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BBEUlEffifE 

B HBCT~ee BpeMH .IVlil HCCJie~OBaHKH CBOHCTB MHOrD'l8CTH~· 

HhlX pacrra~ cocTOHmtii mHpoKo RCIIOJI:bayeTCH iPoPMBJIH3M R- ~Tpn

lU:l /I •2/. O~aKo rrpHMeHeHHe R ~ MBTPR'IHOH cxew K KOHKpeTHHM 

IPH3H'lecKHM aa~aqaM corrpHJiteHo c rrpiUIIUfiTHaJI:bHhlMH Tpy~ocTRMH, 

CBff38HHHMR C HeOrrpe~eJieHHOCTHMH B BH6ope rpaHH'lHhlX YCJIOBHH 

H pa~COB KBH8JIOB. 

B pa6oTe 131 6!iJI paaBHT He R - MBTpH'lHhlH BapHaHT TeopHH 

<X - pacrra~a H rronyqeHa HHTerpaJI:bHB>I iPDPMYJia .zvm o( - IIIHpHHhl, 

C IIOM0111:biD KOTOpoH 6HJIH IIpOB8~8Hhl paC'l8TH a6COJIIDTHHX BepOHTHOCTeM 

o< - rrepexo~oB B ciiJepzqecKHX / 4 •5/ H ~e!PopMHpOBBHHHX 161 
H,IUlBX. it>OpMBJIH3M, pa3BHTbiM B pa6oTe- / 3/, 6HJI cymeCTB8HHO MO.IU1-

$MUHp0BaH H npHM8H8H K pacqeTy mHpl'!H pacrra~a O~HOHYKJIOHHhlX 

KB83HCT81UfOH8pHb!X COCTOHHHH CiPepH'l8CKHX /.7/ H ~eiPopMHpOBBHHHX/~/ 
.ll,I(ep. 0CHOBHBaliC:b H8 M8TO~e pa60T /?,B/, .IVlil CJiy'laH II0~6ap:bep
HhlX MHOrD'l8CTH'lHhlX KB83HCT81UfOH8pHb!X COCTOHHHH MO~O pa3BHT:b 

BapHBHT R - MBTpM'!Horo rro~o~a, CBo6o~~~ oT yKB3BHHHX 

BHWe H80IIpe~eJI8HHOCTeH. 3TO H HBJIR8TCH U8JI:biD H8CTOJIII18H pa60TH. 

I. BoJIHoBHe IPYHKUHH KBB3HCTawroHapHb!X cocToJIHH:H. 

llpoBe~eM paccMoTpeHHe Ha rrpHMepe ~ - pacrra~oro ~epHqec

Koro H,J:Ul8 A , Haxo,WlllleroCH B cocTORHHH co CITHHOM H ero 

rrpoeKUHei L 11, H rrpo'IIIMH KBaHTOBUMH ~cJiaMli ~- • llycu 

OTKpl<TI:l TOJI:bKO o( - 'lBCTR~e KBHBJII:l, IIpH'l8M 3HeprHH Q 

OTHOCHTe.n::bHOro ~IDKeHWI CX: - 'laCT.Ifil,II H ~oqepHero >I.!WB ( A - 4 ) 
cymecTBeHHo rro~6ap:bepHhl .zvm Bcex OTKp!iTHX I<aHBJIOB. 06o6meHHe 

aToro paccMoTpeHH.H Ha CJIY'lB:ii pacrra~a .fiJUJ8 A HB ~ iiJparMeH·ra 
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no REOOMY ~yroMY KaHany C llO~~ap:oepHHMH SHeprHHMH OTHOCHTe~b

HOro ,nmLllteHRH He BHsimaeT rrp~M:&HWC saTpy~emm. 

BBe~eM B paccMOTpeHRe ~ )(~ , y~onneTBo~e 

ypaBHeHRIO lllpe,IUmi'epa; 

H X~ = E" X" , en 
r~e 

H = HA-lf + Ho{ + li + ~A-4 + ~;~; (2) 

3~ec:o f-~-4 H Ho<. - BeyTpeHHHe raMIDI:&TOHRBHH ~otJepHero 

~ H o( - 'taCTHIJ,li, lit - orrepaTop RHH6Tlii'I6CKOH aHepi'lUI liiX 

OTHOCHT6JI:OHOrO ~HXeHRH. ~epHb!H llOT6KUHaJI B38KMO~eHCTBM 

o( - 'l8CTIDll>i C ~oqepHliiM R..JU>OM Vo<A-4 MOXHO Blip83HTl> 

'lepe3 llOTe~aJIH ~OH-HY~OHHHX B38liiM0~8HCTBliiH Vii 
4 A d v: = z 2 vi (3) 

o<A-4 i=~ j=!i 'j 

ITorpe6yeM, 'l:T06i:i ~ X.>. HMe~ c~e.JtYDIIYil acHMITTOTHKY B 

06JI8CTH, r~e MOEHO rrpeHe6peq:o BnHHHR6M llOT6HUH8JI8 ~A-4 
.... .l. ...\ ..1. 7} X>.- i{?Qc lie :[GcJ.(R) +i { (R)j up(tJ,~"'). (4) 

