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4. ,UByxrreTJieBoe rrpH6JIID1teHl!'.e 

a) Bhr'IllCJieHl!'.e .iumrpa.MM, KOHCTaHT rrepeHopi..mpoKR 

H peHOpMI'pymIOBl:lX W~ 

ilpo~OJlllGIM HCCJie~o:BaHHe CTPYKTYP~ .rrponaraTo:pa noMepoHa B 

reopHH B03MYJ11ellltii. PaccMoTpHM .l(ByxneTJieBOH BKJia,,ti B qlyiiKqHro 
1·1 

I'pmra IIOMepoHa r' . OH EMeeT BH,IJ;: 

-Ee, Ka 

L4Cl. = L:lib= 

2:4 = 2 L.4Cl. + 2 ~Lib . 

E:- e:, 
j(" .. ~ 

§.:_j.4.I) 
k 

( 4.2) 

CorJiacHo npaJmJIB.M pe,nxeoHHo.tt .rr;a:arpaMMHoli T.exmnm (P,llT'), :11s­

JioxeHHott B, rJiaBe I, MR 2:. 4 a. HMeeM 
. ' z: ........... Z: eJ ~0 (E•~ 1 -.30.)_l;0 ci 0 (2K,+(K-K,)) d\ d,E 
2 E '<o e ' ' ~o.. == - 4!ff e e!if~ i. 

( 4.3) 
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L e (E 1 , K~)- 61:!. 

(-E, +Oo +d~ K~ ) t {-E + E, + o.+ cl~ ( K - i(,) e) 

B (4.3) L. 2. - 0 !::. o6o::ma"laeT O,Itd0ll0TJl0By!l ~ Ha (3.2) 

H peryJllf.PHaymtldt ee KOHTp'Ul0H. Ha (3.1) KMeeM 

'<;""' - fo (E -.S . -ol~ K
2
) 1 ~ 

µ2-0Ll::(E-ol~K 2- 8o )e - i. r · (4.4) 

r'•f e 
r;ite LI ;ItOJllltHO 6HTb pa3JI021t0HO B PfI,11: )tO '!Jl0HOB llOPfI,l'.U(a Zo 

IlOJIY'l0HHOe BHpaliteHHe ;ItOJllKHO 6HTb IIO;ItCTa.BJl0HO B ypaBH0HlI0 (4.3) 

H npomITerpzpoBruiO. )J.JJJI E tib oTBeT llOJIY'lB.0TCSI 60J1ee npocTHM. 

3aml:caB ~ no npa.BJ.LllaM P.UT H .i;r;eJiaJl no;o;cTaHOBKy ~ettHMa­

Ha. , IIOJIY'laeM HHTerpaJI, KOTOpm MOmIO BH'DilCJmTI:. 1DICJl0HHO. 

JJ.Jm )taJ!bHettumx peHOpMrPJilIIOBHX pac'leTOB HYJIUIH ~ z ~ ' 
ItOTOpHe B ,ItByxil0TJl0BOM np11:ckmtemm aammiyTCSI B CJI0.nyDll0M mi:­

.i;r;e: 

i!. ) . 
.f l3o (O ~ 

z3 == 1 - 169! a. + <8J f, (4.Sa) 

c. 
.1 ~o (ol 4 

z2 ::l.3(1- 32!fQ. +~oft ) I (4.Sb) 

Z.s .. (1 
Q. (0) ,, 

~o Fo) (4.5c) 

J . 1 (o) ~ 

9J"b+t q ( 4. 5 d) 

(o) 
llo DOQX 3TBX BHIJEllt0muIX: BH,lt0KC ( 0) ( Q 1rnc 

( n) 
I J ) o6os:sa11aeT ~ 

llTO B HHX CTOJIT Po JI( h. 0 • H nplll nepo.t0,1\11 ll lll(UINL\T0.lll>HlDI BH-

4 

pallt0HHSM He06XO,nHMO C;IteJUlTL nepeHOJUIPOBKy STHX BeJllil1DIH no cfloJt 
MYJJaM (3.35)-(3. 37). 

Ha ypa.BHelild!: (2.8)-(2.IO) H (I.30) JDl0eM 

-f 

f --~~.LI 
- Q ~ a E ~ e • - e" ' 

<f 0 1e t ,. I<~ 

(4.6a) 

f a.·: 1 a ~ I 
a= "f" ct0' 8Ka L..'I E=-E11 > 

• 1<l: k:~ 

(4.6 bJ) 

-1 

f 6 :: ~~ a: L 41 E = - E ti 
ifo Kt: I<~ > 

(4.6c) 

( "'")~/2 1.21 d=~ fs E=2E 1 =e.Ea.=-:_Et1 
io K = 2 ~, = e K2 = K" 

(4.6d) 

r.1.2 
r;o;e 5 - nepminmaa ~ mrroro IIOpil;o;l<a no 'lo • Hs YJBB-

ueHd (4.5) 11 (4 . 6) Bltituo, 'ITO Ha CaMOM ;o;eJle iiymm ue CaMa E , 
<!. . 

a ee npoll3:BO.ltlllle no E , I< K o . Ha p11c • IO no:i<a3aH!i !fJymw;lm 

f ' f~ ii h nPH pa3JllAJmX 3Ha'lemmx: h ' p H "f r-1 • Bee ST!! 

npoH3BO.ltllll0 l!IMeDT BH;o; ,JtBOttmix HHT0rpa.7lOB, KOTOp!le BWmCJJmmCb 

'D'ICJteHHO Ba 3BM. 
1, 2 

PacCMOTPHM TeIIep:& ,JtByxneTJieBJll Bep!lll!HByJl ~ rs . 
Olia. HMeeT :BlJ,D; 

f:1,2 = r 1.a + r, 1,a + 
5 I v G 

r 1. a 
IS ' (4. 7) 

( .. 2 ( A + A+ A +A + A +Ai (4.8) 

li 



· (" ~ 2 ( A · A . + A J 

r1,2-
s - A+A+;A 

(4.9) 

(4.IO) 

!lo aHanorHJrI c pa6oTaim [26,281 BBe.n;eM cJ!e.nymt111e o6osHa'leHlUI: 

a., ,c =- ~ ~ ~ex - ~ dKa + eK - - -b ' a I _ia J d2 a ' a J,(d,e,f) (EJ 5r ~ P{ ~,. E,/ , 2 fK,_KJ}· 

( 
p ol 1 i!. ) - 1 p cl. I 1_ ;, ( 

. Q+2+2E K, (b+2~2TKJ C+ 
N N 

(4.II) 

3 . ol 1 2 <. -+- --: )-1 
+liP+2.~·(K1 +K 2 -K,Ka) . 

J (a.,~. c) ::: -.l_ J ( a., t, c ) 
2. d,e,f ac 1 d,e,f 

(4.12) 

IlOJIY'{.ilM 

~~N ~ 
1,e= 'Zo~.4 r' qice-2; fe?>'"(1+aP)_ . - :'>~rt -

~1 (2S)'/a J (4-l((~-p)}t2-x(~-f l El[ I.pc (3 

-x(~- ~ P))]- e{-~"(1+~)Ei[ - ~"(~ _ 

'- x(2. - i p))J1 e- ~. (3 EH dos0
) 

(4.13) 

t; 

... 

'i . i 1 I 
[; 1 '~ 'lo 9. [I (a . a ' 1 ) - I ( 11 a ,1 )] - '0 r~ EN+ 9cS'.) 

IJ°a (25ifh . 1 4 I 3, 2. 1 4, 3, 2_ e I 

(4.l4a.) 

1.a a~ · 1 1 s 
[; =~ [J (2'1'2)-J (1,1,1)] -'W.(2E11+loo) 

"?> (2.5i)7/a 1 4,3,2. , 4,3,a e ,(4.l4b) 

1.e. a~ 1 'I= 7 [ =~[J(a'1.1)-J (1,1,1 ):1 -~.(aEN_.9.s.) 
v4 t251)1/2 , 4

1
:1.e. , ~ 1 3,e.'Je , 

(4.l4c) 

1.e. 4 1 1 1 J_ - ~ ~s='"Z.o'ao [J(''a'a)-J(1'a'1)] ~.(2£"'+75.) te~)'/2 , 4, 3, 2. , 4, 3. a e ' (4.l4ci) 

r 1. e. 4 1 , 1 , 1 -i: s 
I, = 7..~. [J (e'a'a) J ( 1 •a'2)}-r.(a·EH+9~.) 

