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Bse.aeHHe 

.!lsoilHbie M8H.OeribCT8MOBCKHe npe.OCT8BJieHHSI .ll8IOT B03MO.>KHOCTb npHBJie'lb 

.aelicTsHe K o6'hRCHeHHIO rrpouecca rr N -pacceRHHR. KaK H3BeCTH01 snepsble <t>pe3epy H <t>ynKo 

Y.ll8Jl0Cb y.llOBJieTBOpHTeJibHO 06'bSICHHTb CTpyKTypy HYKJIOHa B npe.OIIOJIO.>KeHHH CHJlbHOr'O pe30H8Hc--···· Horo 7T7T -ssaHMO.aeAcTBHR a P -cocToRHHH ( T = 1 ) 
~~--~~~--------~--------

EcTb Ha.ae.>K.aa nony'IHTb corna-

CHe C 9KCIIepHMeHT8JibHbiMH .ll8HHblMH H .llJIR pacceRHHSI 

30B8Tb TO .>Ke npe.anOJIO.>KeHHe. 

B HBCTORll.leA pa6oTe c IIOII:i.OlllbiO MeTo.aa .osoiiHblX MaH.aenbCTaMOBCKHX npe.acTaaneHHA 

nony'leHbi ypasHeHHR .anR napuHaJibHbiX BOJIH 1r N -pacceRHHSI npH M8JibiX aHeprHRx. 0Ha TecHo .._.., 

Ill 
IIpHMblKBeT K pa6oTe , B KOTOpOH paCCMOTpeHbi, B '18CTHOCTH1 T8KHe BOllpOCbl1 K8K Bbi60p nepe-

MeHHblX H tPYHKUHil .llJISI 8H8JIHTIPleCKOI'0 npO.OOJI.>KeHHSI, 8H8JIHTH'IeCKHe CBOilCTB8 9THX tPYHKUHJl H 

ycTpaHeHHe KHHeMaTH'IeCKHX 

v = q2 
H C =CosO, r.ae 

p83pe30B. 8 KB'IeCTBe nepeMeHHbiX Bb!6Hp8IOTCH: KB8.llp8T HMIIYJibC8 

x) 
6 -yron pacceHHHSI B CHCTeMe ueHTpa MBCC nepsoll peaKUHH • 8 

pa60Te paCCM8TpHB8IOTCSI COCTOSIHHSI C H30TOIIH'IeCKHM HH.OeKCOM (-) 1 T.e. tPYHKUHH a H D 
(-) 

(eM. (3.5) H3 /
1/ ), B ypaBHeHHSI .llJIH KOT0pb!X 1 C IIOMOll.lbiO yCJIOBHSI yHHT8pHOCTH 1 BXO.llHT TOJib-

Ko P -sonHa npouecca 7T7T -paccesHHH. 

OepeXO.ll K napUH8JlbHbiM BOJIH8M OCyll.leCTBJISleTCH nyTeM KOM6HH8UHH .llHCnepcHOHHbiX COOT" 

xx) 
HoweHHli: .anH C = ~' 1 • .LlocToHHCTBa TaKoro crroco6a nony'leHHH ypaaHeHHA paHee nv.apo6HC! 

....,- /3/ 
oocy.>K.aanHCb • 

B pas.aene paCCM8TpHaaeTCSI BH.ll tPYHKUHil: a H a(-) B o6naCTH peaKUHH 111 (rrrr -+NNJ 
) 

KOTOpb!ll cne.ayeT 113 ycJIOBHSI YHHTapHOCTHo 

B pas.oene 2 nposo.OHTCH yqeT BJIHSIHHH paspesa OT peaKUHH 111 MeTo.aoM MycxenHWBHnH, 

KOTOpoe BCJie.llCTlSHe orpaHH'IeHHH B YCJIOBHH YHHTapHOCTH TOJlbKO HH3WHM 0 .llBYX 7T -Me30HHbiM 

COCTOSIHHeM, CBO.llHTCSI1 O'leBH.llH01 K y'leTy BJIHHHHSI rrrr -ssaHMOtleilcTBHH. Heo.OH03HB'IHOCTH, 

B03HHK8IOll.lHe IIpH yqeTe 7T7T -asaHMO.lleAcTBHH, TBK.>Ke o6cy.>K.oaroTcH a pas.aene 2. Bbi6op 

KOHKpeTHOI'O BH.ll8 tPOPMtPBKTOpa IT -Me30H8 IIpHBO.llHTCH B p83.0ene 3. 

B pas.aenax 4 H 6 nony'leHbi ypaaHeHHH .ami gf-) H l-J napuHaJibHbiX aMnnHTy.a c y'leTOM 

KpOCCHHI'-CHMMeTpHH 0 rnaBHble ·veHbl ypaBHeHHil: rrpH p83JIO.>KeHHH B pH.ll IIO 1/JI y .oosneTsops-

lOT CBOllCTBaM KpOCCHHr-cHMMeTpHH .llJIH tPHKCHpOB8HHOI'O HYKJIOH81 KOTOpb!M llOCBSIWeH pas.oen 5. 

B pasa.ene 7 npoae.aeHo cpasHeHHe napuHaJibHbiX aMIIJIHTY .a c 3KcnepHMeHTan bHbiMH .aaHHbi

MH. 0oKa 38H8 ~8.>KHOCTb yqeTa 7T7T -asaHMO.lleilcTBHSI0 

1. Viccne.ooaaHHe paspe3a oT peaKUHH 111 

nono.>Ke&He pa3pe3a peaKUHH 111 .llJIH pasJIH'IHblX I c I < l no.apo6Ho Hccne.oosanocb B 

x) 
06osHa'leHHSI 

- It! 
CM. pa6oTy • 

xx) /2/ N · 
3ToT cnoco6 npHMeHHJICSI npo¢. Uy K 77 _, • pacceHHHIO. 

3 



pa6oTe· •. • KaK 6hl110 ilOK838H0 0 BDHHHHe ero, O'leBH.LlH0 0 MSKCHManbHO .anSI C =-l 0 TSK K8K 

npH 3TOM Ha'lano paapeaa HaH6onee npri6nH*aeTCSI K ¢HaH'IeCKOA o6nacTH peaKUHH I. PaanH'I

Hbie ilO.LlXO.Llbl B TT-N -pacceSIHHH OTnK'I810TCSI KMeHHO B aTOM nyHKTe : B Bbi'IKCneHHH a¢cl:>eKT8 

OT peaKUHH 1T1T -+ NN • OoaTOMy KOppeKTHOCTb y'leTa aTOro paapeaa B8*H8 H Tpe6yeT 060CHo-

B8HHSI. 

PaccMOTpHM orpaHH'IeHHSI 0 HanaraeMbie Ha BH.Ll ¢yHKUHii: a 
(-) 

H lJ 

CTK npouecca 111. OpH aTOM 6y.aeM acnonb3oBaTb aMecTo a H i-> 
.anSI npouecca 1T1T -+ NN 

/4/ 

/+-, = -1-+ =~Sin {) . •n(-) 
8rr- 3 iD 

I =I = __!!,____ [-4p 2 a+ ill ti->J. :coso -++ _, 8rr Po 3 _,. 3 

3 

Paano*eHHe l;j no napuHanbHb!M BOnHaM HMeeT BH.Ll 

/++ 
1 

0 
p3 p3 

e r 
I (f+ ~)(p q) f+ Pn (CosO) 
f 3 3 t 3 

J = l1 l 
+- "3 r 

+ 1,'2 f-1 n ' ( t (1), 
y'f(f+l) Ps q3) 1 _ Pr 1 Cos03 ). 

ycnoaaeM YHHT8pHO ::-

CllKpanbHhle COCTOSIHHSI 

( 1.1 ) 

( 1.2) 

AnSI H30TOilH'IeCKoro HH.LleKca (-) cyMMHpoaaHHe a ( 1.2) ae.aeTCSI no He'leTHhiM f 

-B .aayxMeaoHHOM npH6nH*eHHH ycnoaHe yHHTapHOCTH npoueca Ill 
r 

(eM. (29) /1/) 
H3 HMeeT 

HSH6onee npOCTOA BH.Ll .LlnSI napUHSnbHb!X 8MllnHTY.Ll f+ 

3.aecb ar 
I -ct>aahl 

f 
lm f+ 

r .,a; . r 
l.z e S1n8

1 
• 

1T1T - pacceSIHHSI, 1 - llOnHh!A. H30TOllH'IeCKKii CilHH 

_.,-

( 1.3) 

rrrr - CHCTeMhl. HaMH 6y-

.aeT HCilOnb30B8TbCSI SHanHTH'IeCKOe npo.aon*eHHe ycnOBHSI YHHT8pHOCTH ( 1.3) B HecPH3H'IeCKY10 

x) - /5/ ) 
o6nacTb 4 < t < 16 npouecca rrrr -+ NN • PaaeHCTaa ( 1.3 cnpaae.anHBhl .ao nepaoro nopo-

r 
ra HeynpyrHx npoueccoa rrrr -pacceSIHHSI, r.ae ace ¢aabi 8

1 
.aeikTBHTenbHhi1 a BhiCWHe 

BOnHbl MSnhie OoaTOMy npe.anonO*HM 0 'ITO 

e 
81 = 0 ?: 3 • 

Tor .a a 
r 

f+ c >3 .aeii:CTBHTenbHb!e cPYHKUHH 0 a ]++ -'+--
t8 1 t8

1 

l++ = P1 e 1 + p2 ; ~ =pse 1 +p4, 

r.ae PI - HeH3BeCTHbie cPYHKUHH. 