3~ec:o U ,
1 

- KaHaJIOBBH ~ ( C .= L, <¥, 7.{) 

z/' = Z/I,-M.- = 2_ citLI.: 1.jJ_ItH! IJf: y (Q_.) (S) 
c L<'{Ij M_ff1 M/ M M, '1' o<. LM R 

r_JiHI 'f:. r~e cy lil <X._ BeyTpeHHHe BOJIHOBHe ~ ~oqepHero 

~ H ot.. - 'taCTHI1.li, L - op6liiTa~:oi:IIDi MOMeHT OTHOCHTeJI:&Horo 

~ueHRH. "' 

B <PoPMYJie (4) ~ - orrepaTop aHTliiCHMMeTpRSaUKH: 

" (Z)- %1(J./J- ff2 P ... 91 = 2 z (-} p; 
2 p 

(6) 
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A 

3,ll;ec& p -oneparop nepecraHOBIDI eyKJIOHOB TOJI:&Ko Me.JK.DY o< -

'ffiCT>meii H ~oqepHHM R..JU>OM, rrocKoJI:&I<Y BeyTpeHIDie <l>YHKLUUI f::; H 

r 71 H.f llOJIHOCT:&Kl 8HTHCHMMeTpH30B8Hb!. 
CT.r .\ -L 

<IlHrypHpYI<IIUle B <PoPMYJie (4) <Pymuum ~ (R) H Gc ( R) - cyT:& 

perynnpHBH H HeperyJIRpHaa pa~aJI:&HHe KYJIOHOBCKHe <I>~. 

HMe!OOU1e, H8'l:HHaH c HeKoTopoii ro:um R
2 

, Koropaa JiellWT npaBee 

BHeWHeH KYJIOHOBCKOH TO'lKH llOBOpOTa, CJie~e 8CHMITTOTHKH: 

.l;_~(R) - s irz. ( K:R - L4/2 + ~~YA) (7) 

~ ~ KYA ( /) Gc (R)-- Cos {Kef<- U1/2 + dd ) 7 

-' (. Q ~/-'z) 4
/2. r~e Be~'l:HHa Kc = 2m, c h. , rrpH'leM me - rrpHBe~eHHaH 

" Macca, a Qc = ~ - E ~>t -Eo<. ( Eo( - aHeprM CBH3H o< -

qacr~). ITore~a~:&HaH ~epHaa <Pasa pacceHHRH B q~PMYJie (4) 
!3 ,.,or 

I cJ., ~ paccMaTpHBaeMoro rro~6ap:oepHoro cnyqaa MBJia: 

"0.,. 
j3d <~ f •. (8) 

B <PoPMYJie (4) B CYMMe no c He y'l:HTHBaDrca Bee 3ai<pNrHe KaHanH, 

BB~ HX 3KCITOH8HQn8JI:OHO Ma~OrO BKJI8~8 / 2/ B ~ID )(~ B 

8CHMITTOTHqecKHX 06J18CTHX, HCCJie~eMI:iX ~e. 

ITocKOJI:&Ky B ac~mTOTHKe WYHKUHH )(~ CO~epmaTCH TOJI:OKO 

pacxo~eca B~HI:i, co6cTBeHHI:ie aHeprHH 

KOMITJieKCHH: 

~ B ypaBHeHHH (I) 

£_.~. = so- ,_· r: /2 . (9) 

B o6nacTH R ~ R2 aCHMIITOTHKB <PYHKI-UIH X .x HMeeT mm: 

"[ .). I ~ Ky' ~•r I l X.\ __. ;# ::r. C<c Zlc R ey; i ( K, R -L~t/2 +Sd + j3c.\ )j • (IO) 

ITOCKOJI:&Ky KOMITJieKCHI:iH BOJIHOBOR BeKTOp 1<). 
c ~ CJIY'18R 

5 

,-

(" 



r; << IQ// 
paBeH 

"' 'f) " '2 r 27J "' 'f) " . I'd "'/ ~ Kc = .A€ Kc - l m ~/l ./1.€ Kc =fieKc +l 1;,. ..ttef<c //~/,(II} 

TO B B~Pa•eHKH (10) IT08BJIH8TCH pacxo~a.aacg 3KCITOHeHra, IT03TOKY 

~ X.>. onpe,ll;e.mn.t 1Ilfiiil> B To:ii oelJiaCTH sua'lemdl: R 
r)l;e ~noJIHffeTCH ycJIOBHe 

R ..7m K-" << f c 
HJIH R/.Jte ~-~ << f/ 0., (12) 

KOTOpoe ecTeCTBeHHO C TO~ speHHR BpeMeHHoro qJopMBJIH3Ma / 2/. 

