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, IOKanoB B.11. Pl7-89-440 
l1HBepcoH-nOJI.IIPHTOHHble HHTH UPH cna60H HaKa•IKe 

IloKa3aHO, 'ITO HHBepcoH-nOJl.llPHTOHHble HHTH B nasepHblX 
cpeAaX o6pa3yIDTC.II He TOJlhKO npH CHJlhHOH, HOH npH cna60H 
HaKal.lKe, B CHCTeMe C TaKHMH HHT.IIMH UO.IIBJI.lleTC.11 KorepeHTHa.11 
KOMnOHeHTa H3Jlyl.leHH.11, TOrAa KaK OAHOPOAHa.11 CHCTeMa npH TOH 
l!Ce BeJIH'IHHe cna6oit HaKa'IKH MOl!CeT H3Jiyl.laTh TOJlhKO HeKore
peHTHO, KorepeHTHOe H3Jlyl.leHHe pe3KO aHH3OTponHo H HaH6O
J1ee CHJlhHO BAOnh HanpaBJieHH.11 HHTeH, HeCMOTP.11 Ha cna6OCTh 
HaKal.lKH B CHCTeM~ C HHBepCOH-nOJI.llpHTOHHb!MH HHT.IIMH BO3MO
l!CeH, TeM He Meuee, cBepXH3J1Yl.l'aTe.JihHblH pel!CHM, 

Pa6oTa Bb!IlOJIHeHa B na6opaTOPHH TeopeTHl.leCKOH qJH3HKH 
arum. 

IIpenpHHT 06-1,e,rumeHHOl'O HHCTHTyTa ,mepHblX HCCJle,[IOBamm • .Ily6Ha 1989 

Yukalov V. I. Pl7-89-440 
Inversion-Polariton Filaments under Weak Pumping 

It is shown.that inversion-polariton filaments in la
ser media arise not only 'under strong but under weak pum
ping too, In the system with these filaments the coherent 
component of radiation appears, while a uniform system 
could radiate only incoherently. The coherent radiation 
is sharply anisotropic and is strongest in the direction 
of filaments. Notwithstanding the weakness of pumping, 
however in the system with inversion-polariton filaments 
the superradiating regime is possible. 

The investigatio~ has been performed at the Laboratory 
of Theoretical Physics, JINR. 

Preprint of the Joint Institute for Nuclear Research. Dubna 1989 



I. BB8JI8HH8 

B pa6oTax /I-3/ 6WI.a nOCTPOSHa TSOPHII, TPaitT~ o6paaOBamI8 
mmepcoH~nOJmARTOHHWC HHTeft B Jiaaepma: cpe,nax ItaK pe3oHaHcHW!: qiaso-
Bl,IH nepexo,n , 51.-sTo sm.ne:ime, xopomo RJBec1Hoe aKcneplIMeHTaTopaM 
(CM. JlllT8paTYl)y, ~THpOBamryD B CTaTut;x I-3 ),HeCKOJll,KO HanowmaeT 
pacCJioe:ime B KOB;It8HCHpOBaHHHX cpe,nax 161, O'AHaitO OTJllltffiSTCJl OT Hero 
'ABYMrl oco6eHHOCT.f!Mlt. Bo-nepBHX, qJWia.M8HTawtJI llpOKCXO'AHT He B PaBHO
B8CHOH cpe,ne, a ~yeTCJI BHennmMH nOJllll.m - nepeMeHHI:lM p830HaH
CHHM ll0Jl8M K CT~OHapHHM nOJieM HaKa'IIW. Bo-BTOpmc, qlWlaM8HTawtJI -
3TO (!la30Blili nepexo.n B no,ncRCT8M8 B036YJK,IteHHH; l!M8HHO HHBepCOH-nOJm
PRTOHHlie B036YJK,It8HHII CTSil'HBaJOTCJl B HHTR, o6paaysr CB8pXCTPyKTY.PY no 
OTHOmemno K CTPyKType aTOMOB R MOJI8KYJI, R3 KOTOpIDC COCTOHT Be-
1118CTB0/3/ • 

. IlpR OnHCaHHH cpHJia.MeHTamm B pa6oTax /I-3/ paCCMa.TPHBaJllllI CJIY-cmit 
CHJ!I,HOH HaKa'IIW, xaprutT8PR3yeMO:il nOJIO.lJtl!T8Jll:,HOit BeJllr'IRHOtt 

~ = ( N+ - N_ ) / N , ( N+ +. N_ -= N ) , 

r.ne N+ , N_ - cpe'AHee 'IHCJIO Bo36YJK,ItaeMmC, HeBo36YJK,Itemmx aTOMOB 
COOTB8TCTB8HHO, a # - noJIHoe tm:CJIO aTOMOB. IlOJIOUTElJ!I,HOCTI, xaprut
TepRCTRIW HaKa'!IW r-;:, 0 03Ha-cmeT, 'ITO II+ > N_. I!OWITHO, 'ITO Ta
ItaJI CHJ!I,HaJi HaKa'lllta 'ABY'XYl)OBHSBOH CRCTSMEl B03~/0JRHa TOJ!I,KO ~epe3 O,n:e:H 
WW H8CKQJ!I,KO ,Iij)yl'HX ,nonOJimtT8J!I,HHX ypoBHett 15, • Ynpoote:ime, CBSISaHHOe 
C 60JII,WOtt B~OH Hrutq'IIW, TO 8CTI, C nOJIOUT8J!I,HOCTI,D k">o , :e:c
noJII,SOBaHH08 B pa6oTax /I-37, cocTOJIJIO B TOM,_ ~To npx aToM JIHHe:ilHo 
nOJ!l!pHSOBaHH08 nOJie yclt7llIBa8MOH Jia38pHott MO,Itli BH3liBaJIO napaJIJI8J!I,HyX) 
,ItaHHOMy noJID J!HH8HHYI) nOJ!l!pRsronm ,nmIOJ!I,mlX MOM8HTOB nepexo,na. IlpR 
CJia60H xte HaKa~e 3TQ He✓o6JisaT8J!I,HO Tait. KpoMe TOrO,HHT8HCHBHOCTI, 
RSJ!Y'I8HHII B pa6oTax 12, 3 6WI.a Hait;zteHa B RJiaCCH~eCKOM npR6JlmteHHH, KO
TOpoe TeM 60Jiee rpy6o, ~eM CJia6ee HaKa'lllta. 

B HaCTOJilll8H CTaTr:.e, KOTopasr CJiyJKHT npo,nOJ.OJt8HH8M pa60TH / 3/, :e:c
CJie,nyeTCJI CJiytJa:il c.na6oft HaKa'IIW, ~ ~ 0 • PaCCMa.TpHBa8TCJl BOSMOlK
HOCTI, npH STOM YCJIOBRH mmepcoH-n0.7mpRTOHHOH qJWia.M8HTatnm H npoBO'AHT
CJl aKKYPaTHOe KBaHTOBO-M8~8CK08 Bli'IHCJ18HR8 RHT8HCHBHOCTR RSJ!Y'I8-
HHII, BKJIIO'IBJI ero 'AHal'pa.MMY HanpaBJI8HHOCTR. Onpe,n8JllIDTCJl K03~8HTH 
KorepeHTHOCTR, xapaKT8pRSYJ)IIIR8 BKJia,n KorepeHTHO:il tffiCTH RSJIY~8HHII no 
OTHOmemno K HSKorepeHTHOtt. 

0CHOBHU8 peayJII,TaTH, n~eHHUe B HaCTOJIIIIStt CTaTr:.e, CJ18.ztYlOIIIR8: 
I) .ffBJieHHe mmepCOH-ii0.7mpHTOHHOI qiwmMeHTatnm npolICXO.mn' xax llpll 

CHJU,Hott, Tait H.npR·CJia6ol HaKa~e •. 

2) CRCT8Ma, He co,nepJrall!a.ll: HHB8PCOH-n0.7mplITOHHWC HRTel, HS MOlt8T 
'RSJ!Y'IaTa KorepeHTHO. 



