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E¢peMos·A.B., PaAKlWKHH A.B. P2 - 12763 
napTOHbl, )!(ecno,1e npoueCCbl H KBaHTOBaA XDOMO,QHHaMHKa 

neKUHH nocBA~eH~ HaWeMy cerOAHRWHeMy noHHMnH1,1r, weCTKHX npouec
COB. OH1-1 COAeP~aT KpaTKHH 3KCKypc a napToHHY~ MO,Qe.nb, 063op Ha1-1Bo
nee ApKHX 3Kcnepv1MeHTaT1bHblX ¢aKTOB, Kal.leCTBeHHOe o6bRCH8HHe 60.nb

WHHCTBa 3THX ¢aKTOB, 1,1 yKa3aHHA Ha BCTP8THBWH8CR TPYAHOCTH. 3Ha~1,1-
TeJ1b,HOe MeCTO y,ae.neHO ElblBOAY H MO,QHC!'l"1Kdlt"11A napTOHHOH MO,Qem,1 Ha 

OCHOBe KBdHTQBOH XPOMO,QHHdMHKH, Hee 3KCnepHM8HTdJ1bHOMY CTarycy. 

Pa6oTa BbinonHeHa B na6opaTOPHH Teopern4ecKo~ ¢H3HKH OHRH. 

,fr~mov A,V., Radyushkin A.V. P2 - 1276:l 

Ha rd ~recess.es, Parton Mode 1 and QCD 

The review is given of the present-day understanding of hard 
processes, with the emphasis on the most illuminative experimental 
results and their qualitative explanation in the framework of the 
parton model ideas. The difficulties of the parton model approach to 
hard processes are briefly discussed.A considerable attention is paia 
to derivation of the (modified) parton model in quantum chromodyna
mics (QCD) and to experimental status of QCD. 

The investigation has been performed at the Laboratory of 
Theoretical Physics, JINR. · 

IlpelmCJlOElle 

,ll.peBHerpet.JeCKne <p11nococpu y,1111BJIHJOT Hae TeM , t.JTO not.JTH HHt.Je
ro He 3HM O MHpe (pa3YMeeTCH, C Hame2, cero~HJirnHett TOI.JKH 3peHIDI~ 
oIDI TeM He MeHec npaEllJIIiHO yra,na.,m JIOrllKY ero crpoemm - cae)J.e1me 

EeJJHKoro pa3H006paarur CEOftCTE OKpylRanuero MHpa EemecTE H REJieHllli 
K KOM6l!H8.l{llH HeCROJII,KllX ~Y~a.MeHTB.JII,HHX 3JleMeHTOB. 0Hl! Ha3b1Ba;m 
HX "3eMJIR: 11

, "Eo.na", "E03JIYX11 ll "orOHI, 11
• Cellt.Jac, 20 BOKOB cnycra, 

MH npo~OJI:BaeM TY Xe "Hrpy" ,Ho Ha3HEaeM 3TH aneMeHTbl u-; d.• , s,c
ll T.,n. RBapKaMll. He 6e3 OCHOBaJIIDI MH nonaraeM, I.JTO CEOHCTEa 3THX 
KEapKOB, me E3ru'IMO,ne2CTEHR - KJI!OtJ K IlOHl!Maffii!O orpnMHoro pa3H006-
pa3HR RBJieHHtt E Ml!pe aJieMeHTapHHX t.JaCTHU. BOT not.JeMY Ha.M 6H xore
JIOCI, Hat.JaTI, 063op He C 11300JIOrHH"3KCnepm.rnHTa.JILHillC q!8.KTOD, a C Ha
TIOMHHaHHlI O TOM,t.JeM lIBJIHeTClI D HaweM npe,11craBJ18HHH a.npoH, not.JeMy 
Mbl Ct.JHTaeM ero CJIOXHHll Od~eKTOM,COCTaBJieHHHl.l H3 KBapKOB-napTOHOB 

(rn. I). 3aTeM MH TIHTaeMClI "yr8,l\aTo~ qro )J.0Jll[H0 npoHCXO)J.HTI, npn 

coy)J.apeHHH TaKHX CJIOXHHX od~eKTOB H 06cyx,11aeM TO,t.JTO MH BH,!IHM Ha 
Ca.MOM .neJie H KaK aTO IlOHJITJ, (rJI. II). 

Pa3yueerca, llli He MOrJIH odollTH MOJit.JaHHeM 0)).HO H3 rJiaBHHX 
co6urm1; nocie~x JieT - IlOREJI8HHe KBaHTOBOtt XpOMO,IlHHaMHKH (KX.U), 
HaE60Jiee cepoe3Horo npeTeH.neHTa Ha pOJII, TeOpHH Cl!JII,HUX E3aEMO
~ettcTEHtt •. IloaroMY rJI. Ill nocMilleHa KX.U llteCTKl!X npoueccoli. IlocJie~
HHtt pa3,neJi rJI. Ill TIOCEmI18H a1tcnep11MeHTaJII,HOMY crarycy TeX MO~ll~H
Ranutt napTOHHOi MO~eJIH ,K KOTOPHM npnBO)J.HT KX.U,H reu TPY.IIHOCTSIM, 
C ROTOpHMH OH2. CT8JIKHEaeTCH. IfuTruICI, c~eJiaTI, H3JlOXeHH8 60Jiee ~0-

CTylIHHM,UH crapaJIHCL H36eraTL rpOM03)).KHX BHKJl8,l\OK, HO TeM He Me
Hee,no ~OCTylIHOCTH H3JlO~eHHR ara rJiaEa HeCKOJil,KO ycrynaer npe~
,Dy!lU!M, XOTR OROHt.JaTeJiomrli pe3ym,raT - MO.Illi(pHUHpOEaJIHruI napTOHHaJI 
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MO.Il8JII, C 3aBllemuuMH OT Q2 q,yHRIUll!Mlf paenpe.ueneHM H aqq>eRTHBHO! 
ROHCTaHTOil B3aHMO,IleHeTB.llJl,KaXeTCSI oqeHI, npOCTHM H ecTeeTE8HHHM. 

Ilo MHCRH aETopoE,o63op npe~3HaqeH .1Vlll nepBoro 3HaROMeTEa 
C npe,ItMeTOM,_ T.e. OeHOBHHMH 8KenepEMeHTMiiHHMH q8RTaMH H reopeTH
qecKHMH H.UeJIMll. no aron npuqHHe Mil crapa;mci, H36eraTii nepeyenolltHe
HM o6mea RapTHHH .Il8TaJillMll H BH,Il8JUIJlll nlill!I, HaH6onee HpKlle qiaRTH, 
Roropse nH6o xopomo no.nrBepJK,naXJT reoperuqecityD KapTHHY, J1U60 pea
KO eM npOTHBOpeqar. 

rnABA I. A)lPOH!l lr IIAPTOHII 

I. ~eM HHTepecHH npoueccs c 6onmott nepe,naqef HMnyni,ea? 

0TE8TOM Ha 3TOT BOilpoe e.nyXHT PHC.I-I. 

ID 
0 ... 
Q) 
:,
u ... 
0 

0 

5 
:s: 
:,-

\ 
\ 

\ 
\ 

\ 

Phyl.Mog. XXI. 669 
(19111 

'\ ATOM 11MeeT 
0 

\~ CTPYKTYPY 

\ 0 
\ 0 

\ 0 
\ 0 0 

\ 0 
\ 

' \ 
\ 
'\: 

a) 

\ 
\ 

\ Phys Rev Lett 
\ 18, 1014 (1967) 
\ 
\ 
\\ ,npoTOH 11MeeT 

\ CTPYKTypy? ,· ,. 
\ . 
\ I 
\ 

\ I 
\ I 

1 
{ 6) 

Tue. I-I 

JlettCTBHTeJIIiHO, aT_OMHOe ~po 6HJIO 06HapyX8HO PesepPop,JtOM HlleHHO 
B HHRnD3RBHOM nporiecce d. + A1.t ➔ ol-+ X . (Puc. I-I). 

Poer aHepr1rn yc~op.11re~~.~ aa no'cne~e ro,IJ;!l noaBOJllfJI ·aar.na:
HYTii eme r.ny6xe. TaK ,IVlll aneRTpoHoB. SI../\(! --.itocrynaa11 oonacn ne
·pe,naq HMnyni,ea_eoeraEmrer-20 (raB/c)2~ qro no3B0.1IlleT npeo.noneri, 
paecTOHHHe BilJIOTI, .no o, 4 <.Pll, r. e. sar.7I1IHYTI, EHYTPii IlpOTOHa. Bor 
qro u1,1 rau YBH)teJIH. (p.11c. I-IO). 06sqHo ara aHanorM eqRraercst 

4 

8Kenepl-lM8HTaJIIiHHM .IlORaaareJIIiCTBOM CJIOliUIOli erpyKrypbl npoTOHa. 8ro, 
o,naaKo,He COBeeM rar,. JleJIO E TOM, '-!TO Ypa1!H8HllH .IUtfl 4Jopr.$1KTOpa, 
ITOJJY'-lalOOUleCH B reopHM IlOJill,MOryT MMBTI, perneHMH, y6b1Bamme KaR He
KOTOpali creneHI, nepe,naqH liMITyJIIiea Q'. 3ra B03MOJKHOCTI, eBJI3aHa 
e IlOHBJI8Hll8M Ha MaJIHX paeeromumx (60JII,lilllX Q2 ) HOBoro saKOHa 
CllMMerpm, - Macrnra6Hoii llHEapliaHTHOCTll ( T. e. HHBaPlfaHTHOetH 3aRO
HOB ESallMO.Uell:eTEllH rrpll O~HaROBOM li3ll8H8HllH Beex paccTOHHllii) ll no
HBJIBHlleM HOEoro COXpaHIIIOll!erocst RBaHTOBOro qucJia - T.H. aHOMaJII,HOli 
pasMepHOeTll. B 8TOM eny'-lae ,IlOEOJibHO EHCOKM ererreHb y6uEaHil.lI WDPM-

ql!lRTOpOE d ,i ( /\ )8 
~ ~ - 4 - ·1 A-:: 0.!4 rsB/c 
dQ' . Q Q -

D3Ha'-lana 6u npOCTO 6on1,myru B8Jlli'-lllHY aHDMaJibHOli pasMepHOCTH. 
B 8TOM CMblCJie perna!OOUIMH ORasa.,mer, EHDOJIHOHHHC E !969 r. B 

SLIIC. onur11 no r.ny6oRoHeynpyroMY paccen:muo SJieRrpoHoE Ha nporo
Hax e P"" eX B npe.nene 6om,rnoii nepe,na'lli nMnyJIIica Q2 ll 6oJIIimoi1 
mrnapnaurHoil Maecu encreMH X - MX , Ho qi11Rc11poBaHHOM orHo!IleHHJJ 

z I ' -Mx Q: (p11c. I-2). q :e-e' 
e e~ Q:i =-q 1 

M:2!:1<2pq-Q2=-
= cj ( ½--t) 

JM• Q7.· 

X-= 2Pq 

Y= pq 
pe 

Puc. I-2 

11HBapllaHTHOe ceqeime B 8TOM npe.neJie C ,IlOCTYDHOM B TO BpeMJI TO'l-
HOCTI,ID ORaaanocii He 8aDHCSl~lill OT KaKHX-JIHC!O paauepHUX napauerpoB 

' d " l0 ~,-:: -
4 

Y- (qiyHKJ.Urn OespasuepHHX napauerpon),(I.I) 
d-it Q. 

qro npor1rnopeqHr runorese o 6oJIIiwoi1 aHOMam,Hott pasMepHoeTH SJieMeH
rapHoro npOTOHa, ROTOpa.a c TeM ae ycneXOM .IlOJIJKHa 6blJia npORBliTI,CJJ: 
H s.necb. 1fro6bl paapeamn STD IlpOTllI!Opeqlle, MH .IlOJlll!Jfil npe,nnOJIOl!IMTb 
HWlli'-llle E rrpOTOHe H0RIIX T0'-18'lHOITO,ll061rnx COCTaBJilIIOlllllX - "rrapro
HOB" ( parts of prot on)/1/. 

HanOMHHM, KaK Il3 8Toro npe.nnoJIOXeHllH TIOJIY'JaeTCR CReilJII!Hr 
(I,I). }lonycTHM, qro 

a) napToHIJ roqeqHU, r.e. paccen:HHe aJieKrpoHOE Ha HilX onpe.ne
MeTCR nepEOH 60pHOECROll ,IlllarpaMMOi1 Ha pHC. I-3. 
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dd:,: &1t~~i 2l?t)[xf F" C ~) ../(Ji--y)- M :'\F. (-x.V (I.5) 
A-7 \Ql~, 2 ~ ~'f•2iy()J 2. ~' 

e r,ne ( e 01, - 3apim napTOHa B a.neRTpOHHHX e,nmmuax) 

F1 l-x.) :. ~ e! f °'IA ('x) (I.6) 

p 
..• ' } namtBHble I F, ( i) ': ~ e! ~+~,A ( ~). 

k'.. k+q 

(I. 7) 

AKTHBHble 

PHc.I-J 

6) napTOHH CB060.Illill, 'T.e. 3a BpeMJI npo.nera a.neKTpOHa (KOTO
poe nenemmo na-aa nopem~eBa c0Kpanienn11)napxoa1,1 He ycneBa10r npo
B3aHMO.llelicTBOBaTb .npyr C .npyro1:1. 3TO T.aKJKe CBH)leTeJibCTByeT 0° TOU, 

'ITO nonepe'l!lhlll mmyn1,c IIPOTOHOB(T. e. IlMIIYJ!l,C nx BHYTPBHHero qiep
l.nl-)lBHlKeli:1rn)MaJI no cpanHeHirn c npo.noJ1J,Holi KOM11011earon,<k.? <, k,,zk

0
; 

B) Kall!JlllH nnpTOH Hecer H0KOTOPYIO ,nomo 4-HMny.ni,ca npOTOHa, a 
fa (()d's - 'if!CJIO napTOHOB copra "a'.' B a,upoHe A c HMny.nMoMk=U>. 

1A EcrecTBeHHo, 'lTO 
-t 

~ ~td~ to./ (~) ~ 1.. (I.2) 
o. o A 

lli!BapnaHTHoe ce'leHne rnydoKoHeynpyroro npouecca,cornacHo 
pnc. I-2,6y,ner HMeT1, Bn,n 

(Ld:r, =~rd~ft\,(~)(d~} 1 ,\ ~s4(k+(-k'-e1)\\111\t(lk+t~v)2~ 
t. o, ) 'A d 'l'- eo.-,e a. L ~ . j' 

(I.3) 

Tor.na B 6eapaaMepHHx nepeMeHHh!x 

Q2 (P ) 
:X:.':.- 'i= '\, 

2. li\,1 ' lP n (I.4) 

( nepBan: 0Kas.1rnaerc.a ,no.nett nMny.n1,ca , npnxo.nmnenc11 Ha napToH, r. K. 

t\l'i<+ I\, ,i)-: 8(~2m1
~ 2ly\g-ci) ~ s ( ~ --x.)/zfl>~). a B1'0pa.f.1 - K08q>

qinuneHTOM HeynpyrocTH(E- E 1) /c B CHCTeMe IlOROJI npOTOHa) Ce'ieHne 
(I.3) npnMeT BH,It 

6 

:::i_;, 

Ilo,n-qepRHeM, 'iTO COOTHOilleHHe'X.°f1: 'F, HBJIII8TCR CJie,ItCTBileM npe,n
no.no:zeHHoro cnnHa I/2. 

3ro ce'leHne aerpy,nHo raKze Bapaanr1, qepea no.nHlle ce'leHHH 
nor.nomeHHH nonepe'iHoro H CRaJIJipHoro (npo,nonHoro) ~oroua/I/ 

2 t 
<:5 .= ~ F tx") • er -:.'~ [ ~)-f'l~)] (I.8) 

t l?I\,) " l <!, lf'\,) -x 1 ·, 

TaK 'iTO ,nJIH napTOHa co CililHOM I/2 

-o <:r's ~: - = 0 (I.9) (! . 
-t. 

IIo,no6HHe El,l'IIlCJI8HilSI ,nJIH riaproHa co CililHOM O ,nBJl:ll 6!l F,_ (,i.):0, 
F2 {,x.): ! e~ 'X.,-a l-.) n 'R = oo . Ha6.n10,MeMoe aKcnepnMenra.nbHO 1.Ia-
.noe 3Ha'leHHe OTHOill6HilH 'R. ( "R:::: 0,2±,0,I) - CBn,nereJibCTBO B 
IlOJib3Y Toro, 'iTO 3ap!IR6HHHe napTOHH IlMeDT CITilH I/2. 

2. EacTp!le H Me:nneHHHe naproHH 

2 
PaccMorpnM cHa'!a.na npe,ne.n ynpyroro pacceiIHHH, Ror,na 

Mx -:: <i ( H~ -1) ~ Mp. B aroM npe,neJie no'lTH Bec1, nMnyJii,c 
npOTOHa cocpe,nOTO'ieH B aRTilBHOM napTOHe < r. e. -x ~ 1 ) , a IlOJIHl,lH 
IlMilYJThC MaccHBHHX napTOHOB orpaHH'leH 

l1- -x) ~ . .,.,..-,. / Q'. 

06H'iHO npe.uno.naraerCSI, 'lTO ycpe.nHeHne F (~) no aroa o6mc·TH 
,ItOHHO ,na.BaTJ,. RBa,ItpaT ~OpMq:aKTOpa nporoHa, T.e. ,ltOJil!HO Ila,Ita.Tl, 
C pOCTOM Q? RaR HeRaJI creneHh Qz 
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~ 2 
~ F (x)d~ -::: F:e. ( Qz.)"' (~ \t 

1- 'IYl'I./Q?. \ Q2. / . 

3ro HeMe,IUieHHO np.llBO,n.llT K COOTHOW8HH10 ,npemra-HHa/I-2/, CBH3HBaD

lll8!JY IlOBe,neH.11e qJYHR~ pacnpe,neJieHHH C ynpyrHM WOPM(l)aKTOpOM. 

2~-1 Ft~)~(~-~) \'\pu ~~1.. (I.IO) 

.ll.ml IlpOTOHHOro WOPMqlaRTOpa, HanpHMep, 3RCOepHM8HTaJihHO H3B8CTHO, 

tJTO 1' -::: 2 , T.e. OlKH,IlaerCH*), tJTO 
p ~ 

~i' (~) ~(1-:X.}. (I.II) 

IlpOTHBOilOJIOll!H!m npe,neJI "JierKHX" napTOHOB; J: 'lo 0, 031!atJaeT 

'2(?1\,)">)Q' • aTo pe,nlB.HeBcKM 06.nacn woronorJiomeHHH THlltbJioro 

BHpTyaJibHOrO WOTOH8,If Il03TOJ\1Y a,necb MOlltHO Olm)XaTb IlpH6JIH3HT0JihHO-
ro IlOCTOHHCTBa CetJeH.11il A 

cr.l ..__ AC Q')-+ 'B CQ') ~ + 
.. 2( f'\,) 

3a nepBoe CJiaraeMoe OTBeTCTBeH OClMeH IIOMepOHOM, 3a IlOCJie,llyIO!ll.118-

0ClMeH p~f, w - Tpaei<ropHHMH c 1mrepcenTOM o(i (o) ~ Q S . ,Una 
qJYHK~ltll: pacnpe,neJiemm napTOHOB aro HeMe.IUieHHo .ItaeT (cor.nacHo 
(I.6), (I.8)): 

f('x.)~ ~ + ;;.-+ ... np1.1 -x--.o, ~ (I.I2) 

T.e. noJIHoe tJHCJio naproHoB c HMnyJihCOM cloJihme .nrurHoro(J fcx)dx)-
Jiorapmfr.i:11t1ecx:1ra pactJeT c pocroM HMnyJibCa. :to 

3a.MeTHM Ta.Kllte, tJTO IlDCROJihRY IlOMepoH nepeHOCHT RB8HTOB!le ' 

tJ.IICJia Ba.KYYMa <Al:O , ll.C.:o ), TO ROHCTrutTa "a" YHllBep- ','i 

CaJihHa ,IUIH ~ , Y\ , 'F H ~ • 

ii) Sxcnep.11MeHTaJihlllie .naHHH/3/ B HaCTOHIIll!il MOMeHT JJYtJWe co
rmcyJOTCH C IlOBe.neHHeM t'i-'¥-)'t • B CEJI3H C 3THM eme pas no,nqepK
HeM, tJTO COOTHOW8HHe npeJIJia-HHa cymecTBeHHO CBH3rut0 C npe.nnoJio
ll8HHeM O TOM, tJTO aCHMilTOTHI(a WOPMqru<TOpa onpe,neJilieTCH C.lfry~ett, 
ROr,Ita o.nHH .113 na~TOHOB HeCeT Beeb HMnyJibC npOTOHa. B KX.ll, no-DH~' 
)llll!OJJY, CllTYar.tllSI COB CeM 1masr. , 

8 

3. KBapR.11-napTOHH 

Qqem, llpHBJieRaTeJlbH8 r1moresa O TOM, '!TO napTOHaMU HBJIHXJT

CSI RB8pK.11. BOT HBKOTOplle W3 apryMeHTOB B IlOJibay aron r.11n0Te3H. 

(EoJiee rro,npo6HO O 6oJih1IlHHCTBe .113 H.IIX cly,neT roBOPHThClI m1>Ie). 

a) Yen ex l!O)i8Jlll H83aDHCIUJillC KBapKOD/ 4/, 0 coCleHHO TO, '!TO OTIIO-

lll81Ui8 nommx ceqem1n ~ 

O".to'l / r:s·tot ~ ., /~. 1tr n - "" 
6) Ilo,naBJI8HHOCTh npo~eCCOD C o6MeHOM 3R30T.lftJ8CK.IIM.lf KBrutTOBU-

M.11 tJHCJiaMH. S 
n) Ycnex "npan.11m x:eap1<0Boro ci::ieTa"/2 , I (IIKC) mm ynpyr;ix 

cei::ieHHil pacceHHBH JI8IlTOHOE :II a,n:poHOB Ha clOJibllllie yrJIU*) 

( do-j A~➔ C)) 

\d~ S ➔ Oo 
~ (S)2-Y'IA-hi-h~-n)) 

' (I.13) 

r.ne t'I;, 
'YI-; 1 

S/Jc,: CQ\'l!.'t 

- KB8pROBOe co,nepl!aHHe i::iacTB~ ~' (,IUIH JI8IlTOHOB H WoTOHa 

) • B tJacTHOCTH, SJieI(TpoMarmmnrn qiopMqiaRTOJ> a.npoHa A 

(dcr/di:. JeA ➔eA ':::'. 1~ \ F ,J'- ·, 
F~-::: lQ2) 1-t'\A 

(I.I4) 

a wopMl)aKTOP nepexo,na 

~ ~ (Ci) ~ ( Q2.) "- ( YI A- -t 'rl i?>) / 2 ; (I.I5) 
A-.,~ 

r) ,llByXCTpyi1HM CTpyKrypa aHHBrHJIHUBB e-t e-➔ 
11 ocoCleHno To, l[TO cmm CTpyn paneH I/2 •. 

8.,npOHU/6,?/ , 

.n) 3xcnepllM8HTaJihHO HaclJIXJ,naeTCH cyMMa KBa,n:paTOB 

CTpammx napTOHOB (cM. HBJKe) 