B tex CJIY'IB.IIX, KOr,ll;a 3TO He Bl:l3HBaeT H6,ll;Op83YMeHJidt, 

oelosua'leHHe K c Cly,ll;eT HcnoJI1>30BaHO ,ll;JIH Be.llH'UIHI:l Ae KcJ.• 

0rpaHH'IHMCH · HIDite paccMOTpemreM TaKKX cocTOJIHlrll: X.>. , ,ll;JIH KoTo-

R2 • pHX YCJIOBHe (12) 38B6,ll;OMO ~nOJIH6HO B OKpeCTHOCTH TO~ 

* PaccMoTpHM ypaBHemre lllpe,ll;HHrepa ,ll;JIH ~ ~· : 
-If * lf-

HX..I' == £>-.J>.. (I3) .. 
YIIHOltl!M cJieBa ypaBHemre (I) ua X>.' H ypaBHemre ( I3) ua X.>. 
38T6M BH'IT6M H3 BTOporo pe3yJILT8T8 nep~l H TipOHHTerpHpyeM 

no o6"LeMY MHOroMepuo:lt c:qJepu R ~ R 2 • HcnOJILsySI cBOICTBO 

3pMHTOBOCTH TIOTe~aJia Vo( A -4 t ilOJIYlDIM 

( £;_,1(- ~)/X.).~ X~ dr =-2~ L (Kc>. +KCJ.'*jac.lac"'*.. 
I(~ R2 c • (I4) 

. r ~or "•T (\. ...,... (\- KYA l R .l *R 1 
"' exp '~-lj3c>. - /d' + Od -oc.i' + Kc z - Kc 2 t 

r)l;e dr = R2,;/RdQ~ c/7- , npzqeM 7- - nOJillllid ua6op BHYTpeu-

HHX nepeMeHHHX o(_ - 't£8CTIIIUl H H,ll;pa (A-4) ,3aMeTJD4, qTO 

qJQ.PMYJia ( I4) qaKTH't!ecKH &KBllll8JieHTua ypaBHemw HenpepllBHOCTH 

)l;na uecTa~ouapuoro pacrra,ll;Horo cocTOSIHHH c rpaHH~ yCJIOBHeM, 

nO,ll;06HliM YCJIOBHD (IO) /9/ • 
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Bae.n;a ycJIOBHe uopMHpoBIGI ~if X>. B oelJiaCTH R ~ R2 

j I X). I 
2
dT = 1 , (15) 

R~R.z 

.1!3 qJQPMYJihl ( 14) nO.IIY'illM COOTHOIJleHHe: 

r: = Zf'- 2i<c"lm)IQcJ./ 2 

.A c 
(16) 

EcJII1 Tenepl> npe,ll;CT8BHTb ITOJIHYIO III.IIP.IIHY G '!epe3 CyMMy rrapUH-

8Jil>HHX III.IIpHH paCrra,I(a B OT,ll;8Jil>HH~ K8H8Jihl C 

r;=Zf;c 
.>. c 

TO KO&rixJjmU!eHTH Q'c MOlKHO Blip83HT1> 

(17) 

qepes BeJrlll't!HHI:l f;.c 
.A ,/ .I /, ..1 

ac :::::: y f;c Kc /2 Qc (18) 

B CJIY'!ae .>. :/- .A' MO)l;yJil> HHTerpaJia j x":x" clz-
eCTl> BeJIH'IHH8 no~~ r;. II EJ." - E).~ I 1?~ Rz 

, KOTOpa.A: ,I()Iii 

HCCJI8)l;y6~ no,ll;ClapbepHHX COCTO.A:HHH ropa3,ll;O M8Hl>III8 I, 'ITO 
¥ 

oelecne'IHBaeT opTOroHaJil>HOCTl> <J>yru<UHH X). H x).. . VIs clJOPMY-

JII:l (16) aBTOMaTH'IeCKH Bl:lTeKaeT opTorouani>HOCTl> clJyHKuHii X). H 
erA"' 

CT8UROH8pHbiX <J>yru<UHH X). 
..1 

KaHaJihl ( Qc < 0 , r;c = D 
, CO,ll;epEa~ TOJil>KO 38KpHTli8 

) • ITo&TOMY QYHKUHH X_,~. MOlKHO 
CTAJJ, 

HCITOJI1>30BaTl> ,ll;JIH paclll.IIpeHHR 6asHca cocTo.A:HHi1 X>. , KaK 

&TO 6ano C,ll;enauo, uarrpHMep, B pa6oTe /IO/. 

HcrroJII>3Y.A: TeopeMY fpHHa H qaKT pesKoro sKcrroHeHURaJI:DHoro pocTa 
). 

il>YHKUHH ·G c ( R) npH yMeH:&IlleHM R B rro,ll;6apbepuoit o6JiaCTH, 

MOXHO ITOKa38Tb, '!TO YCJIOBHe HOp~llipOBKH (15) OCT8H8TC.A: B 

CHJie H rrpH saMeHe pa,ll;HYca o6pe3aHH.A: R2 Ha pa,ll;HYCH R, 
,I(JI.A: KOTOpHX BHIIOJIH.A:8TC.A: YCJIOBHe: 

Gc>. ( R
1

) >> :7;_).( Rt) (19) 
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3aMeTHM, 'ITO ,1Vlfi ,nOCT8TO'IHO T.fDKeJIHX .H,nep, KOr,na CIIpaBe,n;miBO 

COOTHOIDeHHe: 

p/'r~J R8 >> t , (20) 

A 
r.ne Pc rv- KB83HKJ18CCR'lecrudi m.mync, pa,wc Rf MOJKHO 

CM6lijaTI:. BO BizyTpeHHJOK> 06JiaCTb BIIJIOTb ,no B6JIH'IHH, 6JIH3KIDC K ~ , 

r.ne R8 cooTBeTCTByeT IIOJIO~ImJO MBKCHMYJ&l KY~OHOBCKoro 
6ap:oepa. 

