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.l 
J 

l.BBe/leHne 

B nocne/lHee BpeMs:r HeO/lHOKpaTHo o5cyMJlanacb npo5neMa yqeTa sneK-

/1-7/ 
TpOM8I"HHTHbiX nonpaBOK K aMnnnTyJle llHOH-HyKnOHHOI"O pacceSIHHH 

PemeHHe STOI"O BOUpoca HeOOXO/lHMO npeM/le BCei"O JlnH TOqHOll npoBepKH 

8/lpOHHblX /lHCUepCHOHHb!X COOTHOllieHHll Upll Bb!COKHX SHepi"llgxo 

l13 OUbiTa Mbl nonyqaeM aMnnHTYilY T , KOTOpaH CO/lepMHT paJlna-

UllOHHhie nonpaBKll 

T = T 
Ia oN 

TN (1) + e . 
0 

3JleCb To =aVs / t t n 5onbuiux 
x/ 

npn ManhiX s . a -UOCTOHHHaSI 

TOHKOll CTpyKTypb1 1 TN - qncTo s:r/lepHas:r aMnnnTylla, .nonyqa10mas:rcs:r npn 

BbiKniOqeHHblX sneKTpoMai"HHTHbiX B38HMO/lellCTBHHX. nns:r onpeJleneHHH TN 

ua sKcnepnMeHTa HYMHO 3HaTb 4Jaay 8 N , npnqeM B ps:r/le cn_yqaeB oco5eH

HO BaMHO HMeTb qucneHHOe 3HaqeHne Re 0 N • 

xl 
s,t_,u - OObiqHbie M8H/lenbCT8MOBCKlle nepeMeHHhie. nns:r npOCTOTbl pac-

CMaTpnBaeTCH cnyqail pacceHHHH qaCTHU C 0/lHH8KOBb!MH 3apH/l8MH. 

3 



/1 I 13,41 
BeTe n apyrne asTopbi oueHnsann senn"'nHy o N anSI 

6onblliHX aHeprnil, rronb3ySICb HepenSITHBHCTCKOll KBBHTOBOll MeXaHHKOll. B 

penSITHBHCTCKOM cny"'ae paccMaTpnsanncb nnmh Te rrorrpaBKH K TN , KOTo

pbie B03HHK8IOT 38 C"'eT 06MeHa <floTOHOM Me)!{ay "'8CTHU8Mll B Ha"'anbHOM 
/3,57/ /5,7/ 

nnn KOHe"'H?M COCTOSIHHH ' • B pa6oTaX rrpn OUeHKe 9THX rrorrpa-

BOK y"'HThiBanncb TBK)!{e ¢opM¢aKTOpbi B ¢oTOHHhiX sepmnHax. Bo scex 

yrroMSIHYTblX Bbillie pa6oTaX 0 N CTpeMHTCSI ITpH 60nbllillX 9HeprHSIX K 

ITOCTOSIHHOll aeilCTBUTenbHOll BenH"'HHe, B OUeHKe KOTOpOil Me~ay pa3Hb!MH 

asropaMn nMeiOTCSI nnmb He3Ha"'nrenbHbie pacxo)!{aeHnSI. TaK KaK crporoe 

pemeHne aaaa"'u orrpeaeneHUSI oN B penSITHBUCTCKOM cnyqae "'pe3Bhl"'8ll-

HO CnO)!{HO, BO BCeX pa6oTaX, ITOCBSillieHHbiX STOll rrpo6neMe, 6hinU caenaHbl 

cnnbHbie yrrporuaiOrune _ rrpearrono)!{eHnH, KOTOphie BB)!{HO rrposepuTb XOTSI 6bi 

Ha rrpuMepe Hecno)!{HbiX Moaeneil. 

B HaCToSirueil pa6oTe paccMaTpnBaiOTCSI aneKTpoMarHnTHhie rrorrpaBKu 

K OTaenbHb!M "'neHaM pSiaa Teopnu B03MyllieHnil, KOTOpble OITHCbiBa IOTCSI 

rrpOCTblMU <fleitHMBHOBCKHMH auarpaMM8MH. l13BeCTHO, 'ITO UCCneaOBaHne 

TaKUX "'neHOB aaeT B03MO)!{H0CTb cyaHTb 06 aHanUTU"'eCKHX CBOllCTBaX H 
. /8,9/ 

acuMrrToTu"'eCKOM rroseaeHnn aMrrnnTyahi (eM., HarrpnMep, ) • AHano-

rn"'HO rrpeano)!{eHHaSI aaecb Moaenb aaeT B03MO)!{HOCTb cyanTb o5 oTHocn-

TenbHoil senn"'uHe u xapaKTepe paann"'HhlX paanaunoHHhlX rrorrpasoK. 

B pa5oTe paasnT MeToa Bhi"'HcneHnSI acnMrrToTnKu ¢eiiHMaHOBCKIIX 

IIHTerpanoB, coaep)!{alliHX uH<flpaKpaCHbie paCXOaHMOCTII, .IIBnSIIOlli!IllCSI o5o5-

rueHHeM H3BeCTHbiX MeTOaOB !ICCneaosaHHSI <fleitHMaHOBCKHX anarpaMM1 OITH-

Cb!Ba!Olli!IX B3aUMoaeitCTBUe "'aCTHU C Maccoil, OTnU"'HOll OT HynSI. 

B paMKax aaHHoiJ: Moaenn paccMaTpusaiOTC.II rrorrpaBKII, CB.H3aHHhie 

C 05MeHOM <floTOHOM He TOnbKO Me)!{ay "'8CTUU8MH B Ha"'anbHOM nnu KOHe"'

HOM COCTOSIIUIII, HO II Me)!{ay B!IpTyanbHblMU "'8CTUUaMII. HccneaoBaHa pOnb 

¢opM¢aKTopos. Bhmoahi co5paHhi B aaKniO"'eHim. 

