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CIIIU,YIII Jlt)epHbiX UCCAet)oeaHUU ,4yf5Ha 

· ... ,···. 

., 

'BBE,4EHHE 

. 3KcnoHeHUHaJILHhrli 3aKOH pacna~a N ( t) =-, N 0 exp (-,.\ t) 
cne:nyeT H3 npocToii 4JeHoMeHonoruqecKoii 4JopMynbl · 

dN(t) "'-..\N(t) dt /1/ 

npH ecTeCTBeHHOM. npe~nOnO)I(eHHH 0 nOCTOJIHCTBe A ·Be· 
poJITHOCTH pacna~a B e~HHHUY speMeHH. B KBaHTOBOHTeopuB:· 
aMnnHTy~a BepOJITHOCTH TOro, 'ITO HeCTa6HnLHOe COCTOJIHHe 

.if; 
0

. B MoMeHT · t · e~e He pacnanocL, ~aeTcJI 4JopMyno:H 
"1 •• • -iH t . .· . -iEt . . 2 

p(t)=;,<'P
0

,e_ · 'P0 >=fdEe ;. ~lc(E)\, ; 2; 

r~e c( E) . cyTL Ko3414JHUHeHTbl pa3no)l(eHHJI 1/10 no co6- · 
CTBeHHLIM seKTopaM ¢ E nonHoro · raMHnLTOHHaHa H , ~ 

. 03Ha'laeT CYMMY HnH HHTerpan no BCeM 3Ha'leHHJIM ~pyrHX 
, , . · nepeMeHHLIX, KpoMe co6cTBeHHLIX 3Ha'leHHH H, OT KOTOpblx 

. ". ·' e~e 3aBHCJIT c( E) • qTo6w p ( t) -+0 npli t -ooo, .;;0 He ~o~o 
· pa3naraTLCJI 'no HOpMHpyeMbiM . C06CTBeHHLIM BeKTOpaM 
H/c · ~cKpeTHLIMH co'6cTBeHHbiMH 3Ha'leHHJIMH/. EcnH 
cneKTp 'H, .KaK 4JH3H'IeCKOrO raMHnLTOHHaHa,. orpaHH'IeH 
cHH3Y /HanpuMep, o < E< oo /, To· il3 Teope:MLI XII II3nu 
H ·. BHHepa . /1/' cne~yeT, .. 'ITO p ( t) ;. ~0~0 y6wBaTL npH 
t-..oo Me~neHHee, qeM 3KCUOHeHTa /2/. llpH Tex 6onLWHX 
t, KOTOpble HMeeT CMLICn o6c}')i~a TL B CBJI3H C 3KCnepHMeH • 
ioM, 3Ta acuMnTOTHKa HMeeT B~ M:ano:H He:JKcnoHeuuuanL
uo:H nonpaBKH /o6LI'IHO "'t -m , m>l/2 /, aMHTHBHOH K oc
HOBHO:ii 3KcnoHeHTe. Hccne~osaHHJI 3TOH nonpaBKH noKa3anu, 
'ITO B • o6w'IHLIX · 3KcnepHMeHTax··oHa HeHa6ruo~aeMo Mana 
H : .. 'ITO . pa3HLie TeopeTH'IeCKHe. cnoco6LL y'leTa .npouecca 
perHCTpaUHH npo~yKTOB pacna;ia eiUe 6onee ee yMeHLWaiOT 



una _na)l(e auuynupyroT /eM., ~anpHM.ep/3 •4/ H nuTepaTypy, 
KOTOpa.H TaM IUITHpyeTc.&/. O,nuaKo 3TH pa6oTLI He 3aKpw
BaiOT npHHI{HnHam.HOH B03MO)I(HOCTH 3KcnepHMeHTa, B KOTO ~ 
pOM He3KCnoHeHI{HaJILHOCTL MO)I(HO 3aMeTHTL. ' 

B .nauuoii: pa6oTe o6cY*.naeTC.H TeopeTH'IeCKHii: acneKT 
3TOro BOnpoca: ,neHCTBHTenLHO nH He3KCnoHeH:QHanLHa.H 
aCHMnTOTHKa eCTL HeH36e)I(Hoe cne,nCTBHe 06IIU.IX npHH:QHnOB 
KBaHTOBOH MeXaHHKH? B paMKaX TO'IHO pewaeMOH MO,nenH 
c noMOI:QLIO HOBoro onpe,neneHH.H 3aKolia pacml.,na MLI noKa
)l(eM, 'ITO CYI:QeCTByeT TaKOe OnHCaHHe HeCTa6HnLHOH'IaCTH
:QLI, npu KoTopoM N ( t) y6wBaeT npu t-+oo He Me,nneuHee 
!lKcnoueHTLI. B :Mo,nenu :Mo,.Wo BBeCTH ,npyrue. onucaHH.H 
uecTa6BnLHOH qacTH:QLI, _nng KOTOpLIX HOBOe oripe.neneu:He 
3aKOHa pacna,na CBO,nHTC.H K /2/. 0Ka3LIBa~TC.H, 'ITO TaKHX 
onil:caHHH MHOrO H MO)I(HO BLI6paTL TaKHe, 'ITO C90TBeT
CTBYIOUUIH 3aKoH pacna,na 6y,neT He oTna'IHMLIM oT !lKcnoueu
:uaanLuoro. BnnoTL ·.no cKonLKO yro,nuo 6onLWHX ';uo Koueq
HLIX/ BpeMeH. Mo,nem. n03BOn.HeT HCCne,noBaTL He TOnLKO 
pa.cna.n 3a,nauuoro HaqanLuoro cocTO.HHHX 1/1

0
, HO H pacna.n 

COCTO.HHH.H "npHrOTOBneHHOrO" jnapaMeTpHqeCKHM B036Y)I(: 
_ ,neuaeM/. CpaBueuue c Mo,nem.ro JIB H3nO)I(eHo B 3aKnro'le

HHH. 

1. OIIHCAHHB MO,l(EJIH 

Mo,nenL OnHCLIBaeT Hepen.HTHBHCTCKHH !lneKTpOH /Me-
30H/ B OC.:QHnn.HTOpHOM. noTeHuaane, ,nunonLHO B3aHMO,neii:
CTBYIOUUIH c nonepequw:M BTOpB'IHO-KBaHTOBaHHLIM !lneKT
poMarHHTHLIM noneM/Bau KaMneH /5/ I 

1 :.. - 2 . 2-2 l 3 -2 ... 
H= 2m ·(p-eA) + m 0 K q /2+ 

877 
fd x[ E (x) + /3/ 

0 
- ... 2 

( rotA ( x)) ] • 

IIono)l(eHo h = l H c =1. liTo6w ,nunonLHoe B3aHMo,neii:cTBHe_ 
He O'leHL OTnB'IanOCL·OT HCTHHHOro, cne,nyeT BBeCTHpa3-
Ma3Ky ucxo,nuoro noKam.uoro B3aHMo,neii:CTBH.H 
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....,....,....,. _,. 3 ... _."_, _.~ .... 
epA(q)-+ epfd fd x·A(:x) F(jx-ql) =e(pA(q)) • /4/ 

... ...... ... 
. CllopMclJaKTOp g (I k I ) = I d X exp (- ikx) F (I X I> _noR)I(eH no-

.naBn.HTL B3aHMo.zieii:CTBHe C tlJoTOHaMH, o6na,naiOUUIMB 3Hep
rH . .HMH lk r> 1/f, r,ne f ~ ~'pa3Mep OC:QHnn.HTopa": f=l/v'mcf• 
C ,npyroii: CTOpOHLI,- He ~OR)I(HO 3aMeTHO HCKa)l(aTLC.H B3aHMo
,neii:CTBHC C M.HrKHMH tlJOTOHaMH. 3THM Tpe6oBaHH.HM y;ioB-

. neTBOp.&eT, uanpHMep,. tllYHK:UH.H g ( k) = ll I \fk 2 + ll 2 ·, ecnu · 
K << /l << ~· llOCKOnLKY Mana BepO.HTHOCTL TOrO, 'ITO 
KOOp,nHHaTa . q He CHJILHO B036y)l(,neHHOrO !lnCKTpOHa 3a
MeTHO 6onLWC, 'leM e, TO MO:lKJiO C'IHTaTL, 'ITO· kq << 1_ 
/TO'IHee, Mana Bepo.HTHOCTL · Toro, 'ITO k q > l I. BBa,ny 
noro B pa3no)l(eHHH ~ (q) no 3neKTpaqecKHM :B MarHHTHLIM 
MynLTHUOn.HM 3aMeTHLI TOnLKO nepBLie qneHLI pa3nO)I(CHHH 
H !lneKTPOH B3aHMO,neii:CTByeT, B OCHOBHOM, C ,nunonLHLIMH 
tlJoToHaMH. B raMHnLTOHHaue Mo,nena H ocTaBneuo Toni.Ko 
TaKoe B3aHMO,neii:CTBHe /3TO 3KBHBaneHTHO 3aMeue·A(q) 
ua A(O)/. · 

. B /61 noKa3aHo, 'ITO H. MO)I(HO I!Pe.ncTaBHTL B BH,ne 
CYMMLI Tpex KOMMYTHPYIOUUIX raMHnLTOHHaHOB_ O,nHHaKOBOrO 
BH,na~ H = h + h + h • Mo)I(HO paccMaTpHBaTL 'ionLKO o,nuu 

~ x y ~z . 
H3 HHX, H B ~anLHeHWeM no,n raMHHLTOHHaHOM Mo,nenH MLI 
no,npa3yMeBaeM 