Tor,na npR yqeTe ycJIOBRH (I2,I9,20) MOEHO npeHe6pe'l:& 

MHRMUMH qacTHMR ~~ii X~ R BBeCTR B paccMoTpeHHe B o6JiaCTR 

0 ~ R ~ R_, ~~ X). , coBua.na.KlllRe c ,ne:licTBRTeJI:&HllMH 

qacTJIMH @rHKIUiii X.x • ~RKI.UHl: X.). y,noBJieTBOpil!OT ypaBHeHRKJ 

llipe,IU1Hrepa (I) C ,neHCTBRTeJI:&HOii aHeprzeii S 0 
, HOpMRpoB8Hhl 

Ha e,IU1HHIJY z RMellT CJie,nyiaeyKJ acRMTITOTRKY IIPR R- R1 

- A I!=K~ 2{ .l 
X)..-- sfl2 ;Qf R'Gc(R) • (2I) 

c c 

3TH ~YHKIUIH, KBK H ~~ x~ , COOTBeTCTBYJOT ~R3H'l6CRHM 

pe30HBHC8M'CHCT6MH R 6y,nyT RCIIOJI:&30B8HH B IIOCJie~eM p8CCMOTpe

lmH. 

2. CB.H3:& B01lHOBoii dJY1ug.um WCCe.H!m.H H dlYJOOUdi X,~, 

PaccMoTpKM sa,naqy, o6paTHYKJ o( - pacna,ny, Kor,na HB 

,noqepHeM .H,npe (A-4) pacceHBaeTC.H eX.- '!BCT~a. BoJIHOBB.H ~ 

pacce.HH.I:!.H ¢ , COOTBeTCTByJCII(a.H II01IHOMY CIIHHY .1:! ero npoeroum 

~- Hi H HOpMRpoBBHHafl Ha J- ilJYHru.nm no aHeprHH, 

y,nOBJI6TBOp.H6T ypaBH6lmJO Illpe,nHHrepa: 

H¢ = £¢ (22) 

8 
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.1:! KMeeT C~e~ 8CHMIITOTHKY: 

¢ - ; ? 2 ~ f!i U, I( G, - i J;) ~co -s::o ( G, + '~)] 

a,~;ecb Co = { L0 ~o I_/ j - BXO,nHOH KBHBJI. G .1:! .t;; c 

(23) 

HeperyJillpHafl H peryJillpHB.H IcyJIOHOBCRHe ~H ,nJ1ll aHeprHH Qc , 

a sc; -MaTpH"'HHDl: aJieMeHT smepHOH $ - MBTPHnbl· 
0 

Orpa!m'IRMC.H paccMOTpeHReM CJIY'lafl, Kor.na aHeprH.H E 6;msKB 
0 

K aHeprRH i:r o,nnoro .1:!3 ~3.1:!'!6CKKX pe30H8HCHHX COCTOHHMH 

)(r , paccMoTpeHHNX B I pas,neJie. 

ITo aH~OrHH c f? - MBTPR'IHHM rro,nxo,noM BHrHepa-AllseH6y,na/II/ 
~ 

BBe,neM 6asKc ,neiiCTBHTeJI:&HHX ~YHKI.Ul:ii X). , y,noBJieTBOPJIKII!HX 

ypaBHeHHID Illpe,nHHrepa: 

H~=E/X).. (24) 

B KB qecTBe rpaHH'IHOro ycJioBH.H ,nJ1ll @rHKIUm X .l o6u'!Ho HcnoJI:&

syiDT onpe,neJieHKe JIOrapH~'leCKOH np0.1:!3BO,nHOH KBH8JIOBOH p~:&

HOH qiyHKium B HeKoTopoii TO'!Ke R0 (pa.neyce KBHBJia) B BH,ne 

KOHCTaHm Be , He saBHC.Hilleii OT KOHKpeTHoro cocTCl.HHR.H .A • 
TaKoe rpaHK'!Hoe ycJioBHe cpasy nosBoJI.HeT o6ecne'!HT:& opTOHOpMR

poBBHHOCTD <PYHruu!ii X.). : 
j X: z, oh = S ).),' • (25) 

R:$:R0 ,_ 

3aMeTKM O,nHaKo, 'ITO aHepnm E>." paccMBTPHBBeMliX cocTo.HHHii 

X). CYJll6CTBeHHO 38BRC.HT OT B!i6opa BeJIH'!HH Ro R Be • 
l!To6u o6oltTK aTy npHH.UHIIHBJI:&eyJO .1Vlfi R - MBTPH'IHOlt cxeMH 

Tpy.nnocTb, B!i6epeM Be R Ro Tarum o6pasOM, '!To6u cpe,nH 

HB60pa COCTO.HHHH x.l HBXO,nRJIOC:& K ~3H'l6CKOe COCTO.HHHe ~ • 
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EcJIH Y'!8CTb ac11MIITOTK'!8CKOe noBe,JJ;eHRe ilJYHK!l;lm xr (21), 

