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K. BaJUICeK, A.JI. Ky3eMCKHii 

TEOPHH 

H,li;EPHOft CmtH-PEUIET01JHOft 

PEJIAKCAQHH B TBEP~OM OPTOBO~OPO~E 

HanpaBneao B mypaan "TeopeTHqecKaH 
. H ·MaTeMaTHqecKaH ljJH3HKa" 



1. BBeP.eHHe 

Dpo6neMa HccnenoBaHHSI rrpHpOP.hi aneMeHTapHbiX Boa6y)!<AeHHii B TBep-
. . . /1 I . ' 

p.oM opToBonopone HH*e ToqKu ~aaoBoro rrepexop.a Bhi3Bana B rrocnen-
. /2-4/ 

Hee BpeMH 3HaqHTenhHhiii HHTepec • DoMIIMO caMOCTOSITenhHoro ~uau-

qecKoro 3HaqeHUH 9Ta CHCTeMa UHTepecHa C Toqrm 3p8HHSI TeOpHH CHCTeM 

' MHOrHX qaCTHU II KaK erue OP,Ha MOP,enh, B KO,TOpoii B03MOllieH ~a30Bblll rre- . 
,/5-9/ 

pexon. r. 
/2-4/ 

P acqeThi rroKa3hiBaJOT , qTo HH*e ToqKn ~aaoBoro rrepexona cy-

ruecTBYJO.T o_rrpeneneHHbie KonneKTHBHbie Boa6ymneHHSI, rrpm~c_xop.gruue u.a-aa 

M8lliMOneKyJi>rpHoro 'KBap.pynonh,.;,KBaP.pyrronhHOrO B38HMOP,8HCTBHH 1 KOTOpb!8 

, Ha3hiBaJOT nu6pc>HaMu. 8TH KBaauqacTHUhi npencTaBngJOT co6oii HeKue "po-
. .. •' ' 

TaUUOHHbie BOnHhi" .B TOM CMbiCne,, qTO OHH pacrrpOCTpaHSI_JO~CSI ITOP,06HO 

BOnHe U CBSI38Hbl C B036Y*P.8HUeM pOT8UHOHHh!X CTerreHeii CB060P,b!, Op.ua

KO TaK KaK B o6nacTu HH3KHX TeMrrepaTyp cpenuee 3Haqemre yrnoBoro Mo-
. . • . ' ' . 1 .· 

MeHTa Kamnoii MoneKynhr BOP.opona paBHO uynro, cKopee uymHo roBopuTh 
.i ' 

0 nu6paUUOHI!OM P,BH*eHHH, a He 0 BpaiUeHUU. LlpyrUM~ CnOB8MH 1 KBaP.py-
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ITOnb-KBaapynonbHOe B38HMOaeiiCTBHe cna6o 38TOpMa>KHBaeT BpameHHe MO

neKyn H, T8KHM o6pa30M, nonHhlll yrnOBOll MOMeHT Ka>Kaoii MOneKynbi OCTa

~TCSI HeH3MeHHbiM, T,e, J = 1 , HO z - KOMITOHeHTa yrnOBOI'O MOMeHTa -

MeHSieTCSI, 

ITpSIMoro aKcnepHMeHTanbHoro noaTBep>KaeHHSI cymecTBoBaHHSI nH6po-
/10,11/ ' .. 

HOB, no-BHaHMOMy, noKa He cymecTByeT • IToaToMy !JpeacTaBnSieTcSI 

B8>KHbiM aanbHeiirnee TeopeTHqecKoe H SKCITepHMeHTanbHOe llCCneaOB8HHe 

' /12-15/ 
T8KHX npouecCOB B TBepaoM BOappoae, KaK CITHH-perneToqHaSI penaKC8UHSI 

u /15/ /17/ 
SiaepHblll M8I'HHTHblll pe30H8HC , HH<jlpaKpa<;:Hoe norn~meHHe H ap, 

B HacToSimeii CTaTbe H3yqaeTcSI npoaonbHaSI penaKcauHSI noacHCTeMhi 

MeplibiX CITHHOB ll3-38 B38HMOaeiiCTBHSI C nH6pOHHOll noaCHC,TeMOll, KOTOpaS! 

paccMaTpnBaeTcSI B npn6nn>KeHnn xaoTHqecKnx <jia3. 
/13/ ' u 

B pa6oTe XoMMhi npH HccneaoaaHnn aTon 3aaaqn anSI pac-

CMOTpeHHSI nn6pOHHOll rioaCHCTeMbl npHMeHSinOCb npH6nn>KeHne, aHanornqHoe 
• u . ' /15/ 

MeToay fonb)IITellHa-ITpHM8KOBa B Teopnn CIIHHOBb!X BOnH, 8KCIIepHMeHT , 

ITO-BllallMOMy, KaqeCTBeHHO IIOaTBep>KaaeT IIOpSiaOK BpeMeHll penaKC8UHll, 

nonyqeHHblll B,STOll pa6oTe, PaHee SiaepHaSI CIIHH-perneToqHaSI penaKCaUHSI 

/12; 114/ 
paccMaTp>manacb B pa6oTax MopnSI n MoTH3YKH . , Xappnca n XyHTa 

anSI TeMIIepaTyp Bhirue TeMrrepa Typhr !jla3QBoro llepexoa~. P Sia pa6oT 110 

u /18-20/ 
CIIHH-perneToqHon penaKcauHH 6hrn BhiiiOnHeH CaHI'OM · an!if. pa36aB-

neHHhiX. TBepllbiX paCTBOpOB Boaopoaa H Boaopoaa ll aeiiTepHSI. 