/? 

h 
. 2 

K 2 
2pt 

1 2 1 2 2 2 +-q +-Jdk(q +k p )+ 
2 l 2 k k /5/ 

+ ..j2K f dk ik f (k) (p p ) +[ J
00 

dk Jk£ (k) p ]~ • 
0 1 k 0 k 

3,necL p 1=pyivm0K2 :q·
1
=qxym

0
K·2, dk) =-eg(k)y2k/31Trn 0, 

g(k) =ll/yk2+/l~ .3pMHTOBLie onepaTOpLI qk~ pk BBe_,neHLI 
BMeCTO onepaTOpOB po)l(,neHH.H-yHH'ITO)I(eHH.H ,nanonLHLIX tlJo-

, + . 
TOHOB ak , ~k 

q = i v k <a _· a+ > ; P = ..;· lk <a k. +a +k > ; [ ak ·,at,]= /6·. I 
k 2 k k k 2 ·.- . 

o(k-k 'l. 
' + 

BMeCTO .q
1 

H p
1 

MO)I(HO BBeCTH onepB:TOPLI a1 ~ a 1 : 
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-- . v - - + . 
a 1 = ( y K p 

1 
- . 1q 1 '/ y K ) I y 2 ; [ a 1 , a 1· ] = 1 • ·· 111 

. + 
. C nOMO~hiO a l COCTOJIHHe "3JieKTpOH HaXOJUITCJI B nepBOM 
B036y)I(JleHHOM· COCTOJIHHH, clJoTOHOB HeT", 3anHC:LIBaeTCJI KaK at n 0 I {} 0 onpe,I{eJIJieTCJI ypaBHeHHJIMH a 1 {} 0 = 0 
ak flo= 0 . .I{JIJI BCeX k 1 .. Jiy.I{eM rOBOpHTh, 'ITO 3TO COCTOJI
HHe C O.IUIHM clJoHOHOM H 'ITO. at po>K,~:taeT clJoHOH. · 

raw:aJu.TOHHaH 151 HMeeT BH.I{ CYMMhl .I{BYX KBa.I{pa
TH'IHhiX. clJopM: clJopMa OT q nJIIOC ' clJopMa . OT p • Mhl He . . . 

6y.I{eM HaXOJUITh C06CTBeHHldX BeKT<lpOB h, a BMeCTO 3TOro 
npHBe.I{eM K BH.I{y "CYMMhl KBa.I{paTOB". 3a:MeTHM, 'IToclJopMa 
OT . q Y*e HMeeT TaKOH BH,I{, npH'IeM MaTpHila ee K03clJclJH
IlHeHTOB e,I{HHH'IHaJI. Ecna npasecTii clJopw:y oT .. p K "cyw:w:e 

· xsa.zlpaToB'·'·opToroHaJI&HbJ:Mnpeo6pa3osauaew: p = Tp q = Tq, 
- ' TO clJopw:a · oT q coxpaHHT csoii BH,I{ H 3a.I{aqa 6y.I{eT pewe-

.. A "" ''" • , 

Ha. fipH 3TOM . q H p 6y.I{yT HMeT&. KaHOHH'IeCKHe KOMMYTa-
uaa; 3Ta npoue.I{ypa H3JIO>Keaa B ripano>Kealia A. ",l(aaroHa
.iiH3HposaHH:Liii" TRKHM o6pa30M raMHJILTOHHaH MO>KHO 3ana-

. caT& B .I{BYX clJopMaX: 
" 

1 00· A A • 1 00 

h = -I dcu < q 
2 + w2 p 

2 > ;., -.-:I a"' cu < h + h + h h+ > ; 
•. 2 · 0 . Cl.l . . CU.. ' 2 , 0 . · - Ctl Ctl . Ctl Ctl 

/81 

b 
Cl) 

-A .. A - + . 
< v"' p - i q I v cu) I v 2 , [ h , b ,] = B < cu- cu' > • · 

Cl) Cl) ' . . "' Cl) 

191 
IlpaBe.I{eM BWpa>KeHae a 1. qepe3 b"': 

1 00 • I<-;;- "K c;-.+ 
a=- f dcuU [(y-+y-)h+(y--y-) b ]. 

1 2 lcu cu . ~ cu cu K cu 0 . 1101 

fltyuxuliJI · U 1 cu B:LinHcaHa B npano>KeHBH A. 

2. HOBOE OHPE4E.REHHE 3AKOHA PAC1L4A"A 

. +· + 
OnepaTop:LI a k, a k, alt a 1 lc:w. 161. 171 I .1Ularoua-

JIH3YIOT CB060JUIYIO qacT& h lnepBaJI CTpO'IKa B 151 /H po>K
.I{aiOT HJIB YHH'ITO>Ka!OT Tax·aa3:LIBaeM:Lie "roJI:Lie" 'IRCTHilhl. 

6 

( 

i 
i 
T . ) 

;I 
1: 
I 

·IiecqacTH'IHhlii BeKTOP n 0 He COBna,I{aeT c co6CTBeHHhiM 
BeKTOpOM h. C HaHMeH&WHM. C06CTBeHHhiM 3Ha'leHHeM /c1Ja-
3H'IeCKHH BaKyyM fl 1. . 

fipH nonhiTKe onacaT& Taxyro HecTa6an&Hyro · c:HcTeMy 
KaK B036y)I(JleHHhlii 3JieKTpOH ~eKTOpOM a~ f!

0
M:LI CTaJIKH-

BaeMCJI c .I{BYMJI TPYJUIOCTJIMH: · . 
11 B pa3JIO>KeHHH a i n 0 no co6CTBeHHLIM . BeKTopaM 

h npHCYTCTByeT {} • 3TO HOpMHpyeM:LIH BeKTOp, H aMnJIHTy.I{a 
121 B CJiyqae t/J O = at {1 0· CTpeMHTCJI npH t-+ oo . He K HyJIIO, 
a K KOHCTaHTe. 

21 JiecqacTH'IHOe COCTOJIHHe f! 0 TO>Ke HeCTa6HJihHOe, 
KaK H at fb:c Te'leHHeM BpeMeHH OHO nepeXO.I{HT B COCT<)JI
HHJI, CO.I{ep>Ka~e 4iOTOHhl H clJoHOHid. 

3aMeTHM, 'ITO TaKHe ,)l(e Tpy.I{HOCTH B03HHKaiOT npH 
non:LITKe onacaT& HecTa6HnLH&Ie qacTHilhl, pacna,I{aiD~ecJI 
'3a C'leT CJia6oro B3aHMO,I{eHCTBHJI, C06CTBeHHhiMH BeKTOpaMH 
raMHJihTOHHana, ·COCTOJI~ero H3 CB060.I{no'ii '18,CTH H CHJihHhiX . 
B3aHMO.I{eiicTBHH. 

BMeCTO 12/ Mhl npe.I{naraeM .I{pyroepnp.e.I{eJieHae 3axona 
pacna.I{a, KoTopoe no3sonJieT H3Y'IHT& · pacna.I{ "ronwx" 
HeCTa6&JihHhiX COCTOJIHHii. B 111 clJarypapyeT N ( t) - 'IHCJIO 
qacTHil B MOMenT t". EcTecTBeHno nonpo6osaT& conocTa
BHT~ ew:y cpe.I{nee <,..U.t/J 0 ,NUt/J'0> OT onepaTopa '!{HCriane
CTa6BJI&nhiX 'laCTHil N B COCTOJIHHH 11 t/Jo = exp (-iHt) t/Jo .0,1{
HaKO B qacTnOM cnyqae t/Jo = at

1 
{} 

0
,. N = at a 

1 
3TO cpe.I{Hee 

He cTpeM&TCJI K HYJIIO npa ,..t.... oo no npaqane 11. B:LI'ITeM 
H3 nero cpe.I{Hee A <U n N N u n N > ' r~e {} - co6cT
sennhlii BeKTop N. c · HyneB.biM co6cTBeHn:LIM ·3na'leHHeM: 

-iHt A -iHt ,-iHt A -iHt .. 
N(t) :;=<e t/Jo,Ne t/Jo>-<f! nN,Ne ON>; /111 

A • 

NON= 0 • 

Tor.I{a npa t/J,
0 

= n N nonyqa'eM til ( t) =0 npa ·scex: 't • 3clJ
c1JexT 2/ TaxaM: o6pa3oM "o6e38pe>KasaeTcJI" nyTeM o6'hJIB
nen&JI ero "clloHoM", xoTophlii Ha.I{o J:i&iqaTaT&. O.~U~ospeMeH
H:o oxa3:LisaeTCJI I eM. cne.I{yro~ii pa3.I{tml, 'ITO. N ( t) .... 0 
npH. t -+ .:., • ll03TOMY 1111 MO>KeT npeTen.I{OBaT& Ha pOJih 

• .·- ." ' -· 0 ••• 

3aKoHa pacna,I{a. 
. A 

Kax CBJI3aH:LI, onpe.I{eneliaJI/111 a 121? Pa3JIO>KHM · N no 
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. A 

. onepaTOpaM npoeKTHP~BaHHJI ' p~ = In>< n I Ha . COCTOJIHHJI 
c ~npe~eneHHLIM '111cnoM n HecTa6Hm.HLIX qacT~/:nu co
CTOJIHHJI CO~ep:>Ka T npOH3BOn:&HOe 'IHCnO 'laCT~ - ripo~yxTOB 
pacna;u;a/: N = ~ n P . ,lJ;nJI _ onepaTopa a+ a BMeeM 