I 
I 

I 
I 
I 

t 

2. Orrncairne ~ 

B penSITHBHCTCKoiJ: Teopnu rronHaSI 
/2 3/ 

"'aCTHU rrpeacTaBn.HeTCSI B BRae ' 

T ,\ = T
0 

+ exp I F.\ I 

AMrrnnTyaa TN aaecb Ta )!{e, 'ITO n B 

-iafn(.\2/-t).T =expliafu(.\2 /-t) T COOTBeT 
0 0 

3apSI)!{eHHb!e "'8CTHUbl 05MeHHBaiOTCSI TOn 

,\ BBOaHTCSI a~SI YCTpaHeHUSI HH<flpaKp~ 

B HameiJ: Moaenn "'HCTO SiaepHaSI a~ 

MaM!I "a" H "6" (puc. 1 ). nse pa3nH"'HI 

B3a!IMOaeilCTBYIOT1 o5MeH!IBaSICb aByMSI l 

MH, Macca KOTOpb!X B UenSIX yrrporueHHSI 

2M • B rrpnHuurre, peaynbTaThi He ·aasr 

Hbie paauaunoHHhie rrorrpaBKII K aTHM au~ 

cny"'ae pacceSIHHSI srrepea. 

IToaqepKHeM, 'ITO paccMaTpusaeMas 

soaMyrueHnil. E cnu 6bi Mhi Bhi"'ucnSinn 

TO rrpn 6onbruux s aon)!{Hhi 5hmn 6hi 

BKnaa OT KOTOporb paBeH ITOCTOSIHHOll BE 

rrporropunoHaneH fn s/ s ) • B peaynhTBTE 

uMeiOruaSI paapeaos B KOMrrneKCHOil rrnocJ 

6binO 5b! OUeHUTb BKnaa OT BHyTpeHHHX 

l13 OITbiTa H3BeCTHO, 'ITO 60pHOBCKl 

rrpn 5onbmnx s • IToaTOMY B HacToSirr 

aenb, H3y"'aSI KOTOpyiO MO)!{HO nony"'IITb 

paMM Bb!ClliuX· llOpSiaKOB1 aaiOlliHX, B03MO 

npu ·s ... oo • B qacTHOCTn, peaynbTaThi, 

4 5 



/3 4/ 
' OUeHIIB8JIII BeJIII'IIIHy 0 N JlJIH 

KBaHTOBOii MeXaHIIKOii. B 

Tp1IB8JliiCb JIIIlllb Te IIOIIpaBKII K TN , KOTO-

H8 lf>OTOHOM Me)KJlY '18CTIIU8MII B H8'18JlbHOM 

7/ /5,7/ 
• • B pa6oTax rrpii oueHKe STIIX rrorrpa-

B cjloTOHHhiX BepiiiiiHax. Bo Bcex 

ON CTpeMIITCH lip II 60JiblliiiX SHepi'IIHX If, 

BeJIII'IIIHe, B OUeHKe KOTOpOH Me~JlY pa3Hb!MII 

aa'IIITenhHhie pacxO)KJleHIIH. TaK KaK cTporoe 

oN B penHTIIBIICTCKOM CJiy'lae 'lpe3Bbi'Iafi-

IIOCBHIIIeHHbiX STOH 1Ip06neMe, 6hiJIII CJleJiaHhl 

KOTOpbie B8)KH0 IIpOBepiiTb XOTSI 6hi 

sneKTpOM8I'HIITHhle IIOIIpaBKH 

OpHII B03MyiiieHIIH, KOTOpbie OIIIICbiBa IOTCSI 

paMM8MII. l13BeCTH0 1 'ITO IICCJie)lOB8HIIe 

06 8H8JliiTII'IeCKIIX CBOHCTBaX II 

/8 9/ 
(eM., HaiipiiMep, ' ) • Aaano-

aaeT B03MO)KHOCTb CYJliiTb 06 OTHOCII

paJlii8lliiOHHhlX IIOIIpaBOK. 

8CIIMIITOTHKII cjlefiHMaHOBCKIIX 

paCHh!e paCXOJliiMOCTII 1 5IBJISI!Oill1IHC5I o6o6-

0IIII-

C Maccofi, OTJIII'IHOH OT HynSI. 

paCCMaTpUBaiOTCSI IIOIIpaBKH, CB5I38HHhle 

Me)KJlY 'laCT11U8MII B H8'18JlbHOM IIJIII KOHe'I

BilpTyaJibHbiMH <JaCTIIUaMH. HccneaoBaHa ponb 

4 

I 
I 

' 

I 
I 
I 

I 

2. OrriiCaHHe Mo,genH 

B penHTIIBIICTCKofi Teopiiii rronHaSI aMIIJIIITYJla pacceRHIIH aapH)KeHHhlX 

n~ 
'18CTIIU IIpeJlCT8BJISieTC5I B BIIJle 1 

TA T
0 

+exp IFA I TN (2) 

N 
AMIIJIIITYJla TN aaecb Ta )Ke, 'ITO II B ( 1). fipii Ma1lhiX t iao =FA 

-ia Cn(A
2
/-t). T =expl iafu(A 

2 /-i) T cooTBeTCTByeT JliiarpaMMaM, B KOTOphiX 
. 0 0 . 

3apSI)KeHHhie 'laCTIIUbl 06MeHIIB8IOTC5I TOJlbKO cjJOTOHaMIIo 4>0TOHH85I Macca 

A BBOJlllTCSI Jl,l!SI YCTpaHeHIISI IIHcjlpaKpaCHblX paCXOJlllMOCTefi. 