VG (25ifi~ , 4, 3
1 

2. - 1 4, 3 , e. '2. , (4.l4e) 

)I.JIH BH'll'ICJieHWI J, Ha,11;0 C,IJ;eJiaTJ, 3KCllOHemum;n.eyD napaMeTJlR3a­

I:Ulll sHaMemi TeJJJI, R .n;e.naa sru.aeey nepeMemmx: R npoRHTerp1qxrnaB 

,n;Ba pasa, OKOH'laTeJI:bHO llOJIY'IRM 

1 1 B( O.; d,e,f) 
I (a.,b,c) = - --k f dx rd~ A (h, Cj e)~ Ei.(-fl(Q;d.~.f))' 

1 d,e,f J (4.17) 
0 • 

1 1 _J 

J(Q.,b,c) 1 f J (1 ) e.(ci;o,e,f) 
?. d,e,f "'-2:)dx d~ y--f A(b,c;e)e EL(-5(a.id,e,f)), 

, " 0 

r.ne 

A(bc-e)= expf-Cf-1)(b+~J-(~ -1)(c+ % pJ ~ 
I I 2 2 

X y (e fN + 2. ( + _. -g- - 2)) 
(4.I8) 
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0 1 ( HN + 2. ( +- 1 )) 
2 J . Bt~; d)e , r) = ~~-·.:.[ d ~N +2.( -g- -i)- 4 ( dtJ + 2 (f + t-2)) 

¥1HTerpa71H no x H ~ IIpI1XO,n>l:TC.fI Blit'IHCJ!JlT:b 'll'ICJieHHO IIpE: IlOMO­

lllH 3BM IIpl:! pa3Jill'IHHX 3Ha'!eH.liJIX p • h li ~ N > 
EcJrn: BBecnr o6osuatieHRe 

00 a - lid~ ~ 0 K ' -a[ • , e 1 e 

J 
(d K'e l::a(c(QEN+oa•cl..K ),K)-o6l 

3(Q,b; c,d )=) (o.E 11 +260 +2<1. '0 K'~"(bEN • d(C.o.+2d.'.K:'~>) (
4

.19) 

·e - ~ N[(cQ + b)t(y+d )~]} 

1, 2 
TO ,IT.lIJI I Cr "l'!S ( 4. 9 ) IlOJiy'll!M 

1, 2 -1.; [ 1 . f c;. = 2 (~5f)5/a J:; ( 2 ' L - L i) + J 3 ( 1, +) 1, 1) + 

+3:; ({:. ~ i -1,0) - J :; ( i . ~i -1 "0)]. 
(4.20~ 

B3.fiB L. 
2 

- 6 6 li3 ( 4. 4) H IIo.ncTaBKB B ( 4. IO) no.J!Y'IaeM BliPaJ!te­

mi:e, IIpliI'O.n;HOe ,Il.)I.fI 'IBCJl6HHOro IDJTerpllpOBaHHJI Ha 3B.I . Ha p:e:c.I~ 

rrpHBe.neHH rpa<f)HKJll ,IT.lIJI ifJJTP.10..Ulli d v c; :e: cl s rrpH pasmPUil:DC 3Ha'Ie-

HRJIX h , p n ~ N , r.n:e 

( 2 "')3/2 
d - -~-' - ( r 1, 2 

VG - 'Z.o I ~ t 

1, ~ ) 
le. ' (4.21) 

d (2'1i)3/a 
$ .. --- - r: 1 , 2 

1.o 5 
( 4.22) 

UHJicw10·1·c11 1'1HTepecttaa 3aKOHOMepHOCTI>: 01ca:iL1na.e·1•c1I, 'ITO 

CJ!l1. IUUIOC'l'H Ha Te lite r pa.clnncH p:e:c. IO H lI 'UIOIU.J uopll,I(Ka (,~ 
1to•ropL10 JIOJ!y"'!B.JOTCJI ll pe3y JII>TaTe paMoJ1tonw1 n psm <PYHKUR!i 

8 

~· H3 ypaB!lemm (3.25)-(3.28) B rrpe.n;eJie Teoplllf B03M.)'lllemm, To 

OHR TO'IHO COBna.n:yT c rpaipmtar.m ~ f • fe • fo H dvi; IIpli Bcex 

3Ha'l6HRJIX h , p li ~ N • 

IloCJ1e HeKoToporo aHa.Jil'I3a CTaHOB"l'!TCR otiellH,IJ;HllM, 'ITO B PTII 

IIpH .D = 2 TaK ll .D:OJDKHO 6blT:b, Ha CaMOM .D:CJie, B 0.n;HOil6TJieBOM 

rrpH6JrulKemm HMeJIRC:b .n;lm.I'pa.MMhl (3.2) H (3.5) . BH'IKCJiemre STIIX 

I'pa\j)oB npOBO,n>iJIOC:b TO'IHO. 6es BCSIKIDC np:a6.m!l!te1nm' noCJie 'lero 

OHR 3aKJia,ItlillaJC:b B peHopMrpym:zy :a Bbl'll'ICJI.fIJIC.fI HeTeopeTEKO-B03-

11Wlll8H'i8CKl!lli OTBeT (3,25)-(3,28), ROTOpuH IIOTOM pa3.IIal'aJIC.fI 06-

paTHO B P.fI,IJ. Teopim B03MYI11emm. IlpH STOM, eCJm Bee .D:eJIBJIOC:b 

IIpaBHJI:bHO, :KpOMe O.n;HOneTJielloro BltJla,Il;a, .D:OJllKHll 61Vll![ BOCnpOH3Bec­

THC:O B~ BCex .n;ByX11eTJieBblX . .n:narpaMM, co.n;eplKallllDC B ce6e 

B Ra'leCTBe COCTaBHblX 6JIOROB ~ H3 (3.2) H (3,5). ~HKUWI 

r 1,1 
I'pmm BOCilpOR3llO,n>l:TC.fi UOJIHOCTI>Kl, TaK KaK B ,IUlyxneTJI6BOM 

npH6JIIDKeHHH HldeIDTCR .n;Ba rpa.qia H3 (4.I), KOTOpble IIOJIHOCT~Kl noc -
. 1. 2 

Tpoelibl H3 .n;lm.I'paMM ( 3. 2) H ( 3 • 5) • BeplllHlillHe rpa4lbl r~ :as 

(4.8) co.n;e_plKa.T B ce6e B Ka'l8CTBe OCHOBHHX 6JIOKOB .n:mu·paMMb! HS 
1 2 . 

(3.5), a rpa@>l lu-' H3 (4.9) IIOCTp06Hbl HS ,n>iarpaMMlil (3.2); CJie-

.D:OBaTeJI:bHO,peHOpMI'pynna .n;OJllKHa IIpaBHJI:&Ho Bocnpo:asEecTH CYWlfY 

r 1.2 r 1, 2 r ·1. 2 ) 
, v + c;. • ,ll,HarpaMMbl .lite ;II,JI.fI 5 RS ( 4. IO HeBosMo;;wo 

nocTpoH'l':b H3 rpajx)B (3.2) HJlH (3.5), Il03TOMY OHH :a He BocnpoHs­

BOMTC.f{ peHOpMrpynnoit. CJie.n;OBaTeJI:bHO, Mhl MOrJlli B006me He Bbl'IHC­

Jl.ilT:b BK.1IB.,I(U OT rpa<})oB ( 4, I ) l! ( 4. 8) , ( 4. 9) , a O~aIIH"IHTl>C!i Bbl-

'lliCJieHHeM rs 1' 
2 

:as ( 4. IO) H .n:o6aERT:b RX K TeopeTmtO-B03MYUleR-
- 1 

qecKOMy pa3JIOJKeHRID ~ 2 1 ' KOTOpoe MOlKHO IIOJIY'IHT:b H3 ypaBHe-

Hliil (3. 28) ~PH llOMOlllH ypa.BHelilrli (I.26) H (3.25),(3.26). Ilo.ny­

IeHHail HaMH IlO.JIHa.li o 6pamaeMOCT:b peHOpMI'pyntIOBl:lX npeo6pasoBa.Hlrli, 

9 



yi<B.sHBaeT Ha rJJaBHoe npemqmecTBo pa6oTli IIPR D = 2 - JiplDqJl 

CBli31> c TeopHel.1 BOSMYll!eHHtt. ~ -~ 

Hcxo.na H3 J3HllleCKa33HHOro, A11l! ~ ft lll d :euecTO rpo­

M03.)i.i(WC mqazeHHA TZJJa (4.15) HJIJll (4.16) B ~eiimeM 6ypyT JllC­

llOJil>30:eaHl1 peayJU,Tarn, no.iiyqeHHlle noCJie :pa3JlOJ!temm B ~ Teo:pwl 

B03Mylltemrli ifioPMY.n (3.25)-(3.28). Tor,np. nOJiy'lllM 

f"' :> 1~1aJa.j\'- <?.:., ( ~ - p)}, 

f = a. [ a. h )] 
2 L.f4Cllrla o. .. - 2.Q. (2 - p I .. 
tcs= ~ [a." -~ (l!. - p)] 

(1GSi)a " 2Cl.., 2. ' 

d ,, {8bi")?. [a p - 2~ l ~ - P)} + ch , 
It 

r.I(e a.i 6WIH onpe.ne.neHH B YI~EHemm (3.12) R 

ad: 16 b - 2. a. I 

s 
a~ = 24 b - T a., 

a.a-=-1Gb-~a.. 
Q.6 = 16b - ~ , 

a ds IIOK8.3aHO Ha pHC. II. 