C 6 /12/ . u 

neaySI pa oTe , Mhi 11pea11onaraeM cneayro!llHif MexaHH3M penaK.,., 

caUHH, 
... ... 

1. BHyTpnMoneKynSipHoe aHIIOnb'-aHIIOnbHOe B3aHMoaeiicTBHe n I • J 

CBSI3b 0 MOaynHpOB8HHhie Me>KMOneKynSipHbiM KBaapyiiOnb-KBaapyiiOnbHb!M ·_ 

B38HMOaeiiCTBH,eM. 

2. Me>KMOlieKynSipHoe a»IIOnb-aHIIOnbHoe B38HMoaeiiCTBHe, MoaynHpo

BaHHoe KOne6aHHSIMll perneTKll. BTopoii MeXaHH3M 0 oa.HaKO, aaeT Manblll 
/13/ ' . 

BKnaa 110 cpaBHeHHfO C nepBbiM , IIOSTOMy Mbl 6yaeM paCCM8TpHB8Tb 
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nepBblH MeXaHH3M penaKCaUHH. MO)I{HO CKa3aTb 1 'ITO B HH3KOTeMnepaTyp

HOH ~aae penaKcauHg·npoHcxo~HT.Bcne~cTBHe aeynpyroro paccegaHg nH6po

HOB Ha g~epHblX CITHHaX. rnaBHblH BKna~ ~aiOT paMaHOBCKHe npoUeCChl 1 a 

npgMbie npoueccbi aanperueHbi 1 TaK KaK saepreTH'!ecKag ruenb B cneKTpe 

nH6pOHOB nopg~Ka 10°K, 'ITO MHOPO 6onbllle pacCTOgHI{g Me)l{~y g~epHbiMH 

3eeMaHOBCKHMH ypOBHgMHo 

B paa~ene .2 Bhi'!HCneHhi KoppenguHOHHhie cpyHKUHH ~ng nH6poaaoii: no~

CHCTeMhi B npH6nH)I{eHHH XaOTH'leCKHX ~a3. ilony'!eHO ypaBHeHHe ~ng napa

MeTpa ynopg~o'leHHg. B paa~ene 3 nony'leHo Bbipa)l{eHHe ~ng BpeMeHH npo

~onhHOii: g~epHOH CITHH-pellleTO'lHOH penaKCaUHH 'lepe3 cneKTpanbHhie HHTeH

CHBHOCTH KOppengUHOHHhlX cpyHKUHH pellleTKH. B paa~ene. 4 BpeMg npo~onb

HOH CITHH-pellleTO'lHOH penaKCaUHH Bhl'lHCneHO ~ng TeMnepaTyp HH)I{e TeMne

paTypbl ~a30BOPO nepexo~a. 

2. KoppenguHoHHhie dD'HKUHH ~mi nH6poHHoii: no~cHcTeMbi 

PaccMOTpHM KpHCTann opTOBO~opo~a HH)I{e TO'!KH ~aaoBoro nepexo~a. 

raMHnhTOHHaH CHCTeMhl MOrieKyn opTOBO~opo~a B poTaUHOHHOM COCTogHHH 

J = 1 1 CBg3aHHhlX KBa~pynonb-KBa~pynonbHhiM B3aHMO~eHCTBHeM 1 38llHUleM B 

/4/ 
BH~e 

m,n 

mn 
y IJ m, n = 0, ± 1 , ± 2 , (1) 

3 mn 
~eCb Y I j - KOHCTaHTbl CBg31{ 

/4/ 
; a onepaTophi cBg3aHhi c onepa-

TOpaMH J lz, ± B ITO~npocTpaHCTBe cne~yiOIUHM o6paaoM: 

0 z 2 
0

1 
= 3(j 

1
) -2, 

o~l=Jiz J~+J~ J z 

0~2 =<J~)2 



l .• r 

faMRnbTOHRaH (1) 38llRCaH B CRCTeMe KOOpJJRHaT 1 B nanbH9Hlli9M 

H83b!B89MOH nonperueTO'IHOH, . B KOTOpOH OCb z 1 K8)1(Jl0H MoneKynhi 

HanpaBneHa no OCR CRMMeTpRR MOneKynhi 

/21-24/ 
HaaneHo · . , 'ITO MoneKynSipHaSI perueTKa >TBepnoro Bonopona 

HR)K9 TQ'IKR tjla30BOI'O nepexona COCTORT R3 '19TbipeX npoCTb!X Ky5R'I9CKRX 

nonperueTOK, nng K8)KJ]0H nonperueTKR OCR KB8HTOB8HRSI pacn;naraiDTCSI 

· BJ]Onb pa3nR'IllbiX J]Ra~OHaneH Ky5R'I9CKOH 9J]HHH'IHOH SI'I9HKR fUK perueTKH. 

