
M .M.lllHpOKOB 

CKOPOCTb CMrHAJIA 

M rPA,LJ;MEHTHAH MHBAPMAHTHOCTb 



beLV1HeHHOrO HHCTHTyTa H.QepHb!X 

HCCJie.QOBaHH~ 

B 06oe~HHeHHOrO HHCTHTyTa B~epH~X HC-

TCJl CaMOCTOBTenLH~MH ny6nHKal(BBMH. 

CTBHH co CT. 4 YcTaaa OHJIH. 0TnH'IHe 

JalCJJJO'IaeTCB B TOM, 'ITO TeiCCT npenpHHTa 

OHJBe~eH a xaxoM-nu6o HayqHoM ~ypHane 
xe. 

'IHB OHJIH 
. , ~anee -

eCTO HrO~ 

fy6Ha 

P2 - 9723 

M .H .llhtpOKOB 

CKOPOCTb CHrHAJIA 

H rPAm-tEHTHAH HHBAPHAHTHOCTb 

"Annals of Physic s " 



WapOKOB M.H. P2 .. 9723 
-~ ~ 

_ . CxopOCTb carlfana 11 rpaABeHT!Ut$1 BHBilJ?RSHTSOCTb 

.~tleDiHIIA TOK, noKanH30BBHHbtA B 06nacn 'Vs~• M~lK&T _113MeHB:T..,_ aa6nJO... 
~JVJO ~- o6nacTa ·v 0 , RaxoJumuNics aa. pac~TOHSRB R oT V 5 , Tfllq>Xo . 

R/C nocne sxnto'leHBH TOKa. ~ToT npaHU,lln np&'IBSHOC'tlf, 
l .. :~in•edbso sblnons11eTC H nns 'l'aux Ha6monat'iMbiXI ltQ nons .E a H..-· ' ' / . - . ' . ' . .. 
~tcno ¥exTpoaos s. 'Vo (una xsanpa-r wo.ayli$t BonllosoA•.WHJtWUI U(x) 
-~/l .. top(ma-f lleAe1' ce6a U,pB'IBHHO TOllbXO Bl)B H&ZUlelKlH!t&M -oiJpi1J18~H 
unlf'lHUt •. ..aaa U(x) MeHSie'l'CJI MUPOIIeDpil'lRHHO, HO 9TO asueaeue ....... 
~pax1-ep ~aueii'.I'ROI'<! npeo6p43osaau U(x~ .. Ub>expieA (xY a,.n091'oaq ·· 
'AMlKHO :C'lua,...cs . see:a6monaet.ab1M. . . . 

p·#,l60'ta swnonaeaa •s na6opaTopaa -reope'ta'lecttoJI .Pesaxe OHmi. 

' 
/' 

npenpHRT 061:.eAHH6HHOr0 HHC'l'JIT}'I'a' ~ llfCCJie-"OBaHJdl . 
' ' ' : 

,lly6ua 1976 

M. I. 

Sighal Ve~ocity and Gauge Ib9ariabce 

_ external current, localized in a volume '\'s·• c 
:,a ~hange of ·any abservable in ·v0 .only when the t :i.liU!MlU' 

'i!l3pse at'ter the current' switching on, R. bei:ne;the 
' 'between Vs andV0 .This caus.ality principle: is j,11.4t 

_r such qu-antum electrodynamic's observab.les as ... .:~u•'··•• •.•HR 

~J.q·~'tl;etuities E and H .The n_umber ot' electrons 'inV~(d:r 
'm-odulus ot' the el·ectron wave function U(x). )- • 

o} causally only it' this quantity is defined: -P.~"'"a~-1;¥ 
phase oi' U(x) changes macroacausally but it hAS 

of"· a gauge transft>rmation _U(x)-. U<x)eiepieA (x). ·.If 
latter is considered to be unob'ser.able tb,en f!llty .. 
n8.J!lics s_ignals travel not faster than light. aJ14:;~t•'li<A;: 
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I. BBeneaPJe 

06hi'!HO C'iHTaeTCH, 'ITO JIOKaJil,HOCT:O KOP.'MJ'TailHOHI-l'llX COOTHOllleHJtii 

,llJifi IIOTeHUHBJIOB A J< H sJieKTpom!O-IIOSHTJ>OHHoro IIOJI.H if osHa'laer, 

"l'TO CKOpoCT:b CHI'HBJia He MOllteT IlpeBOCXOJlHT:b CKOpOCTPI CBeTa. Ho 1{1'< 

H r He R~TCH HeiJocpe}lCTBeHHO Ha6JI~aeMHMPJ BeJIH"l'PIHaMPI. Haii-

pJmeHHOCTH IIOJiel E {1-), fi {xJ H IJJIOTHocn ToKa ;;. {x} roxe Hfl·e-

JJT JIOKaJil,HHe KOMMYTau:HH ( c A r , If H .npyr c .npyroM), H 

iiX HHTerpBJI!l IJO KOHe"l'HilM o6JiaCTRM MQJI;HO Ha6JIJJ,IlB.T:O. Ho cymeCTByJJT 

OIIe~TOpH!le IJJIOTHOCTH, HHT8rp8JI!l KOTOpllX MOryT 6!lT:O HSPlepeH!l, 

O~aKO KOMMYTaTOpH STHX IJJIOTHOCTe~ C JIOKaJI:OHHM OIIepaTOpOM ~(x) 

He JiBJIIIIJ'l'CH JIOKaJI:OHHME H .na&e MaKpoJIOKaJil,HilMH, CM. (5) ,llB.Jlee. 

HaiiOMHHM Tat<ae, "l'TO Bee r~JlHeHTHo-HHBapHaHTHHe ~opuyJJHpoBKH KBaH­

TOBoft SJieKTpo.ItHHaMHKH OKaS!lBaiJ'l'CH HeJIOKBJI:OH!lMH TeOpHHMH, CM • , 

aanpHMep/1- 51. 
IlOSTOMY 8a.IJ,a"l'a 0 CKOpoCTH CHI'HaJia B KBaHTOBO:A SJieKTpOJlHHaMP!Ke 

SaCJIYKHBaeT CIIeUHaJI:OHOrO paCCMOTpeHHH. 0yiQeCTByeT MHOrO pa6oT, IJOC­

BRIQeHHilX paspemeHHJl Tpy~OCTe:A 9TOl Sa,llB.'IH, B "l'aCTHOCTH
1
pa60T!l 

3. ~epMH, M. ~pna, c. Ma, E. ~eppeTTH. KpHTH'IecKH:A o6sop paHHHX 

HCCJie~OBaHPI~ H CIJHCOK CC!lJIOK CM. B/6/(STOT CIIHCOK CJie}lyeT JlOIIOJI­

HHT:O TaKHVH pa60TaMH 1 KaR/?-IO/). B/6 ,II,I2/ 6UJia npenJIO:&eHa CJie­

JlYmmaH IlOCTaHOBKa Sa.IJ,a"l'H 0 CKOpOCTH CHrHaJia. 

CP!rHaJI reHepHpyeTCR HeROTOpHN BHemHHM TOKOY. ~ , JIOKaJIHSO­

BaHHHM B 06'bet.'e ~ • 0H BKJIJl'iaeTCH B IlpoHSBOJI:OHO Bb16HpaeiV!li! WO­

MeHT ts. IIpHXO.Jt cnraana B o(heM VZ>( cM.pHc .a a cTp. 7) MOJCeT Oun sape­

rHcrpHpoBaH IJOCpellCTBOM HSMepeHHR JID60A Ha6JIJJ}laeMOH B ~ : f , 
H 1 "l'HCJia MeKrpoaoB B ~ H T.II. OnHaKo H3Mepae:uaa BeJIH'IHHa, 

HaiJpHMep £ , MQJI;eT HSMeHRT:OCH CO BpePleHetl, }laJle ecJIH TOR He OllJI 

BKJIIJIIeH ( Mbl llOIJYCKaeM IlpOHSBOJI:OHble COCTORHHH tp CHCTeMY ~0 PlO-
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l'l8HTa t5 ) • 3TO H3M8H8HH8 MO:EeT 6!iT'b HaSBaHO "iflOHOBI:DI.". C:llTHBJl 

rrpRXO.IJ:I'IT B ~ B TOT 11WMeHT Bper.-eHH, KOI',rr,a pacrrpe.ne.neHHe ITO £ 

HalJHHaeT OTJIH"iaT'bc.H OT "cjiOHOBOI'O". 1:JT06bl HallTH STY p9.3HOCT'b pac­

rrpe,ne~eHH~,Ha.no BlilJHCJIHT'h cpe~ee sHa'ieHHe R npolJHe MOMeHThl E 

( U, lt, t;.) qJ' En(;) ttJ (t, tJ) C;J)- (U Ct, t.~ JC~ E y; J U {t_ tj J CfJ)= 

=<cP,[E/'(X,t1-£"{x,tJ)c.p), 11=1,2, ... 