saplI,UoB He-

*) Ha,;icloJiee npocTo STH npaBBJia nOJIY'laJOTCH .11s pasMepHUx coo
clpazeHBil /5/. nonycTHM, tJTO npH clOJibIDliX nepe,Itai::iax HMnyJihca·B aM-
nJIBry,ne npoqecca A+"B.-. C.+ 1) MOlllHO npeHeclpetJL saBBCHMOCTbBJ OT 
Mace KBapKOB H Ra.KBX-TO .npyrHX paaMepHllX napaMeTpOB. Tor,Ita MaT-
PlltJHldi 3JieMeHT S cly,neT HMeTh pasMepHOCTh 1:1-t nA •ri~"'l'l,•r,~), 1 

~~~ r . l 
(pa3M8pHOCTh oneparopa po:z,neH.IIH .If YfflitJTOZeHIDI KBapKa paBHao3IZ ) , 
a paSMepHocu aMnJI0ry.n;u npo~ecca ~ 

(nl2.c~r"'2 ')F;lip) '!~\-HJ): SA&-"C.~ 
PaBHa\t"')Y\1+ n,+'"""'"l~ . 
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! r 

Le!: 
0.' 

(-1 d 
) dx~,e be.) 
0 

.}_ o- =if . "T cr ~ 
4· 

<3" 0 

s 
CZ, 

c xopomen roqHoCTbl'.l. 

(I.I6) 

Heo6XO.IU!MO nonqepRHYTL, qro,npHHHMM rznoreay o KBapKax-nai>

TOHax,Ml:l ~OJillt.!m npe.IlIIOJIOlmTb, qro KBapR.ll MOryT BH6HBaTbCJi .ll3 a.n

POHOB (HJm pacnanaTbCJi Ha a.zwoHH). EcJill lie OHH He BHJieTaDT, TO 

Bee HawH o6~ffCHeHrui: CKefiJIHHra, CTpyfi co cnHHOM I/2 H T~]l. CTaHO

BHTCJi COMHHTeJibHH. 3ro oco6eHHo HCHO BH]lHO B T.H. 6pei1TOBCROil nai>
TOHHOi1 cucTeMe orcqera, rne 

9.,:(0 1-Q)o_,c) ·1 P::C.P,.£\0 1 0). 
lfa saRoHa coxpaHeHHH aHeprnn-l!MllYJILCa JlJl/I napromroro nonnpouecca 

-x.f-t-0=. i\ ,--xP-G-=--f1 , T.e.Q =2f x , a aRTl!BHIIB H nac-

CHBHHe napTOHH nocne. coynapeHrui: JI8THT B pa31ill8 CTOPOHH C HMnyJibCa-
Mll - :x. p n ( 1-:x. ', p (p11c. I-4)~ 

~o CTOnKHOBeHHR p==== -2xp t f- x) p ~ 
xp 

Pnc. I-4 

nocne CTOnKHOBeHHR 

B RBaHTOBOrl XpOM::l,llllHaMl!Re, rne I<BapRll HecyT "UB8TOBOi1 sapim", 

a anpoHH o6paayioT "6ecuBeTHYIO" KOM6HHaifl:!IO RBapROB, cq.11raeTCH, qTO · 

no Mepe paaJieTa Bu6nroro UBeTHoro KBapRa n UBerHoro ocrarRa Bsa-· 

IiMO]leiiCTBne Mell!J1Y HHMH HapacraeT ,n nponcXO.IU!T poll!,I{eHHe O.IUIOi1 HJlll 

HeCROJibRHX nap q,q. C HeClOJibfilllll OTHOCHTeJibHHM HMnyJibCOM, npn

'l8M CaMHi1 6HCTpHi1 aHTllRBapR "HeiiTpaJIHsyer" BH6HTHfi RBapR, a CaMHfi 

Me.ItJieHHHn RBapR - HyRJIOHHHH ocTaTOR. 0CT8::11bHHe ~e H8i1TpaJIH3Y!lT 

npyr npyra. B p83YJibTaTe o6paayeTCJI ]lBe CTpyn a,npoHOB, JieTHutHX B 

HanpaBJI8HHH BH6HTOro RBapRa H HyRJIOHHOro OCTaTRa (pnc. I-5). Ilo

Bll.IUIMOMY ara RapTHHa 6JIHaRa R HCTHHe, XOTH y6e.IU1TeJibHOro .llORaaa-' ' 

TeJibCTBa ee noRa Her. IIo aroit npuqnHe naBiiliTe npocro cqnran,qro 

napTOH - BTO BHJiereBmHii KBapR C HeonpeneJieHHOif Maccon, ROl'OPflH 

qepea RopoTRoe BpeMH npeBpamaerCJI B a.npoHH. Torna Ka!!,llllii anpoH A 
OnHCHBaeTCJI•UleCTb!l cfJyHRUIDIMH fa,,/~.),•~ 3a6y]lbT8 .. Ha '.BpeMR: o' TaRHX 

peJlRHX Bemax, KaR oqapoBaHHHe RBapms n r.n.) • .Ima: npoToHa, HanpH

Mep, BTO fl.'/~ l-:X.\::. l.lf:t.\1.U, h,t' -=~p= d.l_:t) '. $~(-x.): S(x),_. ii~c-x.)iucx),· 
d (-:x.'1-=~ ·u-~·t1.'\-=~ .Ecr~cTBeHHO, qTo , 

f t 

10 

Ii 

j (u-u)d:x.::. 2 
0 

... 

~ Ccl-d)c.\~ ~ '1 
0 

(I.I?) 

... 

; } ( s-s ) d:x = 0 , 
0 

oaaaqalCXIIHe, qTo npoTOH co.n_epl!UlT ]lEa "Ba.JieHTHHX" u -RBapRa H 

O]lHH BaJI8HTHHii d -KBapR. OcTaJibHHe RBapRl! o6paayDT "Mope" nap 

LI H U , d H d , S H 5 . (<f>opMaJibHO npaEHJia cyMM (I.I?) 
HBJl/Il'.lTCJI cJieJlCTBHHMH RBaHTOBHX qllceJI npoToHa: G::. 1 , I:z = '\ /2 , 
S:0 ). 

IlpH :lC-, 0 'lllCJIO IrnapROB Kal!,ll;oro copra, B COOTBeTCTBHH C 

(I. 12)' pacTeT B CJI8ACTBH8 pollC,l(emrn nap q, ~ U3 BaKyyMa. QnHaKO 

ut~) ~ U(x)-::: dt:ic.) ~ dc.x.)::::: o./x ~ sc.x.) ~ s.tx.)= a'/:x, 
6Jiaronapl! '!eMY HHTerpaJIH (I.I?) OKa3HEaIDTCJi CXO]lffIIIHMHCJI. 

IloBe]leHHe cpyHRUHit pacnpe]leJieHIDi B6Jlll3H f ::= -1 CBH3aHO COOT-

HOU18Hll8M .IlpeJIJia-fum C y611EaHHeM qiopMqaRTOpa* • EcJIH, B.no6aBOR, 

npnH.lITb l]{C (1.14), TO H8TPYJlHO noJIYqHTb 
k . 

f c:x)-= c1-:x) ; k-=- ..,A+ n .. -"! )\ M1 k = 2tl - i cr.rn> 
u l'\M't 

r.e. ucx.) 
1 

dc.x.) ~ (1-:x)~ , a it ,d, S ,s ~(1-x)S (pHc. I-6). 

§\ p )-1 "''~·-· t_ l """"·-· 
Pnc. 1-5 

Tue. 1-6 

4. 3RcnepllM8HTaJibHOe ll3Mepe1rne pacnpeneJieHHtt napTOHOB . 

I'JiyCiOKOHeynpyroe 3JI8KTPOH-a,n;pOHHOe pacceimne - AaJISKO He HA8-
aJlbHHn npouecc ,n;m HaMepeHRR: pacnpeneneirait RBapROB-napToHoB. He

nocraroR B TOM, qro 8JieRTpOH qyBCTByeT Bee 3apl!lKeHHHe napTOHH 

(HO He 'lYBCTBYeT H8HTpaJibHHX). ITOBTOMY 
eti F. C. f? . 

F.., t-x. )-=- ...L. ~ 4 (u""u) + ~ (d +d)-+ ~cs~ s) cr.19) 
. , 'X. ':) ~ ~ ' 

*1 CM. ,OJlHaRO ,npllM8'laHHe Ha CTp. 8 • KaR 6yner BH.nHO H3 
.naJil,Hettmero, BRcnepHMeHTamHo JIY'lme nO.ItXOJlHT rroBe.nemrn l1-:t)~ 

II 



a .liJllI HettrpoRa aHanorHqHHff ~opM<fiaRTop orJIHqaerCJI saMeHottL.t~d 
T.e. 

4n lx"\ =- dcx.) , dn ( -x.):: u (~) > s'\1 c-x. )-: Sex) , 
B pesynnTaTe qero 

en 4 - '1 - - '1 -F1 C'x):: 3 ( d + d) + ~ (u + l.A) + 9 ( s+ s). (1.20) 

TaKHM o6pasoM, s.n:ecn H8T B03MOJK.HOCTH OTJlliqHn HH(U+iA) -pacnpe-

.n:enemte OT (d+cl) H(c,;+{) \ HH u OT w H T.,n:. 

Bonee no,n:XO.lllill!HMH .zum arott ueJIH oKasuBaDrca npoueccu rozy6oKo

Heynpyroro pacCMHIDI HettTpHHO H aHTHHettTpHHO Ha HYKJIOHax, IlOCKOnn

KY aefiTpHHo tiYBCTByer ronnKo d - H Li -KBapKH, a aHTHHeffrpHHo -

u H J : ~I'd ~ u 1-4-
1 

-vl-'u ~ J p- , 

:JJJ ➔ d \" 4 
, ~ er ➔ u t4 1' • 

(I.21) 

(Mb! a,n:ecn npeHe6perRH B3a:l!Mo,n:ettcTBHeM c $ -KBapKOM, IlOCKORbKY 
OHO BXO,n:HT C MaJIHM MHOllWTeneM ~,Y\2Qc:, ::: 0.0 4 ) . 

Te lite BH'lHCReHHH, KOTOpHe IlpBBeRH K BHpalleHIDIM (I.3), (I.4), 
.zum ,n:11arpaMM pHc. I-7 .n:ruoT 

( Jc )".ii [- i="-' . . )r-,J'J .. y -viJJ 
,I'iciy =G0 ,cy!-t--r-(i-y-_;;.2Er2 't.,<y{l·z)f:.i · (I.22) 

- ,·-· _____ -;_ ! 

·-½-/ - - ~::v.~--
--- 1·1 (/ r u · 

Olx) " Q(x) 

0·'ruf 1l1 1 

- ~~----.J .. :---====== 0 0.2 · 04 

Pnc.I-7 PHc. I-8 

6, ~ / 5 . - '3i 2 E 
r.n:e 0-o = h-i C 1i :. 1. . 19 . (Cll/I'3B) 

F/ f -: 2 ( d + u) , 'F / '? : 2 ( u + cl) , 

F.'IIP_ 2 (d-u)l 
~ - F~\> -=-2 CJ- u)_ 

~ 

12 

(I.23) 

(CJiaraerr.oe c F ! rroJIBHJIOCn .,rn-sa HHTepcpepeHUIHI axcHaJu,noro H 

B8KTOpHoro TOKOB). 

B npen;eJie m IE<:< 1 aTo mpaJKenHe n;JIJI ceqemm npHHHY.aeT Kow.

rraKTHllff Billl;; 

d <S"" -
cl:x d'f { 

(de~)+ ('1-y)' G ex)) ~"9."P 
-:: 2 0- :X. _ _ (I.24) 

o (cl Cx)+ ('1-)')2.uc:x)) 8"~ "'P, 

0a KOToporo acno, qTo n;Ba tJJieHa, oTBeqam0e paaH!i!M pacnpeneJ1eHH

.mv1, 11Me10T pa3HYJO '/ -38BilCHMOCTn ll,cJienoBaTeJII,HO, p83JIHqmt.H 3KC

nepl!M8H'l'8JlnHO. K COllt8Jl8HHD, B HeliTPllHHOU aKcnep0MeHTe P/1,i OObitJHO 

HMeeM n;eJIO C JJ,n;epHOl!: Mlllll8Hn10 C npi!Mepno O.ll;ilH3KOB1lM tJ0CJIO:V. HetiTpo- . 

HOB R npoTOHOB,TI03TOM;y z. -
( a<l" \ _ i. [( )P. ( Y']=~ f~cx)+C-1-y) Qc-x) 
\.cl~cl'f J"P - 2. 0 LQ(:x.)+l1-'f)'G(~\u.25) 

r~ . -
Qc~,-:. :x: ( 1.1c-x) +cl ex)') ·1 Q ex); :x. (u ex)+ Jex)). 

PRC. 1-8 IlOK88blB88T, Ka.It BHI'Jlff.IWT 3Tll qiyHKUH/B/ • BH.ll;HO, tJTO 

BRJian; 8HTHKB8pKOB BO Beel!: 00JI8CTH 'X ~ 0." rrpeHe6pe1KHMO Y8JI. 

l1HTerp0pyJI (I.25) no :x. H 'I ' HeTpy!(HO ITOJIYtJ0Tb IlOJIHOe cetJe-
,J -

nHe O' 0 O' v , rrpoBepHTn mipallteH0e (I. 16), a TaKJKe xoporuo 1!3BecT-

Hoe eOOTHOlll8Hlle O' ,I'/ (j ,J ::::: 1 /3 • 
HeCKOJlbKO CJIOB O HefiTpaJinHllX I! He B380Mon;efiCTBYlUJlllX C HefiTpll

HO rrapToHax • EbTn JIil TaKl!e? CitoJin B8Jll!Ka ux pOJin? !!eROTOpbil!: CB8T 

Ha 3TOT norrpoc npOJIUBaJDT BbltJHCJieHHil CpOAHero l!MilYJibCa rrapTOHOB, 

l!s rJiydoKoneyrrpyroro pacceamrn H3Becrno/I/, 'ITO 

~-t Ftp C-:x.)dx ~ o.'iJ , ) F2.en (x) d:x. ~ 0.12. 
0 0 

BocnoJin30BaBmt1c1, (I.22) H {I.23) 11 rrpeHe6peran BKJia,n;oM i:rpau-

Hl:lX RB8pKOB neTpy~HO Hall:TH 

' 4 <Xu.') + : c( :( d) :: 0. 1&, 
~ -,1 ( 

! <-:(d") * ~ (:X"'')~0/12 \ 
~ ~ 

13 

1 

(:t11,,'>: ) dx -:t Ct,/ f q_)) 
() 



T.e. ('X"')-:::::0.36 ·, -<:X.c:t">-== o.~a. 

0KOJIO ITOJIOBHlill HMIIYJI1>ca rrpoTOHa npexo,nHTCH Ha KBKHe-To HeATpanir
HHe napTOlill. 

3TOT ,w{Cc5MaHC B IDAIIYJIMax IIPHHHTO oc5wmo CID!:CHBaTI, sa C"IeT 
He:HTPM1>HHX rJIIOOHOB - "IaCTRq TOI'O 11K1IeH", KOTopu:ii CKJieHBaeT KBap1m 
B a.zux:>Hax. I'.nyc5oKOHeynpyroe paccemme He MOE:eT HWiero CRa8aT1> HaM 

o pacnpe.neJiemm aTmc tJ:acTim no m.mym,car.,. Ha.Hc50Jiee no,IOCOWIIIIHM .wm: 
aToif UeJIH c5WI 61:l npouecc po~emm: 1f -KBaHTa c 60JI1>II1RM nonepe'IJHl:lM 
liMIIYJI1>COM B a.zux:>HHHX COy,Itapemm:x. CorJiaCHO ffi{C, M!l .!(OJIJltHl:l ommaT1>, 

"ITO f ~/p (-x) .._, (11-1)<t npH ~ ➔ 1. 

I.5. PoxneHHe JieITTOHlillX nap 

XopomeA rrpoBepKoA napToHHoA KapTHHH cJiyXHT nponecc poJtn;emm 
JieITTOHHOtt rrapH C 60JI1>moA HHBapHaHTHOfi MaCCOff (T.e. "TmteJioro «Io
TOHa") B a.n;pomrux coyn;apemmx, Harrp., ? + P _. ~+ .. -x • JleflcT
BHTeJI1>HO, ecJIH ~pOH ecT1>~6opmne•cB06o~x napTOHOB, TO 8.!(HHCT
BOHlillM cnoco6oM oc5pasoBaHHH napu 6y.!(eT aHHHrHJIHL{RH KBapxa Q. c 
HMIIYJIMOM c{ ~ A HS O,IOIOro an;poHa H aHTHKBapKOB ~ C HMnyJIMOM 
~ P~ - 11s MOPH rtpyroro (T.H. rrpouecca Jlpemia-HHa {pac. I-9~, 

Tax '!TO cet1eHHe ero .nommo m.1en BH,n: 

~ : ! ( d.tdl (-fa, Cat) f c;:
1 

Cf)+ Att i)~ \ _ · 
d Q o. ) 'A '& dQ "" -, 14+1'-

p ~ . 
q 

9 ;r PMc.I-9 

p 

CTann;apTHHe mq0cJieHHH n;am 

~) _4irc1.24\'"(r :\ z. 
dQd" - ~Q~ '- ia1 (-tt"'\-f.li ~)+ ,...'SI e" , y:. o o. A I& _ , 

(I.26) 

14 

r.ne 't': Q/v"s • Ha pile• I-IO npe,ncTaBJieHO 8KCIIepHMeHT8Jl1>HOO ce'le-
- HHO 1-1 TeopeTHtreCKOe npen;cKaSamie C HCIIOJl1,80BaHHOllf. IPYHKI!I-IH pacrrpe

n;eJieHI-IR, rroJiyqemrux H3 rJiydoKOHeynpyroro pacceHHHH/9/, 

co 

" L. 

' ~ ,0-7 
:,: 

IQ-1 l-

,o-, s Pi10.l-IO 
9 " 
M f38 

Ilpouecc pOlK!t8HI-IR JlOilTOHHHX nap CJiylKllT T8KlKO xopOIIII-IM "rrapTOHC
MeTpoM", T • e. cpe,nCTBOM .!(JI.fl 1-!SMepemIB pacnpen;eJI8HllR napTOHOB )\llH 
Hecra::lHJIT,lillX qaCTHU. H3MepRR, Harrp., pollt,ZJ.eHHe nap B llHOHHOM nyq-
xe ,rl ?~t'\,-X 11 3HaH pacrrpeneJiemie KBapRoB B npoToHe,MOJK-
HO IIOJiyqllTI, pacrrpe:'.leJie,He 8.HTl!KBapROB B IIHO!le. He,na:BHl!e l!Sllf.epeHHR 
rpynrru ~11Karo-II00HcToH 9/ naJII! cJierruv,m11n peayJI1>TaT (pile. I-II), . - f ~ ~-

X 

~ 
1::j 

X 

0.1 

0.01 

"~ ~ 
;.!,:-I 

0.2111-x ,i.os )~ 

CTpyKTYPHM $YHKijHR nHoHa 

;.. 
O :2 .4 .6 8 1.0 

PHC.1-Il 

KOTopun xopomo cornacyercn c ITKC (I.20) 

~u c.,_\-= 0.21 l~-"l.):·05 
'\t-

15 



liHTepeeHo, qTo pOlltn;eHHe I(IIMDOHOB B IIHOHHOM nyqKe IIOSBOJIJieT 
npoBep0:T1, eaM MexaHliSM JlpeJIJia-ffira, 0.IU!lfM 03 eJie.n;eTBliil KOTOporo 
.fIBJIJ!eTe.lI yrJIOBoe paenpen;eJ1eH0:e }-l,. no OTHomemm K IIliOHHOMY nyq
KY B e0:eTeMe IIOKO.II ~+t4· . OHO .D;OJlXHO HMeTI, BBn;~+(0~1 fJ (T.e. 
Tax_on J1Ce,Ka.R e B aHHHrHJI.1IU0:0:e-+e-➔ !'{+14- ). 0T6op eol5ann e Ma-

JIHM nonepeJHH; m.myJ11,eoM napu n;eileTBHTeJ11>Ho .n;an paonpen;eJ1eH0:e 
aToro BHn;a 9 • 

JlpyrlfM eJie,n;eTBHeM .IIBJUieTe.11 OTHomeHHe eeqeHeit poJtn;emm B nyq
Rax "T("+ 0: -rr· Ha esoTon-mrnapHaHTHott MliilleH0: (11anp. C 1? ) • IIo
OKOJII,Ky B JT~ -MesoHe aHHlirHJIHpyeT d -KBapK, a B n-- - u -
RBaprt, 8TO OTHOWeHlie .D;OJllltHO eTpeM0:Tl>e.lI lt 1/'t (OTHowemm KBa.n;pa
TOB sap.11n;oB eOOTBeTeTBYJJl!llrX RBapKOB) npa GI /f's.:, 1 • 3To .IIBJleHlrn 
Ta.R.lite 61,JJIO Ha6JOO.n;eHO 8Kenep11MeHTaJII,HO (pile. I-12). 

1,0 ......... 
['lf•c - p• µ·x I 

R= ~ (ll·c- p•µ-'i.) 

a: 

0,5 -+-+ 
+ 

8 9 10 
0 4 . 5 6 7 m ,u{r,e) 2 J Pr 

Tue. I-12 

I.6. A,npOlill B napTOHaX 

QqeHI, BalKHHM 8JieMeHtOM napTOHHOtt itapTmru .IIBJllleTe.lI npeBpame
HHe napTOHa B a.n;poHH. 06paTHMM:, eHoBa K 6peilTOBeKott e0:eTeMe nap
TOHa (pee. I-4), B ROTopott BU6HTHA napTOH JieTliT BJleBo e HMITyJ11>

eoM 1 ~ . B ,nyxe napTOHHOil MOI(8Jlli eeTeeTBeHHO npe.n;nOJIOJ!Cln:1,, 'ITO: 

16 

a) BepoRTHoeu HattTH an;poH H e HMnyJ11>eoM p' B TOM JKe Ha
npaBJieHHH, qro 0: naproH, eeTI, npOH3Ben;eHHe BepO.IITHOeTH BH60:B8HM 

napToHa "a" 

.. ... ) e; to. c:X:) 
w a. ex. :. l. Z e°" f ... (:x. ') 

e Bepo.11THOeTH rrpeBpamemm ero B an;poH H ·. D ~ /Cl.Ci-), KOTOpruI sa
BHCHT TOJll,KO OT ~OJIH HMIIyJ11>ea napTOHa,yHOCHM01i an;pOHOM, T,e. OT 

e = L = <.u') . o (. t <- ~ u.2?) 
-xp (.f\) I 

(B OdJiaCTH t <.0 1'IH HMeOM !(8Jl0 C <pparweHTaWH anpoHHOro "ocTaT-
Ka"); . 

6) K0WI0HeH:ra HMIIyJI1,ca,nonepeqHoro K HanpaBJiemoo BHJieTa nap

TOHa,npen;noJJaraercJI npeHe6pelltHMo MaJioft. 
Paenpen;eJieHHe a.n;pOHOB,TaKHM o6pasoM,npHHHMaeT BHn; 

J) H ( 'X, t) =- L J) H. I ( :) tu 0. ('X.). . 
t.1' ~ ~ -
~ Jl)Ifl rnydOKOHeynpyroro paeceJIHH.II HefiTpHHO. HaIIpBMep' V ( ") p ➔ 
~ ➔ f (ti+) -+ H t X , aTo osHaqaer 

t ~-:: 20". x{[d('x.)1)H/u{e)-t(1-'i)'-u(x)1)H/ii(i:-~ 't:.2~~ 
dx O 

-[c\ C;x.) 1)H lu <a)+ ( 1-y)' u ,x.) !)\-1/d Ce)] ,~~ ~ p. 
OeTaHOBmt.e.lI Ha CBoi:tcTBaX ifiYHKL\Hit :D ( C') • EbTecTBeHHO C'lH

TaTI,, qTo HaHl5oJiee OHCTpl:le a]{pOHhl (1~ '\) ,IJ;OJilltHH IIOMHHTl> KBaH

TOBh!e qeena rrap:roHa-po.n;n:reJI/1, a IIOSTOMY IIOBe.n:emie :D (i!.) npH 
~➔ i ~OJDKHO 38:BlfeeTI, OT Toro, eKOJll,KO "naeenBHl:lX" KBapKOB ll3 
BaKyywia .D;OJillteH rronXBaTHTI, rrapTOH, qTQOhl rrpeBpaTHTI,CJI B an;poH 
\-\ • '!JeM 60J11,We 0x HYlltHO, TeM 6ueTpee .n;omma rran;aT1> cpyHKUM 

1)\-1 (i-) IIpH t.:i, 1, • 06H'IHO rrpe)tJJOJiaraDT, qTQ 
fu k 

:D\-\/ (i)~ ('l-:\ 
0. ' 

rn;e k Haxon;HTcsr no TeM llte npaBHJiaM KBapKoBoro cqeTa (I.20), 

qro H ,IJ;Jl.fl q,yHKUHH t01, ~ 
l,(e,1tneHHH8 an;poHH ( i ~ o \ Hao6opoT, .n;oJlltHH 3a61:1BaT1, eBoero 

PO.ItHTeJI.fl~ I{ II08TOMY BX paenpel(eJ1eH111e .ItOJ!ltHO 6HT1, ymrnepcaJII,HHM, 

THna: 

r~·-.•. ,l·:·-·:~~:.:~::~~ ... f 1· 
' 'l.· .... J •• •~ .. ,,.,, ~ 

. 6V;inJ li"lU { t(1'.A ,_.....,.....,....,.....;;.....;.....,..,..._ 



a 1) (:) ~ ~ n pu r-:, 0. (I.29) 

PaayMeeTCH, pacnpeneJieHHH l'.(OJ!ll':lru Y!tOBJleTBOpHTh aaROHaM co
xpaHeH(~ m,myJIMa, aapH.na. 0 T.n.·, T.e. 

'2: J ~ ]J"/ (.:)di: = 1 
\-\ 0 Q 

(I.30) 

" ;QH ~o (J)+-1/a.(r)-])H/aCt)J,=G.i ll ""•a. 
HCHO Taruite, tJTO 

( 
t: ""''"-

l) H/ (i) d: ::.. <n H") 
'\, 

(I.3I) 

0MeeT CMHCJI cpenHett MHOl!teCTBeHHOCTli 8.1.(pOHOB \-\ , ROTopaH,corJiac
HO (I.29),norap0~M1lqecx0 pacTeT c pOCTOM 0t'IlyJihca RB8pRa (yMeHh-
memm -2!"'1:h ). · 

.ItM axcnepHMeHTB.RhHOro onpe,IleJieHHH l) ,~) MOlKHO BOCIIOJih80-
BaTMH (1.28). P88Jlli'lH8H '/ -88B0CllMOCTb 103YX CJiaraeN.HX CHOBa 
.ztaeT B08MOlKHOCTh paaneJIHTh 0x. B HeROTOpl:IX CJiyqa;u, 0.1.(HaRo, npo
ue.ztypa ynpo111aeTcH cBottcTBaM0 CHMMeTp110. Hanpmviep, l'.(M npouecca 
-J p ""t,r± \"- JC aapJU(OBaH ( Cj, ff ~) 0 030TOil0'leCR8./I ( tu-•d ) 
0HBap08HTHOCT0 l'.(8DT 

Dit+ tu = 1> it· lcr = J>'TT'+ tc! 

l>,r/1.ti=]:)rrt/u = ])71'./a'., 
TaR qTo 03 (1.24), (I.28) CJie,cyeT t 

c:\ N° \4
1 

(dcr/d:x. d'idi ~-v-p-'t,r "" 
-- -= ~---- = .!,I ±; <r) d ~ ( da- / d :r. d 'i ") -Jt> it u 

Ha p0c.I-IO.npencTaBJieHll axcnep0MeHTaJlbHIJe .IIB.HHH/13/ !tM \-,\+ 0 
H· • 3:rn: ,1ta.mrue xopomo on0cuBa.DrCH qioJ)llol!: 

]) . -5e . . -lSi 
'rl+tu-= 10 e > ]) \-\-J1.1-=- 10 e. 
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Z • 1\.1.1 ,v 

PHC. 1-IJ 

OClpa.THTe BHHMa.HH8 Ha yH0BepCMLHOCTL <fJYHKIUfll pacrrpeAeneHHR B V -, 
e -, 0 f -nyqxax. 3ro ell!e O.IUIO noATBep:1AeH0e nonoxeHHH nap

TOHHOl! HO,IteJIH O H83aBHCHMOCTH npouecca qipe.rHeHTB.UHH RBa.pKa OT crro
coOa ero BUOHBa.HHH. 

lflrrepecHO nonuTaThCH "BH'l0CJIHTh" sapH~ 'U -KBapxa: 

eu ~\:di (Dv+/u Ct) -1),r/u (if\~ 10 ( \-;_,;}: 1-. 
BnpoqeM, ToqaocTh ~aHHllx,::: 3~. B aacToH1110f.t MOMeHT axcnepHMeH
TaJihHHe l'.(aHHHe He !taDT B03MOlltHOCT0 onpe.rtenHTh .rtpyrHe pacna~HHe 
<ro'HRLtl!H 1) ( i-) , H TeopeTIIKaM np0XO,ItHTCH BOCilOJIHHTb 3TOT Hel'.(OCTa
TOR CBOBMB ranoTe38M0 (Hanp.,ITKC I CtJeTOM l'.(HarpaMM, B T.rr.). 

BnpoqeM, TOqHOCTh CaMBX ~aHH!lX COCTaBJIHeT noxa OROJIO 3~,0 
rJiaBHaR Heonpel'.(eJieHHOCTh H!t8T sa cqeT 'laCT0l{ C MaJlllM liMIIYJihCOM 
{ ~ ( \<.i.">). ROTOp!,ie He MoryT C onpeAeneHHOCTl>D Olin OTHeCeHJ,i R 
KaKOlt-ro \ ·o,ItHOl! CTpye (RBapKa HJIH OCTaTKa). O!tHaRO C poc-
TOM Q1 0, cJie~oBaTeJihHO, llOJIHOro HMIIYJihCa CTpy0,aTa Heonpe!te
JieHHOCTh ll0Il8A88T D o6JiaCTh Bee MeHl,lllHX If MeHhill0X l!HTepB8JlOB z • 
11 ee BRJial'.( B l!HTerpan nanaeT. 
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TaKHM oopa3oM, H3Meprui: cpe~HHe KB8HTOBHe qecna CTpye,~~. 
B rrpeim1me, MOllteM H3MepsITJ, KBSHTOBHe qecna KBapKOB. 

O~aKO. ITO-BHD;HMOMY. MH eine BeCJ,Ma )(8JleKl! OT ITOHllMaHllJI rrpo
uecca ~paI'MeHTSUHH. TaK, CY111eeTBYDT ,l(aHHHe O TOM, qro,B rJiydOKO
HeynpyroM e p - H eol -pacceJiirne HaKJIOHH B pacnpen;eneHHJIX Jr+ 
H 1r- COBepmeaao OD;HHaKOBH, BonpeKH TOMy, qro MH BH1tem1 H3 
pee. I-13. Y~HBJI.ffeT TaKXe 60~:E,JJJoe qecno TJIXe,h;acreu (H oco-
6eHHo IlPOTOHOB) B CilOKTpe ~parMeHTSUHH KBapKa (pee. I-14). 

o K•✓r,+ 

• K"hr" 
.w,1,,a11-•Wlx,a!1 ( a;) I 

0.3 

- Q
1 blxl ti 

bf•l . I , 
~: __________________________ I i,i~I '._ 

0.1 

0 
0 

0.3 

. ), y . f Y T 

t t t + t + ❖ 
.2 It 

• p/rr• 
D p/7r" 

.6 .8 
2 

,,.o 

'--t ,. + 

o.{r + 

0 .2 
9 1

9
¢1 ~1-t.,

2 ,4 .6 _ .8 ,.o 
Pnc.I-14 

l MSU-FNAL ,\ tf f 

I t I 

\ 
I I CHIO t SLAC-MIT 

-0.21 

-a, 

logfHI 

X 0.8 0.7 , 0.6 05 0.4 Ol 

PHe.I-15 

P~ npooneM oBJisaa c pacnpeneneae:eM npoeyKTOB ~arMeHTaue:H no 
nonep~qHOMY HMnyJI:E>Cy,Ha KOTOpwc MH oeTaHOBHMCH RH.lite. 

7. TpVltHOCTH K8pTHHH CB060,IUruX napTOHOB 

H8plIItY C HeCOMHeHHUMI!: ycneXSMe: HSl!:BHOil napTOHHOit KapTHHH , 
6onee TtnaTenr,aoe miyqemrn xecrKe:x npo~eccoB BHJIBBJio H ueJlHft pa_.n; 
Tpy~HOCTeit. 

· a) ITpeJUte Bcero, 6onee Toqwe HSMepeHM rnydoKoHeynpyrnx 
IIP.QQeccoB, e p- H t' p -paCCeJIHl!:JI/I2/ IlOKa38Jll!' qTo eKel!Jil!Hr ~w'Z., OKSSHBaeTCH JIBlllJ, IIpH6JIHll8HHHM, qTo aTa B8JIHqe:Ha 3SBHCHT 
He TOJl:&RO OT 'X, , HO I!: OT G_ t, , rrp11qeM BeCI,Ma crreuH~HqecKHM 06-
pasoM. EcJIH 3Ty 3SBHCHMOCTJ, napaM8TpH30Ban B BH~e 
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( \ tl%) 
-v W, ( :X: l QZ) = F, (-X.} \ G./ G.o} ' 

TO cTeIICHJ,. t OKa3HB8.eTCJI IIOJIOlltHTMJ,H01i B ollJiaCTH Y,8JIHX ::C: e OT

peuaTeJIJ,HOR - B OOJiaCT,I 'X z: o. 2. (pee. I-15). Ilpeqirna 3TOro co
CTOHT B TOM, qTo C ToqKH 3peHIDI KBSHTOBOR TeOpHH IIOJIJI, KaK oy~eT 
rroKa3aHO Hellte, napTOHH MoryT cqHTaTI,eJI HeB38HMOn;ellcTBYIOOIHMH TOJlb
KO TOr,11a, KOr~a HX 3!p(ll8KTllBHalI KOHCTaHTa CBSl3ll ,l(OeTaTOt!HO duerpo 
( < I\/ ~oa G_'l. ) y61rnaeT C yr.ieHbllleHlfeM p8CCTOHHHJI MelKI{y napTOH8MHo 
B llpOTHBHOM cnyqae MH yxe He MOllt8M rrpeueopeqJ, B3alfMO[lellcTBHeM 
rrapTOHOB, T.e. pa,!(HaJ~HOHHHMH rronpaBKaMH Ha H3JiyqeHHe rJl!OO!IOB H 

~pY.ql8RTOpa napToHa Terra pHe. I-16, 

\_J + \__J + \_/ + ... r,. "" r<_,, "' ~ 

P:11c. I-16 

Koropue npl!BOitJIT K norapmpv10qecK0My pocry vvfi. , He KOMIIeHc0py
er.:0My y!luBaHHeM sqipeKTHBHOR ItoHCT8HTH B38HMO,It8HCTBHR. 

6) BTOpaH Tpy,nHoqr1, CBJJ.BaHa C rroBeAeHH8M OTHOlllBHM ~:a'iJcrl. 
KaR y"Z.e roBopHJIOCI> (CM. (I. 19) ), ST8 B8JllfqUHa JlOJDKHa OHTJ, HyJieBOR 

(TOt!Hee' ItOJllltHa y6HB8T1, KaK 4 { vn\ + < KJ.'))/(,l,rne m C\,, H (. 't<.1'> -
cyTI> Ma.Cea KB8pKa l'l cpe)lHllil: nonepet!HHH lfMIIYJibC BHyTpe1rnero ItBH
"Z.eHwlI/). XoTJI 03MepeHHe STOR BBJIHqHHH 38Tpy,nHeHO He06XO,ItHMOeTJ,JJ 
esytieHM yrJIOBOR 38.Bl'JCHMOCTH IIOBeneHHJI ceqeHM rJiydOKOHeynpyroro 
paccesrnM (cM. (I.3)) ,Bce,ti:ro l!3Bec:rHo eeitqac, roBopn:r B non1,ay 

HenOHSITHOro ee IIOCTOHHCTBa/12/ npll e3M8H8Hlll! QZ (p0c. I.17). 
l!TO STO 03HaqaeT? IlpHMeCJ, 38pilllt8HHHX rJOOOHOB? llirn noeTOJIHCTBO 3q>
('peKTHBHOH KOHCTaHTH B38l!MOI{8RCTBIDI napTOHOB Ha M8JIHX paccTOJIHHJIX? 
IlO-Blil{llMOMY, 3!{8CJ, CJie~eT no,11_ollt)(aTb 6oJiee TOqHhlX 3KCnepm.ieHTaJib

HHX ,naHHHX. 
B) TpeTJ,H Tpy,ItHOCTI, CBli38Ha C BHyTpeHHl!M (nonepeqHW) ~Hllte

HH8M ("qiepm1-)(Bl!ll:SHHeM") napTOHOB B ao;poHe H anpoHOB B napTOHe. 
O~HliM 113 OCHOBHhlX IIOCTj'Jl8TOB rrapTOHHOR MOI{8JIH JIBJIJI8TCJI orpaHeqeH
HOCTJ, nonepeqHoro HMIIJJII,Ca napTO!IOB, T.e. ,ItOCTaToqHO OHCTpoe cna

,llaHHS tiHeJia napTOllOB e poeTOM nonepetiHOro HMIIYJlbCa.3TH npe,l(CTaB-
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neHl!R 6HJI0 HaBe.aHH YI(HBHTeJILH08 yH0BepcaJILHOCTLID pacnpeI(eJieHl!R 
anpoHoB no nonepeqHoMy HMIIyJILcy B npcmeccax MHoxecTBeHHoro po%
neHH.fl anpoHoB. 

B08MOlKHa, OI(Haxo, H IlpRMa.fl 8KCrrepllMeHT8JILHaJI rrpoBepxa. nett
CTB0TeJILHO, o6paTHMCH K npcmeccy pol!U(eHWI T.flxenott nerrTOHHoff rra
PH (pac. I-9). EcJIH OH .nettcTBHTeJILHO llI(eT qepes MexaHH8M OIUiOip()
TOHHOtt aHH0r~00, TO rrorrepetJHOe ,nBHJKem,e rrapbl MOXeT B08H0:1rnyTL 
TOJILKO 8a cqeT rrorrepeqHoro ~BIDKeHi!JI rrapTOHOB. Cne.noBaTeJILHO, H 
pacnpe,neJieHHe no nonepeqHoMy liMITyJILcy 0 cpenH0tt nonepegHHff 0111-
nyJILC napH I(OJIJUru nOBTOp.f!TL (<Qi'>:. z ~ k.i.1>' pacnpezteJieHHe 
napTOHOB B aztpOHe. Ha pee. I-18 rrpeztCT8.BJieHal9/ 88BHCHMOCTL 
< ~ ') OT Q t4 t4 • BllztHO, IJTO < QJ.) CHatJana pacTeT C pOCTCM 

Qt"I" (KaK 8TO 0 CJie,noBaJIO 6H HS 'R11: (ortst ), a sare:u: BWCO,l{HT, 
Ha noCTOlIHHOe SHatJeHHe, COOTBeTCTByianee < t<,f) z ( 0,6 f3J3/c)2 .CTOJIL 
60JILman BeJIHIJHHa nonepetJHoro 0MITYJILCa HeCKOJILKO HeOXH,ItaHHa I(JI.fl 
napTOHHoff MOAeJIH. K TOMY xe Ha6JIJJ.rtaeTC.fl HeKOTOpB.fl HecorJiaCOBa.H
HOCTL ero noBe,zteHl!R c rrone.zteHlieM cpe,nHero rronepetJHoro liJMIJYJILca 
anpoHoB B rny6oKoHeynpyrHx npoueccax. neffcTBHTeJILHo, aToT rrone
petJHHff l:IMIIYJILC CKJiaztUBaJIC.fl 08 nonepetJHoro IIMIIYJILca BU6HToro rrap
TOHa, ( rrpl!tJeM a,npoHy ,nocTaeTC.fl f' -TM I(OJI.fl 8Toro llMIIYJILCa), H 
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p + N- µ.•·,L- +X 

1.4~ 
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Mµ.+µ.- r3B 

nonepeqHOrO IIMIIyJILCa aztpOHa B rrapTOHe <ri_ 11 
(i{/-:::: i2 (\<i) ➔ (ff5) 

' KOTOpHfi H8MepReTCH 08 pacrrpeI(eJieHl!R no rrorreP,elJHOMY HMIIYJILCY aii;po-
HOB B CTPYJIX rrpH aHHHrH.1lffU011 e~e-_,. anpo:ml71(piic. 1-19), OH TBK
xe 88BHCHT OT I(OJIH e H HpH r ~ 0. 5 COCT8BJIHCT1 HpHMepHO, 
o,1J (rsB/c)2• · 

0.4 

♦ ....... ~ ..... 

. 0.3 ~♦ I I ] 

4 6. 8 
<Pr>. .fi r3s 

· Tue. 1-19 
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1 
BeJHl'mHa ( i'.1.) npOJIB1I.R:eT yn;HBBTeJU,HOe ITOCTOJIHCTBO C 08MeHeHl!eM 

Q 1 , ror.n;a xax Be1m1JnHa < k1 > ,xax Mil BH.n;eJJn B!lllle 

nonoJII,HO CHJl!.HO 88.BHCHT OT Q' B aTott .lite O6JiaCTH B8MeHeHWI'12/. 
K TOMy xe COBepllleHHo HeITOHl!TeH pocT BeJI11qemi <pl'> C 8HeprBeff 
WT (pnc. I.20). 

.30,-

~-
.25 I-

f;f . 
.201- 1tl <P,>. l 
.15 +" 4 DESY h-

/ II SANTA CRUZ-SLAC h-+ · A SLAC-MIT h-

.101- /f O DECO h•+h-

;\ 0 FERMILAB h•+h-

.051 /t 1.0 2.0 3.0 
lnw· 

PMc.I-20 

fJia.BHOff npeq1rnoa aTHX HellpMTHOCTett .fIBJllieTc.fI, llO-BHJJ;llMOMy, 

CJil!IIIKOM OOJI!,IIIOff nonepeqirutt HMIIyJII,C napTOHOB. IIOCKOJI!,Ky OH BO3Hl!

RaeT 3a cqeT B88HMO.zteffcTBK.fI napTOHOB, 3TO O8HaqaeT, qTo OHO oxa-

9HBa8TC.fI CJlmmtOM CYll!eCTBemIHM, n;JI.fI Toro 'ITOOH ITOJIHOCT!,J) npeHe-

6peq1, '™• O~axo HaHOoJiee SipRHM npo.fIBJieHaeM B8aHMon;effcTBll.fI SIB-_ 

JIID)TC.fI npoueccH p0J!Ct8HH.fI an;poHOB C OOJII,l!JllM ITO!lepetIHHM lIMIIYJl!.COM. 
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rJIABA II. A.llPOH!I C EOJIWIUM IlOIIEPEll:H!iM llWIYJII,COJ.l 

A. 3RcnepnMeHTaJILHaJI RapTI!!Ha 
I. BEenemrn 

JieDTOHli - DO\!Tll ll)leaJILHlill 1lHCTPYM8HT )lJISI H3ytiemrn CTPYKTY
Ill a,npOHOll, paccMOTp8HllJ{ Bcex "ROJI8CHKOB" pt DPY:&HHOK" a.npomroro 

. M8Xalil'l3Ma. 0.ztHaRO RaR pa6oraer 8TOT MexrurnsM? Kat< napTOHU Bsa
HMO,nettcTBYDT ,npyr C ,npyroM? y Hae HeT ,npyron BOSMOlltHOCTH HsytlaTL 
aro, HHatfe 11eM 6:11r1, "o.ztHIIMII 11acaMn no ,npyrnM", r.e. cran:mrnar:& 
a.npoH C a,npoHOM ll CMOTpeTL ~TO ll3 aroro EHil,ner. 

HcHo, t1ro naproHU:...RBapRn .noJimw BSaPIMo,nencrBoEaTL, t1To6u 
o6pasoBaTL.Ta.RYD CBJISaHizyD cncrei.!y, RaR a.n;poH. CorJiaCHO napTOH
HOA RapTP!He,aro BSanMo,neffCTBne sarparnBaer, no-EH,ItllMOMY,TOJibRO 
"6JIHSRHe" no 6ucrpore naproH!l ( &i.\< ~ < \<f)) l'I He pacnpocrpaHH
erca Ha 6oJILlllllHCTBO napToHHoro o6MeHa. HHat1e n npoueccax MHO
JKecrBeHHoro pol!r,lteHHH 6HJio 6u rpy.ItHo noHHrL ajxpeRTH ;m,nnponamm 
n no,no6ne pacnpe,neJieHHH BTopnt1HHX t1acrnu B ueHTp:iJILHoil o6JiacTH. 
0,ItHaRO aro B3allMO.zteilcTBlle paspylll8.eT ROrepeHTHOCTl,_. LapTOHOB n 
C1'an:RHllallllHXCH a.n;poHaX ll 3aCTaBMeT 8TH. COCTOHHM nepecTpaHBarL
CJ! B HOEHe MHoroa.npoHHUe cocroamm. IloaroMY ecrecrEerrHo oim,naTL: 

a) orpaHHtieHnHX SHatfeHntt nonepetfHoro HMDyJILCa ETOplltfHUX a.n
poHOB, ~e)tp (- '2pJ/< pJ?), t1To npocro orpaaaer xapaRrepHUil. pasMep 
a,n;pOHODJ 

6) 3HepreTntiecxon HesaBHCHMOCTH a.npomrux pacnpe,neJieHllil B 

U8H1'paJILHOil 06JiaCTH,o6ycJIOBJI8HH!lX M8)lJI8HHIDm. naprOHaMH. 
Srn CllOilCTEa xopomo H3B8C1'HU .IUill ll1'0pHtiHUX t1acrnu C HMDyJil,

COM P.1. < I r3B/c 11 orpamDr npocro ROHet1Hocr1, pasMepa a.npoHoll. 
Il08TOMY Ha6im,neHlle He06HtiHO 60JI1,moro BHXO,na tfacrnu C 60Jil,1lJHM DO
nepetfH!lM HMDYJil>COM ( \> .1.-;, 1 r3B/c)III 0RasaJioc1, HecRoJILRO He07lll.naH
HUM. K TOMY lite CBO!CTlla cneRrpoll 8TllX tfaCTHU oRasaJIHCl, COBepmeH
HO HHill.111 , 11eM B o6JracTH MaJIHX P..L • 0,ItHSKo npez,ne t1eM nepexo
.ztHTL I< HX ODHCam!D,HanoMHHM B HeCROJll,RHX CJIOBax RPIH8MaTlley npo
ueccoll c 6oJILlllllMH p.1. • 

2. KHHeMa1'HRa; THDH 8RCD80PIM8HTa.JJ::&HUX ycTaHOEOR 

IiH:BapHaHTHoe oet1eHH8 npoueccaAB-t ex ,Ec,dG""/d~fc 3aBllCH1' 
or rpex HHllapP!aHTHYX nepeMeHHUX 

S:: 2(PAP1!>); t.::-2(fA~c) 
1

u=-2CPePc.l (2.I) 
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HHBapnaHTHaR Macca cncTeMH X , (r A-\ ?e- Pc.la 
HHMH COOTHomeHHeM 

2 '2. " 2 s+t~u= Mx - mA- m~ - W\c.· 

BMecro 8TllX nepeMeHHUX o6HtfHO HCilOJILsyJOT: 

1:i'\)_) v_~ ,. 

CB.ll3aHa C 

?J. (HJIH m.l.:. im~ ~ ri I } - nonepetfHUli HMDyJil,C C 
"' o· E c2.2} 

-xJ. = 2 fJ. Ifs' l e c 1.1,H( 'f= 2. (/1\ ....:f!-::::. 
E-+ pu 

~ - ~ "t~ 0 /2.) - yrOJI EHJI8Ta (llJIH 61:lCTpOTa} • 

CEJI3l, 8THX ,ItEyx Ha6opoB uepeMeHHHX J!CHa HS pnc. 2-I, Ha ROTOPOM 
uso6paJKeHo npocrpaHcrBo 6Hcrpor Hero reoMeTpM/

21. 

-t =2mTm,..ch(Y,.-YJ:::fsm,e-Y 

- u -211'lrm1ch ( YlY I =-Js ITlr eY 

BL . A --=,,.p=)~ S • m" mg ch( Y"•Yal 

Ya mAshy• = m1 shY6 

Tp,,roHoMeTpHR mT a fficChY,• ,Jn\~•P~ 

~ C 

cha=chbchc-shashbcos~ 

PHc. 2-I 

KHHeMaTHt1ecRa11 r.P!ll:!nua ipasoBoro o6~eMa aroro npouecca onpe-
M t t,A2 · .IteJIJieTcJI rpe6oBaHH8M X ~ 1·1 m•"'., 0 , r.Ite M m,I\ - MHHB-

MaJILHo ,nonycTHMaSI Macca HeHa6.JIJUiaeMoff cncreMH X . B npe,neJie 
s ')) ~ hc.d"I. aro nepexo.nnr B M~ ~ o HJIH 

~ + "t ,~ • U /s '?., O llJIPI ~ - 'X.~ en'/ -::: -\ - JC R , 0 , 
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r.ne ~R-=-'X.~ /s~ne . MH ran.e 6y,neM :11cnom,ao:e~TI, nepeMeHime 

l:. ":. - !:i ~ 'X-,1. 'I "' s ~ _e 2. 
\..I 

I -\: ~ ,:C.J. -'I ~i=-s - Te · 
3Rcnepl!MeHTaJIDHHe ycrpottcr:ea, ROTOpHe HCnOJID3YJ)TCJI npll HCCJie

,noEaHl!ll npouecco:e c 6om,ml!Mll ~ .L, Moimo paa,neJlHTD Ha Tpll 1macca: 

A. 0,WIOIIJietJ:eBHe cneRrpoMeTpH (pHc. 2-2) c noMOlllDll ROTOJ>HX ua-, . . 
MeplIIOTCJI pacnpe,neJI0HlIB'. no f.L , ij (BJ!l!Jj) H 3aBHCHMOCT!, OT VS 

AeTeKTOP 

~ B 

PHc. 2-2 

(HJlH :r. .1,. ) paaHHx copro:e '!aCTHU ( ,r , K , f , f ) . B Ra'!ecT_Be npu-
Mepa MOlleT CJIYllHTD ycTaHO:eRa rpynn Ca.K]Ie-CTpac6ypr UH lJHRaro

IlpHHCTOH l 1]. 
E . .l(Byxnneqeaue cneRTPOM8TPH·c TpHrrepoM OT '!aCTHU C 60JII,UJHM 

PT (pHc. 2-3). C noMOlllDIO TaKmc ycraHo:eoR HCCJie;uyerca crpyKrypa 

A~~""® . 

. /\"- . 
jQ//zaaz7VQ/4/ CneKTPOMeTp 

PHc. 2-3 

co61nd c 6oJIDmBMH P.1 : MHOllecr:eeHHocn conpoBoE,Itannmc tJaCTBU, 
BX pacnpe,neJieHBSI no yrJIY e (HJIB '/ ) , a3HMYTaJIDHOMY yrJIY f C 
tJaCTHtiett t TpBrrepoM, HMIIYJU,CaMR, IIpHMepOM Tru<Ott YCTaHOBRB M0lll8T CJIY
l!l!TD SM F ( C'E(Hv - 'I.SR ) ,HcnOJIMlyeMaii rpynnaMH R -413, (BfS), 
l.lEPH-Konnex .ne ~paHc-fall,lteJI&6epr-Kapacpye H .np. · · 

B. CneRTpOMeTpH C MHOrotJacTHtJHl:lM (KaJIOpBM8TplltJ8CRHM) TpHrr~
pOM, ROTopHe MOryT aanycRaT&CR HeCROJIDRHMH tiaCTHuaMH, Kor.na HX

1

CYM
MapHoe f.1. 6oJIDme HeRoroporo npe.neJIDHoro. OHH Tru<lle HcnoJID3YIOTCSI 

28 

.,I 

11. 
,..I 
I 
l, 
r 
I 

-~l 

.ItJISI H3ytJ8HHSI CTPYRTYP!l co611Tml. Ilp:11MepoM SIBJIR:0TCJI YCTaHO:eRa 
na6opaTOpl!H BM. <l>epMH (rpynna ~60), a TaRlle roTOBJ'Illl8,lICJI YCTaHo:e
Ra rpyn~ ,~c (R &Olh!a!SR.. EoJiee no.np06Hlle c:ee,neHHSI MOllHO HattTH 
:e o6aope' I . . 

3. 0cHOEHll8 3RCnepHM8HTaJibHll8 ipa.RTll 

Katt ylle ynOMHHaJIOCD,. no:ee,neHl!e CetJeHHA :e o6JiaCTll 60JibUJHX 
\>J. ") ,\ I'3B/c ORa3aJIOCb COBCeM llHID.I, qeM no OlKll,l.laJIOCb IlPH npo.nonxe

Hllll H3 06JiaCTl1 MaJIHX pl. ·• 
a) Bgxo.n tJaCTHU Ha H8CROJibKO noplI.ItKOB 60JIDW8, '18M npO,IlOJill8-

HH8 Ha:eecrHoro aaRoirae- bf.1. , a no:ee.nem1e rro p.1. cKopee crerreHHoe 

f .t' , tJeM 3KCITOH8HUHaJibHOe (pHc. 2-4), llpHtJeM .ItJISI M030HOB 

' N 
I 
~ ,028 
L 

N 

~ 1030 

' 'a, 

~ -32 
i,-10 

i!l 
1034 

1035 

1038 

0 

pp-,r+X 

<kT> 7 
0.5 5 - . 

'\ --=-= 0~5 

3 ,., ·-· 

~ 
'• ~ 

~~~y-~ t"' ~ 
\ 
~ 

,r. 
O 52.7 "' 
0 52.7 ,rO 

• 52,7("••rr-)/2 
0 19,4 ,rO 
• 19,4 ,..o 

• 19.4("•+rr-V2 

• 5) ,rO 

2 4 6 e m ~ •~1 1m 

~ 

PHc,2-4 

Y\-:::, 8.5-t-9, a .ltJlff 6apHoHoB n ~ II+I2 (cM. ra6JI. I)/3/_ IlocJie,WIHe 
,naHHHe Tpex 8RCITepHM0HTaJIDHHX rpynrr c.e Rtr- Sp~ B o6nac!J 

~l = 8+I4 CBHJt8T8JIDCTBYl)T O eme 6oJiee Me,IlJieHHOM y611BaHHH/ ce-
'l8HHJI C pOCTOll p J_ (pHC,2-5). 

6) Ce'!eHHe 3aM0THO pacTeT C pOCTOM aHeprHtt vs' (yMeHbWBHHeM 
'X.,1-:. 2 ?.L. IR ) B ouH'lHe or nocTOllHCTBa ero (npH6JIJ11lleHHoro) B 06-
JiaCTH Mamx P.1 • 3ro c:eoffcr:eo. HJIJillCTpBpyeT puc. 2-4, 2--6. 3Kcne
pi:MeHTaJIDHi.le .ltaHHll8 B 06JiaCTH 'f ':::. Q (T.e. 6 ~ 900) XOpomo omt
C!lBallTCR q>OJY,!Ofl: 

p.l"l ( t ft \ ......, (1- -:x:T) 1-'1'1 
T C d ~Pc. J , 
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BL l I 
-fs = 30,7/53,1 lt"r Co 

53,1/62,4 
. 

I I - I 
n 

I l 1 (~~ I 

:t 
0,1 0,2 0,3 O,L J l P•P-•'• ... 

• n,194 r3B 

Pl!c.2-5 
X : 1(t)Q 

0 .-..21, r3B 
T •,,; 0 ,..21,4 r3B 

., 
0 O> 02 Ol 04 0506 07 

[-~~-~ -.-----r -.. ..... if+ 
\ 

01 02 OJ 04 as 06 

'T 

PJtc.2-6 

i-
1Sf- t 

1,tHHI/ 
___ --.. cmtH 1 

...... -

# _1/."o 

01 02 03 04 05 

'r 

PRc.2-7 

' ~ 
V 

").. \ 
06MeH 

COHHOM 

-5 ~ N 

10 ·~ ...... 
a, 
C'I cnHHOM 1/2 L ...... 