B Haiiiefi MOJleJIII 'IIICTO SIJlepHaH aMIIJIIITyJla OIIIICbiBaeTCH Jliiai'paM

MaMn , a, II "6" ( PIIC. 1). nBe pa31lll'IHbie CKa1ISIPHhie 'laCTilllbl MaCChi M 

B3allMOJlefiCTBYIOT1 06MeHIIBa5ICb JlBYMSI HefiTpanbHbiMII CKa1ISipHbiMII Me30Ha

MII1 M8CCa KOTOpb!X B UeJIHX yrrpOIIIeHIISI Bbi'IIICJieHIIH IIpllHIIM.aeTCSI paBHOH 

2M • B rrpiiHUnrre, peaynhTaTbi He 3aBUCSIT oT Bhi6opa Mace. BceB03MO)K-

Hhie pa)liiaUIIOHHhie IIOIIpaBKII K STIIM Jliiai'paMMaM Bbi'IIICJI5IIOTCSI B '18CTHOM 

cny'lae pacceSIHIIH Brrepea. 

fiOJl'lepKHeM, 'ITO paCCMaTpiiB8eMaR MOJle1lb He 8KBIIBa1leHTH8 TeOpiiii 

B03MymeHnfi. Ecnn 6bi Mhi Bhi'Incnnnn TN cornacHo Teopnn B03MymeHIIfi, 

TO IIpH 60JiblliiiX S Jl01l)KHbl 6h!Jlll 6bi COXpaHIITb T01lbKO 60pHOBCKIIH 'IJieH, 

BK1la)l OT KOTOpOI'b paBeH IIOCTORHHOH Be1lll'IIIHe (BKJiaJl Jlllai'paMM·piiC.la,6 

rrporropunoHaneH Cn s/ s ) • B peaynbTaTe rrony'lnnacb 6bi aMrrnnTyaa, He 

IIMeiOIIlaSI pa3pe30B B KOMII1leKCHOH II1IOCKOCTII. KpoMe TOI'O, HeB03MO)KH0 

6bi1IO 6b! OUeHHTb BKJia)l OT BHyTpeHHIIX lf>oTOHOB. 

l13 OIIbiTa ll3BeCTHO, 'ITO 6opHOBCKIIH 'IJieH He OIIIICbiBaeT aMIIJIIITYilY 

rrpn 6onbiiinx s • fiOSTOMy B H8CTOSIIIlefi pa6oTe Bhi6paHa 1IpOCT85I MO-

Jlenb, n3y'laR KOTopyiO MO)KHO IIOJIY'IIITb rrpe)lCTaBneHne 0 CBOHCTBaX Jlll8I'

paMM BbiCIIIIIX IIOpRAKOB1 Aa!OIIlllX, B03MO)KH01 OCHOBHOH BK1lall B 8MIIJIIITYAY 

rrpn ·s ... oo • B 'laCTHOCTn, peaynhTaThi, rrony<JeHHhie rrpn paccMoTpeann 

5 
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HaCTOS!IUefi MOAenu, llO-BilAilM~My 
1 

C 

HeHilSIMil AnSI 6onee cnmKHbiX Allarp~ 

Bb!COKoro llOpSIAKa (puc.2) • l13BeCTl 

AuarpaMM MO)KHO nony'lllTb AnSI [!Mil 

T "'sa , rAe a > 0 , B To speMg Kat 

Tofi s OTAenhHOCTu, rrponopuuoHanea 

3. Bhi'Iucnemw acuMn 

coAep)Kamux llHdm 

· CymecTsyiOT peuenThi, c noM.o 

Bbi'IIlCneHil SIM, HafiTil aCilMllTOTilKY I 

IUilX B3aUMOAellCTBile 'laCTilU C MaCI 

TOTUKy AllarpaMM 1 OllllCbiB8IOIUUX an 

Ho uccneAoBaTh TeM )Ke MeTOAOM, 

HOBCKUX llHTerpanos, HO peuellTbl 1 

s 9TOM cny'lae, soo6me rosopSI, np: 

BK . .!IaA mo6ofi AllarpaMMbi B a1 

BHAa 

f ll da 0 ( 1 - k a I). 
0 I I I 

A, P .u Q llOnHHOMbi 1 38BilCSIII 

HO 'lllcny BHyTpeHHHX nllHilll AHarpa 

Me'l'oA HaXO)KAeHuSI acuMITTOTI: 

KorAa OHil He coAep)KaT nwjipaKpacl 

- /1( 
Ten, onucaH MHornMu asTopaMn 

BaTbCSI. 
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HBCTOSIIllefi Moaenn, ITO-BIIaHMOMy 1 CnpaBeann~hl C He3H8'IIITenbHbiMII II3Me

HeHIISIMII anSI 6onee cnmKHhiX anarp!lMM neCTHII'IHOro :rnna CKOnh yroaHO · 

'81 
BhiCOKoro nopSiaKa ( pnc.2). HaBeCTHo ' , 'ITO npn cyMMnpoBaHnn TaKHX 

anarpaMM MO)KHO nony'IHTb anSI aMITnHTyahi pea)KeBCKYJO aCHMITTOTHKY 

T ., Sa , rae a > 0 , B TO BpeMSI KaK BKnaa n1060fi TaKOfi anarpaMMhi, B3SI

TOH B OTaenhHOCTH, nponopunoHaneH nHlllb (ens) n I s . 

3, Bhi'IncneHne acHMITTOTHKH dleiiHMaHOBCKHX .gnarpaMM, 

COllep)KallJHX HH!bpaKpaCHhle paCXOllHMOCTH 

· Cyll!eC.TByJOT peuenThi, c noM.OillbJO KOTOphiX MO)KHO, He npn6eraSI K 

Bbl'IHCneHHSIM, HafiTH 8CIIMITTOTHKY ll!IIpOKOro Knacca llHarpaMM, OITHChiBBJO-

u /10/ 
mnx B3anMonencTsne qacTnu c MaccaMn, oTnH'IHhiMH oT HynSI • AcnMn-

TOTHKY llHarpaMM, OITHCh!BaJOillHX sneKTpOMarHHTHhie B3aHMOllefiCTBHSI, MO)K

HO HCCnellOB8Tb TeM )Ke MeTOllOM, HCXOllSI H3 a -npencTaBneHHSI <jlefiHMa

HOBCKHX HHTerpanOB, HO peUeiTThi, nony'IeHHhle B H83BaHHhlX pa60TaX , 

B STOM cny'Iae, soo6me rosopSI, npnMeHSITh Henh3SI, 

BK . .nan n106oii nnarpaMMhi B aMnnnTyny npn t = 0 paBeH cyMMe 'IneHOB 

BUlla 

J n da l 0 ( 1 - }; 
0 l l 

2 
a

1
)A(a)[P(a)s-Q(a)M +i( 

-n (3) 

