeMeHToB one-

paropoB Ho, H', 17so, Q(t) upLIBeAeHbt B [plrJroxexugx 3-6,
Bupaxenux Ar.n MarpuqHblx gJreMeHToB orreparopoB B ocHoBIroM onpe-

AenflIoTcq r{x paHraMr.I, a or KoHKperrroro Br.rAa orrepaTopa 3TI,I Bbrpa)I(eHr{t
3aBvIC[T TOJTbKO qepe3 O.qno- I1InE AByx3JreKTpoHEbre MaTpr,rqHble 3JreMeHTbr.

Cnegooarenbno, yAo6rro BBecrLI crau,4aprnble eAuH[qHbIe oueparopbr, Aeftcr-
Byroul[e B npocrpaHcrse oAHoft o6oloqxu n/N, uepe: Koropble Bblpaxarorc{
BCe Apyrue onepaTopbl TI4Ira TaMIIJIbToHI{aHa

stD@D:\ u[*t1nt1,
i:t

N

,<rr') @D :\ ztfkk't (nt), v{rd (nt): fi U@ fut'5.
i:l

Ecnr r.rr $oplrynrr LU::r. ee KoHTeKcra .f,cuo, Ha KaKyro o6oroury geficrny-
K)T 3Tr( OlepaTopbl rrrr4 TaKafl KoHKperu3arlfifl He flF.Lflercg neo6xoAl{Mofi,
ro o6ogna.{eHr{-fl KBaHToBbrx qrlceJr nl utru roJrbKo rJraBHoro KBalrroBoro quc-
ra, n y nux 6y4yr orycKarbct.

Oneparop ytrn') (nl) flBlrfleras. He[pr,IBoAlIMbrM TeH3opoM panra ft n op-
6nranruovt npocrpaHcrBe I,r paHra k's cnrnoaoM npocrpaucrBe. Cessrtnar
3Tr,r paHrr,r roe(lQuqreurovr Kl, floJryqaeM oneparop paHra k" orttocllterluo
IIOJII{bIX MOMEI{TOB:

JI

l: i, l.f,'"',,

(8)

(e)

(10),1r,*'St(n\: Z
pp'

O4noenerrpognhle otreparopbr &r') (n'l') , utxl (n'I') o[peAeJltrorcfl co-
OTHOIIICHU'MII

(nl 
11 v{b @' f)ll nl S : 5, 77, l')t (n, n'),

(n/s ll ett't'r (n' l')llnls) : I (/, /') I (n, n'),

(l l)
(1 2)

Free Hand

Free Hand



38 2. Oneparoprr, ux cpeAHr.re u MoMeHrbr cneKrpoB

rAe (l[ ll) o6oeuaraer cy6Marpr4qnbrft 3JreMeHr, cB.f,3arrHrrfi c MarptrrrnbrM
sJreMeHroM npr{ floMonllr reopeMbr Burnepa-SxKapra (O.3.4).

trInorga onpe.qenetru.a (ll), (12) ucuonr3yrorcrroJrbKo rpfi rre paBHbrx
HyJrro paHrax, a B cryqae qncrbrx c(artpoB u(0) s p(oo) npnMeHrrorcr Qopvrynu

(l llu(o) ll l) :11yrz,

(/s llzr(oor ll /s) : V2Qt + D,

(l 3)

(14)

cJre,qyroque u3 paBerrcrBa e.qr,rnrrrle Marpr,Iqnoro gJreMeHTa craJrrpa (O.3.6).
flepexog or raKtrx oneparopoB x (8), (9) Mo)nHo ocyulecrBr,rrb rryreM 3aMeH

T#rD - (J(r', vffi-; Y(r'<*'1 (15)

3ruu r,rcrnroqaercr neo6xoAuuocrb BbrrrrrcbrBanvtfl. n Qopvrylax cy6vrarpnv-
HbIx sJreMeHToB eArHrdrrHbrx ren3opon. Brrpaxenvs, putr. o4noo6onouequbrx
cy6ruarprauHbrx gJreMeHToB oneparopou g(r<) vyki uplrBeAeHbr B [prinoxe-
nwu 3. flpn paccuorpeHr,ru oneparopoB trepexoAoB, 4eficrsyrcr$rx Mex.qy
pa3[r,rqHhrMu rou$urypaqfiflMr4, y4olrro BBecrrr o6o6rqensr,rft e.qr,rulrvnrrfi
TeH3op ,rr't'), cy6Marpuunrrfi gJreMerrr Koroporo paBeH

(nrlrsllvp{r'x't(tcl, n'l')llnrlrs):8(L, /)B(/r, /')8(zr, n)8(nr, n'). (16)

!1: nux cocraBJrtrorcr aHarormno (7) rvrexo6ono.re.rHrre oueparopbr WGk').

filrr uaxox4eHu-s cyMM aroMHbrx Berr{rr[H r,t pa3rurrHbrx coornotuesrrfi
N{exAy N{aTpuqHbrMr4 sneMeHTaMrlt YAo6no r{cnoJrb3oBaTb onepaTopbl B rrpeA-
cTaBJreHr{r,r BTopr,IqHoro KBaHToBaHur, BbrpaxeHHEre rlepe3 oueparoprr aJ -
pOXAeI{I,If,' 3neKTpOIIa B o.{IIoSJIeKTpoHHOM cOcTOtHI,IIit v PI ae - )HIIIITOXe-
HrIf,sirerTpoHaB cocrotHru v(v:-ilu lu ffiu Vu, r4e m - rtpoeKllut op6uranb-
Horo, a p, - cnr{}roBoro MoMeHror). Oneparoprr ,F (l), G (2) n T (3) B sroM
np e.{CTaBiIeHW npvHLItvIaK,T BI,IAI

a!,(vlfl(S ar,r:r
v(

G:+

7--t s'- pl a
v€...a

r
vECrr

al a[ (vt, I B r" I (7) an ar,

ol,ot.. . .al,(uE. . .\ltrz...r l". . .(rl) a1,eq. . .en,

(17)

(l 8)

(1e)

rAe cyMMr{poBaH[e uo v, f , (, ... npono,ql/trct rro [oJrHoMy oAlrogJreKTpoxno-
My 6a3ucy.

Oneparopu a\p dqt ...1 an;4eficroyx rra BoJrHoByro rDyHKInro -HarlarbHoro
cocrotlrr(t, yHlrrrroxialorl SJrexrpor{oB, a 3areM ofleparopbl a!,, at, ..., 4l
poxAalor 3Tu sne(TpoHbl B rrHbrx [JrLl Tex xe caMblx cocTosEfitx. BcneAcrnue
opTorropMrrpoBaHHocr[ BoJTHoBbIX $ynrurfi I{3MeHeHrrat noA AeficrsfieNl
onepaTopa BoJrHoBat rfynrqn.a Ha{aJlbHoro cocTo.fiHuq B ero MaTpIltrrHoM
sJrerueHTe AoJr)KHa coBnaAarb c ifynrryreft KoHeqHoro QocroflH.urfl, Ilt oHI{ IIH-
Terp[pyrorcr B eAr{Hr{qy. p-3JreKTpol{nrttl ua pr,runr'rfi gneMenr, coAepxalqrfi-

l, onepaTopoB

Free Hand

Free Hand



-
2.1. Oneparopu n Qopue Bropr.rqHoro KBaHroBaHr4fi gg

ca n (19), xaparoepr.r3yer BeporrHocrb raKoro AeirarBfrl, oneparopa rl rra3brBa-
erc{ aM[rr{TyAofi rrepexoAa.

Marpuunrre sneMeHTbr n (17)-(19) oilpeAeneHhr B 6a3uce HecBr3anrrbrx
HEAHTI{CIIMMETPI4qHbIX BOJII{OBbIX TIYrrrqNfi, A BbINOJIHEHITC IPITHIIENA IIAYITT
o6ecnequsaercf, rrpaBrrrJraMr{ aHTr,rKoMMyrarluu o[eparopoB poxAer{us rI
yHr{.iToxeHr4f, sJreKTpoHoB:

I4morna B orrpe.qeJreHr{r.r o[eparopa Bce xe yAo6Ho rrcrroJrb3oBarb Marp[rr-
HbIe gJreMeHTbr orHoclrreJrbr{o aHTr{cuMMerpr.rtrnbrx BoJrrroBbrx @ynrqrfi (uro
yxa3brBaercr 6yrnofi 4 y 3HaKa 3Jrevrenra), Hanpr{Mep, n (1 8) - AByxsJreKTpOr{-
nuft ltarpr,rqnrrfi sreN{enr

(uE s I en)": (uE lg,, J 
(l) - (u( lg'z ll(). (23)

Orvtergvt, qro s resofi qacrr-r AByxgneKTpouHat AerepMrrHar{Trrar BoJrEo-
naa syrrrunr onpeAeJreHa oAr{r{aKoBrru o6pasorvr AJrr sKBr{BaJreHTrrbrx Il He-
gKBr{BaJreHTHhrx SneKTpoHoB

a!,a!r+ alral,:0,

Auag* AlAr:0,

a,a[+ oto,:8 (u, ().

(v{jxrx2):# (uixr) (ulxr) 
I

(E l x') (E l ',) l'

(20)

(2t)
(22)

(24)

(2s)

MaTpIlqHbrx
B [pr,IJroxe-

r,{e xi - na6op [pocrpaHcrBeHrrbrx rit crrur{oBbrx [epeMeHHbrx r,, or.
flepecranrux a (18) anc ee, uporrr3BoAr 3aMeHy \?>Cu cKJra,q6rBa{uoryqeH-

HOe Bbrpaxer{r4e c ucxoAr{brM, Haxo.qr{M

t
u5(rr

ada[(v?lslcr)" anae.

@opruynu Anfl oArro3neKTpoHrrbrx v .{ByxsneKTporrHbrx
gJreMeHToB 6o.nee Baxutrx Queu.recrux oleparopoB rrpr{BeAerrbr
ttwsx 4- 6.

f,Ipn rsyxeHlrr4 aroMHbrx c[eKTpoB o6rrsHo paccMarpr,IBarorcr B3auMo-
.4eicrsug B orrpeAeJrerrHrrx o6onoqrax r{nrl Me)rqy HuMrr. B upe4crannenru
BToprltrrHoro KBaHToBaET{fl, TaKue naarnvrogeficTBr{f, oIrIIcbIBaIoTct o[epaTo-
paMr4, geicroyrorqr.rMr.r B rrpocrpar{crBax KoHKp€Trrbrx o6onosex. Oull no-
ryqarorcr ryreM orpaHr{qeHrlrr n (17)- (19) r,r (25) cyrvrrvr no oAHosJreKrpor{HbrM
cooro.rrHr.ItM v, e, C,lr ... KB&HToBrIMI qucravru o4noft nJrn AByx o6onoqer.
O6oega.ruN.{ aI, su - o[eparopbr, r{3Merrrroul[e qucro gner(TporroB B o6o-
JroqKe nr l{'; b!,,6u * oueparopbr, poxAarou$,re r{JrE yHr{rrroxarculr{e sJrer(-
rporr B o6ono.me nrl{, u r. u. flycrr n (18), (25) rax4ufi r{3 r{rrAe(coB npo-
6eraer oAHogJreKTpoHHhre KBaHToBbre sfrara o6ono.Ier nrl{, u nrlf,, cogep-
txarqr{xc.f, B paccMarpr,rnaevroft rouSuryparlur.r, ror4a G par4ersercr Ha onepa-
Topbr BsarrMogeftcrnru Buyrptr orAeJrbrrbrx o6olouer, HarrpuMep, B]ryTpn
o6olouxu n2l{":

G:+

T
v€(n

Cr:l Z
vt(n

bt, b[ (vE I s* I Cn) bnbe : 1 blbl(vEl g | (q)' b,ba; Q6)

Free Hand

Free Hand
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MexAy o6oro.rKaMn nrlrN, 1u nrlrN,:

Gr, : f at,b[(v€,ig,2 I (l) (bnaa* arbq):
vE(l

aib[(vll g l(rt)a b,aa;

2. Oneparopu, Hx cpe.qnr.re n MoMeHTbr crreKTpoB

(27)

(28)

(2e)

(30)

_s_L
vtEl

a raKxe onepaTopbr vrexronsrrypaqr{oHHoro B3ar{Mo.qeftcrsut, r,rJrrr o[epa-
Topbr nepexoga (nanpurrrep, AByxgJreKTpoHHoro nepexoga),

r
v6(rr

a!,a[(vE]gn|Cn) bnbc,

Gr, r.: Z ot,oL(uElsrrlCn) anbr.
v6(l

B (26)-(29) rHAe(cbr \,4,e,1 yxe o6osnaqalor roJrbKo na6opu npoexqnfi
op6uralrnoro r{ crrHHoBoroMoMeHToB, a KBaHToBbre ql{cJra flulu, ... yKa3hr-
Barorc.fl B Marpr.tqHoM 3JIeMeHTe, eclrpr B groM ecrr neo6xoAr{Mocrb, AoloJr-
III{TEJIbHO.

Oueparop (?8) gooroercrByer naararvro4eficrBr{ro MexAy lcousurypaqu-
al'r;u lf'l{, - !!, ,'!!,!', a (29) - B3ar{MoAeficrsno r"rexay xoufturypaqua-
uu l{'lf,-ll'-r1y,+r, rpr.r 3roM n nepnofi ron$urypaqrlr on-gefiirnyer
Ha ABa /r-enerrpona, a Bo nropofi rouSnrypaqvtr - Ha eJreKTpoHbr l,u lr.

BuurenpureAeHnbre oneparopbr rrpeAcraBJreHbr B IropMaJrbHoM Br.tAe:
BCe BXOAtrqr{e B Hr.rx o[epaTopbr yHfitrToxeHtrr HaxoA.f,Tc,fl cflpaBa oT otrepa-
ropod pox4enur. Oneparop raKoro araga y4o6eu reM, qro on, geftcrnyx ua
cocrof,Hr{e BaKyyMa (o6oroury, He coAepxarqyro gJrerfipoHoB), Aaer Hyne-
rofi pesylrrar. Kpovre roro, o[eparop HopMaJrbHoro Br{Aa JrerKo rrepeBo-
Atrrcg. s o6rr.rHoe rrpeAcraBnenr,re.

Oneparopu dlrt^t", ent^p, KaK rI reHepr(pyeMhle trMr{ BoJrHoBue tfyH qur
lnlmp"), Mo)r(Ho upeo6pasorarb K ApyroMy oAHoonexrpoHnoMy 6aaucy:

l,lor,^.,
rIle alti^t - orreparop poxAenrrr sJreKTpoHa B cocrorur{m nljmr.

B sroN,I 6agrce oreparopbr naar,ruo4eficrnrn (17)-(19), (25) coxpaHrlor
Tor )Ke BriA, Ho rrHAeKcbr v,€,(,I, ... yxe rrMeror cMbrcJr na6opon ognogneK-
TporrHbrx KBaHToBbrx tncet nljmr. Oneparop", oli^r, da1ia, po)Kftaror rrJrrr

yHr{rrroxaror gJreKTpoH n uo4o6onouxe nljN, rro3ToMy oneparopbr Q6)-(29)
orrlrcbrBaror neauuo4eficrBne Blryrprl Konrperrrrrx uo,4o6onoqeK rlrr,t Mex-
Ay HrIMLr, npr{ sroM KBarrroBbre .rfiata nlj $vrcnpoBarbr u cyiuMnpoBar{rle
rrpoBoArlrrc.rr roJrbxo rro trpoeKrlr.rfil'a rn1, Znorga B Bblpaxeur{tx AJrr ouepa-
TopoB y4o6no rrcrroJrb3oBarb raKxe cueurasnrrfi 6a3vc, HarrprrMep, rroA
geficrnuevr oArrogneKTporrHoro oneparopa [cqe3aer gJreKTpoH B cocrorHr{r{
nqlajqmq II Bo3HuXaeT sJreKTpoII B cocTorHtrr{ nrlrm"gtu.

c*, *':I

oli^, nl: ;

Free Hand

Free Hand



-
2.1. Oneparopu o Qopue BropuqHoro xB,aHToBaHr.rr 4I

.l
Oneparopu af, u du: 1 - 1 ;'"+?- 

me-vv 
ai (v : nu Iu mu p.u, i : nu l, - m, - V,)

flBtutoTcfl.HenpuBoAr,rMbrMr.I Ten3opaMr{ paHra /u n op6raranbHoM tr paHr 
"t: +

B clr{HoBoMrrpocrpaHcrnax[13]. 3ro nogsorrer Bbrpa3r{Tb oAHo-rrAByxsJreKT-
poHHbre oueparopbr qepe3 TeH3oprrbre npor,r3Be Ae]i.trfl orrepaTopoB at ud.flycrs
oueparopF(17)rarvreerpanrftl B op6lrranrnoMrrpocrpancrBe, paHr ftzBcrrmro-
BoM [pocrpaHcrBe ]r pe3yJrbrr{pyrorunfi payr k. Bygevr cvrrarb, qro rJraBnbre
u op6urarnHbre KBaHToBbre qr{cJra 3JreKTpoHoB, Ha Koropble ou 4efictoyer,
ipurcrponanrr. flpuuenr-fl K oreparopy OopMyny (O.3.2), a K ero Marpurr-
HoMy sJreMeHry - TeopeMy Bnrnepa-3rKapra (@.3.5) n op6uranuroM rr
ctrrlrHoBoM npocTpaHcTBax Ir ucnoJrb3yr flonyqeHHbre KoSoouql{eHrrr Kl
.qJrr cBt3blBaHr{f, oleparopoB al Lr a, HaxoAnM

1

F&tk^k): -lkr, kzl-t
nrlungll

x (nul,s t1 f(xt*) llzq/6s), (3 1)

rAe B BeKTopHoM npor,r3BeAerrr{r{ paHrrr lu u Q cBr3anbr B pe3yJrbrr.rpyroqufi
payt kr, paHrr.r J r4,r - n kr, a 3areM kru k, - g nornrrft payr k.

Ecrn oneparop onucbrBaer B3ar{MoAefi crsue BHyrpr,r rouxperuofi o6ono.{-
KE ura Mex(Ay KoHKperHbrMu o6ono.rKaMr{, To cyMMtrpoBanue no nulu, n.4lq
n (31) ucvesaer. B cnyqae gnofinoro rerr3opa w&k') (lt l'), yuurstnafl e1r.-
Hr.Iyuocrb ero cy6vrarprrHoro gJreMeHTa (16), nonyvaena

,1xx) (1, l,): -ft, n;tJa(r")t x frtrs)1trt').

flpu l':l oror oleparop rrpeBpauaerc.f, B o<r*') (\.
flo4o6urru o6paeorur MoxHo npeo6paaonarr E goyxsnerrponnrrft

o[eparop. Haupruep, Bbrpa)Kar uarpuvurrfi gJreMerrr otreparopa sJreK-
Tpocrarnqecroro B3atrMo AeircTBvts. qepes KooQ$rqtrerrrbr Kf ([.4.2 I ) rr cBfl-
3brBafl gruMr{ xe roeSrfruueHTaMr{ oneparopbr poxAeurr ll yuuqroxeHr.tt
3nerTpoHoB, nepexoAr{M K BblpaxerrElo

H' :Z f { l1-t11o""ot*6trgirto).1ortott/!r)to))1
k nulun.ll I

nelconln

tl
+ # U"l-i ( - l)t 8(n6lE, zq /q) 8(/", /r) 1a('"ot r 6%"l1toor 

I 
x

x 4k (nul"nql1, n4lgn,Ia), (3 3)

rAe RHTerpat Qk onpeaeJren cornacuo (fL4.3). Bropofi trJreu trof,BrrJrc.s
nprl trepecralroBKe orreparopoB d, alanaa rar, .rro6rr cBr3brBaeMbre oneparo-
pbl cTornrr psAoM.

(32)

Free Hand

Free Hand



42 2. Oneparopu, HX cpeAHlre r{ MoMeurbr c[eKrpoB

B oueparope iI" Moxno cBr3arb raKxe napu at d u a a:

aiatr': 

'rrz,*"1';" 
*, i,]l'':

-aeen: f (-11r'+'+t'r'.*nt l*, ';, _irnl"
L' s,MLM'|

"l'l: ': -t ] 1dk')yae,',),#'L')i,

''; :r"]to" vo{te')t1(ff1*,, 1341

Q- Ar:

(3s)

a 3areM, r4cloJrb3yf, uoryqeHHbre roeQrlrquenrrr Kl, upeo6paeorarb BoJr-
HoBbre tlynrqun HecBq3aHHbrx MoMeHToB r Synxqrr.r ZS-cB-f,sra. flpunrlrar
BO BHUMaHT{e Arraror{aJrbrrocTb MarpnrrHbrx 3JreMeHToB o[gparopa SJreKTpo-
craruqecKoro B3ar4MoAeficrsufl. oruocr{TeJrbr{o pe3yJrbrtrpyrculrdx MoMeHToB
LS uux He3aBr{crrMocrb or npoerqrft Mr, Mr, a rar)r(e orJrr{qr{e HopMHpo-
BoqHoro MrroxrrreJrr sorHosoft rfynrqrr,r AJrr AByx 3KBr{BaJrerrrHbrx rr He-
3KtsI{BaJIeHTIIbIX SJreKTpOHOB, OKOIIqaTeJIbHO HaXOAI{M:

H": -+ f f t - 1)"*"1qtl, orr-rNoqtt., nrrn x
n"lunEIq LS
,€lEnrl,

x ([a(/v")t * o(/6s)t1(e,s) .ld1ea 
";%")@sr;21

x (nulun{sLS I h. I nalannlnLs>,

rAe -ly';" tu, ngtq - HopMr,rposoqHrrfi MHoxr{TeJrb (11.4.2).

.{eyxenexrpoHHbre BoJrHoBbre $ynrqrr cBf,3arrlrbrx MoMeHToB BcerAa
6yaerr,r trcrroJrb3oBaTb aHTuctrMMeTp[rrHbrMn, rro3ToMy 6yxsa a y MaTpI{q-
HOIO gJreMeHTa orrycKaeTcf,.

2.2. Cpeynue oreparopoB n r{x csoficrea.
9$QerrunHhre oneparopbr

Cpe4nr,re xapaKTeprrcrrrKu cleKTpoB, a raK)Ke MrrorogJreKTpoI{Hr,IX s([rferron
B aTOMaX BbrpaxaroTct qepe3 cpeArrr{e oueparopoB r,fitr MaTpuqHbre SJreMerr-
ru s$$errrBHbrx oneparopoB, no3ToMy orrpeAeJIIrM gTE BeJIIlqrrHbr u pac-
cMorpr.rM r.rx o6que csoficrna.

flycrr nMeeM k oueparopoy Or, Or, .,., O*, r'rtwulfrxct o[eparopaMrl
nsar,ruo4eficrBrr-f, B KoHKperHbrx o6ono.rrax I,IJrrr Mex(Ay nuvtl nu6o ofleparo-
paMr.r [epexoAoB MexAy KorrKperubrvr[ o6ono.naMu; sAecb rH.qeKc y o[epa-
Topa yKa3brBaer ero HoMep. Cpe4nee or rrpol{3Berenv.fl. orr{x oleparopoB
(coxpaqeuuo - cpeArree oreparopoB Ot...O) o[peAenserct r<aK

(oro,. . .o)"': it ,t f (yrlorlyr) x
'trf *. -Tp

(36)

x (yz I orlv). . . (yo-.lor-rlrr)(vr lorlv), (37)

Free Hand

Free Hand



2.2. Cpe4nue oreparopoB. SsQexruanue oneparopbl

rAe g (Kr) - qucro cocro.flHr.rfi KoHQurypaqwfi Kb orr{ocrlrreJrbHo Koropoft
orrpeAeJrer{o cpeAHee (sra ronrfrrypaqrs nJrrr ToJrbKo lgll/rclta sJreKTpoEoB B
Hefi yxa3brBarorc{ BBepxy y 3rraKa cpe.qHero). Cornacno (I.12), cpeAr{ee He
3aBUCUT OT r{CIrOJrb3yeMOrO AJr.f, OrrtrCaHtrt COCTOTHI{fi yy ...,Tk'.rfrilA CBfl3Ir.
flocromry oreparopbr O, rrrpaxarorc.r{ qepe3 oneparopbr poxAerur u ynr,rq-
To)Ker{r,rfl 3neKTpoHoB B KOHKperHbrx o6ono.rKax, 9To oArro3HaqHo onpeAe-
nrer KoH(br.rrypaqfil cocrorHr.rfi ^( 2, \ s, . . . , f;g npu fianuofi ron$Eryparyilr r<1
(cyiuruu uo cocrorHr4{M r4rrbrx ronQrarypaqr.rft ucsesarcT BcJre.qcrBr4e oproro-
HaJrbHocrr{ BoJrrroBbrx rfynruufi). Cocro.flrrr.r.fl ^(2, ..., yr coorBercrsyrcr rot
xe cavrofi ronrfurypaqvpt, ecrrkr Bce oneparopbr Qi flBlnrorctr oleparopaMn
B3ar.IMoAeficTBrrr B o6oloq(ax riJru MexAy Hr{MrI. Ilpa uat'Jd]slum cpe4v Oi
oneparopoB rrepexoAoB (o6raareruxo napHoro ux q[cra) cocro.rrnr{]f, }1
rryu k l1 rraoryr coorBercrBoBarb ,EpyrrrM KoHQrarypaqvrlo.a Ki*K1, no onu
BcerAa o,qr{HaKoBbr Anfl 6pa- rr Ker-cocroaur.rft pr4ou HaxoAsxluxcr Marpuq-
HbIX 3JIEMEHTOB.

Borurosrre Qyrr quu Bcex cocrorurn n (37) orpe.4eJreHbr B oAHoKorrtbury-
paqrroHr{oM [p[6ru]KeH[Lr. Eclr,r HeKoTopble r{Jrrl Bce cocTotHr{t otrucbrB&-
roTc.rr BoJrHonurvru (bynrqr.rrMr{ B upr.r6nr,rxennr{ cMerutrBaHut KoHor4ryparqJ,ilfr.,
To cpeArlee Bbrpaxaerc.rr qepe: cyMMy cpeArrnx rr,rna (37), rpr.r oroM xos$Qn-
queuTbr pa3Jro)r(eHr{tr rrplr cyMMIIpoBaHuff ucqe3aror. flpournrocrpnpyeM
3TO Ha rrpr{Mepe cpeAHero

<o H o>K:"4) I Gyl o I K,+ K,y'S x
ty'{

x (K, * Kry' I H I K, * Kry') (K, * Kz^{" I O I K.c). (38)

Boirnosas $yxqux |Kr+Kiy' ), coorsercrByuqas HaJroxeHulo AByx
ron$nrypaquir Kr+ Kz, Bblpaxaerct qepe3 o,qlroKonSnrypaqrsgnnrs $yur-
qur lKryl) u lKr"1r):

I Kt-t KzT)- f <",t,1 Kr* KzT') lK,y,) -

KJ,

floAcranm.s (39) n (38) rI BbrIIoJIHrIfl trplr troMorrti ycJloBtrt yntrTapuocrl{
xos$!$uquenroB pagJroxeHut cyMMnpoBaElre rro {', 1", uaxoguM

<o H o>K:
1 [ s /j: 

"Ct i Z (Kvlol&r')(&v'lHlK,t)(&ril olKv)+
-'trt't!

+ f (Kylo lKrT)(Kz\,lH I Kr^h) (K,TLI o I rr) +
'{'lt \'2

+ I (Kylol&y,)(&y,lH I K,\,)(Kz\zlo lKy) +
YYr Yr

+ ; (&lol K,t)(K,y,lHIK,y,)(&yrl olKr) l:
YYr Tr

: (O xx,H *,O *,*)* + (O **,H *,O *" *)* *
+ <O KK,H K, *,O y" *)K * (O xx"H r"*, O*,*)*

43

(3e)

(40)

Free Hand

Free Hand



44 2. Onepatoprr, r4x cpeAnr.re I.t MoMeHTbI cneKTpoB

B npanofr rracrr,r paBeucrBa [HAeKcbr y oneparopoB yKa3lrBaror KoHOI{rypa-
unr,I, B npocTpaHcTBax KoTopbrx sII{ MexAy KoTopbrMtr oHr{ AeficTByIoT.

Eclr oneparop O gpMr{ToB, a ero MarplryHbre gJIeMeHTbr BeulecrBeHHbr,
TO

Qlolr'): (T'loly),
I{ nocJreAHr.re ABa qJreua n (a0) paBHbr Apyr Apyry.

(41)

B o6ruervr cryqae coorHorrreHrre (41) pa3pernaer cJre.qyloltyrc nepecra-
HOBKy OnepaTOpOB B CpeAHeM:

(OtOr. . .Or-rOu)* : (OrOo-r. . .0rOr)*. (42)

flycrr O, xattetcx oneparopoM [epexoAa K-->K'. Tor,qa rrpn qLrKJrI{-

secxofi [epecraHoBKe orreparopoB MeHterct ron{urypaurt, orHoctrTeJrblro
roropofi olpeAeJreHo cpeAr{ee, la BhrrroJrHrerc.fl coorHouleune

(o,o". . .or)*: ## (o,o,. . .o,o,)*' (43)

Eclr Ot - o[epaTop TI{na raMuJIbToHI{aHa, ro g(IQ:g(K'), u qrKnnrlec-
Kar nepecranoBKa ocyqecrBJrtercg 6es AonoJrr{r{TeJrbrroro MIroxI{TeJrt.

Cornacuo (42), (43), B cpeAHeM rpex oueparopoB B3allrMo4eficrnux r.rx

rroprAor( Moxer 6urr ruo6rru. Cpe4uee qerhrpex raKr,IX oleparopoB yxe 3a-
BI,ICI'IT OT IIOP'A(A I,IX PACTIOJIOXEIIId'.

Ecnr nporasBe.qeHue oueparopoB cocrolrr I{3 HecKoJIbKux rpyln onepa-
TopoB, geficrnyroug,rx Ha pa3[r4tqr$re o6oro.rxrr, To rryreM uoA6opa coor-
BercrByrouleft cxeurr cBt3r[ Mex.qy gTI4MIr o6oroqravrn cyMMbI no Irx KBarr-
ToBbrM, rruclaM p:BAersrorc.f, Lr cpeAHee Sarropuayerc.fl Ha rrpon3BeAenrle
cpe,4HrIx, HalrpnMgp,

<H n H s4 H t H rH 
"n)" 

: (H n H t H r)* {H 
"nH 

rn)*. (44)

Zn,{ercrr y oneparopoB yra3blBalor HoMepa o6ono.rer, Ha Koropble r{Jr}r

MexAy KoropbrMr( onr.r .qeficrnyror.
Paccvtorprvr rrHBapl{aHTrrocTb cpeArrl,Ix ornoctrTeJrblro 3aMeHbI 3neKTpo-

HOB rra BaKaHCuI{. B o4uononSuryparlnoHHovr upu6nr.rxeHl{rr qeHTpaJrbHo-

cuMMerpllqHoro troJrt crrMMerpl{fl ,,3JreKTpoH-r.aKanacufl" I,IMeer Mecro B

op6uranrnoM rr c[IrHoBoM flpocrpalrcrBax, Ho Hapymaercfl B paALraJrbHoM

npocrparrcrBe, TaK Ka( o.qHogJre(TpoHHbre pa.ql{aJlbubre BoJIrroBbIe $ynxquu,
B OTJIItrIrre Or Op6nralbgblx u c[uIIoBbIX, 3aBllcgT oT cAMocorJracoBar{Horo
rroJl.fl B aroMe. flpe4nonoxl{M, rrro paAnanbHbre BoJrHoBbre Synrrytu xunr-
rorct 3aMopoxeHrrbrME - He rr3MeHrlorct npr4 3aMeHe gneKTpoHOB BaKaHCI{q-

vru. Torga A[aroHarbHbre MarpnqHblq sJIeMeItrbI orleparopa gJle(Tpocra-

TrrqecKoro ssanN{oAeficrBvfl. c r{cKJlrorleuHoft cpeguei 3rreprrlefi ?" o,qunaro-
Bbr AJrt corpt)Kel{Hbrx ronrpnrypaw{it (Nr->4lt+2- ifr), a HeA}IaroH€urbHble
gJreMeHThr orrnuarorct roJrbKo Saeoarru MHoxureJreu 12, 241:

(1ar +z-x y v L,S I 
.rV" 

| 1tt+z-tt y' v' L S) :
u -u':(- l) 2 (/NluZSl t]{"lln 

T'u' {.S), (45)

Free Hand



2.2. Cpelnne. oneparopoB. SQQexrr.rauue oleparopbr

(llt, + z - N, t ru, 21,S1 1lt *2- N 
" y, v z L z S s L S I Ttizl

I llr'+z- w, r' ui Ll S't 1!t,+2- n, ylviLi Si L S> :
ur-u{ +ur- ui

:(- l)-- --r- (/{v'y, urZ,S, l!"y2vrLrS2LSI7tiz1

I /{v' yi ui Li Si $, y'2v2Li Si L S>,

45

rAe ur - qr.rcJro craprflr{HcrBa o6olourn flr.
Marpruuufi gJreMeHT oneparopa oAr{osneKTpoHHoro cnuH-op6uraJrbHoro

naauvto4eftcrBrrr, corJracuo (II.5.5), (II.3.8), npu uepexoAe or qacrr.rqno K
rloqrr{ 3anolrHeHHofi o6ono.rre yMHoxaercr ua tfaronufi MHoxrrreJrb

(1et +z-x y u L s J I H"' I 7rl+2-rvy, u, L, S, J) :

: (- rlSL* t 
qln y uL S J I H"o I lN y, v, L,,S,"/).

(46)

(47)

Avtnrury4a paAvarlr{oHnoro 3JrerTpuqecKoro nepexo.qa trrrBapr,rauTHa
c roqnocrblo go $asoeoro MHoxlrreJrr orr{ocl{TeJrbxo 3aMeHbr gJreKTpoHoB
Ba(aHcaqMr4, Ho rrprl sToM oHa rrpeBparlaercr B aMnJrnry4y o6parnoro npo-
qecca

(/{u'y. v, Lr Sr$"yrv, Lr S, L S f ll O(') ll

ll /{v'+ t yi ui t\ Slly,-t y'2v'2Lt2SiL',SJ'> :
Dt - u{ +u6- u2

: ( - I )'------t-- ( llt, + z- N,.r 
rur Z, Sr 1lt"+2- N 

" y rv z Lz S 2 L S J ll oG)

ll /1"* t -",yi ui Li S I ItL+3 - N. yivi LL Si L' S J' > . (48)

floAo6noe coorlrolrerrrle r{Meer Mecro fr AJtfl aMnJrrrryAbr oxe-[epexoAa.
B cpegHevt (37) ogruaxoBbre cocrorHtrf, uoflBJurcTcr rrapaMlt, IrogroMy

Sarorrre MHoxr{TeJrrr, 3aBr{ctuue or qnceJr craprrr'lrcrBa, coKpaurarorct,
Ir nollyqaeM cJreAyroqee npaBr{no trrrBapuaHTHocTu cpe.qHero (upu 3aMopo-
xeHHbrx paAr4aJrbHbrx op6uramx).

Cpe4uee or trpolr3Berenus. oneparopoB gJreKTpocrarlqecxoro B3ar{Mo-
Aeficrsfis ufutlo rleruoro qucra oleparopoB cnnr-op6nranr'Horo B3aI{Mo-
aeirc'raut, a raKxe qerHoro qr{cJra oleparopoB pa,qnawlolrHoro rlr6o oxe-
nepexoAa r,rHBapnarrTHo oTHocI{TeJrbHo 3aMeHbr quceJr 3JreKTpoHoB Nr raxaofi
o6oroqrr,r, na Koropyp geficrnyror oleparopbr, qucraMr.r naxancufi 4/, +
+2- Ni. Ecrr,r .r[cro oueparopoB ]/"o ueqeruo, To rl3MeHterct 3HaK cpeAHe-
ro. flpra gToM ql4cno gJreKTpoHoB n nro6oft ,,naccrrBHofi" o6oro9Ke, Ha Ko-
Topyrc ne ,4eficrnyer Hr{ oAr{H Lr3 oneparopoB, Moxer u3Meutrbcfl Ha qlrcJra

saxaHcr.rft Nr->4lo+2- N, unu ocraBarbcr 6e: ragvrenermg.

O6urufi MeroA floJryqeHnr sBHbrx Bbrpa]KeHrrfi AJrt cpeAHux 6yAer n:ro-
xeH B cre4yrorqefi rJraBe.

Ecnn s upaeofi vacru (37) cyMMI,IpoBaHlIe BbIIroJIHtrb rlo BceM KBaHTo-

BrIM rIIlcJraM, 3a llcKJrror{eH[eM yr (no KBaHToBbTM ru,IcnaM Bcex BIryTpeHHI,Ix

IrJrr{ [poMexyroqHbrx cocrotHnfi), To noJIyIIeHHa.fl Berl4qnna 6yger npe4-

Free Hand

Free Hand



46 2. Onepatoprr, Hx cpeAnr{e u MoMeurbr cneKrpoB

CTABJI'Tb CO6Ofi MATPUtIHbIft SNEMCHT OTHOCI,ITCJII,HO COCTO'HII' Yr IIEKOTO-
poro otrepaTopa, Ha3hrBaeMoro sQ$errnonuM orreparopoM:

f (rr lo,ly)(yrlor lyr). ..(y*-,lor-,lyt)(yr lo* iyr):
'(t.. .f p

: (y,I o"rl\). (4e)

3Q{errnnrnfi oneparop paBerr rrpolr3BeAeHrilo Bcex BTop[quo-trBaHToBarr-
HbIx oleparopor O,, 4eficrnyrorqux B KouKpernrrx o6ono.rxax r{Jrrr MexAy
HI{MIT:

O"f :OrOr...Or. (50)

Cpeguee (37) uonyuaercr rryreM ycpeArreHru Marpr{qHoro snerraenra e$Qer-
TrrBrroro olepaTopa

(o,,or...or)*':v&J r <r, ^hlo"f l&y,).

OqeBriAHo, trro Ar.raroHalrnrrft uarpn.rnrrft gJreMeHT oneparopa Out
yAoBJIeTBOpteT TOMy Xe npaBr{ny trHBapr{aHTr{ocTa oTHocr{TeJrblro 3aMeHbr
SJreKTpoHoB BaKaHcr{tMtr, qTo It cpeArlee.

Ecnr.r seroropbre tr3 cocroxnr.rft Tz...l* orrpeAeneHbr n upn6luxeHr{r.r cMe-
IrII{BaHur ron$urypaqrft, To cyMMa (49) paa4enrerc-n, nogo6no (38), Ha cyM-
MbI rro o4roxonQrrypar[roHrrbrM cocrorH]rrM (upll srovr roe$Qnqrenrrr
paaloxerurft ucvesaror) r s{t|errr.ronrrft oueparop pa3Jraraercfl Ha cyMNry
ondparopon.

2.3. Mouenrbr crreKrpon n SynrqHH pacrpeAeJreHrfl
yponHefi n unnufi

,{na uayvenna o6u{ux oco6ennocrefi parnlrunrrx aroMrrbrx c[eKTpoB, a raK-
xe AJII npr6mxennoro rx orficanfis. y.qo6no ffc[oJrb3oBarb cpeAHr{e xa-
panTepucrr.rKu crre(TpoB - rrx MoMeHTbr (cpe4nrorc gHepmro, 4ncnepcuro)
rnr o6pasoBauHbre 1I3 MoMerrron 6espasrurepnrre xosQSruraenrrr (acuvrrvrer-
prto, 3Kcqecc r gp.). Mouenrsr cle(TpoB, coorBercrByrotqfix trepexoAaM
MexAy BceMrr ypoBHJrMrr naqanrnot u ronesnofi ron$urypaqrft, a raKxe
ctreropa yponuefi eHeprnr Bbrpaxarorcfl qepe3 cpeAHrre oreparopoB. Mo-
MeHTbI CrreKTpoB, cooTBeTcTByroul[x nepexoAaM coArroro ypoBHfl HarraJrb-
nofi ronSr.rrypa\fix. rra Bce ypoBntr rone.rnofi ronSurypaqr.rn, Bbrpa)Karorcf,
rlepe3 Marpr{rrHbre sJreMeHTbr eQQexrunnux o[eparopoB.

Mouenrrr cleKTpoB tBrsrorc.f arraJroraMlr craracrrlecKtrx MoMeHToB,
ItcnoJrb3yeMbrx B MareMarme u Suarre AJrr olrrcaHnr pac[peAenenrft cly-
.IaftRrrx Berurruu 142, 437. flepexogrr B aroMax roxe EMeror nepolrnocrnrrft
xapaKTep, oAHaKo ctrerTpbr, KaK rrpaBrrJro, reHepupyrorc.fl 6omur[Mr{ ar{caM-
dtnlritd aroMoB n rrrrreHcuBrrocrrr ctreKTpaJrbnbrx nwffifrftuMeror BnonHe oupe-
AeJIeIrEbre Berfirrr,rubr. flo srofi rrpurrfiHe 6olee [oAxoMrrIEM flBJrferctr
rra3Bal{r{e,,MoMeHT cleKTpa".

(51)

Free Hand

Free Hand



2.3. Monenru crreKrpoB u $yuxqur.r pacnpeAcreHr.rt

Haqanrnufi MoMelrr ft-ro uopagra HeKoroporo AucxperHoro pac[pe,4e-
JreHI{t xtntuft r{Jrrl ypoBHefi c eneprrlaMu Eb Er, ..., En onpegeJrrerct rar:

dr: E! p (E,). (s2)

BeporrHocrs p (E) HaxoxAeHr.r-s B cneKTpe lfirntru i c eneprlrefi E, panya wn-
TeHcr.rBr{ocrr{ :tnnttrt d, 4eneHuofi Ha nolnyro r{HTeHcr.rBnocrr cnexrpa 1:

P(E,): I'lL (53)

Bepo.anrocrb HaxoxAeHus. i-ro ypoBHr B crrexTpe yponnefi gHeprrrr4 paBna
qucny cocrosnrafi aroro ypoBHr g, (ero crarnecy), ,qeJreHrroMy Ha rroJrHoe
tlucro cocro.snnfi B cneKTpe g:

o(E,\:8t - 
2Jt4l

r\-t/ s s

rAe "f, - KBaHToDoe r{r{cJro rroJrHoro MoMeHTa i-ro ypornr.
B c-ny.lae nenpepbrBlroro pac[peAeneur.rr lrHTeucrrBHocrrr B cnerTpe cyMr\la

n (52) 3aMeHrercr r.rnTerpaJroM.

Cyvrvuponauue n (52), KaK r{ B cryqae MoMeHToB pac[pe,qeneHr{r cr{Jr oc-
uunJrrropoB (1.55), MoxHo pacflpocrpaHnrb Ha Becb cueKTp aroMa, oAHaxo
6oLruuee upaKTllqecKoe 3HatreHne r{Meror MoMeHTbI cleKTpoB, coorBercrBy-
rorqr{x ypoBr{.f, M o,qsofi rouQrrypaqsi vlt4. rrepexoAaM MexAy olpeAeJreHHbr-
Irau roH$urypaur{rMr{. Taxne MoMeHTbr B ocHoBHoM Il 6yAyr paccMarpr,rBarb-
cE B AaJrbuefiureu. Ecnra rueer Mecro cr{Jrbrroe cMerrrr{BaHrre xonQr.rrypaqrrfi,
ro rpnecoo6pa3r{o olpeAer.flTb MoMeHTbr AJrr Bcex erux xonQr,rrypaqr.rfi ulr
I{X KOMNJIEI(CA.

flepnufi na.ramHrrfi MoMeHT npeAcraBJrrer co6ofi cpeAHroro 3Hepruro
cnexTpa

*r=E:Z E,p(n,). (55)
i

Vgo6no BBecru rleHTpanbHbre MoMeHTbr, onpe,qeJreHrrble ornocuTeJrbHo
cpe,quefi 3lreprw{

Fr: (8,- E)k p(E). (s6)

Mouenrrr dxv Vtt B3auMocBt3anrr. .{nx Hu3trrlrx noptAroB crrpaBeAnrrBbr
COOTHOIIIEHI,I':

17

r

r
t

(s4)

(s7)

(5 8)

(5e)

llz : ez - or7, lrr : ors - 3 x, a1 * 2 al : 6" - 3 gt, u1 - a,1,

Vt: ilr- 4 usd.1+ 6 uzu?- 3 4: nn- 6 Vr&- 4 p.sq- ul,

p-:r (-
p:0

," (:) nr-,*,.

Free Hand

Free Hand



48 2. Oneparopu, tlx cpeAnrie t1 MoMeurbr cneKrpoB

flepnufi rleHTpaJrbrrbrfi prouenr paBerr Hyirro. Bropofi MoMer{T ps -sBjrf,erct
4ncuepcuet crreKrpa

or= p, : \ tz,- E), p(8,). (60)
i

Knagparxufi Kopeub ll3 Arrcnepcfitr, lrJrtr cpeAHee KBaApartrqHoe orKJronenffeor E,

o:!3 (61)
xaparffeprr3yer rrltrpmry c[er(Tpa. Movrenrrr 60ree sHcoKoro uoprAKa xa-
paKTepx3yror acEMMerpEqr{ocrb crreKTpa r{ Apyrre o6uue oco6eunocru pac-
rrpe.qeneHr{r yponuefi ntu srr;uffi B HeM.

, I{enrpanrnufi lrovrenr HerrpepbrBrroro cnexTpa o[peAenflercr cneAyroxlr,rM
o6pasou:

l,-:_i @-E)*p(E)dE,

r4e p (E) - HopMupoBaurrar Ea eAr{Hr{qy rrirorr{ocrb Beporrrrocrr{
@

.f e(E)dz:r.

flaoruocru Beporrgocrn trclroJrb3yercg. yI AJrs, orucaun .qr{cKperHoro cfleK-
rpa, oco6enno npz pemenurr o6parnofi sa4aqv - npu6nrxeHHoM Boccra-
HoBJIeIrr[ cneKTpa trJrrl ero orr6arouJefi no HeKoropor\4y qficry ero rlr3-
Beg.TIIbIX lrrt3{rrlllx MOMeIITOB. flnOrgocrr pac[peAeJreHrax yponuefi 3r{eprnl
Alrcxperrroro crreKTpa Moxer 6rrrr ganrcaHa B Br{Ae

P(E): 
T 

rru*tl P(8,), (64)

r.qe 8(f-E,) - gemra-rpyuxqnx \upaxa, a p(E) - Bepo.flrHocrb Haxo)K-
Aeunfr. AtrcKperrroro ypoBr{tr i c sneprzefi Et(54).

B ra'recrse ocnosnot crarr{crr{qecrofi xaparrepacrrrrrr pacnpeAeJrenr,rt
yponnefi gueprlrrr trcloJrb3yercr yacrora cocrossrafi (uloruocru qtrcJra co-
croxnnfi):

f",(4:#,
rge dg - trficro cocrosnufi B uuTepBaJre MexAy E u E* dE. gacrora cocro-
amrfi uopurpoBaHa Ha C(KJ - qr{cJro cocrosni,rfi a tonr[urypa\un K - u
uoryqaercr rryreM )&rHoxeHr.rs rrJroruocru p (E) ua sro qucro

f"(E\: s(K) p (i?). (66)

Ecrn paccvrarptrBax,Tcr ypoBr{x c olpeAeJreunbrM MoMeHror"r .I, cretreHb
BEIpo)KAeHrrr Koropbrx oIFHaKoBa, ro yAo6no ucrroJrb3oBarb qacrory ypoB-
xefi

(62)

(63)

(65)

f,", (E) : 
ou4! 

: pt + D # : eJ + r).f", (E). (67)

Free Hand

Free Hand



2.3. MoueHru cneKrpoB u SyHKrrri[ pacnpeAeneHr.rs, 1)

B cryvae cnerTpa paAlraurlorrHbrx r{Jrrl oxe-fiepexo.{oB BBo.qurc-a [Jror-
Hocrb pacnpeAeJrer{r{r lrHTeHcr4Br{ocrr{, r{Meroqar cMbrcJr orra6arcuefi crreKT-
pa

f (E):#:rorel.
Ona nopuupoBaHa Ha noJrHyro r{HTeHcr{BHocrb cneKTpa

r: Z r,.
I

I,IHrerpupya [Jrorr{ocrb BepoqrHocru g (E) no KoHeqHoMy raHTepBany
enepru.ft, Haxo,qr{M Aonro nonHofi zHreucraeHocrrl, coAepxauyrcc.fl B gToM
I{HTepBaJre:

E,

P(8,,<8.E,): f p (E')dE'.
EI

(68)

(6e)

flornas I{HTeHcr{BHocrb

{ynKrll,refi pacrpeAereHr.r.f,

E

F(E): I rtnaz.
-@

I{sorAa rrclonb3yercr HopMr,rpoBauuax Syuru[s pacflpe.{eneHl,It
E

P(E): 
_[ e(Dan.

I4urerpnpy.a qacrory ypoanefi (67), noryuaeu $yHxqr.no pacnpe/qeJleHr.Ir
yponuefi (c gannuu ,I) o cnerrpe 3rreprr{rir, r.IMerouryro cMbrcJr rltlcJra raKrrx
yponuefi c enepruefi, vrenrureft E,

E

Ir(.8): .[ f,",t\an.

(70)

cnerTpa c eueprraefi, lrenrurefi -8, ua3rreaerca
r{HTeHCr{BHOCTT{ B CneKTpe

(71)

(72\

(73)

(Dyrrqux, o6iut"u" qacrore yponnefi, npegctaBJrrer co6ofi cireguee paccrot-
Hr.re Me)KAy ypoBHrMr,r B c[eKTpe

D (E): | |f,",(E): ilE I dN . (74)
Ananorr.r.rgo r{rrrerpfipy.rr flJrorHocrb cocrosHlrfi (66), naxo4rau g @) -

$yHrurro pacrpeAeneHus, cocrorlswir I yJM ).
BcneAcrnue BblpoxAerrllrl yponnefi KaxAa.f, IwIreUIfl. clexrpa LI3JryqeHr,Lf, nnra

o)Ke-c[eKTpa cocro[T rr3 rrecKoJrbKrrx (oMloHeHT, rrMeIouI[X OAr{HaKOByIO

3r{eprurc. flpr crarr,rcrfiqecroM paccMorpeHlltr cneKTpa uacro yAo6no [pe-
ue6perarr HaJrrItMeM coBrraAarourrrx KoMnorreHT Lt IlcrloJrb3oBarb nJror-
Hocrb paclpeAereHl{.f, llulawir. Motr,teu:rrr 3Toro pacupeAeJreHrn HaxoAtrcfl
[yreM ycpeAHerrr,If, eneprrfi :auuvrfi c oAr{rraKoBbIM BecoM

pt:l lN (K- K'),

rae N(K-K') - uolnoe .ucro lunrfi B crreKTpe.

(7s )

Free Hand



50 2. Oneparopn, Bx cpeAHne H MoMeHrbr cnexrpoB

Pesynrrarrr I{3yqenrrt cJroxHbrx aroMHbIX r{ rAepr{brx c[eKTpoB cBr,rAe-
TeJrbcTByIoT, qTO B HIIX pacnpeAeJreHl{e yponuefi urv nHTeHc?tBHocT}I rlo 3Hep-
n4r,r 6Jrr{3r(o K HopManbHoMy r{ntr rayccoBcKoMy pacnpeAeJreHr.rro (cvr. pas4.
5.5, 6.4).

Hopuanuroe pacnpeAexeHr,re no;rHocrbro onpe.qergercrr nepBhrMr.r ABy-
MrMoMeHTauvEuoz

t | (E_E),\
p, (E): ;l; "^p ( - -tT ) ( 76)

Eoaee BbrcoKue Heqernbre MoMeHTbr paBHbI HyJrlo, a qerHble MoMeHTbI BbI-
paxaloTct qepe3,4l,Icnepcl,Irc cneKTpa

Vzr:(2k- 1)62 *zr-z:(2k-l)lla2k. (77)

.{olx nornofi uHrencuBHocrrr c[eKTpa, coAepxauefict B rrHTepBaJrax
2o, 4o,6o oxoro cpe4uefi sneprr{r{, npI,I HopManr,HoM pacnpeAeJIeHI{L paB-
HA

P(E- o <E<E+ o):0,683,

P (E - 2o < E < E + 2o) :0,954,

P (E- 3o <.8< E + 3o') :0,997,
rAe o - cpeAHee KBa.uparr{yHoe orxJroHeHr4e (61).

B xa.recrse oqeH(r{ ilupr,rHbl cnexrpa qacro l{crloJlb3yercq IurprrHa riop-
MaIbHOIO pacllpeAeJleHll-f, Ha BbICoTe noJIOBLIEbI MaKCnMyMa pacnpeAeneHEs

L E : 2 1/ z tn z o : 2,35480 o. (81)

B nnrepeare AE cogepxr{Tcfl [pI{MepHo rpn rlerBeprr{ I{HTeI{cHBHocrI{
crrexrpa n3ryqenr,r.f, r{nr{ qncJra cocto.sHrlfi c[eKTpa yponnef, gHeprrrrl.

B cryvae pacflpeAeneHuq, 6r[3Koro K HopMaJrbHoMy, n;lornocrb Bepo-
.f,Trrocrr.r Moxer 6nrr nupaxeHa rrepe3 g"(E) npu[oMourl{prga lpavra*
Illap.nre [43]

p (x): p. (x)

3aecl

11" (x). (82)

E*E
4--

o

6eapasuepuat BerI{qr.IHa;

u'- )v - 
rt

H"(x):(- l)ue 2 'u e 2

noJrI{HoM Sprrnrra;

@

,s": Ie?)H,(x)dx
-@

(78)

(7e)

(80)

@

S -suLt v!

(83)

(84)

(8 s)



2.3. Morr.renru crreKrpoB n SyuKur.rri pacnpeAeneHnn

- crpyKTypHblfi MHoxrITeJIb. gTn MHoxIitreJII{ npl{ llcuonb3oBaH}In $oplryn
nJr{ roJrnHorrlon }1" (x)

Hs(x):1, H1(x): x, H2@):x2-1, Hg(x):r"'-3x,
H1@): a+ - 6x2 +3

II COOTHOIIICH}Ifl

p(E): p(x)lo

BblpaxaK)Tct qepe3 IIeHTpanbI{bIe MoMeHTbI cIIeKTpa Pi:pr (E):

So: 1, St : Sr: 0'

53=xr:{-ta/ot,

&=xr:pnloa-3.
Crpyxrypurre MHo)KlrreJIr{ Tperbero rl qerBeproro rrop.aAxa' qBrtroug{ec,n

BaxHbtMI{ 6erpa:uepHbrM}r xapaKTepl{crrrxaMlr clreKTpa, I{MeIOT CneUUtUrb-

rrbre Ha3R.4ruq: acr.rMMerpun (xt) r{ 3Kcl{ecc (xr) cnerrpa. ,{nr uopluraJrbrroro
pacnpe.qeJreHr{r oHrI paBHbI HyJIro.

Ecrra u3secrr{o HeKoropoe qucro v0 Hr{3rIr}Ix MoMeHToB crleKTpa, To o[pe-
AeJrfls vo nepBbrx xoe$tfraqraenror Su, [oryqaeM npn6luxennoe Bblpax(e-
Hr{e AJr{ rrJrorHocrr{ BepoqrHocru. Hanpuvtep, ilpvvs:4 ps.q (82) [pI,IHrr-
MACT BI,IA

p(x): i;lt-I*,("-+ ""\+# (3-6x2+xe] exp (- j "'). rrrl

KosS$nquenr xr xapaKTepr.{3yer acuMMerpfivlrocrb pacrpeAeJreur'It
yponnefi rtnu rLrHuiL orHocrrreJrbHo cpeguefi 3nepr[[. Coxpaurr a (91) n
KBaAparHbrx cro6xax nurrrb [epBble rpu qneHa pa3noxenlls u r{HTerpupyt
no dE, HaxoArrM

5t

(86)

(87)

(88)

(8e)

(e0)

.f orurdE- [ e@)dE

*r:3lfx -* ; E (e2')

J e@)aa

Pacnpegere""" " *lo*nre*'nofi acllMMerpllefi cgou'yro orHocureJlb-
Ho HopManbnoro paclpeAeJreHlrt s o6racrr E<E, a c orpl{uareJlruofi acralr-
*rerpuefi - s o6racrr E>E (puc. 2.1, a).

Sxcuecc ctreKTpa xapaKTeprrcyer Bo3pacraHl{e [JrorHocrr yporuei r'ur
rruuuirK rIeHTpy cuexTpa (E) no cpaBrreui4ro c HopMaJrbHbIM pacnpeAeJleH[eM,

.qJr{ KOTSpOTO x2:0. Kpgna.r paclpe,4eneHufl c II9JIOXI{TSJIbHbIM 3KCUeCcoM

6oree ocrpoBeprrrr{r{Har, a c orpr{IIareJIbHbIM gKcueccoM - 6olee nJrocKat
(puc. 2.1, 6).

Haxox4enue HeKoroporo qficra HI{3IIrI{x MoMeIrroB crrexTpa tro3BoJr.fler

upu6riuxenno onpeAeJrrrb Ire roJIbI(o ero oru6aroqyrc' Ho I{ caM .wrcKPer-

Free Hand

Free Hand

Free Hand



52 2. Oneparopn, llx cpeAH]re n MoMeurbr cnerrpoB

Pnc. 
,2.7 . flnornocrr ypoenefi vrfii nnqfiir p (E) upn pa3JrasHbrx 3xaqegr.rrx acrrMMerp{r.txr(a) n txcuecca xr(6)

HLIfi cneKTp. 3a$a\a cyrlecrBe'Ho ycJroxcHsercr r43-3a BbrpoxrqeHr.r, ypoBHefi,
IIoSToMy ee npocroe r.r AocraroqHo roqHoe pelreHr.re Bo3MoxHo Jrr{ru6 npr{
HAJIYI{UWT MOMCHTOB CTICKTPA AJI,[ ONPEAEJIEHHbIX grrA.ICHI-rfi IIOJIHOTO MOMCH-
Ta NoJrr{qecrBa ABrrxeHI{t 3neKTpoHnhrx o6oJrorleK aroMa.

1v.911_11leeM BbrpaxenHyro qepe3 rarr{e MoMenrrr (no soplryne, aHarro-
ru yHofi (9 1 )) npu6nuxeHHyro HopMr{poBa'rryrc $ylrrqr,rro onot"o"itr yp oenefi
eHeprrM c AaHHbrM MoMeHToM ,I. floAcrasrs,fl ee B olpeAeneHr{e SyuruunpacnpeAeneHr,r{

E

P,(E): 
_[ ,,@)dE

u npprpaBHr.rsaq HafiAeHHyro $yH quro x ee BbrpaxeHr{ro, noryqaeMoMy nppr
noAcraHoBKe n (93) rfoprwynrr AJrs nJrorHocrr{ BeporrHocrr.r ypoBHefi arair-
peTHOfO CneKTpa c .qaHHbrM rvlouenrolr ,I

N (J) N (/)

(e3)

(e4\

(e5)

(e6)

(g (/) - qucJro cocrolurafi, a N (J) - qr{cJro yponnefi c 3rlrM "I), uonyuaev

pr(r): Z i# D(r-r,(/D- f frU I (n-2,1t1)
i:l i:l

ypaBHeHr{e

E NG)

P,(E): t }' !(uiTn"') ou.
-@ i:l

flocromy Pr(E) - MoHoroHHo Bo3pacrarouan $ynrqnr or E, To ocHoB-
nofi yponeub rrrMeer gHeprrlro Er, npw xoropofi

Er

P,(E,): IH dE:#@,

a gHeprnr lro6oro i-ro yponnr Haxo,qlrrc.f, r{3 ypaBHeur,rt [44]:

Pr(8,):+# (e7)

Free Hand

Free Hand



2.3. Morrreuru crreKrpoB u Synrquu paclpeAeneHr.rfl

Taxofi MeroA [o3Bor.f,er Aocraroquo rorrHo BoccraHoBtrTb AucKperHbrfi
crreKTp co6cTBeHHbrx 3HaqeHui Aaxe npI,I [crroJrb3oBaHr{r{ ToJrbKo nepBbrx
.qByx MoMeHroe -E (J) n oz (,/). Hanpnvrep, pe3yJrbrarbr pacqera yponHeft
3Heprar{ Ars FeI, CoII, RuIII (3d+4s)z [45] npu roMorqfi rrepBbrx AByx Mo-
MeHTOB, OrrpeAeneHHbtx r{3 sKcnepr{MeHTaJrbHoro cleKTpa, [peBocxoAf,T
no rorruocru pe3yJrbrarbr, rroJryqeHHbre Mero.qoM Xaprpn-(Dora.

Haxox4eure MoMeHToB u Symqlrr pacrpeAeneHrlfl c[eKTpa Ar.rcrper-
HrIX nepexoAoB ycJroxHrercfl nprt neo6xoAr,rvrocrrr yqera r[[pr.rHbr lruuuit,
ecJrr{ oHa cpaBHLrMa co cpeAHr{M paccrorHr{eM Me)KAy Hr4Mtr. flparrzuecrr
BO MHOrril cnyqa{x MoxHo npuHrTb npocToe rrpeArronoxeHr{e, rrTo Bce Jlr{-
Hr{n rrMeror oAr,rHaKoByro uupr.ruy u Oop}ry. flpz o6paaoBanktvr r{Jra pacraAe
coctosnrrft c Br{yrpeHHeft saxaHc[efi 6olrrrra.s rufipuHa turrwit B ocrroBHoM
otrpe.qeJr.rrerc.f, Koporr(r{M BpeMeHeM }Ku3r{r4 srofi sarancuu. llpultru)r(eHHat
aHBapr{arrrr{ocrb ecrecrBer{rrbrx rulrprlH rurrrufi xapa(Tepr{a I{ HeKoropbrM
Apyrr.rM ron{lrrypaqurvr (pas4. 5.7). He 3aBr,rc.f,r or xBanToBbrx qr{ceJr Jrr{-
nrri annaparypHoe rr AolrrJrepoBcKoe yutrpeHlre, Tarofi 3aBucr{Mocrbro
o6rrqno MoxHo npene6peur rax)r(e npr{ yAapHoM yurupenr,ru.

flycrr. Qoprua lrvtnLrvr,coorBercrByrcrqefi flepexoAy MexAy ypoBurMtr
'( r T', orrrrtcbrBaercx Qyuxqllefi

I(E - Eff): Irr, p (E - Err,), (e8)

rE9_ lry,- rroJrHat r.IrrreHcr{Bnocrb JrEHtru; Err, - ee cpeAr{rr srreprfit;
g (E- Ery,) - rfopua lrrlnytr4 eArnr,rsHoft r{HTeHcrBuocrrr

p(E-817,)dE:r. (ee)

'Ona .{srqercr JropeHrleBoft Synxquefa rrpw ecrecrBerrHoM yrlvpeHfftr, rayc-
coecxoft $yrrruueft npE auuaparypHoM r{JrE AonrrJrepoBcr(oM yrrMpeHr4r.r r4Jrr.r
r{Meer 6onee cnoxnrrfi BIIA. flpe4uonoxr{M, trro cpe$rrfl,s. srrepfl{f, IrLrHvw
coB[aAaer c ee srreprr(efi n orcyrcrBr,re y[r{peHrlf,

.f nplz-nn,)dE:8n,, (100)

A IIEHTPAJIbHbIE MOMCHTbI III/IH},'LI CYUICCTBYIOT I{ HE 3ABIIC'T OT EE KBAHTOBbIX
qficeJl Y, Y'

'r?: / 
(E-Ev,)t p(E-Err,)dE (lot)

flnornocrr r{HTeHcr,rBrrocru B crreKTpe HaxoAETct rlyreM c)iMMrlpoBaHr.rt
(98) no BceM ruur{.rrM:

I(E):2 rn,p(E-8,",).
Y'('

Ona xopunpoBana

r: { rlqaz:

53

i

Ha nonHylo I{IrTer{c[BHocTb ctreKTpa

(102)

f t'.
\T'

(103)

Free Hand

Free Hand



54 2. Oneparopu, ux cpeAHue l.t MoMerrbr cnexrpoB

I{eurpalrurrfi uouenr crreKTpa c yqeroM yruupeHnr Jrr{Hrlfi paBeH

{ tn-ryp(E-En)dE. (104)

( 105)

Cogepxaqufics e Hetr4 MHoroqJreH (E-E)r Mo)Ker 6urr pa:roxeH uo cre-
tren.flM E- Err,u En, - E, rge ,E - cpeAH-f,.f, 3Heprurr cleKrpa. Taxulr o6pa-
rorr g,i Bbrpa)Kaercr gepe3 MoMeHTbr cneKTpa 6e: yvera ymupeHr,rr :l.nruir

p-: l- f (t .,. - E)r I.r^,,

v:r'

H l,{oMeHrbr orgenrsofi rytnlrn p? (101)

(106)

3gecr npuaaro Bo BHI,lMaHrre, qro po:p8:1. flocxonmy flepBble rleHrpaJlb-
Hbre MoMenrbr pl r{ pr,! ucvesaror, To rrpt4 k ( 3 uvreer Mecro npocroe coorHo-
IIIEHI{C

VL:+ Z 
",,"t"t'

*L:*"(n) n,r'r-,.

vL- pr: vf;,

r{3 Koroporo cneAyer npu6nnxenuoe ycnoBl{e
Hr,rs rrrupHHofi nlrsufi

l.tz)p!, pa)p9.

(107)

Bo3MoxHocrra npeue6pexe-

(l0e)

(108)

Qyurqur paclpeAeireHrrfl , rtJtrt orpr6arorqas cneKTpa, fioryqaerct corrlacuo
(91) dpra ubnonrsosaFrnrr rrr3rvreHeHHblx MoMenroo pli unl{ rryreM pacqera
cBeprKr{ rrJrorHocrr{ r{HTeHcr.rBHocrn 6es yqera runpuuri' mmuitf(E) u rpym-
qnu Qoprrau Jrvrutdra p@-E')

r (E): { r tu'> p (E - E') dE' .

I4ues s Br{,{y Bo3Moxuocrb trepexoAa K MoMeIrraM VL rrplr rloMolqu co-
orHorrreHnr (106), 4aree 6y,uerur paccMarprBarb MoMeHTbr ctreKTIloB c 6ec-
KOEeqHO y3r(I{MU J'JnIdnfl:e'4U.Ir Ha3blBarb r4x co(palqeHlro MoMerrTaMtr cIIeKTpa.

3$Qerrunuoe rlcnoJlb3oBanl{e cpe,qHrrx xapaKTepl4crl{K ctreKTpoB Bo3-
MoxHo JIrrIIrb rrprl Harllquu tBHbIx nrrpaxenufi AJrfl MoMelrron. PaccMorpnu,
B KaKoM upu6nuxenua,t laptr BbrrroJrHeHr,tu KaKlrx ycJroBuft sosruoxHo tro-
nyqenre rarnx Bbrpaxennft.

B urnporo uctronb3yeMofi tuoAe.nt MHorogJIeKTpoHHoro aroMa ero BoJr-

HoBhre $ynruur crpotrct Ir3 oAr{o3JreKTpoIrHbIx BoJrHoBbIx Symqufi, xoro-
pbre B crpepu'recru-clMMerpr4rll{oM uoJle rfarropllryrorc.s Ha crauAaprHble
cultrr-yrnoBbre Syurryrra, a rarcKe paAEaJrbHbIe $yurqru, 3aBr{c-flIqlle or KoIr-
KpeTr{oro uoJrr B aToMe II nOgTOMy He IIMeIouFe tBIIbIx nrrpaXenUfi. 9ro6rr
MoxHo 6rrno ngnonHuTb B (52) n (56) cyuuupoBaHue IIo MHoro3JIeKrpoH-
EbrM TBaHToBbIM qucraM cocrotul{fi, neo6xoAravro [peAuoJIoxI{Tb' rITo pa-

AuaJrbHbre BoJTHOBbIe $yUrqUn He 3aBLIctT OT 3TI{x MHorO3neKTpOIIHbIx

Free Hand

Free Hand



2.3. Moruenrr,r cneKTpoB r.r Qynxqr.ur pacnpeAeneHr.rs

ql{ceir. Taroe flpeAnoJroxeHr{e ucloJrb3yeTct B 6olrnruncrse aToMHbrx pac-
rIgToB (xor.f, Bo3MoxHbI rrrcKrroqeHr.r.f, AJrr Hexoropux rouSnrypaqufi, oco-
6enno - c KoJrJrancupyrcqr,IM 3neKTpoHoM [46]); ono reM 6oree npaBoMep-
llo Arq cpeAr{I4x BeJrlz.uun, cta5ee 3aBucrtrlrax or r.rcnoJrb3yeMoro uprr6nuxeHrar.

B c.ny,rae cleKTpoB (nanpnrvrep, r43ryqeHr,u r,rJrrr oxe-clexrpon), coor-
BeTCTByTOUIT4X EepeXOAaM C BO36yXAeHHbrX ypoBHefi, r,IHTeHCrrBHOCTrt JrLt-
rtufr 3aBficflT or cuoco6a nos6yx4enu{ crreKTpa r{, cJre.qoBareJrbHo, o6ulue
f,BHbre Bbrpa)Kenr{.f, AJr{ MoMer{ToB He Moryr 6rrrr nafiAenrr. MoMenrrr
TaKI{X CneKTpOB CTaHOB.STCx qI{CTO aTOMHrIMI{ BeILITIT{HaMI'I , eCJIrt nOe6yX-
.qeHubre cocroflHLrfl. paccMarprrBaevofi ron$urypaqurr 3aceJrerrhr o.qrrHaKoBo.

flpeguoroxeHr{e o paBHbrx 3aceJreHnocr.fl x cocroqHr.rfi oAuofi xon$urypa-
qnu (racereHHocrflx yponnefi, nponopquoHaJrbnbrx ux crarBecart) o6rruno
ucnonb3yerc . npri paccMorperil{r{ c[eKTpoB, noa6yxgaelrux B rdoHrro-aroM-
r{bIX croJrxHoBeHu-flx. K upu6nuarrreJrbHo paBHbrM 3aceJrel{HocrrM TaKx(e
rlpr4BoArm saceJreuue nyreM KacKaAa npoqeccoB, npor{cxoArrqux npra o6pa-
3oBaHr{n saraHcafi Bo BHyrpeHHrax o6onoyrax aroMa, Aaxe BcneAcrBl{e 3a-
ceJreur{s oAHUM npoqeccoM c HexecrxlrMr{ rq)aBr{JraMra or6opa ra c sueprraefi,
yAarenuofi or rropora sroro npoqecca.

B srrcororeMrreparyprrofi unag*le 6oruurofi rrJrorHocrr{, B r{cr(poBbrx r4

AyroBbrx pa3prAax (fraaravecxre ycJroBrl.tr 6nra:ru K noKaJrbrroMy repMoAr,rHa-
MllliecroMy paBHoBeclilo, Ilprr KoTopoM oTHocr{TeJrbHbre 3aceJreHr{ocTr.r ypoB-

55

Hefi urpaxarorcq B BI{Ae

'/(-* t E*- E-' 1

,)G:exp [-*fr-J (1 10)

r{ cTaHoBflTcf paBHbrMtr npw T-->m, rge T * 3JreKTpor{Hafl TeM[epaTypa.
Ecnu AE - rrnrprfira sHeprernqecKoro cflerTpa no:6yxgeuuofi ron$urypa-
IIun, TO TeMnepaTypa AoJrxHa yAoBJreTBoprTb ycJroBr{ro

LE<kT. (111)

Ilpu 6onee c.na6ovr ero BhrrroJrneur{r.r 3aceJreHuocru yponuefi auupoKcr.IMr{-
pyroTcf, pa3nox(eHr{eM

%,:%0""p 
[ - e#)xx,fr - 9#], (rt2)

rge cYCs - 3aceJrerrHocrb HeKoroporo ypoBnt orcqera c enepruefi .Eo. Toraa
MOMeHTbT crreKTpa Bbrpax(arorct qepe3 MoMerrrbr, cooTBercTByroq[e oAr{-
HaKoBoMy 3aceJreHr{ro cocrorril{f (npuuep Arfl cny'tafl cleKTpa IBryqeEI,I-fl
cM. B pasg. 6.2).

9ncro aroMHbre MoMeHTbI orlrrcbrBaror cnerTp cr{Jr ocqrlJlJrqropoB, sKc-
rrepEMerrTaJrbHbre 3HaqeHr{fl Koropbrx r{e 3aBucrr or ycronrft no:6yx4enux.
Mouenrrr cneKTpa Ire 3aBr{c.rrr or 3aceJreHnocteft raxxe B cryqae ceJrexTrrB-
Eoro 3aceJreur{.rr oAHoro ypoBrrt na.Iarsuofi xoxt}rryparpu. TorAa B Bblpa-
xeHrrl{ AJrt MoMeHTa trcqe3aeT cyMMtrpoBaHl{e IIo cocToflF.tlfl]sl erOfi xon$ra-
rypa4{r{ r{ 3aceneHHocTb ypoBr{r B ql{crETere rr 3HaMeHaTeJre coKpalqaeTct.
K raroro rr{[a c[e(TpaM o6brqHo orl{oc.rrcfl TaK)I(e clreKTpbr Qoronos6yxAe-

'cifrA 
fr $orosrexrpoHHbre cneKTpbr, pertrcrpl{pyeMbre IIpr He oqeHb Bbrco-

KEX TeMfleparypax, KorAa Mo)KHo cq[Tarb, YTo trperrMyIrIecTBeHHO 3aceJlerr

Free Hand

Free Hand

Free Hand



56 2. Oneparopu, ux cpeAHr.re r.r MoMeHTbr cleKrpoB

Jrr4rrrb ocHoBrrofi ypoBeHb HaqanbHofi KoHomypaurrr{, SHeprerr{qecKr{ yAaneH-
Hbrfi or Apyrrx.

Mouentr cneKTpoB (56) onpeaer.f,rorcr B 6a3r,rce npoMexyroqnofi cBr-
3I4' B KoTopoM 3l{epr[t cocTotlrr{t paBrra AtraroHaJlbl{oMy MaTpuql{oMy 3ne-
MerrTy raMlrJrbToHrlraHa. floAcTannrr soprwyny Anfl, Bepo.f,THocTrrypoBH.f,
(54), 4o6ararr cyMMr{poBaHrre rro paBrrhrM HyJrro HeAr{arorraJrbHbrM Marpr,rq-
HhrM 3JreMeHTaM raMr{JrbroHuaHa r.r IIpI{ noMourr4 coorEorrreHr{r (1.12) ne-
pexoAf, or $ynxqufi [poMexyroqsofi cn.ssr,r I p) r $ynruraqM qucrofi csqgu
l1), nrrpaxaeM cyMMy, coAep)Karqyrocs s k-v' vovrenre cleKTpa yponnet
gHeprr{E, rrepe3 cpe.qHee:

Z sf o(',):rb f Ef s,:ab 
T 

<KstHtKB>*:

- I s /^,t,s6) L .. r ,fllyr)(y' lHlyr>...(y*-r luly>:
YYr...Y1_1

:<yJ>*,
. /< oleparopoa

(ll3)

rAe i o6oruatraer ypoByw, a p, y - cocrorHru.
Bepoxrnocrb HeKoroporo paAr.raqlroxHoro rrJrn HepaAtraqtroHr{oro uepe-

xoAa BbrpaxaeTcr rrepe3 KBaApaT MoAyJrf, MaTpr{{Horo gJreMeHTa olepaTopa
lepexoAa, roropufi, corJracHo ((D.3.7), [peAcraBJr.flercr B Br.rAe

IQJ M jO[t)ly'J'M')lz:
: (y J M i Oy) lT' J' M') (\' J' M' I Ofrr lT J M>, (1 l4)

r Ae OY) t 

- spMr{ToBo-conpxxennrrfi oneparop. Tor4a cyvru a, co Aep)Kau1Larlcfl_
B BbrpaxeHr{r,r AJrr MoMeHTa cnexTpa rrepexoAoB, npeo6pasyercr rarfitvr o6-
pa3oM:

<K9 | H iKp)* I <Kp I o I K' p',> I' :

f (K'"/ lo,lKy,)<Ky,lvlKy,)...(KyrlHlKy1,,,) x
y'yr yr...y;.r 

1

x (KTr*rlOlK'y'):c(K')<OIHH...HO>K'. (115)

Ananorrasxo MoMeHTbr crreKTpa $ororos6yxgerta rarnr (f orogJreKTpouHo-
ro cneKTpa Bbrpa)Karorcr qepe3 Marpnqrrre gJreMerrrbr s$$errrnnoro one-
paTopa, Hanpr{Mep:

f ("' g' lH I K' p'>* 
I <K' p' I o I rB) l, :

: (,Kg lotHH . . .H O l,Kp). (l 16)

K noryveuraro nrrpaxenrft Anr MoMeHToB KoHKperHbrx clexTpoB rrptrcry-
nIrM trocJre rr3Jroxeurrr o6rurx MeroAoB Haxox.qenr,rr raKrffi cyMM.

r
OB'

Free Hand



2.4. flprrvoe cyMMHpoBaHue MarpuqHbrx 3,'reMeHToB

2.4. O6u\ne npaBr{Jra cyMM. Ilplruoe cyMmnpoBaHne
MaTpnqHbrx gJreMeHToB

Ilpxrvtoe cyMMtrpoBaHne Marpl,IrrHbrx gJreMeHToB lro3Bonrer AoKa3arb He-
Koropble o6ruue upaBuJra cyMMr,rpoBaHr{r, a raKx(e n npocrefiurnx cryqa.flx
[oIyqr4Tb rBHbre BbrpaxeHl{t AJrt cpeAHr.rx xapaKTepIIcTr{K cleKTpoB.

Cpegxee oueparopa paBHo cyMMe ero ArraroHaJlbrrbrx Marpr{rrHr,rx 3ne-
MeHToB,,qeJreHrrofi Ha r{racro Bo3Moxnbrx cocTo.f,Hrafi. Corracno reopeue Brar-
uepa-Srrapra (<D.3.4), Bcf, 3aBr,rctrMocrb Marpr.rtruoro gJreMeHTa or rrpoeK-
qufi 3aKrro.Iaerc-f, B rosQSuquenre Bnrnepa. Cyr'turpyr ero uo npoeKulrlr
[oJrHoro MoMerrra rrprl [oMorrru (ILl.1), r{MeeM

(yJMlrplyrM):8(ft, 0)8(q, 0)t,rlu, (yJllrot lly4. (117)

Taruu o6pasov, cpeAnee He ucqe3aer nrrrulb An.s oneparopa c paBHbrM Hynro
p*ynbTr.IpyrcilIlrM par{roM.

flpegnoloxrrM, qro BHyrpn o6ono.rer r{Meer Mecro ZS-cs-flsr. Onepa-
Top, llBJlgrotgffict cKaJrtpoM orHocr{TeJlbHo noJrHoro MoMeHTa, Moxer
rrMerb He paBHbre Hynro pe3yJrbrr4pyrcqfie paHrrr n op6raralruoM rr cnr4HoBoM
npocrpaHcrBax, xort 3Tr{ paHrrl.4onxHr,r 6rrrr oAunaKoBhr, nocKoJrbKy cKJra4br-
Balorcs B o6ulr,rfi Hylenofi paur. Llcnonrsya BoJruoBbre rlyHrqrr I yLSM, M ,)
(cpeguee, corJracHo (1.13), Mo)rcro paccqnrbrBarr s rro6oM oproHopMr.rpo-
BaHHoM 6aauce), noJryqaeM, rrro cpeAHee r.rcqe3aer raKxe npr4 He paBHbrx
HyJrro pe3yJrbrrrpyloqux paHrax n op6lrranruoM lr crrr,rHoBoM [pocrpaHcrBax:

f (yLS M,M,Ir$\) lyL s M,M"s :
M.M"

I
: 8 (k, 0) 8 (s, 0) [2,. ,flt (yz s ll Tttrr ll yz s).

LINTeHHo raKoro rr{[a oneparopaMrr rBJrrrorct oneparoprr cuuu-op6nraJrbrro-
ro (ft: l) u.nr cr[H-cnr{HoBoro (k:2) ngaruoAeficrnrfi, noeroMy ux Marprrr-
Hbre gJreMer{Tbr He BHocrr BKJraAa B BhrpaxeHr,re Airr cpeAueft snepruu. B ne-
peJrrrr,rBr{crcxovr npu6luxeHrru roJrbKo srrr ABa nsamro4eficrBr.rr olpeAe-
JrrIoT MynbTr{rrJreTHyro cTpyKTypy TepMoB - r.rx pacqerrJreHne no rroJrHoMy
MoMeHTy "/, nosrouy rIeHTp rrxecrr{ MyJrbrrrnJrera coBrraAaer co cpe4uefi.
suepnrefi TepMa

lZ, ,Yl-' Z nTrgu):E(rZS).
TM

flpu paccuorpeHr.rfi cpeAHero ygo6no uctroJrb3oBarr 6a3rac, B KoropoM
BoJruoBbre Qymquu o6onoqex He cBr3aHbr Me)r(Ay co6ofi

I lf ' yrLr Sr M L,M s,ly, yrLr S, M4 M r,. . .) . (120)

Cnoxurffi oneparop rox(e upeAcraBJr-flercr B Brr.qe cyMMbr nporsnegeur.rfi ne
cB.fl3aHl,l,lx Me)rqy co6ofi oneparopoB, geficrryrouprx Ha ([yllunr orAeJrb-
nrrx o6.tnoqer (reuropHbre [por{3BeAeHus pa3Bfl3brBarorcx ro9$QuqaerrTa-
llu Kf; 'Iarulr o6pa:ovr, cpeAHee $arroprsyercfl Ha cpe.qHr(e B noArrpocrpau-
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M

(l l8)

(l l9)

Free Hand

Free Hand

Free Hand



58 2. Oneparopu, ux cpeAHr{e u MoMeETbl cneKrpoB

cTBax orAeJrrHrrx o6otouex. B xaxgoM rroAflpocrpaHcrBe AoJrxHo BblnoJrHtrb-
cfl ycJroBlre (ll7). 3ruu AoKa3brBaercr cneAyroqee o6uee yrBepxAeHI,Ie.

Ycpe4nerure MoxHo npoBoAr,rrb He3aBr{cr{Mo B rroAnpocrpaHcrBe rax4oft
o6o;roqrra. BxraA B cyr\,Ilvry no BceM MHoro3JreKTpoHHbrM KBarrroBbIM qI{cJIaM

BrIocflT nlurtb qreHbr onepaTopa c paBHbrMrr Hynro pe3yJrbTLIpyrcUIUMr.r op6u-
TaJrbHbrMr{ r{ clnuoBbrMr{ paHraMr{ B rro.{npocrpaHcrBax orgenrnrrx o6o-
Jrot{eK.

Auanor[qHoe [paBrrJro BblnoJrHterct rrr B cJryqae jj-cnnzn BHyrpIr 06010-
qeK c TeM pa3Jrrrr{r{eM, qTo B o[epaTope cJreAyeT npI{paBHr{BaTb K HyJrIo ero
pe3ynbrr.{pypru[e paHfr{ oT}rocrtreJrbHo rronHoro MoMerrTa B [O.4[pocrpaH-
crBax or.{eJrbHbrx [oAo6onoqer.

Heeae[cnN{ocrb ycpe.qHenvIfl B noArlpocrpaHcrBax o6oro.reK rnu rlo.q-
o6ono.rex r.rMeer crrny u Anx eQrferu{BHoro oueparopa, fipeAcraBnqrou{ero
co6ofi npor,I3Be.qeHr{e HecKoJrbKrrx oneparopoB Bo BToplrqHo-KBaI{ToBaHHoM
BLrAe, OArraKO npupaBHrrBaTb B HeM pe3yJrbTr.Ipyrcuue paHrll K HyJrro MoxHo
JrnIrIb rrocJre npeo6paronaHr{.s o[eparopa B HopMaJrbHyro Sopvty r{ coeA}IHe-
Hr{r rerr3opoB, AeficrByroulr{x Ha orHy r,r ry xe o6orotrKy, MexAy co6oft.

flpnne4eu npr{Mep nprIMeHeHI{t anurecQoprrryJll{poBauHoro npaBI,IJra.

Onepaiop gJreKTpocrarllqecroro srauNdoAeficrBrlr MexAy o6o-noqxarru
Il' u l{", BbrpaxeHHbrft uepee oleparopbl (I&) r y(kk'), c,ocraBJreHHble I43

eAr{Ht4rrHbIX TeH3opoB, }rMeer sup, 123}

n"rr:Z (urr, (t,). u@ (D).qu (tr, tr) -
k

- f t - t).*r Ix, ,, l'i, ';, l\ {r,"', (t,). vr"'1 Q,)) 9r (t,, rz), e2t)
krx,

rge uepnrrft oueparop coorBercrByer [p{MoMy, a nropofi - o6ueunouy
sneKTpocrarr,rtrecxoMy nganrtroAeftcrBprlo; Fk u Qk - unrerpanlr (fI.4.7)
u (l-1.4.8).

flpra pacrere cpegneft sHeprru paur k B Irp-uMoM qJrerre u paHru x, x'
n o6tuenuoM qJreHe KaK pe3ynbrupyroq[e paHrr.r B rro,qnpocrpaucrtsax or-
AeJrbHbrx o6oroqer [pupaBHr{Barorct K HyJIro. Irlcnolrsyn Ant I-{arpllqnblx
sneMeHroB crarqpHbrx oreparopoB [J@) r4 Y6il $opvynu (II.3.3) ra (fI.3.5),
a rar(xe Bbrpaxeurrr lls. (l ll C(o) ll/):pf'12 u 6j-xog<frpuqueura c rryJreBblM
xapaMerpoM, cpa3y Haxo.4I{M cpeAuroro sHeprlrro rsanlro4eftcrBllf, Mex4y
o6ono.malau (n. 4.30). Cpegnroro eHepr[rc ssauiuloAeficrBlas BHyrpr'I o6oro'r-
KU TaKr{M [yreM noryquTb rre y1Aercg, trocKoJrbKy coorBercrByroulrft
orreparop npe,4craBrqer co6ofi cKaJl.apHoe trpol{3BeAeHue AByx o[eparopoB,
geficrnyroqux Bnyrplr rofi xe carvrofi o6ono.rrn

("fr(t).rf-,(iD] skU, t), (122)

u. ux paHrtr orgeJrbHo Herb3rl upLrpaBHJITb K HyJrrc. A cy6rraarpu'rnrrfi grelvreut

orreparopa U(k) upll k>0 (II.3.1) coAepxlar HeroJIbKo 67-roe$Surylenr, Ho
ll reHeaJrorutlecKtre roe$$uquentrr, o6ecneuunarcu[e aHTllctrMMerpr'IqHocrb
sornosoft Syrruur.r o6oroqru oKBI,IBaJIeHTHbIx greKTpoHoB.

H":+ f [1u,-, Q).s<.t0D-f

Free Hand



2.4. flpnuoe cyMMr.rpoBaHr-re Marpnqublx sJreMeHrots tq

flocromry HaxoxAeHl.re cpeAHl,tx r{ IltHbIX cyMM MarplrqHbrx 3reMeHToB
IIp.flMbrM cyMMtrpoBarrneM B oCHOBITOM OrpaHErIIlBaeTC.f, Bo3MoxHocrtMI{
cyMMnpoBaHrrfl reHeaJroruqecKllx Ko3aboUU[eHToB r{JII{ CJlyqatMI{ IlX UCqe3-

HOBeHIIfl, paCCMOTpr{M rrOApO6Hee CBOfiCTBa STnX BeILITIUH.

Ll:noxennrrfi o paa4. 2.2 ll.eron, [ocrpoeHllt MHoroSJle(Tpounofi BoJIHo-

eofi SyHrquu [p]r noMoxlu roeQt|rlqllenros Kf He o6eclequBaer ee aHTI'lcllM-
Merpr{rrHocrlr. flp:.mqun flaynli yAoBnerBopf,erct, ecrn cB.s3blBarb He upo-
rr3BeAeHrrg oAHo3JreKTpoHHbIX syHrqlail, a r.rx rurnefi.nrre rou6rnrallr{Ir, cooT-
BercrByroq[e AelepMuHaHTaN{ LI3 ItI{x, oAHaKo rarofi MeroA An.s cJro]KHbIX

xonSnrypaqrrft o.reHr rpoMo3AoK n nee$$errraseH. VAo6Hee aHTI{cIrMMerpI4-
3aqr.rrc BHyrpr{ o6onoqna gKBr{BaJreHTHbrx 3neKTponon o6ecue'rl{Barb pel(yp-
peHTHbIM cnoco6ov [pr{ rroMou1{ reHearornqecxux xosSrlrnldlreHToB:

llnyLSMLMs>:

(/N-lTZS/ lltnyLs) l/1{-rtzS tLS MLMs>, (i 23)

rAe BoJrHoBar $yrr qlra B nenofi qacrlr paBeHcrBa aFrrl4cr{MMerpllqHa oruocl{-
TeJIbHo ncex /N gneKTpol{oB, a o npaeofi rlacrl,l- nl4llb BHyrpu rpyuurr /N*1
3JreKTpoHoB. KosSSuuneHTaMIt sroro pa3Jrox(eHltr flBlrfliorcfl relreaJlorn-
qec(I{e rosib$uuueHrsI. (Dymqul{ orAeilbHblx o6onoqex cBt3blBarorca nos$-
tpnqr.renramu Kf n Synrq[ro aroMa, a ee aHTI4cI{MMerpI'rYHocrb MexAy
3neKTpoHaMrr pa3ru.IHbrx o6oro.{er o6ecnequeaercf, B BblpaxeHlltxgnt
Marpr4rrHbrx 3JreMeHToB aHTlrcl{MMerpr.r:aqrefi $yHtcuiafi Tex 3JIeKTpoHoB,

Ha Koropbre 4eficrnyer oneparop [47].
Alre6pan.recxue BbrpaxeHl4t rnfl reHeanorl{qecKl4x rosS$uqueuroe

npu 2< N <4l,+ 1 rarsecrHbr Jllrrrrb A.II{ xoHKperHblx o6oro'{ex c oupeAeJleH-
HbrM qr{cJroM N rra6o I U4, 481 I{ HMeIor HecraHAaprnrrfi sllA (nanpuuep,
coAepxar 3n7'-xoe$rfnql{eHT B 3HaMeHareJre roA KopHev), uoerovry rrptMoe
cyMMI{poBaH[e MarpfitlHblx 3JIeMeHToB LIJII4 ]ix npor{3Be Aenutrt orpaHL{YIr-

Baercr npocrefirulrvrra ron$rarypat]r.tfrMvl, AJrt Koropbrx reHeaJlornqecrlle
roeQ$uqr.renrbr npeBparualorc.n B npocrble MHolt(I4TeJrI{:

(/o/ll/): I,

(ttllt2LS):| tr n1- l)"*sl,

(/4r+1/ ll 1n'r+21: I,

(l*tvLSl ll/er+r; :Gti + rr +(-rr.r [fii]ffi]]'. lo27)

Brrpaxenu.a An.a I{eKoropblx cyMM MarpI,ItIHbIx 3JreMeEToB Taxxe Moryr
6urn uafiAeHbr nprl rircuoJrb3oBaunlr csoficrB oproroHaJlbuocrlr reneaJrorr{-
qecKux roe$rfuuuenron:

_s.L
tzs

(r24)

(t2s)

(t26)

r
izs

(tN -t T L s I ll /N^1 I,9) (/N -1 ? Z s/ ll /tr y', I S) : 8 (y, y',), /t ?R\

Free Hand

Free Hand

Free Hand

Free Hand



60 2. Oneparoptr, t,tx cpeAHrre .u MoMegrbr c[eKrpoB

Z tt, s1 11" -' 7Z s r ll IN y L s) (liv -r 7, Z,s/ll /xyz s) :
vLS

:8(?, T) 4/++:N 
tz, sl.

Bropoe [paBnno cyMM cneAyer r{3 nepBoro 
'rp' yqere coor'orrreHut

MexAy reHeaJroru{ecrr{Mr.I xosrfrbl{qlleuraMv r,[Lfl qacrl{qEo I{ noqrr{ 3a[oJr-
HeHHbrx o6olo.rex [49]:

17rr+r -rv !Z S I ll l4t+z-N r L^s) : ( - 1;t-s+z+s-+r+"+3=1 x

: tffi fi r,', " 
r,11 7''*,.12s;.

Harlr'rlre rBHbrx nr'rpaxeHufi 4nx cy6vrarpr4qubrx greMeHToB orreparopoB
y<tl 1Ir.3.6) t yhi u.3.7) (ncne4crnr.re ux rponopqr{oHarrbHocrr{ oreparo-
paira op6uraJrbHoro u crrr{HoBoro MoMeHToB KorlrqecrBa ABrr)KeHr{r l{D u
s(1), coScreeHHble 3HaqeHl{fl Koropbrx r.ranecrnrr) Iro3BoJrter nyreM conocraB-
JreHr{fl snrx Sopuyl c (fI.3.l), (n.3.2) troryrrr,rrb,qorroJrxrreJrbHbre coorrroure-
IlUIff

f t- rt lL 
t; 

i),,"-'otsl11r"vzs;11"-'1'z,3rl[/Nv'z',s):

(t2e)

(1 30)

(131)

(1 33)

: 8 (yZ, y'L,)(- l)z+r+r I [- L (t*r),= 
= ,ltN L7(/+r)(z+l)(2r+Dl ,

f r- t)u 
{ 
tf 

:;, f},,"-'vts/ll/ilvzs)(/iv-r1Zs/il INv'LS'):

:D(y,S, y',s')(-l)-s*'/, t 1ry$1"'. (132)

3rn rlopvrynbr ylpouarcTc , npn Konrperr43arlun L' unv. S, u no4cranoo-
Ke sBHbrx nrrpaxennft ,qlr 67'-roeQrfuqrenroa (O.4.1), (O.4.3). Haupruep,
B cnytratx L':L u S':S naxoAr,rv:

\ r1E +l)(/,v-rtZS tll tN y Ls)1l"-'7Zs tll tN y' L S):
;ZF

:D(y, t) [5e L@+t)+/(/+l)],

f stS* 1;17"-'7Zs lll rN yLsr) (/iI-rTZs tll IN y' L g):
'tLS

:8(y, t) [+A s(^s+ l)+;]. (r 34)

Free Hand

Free Hand



2.4. llpauoe cyMMupoBaHr.re Marplrqubrx o.rreMeuroB 6l

flpu paccvorpenr.Ilr MarpuuHbrx sJreMeHToB MIrorogJreKTpoHHbIx oleparopoB
noflBJrtrorc.f, reHeaJrorl4qecKr,re rogoor{queHTbl c HecKoJIbxI4Mr4 OTITIe[neH-
HbrMr.r 3JreKTpoHaMn, AJrr Koropblx Bbl[oJrHtrorcfl cJreAyro4{e [paBl4na cyMM:

f, {ln-nyrz rsrlqyrLrsz ll/ilyzs) x
Tr Zr Sr
Yr I' Sr

x (lN -q y1L1 Sllq y2LzSzll /ily'ZS) : 8 (y, y'),

f [Z, ^s] 
(ln-o",lLtsrlqyrLrs2ll/Nyts) x

1ZS1s l,1 S;

x (/r-ayi Z'S1 lq y2LrSrll /NyZS):

:8 (y,, .(llLr, t,, (^;::) ' ( 
t';' 

)
O6urue reHearoruqecrne roerltfrlul4eHrbl Bblpaxarorcs qepe3 roeQQu-

U[eHTbI C OAHI{M oTIIIeIIJIeHHbIM gneKTpOHOM, Haupl4Mep' rrpv q:2

(ln-rTrLrsJ2Lzs, ll /tr1z,^9): r t - l)r+s+r.,+5.*' *

srl
s t"
(l 37)

B qacmou crrysae N:41+2 (rax u N:2) noAcraBrr,a.l (126)u (127), raa-
xoAIlM .f,BHOe BbrpaxeHr{e

(tatvLs12LSItrr+21:( - l)u/2 j tr +t- l)z+s1 [vH,-;]'/'. {r:s)

B xaqecrse npr4Mepa npI{MeHIrM coorHouleHue (136) ilpn q:2 AJr.fl Haxoxt-
Aeuvfl. cpe4nefi 3Hepn4r{ gneKTpocrarurlecKoro ssauNloAeficrnux nuyrpr,r o6o-
noqxu /x.

KaxArrft AByxgneKTpouurrfi oueparop h",t wocur oAI4HaKoBbIft BKJTaA

B Marpr{qHbrfi grevrenr oneparopa H" (5),4eficrnyrorqero BHyrp}I 3neKTpoH-

iLS

1 tt I L'l[tl2 tlz
x[t, ,s, Lr, srfrt, , tt+(-t)r'*t'] 1l Lt Z"ii s s,

x (/rv-r yZ Sl11 1".12I (l* -r^(rLr& / ll l|-t yZ.fl.

(135)

(l 36)

(l 3e)

Llcnonreyx n upanofi vacru (139) pa3JroxeHr{e sorHosofi $ynrquu, al{aJror[q-
noe (123), LI Bblpaxat Marpr,ruHrrfi gneMeHT npl{ rloMolqu cooruoureHl{t
(O.3.14) qepe3 AByx3nexrponurrfi uarpuuurrfi sJIeMeHr (npu sroru yql4rbl-
Baercf, craJrtpHocrb oueparopa h12), Yaxogutvt:-

nofi o6oloqKr{, Iro3ToMy

(/Nyrs 1H" ltNyLS):(i ) 
(/nyts )hi2l tNy Ls).

(/ryzsl H" I tN yLS):(i 
),L,,r,",t,1h" 

ilzLzsz> x

Lo S"

x (l N - 2 y, L, Sr 12 Lz,S, ll /" y ZS)'. (140)

Free Hand

Free Hand



62 2. Oneparopu, Irx cpeAHr-re H MoMeirrbr cleKrpoB

lanee cyMMupyeM o6e cropouhr paBeHcrBa flo1yLSMLMs r.r npr{MeHreM
x upaaofi qacrr npaonlo (136). Cyurvra tro reHeaJror[rrecKnM xoe$Qnqxen-
TaM rtcqe3aer r,r cpeAHr;r gHeprr{r o6ono.mu Bhrpaxaerc.fl {epe3 cpe.qHloro 3rrep-
rl{ro B3a}rMogeficroru AByx 3JrexTponos .8" (i2), atr. xoropofi rerxo uonyr{trTb
tBHoe BblpaxeHHe nprMbrM cyMMr4poBaHr,IeM, uocKoJrbKy AByxsJrerrponnuft
uarpnvnrrfi sJreMeHT He co.qepxnr reHeaJrornqecKr{x Ko3$(bruueuToB

(141)

flpu paccuorpeHurl cyMM reHeaJrorr{qecx[x xoe$$uuneHroB rr coAepxa-
llnx r{x MaTpnqHbrx SJreMeHToB [oJre3Ho rroHrTr{e KBaApaTa reHearorl{qecroro
xoeQQnryrenra KaK Beporrr{ocrr{: (lN-qyrlqy, 1l /ty)2 npeAcraBJrrer co6ofi
Bepotrl{ocrb roro, qro ecnlr o6oloqra 3Jre(Tponos /d Haxo,4lrrct B cocrot-
Huuy, To ee rroAclrcreMa /il-a 6yAer HaxoAr,rrbct B cocrorur,r[ Tr, a AononHn-
TeJIbHar noAcr,rcreMa lq - s cocrorHr4r.r y, [50]. 3ro uo:sor{eT rrprdMeHrrb
AJrt KBaAparoB rerreaJrorsqecKrax xo:rfSnunenron o6urrae reopeMbr reopurl
BepotrHocreft. Hvenno raKr.rM r\{ero.uoM n [50] nafiaeHo .rrBHoe BbrpaxeHlle
4nx o6yclonrennofi AByxgneKTpoHr{brM B3aI{MoAeficTBneM A}rcflepcul{ c[eK-
rpa ypoeueft 3Heprr{u o6ono.rrr4 /N. B [51] nplf rlcrronb3oBaHr4r/t peKyppeHT-
HIIX coorHorueuuft .4r.fl reHearorrlqecKr{x xos{r$uuuenron 6rrnu lonyrleubr
Bblpa)r(eHrzt TaKxe AJrr Her(oTopbrx qJreHoB TpeTbero u qeTBepToro MoMeHToB
cner(Tpa yponnefi guepruu. Oguaxo no4o6nrrfi Mero4 cyMMt4poBauvfi" Ao-
craTorrHo cJroxeH rr He yHlrBepcaJreH. B cneAyrouux rJraBax 6ygyr u:noxenu
6oLree s${eKTrlBnbre MeroAbr cyMr\{r4poBaHrrr aroMnbrx BeJrr.{qnH.