IO 
:c 

-6 L as 10 .,,o. ____ 
0 ~ I 2 

b 77 :-log tan 1/28 "C 

w 
PJtc.2-8 
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,! 

r~e 'IHCJia WI npe~cTaBJISHli B TaOn. I. CpaBHSHHe 8THX 'IHCen noKa-

31,IBaeT, '!TO oTHomeHBe Buxo~oB \('~ /Tr t z con st , a \<- /Tf· - na-

~aeT KaK l~- 'X.L)' • JlJIII 6apuoHoB ~THomeHBe p;·2. 'P/rr ➔ pacTeT 

c 'X.1, , a pl p In npHMepHo nocTomrno (puc. 2-7). 

6blCTPOTa 

'l, Baepx 0., 

Baepx"'- ~ / 

1 + R(y, c;(,) AIU! conpo

som~a~~Hx 4acTH4 
c pT>0.5 r3B/c 

r- HaaaiQ 

' ., 

Pl!c.2-9 

B) OTHomeHHS ,r+. J;r--:::, 1.2 npH MaJIUX :x.J. , HO BOspacTaeT ~o 

'::: 2, IlpH ':CJ.') 0. °3 (pHC. 2-7) • 
r) 3aBHCHMOCTL OT e B~a TOJILKO ,I(Jill ManllX Y~OB (pHC. 2-8), 

r~e Ha6JID.DaeTcJI npH6nullteHHUil: "pa~am.HHtt cKettnuHr" 5/, T.e. ~t (~d<r/d3p')"- ('l·'XR)'+ ,I(Jill fy-, "lt'X . --
_Bumeusnoaemme <paKTU CB~eTeJII,CTBYDT B IlOJII,3Y Krutoro-TO HO

Boro MexrumsMa· po11,1teHHJI 'lacuu c 6onLmHMH ?..1. • 0.IUiruto oco6eHHo 

JIPKO 06 8TOM roBOPHT crpyin•ypa co6urmt C 60BLlll.HMH f .1. • B pacnpe

~e~eHBH conpoBOJl,ItalXl!BX '!aCTHU OT'leTnHBO Ha6.7lllilaDTCJI TpH ROMilOH8H-
T}J_/3-5/ (pHC. 2-9). . 

HOpMa7ll,HaJI ROMITOHSHTa - 8TO '!aCTHUU C MaJIUMH f J. • Hx pacnpe

~eneHBe paBHOM8pHO no asHMyry H :xapaRT8pHSY8TCJI T8MH X8 08.MUMH RO

pOTRHMl! ROPP8MUHJ'IMH, no H HOpMa.JI1,Hli8 co6UTHJI (6es 60JilimHX y .L. ) • 
HOC H8CR0Jll>RO M8Hlime! ·aaepr:eel. 

Tpurrepaaa ROMIIOH8HTa - aro '!aCTHilll, nersmme B HanpaBneHHH 

'!acTHil!l-TPBrrepa c 6oJILllll!M f>.J. . Oua xopomo :e~a Ha pacnpe~eJieHB:e 
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no 6uerp0Tru/6/ (pne. 2-IO). 8To ysKru! oeTpgtt nBK ( o.y ~ 1 ) B 
paiioHe 6HeTpOTH TpBrrepa, KOTOJ)l:lil paeTeT no Mepe OT6opa qaeTIDl co 
Bee 6o;n:,amMH PJ. H npn yBe.JIBtJeHHH yr:rra 9;;:v,, ~ . 06paT!lTe BHHMa-

5 t 2 

~ 
-li 

§1 

I IT 

-1'11111111 ' ti' I -1111 II' I I I e[ " 
-2 -I O I 2 -3 -2 -I O I 2 

6blCTPOTa y 6blCTPOTa y 

PHc.2-IO 

HHe Ha TO, 'ITO BTOT nHR xopomo Bil,IleH .lt1Ifl JIIJ6HX saps:'AOBfIX ROM6HHa
nntt qaeTHnfI-TpHrrepa Hee conpoBOJE,lteHHH, XOTR. ,nJlll ROM6HHanHH e 
npoTHBOnonOll!lillMl! sa~aMH OH ORa3HBaeTeR npHMepHO B TpH pasa BfI
me. B,zta;m lite OT. nHRa paenpe'AeneHHe TaRoe lite, KaR H B HOpMMI,HfIX 
eo6aTIDIX. 

Paenpe'AeneHHe no RoMnoHeHTe HMnyn1,ea,nepneH.l[HRyJllipHott HMnyn1,
ey rpnrrepa,oKa3&BaeTCR 6uerpo n~amtHM (pHe.2-II), TaR tJTo 
<.f.Liet / ~ '300 MaB/c. 8TO RCHO noRa3&BaeT, lJTO 3'Aee1, MU HMeeM 'Aeno . 
e RoppeRTHpOBaHHfIM nylJKOM qaeTHn C orpaHH'JeHHHM nonepetJHHM HMnyni,
eoM. 

Bee tJneHH BToro nyqRa, eRopee Beero,npouexoMT OT O.llHOro po
'A:BTe.na:, noeRon1,ey, RaR BU,llHO H3 pne. 2-!2, paenpe'AeneHHe no eyMMe 
nonepelJH&X HMnyni,eoB 'AByx qaeTHn B nyqKe B TOlJHOeTH 0 IlOBTOps:eT o.n
HO'JaeTHlJHOe paenpe'AeneHHe (nyHRTHpHM JIBHM.)/7/. 

8THM PO'A:BTeneM, O,llHaRO, He MOlleT 6H'l'I,.Krut0ll-TO H3 H3BeC'l'HfIX 
pe30HaHCOB ( p ,I.I> H T.'A.), 'l'.R. HMeeTCR REHM ROppe.na:n:BR "ln3YX 
O'A:BHaROBO saps:lleHH&X qaemn, a r:rra.BHOe, 'l'aRHX pe30HaHeOB He Bil,Il-
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~ ... ) + /6/ 
Ho B cneKTfax HHEapHaHTHllX Mace M (1i-Jr- H lo'\ (1T 1r1 ,f-Me-
30HHHii CHrHaJI, EH,nmm :s M l "1'+-,r-l , He Moxer o6McHHTI, Bceii Koppe
MilHH. (Cor.11acHo oneHKaM, TOJII,KO 16% 1i -M830HOB C fJ. ") 2 MOllleT 
HM8TI, f -Me30HHOe npollCXOJK,IteHHe). qTO l!8 RacaeTCJI CJ -Me30Ha, 
TO ero CHrHa.Jia B cneKTpe rc+n-n° He B~HO COBCeM. 

AHTHTpHrrepeyn KOMilOH8HTY o6pa3YJ'.)T qacrn~, JI8THl!lHe B IlpOTH
BOilOJIOJ!HYD no a3HMYTY CTOpOHy OT qacTHUH-Tpnrrepa. B a3HMyTaJil,HOM 
pacnpe~eneHHH H8.,ll qJOHOM HOJ)MMI,HHX COOHTHR OHR oOpa3yllT mnpoKHR 
ropO (,±900), xoxopHtt pacTeT c pocTOM PL qacrnnH xpnrrepa (pHc. 
2-I3). 3ror llle rop6 xopomo E~eH n B pacnpe~eneHnH no 6Hcrpore 

t 
i 

II 

~ 5 

~ 

-~◄!"-'"~~_-:::,~--=o-~~,,......~~◄ -4 -2 

PHc.2-I4 

....-., 
/ \ 

/111,1,~,!~J., 
J_ 'i~~ 

\!~,, 

0 

TaKae ,ltJilI Ecex 3aP1I,llOBHX KOM6HHa~/S,B/ (pnc. 2-I4). OH ropa.3~0 
mnpe, qeM "T_pHrrepHlltt" IlllK ( A'f:::. 2 ), n pacnOJIOllleH :s pattoHe 'Y if: O 
He3aBHCllMO OT 6HCTpOTH (yrna 9 ) TpHrrepa. B OTJlllqHe OT Tpllrrep
HOff KOMllOH8HTH, BllCOTa rop6a BO Ecex 3aP1I,llOBHX KOM6HHanHHX npH
MepHO,OJIHHaKoBa. 

Poer rop6a C pOCTOM \>J. 03Haqaer pacTYillYlO MHOllleCTBeHHOCTI, 
aHTHTpHrrepHHX qacmn, qTo no~TBeplE,l!;aeTCH Henocpe~CTB8HHHM H3Me
peHHeM MHOllteCTBeHHOCTH/9/_ KaK BH.ItHO ll3 pnc. 2-!5,BDJIOTI, ~o?.1.~ 
:::3 raB/c Ha6,mmieTCH npHMepHo JIHHeffHHtt POOT MHOllteCTB8HHOCTll C no
nepeqHllM l!MDyJII,CoM rpnrrepa,n ee 6espaaJIHqne R aueprnn. Ilpn aroM 
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MHOllteCTBeHHOCTI, HeCKOJII,KO Bllme ~ THEeJIOI'O Tpnrrepa (? I K) • Bne
qarneHHe raxoe, qro aHTHTpnrrepHaa: KoMTioHeHra npe~cTaBMeT mnpo
Kd Beep qacrnn B6JIHan rurocRocrn "nyqox-xpnrrep" (ABC). Pacnne,e
JieHl!e no KOMilOHeHTe llMDyJII,Ca,nepneH,ItllityMpHott 8TOtt IlJIOCROCTH73 

\> 01.t-\; ' ORa3aJIOCI, 3KCilOH8HnllaJII,HO 6HCTpO Il~an!U™ co cpe,ItHHM 
aHaqeHHeM(~owl)-::::. 000 MaB/c (p:ec. 2-16). 

pp-1r•+h±+x .fi=44.7 f3B 

• 0< ll/>I<60° 
X 72< 1¢1<108° \y\ < 1.5 
• 144< 1¢1<180° 

TeopHR + •11<1loH" 

3~'.3 DI RL 
V 
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I c •~11: 
! ~ 0.01 

g~ __ _:__:_ __ ·~·~~-~-~-•··--=~ u~ 
IL,¥ o ---7---- ? 3 

I 
·-wuM 

_;;, 

I 2 

Pr ( 7r+) f3B/c 

PHc.2-15 

..---.---,---r-~--~-~-

(Pour>3 K~ri?.53 ± 0.02) f3B/c 

(Pour>Teop.0.40 f3B/c 

.t+ 
,+-1-

++ 
tt 

+++ t 
t 

:;,:,::.: ,,,l ttt 

x, > 0.5 

0.4 0.8 1.2 1.6 2.0 2.4 

Pour f3B/c , 

PHc.2-16 

.IJllHlme MHOroqacTl{qHOI'O cneKTpOMeTpa eme 60JII,me IlO~TBepJIH
Jm O'l'MeqeHHYJ) BHme KOMIInaHaPHOCTL. 3,nec1, B KaqecTBe OCH TpHrrep
HOI'O nyqRa B KaB,ItOM co6HTHH

0 

Bll6HpaJiacI, Ta OCI, B IlJIOCROCTH,nepneH
JIHKYJVIPHOft OCH ~amtero nyqRa,cY)IIMa RB~paTOB npoeRIU!tt HMDyJII,COB. 
TpHrrepm,x qacTHQ Ha KOTOpyD ORaSllBaJiaCI, MaKCHMaJil,HO! (a aHaJIO
rHqHaH CyYMa ~ nepeneHJIHityJVIpHoft OCH - lOlHHMMLHOR). 

B aroM CJJYllae·coorBercrBymtee pacnpe,neJieHne no Po~t · oxa
aa.11oc1, eme yu: ( < Pout> ~300 JlaB/c) (pnc.2-17). 
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3apR~eHH~e .4aCTHij~ 

3· {a) 
.......i " ' :r. rI---. 

(pw,) ,2•

r3B/c 

.I 

CTPYHH~e TpHrrep~ 
3aAHRR nonyc¢epa 

Pr> o.3 r3B 

2 3 4 5 
PtET 

r3B/c 

Tue. 2-17 

E. TeopeTHtJ9CKM KapTHHa 

6 

4. RecTKOe coynapeHHe. TaKHM o6pa30M, KaR MH BH,It8JIH, CTPYR
rypa co6urm1 C 60JU,IIIHMH ?.J. BUrM,IIHT COBC9M He TaK ' RaK HOP
MaJILHHe co6UTHJI. CxeMaTHtJ8CKH 3TO cpaBH9HH8 noKasaHO Ha PHO. 2-18 

~IZ® y +, 
. Tue. 2-18 

H He~BJ'MlilCJI8HHO HlUl8JC8:8T Ha :ro, tJTO HCTOllHHKOI( tJaCTHit C CIOJILIIIHMH 
f .L JIBJDDJTM p9,nltH9 C.nytJaH ynpyroro COy~peHM ,ItByx napTOHOB C 

6oJILmott nepe~tiett HMflYJILca,cxeMaTHtJecKH Hao6pa,zemme Ha pHc.2-19, 
r.n:e napToH Q. H3 a,n:poaa A c HMflYJILCOM Q: cl ?A c:Ta.mtHBaercn 
c napTOHOM g c HMflYJU,COM (:~Pi, H OHH 'AaDT nap:roHlil d H f! c 
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~ A ' 

(( 
a • .J PA 

HopManbHaR !, = /3P, 

HaaaA 
c • 7Pc 

s' • l~S 
t'= ft 

B Hop Man b ttaR u' = f u 

PHc.2-19 

mmyJil>CallH d H C • (H8,!1;eeuc11, 11:ro CXO'AHlile oClosaatieHHSI nap:roHa H ero 
HMnyJILCa He Blil30BYT 6oRLmoff DYTaHH!Ul y tJHTaTeJil!). IIapTOH "C" npe
Bpallla8TCJI B a,n:poHH, 0,n:HH H3 KOTOpHX OKaauBae:rcn a.ztpOHOM-TpHrrepoM 
C , a ,n:pyrHe o6pa3YJJT TpHrrepHYJO KOMIIoHeHry. IIaproH d npe-

BpamaeTCJI B aHTHTpHrrepH1,1tt ny1101t a.itPOHoB, a ocraTKH a,n:poHOB A 
H a ,Ita!OT HOpMaJll,HYJ) KOMITOHeHry. 

Herpy.ItHo aanHcau BHpalle1me .ItJil! ceqeHBft 

d~: ~t\ ~Cl/ (ol) ft/~ ( f)(<!tst \,~ti S (kQ•",-~c-kcL) 
o A C\ c. (2.3) 

cl'!>~ :De c~,d~~ 
E le. ~ 

al Cc. 
HJIH (CM. o603HatJ8HM B pa3~. II-2) 

Ee. cl~ :. ( f" (..1.'\ ~ q (&)(1'r_ \c~~t')SC~1
+t

1+u'). (2.3•) 
d. ~' ) 'A Is r \ n ) • D~,c c~)d.it1fc{r, 

r,Ite MH npeae6perJIH MaCCOff napTOHa c:i H nonepetJHHMH HMflYJILCaMH 
napTOHOB B a,n:poaax H a.ztpOHOB B napTOHax. 3ror M8xaHH3M aBTOMaTH
tJ8CKH YtJHTSBaeT TaKHe 06mHe CBOICTBa,KaK 

a) rpeXKoMIIOH8HTHOCTL; 
6) ajlpeKTHBHYJ) 8Hepr:irn aopMaJil>Hott KDMnoHeara'fs - 2 p .L ( .2. P.1. 

YXO.ItHT Ha o6pa30BaHH8 .ItBYX CTpyff); 
B) orpaHHtJeHHI,Jff nonepe'lHHI ru.myJI1,c qacTB~ B crpye; 
r) KOMruraHapHOCTL; .BSXO.It H3 IIJIOCKOCTH o6ycJIOBJI8H TOJILKO ~ep

MH-~BHX8HH8M napTOHOB B a,n:poHe H a.ztpOHOB B napTOHe. 
IlOCMOTpHM TenepL,RaK no.nytJallTCJI OCTa.7ll,HH8 cbottCTBa JIBJI8HBJI, 

Ho caa-qana nepenHmeM (3.I) -qepes nepeMeHHSe naproaa ci . Hs aa-
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ROHa COXpa.Hemm 

lJ.+ f\ ~:; 
lJ--fW ~ 

a•t ~c.-+d 

~-+ do 
~ . 

~. d,1 
~ 

d..1.. ~ ?J.( '?! :. o, 
r.ne ?= {s /"2 , ?\I , ? .L 1 ~, ,d J., cl0 - HMnyJibCH H 1mepr1111 tJacTHU A ( S) , 
C H a E c.u.M. (fs')'>)')1tvntM~) • JfcnOJII,3YSI E:•d)'!J. ~'f H fy = 

= m.l. )>~'I, ,IUIII tJaCTHU C H 0. HeTpy,nHO HaHTH 

'rt\~ "le. -6 -A) 
..t= _:._ e (.-\~ e ) : ~(._ll+e ·1c.='fc.·Yr1'1 

~ {s i! . . l2.4) 

~ t i · d 
~ = ~ e-"'l~+et&)-= ~ ltt+eo)>. c:l.~d~ 8(~ -m~) = .. V.A ~rs ... . ~ . . s: • 

TaKHM o6pa30M, BHpal!CeHHe.(2.J) npHM8T BH~ 

E~ ~; ~ ( <l~ dt Q 0/A l-~1 Lt\~ e-~ )') Q ~/u ( 71z.(1+e.)) (2.5)' 
0 p, ) ~. ~ ,, ~ ' 

. ~~ "Dc/c ('l{J 
r.ne Q. ( -:x..) : x ! C z) , a HHTerpan 6epeTCSI no o6nacTH 

:l,4 0, "6-'li . . .. · --1-_-.... -- ~ e ~ -- •, -x.R.-::.-x,.~'X, ~~~ 1.. c2.5•J. 
!I ...... "X2. . . 

BXO,IUIIll:0e E 9TO Ellpal!Lemie cpyHRUHH Q H ]) ·, E npl'IHUl'lne, onpe,IteJIII
DTCSI :03 JienTOH-a,npOHlil,IX rJiy60KOHeynpyrHX npOU8CCOB (rJI. 1) •. , Jwm
CTEe:HlmM ROEHM BJieMeHTOM ORa3HEa8TCSI cetJeHHe pacceSIHIUl napTOHOE 
d ~ / d:+.' (t', '":.' ) . , 3ToT_ qru<T H .nenaeT npoueccH c 6oJII,lllliMH ?-1 YHH
RaJibHHM cpe.ncTEOM ,nJIR: H3ytJ8HHSI B3aHMo,nencTEl'ISI COCTaEJiflll!ll!X aitpoH 
napTOHOE. 

5. IIoBe,neHHe no ~.l-. Ha Bupaxe~1rn'(2.s)acHo,qro ·npH <pJIKCHpo-
.,. / .. 

BaHIIl,lX -:t'I H '11 3aEl!CHMOCTI,. OT \>.J. onpe,neMe'l'CSI TOJil,RO S -aa-
EHCl!MOCTbD cetJeHIUl(d<r) d.t'K.s,s'/t). 31tenepHMeHTaJibH!ltt qru<T CTeneH
HOro y6uEamm c ?J. (pas,n. H.3) sacTaEJISieT npe.nnonara;1,, tJTD 

d ~ "' J__ . i ) ~ ( .:L)'"' I.{> C t\+ e A) 
d-1:' - Lc;.')"''1. 'fl-e -\m.t (2 C,kz'1tiY"' • c2.6) 

31 

Pa3Jll'ltJHU8 TeopeTHtJeCRH8 Mo,neJIH OTJIH'l!aDTCSI crroco6oM noJiytJeHl'ISI 
tJHC8JI Y\ • 

a) B MO,I{8Jil'I TOtJ8tJHUX REapROE/IO/ (DDK) 

dcr l a-t! ~ l" / 'b'J 2 ·, "'= 4 
ROTOpaSI, llO-BH.nliMOMY, llORa He EH,I{Ha B 3KCneplH,lelIT8 (cM., 0,I{HaRO, 
pas,nen m); , ) 

6) B MO.IteJIH paSMaSaHHUX REapRoi/II/ ( f ff E8JIHtJHHa rl npo
H3EOJII,Ha, HO O,nHa H Ta xe ,IUIII EHXO,na JID6HX tJaCTHU. 06HtJH!lll EH60p 
'I'\: 8 xopomo onHCHBaeT EUXO,n M830HOE, .O,I{HaRO He onllCUEaeT Ell
xo,na p H ? (cM. Ta6n, ! . 

E) B o6MeHHoit Mo.nem/1 l(C.lM-~~6) ,nonycrtaeM, tJTO aRTHEHUMH 

napTOHaMH Hapsi:.ny c RBapRaMH MOryi' 00Tb napH '\ 'i, HJil'I 'vt . 
KpOMe roro,npe,nnonaraeTCSI ·o6MeHH!lll MexaHHaM EaaHMo,neitcTBHSI napTo-
HOE H REapROEHe nrEHJia CtJeTa (I.13) ,IUIII 0.CS" / &,t 1 • HanpHMep, 
poi!,neHHe -rr- H \( - MesoHoE H.IteT tJepes no,nnpoueccl9,,\ )+it,-,M+1,, 
tJTp ,naet> Y\ =- 8 (p.ic. 2-20), a pol!,IteHHe npoToHa Yi:. 12. _ 

~ :;-1;;,1" ~ 
',• =e=, 

E._Q_ ( y )12 
elf ~ mT 

PHc. 2-20 

tJepes no,nnpouecc C\,~-+ \°'1., C\,'\,\-+, , ROTOPflH ,naeT'{\-: 12 . 
BnpotJeM, EH6op no,nnpouecca RalleTCSI npoHSEOJII,HUM (noqeuy 6u npo
TOHY He pol!,Itar1,CSI 1te pe.3 la .q, 1 -t- 't,.., i.t -+f , ROTopHit ,naeT ",.. .ri ?) • 

-V L:.P•'i,, 

6. IIoEeJ{eHHe no 9 . OHO onpe.nemrnTCSI .nBYMSI tpa.RTOpaMH : 
a) xapaxTepou saEHCHMOCTH do-/dt1 

OT Cj,
1/t' (r.e. "o6MeHHEa

eMHM CnHHOM") ; 
6) :iaBHCl!l40Ctl>D G~/A H G~(P.> OT 'fc • 
PaCCMOTpHM CHatJaJia nepEUit qru<Top. Hs Ellpal!LeHHSI (2.4) 

4/s• -=-(..!.,\'-[ ( ~ + ~t'f It.~ teh.)) c 1 + e 'i tea e1z.) r 1 

YVl.l ' 
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a S' / t 1 
:. ~ + e 6 

-:: ,\ -t e - 'I ti / t~ ij / 'Z. • 

B6.mrnn 0 ':::.. '3Qo 38.BHClU.!OCTH OT 0 E o6enx CK06KaX KOMneHCHPYDT 

,npyr .npyra. Ho B OOJiaCTH e-~o '1h'::e..,d'½t, a c; /t,'-:: e-"d I+:.~%.' 
TaK tJTo, tieM Bame cTenem,s' /t.1 n tieu doJII,llle cnnH,(T.e. tieM donee 
nep1-upepn1mo B3aHM0~8ACTBH8) 1 T8M Kpy,Je no.m,eM E6Jll13ll 0 ~ 0. 

OOCTpHli cna,n npll 9 ➔ 0 CBJI8aH CO ETOpHM (!pa80BHM) q:al{TOpOM. 
1IT06H nO.nytlllTl, 0 HeM npe.nc'l'aEJieHue, ,nonyCTHM, tJTOQa/A"' (1-..t)I<~' 
Q~(~ ~(~•f) K1, ,'I)ctc~ (1\-~)\Cc • .IlJm HHTerpHpOBaHllJI no ii,_ 
B (2.5) BOCnOJIL8Y8MCJI reopeMott O cpe,IlHeM, B8JIB B KatJeCTE8 e.&. 
rpaHHtJHoe sHatiemrn("(· ')(~/'Xz_.IlJilI Q a/A n ::c1/C~•J( ,) .zwd.~ 6/~, no
CKOJILKY Ha npOTHBOnOJIOl!UlHX rpaHH[(aX llHTerpllpOBaHllJI COOTBeTCTEYJ)
nuie <pyHK[(HH o6pamaIOTCJI E HYJIL. ,lf,a.Jiee, B6JIH8H rpaHH~ :t1+ X2, ~d , 
MH MOl!LeM BCIO.IJY, r.ne 8TO H8CYl!leCTEeHHO, nOJIOllUITI, "t : 1 . ll Tor.na 
ImTerpHpoBaHHe no ~ H A ,naeT 

· k ... k\.._.,1., -t'2. 
V\ d.6'" l~-:z. --x ) ~ ., "( 

~.1. E - oJ -...:"-=---="~--.-,---
c:. o.~~ ('i-~,:\"i (~--x-z.)ka :xo\-=rz. 

T.e. 
( 1 X \ \( °' ,+ \c 'o + k C -t 2. 9 0A 0 
\. - l\ ~i\~ ~ ";II.I 

l'I- 'XR) ko:~kt-\- ~ ';j/1~ 
Q 

9 ~ 0. 

(2.7a) 

(2.76) 

(B6JIH3H 8~ 0° , -x,.-::e ";(R , -X2,-:::. ~-7-'\ ). 

TaKHM o6pa30M, noBe,neHHe no e l I.IA\,\ :x,) ,naeT CEe.neHHJI O sa
BHCHMOCTH cetJeH~ OT s1/~' • CpaBHeHHe C aKcnepHMeHTOM, npoBe
.neHHOe E pa6oTefII<·noKa3HBaeT, tJTO HaH60Jiee llO,IlXO,lllilllitlMH OKa8HEa-
JOTCJI 3aBHCHMOCTH(S't4:.') 3 (cmm I/2) . 

7 • 3aBHCllMOCTL OT 'X J. ( 9 ::; 90~) 8 Ta 8aBHCHMOCTI,, TaK Jte KaK H 

OTHOCllT8JII,liHR EHXO,Il tJaCTHil npH -:X:.1...,; 'i 
I 

onpe,neJI!I8TCJI BHpal!eHHeM 
(2. 7a). Ecim .IlJilI ~~ , \c• , I(, npHruruIIKC n coornomeHHe .llpeJI
na-Hlia-Becra (1.20), ro HeTpy.nHo no.nytJHTL 

)'I ( d er \ 2 r1 f Cl i!. - 1. 
f.1. Et a,lft I ~ (.'I- x{) 
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ROTopoe .lUifI MO.IteJiett c pacceJIHHeM KEapKoB (BBK, F F F ) osHal'.Jaer 
(CM. pHC. 2-2!) . 

tir+tt-K+\--.. (Ii- -:t.J..',
9

; (K·,?)~Cl\-:icJ.)
11 ~p---l1--:x.i.)~~ 

p ====-1 nacc>1BHble ==== } 
n•,k:) • k-v 

nacc>1aH:e/ __:)_; 

P - J nacc>1BHble ===-: j 

nacCHBHble 

nacCHBHble 

}l~ p'l-:r- l 

Pnc. 2-.21 

3aMeTHM, tJTO nocne,IlHHe ,ItBe creneHH pe3KO paCXO,ItllTCJI C 8KCne
pHM8HTOM (Ta6JIHI.ta I), tJTO TaK l!Le, RaK H 6oJiee BHCOKaJ:1 creneHI, '1 , 
YKa8HBaeT Ha Kaxoli-TO miyroR M8Xamt3M po]K,l];emm 6apHOHOB, 

C ,npyron CTOpOHH.06MeHHaJ:I MO,It8JII,.,.aer (ecJlll nOJIL80BaTLCJI . 
ctieTOM (I.20)), JT'•1r- K -M- 'XJ.) ( n nAct.-= 4 , pHc,2-20), 

'S ' ' ;. a p"' (1--x.'\ ,K---..('\•:ic.)~ , f~c1--x.J..',. 
3Tu_cTeneHH .nytlme corJia.CYJOTeJ! c aKcnepHMeHTOM, ocd6eHHo ecJIH npe.n
nonarau, '!TO Me8oHH H 6apHOHH pom,na10TCJI He nplIMo, a qepe3 npoMe-
lKYTOtJHHe pe8oHaHca ~" H M w • . 

s. Pa;zmaJILHHtt CKeiiJIHHr. 8To CBOHCTBO JIEJilleTCJI CKOpee npH6JIH
~eHHeM, '18M TOl'.JHHM CJle,ItCTEHeM ¢0PMYJIH l!LeCTKoro coy,napeHHJI, rro
CKOJILKY noBe~emrn E6JIH8ll. rpaHl'I~ (pa80BOro 06'I>8Ma (3. 66) MOllLeT pa8-

' t• pymanCJI 8 -saBncHMOCTLl'.l d er/ d • TeM He MeHee, BJmJIHHe ero. 
oRa8aBaerCJI cna61.tM. 0,ItHaRo E1;,ecro(1-::t: R) ~, cJiepyxmeii HS KBapK
REapKoBoro coy,napeHHJI H IIl{C,a1<cnepHMeHT JIY'lille onHCHBaeTCJI noBe,ne
Hl'leMl1-XR)'•, Koropoe BOSHHKaeT npH npJIMOM poJK,neHHH MesoHoB, . 
C nocJie.IJYIO!!lHM .ItBYXIlHOHHl:IM pacna,noM. 

9. Ce-qeffiie OOl!UleHHJI CTpyH l'I OT6op TpHrrepOM 

0,ItHHM l'IS rJiaBHHX apryMeHTOE B noni,sy rHnOTe8H KBapKOBoro co
y,napeHHJI JIBHJIHCL ,naHHHe c MHoroqacrn'!Horo rpHrrepa F WAL . CaMoe 
8aMetJaTemHoe CBO:ltCTEO 8THX ,ItaHHHX - Y.ItHBHT8Jll,HO 60JILmoe 
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ce'lemrn npo11ecca pol!l,lleHIDI CTpyti/13/. IlpH O,I!,l'!Hlll<OEHX 3Ha'lemmx 
OHO ORa3aJIOCb rrpHMepHO B IOO pas 6om,me, 'leM ce'leHHe C O,ItHO'lac
THI.IHW.! TpnrrepoM (pnc. 2-22). 3TO /IBJ1e11ne paCCJ.laTJ)HBS.eTC/1 KaR 
O~HH H3 rJiaBHIDC apryMeHTOB B nOJib3Y KBapKOBoro rro~po~ecca • 

:c 
0 
c; 

"' >, 
:c 

"" :c 
N 

u 
'-co 

~ 
'-
IO 

"' :,: 
Q. 

"' ~ 
b .., 

• 
Ce4eHHR pom~eHHR CTpyH H OT~enbH~X 4aCTH~ 

100 T-l \ OT6.·op TpHrrepOM 

If 

\ 
X ~ .,., 

10 

0.1 

xx \~OT60p 

•• ',% i . \ 
■ k 

TpHrrepOM 

~ 
• \.f OT60p TpHrrepoM ., . 1 ' ~--.... 

,.I 

't 
\ 't 
\t \~'-. 

W 0.01 \~ 
= 200 r3B/c \ 'T', 

\ ·e 

\ . 
\ 
I 

. 
p11a6. 

e11a6. = 7] MPa/1 
PHc.2-22 

0.001 ~7 --2!,----'-3--.L---'-~- --/, 

fir r3B/c 

neno B TOM, '!TO B CJlYllae O,ItHO'laCTD'lHOro TpHrrepa ce'leHHe 
d~ldl1 .ItOBOJibHO 6HcTpo na,naeT c YMeHbmeHHeM .noJIH HMnynca REap
Ra, yHocHMoro 'lacT:iu~eit-TpHrrepoM ( d..r:t / clt 1 ~ i 8 ) • Iloar.oMY O'AffO'lac
TH'lHHit Tpzrrep npeHMYUlBCTBeHHO OT6HpaeT Te co6HTHH, r.ne nO'lTH EeCb 
HMnyJII,C YHOC.HTCH BTOit. 'laCTHitett ( i ~ 1) . O~RO H3-8a y6HEaHHJI 
cpyHRll.HH ct>parMeHTfillHH np:e 't "'1 TaRHe co6HTIDI oRasHBaJ:iTCH R~He 
pe'ARHMH. 

nonycTHM .ItJIR: IlpOCTOTH, '!TO $ ,ItOCTaTO'lHO BenHRo, TaR '!TO B 
(3.3) :x.1 , x 1 H -XR ~ 0 • Tor.na rpyHRitHH G. .. 1 A :e GI/?, MOlllHO 
C'lHTaTL IlOCTOIIHHllMH,H 

d t1 \., J~ " ) ~~ -;- ~ cl -1 ""T.i'j µ c! ( 11 • (2.8) 
d f, o ~ "",; le 
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. . ~Y\ Y\ 

ITycTL no,nnpo11ecc '\,-t t.:, 't/ '\, .u,aeT co~ ('\-1() ~ d G" I d.t , 
Tor.na RaR rro,nnpo11ecc TIPHMOro pol!l,lleHrur nzo11a (Hanp., <t, •~"" ,r+ 'l., ) 
,naeTC.., ·{"'l?Z' 8(4·j), Tor.na B pe3yJII,TaTe IlHTerparnm no '6 B (2.8} 
MH no.ny'lHM 

c;A<S" 

Ee. ,r~ f, 
i 

l\\+11ln+2.) 

Co -P: 
C4 

-t -
f.i.."" 

T.e. TpHrrep, OT6HpaH TOJII,KO Te CJIY'laH, r.ne nnoH YHOCHT JlbBilHYID 
.nonro HMnyJILca KBapRa.-napTOHa1no,naBmi:eT KBapKoBHil no,nnpo11ecc B 
('IH\ll"t\+2.) pas (T.e. B-::::. 90pa3, ec;m "h~s ). 3TO ITO,ItaBJie-
mrn 6y,neT eme CHJILHee .I(Jl/1 OapJ10HOB H aHUl<lapHOHOB 

(J) ... (1--g) ~) 
p 

cl(S'" ~ 6 C-o -1, 

( cl"3p ~ (Ml\)(l'l-t-2\(Yl+~)('n'+'f) f~ 
T,e. B 2000 pas, ecJIH n~?. I 

c I\ 

p_:' ' 

PasyMeeTCH, TaKOe no,naBJieHHe OTCYTCTEyeT .ItJIR: MHoro~aCTH'IHOro 
rpHrrepa, KOTOplii,no cyTH ,ne.na,perzcTpHpyeT napTOH C. 

IO. CTpyKTypa TpHrrepHoii KOMITOHeHTH 

KaR yEe roBOpilJIOCL, COBna,neHHe IlOBe,nemm no f .l. ,I(JIR: O,I(HOii H 
.I(JIR: .ItBYX 'laCTHit (pHC. 2-12) B Mo.nemi:x coy.u,apeHHH KBapKOE He HYll!,lli9.
eTCH B KOMMeHTapMX - B o<loHX CJIY'laHX 'laCTilllH noBTOplIIDT cneKTp 
cBoero KBapKa-po,ItHTemi:. B o6MeHHoR xe MO,I(eJIH MH ~OJilllHH npe.nnona
raTL, '!TO IlHOHH IlOHBJIR:IDTCH H3 pacna.na pesoHaHca. Ho Tor~a. O,I(HaKo, 
BOSHHKaeT rrpo6JieMa C rrpaRTH'leCRHM OTCyTCTBileM pe30HaHCOB E crreKT
pe RHBap!:!aHTHOii MaCCH. 3To 3aCTaBJIR:eT npe,nnonarau HaJIH'IHe RaKHX
TO MHOrO'laCTH'IHHX pesoHaHCOB. 

KoJIH~ecTEeHHOe onHCaHHe TpHrrepHoit KOMnOHeHTH Tpe6yeT rHnOTe-
3~ 0 Me:Xaiffi3Me cpparMeHTaitHH napTOHa B ,ItEa perHCTpHpyeMHX a,npoHa. 
B ;rryxe napTOHHOil KapTHHH ecTecrBeHHO rrpe~noJiaraTb (CM., Hanp.,/I/} 
Me:xaHH3M nocne,noBaTeJil>HOil cpparMeHT~HH (pnc. 2-23) • 

Yae Ha pHCYHKe ac110, '!TO o6pasoBaHHe KOM6HH~Hii C+ +) :n (- -) 
no.naEJieHo no cpaBHeHHD c (+ -), T.K. Tpe6yeT·6oJILmero 'lHCJia rrac
CHBHHX KEapROB. nettcTBHTeJibHO,. ce~eHne c perHCTpauneii .ItEYX qacTHit 
( 1r + n 'I-\ 1, HanpHMep) IlOJIY'laeTCR . :irn (2. 5) 3aMBHOii 
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·-,1 
! ' 
! 

/CLP, ✓U 
C 

c R ·(Ee') (.£.) D c D41i, c d/n· Du/JI' Do/rt• 

PHc.2-23 

I 

l Ye ))) ( ?, ~ \ re: 
D1t+/uc-f1 ➔ !:,n+;/· 't-~ .,_,~ f~+(-i-i)pdv, .. tl ·c2.9) 

nOCKOJII>RY 
l 1-=. ~c.., p, -

~~ - ~~ 

I I I . di dfc. E:c. , 
I ' P,' - f c. 

?, + ~C, • 'Y,, -:. I - ti /Y-+ p, 
-, llc. \(G H, \'t ~' 

I 

fc. "( 
: 

,: +-\le:('(-~) ' 

nOB8,U8H:lie npn 1 ~ ~ TOr,D;a onpe,USJ1118TCH BTOpOi!: <J!YHKilll8i!:, T.K, 
l 

~-~a-:.(1-~) r,+fc 
Pl -.. c11-l!) ?c.. 

IlOCKOJII>RY TAe}\+/d mmaeT 6HcTpee, 'leM'Dh""/d • TO cpe,urutli B8Jlli-

'lima t n nepBOM c.nyqae 6y,ueT MSHI>we. B.naro.uapiI 6ucTpOMY na.ueHmo 

ce'leHRH(d(/dt.~tl) STO np1rnci.un K MeHI>WeMY ce'leHHll C+ if ?M-
6HHaUIJH no cpaBHSHHID C (+ -). Pesym:,raTH 'lllCJIOBHX paC'l8TOB I no

KasaHH Ha pHC, 2.10. 

TaKllte Herpy,ItHo noHR:Tb YM8Hblll8HHe nHKa C YM8Hblll8HHeM yrJia li 

3Heprllli ny'lKa. 3ro HBJJ.IISTCH npOCTHM CJI8,UCTBll8M YM8Hblll8HRH HH

Terp8.Jla no O B (2.5) ns-sa pocTa Hmmero npe,11;ena .x.f + x2.= 

= '2. ,.1. 1 rs 'A'tle. 
06paTliMCH Tenepb R MH0llt8CTB8HHOCTH TpHrrepHoi!: KOMnOH8HTH 

(pHC. 2-15). ql!CJIO a,upOHOB B napTOHe Jiorapn<lf,!H'l8CKH pacrer c poc

TOM ero SHeprHn. 0.ItHaKO 6om:,wM 'laCTb aroa 8Heprnn fc. YHOCHTCH 

'laCTHI:teii-TpHrrepoM. Ha .UOJill lK8 OCTaJI1,HilX npHXO,UHTCH x, - \It = 
=('1fl-1Jf,=-(11/r'1P.1./si119. TaKHM o6pasoM, .IlJ1II MHOEeCTBSHHOCTH 
nonyqaeM 
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C 

0 { ~ ~ f.1. {,Y\ --1 -< Y\ n\y1n.,) ~ <"6"> "i,\\'\ e t 

C poCTOM ~J. ('f') TOlK8 pacrer, raK '!TO y6HBaHll8 nepBoro COMHO

l!WT8JJ.II ROMneHCHpyer poor BTOporo. 

lliITepecHoi!: qepToi!: ,ItaHHHX pnc.2-15 - H8CKOJibKO dOJiblllall MHOlK8CT

B8HHOCTb .IlJ1II npoTOHHOro TpHrrepa - TaKlKe :IIMeer npocroe Ka'leCTBeH-

HOe 061:.R:cHeHHe, (J)yHKUHH 1) f 1 'I.I y6uBaer 6ucrpee, 'leM]),r-/u 

IJQ8TOMY < 1') .ItJIH Hee M8Hblll8, r.e. nporoH B cpe,11;He1J YHOCl!T M8Hb

rny11 .UOJID :0Mnymca, a CJI8.UOBaTeJibH0,60JibW8 OCTaBJIH8T .UJJ.II ,upyrHX 

'laCTHI:t, 
HSJIOJEeHHHe BHWe Ka'l8CTB8HHHe apryMeHTH cnpaBe,ItJIHB.!l TaKlKe H 

.IlJ1II o6M8HHOi!: MO,USJIH, 8CJIH C'lHTaTb, '!TO no.unpouecc n.ueT C o6paso

BaHH8M peSOHaHCOB, 0,ItHai<o, KaK y'll.e r01JOpHJIOCb, (+ +)-RoppeJifIUM 

cos.uaer npo6JI8MY C OTCyTCTBH8M CHJibHHX MHoro'laCTH'lHHX pesoHaHCOB. 