3.necl> ~ { t, t.s) R GJ'{ x, t) -oneparop aBO~JlllHH cHcTel<'H H reilseH-

6eproBCKHH onepaTOp 9~8KTp:l!:lJeCKOI'O no~ B C~"iae, KOI',rr,a TOK B~D­

':IBJICH; U lt, t1 H £ ( /1., t) - Te xe onepa.TOp!i B c~'Jae, Kor.na 

;;. He B~BJ':IBJICR. llpome BlilJHC~T'b He tt7 H t/. , a paSHOCTH 

reilseH6eproBCKHX oneparopoB BH.na EJ- E • B/II • I 2/ 6Wio noKa-

saao, 'JTO Ef ( x, t) TO':IHO paBHo E (X: t) , eMH 1 €- /1 
R t- t.s < R.! c ( R - paccTORHHe Me3;I(J l{ H ~ ) • IIosro~ 

pacnpe.ne.neHRe DO S~eKTpR'ieCKOMY DORD HSMeHReTCH BH8mHRM TOKOM 

TOR'hKO crrycTR BpeMH T?.fc noMe ero BKJIIl'JeHHR. MarHHTHoe nORe H . 
:ll n~OTHOCT'b TOKa j~ HMellT TaKOe Xe rrpnHHHOe JJOBe.neHHe. 

EWIO DOKasaHO ~II,I2/, 'iTO cymecTByllT B~ll, noBe,neHl'Ie 

KOTOpllX He~l>SR HaSBaT'b ,IJ.8.Jlte MaKpollpH'Jl'IHHllM. O~a l'IS HEX - 'Jl'IC~O 

S~eKTpoHOB B ~ • 0Ha 6UM orrpe.ne.neHa C ITOMODU>Il orrepaTOpa MOT­

HOCTH ':ll'ICM a~eKTpoHOBI)• ITo,no6Hlle onepaTOpll o6cy~anHC'b Ba:I!TMBHOM 

I)ManozeHHM nOCTaHOBKa Sa.n;a':IR 0 rrepe,na-qe Cl'II'HaJia OT~naeTCR OT 

.npym (cl'.'., HanpRMep/8 ,91) B c~e,eyonn nyHK'I'ax: a) .UereKTop MO­

zer RSMepRT'h He TO~l>KO no~eBue Ha6~ewe ( £ l! H , HarrpRMep) 

HO H Ha~~aewe, DpHCymKe KOprryCKY~OMY acneRTy TeOpHl'I. 

6) JVm Bll'iHMeHRH HSMeHeHHR Ha6~,rr,aeMOJ, Bbi3BaHHOI'O BHeWHHM To­

KOIV:, Mil B~l'ITaeM "qJOH" (.~pyro:l! CDOCo6 BlilJHMeHJU! 8TOI'O HSMeHeHlU! 

HaMe'ieH B IO/, pas.ne~ 7). B) Mcro'iHl'IK l'I .nereRrop MoryT co.nep­

:EaTb ~IJ60e ':~HMO MeKTpOHOB, KOTOp!ie MOryT 6!iT:b CBII8aHll rrpol'IS­

BaH'bHllMH DOCTORHHb!MH BH8WHHMH llOTeHUHanaMH. tlaKHOCTL B) DO~ep-
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R lliBe6epoM (CM. (53) H (54) B/13/. 0HH paCCMaTpHBBJIH pa3Hble orrpe­

.ne.neHRH KOOpnHHaT!i -qaCTKUH. 3,nec'b 6y,neT HCnOR'hSOBaT'bCR Ta KOOpnH-

RaTa X , KOTOpaR ecTeCTBeHHO BOSHHKaeT B TeOpRH no~. Bb160p KO-

op,nHHaT!i HecymecTBeHeH, nOCKO~'hKY HaM HyZeH HHT8I'pBJI OT n~OTHOCTR 

no NaKPOCKOITH':IeCKH 60~WOMJ 06'beMJ' ~ • Jle:I!CTBRTe~'bHO, nepexo.n 
~ 

K ,npyro:l!, CJ<aXeM ,HbDTOH-BHI'HepOBCKOJ.l KOOp.nmJaTe Cj- ocymeCTBJ!ReT-

CR c noMODU>Il WHRUJm < :X I q > , KOTOpaJI aKcnoHeHUHBJI'hHO r.-a.na npz 

li:-tl>>hlmt: • 
B KBaHTOBO:I! aneKTpO,nHHaMHKe B Ka"i8CTBe orrepa.Topa n~OTHOCTH 

'JHC~ a~eKTp0HOB Re~SR RCnOR'hSOBaT'b If(-/ t { ~) t/'1.-'J (X.) , r.ne If(-} 

- Ta 'iaCT'b aneKTpOHRO-JJOSRTpoHHOI'O no~ ~ B ~OpeRll8BCKO:I! K8JIH6-
cor.TOHT 

pOBKe, KOTOprul YRR'qTO:EaeT a~eKTpoR!i. ITpHlJHRa B TO!>', 'iTO 9TOT one-

paTop He KOMMJ'TRpyeT C OnepaTOpOM ~ ,nono~HHTeJI'bHOI'O yc~OBHR 
Jlopeaua :i cp = l.l • 3.nec'b ~ paBeH WIH d;w A,._ (cpopMa <liep!V'H .no-

rrORHHTe~Horo YMOBHR, HCrrM'bsyeMa.SI ,ll,HpaKcJ./II) RJill (d,... A_... ytrJ 
(iflopMa I'ynra-E.ne:l!~epa) • .llHpaK Hasi:Uiaer onepaTop ~ "¢RSH"qeCKHM", 

eMll. [ $t, {!Jj cp::: p • JlBJ6B.R Ha6~m,naeMaR .noMHa 6UT'b "¢H3H'J8CKO:I!"2) 

(o6paTHOe HeBepHo). Oneparopu tf R A,... ~opeHneBcRo:l! RaJIH6poB­

KH He RBJIJUJTCR "ifJRSnecKHMH" (ORR I'pa.IJ:I'IeHTHQ-HeHHBapRaHTHll). 4T0-

6U JJOCTp0l'IT'b "ifll'IsneCKYil" n~OTHOCT'b 'il'ICM a~eKTpoHOB,HylKeH "ifll'I3l'I-

ITpo.n~eHHe CHOCKHl) 

KHBaeTCR B ilpKnOXeHJiiH K/II,l2/ H B npHIV:e'JaHHH?) 8TO~ CTaT'bl'I • 

2)CM. § 77 B/I/.tlnJmCTpl'Ipyer.- CKaSaHHOe TaM .nBYIV:R SaMe'JaHl'IRMl'I 

a) IIycT'h cp - ¢HsR'JecRl'I .nonycrRMIDi BeRTop, r.e. Y..Cf/ = o. 
EcJIH [!l, tJ] = 0 , .To BeKTop Cf. = tJrp -ToJKe .nonycrRwz: !t~ = 
= 'd. IJIC{J .:: 0!1. tp = () • d) Co6crBeHHue BeRTopa ~ RBJIJIJlTCR 

qMSH'ieCKH .norrycTRMID/11!, eMH {!t, 0 j.: t) : B TaKOM My'Jae ORR 

ooryT 6!iT'b C06CTBeHHlll>' BeKTOpoY ~ C Hy~8Bblllf C06CTBeHHllM 

sHa'ieHHeM. 
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~eeKKB onepaTop aneKTpoaao-nosHTpOHHoro nOHH. TaKHe onepaTopu HS­

BeeTHN. upHMepaMH "t))Hsn~eCinDC" onepaTopoB MoryT eJIYDTl> onepaTopu 

If H A.J. KYJIOHOBeRoA KBJm6poBKH (eM. § 80 ~I/): 

fCX.,f)=Cflx,t) exf[-(e U{~·tJ] (I) 

,4.J. tx,t) = A {X, tJ- ~ u (x, -t) c2> 

U { x t) = - _!_ J J 3 u "'-''v A t j, f)/ I X - u I , 
I 97i (/ <f" 

B IIpHJIO~HRH noKaSHBaeTCH, B KaROM eMueJie 'f H A.i. JIBJIHilTCH rpa­

~HeHTHO-HHBapzaHTHHMH onepaTOpaMH. 