(4.23) 

t4.24) 

(4.25) 

(4.26) 

(4.27) 

HaKC>HeU, BWWCJIIDI BCe eyJKHUe JIPOIII3BO~e. COBepwan nepeuop-

MHp<>BKM BCe:JC Be.JIK'IHH c HH.n0Kcalvlill (0) (cM.HaflP ;ypallllemte ( 4 .5)) 

H no,n.cTa.BJISUt BCO a~'O B ypaBHeHW! (2.26)-(2.30), noCJie ,I(OCTaTO'l-

HO ,D;OJll 'ldX l'1 CJIOJIWWt pac'leTOB OKOlfllaTeJil>HO flOJJY'laeM CJie,eyDltlle 

BlipalKSHWI ]1)1R. o6o6meHHHX peHOpMI'PymIOBWC 1JYJUauUt B ,llBYXlleTJie-

IO 

BOii! l1pMOJIIDK61Iilli : 

- 9-2 4 0 ,! - - Q + -~- a. 2 ( 1 (P h ) ~ P) 
16!if (165f)2 Q 4 - 2:" - ),; I 

(4 . 28) 

- 9 2 
Y- - -Q 
Qo(- OC5i I 

(4.29) 

- __ - %2 
2 1 . h h 

00 - o+(1G'.iifa.[ c. ~}P-~) - ~r1( P -~)], (4.30) 

oia = 39c~ ( 15b - ~ Q) - 2~~ds) 
( tl. 3I) 

i). 1 ( 2 " ) 9-" 2( 1 h ) f h ) v= - 2:"~ 1•~ ~+~ f-'2 +(1&3i)2Q a,(P-y - ~,,(P-4, 
r,IJ,e 

/\::: - 1 ~ri[16b-~ct+2.Q (~-P)] 
Q4 

(1.32) 

., 
"'- 2.Q [1 h h .JJ2 -Yd 5 -(1 G5f) 2 (l4 \P-2)-~r11(P-4)]-T> 

( <1. 33 ) 

r,IJ,e 

T = - _CJ_~ - ~ f ( _b_ - P) [ 16 b+ .3.. (3 + ~ ( i -P)+~ f "']-
2 (1 G5if Q~ l c 2. Q4 ( 4. 34 ) 

-! nli}-~" E![t. aak~ (f-fa)e,/ ~ : 0• (f-fo)Bs J ·, 
Ilpli! S 

0 
:o p = h -:. 0 lill\IeeM 

- I} e 
y - - - Q o.,- 165f. (4.35a) 

- ca."-
Oci.o::: - ~c!iT Q, 

(4.35 b ) 

II 



Ooo=--io> (4.35c) 

~o==-1 ~f1+~2f\+4<is~"J (4.35d) 

- '3-a 5 
o~. = 32.!if ( 16 b - T Q) - 2 c:h ~ ~ . (4.35e) 

CJie,nOBa.T8JlbHO, Kor.na Bee .IJ;OIIOJJlUIT~l>HHe rrapaMeTpH TeOplll! paB-

HH HyJ!lO, ~o ' ~cl.. H ~&o pa.BHhl CBOHM o~orreTJreBHM 3Ha'!eHIDIM(3.I8)- . 

-(3.20), a ?~.:a ~o rrp:aoopeTaIOT .nooaBicy 1rn-sa BKJia,na HeMaHapHID<: 

rpajloB B rs1
'ZH3 ypaBHeHKR: (4.10). fuaeHHO RS-Sa TOro, 'ITO BCe 

~ 0 pa.BHH , CBOHM O,nHOII8TJI8BHM SHa'!eHWi?>f, a .no6aBO"IHH8 "IJI8HH B 

ypaBHeHRHX (4.28)-(4.31) (KpOMe ds ) IIOIIBJUJJOTCH TOJI!:,KO H3-3a 

nepeHOpMRpoBOK .IJ;OIIOJIHHTeJIDHHX napaMeTpoB, paSJIOXeHHe B Teope­

TRKO-B03MY1!l8H"!ec:iorli Pfl.D; O,nHOII8TJleBbIX pesyJlbTaTOB COBIIa,naeT c 

'AByxII8TJl8BliMI! pac'!eTaMR c TO'lHOCTl>Jl .no 'iJI8HOB,CO.IJ;8piKallllllX ds 
PaccMoTpHM renepl> IIOJlY'I8HHYJl 'AByxneTJie:ByD f.> - cJ.iyHruJ;HJo 

I'eJIJI-MaHHa-Jloy. HcCJie'AYeM ee BHa'laJle npH HyJle:awc: sHa'leHWDC na-
a -

paMeTpoB ~ 0 =- K = Oo "' 0 • B O,Itli0Il8TJle:ByD f.'0 .IJ;OOaBWICH 

lf.lleH 4ds , pac'leTH, noKasamme Ha p:ac.II, ,nam, 'ITO d5 > O 

3TO OOCTOJITeJlbCTBO npRBO,nHT K TOMY. 'ITO . j5 -~ B lI)JyX-

neTJieBOM np:a~emm He HMeeT ,neitCTBHTeJlbHOro HyJIJI IIPR 
?. % > 0 • &.ro He ,llOJIZHO OHTl> H00UnaHHOCTl>il, TaK RaK BO BCex 

npe.nll.IlYlllRX paOOTax R npH ] = 2 [27-29], R B C - µlSJIOl!e­

mm [26 ,30] (nplll t = 2) 'ABJ'XII0T.X0B8.Jl j5 -~ H0 HM0JUl 

HyM. IIo.nyqaeM 

- 1 4 f>0 = -2 <;t(1-'3-2 

0,172+~ 0,0158) 
1 (4.36) 
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'Cl'l'O .nocTaTotmo xopomo corJiacyeTcsr c npe~ pesyJU>TaTaMll 

B (27-29]. (B [28] Ol:fJlO ll0Jty'!0HO HemtOJn.KO OOJll.mee SBa'!eHRe Wl$i 9.s • 
r 1,(! 

TaK KaK aBTOPH YMHOllUWI Blt.lia,I( T])0T:&eit ~paw.m z~ s Ha 2 :!Mec-

TO yYHOJlt0HlIR Ha 1/2. AliaJIOITmali Olllll[O.Ra 6:wra ,,JJ;OIIylileHa l! :::! 

pa6oTax [26,30] ). B paOOTaX [29] 6wto IIOKasaHO, 'iTO ~ - 41YK­
xqim B TpexrreTJieBoM :npR6Jmlltemm RMeeT HyJll> :a TO'iKe ~ ,~ / 16 Ji 9 

~. 0.13. KpoMe Toro, B [3I,32] 6wto IIOI<a3a.HO, 'ITO IIpH y-qeTe Bbl­

~ IIO])H,JJ;KOB Teopu BOSMYlllemlll PTil npH .D = 2 ,JJ;oUHa 11M:0Tl> 

cTa6&J:,HyD HH~cizyn Toi:n<y f., ( ~1 ) "' 0 c ~' ( ~ 1 )"" 0 . Ilo:nou.v1. 
. - I 

CJielfYH pa6oTe [28] • HB.it.I(eM HyJII> fi - qiym<mm npia: IIOMOlllI4 IJa.u;e~ 

anllpOK~~- ~e- annpoKCHMa.HTa ~ ~ - <!JyHimJm. 3~0! 
ypallH0HH0M (4.31),RMeeT BH,11; 

a i 

P°I c 1. 1 J_ 1 ~1 + ~ ( ~, '"" · Pal 
r - - 2." ';} }l, - ~ ... J3a (4.37) 

C HyJI0M B TO'll<e 

?. p, 
~1::; - ¥=-"-

1 re (4.38) 

Ilpia: HyJiemu 3Ha1f0Hli!RX napaMeTPQ:a 't ==Ka= 6;. "" o nOJiyii:aeM 

~: / 165! =- o,2s, (4.39) 

'ITO npexpacHo corJiacyeTca co SHa.1f0HHeM 

~~ / 16.91 = 0,26 .:t 0,02 (4.40) 

noiiy'ieHHHM :a pa6oTax KaJ>,V;R [3I,32] IIpJI y'ieTe BHClllBX llOpswtOB 

reope B03Mylllemrlt, npH ] = 2. KpoMe Toro, aTo sHa11em1e xopomo 

corJiacyeTcJI c 'il!CJ!OM 

ra:;1s Jr = 0,2 + o,2s , (4.41) 
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IIOJJy"l{eHBJDI B pa6oTe [33] l! €.. - pa.3.11oxemm c HCIIOJll>SOBaHHeM 

II.aJte..:.EopeJiellCROA aIIIIpOKCBMall;HH • . Ilo.n:yqemme IIPH IIOMOlltl4 TpeX 
' <. 
CTOJll> pa3Jlil1DlliX MeTo.ttoB BeJllitlllHH ~ 

1 
/ 161i oKS.saJlllcl> O'le!ll> 6.lms-

ronm lJJJYr K 'JWYT!Y, OTCl),IJ,a MOZHO C,IteJUlTb mmo,D;, "'iTO HaCT08lllee 

TO'llHOe 3Ha'lleJille 8TOf BeJlll'lliDm, IIO-lllfJtBMOyY, He ,Jl;OJDlHO CHJil>HO 

OTJll!llaTbCH OT SH<i~eHHll (4.39). 