Cym.ruponaHr{e no coAepxarq}rMcr B Marpr{rrHblx gJreMeHTax 6j- n 9i-
xobt$SuuuenraM BbrfloJrHse'rcfl trpu noMoullr $oprrryn, [puBeAeHlrbrx B rlpn-
roxenr,rlr 2. B neroropbrx cnyqaflx norBJrrrorc.fl TaK)Ke 3nj-xoa$$uul{eHTbr
6oree srrcororo floptAxa, oAHaKo AJrfl HlIx rl3BecrHo 3IraqI{TeJIbHo MeHbure
rlpaBr.{n cyru*r [6, 7] ra .racro yAo6Hee npfi cyMMr.rpoBaHrrr{ ucnoJlb3oBarb LIx

BbrpaxeHr4.f, uepe: 67'- u 9j-roa$r[uureHrbr.
.{nr nrrnollHeHn.a cyMMr{poBaHut r{r{orAa uenecoo6pa3Ho cHaqaJla BBo-

.4rrTb AolonHr{TeJrbnoe cyMMr,rpoBanlre, Harrp}tMep, Bbrpa3l{rr 97'-rosrft}u-
rlueHr uepes 67'-rosQi[rur.reHru @.2.13) , I{Meq B BI{Ay, qro napaMerpbl
97'-rostf$uuneHra, HaxoAf,runecq Ha ocuosHoft Ailatowarfi1 rrotBJrgrorcf,
TOJrbKo B o4HOM 67'-rOeQQr.rqr{enre.

CyrvtrluponaHr,Ie Marprtqnblx sJreMenror ueo6xo.qlrMo rIpoBo.4I{Tb, I{aqu -
Has c pe3ynbrnpyrcuux MoMeHToB, uHaqe MoryT rroflBvrrbofl IrecTaHAaprHbre
cyMMbr. Oqenr Ba)I(Ho cJleAltrr,, qro6bl B cyMMupyeMblx MarpIlrqHbIX 3JreMeH-
Tax coAep)KaJrncb MHoxr{TeJI}1, KoTopbre paBHbI eAI4HI{IIe Ant pa3peueHHbrx
repr\roB (rar, uanpnMep, reHearornqecxnft roe$Qraqnenr (// ll l?LS) uttu
TprraAHoe ycroaue) fi panu Kpar(ocrl4 qacro onycKalorcs.

Xorg o6ulrte Qopvynul cyw 3n7'-roe$(buquenroB coBMecrHo c reuea-
rorr{qecKlrMu rosS$uuueHTaMll npa(TltqecKl4 orcyrcrBylor, o.4HaKo LIHorAa
rlocJre BbrnoJrHeHlr[ cyMMtrpoBaHr.rfi no MoMeHTaM, He coAep]IialufiMc.u B

reHeaJrorr{qecrrEx roa$snulleHTax, 3n7'-xou**"urreHTbr I,Icqe3aIOT, I4 MOXI{O

AaJree Bocronb3oBarbct coorHoIreHHtMH oproroHaJlbHocrrl (128) u (129)

AJrs reHeaJrornqecKlrx Ko?O$uuneHroo. HanpnMep, cyMMllpyx raruvt o6pa-

E"(tn):(i) E"7rz1- N(ry-1) E"(t').

Free Hand



3.1. 3aeucraMocrb cpeAHr.rx or rrucer gneKTpouoB

3oM KBaApar cy6MarprrqHoro oJreMeHra oneparopa nepexoAa (n.6.5),
Moxrro HafiTu tBHoe BbrpaxeHr{e nns. cvnbt coBoKynHocrrr pa4ve\noHHbrx
nepexoAoB (1.32).

flprvtoe cyMMr.rpoBaHne Marpr{rlnbrx gJreMeHToB no HeKoropbrM KBaH-
ToBbIM qncraM (nanpulurep, no MHorogJreKTpoHHbrM xBaHToBbIM rIIrcjIaM,
3a I{cKiuoqeHI4eM noJrHoro MoMeHTa) vacro oKa3bIBaeTCt HeBo3MOXItbIMAa-
r(e upl4 oTcyTcTBI4rr reHe€ulorrlqecxux roeSr$urlueriToB 1BCJr9,{cTBtro rrorBJre-
Hlr{ HecTaHAapTHbrx cyMM 3nJ'-KoeQrfr,rqueHroB, BbrpaxeHvfl AJrs. KoTopr,rx
rr3BecrHbr Jrurnb B HeKoropbrx npocrbrx crytraflx 152, 531 (upr,uoxeHue 2).

3. O6rrlnn METOA CyMMI{POBAHr,tt nO BCEM
MHOTO9JIEKTPOHHbIM KBAHTOBbIM TII,ICTAM

B nacrogulefi uase r43Jraraercr o6ruufi Mero.{ cyMMr{poBaHr4r npor{3BeAe-
uufi vrarpuqHbrx 3reMeHToB oneparopoB B3ar,IMoAeficrBktil u flepexoAoB,
B (oropoM 3aBlrcurvlocrb cyMM or qr.Icer 3Jre(TpoHoB B o6ono.xax olpeAe-
rsercs nyTeM r{crroJrb3oBaHlrt BoJrHontrx $ynrqnft lr oneparopoB, HenpllBo-
Arvrrrx ornoclrreJrbHo rpyrrrbr Bpaurenr.rr R(8i + 5) ra ee ynr,rraprrofi noArpyn-
nu (I (41+2) (pael. 3.1). gnrarenb, r4nrepecyrorunficr Jrr{rrrb npaKrr{qecKnM
npr{MerreHrreM MeToAa, Mor(eT cpa3y nprrcTy[r4Tb K qTeHuro BToporo pa3Ae-
JIa, B KOTOpOrr,t CsOprrrynEpoBalr Ar{atpaMMHbrfi vreroA Haxox.{eHrIr BHpaxe-
Hrft Anx cpeAH[x. Sror nreroA r{nnrocrpupyerc.s BbrBoAovr o6unx tbopr"ryn
AJLfl cpeAHEX or nporr3Be.{eunfi gryx, Tpex rl qerbrpex,qByx3nexTpoHublx one-
paropoB (pael. 3.3). B pazn. 3.4 npr{BeAeubr Bbrpa)KeHri{ An{ cpeAHr.rx ore-
paTopoB,. cocTaBJreHHbrx fi3 eAEHr{qHbrx TeH3opoB.

3.1. Onpe4eJreHl{e 3aBnc}rMocrn cpeAHHx or qucel gJreKTpoHoB
B ooonoqKax np}l noMorru HenpnBoAHM[ilx npeAcran,nennfi
npynr R(8/+5) u U$l+2)

,{lx rnaccu$rmaqnu cocro.nnrrfi o6oro.rxn 3rexrpoHoB vIJrvI vlrbrx $eprtlllo-
HOB, KaK UpaBrrJrO, rrt6upaerct qe[IoqKa rpynll, IlprrBoArulat I( Hal4MeHbrr]e-
My qncry oAr{HaKoBbrx repMoB, o6o3ua.raeMbrx AorroJrHIrreJrbIrbIMI{ KBaHTo-
BbIMH IMCJIAV{N. IIPN PACCMOTPEHHI4 CYMM TIO BCCM MHOTO?NEI{TPOHHbIM KBAH-

ToBbrM qrcraM npo6neua rnaccu$uralll{Lr repMol flBJtflercu Hecyurecrlen-
nofi u 6onee ygo6Hoft ora3brBaercs Ilenoqxa rpynn [16]

R (8/+ 5)=U (41+2), (l)

r,qe R(8/+5) - rpyuna BpauIeHLIfi n 2(41+2\+ 1:(8/+5)-uepnou npo-
crpaHcrBe, a U(41+2) - ee noArpyrlra, orl{cblBarorua{ yHurapHble npeo6-
pa3oBanr.fl n (41+2)-uepHoM npocrpaHcrBe.

Ecna no4eficrBoBarb iy'oneparopaMu poxAeHlrt sJreKrpoHon z/ua $ynr-
r+{ro BaKyyMa l0), To ronyrlaerct AerepMr{HaHruat BoJIHoBat @ynruua
HecBt3aHHbrx MoMeHTos o6oroqr[ r?/N

63

a!,al...al io): lv[. . .r). (2)

Free Hand

Free Hand
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flonuufi na6op

I o);
aJ,fo), i:1,
oJ,o!,,'0), I (i <l( 4l+2;

3. Cyrurvrtpouanr.Ie rto BceM KBaBToBhTM rrltcraM

raxux BorrHoarrx Syurqrfi npu 0<il<4/+2 -

. ., 4l+2:

at ql .. .at lOfvr vr \at+rt -, (3)

(4)

cocraBJrqer 6aruc o.4noro - cnr{HopHoro He[puBo.qrrMoro npeAcraBJrenlu
rpyunbr R (8/+ 5). Ono narrraaerct crrr{Hopr{brM, rrocKoJrb(y B HeM Bce
KoMMyrr,rpyrcw{e MexAy co6oft reueparopbr rpy[trbr

1. @!,,o',-a,,a!,,)

r.IMeKrr MaKcr4MaJrbHrre co6crsenHbre 3uaqenr{.f,, paBr{6re I 12.3ro [peAcraBJre-
nue o6ornatraercr tl12, 112, ..., ll2l, r,rJrr.r coKparqemro O.

Bonuosrre Qynrqun o6onoqru /N c QnrcnpoBarrHbrM qr{cJroM snerTporroB
n nefi, coorBercrByrougae ognoft crpoKe (3), cocrausror 6asuc Herrpr,rBoArr-
MOro [peAcTaBreHr]rs rpynnbr u (41+2). Baxnrrvr flBnfleTcf,. To, qTo B cnnHop-
HoM npeAcraBJreHr{r{ rpyurbr R (8/+ 5) raxgoe Henpr,rBoAr{Moe rrpeAcraBne-
HI,re rpynnbr U (41+2) rorBr.f,ercs oAI{H r{ roJrbKo oAr{H pa3. flpegcranneurar
yHurapuoft rpyulbr o6osHa.rarorcr cxeMaMr{ }Oura. flocxolrry B Ka)r(AoM
oArrogneKTpoHHoM cocTorrrr{r{ r,IMeeTct SneKTpor{ r{JrI{ oH oTcyTcTByeT, To
npeAcraBnenr.rn U (41+2), coAep)Karquecfl B cnrnopHoM npeAcraBJreur,Iu
R(8/+5), coorrercrByror cxeMaM lOnra B BrrAe cron6ua raa N xveer; onn

r{Meror o6ornaqeur. r". ( 
* 
;' )eonnon'x 

Synrqrrft o6orovru, upeo6pasy-

IOIrIr4xCfl nO TeM Xe npeAcTaBJreH[.f,r"{ o U <o, 6ygeVr O6OSnaqarr Ao[oJIIrrrTeJrb-
HbIM (BaHToBbrM qrrcJroM or, Tarnu o6palorur, B cryqae xou$rarypaqr{I{, co-
croqurefi ug oAuofi o6oloqru lN, cpe4nee HeKoroporo otreparopa C nrrpaxa-
CTC' TAK:

) <O axalO lQorla).

Vro6u K MarplcrHoMy oJreMerrry n npanofi cropoHe paBeHcrBa lroxno 6uno
npr{MeHrrrb reopeMy BrrHepa-3rKapra, oreparop O Aonxen upeo6paeo-
BblBarbc.f, tro HeKoropoMy I{e[pLrBoArrMoMy rlpeAcraBneHzro A, rpyunrr
R (8/+5) (r roropoM reHeparophr rpynnbl I{Meror p Mancvtualrcnrrx co6cr-
BeHHbrx ruaveru.fli, paBHbrx l) u npegcraBJler{r,Ix) }.u,urpynuu U(4/,+2)(coor-
BercrByroueMy cxeMe lOnra, a xoropofi uMeerct v + p AByxbsqeerlublx crpoK,
(41+2- 3u-t ) oAuotqeeqgblx u 2v nycrblx crpor). Ourn xe upeAcraBJle-

Hne ).u, p rro.trBJrferct oArIH Ir roJIbNo oAlrlr pa3 B npeAcraBJlemrr An [16].
Taxuv o6paaou, ofieparop Oe, uenpnnoAuvrrrfi orl{octr'reJlbno rpyflIrbr
R (8/+ 5), tntterctHeupnBoArtMblM It ornocarenbrro ee rroArpynnwU (4/'+2\,
u ero 6yp,eru Ha3brBarb yHl{TapHo-Heupr{BoAr(Mblrrir oneparopolur.

(5)(o)n:(4/+ 2 

)-r



3.1. 3anucuuocrb cpeIHHx or rtr{ce.{ 3reKrpoHoB 6b

Bc-f, sanuci{Mocrb Marpur{Horo 3JreMeHTa o''eparopa eb) o, .uvleerr q,

3aKrroqaerca n roerf$uquesre Kf rpynnbr R (g/+ 5), roroprrft corJracHo JreM-
r,re Para l54l Ltrs, rpynnbr, coaepxauleft [oArpyrry, Salxroplrayercr

I O -\e O I I-., ]u.u cu"ll- O A, O I
L.^r ).,ug <u*nJ:L" p uJL." ).u,u.rJ (6)

ua ros$Suquenr Kf ro,4rpyrrbr a $l+2) (repnrrfi rnroxlrrenr) u y'rrrap-
t.ttIfi cra;rxpnrrft xosr[$vq[errr, He 3aBr{crur.rft or qrcen n Lt p, o6oiHasaro-
ug4x crpoKr{ HerrprrBo.{r4Mbrx rrpeAcrasreH{ft rpyrrubr u (41+z). cnegona-
reJrbHo, cpe.qHee (5) uenpueogr4Moro oleparopa o;, yupaxaercr cJreAyrorqr{M
o6pa:ou:

B cyrr,rrr,re roe$$uqueHra Kl no d- coxpa'rrerc-f, ToJrbKo cra.rrrpnrrfi vnen
c v:p:p:Q;

T[? 1.
BxoA-arqrft n (7) cy6uarpuvnurfi sneMeHT Moxrro Bbrpa3r,rrb rrepe3 BaKyyM-
Hoe cpe.uuee roro )Ke orreparopa, nonyqaeMo€ rae (7) npra N:0:

(o,)'-ti ,l: :"]ffi ,I :,]'(on;.
frasuoe B AaHHoM coorr{oulegur{ - He3aB[czMocrb ygfiTapHoro cKa-

i-I{pHoro xos&Qurylenra or,4orloJrHureJlbHbrx KBaIrroBbIX tIr{ceJI, qro rBJltercfi
cJreAcrBr{eM Tof o, rrro rrenprrBoAlrMoe trpeAcraB rc]g.r.e u (41 + 2) notnmercx
TOJIbKO OAIIII PA3 B HCNPI4BOAtrMOM IIPEACTAF.JTEH.NW. R (8/+5). B grOrVr NPO-
croM cnyqae yHtrTapHbrfi rosotprffieHT Bbrpaxaercr qepe3 rrrnepreoMerpu-
riecKylo $yHxqrro

rc) A- ot
I r, r... , ., J: 2-Gt+D p (- N' -p' -41-2; 2)' (10)

H 3aBuCLrMOCrb cpeArrefo (5) or qrrcJra 3JreKrpoHoB s o6oro'{re oupeAeJrf,erct
B B[Ae cyMMbr no 6unoluluaJrbr{brM xoe@Qnqr.reurarvr [16]:

(Oo)":F(-N, -p, -4t-2; 2)46o'ro:

(i ) ,- 
2)e (ooso.

<oo>N:(";' )' [:",l., l,],"roP'o) x

rtItt iu,u o'".l."41," P- uJ (7)

:lt 
r ^';')' (I)

(e)

(11)

3rsfirlBareHrnar^ anbrepHarr{BHa{ $oprrry,ra 6una rrory.{erra B [55J nyrerrt
paccMorpeHfrs. cfieAa p -v'acrruuoto oreparop a n (41 + 2)-ueprroM npocrpau-
CTBC.

l. Iia ra zija



66 3. CyurrrupoaaHue Iro BceM KBaHroBbrM qHcJraM

ilolyrenxe ytrf,Tapro-Heqpf,BoAf,Mhrx orcparopoB. @nsu.recrrfi onepa-
Top B o6rrleM cJryrrae He flBrraercr Henpr{BoAr.rMbrM oneparopoM rpyln R (8/+
+5) r U(41+2), Ho Moxer 6rrrr pasno)KerrBcyMMyrrenptrBoAr,tMbrx onepa-
TOpOB

O:Z O",
p:o

rAe Hal,I6oJlbrrrnfi qgsluqnufi panr k panen AeJreHrroMy Ha ABa qnciry oilepa-
TopoB poxAeHr,r.fl r.r yHtrqToxeHE 3neKTpoHoB B paccMarpuoaeuofi o6orroqxe
B BbrpaxeHurr AJrr oneparopa O. Ecln oneparop geficrnyer Ha 3neKTponbr
HecKoJrbKr.rx o6oloueK, To npl{BeAeHr{e npor,r3BoArrTct He3aBEcr{ruo B npo-
cTpaHcTBe KaXAOfi o6OnOqxr.r

O: f OttPz"'Pq
Pt.Fz. . .P 

"
B cnyuae oneparopa EepexoAa panr pi Mo)Ker 6rrrr uolyuerbrM qr4croM.
flpe4nonoxr{M, qro orreparopbr Oe n (12) lrMeror HopMaJrbHbrfi. nug,

T. e. B HEX Bce ofleparopbl pox(,4eHr.rr gneKTpoHoB at uaxopStct JreBee one-
paropoB yrrrrqroxeHlrr sJreKTpouos a. IocxorbKy cpeAHee ofleparopa, co-
uracHo (ll), nrrpaxaercflqepe3 BaKyyMHoe cpeAHee, a oleparop yHurrroxe-
HE gJreKTpoxa, geficrryx Ha cocrorHrre BaK)ryMa, B KoropoM orcyrcr.Eyror
SJreKTpOHbr, AaeT Hynb

.a"lo):0,
'.:ro nrriagrr Bcex oleparopon Oe c p>0 r4cqe3aror I{

<o>: (oo):oo,
T. e. cpe.4ree o[eparopa paBrro craJrrpHoMy qreHy B ero pa3Jro)Kerullr. !py-
me lrJreEbr pa3Jroxerrrfft (prszrecrux olepaTopoB Heo6xoArrMbr rrpu paccMoT-
pelrutr cpe,qrrx or rrpou3Be.qeurrfi oueparopoB.

O.4roenexrpourrbrfi oueparop F (2.1), onrrcbrBltroulrft seailMoAeficrBrie
Brryrplt o6ono.rxu nlN, paznaraerefl. Ha ABa nelpr.tBoAxMblx oneparopa:

F:go+gFt.

flocxonrxy

Fo: (F)N:# > Q,l-tllv) :11,' (F ) : \ ala"(F)t,

TO Herrp[BoAr{MbrM onepaTopoM trepBoro paHra flBJrfl.eTcfl orrepaTop c ucKJrro-
qexsofi cpepefi enepmefi I{JItr c paBHbrM HyJrro cneAoM

eL : F -(F)": 1 d'reu lf-(F)' I /O.

3gecr v=rn, Vu, C=m1gtq.

( l2)

(l 3)

(14)

(1s)

( 16)

( 17)

(t8)

Free Hand

Free Hand

Free Hand



3.1. 3aeuclrMocrb cpeAHilx or rrr.rc€Jr gr'reKTpoHoB 67

_ Oneparop oAHo3JreKTpoHHoro rrepexo.qa MexAy AByMfl o6onouravru (nr-
6o oAnoalexrpoHrioro nsar.nvrogefi crBr.rr MexAy rou$urypauuavr), coAep-
xaurrfi s ceSe oneparopbr a!,, bq, stsrrflerc . yHr,ITaprro-He[prBoAr{MbrM orre-
paropor.I paHra ll2 a o6oux rpocrparrcrnax (ero cpeAHee 3HaqeHrre paBuo
Hynro).

_^ _Oleparop AByxsireKTpoHr{oro B3ar,rMoAeficrBr,rs MexAy o6onourarrz Gp
(2.27) npeacraBJrrer co6ofi oAr{ooJreKTponurrfi oneparop B KaxAoM r.rr npo-
crpaHcrB rr, conracHo (16), pasnaraerc.fl:

Grz:9p+ (Gl2)rv'N'. (19)

C:regonarenbuo, L{cKoMrrfi neupr.rnognurufi oleparop Bblpaxaercfl B BrIAe

9 r, = gll: G r, - (G rr)n,", : f al, bl (lrv IrE I g I I r( I rvl)" bn aq _
v5(zr

- ff, N, (Grr)"'=t, 1y::1 : Z tlnLerv lr(l g 14(Ir.4S" bnar,
vt(zr

rAe g r.r g - 4eyxenexTpoHHbre o[epaTopbr, cooTBeTcTByrorrlEe otrepaTopaM
AByrcneKTpoHHoro ruta G u ff , ux Marpl{qHhle gJIeMeHTbI cBt3aHbr coorHo-
IIIEHI{CM

(lsrlrl|tIh|lrn)": (lp I2lIgII,,e lrn)" -
- (G)t'=t' iv'=1 I (v, O I (8, d. (21)

trInAerc 4 y Marpr{E{oro gJreMerrra o3r{aqaer, qro oH otrpeAeJreg ornocr{TeJrb-
Ho aHTlrcr{MMerpnqHbrx BoJrnoBbrx QyHrqrfi HecBr3anEbrx MoMeEToy (2.24);
v=4"F".

,{rx ycranoBneHr{.rr HetrpuBo.qtrMocrrl orreparopa u otrpeAeJrenrr ero pau-
ra ygo6xo ucrroJrb3oBarb otreparop C, cocranrermrni r.re gnofuix KoMrvfyra-
TOpOB

"o: I f { [rl, Ioo, o]7+1a,, [af,, o]ll , (22)

Anr Koroporo Op flBnfr.ercfl, co6crsenurrM orreparopoM

CO':pOo. Q3)

_ ,ffp" rroMorur{ C uoxuo cKor{crpyupoBarb o[eparop npoeKTtrpoBanutr
u6l

Pn:Z(;)(o){-').*", (24\

Koropr,ui, geficrnyx Ha oreparop O:l O, c qerrrbrM qrrcJroM oueparopoB

poxAeHur u yurrqroxeHr,rx 3JreKTpo"ou, '""ro"rr"er yflETapuo-ueupuro4nrvrrrft
oIIeparop

oP: Pp o. (25)

(20)

Free Hand

Free Hand



3. Cyulrzponaul.ie no Bc€M KBanroBbnr qIrcJIaM

Eatoz O coAepxr4T HeqerHoe qrcno et v a, ro n (22) cJreAyer 3aMeHI'ITb xoM-
Myraropbr aurr.r(oMMyraropaMr, as (23)- p fla p- I 12.flpuveuaq oneparop
Pe, cnanara onpeAenrerc{ pe3ynbrar AeiicrBr,It oneparopa C, a rarev ero
co6crBengoe 3HaqeHue noAcraBJrrercr n 6rasovualrHrtfi ror$QlrqNenr
s (24), (25).

trIcxrroqag r43 oneparopa gneKTpocrar[qecxoro s:auNloAeficrBllt BHyr-
pr o6orro.tKu H' ero cpeAHee 3HaqeHI.Ie, nonyqaeM orleparop, Koropbll"r Be-

.qer ce6.q KaK HelpuBoAnuufi o[eparop BToporo qacrfiqHoro paura. Cle-
AOBareJrbHo, pa3JroxeHr{e H" ue coAep)Kr,IT orreparopa nepBoro paHra

H.::)(" + <H">r, (26J

rAe

)r:1- Z 'Io2evtZlh'it(t'r)" a.na"- i/q-u (H')':

: i ; a!,at, (tr tZii," 1t(t"r1)o a,a:.
v€Err

I\4arplrunrre 3JreN{eHTbr oleparopoB h" u h" orHocI{Te.rLHo no,ruonrrx $ynx-
uuir (2.24) cBr3aHbr cooruorrrenr{eM

(lv tilh" 1l1l'r,S':
: (lv lllh'il|l'q)'- (/1')'[8 (r, O b- (7-, \) - E (r, ''t) 3 (e' 0]. (28)

Pagnoxenue o6ulero o[eparopa,uByx3ne(TpoHHoro nauMogeficlnrx
BHyrpr{ o6orocru{ nlN uueer nug [55, 56, 16]

G '- 90 +91 +92, (.29j

(30)9o: <e>n

er- N-l
d4l Z o!,o, \ qt, tql s I I(r)'-

,

-# f (r,tEtsltv
vB

g, :G - + 2 olorf <r, r1l g ) t(tr.)" + ryll - ll-llll 161'. 1:2)
vq:

B clyuae oneparopa gJrexrpocrarlrqecxoro orarauogeficrBrlt cyM N{a royx-
sJreKTponHbrx MarpuuHblx sJIeMeHTon (n.4.19) Bblpaxaerct B Bllre

Z @rtrvn"l2"qlh" ln'11!Cnrtris' :

rc>"f ,

\:t)

(3 1)

E

:8 (/r, /i) 8 (v, e> fzVrl 
Ro (nrl,nrlr, n'1tin2lr) -

- U,l-t f t- l)k 2k(nrl,n"lr, nltrnit)1, (3 3)

Free Hand

Free Hand



3.1. 3arucr.rllocrb cpeAHHx or qrce,'r sr,reKrponoB

Ir [pr{ h:ni rrepBbrii rrJreH B KBaAparHbrx cKo6Kax n (31) cranoBHTcr rrpo-
flopqnoHaJrbHbrM oueparopy rrr4cra 3JreKTpoHoB i,r coKparuaercr co BTOpbrM
qr'IeHo&f.

- Ecsru.{Byx3neKTpouuurfr oneparop o[rrcbrBaer B3auMogeftcruze Me)KAy
6px.ruroanoBcKr,rMr,r ron$urypaqnavr,r, orrr4.rarournMficf, rJraBHbrM KBaH-
ToBbIM qI'IcJIoM oAHoro 3re(TpoHa' To B ero pa3JroxeH[I{ o[eparop rrepBoro
par{[a He ncqe3aer, Ho, c ,{pyfofr croponrr, orcyrcrByer cra.lr.npurni uren,
FOCKOnbKy cpeArree rvreNron$r,rrypaqr{oHHoro MarpuqHoro SJreMeHTa paBHO
HyJro. Oneparop, coorBercrByroirlrft BsauraoAeficiBr,rro MexAy ronrfnrypa-
ur{rMr{

K: Iy' ly'ry', K' : l{'ly,-t Iy.+1,

pa3AerrgTcr Ha c.treAyrorlrre Helpr4BoAr,tMble qreHbr:

9k, *,:2,:i, \ ok, f <r, pr,Elslt,et,(),. (34)

6{)

9t*, *,: \ alb[caan Qrv lrt,l g I trr,tuC)' -
vi'$1

- #i, Z rL,, f <r, pr,ZlsIr,pr,C)':
E?99P

= \ albfcaon le,,r t,Elglt,nt,()" -
v€(r

-+;# 
T 

a^ pt,r.lslt,pt,c)"f ,

rAe ofleparopsr al, a 4eftcrnyror na o6orotrcy nrlr; br, b - na o6oroury
nrl, u cr. c - ue o6oroqxy nzlt.

..8 cryuae xon$rarypauuir K:l{'U" u K'-lNrtlN'+t otreparop (2.2g),
geficrnyroup.rfi na gna gJreKTpoHa o6ono.rK[ fir. a ronsurypaufir{ K, Eueer
pa3noxeHfie:

9k, *,:#+ Z olt, f <r, pt,,1lslr,pt,l)', (36)
Itp

9k, *, : \ at, albq an lQ,, t,4l s I t,n I,C)" -
u5(rr

- 
8(v, l) S zr ^ t vt^rr ^r zr.ql- ?[+ I L \'tPtr€ls ltrPtrC)"f. (37)

CoAepxarqarci s (:o) n (37) cyMMa rro AByx3neKrpoHr{oMy MarpurrHoMy
3neMeHTy ilpvt g:he BhlpaxaeTct cornacuo (33).
' flpnne,4enne rrpof,3BeAeuf,fl oueparopoB r{ ero cpeAHee€. Ilycrs r{Meerc{
[por,I3BeAeHue k oneparopon 01...O0, raxgrrft r.r: roropbrx rB.rrqercJx yHr4-
TapHo-He[puBoAEMbrM r geficrnyer Ha sJre(TpoHrr rofr xe car,loii o6onoqru

(3 5)

Free Hand

Free Hand



70 3. CyulrnpooaHr.re no BceM KBaHToBhTM qHcJraM

nlN, l4cnotu3yr oreparop npoexrr,rpoBarrrrf, Pe (24), cpe.4Hee or trpor{3Bege-
HII,f, OnepaTopoB 3arrficbrBaeTcr n $opvre

(oror...o*)": r <Ppo,o....oo)n: I (;,r)-, (1,

,. (I ) l 4" 
4 C) r- '1'*' <_(;) u,u, ok>'.

(oror...o*)r:

: 
,t t 

4t+2)-'I (i), -a, (('n) o,u, o-)'.

(o,o,...o*)': (o';t) 'I (o'*t_;o) r,,

)"

(3 8)

Ensouuarrnrre xos$$rq[er{rhr cyMMr,rpyrorcfi Eo p, q' a $opuryta yrpoua-
eTc.'t

(3e)

BrrureugnoxeHHbre pe3yJrbrarbr nprlBeAer{r4f, Su:uuecrnx ofleparopoB
rIoKa3bIBaIoT, qTo IIp]I STOM I'I3 OrlepaTopa ECXJIIOTIaTOTC' rIJreHbI C MeHbIrIrrId

:I{cJrolr l;'ap ara - B Hr{x HeKoropbre naptr a!,q 3aMeHrrorcr cBeprKaMlr
8 (u, (), T. e. oleparop craHoBr{Tcr yrrr4TapHo-Helpr{BoArrMbrM p-qaerrrr-
HbIM ouepaTOpoM IryTeM }ICI(IIIoqeHI{q III3 Hero BCOBO3MoXFIbIX cBepTOK
MCX.(Y BXOAflIIII{MI{ B HETO. OIEPATOPAMII PO)I(ACHI{fl II YHI{IITOXEIdBIf, 3J1EX.
rpouon [55].

Ilpuoe4enr.re uporlnBe,qenr,rfl o[eparopoB Toxe Moxer 6urr srruorneuo
npII noMoulrl o[eparopa C (22). flpu pacvere r(oMrqiraropoB Bo3nr{Karor
cBepTFr{ Mex(Ay orrepaTopaMrr

.fr r.l.
oloc:E(u, (), aaa!,:8((, u), (40)

xoropbre Ha3brBalorcq JreBbrMn (oueparop at uaxog:tar;c.fl cJreBa or cBr3brBae-
Moro c Hr.rM orreparopa a) Enr.r [paBbrMv, (al - c[paBa or a) cneprrauu.
Henyrenoii BXJTaA B BaKyyMrroe cpeAHee BHocflT Jrlrun rrJreHbr, B Koropbrx Bce
orreparopbr a)t, d cyn3anbr MexAy co6ofi. Bos4eftcrnyr oueparoporr,t C na
npor{3BeAeErre o[epaTopoB nocJre AocTaToqno rpocTbrx, Iro AJrrrHrrbrx Bbr-
KnaAoK [16], npuxo4r{M K cre.qyrcrleMy BbrpaxeHr{ro AJrr cpe,qHero:

/ <.1r. (41)

3gecr p - uan6onrrulrfi qacruquuft panr npon3Be,treurur orreparopoB, paB-
urrii cyuuapnoMy trucry BxoA-sulnx B Htrx rrap ata (ectu rrrrrcno oneparopoB
at ue panno .t:acJry a, To cpeAHee ucveraer); t - qficro JreBbrx caeprox (no-
cr(oJrbKy Bcero rrMeeTcfl. p ilap rr TeM caMblru - cBepTor(, To qHcJro rrpaBbrx
cBeproK paBHo p-t); nenuunua D! - BaKyyMHoe cpe,quee or 01 Or...Oo,
B KoropoM Bce BxoAru{ue y Oi olleparopbr al , a 3avre*eHbr cBeprrawr4: t
JreBbrME a p-t [paBbrMn, npu{eM l{cKrroqalorct cBeprKrr BHyrpr{ caMr4x
o[eparopoB O 1, rrocKoJrbr(y our] rrpeAnorararorc.s ynrlTapHo-Henpr{BoArrMbrMrr.
CyrurvlnponaHrre BbrrroJrH.rrerc{ no BceM Bo3MoxHbrM paclpeAeneHssM pa3-

Free Hand

Free Hand



3.2. .IlHarpanmsnft neroA ZL

IEqHOfo rftrcJra JIeBbrx r{ upaBbrx cBepToK. Hanpuuep, B cpeAHeM oT rrpor{3Be-
AeHlrr AByx otrepaTopoB oAr{osJreKTpoHHoro Tr{na (2.1) u o.q{oro o[epaTopa
AByx3neKTpoHrroro rrana (2.2),4eficrnyrorqr{x Ha gJreKTponhr rofi xe caMoft
o6orourra, o6uruft qacrlr.rnrrfi panr p:( r,r BeJrr{qtrHa Dlr Ng oAr{oro n3
pactrpeAeJreHnft cnepror< c AByrvrf, JreBbrMr{ cBeprraMlI paBHa

Dt: l5
4L

v(Prt
oErc

_l g
-4 Lr

virE

:,u 
t 
o"i,') 'i (0"i,'-;,0') r::i,.::""

[l -t--I ll.i rI I

ajaqa$alna.aralna* (v l"/l () (prl ls l6ol). (tr l"f I E) :

elf IO ((': lg i6u)'(6l"rirl). (42)

Oaa npegcraBrqer co6ofi cyMrury upousne4ennfi o,4HosJre(TporrHbrx rt
AByX3JreKpOHHbrX MaTpurrrrbrx SJreMeHToB paccMaTptrBaeMbrx ouepaTopoB,
rIo3ToMy cortpaueHno Dl 6yaev. Ha3brBarb M[HuMarbnofi cyrrlrr,rofi. C gpyroft
cropolrbr, MHoxr{Tenb nepe4 nefi n (41) nponcxoAnr or cyMMbr rro ,,traccuB-
HbrM" 3reKTpoHaM r{, nocroJrbry oH co,uepxr{T Bcro 3aBncuMocrl or qrlcJra
gJreKTpoHoB n o6ono.rxe, ero Ha3oBeu N-uaoxnreJleM.

B c,ryvae 6onlruoro qucra oneparopoB, oco6enno AByrcneKTporrrrhlx,
HaxoxAenr{e BceBo3Mox(Hbrx cBeproK rBrsercr Aocraro{no rpy4oewofi
sagaueft; orla Moxer 6rrrr cyrqecrBegrro ylporqena rrptr noMorrlr AtrarpaM-
rrmoft rexnrxn, rcoropaa 6yAer rr3noxeua B cJreAyroqeM pa3AeJre. Tau xe 6ygyr
npnBeAeHbr E crporxe fiparvra HaxoxAeHnr Bcex pa3nrrHbrx pac[peAenesuft
cBepToK 

'r 
cooTBeTcTByrot4{x rrM Mr{Hr{MaJrbHbrx cyMM.

6. @opruyna (41) nerxo o6o6ulaercr AJrr oreparopon, .4eficrByroqrn Ha
gnerxpoHbr.piBrnrrHbrx o6olover, TaK KaK corJracno [paBr{Jry, c$oprvrynupo-
BaHHoMy B pa3A. 2.1, ycpe4neHrre Moxrro [poBoAHTb He3aBuctrMo B rroA-
npocrpaHcrse rax.{ofi o6onoqrr:

(o ro r.. . oo;N' N,'.'v" -

(43)

rAe lf, - qucro sneKTpouoB n o6onoqre nr{,; p, - cyvtvrapnrrft tracraq-
nrrfi paur o[eparopoB; tt - .tvcJro JreBbrx cBeproK B rloAtrpocrpaRctse grofi
o6oroqrn (r, <N,).

3.2. Anarpauunufi MeroA HaxoxAenrc BHpaxeHnf, Aus cpe4nnx

HaxoxAenue rBrroro Bbrpa)Ker{E Ar-fl cpeAHero or trpor{3BeAentrf, oneparo-
poB corJracHo o6ruefi rlopvryne (43) cyrueuBeHrro ynpoulaerc.tr trpE r4crroJrb-
3oBarrnx crreqnaJrbnoro .qtrarpaMMuoro MeroAa. On 6rrn [pe.qJroxeH n [17],
a B crporoM r o6rqevr nr4e c{oprvryrnpoBaH r [l8, 19].

Eyaer"r cqnTarb, rrro orAeJrbHhre oueparopu O; B cpeAHeM flBrqrorct
yrnTaprro-Henpr{Bo,q,r{Mbrpru. Kar cneAyer u3 uoryrlenHhrx B npeAbrAyuleNr
pa3Aene pasnoxeRnfi 4nr $usn.recKr{x o[eparopoB, orreparoprr cuan-op6n-

Free Hand

Free Hand



72 3. CyMuuponanue no Bc€M KBaHToBbTM rrucJlaM

TaJrbHoro B3ar,rMoAe[cTBr4r, SJreKTpr4qecKoro paAr{aur{oHHoro I,I oxe_repexo_
AOB rBr.flrorcr Herrpr{Bo.{r{MbrMu, ofleparopbr 3JreKTpocrarr4qecxoro B3ar{MO-
A€ficrBr,rfl Bnyrpr.r o6onoqru u Mexry o6oroqralrra npr,rBoArrcq rryreM r{c-
KrloqeHuc r{3 Hrrx cpe4uefi 3Heprr4rl

)P:H.-E(1(): I &ii-Ei):Z k;
i<i i<j

(Efi - cpe.uHcr 3JreKTpocrarrrqecxar sHepu{-s 3JreKTpoHoB i u j, a fii, - n yx-
3neKTpoHHbffi oneparop, coorBercrByroqnfi yHr,rrapHo-Henpr{Borqr{MoMy o[e-
paropy -)C"); roruro An{ MexKoHslrrypaquouHbrx o[eparopoB oneKrpocra-
Tn{ec(oro rlauuo4eficrBHr B Cnyqae xousnrypaqnfi 6pun.rrosHoBcKofo rHIIa
Neo6xo4nvo r4crroJrb3oBarr 6o.nee c,rro)KHbre pa3roxeHn_s (34)-(37).

tr(ax4ufi coAepxauufica n cpe4HeM HenpraBo4rzvrrfr oAuosJteKTpossufi
oneparop I uzo6paxaercfl Ha rrfa{paMMe KpyxorlKoM-BepreKcoN{, a AByx-
3nexrpoHnbtii oneparop Q - azywn BepreKcaM[ (pr,rc. 3.1). OlMeruu, uro

a!,ac(rlfi() *> ov(

a! alardr ( ,E | 0 I (4 )" -' f g'q

9r o

(9r9r...9^f ,)* 9, :. .:

6:: .

(44)

Puc. 3.1. fpa$Nvecroe aso6paxe-
HIle ogno3nenTpoHnoro, AByX-
S"rreKTpolrHoro onepaTopoB u
cpeAHero oT npon3BeAeHr{{ oIIe-
paTopoB fia .4r{arpaMMe cyMMrr-
poBarflrt

s-Z
v(

e-L\iu- 4 Lt
v[(a

B onpeAeJreHr{H [ocJreAxero o[eparopa ficnonb3yercs 4nyxslexrpouHtrfr
uarpu.rurrfi 3neMeHT orHocr{TeJrbxo aHTlrcltMMerpuqHbrx BoJrHoBbrx Synrqufi
(2.24), 3To [o3BoJrrer yrpocrr{rb rrpaBlrJra noryqeHr,u,{uarpaMM cyMMHpo-
BAHE,g.

Oueparopu Ha AnarpaMue uso6paxarorcr cHr43y BBepx corJracHo r{x pac-
EOJTOXeHT{rO CJreBa HanpaBo B BbrpaxelIl,.tr 4rs cpeAHero.

Cneprxa oleparopoB pox.4eHlrfl u yHr4qroxenrrs qacrr,ru r{3o6paxaerc.r .nu-
nuefi co crpenrofi, HanpaBJreHHort or a x ct. flpn groNl o6osHaqenr,te BToporo
coc?o.sHlrr y Beprexca, u3 Koroporo BbrxoAHT cTpeJrKa, AoJrxHo coBuaAarb
c o6ognaqeuueM [epBoro cocroruru y BepreKca, r roroprrfi BxoAr.rr crpenKa.
Jlesofi cBeprKe coorBercrByer Jrnnvfl, HanpaBJreHHafr BHvr3, a npanoft cBepr-
Ke - JII{HIltt, HaIIpaBJIeHHaX BBepX.

Ogun vnen pa3Jro)r(eulrr (41) upra He(oropoM pacnpeAeJrenr.rr{ cBeproK
uro6paxaercr Al{arpaMMoi, Ha xoropofr Bce oreparopHbre BepreKcbr coe-
ArIHeHbr oAgoft trJlr,r Hecr(oJrbrrrMn 3aKpbrrbrMrrt uerJrrMn rar, vro6rr vepe:
xaxAr,rfi Beprexc npoxoAfiJra roJrbro ogua rrerJr.{, a Bce crpen(I,I B rIerJIe LrMe-
nH oALIHaKoBoe HanpaBJrenrae. flocxoJrbr(y oneparopbr rBnrrorct Herrpt{BoAr{-
MbIMrI, He HaAO yt{r.ITbrBaTb cBepTKr{ BHyTpu olepaTopoB: ropr{3oHTaJrbHbre
JrYlYrvwl, a Tar)Ke Jwl}dywr, Harjl4Haloull,Iecr I{ 3aKaHqr,IBaloulEecr Ha ToM xe Bep-
TeKce, Hcxnloqalorct.

Free Hand

Free Hand

Free Hand
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,{rarpavve colocraBrsercr nporr3Be.ueHr{e Bcex oAHo- u/uJra AByx-
3neKTpoHHirx MaTpnrrHbrx 3JreMeHToB, Bbrrrr4cbrBaeMblx cneBa HaupaBo co-
uracHo pacnonoxenEro cHZ3y BBepx BepreKcoB Ha AnarpaMMe. Ilpouerege-
HI{e cyMMr{pyercfl rro BceM o,qHosJreKTpoHHbrM cocrotHl{.aM tt, 1, C, I, ... -
3ry cyrrcr,ry yAo6no pa3Aenlrrb Ha cyMMy no rJraBHbIM LI op6nTarbHbrM xBaH-
TOBbTM qrrcJlaM, a raKxe Ha cyMMy no I{x flpoeKqr.rrM. [ocKoJrbKy paccMaTpl,I-
Barorct cpeAuue oueparopoB, geilcrnyrouftx Ha 3JreKTpoHbr KoHKperHbIx
o6onoqer (nm,r nogo6o.no.lerc), To cyMMa rro r(BaHToBbrNr qr{cJraM lt i[ orpziur.r-
qHBaeTct Bo3MoxHbrMI{ paclpeAeneH}ItMn Tex xe caMblx (BaHToBbrx qucel

eIpI

Pnc. 3.2. Ilpnueprr AlrarpaMM
cyl!&l}rpoBaHur, cooTBeTcTByrc-
unx cpgsreMy or npon3BeAeEEt
ItByx oAr{ognexTporrHLx n AByx
AByxsJrerTpoursrx oneparopoe (a),
a Taxxe qeTbrpex AByxSnexTpolr-
s6D( oneparopos (6)

g ("0
lv (o9

n,l, a gvyxeteKTpoHubrx Marpr.Iqnbrx gJreMeHTax, qro cr{Jrbuo orpanrrqrrBaer-
ct cBeprxaMn. Hanpnuep, ocJrlr Ar{arpaMMa Ha pr{c. 3.2, a coorvercrByer
cpe.qHeMy

(cD*,*,?t K"(lL) )( K,(lrlr) eL"*,)*,,

B KOTOpOM rrepBhll{ U qeTBepTbrr{ OflepaTopbr onl{cbrBaloT A}rlonEHbre
Tpnqec(Ee nepexoAbr MexAy xouifnrypaquruu

&: Koly'ty', Kz: Ko{'+t Il'-t,
nropoft oueparop - 3JreKTpocraruqecxoe nsauNtoAeficrBrre BHyTpll /r-o6o-
JroqKr4 n xou$arypaguu Kr, a rperuft - 3JreKTpocrar[qecKoe n:arauo4eficrorag
MexAy /r- u /r-elerrporraMrr s rofi xe xonrfurypaqrn Kr, To Muur{ManbHafl ,

cyMMa npuHuMaer sNA (Aaree rpeqecKue 6yrsrr o6oeHaqaror Jrnrrrb lpoer-
uyu uoueHron)

ervl f,|tt llr() (1, (trx1fi"lt,1trtu)'x

x (/rpl1co th"llrvlrr,fllrrT l,ifDtitrp>. (4i)

I.naBnrre n op6uralrHbre KBaHToBbre q[cra Bcex 3JreKTponon s4ect uor-
HOCTbTO OnpeAeneHbl onepaTopaMt4 yr llx cBepTKaMr{,

(+sl

glrer:

(46)

T
v(l
Io'



74 3. Cyrvrur.rponaul{e no BceM r(BaHToBbrM rruc,'IaM

B cry.rae cpeAHero qerbrpex o[eparopoB AByxsnexrpoHHoro B3ar,rMo-
AeficrBa,r MexAy o6oro.rraMu l{' u I{" Ar.rarpaMMe Ha pnc. 3.2, 6 coorner-
crByror qerbrpe Bo3Mo)KHbrx pac[peAeJreHrax (uneurr cyMMbr no nrlr):

f <4:^Izo lf | /, v 1zg)o (trv trE,l cllrerrr)' ererrrls I lrpr2a)" x
iopq
!qq4

x (/rp/rp ISlh),he>" * (ll),12at!!llrvl"9)" x

x (lrv lr( i P [ ft( I rr]" Q rC Ir:4 I 
g I I, p I, a]" (1, p l, e I I I I rx tz€>' +

+ <lz^lrco iA l/' vlrg)o (lrvl"ll?lhCI"n)'Qre Iu\lSllrplr^>',
x (lzp 4 q I g I l2^tr1>. + <tz^trci, l! | trv Ir9)' (trv lrElb I lrctrn)' x
x (lr(lrrllsllrplra)" (lrpLe)3llzl.lq>.. (48)

Corparqeuno raKr{e qreHbr 6yger.a o6ornaqarr nprlr rroMour^ onuputopu 2,
rotopnrft, geficroyr Ha oArrH (lro6ofr) u3 rureHoB cyMMbr, ocyu{ecrBnrer Bce
BO3MO)Krrbre pac[peAeJreHrl{.

flocronrxy AByxgneKTpoHnbre MarpfirrHbre 3JreMeHTbr orHocnreJrbrro
anTr.fcr{MMerpr,lrrHbrx BoJrHoBbrx $yn*urf yAoBJrerBoprror coorHo[reHtrqM

(l rv lu(l E I lr( Irn). : (l,E I,v | ! | ls lr()',
(l,v lrllS I Ir( Irn)" : - (lrv I2(l E I lrn IrC)',

To Bce qreuhr cyMMbr n (48) paunrr MexAy co6ofi. 3ro rapreer Mecro Il s o6-
rqeu cnyvae. Olpano 3TraM tIJreHaM Moryr coorBercrBoBarb HeoAIrHaKo-
nrre N-vnrox[TeJm (nanpurvrep, o (48) orrr coB[a.qaror Jrl{rrrb Anf l-ro u 2-ro,
a rax)Ke Ans 3-ro s,4-ro vnenon). Ecna N-rvmoxuTeJrlt oAI{HaKoBbr, To ole-
parop d rr,roxno 3aMeHr{Tb rlr{cJroM oAI{HaKoBbIx l.rlenon E. oneparop .A
I{Jrrr MHo)r(nrew E B(rroqalorcfl B MtrHI{MaJIbHyrc cyMMy.

KaxAofi Ar{arpaMMe raK)Ke co[ocraBJrtercf Muoxllrerb 2-', t4e o -rr[cro oAEHaKoBbrx 6pa- u Ker-cocrotgrft n geyxe;reKTpoHnblx MarprMHblx
sJreMeHrax (naupuuep, I u€) u (v€ l) n $aeonrrft Muo)Krlrenb (- l)t*t,i r,4e

lr - qucro rrereJrb; ,:Z t, - o6uree tltrcJro JreBbrx cBeproK rrJrr{ HarIpaBJreH-

i
Hbrx Br{rr3 orpe3KoB trereJrb Mex.qy AByM{ BepreKcaMrI. Sror UOcne4nufi
Mnoxr{TeJrb y4o6Iro uprlcoeAuHrrr r N-uno)KI{TeJrro' otrpeAeJlflg ero raKtrM
o6paeou:

(4e)

(s0)

(s 1)

fAe Nr, p,, t, vweror ror xe cMbIcJr, trro rI B (43). Orvteu{M, rITo $opuynrt
(41), (43) r (51) 3atrncaHbr .repea 6nnor'arlaJrbnble roailifnrylenrrr 6er yYera
Bo3MoxHocTI{ npulltTtrf trpfi IIeKoTopbIx 3Haqen[xx /r coxparqalon{rrMtrc{
MI{OxCrrTeJrgMI{ r{yJIeBLD( 3naUenufi, UO3TOMy KOHKpeTU3IIpyf I{ Bblpaxat 3TI{

xosssnqueuru, ueo6xogauo co6rlo.qarb cneAyroqnfi [optAox: Bhrpaxarb
Srsounanrnue noeSQuqueIITbI veper {arropEaJlbl, KoHfpeTfi3trpoBaTb IIuc-

ct(aug,:(_ r),+, n (-,ir ) 
' ( 

o,,i,r_-,,0'), 
,, *",,

i

Free Hand

Free Hand
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JIa 3neKTpOHOB ffi, CoKpaIIIaTb OAI{HaKOBbIO MHOXITOJII{ B qI4CJIIITeJIe I{ 3Ha-
MCHATCJIE I{ JII'IIIIb 3ATCM KOIil(PETIT3I,IPOBATb OP6LMAJIbHbIE KBAHTOBbIC III{C.
na lt.

r{ucna JreBbrx cBeproK B no,qrpocrpaHcrBe Kax.{ofi o6onoqr<u Halr6onee
[pocro orrpeAeJrflTb r{3 MtrHr{Manrnofi cyuvhr: paccMarpvBaercfl KaxAoe
xer-cocrorHne, HarrpfiMep I v), eclr,r rofixe 6yxeofi o6ogna.{eHHoe 6pa-co-
crorHrre (v lnaxogurcr cJreBa, To 3TO JreBar cBeprKa, ecJrr,r cupaBa - npa-
nal. Haupr,rMep, couracuo (47) B noAnpocrparrcrBe /r-o6onovxr,r cgeprr(r,r
), - lenat, e, q, ^ - lpaBbre (fr: 1, pr:4), a B rroAupocrpaHcrBe l2-o6otou-
rs o6e cBepTKrr p, v - JreBbre (tr:2, pz:2), clegonarelrHo, -1y'-rwgoxr.rrelr
npn erofi MrrHr{MaJrbrrofi cyrr.rvre paBeH

ctc:(-r)2+r+2 (-';i') ' (^;:_?) (i,')-'( *0,"_r):
_ _ Nt (4tft 2- N) (4h+r - N) (4L- N) Nz(ffr_ l)

(4tt+2)(4t,+1)4r,(4tF1)(4t..+2)<q:,# ' (52)

Ero onpegeneHr.re MoxHo yilpocrurb, cpa3y conocraBrflfl li reBbrM cBeprKaM
MHoxr.rreJrb nf, (N, - 1). . .(N, - ti+l), a Qi: pi- I, npaBbrM cBeprr(aM - MHo-
xl{reJrb (41,+2- Nr) (4lr+ I - }f,).r. .@lL-|2- N.- 4;11) v 3arrlcbrBa{ B
3HaMeuareJre Muoxnrerrb (41 t + 2) (41 t + l) . . .(41, + 2 - p, + l).

onpe,qe.nenne HesKBmaJreHTHbIx A[arpaMM. cpeAnee orHocr{Te.r-rbHo I(oH-
Qnrypaquu Kor npor.nneAeririr.fl I; oneparopoB npe.qcraBJrrercfl B Br4Ae cyMMr,r
IIO BCeM TOIIOJOTUTIeCKI4 HeSXBI,IBaJTeHTHbIM AIrarpaMMaM

\OrO2. . .Or)* : Z %u6o Mo6o,
diagr

fge M6;u*. - Mr.rHIrMaIbHat cyMMa, a clC6i"g, - N-vfnOxuTeJrb, COOTBeTCTBy-
lorupre nexoropofi AaarpaMMe.

0=$ (0=0( ( D=Gt
Prc. 3.3. flpzrueprI

(53)

Ar{arpaMM

Touonorr.r.recKrr gKBrrBaJreHTHbrMn rBJrrrorc.f, ArdarpaMMhr, Koropbre Mo
ryr 6rrrr upeo6pasoranEr oiuFa B Apyryo ge$opuaquefi r,rx or4enrHbrx q ac
tefi, ne Nlenqroqefi BepruKaJrrrrrrx uonoxernrft BepreKcoB, r.{Jrr{ 3epKaJrbrrbrM
orpaxenlreM oruoctrTeJrbno BepruKanbuofi rr.rnnu, npoxo4xulefi nocepeArrne
MexAy KoJrorrKaMr{ Bepre(coB (pNc. 3.3). IlepecranonKa BeprercoB, [Mero-
IIIIIX TO Xe rOpI{3OHTaJIbHOe IIOJIOX(OHIIIe, CoOTBeTcTByeT I4CIOJIb3OBaHIII{)
AJrf, AByrcneKTponubrx Marputrrrbrx eJreMeHToB rox4ecrna (49).

Bcregcrnue roro qro B otrpeAeneunr,r .qByxsner(TpoHHoro oneparope nc-
tronb3yercfl uarpururrfi 3JreMeHT orHocr.rreJrbHo ar{Tr{cr.rMMerpuqHbrx Bon-
HoBbrx r[ynxqufi, neo6xo,quvro yqurbrBarb roJrbKo oAHy r.r3 ArrarpaMM, Koro-

Free Hand

Free Hand



76 3. Cyuur.rponaHr.re no BceM KBaHroBbrM qncJraM

pblq npeo6pa3yrorc{ oAHa B Apyryro rpu rroMoulu coorrroilreur,rx (50). I,Ia-
MEqEHI{E 3HAKA I{OMTICHCIIPYETC' H3MCHCHHCM qNCJIA IICTEJIb B AIIATPAMMC.

coorsercreyrcu{r{e gKBI,IBaneHTHbre ArrafpaMMr,I yx(e uMelor pasnravnufr
rpa$nuecxnfi eug (pnc. 3.4).

'0,$I=( u 
0u=( 

il

0000H000fio(il
Pnc. 3.4. 9xgrsareHrffsre A{arpaMMbr Arrr cpear{r.{x tgggg>* u tQQQlQ>*, rrc
9-o\Eosrerrponnr,rfr, a Q - AByxsneKrpoHnuft onepariipii

Coornourenw(49) n (50) no:aolxror npeo6pa3oBarb nro6yrc AlrarpaMMy
K TAI(OPry BUNY, B KOTOPOM TICTNII COCAI{H'IOT BCPTCKCbI JI!IIUb BHVTPH KAX-
gofi ronoHxrr rr orcyrcrByror cBeprrr{ MexAy reprercaltn pa3nuqHbrx Kono-
HOK.

horrqrrfi. na6op He3KBr4BaJreHTHr,rx Ar{arpaMM AJrr cpeAHero or nporr3-
BeAeHr{t HeKoroporo qucra oAHo3JreKTpoHHbrx oleparopoB lorytraercf,
TaKl.rM o6parou:

a) Anx AanHbrx BepreKcoB orrpeAenrrorcfl .Bce,.AlrarpaMMr,r c pa3nr.rtrH6rM
qI'tcJTOM IIeTeJIb IIJIII C TeM )Ke qI{CJIOM IIgTeJIb, HO COeALIH-f,IOIqUx pa3nI.IqHOe
qtrc.lro BepreKcoB (6onrure o4uoro), rrpu 3ToM KaxA4{ rrerJrr r{N.{eer ruo6oe
(o.qro ne 4eyx) naupanreuuft, .n oHr{ pacrloJrararorcf, B KoJroHKe rocJreAo-
BaTeJrbHo B [opsAKe yBeIuqeHr,rfl rrHcJra coeAltHfleMblx BepTeKcoB;

6) e rax4ofi .r{3 grlrx Ar.larpaMM c 3a.qaHH6rM qr{cJroM [ereJrb nporr3Bo-
A{TC{ IrepecTaHoBKLl BepTeKCOB, COOTBeTCTBy}OU{rIe .BCeM BO3MOXribrM pac-

u(

e

f,

0
M

a6BrA

$ (.il fl il
d$080.

jPac. 3.5, Tononoragecxtr He3xBtrBa;regr-
Irbre trI4arpa\,nr6r AJrt .cpeAErrx oT AByX,
Tpex tr qeTblpex oArro3Jrer(TpoErrbD( otre-

paropciB. Pagou c 4rarpamvroft yKa3ax
3HaK coorBercrByrorqero eft N-uno-
xnrenr (5 [).

Free Hand

Free Hand
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Prc. 3.6. Tonolornqecxr{ He3KBrfBaJreHTHbre .usarpa
TpoHHr,rx onepaTopoB

6$

uonoxeHl4gM IIeTeJrb, 3a I{CXJrIOlIeHr{eM 3aMeHbr MecTaMrI neTeJlb, coeAr4HtIO-
ulnx oArIHaKoBoe qr4cJro BepTeKcoB, a npu .uaHHoM pactroJroxeHr{r{ neTeJb -
BCe BO3MOXHT,Ie nepeCTaHOB(lI BepTeKcoB B neTJItX, 3a ITCKIIOqeHUeM HUX-
Hero B r(axAofi rr3 r{r4x.

Touororfi.recxn HegKBrrBaJreHTHbre AlrarpaMMbr rByx, Tpex n qerb]pex
o.uHogJreKTpoHHbrx oneparopoB npr4Be/IeHbr Ha pr.{c. 3.5, a !,tx nqrn raKux
oneparopoB - na prc. 3.6.

Free Hand

Free Hand



78 3. CyruuuponaHr-re ro BceM KBaHToBbTM rrucraM

Hegxsr4BareHTHbre .qr4arpaMMbr Anr cpeArrr4x, coAepxarur{x rByxsneKTpo'-
Irble' a raKxe oAI{o3JIeKTpoHHbIe I'I AByx3JIeKTpoIrHbIe ofleparopbl, nonyqalor-
ct rryTeM cocraBJreHl{t scex roNa6unaqr,rt rononorr{qecxr{ rresKBriBaJreHTHbrx
AEalpaMM gnx nepeofi KoJroHKr4 BepreKcoB co BceMrlt Bo3MoxHbIMr{ TorroJlo-
rllqec(u He3KBrlrBaJreHTHbrMu Ar{arpaMMaMr4 gnr nropofi KoJroHKr{ BepreKcoB.
flpu erou cJreAyer yqr,rr'rBarb Bce Bo3MoxHbre pacnoJroxeHvrr oAHosJrexTporr-
HbIx oneparopoB B uepnofi nnz aropofi KoJroHKax, 3a ucKrroqeHneM 3r(Br{-
BaJTeHTHbIX pacnonoxenrfi' [oryqaeMbrx nyrgM orpaxelrl{fl Al{arpaMMbr
orHoct4TeJrbHo ropr,I3oHranrnofi Jrrt]F'vtvt, upoxo4rqefi uocpeAr4 o6er.rx r<o-
JroHoK BepreKcoB. flony.renuHfi TaK,rM CnOCO6OU Ua6Op Ar4arpaMM Bce xe
MOXe-T coAepxarb ne60nrnoe qucJro sKBrlrBaJreHTEbrX Ar4arpaMM, Koropbre
up^eo6pasyrorc.fl Apyr B .qpyra, rlpEMeHf.rr rrerHoe qr4cno pa3 coorHorrreHlrrl
(50). I'IHorAa coBMecrrro c nepecraHonrofi neprexcoB oAHosneKTporrHbrx oil€-
paropoB ur ognofi KoJroHKr{ B ,qpyryro.

Tarue gKBlBanerrrHbre AuarpaMMbr r4cKrrorrarorc.{ ,,pn [oMorrrrl rlr{Knrr-
'recrofi nepecraHoBKn cocto.flHufi: B Mr{rrr{Ma;rlnofi cyvrrrae n nro6ofi 4ayx-
sJrexrpoHuofi sorHosoft (lynrquu lepecraBnrrorcx ua6oprr oAuooJreKrpox-
Hbrx KBaHTgBbrx q[ceJl, Hanpl{Mep, B nro6ou vnene (48) v I4 g, 3areM g rre-
pecrbnnxercx co BxoAsrqr,rM BMecre c Hr{M B .4pyryrc BoJrHoByro t$yurqnio
na6oporra p tr T. A., rrora rre Bo3BparuMcq x cocro.f,Hr.Iro v. Ecnrl B Mr{Hr{MaJrb-
noft cyuue coAepxarcfl He roJrbKo AByxgnerTpouHbre, Ho rr oAHosJreKTporr-
Hhre oleparopbr, KaK B (47), To, KorAa rltrrJrr{qecKar [epecrarroBxa Aoxo,Er{T
AO COCTO{Hr4.fl v, BxoAsulero B oArrogneKrponnrrii r'rarpr.runrrfi 3JreMerrr
(v ld(i) | (), .4aree cJreAyer tr"p""taunrti og"oroe*rionnrrft na6op (
B Apyrou Marpr{tu{oM gJIeMer{Te. Ecnr.r uurnnsecKa.f, Irepecrar{oBKa 3arpa-
rtrB-aer Bce cocro.f,rru KpoMe oAr.rrraKoBblx AByx3neKTponurrx 6pa- n Ker-
cocloxnuft,.To Ar.rarpaMMa rlepexoArrr caMa B ce6s. u He l{Meer gKBr{BaJrenr-
nrrx efi AEarpaMM B paccMarpaBaeMoM na6ope. B crryvae, ecJrr{ rrepecra-
HOBKa 3aTparlllBaeT TOJIbKO rIaCTb COCTO.AUTft, UOlyVaeM Ar{arpaMMy, sKBr{-
BairenTsyro llcxognoft, tr o4ry u3 HEx neo6xogr.rvo ncKrroqnrb r.rs ua6opa.

flepecranonKa BepreKcoB pa3ruqHbrx oueparopoB, Aaxe roro x(e rana,
nprBoAtrr r gpyrofi He3KBEBaJreHruoft guarpaMMe.

B cny.rae oneparopoB, geficrayroqr4x Ha pa3naqnbre o6onoqxu r,rnr.r
MexAy pa3ruqHbrMu o6onoqraMtr, qrrcJro BapnanroB cBeproK otreparopoB
I{ TeM caMbrM qr,rcflo He3KBIBaJrer{TsLrx A[arpaMM tro cpaBHeHnlo c ouepa-
TopaMu, AeficrsyrcquNlra Ha gKBlIBaJreHTrrbre 3JreKTpoHbr, coKpaulaerct
(ronue HegKBr{BaJrer{Trrrre Ar{arpaMMbr He no.f,BJrtrorca). ,{zarpaMMbr, rro-
ryqaeMble nyreM uepecrar{oBox BepreKcoB oArrrraKoBbrx oleparopoB (naupa-
Mep, oneparopoB gJreKTpocrarr,rqecKoro B3auMoAeficrnfffl, so ne o6sgarenr-
no s rofi xe o6ono.Ire) onncrrnarorcf, MrrrruManrnoft cyruvrofi Toro )I(e rlrna,
xort pa3Jruqr{brMr.r N-\.tuoxnrenqvru. Brr6npafl E3 raxAofi rarofi coBoKyrr-
Hocrn Ar.IarpaMM nro6yro ArrarpaMMy, uoryqr4M na6op ocHoBHbrx AuarpaMM,
coorBercrByrorqnx pa3Jrn.rHbrM Mr4HlMaJrbHbrM cyMMaM. Haupnuep, B cJry-
qae cpeAnero <H;oHsoHso.F/"o) gnarpaMMbr Ha pfic. 3.5, e-u cocrorr
tr3 AByx coBoKylHocreit e - u, a r aKx.e K - rl a B KaqecrBe AByx ocHoBHbrx Ar{a-
rpaMM MoxHo rr"r6parr, HanptrMep, z yr K. Ecnu ocnos:rafi. gl.4arpaMMa He
EMeeT 9KBr{BaJreHTHbrX Ar,rarpaMM, To r{x He }rMerc,T r{ .4pyr[e Ar4afpaMMbr rI3
rofi xe coBoKynHocrn.

Free Hand

Free Hand
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flycrr ocHoBHofi AHarpaMMe coorBercrByer pacnonoxeHue Marpsunbrx
SJTeMeHTOB B Mr4Hr{MaJrbHOfi CyMMe nO BO3paCTarU$.rM HOMepaM M (l 2...
...k-l k).Llx pacronoxeHr{e B MnHrrManbuofi cyMMe M(i j...pq),coor-
BercrByloulefr 4pyrofi .4r.rarpaMMe r43 Tofi xe coBor(ynnocrr{, noryqaercrr
nyreM nepecraHoBxn nepBoro MarpnrtHoro 3JreMeHTa n M(l 2...k-1 k)
Ha Mecro l-ro elelrenra, BToporo 3neMeHTa na nrecro.T'-ro 3JIeMeHTa lI T. A.

(54)

Br:raA nceii conoxyrrHocrr{ Ar4arpaMM, coorBercrByroxrux rofi xe MT.IHI{MaJrr-
nofi cyrvrrrle, y4o6no Bhrpa)Karb B Bl,rAe cyMMbr o[eparopoB nepecraHoBoK
Marpr4qnbrx s.rreMenroB, 4eficrnyrouux Ha M (l 2...k). Konrpernrrfi npllMep
nprrMeHelrur rarr4x orreparopoB 6yger npuneAeH B pae,q. 3.3.

Br'rpaxenux .unr cpeAHlrx coorBercrBylor Bsrpaxeul,I-flM AJI.I pa3nuqHblx
[optAKoB Teoprir{ noauyurenuii, Ho 6er 3Heprerllqecxl4x MHoxlitelefi, no-
3TOMy r4cnoJrb3yeMble AIrarpaMMbI CyMMrrpoBaHl'l-fl TOIIOJTOTEqeCKLI 3XBI{Ba-
JreHTHr,r tlefruuauoncxr,IM Ar.rarpaMMar\{. flocleAuze B cBolo oqepeAb rono-
irofnq€cKfl SKBT4BaJI9HTHbI AI{arpaN.{MaM Teopr4ll MoMeHTa KoJInqecTBa ABI4-
?t(eurrfl [30.] paccrrorpeHubrM B pa3A. 1.2. OrcyrcrBr{e Bo BxJra,qax.quarpaMM
cyMMI,IpOBaHr4q 3HepreTnqecKr4x rufiroxllrelefi, a B caMrrx AI,IarpaMMax -
cno6o4urrx tittlouit rlo3Borrrer, xax 6rtro noxa3auo Bhrure, c$oprurynuponarr
Hercropbre 6onee npocrbre ra o6urae rrpaBl4na HaxoxAeHut Bcex He3KBI{Ba-
JIeHTHbTX Ar{arpaMM r4 onpeAereHuq r4x B(naAOB, rIeM B .qI'IarpaMMHOM MeTOAe
T eopnu Bo3MyuleHr{r"t.

Pacyer M[HlMa,'rbriblx cyMM. 9nc-iro pa3rliqHbtx MnHrrMaJrbHbtx c]],{M
o6r,rqno cyruecrBeuHo MerrbIJIe {ncJra He3(BI,IBaJIeHTHrIX AI4arpaMM. flpu no4-
crauoBxe rupaxeuuft An{ o,nHo- r.r AByx3J'reKTpoHHbIx MarpI,IrtHbIX SJreMeHToB
u CyMMHpOBaHHI'I nO npoeKql'rtM oAHO3JTeKTpOHHbIX MOI\4eHTOB MI4HEMaJIb-
HbIe cyMMbr Bbrpaxarorcq qepe3 327-xoetlsnryreHTbl I4 oAHOgJIeKTpoHHbIe
cy6uarpu.rHbie 3JreMeHTrr. 3ro ocyruecrBJrterct trpu noMorrlr4 $opvyn cyrnl-
r{upoBaH}rr xoaQ$uqxenroe Br.rrnepa n 3nj-xoe$Suqnenroo (npuloxenra
7, 2) utlra rpaSn.recruM MeroAoM.

BcnegcrnHe rorroJroruqec(ofi gKBI.rBaJIeHTHocTI{ Ar{arpaMM cyMMI,IpoBa-
HIrt MoMeHTHbTM Ar{arpaMMaM nocJreAHxe Moryr 6rrru no.iryueHbl HenocpeA-
crBeHlro n3 .qr,rarpaMM cyMMr4poBauua. BepreKcy I4JrI,I BeprexcaM oneparopa
HaAo conocranr,rru nso6paxeHne ero MarpnqHoro gJIeMeETa, coAepxaruero-
cq B MEHr4Ma:rr,not cyMMe. flocre Bblpe3alir{.fl I{3 [onyqeHnofi 4ltarpavur,r
Qparuenron cy6warpraunbrx 3JreMeHroB oneparopoB oHa npeo6pasyerc.r
B MoMeHTHyro .quarpaMMy npolt3BeAeHrfi roerf$uurenron Kf. Sror tepe-
xoA Moxno ynpocrlrrb. B cly.rae o4HosneKTpoHHoro oneparopa ero Beprerc
3aMeHrercr Ha KpyxoqeK c o6o3Ha.reHl4eM 3roro oneparopa (pnc. 3.7,a, e),
a 3areM, corJracHo reopeMe Brrnepa-3l(Kapra (aax oneparopoB nepexoAa
(2.7) n cnr.ru-op6r.rraJrbnoro ntarauogeficrnwa (2.6), coorBercrBeuno no $op-
MyrraM (II.6.2) u (n.5.2)) Ha MoMeHrHofi 4uarpauue ll:o6paxarorc-f, roJIbKo
xoer[Suqueurr,r Kf, a ocraJlbHag, He 3aB]rctruat or npoeKllr4fr, qacrb Marputl-
HOrO 3JreMeHTa Cpa3y 3anr,rcbrBaeTct B Br{Ae AononHI4TeJIbHOfO MHO)I(I.ITeJI'.

Ecnr,r sce oAHosJreKTpoHHbIe cocTotHllf, B MI4HuMaJIbuoi cyur,re oIIIlcbIBaIoT-
c.fl BoJrHoBbIrrm $yHxqurvu ZS-csszu I nlmp.), To reopeMa Brrnepa-3x-

14(ii. .ril:(i l' . :r_, 
no) Mo2...k-tk).

Free Hand

Free Hand

Free Hand



3. C,l'vvrootuHlle no BceM KBaHToBuM q[cJ'IaM

KapTa npuMeHqelcq or,u,eJrbHo B op6rrrarbrroM r{ clr4HoBoM npocTparrcrBax
rI ArfarpaMMa pa3AenseTcr IIa op6r4TanbHyrc r{ c[fir{oByro Ar,rarpaMMbr- vrol-
qeHrrofi JII4HI{et K3oSpaxaerc.f MoMeHT BxoAflueil B BepreKc nlrHr4r,r (uHrnau
ciIoBaMrI - MoMeHT, KOTOpHft y BepTeKCa yKa3alr [epBbrM). Marpuunlrfr
3JIeMeHT SpMr{TOBO-COIpSXeHHOIO OrrepaTopa ot errpaxaeTcr qepe3 TpaHc-
IroHrrpoBarrHbrfi Marpr,rrrHbrf greMeHT (O.3.7), no3ToMy ,4ns Hero yronueH-
Hofi ruHnefi I,Go6pax(aercf, MoMeHT orrxogaqei lr3 Bepre(ca Jrlnr{r,r. Ecrlr e
coorBeTcTByrouIeM upocTpar{crBe paHr oneparopa paBerr HyJrro, ro xooo$u-
qrIeIrT Kf c uynenbrM flapaMerpoM npeBpaulaercfl n ,4enura-SyHKrlr{ro. Ko-
ropa{ zso6paxaercfl nw]c.veit, c y3JToM (crr,r. pnc. 1.1, e). Taroft y3eJr Moxer
6rrrr ucrnroqeH rr3 ,(I,rarpaMMbl coBMecruo c [pr{MbrKaroqr{Mr,r K HeMy rro-
JIOBIIIHaMI4 il}ZEil1.i't, cneAOSarerbHo, BepTeXC OArrOSneKTpOHHOrO OnepaTopa
H€ AACT BKNAAA B AI,IATPAMMY MOMEHTA KOJIIIqCCTBA ABI'XCHUq, B IIPOCTPAH.
crBe Koroporo ero paH.r paBeu HyJrIo - neo6xo4nuo Jrrlutr coeAlrHarb JUI-
HIrLr Apyrux otrepaTopoB, cBr3aHHbrx c AaHHbrM BepTeKcoM. r{ [pupaBHfib
IIX KBAHTOBbIC qI{CJIA.
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Pnc. 3.T.Ilpeo6paroeaur{e ArrarpaMM cyMMapoBarrtt B MoMeETHbIe AnarpaMMbr. Bennqll-
usr Dr, D"o x D. onpeAeneEbr corJracrro (55), (56) r (59)

,{ononuuremnrrfi unoxllTeJrb, na roroprrft yMHoxaercq BUIaA MoMeHT-
noft 4uarpaMMbl, Altq oleparopa 3neKTpuqecKoro nepexoAa, corJracno
(tI.5.2), paBeH:
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Dr(nulu, nt,l<): -Ul-t (/" l] C(t llli) (n,t"lrt lnals) .

JInwm paHra oneparopa [epexoga ua op6nralrnofi _Ar'rarpaMMe coe.ql{Hter-
cs c rnnueft apvtr.tio"o-couprxel{Horo o[eparopa Of;)r, aozuuKarculero rrplr
Bbrpaxenutr cr{nbl flepexoAa coulacHo (2.114). flocrolmy Bce upoerUl{tt

Free Hand

Free Hand



3"2. .[,uarparvrusuii veroA

B rpa$FrecroM rno6paxeHrlr.r r(o3$4r{u[eHra Kf AonxHsr 6r,rra nonoxurenb-
Hr,rMr{, K oneparopy Of;)l ueLz' npfiMeHrrrf, coorHorrleHr{r (O.3.1), rro3To-
r,ry ero Bepre(cy coorBercrByer rpaHcnoHllponannrrft rraarpravirstfi ?neMeHT

{awc. 3.7, 6\.
Beprercy oneparopa culln-opSuraxbHoro s:ardN4onefi c^rBr4fl co BxoAtuefr

r{ BbrxoAtu{eit -'ir4HuqMN corrocraBJrrrorcs, corJracno (tI.5.2), cBfl3auHble
&rex.{y co6or"r .q[arpaMMbr Ko3$$Hrtlrerrroe Kf s o6oux rpocrpaucrsax
{puc. 3.7. c) u gouo,rnltre,rlnrrfi Ndno)riure.[6

D,o(nu t,,, n:, t<) :8 (/", {) I v t n0ll. ( n, t.,, n- t -. (56)

Ecnlr s cpeAI{eM coAep;(arcq tfiurb ABa Mnu rpu oneparopa cniru-op6tl-
TAJTT,HOTO U:anuO4eftCTBrifl, TO Ar{arpar'fN{a npocTo pa3pe3aeTct flo iu{HLlqM
r{x paHroB ua op6ura,'ibHyro H cnuHoBylo .{IlarpaMN'{bl; B cnyqae 6o;nuero
fix {r{cJra pa3pe3anHr,re qacr'r 3al{brKaroTcq o6o6uleHusrvn ros$S[{I{eHTa-
r.,rut Kf u nor{BJrferc-rr cyMMr{poBaHlre IIo HoBLIN,{ npoMe)KyrotIHbIM MoMeHTaNI.

[Ipeo6pa:oeanile $panrsnra AuarpaMMbI cy],IMupoBaHI{t, coAepxaue-
rLr BepTeKcbI oEepaTopa 3neKTpocTaTuqecKofo n:al.rvo,leiicTBtlfl, B Ar.IafpaM-
lrar op6rlraJrbHblx I{ ctII,IHoBbIX N{o!{eHToB KorfiqecrBa .qBltxeHut cneAyer
r{3 Bbrpaxeuufi. Aitfl, qByx3reKrpoHHLIX Ma.TpwqHbIX 3reN{eHToB (21), (28)
w [I.4.21). flocro,rrr<y o:anr.ro4eitcrBi4lo rp-sMoro I{ o6MeuHoro 'rrir'a, a
TaK)Ke o6onru qr-reHaM ficx,ilroqaeMofr n: oneparopa cpe4nefi 3Heprfir{ coor-
BeTcrByror pa3Jrr4vHble AuarpaNJMbI. To r{t{cr'Io op6nrar'uHlix .q[arpaMM y{ier-
Bepflercr c Ka)KAbrM oneparopolI f,ilerTpocrarnqecroro nrauuo4eficrnna
N,[ex(Ay o6oroqra*tra. CooreercrBer{Ho Bo3pacraer t{ r{r{c-fto tIrIeHoB B flBHbIx
Bbrpa)KeHr{f,x Airr Mr{HrrMaJrbHbIx cyrvlN,t. Eolee pausoHanbHr,tfi cloco6 pac{e-
Ta cEeAH4{ c .4ByMt u 66,'uurnlut qucJIoN'{ oflepaTopoB 3JIeKTpocTaT[rIecKorO
eraurvfoAeficTBr{fl - BbrpaxeEr{e MrII{uMa"[bHbrx cyMM r{epe3 IIByX3neKTpOH-
Hble MaTpI4ttHbIe 3JIeMeHTbt OTHOCI{T€,iIbHO aHTI'ICI4MMeTpHqHbIX BOIHOBI'IX

$ynxunfl cBfl3aHHbIX MoMeHroB. flpeo6paronaHne K 3roMy 6azucy ocyl{ecr-
BJrflercx [yreM nepexoAa or Ar{arpaMM cyMMI4poBaHH.f, K AUarpaMMaM Op-
6nramoro u cur{HoBoro MoMeHToB cofJlacHo coorgorrreHl'Iro

(n, l, m" p"" nr l 4 m4 V-4 i h" I n i l ; m i 1t"- n.,, 1., nt.,,

;1,,

8l

lr, L
m, fuf,

f1l2 112 s I
. 

L -; ;: i,1':i'":t'' n"t-'n''t"

rAe BBeAeHo o6oanaqenne

uLS/ nnlun= lq, n- I- nrlr-

: I *;"t,,,,i2N,gt tq, n, t.n (ku lu tt,- I z L S I 6' i n; li n,, t,) LS> .

floqgaeHne HopMr,lpoBoqHblx Mnoxlrr€Jr€fi .ly'ou1u, ,,t, (|L 4.2) npw- [epexo.{e

K Bo;rHoBsIM $ynxunnlt cB{3aHHbIX MoMeHToB o6yc:rooneno reM' r{To Ae-

t:,';, 
tr,)

Fr)':

I ti: 'l:,

(s7)

(5 8)

Free Hand

Free Hand

Free Hand
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TepMr{HaHrHar BoJrHoBar $yHxrrqx (2.24) 6wm HopMr,rpoBaHa oALrHaxoBbrM
oopasov,qJr.fl 3KBuBtureHTHbrx rr HegKBr{BaJreHTHbrx gJreKTpoHoB.

Tannu o6pasolr, Sparruenr Ar{arpaMMbr cyMMr4poBar{Hr c BepreKcoM one-
paropa_SneKTpocrarrlrrrecKofo B3ar.rMoAeftcrsrs npeo6paayerct B oAHr{aKO-
rue op6uraJrbHyro rl clr,rHoByro AuarpaMMbr (pnc. 3.7, ,j. Vix Br,rraAl,r cneAyer
yMHOXaTb Ha Benr,Iqr{Hy

D" (n"lunslE, n|lanrtrLS): [2,,S] VIl,,,r,r, nstsnrrrt (5e)

rge [L, s] rouleHcupyer MHox]rrens fL, s]-1, cr.a:anHrrfi c rorBJeHr4ervr B
Ar{arpaMMax uoJrnocrbro yToJrulennbrx nnHuri L u S.

O(t)l

he

o(r) )J o

he

->r
I,t sr 1r.9,

P(,)
A(t
U

oP

qrp'
IY
r qEv

.V
ui;

,(l\
1 Ar*\

drls"/+ I isolV/ D
\.s.1 I
\,:L/
+

B

t'= = [Z'J-'

Puc. 3.8. Fpa$r.ruecxoe naxoxAenxe MnHxManbuofi
L S-cnnzu, ticxo As, Ir3 Ar,rarpaMMbr cyMMupoBanr4ff

cyMMbr s 6a:uce BoJrr{oBhrx $yuNquft

B raqecrse npr{Mepa na pr4c. 3.8 uoragaHo rpa$rvecroe HaxoxAeH}re Mr{-
Hxnaallnofi cyr\{Mbr, coorBercrByroruefi cpe.qHeMy AByx oneparopoB paAua-
urroHHoro nepexoAa u AByx oleparopoB 3neKT-pocrarr,rqecKofo rrar.rvogeficr-
slr.y^. D - AonoJrnrrrerwufi MHoxrrirerb, xoropufr paBeH (rlarHrre xBariro-
Bbie rrucra olycxarorcr)

D: DrQ,, Is) D1(lE, l,)) D"(lel., lnlpLtS) D.(l4lp, lul.LrSr):
I

:U.,, Ig7-t [tr,, Sr, Lr, Srj(4]la,t)llt>(/" lrlt)(tllcroll/r) x
x (tai r i tr> y!;,t:. ,,, oV ,'r,toi ,",_. (6 0)

Curanosar ,qr{arpaMMa nerKo ynpou{aercr: r{3 Hee Bbrpe3aercr rerJrr, yro
Aaer 8 (Sr, Sr) [Sr] -1 (noc,reAnnrl r\{Hoxr4reJrb cBr3aH c r{cqe3HoBeHr{eM rroJr-
r_{o-crb}o yroJuueHHo}i ;rlrurau), a ocraBrrrarcr Ar.{arpaMMa. corJrac}ro pllc.
1.2, d, r.r:o6paxaer rpeyroJrbHyro nenrra-$yHxulirc. Op6nrarb*afl !va-

Free Hand
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rpaMMa npeo6pa3yercr npr noMoruu Jrr4nvrvt favranlrona B rrrecrllyroJlblryro
Ar{afpaMMy, (oTopar pa3pe3aerc-f, rlo rpeM nIIHI{.'IM Lr, L, u t ua ABe qeTbr-

pexyroJrbHbre ,4r4arpaMMbl, lr:o6paxtarouple MarpI,II{bI npeo6pa3oBaHLrt
Tpex MoMeHToB. OKoHqareJrbuo uMeeM:

M(l,le; l.el^lrlo: Qlolul.; lnl): Pd,u.rqd,q.r, : lLr, L2, Srlx
Ll LrSr

*vi;f:,,n,"ttfil:,,,^l'i., ;, l)l';, 'i t;|, (61)

rileVLs - Marpllqr{brfis.Ee\4enr(58); dr", rq - (il.6.4);2 - ructto, orpe,4e-

JI{eMoe rrpr KoHKper}r3aqr{u oSo.nouer, B noAnpocrpaHcrBax Koropblx Aeficr-
Byror orreparopor (crr.r. (48) u rocneAyrorurfi rexcr).

IIpu rpa$uqecKoM yxpo[IeHl.rfi ALrarpaMM qaclo oKa3blBaerc.f, rloire3-
urrrvr upeo6pa3oBaHr{e, u:o6paxeuuoe Ha puc. 1.6.

Brnrrefigroxreuuufi o6uluft MeroA cyMMI4poBaHIu nplrMeHltM TaK)Ke AJrff
HaxoxAeHIIt cpeAHLIx B cJryqae ij-cutzu Buyrpr{ o6ono'{er 3reKTpoI{oB,
KorAa Kax.qasb6o,coq*a pa3Aen-fierct Ha ,uBe uo4o6ono"llcrr c i:l+1f2, a
rou$urypaqfis. - Ha nogr<out[urypauw4' c o[peAeJreHIrbIM pac[peAeJreHrleM
3neKTpoHoB no nO4O6Onoq6aM. Oragra.Iecrue onepaTopbl BbIpaXaIoTcrI qe-

pe3 orreparopbr pox,4eHlLs u yHfiqroxeHrls 3,TeKTpOHOB C OAHO3JIeKTp.OHITbTM

MoMeHToM jr r{ ero npoerquefi mt (2.30). C yue'rol"r roro, qro no.4o6onoqxa

7N cogepxnr 2j* I oAuogrexrpoHHoe cocroflHl{e, N-rznoxlrrelr oflpe-

AeJx{ercq corJracHo $oprury,re

n+2 t.cYai"".:(-l) i' ti {Ni, 62)

rge h, tr, pt Lrwero'r ror xe cMbIcJr, qro rT B (43), (51)' Ho coorBercrByror rIoA-
o6orovraM, a ne o6o:roqKaM. I{r,rc-t1o AIIarpaMM I{ IIX BI,IA u jj-csXztt ocTaK)rcfl
TeMII )Ke, COXpaIUIIOT Crl[y tr BCe IIpaBI{JIa nonyqeHuf AI{afpaMM I',I OIIpe.4e-

JIeIIIIfl IlX BKJIaAOB C TeM OTJIIIIIISM, qTo cyNIMLIpOBaHI4e S N{[H[MaIrFIOft
cyMMe llpoBoAtrTc.fl no IIpoeKIIHtM O.4HO3JIeKTpOHHI'IX IIOJIHbIX MOMeIITOB.

Haupuuep, BKJTaA B cpeAlree

((D x, x"1( *, Q )''t *, (j, i r) (Dl, x,) 
*',

rAe

Kt: Koi{'i{', Kz: Koi{t+rilrt'
(cp. c (45), (46)) or AlrarpaMMbr, rso6paxeHnofi ua puc- 3.2,4' paBeH:

N,(2i,+ | -lrJ (2ri- nrJ (2iL- | - N) N' (l!: 1) -_^

r f, (izm,l3f'li,*r>(irmqilmrlwlirmri'm,S x
*"-c^^
^n^.^p

x (jrm,jrm^lh"ljrmuirmt)(itmnlitttlizm?>. (65)

-r-r 
('T') ' ( ',''i,'-;,.') ,

(63)

(64)

Free Hand

Free Hand



3. Cyr,rvnponaHHe IIo Bcer\,r KBaHToBbrrr qric,TaM

Merog cyMMr,rpoBaHrrt ro tsceM MHof og,rteKTpoHHEIM KBaHToBbIM qr4c-rlaNf

nogxourllrrypaqufi 6yAer npur'aelnr-bcr B pa3A. 5.6, 6.3 u 8.2.
Ilocxonr,xy ycpeAHentre B pa3-rr[rrHbrx noAlpocrpaHcrBax npoBo.ulTct

Ire3aBr,IctrMblu o6pa:ovr, To }{oxHo npxMeHtrb raKxe cMerraHHylo rexHr4xy
cyMMLIpoBaHut B no.IlnpocrpancrBax xax o6oro.re1, TaK r,r no4o6o;ro.ler.
B qacruocr[, gro npeAocraBnter Bo3\{oxnocrb onpeAentrb 3aBl{c[\focr-t,
cpeAHlrx BeilurlHu oT no,lHofo \4o\.feHTa eHyrpeHuefi BaKaHcIr( (clr. pau.
5.6).

B c-nyvae .jj-canzu eure 6o,lee Bo3pacraer ponb c[.{errlrnanur xoH$lln,y-
pau.rr[, TaK KaK AorronulJrerbHo cN.retulrBarcTcr no4xoHsrrypauuu, npo]iq-
xoArl.llrre or rofi xe xonrpzrypaulir. Kar yxa:rrnaJrocb B pazp.. 2.3, arlr :$-
$exru cweurwaa*us Moryl'6nrl yvreuur B cpeAur{x BeJrnqr.rHax fipu flo]foru,,f
TOrO Xe MeToAa cyr,tMr4poBar{rlr.

3.3. Cpe4uue or npofi3negeHnfi AByx, rpex r qerbrpex
AByxsreKrpoHHbrx oneparopoB

Pal,rnqulre MoMeHTL,r cnexrpa yponneti 3Heprt414, cpeAHrfi ?Heprmr r{ Ar{cx.1p-
cr{r oxe-cneKTpa, crlJla cMeu[aaHua rou$rirypaunfi l{ Ip_yrrle BerKrt{HI}I
Bbrpaxarorcr qepe3 cpenl,l,te or npou3BeAeuufr gnyx, Tpex H qerbrpex AByx-
?nexTpoHHbrx oflepaTopoB, [o3ToMy 3T!r cpe[Hr.re paccMoTprrM oTAenbHo.

EyAenr alrur &'tb, qro AByxsnexrpouur,lri ofieparop sBJr Aer c fl Henpr{Bo.ni4-
irfbri\4 orHocr4relbHo rpyln R (8/+ 5) n U (41+2).1;ra oneparopaeneKrpocra-
T[.IecKoro stauvtogeficrBlrt raroe [przBeAeH]le, 3a ucKJrroqeH]reM Mexxon-
tlrrypauraoHnoro cnyqar 4ryr 6pu-rlrofHoBc(nx xonQurypaulrfi, ocyuecl-
Brtercr nyTeM r4cKJrroqeHrr rra o6arquoro oneparopa cpe4rreft sneKTpocra-
rlreecrofi 3Heprr{u (pa:a. 3.1).

B rttarpiaunblx 3J'reNleHTBX r\'rtrHrirvla-rL,Hbrx cyrutlr 6yAenr HcrroJrb3oBarf,
ij-cn*s.3ro noseorfler 3ar'fic&Tr, dopnly,ru ,Inq nro6brx ofieparopoB Tt{r]a
raMn,rrbroHr{ana, He o6qrareirlno r{Nrelorufix paBnbre Hyxro pe3ynbrr{py-ro-
xrve paurr{ n op6zra,rr,HoM l{ cnnHoBoM rrpocrpaHcrnax. @opvyJrbr Jrerxo
nepenl{cbrBalorcr Anq oueparopor 3nexTpocrarr.rqecKoro n:arvogefrcln,ux
D cnyqae LS-csszu lyreN{ ItprNtetlerwfr }rx ABaxAbr e op6rra,ruroM I4 cnlrrio-
BOM npOCTpaHCTBaX.

Cpeguee AByx orieparopoB rrByx3nexrpol.iHoro n:aulaogeficryur $ 1).21
r:o6paxaercq eAnHcrBerruoli grarpalrrroii Ha prac. 3.9, a, Mr,rsnr.ta,unan
cyMMa nprr noMoru,{ coorrorlrenux {1.12) rpeo6pa3yercri B npelcraB;'r€rxue
CB'SAHHbIX N4OMEHTOB:

M (j" jz, je j): lu o z ltJvl,.i,_, j_ i,,)2, (66)

rle 2 - q:aero oAuHaxoBbIX gxeHoB B cyrvtMe rro xBar{ToBr,ttrl urcnau r,/,.i,
,ut cpeAwero or nporr3BereHldr xouxpern3upoBauHbrx oneparopos (c$a.

paz* 3.2). f,qanur,te u op6rlra,rrHble KBaHToBble tlucra 3Aecb Il Aanee pall,r
KparKocrr4 olrycxarorcr. B (66) r{cnoJrb3oBaHo o6osrra.ienr,re:

vI,,,.,,i,n: l. t;l i,Njr', i,(i,.i,-.f !gl.i:inJ),

rae i{r,, j, - Hopr\ir4poBoqHLll"{ ivtHottrir4TeJi, (ff.4.13).

(67)



3.3. CpeAHne lByxo,rreKrpoHHbrx oncparopoB l|15

" 
("R 0n'*f <uEroi(,r)((rrttue>=u
uCV VEtl vtizr

':$',[ + f (uEl0i('r) ((ll0lp") (pr1!1uE;=o,
v(Elon

B 
"$'",[{; 

* 
"4" 

('{ 6i(r) (pTtal'E> ((rr0lpn)=D'

' 
"'$*'[ 

,],- t"1I0t(T ) ((nt0IpE> (pT I0lvrc):D2

Puc. 3.9. [uarpauurr AJrr cpeAgr,rx AByx r{ Tpex Aayx]neKTpogirbrx oneparopoB r{ co-
orBercrBylolqne r,IM MrtHttMaJrbr{bte cyMMr,r n 6aznce BojrHoBbrx Synxquil HecBs3aEHbtx
l.{oMeHToB 

. :

B cryvae o[eparopa 3Jrexrpocrarrlqecroro e:aul"logeficrnut (c ]rcKJrro-
n{euHofi cpe4uefi enepruefi) (66) uepeuncbrBaercq B Br.rAe

t{{t"tE, t€t,)):I o Z [r, ^s] 
(vfj,,,,,,),, (68)

LS

rge VLS orpeAeneH cornacno (58).
Cpegneuy rpex,qByx3Jrer(rpoHHbrx o[eparopoB coorBercrByror rptr Arra-

rpaMMbI Ha puc.3.9,6-e r4 ABe pa3Jrr{rrHbre Mr{HlrMaJrbHbIe cyMMbr, Koropble
ts 

,upe.4craBJreHr4r{ 
cBr3auubrx MoMeHTon panHrr [17]

Dr= Dt U,jejejr; jejnjoj"; joj"j,jz) :

: + i \ ttlr'\,,r, 44v1q,,, io,nv',oin, i,i,, (6e)
J

D r= D r(i, i ej ej n : jei *iojzi j o 
jri, i,\ :

: E f pl V?u,r,,r,,t?r,*, ,o,rV?oin, i,io:
o

.8 >,lqV?r,,,.,r,nV?*,r, ,oi,l?,i.. iui^, (70)
o

Free Hand
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,rc b - oneparop, BBe,qeHHblfi B pa3,q. 3.2; watpntHbre sJreMeHrutVa,Va
Bblpaxarorcrr qepe3 Vr (67):

v?",,,,r,.r: I u ( - l1'u+;,47
r

V?",r.,r,n
, li, j,

l';. 
t; 

'n\nt.,,,,,,.,
tnl'i"'' 

'"''

;,ll'l: i:;1"
(75)

V?,'fi,r,,:Z 1", slq- t;!+te+t*"+r {/" lz, ltq t_-

(71)

(72)

Ecr{ sce cocro-f,r{lr.fl n Va npvya,qnexar o.quofi xoHr}rarypaqtzr,a,'ro gra
BeJIIryr{Ha uMeer cMbrcJr AByx3JreKTpoHHoro e:aur,to4eficrBr{r qacrrrrqbr c Ba-
rairclrefi.

B ltnunMarbHbrx cyMMax Marpr.rrlHbre oJreMenTbr Moryr 6url onpe4ele-
Hbr orHocr4reJrbHo BoJruoBbrx $yHrqilfi pa3ruqnbrx r<onr[lrypaurfi, TorAa B
cnyqae Heo6xogurrocru n o6oeuaqeHu[ MI{HnMaJrbHofi cyvrurr AonoJrxrrreJrb-
Ho yr(a3brBarorct raKlxe r.r ron$uryparlr{H, rraupr4Mep:

D t (Kl j 
" 

j 
E 
Kzi 

a i, ; Krj 6i rj o 
j n ) Krj 

o 
j n K, j, j z). (73)

3Aecr A-]rq 3neKTpoHoB j,jEncilonb3yroTcr BoJrHoBbre syHxqufi ronsnrypa-
rnu Kr, a p,nfl.3irexTpoHoB je, j, jo, jn - $ynxquu xouSurypa[uu K2.

BrrpaxeHlrx (69)-(72) neperncbrBarorcs B lS-csssr AJrr otreparopa
snerTpocrarr{qecxoro n:aravo4eficrnun (wnu Apyroro o[eparopa, rrMeroruero
paBHbre Hynro paHur n op6ura;rruoM r{ cnrrHoBoM npocrpancreax) npu no-
Motqu 3aMeH:

ii-ri, sti [,r]+[2, sJ; lt;t; 
t 
l-t ;, ;,lltl: l: ;,1,

V rI., r,-,, 4, n -' Y f,t',-,' c' n i V ? 
" 
r,' r r r, --- V?"'!"' 

r, r'
Hanpr.rrr,rep, f;Q,Q" n ttr{Maer Brr.q

(76)

rrc cl(. - rvrno)r(r.rreJrb, onpeAeJrreuufi no $oprrayne (62) atm (51), a HoMepa
y Mr.rHr{MaJrbHbrx cyMM yKa3brBaloT pacrroJroxeHr{e MaTpEqHbIx SJIeMeHToB
cornacHo (69), (70).

-f,sHlre Sopwryru Anr cpeAHero rpex oneparopoB gJreKTpocraruqecKoro
n:auuogeficrBlrr Br{yrpr.r o6oloqxH r,Inr,r MexAy o6o;roqxar"tl 6ygyr upll-

(74j

-,I,.sx Y tutr, Irtn

.{raarparuuaM Ha pnc. 3.9,6 u 6 coorBercrByer ra xe caMa.fl trIxnvuaJrbflafl.
cyMMa Dr; nrl6epeu B xaqecrBe ourosHofi AnarpaMMy 6, a nxnaq 4pyrofi
AIIarpaMMhr 3arrr4rrreM rrpn troMoruu olepaTopa [epecTaEoBKfi BToporo a
rperbero Marpr{rrHbrx 3neMeHToB P (23). Cpegnee rpex oleparopoB trpe.q-
cTaBtf,eTct TaK:

<999>* :cre {u + P(23)I Dl(l 23)a D'(123)} ,

Free Hand
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CoorrercrrRe MexAy HesKB4MJreHTHbrM[ AtrafpaMuaMfl cp€agero qerHpex AByxSneKT-
pof,f,hrx oreparopoB <999j> f, MERHMarIbRbrlrlr cyMMaMf, n Q7)-(82).

O6osHaqeilre rvsrnxualrnoft cyMMbI, a raKxe gnar N-unoxrrreJrt .{agbr Ha rlepe-
ceqennr4 crporlr, yra3rrBarorqefi neparrfi o4rroKoJroHtbrii Sparrraenr .{rarpaMMlr (couac-
uo 6yxreunorvry o6osgaqegnro Ha prc. 3.5) n xononxfi, yra3hrgarotrIeft BTopoft (bparuenr.
flycrue Mecra coorBercrBylon fic(JrrorreunbrM gKBr{BaJreHTIrbrM Ar{arpaMMaM.

F\ -r, -F3 -F' -F3
F1 -Fs -Fs -F3 -F3

F2

F2

\
Fr

F2

F2

r.e. r, F, -F2 -Fa -F{
F,r,Fr -F2 -F, -F4

Fr -F{ -F2 -F2
Fr -Ft - F2 -F2

F.F.F5

F3F.