. llepeaneM Tenepb K tjlypbe-npencTaBneHRro ~nSI onepaTopoB 

H = }; "E "E 
k a{J .mn 

mn -+ m ·-+ n.· -+ 
Yaf3(k) Oa_{k)0/3{'-k),' 

rne 

m n -+ ' -+ -+ -+ · · -+ · -+. 

om 
I 

Ya/3(k)='* "E "'* exp{ik(R(a)-R(f3))J.ym;(R(a)-R(f3)), 
R(a)-R</3> afJ {2) 

Om(k) 
a -

1 m -+ --+ --+ 
--=... _.}; 0 ( R ( a)) exp ( - i ko R (a ) ) . 

v'N R(a) 

3necb a R f3 - RHneKCbi nonperueTOK, a, /3 = 1,2 ,3.4, N :- 'IRcno aneMeH

TapHbiX gqeeK B KpRcTanne. 3aMeTRM, 'ITO COBOKynnocTb onepaTopoB I 0 ~·, 
Z ~ ' I 

J I •. - I o5paayeT a~re5py ( CM. Ta5nuuy 1). n OSTOMY yno5no : BBeC.TII cne-

n.yrorune o5o3Ha'leHuSI: 

[ 0 ~ , 0 ~ ] = K mn ( J I ) o I l ' 

(3) 

[ J ~ ; 0 .n ] = L ( 0 
1 

) 0 
1 1 J mn j 

K mn (JI )u Lm,; (01 ) - HeKOTOpble· tPYHKUIIH COOTJ?9TCTBeHHO onepaTOpOB 

J z,± om 
I II I , ·KOHKpeTHbiH BIIJl KOTOpb!X 38BIICIIT OT 3H8'19HIIH IIHJleKCOB 

m II n 
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. ' 

TaonHua 1, [A .;B] -

~ 0 +! e-! +2 -~-2. J+ J- :J~ e (9 . 0 

t/ .0 31+ -3:r. 0 0 3(9+! -30-i 0 

.. 
o ... i -3']+ 0 2:Je 0 -2.~- 2~t2. 20° -(9+.! 

o-i 3~r -2J~ 0 2.:1 + 0 -2lff -20-2 (9-i ., 

(9+2. 0 0 -:-2J+ 0 4-j~ 0 2(9"'"1 -~(9+2. 

(9-2. 0 2.:r 0 -4:1~ 'o -2(9-f. 0 2e-2. 

--

J+ -3(9+1 -2(9+:1. 2(90 ~o eo-! 0 2.~l: -'J+ 

~- 3(9-1 -2J9° 2~r2. -20+1 0 -2j~ D 'j-

J~ 0 o+{ -~-! 2<9+2. -2(9-2. :J+ -'j- 0 
o.:· 
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,, 

3anameM ypaBHeHRH ~BH~eHHH 

, m -+ , , -+ -+ n -+ 
,,dOa(k) __ I_ ~ ~ ym n(q){Kmm-<Ja(k+q))0{3 (-q)+ 
1 - -- .... a , , af3 yN q,fJ m n · 

, 

+ ofi (-;) Kmm'{Ja(k+;)). 
( 4) 

m( .. ) .. ..._ -> 

.. ~~...;., = "-L ~ ~ y (ij.')IL ,(Oa(k+ q ,) O,a (-q) + 
1 d . __ -+a , , a[:3 mm (

5
.).· t yN q,fJ m n 

' , 
n • '-+ -+ _, 

+ of3_C-q)Lmm'(Oa(k+q)_U. 

nnHeapnayeM STH ypaBHeHHH1 HCnOnh3YH npn5n~~eHHe XBOTH'JeCKHX 

.· 'I 

. ·I 
ella a 

J 

I 
I 

, . , . 

Kmm'(Ja (k+q'))O; (-q), Kmm'(Ja (k+q'))< 0~ (-q) > + 
I . 

(6) 
-+ .:., , . 

+ < K m m , (J a ( k + q ) ) > 0; ( -:-- q:) 

-+ -+ n .. -+ -+ -+ n -+ 

L ,(0 (k+q))Oa(-q), L ,(O (k+q))< Oa(-q)>+ 
mm a fJ mm a. fJ 

(7) , 
·-+ -\_ n _. 

+~ Lmm'(Oa(k+qJ)> 0{:3 (-q) 

ITpe~nonaPaeM ~anee 

· · <? /J< C) > = 0 , n f 0 ~; < J ~( k) .> ;= 0 
ii 
'I (8) 

\· 

I1cnonh3YH (6 ) .... (8), npeo5paay~M ypaBHeHJiH; ( 4) n (5) K BH~y: 
. ' 

± 1 .... - :.. 0 
dOa (k) __ ..!2£.·J+ (k)< 0 > 

i - d t - + 2· a '(9) '» 

8 
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19T < 0 o> I 0 ~,-t ( kJ + 
'2 a. 