3) ~Wia.MeHTaIU11! KOJJJieKT.IIBHIIX B036YJ!i,ll;emrii B ~aaepHOH cpe,n;e npR
BO~T K nOHBJierum xorepeHTHoro RaJiy'lemm. 

4) KorepeHTHOe naJiy'leHHe cwn,Ho rumaoTponHo n ,n;ocTliI'aeT Han-
60JU,JJ10H BaJill1lllliH B TOM HaIIP~8Hilll, B KOTOpOM BllTJlliYTll HllTll. 

5) Bo3M0.11t9H pelltHM CTaIUIOHapHoro CB9pXII3JlY'I9IDI!I, 1tor,n;a IlHT9HC.IIB
HOCTb KOrepeHTHoro ll3Jiy'l8HIDI 3Ha<mTeJU,HO npeB.lilIIIaeT IlHT8HC.IIBHOCTb H8-
1torep8HTHoro H3Jiy'l9HRli; STO B03M0.11tHO ltaK B OT,IJ;9~HHX HanpaBJieHRJIX, 
TaK H B QMOM WJH. HHT9I'p~HOH IlHT9HC.IIBHOCTR. 

2. OcHoBHHe ypa.Bgerom: 

PacCMaTp.lIBaeTCJI CHCT9Ma N ~YJWPOBH9BWC aTOMOB C 'la.CTOTOH ne
pexo,n;a w0 • Bea,n;e ,n;aJiee t = f · • Ha c.acTeMY ,n;eiicTByeT nepeMeHHoe 
BHennree nMe 

~ -E. t+) = (;' e -iwf 
~ i 

( i = -f, :l ... N) (I) 

B ROTOpOM 

-,. ➔ I 
E.=e E e-x.1,til(l.) ~ o L 

( 1e.i1==1 ' . ~ 
k= ~ ) C, • 

rro~e (I) KBa3.1Ip830Ha.HCHO, B TOM CMUMe, 'ITO OTCTpOfilta OT pe30Ha.HCa 
MaJia, 

1;,_; <<-1.) (A:w-cc1 0 ). 

. (2) 

Pa6o'!al!_cpe,n;a HMeeT xapaRTepeyio wm. ~aepa 4JOPMY ~a p~coM 
R .a ,nmmoii L , KOTopue CYllleCTBeHHo npeB.lilIIIaIOT .rvmey BOJIHlI on-

Tmec1toro ~aaOHa 11 = :iii I k , 

1l.. <:<:: 1 ~ 
R 

.!.. <-<- 1. . 
L 

Hepe30Ha.HCHaa: CTaIUIOHapHaa: HaRa'l'.Ra 38,I{aeTCJI napaM9TpOM 

~ = .i.. L -s. 
N . ~ 

L 

( ~i. = ± 1) . 

(3) 

(4) 

Pacnpe,n;MeHRe BeJlll'lllli ~ l onpe,n;eJ!JleT, KaRRe aTOMll B036YJ!i,ll;9Hll, 
a ltaltlle H8T. ,llm:rO~Hlle MOM9HTll nepexo,n;oB .wm·aTOMOB cpe,Il;ll RM9IDT o~
HaKOBlle MO.n:ym, HO, B03M0.11tHO, paa~e HanpaBJierum, 

~ =~d ( /"i; I -= t., d =I~- I ) . 
(5) 

2 

-+. 

HanpaBJieH.ae llOJI.ill)H3awrii ., ( B CJiy'!a9 Ma6o:lt HaRao/3/a,I{O onpe,n;e
JIH;b ,IJ;OllOJIHRT9~Ho, Tor,n;a Kalt npR CWll,HOli Ha.Ka'IR9 3 B8KTOpll 'i,J 
6wm KOJJJIIlHeapHN IlOJI.ill)R3a.IJ;lm €,, pe30Ha.HCHOro IlOJill (I) •. 

~ !Ip.a aanncn ypaBHeHllii 'ABIDKemm wm. ~epcoHHoro onepaTopa 
G, ( t-) Jf IlOJJHPHTOHIWX onepaTOpOB G"'L - L-i-) YlJRTlmaeM HallH'lRe 
nm:pRHEl Boa6YJ!i,!J;eHHoro ypoBHSI t

1 
R nm:pmm Jllllllll1 nepexo,n;a t,. . B 

,n;~He:limeM npR ROIDq)9THElX pac'!eTax 6y,zteM .acno~aoBaTb T90pmJ.B03MY

meHllll no napaMeTpy 

k\-l1 << 1 - :, 
c. a~ <6>. 

B KOTOpOM a - cpe,n;Hee M9JltaTOMH08 pacCTOJiHRe • .lJ,na: npoBepRR Hepa..; 
B8HCTBa (6) IlO,IJ;CTaBHM B'Hero xapaKTepmi:e Bemi:mm,r OllTR'l9CKOro H3Jiy
qeHH/I: (.t.>c"' 5·I014c-1,. k"' ro4 CM-I, a~ ro-8 CM, c1;... ea£, , 
r,n;e e - aapi!,I( a~eRTQO)ia, Cls - 6opOBCMli_Pa,IWYC, TO 8CTI, _ 
d~ ro-I8(z cM5/c2)112, Y- ~ I08 -IOIO c-1 ,Jiv ...,ro-19-ro-I7 apr: 

0,2 · Ol .. 
3TO ,n;aeT 

k ad 2 ~ 
a(l 

,0-2 10-
4 

ATOMll CRCT9Mll B38HMO,n;e:ltcTBy:KlT Me.lK,lzy co6oii nocpe,n;CTBOM 06MeHa 
qJOTOHa.MH. CoOTB9TCTByJOl!l88 nMe B3aHMO,IJ;8HCTBIDI HaaNBaeTCJI nepe.aaJiy
qeHHUM IlMn• ~OTOHHll8 nepeM9HHll8 llCKJIIOlI8.IOTCJI C IlOMOUU,ID CTagI{apTHOli 
npoQe,n;ypN 5, 7/ B peay~TaTe qiop~Horo perueH.Wl: ypaBHeHllii Ma.KcBM
~a, Il03BOJIHIDmero BUpa3RTb qJOTOHHll8 onepaTOPEl qepea aTOM:mi:e. !Ip.a 
YMOBIDUC (3) ,wm nepeiarqeHHoro nOJIH onpa.B,n;aHo 121 np.a6mxeHHe BM
HOBOli SOHN, 'ITO ,n;aeT 7 

r,n;e 

- k~ _. 
f.,(t) = - 11,; 

'd \ a 
.... - 1 x[d.xn .. i:xrei:kiz .. ) s:-(tJ 
d . ~ 'J d ' 

- - -'l .. =-l'l.-'l.l n. 
~.:.\: 

"4 • J , 'J. 'Z' .. 
•J 

(7) 

CRcTeMa 'AByJcyl)OBH8BllX aTOMOB, HaxO,ItmllRXCJI B RBa3.1Ip930Ha.HCHOM nMe 
(I) R B3anMO,IJ;8liCTBymtWC .DJlYI' C lJJ)y.t'O;'ljP93 nepeH3Jiy'l8HH08 no~e (7), 
on.ac1maeTCJI MO,IJ;eJll,H!lM raMWU,TOHHaHOM 3 B reiiaeH6eproBCKOM npe,n;CTaB-

~eHRR 
I\ 

H tH ~ f W
0 
r [1 i- ~\r) 1 

I, 

3 



-"'[+ .... -·t- ] _1. ~ cl. <>. tt-) E. U) + E. (t-> u.-l-1:-> -:tL L L L L L 

i. 