F6

BeAer{br B pa3A. 5.2, a Nts oAHoro oueparopa B3aI'rMoAeiicTBn{ I{ AByx One-

paropoB oxe-repexoAa - B pa3.{. 8.1.
6o;ree cJroxeH cJryqat cpeAHer0 qeTbrpex AByx3neKTpoHHbrx otrepaTo-

poR <9999 ). Ero AnarpaMMbr HaxoA-flTcf ryreM cocraBJreHl'tf, Bcex KoM-

6rnaEui dO ABa II3 AeBflTlt I{egKBIIBaJIeETHbIx ,4narpaMM AJLf, cpeAHero lre-

Tbrpex oAHosneKTpOIrH6rx oflepaTopoB (puc. 3.5, z-,+t). Bcero_ 11oflyqaeTct

45 guaipar"rv, vt3 r^x qttcqra, nonb3ytcb yKa3aIrHbIM B pa3A' 3.2 npannnolt,
ugxJrroqaloT1fl TqII 3KBEBaJIeETI{bI9 AtraI'paMMbI (trocle.4rge TpI{ B [paBbIX
qacrrx paBeHcTB I{a pgc. 3.4). Ecln Bce onepaTopbl B cpe.4IIeM cooTBeTcTBy-

IOT TOMy 16e B3aI{MOAefiCTB[IO, TO COpOK ABe IIe3KBUBaJI9HTI{rIe AtrarpaMMbl

(0 oil
0

0
AJrr cpeAnero

0

(1il(

00 0
Pac. 3.10. Ocuosusre AEaTPaMMEI
poB

r{eTbrpex,[Byxgrre(TpoEEbrx otrepaTo-

Free Hand



88 3. Cylluupoaanr.re no Bc€M KBaHroBblM qucran

o[I4CbIBaIOTCt TOJIbKO .UIeCTb]O pa3nr4qHbtME MHHnMaJTEHb]MII CyMMaMI4
l7r (cvr. ra6nuuy), ocr{oBubre Ar.rarpaMMbr Koropbrx u3o6paxeubr Ha prrc.
3.10. BrnaArr Ar.rarpaMM BbrrrrrcbrBarorc.fl coflracHo Bbrruer{3JroxeuHbrM
npaBr.rnaM. Anre6pauvecxnNr rlr,r rpa$nvecKr{M MeroAoM nepexoAr K trpeA-
cTaBJreHlIIO CBt3aHHbrX MOMeHTOB, HaXOAT{M CJIeAyTOU[e BbrpaxeHltt .AJLfl

MI,IHr,rMaJrbHbrx cyMM s .ij-cyrcu llTl:

r, : ft E Z VVI,,E,,s,.nviqi,, ioi-vloi^.,^i*vl^,*,,,,r,
I

F,: t4 D Nr,,i* f tar Yllir. iri,vliin. ioirx
JI

* ) tr,l vlli,, i^i*vli,*.,u,-,
J,

(80)

(8 1)

(82)

,{uarparrrr,ra F, xvrrlerct HecB-rsHofi r{ ee M}rHr{Marbnafl cyMMa tfaxro-
pr{3yercr Ha ABe 6onee npocrbre cyMMbr. B gr.rarpauue ,F, nepreKcbr AB)rx
o[eparopoB coeAl{rreHbl o4nofi ltuuueir. u coorBeTcrBylouaf MoMeHTIraf,
A[arpaMMa pa3pe3aercr rro AByM JrnHlrr\l. flpn eror'a rorB-rrrercr E (-1", jo),
r.r MrrHl,rMaJrbHar cyMMa roxe ifarroplr3yercr.

Mnnuvarusbre cyMMbr npeo6pa:yrorcx rc IS-csfl3tz. rrprr rroMoulu 3aMeH
(74), a raxxe E (7", 4)+E (1,, l).Hanplruep, cyMMa F, crauorrarcr paouofi

, -r o 5- tr c /1 nrvls. ,,LS
'3-; L /, IL - 

[L, s, Qr, QrfV',;*,,, rr,nVf]tr, ror.x
LSQ,Q,

..;-,o,o, ;,o,o" IIz lu LlItl2 t12 sI
x r lete, t^tEv r^t6' tlo | /. lo o, I \l lz I 12 e, l'

(7e)

F": tz n \ V, elvl"ia,4irvl4ir. ioi.*
JQ

*l?or*.,^rrv?^,..,,rrlti. t;r tnl,

Fn= E f IQ, Jro lrlV?"i* irirvloi,,, ,^,*V?r,, i,i.Y!1i., irirx
QIt It

,.1 J, J2 AllJ' J2 0l
^1.j,.jn j,llj^ j, j^l'
F,: ; E \ tt,lvluir, ,qinvlii,. i,i, \ tt,lvll.i^, ioi*vli,*. ,^,^,

J\ tt

F,: E \ tolv?.,,,, ,r,,V?qi",, i,,oV?^,r, ,0,.V?0,r, ,^,r.
o

(17 i

(78)

(83)

OcnosHHN{ Ar4arpaMMaNl coorBercrByer pacxoJroxear4e Marpr4rrHbrx gJreMerr-

ToB B MlrnlrMaJrbHor"{ cyil,rMe rro Bo3pacrarorur{M HoMepaM Fk0234). Bxra,6r

Free Hand



3.3. Cpeauue ,4eyxe,rexrpouHbrx oneparopoB 89'

Apyrux AuarpaMM Bbrpaxarorcfl qepe3 Te xe MtIHLrMa.nbHbIe cyMMbr, Ho c
IIepecTaBJreHHbIMr.r MaTpr{rrHbrMI,I gJreMeHTaMI4, rITO UpI{BOAET K }I3MeHeHI4rO

roHKperHoro Br{Aa .1y'-vnoxure:rq. c yrreroM Bcex 42 uesxsusaJleHTHblx
A[arpaMM cpeAHee nprrHrrMaeT BI{A

<9999>*:% {F,(1234)+ Ft(1243)+ F10342)+ Fr(1324) +

+ Fr(1423)+ FlQ432) + F20234) +F2@123) + F2(2143) +

+ F2(432) +F2{0243)+ F2Q134)+ F2Q342) + F2Q423)+

+ F z Gr 32) + F z0 324) + F z G t 42) + F zG 124) + F s (1234) +

+ F,(34t2)+ F?(2314) + Fs(4132) + h(4321)+ FuQt34)+

+ F80432) + Fz?zt4) + F30324) + Fz(Jlz{) + h(2431) +

+ Feg23l)+ F40234)1- FnQ432)4 f nQ324) +F4Q243) +

+ F 1 0342) + F 4Q423) + F5Q234) + F 50 432) + F 5Q324) +

+F6(1234) + F60243)+ F60324)\. (84)

N-nnoxnrerb oflpe.[enterct orAeJIbHo An;r Kax.(oro rureHa rro $oprrry-
ne (51) wm (62). Bnpaxeurae, aHarloruqHoe (84), 6ruo uolyueno n [17],
Ho B HeM AonyrueHbr HeKoropble Heroquocrlt. Crepyer orMerllTb, .lro BcreA-
crBfie Harnrrn-fi 3KBEBareHTHbrx AHarpaMM sua (84) He flBlrs.e'Icfl eAr{HcrBeH-
nnu. Hanpnr,rep, -F, (1243) NdoxHo 3aMeHHrb:

,F1 ( l 243) : F J3 t24) : F J4312) : FLQ43|). (8s)

IIpu ucno;u3oBaHnr4 oneparopa nepecraHoBor (5a) cpeAHee npe4craB-
rqercr s Soree ror,rnaxtsotl Qopue

<9 9 9 I >" : ?e t II Q34) {Ft+ [1 + P (12) p (34)] F,+ Fr] -t

+F +P(12)+P(13)+P(14)l [i +P(23)+ P(24)lFs+

+n +p (23)+ P(24)lF5+u +P(23)+P(34)lrs).

3.qecr fI (il) - cyMMa oneparopoB Bcex Bo3MoxHbIx nepecraHoBox Matpuq-
Hbrx 3rreMeuroB, rrMeloruux u F. : F k Q234) i-it', j-f4 Lt /-fi uouepa ; P (ii) - one-
parop nepecraHoBxu i-ro r.r 7-ro MarpEtIHbIx 3JreMelrroB. Haupnvrep, Aeftcr-
Byr .{By\{s Taxr{Mrr onepaTopaMl{, HaXoAnM:

/2 I 3 4\/l 3 2 4\p(12)p(23)r-:(r 2 : +/(r 2 3 q)rr1234):

(86)

(87)

HaxoxAenne Bblpaxeuafi g.nt cpeguero or KoHXperHbIx otreparopoB B

a-nre6ppuvecxoM rrJrrr qrrcJreHHoM BnAe rlo t[opr"ryne (86) vloxer 6rtTl pea-
Jrr{3oBaHo npn noMorrlr sBpltcrl,{rrecrofi nporpaMMbl.

/2 3 l 4\:\t z 3 4)Fr(234):FkQ3t4)'

Free Hand

Free Hand



3. Cyr,rrunpoaauue ro B@M KBaHToBbTM rrrfcJraM

3.4. Cpe4nue ofleparopoB, cocraBJreHnhrx
H3 eAHfrI{rIHbIx TeHSOpOB

Oneparopu $ra:r.ruecxux BeJnrqr{H r,r s$serruaHbre oneparopbr, uonyqaeMbre
upn cyMMI'IpoBaHuH rlo KBaHToBbIM rII'IcJraM BHyTpeHHux cocTofut{fi, Bbrpa-
x(arorcq qepe3 onepa'ropbr (J&) Q.8) u Vt**'t (2.9), cocraBJrerrHbre !r3 eAr,ftilrrr-
HbIX TeH3OpOr. rlpe4craBJrser xHTepec HaxoxAelrue cpeAHnx Anr cr(aJrrp-
HrIX fi TeH3opHbrx nporn3BeAeHrrfi raxux crauAaprnbrx oneparopoB.

flocrolmy ycpeAneHrre MoxHo npoBoAr{Tb He3aBr{cuMo B noAnpocrpan-
ctue xax4ofi o6oro.rxn (pa:,q. 2.4), to 6y,qel,r cqrrrarb, rrro Bce oueparopbt
4eficrnyror Ha 3neKrpoHu o4nofi u rofi xe o6ono.rxa nlN.

._ Cpe4uee oneparopa U(&) orrr.r.rHo or Hynr roJrbro npn k:0 H, corJracHo
(II.3.3), paBr{o N flf-rtz, TaKEM o6pa3oM, yrrr{raprro-Heupuoo4nvrrfi oue-
paTop IiIMeeT BUA

n.ro (t):ryr*t (\_B(ft, 0)nr ltl-trz.
Ananornqno HaxoAr{M

(88)

ryrr*'t(t)-v&k') (/)-8(ft, 0)g(&,, CDNN 4t+2. (s9)

$ Cpeauee or cKanspHoro rpon3BeAeHus (,)2{n's . ryfto) rpn rrcroJrb3o-
BaHrltpr o[peAener{Hx (o.3.3) BbrpaxaeTc{ rrepe3 cyMMy cpeAHnx AByx o.qHo-
3JIeKrpoHHbrx oreparopoe Qnfi!'l

(o' i')' T 
<tN ^( l ('{lt'k')' t'(tt')) I /'v) :

: f C- t)a+e' 4nff)..))(kk') q,>N (90)
4q,

E orrtrcbrBaercq AtrarpaMrvroft ua prc. 3.5, a. Bsrnncrrnas ee BKJTaA u yrrtrTbr-
Ba{, qTo

; I (- r;o*o' evlatftn lK> <tclagtL",l/u):
v"- qq'

: urkj {t 12 t 12 k'}lt -8(&, 0) 8(&" 0)1,

troryqaeM

(o' *')' ? 
QN vl(c1){r*')'ry&k)) I /"v) :

N (41+2- N) ( ,: ffi; {t Ik} {t 12 t 12 k'} [ - 8 (&, 0) 8 (k', 0)] . (e2)

flpu novoqra coorHorrrenrir{ (89) Qopvryna npeo6pasyercf, AJrr rrpon3-
BeAeHuf, o6rr.rHrrx oueparopon 7(rt')

(*it)' T 
(tn v llrtt*t' vftk))l /*v) :

(el)

Free Hand

Free Hand



3.4. Cpe4nue oneparopoB Uh a Vhh'

B .racrHoNa cryqae npv k':0 uueeu:

(o'it)' T 
(tNYllLr@'u&\l /*Y) :

: t#fii&;i'] +8(k, o) 2 jjfirrl ut*,''
,{nyx:.nerrpossrrft oneparop Moxrer 6rrrr nupaxeH qepe3 npo[3BeAeHr{e
.trByx oAHo3nerTponubrx oleparopoB lr oAHogJreKrponurrfi otreparop

NNil

; (z:t**'t. v<t *t1- -l \ f";rr). oq&))- | ; (v$*l. p.r*,o1. (95)

91

i< j:l

B npanoii qacrri B nepBoM qneue cyMMu no /, j pazgetxrcTcfl, a nropofi -
cralxpur,rii qreH, Bbrpa)Kaerct qepe3 oneparop Z(m) r{ oAuosJreKrponnsrft
cy6uarpu.turrfr snerwerrr

(/s ll (zr(it) . Dkk')) ll /s) : ll, sf-rtz,

no3roMy
N

f (ri*o' ' zt@k)): \ lvurt ' v\ko)-T#,, (e7)

(e4i.

(e6)

i<j:1

Cregoaare:rbHo, cpeAHee AByxgneKTpoHrroro oneparopa, .{eficrsyroulero
BHyrpE rofi xe o6olovxn, paBHo:

(o';')' f t'"'l .!. (o!'*'t't'e'k'))lt* v) :
/ v i<j

T.(*ll,), ,. l(4t+2)2)8(fr, 0)8(k" 0)- ll urkj{t12t12k'}. (e8)k" 0)- tl u r kj {t 12 t 12 k' }2(41+2)(4t+1)

'<J<P
.Jp

Op6rra;rxufi rpexenerrponrrrrfi ofleparop cB.f,3arr c npou3Be.qeuneM Tpex
o.{Ho3JIe(TpoHHbrx o[eparopoB 6onee cnoxublM coorlrolreHr{eM:

f [[r5o'r r xav'o1?,) x uf,sl[ot: * [tut*, x u(tJ](r,) * yrar]for -
i<j<p

- ' I kt k2 ot 
I lrorr,r. u(kJ)+ (- l)0,**,*0, (utx,t.u<h))+-e ll I try

* (y(t,r . U(k)) -;h (r * ( - l)k.+r,+r.)] . (ee)

Ono naxo4urct nyreM ucrJrloqenr{t E3 cyMMbr rro TpeM rre3aBr{crrMbrM rrr{-
AeKCaM CyMMr,rpoBarrrls rureHoB c TpeM.rr x AByMs paBrrbrMr{ trHAeKcaMr{

f u1u1ro:[ | u,rru,-

-* : (u,u,ur+uruiut+ u,uru,)*:L f ututrt,
ij i

(100)

Free Hand



:j2 3. Cl'rrvrrponaHue no BceM KBaHToBbrrrr r{rrc,'ra}r

n ctss3brBaHrreM orreparopoB, AeiicrByloulrrx Ha ror )r(e 3r,reKTpoH, B o61llnfi
ofieparop, HanprrMep:

I

.f rtrl^,, x r/4")l(k,) .ut,ksy:(- l)0. lkl' Ik: 
o: ol\ 

,r'u",.u(k,r), (l0l)
ij 11 I tl

npli 3roM ucrronb3yerca $oprryla, creryrcrua.{ u: (<D.3.9)

, (k, k., /rrt(l' pf *'t x u(k,tfik.)' /> : ( - l)o' [kr], { ,'tr t il' (to2)

a raKxe ycJroBr{e KoMMyraur{[ oneparopoB, 4eiicroyroruIax Ha Tor xe 3!'reK-
rp0H

It{k,) x u&)f(rQ - (- l;u'*o'*k,fu&,t x u(k))&zJ -

: [( _ r)*"_ ( _ r;n,*04 n,r* loi 
o; o; 

| ^",.
BrrpaxeHae Anr cpeAHero rpexlneKTpouHoro oueparopa lonylraerct

reM xe cuoco6ow, qro u B cJry{ae cKantpxoro nporinBe.4eH[rr AByx one-
paTopoB, - npfi noMou{u cpeAHefo oT npon3Be4eHr,fr Tpex oIHo3neKTpoH-
Hbrx, He rrMeroulHx cneAa o[epaTopoB:

(o';' ) 
' 

T 
(lN'1J[tQrtt' ki) x'))(k"k;)) (t'k;) x c)2(t"t;)](00) i/'y):

- - N(4t+z--Nt - t 
k, k2 o"\ I oi ki ki I -:'6712y1u+l+ilr r rlljlz tlz tlzl"

xl(41+ I -N) -(- l;t'+"'*0,(lf - 1)ltl -8(k1, 0) I (ki, 0)l x

xp-I(kr,O)E(fti,0)l[1-8(ft3,O)D(ki,0)]. (104)

Ecru oneparoprr 4eficrByror ronbro n op6uralbHolt [pocrpancrBe, To rlc-
rronb3yt (88) u (94), oxouuarerrbHo Haxo.qr{M:

{o'f )' T 
(/Nv I [1u<tJ x (rk"r)G)'s{r<)f{ot 

I In v) :

N Ik, k, k"l:\+t+rttqt;tn \ i ; ; l{t+r+2-N)[(4/+r-rv)-
-(- 1)*'*u,*t. (ir- l) + (4/+ 2) (N - l) (8'(ft,, 0)+ 8(k2. 0)+ 8 (k3, 0))l+

+8(k1, 0)8(k,, 0))-(k3, 0)(4/+ 2)2(N - 1)(N-2)). (l0s)

(o';' ) 
' 
T a'- ",1 

,l"lfu;ou 
*u(iq''\&'\x uf;'rJtor li *v):

,v(N tltN-zt-lk, k" k'L,,:-iffi\ t I tltr+(*l)k'+t'+rr"-

(r03)

Free Hand



3.4. CpelHne oneparopoB Uh il Vhhl

-(41+2) [8(k1, o)+8(ftr, 0)+8(k., o)]+

+8 (ft1, o)8(kr, o) 8(ft3, 0)(4t + 2)r\.

Cpegu qerbrpexs,'reKrpoHubrx :$$exrznHrrx oneparopoB llapr6onee yac-
TO IlO.fiBJrreTCt OnepaTop

f (u[k') - s<!.'yiu,P .4\: lu
i<jcp<q

(U(k) . U(k)) (U&,) . UQ)) -

9;l

(106)

(107)

-4(-')-'.'f {? 
o,' 

i }[, ,oi 
,I."Go!*,) 

*u(f<,)]G).ufi)+

*(-rrr"r {? 
o; 

;lI,(,r".,ir)]-

- ;* r [('lo'' 'urf't1+1u!*"t''f\]- at-#;' I
. i<j

Ero cpe4Hee rr{eer Br,rpaxerlre:

_ r ry(lr-l) (N-2) (N-3)_
6 (4t+2) (4t+ t) 4t (4t-1)

(o'# )' 4 r'n ^, i,.},.n@[k'\' tr\k't! 1utx"t''4'"))) t* v) :

t^rf 
,';1"' - ( - I )o'*0" l', ', 

oo'rl*

* # - &t - 2118 (k,, o)+ I (/r,, o)l -
)

- 
^m 

tl-(-l)k'+ft'l[E(&r, 0)+8(k', 0)]+

I
+ 8 (ft,, 0) I (k2, 0) (4/- 2)(4t+2) I {t I k1} {t t k,}. (108}

l

llpu ecex paHrax, paBr{brx HyJ'r}o, {ropriay,'ru (98), (106) u (108) repexo.rtr
B COOTHOITICHUC

(o'**' )-' f ,r', : ulotu\ot-tlno',1nr):
\ lY / .y i<j<...<q pofleparopal

N(N-l)...(.v-p+r) /nf\ .-
{ ' '' :\ t, )Itl-'t'' (loe)

Mnoxlrre-qr II7-nlz ^rotrf,ercq 
BcreAcrBlle onpeAereqytfl Marpltqgoro SJre-

NreHTa oneparopa rr(o) paenunl fl)-riz, a He eAlrHt Ire.

Free Hand

Free Hand



94 4. t{acuqgue cyMMbI aroMHr,rx Be,rlHqHH

4. IIACT14TIHbIE CYMMbI ATOMHbIX
,BEJI I,Iq14 H

'Cyvtrr.mr Marpr,rqHrrlx gJreMerrroB rro KBaHToBbIM qHcJIaM Heroropbrx cocrofl-
Hrafi sosHr.rKaloT rrpr{ paccMoTpeHrrrr{:

- ecTecTBenr{brx rurrpr4r{ I{Jrrr BpeMeH xu3Hlt yponneft;

- cpeAHrrx xapaKTeprrcTuK crreKTpoB, KoTopbre cooTBeTcTByIoT nepexo-
AaM rl3 o[pe.qeJreHr{otro HaqaJrbHoro cocrorHrlrr, HarrpuMep, (borogreKTpou-
r{blx cneKTpoB rrJrrr cleKTpoB Qoroao:6yxEeHfifl. I{3 ocHoBHoro cocroqHuq
ATOMA;

- cpeAHnx xapaKTepr{cTuK crreKTpoB r43nyrrer{ut }rJrr{ o)Ke-c[eKTpoB, Bo3-
HI{KaIOqrlrX IIpI{ pacnaAe ceJreKTr{Brro Bo36yxAeHHbrx ypoBHefi;

- xapaxrepr{crrlr rpynrr Jrr,Ir{Irfi B cner(Tpax;

- npu6nuxeHr{brx Kopper.sqrroHHbrx [o[paBoK Ans 3Heprr.rft yponHefi
I{:lI{ I{X BpeMeII XII3HI{.

B nepnovr pa3AeJre 6yAer raenox<eH o6urufi MeroA HaxolKAen[t B npeAcraB-
Jrer{rir4 BTopr4qnoro KBaHToBarrr{x e$$exrunHbrx oleparopoB, coorBercrByro-
lql]Ix cyMMr{potsaEnro MaTpr{qHbrx 3neMeHToB IIo BceM npoMexyToqrrbrM co-
CTOqHIT'M.

Cpe4ra MHoro3JreKTpoHHbrx KBaHToBbrx qucer qacro MoxHo srrAerurr 6o-
Jree BaxHbre npr.r6nr.rxenuo xoponlne qrrcJra, roropbre B ocrroBr{oM o[peAe-
Jrrror crpyKTypy cfierrrpa, o6ycnonnr{Baror rrorBJrerrne B HeM rpynu ypoenefi
utrtt ruutrfi, B srux aryqaflL qerecoo6pa3rlo ycpeAHrrb aroMxbre BeJrtrtltlHbr
IIO BCCM KBAHTOBbIM IIIIICJIAM, 3A IiCKJIIOqEHI{EM 9TI{X OCHOTEIbIX qTACETT. ME-
TOA TaKOTO ycpeArreHnr, Toxe I{crroJlb3yrouluft csoficrsa oneparopoB B

npeAcTaBIreEHr{ BTOp[qHoro KBaHToBarrtlfl, npe.qcTaBngeTcfi Bo BTopoM Ir
TpeTbeM pa3AeJrax, npr{ gToM 6olee uogpo6no paccuarpEBaeTct 3aBtrcr{-
MOCTb ATOMHbIX BCJII{'II{H OT CULIHOBbIX KBAFITOBbIX qECEJI I{ IdX ATIAJIOTOB _

KBa3rrcuuHa r{ fi3ocnEHa.

4.1. CyrvrrunpoBanr{e tto KBaHToBbIM qncJIaM

npoMex(yroqHbrx cocrocHHfi

O6o6rryvr [pnBe,ueHr{oe B pa3A. 2.2 onpegeteHl{e cyMMbr rlo npoMexy-
TOqHbIM COCTOflHlItr,I, [peA[OJrafag, qTo HaqaJlbEoe Il Kol{eqHoe cocTotHr{t
He {BrqloTc.rr oAnHaKoBbrM}I:

f (y' lor lyr)(vr lorlv). . .(Y*-, Jou-'ttYt)(Yt iar\y'r):
Yt,, 'YL

: (y,I o"rly). (1)

3gecl Or, Or, .,., Oy - nto6we (furu'recxue o[eparopbr' B ToM rlltcJre rrlra
oneparopoB rlepexoAoB, geficrnyrorul{x Mex.4y pa3rtrqHbrMlt ron$nrypa-
ur{rMr.r. Onu ne o6q:arersno yHurapHo-HenpLIBoAEMbI, KaK 3To rpe6ona-
Jrocb B MeToIe cyMMIrpoBaHUt no BceM MHofoSneKTpoHHbIM KBaI{TOBbIM
qr4cnaM. PaAu BrrnolHeHr{t cyMMapoBalrrlt otreparoprr O, 6y4er'r [epeBoAarb
B rrpeAcraBJreHue BTopuqHoro KBaHToBant4fl' (pasa. 2.2) n rryegroJlararb, qro

Free Hand



4.1. CyuruupoBaulre lIo npoMexyToqHbrM cocrotnutM

OHr{ OIr{CbIBaIOT B3aI{MOAeficTBut BIIyTpI{ KOHKpeTHbIx o6OIO'{eK IIJII{ MeX-

Ay HuMH rn6o 5epexoAbl Mex.qy o6onotl1aMq c onpeAenegHblMli KBaHTo-

BbrMr{ YlrcJraMv nl (o6$trfi oneparop MoxHo npeAcTaBurb KaK cyMMy TaKnx

orrepaTopoB).

Cocrogusg ^(2, ..., {r, ? Tax}tie Tr, Yi s (1) coo:rnercrByror roia xe caNtoii
I{rE pa3nrlrqHbtM KoHOlIrypau?ItM. CornacHo coorl{orueHulo (1.12), cyMMa
(l) u rerrt caMbIM e$t[exrnnunir oneparop O"r Ye 3aBI'Ictr or roro, B KaKofi
cBr3r4 Hc[oJrb3yrorcs B9J]FI9BL,IS $ynxur.rn cocrotHi4ft, no KoropbrM npoBo-

.qurcs cyMMI,IpoBaHI{e, BaxHo JrI,IrrIb, {To 6bI OHII sBJr-gJrIrCb OproHopMfi pogag -

Huuu tpyHxIIIrtMH AaHHofi KoHoruypauHu (3To rpe6oBaHl're Hapyruaercs,
ecJIH BOJTHOB6IS $ysfltnu onTI4MIt3I{pyIoTct oTAenbq6 EJtfi pa31firvHblx Tep-

MoB). EyAeM cqnTarb, qro Bo,qHoBbIe Sylrrril4[ 3THx cocro.f,Hl{fi orrpe4ere-
HbI B oAHoxoHonrypalinoHHoM npI{6nIlxeHHI'I. KaK 6rtlo noxa:eHo B pa3A.

2.2, cyv1t1l,; B npr46JprxeHun cMeIuI4BaHn.r KoH(bLIrypaUEfi Toxe Bblpaxalorc-tr
ITCPE3 CYMMbI NO OAHOKOEOUTYPAqI{OHHbIM COCTO'HI'T'M.

Ecnr,r oneparopbl 01, ..., Or BbIpa3I{Tb qepe3 oneparopbl poxAeuvfl' t4

yHurrroxeHr,rfi 3JreKTpoHoB B KolI(perHbIX o6oJloqrax (A,'lt Koropblx Syaeu
lrcnoJrb3oBaTb cJreAyroulre cfleurlaJrbgr,Ie o6o3HaqeHgs: Qt, Q ,olreparopbl'
r43MeHrrorur{e arr4cJro SJreKTpoHOB B tt1lr-o60ro'IKe, Dt, b - v nrlr-o60Jouxe,
ct, c n n r/r-o6oiroqKe r4 T. [.), To coAept(aull{ect B (l) cyMMbI rlo Jz, . .., Yft
MoxHo pacnpocrpaHltrb raKxe Ha cocro.flHHq Apyrl4x KoHol'Irypaqrri, TaK

KaK MarpnqHblft 3reMeHr (Yi- tl Or-t 11 ) paoen HyJIlo, ecJII{ cocrosHne

Yi IroA,qeficrBlieM O r- , ue lpeo6pa3yerct' ts'{ t -r. C-ne4oeareJlbr{o' cyMMy

(y,-,1 o,-' Z ly,)(v, lo,iT,*r)
^{i

MOXHO AOtrOnHI{Tb Ao cyMMbI nO BceMy 6awtcy Il I{gKJIIOq[Tb IIpn II9M9IUE
ycJroBnr rrojrHoTbr 6azuca. 3ro u flBnfleTafl ocHoBHofi vqeeir MeroAa [13].
Cyng"la (l) npenpaufaercr B MarpItrII{bII"{ 3JI.M.HT e$$exrunnoro onepa-
Topa O'r, xoropblfi rlpeAcraBJlter [po]r3BeAeHl4e oneparopon O t Bo BTopI{q-

Ho-xBaHToBaHHoil OopMe. Ilycrr, Bce oHI{ uMelor HopMaJrbHbli ru4, r. e.

B trX Bblpaxelrutx onepaTopbl yHI{rITOXer{[-fl sneKTpoHoB HaxoAtTcfl cleBa
oT orreparopoB poxAeHl'Ifi 3;eKTpoHoB. Oileparop O"t yxe He 6yAer IT MeTL

TaKOTO Br.IAa H ero HaAO npeo6pa3oBaTb Tar(, qTo6br MOXHO 6lrrO
BO3BpaTUTbct K O$bIqHOMy IIpeACTaBJIeHIilO. 3rO ocyuIecTBJIteTCf IIyTe\l
lepecTaHoBoK otrepaTopoB poxAeHllt u yHuqToxeHl{t 3n€KTpOHOB IIpi! uO-

lvloulu trpaBilJl aHrnroMMyra:|3l^u (2'2A) - Q.22).
Boe4erra HopManbHoe npolr3BeAeHlte oneparopoB, o6o3HaqaeMoe

{o1or...oL} (3)

Ouo paruo ero HopMaJrbHoMy BuAy, yMHoxeHHoMy Ha (-l)p, r4e p - v.vrc-

no TpaHcno3gqnfi oflepaTopoB pox(4eHtrf 11 yHr.{rrToxeHr4.fl SJIeKTpOHOts,

Heo6ioAr.IMbrx.4JI.l npeo6pa3oraHrlt OtO, ...O*K 3roMy BI'IAy. HarpI'IMep:

55

{oI oe} : af, a4, {o"o!,.} : - oLo,,

{ad aaaln aa} : - a!, dn qEa+

(2)

(4)

(5)

Free Hand

Free Hand
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Pa:nocrs Mex.rly paccJ\GTprrBaeMbrM rr HopMaJrbHbrM upor,r3BereHr{fMr{
rByx oqeparopoB pox(AeHrrr ufntw yH[rrroxeHr4r 3neKTpoHoB Ha3brBaerc_fl
&x c[apIIBaHr4eM:

)Ior: alae- {alas}:0,
i-

a-=a!:8 ((, l), aja!:0.
flpaoegenue etfserruenoro oneparopa K HopManbHoMy Br{ay 3rraq,rrenb-

lJo ynpouraercr c rroMorubro reopeMbr Bura, couracHo xoropoii

o"r: {o"t} + {5u} , (s)

,rc {b+} - cyMMa HopMaJir'Hbrx flpoa3BeAeurafi gcex oneparopoB, rroJrytrae-
]!f6IX NPI4 BbINOJIHCHIII,T S O"f ECESO3MOXHbIX O4NOKPATHbIX, ABYKPATHbIX I1
T. .x. cflapr4zauui.t, npr4 sToM xaxAslfr ee q,.reH yMHoxaerc{ ,ri 1_ t;r'.rre p' - rlrlcJro rpaHcno3r4rrrafi, ueo6xo4r,rM6rx AJIfl [epecra[roBKu erlapvBa-
ex,lhlx ofleparopoB TaK, .Iro6H oHIr crof!,rr,r prAoM.

flycrr-- o"f cocronr r{3 .qByx AByx3JreKrpoHHbrx oueparopoB, gefrcrnyro-
rrl[x Ha ry xe o6o.irorrKy, TorAa oH coAepx[T cneAyrouee [por{3BeAegr{e ofre_
paTopoB pox(AeHr,rr n yH[qTOXgHn' 3JreKrpoHoB:

(6)

(7)

a! ala.,,aq a! al" o^o,. (e)

fi,aa_xpaimux JreBbrx u gea xpaitHr{x npaBbrx oneparopa y)fie r{axo.qrrcff B
ueo6xoguluroM nopsAKe, no3ToMy reopeN.{y Br,rxa uprzr,re"inn ,r"-" Ar{ qe-
Tbrpex BHyTpeHHr4x olepaTopoB:

a.n,aqa[al,: {araaa[a!,] - 8 (-1, il [acq!,] + 8 (r:, a) {aqa!} +
+ 8 ((, p) {anol} - E'((, a) {arat}- 8 (rl, p)8((, <o) +o.(ri, .) 8 ((, p):
: a[a!,araq f I (1, il a!,ar- 8 (ri, a) alaq- I ((, p) a!,ar*
+8((, a)a[ar-8(tl,p)8((, or)+8(1, <u)D((, p). (10)

r{ro6lr cnapuBaeMbre oneparopbr crosJr." p-flAoM, B He*oropbrx tureHax npo-
r{3Be,qeHa nepecraHoBKa ofieparopoB, qro IIpI{ HerIerHoM ql{cJre nepecra-
HOBOK [pltBeno K r{3MeHeHI,IIO 3HaKa qJIeHa.

3stferrunuuff oueparop ynpouaerc{, €cJrr{ oH coAepxr{r otreparop quc-
r-Ia 3neKTpoHoB - cyMMy IIap olepaTopos alar, ,(eficreyrour4x Ea To xe
oAHo3neKrpoHHoe cocro_flHr{e o6onoqrr.r /It

Z d,o"i. . .ry,. . .):i/,1. . .{'. . .).

B o6ruervl cJryqae, ror4a a$ r.r av orAeJreHbr p flapaMr.r o[eparopoB pox(Aerrr{t
n yHr4qroxeHut 3neKTponos s roft xe o6o,ro.Ixe, I4MeeM:

Z "IoL...al,ae 
...epa,t.../,1'. . .):

' pilap

(l 1)

:(N,- p)o!r. . .ol,qe. . .ool. . .{'. . .>, ( l2)



4. l. CyuurzpoBaHr.re no npoMexyroqHhrM cocrornlrrM

Z o,4. . .a|,ac. . .aoq l. . .{'. . .):
v 

-

p \ap

:(4tt+2-N,-p)aL. . .af,a:4. . .aol. ..{,. .. >'.

3$Qerrunnuft oneparop Bbrpa)Kaerc.fl qepe3 cyMMy sre'oB, r{Merool,rx

l1t]1llo. q:rcl.Io rjap oneparopoB poxAerrur .z yn4uroxeHtr, 3rreKrpoHoB.
co.qepxaq[dcr e raxA0M qieHe c p fiap,aun at a cyvlsr oAHoeJrexrpoHrrhrxufa'* AByrcneKTpoHHbrx MarpfiqHbrx gJreMerrroB oneparopoB oj r"roryr
6rrrr. upeo6pa3oBaHbr B MarpnqHble gJreMe'Tbr oneparopoB, cocraBJrelr'rlx
v3 p e[vffin.srrbrx reH3opoB D&k') nru uQ). flpounnrocrpipyi*r 9To Ha npE-
Mepe HaxoxAe{vt e$sexrlrnuofo oleparopa Ara rnagpara uo,4yn.r aMrrJrrr-
TYAII paArraqlloHlroro srexrp[qecKoro fiepexoAa, npocyluMrrpoBaHEoro
IIo KBaETOBbTM qilcJraM OAHOTO COCTOTI{E tr rrpoeKl{nn paEra otreparopa:

f t <"y l oft l r' y' ) l' : f ( - l)n (xy l otf't l K, y, ) <K,.il ogol K^) :

97

t'q

(t 3)

(14)

(1 5)

(l 6)

t'q
: (,Ky I oif i Ky).

flycrr
K: Kolf,U,, K, : Knl{a+t lM,-t,

rae Ko - ,,uaccl{BHue" o6oroqKl{, TorAa

oi' :f f - rX f bd aE e,v l o{> [ hE) olbn e,e l o9"l r,n) -
' .Q: v(Ea

flepecranlrfl orreparopst ala[, corJracHo (2.22), H r,rcnoJrb3yr BbrpaxeHr,re
Anq MarprqHoro gJreMeHTa orreparopa nepexoAa qepe3 ros(b(bnqnenrrr
Bnrnepa (n.6.1), Haxo.qr.rM:

o{:Z f C- 114'tt'*m"+r'a'(D(p", rrE)S(frq,pJ/ 
12 

"\*\-n" Q me/

b,). (r7)dfil 
',dp, 

,(- nd a[art,+ S ((, €) Dl

c vE(n

"(-"*, :n :,)
f4e \=mYlrv It T. tr.

Mnoxurenu y trepBoro-:4ByxengKrpouxoro oneparopa upeo6pasy.
rorcr trpu rroMonlrr $oprwyir (II.l.4) u (fI.1,5) a gryxenexrponrurX vaipuu_
nrtrl snevenr (rI.3.11) cKan.rrpHoro npo'3BeAeH"s 6a*tnq;rx renaopo*"

(vatt 1try. oG{ (t)), (1 8)
a y Broporo oreparopa c yqeroM I ((, €) cyMMupyrorcx uo l, (; q:

f C- tyc+mv+m, ( 12 t I'\( h t 
', \:q^( \-2" 4 mc/ \-mc -q mn/

:8 (m,, mr)flr7-t, (19)

f I (pr, rrr) I (p", pE) I (rrr, t r):8 (p", pJ. (20)
vz*| :

4. Karazija l

Free Hand



Cregonarelrxo,

I
ot:l -I f a!rb!,bna{-l)"1x, v'1 I /r It * I -

I v.Err xx, 
'c"r"1-1\ ''' La' ^ ' I l, Iz k t 

"

x (/r(/rvl(ot"'r (lr).7s1,*'t (l,))ll, 1try)+f Url-rrlD" | @t!,"\r. t2lJ
UJ

O,4roelexrpoxnrrfi oleparop flBrflercfl oneparopoM qIrcJIa ?JrexrpoHoB

4. 9acurquue cyMMbr arouubrx Ee.'tnqlln

(22\f ala" I ff, t{,y> :Nr 
I /il'ry'y).

Koer[Qnuuexr y drA!,bnag B nepBoM cJraraeMoM n (21) rpeAcraBrrrer
co6ofi AByx3JrexTponxrrfi uarplrqnrrfi gJreMeHT oneparopa

c,,: -_T (*r)*[x, ,rl'i, ';, i,lrol,:,.r(,f{(t,.).vf''ttrt,1). e3)

flocxonrry oH cocraBJlen x3 eAqHnqrrbrx relr3opoB, onpe,qeJreHublx B npocr-
paucrBe o,qrof; o6ororxr, To ero varprrnrrfi eJreMeHT He HMeer o6\.resuoro
rurexa. floAcrarnss (23) r npaayro qacrb (2.2),pazgersfl cyMMnpoBaHE rro
i, j (wten c it'j ucxtnotraercr anToMarurrecxu, rocroJrbxy otreparopu 4efi,cr-
Byror Ea pa3rnqnbre o6orovxu), BbrpaxaeM AB)rr(gJrerrpoHrlyK, yacrb oue-
paropa Arf wpet o.4xoo6oro.reqHbre oneparopbr y""') (1,). .{o6an:raa cx.a-
JItpHyIO lIaCTb, OXOHqaTeIbHO trMeeM,I

", 
:l-f c- ry.1x, x't 

{ 
L 

';, i } tn,"'', u,\.v@t(/J)+

*fr; 
l,rt,,,r.

{24)

Ana;roruuro eif$errunHrrfi oueparop, coorBercrByroqni norbyxgenuro
aroMa sa ypoBx[ oHeprer[qecru 6onee nucoxofi rouQurypauux

K : KoI{' 4' --> K', : Kol{,-l lN,*l , (2 5)

iloJryqaeM paBHhrM

*r:[-f r- D*rx, x'tlt', ';,

*#T 
Irafr),.r,.

i ) {nt*'' (t,)'v@) (/,)) +

Ilpeo6pasoraxxe Marpl{qublx sJreMeHToB
coAepxarulxc.r n a$$exrItBIIoM oneparope, K

(26)

oT,qeJrbubrx oneparopon 0,,
MaTp[qH]'IM SneMeHTaI\'{ OIIO-

Free Hand

Free Hand
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paropoB, cocraBJreHubrx u3 eAnHuqHbrx reH3opoB (|L 3.9)-(fI.3.14) u g;p.,

Molrer 6urr ocyruecrBJreuo anre6par.r.lec(u nprl rroMorqlt Sopvryn, npn-
Be.qeHHbrx B npuJroxeHuu I urt rpaSuvecxuu MeroAoM.

Coraacro lleroArrKe, u3roxennofi n [13], orAeJrbHhrM rrreuaM sQr[extun-
Horo ofleparopa conocraBJrrrorct rfefinuanoacxue AEarpaMMbI. 3areM ocy-
IqecTBnfeTc.f, rrepexoA K MoMerrTHbrM AuarpaMMaM n oHrlr upeO6pa:yrorcx
B AlrarpaMMbr, cooTBeTcTByroulne o[epaTopaM, cocTaBJreHHbIM u3 e.4trHl{q-
Hbrx TeH3opoB.

B [11, 33] 6rr.ira paarrara rparpurecxar rexHr{(a Haxox.qeHrt u upeo6pa-
3oBarrlrf Ar{arpaMM rrpon3BeAeHuft oneparopon n $opvte cB.fl3arrnblx otrepa-
ropoB pox,qeHrrfl r yuuqroxeuns. .tacrpru Q.3l), (2.33) a (2.36). MeroArxa
B(Jrroqaer s ce6s rpa{ruuecrufi napuanr reopeMbl Bzra u yqllTblBaer cneqll-
$uryoneparopHbrxnrrpaxenufi. Bce xe oHa rBrsercr Aocraroquo cJrox-
noit - BBo,qf,Tct He roJrbro Jrrrnnvr co crpeJlKaMr{, Iro E nepeqepKryrble JIn-
HV|II, A Tar()Ke .qononHlrrenbHbre rrpaBrlJra Arfr oupe.qeJreHtrt noptAKa rreKoM-
Myrr,rpyroruux o[epaTopoB.

IlepecranonKa oleparopon at, a, He eRs3aHHbIx B TeH3opHHe trpotr3Be-

Ee]fIUfr, OcyrqecrBJrf,ercr npolqe, qeM oneparopoB, cBr3allHbrx Mex,qy co6ofi,
lo3ToMy, Br4,qLrMo, y4o6Hee [pllMeHrrb reopeMy Bnra anre6patrqecKnM ctro-
co6ov, a rpa$u.recryro rexHrrKy r{c[oJrb3oBarb nrrlrlb gnx upeo6pa3oBauzf,
Marprrrubrx sJreMerrroB. flpu erovr, vcxory tr3 Bbrpaxeunfr. (n.4.21), (II.5.2),
(n.6.2), Mox(Ho cpa3y Bbr.qeJrflTb rrflBapvanTuble MuoxureJrrl, a Ira AuarpaM-
uax u:o5par(arb roJrbKo BxoArrllue n Soprvrynrr Art Marpn.mblx SJIeMeHToB

xosSSuqnenrrr Kf.
flycru p-3Jrer<rpoHuafl r,acrb srfSerrunnoro oreparopa (4eficrayroqero

B rrpocrpaHcrae ognofi o6ono.rru) o Qopue BTopI,IrIHoro KBaHToBaHtrt rlpeA-
cTaBJ.rf,erct B BHAe

H{: X a!,. ..alX (v. . .zc lh...ol(.. .p) ap.. .aq,
r...n(...p p

r.qe X - neroroprrfi Mr{oxlrreJrb, ne:aBucsulufi or upoerqrrft oArrosne KTporr
nrrx op6uraJrbnbrx tr crrnHoBbrx MoMeIrroB. gror xe oneparop s o6br{Hofi
Sopvre corrracHo (2.19), (2.3) sauxcuBaerc.r B BrrAe

H{: pl X hii...r". (28)

Ecnu oueparop Aeficrayer B upocrpaHcrBax EecKoJrbKux o6o.no'rer, to
ero npeo6pa3oBaune n o6rr.rnyro abopvry ocyulecrBntercff He3aBEcIIMo AtIr
Kax,4ofo npocTpar{crBa.

Pauuqnrre $urnvecxne BertrqtrHbl (anrouorusaquolruble rrrrrpuxbr E IrE

aBTououn3arlr{ourrble BpeMeHa xtrsnn yponnefi , npn6luxembre roppeJlf,qnox-
Hbre [onpaBKrr K sueprrtu yponueft Bo BropoM noptAKe reopatr Bo3r,rylqe-
nnft) *rpaxarorcr rrep* KBa.qpar Mex(ox$mypaquoxnoro Marpsvnoro
sneMeETa ouepaTopa sJreKTpocTaTuqec(oro sraulrroAeftcTBut, trpocyMMEpo'
sagubd rro KBarrroBbrM rrr{cJraM oAEoro cocrof,Irrrf,. O6rque 0oprrrynu alr
s$t[errunnrrx otreparopoB, coorBercrBylorqnx pa3nrquhlM sasamsoft r
xone.rHoft rononrypaqE M, npEBeIIeEhr B npanoxeHtru 7.
4r

(27)

r
i<j<,,.<k

Free Hand

Free Hand
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Brruleugnoxenrrbrfi MeroA cyMMupoBagriJr rrpr.rMeHl{M TaKXe .qJrt Haxox-
,qellur cyMM rro npoMexyrorrHbrM cocrornr M B clyuae jj-cnren nxyrpu o6o.
JroqeK, neo6xo4luvro roJIbKo BMecro oneparopoB ell-v, dnt^r" r{crloJlb3oBarb

+
O[epaTOpbI A)rin7 Antlnr.

4.2. Vcpe4neHr{e aroMHbrx BeJr[qrrH no MHoroeJreKrpoHHHM
KBaHTOBbTM qI{CJIaM, 3a ncKIrcqeH[eM cn[HoBbIX MOMeHTOB

Bne4eu rrourrr{e qacrr{qHoro cpeAHero or HeKoroporo oneparopa O (s o6-
rIeM cJryqae orr Moxer 6rrru e$Sexrr,rBr{brM oueparopou). S-cpe4uzrul 6y-
AeM rra3brBarb Marpr,rqHrrfi enevenr oleparopa, ycpegueHuufi rro BceM KBaH-
ToBbIM qI'IcJIaM' 3a I{cKIIoqeHr{eM cIII{HoBbIx' T. e. cyMMy ero AxaroHaJIbHbIx
oAHoKoHoErypaquorrHbrx MarpuqHbrx gJreMeHToB upu Sr.rxcupoBaHHbrx MHo-
TO3JIEKTPOHHbIX CIII{IIOBbIX qIICJIAX, ACJIEHHYIO HA qI{CJIO COCTO'HI.ri XON$U[Y-
PA\UU C AAHHbIMII 3HATIEHI/I'MI,I CTITHOBbIX MOMEHTOB. ArrArrOrI,I'IHO MO)I(HO
BBecrrr l-cpe4uee (ycpeAnenue npoBoArrrcfl rro BceM MHofo3JreKrpoHHbrM
KBarrroBbrM qucJraM, 3a ncKrrosenuevr op6r.rranbr{brx), a raKxg ./-cpegnee,
Q-cpemee (Q - rnazncnr4H), Z-cpegnee 1f - tzocnui) ra r. n.

s-cpegnee I{Meer cMbIcJr, ToJrbKo ecJrl{ c[[HoBbIe KBaI{ToBbIe qr4cra tB-
Jrtrorct upu6nnxeuno xopouLlMrr, T. e. cBf,3b 6nrasKa r ZS-cr.a:u, a He,qlraro-
HaJrbrrble no S uarpzqubre greMeHTbr MaJrbr.

rlucno cocro-flHufi xonSurypaqz[ c onpeAeneHHbrMr4 3HaqeHu{Mrr MHo-
roSJrer(TpoHHbrx cnr{HoBbrx KBaHToBbtx qr4ceJr Bbrpaxaerc_fl qepe3 npor,r3Be-
AeHr{e raKr{x rltrceJr cocroruufi AJrr orAeJrLHtrx o6onoqex (uuclo cocrolHrafi
rle, 3aBlrctrT or cxeMbl cBfl3r 

'r Ang ero HaxoxAeHr{.fl MOI{HO r{cnoJrb3oBarb
rrpe.4graBJreHr{e HecBr3annrrx o6onouex):

c (/iv's1 . . .tX,s,(s,;) sM"): f] g(4',s,M,,),
t=-l

r,4e Sir - rrpoMe)r(yrorrHble crrr{HoBbre -rucJra.

9ucno cocrosHr,rft c rro6ofi npoerquefi MoMeHTa S, ograuaxoBo, no-
9ToMy

g(t{,5,M,):c({N,.S,)/(2,S,+ l). (30)

Cornacno (1.22), {rrcJro cocro.f,Hrrft o6ono.rxu c AaHHbtM crruHoM paBHo
pa3lrocrr.r quceJr cocrostruitc npoerquefi ctrr.rHa Mr,:S u M*:9]-1. [tx
orrpeAeJreHu.rr gTux q[cer pa3AenuNr o6ono.rKy na ABe noAo6onoqKu corJtac-
Ho HatrpaBJIeHaIo ux ctruHa: SJrer(TpoIrbI co clrr{HoM' Ha[paBJreHHbIM BBepx,

o6pa:yror nogo6onoyry nlNl,.a co crrr{rroM BHtr3 - uo4o6onouxy ntN+ 1251.
9ucna i{r, lfu onpeAeJrrrorcr coornorrreHr{rMlr

{2e)

(3 1)

(32)



4.2. Cpelnr.re, 3aBr-rcrrrue or culrgoB 10!

Kax4ax noAo6orotrKa coAep)Kr,rr 2/* 1 o4noeJreKTpogrrbrx cocro.f,Hrrrfi, no-
STOMy r[IcJro cocrogsuit c AaITHbIM 3HaqeHLreM M"npapa3Jrr{qr{brx 3HaqeHl{qx
Apyfl{x KBaHToBbrx q[ceJr, B ToM .Iucle S, paBHo

(33)

Ilo4crannx.r (33) r (1.22), HaxoArirM:

c(/'Ys) :(+';::.,) (i:;:") S+* (34)

flpu N:2 uueer Mecro 6onee npocroe gKBEBaJreHTHoe Bhrpaxeurre:

g(tN M,):('';,') (1i'):(,,]',i.'r,) (, |'i-t )

sL)
LMt

sr (/fl,/y"&,srs): - { * "r", +,s(^9+ 1)-Sr(Sr+ 11-

g(/'z,S): [S] I tr +r- l)r+sl: I u, a(ul+ t- ri"). (3s)

B cryvae LS-cvssu cur{HoBbre MoMeHTbr o6onoser Ss crxaaulr B pesyJrb-
rupyroulafi MoMeHT,S, a op6uranrHbre MoMeHTbr L, - orgeturro B pe3yJrbrtr-
pyroqufi MoMeHT I. CneAoBareJrbrro, cyMMr{poBanur r op6uraJrbHoM tr
CIII4IIOBOM TIPOCTPAHCTBAX 

'BJI'IOTC' 
HE3ABIICI,IMbIMI{ II B KAXAOM I{3 HI.IX BbI.

nonHterct rrpaBlrJro, ycrar{oBJreuHoe B pa3,E, 2.4: r.xra4 B cyMMy rro BceM
Mrroro3JreKTpoHHbrM op6uranrnrru (cur.rnonrru) rnanroabrM qEcJraM BHO-
ctr JrlrrrJb qJreHbI orleparopa c paBHbrMn HyJrro pe3yJrbrr.rpyroulrrMu op6uranr-
HbrMr{ (cunuonrnrlu) panrarr.ln B [o.{npocrpaHcrBax orAenbHbrx o6onoqer.
3ro uosso.Ilfler c{opuynr{poBarb npocrofi cuoco6 HaxoxcAer{Err s ZS-csqeu
S-cpe4uero Marprrrquoro gJreMeHTa nro6oro p-snexrpoHr{oro oleparopa,
xoroprrft flr.rflera . oAHo3Jre(TpoHHr,rM B noArrpocrpaucrBe raxAoft o6onoq-
Ktr, Ha Koropyrc ou geftcrryer: neo6xo4uMo Bce op6nralrnrre parrr onepa-
TOpa IIpIIpaBH-f,Tb K HyJrrc tr onpeAeJrr{Tb r"rarpuurrrfi gJreMerrr [oryqeHHofo
TaKtrM o6paaolr oneparopa, 4eficreyroulero JrEFb Ha cnuHoBbre [epeMeH-
nrre. HanpuMep, rrcnoJrb3yfl BbrpaxeHue Ar.s oueparopa o6r"reunoro sler-
rpocrartrqecKoro B3arrMoAeficrBus (nropofi rrrrer{ B (2.121)) u rfoprr.rynrr
(IL3.7), (fI.3.5), HaxoAtrM Bbrpax(eHrre Arrfl ycpeAnennoro-roe(p$uquenra
npu o6uennoM rurrerparc Gk l57l

- &(& * t) l (L ll ct'r ll h),u,, /,1-1 {^sls,,s}. (36)

flpuuen-ax nrrqrec$opMyrapoBanHoe trpaBuJro K MarptrqnoMy sJreMerrry
TpexsJrerTponrroro otreparopa, .qeicrnyroqero Ha rpu pa3ruqnue o6olouxu,
HaxoAEM:

sr
Z <rrsrsr(s,.)s,sl(vor'r(l).1y@,x)g,yty@,xl'\gr11<r,1)lrys,s,{srr)s,s)

:

Free Hand

Free Hand



t02 4. t{acruqnne cyMMH aroMHbrx BeJruq}r}r

s
) 1rys.s, lsrr) s" s [(zror'r (lr) .1y{o"D gr'1^y(ox} g"1yot'r) I rysr& (sr")s, s)

Y

r (rsrs, (,s") ,s's)
: (Ky&Sr(&r)SrSl (tttot't (D.U/6") (Dx
y l/6xi1 (/r;1ror,r; 

I Kr & ^s, 
(srJ &s).

3gecr y - op6nralrubre u trHbre KBarrroBble qncJra, or Koropbrx wtarpllunrrfi
gJreMeHT crlnHoBoro oueparopa He 3aBr{crrr, a K:lf,E,l{,.

Ecnu oueparop B [oA[pocrparrcrBax oAnofi rrJrrr Eec(oJrrx[x o6onoqer
flBrrg.eTcfl,qByxSJreKTpoHrrbIM, To BcJreAcTBr{e paBeHcTBa HyJrICr pe3yJrETtrpyrc-
rqero op6uraJrbuoro paura B KaxAoM rr3 srnx no.qnpocrpaucrB ycpeAlreHne
MaTp[rlHoro 3JreMeHTa IIo Mr{oro3neKTpoHHbIM KBaHToBbIM qIrcJIaM, 3a I{C-
KJIK'qeHEeM CrrI4HOBbrX, MO)KHO paCCMaTpEBaTb He3aB[CHMO AJrf raXgOfr
o6onoyrlr (n 6a:uce HecBt3aHHbrx op6uranrubrx MoMenron o6onovex).

AnarorraqHo oleparopy r{ucra 3reKTpoHoB Z o|o, Mox(Honocrpourr,

o[eparop rr'cira nap s(Br{BaJre'Trrbrx 3neKTpoHo". b" o6paayerc.a r{3 onepa-
TOpoB )ErUqTOxeHur napbr sJreKTpoHoB alau u poxAeHr,r{ Torl xe uapvr alo!,

aia[asa,, (3 8)

rae al , a - ofieparoprr, 4eficroyrcqrre na o6oloury nlN. Corr'actro (12),
co6crneuuoe 3HarreHrre oleparopa I panno

elntN): t(g-tl. 
lntn). (3e)

Csq:rrna-f, o6a oneparopa poxAenur, a raxxe o6a oneparopa yHr.rrrro-
xeFrlr{ MexAy co6ofi, oneparop rrucra rrap 3JreKTpoHoB npe.ncraBnreM B BrAe

g - + f f - l)r,+s,+1( [aQ")t , 4G)t1G,sJ . [A(r") x A(/s)](z!8J).
Zt Sr

Orge;rr,Hufi qreH cyMMbr rrpeAcraBnrer co6ofi oreparop g (L$) ctrapu-
ratlus. 3neKTpoHoB c onpeAeneHHbrMr{ pe3ynbrtrpyrcqr.rMu uouenravrn I, u
Sr. Ecln ero npocyMMupoBarb roJrbxo ilo Lr To noJryqaeM orreparop clapu-
BaHHfl. c pe3ynbrrdpyroulnM cnuuou Sr:

s (s,):1 CI(r,s,):+
LI L'M,,M,,

xfa(tit 
" o<,o\'*il,*", [d(t") x a@f!'i! -*",.

Ero uarpuqnrrfi eneltenr orHocureJrbHo BoJrHoBbrx Synrqnfi | ftryIS )
xapaKTepn3yer BKraA nap gJreKTpoHoB co cnrrnoM S, n :neprnrc o6oroqxn
B COCTOSHUII CO CII{HOM ,s:

(/NyZS' g(S') /il1fS):1/(S, .Sr).

":+ zv(

t37)

(40)

(41)

(42)

Free Hand



4.2. CpegHKe, 3asr{cfique oT ctrtluoo

CpegHrx 3rreprrrr AByx3neKTponnoro o:alrvro4eficrBtrr Bnyrpn o6onosxn
[onyqaercr rryTeM yMEoxeHEfl cpe.qreft sHeprI,II,I B3auMoAefiqTBr.rt AByx gJIeK-

TpoHoB Ha qllcro nap (2.141). Ana.nornqno 3Heprnr AByrcne(Tponnoro B3aI{-
ruroAeffcrsus, ycpeAHeHrrar IIo BceM KBaHToBbTM q[craM o6olovru, 3a I{cKJrIo-
qeHEer{ ee cnLIHa, upe.4cTaBnteTct B BI{Ae

E(ntN s):r r(", .9,),8(z/r,s,). (43)
s1

Oneparop I (Sr) ,atsrrflercfr oneparopoM, geficrnyrorqtrM JrtrIrrb Ha crruno-
Bbre rrepeMennrte. On HaxoAr{Tcf, nyreM pa3Bc3blBanns BeKTopHbrx npolr3-
negeHufi o[eparopoB poxAeHr{t u ynllrlToxenn,e gJleKTponor r (41) upr lro-
Morqu xos${nqrenrop Kl rr BbrrroJrHeHus cyMMupor,aunfi. no Lr, M",. Cyu-
Ma AByx Apyrrrx xoe$$rqnenros Kl no Mr, upeo6pasyercfl npn troMoIIrE
(n. I.4) n naarpnvHrrft 3JreMerrr orreparopoB n (Zf0x).V|o\. CreAosareru-
Eo, o[eparop I (Sr,) paBelr: B npeAcraBneHlltr BToptrtrHoro KBalrroBatrvtfl

103

s (s,): I vl

"4o'li',i i: ;

d,a[anaa( - l)s'+t [Sr] xt/-t
vE(rr

la,r,u 
(oro'r (/). pto"r (/)) l/(h) (44)

(a!o.r (/). u,to, (D). (45)

u s o6uqnoM flpe,{craBJreHl{rr

s (s,).:[/] (- 1;s'+r f, [sr, tli:
Vlnruoxas ero Ha

tl2
Ll2 ;)r,_

[(-1)s.+8 (k, o)(21+t)lgk(1, D

E(/r^sJ: (2/+ l) [(- 1)s,*21*ll '
(46)

cyMMapyr no S. r{ Bbrpaxar cunnosrrfi ofleparop qepe3 o.qHoo6onoqeqnrre
orreparopbr rrptr noMoulu (3,97), HaxoAI{M ycpe.ryennrrft oreparop eJIeKTpo-

crarrrqecKoro B3arrMoAeftctsus,

s (s) E(tz sL), (47)

co6crsenHoe 3rraqeHrre Koroporo paBl{o ,E (n/ilS). Ono 6yAer uoryqeHo
B pa3A. 5.6 upu paccMorpentrE rpynE nnsufi B crreKrpe yponuefi 3l{eprul{.

llg.noxermsrft MeroA HaxoxAennc orleparopa Ilt errunaneureu npeo6pa-
3oBarrnro oueparopa H" so BTopEqEo-KBaIrroBaHHoM BnAe rlyreM 3aMeHbr

B HeM ,4ByX3neKTpOHHOrO MaTpEIIHOTO gJreMeIITa ero CpeAEI{M 3HaqeHi',IeM

E0r,s1) [14].

r
k

rt: r
,sr

Free Hand

Free Hand



104 4.

floryutrrlr ycpeAHerrHhrfi srfQerrunurrt
o6rrleMy AByxsJreKrpoHHoMy oneparopy c
BbrM panroM n rr ero npoerqHeft 4:

ryr:Z f,a$k') x ofk)Jw),

I{acraqur,re cyMMbI aroMHblx BeJrfiqr.ru

oueparop flr, 
"oot"etcrnyroqlrfiHe paBrlbrM Hynlo IroJIHbrM cnr{Ho-

(48)
i<j

r1e 'uot't - eAr{r{rrqubrfi ren:op (2.12), geficreyroruuit sa o6olo.rry z/il.
Marpnunr,Ifi gJreMeHT orleparopa 7$), B orrl{qtre or H", y)r(e 3aBEcr{T or
trpoeKur{I{ cuurloBoro MoMeHTa - 3Ta 3aBr{cr{MocTb, corJlacHo TeopeMe
Br.rrnepa-SKKapra (O.3. 5), 3aKJrroqaer B ce6e xosilSuqrreHT Kf . On coBMecr-
HO CO ClrrEOBbrMr.r r(o3ootrqlreHTaMn Kl, nonyvaeMbrMrr trpu pa3Br3brBa]lun
onepaTopoB al,a, rtpeo6pa3yeTcf, g cnl{Hosblfi oleparop

I

r"-(- t)klkl-t ) k, vlt&l' 
,Il 

t*" x z'!0,1$01) x

.. r+(-r)sr8(k, 0)ur 
ll12 l12 s'1 I f l/2 l12 s' I"--ffit'1,',; fltf ,# i'l (4e)

B .racrnov cryqae ilpv w:k' :k' :O onep-arop ?, nperpaulaercr B rosif$u-
rlr{eHr npu rruTerpate 9k B orreparope H's (47).

I,I:roxernnrft ruero4 ycpeAueHr{r no3BoJr.r{er HaxoAurb S-cpe4rue 4nr
4udronanrqbD( ornocrrrernno roH$urypaqrfi Marpr.rqubrx gJreMeHToB pa3-
Jruqrrbrx oneparopoB, B ToM uucre s$$eKTIrBHbrx MlrorogJreKTpolilrbrx o[e-
paropoB, rrepe3 MaTpnqEbre 3JreMeHTbI KoTopbrx Bbrpax(aloTcs, HalplrMep,
mnprrHbr r4Jrr,r BpeMeHa xr{3HH ypornefi (cu. paag. 5.7).

3asucr4Mocrb or MHoro3JreKTpoHHlrx cnlrnoBblx MoMeHToB cl{n coBoxyrt-
socrefi paA[aqr{onHbrx rrJrr{ oxe-nuuufi Mo)Ker 6urr xafiAelra nptMbIM cyM-
MtrpoBaHr,reM nplr HaJrntrHr,r {oprtlyr AJrr coorBercrBylorq[x cyMM rel{eaJro-
rr{qecKux ros$$uuueriroB c oAHt4M u AByMr orurerrJreHnbrMr{ gJreKTpoHaMI{.

leneanoruqecruft ros$$uqueur c oAHITM orrllenJreHubrM sJreKTpoI{oM

$axropnryercr rra op6raralrnufi u cuunorufi rnnroxnrem [54]:

(/r-r t' u' -L' S' / ll /x'yuL^S) : (lN -1 y' L' l )l ln y L)(/w-l u' S' /ll /r u S). (50)

34ecr ue na6opa y BbrAeJreHo KBaHToBoe qllcro crapr[IrHcrBa u. O6a MHoxI{-
TeJr.rr oTAeJrbHo yAoBJreTBoptroT ycJroBtrtM oproHopMrrpoBaEHocrtr:

r
vi

I
os-

(/rY -r YIl ll tN y L) (tx -t, EI 11 In y' 11 : I (T, y',),

(/iv-1t^S/ ll /Nu $)(/w-t uS/ Il /rvu' S): I (u, u').

(st)

(s2)

Free Hand



4.2. Cpeanae, saBucturue or cnr4HoB

Cpannraraa (36) npu Nt:4h* 1 c Qopr"rynofi, uonyuarorqeficx nptMrIM
cyMMr.rpoBaur{eM rro TrLzS, BbrpaxeHr,r.f, AJrr Ar.raronaJrbnoro rosrf(pr4ueura
gp F.4.25)

r.{ r{cnoJrb3y.e (51), Haxo,quM [58]:

) 1i"-' T ; LSt 11 tN yv tt' : f (/N -r t 
^s/ ll 

/il u 
^f;z 

:
Yo; 6

:"#h 
{ ++'s('s+ r)-s(s+1) }'

3ra $opr"ryna rplr onpeAeJrerrHbrx 3HaqeHr{.sx S:S +ll2 nepexoArT B Bbr-
pa)KeHtrq, tro{yrreHHbre e [54].

Bogrvroxen rarx(e rnoft uero4 Haxox.qel{rr.rl ro4o6rrrx cyMM reHeanoru-
qecKnx xos<pQraquenroB: HcnoJrb3oBaHr,re oueparopoB rrucJra qacrr{q v. ctl4-
HOBOTO MOMeHTa, a TaKXe COCTaBJTeHHbTX r.r3 HEX OrrepaTopoB, CO6CtreUnue
3llaqeHtrr KOTOpbTX r{3BeCTHbI rr B TO Xe BpeMt BbrpaxaroTcf, rrepe3 cyMMbI
npou3BeAeHlrfi reseanoraqecKr{x xoa$rfrquenron [59]. Peulenae norryuaevrofi
cucreMbr ypaanexufi orHocr{TeJrbHo cyMM reHearoruqecrrx roe$(|EqtrerrroB
c QlrxcupoeaHnbrMa 3HaqesutMr.{ ctrEnoBbrx MoMe}rroB IrprrBoAr{T K cooruo-
rlreHrlro, o6o6qarorqervry (54):

) g'-'yzvll /Nyzs) u'-r7zs/l) lN y'LS'):
iL
:D(T, T')D(s, s') ==1fJt,, I zu!t.- I/ N(2^s+l) I 4 I -s('s+ l)-s(s+ 1) i' (ss)

Vser ctrMMerprrr,r MexAy sneKTpouaMn E BaKaHctrrtvllr (2.130) nptrBoArrr
x AotroJIIItrTeJlbHOLry COOTHOIIIeEUIO

) tzt (/" -1 ?ts/ Il /,v Tzsr) (/iv- L "( Is' t IUr yz.e) :
'&

:E(y, y')8(^y, s]fi[ {t*+*+s(5+ l)-^s(s+ r1}.1se)

floAo6nue npaBtrJra cyMM AJrr renearoruqecrnx roerf$uqrreuToB c AByMt
oTIrIelJreHIIbIMtr SJIeKTpOEaME trOIyqaIOTC.fl trpE UCtrOJIb3OBaEUg BbrpaxeHrrf,
AJrr AByXSJTeKTpOHHOTO MaTpErrHOrO sneMeETa OnepaTopa sJreKTpocTaTE-
qecKoro rrarnr.rogeficrBrrfl, coAepxaulero raroft reueaJrortrqecrlrfr xoe([$u-
UNCHT:

(/{v'-21.zrS r, IzlzLzS.LSlH" | /fl'yZs) - [N' 
(ry'-l) 

]l/'z 
x

x (l{'-2 y rLr s, l? Lrs rll /fl' 1zs) (l? Lr s, I h l I z t I Lz s z> .
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(s4)

(57)

Free Hand

Free Hand



106 4. gacrnqsue cyMMbr aroMnbrx Be"rr{qHE

Vuuoxur.l ero Ha rpaHc[oHrrpoBauHbrfi Marpr,ryHbrfi sJteMeHT r.r flpocyM-
Mr{pyeM rro KBaHroBbrM q[cnaM 1LSM"M, o6ono.rKr.r /fl' (nclegcrBtre Atra-
ror{aJrbHocr[ Marp[rrHoro 3JreMeHTa uo z, s u ux npoeKq[sM ocraercrr Jrr{rrlb
cyMMa no y). Taraa cyMMa Bbrpaxaercr qepe3 Marpr{qHbrft srerrrenr sQsemuu-
Horo oneparopa (fI.7.5) upu Nr:l u Nr:1.

L[croNlas cyrv{Ma HaxoAr{Tcr lrp[ noMorur{ coorHolrleHr{f,

f trt (/iu.-tT, z, s, t2tLzs 2ll /{v'yzs), <t? Lzs 2l h. 
1 ts rLr s r;z :

^fi LrLt
.&

tt-- lr,"fr:rl Z [z] x
ft LtLz

yL

x (l{,-2yrLtSr, lzlsLzsrZ,gl H"fl H,-2yrLrSL, IzlzLz 52r,S> :

- l,,,17a:t c(/{r'-2sJ Ilr, l"![s,]-'x

x (l{'-2yrLrSb lzlsLzSrLStn"{ ll{,-2yrLrS1, IzlsLzS2LS>, (58)

rae g (/NS) - qrrcJro cocro-flHufi c AaHrrbrM 3HaqeHueM cnnna (3q; E"{ -
ycpeAHenubrfi cnunoarrfi oneparop, roroprrft lonytraercr us s${erruBuoro
otreparopa H"t nyreu [p[paBHnBaHrr.fl K Hynrc pe3yJrbrrrpyrorqux op6uralr-
Hbrx paHroB B noAnpocrpaHcrBe raxgofr o6onosru rr 3aMenbr AByxsJreKTpoH-
uoro op6uraJrbHoro oreparopa tuua (48) coorBercrByroqtrM ycpe.rr{eHrrbrM
crrrgopbrM orreparopoM (49). Brrpaxar uarpllunrrft SJreMeET o[eparopa
E"{ " rroAcraBJrf,r n (58), HaxoAr{M

r lLi (tf ,-2 y, Lr SL t1 L2 s 2ll /fl' y z's), <t1 L,s 2l h l I 2t s L2 s 2>2 :
^tr LrLt

rL

: r,,#_1, [sr, /r] -t [tlr] + ( - 1 )"'l -t g (lio. -2 sr) e Q L N|sils, s) x

,l.arau,l _#.(-')", {;: 
,; I,n (se)

34ecr ucuoJrb3oBaHbr o6osuaqenut Qk=qk(lLlb U) u

Q Q, N rs, Srs) : 2 (2tL+3 - i[, - x) (h+ t; 4 tr' 
({'-z) 

-
-s,(&+ 1)+8(s,, DIL *(x+Nt+2)+& -4rL- 4), (60)

rAe

X:S(,S* 1)-Sr(& + 1)-,So(,Sr+ t). (61)

Free Hand

Free Hand
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(64)

flpupauunnas s o6eux cropoHax (59) neuynerbre qreHbr c k:0, k':0,
HaxoAxM cjreAyroqee Bbrpa)r(eHr.re AJrr cyMMbr reHeaJrorlqecxux xosS(prquen-
TOB:

r lLl (l{'-2 yrLL s J? L2 s2ll /fl' lzs)r:
\ItLz

fL

:"ffi QQ,N,'t1'sa^s)' (62)

flocre4urft MHoxureJrb n upaaofi vacru (59) upeo6pasyercr K Br{,qy

I *r*" [++.r-'l' { at '; 
r;,1]:

: f, tzrl <rTLzszl h" I lzhLzsz>z, (63)
LZ

nosroMy cyMMa no yrLnl n (59) 4o-nxHa .qaBarb BerrquHy, 3aBrrcflu{Fro or
L2 turltu B Br{Ae MHo)KrrreJUr lLr\, u Ars reneanorr{rrecxtrx ros$([u{uenron
[oryqaeTc.fl Ipyroe [paBr{Jro cyMM:

r lLi(t{,-2y1Lt&t?Lzszll /iu'yrs), : * It+ (- l)',*s,l x
'tr Lt\L

**#9-,1",-r;1"rsQ?sr)-'e(/il'-'&)QU.N'&srs).

B pa6ore [59] 6rrno nafiAeno (rerur xe ueroAoM, rrro u (SS)) cooruorrreHtre

\ {t* -'yrrL &12 Lzszll /Nyzs) (lN -zy1L1s1lz LzSzll lN y' LS'):
'(tLr Ls

:8(Y's, r's) (2s+T*ht { sts* r)t2(s-&)'- 1l +

+{ [srs+r)-s1(&+r)+ti1]] (65)

flpu yrere ctrMMerpr,M MexAy sJreKTporraMu r{ Baraucaf,Mz ouo npeo6pa-
3yercr B rrpaBrrJro cyml [59]

r lzl (l n -, ^r r. L, s J2 L2 S 2ll /ily Z^t) (/il -' Ti Lr S i 12 L2 S 2ll /il yZ.S) :
'tLL,

:8(r,,S,, yisi) 7f1 tr,l { &(&+ 1112(^v-&)'- ll+

*!+!lt "+1+^s1(s,+ry-s(s+r,l. (66)

Oruerurrl Haruqrae B coornortrenuax (55), (56), (65) a (66) genrra-$ynr-
IIIIE IIO CIII{HOBbIM KBaHTOBbIM rI]ICJreM.

Free Hand

Free Hand



108 4. 9acruqurre cyMMbl aroMHHx Bq,rr,rqltH

4.3. Cpe4nne BeJruqlrHbr, aaBuccrque or KBaHToBblx
qI,ICEJ IIOJIHOTO MOMEHTA

Brr4e:renue rpynn yporuefi nlu tunufi rro ux MrrorogJreKTpoHHbrru op6nralr-
HbrM MoMeHTaM He xapaKTepHo AJr.rr aroMnrrx cneKTpoB. Eonee Ba)KHbrMlI
tBJrf,rorcs "I-cpe4nue, nocKoJrbxy nolurrft MoMeHT aroMa, a B cJryqae npeo6-
ra4anJvfr cnnu-op6nraJrbuoro aaanuogeficrarrg, - rr ttonHbre MoMeHTr,r or-
AeJIbHbrx o6oloqer - rBJurorcr xopolrr{Mlr KBaHToBbrMra qr4crraMr{. Cnun-
4y6nernrre rpynnbr tur.lziir npucytqn cueKTpaM aroMoB c BHyrpeHr{r4Mrr Ba-
traHcrrtMl{ I{ MHOrO3apfl.qHbIX I,IOHOB.

flpu pacuere J- ntru Z-cpegnero, KaK u rpu pacrrere S-cpeguero, TarcKe
MOxHo npupaBHr{BaTb K HyJrro cooTBeTcTByKrxIue pe3yJrbTqpyrculEe paHrr.r
orleparopa B rroArrpocrpar{crBe rax.4oft o6onoqxR. Ecnu oneparop B TaKoM
loAlpocTparrcTBe rBJrteTcfl.4Byx3JreKTporrHbrM, To MoxHo cKoHcTpyrrpoBaTb
op6uranurufi oueparop cnapuBaHrq I (Lr), oAHaKo onpeAen.fls ero Marpr.lq-
nrrfi slelreHT, He floJlytlaeM tBHoro BbIpaXeHI,I{AJrs,qvcrila N (L, L], uocKoJlb-
Ky oneparopH U(t) npu k> 1 ne .flBrsrorc.a co6crseHHbrMr{ oneparopaM}r
BorrHoBbrx Synxqufi I fts).

Alx naxox,qelrtrr utrcJra nnsr,rfi B crreKTpe u3JryqeHr{.fl, a raKxe rroprAKa
gvraronanulrapyeMbrx Marpr4rl sHeprr,rr neo6xogr.rrro Bbrpa)Ker{r{e Ers, qvc-
JIa cocrosullirurn ypoonefi c pe:ylrrrrpy$ur{M rroJrHbrM MorvlerrroM J. Toq-
Hoe -sBHoe Bbrpaxenr{e rroKa He lr3BecrHo, TaK)r(e KaK u An-f, .tfiaila cocto.f,unfi
c AaHHbrM op6[TarbubrM MoMeHTovr /,. flpu 6nuxeHHoe Bbrpa)KeHr{e Moxer
6rrrr nonyueHo trpu noMoulll $opuynlr, aHaJrorr qHo fi (1.22). r{u c.iro yponnerZ
c rroJrHbrM MoMerrroM ,I panuo pa3Hocrr,I arnceJr cocro-rHfif, c rrpoeKllfiqMu
nonuoro MoMeHra M':J u fuI':J+1 [60, 61]

N CKD: sffi : g (KM' : J) - s (KM' :J + 1) :

f (M)dM - f (M)dM, (67)

r4e f (ItI) - trJrorHocrb pacnpeAeJreHur 3HaqeHr.rfi upoerquu M uorureHra

"/ na ocl z, HopMl.rpoBanHafl rra rroJrrroe qtrcJro coctoqH[fi o6ono.lrrr (cmra-
eM, qro npn HenpepbrBHoM pacupe.qeJreHafi r'velro g (M') uonyqaeTcr [yTeM
r.rl{Terpr{poBanwf (M) tro rrHTepBaJry M,6tuxairuervry K .{aHHolvry 3HaseHuro
M', aanpuMep, .4Jrr 3naqeHr.I.fl, paBrroro 1, uurerprnpyeM ot M' - | 12 go M' *
+ 112).

oynrqlr.{ f (M) onpeAer.flerc.fl MoMelrraMu pactrpeAeJreHtrfl

,,L:vL: ;
'ttM

(tN yJM [ ilr, I lN yJM>r : (/$). . ..r$r;w (68)
c(ln)

J4ecr npz trepexo.4e K cpe.qHeMy yqreHo, rrro HeAnaronaJrbHbre MarprrrrHbre
sJreMenTbr o[eparopa trpoeKqstr rroJrgoro MoMerrra {l) parHu nynro. flpn
HeqeruoM & nua4rr or orp[rlareJrbubrxl{ troJroxnTeJrbubrx 3r{aqeHEfr, M xov'-
IIeECEpyIOTC', trOSTOMy BCe HeqeTHbre MOMeHTbr, B ToM qgcne CpeAHee 3rra-
rIeHEe af, ucvesalor.

J+312

f
r+t12

r+t12:.t
J-t12

Free Hand



4.3. Cpeaurze, 3aBr.rcrulr4e ot noJruoro MoMeHTa t09

(7r)

cTeneI{HbIx

(72)

(73)

Hrl :ruH e rrerHbre MoMeHTbr orrrlcbrBalorcr oAHoKoJroHHbrMrI AI4 arpaMMa-
MV ctw 2-J|4 HA pl{c. 3.5 II paBHbr

o?(tn):t"z1n):ffiffifi u,, (6e)

vi?n):on#t#;#;t {t@+ I -x)(4/-il)-a(N- r)x
x(4r+1-N)*(t/'1)(N-2)1Bn+3(/'r- r)(4t+t-N)BZ}, (70)

rAe Mr,rHI4MaJrbItbIe cyMMbI c .IerHrrr4 k

B-:f etimll5rtlntjm)k:Z i ^r:rZ i *-
jmjm:-jjm:ll2

paccqr.ITbrBarorcfl npr{ noMoxru $opvryn .qnfl cyMM KoneqHbrx
prAoB [62]. npu k:2 u 4 unleev:

B,:(21-y t)(412 + 4l + 3)16,

Bn: # et + l) (48t4 + g6rt + rs2rz + r04/+ l s).

Brrpaxenrae Arfl qerBeproro MoMeHra npeo6paayercr K 6onee upocrouy
suay [61]

piz\ : ##ffi# 
"- 

[f, u r+r + 2 - N) (2t - t) (40t3 + 84t2 +

f t1Q1+ st)-(2t+t)(16t4+24t3+8/2- 24t-rl. (74)

B cry.rae ronsurypaqul{, cocrotrqeft us HecroJrbKl{x orxpbrrbrx o6olo-
qeK, MoMeHTbI Bbrpaxarorc.rl qepe3 g4noo6onoueqnbre MoMeHTbr

6?(K): I c!((), es)
I

vi(K):f rd(4l'l+ a \ "71r!,)67(tir. (76)
i i<j

Ecw f (M) annpoKcllMupoBarb K-oHeeHbiM prAoM (2.91), a gla $ynrqur,r
I I l12+e

(77)f f (M)dM
J+r12

[crroJrb3oBaTb pa3noxeHl{e c ToqHocrblo Ao qneHoB BToporo noprAKa no
e c uocne,qyroulefi noAcraHoBxofi e: + 1, to [oJryrraerc.rl npu6nnxeHua.*
$oprrayla .4r.s qncra yponnefr xon$nrypaquu K c.4aHHbrM KBaHToBbTM qr{c-
rotrr ./ [60, 61]:

N(Ka:iffiffi l'*+ [rs--rr411.#]]*o [-#], (78)

Free Hand

Free Hand



ll0 4. 9acnrqHue cyMMbr aroMrrbrx Betr{q[u

r,qe C (K) - ronHoe qrcJro cocrorurfi KoH$Hrypautrn K. @oprvryaa npe.{-
cTaBJrteT co6oft AoctaroqHo xopoilyrc oqeFrry .qaxe .4Jr{ cpaBHrrTeJrbrro npoc-
rrrx rontfnrypanui, Kar(, Haflpr.rMep, da n:ln dsp [61].

Cpe4nue Be[trIMHbI, saBl(cflrll{e or oArrogneKTpoHlrBrx troJrnblx IvIoMeHToB
orAeJIbHbIx uo4o6ono.reK, HaxoAtrct npra rroMoulr.r o6urero MeroAa cyMMr{-
poBastrr a jj-cnnt (paga. 3.2).

flycrr n ron$nryparlnu trMeercfl BuyrperrHfls. BaKancvfl. c l*0 ur Br{errrHr{e

orKpbrrbre o6oloqrn. Vpounn 3Heprlrrl rarofi xoui[nrypaqrtr, a raKxe Jrrr-
HtrI{ CrIeKTpa V}ilySellu.fl, COOTBeTCTByTOTUeTO nepeXOAaM Ha ee ypOBHE, pa3-
Eerqlorc{ ctr JrrHErM cuun-op6nraJrbrrblM sea[N{oAefictBueM Bo euyrpennefi
o6onoqre na cnun-.uy6Jlergbre rpyfltrrr yponnefi uru trusr.fr.. flpr.r srovr qele-
coo6pasuo olpeAenflTb cpeAHtre xapaKTepEcTEXu se Bcero crreKTpa, a orAeJrb-
HbIX rpyln, T. e. ycpeAHtrb MaTpnrlHbre gJreMeHTbI rro BceM KBaHToBbTM qr{c-
JIaM, 3a ll'cKrKrrIeHEeM noJrrroro MoMeHTa snyrpenuefi Baxaucrru, Koropbrfi
ctrrlTaerc.f, xoporullM (BaHToBlrM qrcJIoM. Taroe ycpeAneHr{e MoxHo BbInoJr-
nnrr rovr6rnspoBannbrM MeroAoM cyMMrrpoBaHnr. flocxolbr(y cyMMrrpoBa-
Htr{ B rroAnpocTpar{crBax oTAenbHEIx o6onoser r.rrr,I rroAo6oltoqer He3aBl{cr4Mbr,
TO ycpeFeEtre MO)KHO BbrnOJIEf,Tb B IrOAtrpOCTparrCTBaX BHerUHr{X O6OnOqeX

6es pas4e.lrenv.fr.urx na noAo6oroqK[, a BHyrpefuroro o6oro.rxy c oAHoft sa-
rancr.reft nlj-t paccuarprlBarb KaK cocTorrqyrc rr3 3anoJrHenHofi u orxpr'rrofi
no4o6onouer j2r At)zi' 

+ 1, r ae j' : 1 L I I 2 npu j : I 1 I 12. 3r o tro3Borrrler coxpa-
I{RTb B CPEAHCM 3ABIICI{MOCTb OT IIOJIHOTO MOMEHTA BAKAECIIN J. fIPUTVTCPTT

rrpnMenenr{{ TaKoro MeroAa 6y.qyr npuneAer{br B pa3,q. 5.6, 6.3 s. 8.2 npu pac-
cMorpeul(u cmu-.ry6nerHbrx rpyn[ ypoenefr u:lu nunmfr.

floAo6nrrvr o6pa:ovr MoxHo coxpaH[Tb 3aBtrcr{Mocrb or noJlHoro Mo-
MCHTA BAKAIICqtr trJIE 3JIETTPOHA TAK)I(E fi IIPLI CYMMSPOBAHEII IIPOII3BEACHI{'
MarpE qHbD( gJIeMeHToB rlo KBaIrroBbrM q[rcJIaM trpoMe)Kyroqnrtx cocrogsnfi .

IlpocyrvrrvrnpyeM ctrJry trepexoAoB r[ororoe6yxAerrgt u3 BHyrpeHueft sa-
uo.rrnennoi o6ono.rKu Bo BrIeIrrHK,ro orrprlTyro o6olovry rlo KBaIrroBbIM
qECJIAM (OHCqHOTO COCTO'HE', 3A IICKJIIOqCHtrCM NOJIHOTO MOMEHTA BAKAH-

cytt ji

sA
'(t tt

| <Kol|t,+2 ry,.hJM \ Dt) ( Kollt'+t jrl{,*, ^$IiJ' M'S 1t:

t' M'q

: (Kollt,+2|{,\zJM I D"f (jr)l Krllt'+21{'yrJM).

.{na oueparopa [epexoAa B npeAcraBJleutrr{ BTopuquoro KBaHToBaHI{.f; lrc-
norrb3yeM iboprryry

Df,', : f ctl,r,i,fi,bn"h^, *,(ntlrjrfr, I d[t) | nrlrm2p.s),
tnt llzfrr

rAe Marpurrrrrft sreMelrT Bblpaxaerc{ qep€3 (n.6.1) upn f:l:
(nrl, jrfrrl df,D I nrlrmrp.r) :

rl2
Fr

(7e)

:.I. 
[,i," #,J

(80)

(nrlrmrprl dLD lnrlrmTp.2) , (8 1)

Free Hand



4.4. 3asuculaocrb or roa3lcnuHa Ir r.r3octtr.iHa I I I

3S$exrunnufi oneparop EaxoAl{rct nyreM noAcraHoBr(u (80) n (79) R BbI-
noJrl{eHnt cyMM}rpoBarl}r.fl npl{ noMou{H ycnoBrr.jt noJlrlorbr

D't(i): r (-tfal,b^"u,f^;u;aaix
rnzllzfrrQ
mt"v'rai

x (nrl,irfrrl dtD ) nzlzmzp.r) (nrlrm'2gttl d9"l nahitfrl> , (82)

r,Ue B xHAeKcax cocrotHr,Ifi y oneparopoB 4t, 4, bt, b onyrleHbl o6osxageHu-fl
oluro3JrexTpoHHbrx MoMeHToB.

9$QexrunHufi oneparop npeo6paeyerct B HopMa$Hyro tfoptrry aHaJIo-

rurrHo (16), upll 3ToM yrILITbIBaerct r{cqe3uoBcHxe qJIeHa, co,qepxauero one-

paropbl an,,, a|u rrocKoJlbKy oneparop pox,qeEut He Moxer co3AaTb Iro-
Boro cocrotHE B 3a[oJIHeIIHoft o6oroqxe. Boanpaurascr p o6rlrnoe npe.4-

cTaBJreHfie, noryqaeM:

Da(i,):[##+ r [x, i1](-

*l',', ';, iln"" Q)J a?,,,".

flapaverp cyMMupoBarrlrfl x npfiH*rMaer roJrbxo ABa 3naqenut 0 r'r l, npra

Koropblx 6"/:roe00sqnerrrbl uMeror rlpocrble Bblpaxeullt. Hcuoarry.a rox-
&ecTBo

ft# [r, (-r, + 1) - /, (L + l)- 3 141: (- r)tit'l-ttz'

oKoHqareJrbHo uMeeM

Dq (ir) :19!rl?#y]* tI + ( - t)J,+6-rlz y

x [3 t2 t,(t,+ t)(2t2+,r,,,, ?=ffijfrffiP voi &\) 4#. (85)

Ternr xe MeroAoM Moxlro co4pagrrrb 3aBrrcr,IMocrb cyMMapHofi nenu'rugrr ot
rroJrHoro MoMeHTa oAEoro g.IIeNTpoHa, yAaJIeHHoro or Apyrux o6onoqex'

4.4. 3asnc[Mocrb eHeprnn gnexrpoHHHx o6onoqex or
xBa3ncnnHoBblx Il HSoCnHHOBb|X,rBaHToBbIX TIHCeJI

CyUeCrnyrOT ABa aHaJIOra CUIIHOD9TO MOMSIITa ROJItrIIeCTBa ,4Bux(eHnfl -
rBa3lacrrr,rx tr II3OC[uH. PaCCVOrperuIe oJIeKTpOHHTTX O6OnOqeK aTOMa B 3TIiIx

,qonoJrHtrTeJlbHblx npocTpaEcTBax IIO3BOJI'eT BhItBIlTb IIX CKpbITyIO cEMMeT-

plilo Ir nolyquTb pa3Jluqllble cooTllollleHllfl AJtfl MaTpunflblx sneMeHTOB

r$r:u.recxnx oneparopoB.

l)*-r,*r,*tt,ll12 t,: ; )"
(83)

(84)

Free Hand

Free Hand

Free Hand



ll2 , 4. gacruqsne cyMMrt aToMtbrx Ber,rrlrrnfi

Oueparop KBa3ucluHa - TeH3op [epBoro pa.Hra, r(oMnoueHTbi KoTopofo
BhlpaxarcTcs qepe3 TeH3opHbre rrpo[3BeAeHur o[epaTopoB po)KA€H{s E
yHnrrTo)r(erru sJreKTporron [13, 14]:

Q\D: -i U't+ [a(/s)t x 4{tr)t1(oo),

-t
O!l: - i ttlz P{rs) x;(rs)1(oo),

,t
egr- -| ttlZ {[arr")t.xd(r6)](00) *fAQ"t yarr,rtlroo);.

(86)

(87)

(88)

(e0)

(e 1)

(e2)

Sror oneparop KoMMyrnpyer c orreparopaMr,r op6r,rranrnoro. u crrr{HoBoro
MOMEHTOB KOJItrqCCTBA.ABDKEHI,If,.O6OTTOqKU:/tr. ErO OQ6CTSCUUOC 3HAqCHI'IC

Q nupaxaerct qepe3 KBarrroBoe qrlcJro o6ono.rrt,r v, a Mq - co6crseuuoe
3uaqeutre oneparopa QP - yepe3 rrtrcno gJreKTpoHoB n d6ono.xe:

a:+(2/* t =u), Ms: -l rzt*r -N). (8e)

O6onoqra /N c N qerubrM coAepxur repMb{ c u:0, 2, ..., N, r{M. coor-
BercrB)ror 3HaqeHtrr Q:l+112, t-112, ..., h+-*:-*o Orrrerr.rvr,
qro BoJrr{oBax ifyrrqnx BaK)ryMa (N:0, u:0) xaparrepu3yercr He paBHbrMr{
Hyrro 3Haqe:ginstivrr rnaarcutHa u eio npoerquu.

Paccvorpenne KoMrvryrarltroHublx coornouen rfi ofieparopa xgaaucnnHa
c ouepaTopaMtr poxAeEE I tr yHu{ToxeHar 3JreKTpoHa rroKa3brBaeT, rlTo oHr.I
B npocrparrcrBe roa3uctrEua trpeAcraBJrnor co6ofi KoMrroHeHTbr o.qrroro
Hetrpl{BoAtrMoro rerl3opa paura 4+ll2 U3l:

oX"l,I : sVIt) ,
, ^1"

dyr"l" : e l)t + s -n - & a<tst _ * : rGIs)
-i ^t'

Tensopnoe upor{3BeAeurre ,'
f,1{ltsl x o(als)1(*, *"tc,)

flBrllrerct crarrraprubrM rpofinuvl reugopoM, ar{aJroilrqHbr*(Vrn') (/). Bupa-
xar Quravecxd oneparop Bo BTopurrHo-KBauToBanrrofi Qoprrre qepe3 orre-
paropbr e\cts) n cBt3brBat rrx KBa3lrctrtrrroBbre parrru MexAy co6ofi, MoxHo
olrpeAeJrtrrb reH3opHbre cBoftbisa c;roXnoro oneparopa s *sagucnruosovr
rlpocrpaHcrne. Haupurvlep, oueparop 3JreKTpocrar[rrec(oro eranrraogeficr-
BIII BHyrptr o6ono.rKu npeo6pasyerca r rnqy [14]

H": -t Vt, "r+ [l -t, I f <'or r's I h lnt,Lss x

x [[a{et"l x akts)l(LLs) x [a(ers) x 4(q,s)](1zs)16d0). (e3)

Free Hand



4,4. 3asucaMocrb or KBa3r{cnsna r{ uSocnusa

34ecr upunrro Bo BrrrrMarrrre, qro KBa3r{crruHoBbrfi paHr 'TeH3opHoro .ilpolr3-

BeleHrr.rr AByx olepaTopoB pox.qeH.Lrfl r4nl{ yHlrrrToxeHr{.n 3neKTpoHoB MoxeT
6urr roruo eAur{r4qr{brM, nocKoJrbKy ero npoerrlrrr uory.raerct paBHofi I
ulrvr *1. filx HaxoxAeHrrr gueprr{r{ o6o,ro.rKn, ycpeAHerrrrofi no sceN,I Mrroro-
3JrexTpoHrrbrM KBaHToBbTM qr,rcraM, 3a HcKnloqelaiaex'r Q, Mo)r(Ho lpHMeHI,ITb
rarofi xe Mero.{, KaK r{ rrpu pacqere ,E (/rvS) r paa4. 4.3.

Cs.fl:ueaq ofieparopbr poxAeHut fi yHHtrroxenur enerrpbHoB B olrepa-
Tope qucra nap (40) .qonoJrr{raTenbHo B KBasacnrrlroBoM rlpocrpancrBe,
rrpeAcraBJrseM 3Tor oneparop B BrrAe cyMMbr eleparopoB I (r.tSrQ) c
orrpeAeJreHHbrMr{ KBaHToBbrMLr qr{cJraNfLl Lb S, v Q,

s: f s(LrsLe). ' ' :" . (s4)
LL STQL

Irl: oueparopon g (ZrSrgJ MoxHo cocraBr4rb oneparop cnaptrBarrrf, c orpe-
AeJreHHbrN,r iriaqeHnerv{ xralucluua O, 

i

"(Q): z sQ,s,QJ. (nr)
lrS'

Co6crBennoe 3HaqeHue KBa3I.{c[I,IHa Ans o6o,'Ioqrr,r /2 ltoxer [pI{HI{Marb
Tor'rbKo ABa 3r{aqeHr{fl: QL:l+112 Air r6plora rS c 'D:0 v Qt:l "Il2'Atrs,
Bcex ocraJrbHbrx repMoB, Koropble Bo3ultrKaror BrlepBbre B .qByxsJreKTpounofi
xou$urypauun.

Oueparop g (Q:l+l[2) Bhlpa)Kaerct qepe3 orleparop KBa3IrcrII{Ha

li3

? (Q':l+
lp--z a: :: ,x.

: _ru1_, 
T [1

r
Q,

" 
o(ers)1(roo) ;1 lqQI ") .x a(4rs)] 

(100)] (x00) :

-t, l] tn"' xQ'f,'

a g (QL:l-l12) yI.o6rts npeAcraBrrb B BtrAe pasHocrtr

9 (Qr: I -'t 12) : s - a (Q': I + t l2).

(e6)

(e7>

Cpe.ryxr 3Heprus .{ByxgJreKTporrHoro 3JreKTpocrar['rec(oro r:allvtogeficr-
eRr n o6oro"rne E(INQ) aHaJroruquo E0"s),(43) upegcraBrrterc{ B BI{.4e

EltN 91: N(Q, Q)E(trQ,). (e8)

3.4ecr N(Q, Qr) - .tuctro,.xapaKTepl{3ylouee BKJIa.q.[ap SJIeKTpoHOB]c KBa-

3rlcnrrHoM Qr.v cpegaee 3HaqeHtre 3Heprlu o6oro'n4, c rA&HI{rIM SHavgIIueM

O r:,
N (Q, Q): <tN QLS ts(Q)"tN QLS). (ee)

Free Hand

Free Hand

Free Hand



tt4

Ono naxoAnrcg

4. 9acruqsue cyMMbr aroMHbrx Be"rEquH

nyTeM Bbrpax(eHE Marpflqllblx SJreMeEToB oT/qenbsblx qIe-

2 (41+3) (21+2-u)
(4/+4-'r) (4/+3-u)

ooprr,ry,rrr ExA E' (/?u) xaxogxrcr rrpt cylt{MupOBaHnCM:

E" 7l'z,t:o): E (1, ts): # Z or ( (103)
k

E",7tt v : 2) : rca#<tt +l 1 o r r,, /) [8 (ft , 0) (2t + t)2 - t - t], (l 04)
k

rle 9k (1, l) - r{Hrerpa.rr ([1.4.7). flo4crarnra (103) ra (104) r (101), xaxo-
AI{r.r cr'reAyrruryro QopuyJry AJrr xoeQQnuuenra rrpH }rHrerpaJre Fk (1, l)

HoB,oneparopa (96) g x:0, l. 2 reper co6crneHnrre 3Haqen[r oneparopoB
(Q(tt . Q@), Qo), Qtz,, r.rMelouue npocrr,re aare6pauvecxne 

""rpaxenun it+1
N(Q, Q,:l+112):(Q-]ra+D(e+Ms)let+t). (100)

tlucno N(Q, Qt:t-t12). coruacrro 197), paono pa3Hocrr.r norHoro qucra
nap -|y' (N-l)12 u N (Q, Qr:l+ll2). floacraBilar.3rn qr{crra B (98) n rupa-
xar rBa3HcIInH gepe3 {HcJro cTapffLrHcTBa u, HMeeM:

,e-" i/"u; : eY?lffil=L E" 7tz v: o) +

, I N (N-t) (N-,t)(41*4- N-u)-\ z - 4\2t+D ) 8"1t,":21. (r0r)

9scno cocroqnufi c AaEHbrM u oAr4HaKoBo AJrr BCex o6o;roqex lr, lr*t, ...,
lt'+z-' H paBuo qr.rcny cocrognnfi o6oloyxn /u, BrrepBbre norBr{Buruxcr
s rrofi xon$urypautu

(k > 0):

r, (/n,) :l !#ffiP- ### ),," r'" ",r'.B c,ry.rae noAo6oroqrw .jN ona 6rrla npnne.uena r [12].
flpu u:0 H u: I rr (105) cJreAyror anre6par.rvecKne Bbrpaxenux glr xoeS-

$uqnenra/k B cJryuae e.qnncrBeHnbrx repMoB o6oroqru /N c srnrn{r 3HaHeHur-
MR {}ICJIa CTaprrIHrrCTBa:

lt(/xlsr) <rllc@ llt>z,

frQN ?t) <t ll cG) lir>z.

I{nun,t cuoco6opr srn Bbrpaxenus 6urta nafiAeHrr s [63].
Ecru s onpeAeJreHnu KBa3r4cnHHa (86)-(88) B Kax(AoM reH3oprroM npora3-

Be.qeHHI,I 3aMenlrrb nropofi oueparop pox(.qeHns Ir yHr{qroxennrr 3nexrpouoB
TaKHrtf xe oleparopolvi. SsfisleyroruHM Ha Apyrylo o6olouxy c TeM xe op-
6nra,rr'HlrM Mo\{elr.Tor\4. no F}rr,rh,i r.rIaBHbrM xBaHToBbIM qr4c.lroM, To noJry-

s(u): (* :')-( 1:; ): ( ";', . (102)

rIM

t),

),
r&(bI

l, I

(105)

(106)

(r07)

Free Hand



4.4. 3asucuMocrb or KBa3r{cnItga u I.i3ocnLIHa

III,IM Apyrofi aHaJror cn[IloBoro MoIueHTa Konr{rlecTBa .qBHXeHI,It - II3OCIIIIr{

[la]. On rrosBoJrrer r,raccur[uqnpoBarb repMbr rorsr,rrypaurrn, coAepxauefi
.qee orxpbrure o6oroqru c reM xe op6HTanbIrbIMMoMeHToM nLlN'nr/x', rto
rIX flpo[cxo)KAeHr{ro r rou$urypaqu.r{x r\rra nrlNiofl2lN,-o rr rroJre3er{ [ptr
paccNlorpeHrara cBoftcrs paAr{aJrbrrrrx BoJrrroBlrx $yHxqlrfi, oproroHanbuoc-
TLI BoJrnoBbrx $ynrquil pa3irurrr{brx ron$r.rrypaqr,rfr u cl,lerrnBanus.6pulnro-
sHoBcrux roaSnrypaU[il t64- 661. IzfuocnlrH, xaK r.r crr.rH 3JreKrporra, uMeer
co6crseuuoe 3HatreHue I f2, a zuauenue ero rrpoe(rJarr paBr{o - 1 f2 Ars srcx-
TpoHa e nrl-o6o.novre u 1[2 - .4rr{ onerTpoHa n nrl-o6onovKe. I{3ocu[HoBoe
qncno 7- rranorogreKTpoHHoro cocrorHrr.fl ron$urypauwu nrlN'nrlN. npn N1 )
)ffr, ff.* Nr<41+2 rpr4rrtrMaer 3nar{eHrr or (N1 - Nr)12 go (Nr+ Nr)12,
a IIpOeKrIr{s r.r3ocnr4Ha paBHa

M7:(N"-N)12. (108)

Oua onpe4enrer rou$r,rrypauuro. B To BpeM-rr KaK H3ocnlrHoBoe qucno yxa-
3blBaer, s xaxofr rou$urypaqLrv rtrfle ilrlN'+on"lN'-e nnepnue rotBJlfierc{
AaHHbIfi Tepr!(. Mr.rHr,rManbrroN{y 3na.reHr{ro H3ocruHa T:(Nr.- Nr)/2 coor-
BeTCTByToT Teprvfbr, roTopbre BrrepBr,re no.f,BrqroTc-fi B paccMaTpr{BaeMoft
ronrfurypaUuu nrlM,nrltr' u oTcyrcrBylor B 3rreprerprlrecKn SoJree I{Ilt3Kr{x
ronSurypaquxx c p>0.

rftacno cocro-f,Hfifi c AarrHbrM 3HaqeHr{eM IogilHaroao Bo Bcex roH$r,rrypa-
qflJ{x c N:Ifr+Nz:Coost, I Mr l4?- ll paen-aerc{ pa3HocTr4 yKcJra cocTo-
g.uurit s rou$nrypaqvvc Nr:Nl2+7, Nz:Nl2-7, B Koropofi oHI,I no{BJrt-
roTc{ BrrepBbte) yr trr{cJra cocroflHlrft n rcou$urypauuu c Nr:Nl2+T+1,
N2--Nl2-T-1, n xoropofi oHrr orcyrcrnyror. Plran.

l l5

(r0e)

9racro cocro.f,Hr4fi, BrrepBbre rrorBir.f,rorq[xcr B AaHr{ofi ron$urypau[u, paBHo

g(lN'lx'n:( *;':;.,)G',::,) +*

s (tn'tn., : *';*' ): ( #,1i) ( 
-';' 

) 
r%*L

aff>r : ot"t'1t , a::,:J- sGts, ,

lrrtt -zmlt

brflt : ditat , b[!,'): a<;r"t .