To o6cTOJI'feJibCTBO, 11To.,,pyxneTJ1e:eaa fo -~ He HMeeT 

H:HqlpaxpaCHOl CTa6HJil>HOil TOTDC.d, JlllJJJl8TCJI, IIO-~yY. OTPaJKeHH­

eM Toro cI>ru<Ta, 'ITO Ha'!HllaH c 1!)3yx neTeJll> xapaxTep JlH,I(a Teopim 

BOSM,Ylllemdt MeHJieTCH: B O,ItHOIIeTJleBOM CJiy'iae ~ I'pHHa HMeeT 

J1orapllI(tlMH:11ecKoe rro:Be,D;eHHe no E , a Bee ocTaJI:&lllile no~ Teo­

pmi: B03M;yllleHHi ,Ita!OT CTenemme no 1 (E BK.Jia.JJ;bl' IIOSTOMY . HS-sa 

CMeHH pel!tl!Ma IIOBe:n;eHWI nponaraTopa Orpa.HHimBaTbCSi TOJI:hKO 1!)3yx­

rreTJieBHM npH6JilDltemieM HeJJ:bSH. B [29] 6wm npoBe;n;eHH TPexneTJie­

Bl:le pac'leru' ROTOpble IIOI<aSaJIH' "!TO HYJll> B ~ - l}.'JyBxil;m! CHOBa 

BOCCTaBa.BJIHBaeTCH, ICpOMe Toro, Kap,D;R [31,32] IIORasaJI, "!{TO BKJia­

.Iltl BHCI!ll'IX nopa;IJ;KOB Teop:im: BOSMYI!{eHltii: B ~ -~ B Teo­

:pHJ! c ] = 2 o6pasymT 3HaROIIOCTOJniHIDt PJI,D;, ltOTOpDl rapaHTlI -

pyeT Cyn:\eCTBOBamre m-nf.)pa:icpacHOH CTa6HJthHOil TO'lKl'r B PTIT npu 

] = 2. H TO o6CTOHTeJI:hCTBO' "!TO JIPH IIOMOl!lH IIa.Ite-amrpOKCH­

:JE.l(lflil MH rroJiy'mJlliI HMeHHo pesyJl:bTaT Kap,J:(ll, a He Xappmrr -

TOHa [29] • IIOKaSlffiaeT, "!TO II.a,n;e-armp01tcm.m1Ta (4. 37) ropa3,D;O 

TO'Ulee OIIHCbIBaeT CTPYKTYPY ~ - <J!ymanm' tfeM TeopHJI B03tzyll{emrlt 

,naJKe Ha TpexneTJleBOM YJ?OBHe. IIoaTOMY BO Bcex ,D;aJihHe:.lbmrx pac'le­

Tax MH 6ylJ,eM HC!lOJib30BaT:b ~ - ~. H.Mel<ley10 BH,11; (4.37). 

Ha pHc. I 6 np:rrne:n;eHH sHa"!effi'IR %: / 16 ~ KS.K ~ OT napa­

MeTpoB h ' p H ~ti • BH1IRCJieHHl:i!e no cpop M;yJle (4.38). 

14 

., 

- c eiftrac Heo6XO.JXl[MO . BH'IDICJ'mTb peHOPMrPYIIIIOBHe KOHCTaHT!.t i! i. 

no <J!oPMYJiaM (2.22)-(2.25)' IIPH STOM B Ra110CTB0 .fo-~ 6y­

:n;eT l'ICIIOJibSOBaHa ee liaJte-amipo:KCHMaHTa (4.37). Bee HHT0l'];WI!i 

llU'll'ICJIJll'.)TCJI TO'llHOy H B pesyJll>TaTe IIOJJy1iaeM 

z_~: (1- ~2/~~)C3 'f3 (~~) j 

2 a -=. ( 1- ~?.I~,' r~ Y' a ( ~ <?) · 
• 1 ' 

ls ~ 23 ; . 

l~ = ( 1- ~2/xt~ ti lf, ( c{) , 
r;o;e BBe,D;eBH CJie.JJYDltlle 06os11a11emm 

lI 

c - ~("a~) . 
~ - ~'(~14?) I 

-
Ca=-- ~ (~1-..) 

ji'(<J~) ) 

~(a.a) 1 1 
Cn = _'t "' ::. - a.a p, (- + -('t (ae)+'7 (a2)))· 

3° ~' (ca~) <'1 r1 2 2 K 0"1 ~ o a1 > 

(4.42) 

(4.43) 

-(4.44) 

(4.45) 

• 2 { 2 'i1
2 

a a 1 ~ 91 a . 1 
'fl (ca ) = exp ~ ~ [ Oi1 ~+ca, ~•a,, ] +I"~ f>1 -a,._~a J' <4.46> 

- - 1 2 a) a ~ o;_ = '6i. \<a= '!1 =-- <a1 ~~1- '!, a~a (4.47) 

p' (~~-): - ct~ r.>, 
· (4.48) 

Be.mrotH1i Gi. :af>i onpe~MeBH B <J!oPM;YJJ.aX (4.28)-(4.34). 

Ha pl'IC.I .g n:pHBe;o;eBH pesyJIJ.TaT!.t 'IHCJ10HHHX plC'l8TOll Ha 

SBM JI,JIH. KPHTR'leCIOOC noxasaTeJieA C • B .IUJYXIIeTJieBOM CJIY"iS.e IIPH 
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pa3Jlll'iH!il 3Ha"<leHWDC IIapaM&TpO:B h ' p H ~"' • Blmlio. "<ITO npH 

pa~yMHo MaJIHX SHa"<leHl:UiX f tJ _. Bee Ci o"<lelib CJia.60 srumcSIT OT 

It. ll p ' II09TOMY B ~HeibneM MH 6y,IJ;eM npe,IJ;IIOJJ.al'aTl>, 'ITO 

Ci.(fi.,p)::: Ci. (h-=-p = ~/'/ =- o). (4.49) 

Ilplll3e,IJ;eM 9,Il;0Cl> 3Ha'IelDIJI Ct • KOTOpHe 6~eM HCIIOJll:>SOBaTb B 

.D;aJLDHe:lbneM 

-- c?. = -0,555, 

Ca = - C"!;/c = 0,277 , 

c~ = o,973 

(4.50) 

~:/16Jr= 0,254; p, =-0,17I; ~~ =0,0158; ~1('}~) =0,458 (4.51) 

ECJlll IIOJiy-'IeHHHe peHOpMI'pyIIIIOBHe KOHCTaHTH z i. pa3JIO.ll!HTI:. 
. () 

B psm no 'a- H nepeiiTH OT ~ R ~ 0 H OT a. K Q 
0 

• TO COBepmeH-

HO TO"<IHO BOCCTaHOBl'iTCSI HCXO.D;HHe pH,I(bI TeOpHH B03Mylllemrll:. 

cl ) HHTerpa.7!l>HOe npe.D;CTa.BJJ:eHHe .n;JIH nponaraTopa 

no Me po Ha 

CJie.IlY'H MeTO,ll)llte,rro.D;P06Ho HSJio~eHHo! B nepBOi im.cTH paa.D;e­

Jta 3(c1).cor.nacHO q)opyYJie (3.67), MOlKHO cpasy HaJIHCaTb acKMIITO­

~"<leCKJd ~ npouara.Topa IIOMepoaa B ,u;ByxrieTJieBOM rqm6Jomemm 

1-c,./ac~ z.-1 Cl 
1.1 a (- E) " 1 Lr (E1K)::- 1-c3/2cca 

x-c"/cra. 
(4.52) 

[ 
Ce v C,s )} 

• 1t11.(1+2.C~)+4(1- 2.C~ 
r.D;e 

- I ) ct ii=lf\(1+% ~ 1 ) 

H 7l. H v B He.fIBHOil: q)opMe BaMHH yµ:tBHelmIDifil 

I6 

I O!. P _ d.. 0 K _ -CO!./c'lr - Ca/C?: 
Jd. - (-E:) 1+ c., /2e'J - 7l lf a lf~ X. , (4.53) 

£ :::. 4 00 . ) _ C(, / C 
6 (-E)1-c6;eca ::. vlf.s ~'a a- X co/c<J-, (4.54) 

X ::. CJ-1 ( 1l 1 V ) J~'o' · 
0 

(4.55) 

Hs ypaBHeHWI ( 4. 52) MOlltHO C.D;e.JJa.Tl> . BSBOJJ;' "<ITO ~OHaJIMnlli 

Bl!!,!( nponara.Topa llOMepoHa B .u;ByXIIeTJieBOM npH6JlmlteHHH OCTaJICH 

TO"<IHO TaxKM xe, KaKIDll OH 6HJI B O,Il;HOlleTJieBOM c.nytrae, H3M0HHJIRCI:. 

TO.Jll>KO "<IKCJiemme KO~eHTH c i. H ~ i • 

Paccr4oTpHM Te.nepb ypa.BHemm (i4.42)-(4.43) npH MaJWX h. H 

P"''a-~ • Tor,IW. B3 ypaBHe:mtii (4.44)-(4.48) RMeeM 

lf ~( h- ?--- ~~) = 1 i 

- ., P.' - 1 . 
G~~ 2° i 1- - 2.,1G / 

C?>"" - 0, 555 = -Cj 

c~ = o, 9io ~ 1 . 

CJie,IJ;OBaTeJil>HO, IIpH MaJmX h. H p MOJKHO aarmcaT:o 

~a= ~~(1+ 2~I: G) 

r,IJ;e 

G=-· 1-(1+ ~)1/2 
ca~ . 

(4.56) 

(4.57) 

(4.58) 

3Ta q)opMY.IUi .fIBJ.!JieTCH ,u;Byxll6TJie'.Bj:iM a.Ha.JIOrOM ypaBHeHHH (3.69). 