A. p .H Q nonnHOMhi, aaBHCSIIlllle OT a • Yncno napaMeTpoB a pas-

HO 'IUCny BHyTpeHHHX nHHHfi llHarpaMMbl, 

MeTOll HaXO)KlleHHSI 8CHMITTOTHKH Bblpa)KeHHfi TUna (3) B TOM cnyqae, 

KOrJla OHH He Copep)KaT IIH<jlpaKpaCHhiX Hn!f ynbTpa<jluoneTOBbiX paCXOJlllMOC-

u /10/ 
Ten, OITHCaH MHOrHMH aBTOpaMH , II Mhl He 6y.neM Ha HeM OCTaHaBnH-

BaTbCSI, 
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/11/ 
3aBbHnoB H CTenaHOB nc 

Toa ansr aHar.paMM, coaep)!{amHx yn 

nony"'HTb Bbipa)!{eHHe, He coaep)!{am 

BB0.1lHTb aononHHTenbHbie napaMeTp: 

.1lSIWHXCSI HHTei'panoB •. Tiocn~ :9TOI'O 

T0.1l8MH, "'TO H ansr CX0.1lSIWHXCSI .1lHI 

B Haweii MoaenH HMeroTcsr aH 

.1lSIWHeCSI npH ManhiX tPOTOHHbiX .H)Mll 

s K 6eCKOHe"'HOCTH, HaHTH aCHM[ 

WeCTBYIDWHMH peuenTaMH, H. nHWb 

HHSIX K npeaeny A ... 0 , TO nony•m 

pHM, HanpHMep, llH8I'p8MMY (lB}. I 

ansr Bhi.{leneHHSI HH¢paKpacHhiX pac:x 

paBeH 

r,,<IJ l 
B " 

3aecb 

<ll, =-ie 2/(2rr)~4pqf d
4

k l(k
2

-

= e2 /8rr
2 I!' -fn(A

2 
/M

2
·)[ fn(s/M 

2 

-2rr2 /3 I + o ( 1 I s ) 

r .. BKnaa oT aHai'paMMhi 1 a. I 

r 
2 2 £2 

irr g · [-fn .. 
4s M2 

x/ g' f KOHCTaHTbl CBSI3H 3apSI)I( 



,. .... ~ 

Puc. 2. 

8 

;J fl 
\ 

.l 
11\ .... 

. /11/ . 
3aBbsrnoB u CTenaHOB noKasanu,• KaK IIY*HO. ot5ot5mHTb aTOT Me-

TOll JlnSI JlHar.paMM1 COJlep)!{8UlHX ynbTpaifluoneTOBh~e •paCXOJlHMOCTH. l.J:TOObl 

nony'IHTb BblpS)!{eHHe, He coaep)!{aU{ee oeCKOHe'IHbiX KOHCTSHT, npHXOaHTCSI 

BBOaHTb aononHHTenbHhie ttapaMeTpb1 1 'IHCno· KOTOpbiX paBHO 'IHCny paCXO

aSiutHXCSI HHTei"'panOB •. ll OCne 9TOI"'O HCCneJlOBSHHe llpOBOaHTCSI TeMH )!{e Me-· 

TOaaMH, 'ITO H anSI CXOJlSIU{HXCSI aHai"'paMMo 

B Haiiieii: Moaenu HMeiOTCSI JlHSI"'pSMMbl ( 1B, I', a) H apyr'He, pacxo

aSiutHeCSI npn ManhiX ifloTOHHhiX H_Mnynbcax k • Ecnu cHa'lana ycTpeMHTb 

S K oeCKOHe'IHOCTH·, HSHTH aCHMllTOTHKY 9THX auarpaMM, nonb3YSICb cy-

uteCTBYIDUlHMH peuenTSMH, H nHIIIb 38TeM nepeii:TH B nony'leHHbiX Bhlpa)!{e-

HHSIX K npeaeny .\ ... 0 , To nony'IHTCSI HenpaBHnbHbiii: pesynbTaT. PaccMOT~ 
. . /12/ 

pHM, HanpuMep, auarpaMMY (lB). CornacHo H3BeCTHhiM iflopMynaM 

anSI BhiaeneHHSI HHiflpaKpaCHbiX paCXOaHMOCTeii:, BKnaa OT 9TOH auarpaMMbl 

paBeH 

r. 
B 

(4) <~~., r .. + R5 • 

3aecb 

Ill =-ie 2/(277)~4pqf d 4 k l(k 2
-.\

2 +i£) (k 2 +2.pk +i£)( k 2 -2qk+i~)l-t= 
" 

= e
2 

/877
2 

IJ' -fu(.\
2 

/M
2
·)[ fn(s/M 

2 
)-i77] + 1/2 fn

2
(s/M

2 
)-i77fn(s/ M 2 

)- (B) 

-277
2 /3 I + o ( 1 I s 

r" - BKnaa OT aHarpaMMbl la. llpH OOnbiiiHX S 

r 
" 

• 2 2 f2 2 2 117 g · [-fn(s/M )+ 2 +i77] + 0 (1/s ) 
4s M2 

(6)x/ 

x/ f . 
g, - KOHCTSHTbl CBSI3H sapSI)!{ElHHbiX 'ISCTHU CO CKangpHbiMH Me30H8MHo 
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KOHe'lHO npa .\ ... 0 • BHJlHO, 'ITO npH 6onbiiiHX s B r B HM88TCSI 
RB 