OnepaTop ~Hena sJieRTpoHOB B ~ 6an onpe~eJieH B/II,I2/ e 

llOMOI!lb~ llJIOTHOeTH 

NH ( )l.j = if(-Jt {X) 'f(-) { )() • 
(3) 

HMeHHo ~ aToro "~Hs~ecKoro" onepaTopa 6Hno nony~eao MaKpoae­

npn'iHHHoe noBe~eane. ~yrHM onepaTopoM c aenp~HHHHM noBe~eHHeM 

RBJIReTeR llJIOTHOeTb HMnyJibea 8JI6KTpoHHQ-llOSHTpOHHOrO llOJIR 

PfxJ=j_[tpttxJ{-iV)lf{x,t)+ 3.c.J.. (
4

) 

B/!1,12/(4) 6IiJIO HHTepnpeTHpoBaHO KaK onepaTop ~eHTa ~SH 
< B To'iKe x ) BoJIHoBoA ~YHKUHH sJieRTpoaa u rx J • (3BMeTHM. 'iTo 

cpe.InJee sHa'ieHHe N1
-
1 
{ x) B O.InJOBJieRTpoHHOM eoeTOHHHH paBHO /u{X) /

2
). 

C noMom~ ROMMYTaTopa 

[ wtx,tJ E tj, tJ] = ~ {/)cx tJ v ~ 
T ' 't1i 1 ' lx-jl (5) 

(eM/I,II,I21 MOJtHO noKasan, 'iTO nepeeTaHOBRH {N 1-J(i,t), £,Jj,rJ) 
H [ Pi (X, t) 

1 
E ;c I j, t J ] MaRpoHeJIOKaJil>HH. 

B pas~eJie 3 MH o6ey.mm .IJ.PYrHe BOSMOliHHe onpe~eJieRJrR 1JHena 

H HMnyJibea 8JI9KTpoHOB. 
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B pas~eJie 2 6y~eT noKasaHo, ~To aenp:H'IHHHHe zsMeaeiDUI IV t-J 

1'1 P (x) EMellT BH.n: rpa.IlliieHTHHX npeo6pasoBaHRA oeo6oro po,na. 

Ha oeaoBaHHE o6menpHKRToro nonozeaRR o aeaa6~,naeMoeTH o6~­

HHX rpa.IlliieHTHHX HSMeHeHd Mll 5aRJIJlllaeM B paS~eJie 4, ~TO 8TH He­

llpl!'mHHHe HSM6H9HRR H9Ha6~.u,aeMH. oTa apryMeHTB.Uiffi MOZ9T 6HTb 06-

pameaa: ~eHTHHe HSMeHeHRR He MOryT 6HTb Ha6JI~aeY.H llOTOMY, 

~TO B npoTRBHOM eJIY'W.6 Mll llQHY'iHJIR 6hl. npoTHBOpe'iHe e npHHURllOM 

peJIHTHBHeTeRol np~HHHOeTH. 

2. KBaSHFpa8H9HTHll9 npeo6pasOBSHKR 

HenpnHHaoe noBe~eHHe onepaTopoB (~) n (4) MOJteT 6HTb noJIY­

~eao CJie~~ npoeTHM enoeo6oM. 

B npanozeHHH K/!!,!2/ 6HnH BHBe~eHH TO~Hlle eoOTHomeHRR: 

CfJ Li,t) = '('ti, t) ; A1rtX.tJ:I/tttx,tJ , (X,tJ¢1. 
(6) 

0HH B6pH1l ,MR TO~eK (X, t) , JielraiiiHX BHe 6y,eymero eBeTOBOrO KO-

ayea j , nocTpoeHHoro aa o6nacTH JioRBJmsanHE J,. (eM. pHc.), T.e. 

(x, t) ~oJIZHo y~oBJieTBOPfiTl> [i- is) l. - (t -ts ).t> 0 ~ Beex X5 e I{ 

t 

R-/t-t11C- (JC,t) 

reAseH6eproBeRHe onepaTo­

Jlll 'fr n A[l"' B (6) ~T­
CH pemeaHRMH relsea6eproBeRHX 

ypaBHeHH!, eo~ep.amHX BHemHHA 

TOR ~ B ypaBHeHHH ~ AJ,. 

o A,,.-. = - ( Jrfl + J,. ) . . 
OnepaTOpll r H A,... -pemeHRR 

V~ X TaRHX ze ypaBHeHd, HO 6es Jfl • 
) I~{ R 

Vs 

C llOMOillb~ (6) H (!), (2) llOJiy'iaeM 

'f7 {x):: tfre -i~ UI: r .e-ie U.r = 'f(X) e ie (U-UJ) 
( 7) 
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An l>i)- A.J. { xJ ::. tj { u- UJ) , )( ¢ J. (8) 

3aMeTHM, 'ITO ~epreHUHR llpaBO~ "<!aCTH (8) ~e~CTBHT8JThHO paBHa Hy­

~ffi, DOTOMY 'ITO onepaTOp 

).(i,t)=Utx,t}-U1 lx,t)=~/dj dtir{A1 lf,t)-Atj:tJ]!t-x-;1 c9
> 

y~oMeTBOpHeT YfB.BHeHHil fl~(x,t):O , eCJIH(X,t)fJ \~ 

~OKaSaT~oCTBa Ha~o HCn~bSOBaTb (IT.2) HS llpKnOXSHHR H (6)). B 

IlpH~OXSHHH " BHpallt8HO B TepMHHax onepaTOpOB 'f H f;- Ky~OHOB­
CKOti KaJIH6poBKl1 eM. (II.6) 3 ). ITepBld "<l~eH B pas~ollteHHH A=.Z,e"tl" 
no sapa,cy e paBeH 

i\, Cx,t) = /~ jdj 1! ~, I/( :U j d"~ ..3z.t lfj-i)J;.M, /lo=t. 
7/1 x-# c~~< . (IO) 

Tenepo C DOMOmoll (?) MOlltHO n~y"<IHTo HSMeHeHHe MOTROCTH HM­

Dy~oCa (4), BHSBaHHOe BH8IDHHM TOKOM 

~ txJ- PtxJ = e r+txJ fl)(; ~ ,.x tx; x¢1. 
(II) 

,ll.n:R: BHBo~a BHpallteHM .IWI N_t1- Nl-J 

TOlltaDcylll MeKTpOHill 

B~~ l!S 'I '!aCTo, jHH'l-

r(·){XJ:[d 3x J7(-){X,X1 ) ptx'). (I2) 

3 )~R no.ny"<!eHrur (7), (8) MH HCnOJThSO~ "He¢MSH"<!eCRHe" onepaTo-

pH ~ H A~ TOHoKO KaK y~o6HHe BCTIOMOraTeJThHHe Be~'JHHH. 
¥fx MOlltHO paCCMaTIJHBaTb He KaK onepaTOpH, HO KaK MeMeHTill HeRo­

TOpofi HeKOMMjTaTHBHOI Mre6pH C HSBeCTHHMHDepeCTaHOBO"<IHHMH Co­

OTHOilleHHRMll: ( .IWI no.ny"<leHM (6) He TpeoyeTCH RaKaH-Jm6o Qlnepa-. 