II. AHrnrpnrrepHM KoMiloHeHTa 

Ele 1:1syqeHne Tpe6yeT CJI8,Ityl!lllei!: O'lSBH,ItHOil MO,Itll(,PHKar:tHH (23) 

)k I\ d.'!> 1> Q 1> 
~ ➔ ( cl~ D ( V ') _1_ u k .at. L 

€. cl ) o !>/ d E :D v , 
TaK '!TO BMecro.(2,5) MH renepb IlOJIY'lHM 

" cl~ ~ (~ -o)) d 1 ~+e cJot o 1) d to "J) -= . i Q~,A 7 ( ' 
I \>,1. 't 1 ~,~~ 

Q e1?>L ~ C ~+ eA)J t 
r.ue A = 'i c. _ 'I 'l) 

l 

A 

(2.IO) 

dd.~ ~])c, (~)"D,,, (-xc:.1C> 
t ~ d t 

:,:. _ o"J) / e (2.II) 
c - r~ f .1.. 

PaccMorp:IIM. cHa'laJia pacnpe,ueJieHHe no y 1) • 0Ho onpe,neJ11IeTCH 

4 -SaBnc:1IMocTI>D Q.r>./A., Q bla n d,s/dt' . IIepBue .ItBa Ha rpaHnue 

.uonycTHMOi!: o6JiaCTll (2.5•) o6paIIallTCH B HYJib ll HM8DT MaKCllMYM r.ue

TO B cepe.mme. )lonycrHM, 'lro A 0 'S - cyTI> nporoHH, r. e, G.0.1 A 
ll Ql/i "-(~-x)°~. Tor,11;a Herpy,D;HO HaltrH, 'lTO noJIOlleHHe MaKCHMYMa 

onpe.ueJllI8TCH YCJIOBH8M 
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J ;:(.I. 'f' 
2. 6mClx l~-xz.) -:x.-1 l 1> . _ -1 · o ·, - - e . -;.t~ 

e -: ---- unu 'I ) m-.~ - z "" . 2. ~ -'X.1, __;. 
l'i--X."") ~2. ,t- ~ e-Y, 2 ' . z 

TaK tJTo ecJIB 'XJ. Mano (E a1<cnepru.1eHT/61p.1. -:~ rsB/c , is::. 60 
r.e. 'X.1, ~ 0.1 ), MaKCHMYM pacnOJIOlKeH E UeHTpe H HeMHoro C,ItEHHYT 
E CTOpoHy, npoTHEOnO.llOlKHYIO TpHrrepy. 3TO CJIY'lai!: 11MaRCHMa.lll:,HOH nepn-

qiepHtJHOCTH" ~ ,._ ~ (~ )h/7. 
c\-i:1 

- (S 1
)"'

11 t' 
1
• 

HcHo, tJTO npH MeHJ,rneii CTeneHH i;' /-t:. MaRC:3MYM CMemaeTCR: E CTO-
poHy TpHrrepa. HaHJJYtJ1Dee cornacHe O a1<cnepHMeHTOM .IlOOTHraeTCJI 
npH(~'/ i,1}3 (p:00. 2-I4), T.e. npH Tott lite oTeneHH, 1<0Topa;r o6ecne
tJHEae,T Ha.HJJYtJIDee onHcami:e e -3al!HOHMOCTH. 06paTHTe EHHMaHHe, 
'ITO TeopeTHtJeCKHe KPHEUe JlelllaT HeOKO.llbKO EUIDe a1<onepHMeHTa. HaH60-
Jlee EeP,OliTHOJi npHtJHHOJi 8Toro MOlKeT·6UTb 3HatJHTellbH8.li .IlOJIII rJDOOH
HU:x!I47 CTpyii, KOTOp!le H3-3a 60.1Iee "MlirKOH" cpyHKUHH qiparMeHTaJlHH 
rJilOOHa npHEO,nlIT K yMeHblDeHHIO .IlOJm 6ucTpuX H yEeJIBtJeHHIO ,ItOJIB Me.rt
lleHHUX tJacTm:~. 

06paTHMCSI Tenepb I< pacnpe.neneHHIO tJaCTHU no HMIIYllbCaM E aHTH
TpHrrepHOH KOMnoHeHTe. HcnoJib3YR (3.8) H (3.3),HeTpy,ItHO Hai!:Tfl,tJTO 

~. c.l<r ~ dy(. c:i'f'I)d~ QC!/A Gl1i,~ ~~. -g '])~" ·"Dd/1>(.,c,~) 
--o: 
f! c:l .c, ( d~ ' 

\ d'lt:. d.'lo. d'( Q t>.IA Q \,/~ ~ 1) Cle 
KOTOpOe 3aEHOHT TO.llbKO OT ':t c. , nooK,OllbKy aaEHCHMOOTb OT P J. B tJHO
JIBTene H 3HaMeHaTene COKJl8.Illaeroa. Ilp:06~HZ8HHO 

~ d6"' - - . 7 b ~ 1 J) l>t ct c ~ -x.,) 

T. e. paonpe.rteneHHe a,IlpOHOB no~ 'Xe: ,ltOJIZHO 6.llTb TeM lle, 'IJTO H 
~ rJ1y001toHeynpyroro paoceJIHHR H1lH e-¼e• -aHHHrHJIIIUHH. CpaB-
HeHllle1 TioKaaa.HHoe Ha p:110. 2-241 rno TpeyM<poM napTomrnro MexaHH3Ma. 
0.lllUU(o 11aMepemm rpyrrIIH CC.HK 6 no1<aaa.1IB, 'IJTO cHTya.uHR a.neon He 
OTOJII, IIpOCTa. B 06.naCTH f.L <°! faB/C 6H.na 06HapylleHa 3aEHOHMOOTb. 
de'/~ d.Xc. OT ?.1. (pHC. 2-25). OTcyTCTEEe raI<oA aaEHOHMOCTH 
.JtJIH MHoro,aoTll!'IJHoro Tpnrrepa, no-BH.ItHMOMY, y1<a3.llEaeT Ha npH-
Mecb _ MeXBHHsMa, oTllll!'IJHOro OT paooemnm KBapKOE, o 6onee EHOOKOA 
cTeneHbD Ila,IleHHR no f.1. 2 MeHnrne! no~neHHOOTbIO 2s-sa 0T6opa 
Tp:arrepmr. 
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i 
I:. 

~-

•. 

', ,, 
I' 
J. 

I dN 
N,dx, 

1.0 

0.1 

KOMnOHeHTa Ha3aA 
lyl< 1 
l11,uyL<0,5 r3B/c 

l._ • '3<fl-RtG<3,5 

\ 

:3::~;::~ 
• 5<1)NIG< 6 

\ •••- <S•1f3B 
\(' l.0,--l-yrl<-1---.-.----.---~-t--~-. 

f I dN Ip I< 0.5 r3B/c • ♦ 0,3<x;<0.4 
0.01 ~ N,dxE OUT 

t OA<X,<0,6 

0 1.0 0.1 
XE 

0,G<X,<0,8 

PHc.2-24 

0,B<X,<1,0 

O.OI 2 · 3 4 5 6 

fh,G r3B/c 

PHo.2-25 

.Ue:ttcTEHTeJibHO, rrycu .IlJIII npOCTOTU $-:, oo , 
H Q b/ ~ (.Qn~t. Tor,11a ( CM. pa3,11. I.) 

'& ( '\ d~ . 1' . 
,t d a- ~ )

0 
dt ~ De:,,(~~ .u,.'l>t/_t :t,) 

-- - 1 , 
G d ')(t J ch !!§ l) ( °{) 

o Q d.~1 C/c. 
IlycTb, ,naJiee, 

TaR 'lTO QCl/A 

c c ~ -AXc~ d~ 1:>c C'{)~(~i~ &(~-~)• -f-l\1-~);l)D,"'e 
d"T. le Y.1. ~ ?..1. tel 

(apryMeHTU E II01lb3Y TaI<oro BH6opa 6y,ItyT npHEe~eHU HHae). Tor.na 
npooroe HHrerpnpoBaHHe .naeT 

~ d <T" e~p ( - A x.,, -- - ::. 
(! d~c 1 + PI c. / ss c" 
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(Mu npeHe6perJill BTOpHM q.JieHOM B qHCJmTe.Jie, KOTOp!lH BeCLMa Ma.JI). 
Ec.llll C0:5'6 C.., T. e. npaMoe H no,naBJieHHOe Henpm.ioe pas.neneHHe O.ItHoro 
nop!l.ItRa Be.Jinqmm, TO 3- H 4- KpaTHOe yueHLm8HH8 npH-H3M8H8HHH 
OT 2 ~o J rsB/c o6ecneqeHo. Eonee roro, noHHTHo, noqeuy pac
npe,neJieHne no -::c, 6.JlllsKo K attano_rnqHoMY pacnpe.neneHHD B e+e-➔ 
a,npOH!l HM8HHO .IWI MaJISX p .L • 

. 12. 3gxbeKTH "mep.1m-lBHX8HHH" napTOHOB 

a) Pacnpe.neneHHe no l> o\\t ! KaR yllte roBopuocL, o~Ha HS 
Ha:06onee xapaKTepHHX qepT MexaHHsMa lltecTKoro paccemnm - STo KOM
n.JiaHapHocTL. B HallBHOtt napTOHHOtt MO.zte.Jlll Bee qacTHtnI aHTHTpHrrepHott 
KOMnOH8HTH ,ItOJlllH!l HaXO,IJ;HTLCII B nJIOCKOCTH "nyqoK-TpHrrep", T.e. ; 
pacnpe,neneHHe no KOMilOH8HTe HMny.JILca,nepneH,nHKYJllIPHOtt 8TOtt Il.JIOC
KOCTH,.ItOJIJKHO 6HTL ~ -<py1-ucrwett •. 3KcnepHMeHTa.JI1>Hoe xe pacnpe.nene
HHe OKaSHBaeTC/I .ItOBOJILHO IDHpOKHM (pHC. 2-I6). 0,nHott HS np~qHH Ta
Koro ylIU:lpemm: HBJllI8TCJI BHYTP8HHee ,nBHlleHHe napTOHOB B a,npoHax 
A H 12> ( < K.l">) H a.npoHOB B · napToHax c H cl ( ~ p .L ')) • 06HqHo 

BH6Hpa8TClI WaKTOpHSOBaHHafI 8KCnOH8HIWaJILHaH WOPMa. ~cnpe,neJI8HHH, 
T.e. k.L p.J.l 

-i- · -2-
Qca)..,Qc..t)e <l<.i) • .s_•J)c-~)➔ 1>l~)e <~.i). 2 .-

1t<'C.1.., l_ • 1\" < f ;,'f 
) .l. . 

KaR BH.ItHO HS pHc. 2-26, Po1.1\ : v d~ ~ p V , a HS coxpatteHHH 
HMITYJILca d...,: a"f + iy- c.., I:! HS c..,: f; ,~ HeTpy,nHo no~HTL 

. I • 
' . . . J 

fo14, -=- -v ( - _:t. + a..., + €y) -. P-y • 
~ 

Ycpe,nHeHHe lite no k.L n . ~J.· .naeT 

y 

--.--- g;------- C 

...___,_._.,____=~==-------.JL---L--x 
P-r 

Tue. 2-26 
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-~<D'-::: _,,<1<2,~2.. ~z..~~<:tP1)2 '> -= 
°I O\.l•V "'V .1. ~i. z , (2.12) 

== -xc [ < 1<f'> i' .... <1 +-xz)<-Pl z.> 1z x/J..-iiz. 
TaKHM o6pasoM, cpe,ItHee SHaqeHHe p Q\1-t, . ,ItO.JllltHO saBHC8TL OT :Cc: 
H He SaBHCeTL 07 ~~ TpHrrepa. 3TH SaBHCHMOCTH xoporno BH~Hli SKC
nepHMeHTaJILHC/6 (pHc.2-27). 0Ka3aJIOCL, '!TO ec.JIH npHHHTL( \c.L) ':\:: 

::, S-oo MsB/c , TO<? l') TaKlKe .ItOJill!HO 6HTL nop!l.ItKa 500 MsB 
~ 

Ci~ O.&~"). 

u 

' "' ~ 
"; 
o._O 
-...,, 

0.6 

0.4 

0.2 

W=!,3 f 3B _/ 

<Pi>-os} ~___,L_ <kr>=05 I / / f -~ 

" 

-- 0CD A•0.4 <kr>•-q•848 M·aa 

. 2.0s Pr<trigls4.0 raB/c 

D.O 0.2 0.6 1.0 1.4 
XE 

Pn C. 2-,_27 , 
. . t~ J I 

,Umr MHoroqacTHqHoro Tpnrrepa TaKoii pacqeT .naeT f 04¼-= ..J r.'I -&- Py 
Ho ocL cTpyH BH6HpaeTCH Ta.R, '!TO \ k "t I:\ k}[-:: \kl-t l:~l' TaK qTo 

• C -

( 

( •~ 'l. l t ·,11. 2 · 
1. ".L) £ p J. ) 12. ,c I < \>o"½ )~ v T -+ ~ ) ~ z.'" ~ <\<.i.'7'2.-t- 2<p.J.">i, 

IIpH6JIHllt8HHO <.!,wt') C.'TPY 14-::; ½<e,11t')o,nHoqacTHqI-mi1, qTo ll Ha6.JIXJJJaeT-
ca sxcneJ)HMeHraJ1~Ho·(pHc~2:17). · 
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PHc. 2-28 

0.2 

,. 
c{" 0.1 
V 

•O.G<r."0,8 
nQ.4<x<0,6 
ox>0.8 

k
l \ t < • > •0.4 \ 

< 1 > ~o.ss ' \ I · 

t f l 
I ~ 11 1 

ti 
QI- -------

0 • 2 

pT raB/c 

PHc. 2-29 

4 

6) IIonepetiHoe JIBHlleHl'le Jlll.l@pymntX tiacT.eg. .UpyrHM npOllll.neHl!eM 
q>epMH-,llBl'IKeHM napTOHOB HBJUI8TCR OTKJIOH8Hl'le JIH.nHPYDitero JlY1JKa tiac
Tl'III OT nepBOHatiaJlbHOrO HailpaBJieHHH na,nannero a,npoHa. EcJm" B3aHMO
.zte!CTBH8 naproHOB nepmpepllf-qHo, T.e. ecJIH cetieHHe d <r /d t' na,naer. 
C pOCTOM nepe.ztatJH RaK .,,~·" , TO Cl!TyaIUIH, Kor.na nonepetiHHff HM

ny.m,c aK1'Hl!Horo naproHa B a.npoHe A mmpaBJieH B. cropoHy rpHrrepa, 
OKa31,1Ba8TC8 Bsro.nHea, tieM Kor.na OH HanpaBJieH B npoTl'IBOilOJIOll8yll. 
Jte!CTBHTeJILHO, T.R. ~ 

I (oL ., k°'"") t -:: ·. 2 (k. kt) -:: - 2 i° p,. p, - ~ ~ P~ , 
ro npH o,nHHaKOBOM HanpaBJieHHH k~ 11 \>.1. · BeJmtil!Ha I t.1 l oxarurna
erCR Mem.me, tieM npH npOTl'IBOilOJIOKHOM, a cetieHHe ocr /dt' - 60.nL-
me. 

Rax c.ne.ncrBl'le aroro, nonepetilm! HMtlYJll>C naccHBHHX naproHoB 
a.npoHa_ A . .noneH 6sri; npeHyYlllecrEeHHo Hanpa:a.neH npor:eB HMTiyJII,ca 
tiacTHiij,1 Tpurrepa (puc. 2-28), TaK tiro cpe,ItHH! nonepeti1m! HMIIYJll>C 
JIH.nHpyu!IHX a..ztPOHOl! oxamrnaerCR OTJIH'qHl,I)( OT Hy.Ila. oror a@leKT xo
pomo BH.I{8H 8KCU8pl!M8HTaJILHO Ha pHC. 2-29. 
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<1,· 

't 1)) 

'l\, ; L 

,. 

ol. P.z. b. 
Mcnoni:,aysr TO, tiTo - 2 "'i' ( ?o. ~c.)-= -4 (~+e !Herpy.ztHO no.n-

C'lHTaTL cpe.ItHHfl nonepe'lHHli mmyJII>C JIH.ItHp~x -qacT:l!Il, Kor.na f~) k.L 

110 

<?tad)-:: \ dKic 
-\00 

"t' ( 1<!) \<x ~ < \<I) . ~o.----
(
~- 2 i 1<. .\°' fJ..l'\+e~) , 

~.l. (~+e.4')) 

r.ne f(~:) - HeKOTOpaH IlJIOTHOCTl> pacnpe.ne.neHHH no nonepetiHO-
MY HMnyJil>CY, a ~ H ~ - cpe.I{Hlle BeJilltJHHH pa3HOCTH 6ucrpoT H 
.ItOJill HMTIYJILca,~OCHMOI'O a,npOHOM-TpHrrepoM. EcJIH npHHHTl> a.: '3 
(3aKOH d~/d:t..' ... ~st"! ), °A=O , a ;:o.8'5,TO Ben11ti11Ha 3KC
neJ)HM8HTMLHOro 3ipp8KTa 6y.neT COOTBeTCTBOBaTL<kf>(O.J+9.5 raB/c)~ 
'lTO, B 0601eM, He npor:irnope-q:er 3Ha'leHHD ~ \<i') 1 no.ny-qaeMDMY :ea· . 

'2. < '?~u.i..,. 
13. 1Io.1IlipHsagRJI 

~o cauoro nocne.nHero BpeMeHH cpe.1111 ~11a11xoB 6sno pacnpocTpaHe
HO MH8HH8 0 TOM, tiTO nonsrpH3aIUf.OHHlie 3ipp8KTH )IOnlltHH BHMHpaTb C poc
TOM 3Hepr:en.B o6naCTH MMHX PJ. 3T0 MHeHHe .neRCTBHTenbHO IlO)ITBepx.na
JIOCl> 8KCD8pHM0HTaJil>HO, npH~eM TIOB8.I{0HH0 noJifl'.pH8aUHH 60.11ee nnH M8Hee 

cor.nacoBHBaJIOCL c KapTHHOli pe.n:ameBCRHX noJIDCOB. 0.I{HaKO nepBHe lite 

noJUip~38.UHOHHHe H3MepeHl!ll B 06.nacr:e p ~ '? ~ raB/c noKasaJIH..~ -qro 
ponL cm1HOBHX ::iqxpeKTOB OTHll)lb He uana •. 

IIpH CO"Yn!lJ)0w npoTOHOB 300 raB/C C 6ep11JIJ1HeBOii MH1118Hl>lll 6g
JIO o6Hapyllt8HO 716 , '11'0 pol!,IlallljHeCR npH 8TOM A -tiacrH!lll B 06- . 

JiaCTH -X.~ 0.3+0. 7: 
a) IIoMpH30BaHli nepneH.ItHKYJlf.lPHO nJIOCROCTH npouecca; 
6) IloJUipH8aUHH pacTeT C \'J,: , BTIJIOTL ,Ito 28% npH p.1,~ 1.S raB/c, 

B) IIoMpHsauHJI cm6o'saBHCHT or')(~ PA /P1-1yic11. 
Taxaa nonSJ)H3aUHH xaxercsr oco6eHHO 60.111,moa,ecnH yqecr1,,tiTO 

"np,IMHe" A ll aroM BKcnepHMeHTe li~- J>TJIHtiaJIHCI> OT A -:--qacTHU . ' ·• 
pacn8,lta ! --. A+ t , xoropHe BHOCHT .nenonaPH3YDIIIHR ::i~exr 

p \otGl(I ':: ..L- t 1' p /\ - i p~ 1 
T-t 1 ' 

r.ne r - orHonieHHe BHXO.ItOB A/ I. . EcJill .nonycTHrl>, ~ro~ cor.nac-
Ho $U(~), '(::1 , a\>/\~ \'z , TO Ha6nD)leHHli8 28~ 6y)lyT 03Ha-

tiaTL 6onee tieM so,t..non11pu3B.UHD npsrMHX A • 
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I 
i 

! 

.3,. 
P• Be-A+X 

E• JOOr3B 

<'f 
0.3.6 X<0.7 "' . 

Q 
:::r .. 
[ .I 

0. 0 a: 

~ - 0 L__i_ 

df 
.5 I. 1.5 

Pr r3B/c 

PHc. 2-J0 

IIepBHe npe,zmapHTeJIDH!,fe pesy.nDTaTH/IS/ no HSMepeHHD acHMMeT
PHH B poll!,lteHHH 1T' -MeSOHOB Ha noMpHSOBaHHoff MHmeHH TaREe Yl(a
SHBaDT Ha pocr aroff Be.1nrqJ17[ J pocroM P.1.; BMecre c reM noMpl'lsa:-

.rnm 'l\ ORaSHBaercir MaJIOH 17 • 

Bee 3TO CTaBHT Bonpoc OC! OUHCaHHH TaltHX JfBJleHHff B })aW(ax 
naproHHoi Mo~eJIH :aecrxoro coy.I{apeHl'JH. 

IIycu pacceHBaDI!Hecir naproH!l B n'o.nnpoqecce a.+b-t c+d JIBM-
DTcir RBapRaMH CO cnmroM I/2. ffaR H3B8CTHO, aMURHry_ey: paCCeJIHHJI 
MOllHO npe~CTaBHTD B E~e pas.noaeHl'JH no MTH reHSOPHllM CTPYRTyPaM 
B L( • H.11H t -RaHa.ne: 

f: ~· ( -ucC\) T~ u <d) (~ l C) -r, ucd)) A; t ~•. t.\: 
• 

-::. ~ (ucC\)Tj utd))(i.Cl)Tj t.tcc)) Aj (~',u'), 
J 

r~e T~,j -:. ( ".Yr,1s,Ys"'l'14 ,c,.")j~,,,c,J_ HMllYJIDCH naproHo:s • .l4nfI 
Haxo:s,zteHJ!!{ MaTpHqg IlJlOTHOCTH Heo6xo~o Rl!a.Iq>aT MO.IlYJIII aroff aMD
JlHTy,nJl ycpe~rD no CIIHHOEHM COCTOJIHHSIM HaqaJIJ,Hl,IX naprOHOl! H npo
CYMMHpol!aTD no nomrpHSauHH naproaa d • Y.l(oC!uo Opau. noJiycywy 
;_ -paSJIOEeHl'JH f , 'U -paSJioaeHl'.IH -f-t H l4 -pas.110:aeHl'.IH -f , 
-t -pas.110:aemur f-t. Jta.nee, xcnousy11 MreC!py "l!- MarpHU, Herpy~

. Ho npHBecru aro BHpa:aeHHe It Elf.llY 

etCS" I I I --P>.>.' - =.0<~ 1 t)-1-,cs 1 t')~~~Hfl~~) 
clt .. ' 

r~e BeJJJAHHa Q. EHpa:saerCJI qepes ~e A., A\ , a Be;mquHa ~ -
qepea !WI A: A! • 'f - yro.11 Me:a.ey HMnyncaMH naproHoB , u -l 
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E cHcTeMe noROJI C , ~ = [ ~ b 1/\(o. I>)\_ e~HH'IIHHli Bexrop HOpMa.Jm 
K llJIOCKOC,TH pac,cesrn1ut. Herpy,llHO HallTH TaKllte, l!TO 

S\~'f -:. 2 'me C.J. 

c.1 + rn,"l. 
Ilo.1IllpH3auHJI naproHa c ror.l{a 'C!y,ner 

a cs', t') c.,1. I + wi,' • f : i cs' -t') 
I 

2 W1 c...L c:. (2.13) 

()Ha ORaSHBaercir He HYR8l!Oli TOJlDRO B TOM cnyqae, Ror~a aMIDmTY.l{a 
paccemnui: HMeer paspea B s' -RaHa.ne. 3ro OC!CTOJITO.nDCTBO npOJIOHIIeT 
npHllHHY rpy~OCTH 60.nDmHHCTl!a paccMaTpHBaBmHXCJI MO~e.nea B omaca
HHH noMpHsaI{HH. OHH, xax npa.BH.110, npe~nomra11r oC!MeHHHff xapaxrep 
BsaHMO,nettcTBHJI napTOHOB, qro HeMe,n.neHHO npHBO~T R llHCTO peaRDHOtt 
aMn.nHry~e H HY.lleBoff nOJlllpH3al{HH. 

OcraHOBHMCJI Ha Sal!HCHMOCrH noMpHsaI{HH OT nonepe~Horo HMnyn
ca. KaK Y11.8 roBOpH.JIOCD, COBORYllHOCrD 8RcnepHMeHTaJIJ,HHX .I{aHHHX no 
npoueccaM c C!OJIJ,mHM f .l. xopomo oriHcHBaerCJI HaBecmott ipopMol 

cl.~ ->'\ ) 
Ee. c:L'fc. -::. '\'Y\_i,. f ( X~ 1 ~z.. • (2.I4) 

B xaprHH~ EeC'l'Koro pacceim.HR: aro rpe6yer cxeffmmra cl<r/ dt'. Co-
orBercrBeHHO w BnpaBe npe,nnOJ1Bran cxeffJIHHr HHBapHaHTHHX 

aMD.llHTY~ -11/<t 
A~ (s',t'),._ ~') · t~ ~\t'). 

HcnonaoBaB ero B BHpaEeHHH ,llJIJi noMpHsauHJII KBapRa (2.I3), HeMe~
.11eHHo llORJtIHM (o.: ~h'Wli"" 'X."l(A), t:-g"'m.1-Yl'X2(.:\)) 

p C. : "ti (6). '2 )\'IC C.1, 

J(.i\ (A) 'J.1 +ml• 
r.e. noMpH3auHJI .nHHeliHo pacrer c pocroM nonepe'IIHoro HMny.JIDCa 
naproaa npH MaJIHX C.i. < m, :e yC!HBaer npH 60.m:,mHx ( C.,1 '> tn,). 

IIepebeM R DOMpHsainlH a,npoaa C . ~ImHS: i{lparueHTauHH no-
JUipHaoBa.HHoro napTOHa B DOMpHSOBBJIH!ll! a,npoHJ),\14 >.' I" 

1 
B c:ecreue 

C/, . 
nOKOJI c:. HS coo6paxemtlt HHBapHaHTHOCTH 01'HOCHT8Jll,HO llOBOpO'l'OB 
H orpa:aeHHI (aano~o6He aMIIJIH,:Y.Inl pe.cceHHS: Bnepe.n ,zmyx qacrHit co 
CnHHOM I/2) MO:Ke'l' 61,1n sanHcaHa BBB.Ile 

])>-t"~'r' -
C/r. ('6) - l)ol'~) S>.~ ~>.'t'',. 1:)"('~)0"'t'~ ~>.'r'· 
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.Ha,ree c noMolll!>D qiopMYJIU ~ecrKoro paccemmir (2.5) H I'l!noresu -
cKeil.imara aerpy,ItHo noJIYl!HTL Eupaxeaue Wlli no.llllpHsauHH a.npoHa: 

?c-: ~ d~ d.1 Q°'IAld.)Qi>te,l~) (]o-]-,l'~))~"'X,(4') . 

~ d Ad~ Q°'IA- t~) Q St?> ( ~) ( l 0 (t) + '31>'\lt) \t~, (4) 
(2.15) 

'2. ~c. ~ 1 I c. " 2 .,.,,, ~ J. 
:. :X,i, 'X 2. I 

~ J.-i.,. Yr'lc.,. 'f J.' + vnf 
PaccMorpHM KatJecrBeHaue oco6eHHocrH noBeneH.HlI, OOJI/l'.pHsauHH, 

onpe~eJLf.feMott BTHM BUpallE!ImeM. 
a) IlpH cpHKCHpOBaHHUX -x..., H -:it1. OOMp:1rnamm a.npoaa ITOErOPfl

er sallHCHMOCTL noMp:esau:im KBapKa or p J. , r. e. cnattaJia Bospacra
er c pocroM f-1. (no m c ) , a sareM na,zr.a.er. 

6) B ~earpaJILHoit 06.nacrH OOJUIIJ1138.IUUI He 8aBHCHr or :.t::;i • 'Xi 
npn :X:4 , ~ 1 f Q.'1S , r.e. npu ~.1.=I,5 raB/c Wl!I eaeprntt E>-
50 raB. · 

.Uei!crBnrem,ao, sallHCHMOCrL OOJllipH_~ or ~" • 'Xi Mo:aer 
nponcxo~u ·sa otter pasam:ni B noBe.zteHHH 'X 2. n 'X. 1 or A • Hs 
yrJIOBOtt 8aBHCHMOCrH HHKJ!J)3HBHUX ceqeantt, a raKlle HS noBeneHRR: llH" 

Ka B aHr:erpnrrepHOii KDMITOHeHre <1HJIO YCTaHOBJI0HD, ttro 'X~ (4)~ (:'-J4,~ 

a cJienDEarem,ao, 'X2 (A)<. e~ 141 (pnc.2-31 ) (pa~. II. 6 n II. II), 
raK ttro "nocru" <PYHJ{llH:11 X,i n Xz. sa npeneJiaM.U l.~I > I, 5+2 MDT 
Mrullra BK.ll8.ll B uarerpaJIH {2.I5) n noH nanLaettmeM pocre npeneJioB 

']. 

A 

Tue. 2-.31 

HHTerpnpoBaHM Cr.e. npM YMeHLmeHHH '}(" n 'X7. ) OTHomeHHe (2.15) 
ocraeTCH nocrOmIHllM. 

B) AHaJiorwmoe saK.1lDtteHJrn MOJIHD one.nan n B 06.nacr.H qiparMea
. r~:11,, Korna ::-C.1. ~ 'X f • a, :le.z,::: m]/-xFg MaJIO. IIpH qlHKCHPOBaHHOM 'X,: 

n w.J. noMp:esamm He noJIXHa Me:IUITLCR c saepr:een np:e E>-4m.i,/lrli:XF 
(r.e. npn c ~ 20-t-30.rsB MR ~.l. ,c·· I,5 rsB/c H ~~0,5). 
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r) IIompnsamm CJLa6o saB:ec:er or copra MHmeHll .H IlY'IM, no-
cKoJIL:ey BJIBmme ~ qiparMeJI't'atll!H QQ/A :e G b/ & B tt:ec.imreJie 
H 8HaM0HaTeJie KOMlleHCHpyerCR. 

n) 3aEHCHMOCTL or :CF TaKlle, llO-BlJ,I{l!MOMY, c.na6a.JI. 
HeKOTOp,le HS nepetJlJCJiemmX CBoffCTB Ha6JID,D;aDTCJI p.e CeiitJaC 

{poor c p J. ,llO ~ .1,-::... I, 5 raB/c) ,· CJIB.6aa: saBHCHMOCTL OT -:X: F • Hs 
.1tpyr:ex npe.1tcKaaaHH! HaH6oJiee HHTepecauM Kazerca: '"aueprerHtteCKHH· 
cKefbmHr", Roropmt orJilJttaer MexamtsM llElcrKoro paccea:mm or penmi- -
eBcKoro, uanp:eMep, CJie,llYer raxae orMeTHrL 6oJILreyJD BeJmtJHHY JieBo
npaBol acHMMeTp:eH B poir.neHJm ttacr:rau Ha OOJllipH3DBaHHOI MlJIDeHH. 
Ilp:e 8TOM paBeHC'!'BO aCHMMerpnH H llOJl!!PlJsauHH MOrJio 6u CJIY:IMTL 
eme o.nimM apryMeHroM B noJILsy 6:rmapHocru naproaaoro nonupoqecca. 

IIepettHCJiemme Burne _RaqecrBemme ttepru He 38.BHCllr or xou
perHoii KapTHHll aecrRoro coy-napemur H coxpaHlllltCll xazt Mll paccell
HM naproaoB rnna 0+ ~h ~ 01- ~/2 :e O+ O -=t 1\/2 ·t'l/2 , Ta.R :e .llM CJIYl!M 
npaMoro poz,neimR: 6ap:eoaa 9, +ti,.., 6~ i , Roro~, no-mi.ItHMOMY, HaJ!-
6onee Bepoa:reH npn nocrHDMtIX HllHe ?..1. BBlJ.llY cMJILHoro { 5000 pas) 
no,naBJI8HHf[ npo~eccoB c Hen_pliM!lM o6pasoBaHHeM 6ap:eoHOB ns-sa or6o
pa rp:errepoM. (B sroM c.nytJae D1= 0 , a 1>o~ 8 ( t-1) ) • 06 sroM, 
no name,q MHeHHD, CBH~erencrByer 60Jiee BUCOKa.JI ( ~ f .i:12 

), tJeM 
nM MeSOHOB, creneHL y6UBa.Rllli c p J. cneKrpa npoTOHOB H aHTHllpo
TOHOB. B IlOJILSY rrutoro llO)Ulpoqecca roBopur H 60.JII,llla.JI ITOJlllPHsauM 
A '. B Ca.MOM neJie, ecrecrBeHHo nYM8TL, ttro ~parMeHr0.tli1ll R:eapxa 

B·6apnoH c roa Jte CmtpaJILHOCTLD B,JJ.BOe 6oJILme, tJ8M c npoTlJBOllOJIOa
HOi. Ho rorna 1)1 -:::. ~h, 'Do, H HS BUpazeH.HlI (2.15) HeMe,It]Ie~o cJiemr-
er, ttro ~ I\ ~ Ii/') • -· 

IlpencraB.na:er :rmrepec BoSMo:IHocrL Ha6.mo.nenrui: noMp:esauu:e an-
poHHHx crpytt C 60JILlllHM ~ J. Kalt 0~ HS apryMeHTOB B nom,sy HX 
KBapKOBoro npoHcxoz,neHKA:. 

Tax.HM o6pasoM, naproHHa.JI MoneJIL zecrKoro coy,zr.a.peH.HR: .1tocrarott
HO xopomo OmtCUBaer OCHOBH!le ttepru 9THX .IIBJiem. OCHOBHOI rpy~

_HOCTLD npu sroM OKasuBaerCJI CJIHIIIKOM 6ucrp_oe y<lumume cneKrpoB BTO-· 
PHtJHHX ttacr:rau C pocTOM nonepetJHOro manyJILClaJIPOTHBOpettaniee TOtJ~q
HOCTH naproHa. MHoaecrBo MexaHlJSMOB,npe,nJIOJleHmlX JUI1l o6'Ll!CH8HM 
sroro HBJiearut ( C I M. , _. pasMepHaJt KoHcraara c:aa:sH lf np.), CBH.Ite
renbCrByer O TOM, tJTO Kal',!Uil HS H1!1X OKaSHBaer~ B KaltOl-ro crene
HH HeynoBJieTBopnre.m,HHM. Ha:eCSo.nee 6JIHsKHMl! R :ecnme HaM KasyrCJI 
ODllHTRH Ha6parL aenocraJllllle crenerut HS MHO'.leCTBa lJC!'OtJHHROB, "pa-
6o'1'an!tHx" B O'JI:HY H ry ae croposy. Sro: 
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a) ~OllOJIIraT8RLHOe ria.neHHe ceqeHIDI RllapK-KEapKOBoro B8aliMO~ea
CTBIUI H8-8a ;yM8HLmeHim 8qXp8KTHBHOro BSaliMO~ettcTBWI C pocTOM P.L.. 

6) ~ononHHTenLHOe ll8.,I18HHe Bcne,ltCTBHe SaBHCHllOCTH qiyHKIU!H pac
npe)teneHHSI KBapKOB B 8.,IlpOHax Q H tl>YHKIU!lt qiparMeHrarurn D OT none
peqHoro HMIIynLca, TPHrrepa Pl., Ha xoropoe yxas!,l]laer HapymeHHe 
Ckellnimra B rny60KOiieynpyrHX llPO!leC:cax. . . . • 

B) ~ono.mmrenHoe na.neHHe Hs-sa ~OBOnLHO 6onLmoro coy~apemtn 
cpe~ero nonepeqHoro HMIJYRLca KBapKOB B a.npoHe H a,npoHoB B KBapKe, 
KOTOpoe MOllteT npOHBJllITLCH BilROTL ~o ~OCTaToqHo BHCOKHX SHaqeHHtt ~- ' 

Bee 3TH npHqHHll HaXOMT ecTeCTB~HHOe TeopeTHqecKoe OilpaB~aHHe 
IlpH paCCMOTpeHHH lleCTKHX npoQeCCOB B KBaHTOBO! XpOMO,ItHH&!HKe - Te
OPHH,HBJilllll!e!CH HHHe e~HHCTB8HHHM cepLeSHHM npeTe~eHTOM Ha PORL 
TeopHH CHRLHllX Bsamio~eflcTBHi, pacCMOTpeHHD KOTOpoa IlOCBJilllaeTCH 
cne.I(VDllBR rJiaBa. 

~ 
,, "s".t, 

ITponecc 3Kcnep.' FH .,·1 c:'HI 
n n .!!.. m in m 

pp-.n-t 8.5 8 8 
o:ir- ""'!r ....,-

8.9 8 8 TC- --r.,- ""'!r T 

K• 8.4 8 8 
,r;ir -v- ....,-

IC 8.9 8 8 

II.? II 9 

p II.? 8 I2 
6.8 II 5 

p II.9 8 I2 
8.o 13 7 

1q, ... 'J{· _?_ 8 8 
5.5 7 5 

n-+p .. n° 7 8 8 --·-5.5 7 5 
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rJIABA Ill 

}:'.ECTKUE IIPOUECCH H !{BAHTOBAfl XPOM(J.IlJIBAMIB{A 

3. I. !1B 0.Jill!!.ll!l 

CoBM0CTHMOCTb OC!IOBHHX nOJIOll:0HHl1 napTOHHOll Mo.nenu (IIM) C 
npum~unaMH .PeHopMHpyeMolt KBaHTOBOll TeopHH IlOJIH HBnHeTCH . .naBHelt 
npo6JieMoll, H3B0CTHOll C caMoro MOMeHTa B03HH.KHOB0HHH napTOHHOll 
Mo.nenH. Eme Tor.na 6HJIO ycTaHOBneHO 11 ,21 , llTO nonytiHTb CTaH.napT
HYll (npHBO.lllIIIIYll K CKeltnHHry) nu H3 peHOpMHpyeMHX MO,lleJiell TeOpllH 
noJIH ( TaKHX, KaK DKaBCKaH ~ 5 - TeOJlHH), MOl!CHO TOnbKO nyTeM B.Be
,ll0HllH 06peaam1H no nonepe•rnoMy HMnyJibCY ( cKaxeM, n:irn K.i. ~ 300MaB) 
B qellHMaHOBCKHe i!HTerpam,t COOTB0TCTBYll!ll011 TeopeTHKO-noneaolt MO
.neJIH, B npOTHBHOM CJiyqae B03HHKaDT HapymaD111He CKeltnHHr JIOrapu~-
Ml11l0CKlle aKna,llH ( ~?. ~ G.~)l'(. Mo:11mo npe.nnoJIOll:HTb, o.nHarto, 
llTO no.no6Hoe Hapymeane CKellmmra OTHOCllT0JibHO Mano B acnMnTOTH
qecKH CB060,llHHX T00pl1HX, TaKHX,KaK KBa!ITOBaH xpoMO,llHHaMHKa, B 
KOTopoll 3(p(p0KTHBHaH, 3a.BllCl!!llaH OT MaCillTa6a, KOHCTaHfa CBH3ll j'<Q) 
Mana npH 60JibillllX nepe.nallaX HMnynbCa Q.. . , 

3TO npHBO,llHT K "aCllMilTOTllll0CKll CB060,lll!Oll napTOHHOll MO,ll0Jlll
11 

/JI, a Koropolt !fiYHKUHH pacnpe.n;eneHnH "\" ( 'X, Qt) M0.llJieHno MeHHDTCH 
C pOCTOM· Q;. anpryanbHOCTll TOKa, 30H.llHPYll!ll0ro a.npoHHYll crpyKTY
PY B rny6oKoHeynpyrnx nponeccax. Cnpaae.nnnaocrb raKoll na~TOHHoll 
MO,ll0Jlll C Hapymemm1 CKel!mmroM MOJteT 6HTb o60CHOBaHa /

4
- / 

,llJIH rny6oxoHeynpyroro pacceHHHH a paw::ax, ~opMannaMa onepa-
TOpHHX pa3JIOX8Hlll! (OP) /7,S/ . 0.n;HaKo Henocpe.ncTB0HHOe npHMeHe
HHe OP K .npyrHM xeCTKHM nponeccaM, TaKHM, KaK 11HKnll3llBH00 pox.n;emie 
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+ -a.npoHoB a e e - aHHHrHJIHUHH, pox.n;eH.ne nenroHHHX nap n a.npo-
HOB C 6onbllllfM nonepell!lliM HMnynbCOM H .np., H8B03MOll:HO. Ilo3TOMY 

B noc~e.nRee Bp8MH 19- 141 3RallHT8SbH08 BRHMaRHe y.n;eJIHJIOCb .n;oxa-
3aT8JlbCTBY onpaB~aHHOCTH KBaHTOBo-~poMO,llHHaMHll8CKOlt naproHHOlt 
MO,ll8JIH .llJIH BC8X zecrxHX nponeccoB B paMKax reopHH B03MY!ll8- 1 
HHll /l5-'25/. . . 