MOXHO y,JJ;OBneTBOpKTI. llOCTaBneHHOMY BHme ycnoBKD CH8~ 

onpe,JJ;eneHReM 8 c K Ro 

Ro = Rt 

B = R c/GJRf} 0 (R J/ 
c 1 dR /<:c 1 

E=£ 0 

r 
llpR TaKOM BH6ope Be H Ro IIOHY'IKM, 'ITO 

Eo== £0 
r f' 

Terrep:E. KCIIOHI.3Y8M CTaH,JJ;apTHOe onpe,JJ;eneHKe 

Rcc' = L i>.c~c'/(Ey.0 -E} 
J. ' 

r,JJ;e V - aMITHHTY,JJ;a rrpHB8,ll;8HHOa ID:I'Ip:I'IHH: 

(26) 

(27) 

X"'=l R r r 

R - MaTPKil/2/: 

(28) 

OAc 

v == ('- 2 R'i%.1;')f/'2{J)Y2Juc"f:oi'foiQR • (29) 
OJ.c 2h1.. { ' R=R1 

,1WI aHeprRR E _,. E/ R - MBTPHIJY (28) npe,JJ;cTaBKM B BR,JJ;e: 

R "'r-1 o a 
cc' = J/.c r;,,; (~ -E) + R,,, , 

PaccMoTpHM ,JJ;anee cny'!aii, Kor,JJ;a ,JJ;JLfi niJ6ux c 
1 

0 

Rcc' ~ << :f, 

r,JJ;e P:: - <lJaKTOp npommaeMocT.t/21: 

R_ = K, Rtj{GJR1)} 2~=Eo • 
l' 

(30) 

(3!) 

(32) 

llocKoJII.Ky ,JJ;JISI cny'!B.H no,JJ;6api.epHUX aHeprRil E BeJm'!HHa !;_ ..::..:: I, 

ycnOBHe (31) Bcer,JJ;a BHITOJIH.H8TC.H, '!TO ll03BOJI.H8T npeHe6pe'!I. 
0 

BenR'!HHOil Rcc' B (30) ii oocnon:b30BaTI.C.H npH6mmeHKeM H3o-

DpoBaHHOro ypoBH.H ,JJ;JLfi ~ - MaTpiiU,U /2/: 

~ ~~~ ~ j s: = ~XPji(l{ +~ J}1S. _ i (l(.c} (f) (33) 
CD I 4 

D ceo -- ' 
E -£;."-tJ./E) + z'r,. /2 
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t 
I 

r,JJ;e 
;;, = 2 R (Rf) ~2 

(Rf) (34) 

>.f = a>tctj (~(R1J/GJR~J} . (35) 

C,JJ;BHr ypoBH.H L1~ (~) onpe,JJ;eJI.HeTC.H WOPMYJIOil 

L1 (E) = - .Z v (Rf) R, rG;/~ - (G';J/G~'} (36) 
f' c ore {' c f<=R, 

K OKB3HBaeTC.H paBHHM HYJilll npK E = E/ 
llpOii3BO,ll;Ha.H tc £1

1
.(£) /£=£.o cymecTB8HHO M8HI.ID8 e,JJ;RHKI.I;I:l B 

!" 
CKny ycnOBK.H (20), BaXHHM 06CTO.HT8JII.CTBOM, KOTOpoe H806XO,ll;HMO 

OTMeTKTI. B cB.HsK c WOPMYno~ (34), .HBn.HeTC.H TO, '!TO BeHK'!KHH 

t;c (34) COBll8,JJ;alDT C BB8,JJ;8HlmMK B nepBOM pa3,ll;8H8 !fm3:1'1'!8CKRMK 

napUKaJII.HHMK mKpiiH8MK r;, (17). B aToM .nerKo y6e,JJ;RTI.C.H, 

ecJm no,JJ;cTaBHTI. B WOPMYHY (34) npHBe,JJ;eHHYD IDRPKHY ft., (R,) , 

paCC'!KTaHHYJD no WOPMYHe (29) c zcnoHI.30BaHKeM ac11MIITOTK'!ecKoro 

BR,ll;8 cWHKI.Um x;. (21) • llpeHe~era.H B8HR'!KH8MR ¢, K !J.I'(E) 

B <lJOPMYJie (33) R Y'!iiTHBa.H, '!TO r;., = /j.c , npe,JJ;cTaBHM S -
MBTP.IIDY B BR,JJ;e: 

.f/z ~2 
i(f,) rr;,J_ 
E- £;.." + • ;;. /.2 s,: = ~Co (37) 

llO,JJ;CT8Bnfl.H (37) B (23) H BOCllOH:b30BaBIDKC:b ycHOBH8M (19), 

UOJIY'UIM CJ18,JJ;yD1188 Bllp8llt8HK8 ,JJ;JLfi aCHMITTOTKKii W"HKI.Um paCCe.HHii.H 

¢ B o6JiaCTH R ~ R1 

A.. iz (!.. /: ) fz!/K; GJR)I£-E.o+ir./2 7~' 
'f' _. c rc., rc fii"Q;_ 2 R L£ "/' !' J • (38) 