( 1.4) 

HMelOT BH.Ll 

( 1.5) 

AnSI onpe.aeneHHSI BH.Lla p H p o6paTHMCSI K paano.weHHSIM ( 1.2). 0HH ¢aKTH'IeCKH H.LlYT 
2 4 

rio apryMeHTy s- s H 6nH*allwHe HX oco6eHHOCTH o6ycnosneHhi non10caMH ¢yHKUHH B(-). By-

.aeM .aanee paanaraTb B pSI.Llbl cPYHKUHH j 0 j 6ea llOniOCHbiX 'lneHOBe 06naCTb CXO.LlHMOCTH 
++ +-

paano*eHHA Tenepb aa.aaeTCSI .aaoiiHhiMH HHTerpanaMH cneKTpanbHOro npe.acTaaneHHSI ( KpHBbie 

x) 
3.aecb H a nocne.ay10weM nonaraeM IL = I • 

I 
4 
~ 
0 

' t 
f 
( 

' 
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t 
r 
f 
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~~) 

1.2) 

T 

.3) 

C H C B o6oaHa'leHHHX MaHnenbCTaMa). 3aMeTHM, 'ITO [
1 

TaK*e conep:>KaT rapMOHHKH 
13 23 + 

flOJl!OCHbiX 'IJleHOS. noaTOMy nnSI Toro, 'IT06bi SOCnOJlb3QSaTbCSI ( 1.3) H He H3MeHUTb CTpyKTy-

]+--, nOJliOCHbie 'IJlaHbl 6ea nepSb!X rapMOHHK. 

OrpaHH'IHsascb aaTeM B (1.2) nepBbiMU qneHaMu paano:m,eHnli, nony'IUM HSHbili sun <J>yHKUHli p
2 

II p • Tenepb Mbl HMeeM S03MO:>KHOCTb BbiiiHC8Tb HHTepecyiOWHe HaC Sb!pa:>KeHHSI nng a H rf-J 
4 

rf-) /0 
= P e + 

( 1.6) 

rne p , p HeU3BeCTHbie neliCTBHTeJlbHbie <J>yHKUUU 1 a 

+t +1 
i.\

0 
= Y...f i".dCos () 3 : i.\ 1 =312 f Cos 2 0

3 
Ad Cos 0

3 
-1 -1 

B nepeMeHHbiX II , C 
/8/ 

<J>opMyn&I ( 1.6) cnpasenmmbi nns 11_2 CR (C) (eM. ). Mbi ucnonb3yeM 

HX npH C = -1 • 

2. "" -saauMonei!:cTsue u erp y'leT 

Mbl 3H8eM Tenepb aHaJIUTH'IeCKUe CBOHCTBa CKaJIS!pHbiX Koa<J><J>uuneHTOB aMnJIHTY .nbi ITHOH

/1/ 
HYKJIOHHOrO pacceSIHUSI 0 a TaK:>Ke npu6JIU:>KeHHbie BbipaX<eHHSI ( 1.6) 3TUX <J>yHKUUli Ha paapeae . 
OT npouecca Ill u MOX<eM HanucaTb nns HUX TeopeMbl Kowu npu npouasonbHOM I C I <1 • VIH-

111 
Terpan&I snonb paapeaos nerKo BbipaauTb qepea napuuanbHbie aMnnuTyn&I pacceHHUH ( (2.3)(2.4)) 

nepexon K napuuaJlbHbiM BOnHaM s neSbiX 'IBCTSIX <J>opMyJlbl Kowu MOX<HO ocyweCTSUTb HeCKOJlb

KHMH nyTSIMH: UHTerpHpOBaHUeM no UHTepsany -1 ~ C $+1 0 p83JlO:>KeHUeM B pS!.nbi Telinopa npu' 

npOH3SOJlbHOM C , KOM6HHUpOBaHHeM .nucnepCHOHHbiX COOTHOllleHUH .nng p83JlU'IHb!X <J>HKCHpOBaH

HbiX C • 

06&I'IH&Ili cnoco6 B&IneneHUSI napuuanbHbiX BOJIH - uHTerpuposaHue no C - conpSIX<eH c 

/3/ 
Tpy.nHOCTSIMH o AHTU3pMUTOSbl '18CTH CKaJIS!pHbiX aMnJlUTyn nHOH-HyKJlOHHOrO pacceSIHHSI Ha paa-

pe3aX OT KpOCCHHr-npoueCCOB Bbi'IUCJlSIIOTCSI C nOMOllibiO p83JlOX<eHUJi no nOJIHHOMaM. neX<aHnpa. 

Opu aTOM p83JlOX<eHUSI HCnOJib3YIOTCH B o6naCTSIX,. B KOTOpbiX OHH aasenOMO pacxonHTCHo 

nucnepcHOHHble COOTHOllleHHH nng C = ! 1 n03SOJ1SIIOT 060HTH 9TH Tpy .nHOCTH, TaK Ka K 

KOCIIHYCbi yrnos pacceHHHH Cos0
2 

, Cos() 3 KpoccuHr-peaKuuli npu TaKux aHa'leHRHX C neX<BT S .. 
qJH3H'IecKux o6nacTHx. Bonee no.npo6Ho npeuMywecTsa nepexo.na K napuuanbHbiiiil aMnnuTynaM 

"-! 1 /8,9/ nyTeM HCITOJlb30BaHUH .nucnepcuOHHbiX COOTHOWeHH.i!: .nnH -.-= paCCMOTpeHbl B 

Hawei!: aanaqe.i!: HBJIHeTCH nony'leHae cseneHa.i!: o "" - saauMo.ne.i!:cTsuu ua aKcnepaMeH-

TaJlbHbiX naHHblX nO TT N -pacceHHUIO. 0:>KunaeTCSI0 'ITO "" -saauMo.neAcTBue saX<HO .nng 
--~----------~------~~ o6'bHCHeHUSI aHepreTH'IeCKOA aaBHCUMOCTH uap!!HADbHh!X BQDH 1T N -pacceSIHUH. npe.ncTasneHHH -MaHnenbCTaMa Y'IHTbiBaiOT aasucuMOCTb aMnnuTy .n&I pacceSIHUH oT • Ycnosui yHHTapHocTu 

npouecca Ill CBH3blB&IOT ee c npoueccoM "" -pacceHHUH. OnHaKo t=-21' (1- C) co.nepX<uT KaK yrno-

sy10 C , TaK H aue·preTu'lecKyro 11 nepeMeHHbie. Ha nnocKOCTH 11, C KpUBBSI t = 4 UMeeT 

nse seTsH € Y (puc. J ). nuHBSI C ""'+ 1 SIBJISieTCSI BX aCBMUTOTOI0 B,nOJlb KOTOpo.i!: npoaa-

BO.nHaSI no II OT HHTerpana, OTBeTCTBeHHOrO aa TTTT- B38UMO.neiCTBHe 0 pasHa HyJII0 1 a 1IpOu3-

I 



BO.llHBSI 110 C M8.XCHM8nbH8.o 5JCH0 1 'ITO B llHC119pCHOHHbiX COOTHOW9HHSIX .llnSI pacceSIHHSI B11epe.ll 

a<iJ<iJeKT 1111 -B38.HMO.ll9ii:CTBHSI BOii:J:leT B KOHCT&HTbi Bbi'lHTaHHSI II HHTep11p9T8.UHSI ero 3aTpy.llHII-

TenbHa. 