-"[ -~ ➔ 1 -{ L d. s. t-H·) E' U·) + /:. t-(i-) CS-.- lt-) 
• • • . L IJ° 'J' L • 

& '1-J 
(8) 

Ilpll
0

BHBO,Ite raMWII,TOWI'a (8) llCIIOJU,30BaHO TaroKe KBaHTOBOe npn6Jnu!te
Wie BPal!l8DllleiiCH BOJIHil . 5 • 8/. OrrepaTop 6"". l l t-) COOTBeTCTByeT orrepa
Topy mmepcow B036µ,n;eWiil:, 621: (t) -OII~paTopaM IIO.lllipllTOHH1lX 
B036µ,n;eWiil: 

3
• PemaJI ypaBHe~ rIDJte:mm ::i STRX orrepaTopOB B 

rro~yruraccnqecKoM npn6Jnu!temm 5•8 , Haxo.IOIM 3/ cpe.ztWie sHa~e:mm 

~ :I 
~ A +(2 <6"'. ttJ> = 8. --'- , 

L L ' - 2 
A + r._. 

- . 1:1.-i0

ll' •➔➔ -i,,;t < 6": U-)> == ..L 1. u:1 J. E, e 
• :2. L A:i. -:l • L ~ 
~ +r 

~ 

(9) 

B KOTOpl:lX sqxpeKTRBHaJI IIIRpRHa .mnnm rrepexo,Ita ,ItaeTCH Bupa.JKeWieM 

_:i. :t ( ri = r~ 1 + 
-- :t J,(f..l ) 
0102 (IO) 

Peme!ml! (9) no o6meii MaCCll'P,lIRarum / 9/ OTHOCHTCH K paBHOBec
Hl,lM pemeHIDIM, K KOTOpHM llP.HHa,ll;JleJKaT pememm CTa.qKOHapHHe, rrepno,ItR
~ecrui:e ll KBasmtepRO,ItR~ecrui:e. COCTOHmie CRCT9Ml1, OIIRCHBaeMoii TaIWMH 
PaBHOB9CIWMH pemeimlIMl!, OMa.rtaeT M9,Izy10!IlllM Ba.JJtHllM CBOiiCTBOM. EMR 

" paccMOTp9TI, orrepaTOp ,ItRH&m~eCKOii rrepeM9HHOii /J {i-) , 3aBR~e:ll: OT 
BpeMemI TO~Ko ~epes reiiseH6eproBcrui:e onepaTopu, BXO'Afill!Ke B raMWII,
TOHRa.H, TO CTaTllCTlN9CK09 cpe,ItHee 

I\ /I 
< A l-1:-) '> ::: ~ _f(O) /1 {t-) , 

r.zte j> (o) - Ha~~HaJI MaTp~a MOTHOCTll, BOo6me rOBOpH, 3aBllCRT OT 
BpeMeHR -t . 0,ItHaRO CYll!9CTByeT :xapaKTepHoe Bp9Mll T., , TaKoe, ~TO 
CTaTllCTlN9CKOe cpe,ItHee, ycpe,ItH9HH09 no rrepno,Ity -z;; , OT Bp9M9Hll H9 
3aBRCllT, -t+t;; 

J /\ f I 
A = ;_ < A (i ) > dt = cvhst-

1..0 t 

4 

• - I\ 

,IJ,Jm CTawtOHapHWC pemeHRfi, o~emwm, A = < AW~ npn JII06mc lo 
)J,Jm rrepll0,Itll~9CRRX pemeHRfi Lo COBIIa.rtaeT C rue rrepllO,ItOM. B ~e 
KBasm:xepllO,ItR~9CRRX peweHRfi C Ha6opoM rrepllO,ItOB fr, , ~ J. • • 1 _:xapaR
T9pH09 BpelWI Lo~ {r;, ... ! . BosMOlKHOCTI, onpe.I(M9HIDI cpe,ItmIX /l 
He 3aBll~·OT BpeMeHR, .II ~eTCH YRa38.HHIDII Ba.JKHHM CBOUCTBOM 
CllCT9M, KOTOPHM OTB9'tffi.IOT paBHOB9CHH9 pemelIH.R: ypaBH9li.llli ,ItB.IDKe~. 
COCTOHHm! TaRRX CllCT9M MOlKHO HaSBaTI, CTaw:IOHapHHMlI B cpe,ItHeM. )J,Jm 

CllCT9?A!l CTa.qKOHapHOll B cpe,ItHeM .ItOIIYCTllMO sa.rtaTI, TepMO,ItRHaMlN9CM9 

rroTe~aJll,l, sKCTpeM.IISaw:IH KOTopux onpe.zt~eT yc7o~ue cocToHHRH. 
Ilpll paCCMOTpelillll pe30HaHCHHX q830Bl1X rrepeXO,ItOB 4,5 -ql]IYKTYa.qirll, 
lllI,ItywrpOBaHHHe BH9WHRM.II peSOHaHCHIDl!ll ITOJIIIMli, BHOCHT H9CpaBH9HHO 
6MI,Wllli BMa.rt BO Bee Ha6Jllo.naeM!le Be~~. He'e~ T9MOBI1e_ ql]IYKTYa
wm, IIOSTOMy IIOM9,ItH1IMll MOJKHO npeHe6pen /I-3 . Tor.zta, HallpllM9p, 
cpe.ItWIB sHeprRH H SKBRBWleHTHa cBo6o,ItHoii sHepr.llll. M.imllMIIsaw:IH H 
Il03BOM9T HallTll TO Hall6Mee BllI'O,ItH09 COCTOHHRe CllCT9MH, B KOTOpoe 
OHa rrepexo,ItRT B pesy~TaTe pesoHaHcHoro qasoBoro rrepexo.zta. TaKRM 
o6pa30M, M9TO.ztH, P,a3BllTI19 Mil OIIllCaHRH q830Bl:lX rrepeXO,ItOB B paBHO
Bec~ CijCT9Max 7IO~ o6o6ma.JOTCH Ha CllCT9Ml1, CTaw:IOHapHI19 B cpe.zt
H9M /I-5/. 

3. CJ!a6aJI HaKa™ 

B pa6oTax /I-3/ paCCMaTpllBMCH ~~ C~HOH HaKa~, COOT
B9TCTByxmefi IIO~O.lK.IIT~HOCT.II rrapaMeTpa (4). 3,It9C1, Ml1 llCM9.ztY9M C.II
TYa.uruo, KOr,Ita HaKa~Ka c~6aJI, TO 9CT1, ~ ~ 0 

CTaTRCT~eCKOe cpe,ItHee OT raMWII,TOHllaHa (8) llM99T B.II,It 

< A tr) > -= 'i=i = ·w- + W. t-
i C LVI -' 

r.zte rrepBoe MaraeMoe 

"i.T - 1. NW .i. ' • vv
0 

- -l o + ;i. L .,, 
• 

w:c A~+ r/) - A Id.~ I .1 

.o. .,_ +r/ +((~Ir,) I~ f J 2 

(II) 

- $TO SHeprRH H3Jiy"<IalDIIlIDC aTOMOB BO BHemHeM KBa3.Hp930HaHCHOM rro~e 
( I)., a BTbpoe MaraeMoe 

W. = - 1= +. 1. 4 -,,.t- .... . d 'J. 4 t-rJ . 
- STO sHeprM B3aRMO,It9llCTB.lt!I aTOMOB ~apes rrepeH3~9HH09 no~e (?), 
np~eM llHT9HCRBHOCTI, B3aRMO,ItettCTBM paBHa 

5 



-➔ ~ _,.-,. ff. .. = ( ,( E. ) ( d. f.) 
'd • ~ J 

k 
3 
(e/-+~/) 

( 
:1 -l 2 -:!) 

4 t. ... r. J c e. -1- r. 
• J 

w [c d-- i ) - (i. ; ) cl ; . ) ] 
~ • J • ·J ., ·J 

,.,, ( k t,t) 
k'l. 