. . . n=O . n . . .. . 1 1 

p = n 
1 ~ l J· k dk I + + (- + n . I ~ -, d 1 ••• m ak .... a k a1) no> X 

n, m=O m. 1 m 

. n I X.< n (a ) a k .,., a k ·• 
0 ·1 - 1- m· 

BcTaBnJIJI pa3no:>KeHHe + . " " 
a1 a1 = N 1=InPn B /11/,nony'laeM 

N 1 ( t) = 1·{ <U ljJ 
0

, a; n
0 

>:<a r n 
0 

, U l/1 
0 

> + 

:: 1' . + + + + + + 
+~ .-. <UtP0 ,a •.. ak a1 n 0

><ak ... a k a n
0

,UtP
0
>-

m=ltnl k1 m 1 m 1 

00 -! " •• 

~ 1 un + + + n .. + + + n· un } - ~ -, < .uO,ak .... ak al uO>.<ak ... a k a1 uO' uO> + 
· m =0 In · 1 m :. · · I - . m 

+,2·1 ••• }+···· 

/12/ 
IIepBLIH 'lneH. cnpaBa npH'tP 0 = ~t n paBeHJ <a~ no 9 u a~%> 12 

H COBna;u;aeT C · ·lp(t)! 2,CM. /2/. 0cTan:&HLie'lneHLIHe paBHLI 
Hymo: B , "ronoM"- 'clJOpManH3Me ·o~ociloHOHHoe cocTOJIHHe 
a i 0 0 MO:>KeT nepeXO~T:& B COCTOJIHHJI BH~a "O~HH 
clJoHOH nmoc npo~yKTLI pacna,IJ;a" H ~aiKe "He CKOJU.KO clJoHOHOB 
nmoc npo~yKTLI pacna;u;a". B pa3~ene. 4 MLI o6cy)I()J;aeM 
;u;pyrue oiiucaHHJI clloaoHa, ~ xor~a TaKHe nepexo-~LI OTC'yT-
CTB~T·H /11/ COBna~aeT C /2/. . .. . , ·,· ., 

IIo cpasHeHHIO c /2/ B onpe~eneHHH /11/ clJurypupyeT · 
~ononHHTeJu.Hoe noHJITHe: on epa Top 'IRena '-.iacTJin.- O~H_alco 
BCe pean:&HLie TeOpHH ~On:>KHLI'OllHCLIBaT:& pO)I()J;eHHe H YHH'I
TO:>KeHHe 'laCTHU:,H BO BTOpH'IHO-K_BaHTOBaHHOM npe-~CTaBne
HHH TaKHX TeOpHii: ~On:>KeH 6LIT:& TaKOH onepaTOp. 
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3. PACIIA,l( ''rOJIOif'~ HBCTAEHJihHOif qACTHI.(bl 
- '"' .. ' ' . 

3aKOH pacn~a /11/ o,riuoclJOHOHHOr.O COCTOJIHHJI tP =a+ n 
A - 0 1 0 

npu N = ata1 MO:>KeT ~LIT:& npe~cTasneH B BH~e 

. + ' + ) ( + 0'> ' + ( ( ' Ni(t) =<a 10 0 ,a 1 (t _a 1 t)a 1 ~u-<f20 ,a 1 t)a 1 t)f!0 >. 

. /13/ 
3,i:tec:b a 1 (t) =exp(ih.t) a 1 exp(-ihtY ·::. reii3ea6eproacxuii ", 
onepaTop. YMHO:>Ka.JI o6e cTopOHhl /10/ cnesa Ha exp iht H 
cnpasa Ha exp (- iht) ,, noiiy'IHM Bhlpa:>KeHHe a 1 ( t) qepe~ 
reii3eH6eproBCKH~ o'nepaJOPhl b~ ( t) =he:ue:Xp_iw.t · H 
bw(t) = bwexp(-IwtLIIo~cTaBnJIJI B Hero o6paTHoe Bhlpa-+ .. 

:>KeHHe bw, b w qepe~ at ,a 1 ,a k+' a k 

b =_lU f(v'~+v'~)a +(v'~-v'~)a+J+ 
W 2·kJ-K (J) 1-· K (J) 1 

. . ) . . 
00 -- - ' - -- ,. 

+ ..!_ f dk (XU)· [(v'~ + y'.k...)_a -+(v' w- y'...k.) a+] . 2 - . . k (i) . k . (i) ~ k k . (i) k ... 
0 - ; - '" .. .-

;, ' /14/ 

nonyqaeM BLipa:>KeHHe a 1 (t) qepe 3 on epa TOphi a 1, a 1, a;, 
a k /MJI KOTOphlX-- no JIBn.HeTCJI 6ecqacTH'IHhlM BeKTOpoM7. 
IIo;u;cTaHOBKa ero B /13/ ~aeT N 1 (t) =II 1 1 2 +1I2 ! 2 ,r~e 

1 oo · 2 itcu -itw 
I = --f dwU (e - e ) 

2 2 
K -w 

1 4 0 lw WK 

I - 1 Joo 2 -itw . 2- 4 dw U [ e K +w 1tw 
0 1 w · --w- + e 

K -(J)). 

- . . -(J) • 

/15/.-
U 2" 

<l>yHKU:HJI 1 w 'leTHaJI, eM; npuno:>KeHHe A, no3TOMY :no~~ 
LIHTerpan:&HLie BLipa:>KeHHJI - _ 'leTHhle clJyHKU:HH W H B I l H 
I 2 MO:>KHO J oo 3aMeHHT:& Ha Joo • Bsu~y :noro acuMnTo
THKa N1(t) s· STJm>iue oT IP (t)l2 y:>Ke· He o6JI3aHa 6LIT:& 
He3KCllOHeHu;Han:&HOH. 1 . -- . .. 

-_. H3no:>KHM cxeMy Bhl'IHCneHHJI 11 --/i 2 -· BLI'IHCnJieTCJI 
aHanorH'IHo/. 
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. . 00 . . ~~· 1 ' .. . l . 2 
ll = -- 0} +I}'.); I't=-K I dcu ul e /cu; 4K -oo CU 

00 

d 
~u 2 -itcu 

cu cue 
leu 

I".= f 
1 ·-oo 

2 c- nOMOutLIO rlJopMyn npHnO>KeHHK A npe~c~aBHM ul"' B ~BYX 
BH~ax: 

U2=~{ l+¢(cu) + 
leu "cu2(1+¢)...:K2 

1+¢*(cu) }·= 

cu2(1+¢*)...:K2 

/16/ 

~~ '1+¢ . __ I_-( 1+¢* __ 1_}}. 

TT .cu20+¢)-K2 cu2 6J2(l+ch*)~K2 cu2 
«<»yHKUH.II ¢*(cu) =p(cu) -i77(cu) .IIBn.lleTCJI npe~enoM npH lniz-.-0 

. l 00 . . . ; • 

rlJyHKUBB:cp":"(z) =- I dk 71 ( k )/(k- z),aHanBTB'IecKo:ii B ·HH>KHe:ii 
. . . TT -oo . -. .. .. 

· JionyrinOCKOC.TB. 0Ka3LIBaeTCJl: 'ITO BLipa>KeHBe z2 (l + cp -(z)) -K2 • 

Ta~ He BMeeT Hyne:ii H (tlyHKUBJI (I +«P(z)](z2(l+cp-/z)}-K2rl aHa
JIBTB'IHa BHB3Y: llo3.TOMY B _I} paBeH HYniO HHTerpan 

... ·:. fd~exp( -itcu) ( l+¢*H ~ 20+¢*) 

. 1'1 =- j~2. j .dcue-itcu l +'¢ -,. 
1T -oo CU 2(l+rp)-K2 

rp(cu} = --
cu+ i IL 

f3= 
2e2 fl 2 

3m 0 

-K )-1 1l 

1111 

AuanorB'IHo. nocne no~cTaHOBKB B II" BToporo npe,ttcTaB
neHBJI 1161 ~n.11 U icu nonyqaeM . . 

' 2 00 • • 2 1 
1, . 1K I a· -•tcu £ <I ,~..> . 21-:i' = -' -- · w e cu + 't' - K · • /181 ~ 

1T -oo . . . 

~n.11 BLI'IBcneHHJI I 17 I B /181 no· 'TeopeMe o BLI'IeTax 
H}')irno Ha:iiTu Hynu BLipa>KeHBJI z 2[ 1 + i {3/(z+ ifl) ]...:K ·21B HB>K
He:ii nonynnocKocTul. Hccne~oBaHBe coo1:BeTCTBYJODtero Ky;; 
6uqecKoro· YPaBHeHBJI • z 2 ( z+ ip +i {3) -K·2(z + ifl) =0 · noKa-
3LIBaeT, 'ITO OHO BMeeT Cne~YJOutBe KOpHB: 11 z = Z+ =K '-iy, 

10 

I 

/ .. 

, . 
. I 

-~ 

~ 

. ,_ . - - 2 21 . 21 * , -. ...:,r~e K =K H y=·e K· 3mo ; . ,z=z_=-z+=-K"- i·y ·;-. 
31 z ~ z o= ip' ;· fl' ~ IL + {3 + 2{3 2

/ p. • Mo>KHo npeHe6pe'l& 
BKna~OM OT BLI'IeTa B nOJIIOCe Z 0 / npOHCXO~JilltBM OT rlJopM- · 

. cl>aKTopal. OH paBeH 6wcTpo 3a i'yxaJOute:ii e_xp ( -IL' t) , 
IL '» K >:::: ,y ; yMHO>KeHHOH Ha MaJILI:ii K03dxiiHUBeHT lnopJI~Ka 
e2K/m 0 1. Pe3yJibTaT ~n.a-N1(t) MO>KHonpe~CTaBBTLB BH~e 

N (t) ,e:- 2ytfl-+ e2 x(t)], ~0 ~ t < ~, .. /191 "'. 