B nOCJI8.llYD!llllX pa3,lleJiax .naeTC/! oOaop ,ll0CTHX8!1Hlt B 3TOR 6ucrpo 
paaanBaDmeRcs odJiaCTH TeopeTlftlecxux nccJie.n;oaaanR. Ilpn ll3JioxeHHH 
.ncnOJib3~8TCH (fiopuaJIH3M, pa3BllTHR B Hamme pa6orax Ha 3TY TeMy 
/IO,I9 , J/. MH o6cy:,;.n;aeM TaK:a:e H8CKOJibKO OTJIHllHHlt OT Hamero 

no.nxo.n,. paaa.nwR .n;pyrHMl! rpynnaMu 122 •24 •25/ • ,Una ynpouteHlfH 
H3JIOJ!:8HlfH Mil Ha'lHHaeM HCCJie.n;oaami:e C npo6neM, CBOl!CTB0HIIHX BCeM 
peHop1,mpyeM1m MO,lleJIHM KBall TOBOR TeOpHll nOJI/1, ll nlflllb 3aTeM nepe
XO.llllM K aHaJIH3Y y CiIOXH8H llR, BO 3Hl!KaD!llllX B lOC.U. 

J.2. IlapTOHHaff M0£0Jlb M KBaHTOBafl T80pHH nona 

'lJ:To6H ,llaTb npe.ncTaBJI0Hll8 0 'npoOneuax, ·c XOTOPLIMll npllXO,llHTC/1 
CTanKl!BaTLCH npll nonHTKaX o60CHOBaTb napTOHHYD KapTllHY B pauxax 
peHopMllpyeMol! noneaoll Mo.nenu, paccMOTPHM uaaec:rHyll "haY1cl \:,a~ "-
.nuarpawy .llJI/1 aMnnl!TY ,!tli 'ft'"' t ?, I\,) Bllpi'yaJibHOrO .KOMI!TOHOB-
CKorci incceHHll/1 Ha Hyneaon yroJI ( Pll<:,,J-I). HanOMHHM, llTO C 
noMOIJ(bD )tllCnepcHOIIHor'o COOTHOlll0HllH ee MOXHO CB/13aTb co CTpyKTYP
HOll (fiy11Knnen rJiyOoKoHeynpyroro pa~ceHHH/1 Wt'"( ?,'l,\"" 'D~~, Tt'"(.\> ,~). 
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3annmeM BKna,1t 3TOR ,ltllarpaMMH B Koop.n;HHUTHOM npe.ncTaaneHllll 

\ 

~,'X C . It 
'T'(? n'.)~ _i. e <?\~l\J(-1)1'4 $ C-x.)~~ '-fli):\e)d :ic., 

i-v 4lt I (J.I) 
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r ,1te T ~ - T ~ , ~ c C :x.) - cmrnop1rnll nponaraTop, a : : 

odo3Ha<1aeT odwrnoe nop,mJII,Hoe npou3Be,Iteaue ( cM. ,Hanp;mep/
26/ ) • 

Pa3Jiarall dHi!OKaJII,Hhlll( T. e~ 3aBHCllll!Hll_ OT .ItBYX .TO'leK B KOOp,D;HHaTHOU 

npocTpaHcTae) onepaTo·p B pa·.It Tennopa· · 

()a ·. w ~ t4'i \ti\ 
:il,t-\)r'l\'t'~)°• -=-L. ~i\,to)r-a14·,_'. .. 'J~~ l\,lo): :x. :::.i-:t. ,(3 .• 2) 

Y\=0 

MU nony1meM npoTOTHII onepaTopHoro pa3no:1temrn. 

3aTeM, HCilOJlb3Yll q>OpMYJIY 

( p\: 4'(0) rd~"· .. orn 1.p lo): \p):: an E\ .. ~.J'r~ ~( ctt,11<~3 .3 ) 

· . Yl'\U\'IC>. f'18t4.:\'4,i ,; .. ) 
Ii OTOJI,lt8CTBJlllll K03~HUl18HTll QI'\ .c MOMeHTaMH qJJHKUHlt pacnpe,IteJie

Hlill napTOHOB 
~ ·• 

a'(\~ ) o ~~ f' -f C~') 
~ 

IIOJIY'la_eM odbl'IHYll napT01rny1> q>OpMYJIY 

(3.lf ) 

Tl?,'\,)= ( i tc'\,, rf> fC~). (3;5J 

l!ne111,1 co cB~PT~MH B (3.3) ,1ta1>T nonpaBKH 11opa,llKa O ( p2./G2
) 
' KOTOpblMI,! Mll npe11edperaeM. 

0,1tHaKO dHJIOKaJibH!,18 onepaTOpbl B (3.I) He llBJlllllTCll noKa xopo

mo onp e,IteJieHHllMli Be JlliqHHaMH, IlOCKOJlbKY HOBll8 :eepll!HH!,I \\J (O) r c)''' q.,{o) 
HMellT B peHOpMHpyeLWX TeOpHllX paCXO,ItID40CT!,!, KOTOpble He_y,ItaJillllT-

Cll npHMeHeHHeM Odll'IHOll °'R- onepaUHli, HeodXO,ItID.10 ,ItOilOJIHHTb ee 

peuenTOM peHop1.mpOBK!,! Bepll!HH, COOTBeTCTBYlllltliX COCTaBH!,IM one

paTOpaM. 3aMenrn, 'ITC npli 3TOM BBO,lJ;HTCll HOBblll peHopMHpOBO'IH!lll 

MaCll!Tad \-' , Il03TOMY MaTplit!Hhl8 3JleMeHTU cocTaBH!,IX onepaTOPOB 

TaKxe 3aBHCllT OT t". 
~pyraa TPY.ItHOCTb B03HHKaeT npli B!,l'l!,!CJleHHI,! pa,ItHaUl10HH!,IX 

nonpaBOK K peeyJibTaTy.napTo~Holt MO,IteJIH. C o,1tHoll cTopoHu, Kall:eT

ca pa3yMHHM nonaraTh, 'ITC nndaa ,ItHarpawa, on11:cuBa1>maa npouecc, 

B KOTOpOM B. HatlaJibHOM COCTOllHHH, !,!Mt31lTCll' napTOH !,! BRpTyanbH!,lll 

t -KBaHT, ,ItOJ1XH8 ,ItaBaTb BK}la,lt B pa,ItHaUHOHJl!,18 nonpaBKH K ce

'18Hlill napTOHHoro no,1tnpouecca. C ,1tpyron cTopouu, ecTb Bee ocHoaa-
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HHll onacaTbCll, 'ITO npH 3TOM npOHCXO,ItHT ,ItBOltHoll yt1eT. t.lOXHO C'IH

TaTb, Hanpmiep, 'ITC ,ItHarpaMMH 3.Ia li 3.Id Ha caMOM ,IteJie !,!,It8HTl,!tj

H!,1, 1:.e. 'ITC rnllOHHYD "cTyneHbKY" HeodXO,JJ.l1MO OTH8CTH K q>YHKUHH 

pacnpe,JJ.8JI8Hl11l napTOHOB. 0TM8THM TaKxe, 'ITO ce<1e1111:e napTOHHoro 

no,1tnpouecca, H3od~axeHHoro Ha pHc.3.Id, co,JJ.epimT qneH, nponop-

UHOHaJihHml ¼ Q /k2., r,JJ.e ¥- - HMnyJihC napToHa. B cTaH,1tapT-

HOll napTOHHolt Mo.1tenH npe,JJ.nonaraeTCll, '!TO \ kz. \ << h'\\acil" 
, ' 

H no3TOMY BenH'IHHoll kZ. MOXHO 11peHedpet1b. Jiorap11:q,Mn<1ecKull BKJia.rt, 

OAHaKo, odpamaeTca B decK0Het1HocTr, npn k'-,o ( ttM\ G.2➔ 0o ), 11: 

no3TOMY HM Hem,3H npeHedpet1b npu doJibll!HX G/- . -
Ode BHmeyKa3aHH!le TPYAHOCT!,! B ,JJ.eltcTBHT8}1b!IOCT!,! CBll3aHH 

c OTCYTCTBHeM t1eTKoro onpe.1teneuna 4iYHKUHlt pacnpe,JJ.eneHH/1 rrapTOHoa 

!,! cet1eHl11l napTOHHoro no,Itnpouecca. Ilo CM!,IC}IY 3T!,!X IlOHllTHlt, ¢YHKUHH 

incnpe,IteJieBHll napTOHOB aKKYMYJI~PYllT l,!llqJOpMaUHll O ,ItHHaMHKe B3aHMO

,IteltCTBHlt Ha dO}lbfill,!X paCCTOllHHllX ( T.e. COOTB8TCTBYDntHe Hl!Terpanu 

,ItOJIJ:HH dHTb odpe3aHll B YJibTpaq,HOJI8TOBOR odJiaCTH), TOr,Ita KaK ceqe

HHe napTOHHoro no,Itllpouecca ,ItOJD!:110 OilHCHBaTb AHHaMUKY B3aHMO,ItellcT

BHlt Ha MaJI!,IX JnCCTO/IHHllX ( T.e. AOJIXHO dUTb odpe3aHO B HHq>paKJnC

HOlt OdJiacrn), B ID1.IIY JlbCHOM npe,ItcTaBneHHH pa3dH8HHe Ha MaJlHe H 

doJibmHe PiCCTOlllll,!ll COOTB8TCTByeT TOMY, 'ITO KOr,Ita BHptyaJibHOCTb'kZ 

( HJIH nonepet1m11t HMTIYJibC \<_t ) napToHa Ha pHc. 3.Id BeJIHKa : 

\ \<.1.\ "'1 tlz. ( ui\u KJ.2 ., t,l1 
) , rn110HHy11 cTyneHbKY Heodxo,1tHMO 

OTHOC!,!Tb K cet1eHHll napTOHllOro no,Itnpouecca, a B npoTHBHOM cnyqae, 

ecnn \\<1 \ < \Ai. ( wra k.1,' <:. f-tz. )- it q,yHKUHH. pacnpe~ene11na 

napTOHOB, Pa3yM88TC/1 1 rpaHHUa M8X.JJ.Y MaJlblMH H dO}lbll!HMH paCCTOll

HH/IMH YCJIOBHa, HO,BO BCllKOM CJiyqae, ,ltJ!ll OCMHCJI8HHOCTH IlO,ItXO,Ita 

HeodXO,ItHMO, 'ITOdH Ha MaJI!,IX paCCTOllHHllX ( HJIH npn dO}lbillHX BHp

_:ryaJibHHX HMnyJibCaX) KOHCTaHTa CBll3H duJia MaJiad.st\Ct) /1', ~ els (t't)/n«1.. 
B ocTaJibHOM nonoxe11ne rpaHHUH ~ npoHSBOJihHo, n OT qacTHoro 

ee Bbldopa q>U3!,!'18CKHe peey Jib'IaTH 3aBHC8Tb He ,ltOJllEIUil. 3aMernM, 

'ITO npH IlO,ItOdHOM pa3,IJ;8JI8HHH BKJia,ItOB dOJibmHX U MaJIUX paCCTOlll!Hlt 

cet1eHHe napTOHHoro no,1tnpouecca dy,1teT co,1tep:mn · ~ Q 'It" l. 
BM8CTO L: Q.t Iv.. L • Il03TOJ.IY, BbldHpall t' ~ Q.. , MOXHO ,ItOdHTbCll 

HC'l83HOB8HHll TaKHX Jiorapn4>MH'18CltHX BKJia,JJ.OB. Budop tt-: G,_ 
03Hat1aeT, '!TO uaJIHMH C'lHTallTCS:I paccTOllHHS:I nop11,1t1ta I\ IG. 
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3.3. Buql1TaTeJibHaS1 npogenvpa· 

JlnH pa3Chrnmrn BK_Jia,D;OB ManUX l! ClOJlb!lll1X paCCTOSIHUn OKa3UBaeTCll 

donee YAOdHWA l!CTIOJ!b3,0Ba Tb TaK H8.3UBa8MOe ' o{- npe,ncT~BJieHU/
27 

/' 

ocHoBrumoe Ha cne;zyDll\eM Bupa1iCemrn )l;JIH nponarn.Topa 

~00 

_!_ ~ c cl~ e><..~ L al c ~1.- W\t)')_ 
W\l.-t )D 

(3.6) 

. 1 _/ 
ll3 (3.6) cne;zyer' qro dOJib!lllnl ? COOTBeTCTBYDT Mamrn (7,. 

J3KJJa,n; JJDdolt .n;uarpaMMU MOl!WT dHTb 3amrnaH B BU,n;e UHTerpana no 

ol -Tiaµ.1.11erpaM Bcex .ee nmrnlt • ( cp. ,HanpuMep, 124
/ ) 

'Tly'i ..... •,~\'\·)m)~ r00 
~ddO' 1)-

2
cc1.) G(y't~ ... ,'?\'\im:.cl)· 

0 . (3.7) 

e~? \ Q (.}., f) /1)(o>.) - !. olcr l m! • ~e., \ , 
r)l;e :D, 6 

1 
G.: - ~yHKUlrn, oIJpe,ll;enneMUe ToTionorue'n )l;Harpa1.1Mu. 

PaCCMOTpl1M HeKOTOPYD ;i;;mrpm,1uy ( puc.3-2),. OHa )l,aeT BKJ!a)I; 

KaK B ~ymcuuu pacnpe)l;eneHUH napTOHOB ( dOJib!lll!e 3Haqenun H!3KO-

Topux ol:- Tiapm.rnTpoB), raK n B ceqemrn napTOHHUX no)ITipoueccoB 

(Manue 3HaqeiJlln coOTBeTCTBYIOU\l1X o/.- napm.ieTpoB). llama 3a)l;a,m-

pa3)1;em1n :nu BY.Jia)l;hl. 
Pacm,1orpm.1 cnaqana TUKYD cnTyaunD, Kor)l;a BXO.ll:H!lll1il i;i Bepmn-

HY I ClOJ!blllOlt HMTIYJinc · G "pacTeKaeTcn" no BCeM nmrnnM )l;lmrpaM-. -v 2 
Mhl V , T.e. AJIH JIDdon n11H1111\ kt\~ Q.2 • Ila H3h1Ke ct- Tiapa-

MeTpOB 3TO 03HaqaeT, qTO 

7\l V)-= ~ 
. a-1:V 

cl.<r < "I t'l 2. 

' 
r.n;e p ~ G. . B TaKOM pexuMe )l;ImrpaMMa KaK u;eJioe ,naeT BK7.Ia,n B 

UMTIJ!l1TYAY no)l;npouecca' a napTOHairn SIBJ!l!DTCSI qacrnuu' COOTBeTCTBYD-

1Jll1G BHelIIHllM JillHHHM )l;lmr paMMbl. Iloc KoniKy Bee llMTIY JibCll BHYTPU 

)l;HarpaMJm nMeDT nop11.n;oK Q , TO acuMnTOTHKY raKoro BKJia)l;a 

nerKo natlTU C n_OMOll\bD ami.JIU3a pa3MepHOCTel! ( !"' . TIOSIBJISleTCSI 

TOJibKO B KoMduHaunn 0v-. (i" /'(,,1. ) • B Teo pun c de3pa31rnpnmm 

KOIICTUl!TaMU CBSl3l1' C TO'll!OCTbD ,ll;O ~ Q2 ' llMeeM 

P Q
2-Lcl. Q.'tS; _ Qz-'It. 

'Tl ,\JI - - , (3.8) 
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r)l;e 'C;. • TBllCT ( pa3MepH OCTb B e)l;llHlU~ax Mac cu MUHYC cmm) ~ -n 

BHel!IHel! Jll1Hl1ll. MHOllCllTeJib QS; odycJIOBJieH TeM, qro BHelllllSISl BeK

TOpHaSI JlllHllSl' l1MeDD1aSl cnllH I 'MOllteT )l;OdaBllTb pt' "Q ' KBapKOBaSI 

(cnm1 "'' ) - U(?)"-Q<\/2, . ll T.)I;. ,UJISI qacTUU co CTillHOM 
0 l1 I/2 TBllCT paBeH r. Il03TOMY aCllMnTOTHKa no)l;npouecca, omrn1rnae-

Moro )l;HarpaMMol! 3-20., ecnQ
0

· , Tor)l;a KaK BKna.n; Aimrpai.1M11 

3-2d KaK nenoro Ha MaJihIX paCCTOSllll1SlX TIO)l;aBJICH ),IHOlrnTeJJeJ.I '1/Q~ 

\ 

:'-~-----/., 
I I 
I I 
L -- -- J V, 

a) 

I 

~-----7L.-1 c~:•v I : : 21 I 

: : I ~ 
I L ----- ·1 
I J 
I_ -------

r--~,- ---,'-·----, ~---,8----:----~ : .- ---- --7 1 I 
I I I I 
I I :Vnr I 
I L - - - - - - J I 1-
I • ' 

: vn.i - ---r- _T ____ I I 

I I I 
o I I 

~ iv, 

I 

,'~b 

a 

d) 
b) 

---- ________ __J 

c)· 

PllC .3-2 

B OCTaBllletlcSI OdJiaCTl1 llHTerpllpOBaHllSl no o(_ BU~eJillM no)l;

OdJiaCTb, COOTBeTCTBYDll\YD TOMY' qro dOJll>llllle m.mynbCU npoxo,n;HT 

qepe3 HeKoTopyD TIO)l;)l;llarpaMMY v~ ( pi,rc.3-2a,d): ).tV'l')<. Ii/~~ 
Ib.mynncu, npoTeKaDJJllie no JlllHllSIM, JIGlmll\l1M BHe v .... MaJIU B TOM 

cMUcne, qTo '),, ( V \ V.,) ., ''ff,(t • IloA!l~ 1[1 )l;aeT BKJIUA B ceqe-

Hlle no)l;npouecca, a BKJia)I; TIO)l;rpaq,a v'\ ; V' V '\ )l;OJIJKeH Clum 

OTHeCeH K ~YHKl\l!ll pacnpe)l;eJieHllSl napTOHOB. 3aMeTllM, qTo cornac-

HO cpopMyne (3 .8), no)l;rp~ V 'I B )l;narpaMMe 3-2Cl )l;aer BKJiaA 

T,_Q O 
( a He Q•Z ). CJie.ll:OBaTeirn.Ho, np11 BuqncneHnll aCllMnTo-

Tl1Kli AOCTaTOqHo orpaHnqllTbCSl paCCMOTpeHlieM BKJ!a)l;a Ha MaJIUX 

paccTOSlHllSlX TOJibKO OT no)l;rp~OB C MliHliMaJibHlalM q11cJIOM BHelllllllX Jlll
Hlll!. 

Ilo)l;rpacpu V '\~Vt, ~epe3 KoTop,te npoxoAllT B paccMoTpeHH!lX 

npID.!epax OOJibmOI! liMIIY JlbC' OClJia)l;aDT CJie)l;yDll\UM CBOl!CTBOM: ecm! llX 

CllaTL B TO'lKY, TO nonyqaDlllUSlCH B pe3yJibTaTe AHarpaMMa He Cly)l;eT 
3aBncern OT ClOJiblllllX llHBapnaHTOB S= 2, ( ~°v) U Q't: -1\,z., 
nOCKOJlbKY llMnyJibC!l 9, ll -q_, BXO)l;SlT Tenepb B O.ll:HY TO'lKY' a 

)l;UarpaMMa 3aBHCllT, ecTeCTBeHH01TOJlbKO OT cyM1,1apHoro llMnynbca, 

paBH?ro B 3TOM cnyqae HY~D. 
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Ilo,11rpaqi V , cxan1e Ko:roporo B :ro11Ky npnBo,11n:r K mrnB11,11a-

u1111 3aBl1Cl!MOCTl1 A,!arpm,11111 OT C!OJIJ,llll1X nepeMeHH11X t,. , ... , t"' 
Ha311BaeTCJl i::.,. ..• t,"' -no,llrpa!pOM. TaKl1M oelpa30M, ac:!MnTOTII-
Ka cTpyKTyp1111x qffHKu11n rJiyeloKoHeynpyroro pacceamm onpe,11eJiaeTCJI 
1rnTerp11poBaHl1eM no oelJiacTn MaJiux 3Ha11eHllll o( -rrapaMeT-

poB, cooTBeT CTBYD!llllX Jil!Hl1JIM S, G4 
no.1trpattioB ( 11JI11 npoc To 

Q?. -no,llrpaq>OB, TaK KaK S '::'-.) Q. 2. ) , 11M8DJl{l1X M11Jll1:MaJil>HOe 411CJIO 

BH8lllHllX Jil1H11ll, 3TO YTBe:-,:is:.1teH11e cnpaBe,llJil!BO ll ,llJIJl ,11pyrnx npoueccoB. 

Q~ -no,11rpaqlll, 1rnoelpa:is:eHH11e Ha pnc.3, 3-2Cl, uozHo 
ynopJI,llO'll!Tl> CJ18)\JlO!Jll!M oelpa30M: 

V,.. ::> V2 ::, ••• ::> VY\.,. -::> V n. 

Ilpn noM Ka:is:.1tull Q?.. no,nrpacp VS cocTaBJieH 113 ,11Byx11acn111a o-

HerrpnBo,nnMux C!JIOKOB J{~ , C08,lll!HeHHl1X MelK,lly COC!Oll .!IBYMJI Jll!Hl!JlMll, 

B teopnax C BeKTOpH11Ml1 'laCTl!UaMll BtliellHMaHOBCKOll KaJI11ClpOBK8 

TBl!CT rroJIJI At" paBen nyJID, no3TOMY rJiaBHUll acuMnTOT1111ecK11ll BKJIM 

MoryT ,llaBaTl> Ci rro.1trpaqi11 c rrpo113BOJil>H11M 'lll!CJIOM BHemHnx rJIDOH
HhlX Jil1Hllll. KaK CJl8,llCTBl1e,aHaJil13 BeKTOPHIDC Teopun CloJiee CJioxen, 

ll Cly,11eT l!3JIOlKeH Il03,llHee. A noKa 3allMeMCJl l!CCJie,llOBaH11eM Toro, 'ITO 

,11aeT pa3CllleH11e BKJ!a,llOB MaJIUX 11 C!OJ!l>illl!X paCCTOJl!lllll B TeOpllJIX Cle3 

BeKTOPHhlX qacTllU, ? 
IlocJie BU,lleJieHl!Jl BKJia,11a HaUC!OJ!l>lll8rO Q • IlO,llrpacpa v~, . 

Heoelxo.1t111.10 B11,11e.1111T1> BKJia,11 CJie,ily10I11ero Q' - no,11rpaipa Vz. , T. e. 

paccuoTpeTl> oelJiacn Al V,.) <: 'i/ ~z. . Ilpn 3TOM, rrocKOJ!l>Ky BKJia,11 

oelJiaCTll )\ l V 1) < 'i/~Z. yxe B11,11eJieH, TO B unoJIHJIDTCJI ycJIOBHJI 

Al V1, \. V1 '\ ;, 'I/ ~t . 3To n3na11aer, 'ITO BKJia.ll no,11rpa.4la V2, 
JlelltaJl{ero BHe Vi , COOTBeTCTByer C!OJil>illUM paCCTOJlHlIJIJ.1. 3a:re1.1 
HeOC!XO,ll11MO Bl1,lleJillTl> BKJia,1111 Q'Z._ no,11rpacpOB v;. ,v'4 , .. • . 
n T,.Jl • .JlO Vn > :r.a. noKa Bee B03MOll:HOCTH ne Cly,11y:r nc11eprran11. 

BaxnyD pOJil> ,!IJ!Jl )laJil>Hellmero npO,llBUJr.eHl!Jl nrpaer ¢aKTOp1rnanna 

BKJia,llOB Clom,nmx II MaJIHX paCCTOJlllltll. TaKaJI tpaKTOpl13aU11Jl MJI 

npoCTl1X MO,lleJiell MOJK8T Cl11T1> 'OKa3aHa Henocpe,llCTBeHHO C nOMO!Jll>ll 

o/. - npe,llCTaBJieH~Jl 123 ,28 , HO npocTeRmee ,llOKa.3aTeJ!l>CTBO 
OCHOBl1BaeTCJl Ha ncnOJil,30BaHl1H Koop.iurnarnoro npe,llCTaBJieHHJl /I9 ,231 

IIocJie npnMeaenna onncam1on Bume npoue,11yp11 BKJia.1t JIDC!oR 

,11narpawrn B KOOp,llHHaTHOM npe,llCTaBJI8!111ll UMee:r CJl8,ll.YDil!llll BU,ll 

(puc .3-2B): 
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~ d £, ~ d £, t L C ( ~ ; XI ~ I '1., i ~ t) ~ ( Vt ; 2; i''l i ?\ t-t z.) + 
v~ . 

+ ~ (V, ~ \ fi. (J.9) 

<1>y11Kn1rn C (Vi,) ecr1, pe3y JihTaT 1rnrorpnp0Ba1I1rn no uanuM ol. 
">.lV~) < •\f t,(2. , a 4JYHKU11Jl f(vl) - no C!OJlblllUM, QyHKUllJI 'R, 

,11uer "perym1pmill" BKJia,11, n Koropo1.1 A(V,')'?'i/tt~ .JlJ!Jl JIKJC!oro 
no,11r pacpa I KOTOpllll IIMeeT 4 B!IOlllllllX mrn1rn 11 co,11ep:Kl1T qJOTO!IHIJe Bep
m111111. 

BKJia,n 'R B ac11:MnTOT!!KY T (?, 11) no.n;a.nnen qiaKTopou O ( 1/QZ). 
EcJiu no,11rpaqi V !!Meer cmrnopnue BnemHue munrn, TO neoelxo,nm,10 
ncnoJib30Ba Tb TOlt,118CTBO <1>11pua . I 

cl ~ I ( , \. ol ( · \ ~ & b = ~ s \, ~ ,r, , .,,., 
•' ~ ~-:.S,'-1,"'i, A, P \ 

.n;na qiaKrop1rnan1rn BKJia,noB C 11 f 
PaBeHCTBO (3. 7) cnpaBe,llJIUBO A]lll Jil)()Otl ·,n11ar pmtMll' no3TO!I.J' 

cyl.!Lrnpyn no BceM B03!.IOJKHIDI ,nimrpai,mau, nony1111J.1 

TC:., f) ~ I: ) cl'~ d\ <:\ (-:<,~, 'L"• t<'\ hl~.'Hi~'.h.ro ) 
'( +~t:ic,~) 

r,ne k HJMepyer pi3JIH4Hlle 2-llaCTll'lHhle npm:ie:,;yrot1Hhle cocroamrn. 

il?y1mn1rn CIC , f"' cooTBe TCTBYDT cne,11yDlJlll!J 11arp11111111M :1Jie11euruu 
rpynKnnn rp1rna · 

c" bc,'E, i; ~l.)-: <o\ 1' ( J(y_) jlo) t~ l~) l \( l't ))\O) \ 
2 
I(J .Ila) 

. ~ I R. 
~ ~ 1, [l:,'l., H') i <oil (: 'i', l~) Ill. l•1): g! (?) ~(1'))10}!~,'.~~'.•l 

r,lle ~',( • "napTOHl!hle" nonn, jlc - COOTB8TCTBYD1I1!1e TOKl1 
(3aM8TllM, 'ITO napTOIIHlle "Horn" U8Jll1KOM OTIIOCJITCJI K q>yHKUll!1 f), 
a 'P - nona BHe11111ux qacrnn. Py11Kri1rn C no nocrpoe111m pery1rnpu-
30Ba11a B llllrppaKpacHon oelnacrn ( r.e. >. L V) < '\/~"), 
a !pYHKUUJI ~ - B YJibTpaq>110,'I8TOBOll, 

.llJIJI 'laCTHU, JIBJIRDIIU!XCJI CBJI3aHHllMU COCTOl!Hl1JlM11, n qiy11,11a
MeHTaJibHl:lX 11acr11n neoelxo,1111Mo 3m.10m1r1, 
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_( l ~, Yl_; r i t'~) ➔ " ( ~ , 'l ·, r" ) ... , Y"' ·, t-' z.' =-
1'( 't. 

= < o\,. l ··If\( t ~\ U?"' ( 1): i c Y"1 ... i (~ ... 1 i~c-?~---½c-y,.\lo'h.12) 
nl~t,'lJV, 

3aTeM C nOMOUlbll CTan.n;apT11oro nplleMa 127/ ( no.n;cTaHOBKll pa3JIO
llteHllll i ~ \~")<n\) ,I\OCTRraeTCll nepexo.n; K MaTPH'IHWl 3JieueHTru.l 

'"'Re~ , < P\: tRk Lt,) lfK l'r\,): \?'7, 
~ 

(3.13) 

odKJia,I\Kll KOTOpblX COOTBeTCTBYDT CBll3aHHblM COCTOlllllll!M. 

EirnoKaJibHNlt onepaTop "Rei ~ If l,) ~l vt,): ,l\onycKaeT nep exo.n; 

S ➔ '1. , nocKOJlbI,y paCXO,l\lllWCTlf JAaTpll'IHllX 3JleMellTOB 

<f\ ~~I"" ..• c t4,,. ~ I?'> y,l\aJISIDTCH npro~ene1rneM Bll'IHTaTeJII,Holt npoue

;zypu ~Qi ~t • KoHKpeTHbllt Bbldop Bbl'IHTaTeJibl!Oi! npoue.n;ypbl He O,JJ.H0-

3Ha'leH, T ,K, 1mTerpttponamrn no MaJJNM A MOlltHO ocymecTBJIHTb c 

pa3JJR'IHU!All BeCOBbllAl1 qJYHKUl1llMll, HO HeOdXO,l\llMO, QTOdbl peuenTbl 

yJibTpaqittoJJeTonoR ( ,I\Jlll f ) a 11uqipaKpacuott ( ,I\Jifl C ) 
peryJJSipll3aUl1ll dblJrn cor.naconaHbl, T.e. QTOdbl pe3VJibTaT ,I\Jlll acm.mTO

TllKll He 3aBHCeJI OT t4 , 3TO Tpedonamie O'leBll,I\HblM odpa30M BblnOJI

HSieTCll, eCJill pa3,l\eJJeHHe BKJia,JJ.OB MaJiblX If dOJiblllliX paCCTOllHRff npo

ll3BO)J.llTCfl TaK, Kllli OTIRCaHO BUme, T.e. npe,I\CTaBJISieT COdOU 

npOCTO HeKyll neperpynnttpOBKY pH,JJ.a TeopHR B03Myll(eHHU. 

3 .4. OnepaTop1me _Qaano:ir.eHUll n Mo,n;mimgupona1maa napTOHH<l!!. 

MoJleJib 

IIpe,IJ;cTaBJJemie (J. IO) eCTb He '!To ttHoe KaK onepaTopHoe paa

noxeHtte Ha cBeTOBOM KOHyce 

T ( j(.-~))(O)J = ~ \ ci~ d'1_ c'( l ~, ~, 'l; ~') \~v~, '1 )~1
) 

-+ ~ l-x."\. . (J.lll) 

PaaJiaraa dllJIOKaJibl!lllt onepaTop \!)k '::: : \.f\tlln ~\(. lyt"\: 
B pa,IJ; Teltnopa (J.2) no noKaJibHllMS nocne RHTerpttponaHnH no ~ \~ 

nonyqaeM OP n CTaH,l\apTHOJ.I Bll)J.e I I: 
<-r('3t-:x.13lo))',: 2. C\<,"n(-x.\~1 ):1.\4~ .. -x.t'"'. 

~ V\ ~ ' <o M lo,~1))•"Rlx).(J.15) 
I°'<\ ••• I " \. 
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0d03HU'leHlle < ) YK8.3blBaeT' '!TO (J .15) cnpane.n;mrno, T0,1bKO e CJil1 

onepaTopN CTOf!T B cnMMeTpll'rnux odKJJa.n;Kax, nanpmiep, ,I\JISI<Pl:!J\P>. 
nocKOJlbKY CBOU CTBO TpaHCJIHUllOHHOU }!HBa pllaHTH oc rn 

< ? \ 0t -;x.) \ p) -: < f>\ 0 C o) \ ?) (J.16) 

cyll(e CTBeHHO ncnOJib3yeTCll npll nepexo,l\e OT (J .14) K (J.15). 

Bo3M0i[J10CTb orpaHU'lllTbCSI B (3.15) BKJia,I\OM onepaTOpOB C 

MRHll!vlaJib~ TBHCTOM OCH OBa.Ha Ha xopomo ll3BeCTHOM (jlaKTe npmrnll 

CBll3ll Me:t.n;y acnMnTOTRKOll B dbepKeHOBCKOM npe.n;ene H CHHrynSipHO

CTllMH Ha CBBTOBOM KOHyce.~ellCTBHTeJibHO, ll3 ~OPJYJI (J.l) ll (J.15) 

cne.ey eT , 'IT o • . 

Tl(..)1Q2) "-Li \ e\l
1
h~,1~{~1J:.1.) M.-¼.k-2 d~ q/) 

k,n "' " 
In \" '"'11. i i nd2 · d2 ~ ~~"\ Lft(~u-~.1.,~ I ~ ¾ · 

(3.17) 

"'"ri ( e'l'v~u) l?-;x,~V\ ~~ l 'J.~, ~l.) M t\(-
2 d:\~i) d z;(li. 

~\\'\.) . 

MN pa3Cll1JIH B (3.17) nepeueHHYD l1HTerpttponamm Ha npo,JJ.OJibHYD 

H nonepe1rnyll COCTaBJISllllJllle I BOCTIOJib 30BaBml1Cb TeM, '!TO Bcer,n;a MOllCHO 

HaltTH CUCTeMy OTC'leTa, n KOTOpoll l:X:.J. p) :(:x.1.c,_, \-= 0 . 
MaTpll'IHUe aneMeHTbl onepaTopoB c TBl1CTaMtt,dOJibfilllMll 2,HettadelltHO 

co.n;eplltaT paauepHNlt napaMeTp M 

l ~) f ) 't~ -2 c\c) <"? \ Q l p)-: ) ?..~ ... ? " l'\ On (Lil) (J 18 ) \"4 • • • ~ ~ I o\ \'I'\ \ • • • 

lk) 
(oiiYHKUl-111 Qn deapa3IJepHH), If RX BKJia,D; nO,D;aBJieH qiaKTOpOL! 

(M /G.'ii--:•Z. (3aMeTH11, "!TO B BbldpaHHOll Cl1CTeMe OTC'leTa 

Q.1.: - '\,~1 ). 
BKJia.n; onepaTopoB C MRHID.laJibllblM TBllCTOM ( paBHblM B .n;aHHOM 

CJiyqae .D;ByM) r 
T1.o.s,(? \-=2. t~ ~-- ~"'"}9r1- .. 911-. z. c c<i· ) 

1\I Zn · Q~(f'l) L;.ri i. ,'a-
'11:Z,'r,.. Q ~ (3.19) 
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,n;orrycKaeT rrapTOHHYD uuTeprrpeTamrn. HarroMmm, '!TO orrepaTop Or~•·· t'"
m.ieeT orrpe,n;eJieHHllll JiopeHueBCKUll C!IUH ( 11, CJl8,ll;OBaTeJibllO, TBUCT), 
TOJlbKO ec;rn OH CifMM8Tpl1'18H M BCe ero "cJie,1{11 11 paBHll IlYJID 

<a )-Ci. J"i Q ~ ...... ,t1 ... -:. 0. B Bllpa.llteHirnX (3 .18), (3 .19) 
CKO<llm \ J 03Ha'IUDT <leccJie,n;oByil CID.IMeTpll'IHYil qaCTb Tell~, 

sopa): 

\?r11··· ?~j-=- ~r ..... ?~ .. ('1J18Hll, CO.l{epxa!lll18 Q k ) <1t1.:1 j . 

(3.20) 

ITepBUll 'IJieH B rrpaBon qacrH BupaxeHllH (3.~0) ,n;aeT MacmTa<lHun 
BKJia,n; ( C TO'IHOCTbil .l{O JiorapmpMOB ~ Q1 

), TOr,l{a KaK 'IJI8Hll, 
co.l{epxa1:1ne 'a 14,fi , ,n;a10T cTerreHHUe rrorrpaBKH (rt /Q'-) N, 
oC!ycnOBJieHHlle lieHyJieBOH Maccoll Mlll!l8HH fl;, mt . 3TH rro-
rrpaBKU MoryT C!UTb Y'IT8Hll TO'IHO ; 5, 3o,3l/, ecJin HCITOJlb30BaTb 

H8KOTOpue rrpoCTUe CBOllCTBa C!eccne,n;OBllX KOMC!UHauHll 1321. 
IIarrpnMep, B 4-11.epHOM rrpocTpaHCTBe-Bpe11.eHH MOll:HO 3a!IHCaTb 

{ ~ ~,. 1> r~ \ -~ {? ., (.p "') \ 
... } 9r" ... '\t-i"' - -- c~ (fpL f;; , (3.21) 

2 P" ~i. , 

r.n;e C ~ - rronHHOMu rereHC!ayspa 

c." c t.o') e't =- s,:~ lvt•1) e / s\~ e. 
\I\ . 

(3 .22) 

O<lT,e,n;nuaa Blilpaxenna (3 .21), (3 ,22), rroJiy'laeM 
-11-'\ -'11• I 

~- - ~+ { "? -n 1 9 ~., tt\\, 
ti.-.··· r ~"' } ··. 9 - -:: 

Q2"' 

Q' -2M1 CP;) [~ • ~1 ,{ /l'PifJ"'zp.23). 

r.n;e Q1
:. - \t. , a ~ + , ,;_ - ,n;amca cpop.uynon 

~ ~ -::. 

2 Qt 

v a\ )2. ... tia~ + C?\,). 
(3.24) 
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11crroJib3YH B·upal:eune (3 .23), 1.10:,mo rreperrHcaTb rrpe,n;cTaBJ1e1me 
(3.19) B Bn.n;e 

T Las) ( p • 't, I -:. -;x. 

(It+ 4m: :x.1/Q.1~112 

.r 
V\'=2 '1 t )•• 

l ~:"'·" - ~:~-"1 ohtr'"' E~la\1..~1= 
(3.25) 

~ -r l-l - T t+), 

r.l{e ~:: Q1 
/ ilfi) - o<lil'!Hap C!bepKeuoBcKaa rrepe1.ieuuaa. 