Ilo.IJ;cmBJI.IDI. cIQIJ;a Bllpalltemrn ~: T.fepea E , IIO.J!Y'IIDII 

a a i: · 
<t"' %1 (f - 2E

0 
G-)' 

(4. 59) 

G-=1-(1- 4~·)*, (4.60) 

-z.; ) 
EI ~ p n)= o(l.n-z.u= 

o \. ~"', ' o a., \ 
(4.61 ) 
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'/ 2 1- ~ j, = 
E 

2. Eo 
G. (4.62) 

no.n;c Ta!IJIJllI <.liOPMJ'Jiy( 4. 52) B ypa.BHeHWI ( 4, 42 )-( 4, 43) , IIOJiy'!aeM 

CJie,IzylOOIHe Bliµ'IJKeHli!'.Jl ~ KOHCTaIIT rrepeHOPMKpOBOK 2 i tiepes E l!I 

Eo: 
.c 

2!> = ~ exp [- cd.(1- ~)], 
(4.63) 

~~\, ~-·c 2exp[ - C 2 <X ( 1- f3 )] , (4.64) 

r.ne 

E 
f->=ci: CT, 

0 

(4.65) 

d. -:. ~2 / ~: •. (4.66) 

Bee .n;a.m.He:iillll!Ie p:ictieru 6y.n;eM rrpoBO.n;HT:o rrp11 p = O 11 m.­

JiliX h. • :lfa yp:IBHeHWI (3.61) HMeeM 

dLrl ,.I-1[1-d.'t..1 3kal J Q • (4.67) 
CIE h 3 o a oE h. , 

KpoMe Toro, 

K~=-o1~ E2 2 :::-olh.' E~c2 12xp[c2 ct(1-J.>)]. (4.68) 
0 

.llz@)epeHI~yJI ( 4, 68) IIO E IIOJiy'laeM 

I .13K'I- { f 1-~ J -d.o la~ - h 1 + y c2 ~(1-ol.j.>) . (4.69) 
h. 1- 2."~ 

Ilo.n;CTaBJIJIJI ypamieHHJI (4.63),(4.64) :H (4.69) B (4.68), IIOJiy11aeM 

E 

r 11f J I C Cot(1·~) { h 1- j?I } (4, 70) 
i. (E,1(

2y.= dEr.>e a, 1+h+a-c
2

-
1
-(h:J.f") . 

0 1-a-~ Ii. 

Ilpz t,, < t, E o He 3aBRCHT OT E liI ypa.BHemre (4. 70) MOJKHO 

IIpOHHTerpapo:aa.TI>. TIC>Jrytil!M 

I8 

- - - - "";l 

1,1 2.Eo a+c Col i.r (E,K
2

J=- i+c: P e fc1+1i.)[<P,(2+c,2,~·c; f.>,-cc1.r.>)-

2.+c 
- 2.(?>+c)~<P1 (?>+C,2,4+c; f->, -cdf?>) + (4.7I) 

t ~ Ca[<f>1 (c+C,1 1 ?>+Cj r.>,-colr.>)-~r.i ;:~<P,(?!K,1,4+C;~-Cd.~n1, 

r.n;e ~ (a., g, c i x, .~) - ~eHHaH I'HI!epreoMeTpl:I'lecKaSI ~ 
OT .IUlYX nepeMemmx: BTo.poro IIOpSI,ItKa , 

Ha acm.mroTHite rrpH E / E 
0 
<< 1. HMeeM 

112 1/2 1 . 1 2) ~ .. 2x (1-X +2x-8x , (4.72) 
r.n;e 

X•- £/4£o • 
(4.73) 

Pa3.llaraH Bee cl>t B (4. 7I) B Pfmli no I' , KOTOPHe B CBOll O'!e­

pe.Jtb Ha,,D;o pa3JIOJDIT1> B PR.Itli no cTeneHRM x , IIOJiy'l:BM CJie.eyDl(ee 

acBMIITOT:H'!ecxoe :BHpa.lltema:e ~ rrponaraTopa rroMepoaa B .nByxJieT~ 

~eBOM IIpH6Jil!Xelilu! c TOtIHOCTI>ro .n;o rrpe.n;ac:m.m:ToTJiilleCKHJC lLJieHOB 
2 

lIOPff.ln(a X 

r 1,1 E :1+c col. , .. .!:..{ c~ 
t (E,K

2
)=- <?.+~ 2. e X 2 1+h(1+ 2) + 

(4.74) 

+ ~ B x f/~ + ~ e, x + ~ B ( ~le.+ ~ B x 2) 7 . 
?> + c 1 4+c 2 S•c !> X G+c 4 J 

OcHOllHOe OTJmtDJ:e YJW!HeHl!JI (4.74) OT (3.88). 38.KJil>~eTCJI B TOM, 

'ITO KpOMe JU>yr.IDC KOHCTaIIT Ci. • B ypa.Baemm: (4. 74) IIOJIBRJIHC]) 

rroJZyD;e.me cTerreim E / 4 E o • Ko~eHTii 5 i. 11 YIWlllemm 

(4. 74) HBJUllOTCJI ~ OT h. ll llMeJOT CJie,eyDilIDt ~; 

I9. 

.;.. 

I 
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B,= -(i +co()[c+1i(c+ ~ (1+c))], (4.75) 

E>2 =A 1 +h.[A,(1+ ~a)+~ CCa(1+2.o!/+ 2.Cad.], (4.76) 

B!l=Aa+ft[Aa(1+ ~<!)+%2 (1-Gci)-Ca(1+eci)(2Cd+ ~A1)], (4.??) 

B4 =A3+n[A3 (1+~)+2CadA 1 - C::(1+2ci)(A a+ ~ (i-6~))t (4.78) 

r.n;e 

A, = ~ [ c +Li c:A ( 1+q1 +a.)) 1 , (4.79) 

A
2 

=- ~ ( 1- ca) - c o1. [(1+c)\2.Cd (2+c + ~ cot)], (4.80) 

A3 = -~'\4-c') +c~ { ~(2+c) +c +4 ol[(1+ ~ )\ co1. ( 1 + %-+ C: )]} . (4.8I) 

PacCMOTpRM Teuepb :ape.n;e.n: Teoplllt B03MYUleHllrll:, T.e. ,Kor.n;a 

E0 /E<<1 • IlpH STOM HMeeM . 

f.i =- 1- (- ~) + 2 ( - ~)a - 5 (- ~) 
3 

• 
. E E E 

(4.82) 

C~e.n;OBaTeJIDHO, Ma.710~ BeJI.Ri:zHHOtt, llO KOTOpOH MO.lltHO BeCTK pa3JIO-

JKeIDie, JIBJlJleTCJ'i i - P-> • Ilo.n;cTa.BJUIIi ( 4. 82) B ( 4. 70) , pa3J.IaI'Wi 

9KCllOH6HTY B pJI,I( H notLJiellliO HHTerpHpyH)TIOJiy'!HM 

L 1 1
'\E) = - 2 E. c~ t•c eco(f: (-c~)n. ( ~ f 

p "-= 0 n.. 1 f,> 

20 

1!' 

·{ 1 F'(1+c.+n., c+c+n; 3+c. .. n; 2 + c +n, . f.> ) -
~-1 (4.83: 

- ! f>p, ~ F ( c. + c + n, ~ + c + n. i 4 + c .. n. i o..f.; >} . 
c;. 1-y .3+C+l'l. JJ-1 

B n:pe.n;e.ne Teopmt BOSM,Y11lemtla: ' P/U~-1)- 00 
, IIOBTOMy pa3.1UU'8R 

rmiepreoMeTpnecue ~ B acJDmTOTFiecKi!e PH.llll. IIO.JtCTaBJIJlli 

B mIX ypaimemIH (4.82) H (4.44)-(4.48)' OXOH11RTeJI:bBO no;zy-qae1 

i.r1
'i(E) = E -

1
"Z.
6

;,_,. [ tn.(~ .. 169Td~co) + f (e)] -
~'"'· 0 

1.: [ 1 col 
00 

(-Celln. - - £n(1-cJ.)--c (1-0.)e E: --(c+ii.)t(2-+C+n.)] + (4 84' 
16f!"cj~ 0 n.20 tt ! . ) 

+ '"l} ~ -1 
(C+3-o1.(4+C(2.-<i-))), 

E C., 

r;n;e Co = O,II6 - KJlHT.z:qecIGtii norasaTeJII, B o,n;aoneTJieBOM CJ.cy"laa. 
a 

liKMemnill: KO~eHT nepe.n; lLJ!eHOM .-.; 'Z 0 T01IBO pa:BeH llOJiy'!eH-
4 . 

HO!>W B ypamreHHH (3.91), a rrepe.n; 'iJ!eHOM-'Zo paBeH 8,8,(B 0,I{HO-

neT~eBOM npH6.JimlteHHl'I paBeH 9.6). 3Ta pas~ o6ycJioBJiena :apH-

6.JmlKe.HHeM, c;n;MamrnM B ypa:BHelililI .<4.56), r.n;e MH saMeHWIH c~ 

Ha e;n;mmuy. I\aK YJ!te 6WIO TIOK8.3a!IO, pa;n; (3. 9I) TO'l:HO COBrra.n;aeT 

c saTpa.BO'lHl:lM TeopeTHKO-BOSMYUle!I'IeCKZM pR;n;oM. CJie;n;o:eaTeJibHO> 

Pff,l\ (4.84) ~eTCJ'i ;n;ocTaTO'DIO xopolllBM npH6JmllteHHeM K TO'IHOMY 

OTBeTY. IloaTOMY B .u,aJil>He:ffineM MH 6y;n;eM HCTI0~30BaTb npH6.miDKema:e 

(4.56) H nporraraTop (4.70). 