( 10) 

~Ae BB9A9HO o6o3HaqeHHe 

- ..!2._ r = I. y ~o,Q (0 ) . 
12 {3 fJ 

/4/ 
Mbi o~paHuqumtcb npu6nu)l(eHueM 6nu)l(aH!llHX coceAeli: , (yqeT cneAyi0-

/25/ 
IUHX COCeAeli: He np!IBOAIIT, ·K CyiUeCTB9HHbiM II3M,SH9Hll,SIM), 

. Ha {9) 11 (10) cneAyeT ypaBHeHue 

2 + -> 

~J~ (k2_=-~I9r<o_2_ >2IJ +(1:>+-__a-
d t 2 

. 2 a 19r 

± 1,-1 _, - ..... 
I.(±y,q (k)J,q(k)_ 
{3 afJ tJ. + 

BBeAeM o6oaHaqeHuSI ( CM, TaK)I(e 
141

) 

-> 4 +1, -,1 -> -> 4 1 1 
fo{3 ( k ) = -- y a ( k ) 'j;. fa* a ( k ) = --- y - ' + ( k) 

19 r a fJ ' ' ' fJ 19 r a {3 

' ( ->) 4 ' +1,+1 (k->) ·, ( ->) 4 -1 -1(-> g k --- y g* k = --- y ' k) 
a{3 - 19r a{3 . a{3 19 r a{3 

J; ( k) 
I 
I 
I 
I 

J-( k) 
4 ' 

x1~k'> 
I 
I 
I 
I 

'J +( k) 
4 

{( k->) - g (k) 

F(k)= 

- g*( k) I~<<k'> 

9 
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a TaKllie 

M ( k) = ( .12.! < 0 ° >) 
2 

[ 1 + 2 F (c) ] . 
2 . . 

( 13) 

3necb 'lepTon CBepxy o5oaHa'leHbi Ma TpH'IHbie BenH'IHHbi, 

.Llnsr Bbl'IHCneHH,Sl KOppenSIUHOHHblX ·clJyHKUHll Mbl BOCITOnbayeMCSI MeTOJlOM 

u /26/ 
¢YHKUHH, fpHHa . , 

BBeneM ¢yHKUHro fpnHa 

- -+ - -+ -+-+ 
G ( E • k ) = «. c ( k ) I c ( k ) » 

ypaBHeHHe nnsr KOTOpOH HMeeT BHJl 
·( 

E
2
G(E.k)=-i:__, E <[c(c). c+<kn> + 

2 1T . 

( 14) 

+ < [ [ C ( k ) , H ] C +( k) ] > i+ ~~ ( k) G ( k, E ) 

- _,. --1 _.., - + .., 
.Llanee BBOJlHM JlH8I'OHanH3Hpyromyro Ma TpHUY V ( k ) ; V ( k ) = V ( k ) . 

. v+<k ... , M(k) v<C' = <.!?..!>o 0>) 2 [1 +2 v+<k'' F(k) v (k) 1 = 
' 2 

( 15) 

19r o 2 ... -2 ... 
=(--<0 >) [1+2<ll(k)l=w (k). 

2 

3necb w 2 ( k) - nuaroHanbHasr MaTpnua c aneMeHTaMH 

2 ... 19 r o 2 :z ... 2 ... 
w 11 ( k ) = ( -2-- < 0 > ) ( ( k ) • 11 = 1,2, ...• 8. ( 11 ( k ) 

C05CTBeHHble 3Ha'leHHSI MaTpHUbl ( 1 + 2 <lJ ( k).) 1 W l1 ( k) - 'l8CTOTbl nu5po-

HOB1 KOTOpble KaK H MllTpHUY V ( k) H8Jl0 HCK8Tb 'IHCneHHblM ~5pa30M, 
' /2-4/ .-> 0 

OueHKH noKa3biBatOT , 'ITO nnsr k = 0 H T = 0 K aHepreTH'leCKasr 

10 



menb B cneKTpe nn6poHOB nopSIAKa 10°K, a mnpn'Ha nu(5poHHOti aoHhi - no

o pSIAK8 4~5 K •. Tenepb H9TPYAHO nony~HTb ypaBH9HllSI nnSI ~yHKUllll fpnHa 

+ -+ 
onepaTopoB J- ( k) · , 

/26/ 
DpoBOASI CTaHAapTHbie Bbi~ncneHHSI HatiAeM BbrpaMeHHSI AnSI 

cneKTpanbHbiX !iHT9HCIIBHOCT9ll KOppenSIUIIOHHbiX ~yHKU!iH, KOTOpb!9 o6o3Ha-

~liM KaK: 

11MeeM 

2 

I9r 

-+ 2 ...... 2 ... 
J + _(w,k,a)=--- ~ lVaA(kJI w, (k) x 

J J 19 r >- . " 

8(w -w,\(1~)) 
xl------

e~w .. ,J' 

(16) 

(17) 

·3TH cneKTp8nbHbl9 HHT9HCHBHOCT!i llOTpe6yiOTCSI HHM9 npli Bbl~HCneHHll Bpe-

MeHn penaKcaunn. 

Dony~itM. T8KM9 ypaBH9Hll9 AnSI ·TaK H83b!B89MOI'O "napaMeTpa ynopSI-

A0~9HllSI11 < Q 
0 > . 