JierKo rroKa3aTb, '!TO l~+ \ 7 1 , IT03TOMY pH,n; ,n;JIH TC+) 
Bcer,n;a cxo.n;~Tca,M, cJ1e,n;oBaTeJ1b110, TOJibKO aurrr.uTy,n;a 1 <·) 
nueeT paspes rrpu 1-:x. I <: ., , T. e. TOJibKO T <·> .n;aer BKJia,n; B 
W (IJ, G.t) . n cnny a Toro rrepeueirnaa ~ = ~ _ ecTb 

HCTmmaa: TeopeTilKO-lIOJieBaH MaCl!lTaduaa rrepeMeHH1lH' Y'IUTllBcl!Oll(EtH 
nonpaBKH Ha Macey MHl!l8HH. t 

l1crroJib3ya ,n;iicnepcuoHHoe co oTuomenue MeK.l(Y T ( w, Q ) 

U Wt XI G.
2
) \OO Z.) 

T (I.J Qi) : ..i. d ~ W ( '1/ ~ ' Q , (J .26) 
I T\' ._ 

w-t.u 1 
a Tartxe Bupaireune (J .25), npuxo,n;,rn K rrpaBnny cym1 / 30/ 

r'' d ~~ 'I ~ £ l \ (J .27) 
) ; Wc-x,Q.t)~ : ~ an.~ (~1

) n,,.{G.1/tt1.~(fd),. 
0 ~ 

KOTOpoe CBJi311BaeT, Q 1. • 3aBHCUMOC Tb MOM8HTOB U3MepaeMol1 Ha 
3KcnepuMeHTe crpyKTYPHoll qiyurtuuu W l ~,Ql.) c G.1 -sairn-

CHMOCTbIO cpymu~uH EYI,, ( fi/•r,1, 'a) , Bhl'IHCJiaeuoa, B rrpuuuurre, B 
Pa:M.Ka~ Teopim B03MY!l(8HHil, ecnu KOHCTaHTa CBH3H ~t; 4it\. 
,n;ocTaTO'IHo Mana. 

l 
Ilpn 0'18Hb C!OJ!bl!ll!X Q MOXHO rrpeHeC!peqb pasuuuen M8l!C,llY 

~ l.l 'X • U HC!IOJ!b30BaTb o<l11qn11e ~ • MOM8I!Tll 

M (n,Q,.): ~0,1 d~ x'I'\. '{v(,y, • Q,l) (J.28) 

BMecro MOM8HTOB HaxrurutHa (3.27). 
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)T,Jtll Toro, ttTodu 3armcan, Tt·> B cpopue, no.n;cKa3blBae11oll 

napTOHHOrt l!.O,;(eJib!O, Heo dxo,n;IIIJO OTOJ:C,lleCTBIITb pe,n;yu11pOBUHilble !.!UT

pIP-lHble 3JteMe!ITbl a,.,, lt'") c MOJ,1eHTmm ¢YHKl.ll!ll pacnpe,n;eneHnll 

napTOHOB, 11anpnMep, 

~"~" <~l i}c,. '\ i~"' d~,. ... d~~ )1\io. \P): (3.29) 

:: { ?~'\··· ~~"') ( ~ -:x,~ [ -to. ()l~t) +l-1)\'\ {ci (:t,~iD . 

r,n;e f A (X. 1 t't) ( + ~· l:X I t°'t ))- 3aBl!ClllllUe OT 1\UCIIITUCJa \-" ' 

qiyHitl.ll'I\I pacnpe,n;eJieI!n/! KBapltOB ( aHTHKBapKOB)' OTHOC/!llll!XC/1 K Tnny 

a { ll: U I d, S I c , i: 
1
••• ·) • <IiyHKl.ll!n pacnpe,n;eJie11nll napTOHOB, 

3UBHCl!llllle OT QZ. ' 61,rnn Bilepmrn BBe,n;eHbl KoryTOM l! CaccKall!I,D;OM/J/. 

Eonee H301J1peHJ1clll TpaKTOBKa, OOHOBUHlia/! HU onepaTOpHblX 

pa3noxeHnHic, duJia pr..3Bnra B paCloTax /
4- 6/ • 

Pe,n;yuupoBamrnll MaTpniumll 3JteMeHT a ... ,;. l t't) y,n;oBJieT

BOpHeT ypaBHemrn peHopMrpynm,1 

d •. 
l\"' ;r ~ '(d) ai) a~,~ t~"): t o~l a ... ,i tr\.), CJ.so) 

KOTOpoe 3KBHBaJieHTHO cne,n;yn1I1eMy ypaBHeHIID 3BOJIDl.lHll ,ll;Jlll qiyHKl.lHlt 

pacnpe,n;enemrn napTouoB -f ~ (. -:t, t'\.) /4,34/ · 

I\ I • 
rk~ Bee.\~\ r ex ...,".G."'-= ( clY. 1~j t:!;. o.\. (3.31) \\ or "' r o I d°J , "l" ~ , \. , (l i ) -x.' "- -:x.• ' c' 

-:X. r I '1 i) 
I\ • , i(-;t I ~ I~ t 

r,n;e cpyHKl.lHI! 1 ( ~, i "\ onpe,n;eneHa TaK, ttTO ee Y\ -mdt MOMeHT 

" eCTb 1"' C °a"\ • ,._ 
l\!aTplil.lU 3BOJIDl.lllll "'~ ( ~ \ BU'lllCJll!8TCSI no Teop1rn B03MY-

IIl8Hlll1. B pe3yJibTUTe, 8CJ!ll q>YHKl.lHll 1 t (.'X 1 t'1..) U3B8CTHa npH 

11eKOTOpOM onpe,n;eJieHHOM f" , TO MOlKHO BlitJHCJIHTb IlOBe-

,11;e11ue f("X,a.''-) npH J!Ddux Q 1 B odJiaCTl'l, r.n;e KOIICTUHTa 

CB/131{ Mana, IlOCKOJlbKY 
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t"J 

Q.'-

a., ;tG.') = Texp ( { I %,ca li l) 1 \ a.,j tr•), (3.32) 

r" . 
r.11e· I YKa3blBaeT, 'ITO 3KCITOHeHTa ,ll;OJ!lll'.Ha 61,1Tb -1:.- ynopl!,D;OtteHa. 

B IOCJJ: ipyHKl.lHSI ~ ( 't) H3B ecTHa. Hanp1IMep, B O,ll;HOITeTJieBOM 
npH6JIUlll'.8HHH 

~t ( t') Ii 
1, = 11 - 1 \("'T (3.33) ~ 

"bit" ~ t. ,;/.Al. I ,3 

r.n;e W'~ eCTb ttucno THITOB KBapKOB, a A - napaueTp, KOTopuA 

,D;OJIJ:8H onpe,n;eJI/!TbCR H3 3KCnepuMeHTa. 

CJie,D;OBaTMbHO, ecJIH npe,n;craBJieHHe (3.19) cnpo.Be,ll;JIHBO 

B mc.n:, Tor,n;a 3UBHCHMOCTI, WC-x, G1) OT Q1 MOJ:eT dHTb DlltJl'lCJie-

HO.. flpe,n;cKa3aHUe COCTOHT B TOM, 'lTO MOMeHTbl .CTPYKTypHblX !l>YHKnul 

Be,n;yT ce611 KaK odpaTHHe cTene11,1 norapucpMa ~lGt/At) 

r~ ~ ~~+'\ wc~,Q'-); L [ ( l t?/N \1'"' '~] a~,· l~\.) 
jo 'X.,. · t.._ G.t/At \ .:j b,311) 

' 
-t Q (t,\'1/G.l) 

~ ~ t. C 4) 
r,n;e 1"" onpe,n;eneHa cooTHowenneM ~"" (~ '\ :. 'a'"" ~ · + 0 ~ . 

06pa111aa MOMeHTbl B Blipa1:e1rnu ('.3.34), MOJ:HO Bupa3HTb Wcx ,lx.1) 
ttepe3 il>YHKnun pacnpe,n;eJiel!HSI napTOHOB, 3aBUCSIII!He OT Qt 

W('"l Q.i') - ~ ( 1 d:c E . ('l. <i·\r Qi) 
I • ~ l1+4W'li:t,./Q.")'IIZ. )Q 7 ' °i' rr; Ct, + 

. +O(Ml. /Gl), (3.35) 

r,n;e E \ l~)- il>YHKl.lHSI, Y.llOBJieTBopan111aa npaBHJIY CYMM 

~ r r, d~ £ \ l~) =- £ ... t c ~, ~,. 
0 . 

(3.36) 

HeoOxo.n;HMO, 0.l{HUKO, 3UM8TlfTL, tJTO oOpfUlleHHe MOM8HTOB He SIBJIR8TCSI 

xopomo onpe.1tene1111ol npone,n;ypol B rex cny11a/!lC, ~or,n;a B rrpaBolt 

110.CTH BHpO.ZeHHR (3.34) HMeDTCSI tJJleHH, paCTY111He c HOMepoM MOM8HTa. 
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-.-, 

B padoTe 1351 YTBepQJ.eTCH, qTO B KXJJ: MLI CT!l/IKlIBaeMCH KaK pa3 
C TaKon ClITY!lU!Iel! - BK/Ia,!Ul onepaT opoB C BLICfillIMlI TBlICTaMlI Ha caMOM 
,n;ene Be,n;yT ceda KaK l V\ M'-I <x"'·) K • 3To o31m•-meT, qTo uMn 11e1Ib3H 
npeuedpeqb ,Il;/IH ,Il;OCTaT0'-1110 BLICOKllX MOJAellTOB '(\ <'., Y\ 0 : QL / M2 . 

J.IOMeHTU C dO/IbfillIMll 'V\ . qyBCTBHTe/IbllLI K CTpyKType ipyHKUlrn \f((-x,(i) 
npH -::c., diilI3KlIX KI. BKII!l,!Ul onepa.TopoB C BLICmHMll TBlICTaMH 
(cnr11a1IH3HPYllllllle O aenepTypd!lUlIOHIILIX 3qxlleKTaX, odyCIIOBIIeUHLIX 
ll!l/IH'-llleM CBH3aHHLIX COCTOHHHl!) OTBeTCTBeHHLI 3a pe30HaHCHYll CTPYKTY

_py npll ~ ~ I' Tor,n;a. KaK BK/I!l,D; onepaTOpOB C MlllllIMa/IbllLIM TBlIC-
TOM OTBeTCTBeH 3!l rna.n;KHlt ~11. Bue pe3011a.11c11on Od/I!lCTlI BK/I!l,Il;OM' 
onepaTOPOB C BLICmHMll TBlICT!lMll MOllHO npeuedpeqb, lI Hcnonb30Ba.Tb 
cI>o?,tyny (35), KOToµi.a sranaeTca cI>op1,1ynon xecTKoro pacceaH1rn 
MO,D;llcl>lIUllpOB!lHHOi ( HeMacmTa.duon) napTOHHOi Mo,n;enll. . 

Ilpodnew, K nccne,n;oaanlID KOTopon MLI cettqac nepen,n;eM, 
3aKnD'-l!leTCH B TOM, B KaKOI CTeneHlI cxeMa, ll3noseuua.H BLime, pa
dOTaeT B KXJJ:. 

3 .5. Onepa:ropHO!!_pasno:s:eune H KanHdpOBO'-llllle Teom,m 

Auanns Kanlldpoaoquux Teoplil! a npocTeimen (c1>en11ii:a.11oacKott) 
Kan!IdpOBKe ocnoxuaeTCll TeM, qTo none ~I" HMeeT iiyneaon TBHCT • 
B 3TOM cnyqa.e no,n;npouecc MOXeT onlICLIB!lTbCH no,n;rpacI>oM Y , 
llMelll!lllM npOll3BOnhHOe '-llICno BHemHlIX r/IllOHHLIX nmrnl (JlHC.3-Ja). 

I 

I 

-~ 

·-·-,._ 
·- I\· 

'~✓-j.11. ( ' 

\ ' .-· 
'1;. 

bl 
al 

Piw.3-3 

3acl>lIKCllpyeM Bll,D; HCXO,Il;HLIX no,n;rpacI>oB '\To u 'ITo (pHc.3-Jd). 
.Uonycnnme KOMd!IHaUlllI nonyqaJlTCH B pesynbTaTe BCeB03MOX!ILIX 
coe,n;u11e111Ii IIl1Hlli no,n;rpacI>a 'ITo C nllHllHMll no,n;rpacI>a~o,npllqeM 11e-
odxo,n;m.1.o npocymmpoBaTb no BC8M 'TUKlIM B03MOX!IOCTHM. Kax.n;aa 
rn1101111aa m1111Ia ,n;odaBnHeT none A Q. lT'\ a· Ma.Tpwrnun aneue11T 
(3.13), KPOMe TOro, BM8CTO npofara.TOpa sct'ZJ..• ';(~) ,. OTHO-
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cirnterocH K iliYHKUHH C ('11o) , neodxo.n;nMo B3HTb 

( 't C . r c: 
~~de S (:x:.i.-=e-)11:'o..~ (~-:x~\ 

(3.37) 

r,n;e 1::'~ • MaTpHua KanHdpOBO'-IHOi rpynnLI B KBapKOBOM npe.n;cTUBneHlllI. 
3aMeTlIM, qTo cymm ( pllc.3.4a) 

':/ ('lJ.) 'lr)-= 5c c :(al --:i~'r1- ~ \ ~ 'c~J.-c-) t Arr~) S ((i-~ '\"l;:j8 , 
8CTb npono.raTOp cnmIop1101t '-10.CTliUH BO BHe11111eM rnllOHHOM nOJl8 /36/' 
T.e. peme11ue ypaB11e111IH 

~ JC ~ 
l~ :Dr 114 

- ~ J ·J ( :rot I x~") -= - S (x.,l - -x ~) , 
,. " . 

(3.39) 

r,n;e "Dr ":.dt-•\~ At' - K0Bap.lla11Tuaa npo'1rnBo,n;m1a, 
" nona KBapKoB, a A : A~ "t' 

I" f'\ a.. 

,n;eiCTBYlllllaJI Ha 

- . T. 1-r·· =-
a) 

- -T T TI + A T •.• 
; .,.,,.,.,.,_ 

bl 

X->(•X+X 
cl PMc.3-4 

TaKHM odpa30M, Kaz.nl,llt nponaraTOp SC: , BXO,Il;Hllllllt B 

C ( v, 'X, l 1 "I,) , 11eodxo,n;1IM0 sa.MeHHTb 11a. ~' • 3to cooTBeT-
CTByeT TOMy, qTo na.pTOHHUlt no,n;npo~ecc npoHCXO,D;HT ue B TIYCTOTe, 
a B rnllOIIHOM none a.ztpo11a.. 

Peme111Ie ypaBH811lIH (3.39) dy.n;eM lICK!lTL B Bl1,11;8 
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('XJ. " 
~ c. C :i::J., -.:i:l'l') =- ( £ ur i.~ j A < ~) cl r r 1 · 

I . 'X t' 
? 

( s C C.:I.i- -X~) ~ ""R l:Xa1, ~~>]' (3. 40) 

r,11;e E o:maqaeT ynop11,11;oqe11He B,JJ;OJIL np11uolt, coe,11;H1111nntelt Toqrm 

'X,l 1 l:~, H /IBJI/IDill811C/I KOHTYPOM Hl!TerpHpOBUIIH/1 B (3 .40). 
Ilo,JJ;CTaBJI/1/1 (3.40) B (3.39), HaXO,JJ;HM, 'QTO 'Rtx.,., 'Xr.) 

y,JJ;OBJIBTBOpllBT ypaBHBHIDl .1. 

( ~f ?; ... 'Re':)(.,~~").~ <a1t- c-:x~ -":!; ')(Rc:r.i.,-;r~')+$cc:t~-~'))·l 
J. . (3.41) , 

I :1 

( 1 ' 
J -ccJJ Gt'" (-;x~ ~ t (-:x:d.--:x~1") =-a, 
0 

H3 KOTOporo CJieA)'eT, llTO "R 3aBHCHT OT rJIDl}.IIHO~ IIOJI/1 

TOJILKo qepe3 TeH3op itanp11:11eH11ocTH G ~v = -i. [ 1>r I V11) /f. 
IIocKOJILKY TeH3op G ,.,.. aHTHCHMMeTpHlleH, Kal[JUll! onepaTop . THna 

: OG ... 6 ~ HueeT TBHCT Clonee BUCOKHl!,. qeu TBHCT onepaTopa o, 
CJI8,ltOBaTeJILIIO' BeJIHllHHOlt "R B (3 .40) MOllllO npe11e6peq1,. 

nerKo 3aMeTHTL, llTO B ae5eJieBOl1 TeOpHH Bee 3KCno11e11~aJILHUe 

~KTOp!i CYMMHPYDTC/1 B 

e x f ( '- ~' \ ~ A l :e, d i r . ') (3 • 42) .,_ r 
,JJ;JI/1 KBapKOBUX onepaTopoB, a ,JJ;JI/1 rJIDOIIIIUX - COKpantaDTC/1 • 3TO 03-

HallaeT, llTO 4'YHKUH/I C ('IS, 'X.,~, '1.) 11e Me1111eTcn, a BMeCTO 

~lt) ~('I\.) B0311HKa8T KaJIHClpOBOllHO-HIIBapHaHTHUlt 6HJIOKaJILHlil1 

onepaTop 
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' &L~n·k,.)=le~ 1 :~t~)e:~~(i6\ AMl1.)d~\')~(1t): 
I l,)I' ~ i I t (3.43) 

KOTOpul! c IlOMOIJtl,D TeopeMU EellKepa-Xayc,11;opqia ( CM. ,Hanpuuep/36 ,37/) 
pa3JiaraeTCJl B pll,11; Teanopa no KaJIHC5poB0 1HIO-HHBapHaHTHllJ.I JIOKa.Jll,llllM 

onepaTopaM, nonyqaDntnMca H3 onepaiopoB (J.2) 3aMenon ct' -=i 1>r. 
B HeaCleJieaux Teopnax Mo,11;uqmnnpyDTCII n rnnomme nponuraTopu 

(pnc,J.46) 
C at 

~"",., &~, 1) c-xJ. - -=<pi -➔ ro r' -= 
, ( 'X,1. ,_ \ f C (3.44) 

: Pex~ (\i} Ar(1;)dl 14 Jo.tl 'i~_,1)c,cJ.-~)+O(Ei)J 
~~ i , 

r,11;e Ar : Ai CJo- , U J.laTplll~bl er°' pcaJll13YDT npHC08,llllll811-

HOe ( rJIDOHHOe) npe,n;CTaBJie1111e KaJmdpOBO'IlDil: rpynnu. "JlYXOBllM" 

nponaraTop TaKxe MOAH!l>11n11pyeTc11 "IC 

~o.4 "Dct-;i.L--x~, ➔ (?ex~ id\ d.A (i)dt"') . 
':{ t' Q.,( (3.1f5 ) 
~ 

[ 1)C(1.,_<l~J.\- Q(6)j, 

lJToClu OCl'I,8,ltllllUTl, 3KCilOHeHTU, COOTB8TCTBYDillll8 coce.n;HHM· CilllHOp

HllM JIHHHIIM, ueoaxo.n;mrn, HCIIOJIL3YII pa3JIOX8Hll8 

eA "&e-A : 11 .. [ A1l>J :.ii [A1CA,~J]+ ... (J .46 ) 

n KOMMyTaTop 

["t, 
1
1:"o.j: -l ~ g) o.c "re , (3, 47 ) 

IIPOKOMMyTnpoaa TL -0.n;11y 113 HllX C 't'- MaTpnneH 
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'X 

( p ex~ 'i ~ d A ( C) d r; t' ') A "D ( t" .. ) ~c. : 
r . 

~ ~ · (3.48) 

; \:t t) Ae ( P•~r -~ Ii a r (t)d/' lit ( ?llY.f 'd ~:l· )d<" ), •• 

B npanon qacTH nupa:a:eHH/1 (3.48) ID488TC/I AOilOJIHHT8JihHHll 

3KCilOH8HllHUJihHHI <l>aKTop. Toquo TUKOll :a:e qiaKTOp IlO/IBJI/leTC/1 nocne 

KOMMJ'Tanuu 3KCilOH8HTH, BXOA/!Ulell B MOAH<flHnHpOBUHHHll rJIDOHHHll Hnli 
11,JzyXOBHll II nponaraTopu C (5" -MaTpHnen, CTO/!Ulell B COOTB8TCTBYll-

1!18ll TpOllHoll nepmune. UneTOBOll <l>aKTop, COOTB8TCTBYllllll!ll 4-rJIDOHHOll 

nepmm1e, Mo:a:eT dHTh npeACtanneu n BHAe cyl4Mll qneiion, Ka:a:.JO,Jll H3 

KOTOpllX 3KBHBaJieHT8H ABYM 3-rJillOHHIIM nepmHHaM, OTHOC/llllliMC/1 K 

OAHOll npocTpaJlCTBeHHO-BpeMeHHOll TOqKe H C08AHH8HHHM qiaKTOpOM 

& o..t. - nneTOBHM MHo:a:nTeJieM oeluqaoro r.JIDOHHoro nportaraTopa 

quc. 3-4n). 

PemaDUlliM /IBJIJt8TC/I TOT <1>a1tT, q7Q 3KCilOH8HTH, B03HHKaDillH8 B 

pe3yJihTaTe KOMMJTHponaHH/1, COKpalllaDTCH C 3KCilOH8HTUMH, BXOA/1-

llll,!Mll B MOAH<l>HnnponaHHHe rJIDOHHHe llJill ,JzyXOBlile nponaraTopu. l{aK 

CJI8ACTB:He, M/1 IlOArpa<I>a C BHemHHMll KnapKOBHMH JlllHllHMll OCTaeTC/1 

Jllllllh tpaKTOp 

(P e)l? ~~ 
(' A J~ ArCi)det') , 

COOTB8TCTBYlllllHll KaJindponoqao-mmaprumTHOMY onepaTOPY, aHMOI'll'mOMY 

(3.42), TOr,Jta KaK'AJI/1 IlOArparpa c BHemHHMll rJIDOHHHJ.UI JIHHH/!Mll 

ocTaeTca Ka.Jindponoqao-unnapuaaTHHlt dHJIOKaJihHHll. onepaTop 

(G,1H;) Pe,;, •~(A la)ci'<~ 
,. t" . 

G>- c~')J 
. ..., .· . 

(3 .49) 

3TH KUJIHOponoqao-HHBapHaHTHHe O~JIOKaJihHHe onepaTopu MoryT 

dHTh pa3JIOJ:ElHH n PHA Tellnopa no CTUH,JtapTHHM Kami:O~noqHo-aana

pllaHTHHM JIOKa.JlhHW onepaTOPaM, HCil0Jlh30BUHHHM B /. /, 

CyllleCTByeT KJiacc KaJIHdpoBOK, B KOTOpWC aHaJIH3 B8KTOPHHX 

TeOpHll He OTJIHqaeTC/1 CYlll8CTB8HHHM o0pa30M OT UHUJIH3a doJiee IlpOCTHX 

.76 

... 

!r 
;'/ 

aeKam16ponoqaux Teopnll, ,f\ellcTBHT em,ao, H3 npe.14cmn,1emrn 

Tr:xlQi.) ~ L G_z" '\r~ .. qr"' £.., C.Q''J~'L. ~)· 
.... 

.( ~l 'i} ~ "<r-1 ( d~2, - ~~A~1,) ... ( -a~ ... -i~ Ark.J)lp \P) (3.50) 

cne,zyeT, qTO B aKcuanhuoll rtannelponKe l't, A)-= 0 JJoimo BMecTo J)t< 

l!CilOJih30BUTh npOCTO O I" MR onepaTopon, AUlllllllX I'JIUBH!lll BK})a)4, 

,l\pyrl!!All CJIOBaMH, B 3TOlt KaJIHClponKe ( KUK u D })Deloit KUJIUCJpOBKe 

THna l'\, A)+ .J. (~A' : 0 , rAe ol. - npOH3BOJihHOe q11c.no) 

BKJIUA KOl!Cfmrypannn, B KOTOpHX )400UB011Hlle rJll)OIIH yqacTByllT B 

napTOHHOM noAnponecce, no)4anne11 cTeneuum.1 oelpa3oM 0( '1 /G." ). 
IT03TOMY )4aJihHellmun UIIUJill3 npon OAHTC/1 KUK D TOOplU! Tllna DltaBCKOll, 

,l\oelanoqHUM ynpOU18JllieM /IBJISIOTC/1 TO, qTo B aKCHUJihHOll Kam1ClpOBKO 

OTCYTCTBYllT 11,lzyXOBHe II UOJISI, I!03TO!.lY a1:c1mJibl!U/I KaJIHOponKa oqenb 

YAOClHa AJISJ napTOHHOll llHTepnpeTai{m-1, KUK 3TO 61rno nnepnue noKa3a

HO JlltnaTODHM 
7391 

n adeneBCKOll MO,l\eJin. Ero auamrn OClJia.11aeT 

ncm,m rnannmm qepTaMu napTonuoro no.11x0Aa, pasnnToro no3)4HOO 

A})TapeJIJili l! ITapU3li 1341 , KOTOfHll 3KBlfBUJI6HTOH l!CUO})h30BUIIUD 

aKCl!aJibHOII Ka1rn6pOBKII B !{XI{ / 11 ,40/. 

C )4pyron CTOpOllll' MOllCHO .D;UTh H rtam10ponoqno-1rnnapnauTJ-10e 

onpe)48JI6Hlie <lb' HKU11ll pacnpe)4eJieHH/I napTOIIOB B l{X,l\ 15 ,61 : 
·11-~ {\ /\ 

½- < ?\ ~ °' ~ i~" J\ .... ))r~) "\\> ... \ ?1 = 

-:. {P -p l (~\~ [_r C'l Mi.)+l-1\fr c111t)] (3.SI) 
~ ...... ,. .... 1 ) -:x. JO...,,- io. q· 

0 

-~ . - -
':.. < ?\ Tv \ G ctr" 1>~'" ... 1)"11-, 2 

G ~ l \ \>)-: 
r"' \ 

(3.52) 

-: { ~ r" ... ~ 14.., 1 ~+ (--1\°" - 2. 
( :x.\'\ cA~ 1'~(-x,~2). 

0 
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Corimcno ('.3 ,51), KBapK-rrapTOH ecu Ha caMoM .n.ene KBapK 
BMecre c corrpoBox;taDIIUUJ ero rJIDOIIHblM rroJieM A,. . 3ro no;rn, O.ll
HaKO, 30-BlfCIIT OT BbldpaHHOlt KaJIU<1pOBKH, H 1103TOIJY COOTBeT CTByeT 
H8q)ll3l:lll8CKIUJ CTeneHl!M CBOdO)l.bl. C ,1tpyron CTOpOH!,I, !pH3U'l8CKUll, 
nonepe'lHO IlOJIHpU30BU!l!lblll rJIDOH-napTOH OilHCl,IBU8TCH B Bblpaxemm 
('.3.52) xam16poBo'lHo-n11Bapna11n11,:u TenaopoM G.I"~ , Tor,J\a KaK ~ 
aaBllC.f!ntldl _OT Buelopa KaJHrelponKn "XBOcT: rnDoHa ,,1taeTc.f! no!eM Ar 
BXO,ll,.f!IltID.l B KOBapnaHTHYD rrpon3BO,ll,IIYD 'Dr • 

Ha BblpaxeHnlt ('.3.51),(3.52) cne;zyeT, 'lTO cpy1m1vm pacnpe.n.eJie-
mrn no,D;•H!H.f!DTCII npaB1rnaM cyw 

" . L'\,,.) ch~ 1o. l:x,~,.)- ~o:: c.~,f·\: tH 
0\. 0 

(J .5'.3) 

r 
?=ci,-a:.,i 

" ~ ~ clx 
0 

fytx1~1.)-::. i, ('.3.54) 

BupaxavmnM coxpauenue BeKTopnoro TOKa u :rnepnm-mAny111,ca, cooT
BeTCTBeuuo. 3.n.ecb q, 0. ( Cl, 1-i )ecTb neKOTOpoe a.lt,ll;UTlrn11oe KBallTOBOe 
~IICJIO KBapKa Tltna 0.. ( COOTBeTC TBe11110, a.I\POHa), coxpaHJlDIJl88CJl 
B CHJ!bHliX B3aHMO,D;eltCl'Bl!JlX. 

3 .6. 1QPMVJia 1lpenna.-fl11a u a.Hamp (cllllf:i'./IBPHQCielt na_C!ll!.IIDl2M 
KOHVC8 

AnaJioroM II hand\:>111 11 
- ,lU!arpaMMli .ltJ!Jl npo~ecca po:E.D;em1a· 

MaCCUB!lblX JI811TOll!lblX nap .f!BJIH8TC.f! ,1tuarpaMMa ~peJIJia-Rna, KOTOpaH 
TEI.Kxe M0l[8'I 6HTb 3arrncana B KOOp,ltUHaTHOM npe,1tCTaBJie1111n: 

,c~'l) (~>. 
1 
?!>,Q '\ = ~ a" "J. e' G.x <~A\: \f('X) ~to):\P,4.) · 

t.. f eil : 'flo) i.pc:x.): l ?~'). 
('.3.55) 

Tax xe, KaX ll B cpOpMyJie ('.3.I), MaTpU'llll,18 3JI8Jd811Tl,l B (J.55) 
He .1tonycita.DT npe.n.eJI1,11oro nepexo.l(a -:X.➔ O , t.e. 011JIOK8.JI1>HHe 
onepatopH : 'fl-X.) 'f(o) ! IIBJIJlDTC.f! lIJIOXO onpe.n.eneHHIDUI BeJlll'IHBa
Mlf. IT03TOMY H800XO.l(UMO nocTpOUTl, BW'IUTaT8JlbHYD npone;zypy, no.u;oO
HO TOMY, KaK aro 6HJIO npo.u;enaHO B pa3,D;8Jl8 3.3. B pe3YJibTaTe 
_nonyqaeu npe.u;c :raa Jien11e 
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-W ( P•, Pi ,Q) ~ ~ e:Q" c1•.,. f c' 'i c", s,'1.X, 't; ~•.l 

<?A\ \9~ t~,1,; ~t) \ PA '7 < ?e,\ "9j (~', 1; ti')\ Pa7cl~~ 

I I 
. d~ d.'1,. + "R(X). 

(3.56) 

Konipurypanmi, .u;aD!IlHe BKJia.n. B 1t , H3oOpall'.eHH · Iia puc .'.3-5: 
puc. J-5a orr1-1cuBaeT cn:rya~v, Kor.u;a B nap:roHHoM·no.u;rrponecce 

'Av < 1/p' 

0) 
b) cl 

P1-1c.J-5 

y'laCTBYDT Oonee qeM ,!Ula napT011a; pHc.3-50 COOTB8TCTByeT TOMY, 
'lTO cpoTOHIIH8 Bepmuuu HaXO.l(SITCJl Ha OOJiblIIOM paCCTOllHHII .u;pyr ·o:r 
.u;pyra, HilHMH CJIOBaMn, ).lV'\'> 1 /\-(~ · ,u;Jia JIDOoro no.u;rpaipa, 
CO,Itep:m!Jlero 3TH aepml'lHH lf HM0llllt8f0 4 Bll0lllllllX<irnmrn; pHC. 3.:.5B 
OlIHCUBaeT napTOHHult no.i:tnponecc, conpOBOl[,ll.8.8Mlill OdMeHOM MllrKUM 

K13aHTOM M8l[.l(y" "Bep~OM". u 11HH30M 11 ,D;HarpaMMH. 
PaaJiaraa Cl11JI0KaJ1blllie onepaTopu B pa.u; TeAnopa no JIOKaJibHW, 

IlOJiy'laeM 

w t l>'i') 'v 
• '-I r ~ c~"" " )d.\x. e\~-x.ltY>\h" \~ t-:x.1,tt1.~2.) 

~ \"~ & t''4 \'I ~+I ..., "" ~-- :x. " :c. ..... V -+'1 '" '1"11. ., • .. ..J k. v,. ',( 
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<?A\ o~ ...... ~~ co.\41.) l?A') <?l>\ot .. ·"* (o,t,ti)\P~') 

+ ~ C.-:t, \'A, Pi. Q.)). . (J.57) 

C"""'\c. 
~YHKllHH 'l B KaJUOM rrqpa,n;Ke Teop1m BO3MYlll8HHlt nMem 

o,n;1rnaKOBile ( C TO'lHO CTbll ,n;o JIOrapmln.ioB) cunryJIBpHOCTH Ha CB8TO

BOM xouyce. BKJia)U,I ,n;11arpaw J.5a,6 COOTB8TCTBYllT 6oJiee CJia6mi 

cn11ryJutpHOCTJIM Ha CB8TOBOM KOHyce • IlO3TOMY 11OJI8311OCTb rrpe,n;cTaBJie

HHJI (J .57) 38.BHCHT OT Toro' KaKHM o6pa3OM aCHMnTOTHKa "v{ 
CllJ13aHa C CHHryJIJIPHOCTJIMl! Ha KOHyce. !Io aHaJior1111 C (J.I7) san11:

meM <l>OPMYJIY (3.57) B BH,n;e 

W ' ~ t dz ~ lQ\\ -x,~ + ~ ( G.i. °XJ.> ~.le ~ ,f,;- cl :x:,\ ~.1. e l-Xu ?A) · 
~l, wi\o\\c . (3.58) 

'n•'< 'Z \( ( p \ K .,.. ~ ... 'K l ,. 
-~ 11 ?t!>) (.__'l., \._1),~&, -J\\ (-:itu-':lJ.,~,. 1 a~,\l~t)a~,ic~t). 

B OTJIH'lHe -OT rJiy6oxoneynpyroro pacceamra, B <f)opMyJie (3 .58) 

11M88TCJI ~KTOP ell.\> ( \ GJ.'X.1.,' • Ilo3TOMY BKJia,JU,1, COO'.rB8TCTBYlJIIIH8 

6oJiee CJia61,1M CHHiyJIJlpHOCTJIM no 'X.~ MOryT HM8Tb B KaQ8CTBe 

,n;onoJIHl!TeJibHoro <f)aKTopa JIH6o Mi/ G111. , J1116O t-\ 1. / Gi . 
QqeBH,ll;HO I QT-0 noaTOMY npe,n;cTaBJI8HHe (J .58) 6ecnOJI83HO npll Q.l."' M, ~ 
TaK KaK.B 3TOM CJiyqae neo6xo,n;HMO Y'lHTHBaTb BKJia,n;H onepaTOpOB 

co CKOJlb yro.n;HO 6oJlbml1:llH TBl!CTaMl!. ll36emTb aToro MOZHO,~1'16O 

11ccJie,n;ya npe,n;eJI Q.i_t "'G.u2 ~~ .,., }tz. , T.e. poz.itemrn nap c 

6OJibmHM nonepe'lHhlM lIMnyJibCOM, JIIl60 npoHHTerp11poBaB no &.L , 
Tor,n;a , 

~ ( . \ 1. .•~ \ i. QI\~" 
W = J WO J)., ? ~ , G. I d QJ.""' ~ d l:x\l C . 

~ ~,w."'\c 

(3.59) 

, 1 'l..\l ·o\"'-k p,n-~ ?. \( \c 
\. "l.\\ I ~ I ::X.11 TA I ( X11 s J \_-:x,, ) 5 . rr.':"~~ 

I,~ 
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( cp. c <f)o,PLlyJiolt (3.H )). Eonee y,1to6Ho, O,JtHaKo,sMecTo W 
ucnOJib3OBUTb <f>OpM<f)aKTOp W ( "'t". G.') , CBJl38HHhllt C 11a6J1ll,Jtae-

J,IJ,IM Ha ·aKcnepm.!eH Te nOJIHhlM C8'l8HH8M c{ \S"' / d G.1. pOll,ll8Hl!JI rraphl 

c MaccoR Q.: 
( ~\ (\-t ~1. -z.)e o o ""\ ... ~-wt··t\ Q.z.)= j~(?A.?e,.Q.Jo tG,-Q (~h 4p\\ ... QOJ'A~J.60) 

B 3TOM CJiy'lae BKJia)U,I orrepaTOpOB C BhlCmHMH TDl'ICT8Ml1 no,n;anJI8Hhl 

cpaKTopoM (.Mt /Q.?.) ~ · 
1 

TaKHM o6pa.3oM, T-OJlbKO B .JtBYX cJiyqaax: ,n;na d~ /dQ 
npn S"-'Q,.'>').M: II .n;JIJI d.<S/d 11 G.. rrpH s-·a.1"-QI">,M.1 

aCHMnTOTl!Ka onpe.iteJIJ18TCJI HeKOTOphlM no.itrrpoueccoM ua MaJIHX paCCTOJl-

rmax, UJIH, Ha B3HKe r}.. - npe.itcTaB JieHua, 1rnTerp11pooo1111eM no 

MaJINM '.>.lv) cooTseTCTDYDDIHX Q'l. .. no,n;rpa<f>os V . 3aMeTnM, qro 

rrpe,n;cTaBJien 11e (J .60) osna qaer, 'lTO Wt -r, Q.2. "\ ,n;aeTCJI .1tnarpaMMa-

MH I B KOTOphlX <f>OTOHHLI e BepmHHhl CO8,ltl1H8Hhl ]Il!Imea 0-o I np11na,n;nexa

DI8lt if)llKTHBHOlt Q8CTHU8 c MaccriB Q. . ( p11:c .J .6a). 3Ta JIHIIHJI lI 

JIBJIJ18TCJI B ,n;aHHOM CJiyqae MHHl!MaJibHNM. Q.2. -rro,JtrpaqioM, a COOTB8TCT

BYllllllllt BKJ!a.n; ,lltl.8T <f>OPMYJIY ,llpeJIJia-.HHa. MHIIHMaJibHble Qt- no,1trpa<f)H 

J. 

al 

Pl!c. J-6 

--·-· 
I -r 
'---' -I 

bl 

·-... 
--t 

i _,,. 

,ll;JIJI do-/ l 1a ( p11c.J.66) l!M8llT 6onee BhlCOKHlt rropB,ltOK no KOHCTaH

Te KBapK-rJillOHHOro B3aHMO,JtelCTBUJI 11 onHCHB8llT poir.n;eHHe nap TOJlbKO 

C 6OJibillHM nonepeQHHM HMnyJibCOM. 3a polr,lteHHe MaCCl!BHhlX nap C 

MaJlhlM nonepe'lHNM UMnyJibCOM OTB8TCTB8H COBCeM ,n;pyrolt - TaK Ha3H-

BaeMhlR mrn~eBoR - pexnM, CBJl3aHHhllt C UHTerpHpODaHl18M no 6OJlbilllI!.I. 

3Ha'leHHJIM d-.· napaMeTpOB' T .e. C ,ltHHa!rnKolt Ha 6oJlbml!X paCCTOJI-

HHJIX. B ·c11J1y noro C8'l8HH8 d..rs / d. t, Q iipH G..i. ~ ~ H8 1.1.oxeT 6HTb 
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pacc<UITaHO ITO Teopmr BO m.!yli(emrlt B J.IO,l{eJUIX' MIi KOTOpux ItOIICTUH

TU CBJl3H cl~ (.(\1 J · .BOJ!l!Ka I narrpm.iep 1 • B KOOH TOBOll xpoM.0,1{11HaM11Ke, 

l{aK 11 )IJIJI rny<loKoneyrrpyroro paccemurn, 3aa11cnMocn aKJia.M 

orrepaTOPOB C MHIJHl,!aJII,HliM TBUCTOM OT JAaCC CTaJIKUBUDli(UXCJI a)IpOHOB 

MOJEeT <lHTI, auqnc;rena Toqno. D; pe:zym,TaTe Ml! .o.~ / dQ.2 
B0311HKaeT ynyqrueHHUJI MaCruTaelHaH rrepeMeHHUJI 

): 2. "t" ", -:. -:---;:::::::::::===~ (3 .61) 
(\"') ~ + ~ ~-t4\'W\4 Wli. /52. A ~ 

( ue "t' = Qi./ S , '::.:: 2 l.~ A? 1!1i}) , Ko Topal!, rrpaB.l{a, rrpaKT11qecx11 

Clec~oJie3Ha rrpn aHUJil!38 3KCrrep11MeHTMbllliX ,l{aHHliX BBH.l{y MaJIOCTH 

OTHOlllOIIUH 4, 'W\ ~ Vl'li / ~'1, • 

BKJia,II orrepaTOpOB C MHIIUMaJibllliM TBHCTOM l,(Qllt8l' CliiTb 3aIIH-

can a a11,IJ.e qiopMyJiu llteCTKoro pacce11n1111 
. . " " . 