'J 
(I2) 

'HanpaBJieHHe nOJI/Il)H38.Wlli .IUIDOJU,HWC MOMeHTOB nepexo.n:a (5) mili
.n;eM MliHRMH3HpyJI cpe.n;mo!O aHeprH!O (II) OTHOCHT9JII,HO BeJlif'mH ( if e; ) , 
r.n:e ·e: - IJ!lIKCHpOBa.HHaJI nOJI/Il)H38IUI/l KBasHpe30HaHCHOro noJJH (I). 
3TO .n:aeT 

-- ~ (ii,_ eo) 
= r~, 
1 o, 

~. '> 0 .I 

(I3) 
c11. < 0. 

ECJIB: 61l .n;JJH Bcex aTOMOB 6WIO ,$. '> o , TO Mil BepHyJlliCI, 61l R CJiyt!alO 

CHJU,HOH HaRai:oot, Ror.n:a ~ > o ,'' (i;, e:) .i = 1 • 0.n;HaRO llpH CJ1a6oii 
HaRa"!Re, Ror.n:a ~ < 0 , corJiaCHO ( I3) .IJ;JJH HeROTOPllX aTOMOB 
(~ €,,) -:: 0 • KaR B.IWIO H3 (I3), HHTeHCHBHOCTI> B3aHMO.n;eHCTBRil 

( I2) .IJ;JJH .n;Byx aTOMOB OTJlli'llla OT HyJJH TOJU,RO eCJIB: .IJ;JJH HHX o60HX g' • 
8. > 0 
0 TaR RaR CHCTeMa COCTOHT HS 60JU,WOro "lHCJia H3JIY'ffi!OII!WC aTOMOB 

N >> 1 , TO npH Henocpe.n;cTBeHH!lX Bll'!liCJleHIDix y.n;o6HO nepe:liTH R 
HenpepllBHOMy npe.n;CTaBJieHIDO, ncnOJU,3YSI saMeH!l 

N 

) . , ' __, .L j d~ t, - 1 ( :r.-, :Ji ) N L V • 
• i.=1 ' 

, 

,l 
r.n:e V = ii R l - 06'.beM pa6oqefi cpe.n;ll, HMeJOmeii q;opMy 1UI,]llllI,IU)a c 
OCI>IO, HanpaBJieHHOli no OCH i' , a ,S ( -x, /j) He 3a:BHCHT OT .;t 

BCJle.n;CTBHe npe.n;noJIO.lKeHIDI O ~H'IeCROii CI1MMeTPHR. IIpH 3TOM CYMMfl 
(4) 38.MeH!IeTCSI HHTe!'paJIOM 

~ -= ~ ~ f wr,y) dxcl;J 
/IR 

(I4) 

B I<OTOpOM HHTerpHpOBaHHe Be,n;eTCSI no nonepe'll!OMy ceqeHHJO ~a. 
<lzyHKUWI .St·~, lf ) onnc!lBaeT llpOCTpaHCTBeHHoe pacnpe,n;eJieHHe B036YJK
.n:eHHii B cpe.n;e llpH IJ!lIKCHpOBa.HHoii xapaRTepHCTHRe HaRa"IRH ~ • 3TO 
pacnpe.n;eJierure .n;OJI.lKHo ycTaHOBHTI>CSI TarurM, tJ:To6u o6ecnetJHTI> MlmHMYM 
cpe.n;Heit aHeprHH (II). B .II;aJU,He:iimeM Ha.M npe.n;cTOHT Cpa:BHHTI> ,n;Be CHTYa-

6 

rum: Kor.n;a B036Ylli,IJ;erum pacnpe.n;eJieH!l no CHCTeMe pa:BHOMepHO, TO 
ecTI> .g c·",t) == 1:, ., H Kor.n:a oHH o6paaYX>T HHTe~,mHyl!) CTPYRTY'PY• B noc~ 
Jie,IJ;HeM CJJytJae C'IHTaeTCSI, . 'ITO B CHCTeMe B03mma.JOT HHTH Pa.ItRYCOM R p , 
TaRHe, 'ITO BHyTPH HHX llpaRTH'IeCKR Bee aTOMll B036~eHll, a BHe HH
Tefi aTOMll He B036~eHll. 8TO YCJIOBHe, o6osHa'IaSI 06.naCTI>, 3aHHMaeMYXl 
BCeMH HHTSIMH qepes ~ , MO.lKHO arum:caTI, TaR: 

{

-+f _; {x.,,d E ~, 

!lx,3) = 

-t _; [ ?C,¥ 1 ¢ Wi . 
(IS) 

Cpe.n;mre aHatJ:eHIDI HHBepcommx H noJIII!)HTOmrux onepaTopoB, RaR CJie.n;yeT 
H3 (9),. nponoprzyrOHaJII,Hll qiymm;.m ,S(·x,:J) • IlOaTOMy BMeCTe ·c B03HHR
HOBeHHeM HHTeB.1WIOro pacnpe.n;eJierum .IJ;JJH qiyHRizyIH HaRa'IKR (IS) o.zmo
BpeMeHHo nOSIBJJH8TCSI,HHTeB.1WiaJI CTPYR.Typa HHBepcommx H nOJI/Il)HTOHm:IX 
B036yx~eHHii. IIo.n;CTa:BJJHSI (IS) B (I4), HaxO.n;n:M 'IHCJIO HHTeii 

( 
R :i 

N,. ::f(-t+~) ~) . 
(I6) 

Cpa:sHHM Tenep1, cpe.n;mre aHeprHH (II) .IJ;JJH o.zmopo.zmoro H mrTeBH,ll;
Horo pacnpe.n;eJierum Boa6Ylli,Il;eHHii. B CJiytJ:ae o.zmopo.zmoro pacnpe,n;eJierum 
m.teeM 

I\ . 

< H (t) >""'" = 'v/. w,,· + W. "'" ,· 
" int- :> (I?) 

r.n:e 

- .... - - e,11,· 

W -=: .J.. N cJ (1 t- ~ ) W. 
0 :l. 0 , ... -1-

:::0 (\=t<o). 

Pa:seHCTBO HyJI!O cpe.zmeit SHeprHH B3am.tO,n;effCTBRil c.na.60 B036~emrwc 
aTOMOB MO.lKHO nOHSITI, RaR CJ19,ItCTBHe HX He1t0ppeJIHpOBaHHOCTH H B3aHMHO.it 
.n:eqiaaHpOBKH RX .IUIDOJU,HWC MOMeHTOB nepexo.n:a. 

IIpH HHTeB.IWIOM pacnpe,n;eJiemm B036YllO'.teHHii .IJ;JJH cpe.zmeit SHeprHH 
(II) no.ey-qaeM 

" M --M -w-M < 1-1 lt) >= == \.I + · t 0 •• !l 
(IS) 

a.n:ecI> nepBoe c.naraeMoe 
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f.-f ( W,, • = f Nw0 ( 1+ ~) 1 + 
.:i. 2 d~ 2 / 

6 -+(2 - E A We ) 

A;i+ f ;i 

- aaepr.l'OI HRTe:li B nOJie (I), r,IJ;e 

- ~ :i ( J.:tE l ) 

o =~ 1+ rir2 , 

a BTopoe c.naraeMoe B (IS) - STO SHeprIDI B3aRMO,IJ;9:liCTBim aTOMOB BHyT
PR HRTeit, 

_/,·e 1. T W. =Now.n, 
""t-' r- r 

"vl = 
f 

3 :i :id"( :i ~) -;;N R1- E A -t~ 

t-;,.. R*( 4.1+ f:i) :1. 