(l 10)

Oneparopu at u a rBnrrorcr Herrpl{Bo.{r,rMhrM[ TeH3opaMLI paHra r:
:l 12 s Aolonr{nreJrbr{oM rr3oc[uHoBoM npocrpaHcrBe [14]. 6ygev cqr{Tarb,
{To dr, a geficrnyror na o6ono.{xy nol, a bt, b - na o6oroury nrl. TorAa

(11 l)
t^tr t^w

.flsHoe Bhrpaxeulre AJrf 3Heprrru neanuogeficrBufl, ycpeAnennofr uo sceN{
MHO[O3JTeKTpOHH6IM KBaETOBbIM qrrcJraM, 3a HCKIIOqeHHeM H3OCTTIIHOBbIX,

HaxoARTcr ratrtrM )Ke MeroAoM, r(aK [r S-cpe.quee. Csgrrrnag rpofinrte ren-
soprr (l1l), nonyvaeM o[eparop c[apr{BaHl{{ gJreKTpoHoB c orrpe.qeneHublM
rr3octrEHoBbrM MorvreHTou I (ntlnrlT), roropufi ilpl{ rrcuoJrb3oBauuu coor-

Free Hand

Free Hand

Free Hand
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HorrreHr{r (fI.1.4) AJr.rr rr3octrurroBbrx MoMeHroB npeo6pa3yerc.rr B cJ.retry}o
rqr.rfi usocur.rHoBbrfi oreparop (cp. c (45)):

e(n,inrtTr,1: 
Tt", 'l'f-Or,., ltltl 

tr1 
: )r.

x(zt'r (nr\.7<,t@il), r12)

3Aeca Z(") @rl) - oAnoo6o,ro.reqHrrfi oneparop

N,

T(i (n,/) : f {i (n,t), (l 13)
t:l

cocraBJrer{Hbrft r,r: o4noaleKrpoHHbrx eAnHr4rrHbrx oneparopoB, geficrryroutr,rx
B A3OCrITHOBOM npOCTpaHCTBe

(nittiltG) (n,t)!lnrlr):E(n,, n;). (114)

Z-cpe4uee sHeprr{},I .qByx?neKTpoHHoro 3neKTpocrarr{qecKoro B3ar.rMo-
Aeficrsu-fl HaxoAr{Tc.s nyreM cyMMnpoBaHu.s BKnaAoB or Bcex nap

E"(nrlN,nrlN"D: f t(a, Tr)E"(nrlnrlTr), (ll5)
Tl

rAe qr{cno N (7, T) xapaKTepl43yer BKnaA nap gnerTpoHoB c r{3ocrrr,rHoBbrM
rIHcnoM Z, e anepruro cocrogHrr{ c I{3ocnlrHoelrN,t .{t{cJror\,{ 7'

N (7, Tt): (nrlN'nrlN"'(T\g(nrl nrlTr)[nrlN'nrlN,yT). (1 l6)

B 4ayxo;rexrponuofi xoH$nrypaur{lr xBar{ToBoe rrr{cJro ?", panuo e.qr{Hrrue
AJrfl TepMoB ZS, roroprte Bo3MoxHbr n ronSurypaqrrll 3KBUBaJIeHTHbIx sJreK-
TpoHoB /2, ra uymo !\1fl ocralrbrrbrx repMoe. Ycpe4ueuHar AByx3ner(TpoH-
Hat ?HeprI,I{ HaxoAr{Tcfl IrprMbIM cyMMr,rpoBaHr.reM]

) ta, st[1 -(-t)t+s] 4n1ln2lLS,h" nlln2lLS)

E"(n,ln"li":0): ftU:Uf- , Ut7)

f, ta, sl U +(- l)r+sl (nrl n2lLS ; h , ntI nzlLS)

E"(nrlttrlT:1): W. (ll8)

Cpe4nue xoa$@r,rqueHrbr y r{Hrerparos Fft u Ge npuuraMa}or Br4A

fo(nrlnrtr:0): -go(n,'tn,lr:0): tffi, klo, (1191

po(ntln"l ?":0)+ -Fo(trrlnrlT: l): -1, (120)
'

f r@,t n,tr:1)-Erfu1tn,lr: l): - iffilr, k>o. (121)
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flogcrann.a-a n (1 15) BbrpaxeHr.r{ gtrt N(7, ?-r) (rnlarpu.lrrbre 3JreMeHTbr
orleparopoB 7(J) 

^ 
7(J) HaxopTc.s raNLrM xe o6pa3oM, KaK I/t crrr{HoBblx orre-

paropoB 5to) " 5(r) B crrr{HoBoM npocrpaucrne), a rarxe D,tsfr, s:r (ll9)-
(121), oronqarerrbuo r4MeeM [58]:

frlln'ln'T7:
: - Tr:#ffi [(/+ l)N'N z+(2t +r) x]' k> o'

Er(tn,t,,r): -T;ffi tg* il,r/,+xl, k>0,
1

gs(lN,lN,T): ; NLN z+ X.

3Aecr

X : T (T + l)- 7, (Zr+ t)- Tz(Tz+ l),

(r22)

(r23)

(124)

(t2s)

rge T, - rr3ocnr{rroBoe qucJro o6onoqru /N,, paruoe Nrf2. Bwpaxenue (124)
Br,IrloJrHterc{ He roJrbr(o IJrt cpeAHero 3HaqeHur, Ho I{ Ant orAenbHbrx Tep-
MoB, Tar( rar rosr!$uqrreHT g0 B r{3ocrrr{HoBoM lasuce flBrsera ArraroHaJrb-
H6IM Ilt He 3aBucI,IT oT ApylLIx MIIoro3JIeKTpOHHbIx KBaHTOBbIX vuCen [14].

VcpegHennrrfi roerf $uqueu r f r 1lN' Z,), coornercrnylorquft n:au*rogeficr-
BI{ro Buyrpr{ o6onourra, coBlaAaer c IrQ*n), [ocKonbKy T, rrpuauvraer roJrb-
xo oArro zlaaueuue Nrf2.

flpu

I=(ili -Nr)12- -Mr, Nr2 Nr, (126)

sz (122)-(124) cne4yror Bbrpa)Kerrufl rns xosQrluqueuroB, ycpe.4ueurrbrx
flo BceM Tepr\{aM, Koropbre BtrepBbre nof,BJr.flrorcfl s AauHoft ron$urypaqun
[64, 58]:

I*(tN,ttt,r : - M): _Ot#ffH4:/+T <til co llt>z, k> o, (127)

f y(tN,t[,7:'Mr): -d##ffii$ <rllc(t) ll/),, ft> 0, (r28)

gs(lN'lN,T: - Mr): -Nr. (129)

Kar ngsecrrro, trpr{Meueune BapfiaqtroHrroro trpuHqrrna AJrr HaxoxAerrtrfl
tsoJrnoBbrx rfynruufi nos6yx4er*rbrx cocro.flHrfi rpe6yer BbrtroJrrreHu Ao-
troJrr{ureJrbuoro ycJroBrrr oproroHaJrbrrocrr{ r{cKoMbrx $ynrryrft r $yrmquxv
rrnKeJrexarqr{x cocrorntrft c rervrn xe oAuooreKTpoHubrMtr op6uranrxrrMn
MoMeEraMu sJrerrpouoB u pe:yJrbrtrpyrculuMtr MoMeHTaMrr [67]. Llcuonrao-
BaEI{e roer$(fuquenron (127)- (129\ n ypaBnenusx Xaprpu- (Dora asroN{a-
TurrecKn o6ecne.rusaer BbrrroJrlreHue gToro ycJIoBII.fi , noc(oJrbKy gHeprernqecKn
Huxenexarque rou(furypaquu nrlN'+D nrlN,-o (nr>nr, p>0) ne coAepxar
TepMoB co 3uaqeHnell T: - Mr, rrogroMy -f,BJrf,Iorct oprorolraJrbHhlMn K
r{9(oMbIM $yll quxlnl no KBaIrToBoMy tlEcry Z. Kporr,te Toro, B ESocIrEHoBoM
6aruce nonyqaercr rqr{aroHaJrburru ocnonrofi o6rvrerurrd roaQ([nquenr go

Free Hand

Free Hand



ll8 5. Cnexrp yponnefi 3Heprxu

u r{cqe3a}oT HexoTopble vexxoHszrypaqr{oHHbre MaTpnqHbre SJreMeHTbr

[66], r. e. oH rBJrrercr 6oree roqnbrM, seM o6brqxbrfi 6agsc cBr3arrrrbrx Mo-
MeHToB, co6euHo npu ,ly't: Nz \t Ntg bo.rrglux 3Earlegrfr 3apflAa y.4pa.

.{,u Qurzuecxtrx oneparopoB, BbrpaxenHbrx qepe3 rpofrnrre reH3opbr,
r{oxHo npr{MeHrTb TeHsopHy}o TexHuKy Bo Bcex Tpex [pocTpaHcTBax: Hc-
rloilb3orarb reopeMy BzrHepa-3rKapra, BBoAr.rrb o6o6qesnue reHeano-
rr{secxHe xosrpQuuuenru

(tNriEiTIlllNyLST), (l*-ryrLr s:TrlzL,szTrlltNTLST), (130)

onpe.{eJrrTb 3aBrrcr4MocTb MaTpnqHbrx SJreMeHToB oT Mrroro3JreKTpoHrrblx
H3ocrrlrrroBbrx quce,'r. .{l.a naxoxgenuz T-cpegHr{x noJle3Hbr cyMMbr raxnx
reHeaJroruqecxnx ro:$Snrlr4errroB npu $uxcnpoBaHnbrx 3Haseutrrx E3ocrru-
HoBbrx quceJr. Bcregcruae anaJroruu MexAy cn[r{oM rI rl3octrr{HoM gTIr co-
orrdorrreHr,rr noAo6nu Qopnayrau (54)-(56), a raKxe (64)-(66) R noryqa-
lorc.s n3 Hrrx lyreM rrpocrhrx aaueu [59]

,S*7", y-+TS, IQ-->[L, S], 2l+l-->41+2. (r3l)
3arraenrr He 3arparprBaror Jrrnrrb Mr{oxr{TeJrr I +(- 1)t,+&, o6ecuesusarculero
BbIIIOJIIIeHI,Ie yCnOBIrrt L2* S r: qgmHoe qUC"/tO.

5. CTIEKTP YPOBHEN SHEPTI,IN

Cnexrprr ypoeneir 3Heprur{ aroMa 6oree npocrrr tr ryrrne H3yqeubr, seM Apy-
rl{e aToMHbIe crreKTpbl, r(oTopble o[peAentloTct rle ToJrbKo HaqaJrbEbrMu,
HO lr (oHerIHbrMLr cocroflr].ttfl.lr',t4, a raKxe oco6enHocrsMrr rrepexoAoB Mex,qy
Hr.rMH. EoJ-lrilLlncrso pe3ynbraToB no r.I3yrIeHI,Irc cpe.{EI{X xapaKTepr{cTl4K
tl craruc'las.ecKrrx cBoficrB cileKTpoB Toxe orl{ocurcfl K crIeKTpaI\{ yponnefi
3Heprr{r.r, no3ToMy HX paccMoTp}rru B uepByro oqepeAb.

B uepnrrx pa3geJrax npr,IBoAtlct o6une BbrpaxeHl,It AJII MoMelrra JIro-
6oro nopx4ra crreKTpa, o6yclonlenxoro o.qHosJreKTpoHHbIM pearwoAeficr-
uuertl (npu HaJrEqIIrr Apyrr4x B3ar{MoAeficrs[ft - AJrt BxnaAa raKoro B3au-
Mo.(eftcrBr.rr n uouenr), a raKxe AJIg BToporo, Tperbero tr rlerBeproro Mo-
MeHroB cneKTpa ypornefi oAnoft ron$urypautrrl B HepeJr.srlrBucrckoM qpu-
6nraxeuuz. BosMoxnocru IrpI{MeHeHLLl gTLIx tboprryl Ar.fl tr3yqeHtr.a o6urnx
oco6engocreft cnerrpoB uJlnrocrpl{pyrorcfl pe3yJlbraraM[ IrccJIeAoBarIEfl
HeKOTOpbrx cle(TpoB aroMoB r{ rroHoB c oAnoft orrpurofi o6oloqxofi (pa:1.
5.3). Mero,q cyMMrrpoBarru.f, rlo BceM MrrorogJle(TpoHHhrM KBaHToBbTM qnc-
JraM rro3BoJuer raKxe EaxoAqrb - 6ea npone,qeHlrf, AeraJrbublx pacqeroB -
cpeAutre xapa(Teprrcrtrrr{ KoMnJIeKca cMelrr[Balorqtrxcf, ron<lurypaquir ustu
oueulrBarb cretreub cMelxtrBallnt orAeJIbHbIx xon$urypaunfi, alteroA cyMME-
poBaHHt rro trpoMexyToqHblM cocTotHl{tM - ytrpocTlrTb pacqeT roppentrlrdoH-
nbrx rronpaBoK K oneprlrn yponueft (pasa. 5.4).

Bonpocrr crarvarulnr yponuefi, orrlrque ux pacflpeAereutvg' or EopMaJIb-
HOrO 3aKOHa Anr CJTOXHbTX aTOMOB, rIpotBJreHLIe rOppelr[nft MexAy ypoBHt-
rrau (nx orraJrKl{BaHue, cDexrpaJlbHa.fl xecrKocrl) roporro rl3JrararoTct B pa3A.

5.5.

Free Hand



5.1. MouenrH, o6yc.noa,renntile oAHo3reKrpongbrM e:auuo4elicreueu I lg

CynluuponaHrre 3Heprur{ ypoBHefi uo r{eroropbrM MeHee BaxHbrM r<BaH-
TOEbrM qr{cJraM rro3BoJrreT E3yrraTb o6pa3oBaHue rpynfi ypoBHeft B crreKTpe -
CTIEH-AY6JIETHbIX, CuuIIOBbIx, a TaK)Ke o6ycnoBIeHHbIX o6MeHHbIM sneKTpo-
crartrqecxuM B3ar.rMoAeficrBr{elr (pas,a. 5.6). BosnnrHoBeHrre raxux rpylrrr
yponxefi upr{BoAnr r o6paronannro rpyun nunuft B pa3nr{qnbrx ctreKTpax.
A.irre6pauuecKoe cyMMtlpoBarrue Beporrr{ocrefi pa4nauuoHubrx u aBToHo-
rII{3aIIuoHHbIx lrepexoAoB no KBaHToBbIM qtrcJraM KoHeqHbrx cocrognuft
cy[IecrBeHHo ytrpoulaer pacqer ecrecrBeHHbrx rrrnptlH yponneit, BbrsBJrser
cry.v.av rax npn6nuxennofi r,rHBaplraHTHocru (pa:g. 5.7).

5.1. MonreHrbr cneKrpa. BxlaA oAHoeJreKrponHoro
nsanuo4efiorBltfl B ft-fi mouenr

Cpeaaxt sHeprtrfl eJr€KTpoHHofi xonrpurypaqall, ilpeAcraBnrrou{a{ nepelrfi
naqa,rrxrrft MoMeHT crreKTpa yponnefi gneprtru, rrtIapoKo flpr{Mer{sercr B
(aqecrBe oAnori ra3 ocHoBHbrx ero xapaKTeptrcrnr, Ee ssnoe BblpaxeHrre,
IrpHBeAeHHoe B npnnoxeuuu 4,6rrno uonyueno r [25], a 3areM ApyruMr,r Me-
ToAaMtr - e [68, 50, 59]. ,{pyrne MoMeHrbr 6ygerra orrpeAeJrsrb orr{oc[TeJrbuo
cpegueft oHepruu, T. e. ncrroJrb3oBarb r{eHTpaJrbHble MoMerrrbr. Cornacno
{2.56}, (2.54), MoMeHr ft-ro uopxl6a cneKrpa rou$urypaqun K onpegeJrf,ercs
€Jre.qyuur.rM o6pa:ou:

p*(K):"&, f, t<ry lnlxy) - E(K)tu,

rAe y - cocrorHtre aroMa; .F1 - ero raMxJrbronr,rau (e ero Marpr{quoM gJre-

MeETe trc.tronb3yrorc.f, BoruoBbre r[yxrquu npoMe)Kyroqnofi cueu). B o6-
rqeM cJryrrae rKn (1) Moxer rpeAcraBrsrb raxxe cyrepro3rqr{ro AByx u 6onr-
rnero qrrcJra xouQurypaqnfi, ror4a cyMMr.rpoBarrue rro T npo6eraer Muoro-
sneKTpourrbre KBaHToBrIe qucJra Bcex orrrx xonQurypaqrrfi. B Hacrof,rrleM
pa3Aene 6y.qeu EcnoJrb3oBarb oArrororr$urypauuonroe npn6ruxenue.

I,Icrmoqa.fl r.r3 oreparopa fI cpe,ryroro erreprup ron$nrypaurrn, Bbrpaxa-
eM rlenrpaJrbsrrfi uovtenr k-ro nop.sAxa qepe3 Marpuquhre gJreMenTbr yHrr-
Tapr{o-EetrptrBo.4uMofo raMurbrolrlasa :){ rrJrr{, coDracxo (2.113), uepee
cpeAuee or trpotr3Be.qentrr ft oueparopos :?l:

pt(K):;ai > GylltlKy)r: <U]>"
r k oE€paropoB

(2)

9nenrr raMurbroudaHa, otrtrcbrBalouue Kur{ernqecKylo E rrorenrlrlaJrbuyro
3neprnrl 3JIeKTporroB, a rarxe ocrroBrrbre peJrrrrrBucrcKtre flotrpaBKn (saora-
caMocrb Maccbr gJrexTpoHa or cKopocrtr tr [onpaB(y .{apuma), B oArroKoH-

$urypaquouuorrr upu6nnxeuxx Buocrr BKJTaA Jrrrlrlb B cpe.qrroro sHeprrrro E,
TaKuM o6pasont, He coAepxarct t il., roroprrft B HepenrrrrBr{crcKoM cryqae
6y4eu cqnrarb cocrorrrlaM tr3 orreparopoB sJreKrpocrartrqecKoro B3arrMo-
geftcroux MexAy sJreKTporraMu 7t " w oAHo gne(Tpor{Horo cnrn-op6uraJrbHoro
sranvrogeftctsnx 7t'o :H* (2.6)

(1)

7t:2t" +.N"o. (3)

Free Hand

Free Hand



120 , 5. Cner<rp yponnefi aHeprult

{nx uouenroB cler(Tpa, oSycroBreHHoro oArro3neKTpoIrHbIM B3ar{Mo-
AeficrBueM (2.7), unu ero B(JraAa B MoMeETbr rrplr HaJrrrquu raKx(e n AByx-
sneKTporrH oro B3alrMoA eftc"r Bvfl , Moxr{o tronyqr,rrb o6qee rBnoe Bbrpaxeutre.
B [16] ans sroro 6rrr ucrroJrb3oBan rpynnonofi MeroA, rr3JroxeHllblfi B pa3.{.
3.1. flplruerreHne Ar-rarpaurwnofi TexrrlrKr{ tro3BoJrreT yrrpocrnrb BbrBoA }r
KonKperrr3rrpoBarb caMy QopryJry.

B 6aeuce HecBr3aHHbrx MoMerrroB cpeAHee o.qr{o3JreKTporrHblx oleparo-
pon Qarropu3yerc-fl Ha cpe.UHr4e oneparopoB, 4eficrryrorqr{x Ha sJIeKTpoHbI
oAgofi r.r rofi xe o6olo.lKr.r, rrogToMy Mbr MoxeM olpanuqllTbcr cJlyqaeM, (or-
Aa Bce oneparopbr B paccMarpnBaeMoM cpeAHeM 4eficrnyror na o6ono.rxy
lN.

.{uarpavrrraa cpegHero or npolr3BeA ettus. k oAHo3JrexTporrHbrx otreparopoB
COCTOI4T I'I3 OAHOTO UJIU HCCKOJITTTAX QPATVEHTOB _ 3AMKHYTbIX UETEJIb.
(crra. puc. 3.5). O6osnaquM ux rrr,rcJro h, a uncr'o BeprercoB s i-fi uerre wn ee

AJrnHy - k,. flocronbKy nern.fl coeAr.rrurer He MeHee AByx Beprer(cos 2(
(kr{k, ro I {h <{k,12}, r4e Qnrypurre cro6xq o6o3na.Ialor qeJryro qacrl>
qr{cJra.

B cryuae h)2 l;;lnnuvraltbnafl. cyMMa -B* rfarropu3yerct Ha BKna.(br or
orAenbHbrx rfpanrleHron Al{arpaMMbr:

Bs: Bx,B6. . . Bt r, (4)

flpeo6paeyeM Mr.rnr{Marrbuyro cyMrwy or 6agnca I nlmp") r 6asucy I nljmt),
B KOTOpOM rvlarpr,ruHr,rfi 3JreMeHT onepaTopa Tl4rra raMI{JrbToEraHa c paBr{bIM

Hynro pe3yJrbTr,rpylour,rM paHfoM oTHocuTeJIbHo rroJrHofo MoMeHTa tBJr,IeTcfi

ArraroHaJrbHbrM no j n Ye 3aBr{cI.IT oT ero llpoeKql,Iu t?4j:

8,,:'
jmJ

t-l

Ar.,-,: f ,- 1)e+,+1(p+ t)--t ( ,_:_r)
F:Q

(ntjmi 
l f ) ntim.,sk, : z rzi * t) (ntj 

I f l rtj)k, (s)

Bcevr 4uarpaMMaM c :laAanHofi 4nunofi rlereJrb rr reM )Ke qucJIoM HanpaB-

JreHHbrx sHng ruHlrft coorBercrByer o,qrl{aKosrrfi N-MHoxtrTeJrb (3.51) unr
(3.62).

Paccnrorpr,rvr oAno[erJreBylo AtrarpaMMy AJItrubr k. flepecranngx n seft
MecraMrr Bce BepTeKcbr KpoMe oAHoro, troJryrlaeM coBoKynHocTb olFoneT-
JreBbrx AuarpaMM Alunoft k. Ilzcno Bo3MoxHbIX cuoco6os coeAnuenrr,r
k (k>2) neprercoe oAnoft nerneft c / (1 <t<k-l) nanpaueunblMr{ BHu3

orpe3r(aMrr nmwuir. paBEo rILrcJIy rlepecralroBox ft- I gneuenroB, trpu Koropblx
gJreMeHT c 66nsururvr HoMepoM t pa3 3aMentercfl gJreMeHToM c Mer{bIIruM Ho-
MepoM, Ir npeAcraBJr.f,er qtrcJro 3fi.nepa Atr,t-r116l

Kporue roro, Heo6xoALIMo yqecrb, qro rIerJItMu $rmcuporansofi AJIuHbr
MoxHo coeAuHrrb pa3nurllrble BepreKcbl. Ilracno cnoco6or coe4rneuws. k

(6)

Free Hand
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BepTeKcoB rreTJrrMr{ Anr.rHofi kr, kr, ..., k1, (6es yqeTa noprAxa coe.4EHeHnt
BepTeKcoB B [eTr.flx) paBrro

vk, k,. . .k- kl 1'-k - k,!k,r....1,r1 v(2)!v(3), . "({ *Dl,
(7)

rae v (i) - qucro rrereJrb oAr.rnaronofi AJrr.rrrbr, coeAnHrroilIrax i reprer<con;
{kl2} - rlera.s qacrb qr.rcrra kl2.

Taxrryr o6pasou, cpeAHee or ft oAnogJrerTpoHubrx oneparopoB, orrr{cbr-
BarouIEX nsarvrogeficrB[e B rofi xe cauofi o6orosxe nlN, nvtpaxaerc :

x f KT"'r^
ko-1

Ar,, r,-, f Ar,r, ro-rx
t n:l

'kr.,.kn
(2<&r<... <kr<ft1

x8(rr+...*tn, r)8(k1 + . . . + ku, k) Br,. . .Bo^.

O,ryroenerrponnrrfi oleparop c paBHbrM Hynro paHroM oruocr{TeJrbHo
rrorHoro MoMeHTa rrMeer ogr{HaKoBbre pe3yJrbrr.rpyrcrque paHrlr r op6zranr-
HoM r{ crrrrHoBoM rrpocrpaHcrBax, trosroMy, corJracHo (2.37), (n.3.8) rryu k:
:k'*0, cpegHee o6.naAaer cneAyrorrlr4M cnoficrsoN{ clrMMerpr{r{ orHocr{TeJrb-
Ho 3aMeHbr gneKTpoHoB r,aKaHclaflMu (upu sarr.ropoxeHHbrx paAr{aJrbHbrx Bon-
HoBbrx Syuxqurx):

(Fr...Fo)n:(- 1)r (Fr...g*Stt+z-N. (g)

3ro uo:Bonrer npor{3Becrlr B (8) eanreny

/ 4l+2-k\ / 4l+2-k\ / 4l+2-k\
\ r- , )- \ r- t )+ (1-8(r, kl2))(- 1I\ N+t-k / ' (r0)

orpautrquBa-rr rpr{ 3roM cyMMupoBaHr{e rto t or h Ao {kl2}.
Br.iraA cur,ru-op6uraJrbHoro r:auvrogeficrBrrr B k-ft rr,rouenr cneKTpa ypoB-

nefi sneprxn rroJrylraercfl [yreM KorrKperv3aqur{ B (8) nrrpaxeuufl. Errfl vrtr-
uuManbHoft cyMMbr Bu (4'1, (5). Ono HaxoAr{Tcfi trptrMbrM cyMMr,rpoBaHr.reM
Marprquoro oJreMeHra (II.5.3)

Bi' : f Qj + r) (ntj I h'" i nti)r :
j

: Z-k+t I (t + t) [/r-r 1 ( _ t)F (/+ t)r -rj(*t,

rAe (rr - trocro-flHHax cuun-op6r{TaJrbrroro naamrrogeficrnur.

)-'
kr-1

t
tr:l

(e,. . .nr)n :(o'it ' 

f,' T^(- 
r y'*' (' *'-;r ) "

(8)

(11)

Free Hand

Free Hand
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5.2. .[ncnepcuq, acnMMerpnf, H aKcqecc cneKTpa
ypoBHeft oAHofi KoH$mypaqnn

Brtpaxenux Anr Ar.rc[epcnu ypooneft aroMa c ognofi orrprrrofr o6o,ro.xofi
[50], a rax)r(e .{nr HeKoropbrx rrJreHoB Tperbero Lr qerBeproro MoMeHToB,
coorBercrByrorur{x AByxsneKTpoHHoMy n:auuo4eficrBr{ro BHyrprn nogo6o_
rotrKr.r r{Jrr{ MexAy uo4o6ono.Kar"tu [51], 6run uonyqeHbr rIpI{ rroMorrltr
cooruornenrft r{Jrr reHeaJror[qecKrrx roe$$uquenroB rr Marpr{llrrbrx SJreMeH-
ToB oleparopoB - Mero.4oM, noAo6HbrM uclonb3oBauuoMy npu BbrBoAe
Soprtynr_r grx cpegueft oueprrr.r (2.141). O6uras <fopr,ryna Anr .qrlcuepcr{u
crrer(rpa [69] 6una nafi4ena cnoco6oM Heo[peAeJrer{Hrrx rosr}i[rur{enToB, uc-
xoAs u3 rBHbrx rDoplryl glx npocrefimnx ron(furyparyuft; nptr 3ToM MaKcrl-
ManbHblfi noprAoK MoMeHTa KaK Mnoror{JreHa or qr,rcen 3reKTponos n o6o-
iloqKax ofpaHI{qI{BaJIc.{' ucxoAt I{3 3aBI{cI'IMocTI{ oT HI{X cJIeAa MI{oro3JIeK-
TpoHrroro o[eparopa. (Kax cne4yer lr3 o6ulero MeroAa cyMMlrpoBaHlr.f,,
raroft cnoco6 Haxo)KAeHr{.[ cyMM npr,rMeHr{M ToJrbKo B cryqarx, xorga roe$-
Ququenr y o[peAeJrenHoro npor3Be1envfl. r{HTerpaJroB rrpoucxoAr{T or o.quoft
MIlH!{ManbHofi cyuvrr lrJlr{ HecKoJrbKr{x cyMM, Ho Bbrpaxaroqnxc.fl qepe3 oAHy
r{ Ty xe MtrHrrMaJrbHyro cyMMy.) O6rqne Sopvrynrr Arr.fl Tperbero r{ {erBepro-
ro MoMgr{ToB nonyrreHbr r [70] tr.ero.qoM, r{3noxeHr{brM n paa4. 3.2.

Cpepee or oAHoro ofleparopa culrn-op6raraJrbr{oro neauruogeficraux
n ;rro6oro qtrcna o[eparopoB SJreKTpocrarqrrecxoro B3arrMoAeficrBl{.fl r{c-
qe3aer, TaK KaK B cyMMr.rpyeMoM Bbrpaxer{r{r{ ToJrbKo lrarpnurrrft gJreMeHT

ofleparopa cunn-op6r,rraJrbnoro BtanvroAeftcrBr{{ 3aBrrcur or rroJrHoro Mo-
MeHra rr cyMMa no 3ToMy tdoMeHTy, corJracHo (II.2.4), paBrra r{yJr}o. Tarnlr
o6paeou, ,4r{cilepcn-fl pa3,{enqerc{ Ha BKJraAbr or crrrrH-op6uranrnoro u
SJreKTpocTaT[qecKoro n:aalnlo4eficrnnfi :

d'(K): a?"(K)+63{lK). (12)

BxraA oAHo3JreKTpoHHoro a:aurvrogeficrBr.{r aAAr{TEBeH rro o6onosxall

o'3,(,<): o!,(n,l!'), (1 3)

a Ka)KAa{ qacrb, cornacHo (8), (11), npu k:2, h:l ur"reer Bbrpaxentre

oz""(ntN):N (4t+2-N) iffi; el,. (14)

BxnaA or gJreKTpocrarlrqecKoro B3ar{Mo.qeirctsus onucbrBaerc.f, .quarpaM-
vofi na puc. 3.9, a. Ou pas4eJrrercr Ha rlrreHbr, coorBercrByroulue B3alrMo-
Aeficrsurc Buyrpr{ orKpbrrbrx o6o,ro.rex tr Mex.(y HEMr,r

67(K) : \ 4 {",t! ) + Z & @,ti'n,t! l,
i i.j

xoropbre paBnbr (rnarurre KBaHToBbre tmcra Aaree ouycrarorcr):

N(nr- 1) (4t + 2- N) (4/+ I - N)

t

; 7,"1?##-r,

(1 5)

/ ftl_
I K'T

o!(ln1: (4t+2) (4t+t) 4r (4t-t)

Free Hand

Free Hand



5.2. ,Ilxcnepcnr, acrrMMerplrt E gKcqecc

I l-
--TTn Gt+n I or 

"' 
t) sk' (t' t)'

4{r{'r,):ffi"
.I I >, !## nr(t,, t,)nk'(t,, t,)+

I *to &'to

.I [+*# - ed@;T-]ertr,, Iz)sk'(tL, tz)-
kk'

- - 
_a 

r r- ," {';, ';, l,,l ur u,., t,)sr'(t,, h)1,

rAe rnre{paut Fk u Qk otpeqerrenbl col-rtacHo (II.4.7), G.4.8)

Pnc. 5. l.,4rarpar'nvra Ars cpeAHero () (* }f }P)x (.rru6o <cD')f cN >")

123

(1 6)

(1 7)

0

B clyuae oAnofi orrpurofi o6orouxu, rroAcraBnt.fl B cpe.$ree <7t7n(>N
raMrlJrbroHl{aa -)( (3) u ysv'tbrBafl HIiBapL{aHTHocrr, cpe.{Hero or rpex one-
paTopoB orHocllTerbHo noptAKa HX pac[oJIo]I(eHI4t, pa3AeJr.[eM ero Ha TpI4
qICHA:

pu (/r): p5, (/") + p5 (/n) +3 <)(."o )("')(."o>N . (l 8)

Cootsercreyrcqlie ,ql{arpal4Mbl uro6paxenrr Ha puc. 3.5, 6, e, 3.9,6-z u
5.1. OnpegersflLtx BKJraAbr u BblnorH-tr-f, cyMMtrpoBaHr{e [o npoeKIII,ItM oA-
EO9JTeKTpOHHbTX MOMeHTOB, HaXOAI{I\.f:

*i'(/n) : - N<qt*z-fi3lfit N)a+\ e1, (re)

/ tlso.)te-;lso\iY:4(N-l) (a/+2-N) (a/*l-N)'
\ '! ' 2141+2) (41+1)41(41-t\

. > lryq -Gt+2)J\t+t)f rrg, r1q7, (20)
fr>0

r
k>o, k'>o

k'>0
lG-i).(#-i)1.pi (/') : ( ";' )-'

"{ *"a- lryit-l',', 
oo,ll-.n#@F+

Free Hand

Free Hand
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{', ', -! }*' l', ', I,l"
]., { it-!),*rlo k' n\,_l"'-fr r r[-lo"

lr t-l r t

I rl, ,l
I (r, e')
2k +l

..1 I I
^l l r

o\_rlo k,o,\,__ 6 f ryt,0,>t<'l -ll I t I-(zr+rx+l+rlL-x,+--

r,ll.o#&nt 
ll 

sk(t, t)sr'(t, t)sk'(t, t). (2t)

Bxo4xrr{rae B BbrpaxeHrre 6ranouuanrnue roe$$xrlneuTbr cne.uyer Bbrpa)Karb
uepes $arlopl{aJrbr r{ co*parr{arb oArr'aKoBbre M'oxr{TeJrrr .qo ro'Kperr{-
3arluu 'tucna L

BrnaA pto lrcvesaer An{ nony3alro.nnenuofi o6orovKlr, flBJrs.ercfl.rroJro)Kr4-
reJrbHb_rM rryu N>21+ I n orpuqareJrbHbrM rpu N<2/*1. cueruannHfi
uen (20) rroJroxr{TeJreg Anfl p-3neKTponoB, xo o}pnqareJre' AJr.n d- uf-ercrc-
TpoHoB.

B o6nlevr cryrrae rou$Hrypaquw K c HecKoJrbrtrMr,r orrpbrrbrMu o6onoq-
KaMr{ p,B (K) pargenaercfl. Ha cneAyrourrre cjraraeMbre:

ps (Jr): f r,, (ll'l + 6 f <q': ?tijqc j")* + f <q(ijTtijr7j>K +
' i<i i<j

+6 f <2{f,1tio,}ti,)* +Z \ 4lt",2t"tjqqj>K. (22\
i+ji<j<k

!1ecr jr, (/,I,) - BKJTaA or B3arrMoA eircrnus.BHyrpr,r o6onosrr 1!';7F,r- orc-
parop 3JrerTpocraruqecxoro naaRvto4eficrBtrr Mex.qy o6onosxa\,M /I, r
rN,l;'' c ucxnroqennofi cpe4uefi sxeprueft; 'J(!o - oleparop cum-op6uranr-
Horo B3auMoAeficrnr.rr e o6oroqre 1,I,. I4ngexcw i, j,k upo6eraror HoMepa
orKpbrrbrx o6onoqex.

,{nx neerazBaJreHTHbrx gneKTpoHoB HoBbre Ar,rarpaMMbr no cpaBrreur{K,
C 3KBNBANEHTHbIMI4 SJIEKTPOHAMI{ HE TIO'BJIflIOTC', TTAO6OPOT, BKJIAA HEKOTO-
pbrx Ar'rarpaMM r{cqe3aer }r3-3a HeBo3MQXHOCTT{ cBeproK MexAy orreparo-
paMl'r polKAenufl u yHrrrrrox(elrufl gJieKTpoHoB B pa3JruqHrrx o6oro.rxax.

Or4enrnrre rureHbr t (22) rrMeror cne4yrorqufi .ssHrrfi s:zry, (i*j*k*i):

11tg 7ti, 7tj')x, N, - 1,,\la!!2:D, at6Ll2: D - "8 (4t,+t) (4t,+t)

"[#Ht#:i#]' T,- r. l';,';,'ol rr,',, Ii)c,,c,,,

Free Hand

Free Hand
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./ :ve :)t" -rrcrN,N,- Nr(4lt+2-N) Nr(4lt+2-N)
\ TLii /Lri rLii./ '- (Aln}Glnl)4ll4li2 ^

x {(4/,+ 1-,^/,) (4lt+l -lr;)+(ff,- l)(N;- l)l x
x Dr(l,l1l,l1; lrl,l,l,; I,\1,1,)- Knf, - 1) (4lr+ | -&)+
+ (41 t + 1 - ff,) (N; - l)l D z (l t I r I t I r ; I i L I t 4 ; l, l.t I J )j,
/ -]/c )l? tlc rNr NtNo: 

- 
Nt(4L+2-N,') Nt(4lt+2-t'tt) -\\ tLii 

'L jk tL ki) 1a-1,a21g1,11ya1ra21 1a1r411 ^

., Nkglk+2- Nk)x f1ra 6ffi D 2( tl i lr I t ; lr I kl k l t ; I r, I t I t I ),

<akt l(.ij Ttij;N, N.i : _ t{fi!ffi3traffifflt 
"

" !l@tt!,?. N'! DzUttitJi; t,t,t,t,; rjtirit)," (4lt+2)(4lt+1) '

125

(24)

(26)

r4e D, u Dz - Mr{HlrMa,rbHbre cyMMbr (3.69), (3.70) (s Hax yqnrbrBarorct
JIlIIub qJreHbI, KoTopbrM cooTBercrBylor oAlrHaKosrre If -r4HoxllrenE) .

9erneprrrfi MoMeHT cneKTpa ron$zrypauun, coAepxauefi o4Hy orKpbr-
ryro o6orovKy, npeAcraBnrerc-s B Br4Ae cyNfMbr nrrr{ cpe4Hnx:

pn (/") : pi" (I") + pi (/N) + 4 <')(' )(so )(so:)(soSN a

+ 4 <7t" :)(so )(so ,){.">N + 2 <)f )Fo'-)(e ,)('o>N 
.

Brra4 cnr.tr-op6uraJrbHoro s:arN{oAeficrtut $f, (/N) uaxo4urcfl nyreM
KoH4perrl3auun (8) (k:4) r{ noAcraHoBKI{ Mr{Hr4Manrnoi cyrurr.trr (11):

!,i'(/") = m C4r{I@t+ 1-nD(4/-nD-

-4(N -t)(4t+ 1 - nD+ (N- l)(N -2)llt" +(/+ 1)31 +

+ 6 (n'i - t) (41 + 1 - N) t (t + t) (2t + r)'zj . (28)

(2s)

(27)

B cry.rae cpe,qHero rrerbrpex onepaTopoB SreKTpocrarriqecroro B3arrMo-
.qeficrnus BHyrprr Aannofi o6onoqru Bce Ar,rarpaMMbr, rroJryqaeMble r{3 oAnofi
u rofi xe ocHoBHofi guarpaulrrr, Aaror o.qunarosrrfi BKnaA Ir, KoHKperr43rr-
pya o6rqee BbrpaxeHue (3.84), HaxoArrM:

p,i(/^,)- (*;') '{[( Ti).(]_l)] ".
., 

[( #- : ).( #- i )] r2F,- 4Fz-. Fet*

. ( #- X) ot,- 8& + 4Fs- 4F4+3.F5 + 3'F.l 
) 
, Qs)

rae 4 - Mr{ErrMaJrbHbre cyMMst (3.77)-(3.82) npn ncex nrle paoHux r/.

Free Hand

Free Hand
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45
ypoBHeI{

(71' :]("o fso )lsoSrt - "

"* f, l-! nV'+tt*!b*!fr!9f arg, tyq1, (30)
k>0

4 (:)t"o:)1. :11e 2tso>N + 2 (ip ::i1"o ,]Ce :)lso>N :

:' (*;' )-' {,lG -:)- ^ G, -:).( lj- i)l *.
.\ff, -:) -' ( L:). (^] -i)] *.' ( #- 1),*,+2Mf, q-

.'[( ^]-)-(ij-l).(^]-)],"1, (3,)

rge M, - tracrHhre cnyqau (upr.r ncex nrly payylerx n/) o6unx MmEMilrbErD(
cyMM, coorBercrByrorqrx ocHoBHbrM Ar{arpaMM au l5a (M), 7 a (M[\, 9a (M r\,
l3a(.M) w 16(M"):

Mo(l,li; lalsloln; Iolrl{a; /r/"1 :

Free Hand

Free Hand
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\" (32)

/"(/"+t)(i*

(33)

(36)

5.2. .(,ncnepctr, acuMMerpr.rr tl eKcrlecc

: t2E(t,, t) { r,11,+ r)(2/"+ l)(i f lL, sl(vffrr. torn

rr, Sr] x

rl2 1 \,& rtzl'

U'o$ts; leletoln; Iolnl' li; li,l"):-€8(/", ()8(", /r) +

* f [r, s]v,'{,c,,o,rv,tj,r.,^,r,
ts

Mt(l"l€; Ia\lrlr; I1.lol,lr; Irl):
: € 8(/,, /, S(/r, tr.) ) (- 11/u+t,+r'+/, (," (,0 x

x U"gn + l)(2/"+ r)t,(to+ r)(2/o+ r)l I [/,r, s,,
zr sr I,r ^s,

xvtf;,r,,v,';f,i,",rl'i, ';, )rll;, ';,; ) { 1:
Ur(!"lt; l414l,lr; l7.lrlol, ; Iplt) :

: €8(r", /6)80e, lr) Jz V,$11)(2/,+ l)/e(/e +l)(2lr+ l)lr (,"(,0 x

x f, ( - l)'e+rr+zr+sr+z'i-s' [rr, s,, Lr, srf v,t;fc: ,rtrvfi,to", ,0,r,
Ir Sr lr.tr

'{ f ; i' } {i, '; ',"|t'Ji, 'J:, j, } {ii; 'l: J, }' "''
M s(l,l* lEli.l€le; lrlolulr; l.nl^1 :

(34)

: - E8(,, Q8(/,, /^) I V,&+ l)(2/,+ t\tnln+t)(ztn+ lIt (,"(,, x

": (- l;'E+rr+r+"[], s] v,'1,^.,r,rvffro, r,tnx
IS

"{ I 'i ill'J: ',1, i },
rAe Marpurrnbrfi sner'reHr Zzs onpegereH corJracHo (3.58), a qHcJIo € 6ulo
BBeAeHo n patp. 3.2.

,{.na ronrfnryparlllu c nro6rrpr qHc]roM or(pbrrbrx o6oloqex uerneprufi
MoMeHT BHllaxaercr r{epe3 cpeAnne oneparopol B3&uMoAeficrnnx BIryrpH
pa3Jrnqrrbrx o6onoqer H Mex.ay HRMII:

pr(lK):f rr,(l,I'l+ 6 Z <N, t(,1t.')t,7(,5 a

Free Hand

Free Hand
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s,
+ 6 >' ()(r )(.)q:)Q.,'l(",,5 +6 f <7(.ij?(.ij> <:)t"kflti) +

i< j i< j
k k<l(i<k)

* r'{ :tc t )t. i )qi }(.ii\+ r t 7(. t tcr )Q, :}ti,1+ f ' {-)(': :}(.i" )ti7ti,} +
ij i<j ij

+ ) {uf )(rc 11so )(.i,} + 4 Z' <)t"t1li,2ti,1ti,s a
ij ij

+ f ' 
{ 2(.i )t?i)qkqqk} + \' 1'tt'i'lti' :}qk7q} +

i i<j
j<k k

+\' 1-Ui,'l(.i,1/;o1tikj + \' {71?i2{it7(,io7ti,} +
i i<j

j<k k

+)' {){iNii)tik }(ik}+r' 1}(.",,)(-ir,)(.i,)Q,7. (37)
i i<j

j<k kl

3Aecs ranAercbl y oleparopoB o6ognaqaror l{oMepa o6orovex, Ha Koropble
onn Aeficrsywr; 7tr::](i+7{'f .CyuvnpoeaHr{e npoBoAtrTcs tro BceM or-
xpurr,tlr o6olouralt, IIITpITX y 3HaKa cyMMbI o3HaqaeT, qTO BCe lIHAer(CbI
cyMMHpoBaHur{. AoJrxr{br [ptrHuMarb pa3ruqHble 3Haqeutrt. Cxo6ralvrn { }
o6osHa.reHrr cyMMbr cpeArrr4x or rex xe oneparopoB nplr pa3nuqHoM ux [o-
psAKe:

{O\OzOzO, }:8 { 01O ,O"On} t 8 <OrOsOzO*) *8 (OrQ2O1OB>., (38)

{OlOzOsOB}:8(O.Ozosoz>+4<O,OBO,O,>' (39)

{ororo2o}:4<oproro") +2(orororoz). (40)

Cpegxne, coAepxaru[e rprl lr ABa oleparopa oll{H-op6nralrnoro B3ariMo-

46ficrnur, I{Meror BblpaxeHrlfl:

{q.":7t':7ti'lti} : - n

* f (- 1)&[k(k+ t)-tltt+ r)- t,1t,+\Jgr(t,, t,)(?,|ry (41)

{1!,r,N",,}{ii )tt' } : 24 Y lffirffi##f^i=ii4l 
"

" Nj(4lt+2-N) MzQrlr; trl,I,l,; lrl,lrlrl l,l), (42)
^ Gtt+/) (4tt+r\

{ itr )ti"l{.ij'tti}: "
x {(a/, 4t -N,)(4t,-N,)*(N,- l)(N' -2))(2M6+ Mr)+

*(N,- l)(41,+ t -lV,)( - gMt+3fro-4frr+6M)), (43)
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{ 7(, i" u i, :t ff j 7(. ? j} : :!, 14! ::2;4! * Gt r + 2 - N !)- (4tt+2) (4t[i) 4tr gtr+2N41,*11 44 ^
x{[-z(4t,-t | -N,)(lL- l)-2(nr -t)( tj+ t -Nj)+
* (l/, - l)(lrr- D+@1,+ I -N)(4tr+ I -Ifr)l x
x Mr(lrli; I,lrl,l,; \l,l,l,i LI)*[2(4lt+ 1-N,)(4/j+ 1-]fr+
,+2(Nt- l)(trr- t)-(4tt+ I -rr,)(t/j_ 1)_

-(l[,- l)(4lr+ 1-lrr)] Ms(lJi; lrl;l;\; I,l,t,tr; Irt),

129

{:)(.': )tj" )tikTtjk}:24 N:r(,at:!,z,,,N')=!!,(!tt!-.2 ..N) !'Ir(!tr!2- N,)
--a X

x Mr(lrlr; Irlrl,lr; lrlrlrlr; Iil). (45)

Mraruuuanrnrre,cyMMbr M, onpegeteHbr corJracno (32)-(36), a n (43) 7.c-
IroJrb3oBarro o6o:Ra.re HLIe

F[o=Mo(t,t,; l]rl,l1; Illilitr; I,l,). (46)
Pag.nr,rqnrre cpeAr{tre trelrblpex o[eparopoB 3JleKTpocrartrrlecroro B3atr-

Mogeficrnug, coAepx€w{ecx r (37), HaxoArrc.f, npu noruoqz o6u1e{ r[op-
uyrtrr (3.86).

Cpennrg xapaKreprrcrurr,r, crreKrpa yponnefi no4rou{rrypaquu (penx-
rusucrcrofi ronQurypaqur) 6y4yr paccMarpuBarbc.f, B pasa.- 5.0.

5.3. Oco6enHocrrr cneKTpoB aroMoB c o4nofi
orrpurofi o6oloqxofi

-flsnrre BbrpaxeHrrfl An.rr Hz3mrrx MoMeHToB ctrerTpa Moryr 6rrtb ucuonr-
3OBaEbr Ee roJrbKo 4nr npn6nuxeHHoro orvcanfr[. rfyrncqull pacnpeAeJreHEt
6e: upone4euur pacrrera orAeJrbubrx ypoaueft (cvr. pas4. 231,tno raKxe
.4nf, u3yrreHux o6qux oco6eunocreft cnerrpoB, onpeAeJreEut rtrrra cB.f,3E
x BKnaAoB pa3nuqrrhrx naauvrogeficrsufi B ocsosEbre xapaKTepucruKtr Ctretr-
TpoB, AJrf OqeEKA TOlmOCTrr [crroJrb3yeMoro npu6lnxeP.r.s,s-r. n. flpounmo-
crpEpyeM rreKoropBre r{3 gTr{x Bo3MoxHocrefi na upuvrepe crreKTpoB aroMoB
rr EoEoB c oAsofi orxplrrofi o6onosxofi.

B crryxae ro,uszrypaqtrE c oIFrrM eJreKrpo'oM a;rtr BaKaEcEefi rpovre
3atroJrEeEEbrx o6onoqer MoMerrrbr cueKTpa a o4uorconrfurypaquoEEoM trptr-
6nnresnu o[peAenrrorc{ ToJrbKo oArro3JreKTpouubrr\,r cuin-op6rraJrbgbrM
a:anuo4eftcrBtreM tr 6espa:vepubre BeJrrrqtrrrbr actrMMerptrff xf 12.g9;, erc-
qecc y-2 (2,90), a raKx(e 6rl(1 (l+0) He 3aBtrcrr or rotrHocrtr palFanbEbrx
op6uranefi s. flB[tflrorcfl. $yurqlurran ronbr(o op6uramnoro KBaHToBoro
{trcJra I l70l:

xt(l): -)r.L(l4t+L): -1/ N+t),
z2():vr11+I+1): - fr#,
c2 (t) l(l : 6z (t4t+t) lC2 - f, t g + t1.

5. Karazllr

(44\

(47)

(48)

(4e)

Free Hand

Free Hand

Free Hand
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LIx enaqeuu.f, oqeHb xopono (c rouuocrrto 4-6 3uaqarqril uu$p) cornacyror-
ct c SKclepI{MeHTaJIbr{brMI{ AaHHbrMlr rig. pa3rurlHbrx o6oroqex rrxeJrbrx
aroMoB [71]. C yMeubrrreHrreM n pa3Jrr{q}.rr Bo3pacraror, oco6eHuo Arfl /-3-rrex-
TpoHoB, U3-3a Eeyqrer{rrbrx Koppersuuouuux erfserros. cre.qoBareirbHo,
py6reruarcrpyxTypa cneKTpoB aroMoB c o.Ururlt 3JrexrpouoM xru saxaucnefi
lpaKTr.Iqecx[ o[peAeJrtercfl orFo3nel(TponHbrM cnuu-op6ur&Jrblrbrt{ B3&8.
NroAeficrsHeM r{ oqenb cJra6o 3aBncur or B3anMoAeficrBr.rfi ,,ctrrrH-qyxafl
op6nTa", ,,cul{H-crlr{n" u 4pyrux penrrr.rBngrcrl{x, a rar(xe xoppeJrfunoH-
Hbrx notrpaBoK.

Brrpaxenne Anr MoMeHTa ctrexTpa npeAcraBmer co6ofi xonesuHf, cre-
nexnofi pfl.qpa4ilanbtrhlx EHTerpaJroB, B cryqae Kouxperuoro / - c ql{creH-
Hrurnr roerlr[uquenrar,,ru IIptr Hnx. Hanpzuep, gtrz p2-o6o.norrKr{ HMeeM:

o2 (p2) : 0,0288 (Fz)z + 0,8 (],

F' (p2) : 0,0069 12 (Fg)z + 0,07 2 F2 q - 0,2q,

ttt(p'):0,00373248 (F'), + 0,12672 (F\rq-0,l44Fzr.3o + 1,54. (52)

KoqpQuunenrhr npsBeAesbr c pa3nnqHbrM qxcJroM qn0p, nocxoJrbrcy oHE
tBJltKrrc.a. ToTIIIbIMT{ yucJlaMr{. fltt f-o6o.Jro{tr[ fi3Megflrorc{ ToJrbxo 3Ha-
KH lrp[ HerrerHbrx creneutx (o. B cnyuae p3-o6onou(r{ aHaJrornquo nory-
IIACM:

6' (f) : 0,0432 (r')u + 0,9 q,

pa (pt) : - 0,005 I 84 (Fz)8 + 0, I 08 l'2 ((1,
pr (p) 

= 
0,0043 54 5 6 (r2)' + O,l 38 24 (F2), q + 2,02 5 C;.

(50)

(st1

(s 3)

(54)

( 55)

Llueer Mecro Ar,laas. KoppeirflInr MexAy creueubro EHTerparra F2 (utu
B3auMocB.fl3annofi c nefi crenenbro uocrotnnofi (o) la nenu.ruHofi ql{cJrenHoro
xoe0rlrrueHTa y sroro qJrega - oH 6rrcrpo yMeHbrrraerc.rr c pocroM crene-
su F2. flocronrxy ocHoBuar uusopuaqux o $usrarecrux oco6eRuocrsx
ollepaTopa 3axJlloqeHa B caMr{x paAr{aJrbHbrx rrHTerpaJrax, To IIapaMeTp
MaJIocrIt, tro-BIIAI.IMoMy, cBfl3arl c reM, qro B3arrMoAeficrsHe AByxgJrerrpon-
Eoro rl{rra B cpeAHeM cJra6ee, reu oAnosJrexrpoHHoe ngaurloAeficrnne. C 4py-
roft croporrr, BeJrr4qrrna (1 cogepxur s ce6e [ocrorHHyro roHrofi cTpyKTypbr
0(, flo-sroMy Ars aroMoB c MaJrbrM gapr.qoM ngpa Z trptr (p(Fe l,lovenrlr
F* (1") Bce xe B ocuoBrroM olpeAeJrrrorcs gnexTpocrarurrecKr4M B3aHMo-
geficrnueu. B cnyuae nefirpalrHlrx aroMoB BrorraA cnr,rH-op6uraJrblroro B3au-
ivro4eficrnr,rr (conuecrno co cMellraxrrbrM qJrerrov) craHoer,rrcg 6oanule
B(JraAa gJreKTpocrarr{qecKolo psaul,IoAeficrBur B Arrcnepcr4lo r{ oKcrrecc
cnexTpa aroMa c orrprrrofi oSonoqrcofi npd ro.nlro ilpn n>6 (puc. 5.3).

Kaa4parnufi KopeHb rr3 Auctrepcuu cneKTpa xapaxrepr,r3yer ee urupr{-
uy AE - gueprerr4qecKoe paccroruze Mex.ry Bepxurlu\.{ n oc}roBHbrM ypoB-
uauu ronQrrypaquu. Ornourense A,E I o aveer noprAor BeJruquHbr 3 - 5, orio
3aBIIcr{T or {r{cJra gJreKTponoB n o6olovre, ee op6utanrHoro u s N{eHrruefr
creleHl{ rJraBHoro KBaHToBbrx uuce.n (puc. 5.4). flocroJrbr(y BepxH}rfi u oc-
nonnofi TepMbr oorrqno yAaJreHbr or Apyrr4x, a cnerr-p n ogHoxourfr4rypa-
IrLtoHHoM npn6nr.rxenr,rrr rroJryqaerct rrlupe gxcnepr,rMeHTaJrbHoro, To .urt

Free Hand

Free Hand
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a
Prc. 5.3. flpoqenrmre BKrraAbr srre(Tpocrarrr€cxoro sgarno,qeftcrBrrfl (cBepxy or coor-
aercrayrcqefi xpnofi) u cmu-op6rtailbrroro sgafirvroAeficrstrt coBM@TEo co cMeltraE'
E6rM rureroM (cmcy or xpnaofi) B Atrctrepctrto (c), acnr'avrerprrc (A n ercrlecc (e)
cue(rpa ypoeueft orleprtrE o6onosKr npN 170tr. I{uSpu y KptrBbrx - Y'ncJra snemporoe lI
B pac€MaTprBaer"our roni$zrypaqtr{x
oqeHKr{ Itrnprrrdbr cneKTpa nplt I,Ic[onb3oBaIrrIR TeopeTtrqec(trx 3HaqeEEfi
paAI{a"IIbHbIX qHTerpaJIOB qaCTO ilpI'IMeHteTCf ItrLIpI'IEa EOpMaJIbHOTO pacilpe'
AeneEI4{ ypoBEefi (2.81).

ffocro.nsry .4rrcnepcur rBrflerc . oAHofi Ir3 ocHoBHbIx xapaKTepl'rcrtrK
cneKTpa, a ee BErpa)KeHI{e pa3AeJrfleTafl Ha BKnaAbr oT 3JreKTpocTaTEqecKoro

of"
f1o
' o J.t ftz

Puc. 5.4. OrsomeEle 3neprerr{qecKoi rnrpumr crreKTpa AE r xopnro r.r3 ero Anctrepctrll
Airr pagnrqEbrx ron$rrypaqnft c oEoft orrphrroi o6onormofi: fip2, ftp', npa (excnepnrreu-
Tarrbgbre,qanEbre Ull)nndN (N:2-8),4fN (peryrnraru pacrrera B oAgoKou(prrypaquomonr
upn6nrxerrn t70, 63D
6r

5n 345n
6

23

As_

d,
dt
dn

d8
dt

)

Free Hand
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r{ cllHH-op6HTaJlbrroro B3anMo.qeficrBr.rfi (ue coAepxuT cMerrraHHoro qneHa),
TO OTHOCUTeJTbHyTO BennqEHy r(BaAparEblx xopxefi sTnx BKraAon o*lo.
Mo)I(Fo EclroJrb3oBarb KaK Mepy AJrt oqeHxlr rr{rla cBt3u. Osa npeJgoqrx-
TeJIbIree o6Hqgo ucuoJrb3yeMoro orrroltrerrur palgaJrbubrx l{HTerpanoB
(rJF(nl,n/), nocxonrry rr{[ cafl3v 3aBucrrr He roJrbKo or BenuqrlHbr unre-
rpaJroB, HO TaKXe tr OT yrnoBbrx xoaQQnuueHToB npr{ Hr.rx.

Acnvuerpna cnexTpa rroJroxrrreJrbrra, ecJrr{ 6onlutuncrBo cocrolnrfi
HaxoryTcg, g HuxHeft qacrn cnexrpa, II orpl{IlareJrbHa, ecnr{ oHr{ r(oHrIeHTpB-
pyrcTct n repneft qacru crexrpa (cu. puc. 2.1, a). B c.rryuae cBr3u Bnyrpu
o6olouru, 6rrnsxofi r I,S-cnasrl, ypoBHr{ c 66lrruauu 3HaqeHr.rrMu MoMeHroB
S u L y reM caMbrM c 66lrrunu qucJroM cocroxnufi ltMeror rer{.qenqglo pac-
rloJlararbcr uuxe r{ BcJreAcrBr,re sroro o6rrqno x, > 0 t24, 70, 721. n:tt rcr-
KIIx aroMoB ncrrloqenlle cocraBJrtel' xonifurypaqux p3: ocnorNoil reprrl no-
Jry3anonHerurofi o6onoqxn r{Meer L:O u npr ne6olrlroM qr{cJre yponnefi
sro o6ycnoaJlrrBaer orpr.rrlareJrbnocrb xr (pa). Cornacuo (54), oHa cranoBnTcs
IroJroxrrreJrbxofi rssrb B cJryqae jj-cnnn npu

celF'z>0,22.

Pesyrnraru pacqera acuMMerpur.r tr(npN) r npu6nrxenuu Xaprpu-
@ora .q.rIs nefirpa-rrnux aroMoB cornacyrorcr AocraroqHo xopouo co 3Ha-
qeErlrrMtr eroro roai[QuUEenra, olpeAeJreHxbrMu rro 3Kcnepr{MeHTaJ]bHbrM
cneKTpaM lgrfl n:3,4 (pnc. 5.5, a). IIpa n:5 corJracile yxyArrraeTcr BcJreA-
crBtre neyqera peJrrruBrcrcxux e$Serror. B crry.rae n--2 reoperuyecrure
3naqenur xr coBnaAaror c rrp€Aenruunu (o-*0

vi@2):xi(f):V2, xi@\: - rlv3 (56)

- 0,5

- 1,0

Pnc. 5.5. Acnwrerprr x1@) n axcqecc xr(6) gn reftrpaarnrx aroMoB c npN-o6o,uorxofr,
paccqrrraurrbre r npn6rurxeruu Xaprpn-@oxa [70] (O), a raxxe rlo 3r(cneptrMelir:urbgl'rM
cncKTpaM ITll (x-npz, D-np", *-npt)

xl
1,5

Free Hand

Free Hand
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rr He 3aBr{crT oT BeJrEqr.rHbI HHTerpaila F2. Cyu{ecrreuuoe oTJrEqIle oT 3Kc-
IrepnMeHTaJrbHbrx AaHHbrx 3Aecb o6ycloBneHo H3BecTHbrM xoppentlllroHHblM
sQQerroru - cr.rJrbnbrM cMemtrBaHuevr roH$uryparryia 2s22f {2pN+2, acra-
xaloulr{M TaKxe coornomeHrre ,4nr gHeprnfi repvroa

E(1,S)-E(rD)
E (LD\- E 1zP'| 

t

oguoroxtfnrypaq[oHHoe 3uaqeHr,{e Koroporo, HanpuMep, glt Cl2p2 tony-
qaercq paBHbrM 1,5, r ro BpeMrI KaK gKc[epuMeHTaJrbHoe 3Havexue cocraB-
Jurer rorrbKo l,l4 1241. Eqe 6onee qyBcrBurereu N Torrnocrtr orrpeAeJreHtrt
3rrrx paccrosnuil Ens 2p2- u 2f-weKrpoHoB 3Kcrlecc [x, (puc. 5.5, 6). Taruu
o6parou, TeopeTurrecKue xoe(pQzqueHTbltt vt ltz MoryT 6urr zcuoflrso-
BaH6r rqnr orIeHKr{ TotrHocrr.r rrpn6nu)KeHn .

Orcyrcrnue gxcueplrMerrraJrbHblx nonoxeunfi HeKoropbrx Bepxnrx ypoB-
nefi aroNtos c orKpbrrbrMn dN-ufN-o6oJIoqKaMr{ wu vrx HexaAexcnaq KJraccu-

$uxaqnr 3arpyAnqer cucreMarr{qecroe cpaBHeH}re reoperuqecKrrx roe$$u-
IILTeHTOB Xr pr yLz C 3KCnepr{MeHTaJrbHbIMU ,qaHHbIMI,l AJrr 9TIIX O6OnOqer.

{ncueporx oe (/t), a raKxe rropofi u rperuft qneHbr rperbero MoMeHTa
(18) nnoapnaHrHbr (npu sarraopo)KeHHbrx BoJrnoBbrx $pruurx) orHocrlTeJrbuo
3aMeHr,r N_>41+2- N, n ro BpeM{ rar pjo (/il) rvrenxer 3HaK. 3To, a raK)Ke
orrnrrr,re paAr{anbHbrx BoJrHoBbrx Symqr.rfi, o6ycnouneaer HapytueHlle cIrM-
Merprm x, (/") oruocnreJrbHo rroJroBrubr o6oro.m[ B prAy aroMoB c 3a[oJr-
n-flroueficr o6oro.rroi (puc. 5.6, a).

xl

1,2

1,0

0,8

0,6

o,4

0,2

Puc. 5.6. llgr'renesre acuMMetpnu xt (a) n g(cqecca x, (6) a pt.qy HeiTparbnrx aroMoB
trptr 3atroJruen[undN v 4/d-o6onolex. Peryrrrrarrr pacqera B npn6nnxenrr Xaprpra-@o-
xa [70]

KoerfrfrqueHT x1 r.IMeer MI,IHTIMyM AJIr rlony3auo;rseuuofi d5- utu f7-
o6orosru no roft xe npaqnue, qro Ir glr p3-o6orouxu. HapyureHl4e cIzMMer-
pua N-->41+2- N yyeruqlrBaerc.fl npu Bo3pacraHl{[ acl4MN{erpllrlHoro crII,IH-
op6uranrnoro rIJreHa p"i (/"), T. e. .qJrfl 3neKTpoHoB c MeHbIuIrM I (+O\ u

(57)

l2

Free Hand

Free Hand
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c 66.nrmurra tt, a ra(xe ,(nr r(on$rirypaullfi r{oHoB rro cpaBHerr[Kt c reMr{ xe
ronr$urypaqr{rMlr aToMoB.

Srcrlecc cneKTpoB 6o;rrrulrscrna aroMoB c oAHofi orKpblTofi o6onoqxofi
upu I < N <4l-+ I roxe flBrfrercfl, noJroxrrrenbHrrlr (puc. 5.6,6), cJreAoBareJrb-
Ho, u:rorr{ocrc ypornefi no r\{epe ux rtpu6nrlxeHl{t K cpegHefi gneprlrpr Bo3-
pacraer 6rrcrpee, qeM.qn.fl HopMaJrbHoro pacrrpeAeJrelln ypoBHefi. Cmrtlrer-
pl{s Menqy SJleKTpoI{ar\{r{ I,r BaKaHcIItMI{ IiapyffaeTct Jlr{IIIb oAHITM rureHoM
('lt"-11"o-]tso')tso>N n (27), roroprrii Arrt Bcex l>l npn N<21+1 nonoxn-
TeJreH, npu N>21+ 1 - orpuuareJreH r{ r{cqe3aer B crytraenorysauonuenuoft
o6onoqr<r.r. ,{nx cnerrpoB p- u.ferexrpouor x2(/ff) IlMeer MI.rHrrMyM rlpu
N:21+ 1, a a cnyvae /-o6oloqru notBJlterct.qonoJlHllTenrnrrfi MaKcI{MyM.

Pesyrrlrarrr pacqera B ToM x(e nplr6nnxeuuu Xaprpu-(Dora BeJrI{rtI{H

62, x, Lr x2 AJtfl r{3osJreKTpoHHbrx prAOB c orxprrrofi ndN-o6onosxofr nora-
3brBaror, qro 6 pacrer KaK rroqrlr rirueiinaq $yurqux 3aps.4a g4pa Z, a roerf-
$nqlleHru )tL vr xz yMeHblrrarorcq c yleJllseunetvt Z reM 6blcrp9e, Yel"l 6o;t'-
rue z (puc. 5.7).

Ilpir 4annou qucJre 3reKrponoB ff ro:$$r,rq[euTbr xr I{ z2 3aBl{ctr or
orHocl{reJbnofi seruqrubl lrHrerpa toa i,, I Fz (nl, nl) u Fk (nl, nl) I F2 (nl, xl),

0,3

0,1

-0,t
)1 26 30 34

80'1643313026

0,8

0,7

0,6

0,5

o,4

xt

t,l

o,9

0,7

0,5

Puc. 5.7. Hguenenrae acnMMerplr[ x, (a) v
3re(rporrHbrx psmx U27

13 47 5l '72 76 80 Z

4{

4d.

3d5_ __

3&
'-'. 4/-,..

gxcrlecca rr-, (6) cnerrpa zdr-o6onosrr s cgo-

Free Hand

Free Hand
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npaKTtrqecKu - oT nepBoro oTr{ouleHrlr, nocr{oJrbKy BTopoe AJrt onpeAeJleH-
HIIX IiBaHToBbrx quceir nl frBr$ercfl, trorrrrl rrocro{HHbrM. Ha puc. 5.8 uorasana
3aBrdcuMocrb acr{MMerpuu xr(fN) or ynpou{eHrroro rapaMerpa (/(5+(1),
xapaxrepll3yroruero ycJroBr,rr cBfl3r{ B o6onoqre. flo rvrepe ero Bo3pacraHrrf,
tr npHSnflxe]f']{rfl. cBflzut x.ij-cenu xr B npaKTnqecK[ Aocrlxr{MoM urrrepBaJre

xt
t,0

0,8

0,6

0,4

o,2

0

Pnc. 5.8. Llgvesenne acrrMMerpr{x -0'2
xl trpr fiepexo.qe or IS- x jj-css3u. -0,4Tolna coorsercrByror reoperf,qec-
rorM 3raqeurf.sM v-L \ls, xefirpaarurrx
JraETaEoEAoB r{ arTtrEotr.uoB 1241

o 0,2 o,4 0,6 0,8 t,o
ts n_ (, ii

^ J+(,

3HaqeHr.rfi [apaMeTpa yMeHbruaeTcfl,yt,TaKyfr\4o6pa3oM, pacnpeAeJreHr,re ypoB-
Heil [prr6rrr)Kaerc.fl K HopMaJrbrroMy. Bce xe B rrpeAeJre (s-->o acnMMerpr,rt
He cTpeMr{Tcfl K HyneBoMy 3HaqeHulo, a lepexoAlrT B oTpr,rrlaTeJrbHylo 06-
Jlacrb. 3ro o6ycnoBJreHo reM o6crorTeJrbcrBoM, .{1ro B jj-cBfl3rl gJreKTpoHbI

c j:l-lf2 uv'etor 66nruyro onepruro cr,.fl3vr, rreM eJreKrporrbr c j:l+112,
KoropbrM coorBercrByer 66nuurfr crarr{crr{qecrlfi Bec.

5.4. CuerunBaHne KoHQ[rypaqnfi ll ero cpe4Hr{e xapaKrepucrnKrr

Cpe4une xapaKTeprrcruKn c[eKTpa KaK cyMMapr{bre BeJruquHbr cJra6ee 3aBrr-
cflT or norperrrnocrefi pac.rera orAeJrbHblx ypooueft, oAHaKo Bo3MyIrIeHr,re
MHorI{x yponnefi, oco6enHo sHeprerlrqecKlr 6ru3rexarurrMn xorrfurypa-
Ilr4fr.tr/.r4, MOXeT CyXIeCTBeHHO I{3MeHtTb TaKtre XapaKTepLrCTIIKrr. 06 Srou,
HanpuMep, cBr{AeTeJIbcTByeT pacxoxAeHrre c 3Kclepr4MeHTaJrbHbrMn AaHHbIME
o4noron$rrypaqrroHHbrx 3HaqeHnft aclrMMeTpr{u r{ gKcrlecca gnx ron$rrypa-
tTuw 2p2 (cnt. puc. 5.5). B cryrrae cr.rJrbHo cMernnBarorqrxcr KoHQtrrypaqrE
qenecoo6pa3rro oIIpeAeJl.'ITb cpeAHue xapaKTepncTtrKn Bcero KoMrlrreKca
TaKrrx ronSnrypaquft. llsnoxennrrfi u paeg. 3.2 irlero4 cyMMr,rpoBaHr.rfl
no3BoJrteT HaxoAtrTb cpeAHlre xapaKTepr,IcTr{KII KoMrrJreKca 6e3 AuaroHaJrl{3a-
qnrr Marpr{rlbr sHepruu rr Haxox(AeHuf, Ko3ootrIIueHToB cMeulrrBaHr{{. Molrenr
crleKTpa ypoeueft glrepruu KoMtrJreKca, cocrotrUero LI3 HecKoJrbKr{x crIJrbHo
cMerrrtrBarorunxcr rouSnrypawrft

?C:&+Kzl-...*Ko,
onpe.qeJrrercf aHaJrornuuo (1)

f t<qr \lH l'xy) -t(ec)le,r.r(e(): *+t

(5 8)

(5e)

Free Hand

Free Hand



136 5. Cnexrp yponneft snepruu

Iro cyMMr.IpoBaHHe 3Aecb npoBoAr{Tcr IIo cocTo-flHntM Bcefo r(oMrrJre(ca, a
g (?f ) u E (c)() coorBercrByror qr,rcry cocrorHr{fi B HeM r{ cpe/nefi 3Heprnn
KOMIIJIEKCA:

s(9C): 8(Kt), E(c)i):;&t s(K,) E(K'). (60)

Pa:rarar 6nnou n (59),,q,o6aBnrt, rar n (2.115), cyr"n"rrpoBaglre no Hy-
JreBbrM HeArraroHaJrbHbIM MarptrqnbrM 3JreMeHTaM B 6asnce nomronrrx Qyrr-
qrrfi npoMexyrovuofi cB.{3r{ B npu6rruxenuu cMelrrr.IBanux xouSrrypaqufr,
B6rpaxa-{ sru Qynrqnu qepe3 o4noxonQurypaquoHHbre BoJrHoBbIe r[ynruun
qr,rcrorl aufl3vr tr Bbr[oJrHr{ cyMMrrpoBarrue no roeQQuruleHTaM pa3JroxeHr,rt,
pa3AeJr.rreM MoMeHT cneKTpa yponueti sHeprnr4 KoM[JreKca Ha .{Be qacTl4:

oAHy, 3aBr,rcsuyrc ToJrbKo oT oArroKoH$urypaqnonHblx BeIuquH, I{ BTopyro,
coAepxaqylo vexrou(xrypaurroHHbre Marpr{arHbre 3JreMeHTbr. Bropaa
qacrb Apfl (tf ) r{cqe3aer rrprr Bbrr(Jrroqenuu cMeruI,IBar{}Ir roH$rarypauri
(npupanHunaHun K HyJrro Mexxon$rarypaquoHHbrx MarpuqHblx eneuenron)
lr I{MeeT CMbrCJr I{3MeHer{Ut MoMeHTa CneKTpa KOMIJTeKCa BCJTeACTBI4e CMe-

urlrBaHr{r. xou$rrypaqllfi, B to Bpe\rr KaK neplas qacrb npeAcraBJlter co6ofi
MoMeHT cyMMapHoro cllexTpa n o4aoronsrlrypaquoHr{ou npr6lll)KeHtrE

pr (9C) : tf{- (1C) + A pufr (9f ). (61)

flocxonrry B o[peAeJreHnu HaqarbHoro MoMeHTa c(k orcyrcrByer cpeA-
Hs,fl 3']eprufl. XOMIIJIeKCa, To IIpoUIe paCcMaTpIIBaTb TaKI'Ie MoIvfeHTbI, a 3a-
reM repexoAr{rb K qeHTpaJrbHbrM npu noMol{tl coorHomer.nft Q.57) - (2.59).
Mouenr a:{^ (9() - cpeAHee o.4noxon$urypaurloHHblx MoMeHroB

af- (9f):*],- f g(r,) an(K,).

zf
j:t

,{lr qeurpaJrbrrblx MoMeHToB TaKoe npocroe coorHorlreHlle yxe He IlMeer
MecTa.

I,I:ltenenue BToporo HarrarbHoro MoMeHTa BcJIeAcTBI{e cMerrrl{BaHut
ronQnrypaul{I"r aqAI{TLIBI{o orHocI,ITeJIbHo BXna.4oB or Bcex nap ronQurypa-
\uir. n Bbrpaxaerc.r qepe3 cyMMbr IIo MHorogJIe(TpoHHbIM KBaHToBbIM rIEc-

JraM KBaAparoB MexKoH$urypaquounblx Marpuqublx sneMeHToB

LalI1lC1:

rAe

d (&, K.,):

g (K,) (H*,x,H*,*,)*':

H I K1Y')2,

t62)

d (Kr, Kr), (631

(64)

2g
i6^

i<j

2s-
--)els/i) L'

i < j

| <r,v t

\'('

H - rarr;;vr1.uroHllaH aroMa (2.4), ero HI{xHI{e IrHAeKcbI o (63) yKa3blBalor

ron<furypaUl{Irr, MexAy KoTopbIMII on 4eficrnyer. Ec-nu xOuQurypaqw oT-
Jl[qaroTcr cocTo{HIItMn AByX 3neKTpOHOB I,IJII{ OAHOTO 3neKTpOHa' HO C pa3-

JIIIqH6TM op6r,rra:6nrtM MOM9HTSM, To H:2(. ra vrexron$rarypaquonuufi
raMrrJrbToHHaH BO BTopl,Iqgo-(BanrosaHHofi t[opnle flBJIfleTcfi yHI'ITapIIo-

Free Hand
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HeIIpI{BoAtrMbrM; B }rr{hrx cryqarx ero HaAo BbrpaxaTb qepe3 yEIITapHo-Henpu-
BoAr{Mbre otreparopbr cornacuo (3.26), (3.34) - (3.37). I{gMenesse MoMeHra
oIIECbIBaeTCt TeMr4 Xe AtrarpaMMaMtr, qTo tr MoMerrT Toro xe noptAKa-
B clyuae AByrcJreKrpoHr{oro Bo36yxAeHtrr cyMMa KBaAparoB MarpnHbrx
3.rreMerrroB r{Meer BbrpaxeHrre 129, 231

\ qxoty, ty"^{ | H I Ko r{,-z 1y,+z^(')z -
'tf'

:c(ro) (,i1 ,) (^:,) ,s,,,, ,,,,7. (65)

3gecr K0 - Apyrue 3arronHerrubre lnJrtr orrpbrrrre o6onosy,x; M (IJL, lzlz) -
orAenrnufi clyuaft cyMMbr KBaAparoB,4ByrcJreKTpouubrx Marpnrrrrbrx
gJreMeHToB (rvrrrruvranrnofi cylnvrrr):

M (tLIz, tst): z It, Sl <LLI|LSl h. !hI.LS>z :
IS

: t 6 N?,,, 
" 

N? 
",,, n[ ry# fqk ( L r 2, t' t *), * Qr (t' r 2, r J )1 -

-(-t)-.-' 
{ t; ';, 

oo,l *r(t,rz, tst)qk'(t,rz, r.r,, 
}, 

(66)

r1e frk - EHrerpaJr (1I.4.3), paccqr{rbrBaevrufi c BoJrHoBbrMrr (}ynrqurrrau
o6er,rx rouSurypawfi; Nt,, ,, - nopvruponoxnrrft MHoxrrreJrb (II.4.2).

B cnyvae ron$urypaqvir,, or tauatorr1trxcfl op6uranruuM KBaHToBbTM qr.rc-

JIOM O/qI{OfO 3IeKTpOHa, I{MeeM

\ lroty,ty"rIHIKory,-try,+ty'),:s(Ko, [(#l:;) (o'il 
t 
)"

xM(t,r,, ht)+(lilrl) (ii::l) *u,t,, r,41f+

.T ffi G^l:') (fi: l) (*';,') a1"r" t't'1' tr+tz' $7)

Cymrauponaur{e no i npono4urcx ro BceM orrpbrrrrll o6o.no.rKaM, coAep-
xarqulvrCx n ,trig.

Ecln ron$urypauuu orrr.rqarorcff JrEIrrb uraBrrblM KBaHToBbTM tr[croM
o,ryoro gneKTporra, To BKJTaA n L,afr BrrocflT TaKxe oleparop rznerR.Iecrot
oxeprtrI{ gJreKTpoIroB u trx noreuunanrnofi 3Heprull B rroJre f,.qpa, oAr{o3nex-
rponnuft ynrrraprro-HetrprrBoAr{Mbrfi oueparop (3.34) nnu (3.36), BbrAeJr{e-

Free Hand

Free Hand

Free Hand



li8 5. Cner<rp ypoaneft 3sepr{{

Mbrft m o[eparopa gneKTpocraT[qecKoro B3ar,rMo.qeficTBrrr Mex.qy 3JreKTpo-
HAN{[4, a TaKxe o[epaTop cnr,IH-op6r,rTaJrbHoro B3aLIMoAeficTB[s [66]

\ (nrlN, nrln, f I H 
1 
n, I N,-r nrl N,+ 1T'>2 -

: ( |i.:t,) ( #;',) * r,rn,t,,r,rn,r) v( l:-'r) ( 
-fi t) .

x M (n1 tn, t, n, rn, r) +, -' 
[ 

( #;._t, ) (^]:_' r) fr 6, rn,r, n2 rn1 t)z *

.(#:t, ) ( 1: 
t) o rn,tn,t, n,tn,t)'*t (.i'-r) ( # t) "

x fu (nrlnrl, nrlnrl) il (nrlnrl, n, tnrq]+

+zr/ir1n,r, 
"rl(.1'-r) (-'; 

L) 
a 1n,r,,t, n,rn,t)+

.('l-") (": ,) o,,,,n,t' n,tn,\f+

+(4r+,,(I:',) (";') r(n,r, n,t)z*

. ( 1l:',) (-f,') j trr+Det+t)(?,,,.,,. (68)

34ecr M orpeAeJreHo conracHo (66); M - cyMMa AByxsneKTpor{Hbrx MexKoH-
$urypaqzonnbrx Marpr.rqubrx 3JreMerrroB B rrepBofi crenenn:

fr (n, lrnr! r, ni lrnil r) : Z lt,,Sl (nr /, nrlrLS I h' I n'1 I1n2l2LS) :
z.s

: 4 N n, r,, n 
" 

t 2 
N ni t,, r*, f2 Vr, l rl Ro (n, l, nrl r, n'1 l, nlrl ) -

- f C - l)k frk (n1lrnrl2, nt2lrnJ)) ; (69)
k

(arr, a,r - Ir,rexron$trrypauuolrHat lrocrotHHa{ clllrH-op6uralrnoro B3au-
r'ro4eficraux, a I (nrl,n /) - ruexxolrrfurypa4rounufi r.rHrerpan (II.4.27).

Ecnu o6e rour[nrypaqutr coAepxar Apyrue or(pblTbre o6olovKn, ro a
uexxon$nrypaqlroHnbrx gJreMenTax n reM caMbrM B cyMMe tro trx KBaAparaM
IIOflBJIfIOTCf AOnOJIHIimeJIbHbIe qJIeHbI:

\ (n, lN, nrlv, nsl{,T I H I n, I x,- r nrl Nt+ | n" l{' y' )z -
'(f'

Free Hand

Free Hand



5.4. Crueurusanue rouQurypaqr.lfi

:( o'r*2 \ t (nrrN,nrrN,ylH rnr1n,-trr1x"+rT,>z+\ .nr" I L. ''
'y'f'

.(#:") (-fi') (':1 1) v{n'rn"t", n,tn"t,)+

+ # (",:") (-i;') (":1 ,) o"'tn"t"' n'tn"t')zt

* ++ ( #, : 
t,) 

o ,,, tn"t,, n,rn"t", 
[( ll:t, ) ( ,,t1 ,) ,

xii(n,tn,t, tt,tn,t)*(# ,) (o'i,') *r,,rn,r, n,*,,>]*

.' ( i)-' ,) (-'; ') ( #, ] l) 'r',', 
n,t) il (n,tn"tu, n,tn"t,). (70)

--tr{sMegeura.fl Tperbero r{ qerBeproro HarraJrbl{blx MoMer{ToB cleKTpa ypoB-
nefi rorvmleKca cMerrrr{Baro[tr{xcr ron{urypargt nrrpaxarorcs rrepe3 cpeA-
Hrre or raMriJrbroHr{aHoB cJreAylorqr{M o6paaorvl:

A af/(9f;:
:a+J lZ' ,',,,,Ht,)*'+2 > (H,,HvH*t "' ) s(K,), (71)

Aaf.(%): ;A { Z ,r,,r,,',iri,,r.,+2 >' <HtHirHrtu,)*,+
t t.i ij

+z Z <HtHirTjHr)*,+4 Z' <u,"uH*Hr,)*,+
i<j 

,ir

+2 Z' lHuHrrH*Hr,)*,+ \' (HrrHtrHrrH,r)K, 
)s(r), (72)

' i< jj<k kt

tn9. Hr, Hr, - rawtmJrrTouuanbr aroMa Bo BTopr{rHo-KBaHToBaHHofi Soprr,re,
4etcrryrorqne coorBercrBeuHo Bnyrprr rou$rrypaquu K, u MexAy xouSury-
palq;aaMu Ki u Kr; cyMMrrpoBaur{e rrpoBo,@rc_fl rro nceu ron$uryparltrf,M
KoMnneKca; ruTpl{x y 3HaKa cyMMbr o3Haqaer, qro Bce IrE.qeKcbr cyMMr{poBaH[-tr
rrpl,rHr4Maror pa3nnqHbre 3rraqeHlr.f,. Oopuy-nrr ,qJrr orrqeJrbHbrx cpe4nux
Haxo.qflTc.f, nyTeM BbrpaxeHr4r oneparopoB Hr, H,t rrep* ynurapno-EerrptrBo-
ArrMbre onepaTopbr r4 rrpr{MeHgFrr{.fl AnarpaMMHoro MeToAa cyMMEpoBaHtrfl.
Cpegnue rpex a qerbrpex ADyx3Jrexrpourrbrx otreparopoB onucbrBarorct
o6rquuu <fopuy,rarvru (3.76) w (3.86).

Ars oqenxu crerreun cMelrrrrBanr{r pa3Jr}r{Hbrx xou$urypaqn:ft, a rarxe
AJrfl onpeAeJrenr{r xouQurypaqufi, roropue B rrepByro oqepe,qb cJreAyer
yqurbrBarb B pa3Jroxeuur{ Mxororon$urypaqlloxnofi nonnorofi $ynrquu,

139

Free Hand

Free Hand
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MO)KHO HCrrOJrb3OBaTb CpeAHTOIO XapaKTepHCTI[Iry - CrrJry CMeIIIfiBaHrrg KoIr-
Qzrypaunft. Vponun 4nyx ron$nrypaurft cMerrrr{Baxrrc.f, TeM clrJrbnee, qeM
6oalrrre coorB€TcrByroulue Me)KKouSurypaqnouHbre Marpulrr{bre SneMerrrbl
I{ qeM 6luxe 3HeprerHqecKtr rraxoArrc{ B3ar,rMoAeficrsyrouue ypornu. Ha
ocnoBaHrrr{ 3Toro crrJra cMelnuBaurl,f, ronQnrypaqnft K n K' oupeAercerct
173. 231

(KylHlK'y')'
T(K, K',):

rAe

oz(K, K'1:

(73)
r
yv'

r
oz (K, K') '

t((y I H I Ky) - (K' t' I H I K' y'S1z (Ky i H I K' y')z

f a"t tntr'r';'
vl'

(74)

- Al{cnepcrlr paccrorurfi Mex,qy cMerrrr{BaroulrrMrrcf, ypoBHrMr.{ c yqeroM
BeIr4q[HbI CB'3-bIBaIOUInX UX Marp[lrHbrx 3JreMeHToB,

ffpe4nonoxrrM, qro ron$urypaqllll orr[qarcTcr KBaHloBbrMr{ qtrcJraMu

AByx 3JreKTpoHoB rrru o.qnoro oneKTporra c paenuvurrlr /, TorAa Me)r(-
roHQnrypargrorurfr o[eparop flBrrflercs. yrrr{Tapr{o-Hetrpr{Bo.qrrMbrM. fa-
MuJrr,ToHr{aH, o[rrcbrBarol{d nsalMogeficrnze BHyTpr{ xou$ul ypaurr,r, rrpu-
BoAtrTcfl tryreM EcrJrroqeur{fl rr3 Hero cpegnefr sneprr{r{ rrr T (K, K') Bbrpaxaerct
trepe3 cpeAutre or rrporr3BeAeuwit yuu'rapyo-Herrpr4BoArrMbrx oneparopoB:

T (K, K') : ct (K, K')' {g (K) (7t **, U a, 
:}( 

K, ?( K, 
") " 

+

+ g(K') <ll K. K2LK7l*7t**,)*' -25 6) <1( K:)( KK,2l *, 'it *.*)* +
+ ct (,(, K') lE (K\ - E (K')l lzE (K, K ) - E (K)+ E (r';1 I -t, (7 s')

rAe rrH,qe(cbr y raMnJrbronuana yKa3brBaror rouSurypauvrn,Ha Koropbre oE
geficrnyer; E (n - cpery.s.fl. oHeprrur xonrfnrypaquu K. Berr:zqu:rra E (K, K')
B cJryqae gueprerurrecKrr pa3AeneHnrrx ronrpurypaqni uueer cMbrcJr cpe.ryero
pacc'tofllulas. Mex4y ypoBlrf,Ml{ AByx cMelultBarouluxcr ron$urypaqrft c yqe-
TOM BeJrUlIr{Hbr CBf3bIBaIOUItrX nX MaTpUqHbrX gJreMerrTOB

Kry | n I Kx) - 1K' y' i H 1 K' y')l (Ky t H I K' y'S'

E7K, K',1:
f a"t lntx'v's'
'(v'

(76)

Ouo 4ra paccMarptrBaeMoro ruua xouQurypar{rt Bhrpaxaerct qepe3 cpeA-
Eee rpex AByrcJreKrpoHHbD( oreparopoo (3.76)

(77)

Beruvrna, troJryqaeMar trprr AeJrevnv T (K, K'),.rya qrrcJro cocroflEtrIi KoE-

Qurypauuu K, cvreEnnarou{trxcfi c cocrof,Hurrrrtu xonr$urypaqutr K', nr4eer

Free Hand



5.4. Cueur.raaune xoHQnrypaulfi l1l

cMbrcJr cpeArrero 3HaqeHr.rr (BaApara neca xoxr[nrypaul,IE KB Bonnonrrx oyEr{-
uurx cocroaxufi xon$urypauNn K'.

flpu paccvorpeHrrr.r cMerrruBarrur xon$uryparififi , oHeprerrlqecKne a]rrep-
BaJrbr Koropbrx He nepeKpbrBarorcr, BMecro Arrcnepctrn o2 (K, K') t (73)
MOXHO ECnOJrb3oBarb KBaApaT cpeAnero paccTorHr{r Mex,4y cMerrltrBaxr-
rr(RMEcr cocrotHnrMu E (K, K').

3$tferr cMerrruBaHr,{r xoH$urypaurn co MHorr{Mtr srreprerlrqecm yAa-
JIeHHbrMn roH$r,rrypaqr{rMr{ Moxer 6rrrr yurex B Br.rAe nonpaBKu K gHeprr{rM
yponnefi Bo BTopoM [oprAxe reopx]r soaMyrueHnfi:

AE(rKy): f f
K',(+K) -t',

Ecru paccrosnnfl MexAy ypoBHrMr.r E(I{)-E (Kt') suauureJrbHo 6onrrne
ullrprrHbr cnexTpa LE (K') ron$urypauttr K', To sHeprerr.rqecKtri 3HaMeHa-
TeJrb MoxHo 3aMeHurb cpeAHr.rM 3rraqenr{eM E(n-86) 174, 75f utn
E (K\, K') (nonyraeMbrM aHarornrrHo (76), no tryreM ycpeAger{trr roJrbro
no cocrorHr{r^v'y') u BbrHecrr,r ero }r3 noA 3HaKa cyMMr,r no y'. Torga nonpaBKa
K 3Heprnu ypoBHr Ky nz-za ero B3anMoAeircrsut c ypoBHrMr,r xonrfurypaunu
K'

AE(Ky, K'): E(gy, 11'7-t <KTIH lK'T')(K'T' lHlKy) (79)

BblpaxaeTcfl npl{ IIoMOIIII{ MeTOAa cyMMI,IpOBaIIHt IIO [pOMeXyTOtIEbItvt CO-
crotHtlrM qepe3 MarpuqHrrfi gJreMeHT e([$exrunHoro oneparopa

A,.E(Ky, K') : E (K\, K')-, (Kt I H"f I Kf>, (80)

xoroprrfi trpeAcraBJrrer co6oft npou3BeAeHne .qByx raMr.lrbroHrranon .F/r ([op-
Me BTOpUTTHOTO KBaHTOBAHLTfl

H"f :HH. (81)

3rp(|errnrrrrre oreparopbr H!, coornercrByrouqne sJreKTpocraruqecxoMy
nsanMoleficrBnro MexAy sJrexTponaMrr, npr,rBeAeHl';l 1lfl. pa3r[qnbrx rrap
xoHrfmypaulrfi r npnnoxesna 7.

B clyvae napu 6punJrro3uoBcrr.rx xon$urypaqufi

K:nrlN'nzlN,, I{,:nrlN;rfi2lN,+t (S2)

BxJra.qbr s H'! or o.qHognexTpoHHbrx oleparopoB cnr.ur-op6uranbxoro B3arr-
rrogeficrnur, a raxxe KlrHernqecrof, enepruu gJreKTpoHoB r rrorerrquarrrnofi
3Heprlru B rloJre r.qpa HaxoArTctr rro soprraylarvr:

i),.

(KyiHiK'r'>'
E(Kt)-E(K'r')' (78)

r
x'

t)(2r+t)(r,,r.^,{ 
T or, l; :

nt: -] ts+

"11,, 1,, ,*1rl 'u*' 
(n't)* 

*,*F*"",'- 
t)x+'L+z+z'+r x

Free Hand

Free Hand
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; ; 
"ll,',, 

,ot, i,',,'1"

"{1,, ,ot, ,''rll) :'
x (V{rr' "t (nrl) . y(*,' 

", (nrD)},

t t'wl
z'z I J"

"U/n
rl{

(83)

H"d: P(nrl, nrl) [- f ,r, x'l(v{*''t (nrl)-v<"''t (rrl))+N,]. (84)
xt'

3liecryb'n' - oleparop (2.10); Cn,t, n", - MexKor{surypaquouxas rocro.f,H-
Haln cnuH-op6nranrnoro n:azvro4efic't8v,fl., a I (nrlr, nzl) - rraexroH<fnrypa-
quounufi EnrerpaJr (II.4.27). Ectv I (nrl, nrl) nupasnrb rr3 ypaBHenua Xapr-
px-@ora qepe3 EnrerpaJrbr gneKTpocraruqecxoro B3ar{Mogeficrnnr Re, ro
H"d uawzuao, a AItr- Hetroropbrx ronQurypaqufi gaxe troJrHocrbro KoMneH-
ctrpyercr coorBercrB)rrcnltrMn ruregaMtr B H"d 166, 231.

,{.rra oqenrr cpeAHero so:.qeficrs[s ronrfnrypaqun K' na ypoBHr{ gHeprfifi
roxQurypaqzr K lroxno BBecrr{ cpe,quoxl nonpaBKy 176, 771

^E(K, 
$:vb \ L,n1xy, x',1, (8 5)

Koropar rrprl 3aMelre sHeprer[qecxoro 3HaMenare,rrr cpe2grefr eneprnefi
(76) aunporcvMvpyerct BbrpaKenrreM

^E(K, 
x)=vftff{}1, (86)

rAe cJ (K, K') orpeAeneno cornaoro (64).

Heroroprrn HeAocrarKoM MeroAa KoppeJrflrlror{Hbrx trorpaeor (79) r
sueprtr{M yponneft, paccqurbrBaeMbrx B 6asnce ognoron$nrypaqqousbrx
BoJrHoBbrx (pynrqrfi, f,BJr-flercr Me.qJreHHoe y6rrnanue [onpaBoK B p.f,Ay Bo3-
6yx4ennrrx ronSnrypaq utfr, K' . C xoAr.ruocu MeroAa cyrqecrBexrro ynyquaer-
cfl EprI r{ctroJrb3oBanlrl{ rpancrfoprunpoBalrlrblx parnaJrbubrx BoJrl{oBbrx

Qynrquii xon$urypaquw K s KaqecrBe BoJrIroBbIx <lynr<quli eo:6yxgeuur'rx
ronSurypaquir 175, 761.

Cyrurr'ry no eos6yx4enurrvr xoH$[rypauflqM Mo)KHo pa3Aenlrrb Ha trap-
r{traJlbHble cyMMbI, B KoTopblx Bce qJreHbr I{MeIoT oAI{IraKoBhIe cIrtrH-FJrOBbIe
qaQTs) a cyMMrrpoBarMe npoBo.qrrTcg ToJrbKo rro rJraBHbrM KBar{ToBbIM qI{cJIaM

fr sarparuuaeT Jrtrlrb paAuaJlblrble rII{TerpaJrbI. 3ru cyvturr pa4traJrbHbrx I4H-

Terpa.rroB, BxoArrII[e r warpnvnsrfi 3JreMer{T si$$erruexoro ofleparopa,
MoxHo paccMarpr.rBarb KaK troJrygMnl4pl4qecKlre trapaMerpbr (napx4y c oAHo-
xon$urypaq,uor{HblMu l{rrrerpaJraMu) u naxo4l{Tb Mero.qoM HauMer{blrr[x
KBaApaToB, rvruHr{Mrr3rrpyt cpeAHee KBaAparuqHoe oTKJroHeIrue MexAy pac-
cquTaHrrbrMrr r{ r{3BecrHbrN{I{ gKCtrep[MeHTaJIbHbrMIr 3HallesutMrr 3HeprI,III
ypoeneft. 9ro6u flpl{ pacruupenuu na6opa rarlrx [apaMerpoB (axnro'rennu

,4OtrOJIIIUTeJrbHbrx fiorrpanOx) panee o[pe[eJIeHHbIe napaMeTpbl I{3MeHtJIlIcb
B HalrMerrbrrreii creneun, ueo6xoAurvla B3alaMuaq oproroHanbHocrb olepa-

Free Hand

Free Hand
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TopoB I1,, cootnercrBylouryIx 3TI{M napaMerpaM [78]. Marpnqubre 3JreMeHTbI

ollroroHaJrbnoro Ha6opa oleparopoB AoJIXHrI yAoBnerBoptrb ycJloBlllo

{^r I H,l y') (y' Ht\y) : 1v?8 (r, i), (87)

rAe Ni - HopMr{poBorrnat nocrotxHat. 3ra cucreMa ypaBHelufi peuraercl
q[cJreHubrM MeroAo]u flocre pacqera cnun-yuloaurx roer[<[HuueHToB B Mar-
pu.rHbrx 3JreMeHTax oneparopon I1,.

BrrpaxeHr.ra AJrt I{eroroDoro qncJra oclroBHblx MoMeHToB crle(Tpa raKxe
Moryr 6rrru xcuonb3oBaHbl Ant HaxoxAeHrrt pa,q[IaJIbHbIx r{HTerpanoB
norygMrrr,rp[qecxr.rM MeroAoM Ha[INte]IbIrIux KnaAparos. flocxomKy c poc-
Toru [oprAKa MoMeHTa k ero rII{cJreHHoe 3HaqeH[e Bo3pacraer, a Bax-
HOCTb ,qff CneKTpa - yMeHblrraeTct, To MoMeHTbI cJreAyeT yMHOXaTb Ha
Hexoroprrfi secopofi xoa$rlr.ruuenr, Hanpl{Mep k-", rge a - Heroropoe quc-

Jro, 6omruee eAlrnnqbr. ,{rx yoenuuenrlg roqnocrn MeroAa ue,recoo6pa:uo
B Bbrpax€Hr{r AJrf, MoMeHTOB BKJI}OqaTb TaKXe nonpaBKr{ BCneAcTBEe cMeruu-
Barrns r<onQnrypaurfi. 3ro Aocrl{ra€Tcs nyreM Ao6aBreuut K raMrurbro-
r{naxy }1 o nrrpaxenttfl wrfl MoMeHTa pr,* 6onee BaxHbIx tuIeHoB er}ifexrnruo-
ro rauulrroHuaua (81), uanpnMep, oneparopa (U(1).tlo) 1691, coorBcr-
crByroxrero N:secruofi nonpaBKe aL(L+l).