W t Q\ -t 1:. !. ( ~ ~ ~ e ('1'1-'t")-t~/ t-x,"1
) -t ,, t...,, ~1

). 
~. i J ?C. 't . . A ~ 

0 () ,. . (3 ,62) 
>'. 

. '\.J~ ( G.1. "t' ,~'(> ~i) 

W( Q.\ 1' ,"t'.1.1 ~ L. ~"· ~ r ~ 4~, A t:x.~\) 4 'ts C'f, ~t). 
~.' 0 O 'f 

'vr ~ l G.~ /t I 'J. 'a /'t'.1. I 1. 1a ·, \"'l) 
r,l{e 'tl.::Q.1/~· 

~ ~ -Ii'( - ft.l. - ~+ t"i ), 

HaIIOMHHM, qro, \" IIOJIBJIJl0TCJI B tv( .... ~,.'> 
TOJ!bKO B KOM<l11Hannn k Ql. / t' 1. ( l!JIH ~ a;/ ~ 1. ) , Ecnn IIOJIO-

XKTb ~ ': Q. ( 11JIH \'l:. Q.l. ) , TOr,IJ.a BCJI norap11qJMl1qecKall 

r• 3UBUCHMOCTb IIOrJioli(aeTCJI 4JYHKil11JIMl1 pacnpe)IeJieHlIJI napTOHOB, 

3, 7, ~p!)lBH ne MaCCl1BHWC Jie,IITOIIHliX nap a KU 
I{poMe rrorrpaBOK 

I 
oelyCJIOB JIBHHliX onepaT opaM11 BliClUHX TBHCTOB, B 

1\ l'x.') BXO)IJIT Taxse BKJIU,l{li )Ipyroro THIIU ( pnc.3.5a), COOT-
' . 

aerCTBYDli(H8 raxon CHTY~HH, KOr,l{a rrapTOHH!ilt llO)IIIponecc 

corrpOBOllt)IaerCJI OelMBHOJ.1 MJ!rKHJ.IH KBanrrum J.18llt)IY qaCTHil!UlH, ne 
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''I 

yqaCTBYDli(HllH B llO)IIIponecce. B rrapTOHHOlt M0.1{8JIH CQHTaeT-

ca/41/, QTO BKJI~li TaKHX KOH~11rypa!U{ll IIO,l{aBJieHH crerreHHllM 

oelpa3011 ( ipaxropoM l 1' / G.t. lH ) no cpaanennD c )Ipe;u1-11noacxnu 

BKJia)IOM. 3ra roqKa 3peHl1Si IIO)ITBepX)IlleTCJI raKl!:8 JIBHW,\U Bl,JllHCJl8IIHJI

MH B pe)IXHOHHOll T8XH11K8 142/' r)Ie IIO,l{OelH!iff oOMeH rpaKTY8TCJI KaK 

oelM8H rrouepOHOM, B03Hl!Kaer 8CT8CTB8HHlill BOIIpOC - MOll:HO JU'.[ rroxa-

3al'b, QTO l! B KXJJ. MJ!rKHe O<lMeHli 118 ,l{aJJT BKJ!a,Jta B rnaBHyD acmmro

TUKy? 

Marxne O<lM8Hli COOTBOTCTBYDT HHTerp11poBaHHlJ B _OelJiaCTl1 OQ8Hb 

. ClOJiblllHX paCCTO,HHHR ( B ol- rrpo,ltCTaBJieHtm - ITO oelJiaCTH r:J..~G'l./~'f) 
nJIH MaJIHX m.mynbcoa \( "'•l lG. . ll3Becrno, qro a reopuax, a KoTo

pl:lx OTCYTCTBYDT HH<PpaKpaCHlie ocoeleHHOCTH' Harrpm.iep' B lJKaBCKOlt 

fS - T80pHH 1 MHrKUR O<lJiaCT.b ,l{aer TOJlbKO uerJIUBHlilt BKJia,Jt 

MR nDOon ;.urarpaMMH THna pnc, 3-Sa). B aeleJieaux Kanuelpoaoq1mx 

reopHllX, IIO,Jt00HliX KBaHTOBOll 3Jl8KTpO,ltHHUMHKe, HHtpaKpacnue ocoOen

HOCTl!, XOTJI H HM81JTCJI B KaJl:,JtOff .OT,ltOJibHO B3JITOlt .itimrpaMMe, COKpa

li(alJTCJI a xaiuou rropa,JUte reopim B03MYf!leHnll, ecnn rrpocymmpoBaTb 

no MllrKllll KBUHTaM B KouequoM cocro11mm, T.e. MIi HIIKJllJ3HBHliX 

ceqennlt. 

K COlmJ18HHD, OTCYTCTByeT o6mee ,ltOKa3UT8JlbCTBO roro, QTO 

IIO,JtOClHaJI rrpone.l{ypa CYMMHpOBaHHJI ITO MRrKm.f rJIDOHaM B KOHeqHQM 

COCTOJIHl1H ycTpan11er nu<PpaKpaCHlie ocoeleHHOCTH H B KBUHTOBOR xpo

MO,ltHHru.tHKe, HyEJO IIO,ltQ8pKHYTL, O.ltUaKO I qro B ,JteltCTBHT8JlbHOCTlf 

11er ueo<lXO,JtHMOCTII ,ltOKa3liBUTb cymecTBOBaJI ne. ITO,Jtoeluoro COKpameHUJI 

a uanelonee oeliqeM cnyqae, r.e. MR acex ao31.10:a:uux uaqaJibHHX 

COCTORHHR, IIOCKOJlbKY rrpaKTIN8CKH Mli HM88M ,lt8JIO C Oonee orpannqeH

llliM KJiaCCOM rrponeccoa, B KOTOPflX B uaqaJibHOM COCTOJIHHH 11ll81JTCJI 

TOJlbKO Clecnaer111,1e qacTHUl:l ( T.e. U.ltPOHli, Jl8IITO!lli, !10 He KBUpK11 

HJIH rJIDOHii). Ceqeunll TaKHX nponeccoa OIIHCHBalJTCJI )tlfarpa.MllaM11, 

BHemHHe Jll1Hl1H KOTOpl:lX coorBeTCTByJJr CleCIV38THliM qacTHUaM, Mono 

IIOKa38TL ( l!CIIOJ!b3Yll TOJ:.lt8CTB!l Yop.]ta B aKCHaJibHOff KaJI11ClpoBK✓49/), 
qro cyMMa raxnx .l{Harpaw He nueer nn~paxpacnHx ocoeleunocreff a 

Kall:.ltOM 110pll)IK8 reopn11 B03MYII18Hlrl. 3TO npHBO,ltlfT K TOJ.IY, T-ITO cyMMap

Hlilt BKJia,I{ MllrKHX O<lM8HOB IIO.itaaneu iPaKTOpOM 0( '1/Q"). 
<l?H3HQ8CKaJI rrpHQUHa IIO,JtO<lHoro COKpall!8HHII B8CbMa rrpocra: 

&rnrxua rnDon "qyacTayer" TOJibKO cyMMapHHff naeroaoff 3apa.it qacru

Ill:l H He B3UID,!O,Jt81tCTByer C 6ecnaeTHliMH COCTORHlIHMl!, ,ltUll8 eCJIII omr 

H COCTaBJI8Hli H3 IlB8THliX oO~eKTOB, 
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TaKnM o6paaoM, Konginrypaunu, nao6paJKeirnue,na puc. J-5B, 
Moimo ne inccMaTpHBa.Tb. T'enep1, nama aa.l{at1a - y6e,lll!TbCH B T@, 
'!TO BKna.l{li puc. 3-6a .l{el CTBUTen1,110 q>aKTopuayDTCH TaKl!M lite o6pa-
30M, KaK u ii HeKanH6pOBO'lllliX 1,10,l{ennx ( CM. (3.56) ). 

l{aK yxe 06Cyll:,llanOCb B pa3.l{eJie (3.5) 1 HemrnyeMID! OCnOJKHeHUeM 
npu llCCJie.l{OBaHUH Kanu6pOBO'lllliX Teopull (, B cpel!HMaHOBCKOII Kam16poB
Ke) llll1ISI etc'.fl neo6XO.l{l!MO CTI, cyMMHPOBaH ll.fl no 'll!CJIY r nDOHOB, y'laCT-
BYlllill!X B napTOHIIOM no,llnponecce (puc.J-7a)., . 

A 

B 

a) 

PHc.3-7 

bl 

\ 

--1 
/ 

3agi11KcupyeM '111CJIO rnDOHOB I OTHOC.fllllUXC.fl K t1acT1rUe A ,n 
npocywmpyeM cnaqana no rnDOHaM, OTHOC.fllllliMC.fl K qaCTUUe B 
( r nDOHHOe none a,n;pona B o6o3Ha'IHM i \" , B OT Jill'llle OT Ar -
nonn a,n;pona A). rnnonnue JIHmrn us B MoryT npncoe.l{HHnnca n116p 
K BHyTpeH!lllM. nHHl1.flM nO,llIIpoue CCU, nH60 K ero BIIelllHHM mnrnnM, 
BliXO.ll.flllll1M H3 A (puc. 3-76). BcTaBKll BO BHelllHDD cmrnopnyll nHHllll 

.l{UIJT 
\\' l () ~. \:\:) l (\ ~ 

= \\-l(\ • ~ ) di i '=,C ( ~ -i) 11"] rlr) 'l\,l~)+ ... ; (3.63) 

I.e. '\y npeBpalllaeTC.fl B ~ -noneBol! 011epatop cnuaopHOII 
qaCTIII.Ul BO memaeM rnDOHHOM IIOJie a,n;poHa A. IIpe,llCTaBJieHHe (3.63) 
.l{JIH ~ ecn pasno:s:emrn B PHA teopHn B03MYllleHH2 peme1mn ypaB-

nenHa nupaKa ~ 

l'-1"'1>r - W\ '\ ~ = D. (.'.3.64) 
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\', 

' 

3aMeTl1M 1 0.l{HaKO, 'lTO l!HTerpanu no ?: B (.'.3.63) pUCXO,!lHTCH Ilpll 
r..., oo , ecnn cpymcuun ,vti) l(i:-') ne yC!uBaeT B 3Tolt 06nact11 
61rntpee, qeM Ii Ir. . )Ina no;ra \I, l ~) nos1,MeM Ipancnsrunonno-,rn
BapimnTHYD ouenKy "¥ ~ C.Q'l'l':)i • Tor,1:ta .l{JI.fl "Bl~) n Teopnu 
nos11yme1111n neo6xo,1,u.10 naJITb ~Ce)"' Ii/ 1:: , nocKonhKY 

c(O\ "T ( 'Bt' (~) ] v l~')) lo)""' ~\"" lct-1:'): (.'.3.65) 

IlpH 3TOM '1f i .... II/?: ll m1Terpan B (3.63) paCXO)UtTCH. Ho ecnu MH 

notpe6yeM, 'IT06li BlinonnnJIOCI, HeKOTOpoe rpaHH'lllOe ycJIOBHe, 
nanpnMep, '±1(0)-:: ~lo, , xor,!la H l!HT3rpanu 110 l 
CXO,!lSITC.fl. IlpH TUKOM rpamt'IHOM YCJIOBHH '!' -onepatop MOl!CeT 
61:ln sanHcaH n rpopMe, aua;roru•rnon (3. 40) 

0 I\ 

'4:>t~)-=- i> e.,_~ \ ~~ \ "B"l~)dt~)[ ire\)+ OC'1, ~)] P·66) 
~ 

l,IOlltHO' KOHe'IHO, HUJIOlltllTb H ,!!pyroe rpaul!_'IHOe YCJIOBl!e. Hanp:m.rnp' 
q.iyHKUHH 

(!·" 1¥l~ 1 i.0J= fe,,.~(,i}~ 'Bt'(r)di~')~l~) (J.67) 

TUKl[e .flBJI.fleTCII pemenHeM ypaBHeHl!.fl (3.64). IIpu 3TOM TOqKa fo 
J.IOl[eT 6LITb B3.flTa CKOJII, yro,J:tHO ,!laJieKO OT TO'IKH O ( I.e. OT Mecta, 
r,!le H,lteT napTOHHlilll IlO,!lnpouecc) • ECJIH B3.flTI, q>OpMUJlbHO So: ()Q 

l1 npeue6pe111, l!JieHal.tH O { G) ' TO B03lll!KHeT KaJIH6pOBO'l!IO-Hll-
BapuauTHLill rronenoll onepatop 

'\' t~. oo ): ? e.,,. ~ ( 'i \: Ar lo l d l") "\j,lt; \ (3.6B) 

KOTOpul1 l!CilOJib30BaJIC.fl B CBoe BpeMa MaH.iteJibCTUJ.101115o1 npH 
UCCJie,1:tonanHH umppaKpacuux oco6eHHOCTel1 B KaJIH6pOBOIIHLIX Teo-
pnsix. l,lu Hcnon1,ayeM 6onee 06ey1> qiopuy If' ( ~, :Co) , 'lTo6u nc-
cne.itoBan I KaltllM o6pa30M npOHCXO,ltllT COKpaUleHne 3aBllCl!MOCTl! OT 
Clonuux paCCTOIIHUl1 ( T.e. OT ~o ). 

BctaBKll BO BHelllHDD rJIDOHHYll Jll!HHD Ilpl!BO~.flT K 3a.MeHe 
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l 

! 

I 

A~lz:)-, dl;{~
1

-=c.0')-:: F .exp l(~~lo'l,"c~)cl~}'\"t, 
. ~ 

L A~ ( ~ \ + 0 ( G (\!;>), A )j . 
(J. 70) 

ITOCJie KOMMJTaunn 3KCilOHeHrtnMhHWC MHO:im:TeJiell, BXOAH-

lllHX B (3.68), (3,70) c 't H o -MaTpnuru.m, nponCXOAHT coxpa-

llleHIIe rJIDOHHl,IX 3KCITOHeH UHaJihHUX qiaKTOpon, B pe3JJihTaTe ITOCJie 

CJ.MMHpOBUHl!SI ITO rJIDOH'mrn JIHHHHM, BUXOA/!lijHM H3 A, B ITpeACTaBJieHHH 

(3 .56) ITponcxo.itnT 3aMeHa oelU\IHUX ClirnoKMhllUX onepaT opoB Ila xa

m1ClpoB01mo-nmiapnanrHue (3.42), (3.49). CyllleCTBellHHM ITp11 noM 

HBJIHeTCH TO, qTo MH ITpoexrnpyeM Ha c1rnrneT1me ITO UBeTy oITepaTOPH 

iF \\- . Ilpn ITpOeKUl!H Ha OKTeTHHll OITepaT op -y:. 't" '\f OCTaJI-

CSI ClH qJaKTOP .•. ' 
=!-o 

Pe~\> t~ ~ At' (~)'dt"',. 
~ 

(3. 71)' 

yrta3HBaD!llUll Ha TO,. qTo B :!TOM CJiyqae 3aBHCUMOCTh OT OOJihfilllX 

paccTomrnll irnn, c TeXHnqecKOlt Toqrtn 3peHnH, ABaXAH-JiorapmpMn

qecxne DKJiaAH He ncqe3HYT ITOCJie cyMMHpOBa!IHSI ITO BCO!A B03MOXHUM 

AlmrpaMMaM, :IIHHMH . CJIOBalrn 1 3aBUCUMOCTb OT OOJihmnx paCCTOSIHUll 1 

BHpameMaH qiaKTOpOM (3. 71), ncqe3aeT' . ecJIU KaIIUJI' CO OTB eTCTBYD!llUlt 

1,1anolt HHBapuanTnon IT_epeMennon ( B AUHHOM cnyqae no t:. 0 ) , 
HBJISIBTCH HeitTpaJihlllilA. 3TO oOCTOSITOJlhCTBO 11rpaeT BalltHYD pOJih 

npu l!CCJIOAOBamm aCIIMIITOTl!Kll 3JIOKTp0Mi:lrHUTHliX !pOpMcflaKTOPOB a~

pOHOB B l\X,ll, /SI/ , ITOCKOJIUY COOTBeTCTBYDu1[l.SI BCITOJ.loraTOJihllUSI 

aMrurnryAa, om1cHnaDmasi, Hanpu1-1ep, B cnyqae mwnu; ITpouecc 

1~~ .a, ,~ 1 HC · mrneT T:o - 3UBUCl!MOCTII I OCJIII CIICTOMU '\, ~ CleCUBOT!la, 

IT03TOMY UHUJill3 UCUMfITOTUKll <fiop1.1qiaKTOpa fll!OHU BO MHOro1.1 UH/lJIOrll-

qeH uccneAOBamm ac11MITTOT111rn ITpouecca A i-i, -\\~ r,-X . .Uan;h-

Hellmen 3a~aqelt D :JTOM H!!,ITPaJlJIOIIUU SIBJISIOTCSI 11syqen11e ITPOUCCCOB 

yITpyroro pacceHHl!H aApOHOB na Clonune yrnH. 

J ,8. A!illlli!.iLlJOCT!£l!X_QpOne CCOB B fl.KCUUJlhl!Oll KUJIUClI!OJ!!Hl 

OCHOBHOl:t ·pC3JJlhTUT anaJIU3a ITpouecca Al➔ t'+ r-X 
B KX.U COCTOHT B TOM, qTo, KUK ll B rJiyeloxoneynpyroM paccesimm, 

yqeT CITeu:mpHKU rJIDOHHHX ITOJietl CBO~l!TCSI K HeoelXO).{l!MOCTll UCIIOJ!b-

30BUTh KUJil!ClpoBoqHO-l!HBapllaHTHHe OITOpaTopH (3.42), (3.49): 
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~•,,, 

' 

W l"t,Q2.) '""' 1),~c. t Q-i"' C"' lQi /~\ ~'). 
Y'I 

< 9tit \ i\, \ ~r" l d~1 -~~ Ari\ .. (~r~~ \~ ~" ... ') \ ~ l t>",. 
· <?!l\~ tl1i (1t1t_~~A~1., ... (a~"-\~At1") \~ \Pi). 

(3.72) 

Rs (3. 72)' cne.n,yeT, qTo B. "ITJianapnol!" axcHaJIMiolt xan11Clponxe, 

OITpe,n;eJISIOMOl! COOTHomeHHOM 

ol l AP/) t ~ Ci?~')= c , . (3~73) 

MOJ:HO l!Cll0Jlh30Ban OITep~TOp!,i C Q(ll,IQHHMU ITpOll3B0,1.l;Hl,IMll, 3TO 03Ua

qaeT, QTO B TaKolt KaJll!ClpoBKe HOT HeOClXO).{l!MOCTll CYMMllpOBan ITO 

Ql!CJIY rJIDOHOB, yqacTBYD!llllX B ITapTOIIHOM ITO,n;ITpouecce, T.e. rJiaB-

1rul! BKJIU~ AaDT TOJlhKO ITOArpacfiu I UM0D!llll0 Mlllll!MUJlhHO B03MOXH00 

ql!CJIO BHemHllX ITapTOHHliX JIIIHl!lt' paBHOe B AaHHOM CJiyqae qernpeu. 

lIMOHHO IT03TOMY aKCUaJihlll,IO KaJil!OpOBKll ( B qacTHOCTl! 1 Kam1Cl

pOBKH (3. 73) ClHJIJ1 UCITOJ!b 30BUHl,I B ClOJihfill!IICTB e pa el OT' IIOCBSl!llOH

lll,IX oO~eMy aHaJinsy ITpouecca poll:AOHHH JIOITTOHIIHX ITap, a Taxxe 

l1 APYrllX xecTKl1X ITpo~e CCOB' B ]{X,U. 

HeoOxo,n;HMO 3/lMOTllTb I qTo C TOqKll 3pOHUSI l!.n;el!nux OCH OB 

( CM/II/ ) ITO,n;xo.n;, pa3BIITHI B 3TUX paeloTax, HeCKOJIUO OTJlll

qaeTCSI OT Hamero. HaITOMHUM, qTO Ham aHaJil!3 OTHOCHTCSI HOITOCpe.n;

CTBOHHO K BHCOK03HepreT!NeCKOMY ITOBOAOHl!D ITpll Q1➔ oo 
I 

COOT

BOTCTBYDlllel:t aMIJJmTY.IJ;ll (nnn ce11ean11) T ( Q\ y1-) · , ITpttqeM 

BHpTyaJihHOCTH BHemHUX IJaCTllU 3aqJUKCUpOBUill,I. Kalt pesynuaT TB;KO

ro aHaJIU3a,Ml,I HaX0,1.l;llM, qro BKJia).{l,I, OTBOTCTBOHHlie 3a rJill.BHYD 

aCHMITTOTHKy ITO Q1. 1 BO Bcex ITOPHAKaX T00pl!H B03MYlllOHUl! 

HMeDT CJie.n;yDl!IYD CTpyKTYPY: 

\l<½l (Q\~i.):.. t (Q\~t)® fc~\pl), 

T,e. o;- 3aBHCUMOCTh MOJ:OT ClliTh OTqJaKTOpH30Bana OT 
CUMOCTU, 

a·(: 
' '?-

(J.74) 

l. p - 3aBll-



17''' 
iii! 

· 1 ii\ 
!!f: 

3aMeTm.1, 'ITO acer.na uoxHo 3anucaTb 

\ ( Q\ f) :. Q.N °T { ?1. /Q.L): if T ( i) (3.75) , 
r.lle N ecTb pa31,iepnocTb '1' B e,nHHI1Uax Maccu. OTcD.n;a 

CJie.nyeT, 'ITO npe,neJI Q.1➔ oo' COOTBCTCTByeT npe,neJiy i-, 0 
.ltJ!SI 4JYHKUJm 'T lT) . IIpe.neJI i -,o MOiteT TpaKTOBaToca Ta.Kite 

11 KUK nmppaKpaCHUil npe.neJI t➔ O , Q. qJUKCnpOBaHO. Ilpn Ta-

KOM no.nxo.ne 3a~qa cocTOUT B --roM, qTo<lu u3yquTo nponcxox,n;mrne 

H CTpyKTypy umppaKpaCHUX oc oeleHHOCTeil, C TeM, qTO<l!,1 BUSICHHTb' 

MoryT JIU o~u ClUTb OT<paKTOpH30BaHU B tl>YHKlllUI pacnpe,neJICHUSI nap

TOHOB. 
AHUJ!U3 npOH3BO,lll!TCS! CJl0,llylllllHM oapa30M 1251. CHatJaJia 

,llHarpaMMu, onncuBaDllll!e ceqeH11e nccJie.nyeMoro npo11ecca, npe.ncTaB

JISIDTCS! B BH.1!8 oaoaI11eH11on JI8CTHll!Ul, odpa30Ba!IHOII ABYX'lUCTHQIIO-

HCilpHBO,llJ,MHMH 6JioKfilln (HE) K l "-~, '(\"h\) ) I ( \<, ~) ( cp • 

pHC.3-2r). rnaBHOe HaelJID,llenne COCTOHT B TOM,, qTo HE KOHC'lHR B 

umppaKpacHOM rrpe.nene, T.e. npe.1tenu K. (\<\\<1
) \l(L:o H 1 (\<,~')\l(i:o 

CYlll0CTBYDT ( B l{X.U 3TO BepHO B UKCUUJibHOR KaJil'l<lpOBKe, HO He, B . 

qieRHMaHOB CKOU)' 1103TOMJ HHqJpaKpUCHl,10 paCXO,llHMOCTH npn ~ii. ➔ 0 
B03HUKUDT TOJibKO B pe3JJibTaTe UHTerpHpOBaHHSI !IO UMIIJJibCaM l<t 
JIUHHR, coe,D;HHS!lllJIHX 3Tn <lJIOKU. 

Ilocne Toro KaIC YCTUHOBJieno, 'ITO cymecTB0HllUC BKJia,llU HMCDT 

oaoaI11eHHO-JICCTilll'lHYD CTPYKTYPY, BUBO.It cpopuyn xeCTKoro paccea-

1rna (3.62) CTaHOBHTCSI .Jt0JIOM TCXHHKU, IlOCKOJibKY 3TII ipopuynu 

aupa:mm, no cy1~ecTny, JIHlllb TOT qiaKT, 'lTO no.nrpaqi, om1cuaav11111a 

B3UHMO,llel!cTBIIC Ha MaJil,IX P'.J.CCTOSIHHSIX, CBSl3UH C 'lUCTl!llli, OTHOCSl

l!lUMIICSI K KUlC,llOMY ,llUHHOMJ a,1tpOHY, JIIIU!b ,llBJMll JIIIHUSIMH. nnsi BUBO,lta 

(3 .62) MOXHO BBCCTU 1m 3TOl! CTU,llHH KOOp,ltlIHUTHOe rrpe,llCTaBJICHlJe' 

110.noauo TOMY, KaK aTo <lUJio c.nenaao B pa3.itene (3.4). npyruM 

cnoco60M SIBJISICTCSI IICIIOJ!b 30BaHJI8 cy.n;arCOBCKOI'O pa3JIOll:0HIISI 

k = o( l -It ~ ? + k.L., (3. 76) 

r.ne t - npOII3BOJlbll!,iil CBeTono.noelHUlt 4-Bekrop. HHqJpaKpacnue 

oco<leHHOCTII B03HHKaDT, Kor.na K · Haxo,iurTca Ha, i.iaccoaoil 

IlOB8pXHOCTH '(_ 1-:o l1 napaJIJieJieH ? : \,::-') 'f , H OTO no:mo-

JISICT cBecTn 4-11epnoe unTerpupoBa11ue no k K '1 -MepHOMY 

unTerpupoaamm no ~ • 3aKoH coxpanemrn aHeprm-1-uMnynoca .nueT 

28 

orpa1111qen11e Ha J ~ : 0 < 8 ~ ~ ~ 1. ' 8CJIH UMllYJibC \> 
cooTneTcTnyeT axd.nHnteMy U)tpouy. IIapmJeTp S m.1eeT rrnuewinr-

qecKyD npnpo.ny, 11anpnMep, t-=- Ii {t,J .nna rJiyeloKoHeynpyroro pa.ccel!-
m!SI, 

rnaBHOe npeHMYlll8CTBO aHamrna B UMilJJibCHOM npe,JtCTUBJl8HlIU 

COCT011T B TOM, 'lTO OH Il03BOJil!CT 0.JtUHOOClpa3HO TpaKTOBUTb Kalt 

BXO.ltlllllU8, TUK U BUXO,lll!l!IUC B.,llpoH1,1, T, e, Il03BOJISl8T BKJID'llfTI, 

B paCCMOTpe1rne 11po11eccu e➔~-,:, lX (puc.3-Ba), h'\h1.~h3X 
(puc.J.Sa), e.~" -=te'h'2.X (p11c.J.Bn) U ToA• J1CCTHHlla, 

OTHOCS!l!lUSICSI K BUXO.lllll!leMy a.npouy, IIMeeT HeCKOJibKO l!HYD KH!l8MELTUKY, 

',rr.11 
/Np 

al 

A 

FHc.3-8 

bl 
Cl 

'ITO .itaeT ~ ~ ~<A < ~ , r.n;e A- napa.MeTp, aHanorU'l-

· Huil S , nanpnuep, A-= Q.'1 / 2 L?~) ,n;Jisi npo11eccae+e---,'v( 
(puc. 3-8a). 

HecTHUllU, COOTBeTCTBYDl!laH BXO,lllll!l0MY a.itpony A, .naeT ~YHRllHD 
pacnpe,1tenenua napTOHOB n11yTpu <Upona T •IA ( ~

1 
t't) , Tor.na 

KUK Ml! BUXO,llSll1l8rO a,ItpOHU B B03HUKaeT q:yHKllUSI pacna.ita J)~,c ( ~l~L) 
ITain1,ieTp \'12. B oaoux cnyqa11x cny:mT .nna oapeaa1ma B ynupa-

lPIIOJieToaoa oanacnr •. B 'lUCTHOCTI1, oapeaarme MOXCT COOTB8TCTBOBUTb 

TOMy, 'ITO nonepeqn1,1n UMilYJibC napTO!IOB C\ 1 ' M8!1I,UJ0 'ICM ~ Z. 
0Ka3UBU0TCJI 154 , 551, 'ITO 3BOJIDllUH Y\ -ro MOMCHTEL 

lf>YHKl\I1U 

l)Q . c;\ 1 
~ 1 1) ~, g ( ! 't ') f H 

onucunaeTcsi ypaaneHHeM Tmra (J .30) 

,..__ 

. J)~/l (Vil t,t1.): (3.77) 
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:i 

"- - ~ lr~ -le ~(d~~\ 1)(-n,\'\f) ~i'rl. C.~")1)(nl~\f\ ('.3.78) 

-C l,laTPlll\el! aHOM.aJJbllllX pa3Mep!IOCTen ~ ... (~' 1 KOTO!xJ.ll B ll>l3llleM 

npud;mxemm coBna.n;ueT c MaTpm1en i"' c~, , ynpaBJIHDlllen 3DOJID-
nuen qiyHKUIIl-t pacnpe.n;enemrn t, 1~ ( -x

1 
\",. "\ .• B rnaBHOM no-

rapnipuuqecKoM npndmucemm ,IVIH /°11 1)- qiyHKUnll 3TO npnBo,n;uT 

K COOTHOlll0HIUl rp11doBa-JlunaTOBa 155 . 

{o. IA (-x,~1.): J) A/~ (hf-:x ,\',.). ('.3.79) 

Ho IlOCKOJ!bKY qiyllKl\lHI -f \ 1) OilHCl,IBUDT 3qxpeKTll B3amw,n;etlcT

Dllll Ha doJII,lllHX paCCTO/l!IHIIX, BllXO.U:ll'utUe 3a IxJ.MKll Teopnu B03MYII1e

I11Ilt, BOOdllle roBopn 1 !10T !IHKUKHX OCHOBarmn ,D;Jlll IlO,l\OdHoro COOTHOl!le

Hl!/1, 

1-leTO,D;ll a,mmrna ipyHKUH!I pacna.n;a napTOHOB Ha a,!\pOHN B KOOJl,l\l'l

llUT!IOM npe,D;CTilBJ!0Hlm IlOKa ne pa3BllTll. EoJiee Toro, U3BOCTHO, QTO 

::!TH ipyHKUl!ll HO MoryT dUTb CBl!3UHll C MaTpllQll!lMll 3J!OMOHTaMil JIO

KO.JlbllllX onepaTopoB 1531 • IiuJia npe.n;np1rn11Ta IlOllllTKa ododr!ll!Tb 3TO 

nOH/ITHe nyTeM BBe,n;emrn TUK Ha3HBUOM!lX "paape3a!IHUX Bepl!ll'IH 11 1551 
f.!H 1m,n;eeMc11, QTO .n;anh11eHrunn nporpecc B 3TOLI Hanpannemm ,n;acr 

B03MOlDIOCTb llCnO,~h30DaTh KOOp.n;1maTHOe npe,n;c1·a.BJI0111Ie ll ,n;.~/1 npo

neccoB C BllXO,lJ;/IIIIHLlll a.n;po11a1m, nocKOJ!hKY, KaK Mil BH,D;eJrn, BllBO,ll 

Heodxo,n;mmx CDOllCTB ipaKTOpH3cil\l'lll B 3TOM npe.n;craDJIOHl'll'l BeChWl. 

npOCT, 

3.9. fOX.llellHO J!CilTOIIHllX nap npl'! 60J!hl!IHX Q,l B !~:ill 
B KaqeCTBe npl!J!Ol!CO!llf/1 qiopMUJ!ll3!,!a, pa3BHTOrO B npe,n;u,zyninx 

pa3,llenax, paccuoTpnM polt,lleHne Macc1rn1rnx neUT01111ux nap c donhllll!M 

nonepeQl!llM l!MnyJibCOM ~ , Il !11'13Jllel.! nopll,D;Ke no KOHCTUHTe CB/1311 

~S nonyqaeM, Buq11cn1111 BKna.n;u .n;l'larpaw,r, 113odpaxe1111ux. ua p11c. '.3-9, 

c11./IO, II,57,58/ ~ ' ~ ~ .!: ~1) ~( ~, 
'?)~~ Ne. 4-n' C) -x )a 'f 

('.3.80) 

clt> \ -
dQ'lcA"t.1. >il>_.,t+fx 
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e ( fa."· - V T.1. - ~ T-+-cl) . , 't-2 2 z. 
le ... r 4c. l~ +-:x." \ 

ll..C.'l-"t'1i - 4 '1'1 T.1..1"'' 0.. 0. \ 'F '='-'(tJ. -
2 ) . 

fC>./A (-:x,\{L) f ;;-7-0 (-y, \'It) + '2T' [ ~,. ::'f -t- :t C.~'i·T)((i1~(1-i)1} 

. ( +~A (:x,\'11.) + 4,-;:,A (-:r.,~'2.)J +~/'?, C.'f, ~'2.) + k~-s} • 
· ~ 1 + 0 Ccls 'l 1t , 

rAe N'c.: '!) ecTb QllCJIO IlBOTOB I Cl'. : 4 /3 , TC~ 'i /2 
' Q. 

1.mcca napu, ~- napaMeTp peuopMllpOBKU, 3aBHCUMOCTh Bhlpa:te-

llfl/1 ('.3 0 80) OT napaMeTparn AeltCTBUTeJihHOCTl'l KO!AilCIICl'lpyeTC/1 

qneHaMH BllCl!Jero nopll.n;Ka no ~s . I!mrnytilllUM BUdopoM ,!VIII t"" 
dun du TaKolt, npn KoTopou nonpaBKH B cne,zyDil\OM nopa.n;Ke no 

o(s MIIHIUAaJihHU, EcJill MU He XOTIIM BUQUCJ!S!Tb nonpaBKU cne.n:yamie

ro nopll.n;Ka I TO OCTaeT.C/1 TO.Jib KO raAUTb, KaKoe r HUHJiyqruee, ,llJI/1 

r nydoKoneynpyroro pacceamrn B dhepKeHoncK011 npe.n;ene (Qt.➔ OQ 

S/o.1.:1..)- !pHKCllpona110),ecTecTBeH110 dpaTb r=~ 
1 

noc~OJ!h-

Ky npu noM 11cqe3aDT norup11ipMht ~.,.. k Q7./ l;\z. , OTBeTcTne11Hue 

3a 3BOJ!iJiillD qJYIIKl\l'ln pacnpeAene111111 rrapTOHOBI. Ilp11 3TOM MoryT 
I 

o.n:-

~ :t ~ ~ 
I - r 

• I I • 

~ C $: L 
f I I f 

I I I 

Pnc.'.3-9 

HUKO, OCTaThCll norapmpMU Tllna cl~ ~ (1-~), cl~ t.. 'X. , n LIOll:eT 

B03HUKIIYTh codnaan ll3daBl'!ThCll II OT HllX, B3HB t-i"= G,1 c.pcx) , 
CT OUT IlOAqepKHYTh I O,lll!UKO, QTO C Teopernqe CKOll TOQKH 3penl'!SI 

TaKa11 npone,zypa He.n;onycrlll.la: HeJih3SI dpaTh t" 3aB11CHll!llM OT 

napmAeTpOB THna -;:t., ';}, , onHC!lBaDll!l'IX napTOIIHUll no,n;nponecc. 3TO 

IICHO 113 Toro, QTO CTporUM pe3yJihTaTOJ.I B KBUIITOBOlt Teopmi'nona 

/IBJ!/IDTCH COOTHOrueHll/1 ,IVIR MOMeHTOB ( HanpHMep, ('.3.27)) B KOTopux 

BOOdll!e HeT nepeMeHHNX, OilllCUBaDll!llX napTOIIHUlt noAnponecc. 
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C11e.ztonaTeJU,HO, MOXHO B3SITL B (J0 80) t'-::. Q. UJll! r= ~ t 

UJIII t'-: ( JIJJCloe qmKcnponaHHOe Ql!CJIO~ YTBepx.ztaeTCSI t QTO t',:, G,1. 
ecTb aa11Clo11ee ecTecTB eaaun nuelop, nocKOJILKY npn ~ : G,L qJieau, 
co,nepim!lll!e V't'".1. ( m.1eHHO OHII oTBeTcTnemrn 3a J1orapmp1mqecKne 
nonpaBKl! K ceqemrn Q.(j/ dQ.t. nocne m1Ter;:mponamrn no cl G..1.1. ), 
MOryT CliiTL npe,ncTUBJieHli B nn.n;e /15 ,23/ 

~ ( ~ O.'X. C -t~, l ~.Qi)~ o:, ( 't"/1 l Q: )+ A-Hil (J 81) 
dQ_[ )"le- -x. 'A i ~ • -

?. 
UaTerpupysi (J.81) no d~ nn110TL .llO K1-rne11a.T11qecKoB rpaHnUhl, 

nponopunoHaJILHoll Q'l. , no11yqaeM ipopMy11y ,UpeJIM-JlHa c 3anucsimuwt 
OT 0.' <PYHKUl!Sl1H! pacnpe,IteJieHHSI napTOHOB. 

Ecmt neJIY.QlfHli G.1.. u G.. o.ztaoro nopsi.n;Ka, To no311oxmrn 11ora-
pmpunqecK1rn qiaKTOPli ',L G.} /Qt. MclJlii, n nupaxemrn (J.80) 
( C r= G.1. ) )lOJIEIO .nanaTL xopomee npnelmixeal!e. 

B HacTOSIIItee BpeMSI, O,ItHaKO, 3KCnepm1eaTaJILHYe ;itaHHlie l!MellTCSI 
_TOJILKO Ilpl! G,1.1. << at. • XpOMO,llUHaMllQeCKaSI Teopirn B03MYIItennn He -
npm1emu.ia n "MsirKoi!" oelJJacn1 G..i."' t1 ( CM. oelcyx.11emre nocJJe nYpa
l!teHJrn (3.58)), HO oaa .ztomrna paeloTaTL n nonyxecTKoa 06nacT11 
\,\ 1. (( Q; << Q.t. • 0Ka3HBaeTCSI, B 3TOll OelJlaCTl! IlOSIBJISlllTCSI 60JIL-
illlle .ztnali,nu-11orapmp11uqecKne BKJia.ztu ( ots ~t Q.f I Q.1. ) , K0To-
p1rn aeo6xo.Itl!MO npocyMMn~onan no ncex nopsi.nKax no els • TaKoe 
Cyiw:BpoBaHl!0 B ,ItBalt,llli 11orapnqilmQ8CKOU nJ)HelJlllX0Hlll! ClliJIO OCYJll0CTB
JJeHO B paeloTe II51: 

d6"" \ 
d.Q." ct~~ Prt-..,\'t-r-x 

4 ,roll. -'3 'l"('c. 

't" - . 
Q4 

(J.82) 

.;~ L ~ e°'1. "tc.1A (-:1~, ~) +~,'o (-:.c1 ,~) T2(GJ, Qt~' 

r,ne T ( Q{, G. t.) - arppeKTl!BHHlt «pOJ!Mq>aKTOp KBapKa. B 06JiacT1t 
Q'l. ") ~ Ql. 'nl 1,' ( YI'\\> - uacca npoToHa) T ,ItaeTCSI CJie,nyll!llUM 
_ BYpaxenueL : 

'2. 

\ l G.1:-i Qt I : ~ ol~ ex~ (- r,/2 it.) , 
1 
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(J.BJ) 

-i: 4 
~ 

cl!. ( Gu) 
2-n 

l1- Q.l.'t 

G.,2. • 

;J11oin!TeJIL T' no.ztanJisier poi..zteHlrn nap co cpanmtTeJILHO 
!.laJll,M nonepeQHliM l!MnyJiLCOM, 11, KaK CJie,ItCTBl!e, nJ)HBO,Itl!T K ClaJJee 
nJIOCKOR Kr.Bolt, onHCliBaDIIt88 pacnpe,It6J18HHe nap no nonepeqnoMy HM-
nyJILCY / 5 ,50/ • _ _ 

' ' 
AHaJIOrlll!HliM oelpa30M KBUHTOBaSI Xp_OMO,ltllHUMI!ItE!. MOll:eT npm.teUSITL-

CSI 11 K npone CCa!J pol[Jlel!l!H a,npoHOB C 60JILIIll!M nonepeq11w IIMilYJIL-. 
coM A-i ~ C..X • B I<X.ll cnpane.nmr11a ¢opMyJia xecrKoro paccesi- -
rum (2 .3)' B KOTop611 ¢Y~Krtlrn pacnpe.zteJJe!IUSI na'proHOB H ipyHKUll11 
·iacrra.zta napTOIIOB B a.n:poHH 3a.Bl!CSIT OT peHOpMl!pono1rnoro napaMer-
pa t" ,_ , a ceqe11ue rrapro11noro no,nnpone cca uoi1cer <lHTl> 

nuqncJieno B BU.Ile psi,D;a reop1rn B03Myi;ienntl no KOHCtaHTe cnsis1t J.1:, l\""">. 