? ("X) =: J i'n X - ~ Ci· (X) • 

~ ( fuR/) 
llL :, 

IlpR Bil'!HCJie~ STRX BeJ!R'!HH RCnOJI:E,30BaHH Te JK8 npeo6pasoBa.IDIR:, 'ITO 
RB pa6o"Te 3 • Y'!HTllBaJI (I6), OTCX\Ita Haxo~ 

. D J. If( 2 ,t _ ,, .:Z ~ 't'f :i vi= d t::.. +(; J (~ ) 
v{t =- N c1-r~) 16-;, R. ;i c AJ. t- r;i> .l ~ ;n · (I9) 

Tait JKe RaK R paaee /3/, MHHRMHSHpy;I (I9) no R1 , onpe,IJ;eMeM pa,wc 
WITH 

R == o. 11 \(u' 
# 

IlO,IJ;CTa.BJllIJI (20) B (I9) R !IpRHRMaJI BO BHRMaIDJ:e, 'ITO 
l 

3' ( 4~:B ) = g ( o, t,) = f, 1 > 

(20) 

y6~aeMcsr B 0TpRimT9J.II,HOCTR SHepru BSaRMO,IJ;eficTBIDI (I9) IIpR IDITe
Bll;ItHOM pacnpe,IJ;e~eHRR Bos6~eHRft (IS). 0TCX\Ita, y-qRTUBa.lI o6wmoe 
COOTHOlIIBHRe -;(, ~ Q~ , B!UtRM, '!TO B KB83Hp930HaHCHOit CRTYa.rmH (2) 
P83HOCT:E. 

<Hl+)>h'-<Hlt)·le = Nlvo(1+);.)d1=,l (li +~) --A·R 
BC8r.zta llOJIO.llWTWU.Ha. 4 ( A .l+ f J.) r, '''o - \~;., 

8 

TaKl!M o6pasoM, sHeprlIII CRCT9Ml:l C HRT9B:n;ItHO:li CTpy-KTypoft B03-
6YJ!!,IteHRil M9HI,llle, '!BM sHeprlIII 0,ItHOpO,ItHOli CRC!BMll. IlOSTOMy IDIT9BH'A
Ha.lI CTpy-KTypa BllI'O,ItHee .II ,IJ;OJI.lKIIa peaJI.II30BUBaT:E.CSI IIpR paCCMaTpRBae

WlX yCJIOBIDIX. 

4. ITapaMeTp noMmca 

Ilo.flllJleHRe Ka'!9CTB9HHO OTJlli'!a.JOOUD{CSI COCTOJIHHii IIpR qlaSOB.WC nepe
XO,IJ;ax y,n;o6HO xaprutTep.lI30BaT:E. no Ka'!9CTB8HHOMy R3M8H8~ napaMeTpa 
nopiI.ll;Ka /IO/. TaKal! xapaKT8PRCTmca 6wia 1Ip8MOJK9Ha 3 R .IVIlI orurca
HlIII SCWJ8KTa ~M.JlaM8HTarU{.II !Ipli C~HO:li HaKa'IK8. B HaCTOfilllefi.pa6oTe 
6y,IJ;8T ,IJ;aHO H8CKO~KO HH08. onpe,D;MeHRe napaM8Tpa noplI.lJ;Ka, C!IpaB8MH
BOe KaK !IpR C~HO:li, TaK .II npH CJia6oii HaKa'!Ke. 

KOM8KTRBHil8 CBOHCTBa paCCMaTpRBa8MOli CHCT8Ml:l IIplIMO CB/i3aHH 
C HaJI.II'!.II8M MR OTCYTCTBH8M KOppe.n.mum M8JK,IJ;Y Hanp~eHIDIMII ,ll;HllO~ett· 
nepexo,IJ;a, TO 8CT:E. me Cqla3HpOBaHHOCT:E.IO, 3Ha'!.IIT, H KorepeHTHOCT:E.IO • .I(Jm 

KOJIH'!8CTB8HHO:li xapaICTepHCTHRH STHX CBOliCTB HCCJI8,IJ;y8M ROPP8JIJIIUIOHHyIO 
qiyliro:i;IDO 

L 
_,,._,, + -

K(~)=-' (.-:11.)~6:(t)O-:-(t-)'> 
Na , d L d 

i-:t:-i (2I) 

Ilo,IJ;CTaBJllm CX\Ita cpe,ItHee 

+ .2 .1 i ~ <6: U·J 1).-{i-) > = ~. !1• (A t-02 ) cl E 
~ ( .1 ~ .1 + ~ ~) ( A 2 + f.~) 

J 

c? e: ) t f e:), ( u=i>:, 

y6elli,ItaeMCSI, '!TO KoppeMUIVI, BCJI8,IJ;CTBH8 (I3)' Il0JIBJJJI8TCSI TO~KO MeJK
,IJ;y B036YJ!!,It8HHI:lMR aTOMaMH. IlpH CJia6o:li HaKa'!K8 ( S <. 0) ifJYHKWm (2I) 
.IVIlI O,ItHOpO,ItHOil CHCTeMl:l PaBHa HyJIJO • .I(Jm CHCT8Mll C qJHJiaM8HTarU{9H, 
corJiaCHO (IS) R (I6), Haxo~ 

Kl~)-= 
( 1+ '1s / c 1:/· +. o/ ) 

16 ( ll~+ 7i :t) ;;i 

d 1f;i 
(22) 

IlpH C~HOli HaKa'!K8 KOpp8JIJIIUIOHH' rRUifJI (2I) CTaHOBllTCSI OT~Oil 
OT Hy.JI.F! H .IVI1I O,ItHOpO,IJ;HOil CHCT8Mll 3 • B o6meM ~e MOJl.:HO SanRCaT:E. 
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14n, ~ .t { t. ,l ~) 

K (t) = @(~) +oo cl 2E :i 

Lf ( t/ +f2fl _, 
(23) 

r.n:e 

{

f., ~ >O_, 
@ l~) = 

OJ t < 0. 

!Ip.a MaKC.RMaJll,HO BO3MOlKHOli Ha.Ka'lli9 ( ~ = f ) qiyli~ ( 22) 'II ( 23) COB-

na,n;aroT, • 

K l1) 
A~+ OJ ;i_ _, 2f J = K '11

••• { 1) . 
- ~T" - 4 ( A:1-t- f) 

OT.mrcme B CBOliCTBax g)MaMeHT.apOBaHHOli R O.l(HOpO,IU!Oli CRCT9M MOJKHO xa

PaltT8pII3OBaTn paaHOCTn!O 

KL~ )-K "°'(t) = -(t. ':+ o/)d."i/'- [L (1+t/- 6J{t) t ~] 
· 4 ( A,l+'flF· 4 . . (24) 

Onpe.n;eJIHM napa.MeTp nopH.D;Ka 

K (.'.;)- k '
1"'c ~) 

G-(S) ::: [ K"''"·l~ >1 tncw K (?;;;) -
~ 

:, (25) 

HOpM.apy,I pa3HOCTi (24) C IlOMOlll1:>IO B8JIR'Tillill 

:i . ~ _, 2 ;I. 

[ 
,,,,,· ] (t:. ·t-h )01 E 

111,n K ( ~) - K ( i;) =- . ( .:t _ .:i ) a 
"3 11 A ·t-r 

I"; "' 1..) 
' !... 3 • (26) 

!IO,ItCTa:BJilIJI (24) II (26) B (25), no.ny~aeM 

"'-~>= ¾[(1+~).2-el~)lt~.:i] 
(27) 

J1,niI napaMeTpa IlOp!I.l(Ka ( 27) Cnpa.Be.l(JWB!:l paB8HCTBa 

to l -t) = o = s--u > !) 

IO 

1,) 
. ' :;r 

:i1, 

~) 
!_J 

TM-x. 6-l ';) -::.o-t 113) -= 1. 
~ 

C R3M8H8HH8M xapaKT9PRCTRKII HaKa"IKII OT ~ = -I .ItO t = ! 
npo.acxo~T CJie~e .f!BJleIDif!. !Ip.a 5 <. ~1 B CRCT8M9 HST mt o.n:-

HO.ll IlOJIHOCTn!O BO36yJlt,It8HHOii HRTR, IlO3TOMY napa.MeTJ) IlO_psr.n:Ka S-( ~) 

Ha,n;o IlOJIOlltKTn paBHW4 eyJDJ. [Ip.a t;:: t I IlOJll!JIII8TCR: nepBa.a: mtTn. 