2· ' rAe e x (t) Mano no cpaBHeHHIO _c l H co~ep>KHT qneHLi, 
ocnHnnBPYIOutBe c qacToTo:ii K ';;K ITHna YK- s~!l 2K t /. 
TaKBM o6pa30M, B N 1 ( t) . HeT qneHoB, y6LIBaiOutBX ·npH 

... • .1 . 
t-+oo Me~neHHee,'leM 3KCnoHeHTa: N1(t),'<O+e) exp(-2yt). 
3aMeTBM eute, 'ITO npH t = 0 HMeeM dN (t) I dt = ..:.2y ·,;. 0 , '/7/ . . .. . . . 
cp. • 

«<»opMynw 121 u 1111 onpe~en.1110T pacna~ HaqanLHoro 
HeCTa6BnLHOrO. COCTOJIHBJI, ·" 3a~aHHOro· ·:pyKaMHi< •. q-fo6LI 
3TH ciJopMynht BMeJIB. OTHoweliHe K 3KCnepiMeHTY. cne~yeT 
yKa3aTL npoue~ypy, C nOMOlltLIO KOTOpo:ii TaKOe COCTo".iiHBe 
MO>KeT 6LITL "npilrOTOBneuo'' IXOTJI 6LI B BB~e ''Mi.rcneHHO-. 
ro" 3KcnepuMeHTal ~: B pa~Kax .Hawe:ii: Mo-~e:nu MO>KHo 

• onucaTL TaKoro po~a npone~ypy •.. 
. IlycTL ~o MOMeHTa. t= 0. BMeeM cocTOJIHBe rlJB3B'IecKoro 
itaKyyMa •. 0Ho CTa6imLHO. B MOMeHT· 't = 0 Ha'IBHaeM 
BKniO'IaTL 3neKTPB'IeCKOe none E (t) ' KOTopoe MO>KHO c-ia-. 

-.. TaTL o~opo~HLIM B Mano:ii o6nacTB, r~e noKanB30BaH 
3neKTpoH. CooTBeTcTBYJOuta.ll noTeHUBaJILHa.ll 3HeprBJI eqE(t) 
MO>KeT 6J.iTL. 06'Le~BH~Ha BM.eCTe c::_ .. neHOM m0K 2q 2/ 2 

• m K 2 . . 2 . · .• ,_, 

B Bblpa>KeHBe B~a --0- (q + r (t)) +c -qucno.«<»opManL-
. 2 . . . -

HO B .MOMeHT t = 0 OCUHnn.IITOpHaJI .liMa Ha'IBHaeT CMeulaTL
CJI 'KaK Uenoe, TaK 'JTO UeHTp JIMLI yjKe He COBna~aeT C Ha-

. qanoM _K.OOp~HaT. llyCTL K'MOMeHTY t = r 'none BC'Ie3aeT. 
B napa!deTp . r ( t. > r) = 0. IlapaideTpaqecica 0 B036y~eHHLi:ii 

:_ ... nonHLIH raM'uJIL~oliiiaH H~ =:H t~.+ q 1 q ( t) --~. rl ="· :r vmoK~ .• 
. B TepMBHaX on epa TOpOB b + , . b . HMe~e:r BH~ 

. . {I) (<) 

·;" =·F·· d.cu-wb +b + j a'cu u· i v '-J:<b. :_h+l.,r:'1<t.>. 1201 t 0" (1){1) 0 2 {I)(<) .• 

II 

·.·• 

.~, 7"' 

. ;._, 



YpaBHeHHe db( cu, t) I dt = i[ H t , b ( cu, t) ] ~m1 reii3eH-

6eproBcKoro. onepaT_opa b(cu, t) HMeeT npocToe· peweHHe·- _ 
. . .:..i (t) t • -;-- . . . . ; t .. , icJ t, , 

b ( (t)' t) = e . [ b (t) - v 2 ul~p ( cu, t) ] ; p(cu;t) = fo d t e .r ( t·) ~ • 

. . ' . /21/ 
Mo>KHO HaRTH.' H onepaTop 3BO.JD<?l{HH. ·V(t, O)~ Tai<oii, 'ITO 
b ( CU , t) = y+ b cu V, HO- OH HaM He llOHa~06HTC.R •. 

B pe3yJibTaTe onHcaHHoii np,o~e~ypbl B'MoMeHT· t = r 
HMeeM COCTO.RHHe V ( T , 0 ) 0, B KOTOpOM eCTb H li>oHOHbl 
H li>oTOHbl. TaKa.R CHTya~H.R ~On>KHa . 6blTb THUH'IHOH ~JI.R 
mo6oro peaJibHoro npo~ecca npBrriToBneHH.a: BMecTe c He
cTa6HnbHblMH qacT~aMH Beer ~a po~aroTc.a B ~pyrBe 
qacTH~bl, BKnroqa.a p:po~yKTbl · Bx · pacna}:a:a. cl>opMy~y . /2/ 
MO>KHO llpHMeH.RTb_ TOJibKO B TOM cnyqae, eCiJH ~OllOJIHH

TeJibHble 3KCnepHMeHTaJibHble ycTpOHCTBa Bbl~eJI.RlOT ~anee 
HMeHHO HeCTa6BJibHbie 'laCT~bl /Hama MO~eJIL TaKBX ycT
pOHCTB He onHCblBaeT /. O~HaKo Mbl. Mo:>KeM Y3HaTb, KaK 
MeHaeTC.R CO BpeMeHeM .'IHCJIO HeCTa6HJibHblX 'laCTB~•,. eCJIH 
B MoMeHT t = r · HMeJ1oc!> npHroToBneiiHoe cocTo.aHHe V(r ,o)n . 

. 3To MO>KHO. c~ena Tb . c no:Mo~blO cpe~Hero OT . onepaTopa 
at al B COCTO.RHHB V(t,O) Q, t > r: KaK B B /11/, H3 3TOro' 
cpe~Hero np~eTC.R BbJqecTb < n' at a 1 0 > ; \. UOCKOJibKY 
H 6e3 napaMeTp:ftqecKoro B036y~eHB.R cpe~Hee 'IBcno 
"rOJiblX" li>OHOHOB B COCTO.RHBH Q He paBHO Hynro. · 

~ . ~· ' 

. . . + ·. + 
Nr,(t) =<V(t,O)O, a 1 a 1 V{t,O) 0>-<0,a 

1 
a

1 
0> 

= < n ' a~ ( t) ~ 1 ( t) n >. - < n ' a r a 1 0 > • . 
/22/ 

0Ka3blBaeTC.R, 'ITO /22/ -> 0 npB t-> oo. ,IJ;n.a Bbl'IBCJieHH.R 
/22/ ~OCTaTO'IHO Bblpa3BTb a l (t) qepe3 b (cu, t)~ UOJib3Y.RCb 
/10/, H ~anee no~cTaBHTb /21/. 

12 

1 . . 2 
N r ( t) = -I I{ t) I ; 

8 

-
00 

. 2 -itCL> 
I{ t) = VK f dcu ulcue . p(cu, t) 

-oo 

1 00 2 -it£i.) 
----==f .. dcu ur (<)cue p( cu, t) yK -oo · 

/23/ 

"· 
. I 

,. 

E~HHCTBeHHoe cy~eCTBeHHOe OTnB'IBe /23/ OT · /15/ 
3aKnroqaeTC.R B Hanli'IHB li>YHKUBH p (cu , t), CM. /21/. IlpH 
t> r BMeeM p (cu,t) =p (£iJ,r),T.K.· r (t>r)=O. p(cu,r) ecTb. 
~ena.a li>YHICUH.R KOMnneKcHoro nepeMeHHoro cu , y6blBaro~a.a 
B BepxHeii nonynnocKoCTB, a BHH3Y pacT~a.a He 6blcTpee, 
11e:M exp i cur. Ilo3TOMY npH t > r ··Mo~o, KaK H B cnyqae 
N1 (t), 3aMblKaTb KOHTYP BHTerpHpoBaHH.a cHB3y. Pe3yJibTaT 
Bbl'IHCJieHH_H /23/ npe~CTaBHM B BB~e 

. . K · 2 -2yt 2 . ) 
Nr,(t) =2lp(z+,dl e [l+e x.r{t)];r<t<oo. /~4/ 

3~eCb z+;;;; K -iy H e 2 x·(t)«l.Ilo~qepKHeM, 'ITON~_{t) npB 
t> T He 3aBHCHT OT.,neTaJI~H li>YH~HH .r l (t) , HO onpe~en.aeTC.R 
TOJibKO HHTerpaJibHOH Be~H'IHHOH /'IBCJIOM/ p { _z +, T) • 

4. OIIHCAHHBHBCTAEHJibHMX KBAHTOB. 
C llOMOII(b/0 tPH3HqBCKHXOIIBPAiOPOB PO)J(,l(BliHa-

. .·· . YJIHllTO)J(EliHJJ . . . . 