Ha B9TBH £ 11pOH3BO.llHaSI 110 11 11pH cPH3H'l9CKHX 3 Ha'leHHSIX C MattCHM8.nbHa .llnSI C~1, 

a 11p0113BO.llHaa. 110 c MHHHManbH8 B <!TOil: TO'IK9o TaKIIM o6paaoM Ha 11nOCKOCTII II c Cl_~ 
CTByeT TO'IK8. C~·1 1 B KOTOpOil: BniiSIHII9 1111 - B34HMO.lleilCTBHSI Ha 3H9preTH'l9CKyJO aaBHCHMOCT~ 

11apu11anbHbiX aonH 11N -paCC9SIHHSI OK8.3biBa9TCSI HaH6onee CyW9CTB9HHb!M• 

noaTOMy 119peXO.ll K 111;\pUHanbHbiM BOnHaM 11YT9M HHTerpHpOBI;\HHS11 eCnH OTBn9'lbCSI OT .llpy-

riiX ero H9.ll0CT8.TKOB1 HeCKOnbKO CTyweaan 6bl 9HepreTH'l9CKYJO 38.BHCHMOCTb 1111 -.Bxna.lla • 

YlC110nb30B8.HH9 .llHC119pcHOHHbiX COOTHOW9HHil: Haaa.a SIBnSI9TCSI B 3TOM CMhiCne HaH6onee BbirO.O

HbiM. ~·~;XO.ll K 118.pUH8.nbHbiM aMI1nHTy.OaM 6y.aeT ocyWeCTBnSITbCSI ,11y;~M KOM6;HHpOBBHHH~.znrc-
119pCIIOHHbiX COOTHOW9HIIl!: .anSI C=:!:: 1 • np11 <!TOM COOTHOW9HHl!: .ll0CT8.TO'IHO .OnSI 110ny'I9HHSI s(-) 

H /-) 11apu11anbHbiX aM11nHTy.a. Y'leT d -aona MO:>KHO 11poaecTH, axnJO'lHB .llHC11epcHOHHbie cooT-

HOW9HHSI .llnSI 11pOH3BO.llHbiX 110 c OT CKB.nSipHbiX <iJyHKUHil: 8.MI1nHTY .llbi "N -pacceSIHHSI rrpH 

C = -•1. 0LIH8.K0 0 y'IIITbiB8SI 1 'ITO IIO.ll IIHTerpanaMH Mbl 6y.aeM orpaHH'lHBaTbCSI TOnbKO P -aon-

HaMH, rrocne,llHee 

/9/ 
WH9 OWH6KII o 

Ill 
BH.ll ( ( 4,8) ) • 

.. 

Mana uenecoo6paaHo. 011pe,lleneHHbie Tax d -aonHbi 6y llYT CO.llep:>KaTb 6onb-

!1Hc11epcnoHHbie COOTHOW9HIISI .llnSI <iJyHKUHil: 41 =(a, zf·J) 11pH C = -•1 HM910T 

~----------------

-1 
d11' + 1/w f lm t1> (II') f 1m tl> (11 ') 

II, -:JI 
d11' · cfl(ll) = 1/w 

v' -:11 --(2.1) 0 -oo 

~ 

(-) 
+ 110nJOCHbi9 'ln9Hbl .anSI B • 

Ha paapeae -oo , -1 aHTHSpMHTOBbi qacTH cfl(ll) aa.llaHbi ¢opMynaMII ( 1,6). CTporo rosopa:, ORR 

BepHbi .00 11 =-4 ('ITO COOTB9TCTBY9T t = 16 ) 0 O.OHaK0 0 06bl'IHO IIp9.lli10naraeTCSI1 'ITO o6naCTb 

1101 
11x Cl1paae.anHBOCTH aecxonbKO w11pe • <t>opMynbi ( 1.6) npe.acTaBnSIJOT aM11nHTY .ay 11pouecca 

1111 _, NN B H9cPH3H'I9CKOA o6naCTH, 4 < t < 16 • nepBbi9 'ln9Hbi- P -aonHOBbi9 aM11nHTY.llbi 

BTOpbi9 - CyMMa BC9X 11apuHanbHbiX aMI1nHTy.ll C 'BbiCWIIMH yrnOBbiMH MOM9HTaMH. npeHe6pe:>Ke

HII9 'ln9H8.MH C 6onbWHMH f B pa3nO:>K9HHSIX ( 1.2) 3KBHB8.n9HTHO IIp9.lliiOnO:>K9HHIO 0 TOM 1 'ITO 

/6/ 
BbiCWHe yrnOBbie MOM9HTbi XOpOWO 8.1111pOKCIIMHpyJOTCSI 110nJOCHbiMH 'ln9H8.MH • npH 9TOM B 

COOTB9TCTBIIH C ( 1.4) fm f~ = 0 0 ecnH f;? 3 • nocne,llH99 cne.llyeT 113 CBOACTB <iJyHKUHi 

~O H ~ 
1 1 KOTOpb!9 SIBnSIIOTCSI "<lJH3H'I9CKHMII• B9TBSIMII ~HaniiTH'I9CKIIX <iJyHKUIIil: ~ O (z) II ~ 1 (z) • 

¢yHKUHII ~O (z) H ~1 (z) O.llH03Ha'IHbl Ha CnO:>KHOi p11M8.HOBOll 110B9pXHOCTH C norapH¢MH'I9CKHMII 

TO'IK8.MH B9TBn9HIISio ¢11311'19CKHA nHCT cPIIKCIIpyeTCSI Bbi60pOM 3H8.KOB KOpHei!: B p 
3 

(t) H q/t) .OnSI 

t > Uf
1 

H T9M 1 'ITO ~O II ~ 1 SIBnSIIOTCSI 8.HanHTH'I9CKHM 11pO.OOn:>K9H119M orrpe.aeneHIIA ( 1.6) 

B o6nacTb t < ~ M2 
• Ha HeM HMe~TCSI O.llHH norapii~MII'IeCKHA paapea -"" < t< 4 Cl-·-1- ) ; ~ ~ 

'+' 4Mz o 1 

.lleiic TBHTenbHhi Ha nyqe t > 4 ( 1-JMJ. To'IHOCTb npH6nii:>KeHHbiX Bbipa:>KeHHil: ( 1.6) Tpe6yeT .ao-

17/ 
110nHIIT9nbHOrO paCCMOTpeHIISio 0.aHaKo B H8.W9M cnyqae OHa Ka:>K9TCSI .llOCT8TO'IHOil: ( CM. ). 

YlHTerpan B.llOnb paapeaa OT peaKUIIII 111 co.aep:>KHT H9H3B9CTHbl9 <iJyHKUHH p II p 0 KOTQ-

pbie CBSI3b!BI;\IQT ypaBH9HHSI rr-N - paCC9SIHHSI C ypaBH9HHSIMH .OnSI 1T1T-> ~IN o 06bi'IHO OTHOCII-

/11/ 
TenbHO HIIX .aenaiOTCSI .ll0110nHHTenbHbi9 11p9,!1110nO:>K9HIISio B pa6oTe OHH aaMeHSIIOTCSI 3HI;\'I9HH-

SIMII p II p B TO'IK9 1 COOTB9TCTBYIOW9ll pe30H8.HCY 11rr -aaaiiMo.aeil:cTBHSI ( T = ] = ·1 J • AHa-

/12/ 
n<rH'IHhlii 11PII9M IICI10nb3y9TCSI B • 

6 



Ecn11 npeHe6peqb BblCWIIMH B011H8Mll n ( 1.6), To aa ·neaoM pa3pe3e nm1 ¢yHKUHii: ~ o:(rt,If·)) 
~z 

6 
.. ..._.,. 21o..,.- H ,l, ,.. 

• yJJ.eM HMeTb llHHeHHoe Kpaeaoe ycJlOBae..., =e 1 -.• • a npaBOM pa3peoe 't'YHKUHH '" Bbipa-

H3BeCTHbie ¢a3bl rrf.,' -pacceSIH!Ili II Mbl llp!IXO/J.IIM K llHHeHHOii KpaeBOH 381J.8'le 

/13/ /14/ 
JJ.nll ctJyHKUHii: ~ • MeTOJJ.hi HX peweHHSI H3BeCTHbi • OnHaKO np11 aToM B03HHKaeT son-

poe o Bbi6ope peweHHSI, 1160 nam:e B Knacce ¢yHKUHii
1 

orpaHH'ieHHbiX Ha pa3pe3e, oHo He eniiH

CTBeHao. KpoMe Taro, T8KHM IIyTeM He ynaeTCSI OUeHHTb p011b BbiCWIIX BOllH IIpouecca 111. 

nocT8BIIM 38/J.8'1Y - UCK11JO'll1Tb 113 llHCllepC!iOHHbfX COOTHOWeHHH HeH3BeCTHbie cpyHKUIIH 

p II p 1 HO T8K1 'iT06bi y'!.eCTb Bb!CWHe II8pU1181lbHbie BOllHbl npouecca 111 • .Qng perueHHSI 3 ana'IH 

npHM9HHM ClleJJ.yJOWHii IIpHeM. 0603H8'i!IM 'iepe3 F (v) K118CC cpyHKUHii,_ OUH03H8'1Hb!X B 11110CKOC-

F+ 1 , ·2ifJ..v)F-·( ) 
TH v c pa3pe3aM -"", -1 • Ha pa3pe3e ~~~~ = e · v ( 2.2) • .Qpyr11x orpaHHqe-

HHi\ aa F(v) HanaraTb He 6y neM. PaccMoTpHM BMeCTO ~(v) cpyHKUHJO !l>(v) F"
1 

(v) • Tor.aa Ha 

JI9BOM pa3pe3e HMeeM 

- -1 l lm 11> (v) F (v) = ( -.;rr- 1 
t' (v) 

rJJ.e c,b(v) - H3BeCTHbili BKnan Bbicwax sonH rrpouecca 111 ( 1.6). TaKHM o6pa30M1 .aHcrrepciiOHHbie 