TOpHM pe~saUHR 'f PI A ,M , eM. llpWIOllteHHe K/II • 121_ 
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ITpoeKUHOHHHM onepaTop nt~ onpe~e~eTCH c noMomo~ co6cTB8HHHX 

tPYHKUIDi U, onepaTopa ;lJ-= -1'J. ~-rpm- e. ( V0 - ~ V) YimJHeHrur ,llHpaKa: . . 
$ u,. = En u,. , E,. > tJ ( V,.. o6osaa"<laeT npoHSBOJThHH:ti noc-

To.R:HH!d BHeiDHIDi noTeRUHaJI, CM, npHMe"<la.Eme Ha CTp, 4) 

n£--) {x,i:) = 5, a,. (i) u/tx') = - i st-J ( i, t ~ x: t) ( 13) 

nH(x.,x•)..v exp[-lx-i•JI>-e] 
1 

lx-x'I>>.Xe= h;mt.: (14) 

Ae - ROMTITOHOBCKaJi lf.lnma. B~HH s~eKTpoHa). Mcn~osyR ( 12) , no­

~yqaeM 

N~-~t~ ) A/l-}/- I r ,.,t -/v (/(~t)= d 3x'f,J1x"n(-Jrr.;nnf-1[i,;·j. 
(15) 

·[ 1{/tx:t) '!J(i~t)- rtr;.;t} 'fli;tJ]. 

Ms-sa CI4) HHTerpHpoBaHHe no x' :11 x" npoHsBo~HTCH qJaKTH"<IecKH 

no Ptano:e o6~cTH pa~yca "' Ae ll c neaTpou B TO"<!Ke )( • M~ 

(f- Xs /l.- (t- ts ).2 >> A: .IWI Be ex Xs E 11 , TO MOJltHO SaMeHHTO 

lft no~ HHTer~oM aa If eJCp ie A cor~cao ( 7). c noMomo~ pas-

~ozearur if=Ine"r,. no.nyqaeM 'f:;=foU+ieA.,), H nosToMY 

N/' u, t J- ;vt-Ju, +I= 

= ieJ jdJx'i d'x .• f/ ( x; tj n(~! rx: ~) nt-l (i, x") foO'; f) Ao {x:'·i)- 3. c.J.( 16) 

3ToT pesy~bTaT paEeH BTopo~ cTpoKe B (18) B/11 • 12/(TaM Ao 6~o 
o6osHa"<leHo qepes-W, eM. (17) B/II, 121). KaK 6~o noRasaHo B 

/II,1Z/, nepBaR CTpoKa (18) He BHOCHT BMa.D.a B MaKpoaKaySMbHOe 

noBe~eHH:J N H • liHMeHHM one aKa npaBHX "<lacTeR ( 16) H (II) 6Wia 

c~e~Ha B/II' 12/. 0HH nponopnHOH8Jil>HH t/ R. 3 , T. e • Be~T ce6R 

MaKpoaKay ~oHO. 
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I(Itx>='f(xJexrltf:>.rx;]) ~.L = A.L -t vtl; x ¢1 ( I7) 

HQITOMHHQDT I'pUlleRTHOe ITpe06p:tSOBaHKe, cp., RarrpHMep, (Il.3) B 

Ilpwro&eHHK. RoHe'llio, ecn. BaliHHe OT.1IK'mH: a) (I?) Bepao TOJll>KO 

JI.]IJJ. X¢ 1 ( oiTepaTop A HBJUieTCJI rapMoHK~ecxol !IJYRKnHel He Bes~e, K 

ITO&TOMY oa MOZeT y6HBaT:r:. ITpK I xI 1 o.o , He o6paJ~~BJic:r:. To:.,necTBeH­

Ro B HyJII>, CM. IlpKJIO~HKe); 6) ( !7) HMeeT ,llliH~ecxoe ITpoHCXOlt­

,D;eHHe: ~ He ITpOKSBOJII>HO, 80 OITpe,D;eJIJ'IeTCH BHeiUHHM 'l'OKOM ~ ; 

B) ypaBHeHHH TeOpKH He HHBapHaHTHH OTHOCHTeJII>HO (I?): relseH6ep-

roBCKHe ypaBHeHKH ,l7,1IH ~ H .:{,J He COBITa.,D;allT C ypaBReHK.RMH 

JI.]IJJ. 'f , A.l .naxe BHe j , ITocxoJI:r:.xy Bee am ypa.BHeHKH HeJIOKBJI:r:.­

HH. 

Mli HasHBaeM (I?) KBasKrJ6,ItlfeHTHHMH npeo6pasoBBHHHMH. CooTHo­

meRKH (II) M ( !6) B!lplimllT qJaKT HeHHBapKSH'l'HOC'l'K OITep:tTOpoB p 
H JV~l OTHOCHTeJII>HO KBQSHrpa,D;KeHTHHX rrpeo6pasOBaHKI.BI.ip:t&eHKe 

"oiTepaTop He HBJIHeTCH KBasHrJ6,ItlleHTHD-HHBapH8HTHHM"HMeeT TOT ze 

CMHCJI, ~TO H "oiTepaTop HMeeT HeiTpHqftHHOe ITOBe,D;eHHe~ 

BoSHKKaeT ecTecTBeHRHI BOrrpoC: MOZHO JIH ITOCTpOHTI> rJ6,ItlfeHT­

HO-HHBapHaHTRHe BHp:llteHKH ,l7,1IH ITJIOTHOCTel ~HCJia 8JieKTpoHOB H HX 

HMfiYJll>Ca? 

3. RBasKI'J?!iJlHeHTHo-HHBap!aHTHHe OITepe.Tow 

~CJI8. H :pmyJII>CQ MeR TOOHOB 

OITeparop '("'t 'f(-J He HBJIJ'IeTCJI KBas:Hl'pa.D;lleHTHq-HHBapHaHT-

HHM (RI'M), ITOTOMY 'ITO ~ H H r(-J He CBHSQHH CTOJIL DpOCTO , 

KaK lf1 H lf , T.e. /fJ: r er.p te,.\ • llT06H ITOJiy'IHTI> KI'M 

ITJIOTHOCTI> ~CJia MeKTpOHOB,nonpo6yeM HSM6HHTI> onpe,D;eJieHKe TOI 

~aCTH 'f , KOTOpaH Y~TO.JtaeT 8JI6KTpOHH. 

¢1-'(i,tJ=}d1 x' nHtx,i') tptx;oexp[-t'ef/'A.ll<({t;d~.J ~rs> 

10 

IlpoeK"rop nt-J TOT ze, ~TO K B (!2). HHTerpan ITO~ 6epeTCH 

ITO ITJlf!MOII, coe.nKHHJJIIHI TO~KH x K X' ( 3TOT BH6op rryTK HHTer-

pKpoBaHKH oelc~aetca HHI:e) .- OITepaTop ( m) 11qJHS~ecKH~"' TaR 

KaK BHpuaeTCH ~epes "!IJHs~ecKHe" tf K AJ. • Ms-sa (I4) TOJII>Ko 

TO~RH x', 6JIHSKHe K X, qJHrypKpyDT B (I8). EcJIH(i-~5 ):-(t-t/>>A~• 
T~ MOltHO ITO,D;CTaBMTI> i(J~xp, iAe) BMeCTO 'f H ~.i.- V~ BtreCTO 

A.L • MciToJI:r:.syH eme 

J/ (v;. ( ~. t 1 d { J -=- ~ (x ·, o - >. ( -x, t) 

ITOJIY~aeM 

¢ H ( x, t J ; f J3 x, n~:-~ t x, x') % u·, tJ. 

-t'e~(i<',tJ [ , rx• ·- _ . l' -· . (I9) ·e 11Xf -LeJx (An df )] e Le fl{ll,t)-).{i,t)j 

= ¢;-I{~, t) .e xp [- t'e >. (i, t) J . 
Il08TOMJ ITJIOTHOCTL ~(-It ~{-) HBJIJ'IeTCH RI'M C 60JI:&lli0~ TO'I-

HOCTI>D. llpez.ne '16M ITORQSHB8Tl>, ~TO 8TOT qJaRT OSH8~aeT waxpoiTpH'IHH­

HOe ITOBe,D;eHKe 8TO:ft ITJIOTHOCTH, SaMeTHM, 'ITO ¢I-I .ne:ftCTBHTeJII>HO 

MOZHO HCTOJIKOBaTI> KaK onep:tTOp, y~TOll8DIIlH~ 8JieKTpOH. ECJIM 

ITOJIODTI> B ( I8) €:: 0 , TO ¢(-I COBTI~T C tf I-! , CM. 