B paccMaTpHBaeMoii ·Mo~enH·Mo>KHo-npe~nmlmTb ~pyroe 
OllHCaHHe B036y>K~eHHblX COCTO.RHBH . 3JieKTpOHa /li>OHOHOB/, 
KOTOpoe He BMeeT He~OCTaTKOB "ronoro" OllBCaHH.R, yno
M.RHYTbiX B Ha'lane pa3~ena 2. CooTBeTCTByro~e onepaTopbl 
po~eHH.a-yHH'ITO>KeHH.R Mbl Ha3oBeM li>H3B'IecKHMB. O~Ho H3 
HX rnaBHblX. CBOHCTB - COBUa~eHBe BX 6ec'laCTH'IHOro .BeK-

. TOpa CO CTa6HJibHblM 4>~3H'IeCKHM BaKyyMOM *. • ,IJ;anee Mbl 
nepe'IHCJIHM Tpe6oBaHH.R, KOTOpbiM ~OJI>KHbl y~OBJieTBOp.RTb 
3TH onepaTOpbl, . H llOKa>KeM, KaK MO>KHO 3TH Tpe6oBaHH.R 
BblllOJIHHTb. . 

1/ CneKTP HH~eKcoB, HyMepyro~x li>B3H'IecKBe onepa
Topbl ·a qioHoHoB · H ll>oTOHOB, ~on>KeH 6blTb TaKHM · *e, 
KaK· y ''roriblx": a =lal 'a k I , 0 < k<oo~ 3To Tpe6oBaHHe He 

. * TepMBH. "o,neTLIH''787 .Mbl .He BCUOJib3yeM, UOCKOJibKY. 
B Haweii Mo~enH· iieJib3.R noTpe6oBaTb, 'IT06bl e~e B o.n
HO'IaCTH'IHble cocTo.aHH.a · 6blnH cTa6HnbHblMH I o.nuoll>oHOHHble 
COCTOJIHH.R ):(OJI>KHbl pacna~aTbC.R/. . 
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I 
I 

I 

t .. 
I 

ll03BOll.lleT C'IBTaTh liJB3B'IeCKBMB onepaTopLI h:cu, 0 <w.< oo , 

.ll.HaroHallB3BpyiOIIUie llOJIHhiH .raMBJihTOHBaH, CM. /6/ B npu
JIO:>KeHBe A. 

2/ a Jl.On:>KHLI Y.IJ.OBJieTBOp.llTh KaH()HB;'IeCK.BM KOMMyTa
nBOHHLIM COOTiiomeHB.llM, xapaKTepHLIM .IJ.JI.ll onepaTOpOB 
pO)K.IJ.eHB.ll-yHBqTo~eHB.ll /cp./6/, /7//. 

31 aiO = 0 u akn = 0 .ll.JI.ll acex k. 
3TH nepBLie Tpe6oBaHBH BLinonHaiOTca, ecnu onepaTopLI 

YHB'ITO:>KeHB.ll a 1 ,.a k BLipa:>KaiOTCH TOJihKO qepe3 b w /Ho 
He· qepe3 b ~ I c · noMOII.U>IO YHBTaimoro npeo6pa30BaHBa 

"" . . "" + + 
a 1 =f

0 
dwW1wbw, ak= f 0dwW!Cwbcti,WW=WW =1. /251 

11:3 /25/ cne~yeT, 'ITO onepaTop nonHoro ~ucna .p'u~uqecKux 
'KBaHTOB lliJoHOHOB B liJoTOHOB/ata I+ f'dk a k a k paBeH 
f dw b t b w npu ni06oM W. CnenoaaTenLHo, ou KOMMy
TBpyeT C raMBJILT(>HBaHOM 181 Jl. COXpaHaeTC.ll •. ll03TOMY 
B npaaoii qacTB 1121 ~ cnyqae .~=;oat a 1 .H l/J 0 =· afO oc
TaeTcH TOJILKO nepBLIB 'IJieH: a I Q nepeXO.IJ.HT TOJILKO 
B at n BJIH a.t n. Hoaoe onpeneneHHe I Ill 3aKOHa pac
nana nepexonuT B /2/. 

.+ . + . + + -itH + . 
1
2 

N1 {t) =<a 1 0,a 1 ~t);a 1 {t)a 1 0>=[<a 1 0,e . a 1n > = 

·' 1261. 00 • - I f d -~ t w 2 - we . W 12 
0 ,,lw ' 

B ll03TOMY HeB36e:>KHhl He3KCllOHeHI~BaJILHLie nonpaBKH. 
3aMeTBM~ 'ITO K au.ziy 181 npuao'n11Tc11 pa3Hble ··ucxon

HLie raMBllLTOHBaHLI lpa3HLie mo ' K 'e' cl>opM:Il)a:KTOPLI B 
T.n./. H Hao6opol', B3 181 npeo6pa3oaaHBeM, o6paTHLIM 
1251, MO:>KHO nonyqaTL raMBJILTOHBaHbl h w C pa3HOH ·.ll.BH'a
MBKOH B 3aBBCBMOCTB OT B.LI6opa " , ll03TOMY nanee no-
Tpe6yeM: . 

4/ S -MaTpuna pacceaHBa liJu3H'IecKoro liJoToHa. Ha 
3JieKTpoHe lnonyqaeMaa H3 h I coananaer.c S -MaTpuneii, w . ' . 
nonyqaeMoii B3 nepBOHa'laJihHoro· raMBJibTOHBaHa· IHanpu-
M'ep, npouenYI)oii:,'.onucaiiH:oii B np:Hno)KeiluuBI. · . · 

3a6era.H · anepen, YKa:>KeM, qj-~ -4/. He liJuKcupyeT non-

14 
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ft 
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~I 
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t 
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l 
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I 
;j 
J II 

( 
l, ,· 

HOCTLIO W • 0Ka3LIBaeTC.ll 'B03MO:>KHLIM BLI.ll.BBHYTL u·y.ll.OB-
JieTBOpBTh. eJtie O.IJ.HO Tpe6oB'aHHe: . . 

51 He3KcnoHeilnuani.HLie nonpaBKB B 3aKoHe pacnana 
ao36y:>K.IJ.eHHoro 3neicrpoHa no.mKH:LI 6LiiL HeHa6mnaeMo 

• ' • • 4 ' .'. 

ManLIMB. 
· lloK'a>KeM, KaK · Mo:>KHo · o):uloape:MeHHO BblnonHBTL Tpe-:-

6oaaaua 4/ u 51. Bocnonh3yeMcJi n!M, ·'ITO HaM H3BeCTHLI 
.IJ.Ba I(OHKpeTHLIX npeo6pa30BaHB11 BH.IJ.a /25/. B / 6 /. ra.;.' 
MBJibTOHBaH BB.IJ.a 

- "" . - + - . 00 - . -+ .- - -+ . 
K a 1 a 1 + f

0 
d ,v ~a v a v + f

0 
d v E ( v ) ~.a, 1 · a v +a v a 1 ) 121/ . . 

6bln npHBe.IJ.eH· K 18/ ,npeo6pa30BaHHel'd a ,; 0 b BB.IJ.a 1251 
C .IJ.e.iiCTBBTenLHLIM W /T.e. OpToroHaJILHLIMI. 

- . . 2 '2 ,. ' ·, -~ 
·01w= E (w) {[ w-K +L\(w)] +r (w) l , 

128/ 
oo d~r{v) - 2 1 

rrE (w) , L\(w) =- f r (w) 
' 77 0 v-w 

- -
E(v) E(w) 

0, =IP + o(v-,.w)[ct.J-i< +L\{w)]}/[w-,.i<+L\+iT[. 
vw v-w 

,•.: 1291 
llpeo6pa30BaHBe 0 onpenen11eTC11 KOHCTaHTOH K ' · B · . 

neiicTBBTeJILHoii: cPYHKnueii E,: KOTopLie MoryT 6biThnpoH3-
aonLHLIMB, .nHWL 6LI BLillOJIH.llJIOCL HepaaeHCT~o Jdv E2(v)/v.<~, 
eM. npuno:>KeHHe E B 161·. 06paTHoe npeo6pa3oBaHHe 0 T. 

nepeaonu'l' /81 B /27 I. 
)J.pyroe npeo6pa3oBaHue 3aTparuaaeT Tom~Ko cl>oTOHHLie 

onepaTopLI . a v,;,: f Y v k a k ; 0Ho i-o:>Ke opToroH:ani>Hoe u · ne.-: 
. ·'oo . + . " . , . . ,. 

peBO.ll.BT'J
0 

dvva . a B3 1211 B 
. v v.' ., 

. . f dk f 4k '[k o(k -k ') + ~(k) ~(k ')] a tak, 
· • ~ (v) ~ { k) ·. . . . . 2 2 · -~ 

Yv'k: =I P + o.{k- v)[ l+r· {k) Jl.l[ 1+ r(k) l + j (k) l • 
k-v 

' 130/ 
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I. 
i 

3~een j{k) =71t"
2
(k) ,r;(k) = PTdvj{;,)/v-k.3To ~peo6pa3oaa-

. . 11 0 

HHe ODpe~enseTeS 3a~aHH_eM npOH3BOnbHOH !}JyH:KnHH t"(k) 
/numb 6w exo~nes HHTerpan r '(k) /. ·· 