5.5. Crarncr[KaypoBHefi aroma

Onpe4elexue crarucrsqecxux xapaKTeplicrl{x crrexrpoB rlpn noMourl4 lrx
MOMeHTOB r,rnlr 3MIIr4p]rqeCI(UM nyTeM - IrenOCpeACTBeIrHO IIO lI3BeCTHbrM
gKCIIepI{MeHTaJIbHbrM I{nI4 TeOpeTI4r{eCK[M CIIerTpaM - IO3BO.jI.SeT H3yaIaTb
crarr{crlrqecxrae oco6enHocrr4 pacnpeAeneHl{.f, aToMnbrx yponnefi, oT.IIuqEff
or r{opManbrroro 3arcoua pacflpeAereHrrt I{ T. rI. O6urue crarucrl{rlecxue
csoficrea yponHefi aHeprr,ru $eprranoHxofi cr.rctevm Moryr 6rrrr uoge;rr,rpo-
Baubr Mero4onr cnyvailHblx MarprII [79-82].

flycrr crreKTp yponnefi cllcreMbr, cocro.auefi rag N qacruq, pacnpeAeneu-
Hhrx B C) ognoracruqflbrx cocro.f,Hrr-flx, o[peAenfiercfl p-qacrrlr.nbrM raMlrnb-
ToHr{aHoM, Marpr.rqa Koroporo frBrrflercflr'e roJrbxo epvntonofi, Ho u Betuecr-
seHHofi. Ilpe4uoroxr{M, qro Br,rlroJlH.flercfl ararfre'rpluecxa.a rrlnoreza ft91:
aMnJrr{TyAbr LrJrkl p-SrerTpoHHbre MaTpuqHble SJreMeHTbr B BbrpaxeHrrn Enfl
oleparopa e Sopue Bropurruoro KBaHToBa]ILIn (2.19) fiBrraro'tcfl cryvafiuliulr
qr{craMu, Koropbre r\4oxr{o cql.rrarb 6es uorepu o6ulrocru yAoBnerBoprn-
rrlr,rMu rropManbHoMy pac[peAeJrenl4]o co cpe4Hefi nelravuriofi, panHofi ny-
JIIO.

B clyuae cucreMbr, cocro-sulei H3 Aocraroqno 6orilruoro qncra qacrurr
N> 1, r [82] nony.renrr o6qre Bblpaxeul{t Ar.fl MoMeHToB cnexrpa yponueft
rarofi crrcreMbr. B npe4e;re N< O ollu npeBparuarorcr B MoMeHTL,r Hop-
MaJrbHoro pacrpeAenenvrfl, ecrn N) p, H B MoMeHTbI noJryKpyroBoro paclpe-
AeJreur{r, ectu N:p. Cnoxurre peanbable Sepuuouuue cncreMbr yAoBner-
Bop.rrror ycJroBr,rrc N)p, [ocKoJrbxy nsauraoAeftcrBl,re Me]KAy HrrMr.r B oc]roB-
HoM -flBJrterc.a AByx3JreKTpoHHhrM (xporrae roro, .FI cogepxnr r{ oAHogJreKTpoH-
nrre u-rreur,r), Ho AJr-fl uux o6rrqno nJroxo BllnoJrlrtercfl rrepBoe ycnoBrre nf < Q.

s
.L
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Free Hand

Free Hand
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coorsercrBue pacnp_e.qeJreHurr ypoB'eft sepwruorurrrx cr{creM HopMaJrb-
HOMy pacnpeAeJreH{ro 60.rree cucrgMarlrrrectrrlr tr3yrraJrocb n r4epnoii cuer-
TpocKonr{u [55, 81, 82j, tpa sroM paccMarpr{BaJrrrcb coBoKyrr'ocill ypoauefi
c otrpeAeneHHblM[ 3EarleHtrrlMtr rroJrrloro MoMeHTa ,[ U qernocru g, otno-
cl{TeJrblro Koropbrx Marpnla 3r{eprIIE flBrrflercs.4lraroEaJrbrrofi. perylrrarrr
pacqera gHeprertrqecKux ctreKTpoB cucreM HyKJTOHOB npw N24 u o uopxAra
20 c ucuonr3oBar{neM peanrrcrr{{H'rx rAepHbrx raM'Jrbrorruauon (pqi1 no-
Ka3bIBaIor, qro nnorsbcrr ypbanefi 

"reer uorrrtr HopManbHbrr' 
"ua'fa]j.B atol"mofi crreKTpocKonrrn rr3Becrno 6onrruoe qrrcJro 3KcrleptrMenTaJrb-

nrrx, nonfsrvrm{pmecKtrx tr qtrcro reopernqecrnx AaHHbrx o6 yp6ouxx enep-
flIII BceX cylqecTB)[orr{rx B 11ptrpgAe neftrpanrnrrx aToMoB n MH6TEX r{orroB,
oAIraKO troKa crarucrugecrrfi ailarn3 IIpoBoAI{rcs Jlrrrrrb sMnr.rpxqecKr.I Ar.q
MaJrof.o qtrcra oneKTpoB, B OCHOBHOM Anr aroMoB C oAnOfi Orrprrrofi o60-
noqroft ,nu6o AJrr KoMrrJreKca cMeruEBarouluxcr rorrsnrypaq un p4, g3 _ g6,
70,721. BrrsoAbr srux pa6or H.e flBrrfliorcs. o6qrvru n oftornavoulrn. pac-
trpeAeJrerrEe ypoBlrefi B paccMorperrrrErx cJroxEbrx cler(Tpax upr,r6nr.rxeuno
coorBercrByer HopMaJrbuoMy 3aKorry, oAHaKo o6napyxenrr craracrr{qecK}r
3EAqNMbIC OTIUIOHEIItr' OT HErO, HAEPIIMEP, B 3I(CUCPIIMEHTAJIbHbIX I{JII4 IIO.
Iry,?Mtrtrptrsecrtrx creKrpax MnI 3ds, TalI 6d+6;)4, HfI 5d26sz, 5dz6s6p,
5,d36p _l\,+]_y_B reoperr,rqecrrx crrerrpax aroMos'c' ndY-o6ono.rxoft tfZl(puc. 5.9, 5.10). B nocne4nefi pa6ore,-xar rr B Heroropbrx Apyrrx pa6orax,

O 2 4 6 8 l0E,eB I 2 3 4 58. |O-r,cu-r
a6

Puc. 5.9. (Dyualzr pacnpe.4erregtrr ypoBgeft N (E) e.73) (royrax-rncrorpaMMa; EopManb-
Eau - cIuIoEIEat. J'JIEnfi; amrporctrMtrpoB!!.EEar nptr troMoqtr [epBErx rreThrpex MoMerr-
ToB-rrrrprxoBry) 4ry tronygMfiEprqecroro ctreKrpa Mnr 3d5 (a) r srcneprMeHrarrbHoro
ctrexTpa IIflI (6) [841. E - gueprrlx ornocrrreJrbto ocnoBrroro ypoBn{

7r'lt*
l0

8

6

4
j

Puc. 5.10. Oruomeglre paccqnrag-
uoro n npu6lnxertru Xaprpr-(Dsxa
3naqelrr.f, uepu Xs (89) x xpararec-
KoMy 3uarreuarc (Nfi. Syo ypoast
neporrxocrr) rar $yrrqux or aroM-
Eoro rroMepa Z a:la cnerrpoB r{3o-
9IeKTpOEm;D( prAoB aTOMOB C OT-
rprrrofi ndN-o6otto,txorft (rurpnxo-
nan - 3d3,4d6; urrpux-rrymcrupEar -3dr,cnnomllat ilnnytfr - 3d5, 4d7) I72l

5 E. to-r

5l z

Free Hand

Free Hand
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B KaqecTBe KpIrTepEs corJIacoBaHHocTU paclpeAeneHl,Ifl c HopManbHbIM 3a-

riolroM Itc[oJlb3yercr 1z-recr. Cnerrp HopMl{pyercsr' E:0, o:1, a Becb IrH-

TepBaJr sneprufi pa3Aenterct ua k uurepranon (- cD, Er) (Er, Er), ..., (Eo- ,,
oo) raruvr o6pa3oM, qro6rr pa3lrocrb gHaqenuft nopvranruofi Synxqura pac-

rrp€AeJreHr{f, Ha Kpa{x KaxAoro rIHTepBaJIa 6rtna panna

F,(Ei+r)- Fn(E,): S lk, (88)

rAe g-uoJrHoe qrlcJro cocro-sHl'Ifi B C[eKTpe. flycrr $1 : {I'ICJTO COCTOsH[ft S

rrHTepBaJre i, rorga Mepa or,tl{llut

x':f G,-slk)'slk.
i:l

,I[nX n:OrneKTpOHHbIx IIoCiIeAoBaTeJrbIIocTeii aToMOB C dN-o6onoqrOfi
paCCsI.ITaHHbIe 3HaqeHI4.x X" s 3- l0 par [peBbIIIIalOT fipllrllqecKne 3Haqeul4fl

X.l.rr, coorrercrByrouue 5/o ypoaulo BepoflrHocrrr (puc. 5.10)."-"Fe.yortatu pacvera xoaS$nIueHToB xr v xz n'rfl aroMoB c dN- utttt
./N-o5ono.ryofi (cIra. puc. 5.6,5,7) roNe cBll.4ereJlbcrnyror o6 rax cyulecrBeu-
HOM OT1I{qIII{ oT HyJIeBbIx sua'IeHqfi npl{ HOpMaJIIHOM paglpe4eleur'rn. 3na-

ds
dE

Pac. 5.11. Llacrora cocron:uufr dgldE
(2.65) rar $ynxqnr or euepruu .E:
q. - Fel3d64s4p (acuvnrerpxx xr:O,59)
u 6 - HoI 4froJ46tz (xr:0,70) 1241. Pe-
3ynbrarEl pacrrera MeroAoM Xaprpu-
(Doxa c yqeroM HeKoropbrx penfiTnBI4QT.
cKr{x troupaBor(

80 t20

".,g_r, 
cv-r

(8e)

Free Hand

Free Hand

Free Hand
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ql,rre,TbHat aclrMN{erpuquocrb xapa(Teplra H pacnpeAeJreunrM ypoBHeir pnpa
H3yqeHHbrx cJloxubrx aToMoB c AByt\4r r4 TpeMq oTKpbrTbrMr.I o6oloqKa\4r,r
(puc. 5.11, a, 6).

Btt4llnao, qrc.ra s.lexrpoHoB n o6o;roqire N lopx4ra 5-7 u qucJra oAitc-
3ne(TpoHHbrx cocro.flHr.rfi (), paouue l0 (r/N-o6ono.lxa) nnn l4 (/x-o6o,'rouxa)
Ile-rlb3f cqHTaTb xoporuo yAoBneTBoprrcrur,rMu acHM[ToTnqecxraM ycJ]oBrlrr\r
O>N n N*p.Ai-rr o6oroqeK Hyr-rroHoa O yAear{Baercs }r3-3anaruvntr
AO[o-[HIITeJrbHoro r{3ocBr.tHoBoro KBaHToBoro qucJra I,t [epBoe yc".loB]re
yAoBIeTBOpreTcr J-ryqllle. ou.reruu, qTo yMeHblrreHue 3HaqeHnfi x1 H :/.'2
npn Bo3pacraHr{l{ oAHo3ner(TpoxHoro cnHn-op6nraJrbHoro nsatrMoAeftcrlt{r
no cpaBHeHnro c AByx3neKTpoHHr,rM 3neKTpocrarsqec(uM B3ar,rMoAefi crBHeM
(cn . pnc. 5.7) uoxno o6rscsurl [?2] ,ryuurrv y.qoBnerBopentreM ycJ'roBus N ) p
BcnelcrBue upn6-nnxexur qacrnqHoro paHra raMl,IJlbrottr{aua p K e5nnriue.
flstcxalrrsa,rocr, Taxxe npeArro:roxenlle [84], rrro crarnsruxa yponnefr Moxer
3aBl4cerb or npnpoAbr srau&{oAeficrBr4f, MexAy Qepuuoualr}r - B aroMax
ouo tBJlrercr orrarrnBarerbnllu r{ AaJrbno.{eicrnyroruuu, B To BpeM.s xax
B sApax - fipr{rrrare.rrbHbrM H KopofioAeficrryroruuv.

B [87] npu Eor\{o[u{ qricJreHnbrx npnMepoB r,r3yrrarocb r,Jtarrttne cuhdx{er-
prllr crrcreMbr Ha n_frorriocrr yponHei. Vsejruqeuue clrMMerpltn Mo.rle-![po-
Bailocb AOnOJrHI4TenbHbt!,r coxpaHeHxeM HexoToporo xBaHToBoro qncJia, npH-
BoAtr-t{I{ftI x yMeHbIrIeHr4}o quc,ta HeAflarol{airbHbrx Marpl{qnblx 3reMen'toB
Marpurlbr sHeprr{rl. flpu :rorr.r trJiorHocrb yponHefi npu6luxalacb r Hop]\raJb-
Itoli flj'IOTHOCTI{.

Hapxrry c pacnpeAeJreHueM ypoouefi, xapaKrepu3yrorurrM r,rx cpeAriroio
IIi:IOTHOCTb, BaXHylO CTarr4cTriqecx,vro uu(ropx4auHro o crreKTpax npe.trcTaB-
,'ltlol'r{x Q,+yrryaUnoHHbre xapaKTepncTrrKH (yxarrrnarculne Ha oTKlroHeHuf
or cpeAuero rroBeAeHr{r, Ha rpynnnponxy yponuef), r'axue (aK pacnpe.ue"re-
HI{e r\rcxAyypoBHeBbrx paccrorHnfi H cnexTpaJrbua-a xecr(ocrr [88-90, 85].

O6orna.rl.r],{ .S=S(f) - paccrorHrie NrexAy cocegHnMr.r ypoBHrMr4 upu
3Heprkrl E. a ? (S) - n-rroruocrb paccronnuir utn HHrepBaroB. p(5')lS
H$rL'eT CMbICJ BepOtTHOCTlt TOrO, qTO ecnrl 3Heprl4t OAHOTO ypOeHx - ,8,
ro cxeAyrouilii ;rpouerl 6yAer e nHrepBane Mex(.fry ,E + S u E+ S+ dS (S z $).

(Dyxrs{urc p (S)aS r,iox}ro er'rpa:rrr [81]

p (S)d"s: P (tedS i 0e"s) P(Oe S), {90)

rAe P (0eS) - Bepo.srnocrb, qro lrHTepBair ArrHHbr S Hnleer 0 ypour*efi;
oga paBHa tsepotrHocrlr, rtro priccroluue 6o;roure, uel,r 5'

p (S') r/S'. (91)

fleporiii rvllroxrrrre:-ib n npauoii uacru (90) rpeAcraBJrrer co6oi{ ycJroB}ryrc
BepotrHocrb roro, rrro ec-rifi tluTepBa-r 4-nruoi.i S He cogepxl{T HI{ oA}roro
ypobHt, To l.IuTep*ajrr .I;rusofi r/S urrleer oAuH ypoBegb.

Ecrrn lrex4y pacflo,rroirielil,rcrx{ ypoBFrefi xoppe.ii.*uuii Her, T. e. pacfloncxe-
HIre ypoBHJr He 3aBl4cur Or ]rc,l0'ilieHllr cOceAHI4x ypOrHefi, roP(lerl"9 1i-)eS)

r (oe s): I

Free Hand



5.5. Craracruxa ypoBneii aroMa

Saxropr.rsyercf,. Blrpaxafl P (ledS) .repes cpegFree paccro-RHrle
uavm D(E)=D(2.7a)

P(ledS)=dSlD,

KaxoAr.rM, r{To pacnpeAeJreur{e paccroxnufi ygoBnerBopfler
HA:

roAcraBrsfl n (90) u pefiar [oryqeHHoe ypaBHerrfie IIpu ycnoBrrrx

S'p (S') dS' : D,f e ('9') ds' : t, I
00

p (s): * .^n (- ;)
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MexAy ypoB-

(e2)

(e3)

3aKorry llyacco-

,t> 0.

Ec.:'u lrexgy ypoBnrMr,r rdMeer N,fecro rraseiisoe orraJrKtrBaxIae [81] u

P (ledS | 0e ,S) - SdSI,

To paccrorHrrr yAoBJrgTBoprror pacnpeAeneHurc Bnruepa

p (s): $ .*n (- #), .t> o.

OrvcrllM, rrro or{o xopcruo anilpoxcr{{vrupyer pac[peAeJreHr{e paccroxunir
Mex-{y co6crseuurrvltr 3Har{eunqv'V Arrg. [ayccog-q. oprofoHarbnoro aucau6lx,
cocTo{Iqero I{3 BerrIecTBeHHbIX crrMMeTp pI tIHbIX I\{ aTpI4II, 3 JreMeHTbI KOTOpbI X

Ao ArraroHanu3apr flBJrflroroq. c,nyuaftrrrrr,rlr q[c.rraMrr, yAoBJrerBopttorulilMlr
HopManbHoMy sarony [79].

OnucrrBaer lr.r clopvryla (96) rl3Becri{oe orrailKt{BaH[e N{exAy ypoB-
HqMu oIllHaroeoi,i cuM\,Ierpull [67], xaparreplr3yroull4Macx npra6;uoreu-
IIbIIvlIl XBaHTOBbIMI,I {LICJIA|'4II, OTI{OCI4T€I,IbIIO KOTOpLIX N{aTpII{a 3HeprEI{ He

tBJrtercr Arlaror{arbHofi? Ilponegelruble I,IccJreAoEaHuf cJIo}KHbIX c[eKTpoB
pa3nr{rrubrx aroMoB [88, 9i, 85, 86] rroKa3aJrlr, qro peanbl{oe pacflpeAeneHl{e
MexAyypoBr{eBbrx paccroqnl,Ifi Moxer coorBercrnona:rr o6onu 3aBIrcI,IMoc-
rnvr (94), (96) u qacro peanr3yerc.r ilpoMexyroqrrufi. sapuaur. flplr srov
paCcMaTp[BaJII{Cb 3KCnepIIMeHTanbHLIe ypoBHII C o.qlIHaKoBbIMlI non}IblM
MoMerrroM u rrerHocrbro, Mex.qy KoropblMn Bo3I{o)KeH e$$err orraJrKu-
Bar{r4n. Ha puc. 5.12 npuee4eHbl pe3:{nbrarbl, vcpeAHeHHr,Ie lre roJIbKo uo
pa3ntrrrHblM MoMeHTaM J, no v rro pa3nI{lIHbIM IrepexoAHbIN{ SneMeI{TaM.

3$Qerr orraJIKI{BaHlrs flpqe BbIpa;(eH Anfl cIIeKTpoB aroMoB TsxeJIbIx
3Jrer\{enroB. Pacnpege;reHr{e paccrotnuli rrexgy coceA}I1lr'1[ ypoBH{MI{ o,4I'I-

uaKosof cr,IMMerplru B grl{x c[el{Tpax xoporuo anilpoKci'{Iv{I{pyercfl Qop.ty-
roii Buruepa - orraJrKI,IBaHI4e rIpI{BoAI,IT ( yMeI{bI-IreHI'Iro ql{cJra MaJrbIx

rIHTepBaxoB MexAy ypoBHtMrI. .{ne lercux 3JleMerirou pacnpeAeneuue,
KaK rIpaBuJIO, 6rUXe K 3KCrIOrIeHqt{aJIbrrOMy llyaccoHoBcKol\fy - npu c,ry"lafi-
HOrvI pacflpe,4eneHlll{ ypooueff 6c,lee repoxTHbl lllajlble paccToJl}lus MexAy
HI,IIT{LL .{,;rr cpe4ul{x gJreMeHToB peann3yercq [poMexyrotuuii c;ryuaii.
llpruvnua 3ll{x Ir3MeHeHuit 4ocraroqHo npocra: c yBenuqeH[elt Z oo:pacraer
po,x6 c[r{I{-op6nra,rrruOro B3aI{MO.4euCteus. ptaTpl{qHblg 3JIeMeHTbI KoTO-

poro HeAIIaroIiaJrbHbI no pe3)inbTltpyloulHl!{ (BaHToBbIN{ TIHCJIaM IS, CneAO-

(e+;

(e5)

(e6j

Free Hand

Free Hand
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P (s/D)

0,5

0

P(s/D)

0,5

0

5. Cnexrp ypoanefi 
"Ireprrrn

slo

Pnc. 5.12. Pacnpegeleuue paccrorunft M€xIy coceAHrMu HerrerrbrM[ ypoBHqM[ oAx-
naxoeoi cnMMerpnx B gxcnepuMelTa;rEabrx cuexrpax 3reMeHToB trerBeproro, rleToro r,t

rrecroro neptoAoB [88] (a - Sc, Ti, V, Cr, Mn, Fe, Co, Ni; 6 - Y, Zr, Nb, Mo, Ru, Rh,
Pd; e - Hf, Ta, W, Re, Os, Ir). <DyHxurr rurorlrocrfl paccrornlfi MexAy ypoBrrrMn p (SlD)
noryqena nyreM ycpeArenue ifynxqufi nnorEocrx Anr nocneAoBare:tnocreE yporuef, or-
AeJrbHbtx aroMoB c onpeAeJrenHrrMr 3rarreatrMx nonHoro MoMeHTa J. D - cp€AHee pac-
crotHhe Mex[y ypoonruy (2.14\

BaTeJrbHo, oTTanr(uBaHrle ypoBHei nporBJlteTct cr4.[bHee. Taxuu o6pa3oM,
pac[peAeJreHue MexAyypoBHeBbrx paccrorHxit coAepxnT nn<[oprlauuro o
rIIrcTOTe CBfl3yt H MOXeT yKa3btBaTb Ha CyrUeCTBOBaHr4e CKpbrTOfi CLrMMeTpxlr
cHcTeMbt qacTHu.

PacnpegeneHXe paccro.qlrnfi MexAy coceAurrMn ypoBHrMr{ KoH$Hryparlf,n
6er yuera Hx lloJrHoro yrnoBoro MoMeHTa -/ 6illsxo K pacnpeAeJreHno Bur-
uepa [88, 91], nocKoJrbxy 6orlruraHctso HeArrarouaJrbHbrx MaTpnsnbrx
SJTeMeHTOB B KBa3nAHarOHanbHOfi MaTplrqe 3HeprUU paBHbr Hynro.

Ecln pacnpeAeJreur,re NrexAyypoBHeBbrx paccroqunf4 rryBcrBurerbHo K
Koppenrllnrr,vr Me)KAy 6ru:rexaur4Mr{ ypoBr{rMr{ B cleKTpe, To r{x yfloprAo-
tIeHHocTb Ha 66nbrunx ro cpaBHeHxlo co cpeAHriM MexAyypoBHeBbIM paccro-
cHueM Macrura6ax xapaKreplr3yercfl cneKTpanbHofi XecTKocrblo Ar (Z)
[89, 90].

Ilycrr r{MeeM Synxunlo pacnpeAeneHux yponuefi N (E) (2.73), rlocrpoeH-
Hylo npu rroMotrrr4 MoMeHroB cner(rpa flrm - B Br.rAe cryreHqarofi Qynxuulr
- HenocpeAcrBeHHo no caMoMy c[er(Tpy, rI HMerou{yrc cMbrcJr qficxa ypoB-
Hefi c aHepruefi, Menbureir E. Beru'trHa As(Z) uonyvaercfl nyreM pacqera
cpeAHero KBaApar[qHoro oTxJroHelrr 3Tofi SyHxrlun or nprMofi JtMHilu
(coorsercrsyrcuefi nocrogHnofi rrJrornocru ypoexei), xoropar Hal{,'ryqrul{M
o6pa:olr annpoxcnlrrrpyer N(r) B HeKoropoM 3HeprerilqecKoM IrHTepBane
L,

E+L

ss(L, E): i .;n I (rtu') - AE'- B), an'
L AB;

(e7\
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u ycpeltrreHld.fl no E

A,(r): <\(L, E)>8.
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(e8)

(ee)

(r00)

(10 l)

{evr vre4nenuee pacrer xecrKocrb Au(I) c pocroM I, Telnr MeHee BeporrHbr
B crleKTpe recHbre rpy[rrbr yponxefi rt [poMexyrKrr c troHux<eHHoft Hx rrJror-
Hocrrro [90]. @yuxuur A, (I) noay.Iaercr paoxofi:

Anq gKBuAncranrnofi nocJreAoBareJrbHocrl{ ypoauefi -

gnr cnyrafiHo pacnpe.qeJreHHbrx ypouueft -
L,@):+,
w purfl. rayccoBa oproroHanbuoro aHcaM6nx npu L>l -
Ar(z)=$ h L-0,00687.

Pacclrorpenile pa3Jrutlnbrx [ocreAoBarenbHocreft ypoauefi c olpeAe-
reHHbrM rlonrrbrM MoMeIrroM "I H .rerHocrbro B c[eKTpax aroMoB tr noHoB
pe,{Ko3eMeJrbHbrx oJreMenron NdI, NdII, SmII u TbI [85] rroKa3aJro, qro ux
xecr(ocrb xopouo orr{cbrBaercx $oprvlyrofi (101) (puc. 5.13).

Psc. 5.13. (Dym<qtx pacnpe,qeneHrt
yponneft N (E) Q.7 3) p'trs eKctrepaMen-
rarrbrroro cnerrpa TbI 9/2- [85].
Coraacre uexlry eicre$auenranu-
HLrM 3satreutrelr Af"e=0,31 n cJrgIV-
IOqUM tr3 MOAeJrtr rayCCOBa OpTOTO-
EaJrbEoro ascarvr6nq ASot:0,38 +
+ 0,ll Moxro cqurarb xoporrfrM

/v(t)

40

30

20

l0

40 E, orH. eA.

L,Q):#,

5.6. fpynnu ypoBnefi B cneKrpe

B cryxae cBflga, 6nrsxoft K,L,S-cB-fl3tr, oco6euxo Anr o6onoqKlr 3KBI{BaJreET-
sblx gnexrpoEoB, oAr{trME rI3 Baxrrefturux cpe.ry MHoro3JreKTpoI{IrbIX KBaH-
TOBbIX qUCEJI ATOMA 

'BJI'IOTC' 
CO6CTBEHHbIE 3HAqCHtr' CTNTHOBbIX MOMEETOB.

flonsr'rfi ctrurr aroMa coxpaHtercs B HepeJr.rrrtrBtrcrcr(oM upu6rulxennn 6es
yqera cnrrtr-op6uranluoro B3arrMoAeficrBr,rr. flocronmy o6MeHHoe 3JreKTpo-
crarurrecKoe nsanraogeficrBtre Bo3r{r{saer JMrrIb MexAy gJreKTponaMrr c
oAtrIraKoBbrME trpoeKqtr.'IMl{ r{x clr{HoB, To gHeprIUI MHorogJreKTpOHHoro coc-

Free Hand
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TOtHItt CyIqeCTBeEHO 3aBnCltT OT CII}IHOBbIX MOMeHTOB SJIeI(TpOHIIbIX 060-
JIOqEK.

B pa:4. 4.2 6r':r'a r.r3Jroxeua MeroArma ycpeAnenr.rfl gHeprr{rl rro BceM KBaH-
TOBbTM qECJIaM, 3a IACKJTIOqeHUeM CnnHOBbIX. otrpeAellg.g. MiaTpldrrHbrfi gJre-

I\.{eHr otreparopa I (,SJ (4.45) npu noMouryt $opruryn (O.3.6), (@.3.10), a
raxxe (II.3.5), (II.3.7) u roAcraBJrflr a (4.43), HaxoAr{M BbrpaxeHr{e Ant
cpe4Hefi sneKTpocrarrr.recxofi grreprtru o6onosK[ sJreKTpoHoB c .4aHHbrM
cnrrlroBbrM KBaEToBhTM qEcJroM s (llo):

-"ir1 s('s+ l)-E'(r/ilS): 
{

2l+3
t6t (t + t) (2t + t) nr(N- l)+

. r.#t-t " l Fk(nl, "q+!!p Fo(nl, nl), (i02)

rae Fk - r{Hrerpan Fk (II.4.5) BMecre c np[coeAtrrreHrrbrM K HeMy oAEo-
sireKTpor{Hbrvt cy6varpuqHbrM sJreMerrroM. Bneprrre sra $opvry,ra 6wna
nory.reHa r [26] npu rroMou1tl fipaBr{na cyvm Clsrepa (1.17).

Cornacno (102) cpeaux{ erreprru ypoeHefi c AaHHbrM S nonuxaercr r(Ba.a-
paru.iHo upu yBeruqeHllu S (6o.nrure 3ne(TponoB Moryr rlMerb oAr{HaKoBo
IranpaBJreunbre crrI4HbI, Bcre,qcrBl{e qero Bo3pacraer o6ruleHHoe B3ar{Mo-
4eficrnne MexAy unun). Ten4en[rzx pacrronoxeunfl. TepMa 6oluurefi Myxbrr,r-
nJlerHocrrr sHeprerr{qecKu rrlxe xapaKTepna ctreKTpaM aroMoB c ognofi or-
xprrrofi o6o.rroqxoir" xort noJrHoe pa3AeJleHr.re repMoB rro ux ctrr{Hy HMeer
Mecro ro.rrbxo B rrer(oropbrx upocrerimnx xonQurypauuax.

Or SonrurrncrBa yporHefi o6rrqno yAaJreHbr rpynnbr yponuefi ocHoBrroro
H Bepxuefo repMoB. Onu, oco6enno HlIxHIre yBoBHH, nrparor BaxHyro poJlb
B cneKTpe:"'r{MeI{Ho B ocHoBr{oM cocro.f,Irr{[ HaxoALITct 6onrtuuttcrno cBo-
SoAr*rx aroMoB nprr rer',{ileparypax Ao HecKoJrbl(rrx coreH oC, u3 sroro co-
c-rosHr s. lpo]rcxoAizr ux noa6yx4eHrre I{JrlI r4oHr{3aqur Bo MHorr{x 3Kcriepu-
\{eHrax. IIpn 6o;ree Bbrcoxr{x re}vlneparypax 3aceJrrrorcr Ir IpyrI,Ie ypoBrrl{
OCHOBHOTO TepMA.

OcHosuofi repu o6oroqKn gnexTpoHoB trMeer, KaK upaBzJro, MaKcrIMaJrb-

Hyro Nryrrbrtrrrrrerrrocrb 5-?(12, qro Ao noJryqeuufl Qopr"rymI (102) 6rrro
ycraHoBireuo Xyr.uoru sMtruptlqecxn (clt- rrucno sJreKTponoB trpE .n/< 2/+ I
urtr cnc,rro saxaucufi rlrycl(.>21+1). Bropoe npaBr,rJro Xyg,qa ilracl{T: ocHoB-
nofi repv HMeer MaKcrrMaJrbHoe 3Haqeuue op6uralrnoio rrrouexra Z. sos-
Moxrroe npx AarrHoM S. flpu yqere rrpuuquna flayna noryrlaerc.fl:

7i(2t+ t-qq. (103)

,{,rx onncanur cocrossufi varcur"ralrnofi MyrbrstrJrernocru Mo)KHo

HcrroJrb3oBarb upocrparrcrBo cocro-ruufi c @nxcupoaanxofi upoexquefi cuu-
ua126,921, tro no3BoJrrer [oryqurb tBHbIe Bblpaxeurs .uru roe$@qaenroB
rrpr Errrerpanax sneKTpocraruqecroro B3ar4Mo,uefisrnas, [63J. Kos$$w\r{enT
AJI' OCTIOBHOTO 3aB[CgUIefO OT TepMa qreHa c k:2 uvreet nu(

r
k>0

L:+

/;(/xyr.1 : {-aL(L+ 1)* q, (i/)} (/lj g{il i1tSz, (r04)



5.6. lpynnu yponuefi B crreKrpe l5l

rl:e a - fioJroxlfreJrbHbrfr qr{cneHHui xoassr,ru[eHT, a rp, (N) Fns. p- u d-
sJrexrpoHoB - HeKoropar rpocrar Synxulrx or qucJra gJrerrpoHoB N;
npu l:3 oHa 3aBr.rcrrr raKxe or co6crsexHoro 3uaqeHr.{r oleparopa Ka3tl-
Mlrpa rpyrnvr Gr163l. (Doprr,tyna (104) o6ocHoBbrBaer Bropoe npanuno Xyu-
Aa.

Cor.nacno 3aBucr,nvlocrrr Arlaronanbuoro Marprrquoro sr.reMenTa oleparo-
pa cuuu-op6r{TaJrbHoro B3al4MoAefrcrBlrr or rroJrHoro MoMeHTa J (1t.5.4),
(O.4 l), .qrt qacruqHo 3arroJrHeHnofi o6o.rro.rKrr rrn3rrrr,rM flBltgercfr, ypoBerrb

ocr{osHoro repMa Ls c i:li-Si, Arrx floqrn 3arroJrHeHHofr o6ono.rxu c
j:f +5, a npr4 N:21+t t:O n i:S. I4cnonrzyr. (103) u 3:qt P,
HAXOAHM:

( l0s)

-flsxrre Bbrpaxeul{c r{M€ror r,r .{pyrr.{e KBaHToBbIe r{[cna ocHoBHoro ypoBr{s,
3ro uossorser [oJryqurr $oplrynr,r .qn-rr 3neprlrIa lourornoro ypoBnr rrprl
IaHrroM I s su1e MHoroqJreHoB or N [63]. Oun He ]qlrbrBaror cMeIrMBaHLIf,
ocHoBHoro repMa c Apyrr.rMr,r repMaMr{, oAHaKo oHo Bcne,qcTBl{e yAaJreHnfl
gToro repMa rr paBeHcrBa HyJrro 6onrlnuncrna HeAr.raroHaJrbHbIX Marpr.{rl-
Hb{x 3JreMeHToB c rrHbIMI,I TepMaMu o6uquo tBJrflerc{ cna6rrlt rr AJrf, rrero
I{Meer Mecro Aocraroquo qucra.fl lS-csqsr.

Bepxnuft repu o6onoqKl{ 3r(BItBaJIeHTHbrx 3nerrpoHoB onpeAeJlf,ercf, npy-
rrrM 3MtrEprrqecKr,rM npaBHJroM [63]: nepxnuM TepMoM frBrfle'rcfr 1So npr.r .rer-
Horvr qr{cJre gJIeKTpoHoB ull npu HeqerHoM I4x tII{cJre. Ero srexrpocrarlrrlec-
Kaf, sHeprtrt ro)Ke uMeer npocroe Bbrpax(eulre. O6reAurus (4.106) u (4.107),
uoily,qaeM.4nx roe$$urlr{eHra fo upu k>0:

f)(lN upper term):t ry [ - f:]- 4t+2- N1

i zianir L-zu, n -t-l+

- _l N(21-N)12, ecrs N<2/,+1;
" -l (+l +2-N)(N-21)12, ecrrH N>21+1.

(106)

Cne.4yer orMerr{Tr, uro aepxtrufi TepM crrnbuee, qeM ocnornofi, cMerlrr-
Baelcfl c .upyrrrMr{ TepMaMrr (olr cnrsan c HIIMI{ MHoTITME HepaBHbrMI.r HyJrro
rre/qr{aroHaJrbHblMr.r MaTpErrHbrMtr gJreMeHTaMI{ OTHOCI{TeJIbrrO qucra cTap-
rulrncrBa u), ua ero rroJloxeune raKxe clrJrbHo Brl,Iqror KoppeJrtuuormrre s$-
$errrr.

Hanllsue tBIrbIx nrrpaxceuzfi AJII BepxHero I{ ocHoBHoro ypooueft TeM ca-
MbrM AaeT orIeHKy AJr{ rfinpriHbr cleKTpa.

Ten4enqNx paclonoxenrax yponuefi c 65,ruunrrau crItIHoBbIMr{ KBaHTo-

BbrMr{ qrrcJraMrr 3rrepfeTl,tqecKr{ nuxe xapaKTepHa Taxxe I{eKOTOpbIM crleK-
TpaM aroMoB c AByM.s orKpbrrblMtr o6onoqrarnln. Heo6xoAnMbrM ycJroBrteM

flBJrtercfl upeo6.na4anrre 3aBlrctulero or repMa gJreKTpocrartrqecKoro B3aI{-
voAeficrnus Ha.q crrrrn-op6urarrnuu. KosQ$uqfielrr trplr ElrrerpaJre trprMo-
ro eJreKrpocraruqecKoro B3atlMoAeficlsuq Mexgy o6onoqxauu (11.4.24)
He 3aBEcr{T or clrl{IroBbrx MoMeHToB (4lr paspemeuHbrx llx snaqennfi). Vc-
pe4HeHUa{ trO BCeM MHOTOSJIeKTpoHITbIM KBaHTOB6IM qI{CJIaM, 3a IICKJIIOqe-

lIueM c[trHoBbIX, gl{eprl{-{ o6Inlennoro gJIeKTpOcTaTtrrIeCKoro nrauvtOgeficrnUx

+(- l)n- u # | lrtJc,*, 11r>,

Free Hand

Free Hand
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onpe.qeJrrercr BbrpaxeHr.reM (4.36). Cpeplur sueprnr rpyunu ypoBnefi c AaH_
HbIMU 3HAq€HI,I.SMtr S,, S,, S Yr'rCrrrIuACTC' C )TBCJIFICHUEM Pe3YJIbTTPYIOIIETO
MOMEHTA ,S II gOCTNTAET MtrHIIMYMA IIPU MAKCtrMAJIbHbIX BO3MOXSbIX 3IIA.
IleHrrrx cutrrroB o60trx o60roseK tr noJrgoro ctrEHa,

flocro-nrxy pa3AeJrentre repMoB aroMa tro rroJrHorvfy crrzHy o6ycnonnu-
Baercr oduemrru 3JreKTpocrartrqecKtrM nsanrogeficr"uerut, io nlo6xo.4tr-
MbrM ycJroBueM TaKoro pa3,qeJreEtrt flBJr,.erc . upeo6nagarue SToro B3atrMO-
geficrnna HaA 3aBrrcrrrFM or repMa [prMbrM gJreKTpocrartrqecKtrM B3atr-
uo4eficrnr,reM MexAy o6onosxaMtr.

3aslcrqnfi or repMa uarprunrrfi sJreMerrr npf,Moro nsazvro4eficrnrar
rrcqe3aer, ecJrrr trMeercr orKpbrras o6onosKa tr o.quE J-gJreKIpOH. Koerlrpr-
rIr'reHT npa uETerpa.ne oSr"rennoro B3aEMogeficTBnr 4nx raroft xour[urypa-
III{IT AUATOHAJIEE }I 3ABI,ICIIT TOJIbTO OT CtrtrHOBbIX KBAETOBbIX qI{CCJI:

s,(tN^ftL,,,S,sz,s) : -r#[1"*s(^r+ t)-& (&+ 1)- 3l4f . Oo7)

PacnpegoreHtre repMoB no cntrHy He rrapyrlaercs.uB cryrrae oryrpenuefi
J-BaKaHcr{r{, TaK KaK CUZn-Op6qraJrbHoe sgazlvfoAeficrBlle ncqe3aer upr /:0.
Bunornreirue BToporo upanraa XyuAa 4nx xou$ur;paqnu /ils o6ecleqrrBaerct
sJreKTpocrarsqecKtrM nsazuogeficrBr{eM Br{yrptr o6onoqru /N.

o6uenHoe nraulrogeicrBr.re cr,rJrbgee, qeM trptMoe, 3aBI{cET or crenegr
[ep€Kpbrrrlr paAr{anbHbrx BoJrrroBbrx $ynxqufi, trosTOMy n XOnrlrrypaqu Xnrl{'nr$" oHo Hrpaer ocnoBHyro poJrb B cryqae coceAEtrx sneurrux o6o-
JroqeK. Berra.{uHa Marpr{qHoro 3neMeHTa orreparopa SJreKTpocrarEqecKoro
aaaulrogeficrBr{r B OCTTOBHOM onpeAeJrserc.s Brura.qoM uraBlroro qJreEa c
MI{HffMAJrbH$M 3HaqeHr{eu fr. B cnyqae flp.sMoro sga[MoAeficrBr{.rl qJreH c
ft:O se 3aBllcr.rr or repMa v k^io:2. ,{.nx o6uermoro B3arrMoAeficrs[s
k^^- | lr- I,l, rge /, a lz - op6urantnrre qrcJra o6onosex. Cnegonarernuo,
'rro6tr B cneKTpe rrMeJra Mecro KoppeJrrrrr{fl MexAy gHeprerr.rqecKr{M noJro-
xeHrreM ypoBHr r{ ero cn[EoBbrMtr KBarrroBBrMtr qrrcJraMr{, ueo6xogrvro nrr-
rroJrHenne AouonriureJrbrroro ycJroBr.rr I Ir lz | <2.

B cnyvae Any{sngx1pqunofi rouSnrypar{qq nrlrnrl, uJru lpyxBaxaurnofi
ron$irrypauyn l{,+t 1{"+ t (/, > /r) orpnqarenrsbcrb 

- 
rossr[uqreura

\12 L
\ Iz Ir-1, (r08)

Anfl Tplr[i]erEbrx repMon c lr+lr+L:vemHoe 'auclo o6ecnevnraercr i[a-
3OBbrM MHOXETeJTeM (- l)", a ero MtrHEMaJrbEocrb .qng uau6orbrrrero 3Ha-
qenr{tr op6ura:ruoro MoMeHra - 67'-roet[SurlrreHToM

I tt 12 L l-, - r\r,+/r+r (L+lrI,)!(21,)!
I t, Iz lr-l,l:(-r'''' '- O-T+TJlO4iTrt' (l0e)

A6conroruafl r,eJl:a'r'vtna eroro roe$$Hrlr{enTa tr TeM caMbrM grr_,, Bo3pac-
TaeT c yBeJrrlrqeH[eM L u AocruraeT MaxcEl\ifyMa npu L:lr+/r, o4naro snax
gr1- r' MeHteTct c KaxAbIM 3lraqeHlreM L' r. e. noJroxeEEe TepMa 3aBtrctrT oT
qerHocrr{ op6rEralurofo MoMeHTa.

) 
,r,, ,"'-' ) tth>'gu-r,(11/r):(- 1)" 

{

Free Hand

Free Hand



5.6. Ipyunu yporueft B creKrpe

B o6rqeM cJryrlae ypoBlrn gnyxo6ono'reqHofi Kox0l{rypaquu l{'ly'
(l < nfr <4li+ 1) xapaxrepn3ylorct rpeMr. MHorosneKTpoHEbIME crIrrHoBbIMn
KBaHToBrTMR qtrcJraMu, Koropbre Moryr npr,IHl{Marb MHoxecrBo gnaqenrafi.

flocromry BrsIaAbI or pe3yJlbrl,Ipyroqero crII{Ha II MoMeHToB orAeJlbHblx
o6onoqex B cpe.urrorc o6ueuryro suepruro (4.36) nxo,4.ar c pa3rI{tIHhIMI{ 3Ha-

KaMr.r, a, KpoMe Toro, ,qJIt cJroxHofi ronr[r,Irypaqw uvreeTcfl.6onlruoe qrIcJIo

IreALIaroHaJIbEbIX MaTplIqHbIX SJIeMeI{TOB, B TOM SUCIe OTIIOCI{TeIbHO CnII-
HOBbTX MOMeHTOB, TO npaKT[qecK]r TepMbr c pa3n[qEbIMI{ C[r{HOBbrMr{ KBaH-

TOBbIME TIIICNAME HE PA3AEJI'IOTC' HA TPYIIIIbI.
flpn ronusa\un rrrrv. nos6yxgenull 3anoJrHeHrrofi o6oloqrl{ aroMa llacro

Bo3rrtrKaer ron$urypauux llt'+r IN', .uJI-a Koropofi lrosrf$ruueHT g'k Moxer
6nrr upegcraBrreu n ruge [57]

gr(l1l'+r I{'TrLrSr, y2L2S'2LS): N, (/. Jl C(t) JJ 
/r)2 x

153

x (I{ "- t y rL, s, l, 11 
t{, y, L, S r) (t {' - t i rL, s 

" 
t, ll I {' y L LL s ) -

- 8 (y'ZrS', yLLLSDllzl-t (l l0)

B,quaronarbHoM Marpr{t{HoM gJreMeHTe uepnrrfi qJreH noJroxl{TeJleH.
flps ff, <2lz+ I on ncqegaer Ailt MaKctrMaJrbr{blx :naqenrafi S, ra S, [ocKoJrb-

ry S,: Sr+ll2 He Moxer crarb paBHblM ^Sr< (Nr- 1)f2, uto cornacyerct
(npu panee crfopuylupoBaHHblx yc,'ronuxx) c nepBbIM npaBItJIoM Xyoau.
.{nx uovru 3a[oJrHenHofi o6oroqx[ 3To yxe alre6pau'recKx He AoKa3blBaerct.

9ro6rr roeQ$uquenr gk rlpeAcraBnrb B noAo6noru BvAe Enfl epyrofi
ea)Kuoii ron$urypaquu l{'lr, ero cne.{yer BbIpa3I{Tb qepe3 reneaJrornqecKlle
xos$rfuuueuirr, cn-asrrnaroruue repv o6onouru /fl' c repMaMr{ o6ono'IKu

fl'-t

s s(s;,^s) lL, r nllL, t kl,
+2s, 

2's+r ll, t, r,l\t, t, Lil"

x(tf'yiLisil, tr /{0,+1y iLi s'{) l!, l,' :,lli, 7",' i,

(t
x I ( - lY-+u[Lr, LL, sr, si] t

I

I
r

'lzt;+r l'

g(ff'l2y1L'Sr, \iLi,SiI^S): (/' ll Cto' lllr)'x
I

r I t- l)r'+ti(irl+ 1) r s(si, s) lLil(ll,yrL,s, ll/{v'+1y'izis0 x
t ririsi

)-

-8(yr.L151, TiL'tSi) (111)

3AeCr Sannc.fl11g1fi Or TepMa sIeH ffcse3aeT AJUI TepMOB C MaKCtrManbHbIMIt

3uarleg[flMtr ctIEHoB .S u St:$i npu Nr22l"+1.
Pa:Aeresue ros<pQruuenra upn o6vrennou rrnTerpaJre sa o6rqnfi AJIx Bcex

TepMoB orpuqareJrbnrrfi sreu tr 3aBr{csurl{fi or repua qJIeH, Koropufi Alg

Free Hand

Free Hand

Free Hand



154 5. Cnexrp ypoageft sHeprrln

,qHaroHanbHoro MaTpl{qHoro 3JIeMeHTa cTaHoBrITct rIoJro)KI{TeJrbHbIM, Bo3-
I\,folKHo r,r B o6lqervl clyqae npfl nrc6ofi cxeMe cBr3H MexAy o6oro.r(aM[.
3ro ocyruecrBJrf,ercr nyreM [peo6pa3oBaHr{r o6MeHHofi rracrtr oleparopa
e:arvtogeficreut(2.27) (uepecraalrrorcr oileparopbr Dl, bgutru af, a, n neu)
B CKaJITpHOe npor.r3BeAeHr{e .qByx oAHo3nexTpoHHhrx ouepaTopoB Tuua o[e-
paropa [epexoAa, a raKxe B qJreu, nponopquoHanrurrft oleparopy q]rcJra
3,rexrpoHoB. O6vertrui roe$Qrnqr,reHT g.k Bbrpaxaerc.{

ge(Kol{'l{,y^( J): (/1 ll C(&) llh), x

* { 1.r1-' \ qxoty,t{"yJl1wa)11Kory.'r{,-t^( Jr> x
' f!'

x (Krl{'$,y' J llW&) ll Krff,+r 7y,-t^( J') - I (y, f'f *-N'- 
}-

: (/, ll C&) llz>z{ p-' f <rrl.I,li,fJ llw&) ll Kotl,,-r 1y,+t T" J'> x
"f" J'

x (Kol{,I{,y'J\1ly<xt llKoiio,-r $,+ty'J')-o'(y, tl 7ft- }. (l l2)

3gssy l,ykt :lf1 1y<rot - eAuHr.rqHhrfi oueparop (2.32), cy6uarpuuHufi sre
N(eHT KOTOpOTO rrMeeT TaXyrc )Ke cnlllrr-yrJroBylo qacTb, KaK I{ onepaTop
repexoAa g<*t (2.7).Corlacso (112), yponnu ronszrypat\uvt, B xoropoft
npeo6nagaer o6veHuoe sJrerTpocrarr4qecKoe n:auuogeficrBlre, trMeror reH-
AeHutrro pa34elrfiTbcfl. rra ABe rpyrrnbr yporneii: HrlxHroro rpynrry, roropofi
coorBercrByer panrurft HyJrro noiroxnie"nrnrri qreH B ocnoBHoM ros$$ra-
qubnrg gp.e HaLtMeHbrrrprM 3Haqeur,reM ft, z nepxnrorc rpynny ocraJrbnbrx
ypoanefi. K nuxxefi rpylre [pr{HaAJrexar repMbr ron$urypaqun I{, l{,
co cnRHoM, roropufi HeBo3Molr(en a xonsi.rrypapmu ffr+rl{z-r (nu6o
/{v'-tfir'+l), a raKxe HeKoropbre repMbl c Mtrr{}rMaJrbHbIMH I{ MaKcIrMaJIbHbr-
Mu 3Haqeuufll,'rtr L, He yAoBJrerBoprrcqr,rMu rpr{alurbrM ycJroBl,rrM. OAsaxo
trocKonbxy (112) cogepxr.rr rr HeArraroHaJrrnue rosQ$rrlr{errrbr MexAy rep-
MaMu BepxHefi rpyunrr, uMelorque raxofi xe EoprAoK BerurruHbr, (aK r{ ArIa-
roHaJrbubre xog0QuuueHTbr, To pa3AeJreur.re repMoB 4oyxo6olouecHofi ron-
$urypaqun o6vennunr nsar.ruo4efr crBr{eM cJre.{yer paccMarpzBarr s 6asuce
@ynrqnfi, AnaroHaJrlr3rrpyrcqux Marpr{uy ocuoBHoro ros<lSuqneurt gr r,- rr r.

B 'racrHotr4 cnyqae h:lzla minft:0 oreparop W@ pae.;.g{lc roqHocrblo
Ao nocrorHnofi oneparopy r{socrrr4rra Q @.86)- (4.88), co6crseHHsre 3r{aqe-
Hr{f, Koroporo [o3BoJrrror rraccu$r[EpoBarb repMbr xon$nrypau,rrri l N t l N t

no r{x [poucxoxAeHr.Irc B p{Ay r<ou$nrypaqrdf4 IN'+elil.-o (p>0). B rarocnn-
HoBoM 6a:uce roe$Quqraeur g0 noryqaercr AuaronaJrrubrM [14]. 3ro neno-
cpeAcrBer{Ho BI{.qHo raKxe H3 BbrpaxeHwx (ll2) - BcJre.qcrBr{e oproroFraJrb-
Hocrlr BoJIHoBbrx tfyHrurEfi r{3oclrlHoBoro 6asnca qacrb g:0, 3aBucrulaq or
TepMa, tr{cqe3aer, ecirrr repM BlrepBbie tro-f,BJrrerc.f, n ron$urypa\u*t lN,lN'.
OAnnv ns cnoco6oB nonyqeHur r{3ocrrr{Hosoro 6a:uca tBJrteTcr AEaroHa-
Jrr.r3aur{rr Marpr{rrbr ros$Qr.ruuenron go [64].

Brrpaxenue (ll2) nlr roe0$nqueHTa gt c k*O aae'r Bo3MoxHocrb BBec-
rE nosrrfi 6asuc rarxe ra 4nr xonSurypaqlrft l{'$, c lr+lr. BeAr- ofleparop

Free Hand



5.6. lpynnu yponnefi B cr€Krpe 155

op6urarbuoro paHra k (a rpoplre BTopuqsoro KEaHroBaHufl trMerorr1ufi

Bug [[(r,s)t x A(trs)](ko), r1e fit - oleparop poxAeH[s sJreKTpoHa nzlz, a
Z - oneparop, c rorlsocrbro .qo Qasoaoro MHo)Klrrent par_+ufi oileparopy
yHurrroxenur orexTpoua nyl, nxi poxAeunt BaKaHcI{rr nrlrr), AeficrBy{ Ha

BonuoByro Syrxqraro ronQurypaquu l{'+rl,t't'-l, lpeo6pasyer ee s ruuefi-
uyro nou6una${rc rfyuruufi rou$nrypaquu l{'$' unfi Eaer Hynb, ecJlh

TaKoe [peo6pa:oeanne HeBo3MoxHo. 3ro pa:pefiraer BBecrra xnaccu$r'ma-
uulo repMoB xou<fnrypaulni4 ly'l{" lro ux rrpoucxo)KAeHuro, uoA Aeftcrsue\.r
otreparopa W&', iz repMoB xou$urypaquu ll'+1 1t't'- 1 tl gpyrnx rou$urypa-
qufi pn4a c [ocroflrrHblu o6ruuu tII4cJIoM 3neKTpoHoB. Analolrqno cnyqa]o
t:0 roeSQnqLIeHTr,I g'k c AaHHrIM ft s erolul 6asvce cTaHoBtTc.fl Al,{aroHaJlb-
HbrMr4. C .qpyrofr cropoHbl, AuaroHaJII/t3alg,ilfl. rr.a'rprturr roeab$uuu€HToB gp

no3BoJr.ser nocrpol,rrb nonrrfi 6asuc f93, 571. OrrvreruM, qro pa3rr'iqHblM fr
coorBercrByror pa3rur{Hrte 6asnctr u qe;Iecoo6pa3no l{clroJrb3oBarb 6azuc,
,4uaroHanrr3upyroqrafi ourosHoii roe$Sr.rqlreur o6MeHuoro ssauN{oAefict-
Bus. c k-,n: I lt- l, I

Llcxo4x r{3 Toro, vro rosSSnuxeHT g11 coorBercrryroruufi B3aIIMo-

.{eftcrellro MexAy .racruuefr s o.qHoii o6oro'Ire ra Baraxcuefi o ,upyrofi o6o-
JIOqXE, HE HCqC3AET, JII{IU6 9CJII{ UX CB'3bIBAIOUIUE MOMEI{TbI PABHbI 5:O I{
L: k, uos;te cocrorHr{s yAo6so r,raccn(pnqupoBarb qlrcJloM co.4ep)Karqux-
ct B Hr{x yacrtrqHo-AbrpoqHr'tx flap il crporrrb raxofr qacrlltlHo-l{blpovnrrfi
6agrac rryreM nepeonpeAenenlat reHeaJIorIIqecKLIX roeStpuqueuroe 1941.
flocxoarry oneparop W(o) cozlaer or,i-Iy ral{yrc napy, Bo3HlIKaer AorIoJI-
HHTeJIbrioe npaBlrJro orSopa A.nt ero MarpI{'IHbIX 3JreMeHToB. Bcre.4crslde
ororo 3aBrlcru{atr or repr'la .racro ros$Suu[e]IToB gk Moxer uc{e3arb B

HoBoM 6asuce AonoJIlILITeJIbHo Airlr Heroroprrlx TepMoB, r{ oH}I [epelv{eluaror-
cfl B Hr4XrrIOrc rpyluy.

B rouQurypaL\Htt ,714t+1n(l+1) BepxHroro rpynny cocraBrqer ornn lP
TepM, 3HaquTenbHo yAaneHurui or ocra.rbHurx [46]. B xonSurypa\wflx
nlEt+t n (l+l)2 u nlat n {/+ tr) nepxutt rpyrna cocrol{T I'I3 Tpex repr"too (ollc.
5.14). flpn ganueiiurevr yBe"rnqelrnn oiucra -lf r rou$uryp&wtx nl4t+1
,?(/+l)rv v nlst+z-n n{l+11 repil{bl o6elrx rpynfl c6;rraxalorcx u nepeMe-
IrrrrBalorc.fl MexAy co6ofi, xort HHl<H.fl{ rpyn[a He l{cqe3aer unpw N>21+1.

,{uarouanu:aqux roedr$uul{erlToB gr Moxer rlpxBecrl{ K Bo3pacraHl'Iro
B HoBoM 6asnce ApyrEx He,&nsrcrlaJrlnux xos$$EIIr{eHToB sJreKTpocrarlr-
qecKoro Bgal,IMoAeftcrnux f", gr, ..., o.{HaKo pacr{err,r rloKa3BlBaror' qro B

cryqatx, KorAa repMrr o6erax o6oro'{er xapa(Teprcylorct Jrlrrub .4ByMs
KBaTITOBrIMT{ ru{craMr,r Z, S, EMee1 Mecro KoMrleqcau14t, I{ TepMbI o6erax

{pFrtr B qacrnqHo-AbrpoqIroM 6aSuce cMeul{Barorcx cta6o.
Pa.etanurrre BoJrnoBbre {rymquu 3JreKTpoHoB B MFrorosJreKTpoIrHbIX coc-

Totltu.fix roft x(e ronSurypaul4l4 Moryr cyrl€crBeHHo pa3rurrarbcf,, oco6eHno
B CJryqae O.{HorO BHeIuHerO gJIeKTpOHa c 6Onrgrnrvl Op6uralSnrnt MoMSHTOM

[46]. C Apyrofi croponbl, peureHrre cl{creMbr ypannenuft Xaprpll-Ooxa or-
AeJrbHo ,qJls KaxAoro TepMa c yqeToM HeAI{aroHaJIbHbIx MaTpurIEbIx 3IeMeFI-

TOB Ir paoqer s 6asuce rarux Synrqnfi uarpuqu 3Heprutr u .qpyrrx xapaK-

TepEcrrd aroMa npeAcTaBJrtror co6ofi oqelrb rpy.qoeNfKylo zaga'ty. lnn
pacYera cueKTpa, cocrotulero H3 AByX yAaJ-IeHHbrx rpynu repMoB, ueJleco-

Free Hand

Free Hand
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1,2

t,0

5. Cnextp yponneft exeprnr

a. c.

- 

G$'F_ cn'D

_ GH).c

Pac. 5.14. Cuexrp ypoeneft enepr nu CeIY 4ds 4fr, pasAenerrnrft o6-
MeErrErM greKTpocrar[necKtrM B3aaMogeftcrnueivr Ea rrnxEroro tr
Bepxnroro rpyrmrr yponnefi. Pacrer uero4orvl Xaprpr-@ora
B trpoMexyro'rroft catru [57]

o6pa3Ho Ectronb3oBarb ABa Ha6opa paAtraJrbHbrx BoJrrroBbrx r[ynxqnfi, onrr-
MII3trpOBaHIIbIx Bapr,raquoHrrbrM MeToAoM oTAeJrbno AJrfl Ka)KAOfi tr3 rpyn[,
I4CXO!' n3 EX cpeAHrrx :ueprnfi.
_ Cpe4uufi o6rvlerrsrrfi Ko3abOnIueHT Er, Als. Hr{xHeft rpyurrbr repMoB KoH-
$rrypaqnr nylN'nrlM,(lfr>Nr) coenaAier c He 3aBr{cflrqtrM or repMa rure-
HoM B BbrpaxeHrrr{ Anfl gr Cpeaurift roa$$nuzenr Anfl BepxHefi rpynnrr f*
B I{3OCnEHoBOM Oa3[ce roryqaerc-fl rryreM ycpeAHeHtrr Ko3oorqIIeHTa gr rro
BceM TepMaM c r43ocrruHoBbrM KBaHToBbTM qEcnoM T*(Nr Nr)12, r. e.
rlo BceM TepMaM, KoTopbre BtrepBbre Bo3HRKaIoT B Apyrtrx xontparypaquxx
I{3ogJreKTpoHHoro prAa nrlN'+anrlN'-r. BrrpaxeErreAJrt fn-cneg,yer rr3 co_
OTHOIIICH}{.fl

B=* [s (K) - c (r: (.^/, - N,) I 2)7 + E r s (r : (NL - N,) I 2) : E t E (K), ( I I 3)

rAe g(f:(Nr- Nr)12) - qucJro cocroluufi, BrrepBbre rrof,BJrf,roruuxc, B
paccMarpr.rBaelnloft ronQzrypaqaui E*- ros$rfnuenr, ycpe4uennrrft uo
BceM cocrornurM, rrncJro Koropbrx paBuo g (K). Zcronufi cpe4nnft xos$-
$zquenr r{Meer BEA

E.

t.4

Q;2

0,0

Free Hand

Free Hand



5.6. Ipynnu ypoanefi B crnrrpe

go1yr,1r,;: (r.-iv'+t)(+tlzl(1-l+l). -{..(y*+t)f+l+t-n'l . (lt4)
(41+2- N\) (41+2) '

Fr (/r,/iy,): (N'- N'+ 1) t(4/1?) t-.1=1.(1112]JVl 
(ry'l-l) !1'+3- N,) (4/+ 1) x(4t+2- N) (4t+2) (2t+t) (4t+1)

x (lllc@ lll)2, k*0. (115)

Haxoxgexne rost$$nqxenra'-gr 4nr repxuefi rpynnr,I TepMoB B rlacruq-
r{o-.qbrpottrroM 6aaxce, .maroHaJrE3r{pyrolleM MarpHuy xos$i}uuxenror
Ettr-ttt(lr*lr), ycJroxn erct reM o6croqrerrcrBoM, qro upu no:geficrenn
oneparopoM HelryneBoro payra ll'tt,-I, I Ha BorHonyro $yuxuuro xon$u-
rypaur.rn I{+t Q,-r Moxer upon:ofirx pacuupexxe cneKTpa Bo3Moxlrblx
gnaseHr.rfi op6r,rranrxoro MoMeHTa - ror.BflTcfl TepMbr, He coAepxaulrlec.fl B

roa$urypauuu l{, $'. OAnaxo ecJIH B HHrepecyrcueM Hac cnyrlae I l t - l, 1 
: 1

olpautrqnrbc.f, ilparrurrecrll 6oree Baxnrrvu rons wyprlraflMvr llt'+z lf" 
" 
t 

"-JroM gJrel(rpoHoB B orrprrrofi o6oroqxe Nz<2lz+ l, :ro taKoe pacrurlpeul{e
ue npousofi,qer. Cne4osareJrbHo, r{ucro cocro-sHnfi nepxHefi rpynnbl TepMoB
xouQNrypaqvu llt'+t/fl' panno crarBecy xoH$Nrypauuu l!'+z1y'-t, yt-
EoxeHHoMy na 3 - qr{cJro KoMnoxerrr oneparopa eAuHl,ruHoro paHra,

g"(l1t'+t I!,): 3s (llt'*2 ry,-l). ( I I 6)

Llcuonr:yr Sopr"ryny, aHarornrtHyto (ll3), nonyqaeM BblpaxeHl,re .{nt
ocHoBuoro o6rvternroro ros$tfuquenra, ycpegHeHnoro no nepxneft rpynne
repMoB (Ns<2/r+l) [57]:

E,u1,,*'t{"): r#;}: <t,lc'r ltz>z. (l lT)

Teu xe MeroAoM 4rx xorr[urypauuu l{'lz (Nr>2lr+ l) naxo4uv

v, uy' t,) :'W <h I c,.., 1t t 2>z (118)

lpyunrr :l.unnir. unofi upupoAbr xapaKrepHbl An.a cne(rpoB MHoro3apt,it-
Hbrx r{oHoB Ir rtxeJlblx aroMoB: BcJreAcrBI{e cr{JrbHblx peJltrl{BucTcxux :$-
Qexron raKIIe cneKTpbr rrMeror rel{qeulrl{to pa3AeJltrbct Ha ypoBH}r or.IleJrb-
Hbrx rrogxolrrfnrypaqufi. Ec:ru ux cMeIuIrBaHI4e frBngercfl cra6HM, To B npl{-
6nuxenuu ognofi ronSnrypauvrl npv yqere B raMIrJIbroHI{aHe otreparopoB
lnpaxa rr 3JreKTpocrarl{qecKoro B:aultoAeficrBl.Ifl Me)I(Ay 3nexTpoHaMn
cpegttfl.fl. sHeprnr uo4rourlnrypal9ll,vr ofll{cblBaerc.a $oprwyrofi (II.4.31), a
Allcnepcus - cJreAylouluMr.r Bbrpa)KeHu\]trlvt, noryqaeMblMu MeToAoM cyM-
Mr{poBaHr[r rro BceM MHorosJreKTpoHHbrM KBaHToBbrN,I slacJraM no,qxou$ury-
pa\vu (pasa. 3.2):

"(i\-- 
N(N1lo!tt;eP#i- N) (2i a t)s x

157

X ,t,r)'(

kt)(lk'l).F& (),, ),) Fk'()., ),),

,.e; (-",,

lt, 
t, 

l,'l)u

j k' i \'[ 8 (k, /d')

-r 12 o t 12 ) L-Ti+t Inzl',11-

+ (l le)

Free Hand
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o, (j{, j{") : Nr (2i, + 1 - N{ rys 
(2i, + I - N,) 

Li r, j rl x4irin

yl
L zk+t
fr>o

x Fr().r,iJ,+_T W#

)(l2kt2)

';,)'

" (ii,r'o 
tir)' 

u,0,,) (ttk' t) Gk().l, ).2) ck' ().,, ).2) +

*, I"r r-,,-.-'( :, ,:;X '-'r,rI fi)t_ti,rX' i;r)'"

(':,,,: i;,) 1:i,, x ii,)' ,,,0,,

I

l.i, i, k'1" -l
34ecr )., (lrklr) u r{HTerpanbr Fo, Gu uMeror ror xe cMbrcJr, r{To LI B (II.4.12),
(fi.4.31). OrMerlrM, qro raMrrJrbrouuaH lupaxa, TaKxe Ka( r{ ero saxueft-
urnfi qnes - annpoKcrrrrnpylournfi oleparop cnr,ru-op6zranbHoro B3aI{Mo-
gefi.ctnut - BKnaAa B Arrcnepcr{ro nogxou$urypa\iltr He BHoc.f,T, nocKoJrbKy
cooTBeTcTByloil{ne onepaTopbr fiBrqK)Tcfl cKa.ltpaMl{ B [pocrpaHcTBe rIoJr-
HOrO MOMeIITA vI vlK MaTpI{qHbIe 3JIeI\feHTbI I{e 3aBIrtCtT OT TepMa.

llpn Haxox.qeuuu (1 19) u (120) rrcnoJrb3oBaHa Qopvryna gnr cy6vrarpnu-
rroro 3JreMeFrra o[eparopa c$eprauecrofi Synrqr.ru

: ( - r )i' ' 
o-I 

u,. j,ll (t,kt) (t_'r,r 
oo 

'rir) , u\
rony{ael{afl ns (O.3.13) rpfl yqere cooruorxeHl{t

(-r),, 1[ i, t!'|<,,:ic,o)i t,):-(r.kr.\(t'. i i:"\.(t22).r 
I j, 12 tc | 

\'r ' - \r1'!r2'' 
\- tl, o ll2l' \---l

lrcuepcnr crreKTpa nogron$r.rrypaur.In HaxoAl{rcr rryreM cyM}[IrpoBaHtrt
BKna.noB or tscex no.qo6oro.{eK tI r4x rlap:

G,(K):T "',rI, * V,"u! i|r. (23)

B Hexoropux arovrax/-cBt3b rrl'{ecr Mecro .Dl{rub Bo BHyrpeHHIrx o6ono.I-
Kax aroMa, B To BpeMr Kar{ Bo BHeIuHI{x o6oroqrax peaJll,I3yerct lS-csssr.
flocxonrxy cyMMrrpoBaHrre rro MIroro3JreKTpoHHbiM KBar{ToBbIM qIrcJIaM

Bbrrro.rrHtercs. :ue3aBvrcuMo B [pocrpaHcrBax orAenbHrlx o6ono'rer ur[
noro6oloqex, To A.rr{ Haxo)KAeHlrt cpe.qHux BeJrlrqrrH raroii ron0urypaqurl

Free Hand
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rrpl{Melr.flercr KoM6EHr4poBaHrroe cyMMEpoBarrre (pa34. 4.3). llpu 3ToI\'1 q-rle-

Hbr Ar{cnepcr{r{, o6ycroBreHHbre 3nexTpocraTuqecKuM B3altMo,4eficrBreM
MexAy I[ByMf, O6oroqxaN4u Hnv AByMt nogo6onorraMH, onucblnarorcr tpop-
I\4yJraMrr (17) unu (l2O), a o6ycloareuHbre B3ar{MoAeiicrBueN{ vrexAy o6o-
ao.rrofi E rroAo6oJroqrofi - BbrpaxeHr{eM

4f{'ry"): Nr(zjft1- NJ N, (412+2- N2)
(2 jr+ l) x

2i1(412+2) (412+t)

* U'l-'

2 t y. a'lt. *'r | /' i, t i, \' or(/r, /s)2 +-Lr A 2k+l \
k>o k,>o t /r lr k I

r try# -QisL11141"121] 9r{t" t')7r'Q" t')-

-22 r r-
3gecr n orrr{que or (120) K HHTerpaJraM npncoeAl,Inenu cy6uarpllrlHble 3.rle-

Merrrbr oueparopa C(*).
flpu Nt:2i1uz (124) iloJryqaerct saxnbtri c-uyuafi Aucrlepcllu cnuu-gy6-

.nernofi rpylnhr ypornefi 4nr xou$urypaullu c o.[Hol"{ nnyrpennefi naxasct'lefi:

oz (llt'+l j' t{'): c'(1, j?j' lY'). ( 125)

Csgrr Bo BHyrpeHHefi o6onoqre Mo)Ker 6r,rrr raxxe r,r l.S-cssgrlo, Aocra-
TotIlIo BbltroJrHeHr4t ycJroBrr.t, vro6rr7, 6luo xopourl4M KBaHToBbIM ql'IciroM.

B upaooi' uacrrn (125) orryureno o6o:Ha.reHne 3alroJrHeHHofi uoAo6onoqxu,
xoropat BxJraAa B .ur4cnepcHro He Aaer.

HaxoxAenr.Ie tBrIbIx $oprwyr At.{ cpeAH}IX xaparTepucrl'IK c[exrpa ypoB'
xefi sneprrara, 3aBncrulux or noJlHoro MoMeHTa aroMa ../, roroprre Heo6xoAl't-
Mbr npu BoccraHoBJreunrl cneKTpa rlo ero cpe.u,HI4M xapalcTepl{crraxala (pa:.1.
2.3), nora npeAcraBnrer rrepeureHHyro 3aAariy.

5.7. EcrecrBeHHHe uI[pI{Hbl I{ BpeMeHa xH3HLI yponnefi

Baxnoft xapaKrepl,Icrnxoi.r not6yxAennoro ypoBHq y rou$urypaqr'lit K rr-
JrreTcr ero ecTecTBeHHa.s ruldpfiua I (Ky) uJIu ecTecTBeHHOe tspeMt ]Ktl3kttt
r (l(i), Koropbre o ucuorniyeuoli cllctelte aroMHbtx eAI{HI{q cBt3alrbl coor-
HOtuellueM

l(Kv): tlr(Ky). (126)

Cunuronos6yxAeHHoe cocro"aHl4e aroMa, 3Heprlrt Koroporo 3Heprerll-
qecKn Bbrrue IlepBofo trpeAena noH.v3A\vln, Mo)I{eT pacnaAaTbc.tr nyTe]\{ l1e

ToJIbKo paAr,raquonHblx, Ho u aBTotIoHlI3arI[oHHbIx nepexoAoB (cu. rr" 8)'
rrosroMy n o6ulevr cryrlae ecrecrBer{Hat ilupl{Ha ypoBHt cocrol{T v3 pa4rrt-
quonnoii u aBToltoHl4aaunonnoft ruuprlH:

D"l';" ';, II{';, 
t;'/'l' ur,',, tz)sk'(1, t2\ (124)

| (v'D : l' (v"D + f" (1 -I). (127 )

Free Hand

Free Hand
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Asrorronn:auuoHnrrfi pacnaA cocro.flHr,It. aroMa c Br{yrperilreft BaKarrcxefi
llilrger cleur{arbsoe Ha3BaHr.re o)Ke-300eKTa, a o6ycnoBJreHHar rrM rrrnpEna -
o{(Q:ruupurrbr ypoBrrr, olFal(o 3Aecb He 6ygeu BbrAer.rrTb gToT cryqafi, trc-
ITqnb3yq o6ql{e Ha3BaHrrr aBTonoHH3arlr{oHrrbrfi nepexoA u aBTotrOrrE3aqtrOE-
Har luxpr{Ha.

Pa4r,raqr.ronnyrc mupr.rHy ypoBH{ yAo6no pa3AeJrRTb Ha
IrrI{pHHbI, cooTBeTcTByrorq[e [epexoAaM Ha Bce ypoBHE
KoueqHbrx rou$uryparulfi:

l,(KyJ):) r, (KyJ,K').

(l 30)

(131)

napqEaJrbHbre
onpeAeneEEbD(

(128)

CyvuuponaHr,re rrpoBoAlrTc.f, rro rcelt xonrfr.rrypaqtrrM K', sa Koropbre
BO3MOXHbT r{3nyqaTelbHbre paArraq[oHHble uepexoEbr I,I3 AaHHoro ypoBrrt
yJ. llapquaJrbHa.rr uuprrHa paBlaa cyvnvrapnofi Bepo-f,THocrr.r uepexoAa Ha
Bce ypoBHr.r neroropofi ronQurypaqnu K'

W,(KyJ-->K'T'J'). (r2e)

B HepenxruBrrcrcKoM AlInoJrbHoM npr,r6lHxenur.r Bepotruocrb llepexo4a
Bbrpa)Kaerct vepe: cy6rurarpuvnrrii 3JreMeHT o[eparopa AtrrroJrbr{oro ilepe-
xo4a ($opua,,4Jrr.rHu")

W ,(Ky J--> K' ^l' J'):
: t#Tn P $y J) - E (K' y' J')l' (,(y / ll Do ll K' r' J' >2

urn c!6uarpuuurrfi eJreMeHr oneparopa r.rMnynbca oJreKTpoHoB P(1) ($opnra
,,cropocrlr")

W"(Ky J -> K'"5' J')-
:t#T lE(KyJ)- E(K'y' J')7i (KyJ llrtrr 

" 

K'y'J')12,

rAe r - nocro.rruaat romofi crpyKTypbl. Cy6uarprvntrft sneuenr otreparopa
P(1) rlraeer raKyrc xe aftErr-yrnoByro qacrb, KaK tr y otreparopa 2(1), sAEa-
Ko BMecro paAuaJrbHoro r4rrrerpana (nl I r ln'l') rrogBJrrerc.{ mrerpaJr

,/' ,l d : l. ,-rrr\i r/ l-i-T'- n'l'). (132)\ I dr r t t /'
3Aecr /' :max (1, l'), zuax ,, * " coorBercrByer nepexoAy I-->l':l* l, a :nar
,,-" - flepexoAy l->l':l-1.

flocronrry paAlraql{orrHar (a raxxe rr aBTorroHIr3aIIEoEHar) mxpuna
Bbrpaxaercr qepe3 cyMMy xBaApaToB MaTpHqrrblx 3JIeMeIIToB OtrepaTopa
nepexo.{a, oua o6na.qaer cne,qyrcuuNan csoftcrBaMlt rruBapuaHTHocrrl.

CorJasuo (1,12) uapuuat:r]s,qfl IIrveHHa He 3aBl-{csr gr 4sngrb3yeMoro
rnnd clt3n s roHeqHofi ron$urypaqzu.

flongaq HrIprIHa l. ttln lo ne raluentercfl npu ytlere cMeluuBalrtrt ro-
HerrHbrx ron0urypaqult, xoty. [plr 3ToM trapulraJlbHble rul{pgEbr Moryr cy-

l"(KyJ,K'):\
T,T'
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ulecTBer{Ho r43MeHsrbc-rr. Ecru IIpu pacqere nonHofi r[upur{br upeHe6peraeTcfl
BKraAaMrr HeKoropbrx cna6brx KaHaJroB pacnaAa, To [oJrl{afl ruupuHa MoxeT
H3MeHqrbcfl npr4 yqere cMerul{BaHr{f, c STuMu u ToJrbKo 3Tr{Mrr KoHerIHbrME
KoHoI,rrypaUrrrMr,r.

Ilpe4uonoxaM, qro paAr,ranbHbrfi urrrerpaJr rrepexo,qa Mo)KIro crll{Tarb
He 3aBr{c{ullrM or repMa ron$urypaqnv. K" TorAa cyMMnpoBaHlre IIo T' B

BbrpaxeHlrH F,nfl napt\naJlbnofi urrpuHbr (129) nrruoru{-f,eTcr MeroAoM, I,I3-

JroxeHHbrM B pa3A. 4.1.
Ecln ouepruf, rlepexoAa 3HaqtrreJrbuo 6orblre rulrprlnbr crleKTpa ypornefi

sHeprun ronrfurypaqun K'

E(Ky J) - E(K' y' J')> LE(K') 4nx Bcex y' J', (133)

To 3Hepruro repexoAa n (l3l) r{ Aa)Ke r (130) MoxHo 3aMeHlrrb cpe4reft
sneprrlefi flepexo,qa, ycpeAHeHHofi c secoerrl\t KogOOtrqtreHToM - clrroft rE-
HIIH

E(xyt, x'1:

f t<"tt I H 1 K^{> - <K' y' J' i E I K''( r }i (K{ lt D<tt tt K' y' J's'
'{' J'

sa
L <xyt t, D.r, ll K' \'J'>z
r'J'

(K'y' J' I H I K'y' I') (K{ ll D<r> ll K'r' I'>z

:E(KyJ)- (134)

) <qrtt D.',rK'\'r'>z
"f'J'

B ucno-nr:yeuou upu6Jruxeutrrl, B KoropoM paAIIaJrbHbIe BoJrEoBbre

$yHrunu cq[rarorc-f, He 3aBucrultrMtr or repMa, E (Xyl, K') ne 3aBucur or
tfopurr oleparopa trepexoAa.

flapqnamnafl paAna:qr'ouuafl ruupura r rfoprure o,,4rmrbr" Bbrpaxaercff
B Btr.IIE

t,(KyJ, x'):t#r> E(ryt, K)B > (KyJ llD(tll K'y'J'Sz-
t'r'

: # t<*, J, K')" (Ky J I D"r| Ky J) , (l3s)

r1e D"r:-O{ - sr}Serruonuft oneparop (4.24), ilptr nepexoAe K KoropoMy
trcrroJrb3oBano coorHolrrenne (II.6.10). Oneparop Def IrMeer no.4o6nyro
AByxsneKTpoHHyK, uacrb, KaK tr qneu oueparopa o6vreunoro sJrerTpocrartr-
qecKoro sgam{oAeficrBlrt MexAy o6ono.IraMtr (2.121) npu k:1, nosrolry
narpnvnrrfi sJreMeur et|r[errunuoro oneparopa Bbrpaxaercfl uepe3 xosi[i[r-
ur.reHr gr rrpu o6vrennovt lrHrerpaJre Gt (nrly nrlr) [95, 96]:

r
y'I'

(Krff,$'y J I Dq I Kol{'ly'y,I) :
: 

{ s, (&li" t{'yD+ ;k (/, lt cr'r ll/,>' } 
(nr\lrln,t,)z.

b. Karazija

(136)



162 b. Cnexrp yponHefi sHeprr.rn

3Aecr xc -- ,4pyrEe orrpBrrbre r{Jrr{ 3a[oJrHeHHbre o60rouxr,r, rra KoropEre
oneparop ue 4eficrnyer.

AnanorrsHo paAuaqrroHuafl, wvpvaa ypoBHr n $oprvre ,,cKopocru., Ho-
ryqaercr pannofi

t,(KyJ, g:+ E1xyt, K,){ s,(Kor{,t{,yJ)+(

*# (/.llc(o ye,l (n1\
rAe

K: Kol{,1{,, K' : Koly,+t ly,-t

*, ? 1n,,,)"

@oprvly.na (137) ue rl3MeHr4Tcr, ecJrr{ cuny ru'.f.*t cyMMupoBarb BMecre c
eneprr.refi nepexo.qa, r. e. 3aMeua oneprur{ [epexoAa e (l3l) na E (X1J, K,7
B OTIUqUC OT 3AMEHbI NA E(IfiJ)-E(K') HE IIPI{BOAET K NOIPCIIIHOCTI.I.
3ro yxe He r{Meer Mecra ,4nr $opnau .,4n'Hbr" npu rperuefi cre,,err' 3ireF-
rtru nepexoAa. o4naxo ecJrr.r ycnoBr4e (133) BbrrroJrHrercr Merree crporo u
a (130) uclorb_3yerc.f, 3aMerra (n pasroxenlr.r sHeprerrrqecKoro Mnoxr{reJr.fl
no crerreHrM E(IqJ, K')-E(K'y'J') coxpawx)rcr rrJreHbr Ao nepBoro ro-
pxgxa)

IE (Ky J) - E (K' y' J')13 xlE (Kt J) - E (Ky J , K')f" +
+ 3 IE (K7 J) - E (Xy J, X')12 (E (Xy J, K') - E (K' 7' J')),

ro, ro,qcraBmx (139) n (130) u (129), HaxoAr{M

T,(KyJ, n: + p@yJ)-E(K"yJ, K,)1, x

xlsE(KyJ-K')-28(KyJ)l(KyJlD"rlKyJ). (140)

- Bvrecro cpegnefi sHeprtru E (xyl, K') l,roxuo ucrroJr'3oBarb ee cABr{r
(uonpanxy) orrroctrrerrbyo E (KyJ)- E (X'):

8E(Ky"r, K'): E (Ky J, K,) - lE (Ky J) - E (K,)1. (r 41)

On nupaxaercfl_rlepe3 uarpraunrrfi gJreMeHT )rn[TapHo-HenpuBoAqMoro
raMr{nbrorruanta 'lt, coAepxaqufi nr.ilIr {JreHbr, 3aBr{crtur4e or rep}Ia:

Z ,*"r' ,' i -)(.I K'r'J') <K^tJycD.,) IrK'y' J'sz

8.8(ry"r, tr1: _'t'J'

f ,"rr tt cD'iD il K' y' r'>,
fJ'

ql42)

cyr"naa B qr{cJrtrTeJre upeo6pasyercr B uarpr'unr,rfi gJreMeHT e$$errre-
HOro olepaTopa

T"r:Q1tQt, (143)

xoropnfi HaxoAtrrcr reM xe Mero.qoM, .tro v Olf (4.24). B clyuae rcon$urypa-
IIr4Z C O,qHnM nO:6yx4enHbrM 3JTeKTpOHOM CBepx 3arroJrHeHHr,rx o6o-uo"rer

(r37)

(138)

4l3e)

Free Hand

Free Hand
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Ko u orrcprnoft o6onoqxu /{r'nepexoAbl sroro 3neKTpoHa B ,4pyroe Bo36pK-

AeHHOe COCTOSHIIe

Krl{,lr--> Krl{,1" (t44)

yqlrTb!Ba-roTcr oflepaTopoM

Ir': 
i 

ttzt-'! .tt,* 
_e { f ',i 

n 

l 
ur u,, t")(u@(/,)' u'*' (t)) +

*T,- ')-[ -Zv, ,]l';';1]{l ',i i"ltn".''(t,).v{**t 
(t))+

* 1o;-ffio4rr] er Q,, t")l n",,", (14s)

rAe QCr - ofleparop ssauN{oAeficrBnfi BHyrpu o6onosKn /{r' c ucr.nrouex-
nofi cpegnefi sueprraefi E(l{') (npn pacvere ero Marpnrtlroro-_eJleMeuTa He-

o6xoauuo ucnonigosarb BoJrlroBbre $yrmquu ront[urypaqnn l{'1 
"). 

(Doprvryna

AJr.[ coorBercrByrc,qero uapqaaJrbHoro BpeMeHE xa3Htr n {opvre ,,cKopocru'
npHBeAeHa s [96].

E cryvae sneKTpl{qecrltx AunoJrbHbIX [epexoAoB MexA]- orrprtrrrur o6o-
JTOqKAMII

Ksl{' l{ " -> Krl{'+r 1r'r'-r , (146)

rge K0 - ocroB u3 naccnBHblx 3arlo,'Iuenuux o6oloqer, ofleparop (143)
npr,rHrrMaeT BtrA

I
r"f td?,,,.:>;[ -, ] (-rFt,., otl'i, ';,; ].
" f Z @fo, (t,)."f) Q)) ("f{ Q).of;*'t (J) - ) [x, x'l x

xx'

"l';,';, i ) t{ I I Xl {'""' (t,)'va't s,1)+zvlt*rir r't "

x [1 + (- D*{{n, ;, i,l,.,I T 
(t,f')(r') x vf'o 1t,11t"'',;'-'raD] +

*d*f (rfo'U,) 'ufi1t'1)+(a<ot1t,7'o*'r,,r)li ';, f ) lt
xFk(t1,D+f 

{ 
-, } (-l)"[x, oll'i,';, i ].

Free Hand

Free Hand
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x f f Qt!*l(q)."f{(4))(g Q,).dp(r,D+ #xi jcocq

" f (ufu) (/,).r4r) U))
i<j

er (t,, t,) + z 
4{ m(urtr 1/') ' u(r) e,)) +

*"T o, ill';, ';, i ) (' r r- rv "

" f f (t"l*, (lr) x oltor (/)1tr''r .[rf{ (tr) x af;ot 1l,11rttt1-
i<J p<q

-w >,rr+(- D-*"Jtilt 
lkr, ;, i)"

.T I (o?4(t,).taf"t1r,yxztfo)1t,11{v',)).{ I ',i i}.

'f, 1r5*r Q).4k)(t,))\ orr,,,l,l* f [x,, xi]x
i<j I **,ri

x([o{'.*i){Dxo{1,'c(/r)]ttr').fdx'xi)(lr)xo{x,x')Qr)1trr'))* 2[(-ly,t+,;*

* ( - | )".+'' a, * n1 ty, y'lt Z (1"y,.c 1t 11 x 7:{1, xl) 
11 r11{tfl . sf; t' ) ( r)) x

. 
{ ;' l,' i,}li;, ii, 'i,,ll.

* ## ( - t)" t 
j; '; T I v",,, (r,). v{*,.it (r,)) +

*, l';,';, ?il';,'; ;' ),I (o[n.i>(/,).2,r""i,g,;)

+ # t/l[I;;Trzf;lr^{r) c- r).rx, x,) {ti ';,

' f vfn) (t,) ("?', (t,). rf{ U,)) - ;fr ytno) (/,) *
i<j p

.,L,,r*,, 
.o l, ;, ;, i, I ( ;,, ; ;, II,[ _ . 

]", 
_ t)xi+ xi+ v +,, x

Ir) +
lur 

u,'

i )'

Free Hand

Free Hand
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!1' 3v 3

*! t'
l/,

f tt- 1)*+(- 1;"'i"+"+r1P,
xx' !r'

L "lf" y llf*' y'
rz r I I l, tL t,l\t1z tl2

xt, !,

1l
tt2 I

y'7x

T
1l
tl

(-l)ox

x lvGx't (1,) x ybvt Q)lgt)-f C -, l';,';

+ # l/ t,gp112r,'rr1r,,l, f c- D-tx, x'lltl, 
';,

" f I ztfito) (t,) (oft) (1,). "f;{ Ur)) - #
i<j p

- o{ E" (K').

l.
i )"

vttqE(12)

yrrrorllJ]-

(t47)

34ecr .E" (K') - cpe.qrrrr snexrpocrarut{ecxat oueprtrs xont[urypaqun K';
Oif - oneparop(4.24);!rr{rerpaJrbr gr,9r u(1 paccuurblBalorc{cBoJrIroBbI-
uu $ynrqurMr{ Konequofi xon$zrypaqura. Ilnenbr, coAepxarque ulrrerpaJrbl
go (lLl), Fo (lr, lr) n fro (lr, h), coKpalqarorcr.

B upn6nuxeHnur, B KoropoM Bct 3aBtrcl{Mocrb rlapu[anrnofi paAllaqnorr-
nofi rurapnubr ypoBurr I, (K1"I, K') or KBaHroBbrx uucet I{yJ oupe.qeJrflerct
MarpzqubrM gJreMeHToM oneparopa nepexo.{a, Ans Hexoroprrx xonrfzrypa-
riufi nueer Mecro I,IHBapLIaHTHocrr l, (KyJ, K') - ee He3aBIiIcEMocrb or
uHofoenerirpoHHbrx KBaHToBbrx uucet yJ 197, 231. 3ro clyuaercfl, ecJII{ B
uarpzvnsrfi srreMer{r sr[Qerrunnoro oneparopa O{ $.2a)

(Kolil'yt LrSl{'y2LzS1LSJ I O{ | Ksl{'yrLrSr$"yrLzSzLSJ> (148)

BHocar BKJra.4 Jrnrrrb ero cxantpHat qacrb. Pasru x Lt x' oneparopa Oil
AOIXHbT yAoBJrerBopf,Tb cJIeAyrouIuM TpIraAHbrM ycJroBtrtM c MoMerrraMtr
o6eux o6ono.rer n ron$urypat\nu K:

{rrrrx}, {L2L2x}, {'S1Srx',},, {SrSrx',}. (149)

9ro6u npr,I Bcex Bo3Mo)KHbrx MoMeHTax Zr, Sr, Lr, S, ucrle3aJrlr Bce rulelrbl

n (1a8) c x*0, x'*0, no Ilenrruefi Mepe o.4lra ug o6onoqex rcon($xrypaquu
K, yuacrayrourl{x B trepexoAe, ,qonxHa 6lrrr sauoruennofi rlu rrycrofi. B
cJryr{ae flePexo.qoB

Kol{,$, --> Ifil{+r lN,-t (r s0)

sro EMeer Mecro trpn N1 :0 nnw. Nz:4lz*2. flo4uepKHeM, qro ocrarbHbre
o6olorrn, coAepxaquecr n ront[llrypaqulr Ko, Ya Koropble s$$erruanrrfi
oneparop xe geficrnyer (He yrlacrBylou[e B repexo4e), Moryr 6rrrr
KaK 3atroJrHenHbrMrr, TaK n orKpbITbIMrr. Tarntrl o6pasovr, B paccMarpl{Bae-
lr,tor* upu6ruxeHtrtr trapuEaJlbHbre paAl{aqtroHHbre IIIIIpl{Hbl oAuHaKoBbr Anf

Free Hand

Free Hand
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Bcex ypoBrrefi cnegyrorqr{x - ll roJrbtro errrx - xon$urypaqnfi.(nupaxennx
HaxoArrcr n $opr',re ,,AJrrrHbr3' npn rroMotrtu @oplnrynu (n.3.5D':

l,(Ko$,yJ, Kohly,-\:
: a#$ N zE (Kory,, KotJy"-rs dL, r",

l, (Koly' l{,+2 y J, Kol{it lrt.+t) :
4at / 

^, 
t 

^ 
rr \ F/ ,, tN. ry',t-r):aoi.n (4h+2-N)E(Kol{1lrt'+2, KolN'+tft'+t)" d?,,,,. (152)

3,qecr ,E (K, K') - gHeprur [epexoAa, ycpeAuerrHar He roJrbxo tro KoHeq-
HbIM, Ho H no HaqarbHblM cocroflHllflM; dt,, t, - o.qno3JreKTpoHHa.fl BerI,I-
uuna (fI.6.4).

flonna.fl pa.qEalllroHHar ruxpxHa ypoBrrt He 3aBI{CIIT OT ero KBaHTOBbIX
quceJr roJrbKo B ToM cryqae, ecJrn 3TuM csoficrsoNr o6laAaror Bce napur{-
aJrbHbre ruupr{Hbr, qro uMeer r\tecro gnr ron$urypaqllfi, coAepxarqux o4ry
orxpbrryrc o6onouxy (oce 4pyrue ,,aKTuBHbre" tr ,,naccr{Blrlre" o6oroqxn
sauonnenrt).

floJrnaq alrozonnsaqrroHHa.a urr4pr{Ha ypoBHfl Toxe pa3geJrterctr Ha uap-
rILraJIbI{bIe rulllprlHbl

l"(K"1"f : ) f, (KyJ, K't), (153)
K'l

r;te cyMMr,rpoBaHrre trporr3Bo,qr,rrc.fi r{e roxbxo rro xouQurypa4lrM Koseq-
Hor,o HoHa K', Ho raKxe no op6uranbHoMy KtsaHToBoMy qncJry yJreralolqero
cso6oAfloro oneKTpoua el (e - ero gneprr{r, pannafl pa3uocrn sueprufi aro-
Ma B HaqaJrbrroM r{ KoHeqHoM cocrorHr.rrx). flapqualrnafl wvpvna B rrepBoM
rroprtAKe reopnu nosuyr{enufi Bbrpaxaerc.{ qepe3 cyMr\.fy r(BaAparoB Marptrq-
Hbrx 3neMer{ToB raMrrJrbToHuaHa MexAy rou$urypauurMu,EqcKpeTrroro tr
HenpepbrBHoro cneKrpon l23l:

l"(KyJ, K'l): Z <trtlH K'y'J'eljJ)z
v'ff

Ec;iu pagnarbHbre BoJrHoBbre $ynrqrau 3JreKTpoHoB r xou([urypa4uy K'
u ceoSoAHoro 3JreKTpoHa Moxuo cqurarb He 3aBr,rctulnMu or reprnra (npu
3roM suepru-fl e 3aMeHrercx cpe4uefi euepruefi), ro n (154) cyMMrrponaune
IIo clr{H-yIJIoBbIM qacTfM BLrnoJrHseTcr MeToAoM BTOptrTIHOTO KBaHTOBa-
Hr.rr r4 rrapqtrarbHafl. aBTor,roHrr3aur{oHHar ruupr{Ha Bhrpa}r(aeTcr qepe3 MaTpns-
nrrfi eneuenr e$$exrurHoro oneparopa:

l"(Ky J, K' l): (Ky J I H"r ) Kl J>. (1 s5)

Ha.raruHoe a KoHeqgoe cocrorxr4.fl aBTouoHrr3auuorrHoro uepexoAa
o6r,rqno orJrlrqalorcr KBaHToBbrMrI rrr{cJraM}r AByx gJreKTpoHoB, I{ rarofi ue-
pexo.u B ocnoBrroM o6ycnornnnaercr AByx3JreKTpoEHbrM 3neKTpocraruqec-
KrrM B3ar.rMo,qeiicrBueu Mex.qy sJrer(TpoHaMv 1231.3$Sexrnnrirrft oneparop
r 1155) noryqaercfl r.rs o6uux nupaxeunfi (t1.7.4) u (t1.7.6), rprmeAeHuhlx
B npl{Jrox(eHlrra 7. nyrer,a npnpaBHrlBarl.fifl .ttrcra 3JreKTpoHcB so nHeuJHefi

(151)

(154)

Free Hand

Free Hand



5.7. EcrecreeHHbre ruuprlnril ypoBHefi L67

o6onoqre K e.4xHr{r{e r{ 3aMer{br ero rJraBnoro KBaHToBoro qtrcra Ha e. flpu
STOM BbrpaxeHr4x CyqeCTBeHEO ynpol]IaroTc.fl, rrOCKOJrb(y MOXHO OnyCTtrTb
qrrerlbr, coAepxarque oleparop, ,4eficrnyrov\uit, sa cso6oAHrrfi gJIeKTpoI{,

roropsrfi orcyrcrByer B HaqarbHoM cocro{HI,II{. Ecnu srraA B trapqraJrblryro
aBTOHOHT{3aqr,rOr{Hyro IIII/Ipr.rHy AaeT rl,Irub cKantpHa-f, .racrr srf$eKTHBI{OrO
oneparopa, To ruqpr,rHa B ucrronb3yeuovt npu6nuxeHl{I{ rre 3aBI{ctrT oT LBaH-
ToBbrx rr[cer ypoBHr. 3ro rrMeer Mecro B cJreA-vrorqux cnyvarx [97]:

T ,dKol{, Itt"+z 1!t"+2 y J , Kol{'+r 1!r"+t l4t'+t I):

:3,## MQ,r,, t,er);

I o {Ko ty' Itt "+2 y J, Kol{, + t ltt " l) : I4#* M Q rt o, \ e I).

34ect' M - MrirHrrManbHat cyMMa (66), nrraetorqa.f, B .qaHHoM cryqae cMbIcJr
crrJrbr coBoKyrruocrlr aBTolrotrrr3auuouHbrx nepexo4oB B .qByx3JleKTponnofi
Mo.qeJrrr l23l; Ko - orxpbrrlre trilv 3arIoJIHeHHbIe o6oroqKu, He yqacrBylo-
ulrre B rrepexoAe.

llonnas aBTor{our{3arllronHarr rullprlHa He 3aBrrcrrr or KBalrroBbrx quceJl

ypoBHq Anr 6onee y3Koro Rnacca xon$urypaqufi, co4epxaurNx JIuIIrb oAlry
orxpbrryro o6onoury.

B saxrrcqeuue yKaxeM, qro aHaJrorl{qHo BbrpDKeHI'ItM Ant flapqtraJrbnbrx
uI{pI,IH ,x.Jt:'iil1rit. IloJlyqaroTcg npr.r6nraxennble sBHbre i[opr.,rynrr AJrf cyMM can
ocrlnnJr{ropoB repexoAoB rlo repMaM oAnofi us ron([urypaqufi. flycrl cyvt-
MEpOBaHT{e IIpOBOAITTC-tr rIO MrrOfOSJreKTpOHI{brM KBarrTOBbrM IIITCJIaM SHep-

reri4yecrrl.6oree srrcorofi ron$nrypaql{r{ I{ BblnoJlHtercf, ycnoaue (133),
TorAa r $opnre ,,Ar[HbI" LIMeer Mecro trpaBl{Jro cyMM

r
Y,J'

f(KyJ, K'y'J')x -| n6yt, K')(TJloirlTJ>, (158)

r4e E{KyJ, K') - cpe.qHta sHeprnfl 03$; O{'- e$(ferrrannuft oneparop
(4.26). Ecnu cllnrr ocilJiJlJr.f,TopoB coorBercrByror u3ryqarerbHbrM trepexo-

AaM lra ypoBHrr 3nepreTurlecKr,r 6onee susroft ron$nrypaquu K', To a npanoft
uacru (158) cneAyer I{3MeHIrrb 3narc r I{cnoJlb3oBarb oneparop o{ (4.24).

6. CTIEKTP U3flYTIEHI,I'

B nacrosulef rnase 6yAeu paccMaTpuBaTb cpeAl{ue xapaKTeptrcTIlKII cIIeK-

TpoB r{3iryqenllrl, coorBercrByrorqux o4tro$oronnblM nepexo,4aM Mexrly Bce-

Mrr ]poBrrfMrr AByx rouifmypa4lfi pasnuunoft 'refirocTl(, oTJlnqal()tuuxc-t
KBAHTOBbIMII qECIAMU OATIOTO SJICKTPOHA, NJItr MCXAY ABYMf, KOMfiNEKCAMII

ctrJrbuoB3aarr,ro,4eficroyrolqux ront[urypaquft. Taxue cIIeKTpbI n o6nacru
AJIIIHBOJIH,IIPEBbIIIIAIOTT{'TXPA3MEPbIATOMA,BOCIIOBHO]VIOIIPEACN'IOTCS
gneKTp[qecKI{MII AI{IIOJIbHbIMU IlepexoAaMllt, a 3JIeKTpI{qec(I{Iu u MaTHHTH6IM

M.vJrbTr{nOJIbEbIM IIepeXOAaM cOOTBeTCTByIoT nnurr cla6rre 3anpelqelruble

(1 s6)

(1 s7)

Free Hand

Free Hand
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rr4Hu.v. Bce xe r{HorAa B KaqecTBe onepaTopa [epexoAa 6y.Uevr I{cuonb3o-
BarB He 4nnonrurrft oneparop, a o6wuit gnerTputrecKr.rfi uylrrunonrHufi
oneparop, uocxonbr(y oro He [pprBoArrr r ycnoxuerrrro $opuyl.

-flsHrre BbrpaxeHlr{ p.Irs, cpe4nnx xapaxrepr,rcrr4K ctreKTpa tr3nyqenut
MoxHo noryqr,rrb, Jrnrrrb ecJrr{ crreKTp Ee 3aBucr{T or ycnonrfi ero uoa6yx-
Aenus,. @ugr,r.{ecx[e trpeArrocblJlKr{ DbrtroJrrrerllr rakoro [peA[oJroxerru{
paccMarpr{BaJrr{cb B pazg. 2.3.