( I2), Tax ~To B eyJieBOM npH6JIM.JteHHH ¢!-I HMeeT TY &e xoprryc-

KYMPfiYll KHTepnpeTruum, 'ITO K 'fl-1 • HHTepecHo, "'TO cymecT-

ByeT COOTHOilleRKe 

f:. ¢t-l-t- f (+)' 

r.ne ¢(•} OITpe.JteJieHO aRaJIOrH'IHO (!8), TOJII>KO n{-) saMeHHeT-

CH Ha nl+l:: s, Vr '1 t ( . v; - co6cTBeHHH~ ifJyRKilHH :/) c E,P < 0 ). 

3To COOTHOilleHHe CJie,D;yeT HS yCJIOBHH TIOJIHOTH C06CTB6HHHX qJyHRIUrlt 

J): nc-•a,x•)+n(+J{x,i'}=d{i-x•). 
llT06H HCCJie,D;OBaTI> KQK 8aBHcHT OT BpeMeHH paSHOCTI> ¢;•t- r~r{-l-

,1,£-Jt ,/,(-/ -A<-1 A.f-Jt ""(-J 
- 'r T , BLipasHM 'fJ H saTeM or- 'f' 11epes onepa-
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TO pH JIOpeHUeBeKOll Ka..llli6pOBKil. Be Ta.BJI.fiH (I) ll ( 2) B ( 8) ITOJiy'laet.' 

dJ [-) _,'ell ' 
T (x,t).::. e }dl~<' nt-Jf"i,x') !ffx:t)expf-,·e{{J.tdfJ} 

(20) ~~-Jt{i,t! /f 1
/i, f)~ j'd 1y'}d)" f{t(j; 0 eYy>jteJ/(AdfJj. 

• n l-) (j: X) n (- J I~ g 11

) e "p l~ L e J/" (!Tel. t) J 7f ( jj'; f) • 
(2I) 

Tiyen (t-ts}<l'<fc n xEI/z , T.e. 

I i - i 5 ) ~ R , BeJ!Il'll!Ha ( 21) He paBHa TO'!Ho fj} t f / 1, 

IJOTO!ey '!TO eCT:O TO'!KM ~ , {' B ( 21) , KOTOpble IlpRHa,lUieJKa.T J 
M ,1J.Jlff KOTOpbiX (6) He nueeT treCTa, Mx paCCTORH:Ife OT TO'IK:Il X 

paBHo MJIM 6oJII>llle ( R- (t- t.dc} 1 eM. pHe. Ha CTp. 7. 

BBM.D.Y (I4) B ITOnHHTerpaJil>HOe B~~eHR8 (21) OHH BXOnRT C B8COM 

"'exf [- (R -(t-ts)CJ/i\c] • TioaTOMY 

¢j!'H2!, t) ¢;-t {xi;/ j- ¢ t-Jt-(ij,, t) ¢r-r~,t) ,.,_, exp[- (t?.- {t-ts)c J fA, J .. 
( 22) 

MOJ!mo paccMa TpHBaTI> ( 22) Ra.K orrpe,n.eJieHMe rroHRTM "MaKporrpH<rn:HHoe 

IJOBe,D.eHH8 ¢(-It¢{·! ". B 3TOM CJiy'lae He ID/IeJIO OH CMHCJia rOBOpHTb 

0 ~RporrpH'l:llHHOCTM, ITOCKOJ!l>KY H8Jil>3fl JIOKaJIH30BaTI> 3JI8KTpOH B 

odJiaCTM c paawepam! .~ Ae • PeayJII>TaT ( 22) TO'leH B TOM CWHCJie, 

'!TO OH BepeH EO BeeX llOpR,D.KaX T80pM:Il B03reymeHRll , KaK fl. (6). 

Tio-BH.D.MI'.IOlVy, He cymecTByeT KTI1 ITJIOTHOCTR PI!'.'ITYJII>ca cmmopHoro 

ITOJIR, KOTOpoe ObiJIO Obi Y.D.OBJI8TBOpMTeJII>Hilll: C lpH3H'I8CKOif TO'IKPI 3pe­

HRR. ~ 060eHOBaHHR 3TOrO YTBep~eHHR OOCy~ CHa'laJia eJienyD­

l!I88 BblpaxeHHe MR IJJIOTHOCTH HWrryJII>Ca: 

K ()()=: i [ f(x)(- (·Q-; ?(x) + 9. c J (23) 
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~ 

l 

- ~ ; ·- -
9{x)Ei(l,.Jexp[-ief;: (liJ.clf):::i.ftx)OfL-{e{ (AdfJ • (24) 

JiiHTerpaJibl B (24) OepyTCR B,D.OJ!l> IIp.fiMOll, C08.D.HHRKl!l18ll HeKOTO-

PYKl rrpOH3BOJII>HO BHOpaHHYKl TO'IKY X0 11 TO'lKY X • JierKo BM,D.eTb, 

'!TO K l Jr.) = f<J (,.) , ecJIH x f J ~ 

, a TO'!Ra x;, B3RT8 

BHYTPH ~ , HaTipHWep, \ B Ta:KON eJiy'!ae DpHrveHHNbl paBeHeTBa 

(ti)J. 3arveTHW, '!To MHTerpa;rH ki {tJ=}cl1~< K;{i,t)Kotn.~T:lfPYKlT noJIJK­

HHM oopaaot' - L k, 1 kj ].:: 0 -- KaK RourroHeHTH wrvrryJIJ:.ca. ]leilcT-

BYITeJII>Ho, H3 (24) CJien,veT, '!TO ? , ?1" Y.D.OBJieTBOpR.KlT T81V 

JKe COOTHOllleHHRM aHTYIKONl"yTauM:Il, '!TO H l( , Y' t HJIH tf , f to, 

TloaTOMJ paBeHc:Bo [I( 
1 

J<j J :: 0 NOJKeT 6HTI> noKaaaHo mR JKe, KaK 

MR CBOOOnHoro CITHHOpHoro ITOJI.fi. 

TotJKa X0 MOJKeT 6HTI> OTO.D.BYIHY Ta Ha 6ecKOHe'IHOCTI> ( npllltJYIH-

HOe IJOB8,D.eHYI8 (23) OT 3TOrO H8 HCTIOpTYITeR, eeJIYI 3TO C,D.eJiaHO B.D.OJII> 

HarrpaBneHYIR OT ~ K ~ ). ilOCJie 8TOrO BCe JIMHHH MHTerpHpOBa-

HYIR OynyT IJapaJIJieJII>Hbl H8KOTOpOtty HaiTpaBJieHHKJ n. . Bt."eCTO TaKHX 

rryTe~ HHTerpHpOBaHH.fi MOJKHO B3RTI> Cellf8llCTBO KpHBOJIHHe~HHX TpaeR­

TOp:li:!f ( 0600UleHHe Ha TipOCTpaHCTBeHH0-llO,D.06Hbl8 rryTH HS,D.OIJYCTID/0, 

ITOTOMy tJTO TOr~ H8Jil>3R BH'lHCJI.fiTl> O,D.HOEpellfeHHHe KOWMyTauHYI THTia 

[ K.· KJ·] ,; J.::: 1 2 3 ) • TipH Be ex TaKHX orrpeneJieHHRX HH.TerpaJijfA d{i 
I 1 J 1 I 

.fiBJ!R8TC.fi O,IJJI03Ha'!HO:!f iflYHKUHe~ TO'!KYI X 4 ~ KOTOpaR 38BHCHT 8ll\e 

4)Ma~~:~M HMeeT B BH,ey npyroe onpeneJieH:~~efrAd(J/31. BH'lHCJ!.fiR 

rpa,D.MeHTHO-HHBapHaHTHYBJ npo:i!3BO.JlHYil (eM. ( 2. II) ;J31) H.~..H 
'%t., /"tlfd(J : [ f 'i .. ll.., - f 1 ] Ill 11, , d x, ... o 