Mbl eof?upaeMes B Ka"lleeTBe HeKOMoro W B3STb npo
H3Be~eHHe eOOTBeTeTBeHHO no~o6paHHbiX npeo6pa30BaHHH 
OHY. -, -

lJTo6w o6t.s~HHTb, KaK aw6upaiOTes. E H K ,oripe~ensro
IQHe 0 , onumeM eHa'lana Ka'leeTBeHHble oeo6eHHoeTH S -
MaTpunw paeeesHHs· ~unonnHoro !}loToHa B Hame_ii Mo~enu. 
0Ha onpe~enseTes o~oii !}Ja3oii paeeesHHs S{k) =exp(-2io(k)), 
eM. npuno:>KeHHe E. Be10~y, KPOMe k "'K, S(k) 6nH3Ko K 1. 
Jiy~eM e'IHTaTb, q'To o(k = oo) =0. fipH k = K !}Ja3a 0 (k) npo
XO~HT qepe3 pe30HaHeHoe 3Ha'leHHe 11/2 H DPH k-> 0 eTpe
MHTes K 11 • llonymup:HHa pe3oHaHea paaHa y = K TJ (K) I 2 = 
::;: 11K ~:2(K.)'/2, eM. /E.8/. tt»yHxnus 'E<V.> ~on:>KHa 6wTb 
TaKOH, 'IT06bl !}Ja3a 0 paeeeSHHS !}JOTOHOB, ODHebiBaeMbiX 
onepaTopaMH iiv=fd(L)Ov(L)b(L) /eM. npuno:>KeHue E/. · 

~ ·-2 -
tg 0 ( v) = 11 E ( v) /[ v - K + ~ ( v) ], /31..( 

y~oaneTBopsna Y£nOBHIO o ( v) - o (v) « 1 npu Be ex v • 3To 
03HaqaeT, 'ITO o ~On:>KHa 6b1Tb Mana BHe ·o6naeTH pe3o-. 
HaHea, a BHYTPH :noii o6naeTH- eoana~aTb e D, Le. S·~On:>K
Ha ripoxo~Tb qepe3_pe3oHaHe c Toii :>Ke IIIHPHHoii, 'ITO H 8 • · · 
TaKoe ,noae~euue o o6eenequaaeT, HanpHMep, !}lyHKUHS· 
E(v),Me~nenHo ·MeHSIOII{ase:S:, paauas HYniO B~anu oT pe3o
uauca, a BHYTPH HHTepaana ( K - y, K + y) npoxo~smas qepe3 

, K . 2 . . . 
3H:aqeuue v ~. ~: ( K ) • lloene~uee yenoaue o6eene'IHBaeT 

. ' . 2 . 
HY:>KHYIO WHPHHY pe30HaHea 11E (K) = y , eM; /31/. lloene 
Bbl6opa E no.zi6upaeTe11 ; TaK, '1To6~ 3HaMeliaTenb v-i<+~ 

.. B /31/ o6parilancs B H:ynh B TO'IKe, r~e o = ir/2·. · 
Tpe6oaaHHe 4/ npu6nH:>KeHHo awnonHeHo. Tpe6QBaHHe 

5/ 6y~eT y~oaneTaopeHo nyTeM no~6opa noae~euux E B~a
nu oT . pe3oHaHea. lJTo6w noscHHTb, KaK 3To ~enaeTes, 
paeCMOTpHM 3aKOH pacna~a /26/ B 'laeTHOM enyqae, Kor.Jia 
w }(L) = ol(L)' a 0 lcu'onpe~enseTes !}lyHKI{Heii E ( v) = E (v) = 
= y2K v~: ( v) /( v + K.) ,o6eene'IHBaiOmeii yKa3anHoe Bbllll.e 
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DOBe~eHHe B. AeHM.DTOTHKa ./26/.. MO:>KeT,· 6wn, Haii~eHa 
noene~OBaTenbHbiM , . HHTerpHpOBaHHeM . DO . 'laeTSM . .·· 2 . . . . .. . 
( d V = exp ( i CLl t) , U = 0 1J, K~TOpoe DpOBO~HTeS ~0 TeX DOp,. 
noKa dno 1~/dcu n He nepeeTaHeT o6pamaTLes B uynnnpu· 
(L) = 0 /9/ . 

-i(L)t 2 1 
-i(L)t dn 0 2 oo "" e 

f. dCLl e 0 =- leu 
lCLl (it) n 

I . 
0 -it dw n 0 /32/ 

00 -i (L) t dn+l O 2 1 
d.(L) 

e 

{it )n fo 
leu 

-it d(L) n+I 
' 

' 2 . 
/npH cu-. oo !}JyHKI{HS OlCLl H Bee. ee opOH3rO~Hi.J:e eTpeMSTeS 
B uymo/. llpu Manwx cu HMe~ Ofcu"' E {CLl) =CLl 3,cM. /28/, 
H D03TOMY /32/ = t-4 , ep. /IO ,Tenepb Jieuo, 'ITO 5/ MO:>KHO 
awnonHHTb, H3MeHHB E(v) a6nH3H Manwx v, HanpHMep,. 
TaK: 

. E(v) 
v m - . ...,),jv rn 
-- E(v) Hnn· E(v) = e E(v) 
vm+ X · . · ·· 

m.-
. )... ( v) d:.. ·A K m ! [1 + 

A I; m ... -1 . 
. m;.J.I ,. ) 

'Y m 

/33/ 

ITo~ A B00611{e ... MO:>KHO DOHHMaTb !}JyuKUHio~60nbWYIO npH 
v=O. H Manyro npu v'>i<./2 ~: H3 /32/ ene~yeT, qTo, yaenu
'IHBas m. · H A, Mo:>KHo e~enain He3Kenoueunuannuwe no
npaBKH eKonn . yro~o ManLIMH. • CooT.BeTeTBeHHo, 'eenn 
B · Ka'leeTae · E(v) 6paTi. !}lyHKUHIO, He paBHYIO uyniO numb 
B6nH3H. o6naeTH pe3oHaHea, ·.To Ha~o. qTo6bl. ua o6oux 
KOHI{aX.3TOH o6naeTH OHa ena~ana K HYniO O'leHb rna~KO, 
T.e. Talc, i<aK ~YHKnus/33/ eTpeMHTes.K uyn10 n:Pil v .... o • 

Bb16paB E(v)'u 'K . 11 .TeM caMwM npeo6pa3oaaune 0 , 
.z:tanee ua~o no~o6pan. ·npeo6pa3oBaHHe .· Y /T.e. !}lyHKUHIO 
t" I TaK, 'IT06bl yenoane. 4/ TO'IHO BbiDOnHsnoeb .z:tns !}JH3H
'IeeKnx ODepaTOpOB, onpe~eneHHhiX

1 

!}JopMynoii /25/, r~e .. T. . . . . . 
W = Y 0, T.e. \V1 cu= Ouu H :wkcu= Jdv Yk:vOvcu/eM. 
npuno:>Keuue li/. · 
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06Cy,IUIM KpaTKO. 3aKOH pacna,D;a /22/ COCTOJIHBJI, llpB• 
roTo:BneHHoro napaMeTpB.:iecKBM ii636y>K,IJ;eiiile:M, · B cny<iae 
a~ a.l-+ at al, CM. pa3,D;en 3. 0H BMeeT BB,D; 

.·.,... ... ' + -
Nr(t) =<'V(t,O) O,a

1
a

1
V(t,O) 0>= 

oo -itw 

I f. dw e 
0 

w. u ./ w 2· 
lw lw v 2 P (w, t) I .. 

,;, 

/34/ 

cl>yHKUBJI p (w, t) ' CM. /21/, B006IUe roBOpJI, He paBHa Hymo 
npB w = 0 B He BnBJieT Ha acBMllTOTBKY /34/. BenB'IBHa 
He3KCfiOHeHUBan&HhiX nonpaBOK B /34/ 6y,D;eT CKOllh yrO,IUIO 
Manoii, ecnB lilYHKUHJI E ( (i)) '.onpeAenJIIOIUaJI . w lw = olw ,Bhl- . 
6paHa TaK, KaK onacaHo Bhiille: 

5. 3AKiiJOqEHHE 

B paMKax MO,D;ena Bau-KaMrreHa nonyqeHw ·cne,D;yroiUHe 
pe3yn&TaTW.' HoBoe onpe,D;e-!IeH~e ·3aKOHa pacna,D;a /11/ 
fi03BOHJieT rrpe,D;HO)KHTh OllHCaHHe B036y>K,IJ;eHHOrO COCTOJIHHJI 
3neKTpoHa ./tiloHoHa/ c nOMOIU&IO "ron&~x" onepaTopoB po>K.;· 
,D;eHHJI-yHHqTO)I(eHHJI. fipB TaKOM OllHCaHHB 'IHCnO ~OHOHOB 
B MOMeHT t y61.IBaeT He Me,D;neHHee 3KCllOHeHThl npH t->oo. 

. OmicaHae tlloHoHa · c noMOII.{&IO tlla3H'IecKHX onepaTopou 
po>K,D;eHHJI-yHH'ITO>KeHBJI /6ec'laCTH'iHWH BeKTOp KOTOphiX 
COBna.qaeT C tilB3B'IeCKBM ua"KyyMOM/ rrpBBO,IJ;BT K COBfia,D;eH~ 

· /11/ c o6&~'1HWM onpe,D;eneHBeM. 3aKoHa pacna,D;a /2/, B, 
KaK ~ne,D;CTBJie, HeB36e>KHO B03HBKaeT·:Ue3KCfiOHeHUBani.HaJI 
aCBMfiT_OTBKa. 

«<>B3B'IeCKBe onepaTOphl onpe,D;enJIIOTCJI HeO,IUI03Ha'IHO. 
., Cpe,D;B HBX eCTL TaKBe, .fTo COOTBeTCTBYJOIUHH 3aKOii paclia,D;a 

OKa31.IBaeTCJI Ha caMOM ,D;ene 3KCITOHeHUHallhHI.IM BiiJiOTh. 
,D;o · cKon& yto,D;Ho 6onLuiux /Ho KoHe'IHI.Ii/ upeMeil. · · .. 