J1MeeT M9CTO paBeHCTBO 

11 



•• 

2 

4N 

00 
. ... 2 0 

J +_{w,k,a)dw=-(4-<0 >). 
J J . 3 :t J 

a, it -oo 

C Hcnonh30BaHHeM (17) nony~HM 

<0° >=4- 2<0°>-1- ~ ... f,\(k)Cth{3 19r <0°>£,\(k-.).(18) 
2 N 

0 
A., k 4 · 

N 0=4N--~Hcno MoneKyn opToBo.Qopo.Qa. B KpHcTanne. Ham pesynhTaT cooT-
. /3/ 

BeTCTByeT aHanOI'H~HOMY ypaBHeHH!O pa60Tbl 1 HO OTnH~aeTCSI OT COOT-
/4/ . ' 

BeTCTBYIOIUero ypaBHeHHsr PaH~a H 3TTepca , ITo-BHAHMOMy, sTo CBsrsa-

Ho C TeM 1 ~TO AnSI HCCne.QOBaHHSI nH6pOHHOH nO.QCHC~eMbl OHH nepeXO.QHnH 

oT onepaTopoB 
J z. ± 

K HeKOTOph!M APYI'HM on epa Top aM, KOppensrUHOHHbie 

!flyHKUHH KOTOpb!X Bbi~HCnstnHCb Ha OCHOBe CTaTHCTH~eCKOI'O MeTO.Qa Yonne
/4/ 

ca (eM. pa6oTy ). 

ITonarasr B ypaBHeHHI:I ( 18) w 1!: ( k) = l , nony~aeM H3BeCTHhie pesynh-
/5/ . . /3 4/ 

TaThi TeopHI:I MoneKynsrpaoro nonsr , PesynbTaTbi pa6oT ' H aac.Tosr-

mefi pa60Tbi 1 no-BH.QHMOMy, 6nH3KH 1 TaK KaK BO BCeX pa6oTaX Bbipa)l{eHHe 
0 . 0 . 

.Qnsr < 0 > , Bhi~Hcneaaoe npH T= 0 K, oTnH~aeTcsr Bcero aa aecKonhKO 

npOUeHTOB OT pesynb~aTOB 1 nony~eHHbiX B npH6nH)I{eHHH MOneKynsrpHOI'O no-

nsr, 

3, BhiBO.Q Bhipa)l{eHI:ISI pnsr o6paTHOI'O speMeHH npo,gonbHOfi 

sr,gepaofi·cni:IH-pemeTo~aofi penaKcaUHH 

f1pHHHMaSI BO BHHMaHHe MeXaHH3M penaKCaUHI:I 1 o6Cy)I{.QaBlllHHCSI B pas-· 

.Qene 1 1 sanHllleM I'aMHnbTOHHaH MOneKynbi OpTOBO.QOpO.Qa BO BHelllHeM CTa

/12/ 
THCTH~ecKOM Mai'HHTHOM none H 0 cne.QyiOIUHM o6pa3oM : 

J( J('" + v v = J( d d + J( r-. ; . (19) 

I, 

12 

If 
l· 
I 
1 ; 
J'., 
I;" 
1\'' 

'J-, 

[ 

t 
't 
it, 



\ 
\ 
1 

'I· 

l 
l 

I 

J( I z · z 
3necb .. =-a - b J ....... (1) ... (2) 

-aeeMaHOBCKHH raMHnPTOHHaH, 1=1 +I -

onepaTop nonaoro 51/lepaoro cnHHa MoneKynhr opToBonopona~ J( I.l=- ct. J-... ... 
raMHnbTOHHaa I . J B38HMO/l9HCTBH51. 

. t< 1 , ... 

J( =-5dl3--r 
dd r 

I' 2); ... , I ) ... , 2) 

-I . I (20) r 

raMHnbTOHHaH BHyTpHMOneKyn51pHoro /lHITOnb-llHITOnbHOro B38HMO/l9HCTBH51 

51/l9pHbiX CITHHOB npOTOHOB B MOneKyne, r -paCCT051HHe M9)KJlY HHMH. l1c

nonb3YIDTC51 o6oaaaqeHH51 

a=2p 1 H 0 ; b =f!J/J·H 0 ; c=2p
1
H';d":'+ft:<r- 3>, 

/12/ onpe/leneHHe a qHcneaaoe anaqeaae KOTOpbrx eM. B pa6oTe • 

faManbTOHHaH ( 19) onpe/len51eT cTpyKTypy .naHHH 51/lepaoro ·MarmiTH6ro 

,P930H8HC8 B· TBep/lOM BO/lOpO/le H npHBO/lHT K pena~C8UHOHHbiM npOUeCCaM. 