B) Ilpeo6pa30Ba.HKe 3oMMepPeJll.;n;a-Ba.TCOHa 

Orrpe.n;e.l!HM Terrepb noBe;n;ema:e TIOJIHoro ce'leIDIH :apH acRMUTOTH-

2I 



-qec.KRX: 3Ha'llemmx: aaeprmi: • .1J.Jr;I aToro ~o IIPOll3BeCTK rrpe06paao­

Brume 3oMMepPeJll>,na-BaTcoHa (3 . 93) OT rrporraraTOpa (4.47) . 

IlOJIY'IKM 

6~ t (Y)O. F(u) = 1 +c/2 e-ccl.(f IJ)c{<.{1+ 2+C c (1 +co(). 
~o ~ r-IA ._,../,..\ O ,!>+C 

r.n;e 

K 

· r( 1 +~ ) 14£ Y)-'12+£n (4f Y)- 1-.i..(1-c) r(1+~) • (4.85) 
r({:·~) 1. o 2 , o 2 r(~i-~) 

·Da(i1E0Yf
312

- ~ (1- ~ )]?>(LiE0Yf
2

) ) 

(1-d. ), (4.86 ) 

] = 2+ c [ 2.•c ca(1+2o1f-~ A J 
1 3+C 3+C Lj+C 1 1 

(4.87 ) 

]) :-(2.+C )ac(1+2 o()[ 2.(3+c) A _2.+cc2(1+2ol.'ra1_ 2+c A 
2. 3 + c 4 + C 1 3+C I j 5 +C a> 

(4.sB) 

D =-( 2 +c)?.c(1+2o(){ 2 C3 +c) A+ 2.+c c(1+20t)· 
.3 3+c . 5+c z. 3+c (4.89) 

.r-'<?.>+c} A - '2.+c c2( 1 +2~rJ1 . 
L ~ +c 1 3+C J 

13Hpalltemm ( 4. 85) O'ielll> rroxOllte Ha O;:cHOIIeTJieBOe ceqemi:e ( 3. 94) , 

TOJILRO cErli'iac BoapoCJia cKopocT:o pocTa nommx ce11e:ad: eCJm 

B o~oneTJieBoM CJJy"m.e ceqem1e poCJio KaK 1j O,ISS , TO ceitqac 

OHO pa.cTeT KaK 

6tot ( :1) oc· (Eo 'j )°' 277' (4.90) 

'ITO xopomo corJiacyeTCH c pesynTaToM Kap.ztK [26] • Alia.JmTJRec­

I<ruI CT:PYK~ rrponaraTOpa B E - IIJIOCKOC'l'K IIpl1 h.:. p s ~ 0 ,.. 0 

22 

ll~Ka3aHa Ha PlIC.3. 

Ilp:e: h. ::. ~ 0 ::. 0 K p t- 0 ' CTPYKTypa CRHI'yJUipHOCTe:li B E -

- IIJIOCKOCTH HMeeT BH,ll; p:e:c.5, K IIOJIHoe ce11e:mre 3KCilOHeHII;HaJU,HO 

r61rna.eT 6 .(1j 6 )oc..e.-c5o:J(1-Co/2). (4.9I) 
ioi ' 0 

II pl! ~ 0 * 0 H p = h = 0 IIOJIHoe Ce'leHHe Ha aCIDd!ITOTKKe KMeeT 
BH,ll; 

6 (-Y,~.)c< (Eo:J)c.12 {1+~c(1+2~) rl1+c/2 ). 

tot 
3

+c f(t+t) (4.92) 

· ( 4 E o Y f ~ ( 1 i- ( 2 ~ 
0 
E f 12 

)} • 

Ta.KHM o6pasoM, :KaK H B o,IUiorreT~eBoM c.nyqa.e (ypa.BHeHHe (3 . 96)), 

BBe.n;eHHe rropora polK,I\eHW3: ITOMepoHa BJIHReT TOJll)KO Ha CKOpOCTb 

rro.ioco.na K Ma.ClllTa6HOMy npe.n;e.ny, HO He K3MeHR:eT CaM npe,JJ;eJI. Ha 

pHc.I2 IlpOBe.n;eHO CpaBHe:mre aCKMIITOTlI'ieCKOI'O pemeHHJI (4.85) c 
6 IJJmOM Teop:mt B03MYUl9mrli , B3SITOM c TO'!HOCT:OJD ,JJ;O 'lJ.IeHOB ~ 7. 0 • 

H3 :plICYJj:Ka BK;:cHO, 'ITO XOTSI TO'IHOe COBna,n;eHHe pemeHl!lii HaCTYJI.119T 

uplI Y-= E :1 
= I7,6, 'ITO cooTBeTcT:eyeT aHepI'Hll: S =4,8·I07ra:s2, 

TeM He. MeHee Ylt9 n:p:e: .JJ;OCTaToimo M:WillX aHeprIDIX arn ~e KPlIBHe 

K,DyT Clim3KO .n;pyr R .u;pyry, T. e . MOJKHO CKB.3aTb, 'ITO IIpl1 ,JJ;OCTHllG'l­

MllX B HaCTOJI[(ee Bpem aHep!'lmX Mil Ha.xo,JJ;HMc.a: B CaMOM Ha'!JaJie 

nepeXO;:cHOH 06.naCTJ!, H IIO:Blill!eHl!e aHep!'lm Ha 2 IIOPH,ItRa y;ite ,JJ;OJlllt­

HO IIplIB0CTll K ac:m.mTOTH'IeCKOMy IIOBe~eHWO IlOJIHh!X ce'!eHl!:li,pacTY­

mwc c E corJUlcHo ypa.BHemm ( 4. 90). 

Ilo..'lY'll!M Tenep:o ~ifil>epeHD;Ka.Jll>Hoe ce11eHRe B aclIM!ITOTK'lecKoM 

rrpe.JJ;eJie. E~eM ~e~cTBOBaTb TO'IHo TaK, Ka.K B .O.ltHOIIeTJieBoM CJiy-

11ae . 
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h. ct~Ki?.~-Ce cad.(1-p) ,._ -- e 
E > 

liM:eeM 
(4.93) 

E0 (h}= • ~0, } 

(4.94) 

r.ne E
0 

onpe.n;MeHO·_ B y}laBHemm (4.86) H 5 =0,3I06. Hs I>MC.I1C> 

BJWiO, 'ITO C~(h.) H Ca(h) npH MaJ.WX ~N IIpaKTH"'l:eCitH He HS­

MeHHeTCII B HHTepMJle 0 ~ h. ~ 1 0 • JIOS'l'OMy. BO BCex ,ItaJ!bHe.li­

lllIDC pac'lemx 6y,neM npmmMa'l'l> me saJVl.HHHMH ypaBHeIDIJIMK (4.50) :e: 

( 4.5I). Ha acHMIIToTne fl HMee'l' ml',!( ypaBHe!Wi ( 4. 72). PemaH 

yps.BHeHKe (4.93) MeTOJ];OM HTepaltldt, no.nyqaeM 

r.n;e 

E ~a - E = f lf1 (h) + ,P lfa(h), 
0 

, i?. I .P= (d.~K ·2Ceeol.C2)2 (1 +Ca) 

Eo . ) 

2. c 
lf

1
(h.)= h- 2 •c2 (1+BhfT+C .. 

~a(h.)= Ca(1- ol) 
2. + Ca 

Lf72.(h.)(1 + f)h.)1/~ 

JL7llI rJJaBHDro tJJieHa KMeeM 
2 Ca 

- ~ "'fh.- 2.+ca ( 1 + Bh.f ·a+c._ 
Eo 

06paT!n.rlt nporraraTop B a'l'OM npH6.:rrmtemm :r.mee'l' BiI,Il; 

i,1 E 'h.) col. E )1+-1: h. ._ tr (E,Ka)= 0 ~ e (-- - '~ 0 
1-t- a Eo(h.) h. . 

r;n;e 

1 
h.o = - 1 + Ca/ 2. 
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(4.95) 

(4.96) 

(4.97) 

(4.98) 

(4. 99) 

(4.100) 

(4.lOI) 

CTpyxT~ CIDil'yJUipHOCTe~ B E K h. - IL1IOCKOCTRX B ;u;syx­

ueTJieBoM CJiy'Iae TO'!HO TaI<a.H JKe' 'ITO H Ha pHc.6 H 7. l1s ypaBHe· 

HllH (4.99) RMeeM 

r.n;e 

2 
dE : 2. ?Ca 

-~­
:1 

2.+Ce 

_£lli_ t.p 1 ( h.) t.p ~ ( h.) J 
h. 

X=(fE0 1d)~ 
2 

~ : x a+ Ca 

Ca 
4l3(h.)=1+y 

B h. 
1 .. E)h. 