J .IO. 3Kcnep1tMe11raJ1LHYll cTaTYC l{X.ll 

06cyiuanmasicsi B tipe.ztLJ.ltYI!lHX paa,neJiax_Mo,nnqinnnponaaaasi 
KBaHTOBO-XPOMO,llHHaMHqecKaSI napTOHHaSI MO,IteJIL l!MeeT PSI.It cneu1tqil!
qecKl!X qep:r' OTJIHQallIItHX ee OT -CTaH.ztapTHOll napTOH!IOR KapTUllli. 

a) l{aK q>yHKUltll pacnpe.n:eJieIU!SI rrapTOHOB' TUK ll lflYHKUHI! pacrra,n:a 
KnapKOB H rJIDOHOB B a,ItpOHli, 3UBHCSIT B Kx,n OT .n:onORHl!TeJILHOro 
rrapaMeTpa, xapaKTepH3YDIItero paccTosin1te,nnJioTL .n:o KoToporo so11,nu
pyeTcsi ctpynypa · a.ztpoaa: f (~)-1 -f c:x, Q2) > J)C~) ➔ ;D lr-, Q') . · 
Ilpl! 3TOM KX.U n03BOJISleT BliQHCJll!TL SBOJIDUHll 3Tl!X 4YHKUltlt npu 

' ' - ' Q > Glo , eCJIH O!IH H3BeCTHY npl! HeKOTOpOM Go • B qacrHOCTI!, 
RX~ npe,ncKa3YBaeT, QTO c ynen11qeH11eM Q' crpyKTyp11asi ¢YHKUl!SI 

F, l x,Q2
) .llOJlli:Ha pacTH B ,o6JJacru Manux· ::c I! y61,1naTL npl! 

'X ~ j 
6) 3qxpeKTHBHUSI "KOHCTaHTa" CBSl3H o(s ( Q) JJOrapll!flMl!QeCKH 

Y0YBaeT c pOCTOM Q 

d~ CQ.') = 4 "TT" 

(11- ~ t,('-r)e..,_~2/J\Z. 
(J.84) 

Hanoi.mHM, qTo N", - qlfCJIO 
HO 5 TlfilOB: U,d,S,c, €,. 

TllllOB KBapKOB. Celiqac 113BeCT-
0,nHaKo BK~a.n:ou TSIX0JlliX 

npl! l!MellIItl!XCH HliHe saeprllSIX.MO:EHo, KaK npaBHJJO, ,KBapKoB c 
1 

{, 

2. z. 2 npeHeOpeQL.: TOJILKO nplf Q . . ")") -m, --..., J (raB/c) 

( Q
2 

'>"> 'I'\'\ i - 20 (raB/c)2), aeoelxo.zt;i:110 ClpaTL ~ = 4 ( ¾ =5) 
B BlipazeHUH (3.9I). 
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11 

. 1 ·r 

B) .s l\J{Jl HeT 06pesam111 no nonepe'IHOMY mmym,cy; cpe.1tHnit 
oonepe'IHl:lf.l HMIIYJibC napTOHOB yBeJIH'IHBaeTCH C pOCTOM Q' 

2 . 2 
< k T '> Q. c. 1) - ols C Q. '\ Q . (3.85) 

B03HHKa.8T 8CT8CTB8HHHR Bonpoc: B Ka.KOi cteneHH 3TH 3!pp8KTl:l 
npMBJIHDTCH axcnepweHtaJILHo • 

A) rnydoKoHeynpyroe paccemHe 

Ml:l yxe ynowrnaJIH ( B rJiaBe I) o TOM, 'ITO pacmHpeHne odJiacTH 
3KCnepHM8HT8JibHO ,l{OCTYllHl:lX 3Ha'leHnit Q~ H yBeJIH'l8HH8 TO'QHOCTH 
3KCnepHM8HTaJibHl:lX. ,llaHHl:lX n03BOJIHJIH odHapy~HTb aapymemie 6bep1te
HOBCKoro c1teRJinHra B npo1.1ecce rJIYdoxoHeynpyroro paccesHHH ID48HHO 
TaKoro xapaKTepa, KOTOpl:lR npe,ltcKa31:lBaJICH KX.U (rnc.I-15): B odJiaC-
TH x<o,2 cTpyxTypHas qiyHKllHH F2 l'X,Q 2) pacTeT c poc-
TOM Q ~ '. a B oelJiacTII :x.,. 0, '2. na,ItaeT. CYIJl8CTByeT MH0"6.8CTBO 
qieHOM8HOJIOrlI'l8CKHX "o6'&HCHeHnit" noro 3<pp8KTa. HanpnMep, pocT 
npn 'X. < 0,2 06'&HCHHDT TeM, 'QTO OTKpl:lBaDTCH HOBl:le KaHaJil:l 
po:iueHHH 'laCTHll C mapMOM, TOr)ta JtaK YM8Hbm8H:He f2 (X I QZ) B 
o6JiaCTH -:i.~ 0,2 npnnHCl:lBaDT HeacnMnTOTH'l8CKHM CTeneHHl:lM 
nonpaBitaM. ~eHOM8HOJIOrH'l8CKH Taxne nonpaBKH MoryT 61:lTb Y'IT8Hl:l 
c noMOutLD "yJiyq111eHaon" nepeMeHHolt -::t. 1 -= -:x. /( -1 + A /(Pq,, )) , 
coBn8.)(aDutef.l c 06111rnof.l nepeMeHHon -x. B npe,lleJie Pi~ 00. 

IIpeBOCXO,l{CTBO KXJ!' COCTOHT B TOM, 'ITO OHa ,ItaeT 8,ItHHOe 
KOJIH'Q8CTB8!1HOe Oill!CaHI!e Bcex 3THX HBJI8!1MR. Ha pnc.3-IO npe,ItCTf!-BJl8H 

Heynpyroe c, p. pacceHHHe 
x: 0,(.t 

·---·--r-· ···-,-, -·1 

, • 18° Mil ~ 
\~ : ~;arclKH:L:C~noyoH 

b.06 \ • 26° a :iaBHCHMOCTH. 
9 34° 

11
w

2 
t I '. . 50-60" OT yrna pacceHHHH 

MJ I 1.-l 
~r~ 

0.041- 1 ·-r l~fr~·,,, 
fl 1------OCD . ',· 

0.03!- - A= 0.5 r3 B 
--- A=0.65 · 

o.ol 
5 10 20 

L-J_j 
30 40 50 

PMc.J-IO 

0 2 (r3B/c)2 
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npaMon qinr 1611 crpyxrypaon qiyaiuuu vW2 qiop11yJI&1H KX.U 

npn f\-::. 0,5 raB/c. 0.1taaxo Taxon qiHT cBasaa c aeKoTopon 
aeonpe,n;eJieHHOCTbD, IlOCKOJlbKY npn Bl:l'IHCJI8HHH .1tnarp&lll Tnna noxa
saHHOii Ha puc.3-II, Heo6XO,li:HMO 3HaTb pacnpe,n;eJieHne rJIDOHOB B a.n;poae. 

\ . 

\ 
\ 

\ 

Pn'c.3-II 

OT 3TOlt Heonpe,lteJieHHOCTlI MODIO n:,6aBHTbCH, eCJIH B3HTb 
HecnHrJieTHYD ( no THTIY KBapKoB) KOM6:HHaUHD CTJJYKTYPHl:lX IPYHKUHR, 
aanpnMep, pasaocn F/1S = F2 j) - fz. 1-s crpyxTypaux 4>yax1.1nn · 
npoTOHa H aeRTpOHa. B 3TOM CJIY'lae 3aBHCHMOCTb MOM8HTOB OT Q' 
.1taeTcH Bl:lpaxeaneM (3.34). 

" . . -d~) 
M2NS (-n,Q') ~ ~ :x.h-Z. F/s c~IQ"Z.) d-x= Ai-.(LQ½'i1),(3.86) 

0 

r.1te cl("')- aecnarJieTHaH aHOMaJibHaH pa3M8pHOCTb. B HH31118M no
PH.ItKe reopnn B03MYIJl8HnR 

Y\ 

ell\'\):: ·4 
3 

" r ~ ~ ...L + 4 z "r~ 1.. · 
~-1- ~ ('{''T \ · \\(II-+'\) j:Z. J. (3.87) 

CpaBHeane, npoBe,IteHHOe ,l{JIH Tpex MOM8HTOB 1621 , npO,lt8MOHCT
pnpoBaJio xopomee corJiacne c axcnepnMeHTOM opn 

A: 0,66±0108 rsB/c. 

HcnoJib3YH Bl:lpall:eHne (3.86) JtJIH pa3JIH'IHl:lX 3Haqeann 1-1 ' MODIO 
HCKnoqnTL .A n TIOJIY'IHTL qiopMyJiy 

P,,, Mtvs(Yt Qz.'\:: df-n) loc. Mws(~\G.'2)-+ c.ohSt(h,n')(3.88) 
d I d(-r-.') (I 

B Koropon HeT cBo6o~Hl:lX napaMerpoB. Bupall:eane (3.88) oaaaqaer, 
'ITO 3aBHCHMOCTb M8X)ty JIOrapnipMaMH .liBYX (pa3JIH'IHl:lX) MOM8HTOB npn 
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03,~ij~r~ 

HaxnaaHOBCKHe 
O.lf' MOMeHTbl F 2 

~ 

-.... ... 
j 

-L~b-t00 

BOAOPOA 
.Qe"1TePHH 

""i>~i,\n.'x. a.o•L~ .,....______..~ ~,_j Pnc .3-12 
Q2/f3 B/2 . 2 100' ,o 100 

pa3HHX GL npeACTaBnaeT coCloR He 3aBHcaeyD oTA npaMyD JIHHHD, 
HaKJIOH KOTOpOR c:A (h\/ d (n') Bl,lt!JfCJiaeTca B KX.ll H3 (J.87). 
CpaBHeHHe 3Toro OAHOro H3 HaHClonee BneqaTJIHDJIIHX npeACKa3aHHR KX.ll 
C 3KCnepHMeHTOM IlOKa3aHO Ha pnc.3-13. 

OClpaTHM BHHMaHHe qnTaTena Ha To, qTo OTHomeHne dC'l'\'i/d(\'\') 
B HH3meM nopaAKe TeOpHH B03MYJlleHHR He 3aBHCHT OT KaJIHClpOBOqHol 
rpynnu. Te xe caMue HaKJIOHY npeACKa3l,IBaDTCa JIDCloff TeopneR, 
OilHCHBaD111eR rJIDOHY co cnHHOM 1. Ho ecJIH B3HTb CKaJiapHHe rJIDOHY, 
TOUa HaKJIOHl,I AJIH !"\('?>)/Mrs), Y\(4)/MU,), ~(3)(MC6) 

AOJl:EHl,I ClHTb I.12, I.06, H l ,21, COOTBeTCTBeHHO. 3TH 3HaqeHHa 

He cornacyDTCa C 3KCnepHMeHTOM, 

ll3 BYpall:eHHH (J.86) CJieAyeT ·raitze, qTO BeJIHqHHa 

(MNS(Yl,Q,.)J-'1/dll-\) HBJiaeTca JIHHeRHoR qJyHKllHeR OT ~G.t, 
. l i , 

0Clpa111aD111eRca B HYJib rrpH Q =- /1. , He3aBHCHMO OT HOMepa MOMeHTa. 

Ha pHC .3-14 IlOKa3aHY HeAaBHHe pe3y JibTa'XH C~5 ~ -KOJIJiaClopallHH 

1541 , H3 KOTOpHX cJieAJeT, qTO fl-:. 0,33:. O.IO raB/c. 

B uenou KX.ll ,llll.eT xopomee xonnqecTBeHHoe onncaHHe HapymeHHa I 
l 

cxeRJIHHra 

HexoTopoe 

B rnyCloKoHeynpyroM nenToH-aAPOHHOM pacceaHHH. 0.n;HaKo ecTI> I.' 

pa3Hornacne :uez.n;y 3Haqemuum A, noJiyqeHHWlH H3 rrpll-:-: 

Moro ~HTa H H3 ~HTa AJIH MOMeHTOB. llCTOqHHKOM TaKOro pa3Hornacna, 

no-BHAHMOMY, HBJIHDTCH HeyqTeHHHe nonpaBKH, KOTopue MOryT ClHTb ABYX 
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HaKJ10Hbl: o,[~•-•-~•-•~,,-• ,•-•~TO 0• -~--•••, 

KX.Q 1,29 
/ 3Kcn. 1,29+0,06 

:f· -
.. ,f KX.Q 1,456 )f ·3Kcn. 1,5+0,08 

001 M6lt.\ ~t / -
~ I / f_;f KX.Q 1,86 '" /·f .,/ 3Kcn. 1,84;!:0,2 
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ro 

i OO!l M,IM, t . 

0001 __;__,_,__,__j__~-/!...~ '•-~~-l.--.J_ 
0.01 0.1 0.1 1,0 

0~~-' ~ I 111L~--l I llltl--L._ 1.-1.1 !J.uL.J... .... 1-. 

0, I ,0 JOO 

norapH$M MOMeHTa ► -i o' /faB/c/2 

Pnc.3-13 Pnc.J-14 

COpTOB! HeaCHMilTOTI!qecKHe BKJiaAH 0( ,f /QI..) / 6S/ H nonpaBKH 

CJ18.n;yDJ11ero nopimKa no J.s. 1661 • lleno B TOM, qTo OCHOBHOe 

yCl1:rnaHHe B MeTOAe MOMeHTOB, B OTJ!Uqne OT npauoro cpaBneHHR, HAeT 
H3 OClJiaCTH 'X Z l, rAe yKa3aHHHe norrpaBKH ropa3AO CloJibllle, qeM 
B OClJiaCT.H cpe.l{Hl!X 3ooqeH.1nt nepeMeHHOR :X: • HeyqTeHHHe rronpaBKH, 
TaKHM oClpa3oM, Cita3UBaJOTCa Ha U3MeneHHH (yBeJIHqeHHH) napaMeTpa A. • 
B qacTHOCTH, yqeT nonpaBoK d./ B paCloTe _l.661 npHBeJI K yi.1eHbme-
HHD BeJIHqHHY A Ha 40%. · 

E) Poz.n;eHHe nenTOHHl,IX nap 

OClpaTm.1ca· renepb K rrpoue·ccy pox.n;eHHa MaCCHBllllX nenTOHHHX 
nap. HapymeHHe CKeRJIHHra npH AOCTHXHMl,IX HYiie 3HaqeHHHX ,S 
~OJIJl:110 npHBOAl!Tb K .n;onOJIHUTeJibHOMY no cpaBHeHHD C napTOHHOI M0-
){8Jlbl) yCluBaH.lrn ceqemrn aToro npouecca ( CM. pnc.1-IO). !IpoBeAeH
Hoe CpaBHeHue 167 ,681 rroKa3YBaeT Hennoxoe corJiacue c· KX.U npn 
A~ 0,4 r3B/c ( cnnomHaa JIHHHa Ha pnc.1-10). OAHaKo cucTeMaTu

qec&ue OmUClKH B 3THX 3KCnepHMeHTaX noKa BeJIUKH (~ 20%), qTO 
He l103BOJiaeT C AOCTaToqHoR ToqHOCTbD npoaepHTb npeACKa3YBaeMoe 
RX,U HapymeHne cxeffnuHra. 
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,Upyron KHHeM.aTJNecKon oOiiaCTbD, r.ite KXJL TaKXe npHBO,lll!T K 

napTOHHOlt Kapt1me, HBJut8TCH pol[)teHHe ~- . nap C 00JII,l!IID4H ?,-. 
HanOMHHM, '1T O B JJeXaHH3M8 ,UpeJIJta-.HHa ( C\ ~➔ ~"I -'I ~+r- ) nap1:,1 

~ + ~- mieDT orpaHm emmn nonepeqHun m,myJn,c. tJTo01:,1 noJiyqHTL 

napy c OoJILlllHM PT , Heoc!xo.itmio "nopo,llHTL" BTopyn qacTmzy, 

KOTOpaH ypaBHOB8l!IHBaJia (!1:,1 c!OJII,l!IOll nonepeqmn! HMilYJILC BHPTYaJILHOrO 

cpOTOHa. Il03T011Y 3,ll8CL B Ka'18CTB8 napTOHHl,IX IlO,ltllponeccoB HH3mero 

nop!!.JJ;Ka Bl,ICTYilaJOT q, ti ➔ -a-* J ( aHHlfrl'IJI!lnHa) l'I 'l, ~ .... o'~ 'i,, 

PHc.3-15 

(KOMilTOHOBCKHll nponecc), H300paxeHH!,18 Ha pHc.J-15. CpaBH8Hlf8 
1681 

COOTBeTCTBYDmnx Bl,1'1HCJl8Hlfll C 3KCnepHM8HTaJII,Hl,IMH ,llaHHl,IMH O pacnpe-

,ll8JI8HHH nap no P-r IlOKa3aHO Ha pHC. J-I6a. 
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PHC.J-16 

0.itHaKO B oc!JiaCTH Q.L <.< Gt HeOflXO,llHMO yqecTL ,llBB.l[JtH-JIOrapHqi.l01-

qecKH8 nonpaBKlf cl~ ~'l. Q}f<::-1. ( CM. oc!Cyx,lleHHe B KOHUe npe

.llll.llYIIl8ro paa.itena). <I?opuyna .IL.UT (J.82) Haxo,llHTCH B nyqmeM corna

CHH c 3KCnepHM8HTaJILHl,IMH ,llaHHl,IMH 159 ,601. C ,llpyron CTOpOHH, B 

oOJiaCTH He CJIHlllKOM c!OJII,l!IHX QJ.i Pr,H8JII,3!1 npeHec!peraTL H CTeneH

Hl,IMH nonpaBKaMH O(H,./a.t) 1 KOTOpue MOXHO yqeCTI, !p8HOM8HO-
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norHtlecKH, KaK 34XPeKT Hettynenoro cpe,llHero nonepeqHoro HMnyn1,ca 

napTOHOB, T .e. qiepMH-,llBHXeHlrn KBapKOB BHYTPH a,llpOHa 1691 • 3TO 

TaKXe npHBO.llHT K H3MeHeHHD qiopw npe,llCKaa1,1naeuoro PT -pacnpe

,lleJieHHH ( pHc.J-160). 

B) A.llpOHl,I C c!OJILlllHMH PT 
3TH nponecc1:,1 BnJIOTI, ,llO caMoro nocJie,llHero Bp8M8HH npe,llCTaB

Jl!IJIH HaHc!OJII,myD TPY.llHOCTL ,llJIH HaHBHOlt napTOHHOll MO,ll8JIH BBH,lly 

ropa3,ll0 c!OJiee BHCOKOlt ( w~ 8) no CpaBH8HHD C pa3MepHl,IMH COOc!pa

lt8HHHMH ( Vz 4) CTeneHLD yc!1,1naHH.R ceqeHH.R c pocToM p,
(cM.pa3.ll.IT.J). 

B KX,U 3Ta ,llOilOJIHHT~JII,Haa CTeneHL H,ll8T H3 H8CKOJII,KHX pa3HHX 

HCT0'1HHKOB, pac!oTaDl!llfX npH ,llOCTHXHMHX HIDle 3HeprHHX B 0.llHY 

CTOPOHy. 3To: 

a) Yc!1,1naHHe qiyHKnHn pacnpe,llenettHH KBapKoB c pocTOM PT 
l{aK BH,llHO H3 PlfC. I-15 , B oc!JiaCTlf :XT~ 0,5 3Ta nonpaBKa OT 

.llBYX cpyHKUHll pacnpe,lleJieHHH YB8JIH'1llBaeT a4XPeKTHBHYD CTeneHL yc!1,1na

JlHH Ha 

ti N' ::\-"f'f -::::: O,~ · 2 -::: O, & . (J.89) 

cl) Yc!1,1naHHe qiyHKnHH qiparMeHTaUHH KBapKa B a,llpOH. l{X,U npe.it

CKa3UBaeT, qTo HapymeHHe CKellJIHHra 3,lleCL KOHTpOJIHpyeTC.R TeMH xe 

Cfil!l,IMH aHOMclJII,HHMlf pa3MepHOCTHMll d ( N ') ( CM. (J. 78)), If no3TOMY 

,llOJIXHO HM8TI, TOT xe nopH,llOK, qto H B ¢YHKnH.RX pacnpe,lleJieHHH. 

0,llHaKO B 3KCnepHM8HtaX C 0,llH0'1aCTlf'1HLIM TpnrrepoM B8JIH'1HHa ,llOJIH 

lU.!llYJILCa 1 ' YHOCHMoro a,llpOHOM ,oKa3UBll8TC.R ,llOBOJILHO c!OJILmon 

( t -z 0,85), - tJTO ,llaer, KaK BH,llHO H3 PHC. 1-15, 

t:. N" :,,,.,. -:::. 1 . (J.90) 

n) Yc!HBaHHe aa ctJeT 11a,lleHHH c PT KOHCTaHTH naaHMO.llencr-

BHa c,(l', ( ~ ,-) • ITOCKOJILKY B HH3lll8M nopH,llKe no c(s ceqeHHJt 

KaK KBapK-KBapKOBoro,TaK H KBaPK-rJIDOHHOro If rJIDOH-rJIDOHHOro pac

C8.RHHH nponopnHoHaJILHl,I ol S ( f' T) , TO a4XPeKTHBHYD ,11oc!aBKy K 

CTeneHu MOXHO oneHHTI, KaK 

td'f ::i'?'\l ~ ~ 
'lTo B oc!nacTH 

~ ( ~!) ( p\ ") / ols c ?~ ') 1 . ' 

.tv..( '?; I ?T-z. ) 

PT:::: 2 .:. IO raB/c ~aer 

6. t{ ~'f 'r ~ 0, C5 • 
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TaxnM o6pa30M, BCe BMeCTe :)III nonpaBKll nplfBO,ll/lT K 3cfxpeKTIIB
HOlt CT eneHll 

t{ =½~"fl' -:: 6, 3 , (J.93) 

KOTOpa11 H 61rna Ha6JID,lleHa B 06Jiacni t'T ') 8 I'3B/c ( pa3,ll.II.J). 
CpaBHeHne 6oJiee Toqaux 'lliCJieHHHX pacqeTOB 1691 no KX.U c A: 0,5 
(nyHKTllpHas! Kp11Ba11) npe,llCTaBJI8HO Ha pnc.J-17. 

tO'r,-r--r-r--1 -m-r] 
pp-•• •X f} 4M = 9rf'. 

X = 0,2 
w.194 T 

io'L- I ---A,o4 DP cr11amv10aHt-1R 
1i -A·o~-1 noc.ne cr11am1-1saHt,ui 

---A•o.6 noc.ne cr11amJ.teaH1-1R .......... r;t1:41 

N 10 1 

"' ~ 
'1 

1o•? I-----L-L_1,..__L_.j_J__~ 
0 IC) 20 PHc.J-17 

•T r3B/c 

EoJiee BUCOKa/1 CTeneHb B 06JiaCTll ?-r < 6 rsB/c, Kpoue 

Bcex BumenepeqncJieHHux $aKTopoB Tpe6yeT e1I1e n $eHoMeHOJiornqecKoro 
yqeTa BHYTP8HHero (nonepeqHoro) ,llBHll'.8Hll/l KBapKOB B a,llpOHe 
( cnJiomHaSI KpHBa/1 Ha p.i:c .3-!7). CTOJib CllJibHoe BJillSIHHe 3Toro cpaKTo- -
pa B paccuaTpnaaeMWC nponeccax CB/13aHo c TeM, qTo Tpnrrep 6oJiee 
oxoTHO oT6npaeT co6UTHS1, B KOTopux nonepeqnue nunyJibCU o6oux 
CTaJIKllBaDlllllXC/1 napTOHOB HaIIpaBJieHU Bero CTOPOHY ( CM.pa3,ll.II.9). 
I{ coxaJieHHD,nocJie,lloBaTeJibHult yqeT nonepeqnoro ~1Bnxe11n11 B KX.U noxa 
He npoBe,llen. 

,UpyrHM IIHTepeCHHM IIO,llTB8pll'.,lleRIIeM KX.U B paccMaTpllBaeM!lx 
nponeccax /IBJI/18TC/I 3HaqnTeJII,HHlt 3cfxpeKT rJIDOHHHX CTpylt. IlOCKOJibKY 
rJIDOHU, B OTJIHqne OT KBapKOB, 3apil,llOBO-HeltTpaJibHH, TO HaHOOJiee 
S!pKO 3TOT _3cfxpeKT IIpOilBJISleTC/1 B 3ap/l,llOBOlt CTPYKType aHTIITpnrrepHolt 
'KOMIIOH8HTH. 
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.UeltCTBllT8JII,HO, npn KBapK-KBapKOBOM coy,llapeHIIII rpyOasi oneHKa 
noKa3!rnaeT, qTO OTHOme11ne 'IllCJia OOJIOl!CIITeJibHUX qacTnn K OTpnnaTeJII,
HllM B aHTHTpnrrepnciil KO!.ntOH8HTe ,llOJilKHO Oun IIOpiI,llKa 2 , TaK KB.K 
B IIpOTOHe, -napTOH KOTOporo IIOCJie pacce/lHHII ,lla0T aHTI1TpnrrepliyD 
KOMIIOHeHTy, LA -KBapKOB npnMepHO B ,llBa paaa OOJII,me,'IeM ol 
KBapKOB. ECJIII xe aHTIITpnrrepHyD KOMOOHeHTY ,llaeT pacceSIHHUlt rJIDOH,· 
TO 3TO OTHOmeHne ,llOJlll:HO 6UTI, paBHO I. EoJiee Toqnult pacqeT 17o1 
noKa3UBaeT, qTO TaKne co6UTIISI COCTaBJIHDT 62% OT 061I1ero qncJia, 
TaK qTo OTHomenne N+ / N_ oKa3UBaeTca 0JIH3KO K I ( pnc.J-!8). 
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Pnc.J-18 

r) PocT cpe,llHero nonepetrnoro u11nyJI1,ca 

Hau6oJiee Y.ll06HuM MR neyqeHna aToro 3cfxpeKTa /IBJiaeTca nponecc· 
polr,lleana JieIITOHHHX nap hi\ hi""' p+f{-x ' IIOCKOJihKY' cornacHo nap
TOHHOI! Mo,lleJin, nonepe1.mult HMIIYJihC napu CKJia,llUBaeTca n3 nonepeq
HHx HMIIYJihCOB aHHllrHJIHPYDIIIHX KBapKOB. 3aMeTIIM,·'ITO KX,U npe,llcKa-

, a11aaet pocT BeJlllqnnu < f·f').11 + 11- ·npn $nxcnpoBaHHOM 3aaqeirnu 
0THOW8HIIH "'t": Q'/S • 3KCII8p1IMeHTH xe, KaK IIpaBllJIOj IIpOBO)l/lT
C/1 npn $nKcnpoBaHHOlt•3HeprnH. B aTolt KI1HeMaTnqecK08 CHTyankn Kx.h 
npe.llcxaa1rnaeT OoJI0e 1Jiolll!yD 3aBHCUMOcTi,: <'.'p~'> ciJaqaJia fBeJin.:. · · 
qllBaeTca C pOCTOM Q , a 3aTeM BliXO~HT Ha KOHCTaHTY, qTo, B 
061I1eu, KaqecTB eHHO COOTBeTCTByeT TOMY, qTo 11a6JID,llaeTC/I B '3xcne-
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pHMeHTe. O.iwaKo 3Kcnep11MeHTall!,Hlle TO'qKU Jiexa.T ropa3,Jt0 Bllllle 

TeopeTmecKoro npe.1tcKa3aHnH, 3To pa3HorJiacne Moimo ycTpaHnTb, 

ecJIH .1to6aa11T1, BKJia,ll <~i)?r•"M = 2 <1<:{'>rrtw., 
o6ycJIOBJieHH!lll 11 3aTpaBO'qHJlM 11 nonepeqHllM HMnyJibCOM napTOHOB 

(CM, pl1C,l-I8, cnJIOlllHUH Jll1Hl1H): 

< ?.; ') :: ( ~~ ') ?Y\M + ( ~~) Q.C. i:), (J.94) 

3Ta qiop,tyJia HeHBHO npe.1tnoJiaraeT, q To BeJ111q11Ha 3aTpaaoqHoro 

nonepeqHoro m.myn1,ca He 3aBnCHT OT -:X: , T,e. OT aen11q1rnll npo-

.ltOJibHoro HMnyn1,ca paccMaTp11aaeMoro napToHa. Ecnu xe Ha caMoM 

.ztene 3TO pacnpe,lleJieH11e 3aBl1C11T OT :C , To Tor.zta aen11q11na 

( ?{ / y'(' ~ I>\ 3aBHCllT OT "t' ( T, e. OT Ql. , ecnu $ 
qll1KC11p0BaH o), 11 3TOT 3cpqieKT MO;J(eT non110 CTbll 3aayan11poaa Tb pOCT 

'2 ...... (y1 ,, , 06yCJIOBJieI1Hllll J{X)l, 

Jlpyr111,1 npirnepoM HBJIHeTCH OTHOlll8Hlie "R= r::s,_/tr-r B rny6oKo

HeynpyroM pacceamrn. B Ha11BHOl1 napTOHHOl1 MO.ztenn 3TO OTHOU1eH11e 
4 ' ' ""n 

na,llueT KUK 4 < \(T '> / Q . KX.Il npe,JtCKa3JlBaeT' 'qTO rc-

nponopn110HaJibl!O cl~( G.'\ "' ( ~ 0.1/ A' )"'' 1 .IIpHMue a11q11cneH11H 1651 
.ltUIJT )tJIH 'R. Kp11BYD ( pnc .I-17' lllTPl1XOBaH Jll11l11H)' npoxO,llHJllYll 

ropa3)t0 Hllll:e 3Kcnep11MeHTMbHllX ToqeK, OnHTb, qT0611 ,JtOdUTbCH 

corna.CllH Mex;zy Teop11ell 11 3KcnepnMeHTOM, HeOfJXO,lll!MO ,JtOdaBl!TI, Bemr-

q11Hy 4 < ~{)1r:,.. I Q.'t , odycnoBJieHHYD 3aTpuaoqH11M nonepeq-

HllM llMIIyJibCOM < '(i'") ~ ( 500 M3B/c, ) 2 

TaKHM o6pa30M, B o6nacTH .ltOCTynH!lX HllHO 3Heprnii 34¢eKT pocra 

nonepeqHoro HMnyn1,ca He uoxer 6ur1, c .1toc1aroqHoll creneHbll Hu,1tex-

HOCTll OT)teJieH OT atl¢eKTOB, o6ycJIOBJieHHl1X 11HTeHCHBHl1M qiepim-.1tBn2te-

HllOM nupTOHOB • TaK11e BeJill'qllHll ,KUK ( 'r<i') \'f• W\ Ii Jill ('. Kr1 t ~) ~' 
He MoryT dHTI, BJlqllCJieHH B KX.Il no TeOpllH B03MY!lleHlll1, Hyqmee, qTO 

MOltHO npll)tyMUTb - 3TO o6paJllUTbCH c HllMll TaK xe, KUK ll c qiyHK-

llllHMH i;acnpe,1teJieHHH, T.e. onpe,lleJIHTb < ~i t-x)) \lr,..,. , K npnMe-

PY H3 .ztaHHHX o 'R. ~ ~ L. I 0"1 , a 3aTeM HcnoJib30BaTb noJI~1qeHHHe 
-a. 

q>YHK{lHH )tJIH CpUBHOHllH C )tUHHHMll O <, fT) t'{~f"-
0 

3TOT IlpHeM, 

no cyTH.,JteJia, ll llCilOJib3yeTCH,B q>eHoMeHOJIOrmecKHX no.1txo,1tax, HO 

np06JieMa COCTOHT B TOM, 'qT06H nO.ztBeCTll HU)teltHHll TeopeTHtleCKlll1 

q>YH,JtaMeHT IlO.lt 3TH MUHllilYJIH{lllll. K COJraJieHllll,_HacKOJII,KO HUM ll3BeCT

HO, B 3TOM HanpaBJieHHll noKa He IlOJiyqeHo CKOJibKO-Hll6y.ztb 3HaqllTOJib

HllX pe3JJll,TUTOB. 
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3.UitJID'l fil!!rn. 

I< qe:t.ty npuaeJio Hae 3Kcnep11MeHTaJibHoe 11 TeopeTHqecKoe H3y

qeHHe xecTKllX nponeccoa? 

BceM H3BOCTHO, qTo Olll1Tll Pesepq>oJ).l{a 1911 r. o6HapyxllJIH co

aepmeHHO HOBl1l1,He H3B8CTHlll1.ltO TOl1 nopH,B11,ll cnn, cnoco6HHX cnpec

COBUTI, OCHOBHYD 'laCTL MaTepllll .ltO pa3MepoB KpomeqHoro aTOMHOro 

H.ztpa. B_ np,onecce 113yqeHllSI 3THX CHJI JID,JtH H306peJill cnoco6H 11X 

npaKTHqecKoro llCnOJib3~BaHHSI, C03,JtUJill rllraHTCKlle ycKopnTeJin, 

OTKPHJIH nenHll M11p 3JieMeHTapHllX qaCTHUo TeM He MeHee, np11po,1ta 

aTux CHJI raK n ocranac1, 3ara.1tKol1. J,JeyqeH1re xecTKnx nponeccoa 

Il03B0JIHJIO C.ztenaTb e!lle O,JtllH mar - 3UrJISIHYTb BHYTPL 3JieMeHTapHllX 

qucTHU ll BnnOTHYIJ il0.lt0l1Tll K pemeHHD 3TOl1 3Ura.ztKH. 0HH ,JtUJill 

B031\0lltHOCTb noJiyq~n npsiMoe .Jt~Ka3aTeJILC;Bo cocTaBHOll, np11po,1tu 

3JieMeHTUpHl1X qacTHll, ycTaHOBll,Tl, CBOl1CTB,O "aCHMilTOTltqecKoll CB0-

60,llll", T.e. ocna6JieHllSI 31pq>eKTllBHoro B3UllMO,JtellCTBHSI COCTUBJISIDJllllX 

a,1tpOHl1 qacT11U no uepe yMeHbllleHHSI paCCTOSIHllSI Mellt,Dy HllMll. 3TO 

noCJIYXHJIO OCHOB0'1 napTOHHOlt KapTHHH xecTKlIX nponeccoB. )\aJibHelt

mee 6onee T!llaTeJibHOe 3KcnepuMeHTMbHoe n3yqeHHe xecTKllX _nponec

COB H conocTaBJieHlle C ·napTOHHOlt KapTll!IOlt ,1taJIO neJiua PSI.It KOCBeH

HHX CBll,JteTeJibCTB _B Il01Ib3Y TOllC)teCTBeHHOCTlt napTOHOB It r1moTe

TllqecKllX KBapKOB. 

C .ztpyroll ctopoHu, TeopeTmecKoe H3yqeHae xecrKax npoueccoa 

B KBUHTOBOlt TeopaH no JIH ,Jtelt CTB l'!TeJibHO nOKa.3aJIO o60CHOBaHHOCTb 

nupTOHHHX B033peHllll, T. e. 060CIIOBaHHOCTb OT,JteneHUSI 60JibWllX pac

CTOHHHlt, BKJia.ltll KOTopux yqHTHBUDTCH !fleHOMOHOJiorHqecxu, OT MaJil:IX, 

r.n:e npH YCJIOBllll .ltOCTaToqao ducTporo y611BaHltH 3qiqiaKTHBHOl1 KOHCTaH

TU B3UllM0.1teltCTBllH C pOCTOM nepe,1taHHOrO nMnyn1,ca B03MOllt!IO 11cnon1,-

30BaHlle TOOpllll B03MYl!l8Hll'1. 3TO npllBOJIO K cnen11qiHqecKolt MO.Jtll!flll

Ka{lllll napTOHHOll MO,D;eJm B cnyqasix, KOr,Jta, 3TO y6HBUHlle oKa3~BaeTCSI 

He CTOJib. 6HcTpHM. · 

C ,1tpyron CTOPOHH, od061llOH1te Ha KaapKOBHe IlOJISI npllHUltna 

rpa,Jtl'leHTHOlt llHBapllUJITHOCTH - Toro lite npHHUllna, KOTop11n Jl~lltllT B 

OCHOBe KBUHTOBOlt 3JIJKTp0,1tllHUMl1Kll - npaseno K C03.ltUHllD KBaHTOBOll 

XPOMO.ltltHUMllKll, e,JtHHCTBOHH0'1 noKa q>l13HqecKol1 Teop,m, 06Jia.ltaDl!l8I 

CBORCTBOM aCHMnTOTllqecKolt cao6o,n;u. CoapeMeHHUlt 3Tan B ll3yqeHHH 

xecrKHX nponeccoa - 3TO 06HapyxeH11e Tei oco6eHHOCTen, KOTopue 

npHHOCHT C codol KBaHTOBaH XpOMO.ltHHaMHKa. 

IIoJIOllt8Hlle 3,Jtecb, KUK Mil· Bll,D;eJill, BeCbMa 06HU,JtelltllBaDl!lee, XOTSI 

ll HMeeTCSI pS!.lt TPY.ltHOCTel1, CBSl3tlHHHX C yqeTOM "qiepun-,n;BHXOHHH" 
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KBapKOB B UAPOHe. llccneAOBaHI-IH B 3TOii oel;iacrn, de3yC,10BHO, Oy;ryT 
npOAOJillta.TbCJt ll ,l\aJibl!le. Cellqac n.neI BIUllv'JlieJII,1JOe H3Yl!8HHe 
a,l\pOHHHX Cipyli, 0,l{HU H3 rJiaBHUX 3a,l\aq KOIOporo - ycTaHOBJieHne 
KBUHTOBHX qnceJI KBapKOB ll rJIDOHOB. iJ!Horo l!HTepeCHOA nmpopMaunu 
MoryT npirnecrn 11CCJle,l{OBaHHJt noJIJtpU3aUliOHHUX JtBJ!eHnl.i. Ha oqepeAll 
nayqeHHe aoaoro Knacca HH~paKpactto-craelHJibHHX npoueccoa - 3Kc-
KJID3HBHHX npoueccoa c doJ11,mo.l! nepe.natzen nMnyJ11,ca, rAe KXJl ··· ·- · 
npllBO,l{HT K HeCTaH,l\apIHOll napTOHHOll.KapIHHe. 

0,l{HaKO ,l{O CllX nop OCiaeTCJt de3 OTBeia rJiaBHUll Bonpoc -
KaKHM oelpa30M ,l\aJII,HO,l{ellcTBYD~He CHJIH KYJIOHOBCKoro Tnna M8%,Jzy 

KBapKaMH npeapa~aDTCJt B KOPOIKO,l{ellCTBYD~He H,l{epHHe CHJIH? B l!8M 
HX npHpo.na? 3Ia npoelneMa, no-BH,l{HMOMY, TeCHe.l!mHM oopa30M CBH3aHa 
C npodJieMOll y.neplmHl1Jt KBapKOB, HO KaKOBO Cly,l{eT ee pe1ue1rne? 

<I?a30BUI! nepexo.n B l1HCiaH'rOHHOll cpeAe llJIH xe HeipHBllUJIJ,Haa Iono
norHJt rionel! flHra-lJHJIJica? Mu na.neeMcH, qro OTBeTH Ha 3TH aonpocH 

Cly;zyI HallAeHH B He C'!QJII, Y'!r., OI,l{a,,eHHOM Oy;zy111eM. 
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