· Hccne,D;ouaHBe 3aicoHa pacna,D;a cocTOJIHBJI, ·~npBroTou-· 
. neHHoro" napaMeTpaqecKBM Bo36Y>KAe:HBeM, o6Hapy,.GiuaeT, 
'ITO acBMrrTOTB:Ka s 3TO~- cnyqae ·.He ·3aBBCBT· oT cnoco6a 
npBrOTOBneHBJI, a 3aBBCHT B OCHOB:iu)M' OT Toro, KaKBe 
on epa TOphi Bhl6paHI.I ,D;JIJI onBcaHBJI tlloH'olla.· 
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. Hccne,D;oBamie ,D;eTaneii upeMeHHoro xo,D;a pa:cna,D;a B03-. 
MO)I(HO. Ton&KO B TO'IHO pemaeMI.IX 'MO,D;enJIX. TaKBe Beene- . 
.I{OBaHBJI. paHee rrpOBO.IUIJiuC& B MO,D;enB JIB C HecTa6Bn&HOH 
V-'l.aCTBUeii. llo,D;'IepKHeM O.IUIO CYJUeCTBeHHoe oTnH'IBC pac
CMOTpeHHoii MO,D;enH OT MO,D;enB JIB. flepBaJI· eCTh ynpOIUeH-' · 
Hhlii uapBaHT ,D;ouon~oHo pean&Hoii icuaHTo:Boii TeopB:H c ·no
Kan&HI.IM B3aBMO,D;eiicTBBeM. Ee tilH3B'IeCKBH BaKYYM n He 
COBllaJtaeT c "roni.IM". no· Mo,D;en& JIB He JIBHJieTCJI npB6nB
>KeHBeM K KaKoii-~60 noKan&HOH TeopBB~ B Heii 0= no' TaK 
'ITO ee "ronhle" onepaTOphl cne,D;yeT conocTaBBT& c O.IUIBM 
B3 BapBaHTOB ~3B'IeCKBX onepaTOpOB paCCMOTpeHHOH MO.; 
,D;enB. KaK B B Hameii MO.I{ellBi B03M0)1(HJ.I pa3HI.Ie OrrBCaHBJI 
HeCTa6Bn&HOH 'laCTBUW C O,IJ;HBMB TeMB · >Ke OCHOBHI.IMB 
xapaKTepBCTBKaMB: "MaCCOH" .B "BpeMeHeM )KH:iHB" •. Jie
BB /11/ rrOKa3an, . 'ITO V •qaCTHUY MO>KHO OUHCaT& TaKBM 
BeKTOpOM COCTOJIHBJI, 'ITO He3KCfiOHeHuuan&HI.Ie nonpaBKB 
B 3aKoHe ee pacna,D;a 6y,D;yT cxon& yro,D;HO ·· Mani.IMB. 3To · 
6wno c,D;enaHo no~):{pyroMy, He>KeiiB B pa3,D;ene 4, B qacTHo- · 
CTB, He o6cy>K,D;anoc& Tpe6osaHBe couna,D;eHBJI S -MaTpBu. 
B paMKax MO,D;enB JIB .HBKTO He paccMa TPBBan KaKoii-nB6o 
KOHKpeTHI.IH MeXaHB3M rrpBrOTOBneHBS.HeCTa6Bn&HOro co
CTOJIHiiJI /BpJI,D; nB MO,D;en& ·no3BOnJI~T3TO c,D;eJiaT&/~ 

. Kai< paccMoTpeHHa;l Mo,D;en~, TaK B MO,D;en&. JIB HenonHI.I 
B TOM CMI.ICHe, 'ITO Bhl6op OITBCaHBJI HeCTa6Bn&HOH 'laCTBUW. 
He tilBKCBpyeTCJI BB,IJ;OM B3aBMO,zteiiCTBBJI BnH KaKBMH-nB60 · 
,D;pyrBMB xapaKTepBCTBKaMB MO,D;EmB. 'A OT noro .B&i6opa 
3aBBCJIT Ha6mo,D;aeMwe B npBHuune ,D;eTanB upeMeHHoro 
xo,D;a pacna,D;a, B TOM 'IBcne uenu'IBHa He3KcnoHeHulian&Hoii 

l 

nonpaBKB. 
Enaro,D;apro · E.H.Banyeua 3a none3HI.Ie o6cy>K,D;eHBJI. 

llpBno>KeHBe A 

llpBBe,D;eHBe KBa,D;pa TB'IHOH tilopMhl · OT p , 3arrBCaHHOH 
B /5/, K BH,D;y "cyMMhl KBa,D;paTOB" ,Y,D;06HO. C,D;enaT& B ,D;Ba 
3Tana. CHaqana npBBe,D;eM tllopMy OT · Pk, T.e.' . · 

. J~dkk 2p:. + 2[f.dky'kt: (k) Pk]
2

, ·. 
K BBAY f dvv 2(p~) 2 opToroHan&HhiM npeo6pa3oBaHBeM 
.tllpTOHHI.IX onepaTOpOB 
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.. 
00 00 . 

. Pk = f0 dv ~kvp~; 'qk= 10 d~-~kv·q~; [q~~p~, ~~iS(v"":v1;A.l/.~-

X .. 6~uio ua:B:.neuo B npuno'.f'eHuH.A B li>(.·. . ~ 
':: 

y2k f.(k) y2vE (v) 2 
Xkv=;{P . + o(k-v)[ l+p(v]}{[-l+p(v)] + 

v2...,.. -k 2 

2 · ( . II 
+7] v)·}'"":/~ IA.2/ · 

~I' > 

. . 2- 00 

p(v),=~Pf . 
2 

. 
2 

dk 
17 .0 k -v 

7J(v) =~~(v); 
k ~( k), 

+oo 

= 2.. p f. 
1} ( t) d t 

.IA.3/ 
1T -oo t - v 

He'leTHa.H. ciiYHKJUiH 1} ( v) .H 'leTHa.H p( v) HBJIHIOTCH COI>T
BeTCTBeHHO MHHMoii H .neiicTBHTeJILHo:ii q·acTLIO npe.ne.ila 
npli lm z .:.. + 0 ciiYHKUHH ¢ ( z) =.:lJoo dk 7J.(k)/k-z = 2e2~-t2 i/3Ino(z+i~-t), 
auanHTH'Iecxo:B: B Bepxue:B: nonyn'Koc~cTu: ¢ ( v) "=p( v) + i 7J (v) • 

· · Tiocne· -npeo6pa3oimHHH / A.l/ cllopMa in p. npuuuM:aeT 
BH,n 

• • ' I "' ~ ! • ~. • 

00 

c 2 2 00 

K2p2+J dvv (p') +2f dJ.:'e(v)(p ·_p' ); 
I o ·. · v . · 0 . ·· 1. v · 

e(v) 
Ky2vE(v) 

/AA/ 

/, 2 2 
y[l+p(v)] +7] (v) 

OpTorouanLuoe npeo6pa3oBaHHe U. npHBO,nHIJlee ee x BH,ny 

fdCJJ cJ; 2, 
(l) 
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A 

P1 = f.U1 cupcudcu, 
-A 

q - f U q dcu 1- · leu w 

. / 

A . A 

p, -= I u p d cu : 
v vcu (l) 

·q' = I u · q d cu : 
v . vcu (l) 

/A.51. 
. . 

uaxo,nuTC.H Tax :>Ke,· xax 6wno uaii.neuo · npeo6pa3o:Bauue 
o' 1 B npunmiCe~HH 1i B/6/: · · · 

ulcu = e(cu) Hcu 2
-K 2 + R(cu)] 2+ I 2 (cu) ~--~; 

l(cu)= 
rre 2 (cu) 

2cu 
R(cu) = ~ p j_ I(k) dk 

-oo 

2 2 2 2 -Yz 
U =Hcu-K+R(cu)]+l(cu)}· x 

vcu 

e(v) e(cu) 2- 2 xiP +[cu -K +R(cu)]o(v-cu)}. 
(l) 2_ v 2 

/A.6/ 

IA.1/ 

HliTerpan R (ru) , xax H HHTerpan p( v) B. I A.3/; .noJI)I(eH, 
KOHe'IHO, CXO,nHTLCH, 'ITO o6ecne'IHBaeTCH cllopMcllaKTOpOM 
g2 (k) =~t2 /k 2+~-t 2 , eM. pa3,nen 1. . - . . 

«<»YHKUHIO I ( cu) _ MO:>KHO · npe.nc~aBHTL xax MHHMYIO qacn. 
npe.nena F ( cu )cllyHKUHH F ( z) = K (1-l/1 +¢(z)) npu lm z 4+ 0 . 
F { z) auaJIHTH'IHa B Bepxue:B: nonynnocxoc.TH, noToMy 'ITO 
cp ( Z) TaM aHaJIHTH'IHa H 1 + cp (z) HHr,ne. He o6paiJlaeTCH 
B HYJIL I xo.T 11. 6w ITOTOMY; · 'ITO I¢ ( z) I « 1 /. Ha 6e cxo:Heq
HOCTH F(z) y6LIBaeT, H IT03TOMY R({U) ,noJI)I(Ha 6LITL ,ne:ii
CTBHTeJILHOH 'laCTLIO F(cu) /ll/_: F(cu) ='R(cu)+ il(cu) = 
=K2 cp(cu)/(1+¢(cu)].BBH.nY :noro ciiYHKUHIO Dlcu, CM. 

icu 2 2 · · -I 2 2 -L I A.6/, paBHYID -I [ cu .., K + R + ill -[ cu -K +R-il] .J,Mo:>KHo 
npe,nCTaBHTL B Bulf.e /16/. · . . . 