CPaBHeHKe lfx:>PMYJW (38) c WOPMYnoid (2!) nosBoJI.HeT c,JJ;enaTI. BHBO,JJ; 

o coBna,JJ;eHHH cWHKI.Um pacce.HHRR. ¢ c qJyHitruieit X1 BO Bceit 
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06J18CTH 0 ~ R ~ Rf c To'UiocT:r:.ro .n;o MHOJKHTelill, He saBHCHl!lero 

OT R 
-f-¢ - flj.c.hn (E-E; +i;;_/2} XI' • (39) 

~OPMYJia THrra (39) xopomo HSBecTHa B R - Ma.TpR'UIOit TeopRR 

,lWl rrpH6JllUtelillff RSOJIHpoBmrnoro ypoBHll 121. O.n;HaKo B R - Ma.TpRq

HO~ CXeMe OTCYTCTByeT KpRTepRR ,I.(lil1 BU6opa rpaHH'UIOro YCJIOBRH f?c 
R pa.n;HYca KaHana Ro , rrpRBO,nfflllHR K CBfl3R qJy"HKrum pacce.liHWI c 

WH3HqecKOH wYHKUReH pacna.n;Horo COCTOHHHH xr 

3. llHTeroaJIJ:.Ha.fi ibooona 1lJI.fi rrapl!HaJI:r:.HHX IDHpHH. 

CornaCHO BaTCOHY H rox:r:..n;6eprepy 1131, ypaBHeHHe ,lWl 

WYHKUHH pacce.liHWI ¢7 , CBfl3aHHoit c BBe.n;eHHoit paHee ~eit 
COOTHOIDeHHeM 

¢ ¢ lLXf> (- .. <("") (40) 

.lfMeeT Bla",I{: 

¢ = j~ tcca +i(fE-flo+illfV..A-4+fitZ~)}Cfi, (41) 

r.n:e 

~ =j~Zic/R, (42) 

npHqeM jc - HOPMHPOBaHHM Ha 

qecKM fllyHKD;H.f! EecceM, a 

S'- <WHKrum no aHeprRR cfllep:a-

Ho = Ho( +H .. --~ + ~
(43) 

PaccMoTpeHHe acRMIITOTKKH ypaBHeHRH (41) rrpRBO.n;HT K cxe.n;yromeMY 

orrpe.n;eJieHHID ITOnHOit ;; - MaTpRD;H: 
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sec.= ~c.- 271i < .J ( ~ /lCtA-4 + t:~:J I¢>. (44) 

HeCKOJIJ:.KO IIO.n;p06Hee OCT8HOBm.!CH ~ CM!Wlle orrepaTOpa 8HTRCHMMeTpH-

38LUm B tPoPMYl18 (44) • EcJIH 0603H8ql{TJ:. KOOp.n;HHaTH ( 7.· , S,- ) 

HYMOHOB B .H.n;pe A HH.n;eKcaMH f 1,2 ••• ,A} , TO BTopo:li 

qxeH B tlJc>PMYJie (44) npe.n;cTaBnaeT co6oro CYMMY IIP.flMOH aMIIJIHTy.n;H, 

,I.(J1ll KOTOpO~ o( - qacTHUB RMeeT KOOp.n;HHaTH £1,2,3,4 S 
H BCeX 06MeHHHX 8MIIliHTy.n;, ,lWl KOTOpHX o( - qacTKUa HMeeT 

Ha6opH KOOp.n;KHaT, OTJIHqaDU~HeC.fi XOT.fi 6H O.n;HHM HH.n;eKCOM OT 

Ha6opa tl,2,3,4} • Ka~ R3 3TRX aMIIJIHTy.n; BllqHCJI.fieTC.fi 6e3 

aHTHCHMMeTpR3aqHH B KOHe'UIOM KaHaJie, a 3WWeKT 8HTHCHMMeTpR3aUHR 

npoaBJI.fleTC.fi TOJI:r:.Ko 6naro.n;apR cynepnosKUHH IIP.f!MOH R o6MeHHO~ 

aMIIJIRTY.n:. ITpR 3TOM HHKaKHX .n;onoJIHHTen:r:.HHX RCRaEeHH~ WYHKUHH 2tc 
-:-

R )c HS-Sa BJIRHHRH aHTHCID/IMeTpR3aUHH B BHXO,I.(HOM KaHaJie .n;enaTJ:. 

He CJie.n;yeT .n;aEe B cnyqae MaliHX pacCTOHHHH MeE.L(y D;6HTp8MH T.f!E8CTH 

o( - qacTKUH R .n;oqepHero .fl.n;pa. 

EcJIR Tenep:r:. yqecT:r:., qTo WYHKD;H.fl ~ HBJI.fieTC.fl IIO}IHOCT:r:.ro 

aHTHCHMMeTpHSOBaHHOit, TO S - Ma.TPKUY (44) MOEHO nepeiiHCaTJ:. 