!IOJJ.ara.lI B ( !6) Nf = ( , llM88M 

1 _, f 
~

1
-=.:Z(R

1
/p,) -I =0.3F - ., 

r.n:e F = ;; P.. ~1 ii L - tmCJIO ~8H8JllI. ~ onpe.n;eJieHM 3Ha.Ka ~, Ha,IJ;O 

o:ueHRTn BeJIR'll!HY i:mCJia <li];leHeM ,=- • TaK KaK R1 << R , ·To .as 

( 20) Haxo,IUIM F >> o, !5 ·• B CJ:IY"lffie 06!:l"mHX ,IT)IJi onTIDW B8Jl.llillm 

ii ~ I0-4 cM, R"' 1 -IO CM, L ~ IO- ra2 CM EMeeM R1 ~ 
I0-2 CM, F ~ ra2 - rb5 • CJle,ItoBaTeJinHO, 'i, < o. Tor.n:a (27) 
.n:aeT 

G""(~,) = o. OM F -.:i 
(28) 

B TO'llte >;;: = ~-{ napa.MeTp IlO_psr.n:Ka (27) BO3pacTa8T CKai:ntOM OT 

HYJIH. .l(O BeJIRtmH!:l (28). 0.l(HaKO 3TOT CKa~OK H8BeJIRK, IlOCKOJ!nlty IlpR 

F >> 1 , corJiaCHO (28), S-( ~,) << 1 . To eCTn IlpORCXO,ItHT <I)aao

Bl:lli nepexo.n: nepBoro po.n;a, 6JI.aam Ko BTopoMy. 

YBeJIR~8HR8 xapaKT8PHCTRKR Ha.Ka"IKR !° BJl9'!8T sa co6oii: Yl38JIR'!e

ime "Il!CJia ImTeii B COOTB8TCTBID'I C (!6) • IJapaM8Tp IlO_psr.n:Ka G"'l'3) npR 

3TOM TOiK8 pacTeT. Ho '!llCJIO HRTe:lt iI)mtc.apoBrumoro pa,n;eyca (20) He MO

iK8T Yl38JIR'!RBaTnCR: 6eCKOH8tmO, OHO orp~eHo 3Ha'!8HR8M Ne , .np.a 

KOTOpOM B CRCT8M8 OCYlll8CTBJIJ'I8TCR: IlJlOTH8.lI yna.KOBF.a. ImT8:ll:. 3TO 'lllCJIO 

No ' .ztOCTRrae~oe np.a ls: == t O , onpe,IteJIH.8TCJi paBeHCTBOM 

No =A:,(t0 ) =C.,(JL)o'! RI ., 

B KOTOpOM Co - reOM8TpR'l:8CKRli napa.M8Tp IIJlOTHOll yTiaKOBKR. 0TCD-

.n;a , ytm:T!lBM (!6), iiaxo.ztRM 

~ :!J.C0 ~f. 
0 

!Ip.Ir C.o -,. f . xapaKT8pllCTllKa HaKa~ ~ 0 "> o • l13 BHPruitemm ( 27) 
CJie.n:yeT 
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G" ('~o) = 3 ( 4 c. - 3 c.ri. - 1 ) 

(29) 
IloCJie Toro KaK B CllCT8M8 ,ItOCTRra8TClI IIJIOTHM yrraKOBKa., HllTll Ha"!U
HaJOT CRJII,HO B3a.RMO,It8ilCTBOBaTI, MBlK.ztY co6oil~ II pacnpe,It8Jl8Hll8 BO36y;K
,It8Hllil pacIIJWBa8TClI B O,ItHOpO,ItHOe. Ilpll 3TOM rrapaMeTp IIOplI,D;Ka. Ha,ItO 
CHOBa IIpl!paBRlITI, HYJlD. ,lJ.7m ou;emm IIpOllCXO,Itffill8rO IIpll ~ = ~o CRa."l
Ra rrapaM8TPa IIOplI,D;Ka. BO3l>M8M c. == o, 9. Tor,Ita 

G"( ~.) = 0 1 6 ( ~. = o,E). 
(30) 

G.ne.ztoBaTeJlI,HO, rrepexo.zt OT ImTeBH,ItHoil CTPYKTYPH K O.ztHOPO.ztHOMY coc
TOHHIDD IIpll ~ = ~- IIpOllCXO,ItHT Ka.K xopomo pa3BllTJra qJa3OBHil rrepexo.zt 
rrepBoro po.zta. 

5. llHTeHCHBHOCTl> ll3JIU8Hlli! 

Ilpll He6OJU,IDOil B8Jlll"lllli8 xapaKT8pllCTIIBli HaKa"!Kll ;" < 0 llHTeH
CKBHOCTl> ll3Jiy"lemm CHCTeMoil TaIO!t8 MOJKeT 6HTI, HeBeJDIBa. IlO3TOMY He
o6XO,ItllM arucy:paTHHil paC"!8T 3TOft BeJlll"lllHH. 

llHTeHCKBHOCTI, lI3JJY"l81Ilm CllCTeMoft -qepea cqiepy pa,Iteyca 2° , OK-
PYJ!taKlll1YD O6JiaCTl> ~~ , O6'1',eMa V""r. = f-ii 'l 3 , 6y,IteM BH"ll!CJIHTI, ITO 
o6Il{eii (llOPMYJie 

I U-> = - J_ \,/ Cf) 
~ df 1£ ' 

(31) 

B KOTOpoft, C y-qeTOM KBaHTOBOrO IIplil.OJm:llt8HlliI Bpall{aD!l8liCH BOJimJ./7/, 

V tt) :: _r ( < E~~t-JEc~i-J +·H+l~+J H(~t) "> d-r . 
~ .I/ii .J 

~ 
ilOJIHyID HHTeHCKBHOCTl> H3Jiy"lelilllI (31), HCIIOJU,3YH ypaBH8HlllI MaKCBeJJJia, 
MOlKHO npe,ItCTaBllTI, B BH,ll;8 lIHTerpa.na 

-½ l+) = s I'l (ii', i-) ol .a. 
IIO T8Jl8CHOMy yr.n:y ...Q. OT lIHT8HCHBHOCTll ll3Jiy"l8HlllI 

_,, - :i T,,Jh°,+) -= S (-i',t) h ~ (32) 

_.,. -
B HanpaBJiemm BeKTOpa I'\ = 'l /i , r.zte BeKTOp Ilo:imTRHra 

12 

i 
":-· 

.-, -at+ ......, 
S (-7,f-) = :._ < E c.Z,-t:) x H c'l',+) > 

4,, 

TaIOKe 3aIIllCaH B rrpn6JiruKeHllll BPail{aDI!eftClI BOJIHH /7/. 

KaK 06H'IlI0,6y,IteM lIHTepecoBaTI,ClI lIHTeHCKBHOCTI,ID ll3Jiy"l8HWI_ B ,Ita
JieKoii 30H8. IlO,ItCTaBJIHH B (32) 3JI8KTPH"lecKoe ll MarHllTHOe IIOJie, CO3-
,ItaBaeMoe aHcar.16JieM N H3JJY"laTMeft B TO"!Ke V - ...... ·~ 

-; (;:;,-L)- ""'-" E. <tz,f) . H {i;°,f) = Z' H (~t-) c c, r - L L , • c.. " 
L L 

;; -; t) = k \V-~.) )( [I. X (F'-~.)] l!'Xp (1 k /'l:.--z:_,) 0:-l-t-) ~ 
c.(, l"" ... 13 ' 

L 'l:-\. , 
...., k"~(" ... ) -, le/_,, .... ) . - ) H . (;;' t) =- 'l-?,. · >< cl. ~xp (t' -~--~. I 6:°· t t- ., 

' ' }-l-\.1 l ' . 

llCIIOJU,3Y8M pa3JIOXeHlle 

Fl-;;:.,:::: '2 +ii;: . ., ( ~ ">> /it I . t" :: (, :i. . .. N ) ' , . 