COOTHOWeHHSI llllSI ~(v) F"1 
(v) OTBe'i8JOT Ha IIOCT8BlleHHhiH BbiWe BOllpOCo 0JJ.H8KO HX KOHKpeT· 

aaSI ¢opMa 38BHCHT oT rroaeneHHSI F (v) Ha 6ecKoHe'IHOCTH 11 OT pacrronom:eHHSI Hyneii F(v) • 

HeoJJ.H03H8'iHOCTb peweHIISI co.aepm:HTCSI B Bbi6ope cTeneHH 'Bbi'lHTaTenbHaro"" rroniiHOMa 11 orrpe-

JJ.eneHHn Bhi'ieTaB a aynSix F(v). Ha6op 

JJ.ep»<awHe F(v) , onpene.nSIJOT scpcpeKT 

OT BHJJ.a F(v) MOm:HO 11011Y'iHTb scpo:iJeKT 

<iJyHKUHOH81lbHOii 38BHCIIMOCTH • 

BbiWeyiiOMSIHYTblX KOHCTBHT I! HHTerpan bHble 'illeHhi, co-

7117 -B3811MOJJ.eHCTBHS! B 11 N -pacceSIHHll. B 3aBHCIIMOCTH 

1111 -a38HMO):leikTBIISI 11106oro 3H8K8 I! npOH3B01lbHOI 

. Sbr6op 'cpH3H'lecKoii' cPYHKUH~ F(v) rapaHTHpyeT npaBIIllbHOCTb yqeTa 1111 -a3tlHMo.aeitcTBHst• 

3neKTpOM8rHHTHbiH cPOpMcpaKTOp 1T -Me30H8 ~ ( v) B .z:lBYXMe30HHOM IIpH611Hm:eH!IH y ):lOBlleT·· 

BOp!leT KpaeBOMY ycnOBHJO (2.2). nosTOMY B Ka'leCTBe cPYHKUHH F (v) ecTeCTBeHHO Bbi6paTb F {&~). 
11 

HeoJJ.H03H8'1HOCTb peweHHSI 1 llHHeitHoro Ha pa3pe3e -oo - 1 HHTerpanbHoro ypaeHeHHSI ( 2.1 ~ 

T9M C8MblM CBO):li!TCSI K HeOJJ.H03H8'l.HOCTH B Onpe.aeneHHH I;, (v) 

06wee pdWeHHe (2.2) HMeeT BH):l: 

F ( ) = p ( ) u(v) 
11

11. ve ( 3.1) 

rJJ.e p (v) - npOH3B01lbHbiH 1101l!IHOM 0 o/ - ¢a3a, COOTBeTCTBYJOWBSI COCTOS'IHHJO I= T = 1 • k
2

-

MOJJ.YJib HMITY1lbC8 11 -Me30HOB B CHCTeMe UeHTpa MBCC 1111 -e3aHMo.aeii:CTBHst. EcnH noTpe6o-

B8Tb1 'IT06bi cPOPMcP8KTOp 

01 
I 

JJ.en!leTCSI nose.aeHHeM ¢a3bl 

'ITOP(O)=l Bonpoc o aeo.aHo3Ha'!.Hoc'rH 

30BaTbCSI o6wenpHHSITbiM rrpe.anonom:eHHeM o TOM, 'ITO P(v) = l (cM.fl6/ ). 

KoaKpeTHbiii eu.a ¢a3bi a1 (k ., 
I 

3011 o pe3oaaace a I = T = 1 aonae -
HeH3BeCTeHo B COOTBeTCTBHH C <?YllleCTBYJOWeii: rHnOTe-

1111 -paccestHHSI nonom:HM: 

7 



ak
3 

ctg o1 
'= k 2

- k 2 • 
1 r ( 3.2) 

cl>opMyny (3.2) MO)!{HO o6o6WHTb1 H8DHC8B B npaaoit ee '18CTH DpOH3BOJibHbiH DOJIHHOM OT 

k 2 /13/ 
• BbmOJIHSISI HHTerpHpoaaHHe a (3.1 )1 nony'IHM TO'IHOe Bbipa)!{eHHe .llJISI FTT (II) (eM. npH-

JIO)!{eHHe 1 ) • 

Jlng £
2 « l BH.ll F C11L- :ynpomaexcs· 

·--·-·-·-·"f'r- J 
~(II)'= k, +~ \ 
I " 2 l I k +w __ 
\ r k, + !W _/ 

~---·---··-::r·····-··-·------

w
2 > 0 

2 -.2 ~ " k, + l ) 'h 
1 ~ ( 11) 1 '= [ (k, +l r H\ k, - ----z- ] [ 

(k'+ cJ1 +~k2- k 2+ l ) 
k 2 2 2 

- ( w ----
k 2 2 

'h {'[ k: + l -·a ] ; w '< 0 . 

X.'+ l +a r r 2 
VfHTerpaJibHOe ypaaHeHHe 

-£ 
r 

10 
~ (II) '= l + 11/TT r e Sino ~(II') dv' 

·tll'(v'-·11) ' 
k

2
+1=-•11 

( 3.3) 

(3.4) 

DOK83biB8eT1 'ITO .llJISI 
2 

~.(II) B BH.lle ( 3.3) H8H6onee 58)!{H0H SIBJISieTCSI He60JibW8SI OKpeCTHOCTb 

-kr = 11 + l • VfHTerpan no .llaJieKoit o611acTH onpe.llenSieT HecywecTaeHHbie .lleTanH noae.lleHHSI 

F (II) DpH M8Jlb!X II "' II • 3TH CBOHCTBa CBSI38Hbl C TeM 1 'ITO B TO 'IKe 
TT r lit Bbipa)!{eHHe 

P..e F" (II) "'1/ £_, T.e. HMeeTcsi pesKo Bb!pa)!{eHHhiit MaKCHMyM. -0.1lH8KO MO)!{HO DO.ll06paTb DOJIHHOM p (II) T8K1 'IT06b! OH HMeJI HYJib B OKpeCTHOCTH 11 • 
r 

¢OpMcpaKTOp TaKoro THDa Ha 6eCKOHe'IHOCTH He orpaHH'IeH H .llJISI Hero B8)!{Ha BCSI o6nalf'!'b HH-

TerpHpOB8HHSI B (3.4). nocJie,llHee Henb3SI DpH'IHCJIHTb K 'IHCny .llOCTOHHCTB cpopMcpaKTOpa C Hy

JieM. rnaBHbiM B03p8)!{eHHeM DpOTHB Hero SIBJISieTCSI peJISITHBHCTCK8SI MO.lleJib
1 

paCCMOTpeHHaSI 

1111 
renn-MaHHOM H 3axapHa3eHOM . o 3neKTpOMarHHT.Hb!it cpopMcp8KTOp TT -Me3oHa B 3TOH MO.lle-

JIH B TO'IKe 11 = 11r 06paTHO nponopUHOHaJieH WHpHHe "" -pesoHaHca. f1oaToMy a .ll8JibHelt-

WeM 6y.lleM llOJib30B8TbCSI (3.3). 

4. YpaaHeHHSI .llJIH napuHaJibHbiX aonH 

OrpaHH'IHMCSI paccMOTpeHHeM i·J H /•) aonH 1 'ITO .llonycTHMO npH MaJibiX aHeprHSIXo 
(-) 

Hcnonb3ySI cpyHKUHH I ( 11, ~JJ HMeeM 
1,2 I 

1-) (-) (·) 
• =~ [ ~ (II, d ) + I, ( II, - 1 ) ] 

,. 1-) (-) (•) 
=116[11 (11,+1)-1 (11,-1)] 

p3/2 1 

( 4.1) 

(-) (·) t·) (·) ] 
I - I = ¥2 ( 2 ( 111 + 1) + I ( 1/1 -1 ) • p p 2 

'h 3/2 

8 

t 

_ __j 



)T 

pa-

3.4) 

Tb 

Rll 

¢yHKIIHH f(-) Bb!p8JK810TCH 'lepea CK8mipHbl9 K03lP<i:HIIIH9HTbl ( a 
1,2 

pacceHHHH) cne.ayJOIUHM o6paaoM: 

(4.2) 

f-J(v,C)=~ [-(4pw +2v(1+CJI a(v,C)+(lV+M) rf-J(v, C)], 
2 81T w 0 

r.ae w = % , -W = p
0 

+ q
0 

• AHcnepcaoHHbie cooTHoweHHH .amr pacceHHHH anepe.a aana.weM 

B 06bi'IHOii: lPOpMe 

Cl> ( s, + 1) = 1/ IT r lm Cl> ( s ~ + l) [ _1_ + __ 1_ ] d s, + 
~ (M+ 1)2 S'- S S'- s 

ilO.IIIOCHbllt 'l.lleH 

(4.3) 

LI1IH 

Ll.HcnepCHOHHbl9 COOTHOW9HHH ,ami Cl> ( V, + 1) B ll1IOCKOCTH V Hey,ao6Hbl Ha-aa C.IIOJKHOlt 