1 
oH onpeneJIReT MH-

TerpaJI f M+~>•; Ka.K cym.-y JX + f-;. •4•, , rne BTopo~ HHTerpa;r 
j( - -

6epeTCR no llp.!IJv.Oi!, C<?8.D.MH.fiKII\eA X PI X t--1 1<, • JiiHTerpa;r 

/"(Ad fJ He RBJIReTCR O.nH03Ha'IHOl1 qiyHKIJ,lle~ K , eeJIH 

norrycKaeTc.fi TaRaH BapPiauPI.fi nyTH HHTerpHpOBaHHR. Cor~acHo Hame-

f x 4 ;; - r~.~.x A My orrpe,n.eJieHHKl, ,.- "' "' - _x OTJmtJaeTC.fi oT ./ • ': , d x 
D ~ • I 

Ha HHTerpaJI OT 'totA no DJIODla.TI.M TpeyroJII>HHKa C BepliiPIHaMH 

i., i , X-rAx, • TioaTOMY V r! fA .iiJ:P/1lJI) • 
~~.Ji.o -, 
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i'l OT BH6opa x. RJIJ! Hanp911JleHRR nc • IlO.If'lepKJJeM. "1TO Xo :HJIJ! 

no HBnRDTCH HOBHMM a~eweHTaMR TeOpRR, KOTOpYX B HeA paH~me He 

6H~o. Tenep~ KOMWyTaTop 

f'vd 3~ [ ~ l'~-,t), £~ t ~~ t J] = ~ J 31-f tfe:Lp{-ie /rif a{Jh £let~, tJ] <25 > 

He paB6H HY~Il, eMR nyT~ RHTerpRpoBaHHH rrepeceKaeT 06'beM V • 
3Ha"1eHi'le (25) B TaROW ~"1ae He yMeHDmaeTCR C YBe.m!"1eH:HeM paCCTOR--
HM 'N'e'JKJJ..V x i'l V , cp. ( 5). 3aMernM, "1To R K (x) 6y,neT HMeTD 

a6cyp.!l.HO HenpR"1:HHHOe TIOBe,neHile, ec.m! Xo BH6paHO BHyTpl!l ~ • 

3THM RMeHRRM Tpy,nHO llpl!I,IJ,aT~ qJHSR"1eC~ CMHM. ,IJ.HpaR B/14/ npo-

60~ STO C.ZlMaT:b, HCTIOJILSYR TIOHRTHe "CH~OBOA JIJ!HHH tliapa.neg". Ho 

3Ta 11011HTKa 110~pa3yMeBaeT Cy~eCTBeHHOe i13MeHeHHe OCHOB T80pHil. 

HO,!f<lepKHeM, qTO onpe,nMeHHe (21) He Tpe6yeT BBe,ZleHlUi KaRHX­

.m!60 HOBHX a~eMeHTOB B TeopHn. B n~ozeH:HH A R pa6oTe/15/ TipaMO 

nOKaSHBaeTCR, '!TO HHTerpM /} { iJ tff} ,ZlO.UeH 6paT:bCR no npHMO:ft, 
X 

coe.Zli'IHRill!le:ft x R ff- , ec.m! He BBO.Zli'ITCR HRKaRHX HOBHX BeRTO-

poB B .nono~eHJ/Ie R IIIMeDIIHMCR ( T. e. i , ij. , A ) . 
IIpe.ncTaBnReTeR, "1TO HeBoSMOXHo noeTpoiiiTl> KrH nnoTHOeT:b HM­

ny~ca 6es BBe,ZleHIIIR HOBHX TeopeTR"1eCKHX aneMeHTOB. B 110~1>3y STo­

ro yTBep;z.neHRR MOliHO npHBeeTH TaRofi aprytteHT. PaeevoTpHM npocTyll 

CHCT8MY: BHemHIIIA TOK - a~eKTpoMarHHTHOe no~e - Hepe~THBHeTeRH:ft 

aneRTpOH BO BHeiDHeM llOTeHUH~e ( B Ra"1eeTBe ,ZleTeKTOpa eHrHana). 

iii •12/ 6~0 ITOKaSaHO, "1TO onepaTOp m;"' f- e ~ lf)HMeeT I1pH­

'lEHHOe ITOBe,ZleHHe, OH RMReTeH KrH. Tor,na KaHOHR"1eeKH:ft HMny~l>C 

aneRTpoHa p He ~eTCH KrH, noc~OJILKY A.~. He KrH. BosMoli-

Ho nH noeTpoHT:b HeKOTOpH:ft onepaTop k , KOTOpH:ft 6H~ 6H KrH 

H y.noMeTBO~ 6H o.nHoBpeMeHHo KOMMYTa.IJ.RRM? [ k,, k31 = 0 ? • HaM 

y,ZlanOC:b llOKaSaT:b, "1TO STO HeBOSMOJIHO, ec.m! HCRa'l':b k B ~eee 
!llYHKUHil oT onepaTopoB ~ , m f , E { x) , H { x) , KOTOpHe 
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COeT~DT TIOJIHHH Ha6op onepaTOpOB MO,Zle.m! H Bee ~DTCR KrH 

~ OTMeTHM, qTo TaKaR ITOCTaHOBKa sa,na"1H 03Ha"1aeT, qTO { HlJieTCR B 

Maeee orrepaTOpoB, KOTOpHe MoryT 011J/ICI:lBS.T~ 11 0,ZleTH:ft" B HeROTOpoM 

CMHe~e 8~eRTpoH). 

MOlleT 6HTL, Me.nyeT IIIeno~LSOBaT:b tntj KaK onepaTOp, eOOTBeT­

eTByDJUrlt Ha6~,IJ,aeMOMY HMny~:bey a~eRTpoHa, HeeMOTpR Ha[miA, mi
1
Jj 

:f. 0 ? r~aBHOe BOSpaJteHHe npoTHB STOro rrpe,D;JIOJieHJ/IR MMI!Jt!aeT-

CR B TOM, qTo OHO HHKaK He pemaeT Hame:ft Tpy,ZlHOCTH. Be,Zl:b ee 

MOJIHO cqJOpMj!.m!poBaT:b KaR npoMeMY HerrpR"1HHHOrO noBe,neHRR <IJasH BO~-

HOBO:ft !IJyHRilHil aneRTpOHa IA.{tj) • Ilp:H'!HHHOe noBe,ZleHHe m¢ He ,ZlaeT 

HHqero HOBOrO CBepX yxe yCTaHOMeHHOrO B/11•12/ <lJaRTa I1pR"1HHHOro 

noBe.neH:HR paenpe.ne~eHHR no Roop,ZlHHaTe aneRTpoHa ~ , T.e. KBa.Il­

paTa MO,Zly~ uUtJ • 
4. HeHa6~NSaeMOCTl> ffiasH a~eRTpoHHo:ft BOJIHOBo:ft ffiYHKHHM 

GqiopMyJI:apyeM, 'ITO e~e.nye'l' TIOHHMaTL llO,Zl BHpalleHHeM "rpB,IUieHT­

HHe HSMeHeHHR HeHa6~~aeMH". 

IIyeT:b eeu ,li,Ba Ha6opa onepaTopoB tf , A 
CBRSaHHHX rpa,Zli'leHTHHM rrpeo6pa80BaHHeM 

tf I: 'I' l X f t'.t f A~-:: A~:~/·· 

H w' A' 
T ' ' 

(26) 

IIoeTpOHM Ha Cf , .41'1 Ha6op M onepaTopoB, KOTOpHe He"1eprrH-

' AA, BallT Bee Ha6~.naeMHe. To"1Ho TaR lie HS tp1 , A,.. noeTpoHM ,~, • 

!IyCT:b (/J OI1J/Iel:lBS.eT !fJHSR"1eCKOe COeTORHHe. Ha6~,IJ,aeM!ie ,KaR npaBH-

~O~He 6y}IyT HMe'r:b onpe,Zle~eHHHX 8Ha"1eHHA B (/) , HO OHH 6y.nyT 

HMeu HeKoTopHe onpe.neJieHHHe paerrpe.neJieHRR B cp • no onpe.ne~eH:HJJ 

HsMeHeHHe (26) HeHa6~,naeMo, eCJIJ! paenpe.ne~eHHR onepaTopoB M B 

cp TaRHe :ae, RaK o~epa'l'opoB M' 5) 