lfHTeHCKBHOCTll (31) ll (32) 'A,1JJI BOJIHOBOlf 3OHH, KaK ll ,ItOJIJKHO 6HTl>, He 
3aBllClIT OT ,Pa,Iteyca cqiepH ~ '>> / ~. / , 

¾ (t) ::: I ( t) ., .Lt ( "ti,t) = I ( i?,+) 

-llHT8HCKBHOCTI, ll3Jiy"l8HHH B HanpaBJieHllll n IIpllHHMaeT BH,ll; 

4 __,. ➔ 
rc»,-t-> = 4 '" ~ i;_ (n)(d.d )<o-.1it-Ja-ttJ> 

.)C 3 ;j-- T~- I J t J .> 
(33) 

r.zte 

I.. (n) = 2-..[t- (,--;;;:.)en I:.J 
'J tn rl..J) 

rJ 

],«,,[' k;; c>:-H 
(34) -IlpH BHBO,Ite qiopMyJIH (33) HanpaBJieHRH .ItII!IOJieil cl. lIBKaK He 

KOHKpeTH31'!p0Ba.JlllCI,, TOr,Ita KaK B IIpHBO.ItllMHX B JlllTepaType / 5 , 7 , 8/ BH})a
JK8HlliIX, 3KBHBaJ.18HTHHX (33), O6H'Il!O npe,ItIIo.naraeTCH, 'ITO Bee .ItII!IOJlll 

IIOJJJil)H30BaHH B.ItOJU, o,ItHoro HanpaBJieHHH: J II d_. • 3To IIp8.lt!IOJioxeHBe 
BIIoJIHe onpaB.ztauo, KOr.zta paccMaTPHBaDTClI cncTtw, np1'e.zte~e B Ta.Koe 
IIOJJJipll30BaHHOe·cocTOHHll8 MOillHHM Ha"laJU,HHM llMIIyJI!,COM 5, 7, 8 ' ll 8CJIR 
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B H.1:DC H9 B03HHKa.9T mrna.KWC CB9pXCTpyICTY!) B036YJK.Itemtii • .I(aJKe 9CJIB 
HRT9B.ll;ItHaJI CTPYKTYP3. mmepcOH-no.mipHTOHHllX B036YJK.It9HIDI H o6paayeT

CJI B CHCT9M9, io Bi9IlIWIH Ha.Ka'IKB. .u;ocTa.TO'll!O CWll,Ha ( S >O) , TQ,,Ka.K 
6WIO nOKa.3a.HO 2• 3 • eme coxpawreTCJI BllCTp09HHOCT!, .n;HilOJieii i:J. 
B.D;OJI!, HanpaBJierum nOJVIpll3~ pe30Ha.HCHOro noJill (I). B CJiylJ:3.9 ~e 
CJia.60:tt Ha.Ka'lKH ( ~ < 0 ) nOJVIpH3a.I.Um .n;HilOJI!,HllX MOM9HTOB nepexo.u;a 
( 5), corJiaCHO ( I3), pa.3JIH"'llia BHYTPH HHTeii H BH9 rue. 3TO yCJio~eHHe 

H906XO.D;HMO Y'll!TllBaT!., Bll'!IICJIIDI HHT9HCHBHOCT!, H3Jiy~9HRlI no oc5meii 
!pOpM,vJI9 ( 33) • 

B~e.wm B ( 33) CJiaraeMHe c COBna,ItaIOIIUIMH n OTJill'I8JOlltHMIICJI .u;pyr 

OT .u;pyra IIB,I1;9KCa.Mli H IlpmmMall BO BHHMa.HR9 paB9HCTBa 

1- - ·~ 
ti 6-: l f-) c;-_ (t-) = 1 +o. lt) 

L L L ) 

f.. (i~) "= :.. iL
0

h J i9. 
ll f,i L :, 

IDIT9HCHBHOCT!, na.n:yqerum (33) M02ltHO pa36liTJ, Ha .n;B9 ~CTH, 

T c~, +) = T- ct, -1-) ... r ,. Ch', t-) 
-,h.t. Ce" .> 

HeKorepeHTHYJO 

/" ¥ [ J 1 I. er:,+>=~ L 1+ <<>; t-t>> ,s.ii.
2

i9-
h,(. 4nC. 3 I. L 

n KorepeHTHYJO 

r.u;e 

4lu 4 
I (n,f) = --

..... ...... + 
~ p (if) (cl.cl. ) <G: {t-) fJ,-(t) > 
L_ 'fi· L d L d :, 

-ul, -~ C 3 
i1-J I/ 

.0 ...... ➔ 
y. :: tt'-tC(~) (l.71 . n) 

L • 

(35) 

IlpmIHMaJI BO BIIBMa.Hll9 (9), (IO) H (I3), y6e.lK,D;a9MCJI, ~TO B paCCMa.TpH

BaeMoii CHTY~ Bee li3Jiy'I9IDI9, Ka.IC H9KOrepeHTHOe, Ta.IC H KorepeHTH09, 

IlpOHCXO.n;HT OT IDITeii. ,IJ;im H9KOrepeHTHOii '!aCTH nOJiy'!a9M 

d 'J l<l 4 
I. (~+) =N(1+>;,,) --1 

,nc g rrc 

:2 ;i. 

( 
1 ·t- b. + oJ ) 3,,1, 'J i9 . 

~ -"2 ::, 
fl +- a (36) 

14 

l ,.. 

r.u;e 

'1..9 = me cs-, C ec n ) . 
HanoMHHM, ~TO B. COOTB9TCTBHH C pacnpOCTpa.H9HH9M noJllI yc.wnmaeMOfi pe-
30Ha.HCHOii MO.D;ll (I) B.iiOJI:& OCH °i nOJVIp.1!3a:rum e: j_ e: , ,IJ;im KOre
p9HTHOfi '!aCTH liHT9HCHBHOCTH H3JlY'I9mtlI HaxO.D;HM 

- ,1 ( 1 ~ ) :i ,, ,;i ,,) £ .,_ cl If ( c.. a+ r/ J r 1 o+) -=N +~ 1 
c.l, I.. ' • 3 ( ;i. - .:t) !l l< 

~;i fl ta 
,c F; ( k i7 - k ~ ) .fi., "- ,.9 ~ (37) 

r.u;e BB9.D;9HO onpe.n;eJieHHe ~OPMg?a.KTOpa CHCT9M!l C HHT9B.ll;ItHOii CT!)yICTY!)Ofi 
B036YJK.It9HHH .. 

. I . ..... 1.2. - 1 . i~i' ....., 
,; (l ) = - f e ol'l 

' Al k J ~ ''I ., \Y 
I 

B KOTOpOM liHT9rp.HpOBa.HH9 IlpO.HCXO.n;HT Jllllll!, no o6JiaCTH ~ , 3a.H.l!Ma9-
MOH N1 HHTm.m, Ka.lK,D;aJI na KOTopwc HMeeT 06'.beM ,,., = Ti Jl.1 :i. l . 