CTPYKTypbi paapeaa OT KpoccaHr-peaKuHH. 3aBHCHMOCTb v
2 

OT v ( 1.46) co.aep!lKHT non10c, 

KOTOpb!l!: npHBOLIHT K TO My 0 'ITO paapea OT npouecca 11 pacna,aaeTCH Ha H9CKO.IlbKO '18CTel!: 0 

YIMeH B BH.llY B .aanbHel!:weM nepexo.a K nepeMeHHOii: v B (4.3), npase.aeM Heo6xo.aHMble 

¢opMy.llhi: 

ds' = dv'[ 1 
s'-s v'-:y 

ds' 

s'- s 

2 
r.ae s(v) =M + 1 + 2v +2K(v) , 

1 
K(v ') 

1 
.s{v) s(v ') _ 1 
( u 2_1 )2 

1 

(4.4) 

/18/ 
CooTHoweHHe ( 4.3) aanacaHo 6ea Bbi'IHTSHHH. Cor nacHo TeopeMe noMepaH'IyKa , 

([ ) (oo) = 8 (oo) 
\+tot -tot 

(a,aeCb :!:_ OTHOCHTCH K 
+ 

IT _,'fl COOTB9TCTB9HHO) • 3TO npHBOLIHT K TOMY 0 

'iTO aMn.IIHTy.aa ynpyroro IT N -pacceHHHH c HaoTonaqecKHM HH.aeKcoM (-) Ha 6ecKoHe'IHOCTH 

orp8HH'I9H8o nocne.aHee CBH,OeTe.llbCTByeT B fi0.1Ib3y ( 4.3) • 0TM9THM 9IUe0 'ITO 8H8.1IOI"H'IH09 

/19/ 
npennonoJKeHHe acnonb3oaanocb B H 6hmo nony'leHo y.aoaneTBOpHTe.llbHoe cornacae c sK-

cnepHM9HTOMo 

Ll.HcnepCHOHHbl9 COOTHOW9HHH LI.IIH paCCei!HHH H838LI 6y.aeM fiHC8Tb ,0.1111 lPYHKIIHl!: ;) 
· FIT (v) 

r.ae ~ (v) Bbi6HpaeTCH B BHLI9 t"3.3) • ¢OpMlP8KTOp FIT (v) = 1h/v npH 6onbWHx 3H8'19HHHX 

Cl>(v,-1) 
V t 'ITO yxy,awaeT llOB9,09HH9 OTHOW9HHH ~ 

Cl>(v -1) ~\VI 
H8 6eCKOH9'1HOCTH 0 no3TOMy B LIHCnepcH-

OHHbiX cooTHoweHHHX .anH F Cv) Heo6xo.aHMO nposeCTH LIOllO.IIHHT9.1IbHOe Bbi'IHT8HH9 0 nposo-

Llll Bbl'IHT8HH9 B TO'iK9 V = cf 0 OKOH'i8T9.1IbHO fi01ly'IHM: 

+ _FJJIT_(_v_) _v __ 

2rri 

-1 

J 

[ 1 - 1 ] 
G("')~ ~ 

v'(v'-v) 

(4.5) 

dv' ' ilO.IIIOCHblft '1.119H 

(-) 
LI.IIH B 



+ 
F-'(II)=F (ll±.io), 
" " 

g2(i\ -~,) .Linsr 
B(-) 

G(11) = I 

g 2 M (i\ + i\ ) 
Jlf2+ II t 2 .Linsr a. 

noniDCHhl~ qneH .LinSl rl-J HMeeT BH.LI: 

-g2 2- 1/M 2 
1 1 --41J2 F (II ) II -'II 

" 0 0 

II =-,1 + ~. 
0 4M2 

->A +· 
npu BbrqucneHHH 1m Ill (II,_, 1) orpaHnqHMCSl HaHGOnbwel!: H3 ct>aa " N-pacceSlHHSl -

cpaao~ a 3 3 • B aTOM npuGnu)KeHHH MHHMhre. qacTH cpyHKilHl!: Ill ( 11, ~ 1 ) HMeiDT BH.LI: 

_1_ hr- a ( 11, ~ l ) 
4rr 1 [ +3 Vlf.M + W-M 

4K(II)+211(1~j)- p
0

+M p
0
-M 

_l_ 1m rf->(11,2 1) =-·~ [2.3 -l--·_1_ ] . 
4rr • p

0 
+ AI P

0 
- M 

1/J(II) =lm f 33 

1/J (II) 
-;r-

(4.6) 

_.,. 

S>·· 

KoHcTaHTbi BbrquTaHI{Sl 111(0,-1) Bb!p83SITCSl qepe3 BenuqHHbi a- =_!_fat -a 3 ), a- =_!_{azt-~}· 
3 :J 

a- = 1/3 (a - a ) • 3TO He 03HattaeT0 qTo BCe OHH SlBnSliDTCSI napaMeTp8MH B OKOHqaTenbHbiX 3 13 33 

Bbrpa)KeHHSlX 1 UOCKOnbK)' BbJqHT8HHe npOBe.LieHO TOnbKO B (4.5) 1 a B (4.3) T8KOBOrO He .Lie-

naeTCSl. BenuquHhl a- 0 a; H a; BbrqucnSIIDTCSl H3 ypasHeHHHo no.Lip06Hee STOT Bonpoc 6y.LieT 

oGcy.iK:J.eH HH)Ke. 3.Liec b )Ke Mhr npuse.LieM SlBHhre Bbrpa)KeHuSl .Linsr Ill ( 0, - 1 ) : 

a (0, -1) = -. _1_·_ [ 2M+ 1 a- - 2M ( cr --a- ) ) 
4rr 4M 2M 1 3 

(-) - - - ) 
B (0,-1) = __ a __ +2M (at- '~3 • --;j;- 2!:! 

(-) 
l-1cnonb3ysr coOTHOWeHHSI (4.1)- ( 4. 7 ), nonyquM swpa)KeHue .LinSl Re £

8 

(4. 7) 

Re /-> , Re /-> 
qepea Gonbwym ct>aay a33 H KOHCTaHTbl Bbl qHTllHHSl. 3cpcpeKT 

p~ p3/2 
TTTT -saSHMO.LieJ!:CTBHSl y't.r-

Tb!BlleTCSl cpopMcpaKTOpOM rr -MeaoHa F (II) •. 
1T 

5. KpoccuBr-cuMMeTpHsr 

J-1HB<:tp1IllHTHble CKllnS!pHb!e cpyHKilHH 8MUnHTy .Llbl rr N -paccesrHHSI o6na.LiaiDT cne.LiyiDIUHMH 

CBOIICTBllMH KpOCCHHr-CHMMeTpHH~ 

(+) -· + (:-) - • 
k(s, s, t )=-A (s, s, t), 

10 

(+) _, (+) -· n-·r s, s, t J = +' n-· r s, s, t J. 

-----------~-

(5.1) 

B 

T 

• 

' 



ll -

(4.6) 

;. 
bHbiX 

ae-

6yaeT 

(4.7) 

.lUHMH 

(5.1) 

l BbiSICHHM BHLl KpoccHHr-cHMMeTpHH ana napuHllJibHhiX s- H p- aMIIJIHTYLlo BbiTeKaiOUli:IH 1:13 

c 03HaqaeT ( w, C) ~( w1' C 1 ) • (5.1 ). 3aMeHa s ~ s ; t- t B nepeMeHHbiX w 

ct>opMyJI&I nepexoaa HMeiOT rpoM03LlKHlt BHLlo O.aHaKo np11 pa3JIO)I(eHl!ll no 1/M OHll cyweCTBeH· 

HO ynpomaiOTCSJ: 

w
1 

~ -'W +viM (1 +-C)+ 0 ( _1_ ) 
lfl 

c, c + 2 

B o6nacTH Man&IX aHeprHA w <M TaKoe pa3JIO)I(eHHe orrpaa.aaHo. 

(5.2) 

OrpaHH'iHBaSJCb s- H p -aoJIHBMH 0 nony'iHM, 'iTO 12 (w, C) OT C He 38BHCHT. <PyHK-

+ + w w 
UHK r (w I c) H 12 (w) CBSI38Hbl c A_, • B_, COOTHOIIIeHHSIMH:. 

~.:!} ~ }±1 _ /±) _ 2M w 
I :z -v--

(j.) 
B. 

TaKHM o6pa3oMJ H3 (5.2) H (5.3) cneayeT, 'iTO 

(+) 
f-' + 0 ( 1/M) 

:z 

(+) (+) t; (w) ~ +' t;' (--cu) + 0 (1/M) 

(+) (+) (+) (+) (+) r (w, C)- 1_; (w)+ [ 1_; (--cu) -,f; (-w)] ~± 2( l+C) t; (w) + 0( liM). 