qnea, nponopuuoHanhHbtii: 1/s fn2 (s/M 2) fn( ,\
2 jl\1

2 
) • Ecna 6bl Mbt npu

Meaann K JlHarpaMMe ( 1 B) o6umii: peuenT, TO cTapiiiuii: qneH B acHMITTOTHKe 

6bm 6bt nponopuaoaaneH 1/s fn ( s / l\1
2

) • 

nnSI nonyqeHHSI npaBunbHOI'O pesynbTaTa HY:lKHO caaqana Bbl)lenuTb 

HH!fJpa~paCHbl8 paCXOJlHMOCTH U ycTp8MUTb A -> 0 , nocne 'l8I'O Bbl'lUCnSITb 

aCHMllTOTHKY npu S-> oo •. q T06bi nony'lUTb npu 3TOM B a -npeJlCTaBneHHH 

Bbtpa:lKeaue, ae coJlep:lKaiiiee 6ecKoaeqaocTeii:, Hy:lKHO, KaK u B cnyqae Jlu.ar

paMM, COJlep:lKalllliX ynbTpa!fJaoneTOBbl8 paCXOJlUMOCTH, BB8CTU JlOITOnHHT8nb

Hbl8 napaMeTpbt. OnniiieM noJlpo6aee 3TY npouellYPY aa npuMepe JluarpaM

Mbt (lB). l1MeeM c TO'lHOCTbiO JlO aecyiiieCTB8HHbiX npH A-> 0 u S-ooo qne-

HOB (pac.3): 

.2 22 4 4 4 2 2. 
R :.r -4> r =--leg f/2rr Jdk d r 4pql(k -,\+IE) X 

B B "' "-

x(k 2+2pk +iE) (k 2.;..2qk +iE) (r 2 -2pr +iE)(r2+2qr+iE) (r
2
-4M

2
+iE l-

1
x 

I ( 
2 

2 
2 2 . -1 2 2 . )-1 I 2 2 2 /8 2J 4 I 2 ( ) 

X r + k r +k -4'\1 +IE) -( r -41\1 +IE =e g f S TT d k ( k - 7 

1 (t-at) (1-a ra.J 
-,\2 +iE)(k2+2pk+iE)(k2:-2qk +iE) l- 1 J da 1 Jda2 Jda 3 l[k

2
a3 (1-a3)+2ka3 (a 1p-

0 0 0 

2 2 ] -2 [ 2 2 -2 
-a

2 
q) + a 1 a~ -M (2-a

1
-a

2
) +iE _- a 1a~ -l\1 (2-a 1 -a 2) +iE] 1. 

TIOACTaBnSISI B 3TO Bbtpa:lKeHU8 TO:lKJl8CTBO 

l 

(ak 2+ bk +c)-" -c-n=J dx-a-l(ax 2 k2 +bxk +C )-n1 
o ax 

(8) 

U BbinOnHSISI JllltPtP8p8HUHp0B8HH8 no X , nony'lliM 
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• Bn:JlHO, 'ITO npn: 6onbli1HX s B r B HMeeTC.H 

1/s fn
2 

(s/l\1
2

) fn( A2 /M 2 ) • Ecnn: Obi Mbi npn:

o6ll1n:ii peuenT, TO CTapli1HH 'IneH B aCHMITTOTHKe 

/s fn ( s I M2
) 

nbHOI'O pe3ynbTaTa HY)KHO CHa'lana BbiJlenn:Tb 

Tn: n: ycTpeMn:Tb A ... 0 , nocne 'lero Bhr~nrcn.HTb 

q TO Obi nony'ln:Tb npn: aToM B a -npeJlcTasneHn:n: 

e OeCKOHe'IHOCTeii, Hy)KH01 KaK H B cny'lae JlH.ai'-

oneTOBbie paCXOJlHMOCTH, BBeCTH JlOITOnHHTenb-

o6Hee aTy npoiieJlypy Ha rrpn:Mepe JlHarpaM

TbiO JlO HecylileCTBeHHhiX npn: A -o 0 n: s ... oo 'Ine-

4 4 4 2 2 • 
/2TT fd k d f 4pq{(k -A +IC) X 

ic) (r
2
-2pr +ic)(r2 +2qr+ic) (r2-4M 2 +ic !-1x 

( 2 2 0 )- I I 2 2 2 /8 2! 4 I 2 - r -4M +IE =e g f s TT d k (k - (7) 

I (1-a ) 0-a -a l 
I I I 2" 2 

1- J da 1 fda 2 fda 3 l[k a
3 

(1-a
3
)+2ka

3 
(a 

1 
p -

0 0 0 

2 -2 2 2 -2 
-a 2 ) +ic] -[a 1a~ -l\1 (2-a

1
-a 

2
) +icl !. 

)KeHn:e TO)KJl8CTBO 

I 

-n=J dx Ll(ax 2 k2 +bxk +C ) -nl 
o · ax (8) 

e no x , rrony'IHM 
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2 2 2 t ·1 (t-at> (t-arz:a> 4 a 3 [x( 1-a a)-a t1 

R ,. - e g f s fdx fda,fda2 fdaafd k l(k2+2p.k-+h)(k:_2qk+if) 
B 2 17 2 0 0 0 0 

+ 

+ aaat 2 2 
(k2+i£) (k2 -2qk +i£) l xI k x a3(1-aa)+2kx aa(atP -a2q) + (9) 

..-' -3 
2 

+a
1

a
2 

s -M (2 -a 1 -a2 ) + i£ 

l1HTerpupoBaHUe (9) no k npUBOO.UT K Bblpa:lKeHIHIM Tuna (3) (HO C o.onon.:_ 

HUTenbHbiM ·napaMeTpOM X ) , KOTOpbie He COO,ep:lKaT UHcppaKpaCHbiX paCXO

O.UMOCTefi U KOTOpbie MO:lKHO uccneO.OBaTb OObi"'IHbiM MeTOO.OM, 

4, Pao.uauuoHHbie nonpaBKU K TN 

Bee ocHOBHbie o.uarpaMMhi, onuchiBaiOruue pao.uauuoHHbie nonpaBKU 

B Haiiiefi Moo.enu, npuBeo.eHbi Ha puc. 1. t.{Toobi He sarpoMO:lKO.aTb 'lepTe:lKa, 

Mbl He npUBOO.HM o.uarpaMM, KOTOpbie (O.RSI pacceSIHHSI Bnepeo.) o.aiOT TaKOH 

:lKe BKnao., 'ITO u npu.Beo.eHHbie Ha puc. 1. Mbi He npuBOO.UM TaK:lKe o.uarpaMM, 

mi:nao. OT KOTOpbiX B aMnnuTyo.y Moxmo nony'IUTb, npousBeO.SI. nepeKpecTHOe 

npeo6pa30BaHne Bb!pa:lKeHUSI, COOTBeTCTByiOIUero OO.HOH U3 o.uarpaMM puc.l. 