Baxnefi rueft xaparTepr.rcruxoir paguaunoHnbrx nepexoAoB B aroMe, rrpo-
IICXOATIIII{X KaK C }I3JIyqeHtreM, TaK II C IIOIJTOIIIeHI{eM KBaHTa, 

'BJITIOTC'cunrr m,rnufi. [ttx Hr{x ycrar{oBJreHbr MHorr{e npaBr{na cyMM, Koropbre u
crIcTeMaTr{3r4pyloTct B rrepBoM pa3AeJre.

,{anee nplrBoArrcfl (n 6onee r{[r{ Merree ssHofi $opve) BbrpaxeHus AJrt
nepBhrx rpex MoMeHToB cneKTpa r,r3JryqeHr,rr (paza. 6.2), a raxx(e AJrq rrepBbrx
AByx MoMeHToB rpyrrrr ruyui,r, coorBercrByroulux flepexoAaM ],rexAy noA-
xousr.rrypaqvsv.n uru Me)KAy ypoBHflMr.r rou$urypaqufi. c oapegeJrenHbrMr{
uoJrubrMlr MoMeHTaMr{ BHyrpeHHr4x saraHcrafr Was.q. 6.37. Borltoxcnocru
npLIMeHeHr{r arnx SoplryJr r{JrJrrocrpr{pyrorcq r{3yqeHrreM HeKoropbrx o6utux
3aroHoMepnocrefi cnexrpoB Ir3nytreHr4r, a raKxe npr.rMepal{r{ npr.r6rrrzNeu-
Horo pacrrera cJro)r(Hbrx cneKTpoB n3ryqeHl,Lf, MHoro3aptAHbIX r{oHoB (pa:a.
6.4). Talt xe o6cyx4arotcs oco6enHocrrr pacnpe.{eneHvt ctrlt :l'utrufr B cJrox-
rrbrx cneKTpax. B noclerHeM pa3Aene oupe.qer.flrorcq cpeAHr.re xaparTeprrc-
Tr4Kr4 rl3MeHeHr4g clerTpa usryqenvfl. BcreAcrBue cMerruBaHrr{ rou$nrypa-
ttuir u nonyrreHHbre $opnaylu upqMeHqrorcq Anf, r{3yqegr{r a$Qexra cyxe-
Hnr cleKTpa B pe3ynbTaTe TaKofo cMeruuBaHur.

6. 1. CyurvrU cnJI nl{Hufi

Bepoareocr[ paAr4aur{ounrrx o,4uo$oroHHbrx IrepexoAoB, TaK]Ke Rah I{ ce-
veuux $orono:6yxgeuafi ulrvr r4HTer{cl{BHocru r,urtuir $oroelexlpoHHoro
cnexrpa, Bbrpaxarorcr qepe3 KBaAparsr Mo,trv-[efi Marpl{tlHbrx SJreMeHToB

orreparopa uepexo,qa. I4rvrenno 3TI{ BeJIAquHbr B ocHoBHoM onpeAentror 3a-
Bl{cltNrocrb Bepo-f,THocrefi nepexogoB or MHoro3JIeKTpoHHbIx KBaHToBbIx
qlrceJr, qro orpaxaerc-f, B I{x cnerlEaJlbHoM Ha3RaHpIlr c}{Jr nn]dait. Cyuvr'r
cutr luttuit rurlpoKo I{crro-Ilb3yrorct B aroMHofi cuexrpocrontrLr Anfl. ol{errKtr

orrlocr4TeJrbHbrx r{I{TeHcr,Isnocreri rpyru lnHufi, cpaBHeHIr{ pa3r[ltubIx Ka-

HaJroB paArraurroHHoro pacnaAa rrr aos6yx4enu.r.
Ey4ev cqlrrarb, rITo nepexoA oSycloenunaerca

ftallra t.
Cnnofi nepexoAa Ha3blBaerc.f, KBaApar MoAyJLtt

orrepaTopa nepexoAa r{JrI{ aMTIJIET).ubI nepexoAa:

oneparopoM On) Q.':-)

MaTpr{qHoro 3neMeHTa

Srn(KyJM, K':r'J'M'):1,(K'l'J'M'lO?iKyJM)12. (l)

Cornauro (O.3.7), (O.3.1), nepecrarroBra HatlaJlbr{oro rI KoHeqHoro cocrot-
uut upuaogr{T K rr3MeHeHraro 3HaKa IIpoeKutIlI 4:

Srn(Ky JM, K'y' J' M'): Sr-o(K'y' J' M', KyJtr[). (2)



6.1. Cyur'lq,cun nuuuil ;169

flocronrry oueparop O(t) xar.serc.f, spMrrroBbrM oneparopoM, .qrq Koropo-
ro BbrnoJrHreTcr coorHorrreHr{e (o. 3.1), To crrJra nepexoAa MoxeT 6brrb
npeAcTaBJrerra B BtrAe

S,n(Ky JM, K' y' J' M'1:(- 1)' (Ky JM I Of) | K' y' J' M') x
x (K'y'J' M'lo9ol Ky JM) (3)

Cyrrarvla Bcex cr{Jr [epexoAoB MexAy onpeAeneHHbrMu Haqarbr{blM I{ KoHeq-
HbrM ypoBHrMr,r Ha3brBaeTcr cnJroil nwtrnm

S, (K"y "I, K' T' J'): f ", 
(Ky JM, K' y' J' M'). (4)

MM'c

rlpranteurr K Marp[qHbrM oJreMeHTartl n (3) reopevry Bzrnepa-SKKapra
(O.3.4) r4 BbrrroJrn.flr cyMMlIpoBaHLIe npl{ noMoulu cooruorlreHlrn (17.7.2),
noryqaeM rrpaBr{na cyMM:

f s,n (KyJM, K'.( J'M'): (KyJ llot'r ,, K'y'J'Sz, (5)
MM's

f 
",n 

(KyJM, K'^( J'M'):[r]-r,s, (KyJ, K'T'J'), (6]
MM'

f s,, (KyJM, K'y'J'M'):["I]-1s, (KyJ, K'^(J'). (7)
qM'

Cuna luuuu flBrflercs. cr,IMMerpuqHofi serlr.rRnofi

Sn(KyJ, K'T'J'):S.(K'^(J', KtJ). (8)

B cnyvae ZS-cB.ssr cyMMapHafl cuta trwrnfi MexAy BceMu ypoBHJrMr,r
HaqaJrbHoro u KoHeqHoro repMoB l{a3brBaercr cnnofi MyJrbrunJrera:

S,(KyZ.9, K'\'L'^S):> Sr(KyLSJ, K'y'L'S'J'). (9)
J.I'

Cyrurra to J, J'Haxo.{trTct uyreM BbrAeJreHVfi. gar;frcnMocrrr cy6lrarpuu-
HOTO 3JIEMEHTA OT 3TI4X KBAIITOBbIX qtrCEJI

(KyLSJ llOt'r 11 K'\'L'S'J'):8(.S, ,S')(- l)z+s+r'+' [t, J'l+ x

-, 1 L J S\ r.-.rcrr ^(r),v'-.tr,<^ | J, L, r I rKrz^9llo(') ll K'Y'L' S') (10)

E rrpr.rMeuenux (fopvryn cyMMIIpoBaHw (fI.2.7), (n.2.1)

^9,(KYZS, K'^( L' S):tsl (KyIslloQ)llK'T'L'S>2. (11)

Cuny ruluuw yAo6uo npeAcraBr{Tb B BuAe cunbr MynbrtrrrJrera, ylruoxennoft
ua Q-lcroNrrreJrb, 3aKnloqaloulr,rfi s ce6e Bcro.3aBucr4Mocrb or KBaHToBbrx
\ucen J u J':

Sx(KyLSJ, K'^( I.',S"f'):^9'(Kyl.S, K'f'L' S)QI(LSJ, L' SJ'), (12)

Free Hand

Free Hand
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FAe

(1 3)

Sror uuoxl4TeJrb orrpeAeJrfler orr{ocrrreJrbHyro ulrreHcr{BHocrb KoMuoHeHT
MyJrbrr,InJrera. flpu l: I 6J'-xoe0$uquenr r{Meer lpocrbre alre6para'recxne
BbrpaxeHur (O.4.1)-(@.4.4), r{3 Koropbrx cJreAyer, .rro 6onee r{HTeHcrrB-
IIbrMpr rBJrrloTct r(oMuoHeHTbr, cooTBeTcTByroulue lepexo.4aM c rr3MeHeHr{eM
KBAHTOBbIX qUCCJI

L,J=J'-J:!,L:L'-L,
A MCHCC EHTEHCITBHbIMH _ KOMTTOHCHTbI C

LJ: -LL: +1.

Cyvnvrnpya (13) uo J uttu ,I', uoryuaeM:

Z Q,(LSJ, L',s/'): fJ'l[L', s|-r,
t

Z e,(rsl, L'sJ'):[4tL, sl-r,
J'

uro coorBercrByer rnBecruoMy rrpaBuny: cyMMa cran Jrlrunfi MyJrbrrrrrJrera,
IrMeIolI[x oArrn tr Tor xe uaqaruRrrfi (xouevnuft) ypoBeub, rrponoprlnor{aJrb-
Ira crarr{crtrqecroMy Becy 3roro ypoBHr 127,981.

Conoryrurocrb repMoB c otrpeAeneHr{brM pe3yJrbrxpyrcq[M crrtrrroM,
nonyubeurx tryreM Ao6asilenafl. oArroro gJreKTporra K ocroBy c o[peAeJreH-
EbrM TepMoM, Ha3brBaerc{ troJrna.qoft. Haupnr"rep, noJruaAy cocraBJlrer
na6op repMoB

!f'1yTLTSLIzLSJ (18)

co BceMtr Bo3MoxHbrMu 3rrarreHrr.rrMrr KBaHToBhrxurzcen L,..Inpu $urcrpooan-
Hbrx 3HaqeHutx yrLy S, u S.

Cyvrvra cw r'wnuit Mex4y AByMr noJrr{aAaMlr Ha3brBaerc.rr cRnofi cynep-
MyJrbTunJreTa

Sr(KoytZt & /rS, KoTrLpSl/B S) :

: ; S,(&yrZ'S, lzLSJ, KoTrLrSLlsL'SJ').
LJL'T'

QI(LSJ, L'SJ'):[S]-' lt, t'lltr, 
t, 

: ]t

(14)

(1 s)

(16)

(r7)

(l e)

3gecr yrreno, IITo n qncrofi cuflgr, AJr"f, Koropofi r uueer cMbIcJr gra Berll-
quI{L, CI',JIA JIHI{I{U AtrafOIIaJILEa OTHOCITeJIbIIO KBaf,TOBbD( rItrCeI 

"[aCCEB-
Hbrx'd o6orover. Brrpaxan cydlriarpnqsbri gJreMeHT tr BbrtroJru t cyMMtrpo-
BaHtre, HaxoArIM:

S, (Koyr Z. St /r S, Ke y1.Lr S, /, S) : ltrr, S1 @fP u\'. (20)

Free Hand



6.1. Cyuuu cu"l ,ruuur? l7l

Cuna uepexo4a, Jrvt*trn, MyJrbrrrlJrera rrJrx cynepMyJrbrr,InJlera, .4eJIeHIrat

Ha (Ba.qpar oAHosrleKrponnofi BerHrltrHbr @f!l)' (n.6.3), Ha3BrBaerct

nprrBeAeurrofi cntoit. [epexo.qa, Jtnnun tr T. n.
Coornourenue Ans. reueaJrorrqecrnx ros$SrrIEeHToB (4.54) uosnorxer

rlprMbrM cyMMupoBarrreM uafiru BbrpaxeHrre AJrr cyMMapnoi cunrr tuprnfr,
coorBercrByroqeft BceM Bo3MoxHbrM nepexoAaM MexAy AaIrEbIMtr rouifu-
f,ypaqu.rrMu rpr,r $urcupoBarrrbrx ctrrrHoBhrx xBauToBbrx uucrax [58]:

,s, (/iu' & /fl, &,s, /ju'-t si ry,+1 si,$ :
f S, (/f,y, L1s1$,^y2LzS|LSJ,

^h Lr ^t 2 L, .ti Li,
y'^LILL'tJ'

l{,- t 
{r Li s | $, + t 

7'2L:2 s'2 L' s J') :

" [+4+&(&+ r)-si(si+ r)Jx

"l2oft+si(si+ t)-^t2(,s,* t)] u,, t,l-'@f!) u)'.

3gecr g 0",S) - qncJro cocroxnrfi o6ono.rxu c AaHHbIM cnI{HoM S (4.34).
Brrpaxenue (21) rr,roxer 6urr uoresnblM AJII pacqera cyrrnrlapuofi cItJIbr rpyln
ttnrz'i't, ecJrr{ TaKrre rpylrrbr xapaKTepl{3yrorc"fl c[uHoBbIMu MoMeHTaMI{.

Cyvrrraupyr KBa.4par cy6uarpuvxoro gJreMeHTa oneparopa [epexo.qa B

JJ-cnhzyno JJ', rro BceM MHorogJreKTpoHHbrM qEcJraM oArroro llg cocrognqfr
lr r. rr., Mo)KHo flonyqllTb rracrHbre rIpaBffJIa cyMM AJII cutt ttuuttit s JJ-csf,.-
su [99].

Conoryuuocrr Jrtttufi, Bo3l{trKarorrvrx nptr uepexoAax MexAy BceME
ypoBHflMr{ naqanrnofi xonrfurypaqnu c (puxclrpoBaHnbrM troJIHbrM MoMeH-
rov ,I Ir BceMu ypoBusMu ronessofi xonr[ur5paqrr c ilrrcupoBauublM "/',
Ea3brBaercr ron$urypaquomroft J-rpynnofi 1271. Cn:la xon(purypaquonsofi
,I-rpynnu

st(KJ, K'J'):f S,(rvr, K'\'J')
vt'

:[Si, Sr, S][Sr, Sj]-'g(/iu,Sr)g(/fl".ttt{ 
tf j; j; }',

uMeeT Baxrroe 3HaqeHlre, trocKoJlbry
trprMoe cyMMr.rpoBaHue npuBoArrT K

BbrpaxeHlre rroxa He nafi4euo.

He 3aBrrcuT oT Ttrtra cB[3vt, OAHaKO
HecTarrAapTrrbrM cyMMaM, u ee tBrroe

(21)

(22)

ZS-rpynuu [27]

(23)

trInorga [crroJrb3yerct rarxe cuna ron(pr'rrypaquonnofi

^S,(KLS, K'L'S): f s, (KYLSJ, K'y'L'SJ').
t"l.' rJ'

Cyrrlua clrn nr,rnr,rfi no BceM MuorogJrexrpoHHblM KBaHToBhTM qI{cJraM

oAuofi r,r: ron$urypaqufi sHpaxaerct qepe3 vrarpu'urrrft sJreMeHT srfrferrue-
lroro oreparopa (4.24) nm (4.26) r, corrlacHo (5.112), c roquocrbro Ao He

Free Hand

Free Hand

Free Hand
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3aBr.rc{rqefi or repMa Bennquubr paBHa Kos$Srqneury gt rrpv o6vrennov pa-
AEarbHoM Hr{Terpate 3JrerTpocrarr{qecKoro n:arnuo4eficrnux

f (Kolit, U't J llo('.) ll K04vr+ t lyrt -{' J' >z :
"r,I,

: ul { 
g,(Kot{'t{'y:0+ # Q,tlco lll,>' } 

(nr1t,lrln,t,),, e4)

f (Krt!, t{,y J ll ot,t, Kotf ,-t t ,+t T' J'>z:
Y, J'

:u 
{ 

g,(Kst{,r{,yD+ # (/,llc<,rll/,), 
} 
(n,t,lr,ln,r,)2, (zs)

rAe Ko - orKpbrrble r{JIII 3anonneHHble o6olo.tKu, He yrracrBylourre B [epe-
xoAe; g, - roaSrplltueHT rrp[ rrHTerpaJre o6MenHoro naanuo4eficrnnx
Gt (nrlr, nrlr).

KoeSO[queHT g,, He 3aBnctrr or repMa, ecnra oArra rag o6ono.rer flBraercfl
:auomreruofi, u ucue3aer, ecJru oAHa r{3 o6onoqer nycrafl. TorAa IIMeeM npa-
Buna cyMM:

) s, (Kotft,+z1y,rJ, Kolft,+t t{,+ty,J'):e# I4@fl),,)r, (26)

f s, (Kor{'.1J, Korf '-t z-(t'l:#r IJI(dlI)r. (27\
.t'J'

Bropoe upaBrrno npu Nr:1 6n.no crfopqy"rrupoBaHo B [1], a nepnoe upaBrr-
no o [100].

Anr Heroropbrx EaqaJrbrrbrx ron$nrypaqufi (s/n (5.107), Irl, (tI.4.9),
llt' +r tt"+t, lft'+t 1r, ltt'+r 14 l57l u ap.) roeO0rrlr{errr g, uMeer sBHbre Bbrpa-
)Kenufl, IroAcraHoBKa Koropbrx n (24), (25) upurorur K trpocrbrM, Ho yxe 3a-
Bl{cflr{r.rM or repMa BbrpaxeHurrM Ars cyMM cut nwlavit.

Cyrr,mapnar cuna nusnfi, coorBercrByroulat BceM Bo3MoxHbrM trepexo-
AaM Mex'qy cocro.f,HtrrMr4 AByx rouQzrypaqnft, ua3unaercs culoit coBoKytr-
I{ocrr{ nepexoAoB. B cryrae AtrrlonbHbrx nepexoAoB ee BbrpaxeHue 6uno
noJryqeHo trpsMbrM cyMMr,rpoBaHuew s 6azuce BoJrHoBbrx SyHrrlufi HecBr3arr-
HrIX MoMeHron [28]. CyvruuponaHue Moxer 6urr nrruonr{eHo I{ s 6aguce
$ynKqufi cB.s3aHH6rx MoMeHToB (rnagpar (II.6.5) cyrrnvrzpyercs.to J corrac:
no (11.2.7), .qarree to J'(Tl.2.l), L, L'(tI.2.11) u ^S (II.2.7), a ocraBrrranct
cyMMa HaxoAtrTcg rrpu noMorqu coornorueyuft, 4nr. reneaJror[qecxux ros$-
Suquenron Q.128), (2.129)). Brrpaxenue AJrr cr{Jrbr coBoKynuocrtr trepexoAoB
B cJryrlae oueparopa panta t orJrr{qaerc.tr or (1.32) ToJrbKo sauenoft dr,, 1,
ua dfi! 6

s,(Kory'ty., Kog,-r1y,+1):g(Ko) (lj,: l) ffii 
t) 

rro,',,.r,, (28)

rAe g (&) - crarBec o6oroxer, He yrracrByrou{Ex n ndpexo4e.

Free Hand

Free Hand
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B cryuaeTT:-cBs3r.r BHyrpn o6onorreK cuJra coBoKytrHocrr{ [ep€xo.{oB M€x:
Ay AByMr noAKoHoufypaqr{rMH BbrpaxaeTcr "E!}EAe

s, (Kohjy' lzj!,, Kolrj{'-t lzjy,+t) :

: (':'r 
' 
) 1ze\

r.qe oAHo3Jrerrponnrrfi cy6rrarpuuuufi gneueHr o[eparopa nepexoAa B He-
peJr.flTr.rBHcTcxorvr upr.r6nu)r(eHr,rH onpeAeJI'eTc.'I couracHo (1I.6.7), a B pen-rr-

rlrBlrcrcKoM npu6nuxenuu - ro (1.271) [23].
Cnna cosoxy[Hocrrr nepexoAoB MexAy AByMfl KoMrrJre(caMI{ cMerr]r4Ba-

rou$rxcr xonQurypaquirc)( u ?f ' nrrpaxaercr qepe3 cr{Jrbr coBoxylHocrlr ne-
pexoAoB MexAy orAeJrbHbrMrr xottrfHrypaqurMr.r KoMrrJrexcoB:

S(?f , cX';:f S(r,, r), (30)
i,q

rAe cyruMa no i upo6eraer HoMepa xouSr.rrypaqufi saqanrHoro (oMrurexca
1[, a cyulta fio q - rou$nrypauufi roueqnoro KoM[JreKca 9f'. Taxuu o6-
pa3oM, beru.ruua (30) ue Ll3MeHflerct npu yqere cMeruuBaHur ron$r.rrypa-
ryrfi nuyrpu KoMnJreKcoB, ToJrb(o npolrcxoArrr nepepacnpeAeJreune MexAy
clrJraMr.r orAeJrbr{brx coBoKyflHocrefi uepexogon.

6.2. Cpe4nns oHeprtlc, A[cnepclrr H acnMMerpuc
cneKrpa x3nyqeH[ff

PaccrrorpHu cneKTp rnryqeHur, coorBercrByrorqufi uepexo,qaM Mex.4y BceMa
cocrorur{flMu HaqarbHofi xon(}urypal-nu K H xonequofi rontfurypaqga K'.
Ilh.rpunofi.nuuufi 6y.qeM npene6perarb, rrMer B BnAy, qro B cnyqae cyulecr-
BeHHoro ux ylunpeHu.f, ero MoxHo yqecrb trpu rloMoxlr coorHornexlln(2.107).

B onpegenenr{rr MoMeHra crrerrpa l,I3rytleuufl (2.56), (2.53) n KaqecrBe
BecoBoro MHoxHTeLf, [c[onb3yeTct I{HTeHcIrBHocTb JTTIHI{rI

I (K y - K' \' ) :'ye 6 i I.s (K v) - E ( K' y' )l w, (K \ -, K' \' ), (3 1)

rtecY( (fy) - 3aceJreHHocrb HaqaJrbnoro ypoBHr; E (K;1)- E (K'y') - orreprnff
repexoAa; lV'"(Ky->K'1') - ero Beporrnocrb (5.131). B (31) oryuen reo-
MerpuqecKr,rfi vnoxurenb,3aBvc nP.fi or yc;ronr.rfi ercnepunrenra. B peHTre-
noscxofi u yntrpa$uonerosofi o6nacr.sx BMecro r.ruTenclrBHocru tracro r.rc-

Iroirb3yerc.fl rrucro $orouon, Koropoe B orrl{rllle or (31) He co.qepxllT 3Heprrr{
IrepexoAa.

Bcto:asucnMocrb or ycrornfi no:6yxgeunt 3aKrlot{aror n ce6e 3aceJreH-
Hocra c)(. (K11-).B pa4e cJryqaeB, paccMorpeHHbrx B pazp,. 2.3, rrx MoxHo cqu-
Tarb oAr{HaKoBbrMrr AJrfl Bcex cocro.sunft ronSurypauun K, ror,4a 3aceJreu-
HocrH yporneft npolopulloHaJlbHbl I{x crarBecau 2J+1.

3ueprlrr [epexoAa B KarlecrBe ycpeAHteMofi serllq[urr I{ 3Heprur ilepe-
xoAa, coAepxaurarc.f, B BecoBoM MHoxurere (2.53\, (31), n BbrpaxeHr.re An{
MOMeHTa BXOMT HepaBHo[panurru o6pa:oll. flpr.r HopMnpoBaHrllr cyMMbr
BecoBbrx rrruoxrarenefi Ha eAl{Hlrqy }IrrreHc}IBHocru luralz,it AerflTefl. Ha rroJr-
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rrylo I{HTeHCnBHOCTb, nOSTOMy nOrpe[IHOCTtr HX pacqeTa rracTtrrrHo KoMneH-
c[pyroTcq, B ToM qr{cne coKpaulax)Tcfl paAr.raJrbrrbre HHrerpaJrbr [epexola.
u oTHocuTeJrbr{bre trHTeHctrBrrocTrl cla6ee 3aBIrcrT oT rrc[onb3yeuofi r[opvrrr
olepaTopa trepexoAa.

flpr paeuurx 3aceJreHnocrtx cocro.f,nufi sasucuMocrb lrHTeucnesocrefi
or repMa B ocrroBl{oM otrpeAeJrflerc . ctr^ran.r'w nusait: oHrr AJII orAenbHbrx
lepexoAoB Mex.qy onpeAeJreHr{rrvru xon$nryparyrrMx qacro pa3rxqarorc{
ua 2-5 rroprAxoB, B To BpeMt KaK 3Hepru[ nepexo.aoB - Jtutub Ha .{ecsrxr{
npoqeHToB. Kpoue Toro, IIptr pacqeTe cpeAHux BeJrtrrltrH, KaKrrMrr tB.lrflIoTc{
MoMeETbI, [OrperrrHocTtr pacqeTa oTAeJrbHbIX cJraraeMblx qacTr4qHo KoMrreH-
crlpylorcr. Tarurvr o6pa3oM, ecnu ron{urypaqurr K u K' yAaJrerrbr ,upyr or
Apyra, T. e. grrepratr [epexo.{oB cyulecrBer{Ho 6orbure cyMMbr ru[pprn RX 3r{ep-
rerr{rrecKux crreKrpoB AE (K) a L,E (K')

E(KyJ)-E(K'y'J') )A,E(JO+ LE(K') Arn rro6brx \J, l'J', (32)

To 3Heprruo trepexoAa n (31) (c ylerovr 3HeprertrqecKoro MHo)Kr4TeJrfl. co-
Aepxarqeroc.fl B BeporrEocru (5.t30; u"nz (5.131)) MoxHo 3aMeHnrb HeKoro-
pofi cpepefi snepraeft, roropar trplr EopMr4poBKe coKparqaercfi. 3ro no-
3BOJIfleT CyTqeCTBeIIHO ynpOCTnTb BblpaxeHr{r AI.f, MOMeETOB, trOCROnSXy
yMenbmeuue cretreHrr sHeprulr nepexoAa B paccMarprrBaeMofi cyMMe sKBlr-
BaJreHTHo yMeHbrrreHr{Io uoptAra MoMeHTa. flpu nrrnorurel{rltrI BbrrueyKa3aH-
Horo ycJroBlrfl sEeprr{ro nrHnft cleKTpa 6yAevr ycpe4r{f,Tb c eeconr'ru roe$-
$uqnentolt, paBr{brM crrJre JrrrHtrft ,t(Ky, K1'). I{enrpanursrft MoMeHT crreK-
Tpa, coorBercrByroxlero trepexo.4aM Mer(Ay xonQzrypaqnsuu K u K', oupe-
.u,enteTc{ TaK:

P4(K-K'):

I( K y I u I K y ) - ( K' T' t H I K' y' ) - E (r- r')lt,t (r y, K' y' )r
'(.(' (3 3)

S (Ky, K'{)

3gecr y, y'- MnorosJreKTpoHubre KBaHToBbIe vucna ypoenefi;

E1K- x'1:
f Ia"t lHlKy)-(K'T'lHlK',( x,s(Ky, K'r')
y.(' (34)

S (Ky, K ,1')

- cpep4]c.An 3Heprr{f; ctreKTpa. flocxonrxy 3Heprtrfl trepexoAa He 3aBrIcItT or
npoerqufi troJrnbrx MoMeFToB, To cyMMapoBaulre tro M, M'tr trpoeKqua o[e-
paropa trepexoAa q BbrrroJrneHo corJlacuo (4), (5). Cllrrlr rrauufi 6y4ervr uc-
noJrb3oBarb B .4tr[oJrbxou npu6nuxennn,

Ecnr ycnooue (32) He BbrrloJrrrterct, To 3nepreTutlecrufi rvrnoxnlem,
coAepxarrtufica u (31) (r.rnn ero atrnpoKcuMaquro, noAo6Irpo (5.139)), cne4y-
er trpl,Icoe.qtrHrrb K ycpeglrreMofi sneprnn. flpu erou MoMeHTET ctrerTpa
Bbrpaxarorcr qepe3 TaKr{e xe cyMMbI (2.115), no c 66ruruI{MI{ 3HarleHuqMu

r
tr'

Free Hand

Free Hand
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creneHr{ k. floAo6nrre OopMyrbr [oryqarorc.f, u B cryrlae 3aBHctIqEx or SIIep-
rtrE 3aceJreHHocrefi, olrrcbrBaeMbrx rfoprraynofi (2.112). Ecrr.r s nefi s rasecrne
Eo ucuonrroBarb cpeAurolo gHeprurc E (19, yAoBnerBop.sloruyro ycJroBtrIo

4 ,r (,K)- (Ky tHlKy)ls(Ky, K'r'):0,

ro ronpaBxa K pu (K- K') (33) npuuuuaer cJreAyroqufi BnA:

Ap*(r- K):Z t(Kr I H i Ky) - (K' y' lH I K' y') - E(K- K')jo x

x Ja1r1- GylH lrv)l,S(Ky, K'T').(krS(K, 16'))-'. (36)

B o6qev cnyqae Mor{Ho rroKa3arb, qro HeKoropbre tIneHbI MoMeHToB
cnerTpa H3nyr{egr4f, paBHbr coorBercrBy}oulrrM .rJreHaM MoMentoB 6onee
npocroro c[eKTpa yposnefi 3Hepr!rr{. B qactrocur, 3To nMeer Mecro, ecJIIiI
B cpeAur.rx ruua (D')( ... )(.Dt> (D - oueparop Ar,rronbHoro papar{zoHHo-
ro [epexoAa), uepes Koropbre Bbrpaxarorcs MoN,reHTbI cleKTpa, Bce oflepa-
ropu .)/ AeficrByror Ha gneKTpoHbr ,,rraccuBnrrx" oSoroqeK, He yqacrBylo-
Ir{nx B lepexoAe. TorAa cyM]ua $axropr,reye"tcfl auarotkr.wo (2.44) I4 c yqe-
TOM

(nlt;r:S(,K, (')/g(K) (37)

Berr{rrr4Hbr S (K, K'), coAepr(aquecr B qI{cJIHTeJre I{ 3HaMeHarere MoMeHTa,
co(paruaroTcr.

flycrr rrMeeM cyMMy Marpnrrnr,rx 3neMeHToB B npoMexyroquofi csx:r.I

f <rt IH I Ky)' (Ky I Dl K' y'),,
:"v'

rre k - mo6oe rroJro)KrrreJrbHoe qrcro; K - taaqarl.;nafl, a K' - roneqna.t
xon@urypaqrln Ilt3ryrlareJrbHoro [epexoga. Cyrr,rva no y' Bblpa)Kaerct qe-
pe3 Marpr.rrrnrrft e.neuenr adr$erruanoro oneparopu per : O{ (4.24}. Cornac-
xo (5.151), (5.152), sror Marpu.{Hrrfi ereMeHT He 3aBr{cr{T or repMa B cryqae
repexoAoB K->K'

Koll' EI,) 
2 --> Ko lN,+t 14t'11 

t 
,

Kol{" --> Kolr$, 1,

rAe Ko - nro6rre ,,rraccnBlrble" o6oroqKx. Jlerxo Bl{.qerb, rrro rorAa Bblnoir-
H'CTC' COOTHOII]EHI4E

f ,"t irrtKY>rs (K:,, K't')
vv'

t75

(3 s)

(38)

(3e)

(40)

f a"t t Hl Kr')k

s(6)

Ananorr,r.rHo B cryqae [epexoAoB

Kotlh+r l{" --> r'o1{,+2 E"-t,
Kolf'[+ Ko /{v'+t

(41)

(42\

(43)

Free Hand

Free Hand
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(44)

(4s)

(46)

r
'ty'

t

T
"tv'

(K'T'lHlK'y')kS(Ky,

(K' t' I H I K' { )t S (Ky, K' y')

K'r')

BbrpaxaeTc{ qepe3 cyMMy

(K'y'iH\K'y'Sr'

tr BbIIOJIH{ETC.f, COOTHOIUEHIIE

S (K, K')

f ,"'t'l Hlx'y's*
't'

s6')
Ouo,.rar u (41), coxpauseT cr{ny raKxe npu nro6rrxronrfnrypauuxx K u K';
Ho JIEITIr 'Erfl sacrtr raMuJrbrorr[aya H, pannofi H, - oneparopy B3ar,rMo-
Aeftcrstrt BEyrpE i-fi o6oloqxrf!.racrnyroulefi s [epexoAe (e rorr,r qncJre or-
.qeJrbno - Nrs. otreparopoB gneKTpocrarr{rrecKoro uJrrr clurr-op6urarrnoro
ssaurv{oAeftcrBur B i-fi o6olosre). Tor.qa B rrpocTpaHcrne nropofi ,,aKTEBHofi"
o6onovxuT geficrnyer nurur st|rferrusurrfi oneparop D'J. flocronbxy B cyM-
Me no BceM MHOTOSJIeKTpOHHbTM KBaTTTOBbIM rIlICJraM pe3yXbT]rpy]Ollr{e
paHrtr B trpocrpaHcrse xax.4ofi o6oroqrr,r MoxHo np[paBHflTb K HyJrK), To
olleparop (nEr)(l).ot"l(t)) npeBpaulaercrr B cKarrrp (x:x':0) u rlMeror
Mecro coorHoureH.vr (41) um (46).

Br'recro cpe4xefi 3rreprtru crreKrpa r{3rrysenrrfl E (K- K'\ (34) y.qo6Ho
BBecrrr cABrrr cpegr{efi eneprzu, r(cKJrroqar us E (K- K') 6onrurofi qreH, paB-
nrrft paurocrr{ cpeArrru( snepruft naqanrnoi rl roHe.rHofi non$nrypauufi

8,E (K - K',) : E (K - K',)- tE(K) - E (K',)1. (47)

On rlreer cMbrcJr tr3MeHerrr{r cpe4nefi srreprua cneKTpa, o6ycnouexuoro
pacnpe.qeJreril{eM cr{Jr :l,uttuir B HeM. CAs[r 3ueprulr Bhrpa)Kaerct qepe3 Mar-
putlr{bre gJIeMeHTbr yHrrTapl{o-HenprlBoArrMoro raMEJrbToHaaHa, Koropbre
coAepxaT ToJrbr(o 3aBr4crultre oT TepMa qJreHbr

S t(r"r tTt tKt)-(K,{17(.lK,v,)l s(K.r, K'^r,).L
sE(K- K): w' 

- (4s)
S (Ky, K'y')

Cyrrnra B 3HaMeHareJre npeAcrasrser co6oft ctrJry coBoKytrHocru rrepe-
xoAoB S (K K') (1.32). faMu:rrronuaw.Tt v EeperrtrtrBacrcKoM o;poron$nry-
paquonrroM upu6ruxenuu cocrotrT x3 oneparopoB gJleKTpocrarlqecKoro
u cnrn-op6nraJlbHoro aranltogeficrnr.rfi, o.4naxo BKJTaA rlocneAuero B cABI{r
ficrle3aer. 3ro AorarrrBaercr nyreM onpeAeneHrrfl 3aBl{crrMocru MarpI,Iq-

YY,

Free Hand

Free Hand
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HbIX 3,.IeMeHTOB O[eparOpOB D(1) fl Hto AT IOJIITbIX MOM9ITTOB J, J', U CyMr-
MI,IpoBaHueM no 3Trllv{ KBaHToBbTM qr,rcJraM rpn [oMorqr4 (1I.2.7), (f1.2.$:

rr, s r\lL, .s r'llL.s
>(-t)r'tr.t'1 |t, I rii s L" r ii.r, r

Konrperrn:r,rpyx rouSurypaqn[ nepexoAa

K:Ko{'U', K': Kol{'+t 1y'-r,

i.)-t(r,o):o' (4e)

(s0)

rae Ko - ocroB, coAepxaulr{fr :auorureunyre wfwnw orKpr,rrbre o6orovru,
He yvacrBylourr{e B nepexoAe, loAcraBnrq B 3uaMeHarem S(K K') (1.32), a
cyMlvry B qllcJrr.rreJre (48) nupaxar {epe3 cpeAHr.re oT npor{3BeAeunfi onepa-
TOpOB, HaXO.qUNI:

8E(&/r ty, - Kot{,+t ly,-t) : 2Ut, trf d1.2,"x

"l 
!? tt'"Tril':_ _ 2/"^-, Dt "': I (5r)^ L tlrr+ l) (4tr+3- Nr) (41,+2- NLI N2 J '

r4e nminuft r.rHAeKc y o[eparopa :](,' o6ozuauaer rou$[rypalluro, B npo-
crpaHcrBe noropofi ou geftcrnyer; y 3Har(a cpeArrero BMecro rou$nrypaquu
yKa3alrbl rl{rub rrr{cra gnel{TpoHoB B ,,aKTrrBHbIx" o6o,'IoqKax.

Caerr oHeprrlrr u:o6paxaerc.s oAsofr 4narparvruoir (cu. pnc. 5.1). Coor-
BercrByroqax ei rrrnunnrairbHa{ cyMMa lrMeer Bbrpaxeur{e

f t- Do(trE1a[tt)trn) erctr\ it"',416r.s erv)d9),ltr():
|r,\vq

';, 
orl ur u" h)-

.:2d?,,,{_t{l

-I [+ 8(k, r) -zec;e,;+nf s*{t,, r,)
k

(s2)

Onpe4enne N-unoxnrenn A,'r{ oSoux cpe,qHr{x, coAepxalr{uxca r (51),
rraxoAtrM [101, 102]

tE(Koty'ry,-Koliv,+r ty,-'): @c;@Jrt _e { I '; f }"
x [- N r(4t, + 2 - N ) F k (t r, I ) + (41 L+ 1 - nrlxN 2 - 1) gk' (11, Ir)] *
r - I [" tfo' D- 2(n#AI't]"' (41,+l\(41,+l) . 

k

x [-Nr(4/, +2-N)9k(1,, l)+(4lL+ I -Nl)(N'- r)?k'(L, I)]. (s3)

Hnxnue prrrAeKcbr y nrrrerpaJloy 9k (IL4.7) u 9o (l[.4.8) yra3blBalor KoH-

$urypaqnro, c BoJrrroBuun rfyurql{tMl{ Koropoii orur pacctu.ITblBalorct.
C4enr onpc,{or-llercq rorr,Ko ?ncxTpocrarl,Ir{ecxlrM e:au*logeficrBrreM Me)K-

Free Hand

Free Hand

Free Hand
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Ay oTKpbrTbrME o6oroqKaMH, yqacrByroulr{M}r B [epexoAe (nr<na4 oT B3ar.rMo-

4eficror,rx BHyrpr{ ,,aKTr,rBHbix'( orKpbrrblx o6oro.reK H or r.Ix rlauuogeftctnr.rfi
c .,[accr.rBr{brMu" orKpbrrbrMr{ o6onoqKaM}t Hcqe3aer cor,'iacHo (41), (46).
C4nr,rr paBeH HyJrro, ecJrr{ B o6onx xouSurypaq}r.nx oAHa u: o6o;roqex rBJ-aer-
cx nycrofi r.rJrr.r 3a[onHeunofi, [ocKonbKy rorAa sueprrq gneKTpocraruqec-
Koro B3ar{MoAeficrsu-r MexAy o6ono.rxan4?r He 3aBncr,tr or repMa.

Brrappr B cABr{r or o6eux ron$urypaqprft uueror o6parnrre 3HaKu, no-
gToMy orr locrlrraer uaH6olruei se-trnquHrr, KorAa s xouequofi xoHQrarypa-
uur4 r.IMeercfl Jlurub oAHa orxpbrras o6o:roqxa, yqacrByloxlat B nepexoAe:

8 E(Koly'lz- Kol{'+1)= I { I ';, 
o,l or,,', ,,,*-- 

nit
4l\+ |

.r [3
k

B(k, l)-
2 (2li 1) (2t2+ 1) f 

gr {t,, t,) {54)

I 
rr1t,, t,1*

I

t'

( 55)

B o6oux cnyqa-sx c.[Br{r, Kax npaBl,Ino, rBJrrrercr [oJloxr.ITerbHbr\I - ero
3HaI( r{ Ber'rr,IqnHa B ocHoBHoM onpeAertrorc.g o6t"reHglrM aIJIeHor\4 c k:7,
CguHr pacreT. c yBerr{rieHueM qr.rcJrs ?nexrporroB ff, r (5a) H c yMeHbue}ir{e&{
.Iltcra sJ'reKTpoHoB 1/, e (55).

Irlcuonnyx uuBaprraHTHocrl' cpe.[,Hi4x rrpu 3aMopox(enHr,Ix BoJltrotsbrx

$yHxrrurx orHocr,rreJrbHo 3aMeHbr 3neKTpoHoB Ha BaKaucrrr, cABsr Art
nepexoAoB (50) uoxuo Br,rpa3nrr, cneAyroulraM o6pa:orrt:

3 E (K,)l{'ry, - Kol{'+r 1y,-t):2Ur, I"7di,2hx

B E1/1r,+r $, - lft,+z y't,- r) = - 
(al!2-rr{)

.4 t? E (k, r) - zar;icrt,l ar 0,, ,; 
l.

'.I

lsl/, tl k

13,\ ,, tz r

(.(D,)(..kgf ;rt'+r-rv' rrr+3-rv' <.q )(.k,CDI >4r1+2-trl 4r!+2-N'

(Nr,. l) (412+3- Nr) (411+2- N) N2

: _ 8E (& /ft, +1 - N, 
I 
4t, +3 - N, _ Koltt 1+2- N' rI t+2- N 2) .

Orpuqarc:rlHbrft sHar ilcliBlrrercq BcneAcrBl{e roro, qro oAHoBpe\{eHHo
c salaenori gnexTpor{oB Ha BaraHcr.{u ueodxoAuuo HspecraBJltrb MexAy co-
6ofi uaqanllroe u KoHeqHce cocrorHna, uro6u nonyvaerr,tltil flepexo.tr Toxe
coorBercrBopaJr H3-rryareHHlo, a He norJrorqeHxlo. Taralr o6pa:olt, Bbrpaxe-
HUe .qJrE cABr{ra cpe4neir oHeprui{ .sBJrqerc-fi l{IrBapLraHTHbIM orHocltre-'rbrio
3nh 1.e II

ffr + 4/1+ I -Nr, y't', -> 4 12+ 3 - N, (57)

c oAlronpenreHuorYr nepec'rar{oBxol"{ tsoJri:;oBbrr $yirxuuii na.IairlHofi I4 KoHeq-
noii irc,u@urypaunfr (lHa.lrcon K, K' y l4rirerpaJoB r (5.3)) n c u3MeriexrueM
3i{aKa Bbrpai(eHuq.

l:
(56)

Free Hand



6.2. Cpeaunn sneprflq, Al{cnepcnfl u acr4MMerpul

Bropoi qenrpaJrblrbrfi MoMeHT crleKTpa I{Jr[ ero AI{crropcn.l Br,Ipax(aerct
qepe3 CylvIMbI MaTp[tuIbIX SJIeMeHTOB yHI{TapHO-HenpI{BOAI{MbIX OilepaTopos
I{ CnBtrr CneKTpa

I t,ny I t(.lKy>-.K'T" )(t.K'y')lts(Ky, K'r')L)
oztK-K'\: ar'

s (K, K',)

t7f

-b E1x- x'72.

ilepnrrft rlJrerr pa3Aenflerct
My"Tbr AJr{ crrJrbr coBoKyrlHocTlr
cTaBJrfeTcg B Br{Ae

( s8)

Ha rpa cpeArr[x L{ ilplr lroAcrarrotsKe $op-
repexoAoB S(K, K') (1.32) "q{.rcuepcuc upeA-

(se)

c, (K - x) : 2J2L!,* !-9!:!)) o r:,, [<cD ) t *, it *, cxt 
S 

*, *, a

+ ()(.ugcXt ?/";w'r', -2 ()( "cX 
)(.*,qtSx'x,1-8 E(K- K')z .

flepnoe cpe.{nee coorBercrByer B3al{MoAefi.crsnrc BI{yrpI{ xone'rnofi xoH-

{ruryparlnu e (50), Bropoe - Haqarbl{ofi xon$rarypaqull, a rperbe - trpeA-
craBr{er co6ofi crteuraasrrft uren. CpegHee, coAgpx(alldee o.4IrH orleparop
greKTpoeTarrrrrecKoro e:arauogeficrlrrfl, pr oApru ofleparop cnuu-op6nranruo-
ro n:ariuo4eitcrvun, ucqe3aer cofracHo (49), uorror'ry Aacnepci{a pa3Aex{er-
cr Ea r{e3arr{crrM6re BKJraAbr or o6oux e:auvrogeiicrerafi.

I{aclr Ar{cflepcuu, o6ycirorneiraaq cuun-op6urairanr'ru o:ararao4eficrara-
eM, oflr{cbrBaeTc.f Ae8srbro AnarpaMMahrlr t{erblpex oAHogneKTpoHlrbrx one-
paropoo, nso6paxenirbrMa r{a pac. 3.5, z-n. [aarpaMMbr l{nt cpeAaero AByx
o[eparopoB gneKTpocrarr.rqecKoro elauMongftc^[Bus. v AByx oileparopoB tre-
pexoAa troryqarorcfl rlyreM rou6ulrupoaarrilfi. ArratpaMM r{erblpex 14 AByx,
a TaKlKe Tpex II Tpex oAHo3JIeKTpoI{EbrX olepaTopoB, u3 r,rx qucra ucKnroqa-
rorch 4ae rouorourrqecKrr 3KBr{BaJreHTFrLIe ,quarpaMMbl (pi,rc. 3.4, 6, z). Ha
puc. 6.1 uso6paxenrr Heg(BrrBaJreHTHbre Al{arpaMMbr Arq rrepBoro cpe.{Hero

fio $o

A

0

a
{\

f)0lg

u
$$o

ftr\
(il {r/fio $o $o

Pnc. 6,1. Hegrsnsafienrrrble AaarpaMMrr Arrr Asctrepcrlfl cneKTpa fi3J'Iyrle;{{{t, cootBercrBy-
rcrqr{e gJrerTpocrarnqecroMy sganN{o,qeftcrer{ro Me)Ktry SJreKTpoHaMr.t s Koueqxoft itontfnrv-
paqrn

Free Hand

Free Hand
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n (59); AtrarpaMMbr AJrr Apyrnx cpeAur{x nonyqarcrcr r{3:Htrx tryreM rrepecra-
HOBKr,r MexAy co6oft BepTeKcoB onepaTopa nepexoAa lr onepaTopa 3JreKTpo-
craruqecKoro B3al{MoAeftcrnns. 6es paaprrna csc:eft MexAy HHMr{.

C yrerovr coorHoruenr.rfi (41), (46) 4ucnepcnrc cneKTpa r.r3nyqentrr Mo)t(Ho
npeAcraBnTb B Br,rle cyMM lgcnepcnfi cnerrpon ypoouefi 3Heprun HaqanbHofi
lr KoHetrxofi xou$urypauufi (5.12) r.r AonorHnTerbubrx qJrerroB, o6ycroBreH-
HbIx pacnpeAeJreHr{eM c}tJr ocrluJrnrropoB n cnempe [18]

rr2 (K - tr') : oz (K) -l o2 (K') + 8o2 (K) + 8o', (i(') + 8o2 (K, K') -
- 8E1r<-r';'. (60)

3Aecr 8o2 (K), 8ot (K') - AolonHurenbnbre {JreHbr, coorBercrByroruEe B3au-
vogeficrnuro BHyrprr xoHrfurypauufi; 8o'9(,K, K') - uexronQurypaunounrrfi
v,reH; 8E - cABr4r cne(Tpa u3ryqenur (53). OruerHM, qro,qonorsurenbHbre
rrJrenbr ne o6.agarerbHo MeHbrue no BerurruHe, qeM oz (K) utm o2 (K').

Arr Eoz (K) u loe (K, K').quarpaMvr{brM MeroAoM nonyqarorcr cJreAyro-
rqne o6rque Bbrpaxen}rr:

8o,(Keriv,l{,):,i}/#ii#in; {4(2t,+ r -.^r,) (2t,+t-N,) x

x 4(l', /r)+ Jllr' -l)(4lz+ I -,Vr)+ (4lL +l -fft)(N, -l)lMzQb l)+
+ [(N, - 1 ) (il, - l) + (44 + I -.^rr) (4/2 + I - nr,)] M s (lb l)] -

ts=i#+il M,(hh,t,t,)+

"w-|ffi# *,(tztz, h/,)+ f "[;##E{* MJhtp, t,h)f-
peR"

N1 (4/r+2-N,)
4 (41r+ l) (4/,+ l)

8o'?(&/fl' $,, Knly'+t $'-t1:

(4lr+1-N,)(&-

)(412+t-N2)

u,(/r * 1)+12Q2+ 1)- 2f("(", (61)

{r'*ni{
(41,*2- Nu

2
(4/,+l) (4il,+l) "

r) [rL!",(fr+ trr,(tJ,, Ltz)+

' 41,(41,-1)

- 5- N.E/,+? NrL+ L 1ffi11a1;1" N'
pe Kn

Mr(1212, tr61]+

(ffr- l) Mr(lrlo, I2l)+

Nr(Nr- t)(,,(,, )+
, lL (4r1+r_N.)(N,_t)(4t,+z_ N) 14(4tJz_l)dl(r, Iz)+-r 

- 
r6trh

+2M2U,, r,)-2^43U,, t,)l 
l-,e" 

zaJftffD-"

lt (l\+ 1) + 12 Q2+ t) - 2
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. 
[ 
{q#+)- o|Q,, t,>* *a##fl o!(t,, \)f-

l8l

-2o2(Ko)-
N, (Nr- 1) (4/r+ r -Nr) (4/r- fu,) 4(tT-4lL(4tL- t)

3gecu Mo - Mrrn[Mar],Hbre cyr.{MLrl- o7 - Ntcnepcu{ ypoBHefi sueprulr, o6y-
ciroBJrenr{ar gJreKTpocrarr.rrrecKr.rM nsar.wtogeficrBlreM; o., (iq) - Arlcrrepcrat
yponueft ocroBa Ko. B rax4oM qreHe (62) uepaue (aroprre) LrHrelpaJr.br, B
ToM trr{cJre coAepx(au{uecr B Mrrur{MaJrbnbrx cyMMax, a rar)Ke B 62 (K0), 4 (lrl),
paccqnTrrBarorcq c BoruoBbrMrr Qyur4lrl,ru HaqaltHofi (x one uno ft ) rou$ury-
paqur{. ffpu pac.rere MHoxHTeJrefi, sarncaulr{x or qr,rcer gJrexrpolroB s o6o-
noqKax Nr, cnauala neo6xognnlo KoHKperr{3trpoBarb N, lr corparnrb, r.4e gro
Bo3rv{o)rcro, MHoxETeJrr{ ruta (4lr+k-lf,) c coAepxauluMl,rcq B qr,rcr[Tene
sroro qJrena Mr{oxr{TeJrtuu (4lr-12- k').

flpu sauucr{ rureHa (62) ncnonr3oBaHa rrrrBapr{aHTnocrb,qucrrepcrru
oz (K- K') orr{ocrrreJrbHo rroAcrauoBKtr

N*--> 4lr+'1 -ifr, Nz--> 4lz+ 3 - Nr, N o-> 4lr+ 2 - N o (63)

(mgerc p o6ognasaer ,,[accHBHbIe" orKpurlre o6olovrlr) c o?qHoBpeMennofi
garraeuoft B trrrrerpaJrax BoJ[{oBbrx tfyurqlrfi Ha.ramuofi ra ronequofi ron$ury-
paqtrft Mex(Ay co6ofi. Jro cnegyer aHaroruqHo (56) u: [HBapr{aHTnocrtr cpeA-
r{EX orrrocureJrbHo 3aMerrEI gJreKTpoHoB r{a BaKar{c[u. HenneaprrauTHbre
orr{octrTeJrbno rarofi trepecral{oBKr{ qJrerrbl IIMeror cBotrx cr{MMerputrHbrx
uallruepoB, Koropbre co(paqeHuo 3aurrcaubr npu rroMorr{r4 oueparopa fI,
upoE3Bo.4sqero BFlrrreyKa3anHbre 3aMenbr (nr"r neo6xoAruo noAeftcrBoBarb
Ao,KoEKperlr3arlzr{ rrrrccJr 3neKTpoI{oB s o6oroqrax). .{eficrnyr Ha paAtraJrb-
uhre r{HTerpaJrbr, o[eparop II 3aMer{f,er paAnaJlbrrbre BoJrnoBbre Syrrquu
nasarrsoft ron($urypaqun QyqxqrxMu KoHequofi xouQurypa4nn (eclll y
trrrrerpaJroB craBrrrb 3uaqKtr .K,.K', y'rasrrrarorqne, c $yurqrrfiMtr rarofi
rouSurypaqarr oHtr paccqtrTbrBarorcr, To fI npoueeo4trT 3aMerry 3Tllx 3Haq-
t(oa K++K'). Tor xe otreparop no3BoJrfler [oryrrtrTb a qJren

8a2 (K'): II 80, (K). (64)

(62)

I4cuonrsyeurrelr (61), (62) vrnunvranurrre cyMMBr rrMeror cJre.qyroqne
Bbrpa)KeHn-fl (o nnx raKxe BKrrorreH MHorKrnreJrb (iai, ,,)-, or cr{Jrbr coBor(yfl-
Eocrtr trepexoAoB, co.4epxarqeficr B 3rraMerrareJre uepBoro .rneua n (58)):

L27 <t? LL& i i' I tl tr s,s x

Iz t,l'
t:LL l, I

Mr(Ub tLr): z ltrr, sr,
Ll Sr L.

x (1, lrL, sr.lh" I t, t, tr slll l

Free Hand

Free Hand
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:L 
;. l*'<o' o>l';'; orl-*'forn 

]'
"l'; '; 

or'I 
oru,, \)sn,Q,, t,)-

--e T l'l:, !,' i,f -l';, '; 
rJl'; '; :,1.

* offi;u (-3 tto', r)- z*,,)]orr,,, I)gh'(t,, t), (65)

Mr(tzt2, Irt): Z [zr, Sr, L;eZLr&1fr,1 IZL|.S)x
z1 s1 z'

x (/r/rzrs, 1fr.1lrlrLrsr, {t; 'i, j:1" (66)

Mt(h1,, f [zr, sr, Lt<rJeLLsLlfr.llr4Lrsrs x
11 sl tr,

x (t,toL,s,1ti:1t,ror,s,, l:, :, ;,)':, _4 * l'; ';, f )t
! ..

xFk(lr, Ie)sk(tz, ,r-Irf f - ,- l';, ';, f )"

" [{ I ';, -!lu" u,, I) sk (tz, ';*l'i 'i !,,lorr', t)s* (I,,r,t]-

- I l' l';,'i i,l' - *iruur-)-
(67)xQr(lr, I)gk'(tz, I),

M"(t,, ,,t:1{ I o,rrt-tr {i, ';, )l<hhLstfr"tr,t,zssl:

:+ 
[ -, Ll',', ';, il",u,. r)-

-? (+ D(k, r) -o,*;o;'")er{,,, DJ', (68)

tru:*

1

Free Hand
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<tLI|LS 1fi" 16trtS;z:

h)-

Mr(lr, /r): : fLLS

:-r z["i
*rO X'rO I k'

-4:l1r,

rL, sr(-'," 
{ 1: ',i i }

(lr, h) Fr' (1,,,

k'll
lz I,l-

1,. /c I

;,',:lur
k' r ItkIr l, I Il,

-*oloro {'i, ';, :ll'r(,, h)eo'(t,, t")-

f IL t2 kl
-; 

Lf f, :,';,1-#:*#&**
x9o(lr, lz)gk'(IL, I).

,{ee upocrefirrrrde Mr.tHraMaJrbrrbre cyMMbr, B(JraAbr Koropbrx lparropusyrorca,
Bbrpaxenbr a (61), (62) repes Ar,rcrepcrrc crreKrpa yponnefi 3Heprr{rr AByx-
sJre(rpoHrrofi ron$urypaquu.

Oopuy-nrr Anfl Ar.rcnepcr{rr cneKTpa u3ryqeu[fl, coorBercrByrotqero rre-
pexoAaM l{,1, -> l{,+r , I{' l2--> I{,1r, 6rrnu roJrytreHbr e [69] ucxo4r r{3 Bbrpa-
4ennft grx npocrefiurlrx cJryqaen (rarra x(e Epr.rBe.rrenrr ra6nnqrr qucreHnbrx
ros([$uquenroB rrptr paArraJrbHbrx unrerpalax), a ln [101J AaHa yrpouleHHat
$opuryna Ans mo6ux ronrpurypaquft e npe4uoJror(errrrrrr, [vro o4noslerr-
poHnbre BoJrHoBbre $ynrquu ua.ramHofi r.r rone.rHofi xon$urypaquir ogu-
HaKoBbr. flpr srovr psA rrreHoB B Bbrpaxelruu Als. Ancrrepc:utu coKparqa-
rorcr. tr us (60)-(62)cne.{yer@opvryna,Koropa.rr 6rua uorryyeua r[68, 15]
5er crpororo Aor(a3areJrbcrBa:

c2(Kol{'l{,- Kolw,+t tN.-1\- ffr (4/r+1-ID 
o2QrIr-ll)+r- .2 t-- 4h

y (N,-t) (!b+2- N,\ 
oz ltrtr- tZ) + Z 

"WU,:=l 
oz (!rt o- tLIe) +

peKn

+ ! (,,e,,+-f- ({,, -c,,)VrQ, + l) (,,-rr(rr+ r) (,J.

Tpernfi MoMeHT ctrerTpa rr3JryqeHr{.fl, coorBercrByroqero nepexoAaM
Mexgy ronrfnrypaqrunvru (50), Bbrpaxaercr qepe3 cperpue or npouineAenufi
yEtrTapHo-HerrprrBoAr.rMbrx otrepaTopoB - raMr{JrbToEEaHa riu u oueparopa
ArnrroJrbnoro nepexoAa Q, a raxxe qepe3 cABur cpe4nefi gneprau rr Aucnepcruo
cnerrpa [19]:

4 (zlL+ t)2 (212+ l)2
]"

(6e)

(70)

r t(,<y I']t I Kr)- (K' t' I ?t I K'r')l's (Ky, K'.r')

Ps (K-K'):
S (K, K')

Free Hand

Free Hand
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- 8 E (1( - 1(') [8 E (.t( - K' ), + 3 c2 (K - K')] : z U r, l rl di.',, x

-.1 -<rD )t"' -Jt*' )(*,(D+ \K +3r')(x(D')(o, t[ *,ot>',^17,)N"_-
+

-88(/(-K')[8E(r(- K')r+3oz(K-K')J. Qt)
3.qecr unAerc y raMr{nbrour4aHa ?C yra:unaer xon$urypaquro, B npocrpaH-
crBe Koropoii oH Aeficrnyer.

CpeAtree <(Din(:)fDt> B o,(HoKoHtfurypauuornrou npw6truxeuum
our{cbrBaercs 288 Hegxsr{BaJreHTHr,rMr{ .qnarpaMMaMr{, rrpu gToM yqreHo uc-
qe3HoBeHr,re qJreHoB, B KoTopbrx cpeAn ouepaTopoB r4MeeTc.{ TonbKo o.4r4H

oneparop curau-op6lrraJrbuoro nraunrogeficruux (crr,r. (49)). rluciro pa3ruq-
Hbrx MnHr{MaJrbHbrx cyMM I{ cooTBeTcTByloxlux I{M ocHoBHhrx AnarpaMM B
srona npr.r6:rur(eHr4rr paBrro 32 (pwc. 6.2). Ilpu lrclonb3oBaHr4r,r oneparopoB
nepecTaHoBoK cpeAHee rrpeAcTaBJrfleTct B BI{Ae

<q')(1t-](cDt>K:q([ u + p(24)+p(34)]&+ r (234)x
t

15 15

" [) r,*P f r,]+(r +P(34)) (K$+Kn+Bz)+n23$(t+F)x
i:2 i:7

x (,Br+.8,)+(l + P(23)+PQ$)x

"" 
{,r, +.(r

i:l i:3
3gecr X, : X, (12345), rge X:8, T, K - MI4IHT{MarrbHbre cyMMbr (cu. (3.5a));
P - oneparop lepecraxoBK[ Marpr{qHbrx oJreMerrroB oleparopa nepe-
xoAa, a tl(234) - cyMMa o[eparopoB BceBo3Mo)rcrbrx rrepecrauoBoK
2-ro, 3-ro H 4-ro Marpi4rIHbrx gJreMeHToB (coornercrnyloqr{x raMrrJrbro-
Hr,raHy -?l). Mmuvarbrrbre cyMMbr -8, cooroercrByror cnru-op6nraJrbnor\{y
nsaravogeilcrBlrro, K; - elerrpocrarnqecKouy, a T, - cpe.{Hl,tM, B Koropblx
uMerorcq ABa oleparopa clr.ru-op6uranlnoro Ir o4r.rH - sJreKTpocrarr{qec-
Koro B3alrMo4eficuar. llx nrrpaxeur4fl npuBe4eHbr B pa6ore F03].

Br.na4 cpe.rr,Hero <)KD)(.-)tcDt) r (71) HaxoAlrrc.fl nyroM ror4eficrnua
cJreBa Ha Bce rrJreHbr cpeAHero (72) oneparopoM nepecranoBKr{ P (12) (ao
orlpeAeJreHr{s N-}auoxurenr).

(Doplry:ru ,aJrr Heroropbrx qneHoB Tperbero MoMeHTa B cryqae Eepexo-.
4on /fl'lr-->l{ftr 6rrrrnsafiAeurr e [104]. B pa6ore [19] uonyuena o6qas
$opvryna (72) n ocHoBHbre Ar{arpaMMbr, oAHaKo AonyrqeHbl HeKoropble
ourra6rn.

Brrpaxenrae Ans rperbero MorvIeHTa cneKTpa v3nyqennfl. (rarxe KaK I{
Ans 6onee BhrcoKrrx uouenron) ylce He tBJlserct I{HBapIIaHTHbIM orHocl4-
TeJrbHo rroAcraHoB(ra (63) (aaNe c rorrHocrbro Ao 3HaKa, KaK c,ABI{r cner<rpa).
Cpe4nee, B KoTopoM coAepxarc.fl Tpr.r oneparopa ')fo" lpu srofi IroAcraHoB-
Ke MgH-fler 3HaK, B TO BpeMt KaK Apytue qreHbl oCTarOTc-s HeI{3MeHrrbIMU.

128

+P(34)) [r, * f rt+ P t'A +f r +r.,)]| ) (72)

Free Hand
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T,

o(il( il( il
Tro Tu Tn

0
Ts

(

B3

0
T8

(D{00(q-
T2 T3 T' T6

0l
K8

0
B2

d
B1

i((
Ts Tz

8) 
(|00(l($

K2 K8 K4 K6 K' K?

{pd-'P f ((6@@c
Ks Kro K1 Kr, (r, Krn Kru Kru Ky

Psc.6.2. OcnoBrrbre AnarpaMMbr .urrrcpe.qnero (O:)(.7{-XOi)r, rae O-orurooneKr?onnr,rft
orreparop nepexoAa, a :)t -yHr{Tapno-Eerrpurogvrcrfi raMtrJrbrorrtrar. .{uarpannllrr(r coorrercreyroqr{e lrM MnunMaJrr,nrre cyrurr,*r) o6ograqenrt: Bi - rtpm tcext)(:-11'o,
K, - npu :')t: ')(e, T, - npu teyx -)('" u oattov' .)("

fi6
KL

6.3. fpynnu lnunfi B cneKrpe, coorBercrByuqeM nepexoAaM
MexAy AByMs ron$nrypaqunuu

Ecru s cneKTpe u3nyqeHr.rfl Br,rAenrrorcr rpylnbr trlaufi, ro qerecoo6pas-
Ho paccMarprlBarb cpe.{ntre xaparTepzcrrrKrr He ncero cutlrrpa. a grrrx or-
.4eJrbHlrx rpyn[.

B clyuae cu.rrbrroro cnrm-op6nraJrbuoro r:aurrogeftcrBrrt, pacqelJrrlo-
uero rou$r{rypaqsrc na uo4ron$vtypalq:z.u, Ho orHoctrTe;ono cla6oro

Free Hand

Free Hand

Free Hand
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B3altMoAeficrBr,rq, cMetuHBarou{ero floAKoH$urypaUHr{ MexAy co6oi{, coBo-
KynHocrb rrepexoAoB vrexAy AByMr KoHourypauusMlu pasIie.r.serc.f, Ha rpyn-
IIbr JrrrHHft, coorBercrByroxue [epexoAaM MexAy rroAKoH0r.rrypallusur.r.

Cpe4nxa 3Heprlu u ee cABr{r AJrff coBoxyflHocrr{ [epexoAoB MexAy AByMs
no4rou<pnrypar\urflMr4 oupeAerrrlorcs reMH xe o6uI[MLr Soprnrynalrrl (34),
(48), ronrxo B Hr{x K a K' yxe }rMe}or cMbrcr noAKoH0r.rrypaq[i. llcuolr-
3yfl yrrr.rrapHo-He[prrBo.qr{Mbrft raMr.urbroHr{aH )( (5.3) (pelxu{BricrcKrre
s$$exrrr yqlrrbrBarorcr nyreM 3aMeHbr Heper-rlTuBllcrcxr,rx r{HTerpanoB
luuefrnrrura xolr6r,ruaqlrsMtr penflTr.tBr{crcKux r.{HTerpaJroB [22]), uaxoguu:

SE(Kojfl,,r{, -Koj{,+tj{,-):-;#"i* {: 
t;, t'r'l-' *

* dI3,,l(2( 
"cXqtSn. 

N' - (O ?( *,cDttSx,n1. Q3)

Kar u B cryqae [epcxoAoB MexAy IByM-fl rou$nrypaun-rrMr{, cpe4nr,re B
(73) onpe4eJrrrorcr roJrbxo 3neKTpocrar[rrecxuM n:auuogeficrBrreM MexAy
He3KBI{BaJIeHTHhIMrr gJrerTpoHaMrr (urnag cnm-op6uraJrbnoro B3ar{Mo-
Aeficrsax [c{e3aer BcJreAcrBr{e roro, qro vrarpnvnrrfi gJIeMeHT ero ofleparo-
pa B cnyqae jj-cuxzu Buyrpu o6onoqru r{e 3aBucrrr or repua):

8 E(Koiy,jy'- Koj{,+tj{,-1: Qi..+\{?iz+t\ ,

2 0 tl
Jz

l12

Jt
I-t,

Fk(t

i,\
p) (tLkt) t!l?l- (2jL+ 1) (2jz+ t) J-

k

x.lNr(2jr+ I -Nr) Gfr(lr, lr)-(2jr-nir) (l/' - l)Gk,(lr, h)l (74)

r.{e HLrxHr{e }ruAeKcbr y }rHTerpanoB yKa3blBaror ronQurypar\uu, c BoJrHoBbI-

uu rfynrUn.flMl{ roropbrx oHu paccqurblBalorc-fl.

Brrpaxenue Axs Al{cnepc}tu crleKTpa lcnyqeHut, coorBercrByroulero
nepexoAaM Mex.qy AByM{ uo4xouQurypaTrvflMtr, Moxlro floryrlurb Heno-
cpeAcrBeHHo ur $oprrayn (61), (62) ArIt trepexoAoB MexAy AByMt rouSllrypa-
rlr{rMrr nyreM 3aMeHbr Bcex MHo)rfl{tenefi rma

4lr+2 + q -->2jr+ I + q, i-1, 2, p, (7s)

tAe q - no6oe qucro (rarxe r qtrcJlo sJIeKTpoHoB N,, roropoe [pI{ 3ToM
BMeCTO qtrCJra 3JreKTpOI{OB S i-fi O6OroqKe cTaHoBurct qficroM gneKTpoHoB

u i-i nogo6onorye). B cly.rae r'ruoxnrenefi, rloJryqeHnblx n (61), (62) nyrer,t

(:+ : ') l';,'; I ) ,'0,.,, I,kt,)x

t r) - (2j r- //r) (1/, -- t) Fh, (lL, l2)l +

"{--a (
x lN,(2j,+

.T (-',i,

irk
-i o

1-Nr)

i)
(t,

Free Hand

Free Hand
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cJroxeHrrr HecKoJrbKrrx MHoxrrTeJrefi Tnna (75), c]P'asaila
I{3BeCTrr npeo6pa3oBaHr.rr:

2r,+ t-N, : \ {u, *2 -2N 1).-> } tzi, + | - zN ),

187

neo6xo4uuo upo-

(77)

(76)

4 t Lt 2 - t : * r - 2 (4t L + 2) - 2 (4r 2+ 2) + (4r | + 2) (4t' + 2)l -->

-- + t-2(zir+t)-2(2i,+ l)+ (27, + t)(2ir+ t)l:
: ! {+i,i,-2iL-ziz- 3) .

Kos(li[nlNeHTbr y rrocrorHHbrx cnun-op6nraJrbr{oro saauN,IoAeicrBr4s B

(61), (62) coAepxar B ce6e .f,BHbre BbrpaxeHl{t ,qJrfl Murrr{MaJrbHblx cyMM, Ko-
Tophre AoJrxlrbr 3aMentrbcr coorBercrByroulrrMl,r cyMMaMu n jj-cutzu, tro
ocyqecTBJr.rreTcr noAcraHoBKaME

lrtlt+ l)-["rrCri+ l) -h(lt+l)-314]2, i:1, 2, (78)

I t-z* :LQL+ t)+ tzuz+ r)l + u,.(ir+ l) - tLQt+ t)- 3 l4lx
x UrUz + l) - lr(lr+ l) - 3 I 41. (7e)

B o6osHa.reHlrrx MI{HLrMaJrbHbrx cyMM gneKTpocraruqecroro B3aLrMo-

.qeficrsu-fl M,, a raxxe Aucnepcui.r al{lr, lr), o7(lT, 4(lr, l)(uepes Koropble
Bbrpaxerrbr tsxra,qbr Ar.rarpaMM a,6, d, e,3 Ha pnc. 6.1) cneAyer aaueurrr /,
xa j, (i:1, 2, p) H Arrfl Hrrx r{crroJrb3oBarb Bbrpa)KeHr{r u jj-cuxzu. O6rque
MEHIrIvfaJIbrrbre cyMMbI, cooTBeTcrByloul[e ocHoBHbIM AI"'.arpa]N{Ma]]Nl 8, )tc,
K Ha T)rrc. 6.1, e jj-csxsu EpuHr4Maror BI{A:

M'(i'iEi ieic,ipin ixiri"i<; ioi): 2 (- 11i'+io+ie+in x

,, f, ur, trlvlite,,o,rvli,r, i.,;4(iull d(t) llie) eoll drtt il,rr.) x

(80)

J, Jt

" {:i ';, })l';, '},; } 
,

M zU,jei j ejcj,j ri jt irioi et i rir) :
: € f lJr, Jrl(- 1)jE+j^+r'+4+1

J, JI

x (,r"it d..)lltE> <j,,ld:rrllr) 
{Jj(

Ms(j"jei jJticjo; jejoj"joi ini):
:| -e, f t- t)iz+irr+rf\Vlair, isiovlqie, i"i,,x

J

Yli,r,,",nY!i,,,,r,r*

j, tIfrr jn

iz alli^ i,

x (,r,ll 4<r) u j,) (jrllarr',,'rt> {l 
t; 

1 }

rl
Jr l' (8 1)

(82)

Free Hand

Free Hand
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3Aecr € - BBeAeHHoe B pa3A. 3.2 \ucro oArrHaKoBbrx qJreHoB, Bo3HEKaIourEx
nplt cyMMrrpoBaHHH MlrHlrMaJrbHofi cyMMbr rro uIaBHbrM r,t op6[TanbHbrM
OAHOsNCKTPOHHbIM ITBAHTOBbIM t{HCJIAM, B (80)_(82) B KATIECTBE CTAHAAPT-

HhIx 3JreMeHToB l,rcrroJrb3oBaHrl Berr{{r,rHbr Vlurr,rrr, (3.67) w

(8 3)

rge (/r 1/r) - rpna4noe ycJroBre c 'rerHofi cyvuofi [apaMerpoB. Brrpaxe-
ttne (83) cJreAyer u: (fI. 6.7) npn EcrroJrb3oBaHr{r{ cooruorrrenrrfl (5.122).

Mnuuvanrnble cyMMbI, coAepxaurr{ecr B Bbrpa)KeHlrr{ .(JIfl Alrcrrepclru,
troJ'ryqarorc{ rryreM KoHKperr3aunu (80)-(82) u Eerrcnns. rrx Ha dj,,i,:

Mt(iti', itir)=Mr(irii iri'irji jzirizi- i'i)di? i"
M, (j, j o, j rj ) = M, (j, j rt j, j, j, j oi j, i, j rj o; j, j r) di,z i,,
M, (i ri o, i' i r) = M t (i, i ri i ri o i ri o; i, i o i, i o; i ri r) di,2 i u

M' (i ri r, i t j r) = M' (i zi i j, i zi, i i i,i, i ri r; i' i r) d i,3 i u

M, (i, i r) = M z (j z i i j J z i z i r; i, j J J zt i t i r) d i? i,
M 

" 
(i, i r) = M s (i ri ri h i ri t i rl i, i zi zi ri i t i r) d i,? i *

rge 7, o6orna.raer na6op nJrjr. Huctro'E Anx Bcex BbrrfietrprrBeAer{rrbrx MuHr{-
MdrbHbrx cywu Mr, Mrnotytaerct paBHbrM eArrHr{ue, a gnn Ms - paBHbrM
2.

Arranornquo cnoftcrny cuMMerpntr (63) 4ucnepcnx

o' (Koi {' i {' - Koi {'*t i{r-t)
KHBaprraHTHa OTHOCT{TeJIbr{O 3aMeH

Nr-.>2jr-N1, Nr-->2jz+2-Nr, Nr-->2jo* I -il,
c o,qnoBpeMennofi nepecrarroBKofi n unrerpaJlax BoJrnoBbrx
sofi r roneqnofi rou$urypauufi uexgy co6ofi. I,Irueuno
jj-cnnu ocytrIecrBnf,er oneparop fI.

Brrpaxeuux rnr Ar{clepcuu B cJryrrae repexo.qos j{, jz-"iio'+t u j{,h-
-j{"j,6rrnu npnneAer{br n [105].

flocrolrry cyMMr{poBaH}re B no.qnpocrpancrBe xaxgofi o6oloqxu unn
uogo6onouxr ocyulecrBlrflercfl He3aBrcrrMbrM o6pa3oM, ro lr3 (53), (61),
(62) uoxuo roryrrtrTb raKxe Bbrpaxenl[f, gnr cpequefi 3nepruu tr AlrcnepctrE
crreKTpa, cooTBeTcrByroqero trepexo.qaM Mex.qy rou(lurypauuifMu, B KoTo-
pbIX Jrnrub HeKoropble - BHyTpeHHue o6ororrx[ paculetrJreHhl ua no4o6ono.r-
NII:

(84)

(8 5)

(86)

(87)

(8 8)

(8e)

(e0)

(e 1)

QyHrrlafi Haqarb-
TaKyro SaMeHy B

K= Koi{'l{'-. K' = Koi{'+r 7y'-r (e2)

Free Hand

Free Hand
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C4nur cpeAuefi 3Hepru[ oilpe.qeJrterct JInIub B3afiMoAefrcrBueM B 
"aKTEB-

HbIx" o6oroqKax H B cryrlae nepexoAa SneKTpoHa n3 orKpblTofi o6oro'lxr
r uo4o6onoqKy nprlHnMaer BIIA

s E(&il{' ry, - Kojiu'+t tl'-t1 : ;#h) x

"{ (4t,+2-N)gk(h, l)+

+(2jr-Nr)(Nr- 1) Fk,Qr, /,) + [/,]-1 I iI+
k

]"2 (2h+ t)(212+ t)

x [ - ffr (4 t2 + 2 - N r) 9kLr, l r) + (2 j r- i/n) (N. - D I fr, ( r, lrlt ] +
I

+(- t)i,+r,- ',, 
,7t,$!ikf;t, 

"
x [(4lr+ 2 -Nr) (r,. ** (ilr- l) (,,, *,],

u'' 
-e { i; ',i Il{';,',', ''l l' '-*'

rAe K - H1{&JIbH?fl, a K' - KoHerIHat xox$raryparluu. 33rexrpocrarllqecKat
qacrb cABura HaxoAr.Irc.n rr (53) rlyreM roAcraHoBox (75), (76) npu i:1.
Kpoue roro, HeHyJreeofi rx.na4 Aaer cnuH-op6rlra.iruroe orauuogeficrnne
BHyrpr,r nrlr-o6onotKu B HaqaJlr;noi,r. u roneqHofi roui[urypawtx, rar< KaK

Soprwyna (49) yxe He LIMeer Mecra. ?ruu qlenaM coorBercrBylor AHarpaM-
wu6ncnapuc.3.5.

,{ucnepcnr paccMarpnBaeMoro cneKTpa ollncblBaercq reMu r(e AuarpaM-
MaMIr, KaK I{ B cnyqae [epexoAoB MexAy o6oJro'IraN{[, ]I Moxer 6rtrl no,ry-
rreHa, HenocpeAcrBeHHo ug (61), (62).

B Hosrrx MI{HI,IMaJlbHbIx cyMMax I{cnoJlb3yercg cMelxaHHutfi 6azuc:

AJrt oAHIrx sJIeKTpoHoB -tnului,nt,), AJrq lpyrr4x - lnallm'ape); sHpaxaq
rrocne4Hr{e 1pynxur1r1 uepe: I n-rlajaml), [epexoAl{M K MUHI{MaJIbrlbIM cyNl-

ualt (80)-(82), gono,lru{TerbHo rIpocyMMI'IpoBaHHbIM rlo KBaHT9BI'1M ql{c-

tan{ i4 iq, ..., Koropble coorBercrByror o6ono'IraM' a rle nogo6olovrau.
Hanpuruep:

hj rl ej ;l J I I oi,; l r.iilri),
rAe

d?,, ,,:f (/r"r; lla<'i ,, trir)r:Url[tr]-'d?,, u.
i,

gnennr Ancnepcuu, coorBercrBylourue nsauuo4eficrBllro Bnyrpu o6o;rouer,
npeBpaqarculgxgt s noAO6OIOttKI4, I{;II{ MexAy TaKIIMII o6olOUxavu, npe-
o6paayrorcx npr noMouru rloAcraHoBox (75), (76), (78), (79), a B cryqae srex-
TpoHoB, yqacrBylolqux B nepexoAe, I{cnoJlb3yerc-fl coorHolrleHue

tt(L+ t)+ r,(t,+ l) - 2--> - !r;l# u, (/,* t)+ t,(t,+ t)-21. (e5)

Mt(lzle, jrlr): d;,?t, f x
itiiioi',

x M, (1, j, l2j r; l rj rl oj o I 
"i 

Ll ri i;

(e3)

(e4)

(es)

Free Hand

Free Hand
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ognn srexrpou c orrpeAeJreHrrblM uouenrovT, 3arroJrHeHua.f, o6orocKa,
a raKxe O6oro.rra c o4nofi saranc[eii (Aaxe e cryqae ZS-cBssr,r n nefi) o4-
HO3Har{HbrM o6pasorvr pa3Ae.rrrrorcr ,ra nogo6oJroqKr{. 3ro nossoffer Ha-
xo.ur.rrr cperHtre xapa(Tepr,rcruKu Arrfl. cnran-4y6nerHblx rp.ytru nuuuit crreKTpa
H3IyqeHut' cooTBeTcTByloqr{x irepexoAaM c o[pe,4eJIeI{EbIM IIOJII{bIM Mo-
Mer{ToM anyrpeuuefi BaKar{c.r{a (n.nn slerrpona) n oAnofi rrJrr{ o6e[x ron$ary-
paur{-ttx. B cnyvae flepexo.tra Ba'iaHcr{rrr ras omrofi nnyrpennefi o6o:ro.rru s
Ipyryro rrpv Hairrr.qttvr ,,ilaccLrBnlrx" o6oroqeK K0, B ToM qnoJre BrJeurHHx
orxpbrrbrx o6olover, D!4orrepcvts. cuun-gy6neruofi rpyuurr raqntrr npeucras-
JireTct B Br4Ae

a2 (Kolft,+r ir4',*' - Kolft'+z tt'+lj) :

- d, (K6j7i, jTi,+t _ K6j?ift jzi),

rtc

K6 : Ko Ui)ri;*t (j ;12;;+t, j i : l, ! I
,

I-t npu j,:lr+_

r{ naxo4r,rrctr corJracHo o6ulevry Bbrpaxeur.rro, orr{eJrb}rbre .l.ireHbl
onpeAerurorcx QoprraynaMr4 (5.I6), (5.I7), (5.II9), (5.124), (74),

8c' {x5i74 iy,+1) : 8('2 (K6j?i'+ 1 j|i') : 0,

8 o' (K[ i2i' j]i' + t - K'oi1i r+' i'J ) :

:_\l Np(4le+z-N) L{(it ;/\_L) (2te+l) 1+t"-vy 
twt\Jrlp' Jztil-2o' (Kil -

, PeEn

U r U t + l) - h (lL+ 1) - 3 I 4l b rU, + t) - tz(tz+ t) - 3 I 4l(,, (,,. (t 00)

flpn pacuere uexroH{rrzrypaunongoia \acru AtrcnepcrrTr (100), xar u (a2\,
r{crroJrb3yrorcf, BoJrHoBbre $yHrqr,ua o6erax ron$urypaqnfi.i

Ec,ru crpyrrypa cnerTpa usilyr'etrtrfl B ocHoBHoM orrpeAeJrrrerc.{ snexTpo-
crarll'recKnM n:azlro4eficrBueM Mex4y 3ne(TpoHaME, TO BCJTeACTBtre reH-
AeHrIr.t}I pa3-4ereHuq repMoB no r{x cfinHy (pagq. 5.6) roslroxrro BbrAeJrerrEe
rpynrr lrnawir, coorBercrByroruwx pa3:[rqr{brM pe3yJrbrr,rpyrouluM unu o6o-
IOqCqHbIM CTII{HOBbIM MOMCIITAM. B CUETTPAX CJIO)KHbIX ATOMOB C.!iBJ}./,fl.
coce4r{r{Ml{ BHeruHr,rMrr orKpbrrhlMlr o6onoqralrra Moryr npotBJr{Tbc{ rpy[-
nrt lnuufr, coorBercrByro[ryre flrrxHr4M tr BepxHr.rM rpytrrraM yponnefi B crreK-
Tpe ypoBHefi suepruu (pasa. 5.6). BosullKrroBerrlre uo4o6urrx rpyrn ll ux
3al(oHoMepHocrrr eu{e Maro n3yqenrr. Paccvorp}rM o.qnH xapaKTeprrbrfi cny-
rafi 1571.

Ilycrr anyrpenuxx o6ono'{ra aroMa lft,+z vsn:utzr{pyerc"fl peHTreHoBcKE-
MIr JTyr{aMu unu 6rrcrprrMr{ 3Jrer(Tpouauu. Eclu BoJrHoBbre $ynrqnu trorru3E-
plervrofi o6o.iroqr[ n nuerunefi orrpHrofi o6o;roqru /{" ueperprrBarorcfl cJra-
6o, ro gneKTpocrarr.rqecxoe B:aunaoAeicrBue N{ex(/Iy saraucr.ref rI BHeTuHITME
sreKTpoHaMr.r uoqrlr He cMerur,rBaer repMoB sueruHeft o6orosK[. Marpuv-
HbIe 3JreMeHTbr cnrru-op6uranruoro s:auvo4eficrBlrr Bo ruyrpenneft o6o-

(e7)

(e8)

foToporo
A TAKXE

(e!))

t-z

Free Hand

Free Hand



6.3. lpynnu .rrunufi lgl

JIOqKe, a TaKI(e oHepaTopa nepexoAa AHaroHaJrbIIbI oTHocI{TenbHo KBaHToBbI)!,
quceJr ,,IlaccuBHofi" o6ono.IXH. TorAa npr.rMeH[IMo rrpn6nuxeHr{e ocr{oBHoro
TepMa [23], upegloJrararoruee, qro BHerllrr-fl-s o6onorrKa npr{ HoHr43aqr4}r aro-
i\4a coxpaH-rrer cBofi TepM c MaI(cr{MaJrbnbIM 3HaqeHHeM cnr,rHa irLrSr, B erov
npu6lr.rxenuu noryrlaerc.r, qro orHocl,ITeJrbHbre 3ace.ileHHocrr{ ypoBHefi npo-
nopquoHanbHbl rrx crarBecaM (:aceneuuocrr4 Bcex cocrornr{r't opuuaxontr):

crc (llt,+ t j Jy" T 2 L2 S 2J 2J) : fr 'l-' 
x

x r <4t,+2 ty,irirsrir wrioll')itft'+t irg,yrLrsrJr(J)eliJ, M)z:
jf,' M, Mq

:8 (y2z252"rr, irLrSrir)lJlUr, ir1-t df,, ,,. (r 01)

Ilpepnoloxr{M, rlro rroro\.r nponcxoAqr partruaur{oHHbre rrepexoAbr n3
npoMexlToqnojt sanorHeHHol-r o6oro.lxn B lft'+r (o6osira.{enue,,rr?ccuts-
nofi" oriprrrofi o6onoqxx MeHreM ua /fl,)

nrlft'+t nrllt''t'2 nsly. -,> nrlft'+2 nrlt,"*t n"l{". (102)

Cnercrp, coorBercrByrou{r.rfi 3TprM rreper.o4aM, pa3As Jraercl Ha qBe rpy{rnbr
ttusufr no MoMeHTyT, nepnofi o6olovru, a pacnpeAeJrenue lHnufi B rpynnax
IJpId fl":77" B OCHOBHOM OnpeAenqerc.a oSveuuttNl 3JreKTpocTaTI{qecr{HM
n:arauoqeficrBneM MeiKAy l4t,+t u l{,. ltrt pa4riarl}roHHoro nepexoAa npu-
6r'uxenue ocHoBHoro repMa yxe reprer cr,iJry, Ho BcJreAcrBr.re rerrreHrlr{r{
pacnpeAeJreHr.r.rr TepMoB corJracHo r{x clr{Hy MoxHo npeAfionaraTb, riTO B

r one.ruofi roH Surypau uu npu 6 tnxeHHo coxpassercr Maxculta.urur,r ri cnlru
orxprirofi'o6oro.rxn 3s:Nsl2 r{ uepexor(br B ocHoBHoM rrpor4cxo,Drr Ha ABe

rpylrnbr yponlrefi, coorBercrByrolunx 3HaqeHnrM noJlHoro cnuua S"+112 u
s 3- 112.

Haxox.rleurae cpe4nefi sHepruu u .{pyrux xapaKrepr{crnx TaKrlx rpynu
cBs3aHo c Her(oropblMn rpyAHoctgl,ru. MeroA clMMr.rpoBanttfr Io Bcetv{ \.ro-
MeHTaM, 3a LICKJTIOqeHTTeM Clr{HOBbIX, He rIO3BOJrreT COXpaHHTb 3aBHCI.{IIOCTT{

or noJrlroro MoMelrra BaKaHcHr{ jr. Ecnu npoBoAr{Tb xouSr,rnuponanrioe
ycpeAHeHrle, paccMarpr.rBat nrlr-o6oto.rKy KaK pa3qeJreHHyro Ha ABe no.qo6o-
JroqKtI, nrlr-o6otouxy - 6e: Taroro pa34enonvs, a nrlu-a6o.xorrxy c MaK-
cflIvlarbHbr]\,r crlr4rroM - I(aK cocTorruyrc r,r: o4nofi rr[t r AByx (oAua eano;rueu-
Har) no4o6onoqe( c Sr.rrcHpooaHHbrM 3HaqeHr{eM cnr.rHa gJreKTpoHoB, To re-
p-f,erct 3aBr{cr.rMocrb or pe3yJrbrxpyrcqero KBaHToEoro qr4cJra S. flocr<o:rrry
e.uI{IrcrBeHHa{ orKpbrrat o6oro.rra c HeorrpeAeneHHbrM grrcJroM 3neKTpoHoB
aBnflercn o,naccueuofr", B upl.tHulane Bo3MoxHo HaxoxAeHr{e cpeArrrlx xa-
paKTOpI,ICTLIK np,f,MblM CIMMLIpOBaHU€N{ MaTpXr{ItblX 3JIelv{eHTOB, OAHaXO OHC)

rtn;rflercfl AocraroqHo cJroxr{brM. floxa n:secrHa Jrrtub npu6.;rnxeu;li a

Sopruyaa .qnt orleHr.Lr paacroflHls.Me)KAy rpynnaMr{ rruuprfr. c S:S. j j .

flpu ee noryqeHltu upene6peraercs Myrbrr,rnirerlrbrM paculeflneFrr.r*", *"o-
.IaruHofr xon$nrypaqrrr,r BcJreAcrBlre 3jrer(Tpocrarr.rqecroro e:aurro4efi crnlla.

Free Hand

Free Hand
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a 3Hepu{fl B3ar.rMoAeficrBr{q 3reKTpoHoB B KOHeqHOfi ron@urypa{uu ycpe.4-
Hterc.f, IIo BceM KBaHTOBT'IM qI{cJraM, 3a rIcKJrIoqeHEeM c[I,IHoBbIx, corJracHo
(4.36) 6e: yqera pacrpeAeJrenr{r cvr nv:auri4 [106, 57]:

(103)

MHoxr,rrenl [Sr] o6ycnoB.lnBaer r,rHefiHoe yBer,rqeHr.re paccrorHtrrr c
pocro[.{ qucra sreKrpoHoB npw N"<213*1 unr.r sr{cJra BaKaHcr.rfi upu Nr>
> 2h + 1 Carennlrrrr, yAoBnerBopsrcur{e eroft gaKonoMepnocrrr, ua6mo.4a-
rorc{ B peHTreHoBcKr.rx Kpr,,-cnerrpax (ls-1-->3p-ry 3neMeHToB c 3a[oJrHr-
rcueficlr 3dN-o6olo,rxofi [106- 108], r Lr,- t4 2g,,,"-cuexrp ax (2p-t --> 4d-r)
JIaHTaHor.rAon [109] u ap. r4s-za xoporKoro BpeMeHa x[3Hr,r enyrpexneft na-
KaHcr{r{ orAeJrbHbre rvHrlu B rpyn[e flepeKpbrBarorc_rr MexAy co6ofi rr rpytrflbr

Ic ^S:.S, +" o6pa:yrcT ABe KoM[oHeHTrr ruuponofi Ar,rarpaMMuofi ;rrnura

R3rvqentrr 
-(pnc. 

6.3).

Pac. 6.3. Crpyxrypa lKgr-cfleKrpa, coorBeTcTByrorqero trepexoAaM ls-L3dil -->7p-13dN a xe-
ne:e (FerOr) (a), u, Lr,-cneKrpa, coorBercrByroqero [epexoAaM 2Ft-QfN+4d-t4fN B
MeraJrJrl{qecxorvr rep6ur (6). Cnnomsa.s Jrr4r.rrfr - g(c[eprrMerrr,rrrrptrxoBas - pa3AeJrerne
sa ocnoBrryro rl careJrnr4Trryro rurur [108, 109]

flpe4nonara fl , qr o orrroc[TeJrbHafl r{HTencr{Buocrb 3Tr{x KoMnoHeET rrpo-
NOPUI{OHAJIbHA CYMMAM CHJI JII{HI{fi NPT $NTCUPOBAHIIbIX KBAHTOBbIX qECJIAX

.h tr S, [psMbrM cyMMr,rpoBaHr{eM Haxo.Ur{M

I (tlt'+r irttt'+2 ry"i"L, ,3, r llt'+zltt,+t lN,1Z, S, S; - 2,S+ 1 . (104)

Cornacno groft MoAeJll, 6olee lrHTeHcr{BHotrt qsrrretcg roMuonenta c S:
:ir+ ll2, a vropa{ rpyrfla rvrluir c S:Sb- ll2 olpatyer ee careJrJrnr,

tf ro rI Ha6nroAaerc.R n Kp,,.- trltv L^(,-, 2g,,,,-crr€KTp&X.

r (r: r, - +) -u (": s, * +): r.y,t r/,, r,f-, *

t r (- 1)o9o(rrlr, nrl").
k

l6

t2

8

-25

f, orx. eA.

Free Hand



6.4. Llsyuenue cneKrpa flpli ttoMollln ero MoMeHToB

6.4. Hsyvenne n npu6nnxeHHoe oflncaHne cneKTpa r{BJryqeHr{s npll
floMouu ero cpeAHrrx xapaKTepr{crnK. crarncrnxa nr{Hnfi

.f,sHrre Bbrpa)KeHr{r Anr Hr{3lrrr{x MoMerrroB crreKTpa I43nytIeHE rroJre3Hbl

Ar-{ [3yrleHr.rc o6qux 3aKoHoMepHocrefi cnerrpoB, a raKxe 4nx upu6nr,rxen-
HOrO Onr{Cavvrfl Lr r{HTepnpeTaqun cJroxHblx cneKTpoB.

Cpe4nrr gHepru.fl c[eKTpa r.r3ryqeHnr EMeer cMbIcJr qeHTpa EHTeHcUB-
Hocrrr cnerTpa. Ona sasHcET He roJrbxo or crpyrTypbr crrexTpoB ypornefi
3Heprun o6enx xou{urypauuft, uo Id or pacnpeAeJleHu-r cutr trwr.utrr B c[eKTpe.

B I95l 6rrnu ree4eHbr norrrrrlf, 3oH lr3ryqeHr,rr u roe6yx.qeHlrt. Onu xa-
parTepr.r3yror yiracr[e cneKTpa yponuei Haqanrnofi I4ru KoHesHofi non$n-
rypaqu[ B paccMaTptrBaeMbrx paAr{auuoHHbrx uepexo,qax tr onpeAeJltroTct
MoMeHTaMr{ pacnpeAeneHur ypouueli eroir rouQzrypaquu c BecoM Ka)KAoro
ypoBHs, paBHbrM no,rnofi cune :luaufr nepexo.qoB c groro ypoBH.r{ Ha ypoBHr.r
rropofi ronQnrypaurar.r. Ha.rarrHbre MoMeHTbr 3oH r43ryqeHua u ros6yxAenrrg.
Ang flepexoAos K-->K' coorBercrBeHHo paBHbr:

u'1"(K):

(.Kf I H lXy)',S (K^r, K'y')

s (K, K') '

( K'r' I H I x' T"rt 5 (Kr, K't')

a'f (K'):
.t (K, K',)

Corlacno coorHorrreHrrrrvt (41), (46), uolrentr 3oubr H3rryqeullr Hrrr.r 30-
urr no:6yx1eHur paBr{br MoMerITaM cnexrpa ypoouefi coorBercrByrouefi
ronrfurypaquu ( u reM caMbrM 3oHa coBlaAaer co cner(TpoM sneprur.r), ecnn
xors 6rr oAHa !r3 o6orouer, yqacrByloutr{x B nepexoge, r groil xonrfurypa-
t$v tlycTafl I,{Jrv 3anoJrHeHHa_q.

Ws (48), (105), (106) u (53) cleayer. qro B cryqae Ar{rroJrbuhrx orrexrpr.r-
TIeCKLIX [epexoAoB cpeAHI.Ie 3Hepruu 3oH BbrpaxaloTcr qepe3 cpe.4lrrre 3Hep-
ruu ron$urypauHfi rar(I{M o6pa:or"r:

I

E1x1=d"iu.):E(K)-#$t#+ te {; ';, f },.

193

r̂
ty'

(t0s)

(106)

(107)x 9l(lr, lr)+ 8(k, l)->t1
k

2 (zh+t) (21,+ l) f 
gku,, r,)

E (X') = a1' (K') : E (K')- {ffififfi2
xeft.(t,,/J+I [3 r,0, tt-zOt;iOf+Of Sk,<,,,,,>1. (r0B)

O a, .\L.r-tt)\ztz-rttt 
I

Paseucrao cpeAHI{x sneprufi 3oHbr rr ronSnrypaqr4a AJrfl BbrrueyuoM{r{y-
Tbrx cJryrlaeB o6ecueqNsaercrMHoxrITerflvtvI,3aBucilr\wru or rIrIcJIa gJIeKTpo-

HOB.
7. Kar^ziia

lsl
lf*l

tL 4 kl*
l, lo I I



194 6. Cnexrp r.r3ryqeHr{t

,{nr ron$nryparyufi, c .4eyM.a,,aKTtrBHbrMlr" orxpnruMa o6onorlKaMr{ or-
rutrue t (n or E (K) s ocr{oBr{oM orrpeAerrercs o6veuHrrru rrreHoM c k:1,
KoropoMy coorBercrByer BbrneJrrrourufic.s ro Berr{qune roarf$ruueuT nptr
rrHrerpaJre 9t (lr, lr) [57]. IlocxonbKy 3ror EHrerpan rr3-3a np[coeAr{HeHHbrx
K HeMy OAIrOsneKTpOrIHbrX MaTpUqHbIX 3JteMerrTOB OTpUUaTengH, TO, r(aK
rrpaBI,lJro,

E (K)> E(K), S (K',)> E(K',), (r0e)

T. e. B fiepexoAax 6onrure yqacrByror BepxHr{e ypoBHn ron$urypar\tdvt, H
3oHa r43nyqenus.tr.Jrur. aos6yx4eurafl, ecnrtr ol{a He coBnaAaer co crrexTpoM gr{ep-
rrru, cABr{Hyra orHocrrreJlbHo Hero BBepx tro 3Hepr[rr. 3ro csssaHo c cyue-
crBoBaHueM B crreKTpax Mnor[x xonrQurypaqnfi c 4nyv-r orrprrrrrr"tn o6o-
JroqraMr.r nepxneft n Hr,rxHefi rpyn[ yponnei, a3 Koropbrx roJrbKo Bepxrrtrfl
rpynna, couracuo (24), (25), cB.rr3ana Marpl{qHbrMr.r 3JreMerrraMl{ oneparopa
repexoAa c ypoBHrMr,r ,4pyrofi ron$nrypauura.

CAerrr crreKrpa u3ryrrerrur (47) npu rlrcrroJrb3oBagr{u orpeAenenlrfi (107),
(108) uupaxaercr cJreAylorquu o6pasou:

8 E(K- K',):ts (K)- E(An-[s (K',)- E(K',)]. (1 10)

CAsprr rroJro)r(trTeJrer nnq [epexo.qoB B r<oHevuylo ronSnrypaql{Io c o,q-
uoft orrpsrrofi o6ono.rxofi, ror,qa rona ro:6yxAeul{t coBnaAaer c paclpe-
AeJreHr.reM yponuefi rone.rHofi rononrypauun

I{' lr--> ll'+t, Ilt'+r 1y, --+ I!t,+2 lN,-r, (il 1)

u orpr.ruareJrerr.4Jrt 6onee pe4rnx [epexoAoB ras xo,n$nrypa[u[ c o4trofi or-
rpuro{ sos6yxAenuoft o6oroqxoft (:ona I,I3ryrlegtrr coBnaAaer c pacflpeAe-
JreHtreM yponnefi na'Iarruofi xon$urypaquu)

I{' --> Irl{'-r, I{, lll'+z -, IYt+t l4t'+t , (tt2)
Ecru yvacrnyroune B rrepexoAe o6onosru orKpblTbr n o6eux rou$nrypa-

Ilurx, To trpe.qrroJrara-fl, qro r{HTerpar 9r (lt, Ir) a veer [pIIMepHo o.4lrHaKoByr
Bertrrrr,rny s 'rofi ra gpyrofiron0[rypaqrrflx, nonyqaeM ycnoBl4e troJroxlrreJlb-
IIOCTI4 CABLIra

Nt - Nr-l
4l'+l '-4tz+1 '

(113)

T. e. crerreHb 3anoJrEeEtr I o6oroqKu, B roropyb rlpotrcxoAET trepexoA, B

HaqarbHofi ronrpurypaqlf.n A}JDK]g:a 6rrrr 6orrr[re creueHlt 3atroJlrrelrlit I
o6o.nouru, u: roropoft [poucxoAlrr rlepexoA, s rouequoft rou$urypaqllu.