B BH.n;e: 

~ ). rz KYA - ;\f Z 

S = g -2J<i<~f~A-~+tA-<~f¢>~~ ~. 
cc, cc. (45) 

ITpeae6perM nolillpHSYDIIIHM B}IRHHHeM KYJIOHOBCKoro BSaRMo.n;eitcTBRH 

V
KYA 

olA-4 Ha BHYTpeHHHe WHKD;HH o< - qacTID.U:l :a .n;oqepHero .fl.n;p8, 

MOlltHO B!ipaSRT:r:. WHKUHKJ '::f;_ qepes ilJYHKUHKJ /c =F.: 21,/ R c noMOl!U>Kl 

ypaBHeHHH: 

_f "'"" ../ 

J:_ = .1' - ( E -flo +it} ~A-~ fc fc , 
(46) 

r.n;e 
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Fe = fKJ7iQc 7; ex? (i ~"Y") .= i; exp (z ~"Y) • (47) 

Tio~cTaBnBH (46) B (45) R Hcrron:osyR ypaBHeHRR (41), rrony~ 

cne,IJyl<Xllee B!lpa!KeHHe .IVUI 5 - WJ8TP¥1Uli: 

$ = gc (f- 27Li <~lt;:;;Y' >)-27it<i1/~~-i/¢> (48) 
Cc

0 
C

0 
fc , c (1 • 

Y'll'l1'hiBaR, 'ITO KYJIOHOBCICaJI S - MaTpHu;a orrpe,D;eJIReTCJI cooTHome

IDieM 

$ K = s (1- 2Jii <;:ItA":; /~ >) =- sec ex?fzl(t,"y"+~"y•J] (49) 
cc

0 
CC0 o o t 

ITOJIHYD ~ - MaTpHJJ;Y (48) MO!KHO rrpe~CT8BHTb B B~e: 

Scco = ex?/t((: (y')j(~c. -211,· <.j!l'cl~~-)/¢>e><;-'f.<(~K;_4.""?}:5o) 

0TC~~a rrpH yqeTe COOTHOllieHHM (40) H (47) rrony~ cne~~ 

q;.opNJYJIY ~JI.fl ~epHOH S - MaTpHJJ;hl: 

J/ "!i'u.; j'l¢ $_ = g - 21t><~~~ ~A-4 /' > • 
c~ c~ R 

(51) 

Tio~cTaBnBH B (51) BHpaJKeHHe .IVUI rpyHKl.l;ID'l ¢ (39), cnpaBe,J.VIRBoe 

BO BCeM o6naCTH ,ll;eHCTBHJI ~epHoro TIOTeHJJ;H8JI8 ~A-4 H Cp8BHH

B8R rronyqeHHOe BhlpaliteHHe C q;.opMynoH (37) ~ S - MaTpHl.l;hl, 

np~eM K HHTerpanbHOH rpopMYne ~ IT8pl.l;a8JI:OHOH mHpHHU l::c 

t:c = 27L ~~; ~~ Vc ~~A-j/ X;_ > 12 • (52) 

TiocKon:oKy cilYHKUHJI X_,~ rronHOCTb~ aHTHCHMMeTpHSOBaHa, umpHey f;.c 
MO!KHO rrpe~CT8BHTb B B~e: 
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( z J(H}j .'fVc I I - 12 r;c =271 2/(2) < R ~A-4 X..~> . (53) 

WOPMYJia (53) He co~epuT ImKaKIDC CB06o,rurux rrapaMeTpoB THITa 

pa.n;eyca KaHaJia Ro R 6JIHsKa no JIYXY K <tJOPMYJie wew6axa .rvm 
He~TpoHHHX mHpRH pacrr~a KOMDBYH.zurux cocToHHHH /13/. 

PaHee B pa6oTe lapa~ R Paymep 1141 c rroMOmbD MeTo~a 
KasRMRpa 1151 6ana nonyqeHa cJie~ RHTerpaJI:OHaR WoPMYJia 

~ naprtRSJI:OHoii umpHHbl o< - pacna~a: 

r: -2~(~ Jj..V)j< X.: Zfcj){; _ ~o_..,-Rll v >/2 
..lc - II 2)( 2) R OIA-4 o< I' J(/1,1 ' 

(53) 

r~e .f'c (R}- HOpMHpoBaHHaJI Ha S'-wYJIKIUUl ~an:oHaR WYHRUKR 

OTHOCRT8JlbHOI'O ~.HlteHRR o( - 'lBCTID.Ui H ~oqepHero ~, B38HMO

~eiiCTBHe KOTOpHX BKJID'lBeT H ~epHH~ OITTR'l8CKHR ITOTeHu;aa~ 

~oM ( R). ~PMYJia (53 ' ) cpaaxqecKH aKBHBaJieHTHa <tJOPMYJie (53), 

O~KO B CHJIY HeyCTOI'IHBOCTH, CBff38HHOI C yqeTOM ~epHUX HCK8-

llteHHI B BWCO~OM K8H8Jie, ee npRMeHeHHe B KOHKpeTHUX paC'IeTaX 

OK838JIOCD H8ITJIO~OTBOpHHM / 14/. 