(5.3) 

(5.4) 

BTopoe H3 paaeHCTB JIHHeil:Ho no C • noaToMy He3SBHCHMO OT crroco6a nepexoaa K napuHanbHbiM 

BOJIH8M 6ylle!VJ HMGTb OLlHH ll Te a<:e CBOll:CTB8 KpOCCHHr-CHMMeTpHH: 

(+) (+) 
1.-' (w) l'' 1.-. (w) ~ 0 

(5.5) 

<±) (+) (+) (+) 
t,. . (w) + 2 r (w) +' [ r; (--cu) + 2 t; (-w) ] ~ 0 • 

Y, Ploi:Z y, S/:Z 

0TMeTHMo 'iTO T8KOlt 1IpOCTOit BHLl ycJIOBHH KpOCCIIHr-CHMMeTplll:l eCTb pe3yJibT8T p83JIO)I(eHHSI 

rro 1/M. Y'ieT qneHoB THIIa 1 !U IIpHB')LlHT K rrepenyTbJB8HiiiO rrapUI:IllJlb!iblX 3MI!JII:ITY .Jl; 

/25/ 
Mep, B nepaoe H3 paaeHCTB ( 5.5) BOlt.JlyT p -aonH&I 

6. Pa3JIO)I(eHHe no 1/M 

npH Bb!BO.Jle ypaBHeHHil: LlJISI napUH8JlbHbiX BOJIH H8MH 5biJIH yqTeHbl CBOitCTBa (5.1 ). Qqe-

11 



·---.::....;_.___ -

, ----- - .......... ....... ., ... J J puoncnnn 1 

Lll!SI napUIIMbHblX BO!IH1 YLlOBl!eTBOpSI!Oll.[yJO CBOHCTB8M CUMMeTpUH (5.5). npoBOLlH yKaaaHHOe 

.- ~:. 

j;lil.3l!O:.>KeHU·31 :tMee:l.{ 

Ref->: r w + ~ [ F(ll) -1] + F(ll)-1 [wa- +II( a- -a-)]+~ [wa- +II (a- -a-) l + 
• w F (-J) 2 1 3 1 3 

1 00 , f-J . 00 

+_ Jdv, lm '1' 12~+~1---...¥_[~ 
2zr o II 3 / 2 W II 211 

0 
V -11 

(-) 

lm 1'111::~ ( F(ll)_l )(2~+~) 
II ~ W V. 

Re {-> =-2131
2

.!:.._- 1
2

11 (F(II) -1)+116(1-F(II)")[wa- +II(~ -a; J]+ 
.§;2 w ~ F(-1) . 
. ·· 

00 (-) 

+ ~ r lmf 211 R:f,':l 
0 w _EL ( _1 __ ,_1_) + _ll_f L_ lml~;,:~ (F(11)_1)(2~+ ..!::__) 

11' w'-w 'Hw'+w) DTT 0 11'-y 11'ry F(11') w' 11'· 

00 (~ 

Re(t> -f-J)=-~(a- -a- )(1-F(II))-11 (a--a-)" II J<-!-+----.!-)0+~ lm 1PJI2~ 
P~ ~/2 "- 1 3 2 1 3 "2jT {1)-0) W+w II :&;) II 

112 

2TT 

00 

J lm 1_-> 
PI'~ 

J.l'2' 
0 

0 

~[ f(v.) -1]. 
11'-y F(11') 

!$--

C fiOMOWbiO COOTHOW9HHSI (4.5) nerKO nony'IHTb OUeHKy Bl!HSIHHSI Bb!Cll.[HX BO!IH npouecca 

TTTT-+NN: 
1 . 

-J.-._ -J a:11") [ _1 __ ,_1_ ] d11', (l Const • 
2111 _00 11'1:11 ~~~) F(11 ') F (II) r.; -v 

( 6.1) 

_.,. 

( 6.2) 

Vlcnonb3ya peaynbT&TbJ 
1111 , HBXOLlHM, 'ITO 

t
2 

"' 0,04. TaK KBK _f_ < fl.1 
1 

TO B nep
lr ., 

BOM H3 COOTHOll.[eHHH ( 3.3) H B ( 6.2) MO.lKHO UOliO.lKHTb Bel!H'iHHy f 

LlBlibHeHWeM HCKliiO'IBeM H3 paCCMOTpeHHSI Bb!Cll.[lle BOl!Hbl npouecca 

cpaKTopa nonyqaeM cneLlyiOwee Bbipa.lKeHHe: 

F (II) = 1c 2 + 1 
-4-_ 

k2+11+1 
r 

r 
=0. TaKHM o6paaoM. B 

TTTT -> Nii t a Lll!SI cpopM-

( 6.3) 

B paccMaTpHaaeMOM npH6lill.lKeHHH MO.lKHO ynpocTHTb aanHcb cooTHomeHHH (6.1 ). VIMeHHo• ocy

wecTBl!HH B ( 6.1) npeLlenbHhill: nepexoLl II -• () nony'IHM! ) 

00 

1/I (II') _2_ J d11' , 371 0 II w 
a- = 21

2 

(6.4) 
00 

a -a- =_1_ J tfr(v') d11'. 
1 3 3TT 11'2 

0 

12 • 

J' 

' 

n 
n 

c 



!paanenn~ ~ CooTHoweHHSI ( 6.3) H ( 8.4) no3B011SIIOT Tenepb npeucTaBHTb ( 6.1) B BHJJ:e, HBHO y uosneT-

~SHHoe i' BOpS!IO!.l.l9M yCliOBHSIM KpOCCHHr-CHMM9TpHH ( 5.5 ): 

: ( 6.1 ) 
I 

.2) 

nep-

B 

.3) 

cy-

4) 

( 

( 

l 

I 
§ 

Re {-J "' a- UJ Frr (v) 

Re ( t> - 1(-) ) "' v (a; - a" ) I;.~v) - __!::__ r v ~+)I 
1¥, P3!2 3 - 2rr o v - v 

(-) 

Re (!(-) + 21(->) "'-2 ___x:_ 12 Hi UJ [ 1- F (v)] + ~ f lm ~u2 dv' 
Py, PJ;2 UJ rr rr 0 v{v'-v)c,_.' • 

7. Cpasnenne c sKcnepHMeHTOM 

npu Bh!BOJJ:9 ypaBH9HHH (6.5) _ _!I8MH 6bWO nposeJJ;eHO Bb!'iHT8HHe B JJ:HCnepCHOHHhiX COOTHO-

lll9HHSIX JJ;ml pacceHHHSI H838JJ: B TO'iK9 V"'O 3TO npHBOJJ:HT K HC'ie3HOB9HHIO BK118JJ:8 rrrr -
0 /~ 'lnenoa B unnay pacceSIHHSI a , anSI KOTopoil: nonyqaeTCSI B TO'iHOCTH <PopMyna CGT.!'l 

Y'ieT nonpasoK THna V!.l npHBOJJ:HT K Bb!p8)!(eHHIO 

(1+VM)a-,21
2 
__ 2 __ j I(":'} [ , 1 (l+J1w~ )+.,---'l~-

3rr o v UJ~+....!:__ M +p M+p' 
M M o o 

( 7.1) l cJv'. 

npu nonyqeHHH COOTHOlll9HHSI ( 7.1) pa31!0)!(eHHe ITO VU npOBOJJ:HliOCb T8K0 'iT06b! He YXYJJ:lll8Tb 

IIOB9JJ:eHHe llOJJ:hiHTerpallbHOH <i:>YHKUHH Ha 6eCKOH9'iHOCTH. Y:HClleHHbie pac'ieTbl IIO <i:>OpMyne ( 7,1) 
/211 

C HCll011b30B8HH9M <Pa3bl a33 B BHJJ:e 

3!2 2 4 * 
~- u (v) ctg a

33
"' ___ ( 1- __ UJ-

UJ* 31 2 2.17 -
( 7.2) 

u(v)"' 1 · a= 0,27; 
, l+a11' 

2 
I "'0.087 

/22/ 
naxoJJ:HTCSI B cornacuu c uaHHhiMH OpHpa • EcnH BMecTo JJ:8IOT 3Ha'ieHHe a = 0,092, 'iTO 

Bbipa)!(eHHSI ( 7,2) HCll011b30B8Tb .llpyrue H3BeCTHbie <t>opMyllhl )];liS! a33 , TO 3H8'i9HHSI a 

oKa3hiBaiOTCSI npu6nH3HTenbHO paBHhiMH 0,08. TaKHM o6pa3oM, unuay pacceHHHSI a· a ypasHe

HHSIX ( 6,5) MO)!(HO paCCM8TpHB8Tb K8K napaMeTp, nOCKOllbKY npH 11I060M Bbi6ope <i:>B3bl a 33 3H8-