Ero Yll06ao npe/lCTaBHTb B BH/le 

... 2 ... 2 3 ... ... ... ... 2 
V =- d J I -(c---d)I.J+3d(I.J) 

2 
(21) 

. /27/ 
MO)KHO ITOK838Tb , 1 HCITOnb3Y51· MeTO/l HepaBHOBeCHOro CT8THCTHqecKoro 

3
. . /28/ . . . 

onep~Topa n.H." y6apeBa 1 qTo Bep051THOCTH. nepeXO/lOB Mem)ly COC-

T051HH51MH c paanHqHbiMH I z = m MO)KHO npe/lcTaBHTb B BH/le cneKTpanbHhrx· 

HHTeHCHBHOC'lleH ·Koppen51UHOHHbiX tjlyHKUHH TOnbKO onepaTOpOB pellleTKH. Mb! 

npe/lnonaraeM, qTo COCT051HHe CITHHOBOH CHCT9Mbl XapaKTepH3yeTC51 CITHHO

BOH TeMnepaTypoH {3 ,. . • Tor)la Bp9M51 ITpO/lOnbHOH CITHH-pemeToqHOH penaK

C8UHH· onpe)len51eTC51 cne/lyiDlllHM o6paaoM: 

1 

~ 

~-= _{3-{3, 

1 
2 

d t Tt 

(22) 

'"' 



I'.Qe -1 'S_ m·, m I 'S_ 1 H W m -> m I - BepOSITHOC'r!I II9!J9XO.QOB Bblp8)K9HHbl9 '19-

. ' /27/ 
pes crreKTpam~Hbie !iHTeHC!iBHOCT!i. Cne.QySI MeTOllY pa60Thi , rrpe.QCTa-

•':' 

BliM Bb!p8)K9Hii9 (22) B Bli.QS: 

__ 1_= ~

TI N 
~ I _2_d 2 <0-

1
(R(a))0+

1
(R(a))> 

I{ (a )Jr<!- 8 a 

+ 

~ : . 2 _. _, 

+ .L d 2<<r2 (R(a ))0+2(Il (a))>
2 

+ 
2
c- < J-(R(a))J+(R(a))> 

2 . .. ' .. 

·-.. 

(23) 

3ilecb <·. • • • • >,.- !j:lypbe-o6pa3 IIO Bp9M9Hii COOTB9TCTBY!Oill9H KOppenSI

UiiOHHOil: !j:lyHKUiili, B3SITb!il: B TO'IK9 a. DocKOnbKY a O'IeHb Mano IIO cpaBHe

Hii!O C ::mepi'!iSIMii n!i6pOHOB 1 B .QanhHSil:IIIeM 9I'O MO)KHO 6y.QeT C'IIiT8Tb paB-

Hb!M HyniO, 

DonytteHHoe Bbtpa)KSH!ie (23) sarrHcaHo B C!iCTeMe Koop.Q!iHaT, CBSI3aH

Hoil: C BHOIIIH!iM M8I'HiiTHbiM rroneM, • ., 3aM9T!iM 1 ''ITO .el'O MO)KHO CBSCT!i .K Bbl-

. . /12/ 
p8)KOH!i!0 1 rrp!iM9HSIBIII9MYCSI B pa60T9 , 

; nnsr Bbi'IHCneHiiSI Bp9M9Hii penaKC8UUii H!i)K9 TO'IK!i !j:la30BOI'O rrepeXOA8 

38Illiiii9M COOTHOIII91IIi9 (24) B IIO.Qp9III9TO'IIIOil: CliCT9M9 KOOp.QiiH8T 

1 2rr 
T-= N '£ l_?_d 2 

R(a),u 2 

2 +2 -2 .... .... 
·~. [R ' (a)<0m(R(a))0°(R(a))> + 

2
. n,m 2a 

1 
m,n=-

1 +1 - I . m -> -> 
+--R' (a)<O (R(a))0°(R(a))> J+ 

4 n, m a. 

(24) 

1 
c2 ~ 

+ --2- m,n~l 

+1,-1 m ._, -n -+ 
T (a)<J (R(a)}J (R(a))> I. 

nm a 

3A9Cb BB9ll9Hbl 0603H8'I9HiiSI. 

14 



R 
, , 

n m 

nm 
(a ) = 

m,n=±2,±l,O 

l 5 1/2 

2* . 2 *. . . 
D , ( ¢ , () , 0 ) D ,( ¢ , ()a '· 0 ) 

nn a a mm a 

A =--<'"'7."-) ;A 
0 5 '4rr ± 1 

B B 1 * 1 * D , ( ¢ , () , 0 ) D ,( ¢ , ()a , 0 ) 
nn a a mm a 

.n m 

B , B , 
n m 

m·,n = ±.1,0 

80 
=< 

4
3

11

. )1j2 ; B ... = _ (_3_.)1/2 _l_ , 
1 + 4rr ff 

() ~ 1i cpa - aKC!ianhHbiH li aS!iMyTanhHbiH yi'nbi OC!i KBaHTOB8HiiSl B rro.n-· 

perueTKe a 

4, Bbttt!icneH!ie BpeMeHii cmm-perueTottaoil penaKCallliH H!i)Ke 

TOttKii ffiasoBoi'o nepexo.na 

BbtttlicneHiie BXO.llSllllliX. B ypaBHeH!ie (24) cneKTpanhHbiX liHTeHC!iB-

aocTeil KOppenSIU!iOHHhlX ¢yHKilliH Ha OCHOBe I!pH6n!i)KeH!iSl XaOT!itteCK!iX ¢as, 

pa~BHTOI'O B pas.nene 2, saTpy.nHRTenhHO, Tpy.naocT!i s.nech TOI'O )Ke po.na, 

'ITO 1i rrp!i Bbl'l!iCneHiili KOppenSIU!iOHHOH ¢yHKillili Tliii8 "rrnOTHOCTh-IInOT-