5)Paenpe.neJieHHR coBna,IJ,allT, eCJIJ! coBna.nam Bee MOMeHTH M H M'. 
r.t>:mro ,IJ,aTl> pasHHe BaJ>HaHTH 60Jiee TO'IH!iX onpe.ne~em no aH~OI'Hll 
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IIpoKOUMeHTHpyer: aro onpe;n.eJieHHe. HeHaOJIJqD;aeuocu (26) He 

CJie.n.yeT H3 rpa.n;11eHTHOii HHBapHaHTHOCT.I:1 YpaBHetm:ii TeOpilll:, TIOTm.'j' 

~TO ¥.3 llOCJie;n.Heii He CJie.n.yeT HeHaOJIJqD;aeWOCTb (26) ;ll.JIH Ha~aJibHOrO 

COCTO.fli!H.ff. 0;1l.HaKO JV:Oll!HO I!OKaSaTb, ~TO H3 HeHaOJIRJ;n,aeMOCTH (26) .IJ,JI.fl 

JIIDOOrO t BHTeKaeT rpa;n.HeHTHa.fl HHBapHaHTHOCTb ;ll.HHat~KH. PasyMeeT­

C.fl, A,.. H A~ cooTBeTCTBYIDT omnw H reM xe g H fi . O;n.HaKo 

B Teopml: eCTb .1:1 ;n.pyrHe HaOJlRJ~eJV:He;- HaDpKUep 1 CKOpOCT.I:1 BHCBeqHBa­

HHH 8TOJit.OB. MolKHO llpH;Il..YMaTb B3aHJV:O;Il.eiiCTBVJ'!, He HI!BapHaHTHHe OTHO­

CHTeJib!IO (26)(H8HpHllt.ep, CJiaOoe B38HJit.O;Il.eiicTBHe C npOH3BO;Il.HHIVH OT 

SJieKrpoHHoro noJI.fl). IIoaTowy cJie.n.yer paccMarpHBaTb HeHa6JIJqD;aeMOCTb 

(26) KaK HeSaBHCHJit.Hii nocry.Jiar reopm1: (cp. cTp. 2201-2202 B/16/). 

KBa3Hrp8.,lUleHT!Ible 11:3!~eHeHH.fl ( 17) JllMeiDT OTJI~H.fl OT rpa,JUleHTHHX 

(qr.-. TeKcT nocJie tflopw.yJlhl ( 17)). Ho ( 17) HBJIHeTC.fl TOJibKO 'lacTHHM 

CJiy~aew. (26) c ro~KH speHH.ff Ha6JIJqD;aTeJI.fl, naxo,I(.fllller@CH BJit.ecTe co 

CBOHNM llpHOOpaM.1:1 B ~ H He HMe~ero B03MOEHOCT11: paccJV:aTpHBaTb 

~TO-JIHOO BHe ~ • liOSTON'Y HeHaOJIJqD;aeJVOCTb ( 17) npe;n.cTaBJIHeTCH 

TOJlbKO ~aCTH~ CJ16;1l.CTBH6~! BHrneynor.>.flHyTOrO TIOCTyJiaTa. ECJIH STO TaR, 

TO H6B03MOJKHO HaOJIJqD;aTb KBasurpaEneHTHHe aKay3aJibHhl6 HSMeHeHHH 

( 16) DJIOTHOCTH N(-){•1 = rl-Jt tf(-) • ,Upyrm.m CJIOBaMH, HaOJIRJ~eMoe 

~RCJIO SJ18KTpOHOB B l4 ODHCHBaeTC.fl UeJIHM KJiaCCOM "gil13H'l8CRHX" 

onepaTopoB fd 1
"' NJ"' {,..) , r;n.e DJIOTHOCTR N" DOJIY'laiDTC.fl o;n.Ha HS 

;n.pyroii rrpeoopasoBaHHH~~ (17) c pasHHt~ ~ • Y;n.o6Hee onHcUBaTb 

STY Ha6JIJqD;aeMY~J O;ll.HI!IM onepaTOpoMjJJ)I. ¢t-Jt ¢t-l ( CM (21)), KOTO-

pHii KBasHrpa;I1..1:1eHTHo-HHBapHaHTeH c ;n.ocTaTO'IHoii TO~HOCTbiD. TaKHM 

00pa30M, NH MOlK6M paCCIV8TpHBaTb ~RCJIO SJieKTpOHOB B ~ 

llpO;Il.OJIJKeHHe CHOCRH CO CTp. 14. 

c tfloPMYJIHpOBKaMR sau~e independence, ~au~e invariance 

H T.n., npHBe;n.eHH~~ Ha CTp. 2216-2217 B tl6/. 
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KaK Ha6JIID-

;n.aevyD c MaKponp~HHHUM noBe;n.etm:eM. 

Hen~~HHI!Oe RSI'teHeHHe (II) DJIOTHOCTH 8JI6KTpoHHOrO HMnyJibCa 

RIIPJ tflasu SJieKTpoHHOii BOJIHOBoii WHKIUUI tt.(x) (eM. BBe;n.etm:e) ro­

xe ;ll.OJlll!HO C'IHTaTbCH HeHaOJIJqD;aeJV:Hl'tS) (B OTJI~He OT nJIOTHOCTH ~C-
Jia SJieKTpoHoB I u ( )()j.z. , y Hac HeT y ;n.oBJieTBOpHTeJibHoro KBasHrpa;n.HeHT­

HO-HHBapHaHTHoro onpe;n.eJieHHH ~su). 

BUillelilsJiollteHHyD apryMeHTB.UHD MOJJtHo o6paTHTI>. YJKe oTMe~aJiocb, 

'ITO HeHa6JI~aeMoCTb HsMeHeHHii ~su sJieKTpoHHOii DOJIHOBoii WYHKUHH 

.fiBJL'l6TC.fl ;ll.OIIOJIHHTeJlbHHM TIOCTyJiaTOM T60pl!H
1

He BHTeK81001HM H3 Oo­

Jiee qiyH;n.aMeHTaJibHUX npHHUHnoB. O;ll.HaKO, eCJ!liJ ero ~acTHuii CJIY'laii -

HeHaOJIJqD;aeMOCTb u (x)--. u (x) ex I',- e )t , d A= 0, - 6UJI 6u HeBep­

HUM, To noJIY~RIIOCb 6u, KaK Mhl noKasaJIH, npoTHBope~He c iflyH~MeH­

TaJibHhiM HpHHUHDOM peJIHTHBHCTCKOii npH~HHOCTH. 

E.naro~plll sa oocylK;Il.eHH.H .n:.A. IurpzHz.ua, E.H. BaJiyeBa 11 n.B. 

liOJIY68pl'fHOBa, KOTOpHll: BHCKaSUBaJI IIpe,ltDOJIOJ:6HH6 1 qro HenpHqHHHUe 

H3UeHeHHH HU6DT rpa,ltH6HTHhlll: XapaKTep. 

S)MHRponpH'lHHHOe TIOBe;n.eHHe TIJIOTHOCTH ~HCJia SJieKTpoHOB HBJIH8TC.fl 

e111e O;ll.HHM apryMeHTOM B IIOJ!b3Y HeHaOJIJqD;aeMOCTH STQrO H3!.'eHetm:H 
tPaShl (XOTH H He COBCeM HeSaBHCI!IMUM OT llOCTyJiaTa HeHa6JIJqD;aeMOC­
TH (26)l J{eJIO B TOM, 'ITO (22) BepHO B paMRax TeOpHH, CllOCOOHOii 
OllHCUB8Tb ~OBOJibHO CJI03Hble ycTpoiiCTBa ~ perHCTpauHlil CRrHaJia, 
eM. nyHKT B) B npHMe'laHHR I). IIoaTOMY (22) osHa'laer, 'ITO KOH­
neHTpanHH SJieKTpOHOB He MOZElT HSMeHHTbC.fl llOKa f- t5 < ~/c 

B JID6oii 'l8CTH ycTpOHCTBa, KOTOpoe MOrJIO 6u perHCTpHpOBaTb He­
-IIp~HHHOe HSMeHetm:e qaShl. B 'l8CTHOCTH, He 6ylJ3T H3W8HHTbC.fl TO­
Klf B ~OTOyMHOlltHTeJIHX, C'l8T'IHKaX H T.n. 'l8CTRX 3Toro YCTpOiiCTBa. 
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IlPHliOmrnE 