TaKne o.uarpaMMbi Mbi 6yo.eM Ha3biBaTb nepeKpecTHO-CUMMeTpU'IHbiMU. 

BKnao. OT o.uarpaMM Tuna (lB) oyO.eM Ha3biBaTb S -BKRaO.OM, OT JlUar

paMM Tuna ( 1 r) - u- BKnao.oM n oT o.uarpaMM Tuna . ( 1 o.) - t -BKna-

o.oM. OcTanbHbie cpo_TOHbi - BHyTpeHHue. 

P accMoTpUM cHa'Iana B Ka'IeCTBe TN BKnao. o.uarpaMMbi puc .1 a. 

Toro.a BKnao. B FA (cpopMyna (2)) oT s -cpoToHOB paBeH 

(a,s) 2 2 1 2 2 2 
F, =2r ;r =2e /11 1--8 fn(X /M )-[fn (s /M ) -

. " B a (10) 

1 2 2 i 11 2 35 fn 2 2 . 
-i11 1-

12
rn (s/M) + -

6
-fn(s/M )+ ( 9if -i--4-) fn(s /M) l + const 

12 

0TCIOO.a 

I m F ~"·"> = a [ fn ( 

Ecnu npu Bbi'IucneHuu In 
. /3 57 I > 

Hble B ' ' . O.RSI Bbi'IUCReHU! 

Im F(a,e)_a [fn X -

3To oTnu'Iue oobSICHSieTc 

poB He y'IuThlBaeT paspesoB q 

S -nnOCKOCTH, 

CyMMupyst s II u non 

) 2 2 
F ~,.,.,,u =a I Hn (A /M ) 

I 

-1/4 f dy/y en (1 + 3y) J 
0 

Y'IeT cpopMcpaKTopoB B 

'IReHOB B aCHMnTOTHKe 0.11arpt 

( 12) OCTaiOTCSI oe3 H3MeHeHU 

aToM cny'Iae, rrpeo5pasoBaB n 

l(k2 -X2 +i£ )(k
2
-l\1

2 
+i£) 

BTopofi 'Inen so.ecb cooTBeTc' 

nerKo oueHIITb no ·ooiiiHM peu 

rrporropUHOHaneH KOHCTaHTe. ~ 

x/ /5 71 
ABTOpbi pa6oT ' . y'IHTJ 

<ll (eM. (5) )~ Tipn y'IeTe ' 
pa;emrst JlRSI <ll n R oo.HOE 

" TOTHKe He H3MeHSITCSI, 



1 (t-at> (1-ac62) 4 a 3 [x (1-a 3) -a tl 
fda t fda 2 fdaafd k l(k2+2pk-ti£){ k~2qk+i e) 

0 0 0 
+ 

x { k2 x 2 a
3

(1-a
3
)+2kx a 3 (a 1p -a 2 q) :t 

(9) 

-3 ... 
2 

+ i£ 

k IIpUBO}:IUT K BbipaiKeHIIHM TUlia (3) (HO C }:IOIIOn

) 0 KOTOpbie He CO}:IepiKaT UHQJpaKpaCHbiX paCX0-

0 UCCne}:IOBaTb 05bi'lHbiM MeTO}:IOM, 

0TCIOJ:Ia 

lm F~"·~>=a [en (.\ 2/l\e) +-}en(s/M2 )] +const. ( 10') 

Ecnu 1Ipu Bhi'lucneHuu Im"F 1"·~> caenaTb 1Ipu5nuJKeHusr, UCIIOnb30BaH-
- 13 57 I N 

Hhie B ' ' · ansr Bhi'lucneHusr Reo , IIony-qaeTcsr 

Im F~a.~>=a [en ( .\2 /l\1 2
) + const ] ( 11 ) 

3TO OTnU'lUe 05'bSICHHeTCH TeM, 'ITO 1Ipu5nuJ!<eHue yKa3aHHhiX aBTO

pOB He Y'lUTLJBaeT pa3pe30B 'IUCTO HllepHOll aMIInUTYJ:Ibl B KOMIIneKCHOll 

S -IInOCKOCTU, 

CyMMupysr s u u IIOIIpaBKH K arrarpaMMe ( 1 a), HaxoauM 

F~ .... ~.u>=a !Hn{A
2
/M

2
) +2ifn(s/M) +1/rr [5/4 -fn2-

hi, OIIUChiBaiOIIIUe paauaUUOHHhie IIOIIpaBKU ,I ( 12) 

Ha puc, 1, "4T05bJ He 3ai'pOMOIK}:IaTb 'lepTeJKa, 

KOTOpbre (ansr paccesrnusr BIIepea) aaroT TaKoil: 

I 

Ha puc. 1, Mbi He IIpUBOJ:IUM TaKJKe auarpaMM, 

J:IY MOIKHO IIOny'lUTb 0 1IpOU3BeJ:Isr IIepeKpeCTHOe 

COOTBeTCTByromero O}:IHOll U3. }:IUarpaMM puc,l, 

Ha3biBaTb IIepeKpeCTHO-CUMMeTpU'lHbiMU, 

{la) 5y}:leM Ha3biBaTb S -BKna}:IOM 0 OT }:IUar

na}:IOM U OT }:IUarpaMM TUlia . ( 1 }:1) - t -BKna-

BHyTpeHHUe, 

B Ka'leCTBe TN BKnaa auarpaMMhi puc.1 a, 

(2)) OT S -QJOTOHOB paBeH 

2{ 1 2 2 2 - 8 en ( .\ /M ) [ En ( s I M ) -

2 35 en2 - 2 -
en(s/M )+ (- +-) en(s /M) I + const 

96 4 

12 

( 10) 