. aocTh" B Mo.nenli feil:sea6epi'a, 3anRrueM caattana Bbtpa)KeH!ie (24) ~ BH.ne 

. . . '2 2 . 
l 2rr' 9d + ,- 2 l +1 -1 n -> -> --=-- ~ 1- "£ [R (a)+-R ' (a))<O (k)O ~-k)> + 
T1. N k,a 2 m,n=±2,0 m,n 4 m,n a a W=O 

(25) 

Bee CIIeKTpanhHble !iHTeHC!iBHOCTii m,n = ± l OrryllleHbl 1 I!OCKOnhKY OH!i 

He OTBeTCTBeHHbl sa paMaHOBCK!ie rrpOUeCCbl, .UnSI Bbl'lliCneHiiSl BXO.llSllllHX B 

15 



STO Bbipa*eHHe cneKTpanhHbiX HHTeHCHBHOCTeli Mbi npHMeHSI'il!',( upH6- · 

-2 ... +2 .... 
nH*eHHe cnet:tyromePo THna, PaccMoTpHM, HanpHMep, '< 0 ( k) 0 (- k )> 

a a W=O 

1 
N 

00 

~ f 
k -oo 

. i 

-2 ... . +2. ... 
<Oa(k) Oa (-k,t)>dt= 

l '£ 
= -N2 k 

- -t .....,. _, -+ '+ -+ -+ + .....,. '/' -
~ f <.J a ( k- q) J a ( q ) J a (- k- q 1' t ) J a ( q l' t ) > d t "' . ( 26) 
~~~00 . 

2 ~ 
=:$ -2-+,..., 

. N k,q 

00 . ... ... ( ... ) f dwJ .(-w,k-q,a)J + _w,ll,a 
J + J - ·- J J . 

Mbi 6yt:teM npeHe6pePaTh TeMH· 'leTaepHbiMH Koppen.IITop~MH OT onepa-
, . .- ' . ' 

Topoa J ± 1 KOTOpbie He Bbipa*aiOTCSI 'l:epes napHbie, Bbi'IHCnHM eme. t:tnsr 
0 ( ... 0 ... 

npHMepa <0a .k) Oa (-k) >W=O 

9 
N2 

00 

+~ f 
-oo 

~ 

l 
N 

....... 
k, q 

I 
!l' 

00 

f 
-oo 

0 ... 0 ... . 
< Oa(k)Oa(-k,t)>dt 

00 ,...,.....,. -+) f dwJ (-:-w,k-:-q,a)J + Jw,q,a + 
-oo J +J- J J . 

... ... ( ... ) dw J (-w,k-q,a) J* w, q, a · 1 
J+J- . J+J+ • •. 

(27) 

Bee BXOtl.IIIUHe B Bbipa)!(eHHe (25) KOppen.IIUHOHHbie «iJyHKUHH .Mb)!(HO 

+ 
npet:tCTaBHTh B BHtle 'l:eTBepHb!X KOppen.IITOpOB OT onepaTOpOB J - H pac-

UeilHTh ITO Tflily (26) 1 (27), 

flpHBet:teM t:tn.II ilpHMepa OtlHO Bbipa)!(eHHe t:tn.II CBepTKH CileKTpanhHbiX 

HHTeHCHBHOCTeH, 

16 
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~ J 
k~Q -oo 

J + _ ( -w , k- ~ , a.) J + _ ( w, ~, a ) d w 
J J . J J . 

_4_ ~ ~ 
(I9r)

2 k.,; .\,.\' 

[.· {3w ,\'< q ... ) {3 w,\ C k- <h ( ... k ... ) ( ... ) 
e + e · . J w ,\ -q w ,\' q 

• X ... 

(28) 

..... '-+ ,...., 
BBeneM o6oaHatiemui k- q = k 

... k .... 
q = 1 z =- -

19.L <0 °> • CoBepw. HM aa;.. 2 .· 
MeHy 

_L 
N 

~ .. _ __ll_ __ J 
k. (2 17 ) 

3 
O* 

rne 0*- 06'beM uepBoii 30Hbl EpHJIJIIOSHal 0 

Torna (28) nepenHweTcH B BHne 

06'beM 9Jl9M9HTapHOii 

Bbi'IHCJIHH BXO!lHWHe B COOTHOWeHHe (2B) cneKTpaJibHb!e HHTeHCHBHOCTH no 

THny (26) 1 (27) H aanHCbiBaH COOTBeTCTBYIOII!He CBepTKH no THny (29) 1 

npe!lCTaBMM Bblpa)KeHHe (Q5) B BH!l9 

17 



2 2 
18 "d o 0 . · 3... 3... ( ...... ) F ( ... k ... k ) ( ) 

_!_ = --.- I < 0 >I·-- 'E f d k d k I GAA, k, k I M ' ' I • 31 
T 1 19r (2TT) 6 M'O* 