ECXH BBeCTK pa~8JlhHfD ~ KaHana 

) ~ 1')f2 -
Tf{(R) = R(} ({; < uc/XJ. >, (54) 

'1'0 {flOpMyJIY (53) MODO nepeiTHC8TD B BK.Ite: 
R~ 

1 12 

r;c = 277/ j J: (R) Y(R)7J{/R} c/RJ , 
0 

(55) 

r~e a@leKTiiiBHWt noTeHiniaJI V(R) , onpe~eJliieTCJI cooTHomeHHeM: 

)\ -
V(R) = <~{tic /~A--1 II X;.> /71{ (R) (56) 
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YtiHT~Ba.fi, tiTO B mmy (21) 1JyHKr.J;IDI )/[ (R) HMeeT CJie,rr,yiOOzyiO 

acm,IIITOTHRY: 

11[/R~R"') =. (r;cKcAJ2Q<-~ Gc>.(R) ' (57) 

BBe.n;eM rpyHlti.UiiO 71{ ( !<) COOTHOmeiDJeM: 

- -f/z 
(/[ ( R) = ( l>.c K:/2~>.) 71{ ( R) (58) 

rrp:HtieM - .A 7.j( ( R-;?R,) -;:> G ( R) 
c c • (59) 

llo.n;cTaBnHH (58) B (55), TIOJIYtiHM CJie.n;ymmee BaXHOe YCJIOBHe 

HOpMHpOBRH Ha RaHaJIOBYJO iJIYJiKU11IO "V{ ( R}. 
>. Rt 

Kc /1£(R}V(R)T_ (R}dR = f • (60) 
Q ..\ c c 

c 0 

Ero MOXHO HCITOJih30B8Th .n;JIR I!poBepKH rrpaBRJihHOCTH ITOCTp08HHff 

tlJYHRLI;HH 7.f'; ( R) B JIIo611X MO,JJ;eJI.liX. 

Y.n;oOHO BBeCTH 6eapa3M8PHYIO q,ymcu,ruo o(: ( R o} ,n;JIR Ro~ Rt 
Rt 2 

eX: (R
0

} = /;~>. /?f; {R) V(R}7; {R} cfl<} 1 (
6

I) 
c R0 

He 38BHCHIIIYJO OT ROHRpeTHOro 3H8'18HKII IIapUJffiJihHOH mRpR~ r;, c 

rrpHti8M B CHJIY COOTHOill8HHff (60): 
o< 2 (o)==1 

c 

ilpHBJieKaTeJihHOH OCOOeHHOCTh!O <lJoPMY~ {61) Jffi111IeTCH TO, 'ITO 

C ee ITOMOmhJO MOXHO TIOCJI8,JJ;OBaT8JihHO 8H8JIR3HpOBaTh BRJia~ B 

lliRPHHY 0.c , CBH3a~e C pa3JIH'1~ OOJiaCT.HMR rrepeMeHHOH 

( Ro~ R~ Rt ) • 
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3.AKJimEHI1E 

B KJIBCCR'!eCRHX pa6oTax KaaHMHpa /I5/ H MaHra /16/ .n;JIR 

OITRC8HHH pacrra~ COCT~ HCITOJih3yeTCH <lJopMaJIH3M 1 B KOTOpoM 

BOnHOBaff ~ CHCTeMH y,n;OBJieTBOpHeT HeCT8~0H8pHOMY ypaBHe

HHD llipe.n;KHrepa H B H8'1anbHHH MOMeHT BpeMeHR COBII8,JJ;88T C BOnHQ

BOi ~ei rrpHroTOBJieHHOro COCTORHKH. He,JJ;OCTSTKOM 9TOro 

ITO.ll;XO~ HRna8TCH OTCYTCTBHe CTpororo KpRTepHH ~ ITOCTpOeHHff 

9TWC rrpHroTOBJieHH!lX COCTOHHRH. ~OpM8JIH3M, pa3BRTHH B~e, onepRpyeT 

C i.{lyHKIUUlMB, HMeD!lHMH O,JJ;H03HatiHOe M8T8M8TRtieCKOe onpe,JJ;eJieHRe. 

B tiaCTHOCTH, qiyHKI:Um X>. , aqxpeKTRBHO cooTBeTCTByDIIHe BOnHO~ 

~ nparoToBJieHHHX cocTOHHRii, o6na.n;aDT ~3RtiecKH ecTeCTBeH

HNM IlOBe,JJ;eHHeM H8 60JihmHX paCCTOHHKHX 1 tiTO TI03BOJIHeT OUeHRBaTh 

3H8tieHHe 8CHMITTOTHtieCRHX 06JI8CTei B <lJoPMHPOBaHHH mHpRH pacrra.n;a. 

llpe,JJ;JioaeHH!lit anrrapaT npmro.n;eH ~ mccne.n;oBaHHH pacrra~ AlHoro

tiaCTR'1HllX ITO,JJ;68phepHUX K883RCT8~0HapHUX COCTOHHRH He TOJihKO 

nolL -qaCTHqHOMy
1

HO H ApyrHM KaHana», CBH38HHYM 1 HaTipHU8p 1 C BU

JI8TOll p 1 cL 1 i H Tollo 

HaKoHeU, rron:ytieHHHe ~e <lJoPMYJW. B8CDM8 aqxpeKTK~ ~ 8H8JIH38 

mKpKH O,JJ;HOtiaCTKtiHUX KB83HCT8~0H8pHHX COCTOHHHH H ~KTOpOB rrpo

HHU88MOCTK1 yqKTbiB8DilHX H,n;epHble HCRalleHHH. 
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