(4.102) 

(4.I.03a ) 

(4.103b) 

(4. 103c) 

l1s ( 4. 102) BH,Il;HO, 'ITO KPJ/ITK'I6CRM TO'!Ka H8.XO,Il;J/ITCJI Terrep:i; B 

h. : _ C . (L!.104) 
e B(2.•c .. ) 

Ilo;n;cTaBJmR: Bee aTo B ypa.BHeime (3.93), ;n;eJiaJI saMeHY rrepeMelllioif 

E ..... h H nepexo;D;JI OT HHTerp.KpOBaHWI ITO KOHTYPY K HHTer paJiy B 

CMl:lCJie r.naBHoro 3Ha'leHIDI OKOH'laTeJI:bHO TIOJJ:y'IEleM 

F(-:1 K?.) = i + c/2 (E 1-1f12 R (x) 
' r(1+C/a) 0 1 / (4.105) 

r.n;e F, ( o ) :. 1 H 
0 

C'(x)=- h. 0 r(2+c) {-1 pjdh 
G 2+Ca ~ 

- Re to(h. t i.E.. I x)rr 
l m f o( h., x ) 

h - h. 0 

(4 . I06) 

H 

t (h. ,x):: ~ (~ tf
1 

(h.}f ~( 1 +Bh )-%'f?i(h.) ~ ~ lf, ( h.) (4. ICl7) 

HecMOTPJl Ha uecKoJI:E>KO ;n;pyrRe 1Il'!CJieHHhle 3Ha'lflHHR napa.MeTpoB , 

~.ff F', (x) 113 (popM.yJlll (4 .106 ) IIO'lTH T<"iliO COBII~aeT c 
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e owi:oneTJieBoii ~eii, orrpe;n;eJIReMoli H3 ypa.!IHeHIDI (3.128), roe 

rpa\PHKli npa.KT:wqeeKH He OTJmllalOTCfI R MOlKHO C'!IllTaT:o, 'ITO 3Ta ®'H ... 

KlJ;Wi rrpe;n;cTaBJieHa Ha pKc.8. 

Bwm:CJieHHe BTOporo 'IJleHa rrpOXO,nHT a.HaJIOI'R'IlIO owi:oneTJieBOMY 

c.Jiy'mlO, H OWITl> OH ;n;aeT BKJia.n IIOpsi;n;Ra pea.JI:&HOii 'tffi.CTK a.Mr.rJmTy,11,li. 

3,necb ocTaIDTCa B eHJie Bee paccyllr,I(emm, rrp!IIBe;n;eHHHe B KOHIJ;e rzpd­

;D;l:i,lJ.Yllleii rJiaBH. 

5 • 33.Kmo'lleHHe 

B pa6oTe pa3BKT o6ntHH: MeTO;D; KOHeTpyHpO:aaHltlI .iIBHOro rrpe;n;CTa.!1-

Jieli'Wi ;n.il.il npouaraTopa IIOMepoHa, rrpR BBe;n;e:mm: ,I(OIIOJlHRTeJll>HiilX 6e3-

pa3MeJ?HHX rrap~eTPOB, TaKEX, KaK rropor po~eHM rroMepoHa 5 o 

wm cMemeHRe miTepeerrTa o o • KpoMe Toro , rroaB:wxac:r, B03MOllt -

HOCT:O BW!IJCJieHRSl BRJIB,Ita rrponaraTopa IIOM0p0Ha. B yrJ!OBOe pacrrpe-+ 

,neJieHKe yrrpyroro ce'l!eHmI. IToKa3a.HO, 'l!TO pa3BRTHH MeTo;n; n:pue­

HRM RB owi:oneTJleBOM, H B ;n;:ayxneTJieBOM rrpKOJil!D!teHlUtlc.- , 

IIpo6Jiew, eBiisamme c K~ a e cy6KpRTK'lecKHM noMepoHoM (ne­

peHopMl!poBamnm IDJTepcenT cl. p ( o) < 1 ) , eymecneHHci OTJm1Ulm~ 

CR OT npo6JleMl:l BBe;n;eHWI nopora. Ilopor rrpHBO,Il;iIT K 6e3pa3MepHOM,y 

rrapaMeTpy T:mia ~"" = - ~" E , KoTopllli ·Mrumo H8.:3BaT:o "HecymecTBeH~ 
HblM" napaMeTJ>OM, TaK K8.K OH He ;n;ae'l mmaIOtX acppeKTOB B acm.m­

TOTlfll'.eeKOM rrpe;n;eJie. .IJ;elicTmITeJII>HO, i:ra a~o'.l'D~, itor;n;a E -- O 

'E - O , K Bee Be.mr<mH!:l nplllIID&llOT np:e: aToM Te lite 3Ha'l!emm, xa-
~N -

KRe OHR m,1eJIR rrpI!l OTCyTCTBRK rropcira._ ~yrm.m CJlOB&m Olm ;u;oc-

Tlil'a.JOT TOH xe CaMOH CTaOWll>HOii \PHKCHJlOllaHHOi 'l'O'IKH. 'l!TO K B 

e.JiytJ:ae ~o,. 0 ' K OTCYTCTBKe 3aBRCHMOCTK OT nopora SIBJIIIeTCJl 

rrpID.iepbM Bwu.cOHOBeKoii ymmepca.lll>HOCTK [7] . Eonllllle 3Ha'l0Jml'!: 

rrapaMeTpa ~Ill ( ~" > 9, 1) He J!M0DT @Hslt<i0CKOro CM!iCJia, Ta.K RaK 

26. 

413 3Kcrrepm40HTaJll,HliX ;n;ammx CJie.uyeT' "ITO ~. ~ 2. H 00.lll>IIIPie ~" 

cooTBeTCTByIOT 60JII:illll1l'.M E , o-qeHJ> ,naJieKHM · oT :rmTepec~ me 

aCltIMIITOTKtJ:eCKIDC 3Ha"le~. 

c ;n;pyroii CTOPOilll~ 3aBHClDdOCTl> OT Kz H CYOKPHTHtJ:ecxmt IIO­

MepoH Jm.71SmTeSI rrp.HMepoM "HeTPmma.7IbHWC" IIapaM0TpoB. HarqlHMep, 

BeJlll'mlia s IIOKa3HBa.eT, Ha.CKOJll>KO ,u.aJieKO OT e~ JlelltHT 

HHTepcerrT IIOMepoHa. CoOTBeTeTByDllHii 6e3pa3MepliliH IlapaMeTJ> 

P = - 4 6 / E , SIBJIIIeTrui HeTpmm:aJLDHHM, TaK KaK OH eymeeTBeHHo 

H3MeHaeT aem.mTOTHtJ:ecKoe rroBe,neHlle. IIpe.neJI E - o He npHBO.ItKT 

KPKTKtJ:eeIGie IIOI\8.3aTemr K TeM 3H8.'leHRID.1, KOTOPH0 Olm HMeJGi rrpa 

0; Q • ,Iijlyrw.m CJIOBaMH, \PHKCKpo:BaHHaSI TOtma HecTaOHJll>Ha ITO OT­

HOWeHIDO K H3MeHelillliM 3aTpaBO"lHOro KHTepcenTa. 

lils \PHs:ri:11eeKRX coo6paJKeHlrlt Ha.no 6wto OD,!ViTD, '!'.TO .I(JlJI cy6-

KPHTH'leeRoro IIOMepoHa He 6y.neT \PHKC:HpOBawmit CTaOHJll>HOR TO'IKI!: 

IIlJll aeHMUTOTH"lecrua 3Hepr:wrx: rJiaBH02 CHHrYJISipHOCTDD B 3TOM 

CJIY'Ule J!BJifl0TCll IIpoCTOii rrepeHOpMH:pOBalllil:lli IlOMepoHHI:di IIOJil>C. 

Tax KaK IIPK STOM He rrpouexo,:o;HT :aaxoJJJieIDUi eHlil'yJmpHOCTei H HeT 

KPHTKtJ:ecxoro ([leHoMe:aa, acliM!ITOTHtJ:eeKoe pemeHKe He MOllteT 6HT:O 

oxa:paKTep:e:soBaHo rro.n;x:o~oM K w:mtcHJlOBaHHOit TO'llte. 

HecMoTps aa TO, ttTo rrapaMeTP1' p R f-t HBJUIIOTCll HeTpmma.711>-

HliMll!, TeM He MeHee B [14,15,19] 6wt paspac::loTaH crroco6 pa6oTli 

c ImMK. OH 3aKJIIOtJ:aJIC!l B TOM, 'ITO eKOHe'l'pYHJlOlla.710CD HHTerpa.m,­

no·e rrpe,ncTaruteHHe ,I(JlJI nporraraTopa c COOTBeTCTByDltHM Ha6opoM 

qnmell!pOBa.HHllX 6e3pa3tAepHHX rrapaMeTJ>OB (q&tKCl!pOBaJ!l!Cl> ' h wm p. 
H He 'lm<eeyoBaJ11/lc:o K. <! wrn: 5 ) . B c.nyqae cy6KPBTnecKOro noMepo­

Ha 3TO IIpHBO,IlllJlO K 3KCITOH0HU;HaJII>HO na.namtHM IIO.JlHHM ce'l!eHIUIM 

(ypaBHeime (3.106) lIJIH (4.9I)). 
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Hama pes;y-Jll>TaTH no ~pe~IWM c~'leHBJIM cor.nacymca 

c pesyJIDTaTS.MH (19] H (I4,I5] • XOTH pesyJI:bTaT [I4,I5] 6wr 

IIOJiytieH B E. - pa3Jl0Jlt0HHll JI TOJll>KO B O,ItHOIIeTJleBOM IIpH6.mutemm •. 

PacCMOT}lilM llO,Iijl06Hee BOIIpOC 06 aCHMIITOTHKe llOJIHHX .ceqeHJillt. 