OpToroHliJILHOCTL U TU= 1 H ITOJIHOTa UU T:: 1. ,noKa3LI
BaiOTCH TaK :>Ke, _ KaK ,nJIJI npeo6pa3oBaHH11 0, CM. /6/ H 
npHJIO:>KeHHe B /10 ~ 0TMerHM, 'ITO ,CITeKTp. cu qucTO Henpe
pLIBHLIH: 0 < CU < "" /6/. 3aMeTHM eiJle, 'ITO ,nOJI)I(HO 6LITL 
BLIUOJIHeHO YCJIOBHe f~ dv e 2( v) /v 2<. K 

2 / cp. /1i.4/ B /6//. 
B upoTHBHOM cnyqae cyiJleCT:ByeT_ OTPHUaTeJILHQe 3Ha'leuue 
Ci.l 2

1
H 3TO 03Ha'laeT, 'ITO HCXO,nHLiii raMHJILTOHHaH HMe_eT 

CITeKTp, Be orpaHH'IeHHLIH CHH3y. 
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[. 

:· 

IIpuno)KeHue 1i 

«<»a3a pacceJIHHJI. ~unom.uoro clJoToHa ua !lnexTpoue Mo
)KeT 6LiTL uaii~eHa cne~YIOllUIM o6pa30M. -: Haii~eM+ npe~en 
reii3~H6eproscxoro onepaTopa po~eHHJI clJoToHa ak(~_npu 
t~ -oo.C DOMOIQLIO /A.l/, /A.SI H clJopMyn BH~a 161, 191 
nonyqaeM 

+ ak { t) 
1"" .k v t k v 

= 2 f dv xk [ (y- + v-k) a' {t) + {y-- y-k )a' (t)], 
0 v v v v v 

'IB.II 
00 - - - -

,+ 1 v w + iw t v cu -iwt., 
a (t) = - f dw U [ ( y- + y-) b e + ( y- - y-) b e j. 

v 2 0 vw (t) v cu (t) v (t) 

IB.2I 
HcnonL3YJI BLipa)l(eHHJI I A. 7 I H I A.21 ~DJI u H xk H 

I I · VCtJ V clJopMynLI 13 ; 

±iEt 1 . 1 1 
lim P e IE=:+ irro{E), P 2..... ?=- P-_ -. -,IB.31 _ 
t~-oo w v- w+v w-v . . 

HaXOMM lima' v+ ( t) H DOTOM · lim a~( t).; 

lim a'+ ( t) 
v 

2 2 .. 
b+eivt v -K +-F*(v) 
_v. · 2 2 • 

lv -K + F(v) I' 

+(k ) t• +( + ik.t a in , t = 1m ak t) = b k e 
k 2 

-1< 
2 + F *( k) 
. X 

t-+-oo I k 2 
-K 

2 + F ( k) I . 

1+¢*(k) + ikt k
2
-K

2
+k

2
rp*(k) 

x = b e 
·l1+¢(k)l. k lk

2
-,(

2
+k

2
¢(k)l 

IB.4I 

IB~sl 

AuanorH'IHO c nOMO~LIO clJopMyn limPexp(±iE~/E=±irro(E), 
t-. +oo,. BLI'IHCDJieTCJI out -on epa TOp,. 
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+ ( ·' . 1 +( ). ·b· ~ ikt[ ·;· (k2 2 k 2-l.{k).)] . a out k, 11 = im a k t ·. := k e · exp 1 arg -K + 'f' , 
t-.+oo . 

/:S.6/_ 
S · -~aTpuny pacceJIHHJI clloToHa c 3Heprueii k. nonyqaeM no 
o6LI'IHLIM clJopMyDaM /14/: . 

+ sk· .... _ =<a+ t (k') n, a. (k) fl>~o(k'-k) exp[ :...2io(k)], 
& Oil ' 111 . 

IB.71 
. 2 2 22 ' 2 

tgo(k) = k 17 (k)/[k - K + k p(k) ]; 17 <k> = rrl (k). 

/B-.81 
. PacCMOTpHM reii3eH6eproBCKHii cllH3H'IeCKHH onepaTop 

(\, (t); CBJI3aHHLIH. C b 41 (t) npeo6pa30BaHHeM ';iv (t) = f dwOli bw(t), 
AuanorH'IHO npe~~y~eMy nonyqaeM c noMo~LIO 129/ 

-+ +ivt '( -· a. (v,t) =be exp -io(v)), m v, · 

- + + ivt ·-
a ( v, t) = b e exp ( i 8 ( v) ) out v · · . 

IB.91 

- - -
exp iS ( v) = [ v - K + ~ ( v) + i r ( v ) ] /I v - K + ~ ( v ) + i r ( v) I. 

. /li.IOF 

.D:nJI onepaTopos· ak(t) =fdvfdw'\vOvwbw(i) uaxoMM 
auanorR'IHO /:S.SI: ·· . · . . . 

a~ (k,t) =h~e ikt exp(iS'(k)); o'(k) =8<k)+·arg[1+ rhl.+ij(k)f. 
. - .. IB:lll 

llyCTL E(v) BLI6pauo TaK, qj-'o pa3HOCTL o(v)-o(v).«1 
npu 0 <v<oo, pasua uynro npa v= 0 H ~ocTaTO'IHO -6LicTpo 
!Y6WBaeT· DpR v .. oo~liT06LI BLIDOJuiJIDOCL paBeHCTBO · o'(k)= o(k) 
iiTpe6osaHHe 41 I c BLI6paHHLIM B(k), · ua~o. ·'IT06LI 
arg[l + f .(k) +ij (k}] =o(k)-B(k) HDH . 

l + r (k) +ij(k) 

1 + .r( k) !.ij(k) 

-
exp 2i [o(k) -o(k)], 0 < k < 00. IB.I21 
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' p ' • 
IlocxonLKY r (k) ="- f dvj (v) f(l.-k),To :no eCTb BBTer-" . . panLuoe ypaBHeHBe .[tJI.JI Haxo)I(J:\eBB.JI j ( k) • Ero MO)I(I{O pac-

CMaTpHBaTb TaiOKe ICaK ypaBHeHBe ,[tJI.JI HaXO)I(J:\eHB.JI ti!YHKUBH 
f( k} = r ( k) + ij ( k) ; .JIBn.JIIOIJleiic.JI npe,ttenoM npu Im z-++ 0 
ti!YHKUHH £( z) , aBanBTH'IeCKOH B BepxHeii nonynnOCKOCTB 
B HC'Ie3aroiUeii npu z .... oo. Mo)l(l{o /Ii.l2/ npeo6pa3oBaTL 
K BH.ttY xpaeBoii 3a,ll;a'IH /15,16/ 

t(k) =e2i<O-Bl £-0,) +e2i(o-8>_l; f±(k) = r(k) ± ij(k). 

/Ii.l3/ 
KaHOHH'IeCKa.JI ti!YHKUH.JI COOTBeTCTByiOIJleii· O,l:tBOpO,ttHOH. 3a
,tta'IH paBua /eM. /16/, §78/ 

X ( z) = exp 'G ( z) , ·c ( z) 
1 00 . " - . . . . . 

-; f dt[ o(t) -o(t)]/t-z, 
0 

/Ii.l4/· 

X± (k) 
- 00 -

- o (k) ] +..!... P f dt[ o(t) -o(t)] /t-kl. 
1T 0 

exp I± i [ o(k) 

/Ii.l5/ 

HanoMHBM, 'ITO o (k) -B(k) =0 npu k=O, Tax 'ITO G(z) He 
HMeeT oco6eHHOCTB npB z = 0. PeweHBe /E .13/ BMeeT BH,I:t 

1 00 - + . 
f(z) =X(z) -.f. dkl exp2i[ o(k) -o(k)]-ll/X (k) (k-z~/Ii.16/ 

. 2171 0 . . . 

>ITo MO)KeT.6WTb npoBepeHo c noMOIIlbiO tllopMyn Coxouxoro. 
IlpBz-+oo HMeeM: 'G(z)..c;O, X(z)-+1 B Hz) -+0. Ilpu6nB)KeH
HOe peweHBe /Ii .12/ BMeeT BB.tt 

j (k) ~arc tg[ o (k) - B(k) ]~o(k)-B k).: 

Mo)I(I{O noxa3aTL, 'ITO ecnu B xaqecTBe W B3.JITb O,ttHO 
npeo6pa3oBaHBe 0, TO Tpe6oBaHBe 4/ MO)KeT 6wTL Bwnonue
HO TOllbKO npB YCROBBB, 'ITO. tllopMtllaKTOp g(k) npB k-+oo 
CTpeMBTC.JI K Hynro 6biCTpee, 'leM 1/k. · 

IlO,tt'lepKHeM, 'ITO Tpe60BaHBe 4/-He MO)KeT 6WTb Bbl
nonHeHO c noMOIJlbiO o.ttBoro npeo6pa3i>BaHu.JI Y : xpaeBa.JI 
3a.tta"'a /Ii .13/ BMeeT ·y6wBaiOIJlee np:H · z -t oo peweHBe 
TonLKo B TOM cnyqae, ecnu o- B < l :Bcro,tty, Tax 'ITO 
0- 'lJ He nepeXO,I:tBT qepe3 3Ha'leHBe. rr/2. --, ' . 
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