'l9HH9 B911H'iHHhl a XOpOlllO COrnacyeTCSI C SKCIIepHMeHT811bHbiM 3H8'i9HH9M, 

BenH'iHHhi aj H aj H3BeCTHhi H3 sKcnepHMeHTa c 6onbllllfMH owu6KaMH a1 =+0,008:t_0,031, 
- /23/ 

a3 "'-0,095 :t_0,08 , KOTOpb19 o6yt;POB11eHhl 60llblllHMH OlllH6Ka MH 8 Onpe.lle119HHH M811b1X 4>a3 

a
11 

If a13 o .LlnSI pa3HOCTH ai - a·3 , HanpHMep, H3 COOTHOllleHHSI ( 6.4) MO)!(HO nony'iHTb 3Ha

'l9HBe, paBHOe 0,0251 'iTO B npe.ll9118X OlllH60K cornacyeTCSI C SKCnepHMeHT811bHbiMH JJ:BHHhiMH no 

aij • 0JJ:H8K0 0 JJ:liSI OnHC8HHSI SHepreTH'ieCKOrO XO.lla <i:>a3 C nOMOlllbiO COOTHOllleHHSI ( 6.5) B911H

'lHHa ;r
1 

-a·
3 

JJ:01i)!(H8 HM9Tb 60llblllH9 3H8'ieHHSI. npoTHBOpe'iHBOCTb B onpe.lle1_jHHH pa3H01~H 

MO)!(HO nOHSITb. cne.llyiOlllHM o6pa3oM: pa31!0)!(HM npaBbie qacTH Re IP H - Re I p Bj - Bj 
B ( 6.5) no CTeneHSIM v H 

y, 3/2 

a3 0 Bbl'iHCliSIIOTCSI 

R110X0
0 

'iTO SIB11SI9TCSI C119JJ:CTBHeM npeHe6pe)!(eHHSI M811b!MH <Pa38MH nOJJ: HHTerpanaMH B CHCTeMe 

(6,5), EC11H )!(e nposeCTH JJ:OnOliHHTellbHOe Bbl'iHT8HHe B TO'iKe V"'() 0 TO BeliH'iHHbl a 1 H aj 

CTaHyT napaMeTp8MH TeOpHH H MO)!(HO nOllb!T8TbCSI Bhl'iHCliHTb ClleJJ:yiOWHe KOS<i:><i:>HUHeHThl p831IO

)KeHHSI, Bb!IIOliHSISI yKa3aHHYIO onepaUHIO BO BTOpOM H TpeTbeM H3 ypasHeHHH ( 6,5) 0 nony'iHM 
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+ 

3.aecb WTpHx y F 03HaqaeT npOH3BO.QHYIO no II , a Bhipa:lKeHH~ B cjJHrypHbiX CK06KBX -3aj (II) 
. ...... 

H 3 d'J (v) , COOT!3eTCTBeHHOo 

· nono:lKeHHe ·rrrr -peaoaanca onpe.aenHM H3 cpaaneHHH Ref
(·). ~ . 

' s c aKcnepaMewranbHhi-

MH JlBHHhiMH. npH STOM y.aoaneTBOpHTenbHOe OnHCBHHe aHepreTH'IeCKOJi 38BHCHMOCTH S -aonHhi 

nonyqaeM npH a·"" 0.~ 1 tr"" 22 , (pHc. 2). OueHKH no MeTo.ay HBHMeHbWHX Kaa.apaToB .aa-

IOT Te :lKe aaaqeaHSI .anSI a tr P -aona MBno 2 . 
e TO'IHOeTbiO .00 - 2%. ¢OpMynhi LinSI H 

qyaeTBHTenbHhl K aenH'IHHBM a t r H eHnbHO 38BHeSIT OT ~ aj H f • BH.a cpyaK-

UHA, eTOSIWHX MHO:lKHTenSIMH npH aj H aj ene.ayeT H3 Kpoeeaar-eHMMeTpHHo 0HH SIBnHIOTCSI 

pacTyLUHMH cpyHKUHRMH I'U • TaKHM o6paaoM 1 I:J 
eHnbHO CK83biB810TCSI Ha noae.aeHHH Re Py, H 

He6onbWHe H3MeHeHHSI B KOHeTaHTe Bbl'IHTBHHSI 

f..·> t> Re ll;2 npH Tf "'2 -3 • 3aaHeHMOeTb Re Py, OT 

aaeprHH (eM. pae. 3) Tpe6yeT1 'IT06bJ BenH'IHHB a1 6bJ.118 OTpHU8TenbHOJi. 0TMeTHM 1 'ITO ecnH 

1-) 
'Re P BbipB:lKeHHe 6e3 .aononHHTenbHOrO Bhl'lltT8HHSI1 TO BhiBO.Q 0 3H8Ke ai 

'h 
HCnOnb30B8Tb .anSI 

He MeHSieTCSio 

Bhi'IHTBHHe a TO'IKe J,~>=0 3H8'1HTenbHO nOBbiWBeT Tpe60B8HHSI K TO'IHOCTH B onpe.aeneHHH 
(·) 

1/!(v) • VIHTerpan B CMbicne rnaaHoro aHa'leHHH B cpopMyne .anSI Re fp 31 2 aa:lKea .anSI nony-

qeHI'ISI peaonancaoA aaBHCHMOCTH. He6onbwae 

soli a o6nacTH Tf ~ 1,5 • B6nH3H peaoaanca 

rpanaMH nonaranoe b a 11 
.,Q 

1 KpOMe a 33 

H3MeHeHHSI ero aenH'IHHhi CHnbHO MeHSIIOT XO.Q KpH-

/
•) 2 

Tf[IIJ "'Cos a • nocKOnbKy BCIO.Qy no.a HHTe-
P3/2 1, 

(·) 
, TO .anSI Tfl?B IP BhJWe peaoaanca MO:lKHO 

3/2 

O:lKH.Q8Tb TOJlbKO K8'1eeTBeHHOrO eornaeHH e SKenepHMeHTOMo • 

l.JHeJieHHbH!! pacqeThi IIOK83biB810T (pH eo 4) 1 'ITO npH Jli06bJX paayMHhiX 3H8'1eHHSIX a~ t E.; 
I ·) 

KpHBble Tf Re p XOpOWO OnHebJBBIOT SKenepHMeHT .QO Tf "' 1,1 o 8 OKpeeTHOCTH pe30H8Hea 
(•) 3!2 

Re I npoxo.aHT qepea HYJib (eM. pH e. 4) 1 o.aaaKo aKenepaMeHTaJibHble TO'IKH ne:lKaT· Bbl.w.e 
PJ/2 

14 
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• 
KpHBhix. HaHnyqwero cornaciiSI c aKcnepHMeHTO~ y.aaeTCSI .ao6HThCSI npH aHa'ieHHSIX a~ 

HeCKOJ1bKO OTJ1H'i810l.UHXCSI OT T8KOBbiX .llJ1SI Re ~-) 
PvJ 

a· 
3 

no HaWeMy MHeHHI0 0 9TO SIBJ1SieTCSI peaynbTaTOM an:npOKCHM8UHH llO.llblHTerpanbHOJt cpyHK

(·) 
UHH, no9TOMY Ilpe.llCTaBnSieT HHTepec 'iHCneHHOe peweHHe HHTerpanbHOI'O ypasHeHHSI ,llnSI f 0 

p:J/2 
EcnH saaaTbCSI aaepreTH'iecKolt aaBHCHMOCTbiO a 33 , TO MO:tKHO Ha.aeSITbCSI nony'iHTb Manyro 

cpasy a 13 • TaKolt 'iHCneHHhiA pac'ieT 6Lm 6hr aononHHTenbHOlt nposepKolt CHCTeMbi ( 7.3 ). 

BnHHHHe TTTT -s38HMO.lleltCTBHSI H8 1-) 
P - BOnHy OK83b!BaeTCSI MBnbiM, noCKOnbKY cpopMy-

3/2 

na l.J:y-floy .anSI XOpOWO Ol1HCb!B8eT 9KCnepHMeHT liHWb .llO pe30H8HCa, MO:tKHO O:tKH.ll8Tb; 

'ITO BKJ18Jl TTTT -B38HMO,lleltCTBHSI 0 ecnH OH Ba:tKeH, 6y.lleT 3aMeTeH BbiWe Tf "'2 , nyHKTHpHaSI 

KpHB8SI 0 rrpe.llCT8BnSIIO!.U8SI TTTT -acpcpeKT, y .llOBneTBOpSieT 9TOMY Tpe60B8HHIO ( CM,pHC,4) • 

Bb!BO.llbl 

t. C rroMOLUbiO .asoltHbiX cne!£TpanbHhiX rrpe.acTasneHHA MaH.aenbcTaMa .anSI CKanHpHhiX 

() (-) 
P- P nap-
y, :Jj 2 

TT-N -pacceSIHHSI nonyqeHhi ypasHeHHSI .ang s" 

UH8J1bHb!X BOnH, nepeXO.ll K napuHanbHb!M 8Ml1nHTy.llaM OCyWeCTBJ1SieTCSI nyTeM KOM6HHHpOB8HHSI 