-1/4 J dy/y 
0 

2 
En ( 1 + 3 y) ] En ( s /l\1 ) I + const . 

Y'ieT ¢opM!jlaKTopoB B QJOTOHHhiX Bepumnax He U3MeHsreT rnaBHhiX 

'lne!IOB B 8CUMIITOTHKe }:IUarpaMM (1B) U (1r), TaK 'ITO BbipaMeHUH (10) U 

( 12) OCT8IOTCH 5e3 U3MeHeHUll x/, fler-qe BCero 1IpOU3BO}:IUTb paC'leTbl B 

8TOM cnyqae, 1Ipeo5pa3oBaB IIOJ:IUHTerpanbnoe BbrpaiKeHue IIO ¢opMyne 

2 2 • 2 2 • -t 2 2 2 • -1 2 2 • -t 
l(k -.\ +If )(k -l\1 +I£) I= -1/M l(k -l\1 +If) -(k -.\ +I£) I 

BTopoil: 'lneH 3}:18Cb COOTBeTCTByeT QJOpMQJaK~Opy, BKna}:l OT Hero MOIKHO 

nerKo oueHIITb IIO o5muM peueiiTaM u y5eauTbC.H, 'ITO ero BKnaa B !jla3y / 

1Ip.o1Iopurronanen KOHCTaHTe, .Unsr QJOTOHHoro IIpOIIaraTopa Mhi MOJKeM rrc_. 

xl 15 7 I -
ABTOpbi pa5oT- ' - Y'lHThiBanu QJOPMQJaKTOpbi TOnbKO B BhrpaiKeHurr ansr 

<I> (eM, (5) ), flpu y'leTe QJOpMQJaKTOpOB Heo5XO}:IHMO BBO}:IUTb UX B Bbl-

pa;eHUH ansr <I> u R OJ:IHOBpeMeHHo, Ilpn 8TOM rnaBHhie 'lneHbi B" acnMII-
" TOTIIKe He ll3MeHHTCSI, 

13 



ll0flb30BaTb rpa)lllaHTHO-IIHBapuaHTHOe BblpaN(eHIIe _ 

D,w ""-i/(2rr ) 4 (k2->•? +i£ }-
1
(g -k k /k

2
} 

r pl' vp. 

Pe3ynbTaTbi npii aTOM He 1!3MeHSITCSI. 

niiarpaMMa ( lJl) )laeT BKfla)l B FA , pacTyWIIll nponopUIIOHaflbHO 

S llpii S-. oo , n~cne BBeJleHIISI 4JopM4JaKTOpOB BKflaJl 9TOH JliiarpaMMbl B. 

MHIIMYIO 'laCTb FA nponopUIIOHaneH oonst • nuarpaMMa ( 1N() 6e3 4JopM-

4JaKTOpa )laeT BKflaJl B I m FA ' nponopunoHaflbHblll Cn s • n ocne BBe-

)leHIISI 4JopM4JaKTopa ee BKnaJl nponopuuoHaneH const • H aKoHeu, BKnan oT 

OCTaflbHblX BHyTpeHHIIX 4JoTOHOB (JlnarpaMMbl 1e,3,1I) TaKN(e paBeH ernst. 

TaKIIM o6pa3oM, rnaBHbie qneHbi acuMllTOTIIKII F la> onpeJleflSIIOTCSI s -

II U -nonpaeKaMII II yN(e BbiniiCaHbl HaMil B ( 12), 

To'IHO TaKIIM N(e o6paa_oM Bbi'IHCnSieM paJliiaUIIOHHbie norrpaBKII K JlHar

paMMe ( 16) II y6eN()laeMCSI, 'ITO II B 9TOM cnyqae llpii y'leTe 4JopM4JaKTOpOB 

(6) 
rnaBHbie qneHhi acuMnTOTIIKH FA onpenenSIIOTCSI s- 11 u -¢oToHaMH. 

F ~ 6 ) =a I i Cn (A 2 /l\J2) +2i £n ( s /M 2) -1/rr [ 5/4 - £n 2 -

(13) 

2 

£n ( 1 + 3 y ) ] C n ( s / M ) 
I 

1/4 f dy /y + oonst 
0 

· (6} (a) 
0TMeTHM, 'ITO Im FA = Im FA • 

Ecnu B Ka'leCTBe qncTo SIJlepHofi aMnnnTyJlhi B3SITh cyMMY JliiarpaMM 

(la) II (16), TO nony'IIIM 

T(,a,6J_ 
3 2 f 2 

1T g +0"(1/s
2

} 
(14) 

N 4 s M 
2 

(a ,6) m ( a,6) 2 2 1 
FA = ~ f' /TN = ia 1£n (A /M ) -2/tr -5/4 + 

m pall (15) 
l 

dy /y £n"(1+3y)] £n
2

(s/M
2
)+C 1 Cn(s /M

2
) +C2 l + fn 2 + 1/4 [ 

=ia lfn(A 2/M 2)+0,014£n
2
(s/M

2
} +C 1 £n( s/M) +C2 

14 

3Jlech Cr 11 Cz - HeKOTOpble KOMllfleKCHble II 
. 2 
ln2 ( s/ M ) B03HIIK,aeT llpll CyMMIIpOBaHIIII BKl 

BKna)l nopSIJlKa In (s/l\1
2

) B MHIIMYIO 'laCTb J1a101 

(1B)(lr), HO 11 (13}, (11!}. BKna)l cyMMbi.oc'I 

'IaCTh FA 
. 2 

llOpSI)lKa l\1 f S , HO B ')lellCTBI1 Man, 

JlaiOT BKnaJl, nporropunoHanhHbiH In ( s /M 2 ). 