Belraqnna o6Meunoro [rrrerpana 9t (ntlr, nrlr) cunrno 3aBEctrT or cre-
treHrI [epe(pblTu.tr paAllanblrbrx BoJrHoBbrx $yurquft o6oux sneKTpouoB rI

Aocruraer nan6o-nrrueft BeJruq[I{br npxnv:nr- Taruu o6pasovr, cABpIr cIIeK-
Tpa, coorBercrByrcrqero uepexoAaM c Ln:O, Moll(er Aocrurarb ABa.qqarn
r 6olee 3JreKTpoHBoJIbr tr cocraBJltrb cyulecrBeusyrc qacrb cpeAnefi snep-
n{Ir cneKTpa (pnc.6.4, a). Heo6xo.4uMo, oAHaKo, orMernTb upu6lnxeunocrr
cpeAHI{x XapaKTepIlcT[K AIs otrI{caHl{f HeKoTopblx nepexoAoB c An:O:
n ron$urypaqllf,x nlN^nlx' Bo3MoxI{a QtrJtbnafl. SaBuctrMocrb or repMa, oco-

Free Hand
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z 4 u 
: 

l0 t2 r* 2 4 u u8 l0 t2 
^

Puc. 6.4. c4nzr cpe4neil eneprar (a) r.r cpe4nexBaAparr{rrgoe orxJrorrenle ypoBneft or
cpe.qrreft 3geprru (6) ms crerTpa rl3rynefirag 4ds4f N +4d10!fx - r r p.a.4y ueirpaJrbrrlrx aro-
MoB rI oArroKparrrblx rtoltoB JraHTarroEIoB npll 3utrroJrrreEl|Il 4/il-o6onorxa. Pacqerrr c
BorrroBr,rMr.r @yurquxull Xaprpr.r-(Doxa g,rx cpegneft 3Heprtrtr trpoBeAeffir c. Kyracov.
Palrcrne qll$prr yxa36rBarcT crerrenb uosr3aqrrrr. Illrpuioarre r:lrtanv: d - rl3Menerrue
orrrocr4rerr6Hoft ser}I.r}IEEr clevra 8E (K- K)lE (K- Kj gnx neftrpa"rrmrx arorvron (rpu-
Bafr Irfr oalroKparubrx rorroB Maro orrruaercr); 6 - sxra4 cruln-op66anrnoro B3agMo-
.qeftcrsqs s o(K-K')

6enno B cryqae KoJrJranclpyrcqero sJreKTpoHa 1461, a cpe.qr{f,fl sHeprlrr rre-
pexoAa Moxer crarb cpaBHr{Mofi c cyrvcnrofi 3Heprer[.recKrrx IuupuH o6eux
rou$urypaqufi.

.{upuepcux cneKTpa u3nyrre'r,rr r{Meer 6onee c'ox'oe Bbrpax(eHr{e, qeM
cAB[r cpeAseft sneprrar.r, u ee 3aKoHoMepHocrr,r erle MaJro a3yqeHbr. .{ncnepclu
BO3paCTaer rro Mepe [pr46Jrr{xer{trf qucer SJreKTpoHoB B O6eUX O6OlOqrax
x Nr:)1r|1, xor.a He rBJr.flercr cr{MMerpr{qHofi oiuocnreJrbHo 3aMeHbr gJreK-
TpoHoB BaKaHcr{.rrMr{ (puc. 6.4, 6). Br{;Ira[ cnmr-op6uraJrbHoro aranltoAeficr-
Br{f,, corJracHo rrpu6n[x(errHofi rfoprryne (70), cna6o 3aBr{cr4T or rrlcna sreK-
Tpor{oB N. .{ucuepcr4.rr cueKrpa rl3JryqeHlrt oz (4de4fN -4d\o4fN-r) nony-
rlaercr cyurecrBeHHo MeHbrrre He roJrb(o cyMMbr 4ucnepcufi yponneft enep-
rr.rra o6er,rx rontburypaquil., uo Aaxe r{ oz (4cls4fN) (lraupllrr,rep, finn Cel v 2i2,
Arrl ErI - u 1,4 paea).

Ha;rnqrae flBgbrx $opuyn ,qnfl lrecKoJrbxrrx [epBbrx MoMerrroB cueKTpa
rro3BoJr.f,er npr,r6nr.rxenuo paccquraTb oru6arouryK, cleKTpa 6er nporegexru
ero Aeranbrroro pacrrera (revt rovuee, reu 6nr,Ixe pac[peAeJrerrr{e K rropManb-
Horury). Ecr.'lr. tu:e^uu B cueKTpe o6pasyror oAr.rH crrMMerpnvur,rfi MaKcrrMyM,
To ero oru6aroulas alupoKcrrMr,rpyerc{ nopvralrnofi $ynnqllefi, ,qns pacqera
xoropofi .qocrarorlrro 3Harrr{-f, Jrrrrub cpe.{Hefi 3Eeprul{ I{ Ar,rcllepcl{u ctreKlpa
(puc. 6.5). r{acro pacrrpeAeJreHue tuNuir acr,rMMerp{rruo orrrocr{TenbHo cpe.q-
nefi eueprnlr, TorAa oru6arorqag cyurecrBeHHo yrbvuxercr rrptr orrr{caHr.rr{ ee
acl{MMerpr{qnofi rayccor,r,.oit (2.91) c yqeroM qrrerra, co.{epxaulero rperufi
MoMeHr creKrpa (puc. 6.6).

Pasnoxenue lpalra-Illap.nre (2.91) coAepxr{T He roJrbKo noJroxr4renb-
Hbre, Ho I.r oTpr.rqaTeJrbHble qJIeHbr, IIogTOMy rIOIr ero a[[po(cl4MHpoBar{rrr{
7*

c, eB
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Free Hand
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Puc. 6.5. Sxcnepnvrenrarrbgbri crreKrp r.r3Jrytregr.rr srxrr 3d'4p-3de n ua-norangyxrtrBsoft
BaxyyMHoft racrpe [110] n ero npr6nu)Keguat orr6arorqar, pac.c"qlvrannas rrptr fcnoJrb3o-
BaHHr4 cpeAneii sneprrara v qncnepcvlt crrerTpa (npn6anxerre Xaprpn-Ooxa)

HecKoJrbKr{Mu rureHaMr{ frJrorHocrb ypoBHefi Ha Kpatx cleKTpa trHorAa Mo}(er
npr'rHrrMarr, He(bE3r.rqecKr.re orpr{rlareJrbHbre 3]F,La.cre$us. [ll1]. Tavr xe npe.qna-
rancf .qpyroii cuoco6 pacqera or[6arcrqefi B rrpe,qcraBJreHr.rr{ cTr{Jrrbeca,
ncrronb3yrourr4fi qr.rcreHHbrfi urepaquonHrrfi anropusM, ar{e rBHbre QoplryJrrr,
I/I, [o-Bx,qrrMovry, rpe6yrorqnfi 6oltruero o66eMa Bbrqr{cJreHrrfi.

rlonyvenrae orn6aroruefi cneKTpa rleJrecoo6pa3no B cryqae cJroxrrhrx cnerT-
poB' coAepxarqux Mrrorue JrvtELrr4, KoTophre BcJre.qcTBIIe [Jroxoro pa3peureHnt3
a raKxe Ao[rrJrepoBcKofo, y.4apHoro ylllupeHlls. vrJ,rLt 6olrruofi r{x HarypaJrb-
rr' ofi n-rupr.rHu o6paryror HerrpepbrBHbre nr{6o KBa3r,rHenpepbrBnbre rroJro.cbr
(puc. 6.j). Onpegeneurae geranrnofi crpyKTypbr reoperr{qecxoro cleKTpa raK-
xe Heo6{3areJrbHo npu ne6onuuofi ro.rHocrr{ r{cuoJrb3yeMoro MeroAa,
He rro3BoJrrlotqero lrr{TepflpeTr{poBarb oTAenbHbre JrrrHr{r{.

Mnorue Hepa3perrreHrrbre Jrr{r{r{r.t, coorBercrByroturre [epexoAaM MexAy
pa3nr,rqHhrMn xon$urypaqrrflMr{ r{oHoB pasxoft KparHocrr{ r{or{r.I3all[r{, co-
Aepxar cleKTpbr r.r3nyrreH[fl ropxuefi rrJra3Mbr. Teoperuuecxrafi rvrero4 ux
r,rHTeprrperarluu nyreM cyMMr,rpoBaHr,rfl orr,r6aroulr,rx, coorBercrByrolrlEx
nepexoAaM MexAy orAenbHbrMtr ronQurypaqusMu rloHoB [15], noly.run ra-
3Barrr{e MeroAa Hepa3perueHrrbrx coBoKynnocrefi nepexoAoB (raryro coBoKyrr-

6,8 7,O 1,2

Free Hand

Free Hand



6.4. llsyueHlre cleKrpa nplr noMoult-t ero MoMeHroB

,, orH. eA.

7 8 9 l0 ll 12 l,uu

Prc. 6.6. Teoperu.recruft cnexrp van4qelfis. Pr XVI 4d74f-4ds (rnrrencrrnocrr Kax,4ofi
mlrrlla fipo[opllrorraJrbrra ee cr.rne,S, no npr ,S< 0,03,!-ar 3aMerrerta Ea 0,03 ,S-"', r,ue 

^Smar -
clrna sar6onee uHTeEcxBEotr rrnnu) r.r ero oru6aronlat B BEne ctrMMerpu.lrroft nopr"ra"nr-
noft $ynxqrr, otrpeAerreMoft trepBbrMl{ AByMs MoMeHTaMiu E fr cz (1), uldn aczMMerprfq-
aofi $ynxrrr.rr c yqeroM npra6,rr.rxerrnoro 3HaqeHLr{ acriMMerpr{tr xt (2) ll04l

Puc. 6.T.3rcnepruenranbrrErft c[eKTp rrarrra4trq r naaepnoft rula3Me n ycpe,4neurrbrtr Teo-
perrvecxraft crreKTp, no,'ry.lenrrrrft rryTeM cyr,rNrnpoBaHrrr crrMMerpErrEbrx EopM:urLrrbrx or[-
6aroqnx cnerrpoB: 3dN4p+3dN+t (a, b - PdXIX; c, d, e, f, i - PdXX-PdXXIV) u
3dN4f+3f,N+r(e,h-Pd){lx; j,l,n,p, Q,r, s,r- PdXX-PdXXVU)[l5].llarencnaaocrr
Teopernr{ecxux MzrxcnMyMoB nog6rpanucr rar, tro6rr Aocrr,rrarocb rratrJryqrtree corJracl€
c 3rcleptrMerrToM

Free Hand



198 6. Cnexrp u3ryqeuus

HOCTb COCTaBJTTIOT JtltIlVrI,, COOTBeTCTByTOU{tre nepeXOAaM MeX.4y /qByMfl
I(oHOmypaq]r.AMA nnn nogxonSurypauurMr.r).

Oruocrarelruar cyMMapHar r{HTeHcr.rBHocrb orlenbHofi coBoKynHocrr.r
lwnuit B cryqae JIoKaJrbHoro TepMoAr{HaMr{qecKoro paBHoBecr{.f, rlpr{HrrMaeTct
pannofi [por.I3BeAerr[Io clrJrbr coBoKynHocrl,r nepexoAoB Ha MHox'rreJrb
Borrquaua exp (- LEILD fll2l. Ecm 3KcreplrMeHrarrbHbrfi creKrp riMeer
nng ceplfi orAeJrbHbrx xoporuo Bhrpax(eHHbrx MaKcr4MyMoB rr !,JLfl ero r{HTep-
IIpeTauI{I1t AocTaToqHo cpaBl{eHr{t 3HepreTr{qecxllx noJroxeHr.ri uarcr.rnryuoa
u trx mnprrH, To r,rHTencnBHocrx coBoKyrruocrefi ;rnuafi MoryT orrpeAenflTbcf,
rar cso6oAur,re trapaMerpu (puc. 6.7). B cryqae cr{nbHbrx peJr-rrr{B}rcrcKn
e$(ferron B MuoroKparHbrx EoHax ycpe4ueHne npoBo.unrc{ no ypoBHJtM

AByx noAKorr$urypauuft (pasa. 6.3).

MeroA Hepa3perueHr{brx coBoxynnocrei nepexo.qoB no3BoJrter ucrroJrb-
3OBaTb AJI' ALIaTHOCTII(II [rr'ra3Mbl CirOXHbIe CIIeKTpbI MaJIOTO CIIeKTpaJIbHO-
ro pa3perueHrrq uoHoB TflKeJrbrx 3neMeHToB BMecTo cnerrpoB Bbrco(oft
TorlHocrr{ BoAopoAo- x renuenoAo6Hrtx lrouos ,rrerKr{x r.r upoMexyrocHbrx
sleueHror [113].

Paspeureuue orAeJrbHbrx ruttuit B cneKTpe Moxer 6urr oqeneHo npu
noMolltrn cpegnefi nJrornocrr{ .trrauufr; AJrt HaxoxAeHut grofi BeJruq},rHbr He-
o6xoArnvro 3xarrr{e .qlrcnepcuu crreKTpa a v^ucra r'uuuit B HeM. B uporuexy-
ro.IHoft cB.fl3tr qr{cJro lanait.q[noJ]bHbrx nepexo.{oB Mex,qy ypoBHtMLI Ha-
qanrnofi xonQurypaquu K c rroJrnbrM MoMeHToM J n ypol;nnMfi KoHe.IHofr
xou@nrypauuv K' c MolvreHToM J' N (KJ, K'J') onpegeJuercr qucraMu ypoB-
xefi i/ (KJ), N(K'J')wrpuagnbrM ycrroBr{eM UJ'l }. flonuoe qpIcJIo nulrrrit
[epexoAoB Mex,uy roH$mypaqus*tu K r.r K' panHo

N(K, I(',): r r(^r, K',J',)x

J^"t

= ) nr (K/) IN (K' J - t)+ N (K' J)+ N (K'"r+ l)l .

J:J^to

(1 14)

B npanofi uactu (114) ouyu{eHa v.arras. [o[paBra, saBflcflurafl or rpaHltq-
Horo 3Haqenu.r "r-r,:6 ura l. Cqurafl. N(KJ), N(K'J) He[pepbIBHbIMIr

$ynrqrarr'ara ot J (4.78), 3aMeHreM cyMMapoBanue r.rHrerpnpoBalrnelvl. Aa-
Jree pa3Jraraeu N(K',"It e) e prA c roqrrocrbro Ao qreHoB BToporo [opq.[Ka
e2, npuparxuBaeM e: * l, annpoKcllMl{pyer'r ,a/(K"/), N (K'J) nopvalruofi
(pyrucquefi r{, BbrrroJrr{rr EHTerpupoBanue, HaxoAr.rM [61]

N(K, K',)x I N(KJ) a#1drxt2 (T)''' "
o1(K) al(K').(

(oig)+cig))z
\U2 s(K) c(K')
) 1a".',txtlt (8"": (K,1}"

fzx 1x't1+

" (t - ;ga.i;,lr), (115)

Free Hand



6.4. I4eyueuHe crrexrpa npu noMoulu ero MoMeHToB

rge ol (K) - azcnepc[{ pacnpeAeJreHrrr z-npoergtl norHoro MoMeHTa
(4.68) (k:2). Ooprvryna Aaer pa3nr,rqHoe qlrcJro tnnnfi,.qJr.r rrepexoAoB Me)r(-

Ay rou([urypaul4rMu

Kol{, Iy, --> Kolf,+r llt,-r,
Kol\t'+t -tt' l{' "> Ko llt'+2- N' ry'-t,

B To BpeMt KaK oHr,I AoJrxHbr 6rrru o4rrnaKoBbllvfll, nogroMy oHa cI4MMerpI,I-
supyercx [61]

N(K, K'): r;r&f- sr)sffi')(:-+), (118)

rre

o?:1a76)+ 6?(K')112.

rlpn yuere AorroJrur{TenbHr,rx qJreHoB,

AeneHrrr rpoeruufi MoMeHToB

x:z : lx:, (K) + xi (K' )l I 2,

l9e

(116)

(117)

(120)

roryqaercr 6oree ro.ruoe Br,rpaxeHlre

N (K, K')--ffi,,,s(,()strl [l - # **t(*-#, )]. (l2l)

OHo Aaer oueHKy -e'vera r'nuuit B c[eKTpe, co.uepxaxreM 6onee 50 :luuuia, c
Tor{Hocrb}o oKoJro 27o, a npl{ rII{cJre rnuuit 6onee rrrc-t}Il{ - c roqHocrbK,
oxono l% t6ll.

Itparruuecrr{ BexHo ycraHoBJreHl{e 3aKoHa pacnpeAeJlenfifl car nvnnit s
clrexrpe, rrro no3BoJlr,uo 6rr orleHnBarb rII{cJIa :luu.uit, ItHTeHcI{BHocrb Ko-
Topbrx cocraBJrrer uexoroplrfi nporleHT or uoruoft [rrreHcl{BHocrtr cneKTpa.

,{n.n annpoxcr4Marlr{rr nJrorHocrrr pacnpeAeJreuurg. cvr wttnfi. neo6xogrluo
nailrcu BbrpaxeHr.rr An.s HeKoroporo qucna MoMeHToB ororo paclpe,qeJlenl4f

S (KyJ, K'y' J'Y (122)
N (K, K') ,

rge N (K, K') - qlrcJro nnnuirs cneKrpe (l l4). @opnryra AIrfl nepBoro MoMeH-
Ta nolyqaeTc-fl nyreM Aenennfl cl{nbl coBoKynHocTLI uepexoAoB (1.32) ua
(ll4). K coxaJreHriro, cyMMacI{JI;rltrr.rfiBcrenenvk> 1 ne nrrpaxaerctr qepe3

cpeAHee or rrpolr3BeAeurafi oueparopoB rlepexo.4a (cyrllluponanue no y.I u
y'J' cyxa,rnaer Bce Marpl4rlHbre gJreMeHTbI, a He roJrbKo rax uapu), nogroMy
o6rqufi MeroA cyMMr,rpoBaHl{.rr He Moxer 6urr npI,IMeHeH AJI.fl HaxoxAeHr{t
MoMeHToB 6onee Br,rcoKoro rrop-fl,qKa.

Ilpegnonoxr,rM, qro pacrrpeAeJleHr,re Marpl4uHblx 3JreMeHToB o[eparopa
nepexoAa (Ky I p<rl I K'l)=x flr'rflercr HopMaJrbHurvr cnyvafinblM pacrrpe-
,qeneHueM oKoJro cpe4lrero 3r{aqeul{-fl, paBHoro uynro (oueparop rlepexoAa
flBJrflercs. yHlrrapHo-Helpr,rBoAI,IMbIM co cJreAoM, paBHbIM uylrc) [114]

p(x): A#" exp(- xzl2o|).

"f (K - 1('): I
rf,'t'J'

(l1e)

coAep)Kaulux TaKxe 3Kcueccbr pac[pe-

(123)

Free Hand

Free Hand



p(s):c** *r (-+)
34ecr yrreHo, qro

"? 
: 

^s.
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S- xz

6. Cnexrp r.{3ryqeHlq

(t24)
HaxoAI.ITc{ [yreM BbrpaxeHn dS uepe: dx u ucuotrb3oBarm.f, ycJroBur Hop-
MnpoBKtr nJroTHocT[ BeporTIrocTE

(12s)

(126)

Pacnpe4ereur.re r{a36rBaercr 3aKorrorr"t lloprepa-Touaca. flepeuopuupyr
g (.9) na noJrnoe qr{cJro tulauit u r{HTerptrpy.a or So .qo co, nonyqaeM rrlrcJro

rtlHufi, cr{Jra Koropux S)So. Baxuofi oco6enuocrbro pacnpeAercaun (125)
guilflerct oqenr 6onuua.x .4oJr.f, cla6rrx nutauir, qro Aeficrsnrenbrro xapax-
TepHo AJrt aroMgbrx crreKrpoB. tllrcno cna6rrx runnft aulpoKclrMrrpyercs
upocrofi oMnrpnqecKofi Soprraynoft [15]

(r27)W(urlZ N",): ak+b, k:1,2, 3,

rAe Nr - qucro :l:wrui'r. c

2k_LIo(1(2110.

3Aecr.Io - M[HrrMaJrbHax
IrocTo.r{HHbre llapaMeTpbr.

rrHTeHcrrBHocTbIo B I,IrrTepBaJre

(r 28)

per[crpapyeMar LrrrreucuBuocrb, a au b s (127) -

Psc. 6.8. PacnpeAenenae cr.rn nuuraft S
Arrf, repexoAon 3d34p+3da n FeV (pe-
3yrbrarbr pacqera B npoMexyTo"rHoi
cexsz [116]). OpAanarrr roqer tBJr{rorct
qucJraMrl ttureufi, crrJra Koropbrx coor-
BercrByer nrrrepBairaM 0-3, 3-6, 6-9
rt r. r. B ycJroBrrtx eAr.rnr4uax [61]

Free Hand
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Puc.6.9. PacnpeAeaenae qacer ,.II{I{uft (a,6) t4 cuil oc{firnrropoB (6, z\ AMWX4fto5d->4f11
(pery,rrrarrr pacqera B oAHoKonabr4rypaquoHnoM npn6Jn4xenx[)124]. N - rrrlclo rxrttit;
f - custa ocqrrJrJr{Topa; C:lJl - creneHr' Br,rpoxAenr4r ypoBur; W:ISf - cyMMapHat
cula ocrlltlrEfrTopa. cneKTp coaepxr{T 14 O87 ::'],}J'uit

Jloraplr$unpyr $yur<rirro g (S) (125) u y,tr4rbrBa\ rrro B ocHoBHofr 06-
ilacT rr paclpeAerTeHr4t

ln S ilS, (129)

[oiryqaeM, r{ro B 3roft o6na.crt4 ln .: (S) flBne.ercfl nxHefrHofi $yurqr.refi or
ln S.

flocr<o,rrry J, J' - xoporut,te KBaHToBbIg rlrrcJra, To coBoKyflnocrlr cllJl
Jrpr}dt4it repexoAoB MexAy ypoBH-nMr{ c .rlarrrrbrMr{ J, J' upeacraBJrflror co6oi
He3aBr4cr4Mbre cTaTrrcrr.rllecKr{e a}rcaM6,,ru. B cnyqae xoHonrypaqufi, Anfl Ko-
TopbIX r{Me}oT Mecro tlpocrbre tfoprraynrr AJrr cyMM aun [tv]P.t4ir (26), (27),
y.4o6uo B KaqecrBe He3aBr{cr{Mbrx aHcaM6nefi r,rcuonr:oBarb coBoKynuocrr4
Itpl]d.trir [epexoAoB c onpeAeneHHbrM 3r{aqeHr,reM oAHofo rroJrHoro MoMeHTa
J l6tl.

Cooreercrsr4e pacnpeAerelaLrfl. cur rttrttit B cJroxnbrx cueKTpax r.r3nyqe-
Hn-f, 3aKoHy (125) eUe Mano Lr3y{eHo. Ha pr4c. 6.8 nprrBeAeHbr pe3ynbrarr,r
.[ns nepexoAoy 3p34p-+3da a FeY, r'e cBfl3b 

'nnzxa 
x l,S-csssu. <Dynrcrlra-a

(125) xopouro a[[poKcr{Mr..Ipyer pacrpeAeneHr{e reoperr4qecKux 3naqenr4fi
aun |ruli'rti...

B l24l paccwarpllBanacb crarrrrcrriKa reoperuqecKr,rx 3HaqeHLIfi cuJr ocur4rr-
ir{TopoB rrepexoAoB rr qr4ceJt cleKTpanbubtx ntlntrft B cneKTpax FeI 3d64s4p-
- >3 d6 4 s2, Ho Il 4f Lr 6 p ">4f 1r 

6 s, Ho I 4f L0 5 d6s2 +4f fl 6 s2 u WX 4fo 5 d -->4f11. Ha

Free Hand

Free Hand

Free Hand
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'i3rryqeHns

Puc. 6.9 npeAcraBneHbr pe3ynbrarbr Anr nocne4r{ero crreKTpa, B xoropoM
ypoBxu o6er.rx ronQurypaqnfi pa:ge;reHbr 3Heprerr{qec(r4. flrorHocrt se-
potrHocrl.I .ucer ruHI,Ifi, a raKxe cI{Jt ocqr,IJ.rntropoB (upr,r artuolr{eHnl{ ycno-
run (32) - npu6nuxenHo orrrlrcbrBaeMbrx cnJraMlr nunni,r) rax Synxrlnr.r or
3Heprlrrr riMeror cr,{MMerpurrurrfr Hopvanrurrfi rr,rg, [prr 3ToM pacnpeAene-
Hlre cl4!'r ocqrrnJrrropoB cyxeHo r.r cABr.{Hyro B cropoHy 66tlurnx sueprri.
3to c,ootnercrByer ycraHoBJIeHHbIM 3axoHoMepHocr.rrM noJroxr4Tenbuocrrr
c4Bvtra cpe4uefi 3Heprr{r{ u cyxeHr{-s 3oHbr H3ryqeHn.fl rro cpaBHeHlrrc co crreK-
TpoM sHepruu saqalruofi ron$nrypaqnv !,Jtfl TaKoro rr{[a flepexo4on. Oynr-
uua g (S) n 4nofiuofi lorapu$uavecxofi ruxale B ocHoBHoit o6nacru pacnpe-
AeneHnq uMeer npr.r6nuelrrelrno luueiiulrfi xaparrep, Koropbrft Hapylxaerc-fl
Ha Kparx oqeub ruxpoKoro r.rHTepBaJra 3HaqeHlrfr clu ocqunnrropoB. Jlusefi-
xocrr ln g(S)rpre BbrpaxeHa Arq Bbrrueyxa3aHHr,rx creKTpoB FeI n Ho II.

6.5. HsMeHeHHe cneKrpa BcneAcrBue cMerrrnBannn xonQnrypaqnfi

MeroA cyMMrlpoBaHufl rro BceM MHoro?neKTpoHHbrM KBaHToBbTM qHcJraM
nc3B0nreT TaK)Ke HaXOAnTb rBHbre BblpaxeHr.rr Anr cpeAHr,rx xapaKTepr.rcTxK
cneKTpa u:.nyueHua, cooTBeTcTBylotuero nepexoAaM Mex,4y AByM.fl KoMrr-
JIeKcaMr{ cMeurlrBarorur.rxcx xonQr.rrypauufi. flpn arolt ocrarorcr B cr.rJre onpe-
AeneHlr.fl MoMeHroB cneKrpa (33), (34), ecnv K, K'sarvreHHrl Ha ?i,9f ', r,rverc-
[Ixe cMbrcJl KoMrrJreKcoB roH$urypauufi. Torga \,^(' * cocrofllolrfl) nonyqae-
Mbre rryreN{ Ar{aroHatH3auuu MHoroxon$urypaquonsofi Marpxubr 3HeprHH.
Movenrrr e npr.r6nr,rxeHrlpr cMeluuBaur,rx xonSzrypaqnfi onrrcbrBarorcr reMtl
xe Ar4arparlrMaMK cyMMr4rpoBaHlrr, atTo l4 B o4uoxousHrypaulroHHoM npu6,ru-
xeHuu (ecnu z: ux qltcra He LIcKJrIoqeHbr Ar,IarpaMMbr, BKna.rI Koropbrx B o.qHo-
xoutlliypaquoHHoM npn6rruxennu paBeu uylro).

C uenuo BbrrBJreHHr e$rperra cMeunBaHnx rcou$urypaqufi y4o6no BMecro
NtoMeHToB crreKrpa n upu6nuxeHr4r{ cMerurrBaHr4s xon$urypaqnit Err.
6'tr vlCrIOJlb3OBaTb IIX I{3MeHeHI4-fl. nnn C!'BIITU LI3-3a CMeIUtrBAHpIfl,

LE(x(1C -9i',): E",17i -9:',)- E,,^(9C -?C'),
Lc2r,7')C -c)C'1: cL,QC - q(') - o|,^1c)C - 9f ') .

(130)

(131)

34ecl dur, 61u^ - MoMeHTbr cyMMapHoro cneKTpa, coorBercrBytoruero
[epexoAaM 1C">1C' n o4uoxon$[rypaql{oHHovr npr6nu)KeHr.ru.

9ro6u ilpr{ HaxoxAeHr4r,r rBnbrx nrrpaxenufi prrt A,E"r, Ao261 yrtreHl-
lxurb qr{cJro cyMMr,rpyeMbrx MarpuqHbrx gJreMeHToB, 3Heprerrrqecxrzfr MHoxr{-
TeJrb B Br,rpaxeHr.ru AJrr r{HTeHcrrBHocrrr nuuui1 xaK r{ B oAgoron$urypaur4oH-
uou nplr6luxeHlnr, yAo6Ho 3aMeHnrb ero cpeAHrlM 3HaqeHr{eM. B clyuae
nepexoAoB MexAy KoMrrJrercaMr,r xon<frarypauui.t ux srreprfl;r ycpeAHrerct
no scei( coBoKyrrHocrr{ nepexoAoB u B ycJroBrlu (32) AE yxe r4Meer crvrbrcrr
rulrprlHbr c[eKTpa KoMrrJreKca. 3ro Aelaer ycJroBlre 6olee xecrxuM r{ rrpr{Bo-
4ur x ueo6xoAr,rMocrr,I orpaHr,rqeHr.rfl paccMarpr.rBaeMbrx KoMrrJreKcoB HecKo-'rb-
rnwu 6:rr,rxafiuruvn errJrbnoB3ar{Mo4eficrnyrorqnlru ronQarypaunxllu. Ec.uu
[orlpaBKrr i\Es1, Loll r.{Melor cpaBr{r,rrenbHo MaJIyro BeJrr4rrl.rHy, ro neo6xoAn-
Mo cJreAr{Tb, uro6u oruu6rn u3-3a ycpeAHeHrrr He craJrr{ Toro }Ke uoprAKa,
qTo u caMlr no[paBKr{.

Free Hand



6.5. B,rnqune cMeuuBanr.rq xonQurypaur.rii

flpu pa::roxeHur{ MHororoH(br{rypaurroHubrx BoJrrroBbrx ipyHrrlnfi no
$yxxqurl,I orAeJrbHbrx ronrfurypaqufi cyMMbr, co,qepxarqreca n (33), (34),
BhrpaxaloTcr qepe3 cpe.4{rre, B KoTopbrx cyMMr,rpoBaHr{e yx(e [poBoAlrTct
IIo o.qlroKoH$urypaUuollHbrM cocTornuxvr. Hanpr,rMep, cyMMa B qr.rcJrrrreJre

BbrpaxeHrr.rr Anr cpe,qHeft enepruu [pe,4craBnrercr B Bt4Ae

f <qrt Vgcy) s(?c1, 9i,y'):

:\ s6:) [f <rt", nt)KL+z\ qon*,*,Dr)*[f ,
q i i<j

(132)

rpe!i,.(.- xou$nrypaql,Ir KoMrrneKca ?C; K', - xonQraryparlnr KoMrrneK-
ca '/!'; H*" H*,xr - oreparopbr B3auMogeficroua BHyrpr.r ront[urypaqur.r
K, u rvtex4y xonQurypauuxMu K,, Kr. CyunaupoBaHr.re npoBoArrrc-fl rro BceM
xon$urypaqr{rM KoMrrJreKca.

flepnrli qreH B KBaAparubrx cro6xax n nparoft 'rawu (132) r{cKJrroqaerc.fl
npu Bbrrruraukrur E"u^^l (l^3_0). Ilonnaq cuna coBoKyrrnocrr{ rrepexoAoB Mex-
Ay (oMnJrel(carvru S(9(, tf ') He r{3MeH.sercr BcneAcrBue cMerrrr{Bauux (30).
Cne4onarerbuo, BeJTI,ITII{na LE, Bbrpaxaercq B BrirAe

LEu(K-K',):

) "rrp 2 <DHKt* ot lK'n-f, rrr,l f <DHKoKo DI>K'

_"1 q i<j , p<q

20)

f " 
r"" ";liq

, (133)

rge i, j - HoMepa xon(rurypaqr,rfr na.raruHoro KoMlJreKca; p, q - KoueqHoro
KoMlJrexca. OrveruM, qro MexKou$uryparluonHbre oneparopst H*., *, u
H*0, *o I'BItfll0^rC'[. aBTOMaTI{rIeCnra ,ynnrapHO-HenpIIBO,qIIMbIMII TOJIbKO B
cryqae rou$urypaqr.rfi, ot.nnuarou{r{xcr cocrorHr{f,Mr4 AByx sJreKTpoHoB r{irrr
oAHOTO 3neXTpOHa C pa3rurrHbrrr,r op6uranrHbrM MoMeHToM, a Alx 6punnrc-
3uoBcKtrx rou$urypaquir ux neo6xo4lrnro pa3nararb rro HerrprrBoAr{r{brM
oreparopaM corJracno (3.34) - (3.37).

Cgnur (133) pa:aenflercfl.Ha BKJIa,qbr or rrap cMerxr{Barour{xct HaqaJrbHbrx
xoa$urypauwir.,az Koropbrx Bo3Moxubr rrepexoAbr Ha o.qny r{ Ty xe KoHeqHyro
ron$urypaqrtro, rt BKJra,qbr or nap KoHeqHbrx rou$urypaquir., ya Koropbre
Bo3MoxHbr nepexo.ubr u: oAnofr ra rofi xe na.rarr,Hofr xon$urypaqr.rr.r. Kon-
Qurypaquu, He cBs3ar{Hbre r{eHyneBbrMr4 Marpr{rrHbrMr{ sJreMeHTaMr{ onepa-
Topa uepexo,qa c xor.rr 6u oAuofi ron@urypaquefi 4pyroro KoMnJreKca, B(ra-
ga n A,Er, He Br{ocrr.

B cny.rae cMerrrr{BaHr.r.fl AByx Ha{aJrbnrrx rouQurypaqrafi, orrr,rqalour{xct
cocroruurrMr,r AByx 3neKTpoHoB, cABr{r A,E y naxo4r{M, onpe,qeJrr.rr BKna.(
Al{arpaMMbr, nao6paxennofi na puc. 5.1 l20l:

A Ecr (K0 /f/r-l lN,+r l{" + xolf,lN,-t' lN.+1 -+ Koll' ly'ry"):
2 | G\vz's 4f, ," (4h+z) a1,, r, l-t r f,- 4lz+l l-N,q,a2- yr, - nrrg6a2- *, I u"' ttutr, tz^

Free Hand

Free Hand
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. 
T [*t " -{ i, ';, 

r,ll*u'tz' 
IPtz)'

6. Cnexrp H3nyqeHut

(1 34)

.\E r(Ko l{,-t 1yr"+r l{"d, + fol{'t{,ly,-t $,+r -- Koll'ly'ry.ry):

:95!f+,i o?,,,. * #fti## o?",,.1-' d 1,. 1, d 1,. 1^ x

. 
T [+, qk(t.tz. /4/1)+(-'r 

{1: ';"'0]1urr,",,,,,,,1]. 1,rr;

rae Kn - Apyrrre orKpbrrbre r{ 3arroJrHeunrre o6o;roqxn. lttx seru,rtrnst 4k
ficnoirb3yerc{ oflpe.qeneune (fI.4.3), a Arrs. dh, r, - (rI.6.4).

Bupaxeur.ra An.s cABura cpegneft 3Eeprr{a cnerTpa or cMerrrr4BaHr.rs AByx
(oHeqHbrx ron$urypaqufi clegyror u: (134), (135) upn rrcrroJrl,3oBaurru r{H-
BapuaHTHocTr{ cpeAHr,IX oTHocr{TeJrbHo 3aMeHbr 3JretrTpoHoB BaKaHcIrflMr.
Hanpuvtep, npon3BeAr raKyro 3aMeny n (134) u [epecraBJrfl.fl. trpu erovr (.rro-
6sr nepexogbr ocrairrcb r{3ryrraTenbHtrvlr) uavarbHoe r{ KoHerruoe cocror-
Hufl. noJryrraeM coorHorrreH[e (uplr o4rlnaKoBbrx paArraJrbHbrx BoJrHoBbrx

$yuxqr.rax)

.\Ecr(K0liv'-1 IN'+t INt --> Kol{'lN'-t lN'Lt + Kol{'ly' ry'):
: - L, E 

", 
(K o 1! t' +z * r'r, Itt, +2 - N, 

14 
t 3 + 2 

.- 
N" ->.

-- Kollt'+z-N'llt,Lt-N,f/a+2-N3 +Kolft''z N'l4t'-3-N,l4i.+1-,^r"). (136)

3nar flsN{eHterct BcJreAcrBr{e nepecraHoBr(I{ qJreHoB r (133). flpou:no4x
3aN4efly

4lr+2 -iy'r* q- Nt*q, i:1, 2, 3, q - L\eJroe sIIcJro, (137)

,{ rlo.rcraBJur B JreByro qacrb coorHorrreur{r (136) nupaxeuue (134), noryqaeM

tEcr(K0/il, ly" ty,- Ke/f'+t4'"-tlI'+ Kotl'ly,+t /f.-t;:
_ z I ut,+214/*,, r @!t24,.1. l-t, s \.- 71,+t I et,+z- ry1 u, * \41,+2llv,) lr, J o"' t'(tt" t'x

' T [+ "-{ j, ',, 
or}f *(t'Lta' tzt)' (138)

14 : rreue nue xrrcrrepcrrt4 cleKTp a B cJrerc rB[e cMeruuB aHri{ ronft urypaqnii
Bbrpaxaercr aHaroruqHo (133) vepe: cpeAnue or rrpor43Be.qenr.rfi oneparopon.
B Tol,r rr[rcJre raMr{Jrr,ToHr.raHoB, .ueficrnyrorqux r\,Iex(Ay ron$nrypauuavu.
Hanprr,rep, oAr{H r.r3 6o;ree c,roxHblx qneHoB r uuc:rlrre"ne Ao2s1

f ('icy\H.)ty)'(9f y D'),'y')z (t3e)
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cBoAr{Tct K

2il5

\ s 6L) l, Z' <Di HK.H K,K,D)*[ +\' lot n*.*.H *.*.DSK; a
qijij

+ \' lot n *, r,H r, r,D)KL],
ijr

(140)

rge i, j, / - uonrepa rou$urypaur.rft rounnerca g[, a 4 - HoMep ron$r'rrypa-
qr,rfi xorrnnexca ?C'. IIIrpux y 3HaKa cyMMbI o3Haqaer, qro s sefi ucKrroqenbr
qreHbr c paBHbIMr{ mo6r,rrnlra I4HAeKcaMLI cyMMl{poBaHr'ra. Co4epxarullec-f,
B cpeAH[x oileparopbl fI e o6ueN{ cnyvae He ,aBJltrorct yHr{Taprro-Henpl{Bo.qu-
MbrMr{ r{.qoJrxHbr 6rrrr nrrpaxeHbl qepe3 ul'rx. BxnaA B u3MeHeHI{e Al{cnepcl{rr
,{aror He roJrbKo rrapbl, no u rpofirl{ cMelxl{Barour[xct rou<furypaqrait.

flycrr HaqaJrbHble cocro,xHlr.fl coorBercrByror HaJIoxeHI'rro AByx rou$u-
rypaqnfi, r,r3 Koropbrx Bo3MoxHbI rlepexo4bl B oAny I,I Ty xe KoueqHyro KoH-

$rlrypaqrarc. Bltur.rcrreaq BK!.IaAbr rex x{e AI,IarpaMM, tITo Il B o4noron$nrypa-
rrrroHHoM upu6nuNeuuu (puc. 6.1), eaxo4lrnr [20]:

Acr.r(/f, -t lN,+l/f" + /f lN'-r lN"+t __> l!'$,1{'):
| @t,+zl a?,. h (4h+2\ 1,,, ,, l-' I:L rv,tie+z-;;t * ov, li, +f- Nit ) 2Gt"+D x

..1 t | (^/r-r) (Nz_ t) , (4t'+2- N')(4t,+t-N) L
^l(4/+r)4/,L zet,+tt -F zE+t -'

x[-2Mr(x, Kr, l2lr)+Mi@, x, lrl")+2M2(Kr, x, lJr)]+

+2(4h+2-N)(Nz- 1)t- Mr(*, Kz, lzl)+Mz(Kz, x, lt\)-

- 2 M r(Ko, *, t \l z)l - 4 (41' + 2 - N t) (41 2 + | - N z) M, {*, Ko, /, /r) I't'
* 

^,,i,"-,{ tW* q#P a @t,* I -r/,) 1i.] x

x Mr(x, x, lrlr)+2(4lz+ I -Nr)N, x

xl-Mt(Kr, ^n, l"lr)+Mr(x, Kr, lzls)-2Mr(x, Ko, lzls)]+

*(t/r- l)(4i3+ I -Nr) l-2M'(Kr, x, lsl)+ Mi@, x, lrl")+

l2Mr(x, K2, lzU)l-4(Nr- l)NsML(K', ,, t"h)l+ 0,,&;l "
x [(4lr+ | - N ) (4lz- N ) M,(KL, x, lrlr) +
-l (l/, - 1) (N, - 2) Ms(Kz, x, Itlr) +
+ 2 (N z - D @l z + I - N z) Ms (K0, x, t zt z)l + ghi;6t"T D x

x [(N1 -l)N"M"(x, Kb lL\)+(4L+2 -N1)(4/s+ 1-i[') x

+ (4L + 2 - ttr)(ff, - 1) f *o@, x, lrl")+(Nl- 1)(4/r+ I -Nr) x

Free Hand

Free Hand
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x M"(x,,Kz, lrls)+2(4lr+2-N1)NBMr(*, Ko, /r/r) I-t

- LEc{Ktl Kr->rKr) { AE- (Kr+ Kr-n K"1q
t

L) 8E(K.-K1)S1+8E(Kr-Ks)^S, - Sr-.S )

'\ ' ,s,+"ss ' s,+sl tE(&)-E(K')l l' (l4l)

34ecr Kr, K, u K, coxparqeHrro o6orna"Iaror ronQurypauuu, ytacrByrouue
B [epexo,qe Kt+Kz->K,; S,=S(K,, K"\ - cfira coBory[Hocrr{ [epexoAoB
(1.32); LEr, - cABrrr r{3-3a cMerrruBaHr4.l (l3a); 8E (&-rKr) - cABLIT cnex-
rpa r.r3nyqeHur (53); E (K,) - cpe.qrflr 3ueprqf, xou$rrypaquu Kr; M; - *ru-
HHr\,raJrbHbre cyMMbr, HMeloruue oupeAeJleHl{-f,

Mr(n, x, l,lr)- d?,, ,, Z 8,, S] (V!,t,,, ,,,")',
a,9

Mr(K,

I r,
^\ Z,

Mr(K,

. I r,^l /n

M)(x,

K', lelq): - dr,, r,dr,,r"r,Tr,[trr., Sr, 
"S Itir';, ;)"

(142)

(l4s)

(t46j

:, l"l't',:,,,,ov1,',1,',.,., (r43)

K' , lplq): i 0,,. ,,r,,, ," 

,,?*,r,ftt' 
51, Lz, srl ( - l)tr+r' t

';, 'r'l l';, ;" "f | 'l'f' ,,,.v!;f.;,",., 044)

x, lrlo):+ d7,,," f [Lr, sr, Lr, sr](- l;r,+2,*
zr sl-f,, .',

"l'; ';, ',' I l'i ';, "f | ,r,r, ,.,"vt:,t',.,",

Mr(K, K' , Iel): dr,, ,,dr,, ,, J5 {Z- 8r, o) Z tt, S) ( - 1;"*t *

*l',',';, 11 rr"r,,.,.v:i,.,,,,.,

rpe Vf;sr,, /s/. - AByxsrlerrponnrrfi uarpn'fitr,rfi sJreMeHT (3.58); K, K' s o6o-
3naqeHrrrr Mr{HrrMaJlbHoii cyuvu yKa3brBaror xouQurypaqrrl{, c BoJIHoBbTM}r

Sysxunxrr,tu Koropbrx paccql,ITblBarorcf, coorBercrBeHl{o uepaufi lr rropofi
MarpaqHbre gJreMeHTr,I; B cryqae ueNron$r,rrypaql{ouuoro MarpLItIHoro gre-

Meura <tztzlfr" l/r/r) ncuonb3oBauo o6oguaqeHRe z.
cultruerpnuHocrb BeJlrrquuat LolI orHocr{TeJrbHo 3aMelrbr sJIeKTpor{oB

BaxaucurMr{ (upu sauopoxenHblx BoJIHoBbrx $yHKqE x) no3BoJl.f,er lrpe-
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o6pa3oBarb BbrpaxeHr{e (l4l) grc cnyqar cMerrrr.rBaHur AByx KoHetrHbrx KoH-
$zrypaunil:

\6Lr(Koly'ty,l{" - Kot{,+t U,-,1{"+ Kol{,ty,+r /y,-t):
: A'o2r, 1X o llt' r 1 - Nr l4tt t3 - N' l4t'+2- N' +

*Kolft,+2-t'r'l4t'+t-N, l!t"+3-N"--sKoltt'+2-u'llt,+z-N, 1+t"+z-x,1 , if-47)

Ecnr.r s lpaByro rracrb paBeucrBa rroAcraenrr (l4l), ro xoHsnrypaqun
Kt, K, u K" y Qopvryne yxe 6y4yr coorBercrBonarl ,,o6parqeHHoMy" repe-
xogy Ka-+Kt'* Kr.

flpuruenlrvr norytreHHbre BbrpaxeHr{-{ Ans E3yqeHux s$$ema cy)KeHrrt
c[eKTpa u3nyqeHr,r.fl BcneAcrBl{e cl{JrbHoro cMerrrrrBar{rrx ron$urypaqllft
[l l8 - 120]. Ono o6uapyxeuo npn pacqere pflAa cneKTpoB, B ocHoBHoM coor-
BeTCTByIOtqEX rIepeXO.4aM

spM + s2 pN -2 d --> s2 pN -t, ps dN + p6 dN -2 f -'> pG dN -r (148)

(puc. 6.10) rr Moxer 6rrrl npraruHofi r,rHrepeorrrx Su:r.rvec(r{x rBnexr.rfi, B
TOM qlICJIe - BO3HI{KHOBeHII' I,IHTeHCIIBHbIX IOJIOC n3JIyrIeHLL{ MHOIO3aptA-
rrblx rrorJoB peAKo3eMenbrrblx 3JleMeuron [121, 120].

Pqc. 6.10. Cyxerne reoperr,r-
qecKoro crreKTpa rr3nweEr.rt
IIptr yrreTe cMerur,rBaHrrr Korr-
$uryparluft: a - cyrvtvapH-ur'E
ctreKTp a o4noxou$lrrypawr-
ouuolr npu6Jrrrx€firrtr, coor-
BercrByroqtrft [epexoAaM
4p84d4f+4p64d2 u 4p64d3+
+4p64d2 s PTXXII;6-ror
xce cneKTp n 4nyxron$rrypa-
r.ItroEEoM npra6nuxenrn (cve-
ItrI{BAIOTC' HAqAlIbHbIE KOII.
$arypaqru) [20]

9,O

a

8,0 8,5 9,0 9,5 r0,0 1, trM

6

(t4e)

7,5

Paccvrorpulr cMerrrrrBaHr{e KoH$urypaqlrfi uplr flepexo.qax

Kol{,-t $r'+r ry" + Koly'lN'-t IN.+r --+ KolY,ly,l{" .

OcuoBnoft BKnaA B rr3MeHeHEe cpeAr{ei oHeprrrr{ LEd 034) Aaer qneu c
k:1, a 3Ha( gTofi BeJrnr[trHbr olpeAenf,ercr rrpolr3BeAeHrreM pa,quanLnbrx
trHTelpaJroB

( n, I, I r I nrl r) (n"l rl r I n2l r) Rt (n, l rn" I r, nrl rn, l r) . (150)

Har.r6onee cr{Jrblroe cMeruI{BaHI.Ie rontplrrypaqnfi ulnleer Mecro B ToM )r(e cJroe,
T. e. llplr n.1:k2:n3[23], ror4a 3re(TplrqecKrle Ar{flonbHbre flepexoAbl r43

o6enx HacarbHbrx rou$r.rrypaqraft Bosrntoxnbr npil lr: lz- l, l": 1rt, 1.
Pa4Ranrnrre BoJrrroBbre $ynxquu P^r(r) v Pnr+,(r) uvreror pa3Jrnrrrrbre

3HaKn B o6racru nx ocrroBrrbrx MaKcnMyMoB, no3ToMy r.InrerpaJr trepexoAa

Free Hand

Free Hand
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(nl lr lnl+l> orpr{rlarenen, a rrurefpaJr Rr (nl-lnl+|, nlnl) - norro)Krr-
TeJreH. Tarlru o6pasou, Berr{qrrHa (150) u reM caMbrM L,E", Alt raKoro runa
lepexo,4oB tBJrtIoTCt rroJroxr{TeJrbHblrvlr.r. flpuyveTe cMerrrr{Banul xontpurypa-
quft cnexrp u3lty.l'eulrfl. cABr{raercfl B cropouy 66nruux sHeprufi. flocronr-
Ky cyMMapHar r{HTeHcr{BHocTb cneKTpa rre r{3Merr.fleTc.f,, To cneAyeT oxr4AaTb
yBenllqeHlrx r,ruTeHcr.rBHocrrr uepexogoB rr3 BepxHeft xonQllrypaqrru u yMeHb-
rrreHldfl I4HTeHcrIBHocrrr nepexoAoB tr3 Hr.rrcuefi ron$nrypaquu (:ro coorBer-
crByer raK Ha3brBaeMoMy srp@erry ,,3arrupaHrr{" uepexo.qon ng erofi ron-
Surypaqun U22l).

Ecru rnasgrre KBaHToBbIe qrrcJra yqacrBylourrx B nepexoAax o6onoqeK He
oAr,rHaKoBbr, TO cABr{r cuel(Tpa Moxer 6urr xax noJro)cureJrbrrblM, Tar( Irr or-
prruaTenbrrbrM.

OArurrr,l r{3 Ba)KHefirxrx rr.rnoB roppenrqufi MexAy sJreKTpoHaMu B aro-
Max rBJuerc.fl cMelruBaur.re KoH(bnrypauufi

nlf"*tn{,+r *nrr',+2nlN'-tn' Iz. (151)

B uefrrpa:rlHbrx aroMax u nepBbrx r.roHax xou$urypaunfl nllt'+rn$'+r
cyulecrBeHlro cMerulrBaercr co MHorr{Mr,I cocrotHr.r-sMu cepuit Pug6epra n
coorBercrByrolqux (oHrr.rHyyMou nl{,+zn1r'r'-r n' (e)1" (1":lrt 1), a B MHo-
roxpaTHblx rroHax B cr{oBHoM npor{cxoAnr cMgrrrr{BaHr{e ToJrbKo c 6tmxair-
rrrefi ron$r.rrypaquefi npv n':n, ls:lz* 1 Petyrurarbl pacyera cpe,qHllx
xapaKTepr{cTnK nepexoAoB

nsnpN +ns2npN-2nd-->ns2np*-r (152)

rroKa3hrBalor, qTo rrpn yqere cMerxvrBaHz,g. HaqaJrbHbrx ronQurypauHft sI\ ec-
Te c yBenr.rr{eHrieM cpe4nefi oHeprr{rr npoucxoAr{T cyxeHLte cneKTpa r.r3Jry-
qeHrs'(Aa|1<0). Mex4y L,Eu n Ao|1 rarr.reer Mecro Jrr.ruefiHoe coorBercr-
Br.re: npr{ .qaHHbrx op6rrranbHr,rx MoMeHTax 3neKTpoHoB pe3ynbraTbl AnrI
pa3ruqHblx creuegefi I{oHI{3auHH, ql{ceJr 3.iIeKTpoHoB .Iy' u rnannrrx KBaHTo-
Bbrx q[cer n pacnoJrararorcr npr{Mepno Ha oAnoi Jr}rHr{n (puc.6.11). CAsnr
crreKTpa rr3nyqeHrrr u ero cyxeHue Bo3pacTaroT rrpu yBernqeHl.rll cTerreHl{
vroEr43at\ur4, yMeHbrrlerrHu ,c.krcila SJreKTporroB N o orxpuroft o60noqne I{

-0,008 -0,004
Af;, a' e.

Pac. 6.11. Koppenxrlnr Mgxay cABr-
rovr cpeAnefi gneprrl{ A,Es1 u guc-
nepcnei Ao!1 cnexrpa u3ny.reHrrr^
BcJreacrBue cMe[ruBauuq xondnry-
pauraft s cryqae trepexogon nsnpN *
* ns2npN - znd-ns"npn -'. Toqrs co-
orBercrByror rrepexoaaM 3s3p3+
*3s23p3d+3s'3p2 r KVI (1), Ca VII
(2), ScVIII (-3),Ti lX (4); nepexo4arra
3s3p8+3s23p43/+3s23p5 s ArII(J) r
CUXIII (6) n nepexoAarvr 4s4p61
l4s24pa4d-4ss4ps r SrIV (7) tz0l

- 0,020 - 0,016 -0,012

Free Hand

Free Hand
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rJraBHoro KBaHToBoro qucra. floAo6na-fl 3aBrrcr4Mocrb raKxe I{Meer Mecro
B Cnyqae uepexoAoB

4p5 4dN i 4 pa 4,4N -z 4f --> 4 pB 4dN -r (ls3)

B trOrrax JraHTaHor.rAoB IIpu pa3nr.rrrHoM qucJre 3Jrer(Tpo]ioB. Pesynrrarrr usue-
HeHEq cpe4uefi 3r{eprEr{ rr Arlcnepcuu srlrx nepexoAoB paclonararorct o(o-
no r.rHofi rrwHu:a, cocraBJrrlouleft MeHburr,{il yron c ocbto Ao};, To ecrb Anfl
Hrrx xapaKTepno 6oree 3HaqareJrbHoe cyxeHr{e crreKTpa II3JryIIeHE , qeM Art
nepexoAoB npr{ 3arroJrHeHr{u BaKarrcrrr{ B ,t-o6o4osKe.

7. CNEKTP OOTOBO3EYXAEHI,I' II OOTO9JIEKTPOHHbIN
CNEKTP

Cnerrp rf orouornorqeHl{fl aroMa npeAcraBJrter co6ofi 3aBl4cnMocrb ceqenllfi
tporouornor{eul4q or AntrHbI BoJrHbI [3ryqenr.u. 3a noporou I{oEu3aIInu Har{-
NreHee cBfl3aHrrofi c aroMoM o60no.rr[ Bo3MoxHa rax $oronoHlr3arlu{ aro-
rvra, TaK r{ ero 0oTonoa6yx4euIre. Pacnpe4eJleHue clrJr ocr(uJrJrtTopoB AJrt
lepexo.4oB I{3 BrryrpeHr{efi o6o:ro.rru, KaK npaBI,IJIo, IrMeerMaKcLIMyM B Hetrpe-
pbrBHoM ctrexTpe, TaK KaK BoJrHoBbre tPyHrIInu 3ne(TponoB BHyrlrerrlrux
r{ Br{eurr{Ex o6onoser Mano ilepe(pbrBarorc{ MexAy co6ofi. OAsaxo eilu
BO3MOXT{O nOe6yXgenNe Brryrpll Tofo x(e cJrof, 6e3 u3MeHeHrIt UIaBHOTO
KBaHTOBOIO qllcra SreKTpoHa, a BoJrI{oBat Qymuux roa6yx4ennoro sJIeK-

TpoHa flBJrfrercfl. Konna[cuposaeuefi (;roxann:onarmofi so nnyrperxefi o6-
JracTr{ aroMa), to xanan tforono:6yx4elrl{fl Mo)I(eT CTaTb OCHOBHbIM U sa6nrO-
Aarorcr raK Ha3brBaeMbre ruraHTcKrre MaKcI{MyMbr tfOrOUOrnorqenut ll23l,
cooTBeTcTByroql{e AIrcKpeTHbrM nepexoAaM

nl4t+2n(/+ l)il+ nl4t+tn(/+ l;w*t (1)

flocr.o;nxy ceqelrl{e rloHlr3auul{ I43MeHtercs MoliorolillbrM o6pa3oM, To B

cnyqae cra6ofi unrep$epeuqrll{ MexAy KaHaJTaMLI c[eKTp Qoronos6yxAeunf,
N{oxHo BblAeJrlrrb tr3 cneKTpa $oronornoulenraa.

B o6rrqnrrx ycJroBl,Lflx aroMbrl{axoAfl'rafl.B ocI{oBHoM cocro.f,Irl{Ir, IIo3ToMy
rvroN{eHrbr crreKTpa $oronos6yx Eeld:vfl Bblpaxalorcfl qepe3 MarpfiqHbre 3re-
MeHTbr e$tperrunHoro oueparopa orHoc[TeJrbHo BoJrHoBrrx i[yrrqufi eroro
cocro-sHlr-fl (pasa. 7.1).

Cuerrp $orouonneaq[Ir tBJr.lerc.fl HerlpepbrBHbrM cuerTpovr u ero $opva,
oco6enno B6nrsu nopora, cyrqecrBeHHo 3aBrlcur ot csoftcte paAl'ranbHblx

BoJrHoBbrx $ynnuuft, nogToMy ero cpe,qlrue xapaKTepucrl4Ktr Moryr 6nrr
nafiAenu B rBrroM Blr.qe roJrbxo B BoAopoAouoAo6noIvr npu6;ruxenuu. C
npyrofi croponbr, c[eKTp tporoenerrpoHoB, BbrJreraroulux r{3 aroMa npu Bo3-

4eftcrnura Ha Hero MoHoxpoMarnqecxuM nyqKoM ynrrpa$uoleroBbrx I{JII{

perrrreuoBcKux ;rylefi, rlMeer ALIcKperHyro crpyKTypy, tr MeroA cyMMI{poBa-

HU_f, nO npoMexyTorlHblM COCTOTHI{'M IIO3BOn.fleT HaXOAIITb CpeAIItre XapaK-

Tepr{cTr{KII TaKOIO CneKTpa, a TaKXe rpynu .nrnr,rft s HeN{ C OnpeAeIerrHbIM IIOJI'

EbrM MoMeHroM BaKaucuu (paz4. 7.2).
8. Ka;azija
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7.1. Cpe4nnfl eneprr{fl H Arcnepcnff cneKrpa Soronos6yxAeH}rq

Cpe4lax 3ueprqr cneKTpa $oroao:6yx Aenvs, aroMa r,r3 ypoBrrr y rour[urypa-
arau K B ypoBeub y' xoirQurypar\nv K' onpe.{eJrrerc{

r ta"' t' I H I K', t',) - (Ky 
1 H I K f)) fi/", (K.+K', |',)

E*(Ky - *'r:
't'

(2)

Bonnonrre rfyurqnu lrtr) u I K'"() rrcrronb3yrorcr B rrpoMexyrovnori cnr-
sR. Ecrn T - ocHoBuofi yponenr aroMa, AJrr Koroporo cBr3b 6lu:xa x qrlc-
tofi cn.a3u, ro lK1) xopouo arrpoxctrMupyercr rfytr qrefi qrcrofi cB_s3rrr.
B xragparnrre cro6ru 3aKJrroqeHa sHepru.rr ro:6yxgenx fl, flBrfltawafl,cg
nonoxurenbxofi serusuHofi. Bepoaruocrb Soronoa6yx4eHfrfl W", (I(f->
--->K'T') B Ar{rroJrbHou npu6luxeuuu B $opve ,,ArHHbr" Bblpaxaercr qepe3
KBaApar MoAyirr MarprrHoro gJreMerrra 4unoxbrroro oneparopa [23]:

7l/,,(Ky-->K'\):+ zc2ro!Jf-rS((y, K'T,), (3)

rAe o - {acrora nornotqaeMoro Sorona, paBnafl. E(K'y')-E (Ky); S(K1'
K'l') - ca,ra Jrwr,:art; J - xyaaroBoe qr{cJro noJrHoro MoMeHTa HarrarbHoro
coaro.flHaq. Buecro cpe4neft 3Heprulr y.Eo6nee ucrroJrb3oBarb ee c/qBur

8E""(Ky -K'):8",(Ky-K') -lE(K')-t(ff)1. (4)

. Eclu n (2) nepoxrnocru nos6yxAeHlrr 3aMeHrirrb Ha Beporrflocrb r{3jry-
.IeHE u lrarpr,rrnrre 3JreMerrrbr B KBaAparHbrx cro6xax rroMeHjrrb MesraMr{,
TO noryquM cpe.qilorc sHeprruo cneKTpa E3nyqeHr.r.s upE [epexoAax c o.4HoFo
cereKTuBr{o 3aceJreruoro ypoBrrr 1 rou$urypaqr.ru ,I( ua Bce ypoBH[ ronQury-
paguu K'.

flpe4uo.noxr{M, rrro gHeprufl aos6yxgenuf, cyxlecrBengo 6o;nrue rurlpr4-
Hbr crrerrpa ypornefi ouepruu ron$nrypaquu K'

E (K'T')-"E'(fy))A E(K') sax mo6oro "(',

u sHeprllrc [epexoAa MoxHo 3aMeHr.rrb neroropofi cpe4refi sueprueii (oHa,
TaKxe xaK rr paAuanrnnfi r.rHTerpan [epexoAa, roroprrfr 6y.{eM cqr4rarb ne
3aBrrctrrltrM oT TepMa, coKpaulaercr npu /qeJreHrrr,r BeporTHocTr{ Ha cyMMap-
Hyro Bepo.trTHocrr no:6yx4env.fl. cnerrpa). Tor,4a c.qBr.rr cpe,qireil sneprrau
ctrerTpa, coorBercrByrorqero nepexo.qaM Me)KAy xonSurypauuxvru

K: Kol{'u" --> K' = Kol{,-r 1y"+t (6)

Bbrpaxaercr qepe3 Marpr{qrrbre sJreMeuTbr gnyx e{b$eKrr{BHbrx orreparopoB

I E"" (Ky - K'): (KtlDH",DtlXt>
- E(K',).(rrl oor lKt>

3Aecr D - oneparop .ul{nonbxoro 3ne(rpuqecKoro uepexoAa, Hu, - ra-
MprJrbToHrraH aroMa r ronsurypaguu K" Aefrcreyuqr{e Ha SJreKTpoHbr r(oHK-

(5)

{7)

Free Hand

Free Hand
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perrrbrx o6ono.rer. onu ucuonr3yrorcr B npeAcraBneHr{I,I BTopuqHoro KBaH-
TOBaI{n.f,, oAHar(o B sTOM CJryqae ne rpe6yercfl r,rx yHuTapHoft HenpuBoAuMoc-
'rr4.

Ecru ycronue (5) He BbrrroJrurercr, To e$rlerruonue oleparopbr uoJry-
tlarorc{ 6onee cnoxHbrMrr r{ 3aBrrcrqrrMrr or Qopurr oneiraropa, EarrpxMep,
n $opvre ,,grl,IHbr'o r.IMeeM

gE""(Ky -K,): 
(Kx't Dutnx'Dt.-n612ryt',2] I h>--E(K,). (8)(KyIDHroI-n(xi D D'f I Ky> "\''

3S$exrururrfi oneparop O{':71pt 6gn npr.rnegea t (4.26), aD:}t*,fr
IIoJryqaeTcJ{ r,r3 cooTBeTcTByroulef o onepaTopa Arr. v3rysaTeJrbHbrx trepexo-
aoa (5.147) ryreM sa*ren lr<-+1, u l/r*nfr. B upaxrulecKtr BaxHoM
cryr{ae noa6yx,4enu{ aroMa rr3 ocHoBuoro cocrotHnr, ortrchlBaeMoro
'tncroii zs-cexsuo, a sneKTpoHa - r{3 3arroJrHemroft cy6rarenruoft o6onoq-
Krr Bo BHeruHroro orKpbrryro oSonovKy, cABrIr cpe4ueft gHeprnu cueKTpa Bbr-
pa)Kaercr cne,4yrorqefi t[opvrylofi [102]:

8 8,,(llt'+z1{'TzLzSzJ --> llt'+t ly,+\:
: 4,H+ f eo(l|'"r, Lzsz)gk(lz, t,)+rfr!o, x&flzt Z- lYa

2tl

*I I/' h

*--, ilr lz

' 41"*2
- ura2- *,

.!!'frH##-[+D(k, r)-

x ( - l)u 9k (lL, lz)+

, A(yaLzS"J)
t-

+ l)+/, (1,+t)-2

3gecr rne4eHrr o6ogna.reuur

gv($"YrLrSr):

: -t, <rY" r rtrS, I (u(o) . u@) | $" yrLrs 2)

lvu Ql, *r,s,) - ffifrr g,, r,1 +

I r { f :, i }' e"r,n,v,z,s,)r

kl
tl
sfil

2 (21\+r) (2t2+t) ll"
A(yzLzS"J) | lr(lr+ l)+/, (/r-
4(4t,+2-N) L-2TGTD Cr,+(4tr+ t -r,fr) 6,]. (e)

N2(412+2- N2)
(41,+2) (41,*l) '

(10)

A (y, L 
" 
S rJ) : ( - l)t,+ s,a 1, 

rct 2Q z + l) (21, + l))t x
IL" S" JI

" ' \ '.ly"TrL2szllY(Jtt lll{'yrLrs}. (11)^ls, L2 ll'
Berurqrcra gr npu qernoM k npe4crannqer co6oft roerf$z4ren't fi rrpu un-
TerpaJre gk (tL4.7) B MarptrrruoM oJreMeHTe oleparopa 3JrerTpocrarr{qec-

Free Hand

Free Hand
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K_orO B3arrMoAeficTBr.r-fl c r{cKrroqeHHofi cpe.qrefi 3Hepr[efi BHyTptr o6onoqrll
I{", a A(yrLrSrJ) [ponopquor{anex MarptrtrHoMy sJreMeHTy oneparopa
cnrn-op6uraJrbnoro nsaravogeficrnr.rx.

Kog06uquenr gk paBelr 0 npz Nr:1 r.nu 4lr+1. B nocneAueM cnyqae
rrc{e3aer I{ He 3aBrrctqnfi or repMa rureu cABr,rra. Taxnvr o6pa3oM, cABr4r,
o6ycnonnennrrfi snexrpocrarrgecKr{M B3auMoAeficrsueM Mex,qy 3neKTpo-
HaMr4, oTcyTcTByeT ToJrbKO Anr nepexoAoB

llt1+z1lr,+r --> Iart,+l lltz+2. e2)
C4nIar z3-3a crrl{H-op6r,rranrnoro B3anMoAeitcrrius paBeH HyJr}o, ecJrn Nr:0
utru Nr:2lra1.

Marpuurrre gJreMexThr oleparopoB orHocr.rreJrluo @yHxunfi ocHoBHoro
TepMa uMeror npocrhre anre6par.rvecrr{e Bbrpaxeuax f631, Koropbre Moryr
6rrru ucnolb3oBaHbr n (10), (11). Haupullep, ros$$urlr{eHr A(y2LrS2J)
npHHr,rMaeT BtrA

21"+ l.
ui>2,t,+t. (13)

Bropofi MoMeHT c[exrpa Sororo:6yxAeHr{r - ero Aucuepcur - onpe-
.qeJr{ercr cJre4yroulriM o6parov:

,*"(X^f - K'):

Z v*' r' : H i K' y' ) - (Ky I H i Ky) - E"* (Ky - x' y1, w* (Ky -> K' y')
v' (r4)

\ w",(Ky-K'r')
\,

flpu nunonr{eHrrr{ ycJroB}t{ (5) 4r.rcnepcrrr crreKrpa Soroaoa6yxAenrrr,
cooTBeTcTByloqero [epexoAaM (6), nr,rpaxaeTc{ rrepe3 MaTpr{qHbre 3JreMeHrbr
e1p(ferrunnrrx oneparopon n Qoprvre Bropr{rrnoro KBaHToBaHr,rs:

-2 ! v^, y7,1- (K"1 | D H* Ht Dr -2f- (K\) DHr' Dt + E (K\)' D Df ) K^Duer\r\ l -A,r- -

- E"*(Ky - K')r. (15)

Asaas. rpopuyla,qnr Ancrepclrrr cnexrpa fipn NL: lr*l u ocroee Ko,
co,qepxalqeM ToJrbKo 3anoJrHeHubre o6onoqxu, npr{BeAeHa n 11241.

Ha puc. 7.1 raso6paxeHbr creKTprr $oroaoa6yxAeHr4r uz 4d1o-o6ororiKr{
n 4/fl-o6onorrry Ars Gd ll Dy, a raKxe r{x annpoKcr{Mar\L1Lr, nonyqeHHbre. r4c-
noJrb3yt trepBbre ABa MoMeHTa CneKTpa.

Ecnz Soronos6yxgenue npoucxo.qr{T r{3 BHyrpeHHefi o6o.noqru c l1*0,
To cneKTp pactrlerrJurercr cnuu-op6r4TaJrbHbrM B:aunogeficrBr{eM Ha ABe rpyn-
ugt nusufi unr4 npll 6onrruofi rrrnpl{He nusnfr. - Ha ABa MaxctrMyMa. Pa:genax
o6o.noury c BHyrper{Hefi narancraefi lart,+rtr r{a ABe noAo6onoqxv j'ri, u it2i:+r
lI npoBoA{ cyMMr4poBar{r{e Ito KBaHToBbTM qrrcJraM KoHeqHbrx cocroxnufi,
3a I{cKJrroqeHEeM jrl (roropoe cquraercr xopour{M KBaHToBbTM vucnov),

I u]-(2lr+ l) Nr- 2 npu I (ff, <A(y"L"S,J):i _<r, _24*t)(4t2+2 _ N,) rpu

Free Hand

Free Hand
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140 
a 

160 ,, 38 6,5 7,0 7,5 8,0 
6 

8,5 9,0 ]., HM

Puc. T.l. Srcnepuuenranbrrlre cler(Tprr $oronornoqerrrlr (cnJromnrre arurra), coorBer=-
crByrorrlr4e nepeiogarnr 4d+4f, ArItr Gd (nrerann) U25l (a) n arrr Dy (cno6o.ryrre arorror)
t1261 (6), a raKxe r{x anrporcrrMaqr{fi rayccoBoft orn6aroqeft (mrpnxonax). Orr'r6aroqax
floJrynena, lrcnons3yq reopernrrecK]re 3Haqenr4{ gna cpe4nei grreprtrrl ll nucrrepcru ctrer-
rpa (forouo:6yxAeHll.t, paccqrrauurre c BorrlroBr'IMrr $ynruuxrvm Xaprpz-(Doxa ?I. Ipy'
JI3trHcKacoM. c - roe(bibqqaenr $oronornoueHut

Mox(Iro cpeAHr{e xapaKreplrcTl{Kl{ 3TI{X fpynrl nilHvit BbIpa3I{TE qepe3 MaTpIIq-
rrbre 3JreMer{Tbr 3aBr{c.rruero or jt ss$exruoHoro oneparopa.

flpu rrruo.rHeur{rr ycnoBlltr (5) nepoxrnocrb Bo36y)K.qeHlrs B rpyuny ypo-
BHefi c MoMer{ToM /1 orr{ocl{TeJrbl{o noJIHofi nepoxrnocra Bo36yx,4eEms, rurrl
rcoo@$nquenr BerBJreuru, corJlacHo (4.79) u (6.26), noryqaerct paBI{brM

- W",(llt,+2ly,yrL252J2+l|t,tstj.ty,+t)R(7,):_n;;@;aiyffi:
21,+1 ,1: 4l#;-fr; d1,2 1, (l1t'+2 t{' y 2 L 2 s 2 J 2 I D"t (i') I ltt'*' U' nL'z ^s2 

J2)' ( t 6)

r.qe oooeKrr{BTrbrfi oneparop D"!(jt) (4.85) nrrpaxaerc-r rlepe3 MarprlllHbrfi
3neMeHT Orreparopa yti tmoneparopa o.(HosneKTpoHIrOrO cuun-op6r'rralr-
HOIO B3arrMOAefiCTBU.f,. [IpXirarrU CyMMIrpoBaHI,IeM SKBrrBaJreHTHafl $Opr"ryla
6ura nafi.qeYa v ll27l.

flpu $oronoe6yx.4euuu aroMa rI3 ocl{oBHoro cocrotl{I{fl lrLrS"J, vrar
pu.rusrfi 3JreMeHT oneparopa D"r (jt) Bbrpaxaercs qepe3 Marpr.I'rulrf grer4eul
oneparopa U(1), lrueroulr.rl:t .reHoe BbrpaxeHtre, u xoe$$uuaeHT BerBJIeHIrt
flpr{rruMaeT BraA

R(rJ=, ?#r+(- 1)"*"-' 
"i=

xQ-tL(L+t)-tz\z+ r)) tAfa+ \-f,(L,+t1-5,(5,+ t)]. (17)

flepnufi rIJreIr B upanoft qacrll npeAcraBJlrer co6ofi.crarucrl4qecxoe 3Ha-
qenr{e, a rropofi gJreH - or(JrorreHl{e or Hero, Koropoe yBerl{qlzBaercfl c
pocroM cur.ru-op6uraJrbuoro eeazuo4eficrBl{s B o6ono'Ire /f' r uavanrrrofi

sign (2/"* I - Nz)

4 (211+ l) /' (/r + l),3,

Free Hand

Free Hand
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xox$urypaquu. CreAoBarerbHo, Ko3OOriuneHT BerBJreHr{r npn nourouleHrrH
peHTreHoBcKnx lyuefi Moxer cJryxr,rrb ir,repofr crrr4H-op6r4TaJrbHoro B3ar{t\{o-
AeirarBnfl B BaJrerrrnofi o6onovxe [27].

B rarov xe nplr6nr.rxeHr,ru r(o30{r{qr{eHT BerBJrerrrrr Anr npouecca uorirr-
3AIIIII{

l1t'+2 lY " 
:( 

zL r S, i r -- llt'+ | j r$, e I (18)
paBeH cTaTl{cTuqecKoMy 3HaqeHr{Io - 3To ,qoKa3brBaeTcs rlprMbrM cyruNlr{-
poBal{r4eM KBa.{paTa MoAyJr.[ MaTpr{qHoro 3JreN4eHTa onepaTopa uepexoAa.

Ananornqno roe$$r,rquenry BerBxer{ut R (,lJ MoxHo Bbrpa3r4Tb H cpeA-
Hrolo sHepr[ro l,Inr.r Ar{c[epc[rc rpylnbr tuuuir r]rorono:6yxAelil'Zlfl c orrpeAe-
JIeHHbIM TBaHTOBbIM rrI{CJTOM jr, O4naXO 3Tr4 XapaKTepItCTItXII Ipr'{HI{MaiOT
6oree caoxulrfi olp.

7.2. QorosreKrpoHHbrfi crreKrp il rpynnH .nunnfi B HeM

3ueprernuecxHii cuexrp $orosnerrpoHoB, BbrJreraroqr{x noA Bo3,qer"{crBlreM
KOpOTKOBOIHOBOTO [3nyqeHut OnpeAeneHHofi .racToTbr o r.r3 aToMotr], Haxo-
Atru}lxcf, B ccHoBHoM cocTo{Hr{n, xapaKTeprr3yeT ypoBHr{ 3Heprur{ r{oHa c
naxancnerl, [ocKoJrbxy, couracuo 3ar(oHy coxpaHerrufl 3Heprtrr{, qacrora c0,

3IIepruI{ $oroalerrpoHa e, HaqarbHoro cocrorHu-f, aroMa E (Ky) rl uoua
E (K'y') cBr3aHbr coorHo[renr4eM

s: (o - IE (K' "r') - E (K"0] . ( 1e)

Pacnpe;leneHue @oros-rrexTpoHoB 3aBncvr or rloJrspHoro yrJra orHoctr-
TeJrbHo HanpaBneHur nytrra {oronon, oAHaKo rrpu perucrpaqr{K troroKa
SJrexTpoHoB noA TaK Ha3brBaeMbtM MarlqecxuM yrJroM 3aBvalwafl oT yrJra
uacrr gn$$epexrrrranbHoro ce{eHr{s rircqe3aer u ceqeHrre c roqnocrbro Ao
uocroxnuofi craHoBr.rrcr paBHbrM nonHoMy ceqenr.rro [23]. Pasuocrr <o * e

paBna 3Heprur{ cBr3rr 3te(Tpoua }rJut gHeprnu aos6yxgeune arol\ra.
KoHrperusupys. Ans. paccMarptrBaeMoro nporlecca o6rque oflpeAeJreHr,rt

cpe4nefi oHeprux (2.55) u Ar{crepcur (2.60), uMeeM:

E"(Kt-K'):E(Ky)r<,r-
f r,"' ^r' I E I K' r) wy, (K'y + K' 1')
t' , (20)

ll p, (Ky --> K' y')

ol,1xy - x'1:

f, t. - <r' r' j H I K' r) + (Kt I H I Kt) - E n (Kt - K' )rt Ir t- (Ky + K' 7' )

: 't' _ /ar\
W6,(K7 + f,'y')

rAe Wr"^ (I$y->K'T') - BepoflTHocrb QorouoHusaq[r{ aroMa c o6paeo-
BaHEeM f,oua B cocror^nrtr K"{'

r
t jt'

t
t'

r
I'

W,or(Ky --> K' T'): Wr,,(Kl -* K'T' eljl'). (22)

Free Hand
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3Aecl e - gHeprur $oro:lerrp ona, I I,r jt - ero (BaHToBbre qvlQIra, a J' -
noJrr{brit MoMeHT Bcafi c{creMbl. Pa3Hocrr a-E(Ky-K') r{Meer cMbrcJI
ycpe.qHeHHoft sueprun cBt3lr. B 4ranonraolr nprn6nzxeEul{, KoTopoe 6yAer
rrcrr o Jrb3 o B arbcfi B Aa.nrneilurenl, Bepotruocrr $orouon nzalryw l23l

r
tjJ"

(Kl J ll atrt,' K'T' J' el jJ')z, (23)

r,qe c,) - qacToTa r.roHr.r3npyrcqero [3nyqeHus.
CoAepxaqatc.s B 3HaMeHareJIe (20), (21) rroJlHa-fl BepotrHocrb I{JII{ noJr-

Har r{rrreucr{BHocrb crreKTpa, corJracHo (1.12), (6.30), He 3aBI'Icr{T or rl{na
cBr3r{ B xouequofr ron$urypaunuuona u Aaxe He l{3MeHferct rrprl yqere ee

cMerrr{Baur4x c routflrypalll{rlMl{, Ha Koropble HeBo3Mox(Hbr o,4IroSJreKTpoH-

Hbre .qr{rronbr{bre nepexoAbl I{3 Apyrux o6onoqer< aToMa (e o6parnorur cnyqae
ilpoacxoAlrJlo 6lr nepepactrpeAeJleHlae I{HTeHcuBHocrI{ MexAy pa3nxqHblMu
cneXrpavru). 3ru CsoficrBa aIIBapI{aIITHocTtI yxe rre BbIIIoJIHtIOTcfl EJIx, cyMM,

co.{epxauruxcr B ql{cJll{renxx (20), (21),u reM caMbIM Arq cpeAHefi gneprllu

EJrrr Arrcnepculr c[eKTpa - oHI{ coorBercrByror npoMexyrorlHofi cBfl3rl B

o4uoxousurypaquolrHoM upu6nuNenuu.
IIpu paccuorper{ur4 cpe,4Hr{x xapaKTepr{crur (porosnexTpoH}rof o crrexTpa

yAo6no, KaK sro BbrflcHrrrcr o 4ansueftrneM, rlcrroJrb3oBarb yHr{TapHo-Helrp[-
goAurrrrfi raMlrJrbroHrray :)(, no3ToMy c.4Brlr cpeAHeft eneprura

8 E", (Kv - K') : E a (K y - K') - ts (,Kv) - E (i<'; + co1, (24)

a TaKXe AIIcuepCEIO (21) ywpasuM qepe3 MaTpLIIII{bI9 SJIeMeHTbI STOro orre-

paropa:
sl
Z <l<' t' i i(. ' K' y' t l{/ t,n(Ky + K' y')

E E,r(K^( - K')-t\ t: t

2 r,",(Ky*K't')
't'

f a"' \' l')( i K'v')z r[/io,(Kv + K'v')

a\t(Ky - K):J
Iluo(KT - K'\')

-8E, (Kl-K')'. (26)

Eclr pagllaJrbHbre BoJIHoBbIe QynrUun 3neKTpoIIoB I{oHa E t[oroelegpo-
Ha MOXITO CqUTaTr He 3aBtrCtrrFMI{ OT TepMa' TO CyMMlrponaulre tro y'
BbrnoJrrryreTcf rryTeM BBeAeHILfl e$(|errurnrrx oflepaTopoB B trpeAcTaBJIeHtrII

BTOpUqI{OIO KBaHTOBaITI{'

W ro,,(Ky J --> K' \' J'): =!'=? '-3 (2J+t)

8E",(Ky -K'): -:ft{ffi#,
olt (K y - *,', : :g)94*,'k+&- I E", (Kr - K'),.

r

(2s)

(27)

{28)

Free Hand

Free Hand
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HaxoxSenne 3$OexrnBHbrx oleparopoB (D']t ... TI1I cyrlecrBerrgo y[po-
lUaeTCt TeM O6CTO{TeJrbCTBOM, qTO OlrepaTopbr pox(AeHu.rr u yHr{rrToxeHufl
tloroo;rexrponon (o6oeHaquM trx bt, b) coaepxarcr roJrbKo B oneparopax
(D, (Dr, Ho orcyrcrBylor B raMr{Jrbroltuatte 4. CnegoaarenbHo, qasrb 30-
Ser<runuoro oreparopa q1( ...lKDr, 4eficrnyroruaJ{ B sroM rpocrpaHcrBe,
TaKXe xaK h CD.DI, I'MeeT BI,IA

b"b\(- lX (4), i d[rtleln)(eleldt-ollrp), (2e)

[Ae nJr - o6oro.rra, r,I3 xoropofi yAarxercx 3JreKTpoH (xnaHronoe q[cJro
nt y (29) onyrueHo). n, g, \, p o6o3Hayarcr na6opu npoerqufi mV (p= mo4o).
Ilepecrarrav oneparopbr b^bl cortacnol(2.24)rr otrycrrrM turen - b!nb^, no-
cKonbKy e$@exrunuHfi oueparop gefrcrnyer Ha BoJrHoByro Qy.trrqllro Haqarb-
HOrO eOCTOrHr4r, B KOTOpOM OTCyTCTByeT QOrOenexrpOH. fIOACTaBirtq B
(29) $opuyny Ailfl oAHoeJreKrpoHHoro MarpurrHoro gJreMeHTa oueparopa
Eepexo.{a E BbrIoJrHrr cyMMr.rpoBa}rrre rro 7r, g; 4, H?xoEHM, qro (29) ernn-
BaireHTHo cKarrpHoMy onepaTopy

D (i,, p) llr]-' d7,, a. (30)

C.'regonaremno, e$SexmsHrifi oneparop MoxHo npeAcraBl{Tb B BtrAe

'D')(....:](.q+iry): al^')( . .. ?f ao8 (I, p) UJ-t d?,, al Ky) :

r

r
t\p

: [/r]-' Z a?,, 
"t \ al'](. . . .:]( a^iry),

.t).
rae el , d - oneparopu, 4eftcreytorulle Ha

Ecnrr rtexgy oneparopaMs cD v cDl ve

at.ai.: N, (32)

Kol1,-,. .-D.Dr lKo/iv'y) :-z#t d7, 
"r,

(3 3)

qro cooTBercrByer BbrpaxeHlrlo (4.26) npu paBHoM HyJrIo trepBoM qneHe.

Ilpe4noroxr.rM, qro eQ$errlmuufi oneparop r(....'){.,co.4epxaurrficfl B

(31) r'aexay a't Lt a, upeo6pasorau K HopMaJrbHoMy BI{Ay E pa3JloxeH B ptA
rlo /-3JreKTpOHHr'rM O[eparopaM. TorAa cyMMa uo tr naxoAllrc.fl lrpfi troMorqu
coorHorrreHr{r (4.12) u paBHa Nr-p, r4e p - rronnrrfi racrr'runufi panr
')(. . . . )t B npocrpaHc'rue nrlr-o6o.[oqxl4 (vr.rclo nap ar a, coAepxauruxc{ B

orux oneparopax). 9acrraqnrrfi parr oneparopa sneKTpocrar[rlecroro B3au-

vo4eiicreur BHyrpr{ /{v'-o6onovx[ paBeH ABytw' ctrr{H-op6rralnuoro B3au-

rvtoAeficrs14q BrryTpI{ roft xe o6onoUXr, a TaKXe 3neKTpOCTaTI{rIeCKOrO B3au-

lao4eficrnr,rx n1exgy /fl' u ,,naccr4BHofi'o o6ono'rxofi - eAnHtrue' a B3aI'IMo-

.qeiicTBlr-fi R Apyr[x oTKpbITbIx o6olo.rrax * HyJIIo. flOcronrry uc[OJlb3yeTct

(3 l)

o6onony zrl..
r{Meercr o[eparopoB ?1, rorAa

t
i.

\iL
I

Free Hand
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raMrrJrbToHr.raH c rrcKJrroqeHHofi cpeAHefi 3l{eprnefi, To oqeBu.4ro, qTo B3aI1IMo-

AeficrBur, gHepru.s Koropbrx He 3aBl{cur or repMa, BKJraAa B MarpnrrHhlfi
gJreMeHT er|$errunnoro onepaTopa He .qaroT. Ha ocnosanrrrr 3Toro E c yqe-
Tovr (4.12) HaxoAr{M

8E",(Kolfl'y-Ko/1v,-r1: - I 
Nl. p (Kst{,ylTtelKot{,y)y,, (34)''tiN'\

rile -)(.p - ynr,rrapHo-Henpr,rBogr.rurrfi oueparop, qacrnrHnrfi paur Koroporo
B [oA[pocrpaucrBe nrlr-o6ono.rKlr paBerr p. IJuxuait nHAeKc y MarpuqHoro
SJreMeHTa yKa3brBaeT, qTo npn ero pacqeTe trcrroJrb3)floTcflpa4l,.a[bEBre BoJr-
HoBbIe Synrqzu rosesnoil ronrfnrypaquu K' = Ko{,-t.

Taruu o6pasov, .quclepcur SoroelerrpoHnoro ctreKTpa Bbrpaxaercrr
qepe3 Marpr.rrrubre gJreMeHTbr p-qacrr.rqnbrx oleparopoB ,il.lr B noprnralrnofi
$oprue, Ha Koropr,re pa3Jraraercfl erfSexrunnuft oueparop

H"f : 7l x, 1(. K, :

4r(Ky - K"): I # (KoIf,y 1 )(.grl r{otl.'y) a, -
p

-8E", (Ky-K')r.
Panr p 3Aecb Moxer npr.rnr{Marb 3Haqeur.r-fl or 0 (o6a otreparopa 9[3, 4eficr-
Byror Ha ,,raccr{Bnbre" orxprrrrre o6ono.mu) rc 4 (o6a AB)D(gneKTpoHHbrx
oneparopa 4eficrnyror BHyrpr{ /r-o6onourz).

'B ocnosHoN{ cocroqHr{r{ aroNr o6lrsuo coAepxr,rr oAHy orKpbrryro o6o-
rotrKy. flpe4nonoxrrM, qro r.roHrr3trpyerc.fl r{MeHHo sra o6o.noqra. Tor.qa
H"f coctonr u3 Tpex qJreHoB, coorBercrBjrlorr\nx BKJTaAaM or gJreKTpocra-
Tr,rqecKoro u cnr.ru-op6lrraJlbHoro n:auuogeficrnui nnyrprr paccMarpr{Bae-
uofi o6onoqKr.r, a rar(xe uurep$epenqrroHHoMy qreHy. Onu naxoAsrc.rr Me-
To,4oM cyMMr{poBaHvs no npoMexyrorrHbrM MoMeHralt (pae.q. 4.1)

7(lr, (3 s)

(36)

r

; { 
r,.Vo.,(u\k). uy))(u&). urk'))+

4: : + tLQ,+t)(2t,+r)q 
t 

6 f 1,1,,0r.olrror;-

H"!:

+ 6[k]

T
LJ
ft>0

1-t
T ot{i o;, 

i' },e,(ruf")x 
u\k)I&''ufkt)+

(37)

Free Hand

Free Hand
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-T';{i 
"i,

1 1 x \y{x'otr12 t12 t12 I

(Nl+2S1+2)S'1

-:

(N1-2'SJ (S1+1)

, (38)

(401

(41)

t,n
Htt "o: ZourUr, tr)(,,(tr7lr+ t)(2t1+ tD+ 

{ 
-nr, "

* 
,L @!kt ' vrl>1,f;'o)+ ova 

4 ^ {i, :, ; } ,_I 
tol,D xalro)1{rror -

(nr,- 1) (Nr2) 3-AHffiJ'i it v<"ot (3e)

3g""" (l**o) - oneparop (2.10). Bce eArann.rHbre reH3opbr 4eficrnyror ria o6o-
rotlKy /i"" IIo3ToMy IIK {I{cJro B coorBercrBy}oueM rIr-IeHe paBHo ero qacrEq-
HOIvry paHry p. Paguaru_nrre rrrrrerpanbr paeaLrr4TbrBArOTC{ C nonnonrn"ru (pynx-
rruflMrr roneqHofi ron$rrypaqura.

B oAnoron$raryparlnonnou, 
- -upra6n v>K''Lrt4 Soroelerrpounrrft cneKTp

nneurnefi orrprrrofi o6onoqr<ra /iv, r,nueer sll,q oaHbfi rpynnr,i rru:eiwit o6rrqnb
TOJTbKO Arrr sneMeHTOB HaqaJra rpy[rrbr; no Mepe npra6nraxeuzt rrr4cra 3reK-
TpoHoB s o6oroqre r 211-l I cnerrp paclllplp{ercfl vr B FreM or.qeJrflrorcfl or
ocnosHofi rpynrlbr n'Wilvut nepexoAoB Ha cocrorHr{.fi ocHoBHOrO TepMa rroHa.
IIpu Nr>zlL+ I 4nx cnerrpa xapaKreprrrr ylKe .4Be rpynrbr nnrini, coor-
BCTCTBYIOuIEC ABYM BO3MOX(IIbIM N IS.CS{:U 3HAqEHI{'M CNI{HA UOrrA ,S1

Iy' ;{rLririr--> I{,-t yrL1s, : S, + I I 2 e.

3na{eHhe Sr:Sr+ } ,uop.rq."o rpu l/r<2/r+1.
B cny'rae z,s-cBr3tr cyMMapHafl, LllTencvrBrrocrb turt:aitnepexoAoB Ha o[pe-

geleunrrfi TepM r,roHa floryqaercf nyreM cyMMrrpoBaHr{r KBaApara Bbrpaxe-
uux (fI.6.6) rrpfMo nponopq[onanrnoft KBaApary reuearorr{rrecroro roa$,
Suqneura, cB-fi3brBaroulero cocro.aHus o6ono.rKrr B aroMe r{ I{oHe

t41-' f (/fl'yrir&4Jlarrr,, t{,-tT,LrslJretiJ)z:
,JIJ

:Nr [/J-1 z a7,.",(t{'-'^hLrSl( ll/f il4SJr.
I

.{anee cyMMr,rpy{ gro Bbrpa)Kerrue rro ^(tLtv r{cnoJlb3y{ coorrrourerrr{e $ilfl
feHearofl{qecrux ros$$uutrer{ToB (4.54), Haxo.4r{M, qro orHocr{TeJrBrraf, mr-
Telrcr,rBHocrr rpynn rnuufi c.Sr: j, + j uoopo*cr{Mr,rpyerclr cne.4yroqefi ([op-
uyroft:

/", ({'i.i1,i. ir- 4, - t 3,- t lz)

@
: 2(lr+l)(41i2-Nr) )t L1 zN zAr(Nr-2lrl)(4tr+4-N;' 2lr+ I 

'Nt <4lL+2'

I

I

(42)

Free Hand

Free Hand
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Corracno orof MoAenn, rrpyr Nt:2L+2 6onee ranrencr,rBHofi (n2lrpaz) m-
Irflercfl.rpyrirra rru:f.vit c ,Sr:Sr- l12, ano Mepe Bo3pacra]f'utfl. iy'rnporacxo4nr
[epepacnpeAeJreHue lrHTerrcrrBlrocrl{ B rroJr63y rpyurrbr c Sr:5r1ll2; npu
Nr:4lrl I oHa yxe n 3ltl(lr+ 1) pae r.nrueucr4BHee nepnofi rpynnbr. 3ra ren-
AeHrIt4t xapaKTepHa, HanprrMep, Af-cnexrpau JraHTaHorrAoB [128].

flplrregeuutre B pa3A. 4.2 $opuynbr Anfl cyMM reHeanorn.recrux roe(p-
$uqneuron oKa3brBarorcr HeAocraroqHbrMu Anr rraxoxAeHus cpeAuefi snep-
tuil v Ar,rcflepcprrr BbrrueyKa3aHHbrx rpynn Jflrnnfi.

Ecnr urraeer Mecro {oror,ronueaqr{t BuyrpeHnefi o6onoqKtr rrplr Harut{trn
sHeurirefi orrprrroft o6orouxu, ro (poroenerrpounrrfi crreKTp pacqerrJrrerc.f,
cur.nr-op6raraJrbHbrM ngaurro.qeficrBrreM Ha .qBe rpyrrtrbr luulaltc otrpeAeJleH-
HbrM 3r{aqeHr{eM rroJrHoro MoMeHTa naraucuu jr. Ornocurenrnat BepoflTnocrb
nos6yxgeuus raKofi rpynnbr nunr,rfi c[eKTpa HaxoAlrrcr np.flMbrM cyMMr.rpo-
BaHLreM lI paBHa cTaTr{cTHqecKoMy oTHorrreHrrlo:

(4,,*r4,yrJ ll D@ llFt,+t irl{,yiJi Q") elit';zT
\,Jitr' J" jl :2i'*l

4L+2 (43)
<4t,+2 ly,TrJ ll Do, y l+t'+t jrl{,yLJi e) elit,sz

flpu pacclrorpenr4r{ 3aBr{crrlero or j, c4nlrra cpegnefi gr{eprlrlr nruecro (29)
trcnoJrb3yercr onepaTop

f b,1.b'!io,,( - I )n (1, j, mr I dfi le I 
j m) (e I jm' I d!)o I I, j rm,),

irym'q . .

roroprrfi npeo6paayercr K craJrrpHorvry e$r[exu,rBHoMy oneparopy

8(mr, m')UJ-t d\,i,, 
"ri.

Taruvr o6pa3oM, Airfl paccMarprrBaeMbrx [epexo,qoB nMecM

(44\

(45)

cD qt . . .,)c qr 
I i(y) : t;J-' r d\,i,, 

",jtj

:Z a?,,,,,,, \ \ff 'u!r,
IiP

r4e p - qacruqnurfi panr q,JreHa ar$Qerrunnoro oreparopa. B (a6) yrrreno,
qro qucJro sJrexrporroB E3arroJrneHHofi noAo6oloqKe, r{3 xoropofi y4elflercfl.
3rre(rpon, paBuo 2j*1.

B rrrpaxenll.r Arrfi cABnra cpegneft srreprur{ si[rferrnanrrfi oneparop
paBen yrrtrTapHo-HetrpnBoAnMoMy raMxJrbrourraHy. BrnaA n ero uarpnrnrrfi
gJreMelrr BHocnr roJIbKo agauvroAeficrBr.re BHyrprr orKpbrrblx ,,uaccnBHbrx"
o6o.noser

r
jfi'|Ji I' J' jl

Z o'[,,,-,qt . . .?t at,t,^,1 ry) :

(46)

8 E",(Kol1t,+,\- Kol1t,*, j): E'(Kol+1'+zr, - E' 7Krt1t,+21. (47)

Free Hand

Free Hand
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IIIrpux y 3Heprrlt,l yxa3brBaer, rrro oHa paccqr.rrbrBa ercfl, c 3aMopoxeHHbrMrr
BoJrHoBbrMr{ $ynrqnrvn KoHeqHoft ron$urypaqllu. Cpegura sHeprn.f, rpytrrrrr
II{HHI{ paBHa

E 
" 
t (Ko ltt'+z y - Ko I 1t,+ 

t j r) : - n* 11 1t,+ 
| j ) + E (K o I lt'n, T) -

- E' (Kollt,+ry) + E' (Krl|,,*r^i - E TKot{'+r1a ^.
(48)

Tarr.rrnr o6pa:ovr, pa3Hocrb cpeAHr,rx eneprnfi cnrn-.4y6nerubrx rpytrtr tanait
paBua cnnn-op6r.maJrbHoMy pacuerrJreHr,rro sHeprrru o6ono.rxlr c naxauctrefi,
Ju,IIrrb ecJrrl,,naccr{Bublett o6o.noqrz tBJrrrorct 3arroJrHeHHbIMI{.

HaxoxAenue II,rcflepcuu r,r 6onee Bbrcoxux MoMeHToB TaKr.rx rpy[rr l:anuit
He [peAcraBJrter flpfiHrlr{rrr{aJrbHblx rpy4rocrefi, no rpe6yer Aocrarorruo
TpyAoeMKrD( npeo6paroraauft erpSerrr{BHoro oreparopa.

Ecln QoroenerrpoHbr BbrJreraror r43 BHyrpenHefi s-o6o.noqKrr nplr HaJru-
llr{rl Bnerunefi orrprnofi o6olo.lru, To BcJreAcrBr{e ncqe3HoBenr{fl crrr{H-op-
6tlra,rrHoro n:ar,rvro4eftcrBt4tr Nrtr J-3neKTpor{a crpyrTypa cneKTpa B ocHoB-
HoM onpeAeitflercs gJrenTpocraruqecxl,rM n:ar.rrvro4eficrBueM. flpu o4lrHaxo-
Bbrx rJIaBHbrx KBaHToBbrx qrrcJrax o6eux orKpbrrbrx o6onoqer< naxuefiruyro
ponb Lrrpaer o6raeuuoe gJler(TpocrarrrqecKoe nsauuogeficrBr{e, 3Heprr{t Ko-
TOpOTO A[IaroHaJIbI{a oTHocI{TeJrbHo Bcex MHoTo3JIeKTpOHHbIX KBaHTOBbTX
quceil r{ garvcnr roJrr,Ko or cnr,rrroBbtx MoMeHToB corJracuo (5.107). By4evr
CqI{TaTE' CII,IHOBbI9 KBaI{TOBbI9 rIIICna XOpOIIIIMII I1 COXpaHIIOuII,IMI.ICfl npH
nepexoAe

s" l* | LSi -- s/il1f,,S (Z,S) J e p jJ' (4e)

34ecn 6yr<naMr{ c rrrJrbAofi o6o:aa.reHbr KBaHToBbre qrrcJra ocuoBnoro ypoBru{
(DotosnekrpoHrrbre cleKTpbr raKoro rr{[a r{Meror BbrpaxeHHyro Ay6rernyro

crpyrrypy, HarrprrMep, 3s-cnexrprr aroMoB rpytrrrhr xeJre3a [129, 130] n 4s-,
5s-cnerrprr naHrar{otrAor [131, 1321. [ne rpyrflbr lttwuit coorBercrByror
AByM Bo3MoxHbrM 3naqeHu-sM pe3ynbrrrpyroulero crrurHa r{oua S: S !112.