BenH'IHHa GM ,(k ... , k ... 1) 3aBHCHT oT aneMeHTOB MaTpHU R H V 

(eM, npHnmKeHHe) H, cne)lOBaTenbHO, OT CTPYKTyphl pemeTKH. nnsr TOI'O 

'IT06hi SIBHO BhiJlenH~b TeMnepaTypHb!H tiJaKTOp, 6yJleM npe.gnonaraTh, 'ITO 

..... _, -+ 
MO)KHO npeHe6pe'Ih 3aBHCHMOCTbiO G AA ,( k, k 1 ) OT k 

/13/ 
nnOTHOCTH cneKTpa (eM. T8K)Ke ) 

gA(£)= f 
£A<k'i= c 

nony'IHM OKOH'I8TenbHO 

dS 

IVJt€A(J<')_l, 

1 

Tl 

18 7T d 2 

19 r 
I< 0 0 > I A~, G A A' FAA, ( f3 ) ' 

(max 

... 
II . k I • BBO)lSI 

• 

(32) 

F ({3) 
AA' 

2 j 
d£ef3z£ 

( 2 g (d g (d 
A A' 

( 
min 

(ef3·u -1)2 

( (max (min ) - lliHPHHa 30Hhl nH6pOHHh!X BOnH H. G M , - .tiJaKTOp, CBSI38Hiih!H 

CO CTpyKTypoil: pellieTKH. 

06cy)Kfl9HHe 

n ony'leHHhie HaMH Bb!pa)KeHHSI .gnsr o6paTHOI'O BpeMeHH npo.gonbHOH 

sr.gepHoil: CllHH-pemeTO'IHOH penaKC8UHH ~ TBep.goM OpTOBOJlOpO.ge, 38llHCaH-. 

Hhie B TepMHH8X cneKTpanbHhiX HHTeHCHBHOCTefi, O'leHb y.go6Hhl npH pac-

CMOTpeHHH penaKC8UHOHHhiX npo6neM, 8hi'IHCneHHOe COOTHOllieHHe .gnsr Bpe

MeHH penaKCaUHH (31) rio3BonsreT paccMaTpHBaTb aToT npouecc B 6onee 

18 



/13/ 
umpoKOM HHTepB8ne TeMnep8Typ,, tteM B p86oTe XoMMbi · · • OueHKH no-

/13/ . 
pliJlK8 BenHttHHbi Bpery,teHH pen8KC8UHH coi'n8CY!OTCll c • H8mH pesynh-

T8Tbi OCHOB8Hbl H8 pRJle ynpOlli8lOlliHX npennono:lKeHHH, K8K 1 H8llpHMep, (26) 1 

(27) H ll09TOMY OHH HOC .liT K8tteCTBeHHblit X8p8KTep, 

B Jl8nbaeii:meM npennonai'aaTCR npoBeCTH aeKOTOpbre ttHcneHHhre p8c-

tteTbi H oueHKH. 

0TMeT_HM1 H8KOHeu,, '!TO nonyttei!Hb!e HaMH pe3ynhT8Tb! .B pa3)lene 2 

nosBonR!OT npenno:lKHTh yno6Hbrit H nocT8TOttHo npocToii: cnoco6 nnn p8c

cM.oTpeHHR nH6pOHHOii: llOJlCHCTeMbl H8 OCHOBe llpH6nH:lKeHHll X80THtteCKHX 

¢as. 

B 3aKn!OtteHHe Mbl XOTenH 6bi no6n8I'OJl8PHTb n.H. 3y6apeB8 H 

H.M. nnaKHJlY 38 noMOP!b B p860Te •. J\1bl 6n8I'OJla:pHbl B.B. B8CHnheBy H 

B.E. nplie3:lKeBy 38 o6cy:lKJleHHll. , 

Tottaoe Bb!p8:lKeHHe nnn BenHttHHbi G AA , ( k, k1 HMeeT BHJl: 

... ... . . +2,-2 ) l +1,-1 . 2 :... . 2 ... 
GM J k, k 

1 
) = ; I 2 [ R +2• _ 2 (a + 4 R +2 ,+2 (a) ] • ( ~A ( k) Ya\, ( k 1 ) + 

+Va A (k) V a A'( k
1
)}t.9 [ R:

2
::

2 
(a )+-{-R ;: ~- 1 (a)]. ( v;; (Ij V a

2
A ,( k1 ) ) + 

. +2,-2 . +2,-2 "• +2,-2 . l +1,-1 . l +1,-1 
+[2R .~.- 2 (a)+2R_2,+ 2 (a)+9R 0 0 (a), +-R+ 2 _ 2(a)+-R_ 2 + 2 (a)+ 

T" • . 2 • 2 •. 

. ++.R::~~ 1 (a)].(jVaA(k) 1
2 

·1VaA'(k1-)j
2
)-

_ ..:..6 [ R+2,-l (a l+ R+2,-2 (a) _l_ R+l,-t (a) _!_ R+t,-t (a)] 
, +2,0 0,+2 + 4 2,0 + 4 0,+2' X 
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