Ky~oHOBCKBR KanR6poBKa KaK rpanHeHTHO-HHBapBaHTHBR 

!pOOO~p2BKa KBaHTOBO~ aJieK'l'J?O.!tHHBMHKH 

Ky~oHOBCKaH H po~CTBeHHse e~ ~6poBKH c~TaDTCK r~eHTHo­

HHBapHaHTHHMH qopMY~MpOBKa~m TeOpHH tw.,HBnpHMep,/1, 5 ,17/~ 
ne~CTBHTMbHO, onepaTOp aJieKTpOHHO-nOSHTpDHHOrO no~ r B Ky~o­

HOBCKO~ ~6pOBKe, CM. (1)1 ~eTCH HHBapHaHTHHM OTHOCHTe~HO 

(26), ec~H.} CTpeMH.TCK K HY~Il npH lXI_. sK> TaR, 'ITO 

ftJ 3~ a.wrr.at~;t~,t)/jx-JI = [tP~ }tr,tJtJ, ,.~i' =- ~liJ c~~~ t > 
(IT. I) 

(T.e.,e~ MOEHO HHTerpHpoBaTb no 'laCTHM). B (ll.1) HCnO~b30BaHO 

COOTHOilleHHe 

l1ljl-91 =-'m~(i-j) • (IT.2) 

llonepe'IHtrn BeKTop-noTeHUHM AJ. , eM. (2), To:a:e EHBapHa.HTeH npH 

(26) BBH.~ (ll.I). 

CTOHT OTMeTHTD, 'ITO 'f HeHHBapHa.HTHO npH ( a3), e~.} He 

saBHCHT oT i , HanpHMep, ec~ } ( x, t) = a +- I t ( TaKBR tf!yHRIUUI 

y~oMeTBop.fleT Of"' 0 7) 
AHMOrH'lHHe S~ll'leHH..fl llO~'laTC.fl, ec~ pa60TaTb Henocpe~CTBeH­

HO B paMK8X KY~OHOBCKO~ ~6pOBKH. llonpo6yeM HanH.caT~ r~eHTHoe 

npeo6pasoBaHHe 'f H A.L : 

'fl li, t): «fl~l 'f) e t'efc (f.,t) I 
-, - ~ . 
A..L = A.l t- tt;, · (TI.3) 

1iTo6s Al oCTaJIOCb nonepe'IHHM ( eJ.~·v A~ = 0 ) , cPYHKUM.fl }c {X, t) 

~oJIXHa npH Bcex i , t y~oMeTBOP.flTD ypaBHeHHJJ d~IJ""J'Ucd !c = 
=A.Jc=O ,T.e. ~oJDIHa 6su rapMOHH'lecKoi! !lJYHKUMe~. 06H'IHO B Teo-

7) H Maro~peH B.H. I'pH6oBy, o6paTHBmeuy t.<oe BHHMaRHe Ha eTo 
06CTO.flTe~bCTBO. 
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pHH no~ npHmntaeTC.fl, 'ITo no~ ~Mmm Mc'lesaTb npH 1x1-­
(~nveeTC.fl B BH.IlY, KOHe'IHO, HC'leSHOBeHHe BCeX M8Tpl'I'IHHX aJieMeHTOB). 

06.flsaTenbHOCTb aToro yCJioBM ~ BeKTop-noTeHL.Ha •Ia MOlltHO nocTa-

BHTb no~ COMHeHHe(OH He HBnaeTCH Henocpe~CTBeHHO Ha6nn~aeMOR BenHqH­

HO~ ). Ho ec~ Bee lite Ms rroTpec5yeM, '1Toc5s Ai Hap~y c ~ MC'le-

SMo llpH (X J- ""' , TO rapMOHH'leCKH.fl (jiyHK!lH.fl Xc TOllte ~OJilll!a 
" 

HC'le3aTb (MM CTpeMMTbC.fl K KOHCTaHTe). B TaKON C~'lae .}c paB-

Ha BCIUJ;Y Hy~ll (H~ KOHCTaHTe) • 1JT06H HCKJJlJ~Tb C~'lfa}i /c ;: j(_t), ; 

saNeTHM, 'ITO a~eKTpH.'lecKoe nMe B KY~OHOBCKO~ ~6poBKe 

t: {i, t) = - C} A.L (i, tlht - ?'lad ~~ j ti Ji f',.. V /1 i-j I 
HHBapHaHTHO npH (TI.3), TMbKO ec~ 'd }c 1 Jt = 0. 

HTaK, MH sa~nqaeM, 'ITO HeTpMBHaJibHoe r~eHTHoe npeo6pa-

soBaHHe CTI.3) c }c::; tllnit sanpell.leHo B Ky~oHOBCKo~ K~6poB-

Ke. 

KBaSHrpaAHeHTHa.fl HHBapHaHTHOCTb a~eKTpH'lecKoro no~ 

BspasHM onepaTop A , CM (9)
1 

qepes onepaTopH Ky~oHoBcKo~ 

~6pOBKH. 

YpaBHeHHH ~opeHueBCKo~ ~6poBKH ~ A7 H A 

0 AJ = - {ji~ J) I 

~ .-
0 A =-J 

<n.4) 

- MOJ:'YT 6H'l'b nepenHcaHs B <IJ<>J>Me, y'lHTHBaDileH Ha'IM:bHOe YCJIOB!rl:e: 

Ar { ,., t) , A ( ,., t} H HX BpeMeHHse npoHsBo,IJ;Hse npM t = 0 

~O~H COBn~TL C O,IJ;HHMH H TeMH :a:e mpe~repoBCKHMH onepaTOpaMH 

A{~, D) H A {x, o) (ce~ac MH c'lnaeM t 5 = 0 1 TaR -qTo 

J = 0 npH t:! 0. ) • 

Ar {w.) =A. {•) +I d"~ ~~t (x-~) r;:w+ TliJ] (II.5) 

A {xJ =A,(x) +{dfi ~ut {w-i)jOJ x:{lf,t) 

Aolx):ftJ 3i [ ~lx-~)Al~)-.2){•-:~JAI~J], ¥•:() ·· 

19 



ITpaBHe ~aCTH (IT.5) y~OBneTBOpRDT (IT.4) H O~OBpeMeHHHM RaHOH~ec~ 

KIDt. rrepecTaHOBO~HHW. cooTHOllleiD!RM ( KaK H A, ) . BcTa.BJIHSI (IT. 5) 

B (9), HHTerpHpY.H IlO ~aCT.HM H HCilOJThSY.H ypasHeiD!e aivj:- C)j~/Jt , 

rro.ny~aeM 

A(i,tJ= 

I J cJ3" I . ;) [1 . . 1 (II.6) =-~~ --St.. dv~ - JJ~r { u- ~) 0 {2) +jri2J-j0f2) 
·ili Ii-i I ri9~ t . . 

(s.necl> ~ 6 =t ). B (IT.6) MOmiO rroJIOTEIIlTI>jr0=t'e fr+~,Ju=t'efP+f". 
C IlOMOIIU:>JO (IT.6) H ypaBHeHM 

~ '1. I( 
- :!Jut (1.1-1) = LL2l~t {4-i) + ~{ 'J·z) 
'd~; ~ rT 

rro.ny~aeM ;lJ)lJl ( X, t ) ¢. S 

;;)t\: _!_ J ..!!i_ [ lolff,thj;,)i,t)-J~fj:t)} • 
-;)t .1(]1 1;-ql 

(IT.?) 

YlCilOJThSY.H (IT.?), Terrepl> llfOlltHO ,noKasaTl> KBaSHl'pa,nHeRTHYRl HHBapHaHT­

HOCTl> aJieKTpKqeCKOrO ITOJI.H KyJIOHOBCKOfi KaJIHOpOBKH 

t..r{,.;,t) ~- -;JAJJ.{t:J)/Jt- v It~ fd~ [ ]
0 
l~,i)+j~~tv,f)]/li-j/ == 

(IT.8) ~E{x,t), (i,tJf"J. 
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