Cy6rraarpuvnr,rft elelreRr Ar{rronbuoro oueparopa Anq [epexoAoB pac-
cMaTprrBaeMoro TI{ua EMeeT BbrpaxeHr{e

1srtNyLSillatrr,, stYy'LS'(LS)JepjJ')=, 
:

: s (ti^g, y' ts') ( - 111+s-t+i-L
1

[S,,,t,:7, i, J'11 *I

Vt

| 
0", 

",. ,l

BossoAf, ero B KBaApar rr cyMMr.rpyn no y' , L,'J, j,../i, u4xo4uu, uro xos$tfu.
qIteHT BerBJreHI{fl upu noe6yxgerrr{r{ uona B rpynrrbr ypoanefi c S: S t }
paaeH (upe4troJraraercr, vro gHeprnro nepexoAa Moxno 3aMeHtrTb cpeA-
nefi sueprzeir) U34, 571 .: .

t.,(s,lN iLSi-stN s:3+tlz) _ .i+t
ragztN iis"i-slNs:3-ttzl S i

..ts l L llttz i 1

^li s rlzllt' i r (50)

(sl)
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3ro gnaqenve cpaunrrenbHo xopomo coorBercrByer p*yJrb raraM pac
qera B npoMexyrorrHofi cBr3r,r 3s-cuerrpoa r{oHoB {pynrbr x(eJre3a [130] n
4s-, 5s-$oro3nerTpoHHbrx cneKTpoB r4oHoB pe,ryo3eMenbHbrx gJreMeHToB

[131], a rarxe or(cilepr4Mer{TaJrbHbrM AaHr{brM Ats. 4s- u s.s-cleKrpoB peAxo-
3eMeJlbHbrx sJreMeHToB B rlonHbrx coeAr{Heul{rx U32} Bcne4crnlre roro qro
rrrEpLIHa yponuefi c ss-BaKaHcuefi cocrauger oroJro 2-4 zB, a c 4J-BaKaHc[-
efi - .qaxe 5-7 sB, Jrvtnklvt B rpynnax rrepexpbrBarorc.r u o6pasyrcT.qBe xoM-
IIOHeHTT,T cneKTpae KoTopbre B HeKoTopbrx 3JreMeHTax Toxe crrJrbHo [epexpbr-
Balorc.ll MexAy co6ofi. 9ro .an.fl-flercr npr4rrr4Hofi Hesrrcorofi ro.rxocrz onpe-
AeneHl4;r 3xcnepr{MeHTarbHbtx sHa.IeHufi orHocureJrbl{blx uHTeHcl{nHoctefi,
oco6enno AJrr 3neMeHToB HaqaJra rr xoHIIa qpyrrnbr, r,qe paccrotHrre MexAy
xoMnoHeHTaMIr yMeHbrxaeTcfl. I

flepexo4rr (49) uz ocrroBHoro cocrorHrr.fl aroMa Aaxe npu r{crroJrb3o-
BaHIdr{ npoMexyrorruoircr.gzu Arr KoueqHoro cocrorHur' yrona, Ho 6e3 y.Ie-
ra cmtu-op6r4TaJrbHoro sgaRNaoAeficrBn-f,, Bo3Mor(Hbr Ha eAI{HcrBeHHbrfi replr
xaxgofi u3 BbrrueynoMrHyrbrx rpynn slN I L^ii,s, noeror'ry Br(JraA 3Jrexrpocra-
TI4qecxoro nsarNloAeficrrur. B cpe,al.rorc gneprnrc rpynnbr Itrrulrkr paBeH gHep-
rl4n 3Toro repMa, a cABr{r cpegwefi 3Heprr4r,r o6ycnornraaaerc.rr rorbKo crIHH-
op6lrrallnrrM B3arlMoAefi.crBueu

E 
", 1s, t 

* y Ls J - s/".fs; : p (sz I N y i,Si) - E (st N i LsZ$ +

*c,*(- t)'5sisn (2t+ j-Il '('1|) 'I(1,*r1)-u"!f*') "l6s(s+t)s,(s+l)
x [s(s+ 1)+S(i+ D-314]2eb (52)

@opuyna'nafiAena nprMbrM cyMMr.rpoBarrr.reu. Snepru xE(stN y LSLS) nxnro-
qaer B ce6a rpoue He 3aBficrrqefi or repua qacr[ sueprr{Io sneKTpocrarv-
qecroro nsarzwogeficrBvtfl, a ee 3aBilclrMocrb or KBaHToBoro vr,rcna S onpe-

2.t+ I
I 2 3 4 5 6 7,8 8 7 6 5 4 3 1,2 t

Pve. 7.2. Cpanuenue 3xcrep[Men-
TarrbHbix r-l Teoperr4qec(ux (53)
paccTorHr,rft Mex,uy AByMr KoMtro-
Her{TaMr4 s {5-r 5s-$oro3neKTpoH-
rrbrx cneKTpax, Sxcnepzuenr: o -
MeraJurbr, O - rpr(bnyopuau.
Pacqer - cni"rortrHar nu'd,us: I -A&"i 2-LEnrxO,SS;' 3-
aE5" F33l

La Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er Tm Yb Lu

Free Hand

Free Hand



222 , g. Oxe_cnerrp

Aersercfr o6uensrru Ko3oor.rUueHroM g, (5.107). CaeAoearerbHo, 6e3 yqera
cllHH-op6trTaJrbHoft rlo[paBxr{ sHepreTaqecKoe paccTorrrrre MexAy AByMt
KoMlrorenraMu @oroenerrpoHr{oro ctreKrpa c S:,S +l ganyo

^E:E 
(":"- i)-u (s:s+ j): ## G,(s/),

r. e. ono rrprMo [poflopq[ouaJrbno 25+ I :n(+l,rgecl(-qucJro sJreKrpo-
HOB B qacrEqEo 3anorEennoi o60ro.rre url{ ql{cno naxancnfi B [osru 3a-
nonnennofi o6onoqre. 3ra npocrax Qoprwyna xoporuo orrr{cbrBaer, Harpr.rMep,
TeHAer{rIEro rr3MerreHu.rr paccrorrrur Mex(Ay KoMrroEeHTa&m s 4s- u 5s-$o-
TogJreKTpoHubrx clexrpax JraHTaHor{Aon (puc. 7.2). B crytrae 4s-snerrpo-
HoB paccrornue notryqaercr 3aBbrrrrerrHbrM Ha nocro.f,HHufi rosrf$uqueur,.no o6ycnoBJreHo KoppeJrtrrluoHHbrMr{ eQ$exravrn [l3l].

Brrpaxenue AJrfl Anctrepcrur rpynrbr lmufi (49) c onpe.qeJreHHbrM pe3yJrb-

rlrpypqr,rM crrznoBbrM MoMeHroM s:,it I to*" HaxoArrrcr nprMlrM cyM-

MtrpoBaHueM:

Q1(srIN li,Si - sl"Ss;:$

x 25+r) (2,s+ ry t 1i+D ei+r) s/-(sx s (^s+ 1)

- I E 1sz lti i iSJ - sl" is)'.

[? -srs* 1)- s(s+ r)]'zx

(53)

(54)

l?i ;'rl
Berz{rrga I trpsMbrx cro6rax - 127'-lro"**trqrreHT BToporo poAa.

IIpfi cyMvrup oBanau {JreHa, coorBercrB)rroulero 3neKTpocrar{qecKoMy
nsarnraogeficrBr,rro Brryrpa /tr-o6onosKr{, rrcrroJrb3oBauo ro o6cro-rrellcrno,
qro nptr /(3 ee repMrr MaKcrrMaJrbHofi rwylrrunJrerHocrrr xapaxTepu3yrorct
TOJTbKO KBAHTOBbIME qtrCJIAMI,I L A S.

Ecnu uporcxo4ur QoronoHr{3allrlrr cy6aa,renrnofi sauornenuofr o6ono.rxu
c lt*O fipn Harrnunn sHelrHefi orrpurrofi o6onoqru $, c rev. xe rJraBHbrM
KBaHToBbTM rrrrcJroM, To crpyxTypa Soros.rrerrpoxHoro crleKTpa, KaK rr crreK-
tpa ypoeuefi sHeprun rone.{nofi ron$urypaqlru (pasg. 5.6), o6ycloBJruBaerct
o.6lvreunult gneKTpocrarr4qec(IitM nsarrr,rogeficrBrreM MexAy o6onosraMlr
llt'+r 

^ /f'. Ilpr,r Nz: l, 2, a sosl"IoxHo Ir nptr uuux N2 <2lz+ 1, rosnuxaror
ABe rpytr[br nwuui4, oAHaKo Haxo)r(AeHae rBrrbrx nrrpaxenufi AJrx r{x cpe.4utrx
xapaKTeprircrrrK npeAcraBnrer co6oft Aocrarorruo cJro)rcryro npo6nelry,
rrocKoJrbKy [prrHaAJrexcHocrr nrznufi K grrrM rpyfltraM yxe He olpeAeJr.rrerct
OAHO3HAqHO PE3YIbTI{PFOIIII'IM CIIUIIOBbIM MOMEHTOIT,T U TTCO6XOAtrMO I'ICIIONb-
goBar{I{e crequaJrbnoro qacrrrqHo-AbrpoqHoro 6aszca,

8. OXE.CNEKTP

Bor6yx4ennrrfi xaasragucrpernufi ypoBenb aroMa, naxoA.srquftc.f, Bbrrrre
rlpeAeJra rrontr3alllall sneuHefi o6ono.rxu, Moxer AeBor6yxgarrcr He roJrbKo
paAuaul,ror{HbrM, Ho rr aBTolroHtr3aIIrroHHbIM rryTeM. OrHocnre;rtua{ Bepo{T-

Free Hand



8.1. Cpeauaa sHeprt4fl 14 Aucnepcfit ,9e

HOCTb aBTOROHrr3arInn BO3paCTaer C yMeHblueHnell e$t[exu{BHOTO 3ApA!..A

flAEA 14 aBTOr4OHU3aqUt CTaHOBI{TC' OCHOBHbIM XaHaJIOM qACrrAAA COCTOTHI'Ifi

c BaKaHc[tMH B Cy6BaJreHTHbrX rr npoMexyroqHblx o6onoqKax, a raKr(e AByx-
3neKTpoHnbrx Bo3 6y)r(Ae ]f'k7i4 v3 BHeIITHI{X O 6OIO.I eX.

flpr,r anrouoHlI3aul4rl aroMa oAIiH 3neKTpoH rlepexo.ql4T B cocrotHue c
6onee n{sxofi enepruefi, a rutanafl.r gueprlr.a uepe.qaerct gpyroNry 3JIeKTpoHy,
xoropr,rfi Bbrnelaer H3 aroMa. Taxoft [epexoA o6ycnounnaerct cMeuluBa-
Hr{€M Haqa.lrbHoro KBa3r{AucKpeTHoro ypoBHt c xoHTlIHyyMoM, a ouepaTopoM
nepexo,qa flBrflercfl raMHJlbroHuan (6ea yrlera IlepeKpbrrus. BoJrHoBbIx aDyIlK-

uHfi - AByx3Jrer(TpouHa.fi riacr-b raMHJIbroHLIalIa, TaK KaK nepexoA flBrfrercfl
,qByx3nerTpourrrrv). 3Aecl ne 6yaelt paccMarpl,rBarb cyu{ecrBenuo MeHee
BepotTHbre Koppenrq[oHHbre aBToLroHI43aIIrrOHHbIe flepexoAbl, B KOTOpbIX
yqacrByrc,T Tprr sJreKTpoHa, a rax)r(e Aocrarot{Ho pe4xufi cnyvaft oAHo3neK-
Tp0HHOTO nepexoAa c o.4HoBpeMeHHbrM I{3MeHeHHeM TepMa COCeAHefi O6OIO'I-
xr{ 3JreKTpoHoB.

Hepa,u,uaquoHuI'rii pacnaA sos6yxAeHnoro cocrotul{t aroMa c BHyrpeir-
nefr saxaHcuefi Hasrrsaerc.a oxe-e$SeKToM. Bo3Mo)KHbI oxe-nepexoAbl AFyx
THnoB, coorBercrByroulrrx yAaneHI4K, sJreKTpoHoB rlg rofi xe caMofi I4nu pa3-
JII{qHbIx o6ono.rer:

t{'/|" - l{,+t U'-2"1, (1)

ly' ly'l{" - > l{'+t ltt"-t l{"-t .l . (2)

3ra nepexoA-hr oxBarbrBaror rax)Ke aBToIroHI43aurIoHHbIe rlepexo.Ilbl I'I3 co-
crosnuft c AByMr noe6yxgennblMl{ onexrpoHaMl{ ((l) npu Nr:2 Il (2) npu
nfr:Nr: l).

Oxe-cnerrp, KaK r{ cneKTp u3ryqeHll,a, n o6qerr.r cnyilae 3aBrIcHT or crlo-
co6a'ero iios6yxgeHns. B nacro-suleii rnatse 6yaeu lpeAnoJrararb, qro ox(e-
CI€XTp OnHcbIBaeTct qucTo aToMHbIMI{ CpeAHIIMII XapaKTepI{CTul(aMIlt - 3To
r,rMeer Mecro, ecJrn Bce cocrotul4.{ HaqaJlbHofi ronQr,rrypaultl{ 3aceJreHbl oAI{-
HaKoBo. Ilpnuenuuocrr rarofi MoAeJIII paccMarpuBairacb B pazg. 2.3.

flocxo:nry oneparop oxe-trepexoAa flBrs,e'tcfl, .qByxsne(TpoIlHLIM, a He

oAHO3JreKTpOHHr,lM, KaI( OUepaTOp paAl.raqfioHHoro nepexoAa, To cpeAHI{e
xapaKTeplrcrr{K}r oiKe-cneKTpa }IMe}or 6onee cnoxnuft !.t4E tr n pa:.q. 8.1
paccMaTpr.rBarorcr roJrbKo IlepBble ABa MoMeHTa. flpu 3aMeHe cBoooAHoro
3neKTpoHa aToMlrbrM 3neKTpoHoM eru QoprrayJrbr pacnpocrpal{trorctr Ha

cMerur{BaHr{e ronrfnrypaqufi gucxperHoro cueKTpa r.I npno6peraror cl\dblCr'r

cpeAHr4x xapaKTepr{crr4l( TaKoro cMeIrrI4BaHIrt.
B pas4. 8.2 npunoaxrct cpeAHne xaparTepl{crllKlr oxe-nepexoAoB Me)IiAy

rou$urypaqvflMvt, B Koropblx Bce vIlrt4 HeKoropble o6o.noqKu pa3AeireHbl
ua nogo6orouxu.

8.1. CpelHcs eHepruc Ir Aucrepcnc o)Ke-cnexrpa.
Cpe4nee paccrosHre MexAy ypoBHsMH AByx
cMerxr.rBarcrqfixcs KoH0urypaIlHfi

Cpegnar oHeprl{fl o.qr{oro KaHaJIa or(e-crreKTpa, coorBercrByrouero Hepa-

.quarrr{oHHbrM trepexo.qaM MexAy BceMI'I cocrotHl'ItMl{ HaqarbHofi xou$lr-
rypaquu K arovra c saxaHcuefi u roneqnofi roHStlrypaqau K' uosa c BbIJrIe-

Free Hand

Free Hand
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TOM OXe-sJreKTpoHa C OpdtrTarbFbrM MOMeETOM /, naxOAUrc-n rryTeM yCpeAHe-
nm sneprrft nunnft c BecoM, paBEbrM BepOrTHocTtr rrorBJreHr{r xax4Oft nn-
IrtrI{ B Crrel(Tpe

E/(K-K',l):

f t< rv I rr i .Kr ) - (.K' y' I H 1 K' y' )l tr1 (K,y + K' y' et y" )

(3)

\ w^(Ky+K'y'ety")

34ecr V[/a - sepotrrrocrb oxe-[epexo.qa; e - gHeprlrfl oxe-3neKTpoHa;
y" - na6op troJrlrbrx MoMeHToB groro gxexTpoHa rr rceft paccltarpnsae]uofi
ctrcreMbr; H - ra*tnntrourlaH, ero B AaJlbHeftmev 6y4elr ucrroJrb3oBarb B

HepeJrrrr{Brrcrcr(oM rpr6mxeuan.
flocronrry sr{eprrrrr trepexoAa He 3aBEctrT or /, cpe4uxr 3rreprr{r (rar u

Apyilae lrovrenrrr) oxe-c[errpa rrpeAcraBJrrer co6ofi nraefiryro rou6rana-
qlrrc cpegntrx sneprraft orAeJrbHbrx ero (aHanoB. B AamsefiureM 6yAeM pac-
cMaTprrBaTb ToJrbKo MoMeHTbr KaHaJroB, rra3hrBar vx p a Avr KpaTKocru MoMeH-
TaMtr CrIeKTpa.

Brvrecro cpe,4ueft gnepruu oxe-crreKTpa yAo6nee r{crroJrF,3oBarb ero cABr{r,
nonyvaevrrrft nyreM Ecrrroqeur.r-f, us cpe4ueft or{eprrara crreKTpa pa3Hocrrl
cpeAuax enepruft ron$urypaquft K a K'

8 EA(K- K',t): E"(K- K't)-tE(K)- E(K',)l.

. 
flpu no4crarroBKe (3) s (a) rocrreAuee upeo6pasyercr K Br,rAy

8 E^1K'- K'11:

I t<rr t i( i Kt)-(K' "{ t.)( I K' t' )l LI/^(K\ + K' v' etv")

(4)

: _w'{ (s)

Z *^(Ky + K'1/ ely")

3gecs :i(. - raMr{Jrbronnau, il3 Koroporo RcKnrotrena cpe4uflfl sHeprl{{ B3aIr-
uo4eftcrnraa. Bepoxrnocrb oxe-nepexoAa B rrepBoM noptrKe reoptru Bo3My-
rqenufi Bbrpaxaercf r{epe3 Marpra.ruuft gJIeMeI{T orleparopa gJleKTpocrarl{-
qecxoro sgauN{oAefic'tsux H" (.racruvuo KoMnel{cupyrotrllrMllc.fl norlpaBxaMl
treper(pbrrr.r.rr n o6vena upene6peraelt [23]):

W1(Ky->K'\'ulT'):(KylH"lK'y'ely"S'. (6)

3Aecr Bonnona.a $yHrqut oxe-gneKTpoHa HopMI4poBaHa Ha e.{ItHI4rIHrrft no-
TOK 3teKTpOHOB.

Ecrn upruxrb rrpeAnoJroxeHr{e, tITo paAtrarbrrble BoJrnoune {ymqnn
SJreKTpOrroB, B TOM qIrCJre O)Ke-9neKTpOHa, He 3aBrlCtT OT TepMa, TO CyMMI,I-
poBaHrre rlo KBaHToBLTM tlr{cJraM ^(, T', \" r (5) naoxuo BbruoJrl{Irrb n o6rqeu
Bs.Ee r noJryrrr.rrb rBHoe BbrpaxeHEe Anq c,qBr.Ifa cpe4reit sHeprtrE crreKTpa.

Benraqrrsa B 3HaMer{arele npauoii racrn (5) [pegcraBnfler co6ofi cuny
coBoKylHocrrr ox(e-nepexo4oB 123). Oua HaxoAI{Tct rlyreM orrpeAeJreul,Ir

Free Hand



8.i. Cpeanra eHeprurr !r Aucflepcfit

Br(JraAa ArrarpaMMbr cyMMr{poBaHr{r (cM. puc.3.9, a) Anfl cpeAHero or IIpo-
n3BeAeHUS AByx O[epaTOpOB 3neKTpOCTaT[qeC(orO B3auMOAeficTBLIt NIeXAy
SneKTpoHaMr,r xaK oneparopoB oxe-nepexoAa (HanoMHI.rM, tITo.4tsyXSneKTpOH-

Hbrft oleparop, AeircrByroqufi MexAy r(oH$I,rrypauvflMrr, orIrL4tIaFotrILIMr.Ict
cocTotHLLflMI.I AByx 3neKTpoHoB, flBIIfleTCfl yI{I,ITapHo-HeIIpIrBoALIMbIrtr). O6re-
'At4}dsfl. Sopvrynu Arfl o6oux rlrrloB oxe-[epexoAoB, I{MeeM BblpaxeH}Ie

l2el

)-).:

(7)sA(K, K'l):g(&) 
_l,l 

( 
-';lj*'' 

) 
,,,,

r.ue g (Kn) - crarBec ,,[accl,IBHbrx" o6olouer; pi - .tficxo :nerrpouou o6o-
rorrxr.r nJr, yuacrsyrourr{x B nepexoAe (nanpuir.tep, pt:1, pz:2 Atx nepe-
xoAoB (1)); min N; - vreururee n3 qncer 3neKrpoHoB s o6oro'IKe nJt 5o u
rrocne rrepexo,ua, rrHAer(c i upunuulaer 3HaqeHl4-f, HoMepoB o6onouer, yqacrBy-
rorur4x B [epexoAe; sA - cttra coBoKynHocTrr oxe-nepexoAoB B.qByxSJreKTpoH-
uofi r,ro4enr,r (rntrnuuuanruax cyltva)

s.a =rz (lrl", lrel): ; llta(t"l"LS--> lre tLS)--
LSMLMs

:Z L,gl (/r/3r,s l,hn'lreltssz-
as

:8N7,,,^ r
kk'

\wro*] [nkuzl', lre l)2*fik(lrl", zllr\z]-

- ( - r)* ." l',' '; I,l * (tztr, tlet) sr,' (t,t,, eu,) I
I

(8)

3Aecr n e AamuefrueM onycKarorcq r,TaBHbre KBaHToBbIe qucra SreKTpoHoB.
N r", ,, - HopMupoBotlnllfi rntrroxurenb AByx3nexrpouuofi sorHonofi $yHrqralt
(n.4.2), 4k - nnrerpar (fI.4.3).

Brc;raA cnuu-op6uraJrbHoro Bsaul4oAeficrBl{.s B c.4Br{r cpeArleir sneprltu
ox(e-cneKTpa (4) uc.resaer ilpll cyMMI{poBaHIirr ro uonHoMy MoMeHry aroMa.
Tarml o6pasovr, cABI{r Br,Ipa)Kaerc.s LIepe3 cpeAH}Ie or npol'I3ne.{enuft one-
paropoB sneKTpocrarl,IqecKoro s:aHl,{orefi creus:

sE, (Ko lf, ty, - Kot.!+l lN,-2 o : ffi "
x s;t ll)t v')t k*,,)("*, *) K - () &*, -)(k, ) t"K' K> 

Kl,

(4 l, + 2) (4 l" + 2) (4 l"+ 2)
i EA(Koly'ly, /fl" - 6l'y.+t lN'-t ly. 1 lf : (4lL+2- Nr) N2 Ns

x {;l[( )(.k')tkK' itk'DK - Q&r,7(.2'71.2';r1, (10)

rge K - HarraJrbHax rouSurypa\u$ K' - KouerrHa.{ roHSurypaqut'; Ko -
,,[accr{BHble" o6orosra; sa - culra coBoKyrlHocrl{' ox(e-[epexoAoB (8);

(e)

Free Hand

Free Hand
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HI{)KHI'IE HHACKCbI Y ONCPATOPOB YKA3bIBAIOT KOHOI4TYPAUPIH B NPOCTPAIICTBC
I{Jil{^MexAy npocTpalrcTBar,{r{ KoTopbrx oHn AefrcTByroT.

Cpegnee. Tpex AByx3ne*Tpo'Hbrx oneparopoB orrr{cbrBaerc a rpeMfl Ar4a-
rpaMM_aMH (crvr. puc. 3.9, 6-z)nnbrpaxaerctl qepe3 ABe MuH[MaJrbHbre cyMMbr
DtQ.69)n Dr(3.7A). Bce ua6opur oAr{o3.,'reKrpor{Hbrx KBarrroBbrx rrr{cen B Huxyxe Qlrxcnpyrorcr Marpr{qHbrMr{ 3JreMeHTaMrr oneparopa nepexoAa, rro-
3TO1\4y BKJIaA B CABI4rAaerJ'rlIIxb aranvro4eficrBne Mex,qy aKTIIBHbIMIi O6OrO.r-
xaMI,[, U3 KOTOpbrx B [epexoAe yqacTBy]oT no oAHoMy 3neKTpoHy, !{,.rr4 B3OH_
vorefrcra_1e BHyrprr o6o;rouxu, ,qBa eneKTpoua roropofi yuacr"yror B rrepe-
xoae [135]:

3 EA(K'ly' tlr, - Koty,-.l ry'-2 t): A#*f "
x [ - ff, (41, + z - N r) D r(KlJ ) + (4t | + | - Nr) (ff, - 2) D z(K, I Lt )i +
+ A#r-t I@l z + 2 - N z) $t,+ 1 - N z) Dl tKl\,) -
- (tr, - 2)(N 2- 3) |r K' t.)1, ( I 1)

o'E, (Ko iil, ry' l{" - Kats'+t lN,-l t!"-t t): ---,1-_- x(41\+t) (4t,+t) "
x [- ff, (4tr+ 2* N)Dz(Khlr)+(4tr+ I _ XJ(lr 2_ 1) Dz(K' trt)] +

--- l-* tar,*51r,',j [ - nil (4/3 + 2 - N s) DztKlrh) +

+(4L+ I -t/J(ArB -t)Dz(K,ttt")l+ tqf,+;Gr"a, x

x 7@t, + 2 - N ) (4t s + 2 - tt B) D r(KI zt s)- (N, - I Xtr, - t) D JK, I zt s)1. ( I 2)

3.uecl r Ml{H}Itr{aJrb}rbr x cyMMax olryule}i br o 6 o:Ha.r egr,Lfl 3JreKTpoHoB, yq acrBy-
loflIrix B rrepexo/4e, r{ }xa3aHa roJrbxo xon(lurypauux (K - ua.|'arbHafl., K' -ronevnal), BHyrpH xoropofi ytrrlrrbrBaercs riaultoaeficrnue, I4 SJreKTpOHLr,
MexAy (oropbrMr,r oHo HMeeT MecTo.

B uuHr,rua.lbur,re cyMMbr BKrrorjen raxxe MnoxureJrb s;1, uponcxo /6twvit
or cfiirbr coBoi(yflrrocrr{ oxe-nepexo.qoB B 3}raMeHarene (5). BrrnoJrHrrs cyMMI{-
poBaHr4e no AByxSJreKTpoHr{b[v{ KBaHTOBbTM lc'yLcraM, HaxoAr{M cJte.uyrcuffe
tBHbre BbrpaxeHltr AJrr 3rrrx cyrrm [135]:

Dy(trt"): s;t Z lr, sl <tztsLs i ix" i tzlsLs> <titsLsl h" 1 lrrtLgy, :

,slft'3ol"
12 l3 k
l, k' lz

k"l ls

l3
-2 s f- -'; 

,7" I

k'k'\lk
lz t, llt

] 
,.,,,, ,,,]

(

I

I

o',1uru" 
'"'-

-f t-tl-
k

gk' (lzl", Ire l) 9k' (lrlu, lre l) +

Free Hand
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(l 3)

peAHqt sHeprufl H8.1. c

+

+

+

/') -

ellr) frk'(lrl",

IT

-(,r, ,r)]"

['nll f"' f,ili 0,"' orl 
uru",

It" t, kl I
f r- t,- 

l ;. l,',,:lrru,. 
r"'tfq* Q,,",

r lt, 12 k)
(- r;,,*',, 

L__e I ;. f ,, 
,,:lor tt., !3\

z 
' 

r -rrolk k' k' \lk k' k' \"'1' '' ll, tj t,l\t t" t"l"'

Dr(17):";t f lL, sl<t7LS'k")t3LS> (ZLS h" ltretrsSz-
z.s

:; 
_e nl,{i, r,' i){r 0,, i"l {; i, i}],

x 9k (.1r, l) qk' (l2lz, lre l) 8k" (lrlr,lrel) +

-- I s' (2t,+l)(4t,+r) h 9r(1" l')' (14)
k>o

D z Q b I 2) :r; t f le r, e rlV?,',?:,, utV?,\,o,, r, t,V 
"ni,? 

i,,, :
Q'Q'

:z\ {,[; {;; '; I'lurr', ,"t-,4(-,F '## ers,, ,,1J*

"f'sro+p sk'(tzts, Iret)z-(-r"."1'r, ';, 
rr 

l"
xfrk'(t,t", t,et)frk'(t,t,, "r,,i] .t L{!, l,' f,'llF 

0,,' 0,"'1"

x Fk(11, I) gk' (lzls, ellr) @k' (l 21", eltrr)-I 
{ |'';, I |f,r';, I,l"

x 4k'(lrlu, lrel) 8k" (.121",

Free Hand
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(15)

x ( - I y 9r (lr, lr) gk' (l2lB, ellr) frk" (l rl", ellr) 1

-+St

r-- I S(-l)oQ*1tr,trl' 2(21,+1)(21,+1) L

3gecr ncno.nb3ylorcr uHrerpo-rbl gk (n.4.7), 9k $.4.8), nk (IL4.3) u
Berrrr{qrrHa ,o'o, G.75). Mr,runlralbHa{ cyMMa Dz(lb lz) HaxoAlrrcfi r.r3

Dr(lr, /r) nyrerra 3aMeHbr lr<-+ lr.
Or4eruuue gJIeHbr cABr{ra cpeAHe}"{ 3r{eprt,tu oxe-crrexTpa I{crre3a}or. ecrn

Hel(oropbre ,,aNTrBHbre" o6oro.rru B oAHor; r.r: ronQnrypaqufi 3arloJrHeHHbre,
nycrbre nu6o co4epxar l-2 ?JleKTpoHa r4Jrlr BaKaHcr{u. Becb cAB}rr cpe,uueft
3Hepfnl,I oxe-cneKTpa paBeH Hynlo ToJrbKo An.r{ o)Ke-nepexo'.a nsntsz--->tlszes-

Bcle4crnlre uHBaprraHTrrocrlr cpeAHH x orHocuTeJlr,Ho 3aMeHbr 3neKTpoH oB
Ha BaKaHcuu (npu :arr,ropox(eHHlrx Bo-nnoBbrx rlyHxuurx) cABlr cpeAuei rnep-
rr4r{ oxe-cleKTpa, cooTBeTcTBy}otuero nepexoAaM

Koly'ly.'ly' + K0l'I'+r ll"-t y'r"-r ,1,

[OJ'Iy'IaeTCt I.IHBapI4aHTHbIM OTHOCI{TeJIbHO IIOACTaHOBOK

Nr -, 4lr+ I --A/r, Nr- 4lz+3 -1f2, N"--> 41,*3-N"
c oAHoBpeMeHHoft 3aMeHofr xouonrypa4uit K+'+K' s o6o:Ha.reHlrsx r{}rHtr-
MaJrbHbrx cyMM, a raxxe 3Haxa Bcero Bblpard(enl{r (nocronrry SHepfurI Ha-
qa,'rrHoft r-r r<oueqnofr rou$urypauufi e (5) nN4eror o6parrrr,te :Haxu).

B cLryvae nepexoAoB

xolf't{, > Kol{'-t t{,-2 el

BNrecro (17) no:voxHbr rroAcraHoeftn

N, -- 4lrf I -Nr, N z- 4lz+ 4 - N r.
t{ucna fxexTporroB ,,naccnBHr,IX" o6o,ro.Iex He coAeprKarct B Bblpaxeul4r{

A,rrt c!Bl4ta.

lnctepcnx oxe-cnexrpa riar< ero nlopori qeHTpaJrbHbrfi uovenr oilpeae-
J]reTcn B BI{Ae

c)1r- x't1:
I t iry H Kt. - K'y' H K'y' -Eo(K-x'112 wA(h'T+K'^('el^(')
/t .

(20)

\ w"(K^y+ K'^i'etT")

I4 aHarorr4r{Ho (9), (10) Bblpaxaerct qepe3 cpeAHLIe or npoI,I3BeAeHI,It qerblpex
raN4ttnr,ToHuaHoB:

(aJt2J!Jzl2f!!,1))_ *(41\+ 2- N,.) N. ( N, - i )

( 16)

(17)

( l8)

(le)

o)1xotf'U'- Koll'-t 1Y"-t 1r:

Free Hand



8.1. Cpeauxa oueprxq u Lucsepcufl

x [< ](. KK' ) (. K'']( K' 
-,'.tt *' *) * * < )( K 

:']( 
K )( KK''J( K' K> 

K -
- 2 <'i( K')( KK,'')( K, 

tit *' *)* I s n (l rl ", 
I t e I S 

- t -
-8 EA(Kol{'ly, - Koly,+t ly,-z l)2,

,J2A(Koly'ly'l{' - Koly'+t lN'-t lN'-t l): (4 l,+ 2) (4 lr+ 2) (4 ls + 2)
(41,*2- N,) N,Nz

x f)t xx,)t K,')(. K, )(.*, *)K + ()( x )( K")l KK' 7t *'*)K -
- 2 < )(. K')(. KK,')t K,')( y, y) Kl s o (l zl z, I I e I 7 

-t -
- D E, (Kol{'ry, ry, - Kol{,+t lNz-t l{,-t ,'12 .

1.)t)

3gecr ucuonb3oBanll Te )Ke o6o3Haqeul{t, .Iro tr B (9), (10). Oneparopu -?C"

u t)l x, pa3nararorc.rr Ha cyMMbr o[eparopoB 3neKTpocrarnqecKoro r{ cnllH-
op6uTarbHoro B3axMoAeficreuft BHyrpr{ o6ono.IeK tilf, ')fio, a raK)Ke orle-
paropoB 3neKTpocrarr4rrecKoro B3arrMoAeficrBr{f, Mex{Ay o'o.no\rar,/r]1- t)(,?;.

Ecn* o6a o[eparopa 3Heprrlrr B cpe.qHeM coorBercrByror B3al{Mo.4eficrBuro
B ,,rraccuBubrx" o6oroqxax, To cpeAHI{e n (21), (22) $arropl{3yrorct Ha
6o,'ree npocrrre cpeAr{r{e ,{Byx oneparopoB. B cnyuae rrauuo,4efrcrnrafi,
3arparrrBaroulux yqacrByroudl{e B nepexoAe o6orowu, B cperulrx cne,{yer
yrrurbrBat' cneAyroilIue qJreHbr pa:noxenaii )(o')(*,:

Z w, tn+> )ti" )q+Z ii,Z ,t"0,+\ ttio-ttio+
i ii i<i k<l ijp

* z,tti, (4", * 1q + >! ()(i * )fi) )!"ii,
i < j i. j

tge i, j, k, I apo6eraror HoMepa,,aKT[BHbrx", & p, p' -,,uaccuBHHX" o6oao-
vex; uepnrrfi (nropofi) otreparop KaxAoro rlJlerra pa3JloxeHfl-n coorBercrByer
n:aurto4eficrBrrro B xou$urypauuw K (K') rl rroAcraBJrflerc.x B cpeAtreM Ira
Mecro otreparopa tt"(2{",). Pagnoxenrae (23) ocraercflB clz-r'enrrpu K:K',
xort rorAa Mox(Ho o6:se4rauurr HeKoropble uoAo6nr're qreHrr.

[ucll.epcun oxe-cueKTpa r{HBapuaHT}ra orrrocl{Tenbuo rex xe ]roAcra-
rroBoK (17') utru (19), .rro I{ cABIrr cpe,4nefi sHepr[u, FIo rrpu sToM Ee HaAo
I'I3MCH'Tb CE 3HAKA.

HaxoxAerure .flBrrbrx nrrpaxennfi ,qnfl Bcex qJrelroB nvcilepcLrv (a rervr 6o-
Jree acrrMMerpuu) oxe-crreKTpa flBJIflercfl cral{Aaprnofi, no 4ocrarorlHo rpy-
,qoeMKofi zagauefr, [o3ToMy qenecoo6pa3nee pacr{erbr, xorfl 6tr rxnagoe
or gneKTpocrarr{qecKoro B3anMoAeficrBr4s, [poBoAr4Tb HerlocpeAcrBeHHo rro
Bbrpaxer{r,nrM (3.76), (3.86) npra rIoMorIIu 3Bptrcr[qecKoft nporpauMbl, pe-
arlr:yroqeft o6urne trpaBtrJra ndxox4enrar cpeAlrl{x corJracuo $opuyne
(3.s3).- 

Ua puc. 8.1 rrprrBe,qelr npr{Mep Haxox(AeHlrfl oru6aroue-ft oxe-ctreKTpa
Irpr{ r{crronb3oBarrEtr: TeoperurlecKlrx gnaqeuuft ero cpeggreft SHepruu vr Etrc'
nepcuu.

Ecnu B onpeAe.fieHnl{ cpeAueft snepruu (1) sarr,teur.rm oxe-snerrpon e/
o6orosKofi n/N+1 (ror4a B HaqarbHoM cocrotlrurl oHa coAepxur N enerrpo-
non) z yqecrb eaaurrogeficrnae grofi o6onoqru c ocraJrbubrMu gJreKTpor{aMlt 

^

(21)

(22)

(.23)

Free Hand

Free Hand
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Cropocta
ctcta,

no./lo c

6000

5000

4000

3000

2000

. 1000

\
I
I
I
\
I
\
\
\
\

49 51 53 
U 

tt 57 59 c,gB

Prc. 8.1. Ma.s N2pNz. oxe-ctrexrp (pntr'rona: 4 - 3xcnepeMerr 1136l; 6 - paclet n upr-
O**"""" Xupriiir--Oo*u-nat;; [tlZ. Orn6aro'Iat cnexrpa (mrpaxorar) pacclrtrraga

rrpB rrctroJrb3oBaHlur 4nyx nepBbrx MOMesToB TeopeT[cec(oro cnexTpa. crpermoft o6o3Ea-

rrcno rtoroxegr" pu""o"to 
"ilAHt'Ix 

3qeprnfi Eaqarlnofi u xoseqgol (osibgrypaqsil EoBa'

e - eEcprst oxe-9Jrer(TpoHa
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TO 3TO Bbrpax(elrue 6yger onpe4errflTb cpe,4Hee 3Heprerr{qecK0e paccTof,Hr{e
Mex.[y ypoBHf,Mr.r .qByx cMeurraBarouuxc{ xou$urypauufi. (5.76), Koropoe
HcnoJrb3oBaJrocr, B onpeAeneHr{r{ currr cueurvaanus. roHSurypauufi.

Brrpaxeune An.rr cpeAuero paccrorHl{{ MexAy ypoBHtMI,I ron$urypaunii

Kol{'ly, l{" --> Knl{'+1 lN,-2 lN,+l (24)

[onyliaercr nyreM Ao6asnerrtts r (11), KpoMe pa3Hocrl4 cpeA]II{x euepruit
o6enx xonSrarypauuft, ureHoB, coorBercrByrolur{x n:auuo4eficrsuro o6o-
IoqKu l{' utu /f"*t " ocTaJIL,HbIMu o6onouralrra [135]:

I , .-
(4t,+ l) (4t"a 11 t" r'

+ 4i;+T | - Gt 2 + 2 - N ) N B D z(Kt B t ) +

*(if,- 2)(4h+ I -1/3)D,(K'l"lrjl. (2s)

Ananoruqno cpe,quee paccrotlllle MexAy ypoBHflMI{ rouQurypaquft

Rory' lY'ly'lf ' - Kol{'+r 1y'-t IN'-r lN'1-t (26)

HaxogrrTc{ nyreM Ao6asreHll.fl Ir (12) pa3Hocrl,I cpeAHrIX eneprufr, a raKxe
{IJIEIIOB

- 
1 

t -{4tz+2-N)NLD2(KI4\)+(4t2+t)(4/r+1) t

*(Nr- r)(414+ 1 -Nr) Dz(K',t4t)l+ (4/,+;(4/.+' x

x[-(41"+ 2 -Ns)N4 Dz(Kl4l)+ (]/' - l) (4ln+ I - N)Dz(K' l'ls)l+

[ffrtrnD, (Krln\-' (4/,+1) (4L+l)

-(4lL+ | - N)(414+ 1 -N4) Dr(K' ILl4)1, Q7j

Co,4epxaruueu v (25), (27) uuynuaJrbHbre cyMMbI roryqalorcfl ryreM KoH-

Kperr{3aqur.r rupaxenuft (3.69), (3.70) e cryqae LS-csgsu

DL(K'lLl): Dr(KlrlrK'Itl"; K' lrlrlrlr; K' llls Klzlz), (28)

Dz(K'lsl): Dr(KIrlrK' Irlr; K'l"lrl"lr; K' lzhKlzl), (29)

Dr(K'lLI4): Dr(Klrl"K'ltl4; K'ltloltln; K'lLI4Klzl), (30)

Dz(K'l'h):Dr(Klrl"K'lnl"; K'lnlrlnl"; K'l4|_Klzl), (31)

Dr(K' lnlr)= Dz(Klzlz K' lnlr1' K' Inlrlolr; K' lnlt Klsl) . (32)

Te xe Bbrpaxeulrrl ocrarorcr B cLIJre vr AIrs. MEHITMaJTrHrIXcyMM Dk(KlJ),
ecJrtr cpeAunfi ,qnyxsnerrponnufi uarpr,rwrrrft 3neMelrr paccqtrTblBar6 c
BoJrHoBbrMr{ $yuxqraxrln xou$nrypaqutr K.

Cpe,4nee paccro-f,Hr{e E (K, K') roxe o6naAaer cBoftcrsoM cl{MMerptrr
(19) c .{oflonr{rzreJrrnofi no,EcraHosxofi }/r+4/3t 1-N3 unn cuvruerprefi
(17) c no.4crarroBKofi. No->Aln+ 1-lln.

Free Hand

Free Hand
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$poue cpeArrero paccrorHr,ur B Bbrpax(eHnu. Arrfl cr{Jrbr cMerurrBaHu.f,
ronQnrypaunit (5.73) ucrroJrb3yercr aHaJror Ar,rcrepcuu oxe-crreKrpa, Koro-
pa.a o6o6ulaerc Ans. nap xonQnryparyufi (24) Er; eq.

8.2. XapaxrepncruKu rpynn ,nunxfi oxe-cneKrpa
c onpeAeteHHHMH [OJrHbIMr{ MOMeHTaMH

o;re-cnerrpbr, Bo3rrnxarolqr{e npn o6pasoBaHnvr Barancur4 ro nnyrperrnefi
o6onoqre aroMa, pacurerrJrrrorcfl cnr{H-op6r,rramnnrvt ngaurraoAefiiTBl{eM
Ha utrpoKrre MaKcErvfyMbr - rpyIIIIbr [epeKpblBarourtrxcr l]nnuit, coorBer-
C'TBYIOII{trX IEPEXOAAM C OIIPEAEJ]EHHbIM IIOJIHbIM MOMEHTOM BAKAHCI4I,I.
cnnn-.ry6nernbre uJrr{ 7'-rpynnu na6nro4arorc . rr B oxe-cleKTpax Muoro-
KpaTHbrx r.roHoB,

o6onosra c o,ryofi sarancneft trpr.r AaHHoM ee rroJruoM MoMeHTe oAHo-
3HagHbIM o6paeolr pa3AeJrterct Ha ABe noAo6ono.rxr4, TaKxe KaK Lr 3a[oJrHerr-
Ha.s o6oroqxa. Taxr,nvr o6pasolr, gax rontfuryparyuft, cocro.flulrlx KpoMe 3a-
rIoJrHeHHbrx o6onoqer rg o6onoqex c o4nofi saraHcuefi wu owrr4w sneKTpo-
r{oM' rpr'rMeHtrMo npra6nuxenrae o4nofi no4ron$nrypaqun. flpu cna6rrx
KoppeJrrrl[oHnuxsQQexraxoHor{crronb3yerc.nra s 60ree cJroxHbrx cryrra.flx.
Cpe,4Iue xapaKTeprrcrr{Kr,r oxe-cueKTpa, coorBercrByrorqero [epexoAaM Mex-
Ay rr_oAKoH$Eryparln Mrr, Haxo4rrTcfl cyMMr.rpoBaHr{eM B upocrpaHcrBax
uo,qo6onoqex.

Cnra coooryluocrrr raKtrx oxe-[epexo,qoB B6rpaxaerc.rr B BuAe

Sr(K, K' lj): g (K, K') sa(nrlrjrn"lsjs, nrlljrelj), (33)

(34)

rAe

g(K, K'):g(Ko) n (";;;-,o')'

4 ',-l(!in : i;,)' (ii,, : ,',,)' (Rr),+

*(!i,, : ,',,)'(j;,, : ii,)' ,^nf*

s a (n rl rj 
" 
nrl 

"j 
s, nt ltj t " 

til : Z pl (nrl rj, nu t sj s J I h i n1t 1j 1 e lj J)r. (3 5)

3aecb-g (K), p,u .l/, nueror tu*oi )Ke cMErcrr, KaK r{ B (8), uo .{ng uo.{o6ono-
'rer. .{eyxe:rexrpomrrrft raMr{JrbroHlrart h s peJrrrr{Blrcrcxornr upn6nuxegrrrr
coc-Torrr..E3__oneparopoB gJreKTpocTartrqecKoro u 6pefrroncxoro B3ar.rMo-
4eficrnufi. 9acro oH alrrpoxcrrMr{pyerc.fl, oco6eugo-s HepeJr.flTr{Br{crcKoM
npn6nnxeHran, oreparopow h". Tor4a, cyMMr,rpyf, (ll.4.ll); rroJry{aeM AJus, 1lopvryay

s^(nrlrirn"l"ia, hhiteli): 2N],6it, ntt,i,Lir, ir, ir, il x

Free Hand

Free Hand



8.2. lpynnu rurufi ox<e-cuexrpa

*,vr,(_,;**o' (li n : i;,)(:i, :,, p)(jip

"(!i1, :' i;,)l';'; l",l^r^,-1,

k' j \"o t12/

(36)

rAe AJrr paArraJrbubrx rruTerpanoB I{cnoJrb3oBaHrr o6osHaqeHus

Rf = Rk (nrlrj rn"lrj ", 
nrlrj re lj), R! = Rft (n"l rj rn"l"j ", 

eli nlltir). (37)

Bcne4creue anarorltu Mex,qy o6ono.IraN4l,I s lS-csssz ra noAo6onoqKaMu
n jj-cstsu 3aBr{c.flullre or [oJrHbrx MoMeHToB Bbrpa)r(eHnt p.Jts. c4rvta u Aua-
nepcr{R oxe-cneKTpa (uepea cpeAHue nu6o uepe: MuHI{MaJIbHrre cyr,lvrrt)
[oryqaroTc.f, r.r3 rrpnBeAeHHbrx B rpe/qbrAyuleM pa3Aene npocTblMr{ [o.4cTa-
HOBKAMTI

l{,-- j!', 4lt+2*t,->2j,+I +ti, i:1, 2, 3, 4, (38)

' D1,(lnt)-> Du(joj), (39)

tqe ti - rleroe qucro. Hanpurr.lep, $oprr.ry-ira 4nf cABI4ra cpe4nefi 3Heprl{u
(l l) npeo6pa3yercs cneAyrourl/tM o6pa:ovt:

t EA6oi{' i{, - Koi{,+'i{"-t i): zi,l;_ D *

x [ -ff, (2jz+ | - Nr) Dr(Kjrjr)+ (27, - l/r)(N z- 2) Dz(K' jr.iJ] +

*, l, 
-t(2jz+1-ffr)(2jz_ Nz)Dt(KjZ)-' (2j,- 1) (2jr-2) |

- (N, - 2) (N ,- 3) Dt(K' j)J. (40)

BrrpaxeHu-n ,{Jrr Mr{Hr4MaJrbHbrx cyMM qepe3 cyMMr,r ,rlByx3Jrer(Tpoulrbrx
Marpr{qubrx gJ.reMeHToB Haxo4fl'rcfl. TeM xe cuoco6olr c AonoJrrrl{Tenrnofi
Sal,feuOfi

LS->J, [2, .S] --Vl. (41)

Hanpulrep, Mrrur{MaJrbHa.rr cyMMa Dt(l2h) (13) nepenucbrtsaercx raK:

Dr(j,j"):r;1 r vl Q,j"J lh" )j,j"t) (jrj"Jih")ireitsr. e2)
t

'sHrre 
$oprr,rynrr Ant Mr{HrrMaJrbHbrx cyMM 3neKTpocTaTr{qecxoro B3al4r,ro-

4eficrorar vepes 3n7'-ros$$uqueurlr y)Ke He Moryr 6rrrr nonyueHbr r{3 Bbrpa.-

xenraft n lS-coxau, TaK KaK otreparop t" uveer pa3rurrHbre pauflr n op6n-
TaJrbHoM Ir crrr4HoBoM upocrpaHcrBax.

ffocro;rxy 3Heprur cnrn-op6uraJrbHoro n:arauogeficrBu BEyTpLI noA-
o6oro.rrn He 3aBrlcrrr or repMa, 3To B3arrMo.qeficrBue He Bgocur BKJraAa B

CABEr I{,rlI4 IIeHTpanbHr,Ie MOMeHTbI OXe-CneKTpa, COOTBeTCTByIOqerO nepe-
xo.qaM Mex.uy uogrontpr.rrypaqruMra.

Free Hand

Free Hand



234 g. Orxe-cnexrp

o6rui{e Bbrpax(eHrrr Ant Mr4Hr,{MaJrbHb{x cyMM B 6asucegecB.r3anHbrx oAHo-
3neKTpoHHbrx BoJrnoBbrx $ynrquli 7l:cBs3r.I onpe.qeJr{rorcq B cryr{ae cpeAuefi
3Heprrr $oprvrynarrrur (3.69), (3.70), a B cnyirae 1ttcflepcLrpr- Q.7T:e.82).

oruerurvt, qro [oAcraHonru (38) ilprrMer-rrrMbr raKxe n csoiicrsa\,{ [Haa-
pr4aurriocrr{ (17), (19).

Ec,rn so BrrerrrHrrx o6onoqxax r{Meer Mecro lS-cna:t, a Bo BHyrpeHHr{x -
ii-cnazr', To Moxr{o [pr4MeHrrrb ronSrauuponanHrrfi MeroA cyMMr.rpoBaHr.ur
o/qHoBpeMeHrro B npocrpaHcrBax o6ono'{ex r4 B npocrpaHcrtsax no4o6ono-
orex. B raKoM cnyqae rrcrre3aer Jrr{rrrb BKnaA cluu-opSuraJrbHoro B3ar{Mo-
4efrcrnua Br{yrprr nogo6o.noueK B MoMeHTr,r crreKTpa. Ec.nu pas4e.irenlre o6o-
ltoqKrr ua uogo6onorrKr.r rBrrercfl oAHo3HaqHbrM (/41+r j ntu lj), To sror Me-
ToA rro3Bon,ser HaxoAnrb cpe.{nr,Ie xapaKTepr{crnKLr Anfl. rpyln :lz.ll^uit, co-
orBercrByrorr[fx olpe.{eneHHbrM SHaqeHuf,M o.{no3;reKTpoHHblx troJIHbIx
MoMeHToB TaKI4x o6o.lro.{er.

Faccrrorpuu cttyuait, KorAa o)Ke-crreKTp pacrqer.rrflercfl rra rpyntrbl nll-
unfi cur.rn-op6r.rranrntru a:auvrogeficrBr{eM e o6oroqKe, coAepxaulei na-
qanbHyro tsaKaHcrrro. Fas4e:rr.rv oArry sry o6olo.ffiy na nogo6onoqKr{, a oc-
TaJrbr{r,re o6ono.rKu 6yaelt paccMarpr,rBarb Hepa3AeJreHHbrMr{. flpuuenxr x
(i2) uogcranoBKrl (38), (39) npLI i: l, p:1, HaxoArrM, .rro c4nrar cpe4nefi
3Heprrrrr I{3-3a gneKTpocrarrdqecKoro B3ar{MoAeitctnus paBeri:

8 ai lxo l!t,+ | j, ly, Iy " - Ko lft,+z 1N" - r /f. - 1 /) : - 
41, l?- -N, D, (Kj, l r) -

-4ts!2- M D.(KiJ)+
+,3TI (41,+ 1) (41"+'1)

x (4lr+.2 - N ) (41 z+ 2 -ir3) D.(KI 2l ) -
- (ff, - 1)(tr, - t) DI(K', t2!s)l. (43)

flpu Nr:{12*2, N3:4ls+2 coxpay{ercr Jrrrrub qJreH c uocne4nefi vru-
nrarrallnofi cyuiraofi. Ona He 3aBtrcr4T or MoMeHTa.Tr, uocronrxy BKrroqeu-
Har B Hee cr.rJra coBo(yrnocrn ox(e-[epexoAov so(lrl", lrjrel) rrMeer raryro
xe, KaK I{ ocHoBr{at qacrb Ml{Hl4vtanluofi cyMMbI, 3aBucEMocrb or rroJrlroro
MOMeHTa jr1:

so(lrlr, Irjrel): -r#t so(lrlr, Irel). (44)

flpu nio6or,r qucJre 3JreKTpoHoB y lr- u /r-o6ono.rxax cABr{r 8Ef, zanucur
or KBarrroBoro qacJra jh t{epe3 Mrrr{r{MaJrbrrbre cyMMbr Dr(jrlr) u Dr(jrl"),
Bbrpaxer{rl.rr Inf foropbix HaxoAsrc{ uz (3.70) TeM xe cuoco6ou, qro rr
@opnayra (6.9a) (cp. raKx(e c (15)). Hanpnuep, ann Dr(7rlr) uony.raeu:

Dr(itlr): - f f lQlVP,i,,"i", t,i,rjV?, jit, j,, !,i,rtiaV?,,,r, t"i"t,ii. (45)
Q iziiiri

CyrvruupoaaHrre uo jr, .i\. j",j uoannxercfl. B vrtrlurwanlnofi cyMMe npr{ Bbr-
paxeHrur o4rrogJreKTpoHHbrx BoJrHoBbrx $yrrqlrfi Bcex yqacrByroqrrx B ne-
pexoAe snerTporroB, He cqr{Tar 3JreKTpoHa usjr-uogo6oJroqKn, qepe3 Borno-
nrre $ynxqum .ij-cnxzu.

Free Hand

Free Hand



8.2. fpynnu ,uraufi oxe-cnellrpa 235

B cnyuae oxe-[epexo,qoB Mex,qy rontpurypaqu.aMlt, coAepxarrt.{Mrl KaK

o6onouxra, TaK I{ [oAoSororIKrI, cABrrr cpe4refi gneprrall oflpeAenterc.a
He roJrbKo oneKTpocrarrrqecKtrM n:auuogei.rcrBr{eM, Ho raKxe u cuun-op6u-
TanbHbIM sgaHMoAeiicrBI,IeM BHyrpI,I orrcpbrrblx o6onoqeK. Ero srraA Iago-

6paxaercx qerbrpbMl AI,IarpaMMaMlr (puc. 8.2), o4raro B Ml{Hr{Ma.nr'nofi

(0 (0 (0 (0
Pnc, 8.2..{narpaMMhr, oflficbrBaroqr4e BKnaA cllr{H-op6rra-nblroro B3aqMo.ueficrB?It B cABI{r
oxe-cnexrpa B cJlyqae, xorga Hel(oroplre o6o;roqrr'r pa3AeJrel{bl ra uoAo6onoqxrl

cyMMe, coorBercrByrouefi nepnoft u rperrefi u3 HIrx' cIraH-op6I{TaJIbHoe

e:au\,toAeficrBue Bo3MoxHo roJrbKo Blryrpll noAo6onoqer il' ntw i1i'*t,
,Ens Koropblx oAHo3JreKrponnnrfi uarpu'rrrrrfi 3JIeMeHT yur{TapHo-Herlpll-

Bo.IEMOTO Oneparopa paBeH HyJIro. [pyrat. MlrIrIrMaJIbHat cyMMa Onl4cblBaer

BKraA curn-op6uraJrbuoro ssauMoreficrBplf, BHyrpE Ir' (urru /"-)o6onouru
n ErueeT BbrpaxeHue

D'i|(lr):Sffi" r,(- l)1'+i'+ti2s;t 1lrlr, lre l)llrl(',x

\yl/, /, t \*
'l#\t, tz k'l'
tr t3 k I
I l, k'l*

I
j

I
I

" [ ] ,, (/, + ry rzt,* l]''' { rtiz i;,

. [!S# nk (tzh, t,et)2 -(- l'+r'

x frk (lrl", e I l) frk' (lrlr, lre\f,

r4e 1{,,,. - HopMnpoBo.rHrrfi r\rHoxr{TeJrb (11.4.2), BxJrrorreutre roroporo
rro3BoJr{er uctroJrb3oBarb 3ry tboprryly tr B cnyqae oxe-xepexoAoB c y.{ane-
rrr{eM AByx 3neKlpouoB us rofi xe cauofi o6o.ilosKn. Ecnu cnrn-op6uramnoe
nsanruogeftcrBne r{Meer Mecro n /r-o6orovre, To n (46) creryer npornBecrll
3aMeuy lr++lr.

CAsur cpegneft 3HeprEI{, o6ycnorrenuufi cunn-op6uralrxrru B3aKMo-

4efictnueM, EMeer Br{A

8 Ef (Kollt,+tiLry,l{, - Kollt,+21{,-t IN,*t /):
| ,r^t , n: ar* [(4/2 + z - N r) D{i?(Kl) + (N2- D Di? (K', l)]+

+ ?fk K4/s + z - N ) Di?(K/,) + (tr, - t) Dil(K'ls)l .

(46)

(47)

Free Hand

Free Hand



236 8. Oxe-cuexrp

Eclu n KoHeqHoM cocroflHal{ o6pa3yrorcs ABe BaKarrc[H B o.{Hof n rofi
xe o6onoqKe, ro BMecro (11) HaxoAtrM (1"*0\:

8 EA(Kellt,+tir{, --'Kslft,+21N,-rt): - e#. Dz(KiJz)+

* 4ti;4 [@L+2-Nz)(4tz+ I -ir,)D16tZ)-

- (N, - 2)(N,- 3) Dr(K', lz)l+

+ # t@,+2 - N) Di?6t,)* (N, - z) Di? (K' t,)1.

CAsHr cpegnefi 3nepr[rr He 3aBHcr{T or B3ar{MoAeficrs[ft B orKpbrrbrx
,,naccLIBHbIXtt o6oloqKax, cogepxarUuxcfl B Ko, a raxxe or ux B3al{Mo.qeficf-
nuit c ,.axrraBH6lMr,r" o6onoqraMn. Tarax 3aBlrclrMocrb rrotBJrtercfl. ailfl Avc-
Ilepcur{ oxe-cleKTpa.

Ecnn ne roJrbKo I{aqaJrbHa{, Ho LI KoHequbre BalcaHclrn o6pasyrorc.rr Bo
BHyrpeHHnx 3arronHcHnbrx o6oloqrax, To qeJrecoo6pasno olpeAeJrflTb cpe.q-
Irlrg xapaKTepl{crlrKr,I rpyn[ tuwuit [prr 3aAaHHbIX rroJrr{blx MoMeHTax Bcex
saraucufi. flocronnry Bce ,,aKTrrBHue" o6oroqKr,r pa3AeJrtrorc.fl rra no4o6o-
JroqKu, ro cnzn-op6urrarrbnafl. qacrr, c,4Bl.rra cpe4nefi sueprrrn r{cqe3aer,
a 3JIeKTpOCTATI?Iq.9AKa[. YaCTb BbrpaxaeT0t qepe3 eAT4HCTBeHHyIO Mr{HIrMaJrb-
Hyro cyM\"fy:

8 E A (Ko tlt,+ 1 i, ft, +2 f t s+, - Ko ./1,,,*, 
1oh+ 1 i 2 IlI "+ 

t j 3 lj) :
: 8 E/ (K6j?i, iy' * 1 i?i' *' - Kti'/' * t 

i?i " i3i " li) : - D r (i r, i 
"),

(4e\

fAe

Ki): Koi't2ii+t ''2ii'Lt i'2i;+t , npu jt:l,T I
= , (s0)

Dr(i,.i):
I ttl<.i"i"t I t" I i,i"J> (i"isJ I f'" 1i,"ir!'

j
(5 1)

) t"n e,iuJr* 1i,"its'
J

Pac.rer Ar,rcnepcuu rrJrr{ acr{MMerpr.M rpynn nranuft ox(e-c[exrpa lleJreco-
o6pasuo flpoBo.urrb npr4 troMorqtr nporpaMM, peaJrr.r3yrour{x aJlropr{TM rra-
xox(Aentrr cpeAHrrx B rroAflpocrpaHcrBax o6oloqer ranu noAo6oroqeK.

Ha puc. 8.3 s xa.recrBe [puMepanpr,rBeAerr Mr,"Mn,uNr,, oxe-crleKTp
Kpr,rrrroHa. SrcnepranrenraJrbHoe paccro.rrHr{e MexAy MaKcr{MyMaMr,r paBHo
7,0 eB. Teoperuuecxoe 3uaqeHrre cnnn-op6raraJrbHoro pacule[JreHlrx yponnefi
3p-l-naraxcuu cocraBJrrer 7,42 gB. BcneAcrBtre 3aBr{csulero or rgpMa gJreK-

TpocraruqecKoro B3ar{MoAefi.crsu.f, r roneqnofi rou$urypaqlrr{ Mex{Ay or-
KphrrbrMr.r o6ono.rKaMu cpe4nrre gHepruu o6eux cnun-gy6nernbrx rpytrn nrr'ufr.
cABrrrarorcr B cropony MeHbruux eneprufi Ha oArruar(oByro BennquHy 0,50 eB.
flpra y.rere cnrn-op6uraJrbHoro ssaulloAefi crBt4 fl B ronequofi ron$rarypaquu
cpeAHf,fl 3Heprrr{ rpylnbr 'nuuufr. c i:312 cABlrraerct BupaBo na 0,14 aB, a
rpyxrrbr rrunuit,c j:l12 - BJreBo uaO,26 gB. Taxru o6pasolr, cpeAHee pac-

(48)

j',: trt +

Free Hand



8.2. lpynnn ;rurufi oxe-cuexrpa

Cxopocrr clera,
nMn./10 c

102E, ?B 92 104 .. 38

Prc. 8.3. Crurn-,ry6rernbre rpylrrrr nr.rHnft B M"*Mn,sNr,r oxe-cnexrpe rrpunroHa: rr-
excrrepl{MeuT [138]; 6 - pacqer a npu6rnxenux Xaprpn-(Doxa-Ilay:ru c ] {eroM ec-
TecrBeErrof m[pnHbl :tntnft [137]. Crpe.,rxaraIr noKa3aH!.r noJroxeHur cpenH]4x ?Heprfiii
crurH-Ay6neTHHx I]pynII ruuuit s npeHe6pexeHfih ]tx cnBrrroNl (--*) r npH ero
lrere (+)

cToflHEe Mex,qy MaKCr{MyMaMI{ yMeHbrrraeTcr Ao ?,02 eB, qTo xopouo c0-
rJracyeTcr c 3(clepl,rMeHTarbHbrM 3HaqeHr4eM. 3ro r.ultoctpupyeT Bo3Mo?K-
HOCTb I,lCnOJrb3OBaHr,l.rr TeopeTr{rrecKoft cpe.4He[ 3Hepr}ra rpynrrbr nvVafr. npr
oqeHKe Brrlrfl]1,Ir'ls. pa3nr{qHbrx B3ar{MoAeficrBr.rfi B arorue Ha oornylo cTpyKrypy
cnel(Tpa.

co

loo
6

94
a

Free Hand

Free Hand
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flpn.noxesxe I

HEKOTOPbTE CyMMbt KOaOOIIUITEHTOB Br{rHEpA

Z r-u'-^(t^ :* ';,)=r,r', o)8(z', o)ril+. (r)

f r_r)!r-m,*Jn-n,(t;r t;, t*)(:r, :,^, !r,):
frr ffiz

:8(i, i')8(m, m') 8(j,/ii)(-1)i-aul-1. (2)

f ,-ry-- rr(t;, t:" t-)(j;, !;, :^):
jm
:8 (rzr, mI) I (mz, mi) (- l)jt-^'* jz-mz- (3)

Zr-u'-"(';, ';" :*)('* ';" ';,):
:(-r)zr, r r-,r-, b:(t;" ti, !r) ( .i 

t;" t;,){t; ,; il G)
xE

E (rrr, t-,r) I (pr, r..J : ( - ,;*-'t* 
-l - u' t

"f r-uer,r(l/j, ; 'f,)(3, :z'l) (5)

l.

,r*,, n,r(1/*', !. t',i)=r-t)-t-*' f (-,ln-n ry, ttx
y\te

*(t1z t tlz\(rlz t 1t2\tt v x\[t x t
\-!r, -r rrzlr-Fr -? *.i |'-o \ -e)|ip rl2 tlz

li, i, i"\(i" in i.\:
\rr, ft12 m"ltm| tta mil

:) r*, t, z1(-t)-i,+ir*r,+ir(-l)r-'-v-e-'ltr: i" ;,1{;, 
t;, 

;"
xtz
2pv

"(';, :E ';")(';, i ',)(';, :o ';,)(:, ';, )

l (6)

(7)

flpnnoxeuue 2

OCHOBHbIE OOPMyJIbt cyMMl,tPOBAHl,ltl 6i- u 9j-KO3aailUHEHTOB

(-r

f [xl{xiJ,}=U,, i,1.
x

t--
L e t). [.r] { xl.l}:(- t)'zi Ul.

(l)

(2)

Free Hand

Free Hand



@op vyau cyMMxpoBaur.r n 6 j - u 9J -roeQQuqrleuroe

Ilptnoxexne 2 (npoaonxenne)

T 
*,{jl t,i t;l:,-r,r"{i,i,i"}.

239

(3)

(4)

(-s)

(6)

(7)

(8)

f <-'r orlt; t; f ):t,r,, o)(-I;-r'-r' ,,,, ,,rI.

lir i" i"l

T'rl; t f i:t (t,, i)ti,t-, {i,i,i"} {i,t,t"}.

li' i, i"l
f r-tl' wlt 

"t, ; l:*#(-r),'+;"+r,+,"{i,t,t"}{j,t"i"}.." l/r,r, ,J

; r"r{il';'){'i';':}:*# {i,i,i"}{t,,,i"t.

f t-,r o,l';';';|{l: 'i ';}:,-,)-,,-,,{i; ';
r'l
j'" J'

l'l:,- ,rr"{'i" t;" t;}l;, 'i, ,,,} (e)v^lr'i,'i"'i
li" kz

It' lB

r r-,x ^l'i,'i,'if',, i: :"|=
: ( - I )ir +.ir+J:+rr +l'+t!-ftl- r**" 

{i;" 
i;,

r r",, .^l'i,'i,'*llr'i,'i.'il:

- 8(.ri, i)8(i,, iit ..: 
7-z i,i I t2iffi { i' i, i "} { i, t,k'} { i, t 

" 
k,}.

r, -, r, Lx., xzt 

r'i,'i,'i:ll,|i,' i,' i:l:
: ( - r)rr+r,+rr - kt * rt*!i- rtlr'i,'ir 

tirl

f r-,r'orl';"ti"t){j: '; ';,}l:' !,"

i,l I t,hllr,
t /rl
k" i"l' (10)

(11)

(12)

( 13)r:|:tli,'i.'i"]

Free Hand



240 flpu,roxenue 2

flprnoxenxe 2 (upo4o,'rxenre)

I r-,r r,r {i; ;,',J1,,," i,,',l"llt;, ;,';l:
:(-l)Jr+i.+i.1t,4t1{t5*tr* ',*',{O' !' 

t"l It" kz *t I
rr, rz * ii,,' i; Ci' (14)

L'"" 
.^{'; t; ;"ll';'; i:ll',i 'i ';,l1'; ';, ';,1 (rs)

),(-,)',*"' rx,, x,tlt; ,; f ltl t i:llt,:t;';"1:
:(-l)r,E(/,, /,) Ilf,-, {jrjnt,}{j,j"t,}. (16)

Ii, i, *r\r*, I" i,\lt, /,i, I_), ir,, 
",1 

| l, l. x, I

:,,"' ^"1;' ;., ;,1\'' xL *'l\j' t' x'l

:(-t)2h ]#ri {j" t,k,} lf"' 
t; i:l

f (-,,*-' o,l';, t,i;)U, ';, .,"]t1;, r,: 
X,l{i: ;: 'n,l=

:r (-,),"*rr*rr4kr+,, ,rl;,rr,t*llt; i: ;,1{t,: !: i,l:

rAe R= Z U,nrrnOr+ht), a rlervnuila e nparoft qacrlr - l2i-roe0suuneur luepnoro
j:1

poaa [7].

r o,{i: 'i i,lt';, ';, ;"1{r,: i,: ;"1{;: ;: :"1:

li, k, x )lir k2 x I fi' i, kr *rl
: 
T 

.'li: 
',", l"'l\',: :", :,'l:'-')-r'*"-*'** lt' i: ';" ;: J 

' t"'
rae roc.relHrfi Bertrrrrrra - 12y'-rsr66t*I{egr Broporo pona [7].
Hecran.uaprrrre cyNtrvGr [52, 53]:

Z ii,i,"]{"i,1,}:
,,
: * (:ir+ir+2)x3(ir-i)l (* npn i'2i,, - rpr jr<i,). (20)

(17)

(l 8)
li, I, kr il2

:l j, l, k" ils

l,'; l, k, nr



Matpnuuue sreMeHru o[eparopoB [-Jh w Vkhl

flpn.roxenne 2 (oxourarr.re)

f (-rr,'-" {i,irx}{xi,.i,}=f t- tr*,wlliii

I: 7 [t +1- t)i'+i, (2+ (- t),i.) + (1- t;r'-r'- t)]

S Ii' rr rr[- I
A |t;'ii il:Z [1+1-1;z;^+i4*

it2izi .r - rleroe qrlcno.

1

f t - tr { ;' i:';l :, - r- i, - r, * r, v,r' (fffr!ff;!ffi);,
x

it2 jr.

T 
o, {j;';'il1ffiml^+ 4 *E;',:

ir2irl is E t-qerEre qtrcna.

: {l '; ';l:,-u,'" Z (:'^,
Mt frs

f r-tr tl: 
t; t;):1-,;',-," 

Li,t-,, i,2iz.

f r-'r orl',: ,,: f; |:,-,,,n*,,
jr> jzi jt>0i js s x - rleJrhle rrucrra.

4 
o't{l: '; X}:tt *(-t)2i',2, i,7i,; x - uerroe q'crro.

flpr.norrenre 3

MATPUIIHbIE II CYEMATPT,IqHbIE EJIEMEHTbI ONEPATOPOB
A(, (2.8) n y<kt') (2.9), COCTABJIEHHbTX l{3 EAHHI,IqHbIX TEH3OPOB

( lt "1LS ll U<*, ll lN T' L' S' ) : l,/j I 1x TLS ll y<,,o, ll lN y' L' S' ) .

( /N pS ll VGh') ll 7x y' L' S'): N [i, L' , S, g'1trz 
f ( - f lZ*S*;+s x

YrS
x ( - 1)r + 1/2 + r + r' 

11n -' yi St Il /d rZ,S) U" - r 123/ ll lN 7' L' s,) x

,.t: :,L"ll': '!:5)
9. Karazija

24t

(21)

Jt
i,

(t

(23)

i'-l | .x l'
(24)

-,tl^, 
ti")', l*,|<i,-i,. (2s)

(27)

(28)

.rl_
xl-

xar n (20)).

(22)

(26\

Lrr+t+l) (ir-i')

0)

(2)
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flpx.noxenre 3 (npo,qoaxerure)

(ln TLSMT.MsIQ<ot I lN yLSMrMs): vJ111-rtz.

( /d lZS ll [<o> ll lN y' L' S' ) : I (rZ,S, ^(' L' S') lr [2, S]1/' ( l- ttz .

r,lN yLSMLMs I I/(0o) | /Yyl,,SMtMs): NU, sl-trz.

Ilpn.noxenue 3

(3)

(4)

(5)

(tN pLS tt uo' tt tN { L's'):8 (yLS, y' L' s') | 
L Qillffitll#l}) 

l''' (6)

(/x1,LSllz(01)ll/flT,Z,,S,):8(7LS,7'L'S,l[ffi]',,.(7,
Coorsomenrre ruex4y cy6rvrarprqubrMr{ gJreMer{TaME Art qacrr4i{Bo u uoqrr,{ 3anonHeEEED(
OOOJIOIICK

11rt+r-il.1u1,S lly(tb', ll ltt+z-N \, D, L' S, >-
& r*,+r+ ulu'

:(-1) z (/dyuz.t11yrr*'tllyy,v,L,S,)*

+ 8 (pZ^S, ^y' v' L' S') 8 (k, 0) 8 (k', 0) [L, S, t, slrr2 . (8)

Marpirnrrre gJreMenrbr nporrre.4euufi ofieparopoB u$t, oG*') orrrocr{TeJrbgo BoJrgoBbrx
$yr*quft 'recar3aErrbrx MoMeHToB (v : zrv !r", C= mt Ve rl r. n.)

( /1v | 2rtftol (/J r /, ( ) :

:f ,-tro*e't^)-m,t,112-u"Ikt-,,, (:;, : :r)(!.:" :r 
tt) (e)

( Itvl,l l (z(tr (/,1 . u(*) (/r)) I Leh\):8 (rr", pd I (pE, r.ra) x

x) t-rlc+,'-^,*,'-^e(s,^" r, 
k)&, :, :,) .o)

( hv h1 l (a<**' t (l t) . v<t{ t ([)) l /r ( /r rf r : f (- 11e* e' + r,- m y+ t.- mq+ r - Pv-tr€ x
qq'

"(l;. 
r, 

k)C;, :, :,)(':. i ::,)(::, :',, ':) ',)
(lr,tl2ll"pl(fu(k'k')e)to&.kitg;1k,kit.a(k.k)U"))t6f,4r11"r):1k", k',Yiz,

11 I (-11t,-mr+t-mq*h-mr*112-vu*l12-1rr4112-yLe+k,+k,+k',+kix
qr qz et qlaiai

"(1,: 
r,: n(:i:: r,)(!;" r,: 

;)(l;, 
r,: 

';.

.(:i'" :i 't)v*::':)('_!;, i; ':)
(Irv lr(lup /a 1 | (z<t.r (/) . ut*'r (/r)) (r,*', (/s) . a(t,r (/.)) i l1l124l"r tr1):
:8(p", rrd(rrg, pr)8(re, p,)D(pr, er) ) (-1;o.+o,,.

)(_';, I:
/"\

^,)*
(12)

Free Hand

Free Hand



243Marpauuue IreMenrb,r oueparopa il"

flpr.noon*nxe 3 (oxouvanne)

(1 3)

"('-':, 
r; 't)(:-, on, ':)('-!;, :i ':)(:!'^ oi, 

lf).
,(I:' r,: )ff: X: :,)(:i:: :')Ci:i :'r) .4,

x(-l)L+uv+t,-mE+!'-mp+',-^^(l' k' 
")f 

t kr 
")t\-mv 4r mu \-mz -4t mnl

/ l" k" l"\/ I, k, [\t\--o 
4z ^*)\-^^ -Qz -*)'

( l, v l, U s p e,l ([oG' tll e ) x aG, k) g r11,*k') . 1r(h 
k') Q) x o(k, k) (rr)l(&t))

ilr(hrtlsnl19):
:Lk'k'l f (-1;ft'*ft'-pt'1k'+ki+ki+k"+kt+e+e'x

Qr4zQz 4t
qq', c', qi qi q'

x ( - I )L - -" + l,- m g+ l,- m 
e+ 

I a- m \- & v- tt1- trp - ol x

"(-';" ? k)t-,:: ;,)(l;, 
r,: 

*")(j;^ 
r; 

:,)"

flparoxenre 4

MATPHqHbIE ETEMEHTbI ONEPATOPA
SJTEKTPOCTATHqECKOTO B3AHMOAEnCTBITt (2.5). CPEAHT{E 9HEPrr,rH
KOHOHTYPAIII,IH I4 NOAKOHOI{|YPAIIHII

O6rqufi AB)D(sJreKTpoE-Harfi varpnunrrfi sreMeET otreparopa h' s LS-crrrrrs

( n, I tn; l, LS I h l nz lt na I tLS ) : 2N.; r,, r, r, ly'r, r1,r. r. ( - I ;r. +r. t

"T [,- 'rlti ',i il *'(n1t1n1t,, n1t2n1t1)*

*(-rr {i: 
t,i 

"rl Qt(n't,n,t,, n,t,,'t)], (t)

rAe

Ar- _ ,:[ ll2,.y"n n1:nr n l':lr, 
(z)rtrlrr' r"'-l ttVT Arff EegKBEBaJreETHbrx gJrexrpoEoB

- EopMapoBoqnrrfi mroxureru (coxpa:qeuno o_6ogsaqaeilGrfi i4,, ,r); frt - oiryrrfr.us-
Terpa:r anerrpocrarrrlecKoro sganuoAefcrsux N c trptrcoeAfiHeEEbrMr{ ogoSJrercrpoaxlr-
r"m cy6lrarprsmnm greMeETaMfi otreparopa c([epnrecrofi oymcrrnn C(t):

frt (nrlrnrl", nshnal):(11 ll C(t) ll /r ) (hll Cb Il /n ) n* (n111n212, nslgnala), (3)

R\,(n111n117, 71lsnal1): j *, 
'j 

dr, -:L pn,r,(r)p".,. (rr)pn.t.(r)p,. 1.(rr)*

@@

+ [ ar, [ *, 
# 

Po,2,(r1)Pn,r,(rr)Pn, r,(r)P,,2,(rr). (4)

0rt
QI

Free Hand

Free Hand
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flpraoxenne 4 (npogoaxerre)

Yacrxrre clyqatr rlnTerpauroB

F' (n1ly nrlr): Rr (n1l1n2 12, n1lrn2 l2),

Gr (n1\ n7 lr) : RL (nrlrn, 12, n, 12 n, I),
Fk (ntlt, nzlt):llt (n1lrn2lr, n1l1n2l2):
:<[ll C(r) lll)<kll C(t)ll 4)Ft(n1l,n,l2),
9* (nrlt, hlt):gk (n1\n112, nsl2, nrlll:
: ( - t)t ( /, ll 6'trr ll /r X cr (n,17, n2l2) .

9acrmre c.fiytraur Marpf,truoro anerraenra (l)

(4\n2lrLS I h' 1 nrlrnrlrLS ) =2N1,t,, o,U Z ( - l)r, +.. x

k

Ilpn.noxeune 4

(5)

(6)

(7t

(8)

.{ r-rr, l'; '; Llor (n,t,, n,r,)+(-tr {i; 
,; il u'@,t', ',t)l'

Xl o'bt, nt)'

"(1i,, t iir) U, l: Il u,rt"r(t2kt)R, ().,),s, ),,1..); (t2)

'^,, ^,={ l,ivy,l:,=i,;^" (,3)

(nl'LS l h' l nl, LS):(-t),', [l+1-t;r+s; 
4 lt, I

O6qrf ADlrolerTponglrii uarpnrnrrfi greMsET n jj-cwsu

(),r),r"rlr. ltrrLJ).:

(10)

:2lVl,,LNrs,l,r[(lr],tJ jhili\L"/)-(-I)rn*rt't <].x],2Jlrirl],.],r./>1 , (lt)
r]Ic

(t4)

I ),1 ),1,I) : ( - 1)rr * rr *ir * Jr +r Ut ir, i", jl!t/, x

l: llll t; ''f IU: 
t; ''il r,,rc('!)ir/")(L,c*,!r/.)x

13)')=(-r)Jr +!t+r fi,, iz, h, il,/, z ( ji,, I iir)^

3gec_r l, - ua6op KBarrroBlrx tncx.t nrl,ii B penrruBncrcrorr.n nrl, B E€peJnrr{BrcrcxoM
rpr6nrxewrx, (l&l) - Tpf,a,ryroe ycrroBne c AotroJrgf,TerbrrbrM rpe6oairneu q€Txocrr.r
cylner trap:lMerpoB h+k+ lz

(hktsr: { t, kh} + [l +(- 11,,+r,+t;.

I 1, ),, 1l ftir

"T {ii
x lRt (Ir lr,

}larerpan Q' s p,trrutrrcrcroM npn6nuxemu Bbrpaxeercn wpeg sylory lgrerpa.,Ieq
orEocf,TeJrbEo KoMtroEeFt ollEosJreKTpoEnbDa BontrOBEIx $1mUrf,. Maprwle 5lterutEfEl
otreparopa F c ,'cx.rroseffior cpe,ryeft srepraef (repenar*rcrcxoe upr6xxxcrme);

e ZS-csxgr

(nl'LS lh,l ot, tsS:j U *f - t)r+sl x

Free Hand

Free Hand



Marprvnue greMeuru oueparopa l/' 2.{5

flpnnoxeure 4 (npogonxease)

*l [,-r)'{ , ', il.e,#oo,f Fr{,,, n,t, (r5)

( n1 l1n2 I, LS I k" I n, I, n, l, LS ) : ( - | )tr *t1 { L as ( n1 I 1 n2 12 LS I h" I n, l, n, l, LS > :

:I 1-rr,*u*'{ ii '; i,l nL(n,t,, n,t,)+

*f r-r)- l(-rl" I I' t' k ln = 1 l-t L I r, 6 L I', 2(2(+l) (Zl,+r)J ^

x Qk (nrl, nrlr), nrlrl n, 12;

a ij-csnzn

t ntj2rth" tntjzr):-11 U+(-l)rl n Z (-'rp !iip)',
k>o

"['r, { ', 
t, to 

}-+i (tkt)FL(nt, nt),

(.n, lrjpr l, j2 fjfr"lnrlrjrn5l"ir"/ ) : ( - 1).,1 +r,+r- r (n1li1n" I"irI | * | nalaiantlritl) :

= f 1-r),*,u,, i,r (!;,, f i;r)"
ft>0

"( 
j;,, i l;r) l'; 

t; tol 
u'o,r(tzkt) FL(n1t1. n7t2)- 

,

-Z (l;, f ir)''[,,,,o,{ii '; '.ll-r] urt)G*(n1t1, n2t2).

k

(l6)

(17)

hljr*n'lzjz. (1 8)

AsyxgneKTpotmffi Matpuffibrf 3JreMeET otreparopa ft" orsocnrerbuo BoJIgoBED( 6)tmo1rfi
EecBr3aFffix MoMerrroB (2,2D @lts SKBEBaJTeETESD( E lregrBtrBa;renrnrx elerrpoxori)

(vllh l ('t)':(u€ I,i' I (r)-(vE I li" I l(), (le)

rAe lrarprsmd gJreMeET ordoctrTeJrbgo EeanTrcltMMerprqEbrx BoJmoBhD( d}mqrft trMeer
sEA (ug na6opon v, E, .. . BbrAeJr.firorcr op6ararnmre E FraBrGre KBaEToBETe tracJra, uocJIeA-
me orrycxarorca)

1rrir,qlh, lt"ltanr: f (-t;tr+r'--v-dE+48(pu, tr6)" , 
t

kq

xD(pe, n,r"(li" X k) t:"* :o ft) &'s,,,,,",n1=

:f, <-tl*r(r", rq)D(K, pa)tr., /.1-'r'.[jl t :,]"
kq

"[,]', f h] q'(t,t,, t"tn).

1zo)

(2t)



246 flpunoxenxe 4

flpx.:roxenne 4 (npoaolxerne)

Kos$lprurenr y EuTerpaJra Ft (nl, n[l B MarprrrrroM gneMeETe otreparopa 3JreKTpocrarr-
llecxoro sgarlvoAeficrsrr- BHyTpn o6onogn

f*(tNyLS, y'r.s): *l",sl-' f (r"ytrs IuG,ntN^(L,s)x
' ,'"'

x (/x1,zs Iu6iltN.t, L"s>-8 tt, t) ffi | ar,,",.,,,rr,. (22)

S.rexrpocrarru@roe B3af,Mo4eficmre uexg4y o6o.noxxaw

(t{,ly,y) Heit 'ty'y'>:f (fr$, t)F,(tr, t,)*gy(y, y)G* (tr, t)), e3)
k

fn Ql' {" y' Lrs. y, zrs, z,s, yi Li silL Li si rs):
:8(sr si)8(sr, s)t-DLi+r"*tr[,sr, sr]-,r, { ii i", irl"
x ( /{v'r'ytZ1s1 11 

yttt ll {vr \'tLisi) (4,'1"Lzszll utt't ll l{r \'zL'zsi) x

x < 4 ll C(t) ll /' I 11, Il C(') ll /' ). (24)

g, (l{, tf; "f , LySl y, trr,Sr, y'r Li S I f 'z Li,S6 l,S) : ( - 1 )ri+ zi+r+si+'t! +s+ I x

'f <-')'r', otl'i '; :llii ii il{ i 3i i.} ,u''"",',r)'tx
xx'

*(/fl'yrZrSrlll/G''rll/{'tiLisi,) (Ifl'raIr&ll 7t"'; [l l{,t',Llsi). Q5)

Cpelrrlu greprrr xox$rrypaqxn B EepenrrtrDxcrcroM npr6nnxemu

Etr;=f, N1r(n1t)+\ E"@,t\*Z Ar,@,t!,nr{r, e6)
t t i<j

rrc I (nJ) - nurerpan rroremllraJrbuof, saeprnr B rroJre rlpa E xrserxsocrof gEeprEE
gnerTposa, [peAcraBJrrroqrf, co6of, sacrrulf, cnyraf, rremox$rr5paunomoro Enrerpa-
ua

,-I(n,t,, n,t,):-; .f po,r,(r)[#.+-llf0] p.,1,(r)dr, (27)
0

I (n1l):I (11'lv nJt), QB)

E @,{\ u Eir1n,{'nrrftl - cpeIFEe oseprtrE snerTpocrarwecroro EsarMoleficr-
Bnr BrryTpf, l'-[ o6onogxr f, Mex.ry i-f,, n i-ft o6onosraM{

2t

E1ntx1:{gJ r"<nt,,n-a!,,$ffi \ e,{or, nr). ros)
&>0

Eir@rf ,nr$'): N, NrF (n1lr, nrl2)-

Nr i/, 
l'+l'

- 2ett+rfer"+D f GD'gr (n111' n1l2)' (30)

k: llrltl

Free Hand

Free Hand



lvlarpuvuue 3JreMeHrEr oneparopa I/*o 247

flpmoxenre 4 (orouranne)

Cpe,qn r ggeprfir nogxou$rrypaqnu

Elxy:f ,,r,rti,l *f I*U.
ii

*fr"1r,, r,)-2llr Z (]io t lirl utkt,)Ft(r,, r,)]+
L zlr 

ft>o

*f ",", [o'(r,, 
r,)-f C;o i tir)' u,kte)cr(r,, r,)], (3r)

i<p k

r,qe I x (l,klo) nvrewr rarofi xe cMbrcrr, xar n B (12). 9neprrr Bpefira r (31) se yqrelra'

flpruroxenxe 5

ITATPHTIHbIE SJIEITEHTH ONEPATOPA
cnHH-opEHTAJrbHOrO BsAHMOAEnCTBntl (2.6)

O,ryosnextpomrrrfi uarpnmrfi sneMeET

/.'-- +1-'
{nolum,p" Il"J ,Cl(*(irr):81/", /6)(-1)' "'v' 2 *v 

x

xVztzr6+t)(u,l-oenur,, nqtqf r-tx(-') 
" ) *r)(!''* ), [)-- <t,

:D(/", /c) V z1z1/1,11"a11en,r,.,qrq}l*, : :"lf# | 
t{rl, 

(2)

r,qe (zulu, nrlg - rvrexron$arypa4noan u"'Jrot r-cuuu-op6nrarouoro sgaulroAefict'
B.us I23l;

(nylyivmv I h"' tt nrlr], mr>:

:8 0", tq) 8 (i", ie) I (nr,, mr) i ft" Ot*tl- l"(1"+1)-3141C,,r", n4s. (3)

3aBr{ctrMocrb MarpurlEoro gJreMeETa or KBaHToBoro qncla .I

(/,S.rl g'o ly'L'S'l' M'>:

:s(r, r,) 8(M, M,)1-,t"'*"*,{f, t, 1}.rr",' ,1*11y'L's'). (4)

O,Eoo6onoveuxrrfi cy6warpnYnrd gJreMelrr s .L,S-cst3[

(nlN yLS ll H"' ll nlN \' Ij S')=
I

:13l2l (t + t) (21+ Df (/r rrs ll voD (t) ll lN y' L' s') (,1, (5)

rAe (,r: (nr, 61 - rrocrornHar cmn-op6nraJrbuoro sgamuoAeficteusl23l. MarpuYurrfi are'
MeET B crry'rae oAEofi noAo6oloqxx

(ntiNyJlH"oinliNf'J'):8(t, y')8(/, I')N(nljlh'lnli). (6)

Free Hand

Free Hand
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flpruroxenne 5

MATPI,IqHbIE SJIEMEHTH ONEPATOPA PAAHAI(HOHHOTO
3JrEKTPnqECKOTO IIEPEXOAA (2.7)

OAqouexrposnrrfi uatprvnrrf, gnevesr

\nylrmyp.yl Of;t I nr\m1Vq)=

:8 (pv, $q) (- rltu-'u*' ( lL" 

" 

*) dfltn ,rtr:
_l

:-E(pu, rr()l/"l-t dtl,,,,,r,r, l*, ; :"1,
rne

dl!16 ,rtr=d','1, ,,:<t, ii C(') il /q) 'tnuly 1r ; nrls);

r(l) - )u lu, l-:"1,r, l-'

O6urufi cy6Marpn.rgbrfi greuenr s 2,S-csgsrr

{.l f ' 1, Lr S t 4 " 1 2 Ls S 2 LSJ tl OG) ll,flt- 1 "(l Ll Si ly,+r I'z Li SL L' S' J') =

:8 (S, S') (-1),,+si+zi+si+.r+.-J'+N,+l [N, flfr+f lt*t
.l

xlLu sr., L,r, s'r, L, L" J, J'12 (rl{'-lyirisi/rll {r'11 .Lrsr)x

x(t{"y"L"s2t,r{,+r r;Lts)l!, i, i}{:i 3: 
tf 

}.

"{it i;'?l',,,,

Or.ne,qrHrre cry,rau o6rqero cy6ruarpnsnoro greMenTa

</fl'trzrs*rr ll oG) ll A1-l :l,..LlsilzLSJ):
I

:g(Sr, S)1-1;1,+s'+Li+J+t+rillqftr, L, Jr, l1t *

x(/fl,-' yiLisit,u4o,r,z,s;{tj i ?}{i }", i:lofr),,.

(lrjrlloe) ll/rir>:(- 11"-i*i"*' Ur, jrl+ 
U: '; 

t'r'lorr,r,.

Tpaucnonrponaaue cy6marprrll{oro gJreM€ffTa

(.\IllO(t, ll^'1'J'2:1-l)'-r' <^('I' ll O(') ll T./>,

1..yLS 
11, O(tt ll y' I' S) : ( - 1)t- t' (y' L' S il Ot', il yl.t) .

ftrpuaoxeuue 6

(1)

(3)

(4)

(5t

(6)

(7)

(8)

t9,

Free Hand



9SQerruauue dneparopbr

flpruroxenle 6 (oxoaraure)

Cyrvnr,tr r(BaApara Mo.ryJrr Marprrrnoro gneMegra no trpoeKqtrrM

sl
) I etM I sf,t> ly' J' M')l':l/1 f l eJMl oltt ly' t' rtt') lz:

MM'q M'q
r:ltl Z I eJ M', Ot, I T' J. M') l, : 1yJ ll O<D ll ^(, r'>i.

MM'

flpn.noxeuue 7

EOOEKTI,IBHbIE ONEPATOPH HT ,qJI' CYMM KBA,qPATOB
I_84_{g ! g!-LypA rIfi O H H btx MArp u rr H brx 3Jt EM E H ro B o.Il EpArO pA
3Jr EKTPOCTATHq ECKOTO B3AHMO,IEnCTBHt

f a"r lrr'1K'y';z:(KylHit lKD.
\,

t. X:4'4,, K, :ty*2ty,-z

\ (1)

249,

(10)

t-u,r:Z lnrg,t,, l,tz)gL'(rtr, ht,) I f t-rx'+r+r'qt'qw*
kk' I tt''"'
' I tt'zw

xrx, x,,ir, ,,, ,, ,,r4 r-r-w li, ) illl 'i 
T.l{i 

ti 
I_,,1"

* ) 1f"gr, (lr)xaQ'fi (DI(,.) ,lof;tt (t)xof'r') (/r)f,.))
'r1L

-zl/z Z t-r)-tx,,,, ',ltut+lkt, ;-,' ;l{j 'i 
)"

>< f f (ogrt e,:t.1sgt) (tn)xo{"ol11o;I*'r)+
icj p

*f r- ,t.wtlo,, f,' ;,1,I,(,f"rrr,r.*t,,0 
l,

rAe 4E - urrrerparr @.4.3).

z. K:tf,t{,, X, :4,r t iy,-r

(2)

Ht:Z gt e,tl, r,t,) gL' e,t,, tJ,) f e f ,- rr'*',+,+',+u xkk' I y;,1

Free Hand

Free Hand
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flptaoxenne 7 (uponolxenne)

flpn.noxeuue 7

xrx, x,, t, t,try, 
"+l'i 

'i illi ,, il"

.{l ; t}{i i, i,lf (rt""' (t)xo\n*'>(or("') ''fo<t;D)-

" f 1t"1,rl (l1\ xo{;D (1,;I-or .I*' t', (lz) xzt|' v'-t (/Jl('o)) +

Llto

+2 f (-l)r'+,+, tr, *, rS{itz :;, {,r]1"
xx'tt'

* (,-,"*' 'a'p, t'tr,, ,'tI 
l':, i,ill,, '; i,,l{!, ;, i,l"

*) 11o1,tr (t1)xvft') (rr)l('r1.rj"4tl.l)+f -l)"lx, r'11r, rltl'i,';, to,l"

';t

-zV2), r-,r r,, ,r (r- r )"'tttrx, nI to,, f, ;,71t,,: 
'i il"

:1
* ) 11"ro'l (1,) . vgex ) (1,);<'or . rP) tal) + <- 1)'+t [x] [r] 

2 x
,;t

"l!, !: ;,|ff i llr (r,f*'(/Jxs(xo)(r,)r("')',u''a,r))-

I 1,. n' 7."1

-,T,', r/r(-r)' 
I : I l,lV"-, 

(tL).vGlt (a))+

.T ,- 'r r'r {f, f: ;Jlf, l,' ;,1(v. 1t,1. o.'r,,r) 
}*

+2 I qt(t,t,, tJ,)g,'r,",,, ,r,,rf , t (-r)'+r'+'+,'+'x
kk, | ';,4'

xtx, x', t, t'*y, t+ l'i 
'i r)l'i 'i I;1"

Free Hand



9rfrpexrurune oneparopbl

ffpx;roxenxe 7 (rpo4onxenre)

" f (lo1,"l lrrrxo(xr) 11,;I.or .lorV' r') (lr)xa{x' fl(/r)ltror)-
itjcP

-r, A: t),'x, x,,,tw+ (rlo,, !: i,ll'i 'i yl"

" r (tof*ol gr; x ogx') 11r11c$'t . o<",', (lr))+
i<j<p

.11, r; ;,1{'? i yir 1r5'' (z)xoex') (,2)r("')',t'"''(,r)>+

+) r-rxr'r{f. i" i,ll':,, i, ;,1,,-I- a*, e).t)*n 
}.

+4 f g, (,12, lrh, qy (11^, lnlr) x
kk'

.{-o ), <-,F*, .x, r, /tll, ;, ;,ll;, !, ;,}'
f f f (t rol11.1 xafz')11,11t*').lo&'o)(,\xof;z) 1r.;I-'r)+

i<j P<q

*) r'r *t-+l!" i, ;,lT at-,(o.r,,t.) (L)xs[*1(r!)t(r))-

P<q

-v. Z ,,, n,oi l'i '; ;ll;, i, i,l"
xx' ,

"| t"f", (tt).tvyx'til,lxogtortr,lt,"'l) 
). 

'

D<q

r. r: r{v, rf.rf ., K, - q,+ t ty,-2 t{.+r

251

(3)

a;'= i g,(t,tr, trtrlgl( <t"t", tJ,)12 f a-r)",*'+"+"+'x
kh' 

| 
,;:l:"'

xlx, x', t, t', !; /1; Xl (o1"r111,; x'of'fi11"11<"r.Ioyrr(tr)xo{fl([)l('"))x
tJ,<q

Free Hand
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flptnoxerue 7 (npoAonxesre)

') t-rx, *tli, '*, yll'i ,i ll[i f;

-ztt:), r-,x tx,, t. wt",+ [{l f: f,l{

"f. 1tr1,tr (l)x]?J\n) (/2)l(,"') -ryrr',<,i*10," f:,;t

II, l, k'l
't: i il I,(t'1'''1 '""o1'ot 

1t')t(;'> ' 
'zt(*''t 

(

*2>.-u,*,1!" i: ;"lli f:;)r r+",

l. K:l{'U,4,, K':ly'+zlNr-1lN.-1 (,:.,,

rlpruoxeHre;,7

kl-"f
l" I, k'l
r" r, r l"
x t ,l

;1"

^,r].

,r, ,f,n,r) 
)

\

(4)

*(-1;*+''ar f; '; 'r,l{;, i" 
o,,l

l, It ral
orrt';, :1" '

x (v<-*' v(r) . [yz<ilt (t 2) x yt"'t 1r"y1,,,',;) + V A"' 2 ( - lf +r [x, *,, tl lnll x
xx' lw

" ({ I r, ;,ll: I 
oo'l{n'*' 

,'^v ' tr'<*) trr r q<1"'; 11,;1tv"'r) +

Free Hand



SQQertunuue oreparopu 25g

flprrroxenne 7 (upoaolxerure)

+(- r)'+'+ "li" f: ;,llli,, .)(t **:', 
1s,r. tv(,,', u,)x,,('0, (/s)r(wr')>+

*) t- r)"+, rx, -rl'i i; 
i"l(v,'*,r,).n,*,,u.,) ).

*2 r',r,"i{f; Y, ;,lli" !"' ;,1(u(-,(D:u,'r(r,))+

(5)

s. K=lf,4"l{"4., K,:ty,+r IN,-l lN,-t lNi+r

nir:(r+rs,, r,y) 
n{.f 

*, 
4( r)'+,+r.rxrx

"lF, !: ; l{i i: i,l{u''(tz)'u<"u"s)-a1a5'*

,. ) r-rr**'*"rx, 
"{'i" i il(v*x" 

(t,).y<,''t (t,))-rlaf ef,x
xx' 

I

* f, t-lf fu, x', tltr,,l] [r +p(1,, [)p(/,, r., { 1l ';, 
rr,l"

'xx'tw I I w x I

-li, f: i ) {tn'*, (t)xt/tt">(/,;1t*'', vt*-t1t,y)+etgr'*

t f f -fX'+r+w+',+r+r lx, x,, t, ,,, yllw, ,r+ li;, :;, i;rl"xx'rt'
w'J

x(r+r u2, t)p(t,,") 
{ I '; 'r,ll!, i"; } { i 'i':1"
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REZIUMT

Monografijoje susisteminti lvairiis ieoriniai metodai (kvantmechaniniai, antrinio kvantavimo,
grupiu teorijos, diagraminiai) atominiq dydZir+ sumoms rasti ir sumindms bei vidutin€ms
atomrl charakteristikoms gauti. Pastarosios dainai naudojamos tiek gvildenant atomo f!
zikos klausimus, tiek ir pritaikant Sio mokslo Zinias.

Knygos pradZioje apZvetgiami kvantmechaniniai sumavimo metodai. Pateikiamos
osciliatoriq ir linijq stiprumq, matriciniq elementq k judesio kiekio rnomento teorijoje var-
tojamq dydZiq sumq i5raiSkos.

Pagrindin€je knygos dalyje apra5oma, kaip gaunamos ivairiq atominiq spektry viduti-
niq charakteristikq (vidutin6s energijos, dispersijos, asimetrijos, eksceso) algebrinds i3rai5kos.
Bendruoju metodu, kur! i5pldtojo autoriusirjobendradarbiai, tokias i5rai5kas galima gauti
energijos lygmenq, emisijos ir Auger spektrams. Tai i5pledia sud6tingq spektrq, kuriuos
spinduliuoja plazma ar laisvieji atomai su keliais atviraisiais sluoksniais, teorinio apralymo
galimybes. Algebrinds i5rai5kos taip pat padeda tirti bendruosius spektry ddsningumus.
Apibr6Ziami ir analizuojami vidutiniai dydZiai, apibudinantys daugiaelektronius efektus
atomuose.

Tredioje dalyje apra5omi metodai dalindms sumorns rasti. Tuo tikslu yra taikomas
antrinio kvantavimo vaizdavimas. Siais metodais nagrindjamos fotoelektronq ir fotosuZadi-
nimo spektrg vidutin€s charakteristikos, taip pat nustatoma atominiq dydZirl priklausomytre
nuo sukinio, izosukinio ir pilnutinio momento kvantiniq skaidig, o pastaroji panaudojama
lygmenq bei linijq grupdms spektruose nagrin6ti. Aptariami lygmeng ir linijq ansambliq
statistiniai d6sningrrmai ir jr1 pasiskirstymo nukrypimai nuo normaliojo pasiskirstymo,
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SUMMARY

Various methods for obtaining the explicit expressions for sums of atomic quantities (qu-
antum mechanical, sccond quantization, group theoretical, diagrammatic methods) are
systematized. Such sums frequently appear in atomic physics and its applications.

The quantum mechanical methods of summation are surveyed. The expressions for the
sums of the oscillator and line strengths, matrix elements and quantities of angular momen-
tum theory are presented.

The principal part of the book is devoted to the determination of closed-form expres-
sions for mean characteristics ofatomic spectra, such as the average €nergy, variance, skew-
ness and excess. The getreral rnethod, that the author and coworkers de veloped, enables
such expressions for energy level, emission and Auger spectra to be found. This extends the
possibilities to descdbe unresolved transition arrays, emitted by plasma or free complex
atoms with several open sbells. Explicit formulae are also useful in the study of regularities
of the spectra. The expressions for mean characteristics of many-body effects in atoms are
presented and analysed, too.

The third part of the book is devoted to the methods of summationuponquantum
numbers of some states or of some of the quantum numbers. For these purposes the second
quantization repres€ntation is employed. Those methods enable to find closed-form €x-
pressions for mean characteristics of photoelectronic and photoexcitation spectra. The
dependence of atomic quantities on the spin, isospin and total momcntum quantum ml,m-
bers can also be established and used to analyse the groups of lines in the spectra. Level and
line statisticsand its deviation from the Gauisian distribution are studied as well,
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