Kalt 6HJIO IlOKB.38.HO B (23] • rr:paBHJU,milt yqeT SHepreTK'ieCKO! sa­

BliCHMOCTH KO~eHTOB JIHBHeBoro ycHJieHWi IIpHBO,nKT K TOJllY,'lTO 

B HHTepBa.Jle SHep:r'ldl: .OT 500 .no 59000 rsB IIOJIHl:le ce'leHHSI paCTYT 
0 ~ . 

ruiK ~n s . H aTOT pocT 06y9J10BJieH "~eM" BitJia;nOB KBa.-

311IaiU<OHa.JtbH!iX HeycZJiemnix BeTBJiemrl! [5,6] , 6es yqeTa RaKHX 

6H TO HH Oli.110 ycHJieHHHi rpa(poB, c pOCTOM ~Heprim: CKOPOCTb poc­

Ta rrOJIHoro ce'leHIDI 3a.M6,JtJIJieTca, H rrpH sHepl'KRX Bl:lllle IOO. OOill'sB. 

ce'l:eHHe pacTeT KaK 

ei • 
6lot = A - en.s (5.I) 

ECJIH He yqHTimaT:r:. ycwreHHe ,n:KarpaMMU, Ta.Koe noBe.nemrn 6y"lJ,eT 

rrpo,D;OJIJ!iaT:r:.CH .n;o 6ecKOHe'!HOCTH, Paccr.rOTJmM Tenepb, 'ITO rrpmrnoli­

"lJ,eT, ec;m BKJlI<RHT:r:. ycJJJie:inm e rpajili. Ilep:eaa ,D;HarpaMMa TmJa ( 3. 2) 

nof!BJIJieTca IIpH SHepI'HJIX OOJibme IOOO fsB, rpaqiu Tmra (4.I) Ha­

'llffialllT pa6oTaTb I!pH "::J >- 16 ' I!pH ,wlJ!bHebeM pocTe SHeprm1 

BRJIID'la!OTCH "ll.HarpaMMll Bee 60Jiee H. 6oJiee BhlCOIGtX nopsmKoB. Bee 

STO I!pOHCXO,ll;iIT Ha qx>He . o6H'IHI:1X HeycHJieHHHX .nmirpa.MM, KOTOpHe 

,IJ;a.m BHa'laJie Ce'leHlle, pac~ee KaK en.?. S , a IlOTOM lI3MeHJDl!l6-

eca no ypaBHeHKJD (5.I). Cor.nacHo pHc.I2 acIDAJITOTKtiecKoe uoBe,D;e~ 

HJ.fe BitJia;nOB ycHJleHHH;lC ,ll;ilBI'paMM ,l:\OJDKRO Ha'UIBB.TbCH OT SHepr:rd:Y>B, 

.HO IIpl! STD; SHepI'HJiX eme ,n;ocTaTO"<IHO Be.mnt :BRJ!AII.HeycBJieHHiiiX 

rpaqumoB. IIosTOM.y HeT O,l:\H03Ha'lliOro OTBeTa, H3-3a KB.KOI'O Mexa-. 

mi:sMa rrpoHcxo,IJ;iIT pocT ce11emm: Hs-sa HeycHJieHllliX "lJ,Hal'pB.MM wm 
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M3-3a acz:r.mTOTH'IeCKOH if,vpri!I:l rrponaraTopa IlOMepoHa • .ll:lL'I BbLHCHe -

HIDI 3Toro :sorrpoca Heo6xo,IU1Mb! H3Mepemm IlOJT.JillX ce-qemni c I% 
0Illl'!:6Ra n:;:m COBepmeHHo (paHTaCTJll'!eCKHX 3Heprimx IIC,prr,!U{a Hee-

KOJll,KJ'!X MlIJLJIMOHOB l'liraaJIGKTPOHBO.U,T. !T03TOMy TO' t{TO Mil roBo­

pH.i1Jll B KOHI~e 3 1! 4 r.18.B 0 HaT.£a.Jie nepexo.nnoH o6JiaCT~I' OTHOCH­

JIOC:O Tomxo R BI<.11a,uy ycMJ.tenmrx JU!arpaMM n noJIHilli rrponaraTOp rro­

Mepona. JI..m KOHKpeTHl:lX i;pe.L(cF.asamlli neo6xo.IU!MO Y'flITrrnaT:r, :see 

BKJia.nu O'l' rreycmienrnJ~ H rro.eyycnJ.Iemmx ,Il;liarpa;11M. Crroco6 rue Y'f.e­

Ta )(OCTaTO'l:HO IIO,l:\P06HO paapa60Ta1I B pa6oTax [5,6,I6,I7,2I, 22, . 
23, 25] • 

B 3a.RJIIO'Iemre anTOIJbI Blipal!:a.IOT 6.J:raro.napHocn A.U.Ju,TB.T'flrn 

3a IIOCTOID!Hb!H llliTepec I< pa6oTe ;.r CTHllJYJlliPYKmHe o6cYJK,D;emm ' 

c.r.l.!aTlrn.HHy, A.E.Kai!,naJio:sy, .n:.H • .lhmaToBy, K.r.EopeCKOBy, 

A. A .I'pli!'opmty, r ,. K. Ca.BBH"lJ.li, A. r. Ce.lijlaKIIHy sa I!pO,l:\OJilmTe.JILH!le 
H IllIO)(OTBOpH!le ,n:KC.l\YCCHH. 
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?Rc.3 CTpYltTYIJ<"i c11HryJ!JlpHOCTei1 ll E - rmocrtocTI<t rrpli Kz: o."' o. 

lJy:-iKTlipoM IlOiiB.saH KOH'l'YP lIH'l'erpidpOEaH7.JJ: B ~ 3. 93) • 

u; 
0 
a 
0 

>I 
1; 
t) 

.5 

0 5 10 

----------

15 20 25 30 

Y= ln{sls,} 

Pnc.4 CpunHe1me rro:mb!X ce'!emrli, noJIYqeHmix 113 Teopim B03li\'fUll3-

uID! H .11:3 MUCmTa6Horo pemeHIDi ( 3. 96) . CITJ!Ollllla.JI JmHIDI - am1-

MrrTomtJeCKoe pememte ypa.BHeffill! ( 3. 96) . ITymtTlipHali - TeopHH 

B03M;Y!l(ell.ltll .no 'IJieI!oB-'t; .IJyHK'.l'HPHaJI c TO'il\a!IThI - TeopIDI. 

B03!.7Yll10Hl-U\ .UO 'l:JI8HOB - 'Z. \ • 
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Puc.6 Cm1ry;mpHOCTM ac:w.mTOTMqecRoro rrponarn:ropa noMepona B 

. E a KO!'wiIIJ.leKCHOH - IL'IOCKOCTH rrpl! K > 0 • ~{peCTllK TIOKa3bl-

BaeT !IOJIQ;1te1me IIOJIJOCa ) COO'l'BeTCTBYJOUlero h. 0 .ilyHKTlip0M 

TIOKa33.H IW HTyp HHTerp!IpOBal!lIB B (3. 93) . 

h 

,._- -.- .. -':='-~~ ---
- ~::1-~:---~ - -~-- -r o 

Plic. 7 Cirnryjl.ffp HOCT11 a cliM!ITOTWiecrmro IIp0lID1'!1.TOpa IIO!.!epOHa B 

IWMI!J1eKCHOH h. - WIOCROCTJil:. KpeC 'l'HK y-Ka3 l:!BaeT TIOJIOllteHIIe 

rromoca h. 
0 

, a TO~ h. c SIBJlileTCJI o6pa301.1 TOtJ:eK BOTMe­

HIIB B E - ILJIOCIWCTJI. 
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2 4 6 8 10 12 
x 

a 
Pxc. 8 1\Ba,IulaT a cHMIITOTWiecRoii MaCWTa6Hofi cFJRKIUIB F, ( x) 

PHc .9 

(ypaBIIelllle (3.128)). 
,,. 

Ecm•53 

c • 7 94 

'•• t .. 
,,. • • 

io•l I ! I!! I I I!! I!! !I!! I! I I! I 11 11111 
0 ,5 1 1.5 2 2.S 

c pn Jll l( lJLKO MOllt.IIY ,D,allllliMH Is R . rrp:a E CM = 53 raB ll 

UC)l{MJl 'l'O'J'KIIOCltKM powoimeM ypaBHeHH8 (3.129). 
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10 

0 
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'· 

10;0) 
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?He.IO 3a.BHCHMOCT:b wnrourn f • +2 H t5 ·oT fl. ' p H St-1 ' 
rrOJiy'leHHaJI B pe3yJIJ:,TaTe 'U!C~eHHl:lX pactteTOB ,JJ;Harpa.MM 

H3 ypa.BHelOOi (4.1). 

(8tt)
2dvG 

10 10-· 
ds 

(~;p) 

0 10 0 
h 

(0;01 

l.l;OJ 

10 

?lie.II :33.:BKCHMOCT:b ~ d~c;.H d:; OT h_ • p H ~N • rrOJI:y-

tteHllasI K3 ypaBHe:lntii (4.15), (4.16) H (4.20). 
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me:inlli :a K3 wcmm6Horo pemeEID:I ( 4. 92) • CMOlllHM .immm -

- aCIDvl!ITOTKtieCKOe pewel!:He. IlyHKTHpHaJI - TeOpIDl: B03My­
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meirntt .no 'lJleHOB "" 't. o 
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