MHT9l'pa.JI!,HaJI .IIHT9HCHBHOCT!, .0:3.n:yqemm, a.Ha.nor.H'll!o (35), npe.n;CTaB
JllI9TCJI CYMMOH H9KOrepeHTHOH H KorepeHTHOii ~CT9H 

r 1n ,:: r, u) + r 
I 

L+-) . 
l,t\(.. ~.- I 

(38) 

IlpOIIHT9!'p.HpOBaB no T9JI9CHOMY yrJiy BllpaJK9HH9 (36) C ~9TOM pa.B9HCTB 

S ~" J. p d .Q = ~ ;, f ,rs 2 i J .Q. e:: 4f ., 
J ·t· {h J J .il = f ., 

HMeeM ,It1IlI HeKorepeHTHoro H3JlY'I9HIDI 

d~tu4 ( 
T. (1-> = IV{ 1-i- s) --3 1 + -,i,c gc 

.l. ,l) A +a:; 
A~+fJ 

BoCllOJI!,SOBaBlll.lICJ, T9M, ~TO B HameM CJiy'!a9 CilpaB9,IµLHBU YCJIOBmI 

l!__ ..... ,o-6 << f ., 
WL 

MO.lltHO nOKa.33.T!,/S/, ~TO 

:i 

ili ~ 0.15" << 1 .:; 
'l\L 
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(39) 



s ,,,/ .,,o F1 { k ;;' - k ~ ) d Sl. ~ ;; ;, 
l 

IlpH 3TOM llOJlHaJI IDITeHC.IIBHOCTb KorepeHTHoro H3JIY'leIDm paBHa 

~ :i. _3 ,., fJ.c/" (t:.. 2 + ("
0 

~) 

Ih(-l-)..,,N(1t-t) 11 l".1(:i. -J.).:I 
<II Lf l1 A + (" / (40) 

IlO,It"IepKHeM, ~TO HaIDI~e KorepeHTHOro H3JIY1!eIDm npH c.na6oH 
HaKa~e ~eJlllKOM O6JI3aHO JIBJiemno glWlaMeHTaqJm • .I(eHCTBIITeJII,HO, eCJm 
6H H.IITH BO36y,K,D;eH.0:li He BO3mmaJll!_, TO B CMy pacqaSIIpOBaJIHOCTH H3JIY
~Te.nett 6WIO 6H 

I:t C~,+) =O > P.: = ~ < 0 ) . 

Il3 BHpaJJteH.0:li ( 36) H ( 37) CJie,eyeT. ~o llpli BO3H1IKHOBemm HIITe
Bll,ItHOli CTPYKTY.PH BO36y,K,D;emtii HHTeHCHBHOCTb li3JIY'leH.WI np1Io6peTaeT 
CYilleCTBeHHO aH.II3OTpOllHYJD ,rµrarpa.MMy HanpaBJieHHOCTH. IlHTeHC.IIBHOCTb 

.:I . 
KorepeHTHOro H3JIY'leIDm ( 40) . nponoprmoHaJII,Ha N • TO ecTb COOTBeTCT-,, 

L f,3 
ByeT TaK Ha3ImaeMOMy CBepXH3JIY'leHmO. To~ee roBOPJI, TaK KaK 'VctN, 
TO 

Tai. (i-) "'NC/3 

6. Ko~qrlimr~AHTH KorepeHTHOCTH 

.JJ;7I;I Toro ~TO6H BWIID'ITb, llpH KaKHX YCJIOBHIIX KorepeHTHOe H3JIY1!e
H.1Ie npeo6.na,n;aeT Ha,n HeKorepeHTHHM, Y'AO6HO onpe'AeJllITb KCis~eHTH 
KOrepeHTHOCT¥ 'AB1X JHIIOB: KOS~eHT KorepeHTHOCTH B HanpaBJierumn 

~ (.;:+) = .L l,(~f) IT, (ii',+) 
'"" ~~ fl\t. 

H nOJIHlllt K03@.im:i;IIeHT KOrepeHTHOCTH 

c I, c+> "' r h c+> Ir. t-1:J • co ct 01.c 

IlpH 3TOM IDITeHC.IIBHOCTH H3JIY'leHJ:tii (35) H (38) llpmm:Ma!OT B~ 

T Cll'+J-=T. th',t>[1-¾- c hc~,tJ .L.., er,+)] 
- ) H\{ C& ~ j 

H, 

(4I) 

(42) 

I 

. I(+) =I • .,Jc) [1-+- l\ .. ~ Ct-) T."'" Ct>j • 
TaK KaK B KBaHTOBOM npx6.mDKerum BPant8Xl!I!eilCJI BOJIHH IDITeHCHBHOCTH ll:3-
JIYl!eHIIil, BH~CJI6HH11e B npe.ItI,T.lzyll!eM IIyHKTe, OT BpeMeHH He 3aBHCJIT, TO 
COOTBeTCTBeHHO 

C (n',t) = C I (ri) > C I (+)-= cc h • 
c.:~h (Oh co" 11 (43) 

Il3 (4I),(36) H (37) HaxO'AHM KOS~eHT KorepeHTHOCTH B Han
paBJierum n 

C, cvi'J-= c cl) F;.(kr:-k;2 ) '°'" coL 2 • .,... ~ 

r'Ae K03@.im:i;I!eHT KorepeHTHOCTH B HanpaB~emm e: 

C (e.) -=N(1·1-~) ( 2 -2) (J.a2+-;:2+(:i.) 
ol, l I( A+ r v ~ 

c/:£2( 6 :1.H:/J 

,Il;lm: ynpomeHitff aHa.Jmsa nMolKllM, ~o cnpa:se.rvumu Hepa:seHcTBa 

:I 2 

rJ E << l ~ 
r; (;1. 

I t:..J 

02 
<< ·f 

(44) 

(45) 

(46) 

TOr'Aa f ~ 3J . IlpH 3TOM ,ll;]llI HanpaBJieHHR: €2 , B KOTOpOM HHTeH-
C.IIBHOCTb KOrepeHTHOro H3~emm (37) MaKC.l!MaJII,Ha, KOS@.im:i;IIeHT KO-
repeHTHOCTH (45) paBeH . 

- : ,l~EJ. 
(.,/E'1) == N( 1+~) i(/ (47) 

B Ka~SCTBe nOJIHoro KOS~eHTa KorepeHTHOCTH (42) • llO'ACTaB
mm B Hero (39) H (40), llOJIYl!aeM 

C = ·3 i) C C; ) . 
t,/, !l, «I. l (48) 

Ey,n:eM roBOpll:Tb, ~TO OCYilleCTBJI!leTCJI KorepeHTHHH, WllI CBepXII3JIY'la
TeJII,HHH, PeJJWM, e~ KOs@.ill:rmeHT KorepeHTHOCTH ropa3'AO 60JII,We e'All:
~- ITpH fl<,<. L li3 ( 48) CJie,eyeT, qTO C 1 << C , c.ez), llO3TOMy ,, \ ,,,,, 

Ii 



CB8pXH3.1Iy'!aT8JII,Him pelltllM B HHTerpan:&HOM CM!rnJie saTpy;meH IIO cpaB-...., 
HSW:IJO co CB8pXH3Jly'l8HH8M B HarrpaBJierum o~· Korep8HTHO8 HsJiy-qeHHe 

➔ 

B HaIIpaBJISHHH e.~ IIp8BaJIHpY8T Ha.rt HSKOrepeHTiruM, SCJIH 

c/J.E:i. 
N~ >> 1. 

0 r. , 
;i. 

( C,.,h { e: ) '>'> f ) ' 
(49) 

CBepXli3.1Iy'!aT8JU,Hlm peJKHM B HHTSrpan:&HOM CM!lCJIS OCYlll8CTBJI.fl8TCJI B 
CHCT8M8 IIpH YCJIOBHH 

N ~l3 3 ;, cl 2 E :J. 

c1t a r :i. 
;). 

')'>1 ( c,." >'> 1) . 
(50) 

Ta.KHM o6pasoM, H8CMOTpJl Ha TO, -qTO Beer, aHCaM6JU, aTOMOB HS HSJiytraST 
KorepeHTHO, a pacrra,naeTCJI Ha OT,!(8JU,HH8 KOrepeHTHH8 HHTH, IIpH yBeJIH

-qeHHH IIOJIHOro '!HCJia HSJiytraTeJISfi N ~CJIO aTHX HHTeil: MO'1t8T CTaTr, 
,I(OCTaTO"lliO 6om,llll!M, -qTo6u ,I(aJKS IIpH CJia6ott HaKa'!RS BHIIOJIRiIJillCI, H8-
paB8HCTBa (49) H (50), TO SCTI, ~o6u CTaJl BO3MO.lK!illM CBepXH3.1Iy'laT8JU,
mra p8.lKHM. 
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