JlHCilepCHOHHb!X COOTHOWeHlfii .lln>l pacceHHHSI Bnepe.a H H838JJ, 

2. CiicTeMbi ypasHeHHlt .ang napuRanbHhiX sonH ( 6,5) 1 ( 7.3) y'iHTLrsaroT snHSIHHe TTTT -

B38HMOJJeitCTBHSI H8 TT N -pacCeSIHHe, npH Bb!KniO'ieHHH "" -s3aHMo.aeltCTBHSI ( F
17 

(v) "'1 ) 

ypaBHeHHSI (6,5) rr·epeXO.llSIT B ypaBH8HHSI 4y-floy 1 a ( 7,3) B ypasHeHHSI 4y-floy C COOTBeTCTBy-

IOWHMH Bhl'iHT8HHSIMH, 0KOH'i8TeJ1bHLie cpOpMynhi ( 6.5) 1 ( 7,3) ITO.ll'iHHSIIOTCSI CBO.li:CTB8M KpOCCHHr

CiiMMeTpHll B cj:JOpMe (5,5) • Bee napaMeTpb! B HHX HMeiOT "SICHh!H cpH3H'ieCKHlt CMbiCn" • 

3. AuanH3HpyeTCSI ueo.aH03H8'iHOCTb y'ieTa TTTT -B38HMO.lleltCTBHSI 0 KOTOpaSI CBO.llHTCS1. 

K HeO,llH03H8'iHOCTH B orrpe.aeneHHH 9neKTpOM8I'HHTHOI'O cpopMcpaKTOpa TT -Me30H8, .[lnSI KOH-

KpeTHOI'O BH.ll8 Tr, (v) (6,3) rrpOBO.llHTCSI Cp8BHeHHe C 9KCrrepHMeHTOM, 

4, Y .llOBneTBOpHTeJ1bHOe Ol1HC8HHe s(·) BOnHbl nonyqaeTCSI rrpH a" = 0,08, tr = 22, npH 

2 (-) 
sHa'ieHHH aj >=-0,004, aj "'-0,1 H f =0 1087 sonua fP xopowo nepe.aaeT aHepreTH'ieCKYIO 

j-> y, 
38BHCHMOCTb .llO Tf "' 3 0 a .anSI p HMeeTCSI KB'ieCTBeHHO sepHaSI 38BHCHMOCTb OT Tf , no-

3/ 2 
cneauee CBSI3aHo c rpy6ocTbiO npe.anono:tKeHHA, c.aenaHHhiX npH Bhi'iHcneHHH HHTerpana s CMhrcne 

f-) 
rnasuoro 3Ha'ieHHSI. KaK H O:tKHJJanocb, acpcpeKT "" -s3aHMo.aeltcTBHH B P Man. 

3/2 

3HaK a; (a~ < ()) He 38BHCHT OT TOI'O, rrpOBO,llHTCSI B ypaBHeHHSIX .llJ1SI p -sonH Bbl'iHTa-

HHe HnH HeT, OH SIBnHeTCSI cne.acTBHeM KpoccHHr-cHMMeTpHH, EcnH npeHe6peqb ero H nonaraTb, 

K8K 06hl'iHO, a11 "' a II Tf 1 TO a~ > 0 

5. WHpHH8 TTTT -pe30H8HC8 !lliano Ii3MeHSieT s- H P - BOnHhl npH HH3KHX 9HeprHSIX, 

0JJH8KO OH8 onpe.aenSieT 8CHMl1TOTHKY H 6y.aeT CK83biB8TbCSI I1pii 60nb-

WHX 9HeprHHX 1 T,e, B o6naCTH 1 ne:tKaLUeJt 38 rpaHHU8MH rrpHMeHHMOCTH H8WHX ypaBHeHHlt, 0Tuo-

CHTeJ1bHbiH BKJ18.ll qneHOB1 3B'BHCSI!.UHX OT Man npH .,., "' 2. Y'iHThiBaH, 'iTO TeopeTH'ieCKHe 

KpHBb!e npH M8Jlbu( Tf XOpOWO rrpOXO.llSIT qepe3 9KCrrepHMeHT8nbHbie TO'iKH 0 MO:tKHO CK838Tb0 

'ITO H3 HH3K09HepreTH'ieCKOH o6naCTH orrpe.aenHTb E He y .aaeTCH, OT senH'iHHbi 6y.aeT 

CHJlbHO 38BHCeTb llOBe,lleHHe cpyHKUHil: a H 
i·) 

B o6naCTH V < -1 • noaTOMy ,llnH orrpe.aene-

HHll He06XO.llHMO o6paTHTbCSI K aneKTpOM8I'HHTHOil: CTpyKType HyKnOH8, 

8 38KJ1IO'ieHHe C'iHT8eM CBOHM npHHTHbiM JJOnroM Bb!p83HTb rny6oKyiO 6naroaap-

HOCTb H.H. Boronro6osy 38 HHTepec K pa6oTe H none3Hbie coseThi, A.B. EcppeMOBy, 

A.A. floryHOBY H .[l.B. illHpKOBy 38 CTHMynHpyiOWHe JJHCKYCCHH. 

15 
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'~~"'"~ ... -

nE,H1102KeHHe 

PerneHHe Kpaeaoit 38,Q8'1H ( 2.2) CBOllHTCSI K Bbl'IHCJieHHIO HHTer-pana U (v) 

nei'KO 6epeTCSI IIO TeOpHH Bbi'IeTOB B II1IOCKOCTH 'k' • LlnR p831IH'IHblX MO,Qeneit 

eTCR IIO cPOpMyne 

8 1 (k) = _1_ ln P(k) + ia Tc
3 

1 2i P(k) -is k3 > 

r-.ae P(k) - rronHHOM B rrpaaoii 'ISCTH (3.2). ¢yHKUHR u (v) IIpH 9TOM p8BH8 

u(v) =_1_+tk ln P(k) + ia k' 
4i$ -oo P (lr)- ia k 3 

dk 
(k2+1)(k2+ w2) 

,.. 

• HHTer-pan 

81 
I orrpe.aens-

( n.t > 

<n.2) 

Tpy llHOCTb npH Bhl'IHCneHHH HHTer-pana B ( n.2) COCTOHT B pellieHHH ypaBHeHHit p (k) ~ ia k
3 
= Q • 

3.aecb acer-.aa y.ao6Ha saMeHa Y =ilk • .LlnR P(k) = k
2

- k
2 

(ciJopMyna (3.2)) pacnono2KeHRe 
t 

nor-apRcPMR'IecKRX TO'IeK aeTaneHHH rrpuae.aeHo Ha puc. 5. HerrpepbiBHOe H3MeHeHHe 8 1 ·(k) 
1 

Tepaane [ O,w ] o6ecrrequaaeTCH Bbi6opoM paspesoa (cM.puc. 5). 0KOH'IaTeJibHOe Bhlpa2KeHRe 

ll1IH aneKTpOMSI'HHTHOI'O ciJopMcPSKTOpa 1T -Me30Ha HMeeT BHll 

F (v)- w-~ rr - "+v 
1-~ 

U+V 

1-4k U+V ·k2 
. r (u- VJH(U+V)2 + r 

. 2 
w2 -;4k U+V W +k 

'(u-v)2+(u+v)2 , , 

w >"0 

..... 

2( 2 2 -,2 2 3( 2 2> 
2 

[kU·V)-2uv +[(u-v)+UVJ]+ u-v-, 2 2 IP(v)l=l • 2 4 }'~'[ k,-w2(u+v) 
" [~Cu-v) 2 -2uv +w2[(u-v)2+uv )2]~ 3(u2v2) 2 k2-(u + v )2 

t 2 4 t 

2 
]'~'[ k+1-a 

k 2+ 1 + a 
t 

'h ~-

]; rl< OJ 

r-.ae 

u = V-d2 + v 1127+<£72)2 v=-Vt/2 +v'<d2P +1!27 

a 
f. = a kr 

2 
Ecnn ( f/2 ) <<..1/27 1 TO M02KHO IIpOBeCTH p831102KeHHe u H v IIO • Tor-.aa rrony'IHM 1 

H8IIpHMep1 

r1T (w) = k. + =x;-k 
k +W2 l 

r --
k, +lW 

HHTepecHo cpaBHHTb rronyqeHHoe Bhlpa2KeHHe .anH F (w) 
1T 

w > o. 

Ill/ 
C TSKOBbiM H3 • nocne.aHee cne-

.ayeT H3 Hawer-o rrpH .aorronHHTenbHOM pasno2KeHHH __ l __ • CTpor-o r-oaopg, OHO aepHo .anR 
k.+rw 

tw <<. 1 • EcnH oT6pocHTb or-paHH'IeHHe Ha w • T'"o F (w) 6y.aeT c o.aep*a Tb non10c rrpn ----rc::- 1T 
r 
W"'Aj./£o 

.. 
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BTerpan 

orrpe.aeng-

( n.t) 

(n.2) 

"!:. ia k"= 0 

OJ 

I 

I 
I 

I 
I 

I. 

c 

C= T i 

C==-i 
• 

Puc. 1. 

Puc. 2. 
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