3aKniO'leHIIe 

PaCCMOTpeHI!e npeJlnON(eHHOll B HaCTOSIWE 

eT HenonHOTY IICCneJlOBaHHll npo6neMbl HaXQN(Jl 

cny'Iae. Bee aBTOpbi unTnpoBaHHbiX Bhime pa6c 

paCCMOTpeHIIeM s -norrpaBoK. KpoMe Toro, c 

rrpeJlllOflON(eHIISI, 3KBIIBaneHTHbie llpeHe6peN(eHIIl 

TYJlbi B KOMnneKCHOll llflOCKOCTII S nnSI Jll 

N(eHuSI HeBepHbi, H3 pa3o6paHHbiX_ 3)lech rrpnMe 

S -4JOTOHOB CTOflh N(e cymeCTBeHHblll BKna)l 

u -4JoTOHbi, B paccMoTpeHHbiX MO)lenSix 4Ja3a 

. nopUIIOHanhHbie In s 11 )laN(e In 2 
s • 3aMeTI 

t -4JOTOHOB II BllpTyanbHblX 4JoTOHOB Tlllla (} 

Jl€HIIeM 4JopM¢aKTopoB, CyMMIIpoBaHne Bcex pa 

Kax paccMo"TpeHHbiX MOJleneii He BeneT K 6eTe 

3bl 0 N 

0TMeTIIM eme B8N(HOCTh oueHKII Re FA 

113 aKcrrepiiMeHTa Re FA HecywecTBeHHa (eM. 

AIICIIepCIIOHHblX COOTHOWeHilii JlflSI 8MllfliiTYAbl 

MON(€T rrpnBeCTII K 38MeTHOll OWII6Ke, TaK K8K 

<+> ( /6/ x/ 
IIMeTh BI!Jl ReF A x T eM. ) • To'IHO- 'r 

x/ T<"' > 
1T- p 

T~> +T<+> , rJle HIIN(Hile 3HaKu 01 

II 1T p -pacceSIHIIIO, 
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. 
HTHO-HHB8p118HTH09 BblpameHUe 

TT ) 4 {.k 2-A_2 + i£ )- 1(g -k k lk 2 

p:v v /l 

STOM He H3M9H51TCSI. 

aaeT BKnaa B FA , pacTymufi rrporropunoHanbHO 

BBe!19HHSI cpopMcpaKTOpOB BKnaa STOll llHarpaMMbl B 

rrporropunoHaneH ronst • lluarpaMMa ( lm) 6e3 cpopM-

' rrporropunoHanbHbiH fn S ;_, Oocne BBe-

ee BKnaa rrporropuuoHaneH const • HaKoHeu, BKnaa OT 

HHX cpOTOHOB (auarpaMMbl le,3,H) TaKme paBeH ernst. 

F (a.) 
BHble qneHbl 8CHMIITOTHKH A orrpeaensuoTCSI S -

H yme BblriHC8Hbl HaMII B ( 12), 

o6pa30M Bbl'liiCnHeM pa!III8UIIOHHbie rrorrpaBKII K !IIIaf'

•mnaeMCSI, 'ITO II B STOM cnyqae rrpu y'leTe cpopMcp8KTOpOB 

F 
{6) ,J, . 

,\ OITpeaenmOTC5! S- H U -<pOTOH8MII, 

(A 2 ll\1 2 } +2i fn ( s IM 2) -ll11 [ 514 - fn 2 

(13) 
2 

fn(sll\1) + ronst 

F(a) 
A . 

'IIICTO H!lepHOH 8MITniiTYllbl B35!Tb cyMMY anarpaMM 

HM 

c .... 6 ) 3 2 f 2 
TT f!. +0'(lls2

) 
N 

=-

r m 

paa 

4 s l\1 
2 

(a,6) 
IT N = ia lfn (A 

2 
IM l -21" l-514 + 

I 2 2 2 l dy ly fn '( 1+3y) ] en ( siM ) + c I fn ( s I l\1 ) 

IM
2
)+0,014fn 2(siM 2) +C 1 fn( siM) +C2 I 

14 

(14) 

( 15) 

+C2 I 

3aecb C1 
. 2 

G.J - HeKOTOpbie KOMITneKCHble ITOCTOSIHHbie, tJneH H 
0,014 

ln 2 (sll\1 ) B03HHK,aeT rrpn CYMMIIpOBaHHII BKn8!10B S H U -cpOTOHOB. 
2 

BKnaa rropHaKa In (sll\1 ) B MHHMyiO 'laCTb aaiOT Terrepb He TonbKO auarpaMMbr 

( 1 B) ( 1 f'), HO II ( 13),. (III). BKnaa CyMMbi OCTanbHbiX llHarpaMM B . MHHMyiO. 

'l8CTb FA . 2 
Man, rropMKa l\1 Is , HO B !leHCTBHTenbHyiO 'laCTb 

aaiOT BKnaa, rrponopuuoHanbHhiH In ( s IM 2 ). 

3aKniOqeHue 

FA OHH 

p 8CCMOTpeHIIe rrpeanomeHHOH B H8CT05!illefi pa6oTe MO!lenu ITOKa3biB8-

eT HerronHoTy nccneaoBaHirfi rrpo6neMbi HaxomaeHIIH .o N B penRTHBHCTCKOM 

· /3 57 I cnyqae. Bee aBTOpbr UIITupoBaHHhiX Bbillle pa6oT ' ' .. orpaHII'IIIBaiOTCH 

paCCMOTpeHIIeM s -nonpaBoK. KpoMe Toro, OHII 1Icnonh3YIOT ynpomaiOmiie 

npearronomeHnH, SKBHBaneHTHbie npeHe6pemeHniO pa3pe38MII H!IepHofi aMnnn-

TY!lbl B KOMrrneKCHOH rrnOCKOCTII S llnR aaHHofi Moaenii aTn npeanono-

meHII51 HeBepHbl, !13 pa3o6paHHbiX 3!1eCb llPIIMepoB cneayeT, 'ITO ITOMIIMO 

s -cpoTOHOB cronb me cyllJeCTBeHHhifi BKnaa B Im FA MoryT BHOCIITb 

N u -cpoTOHbr, B paccMoTpeHHbiX MO!lensrx cpa3a o coaepmiiT qneHbr, npo-

. nopUIIOHanbHhie In s II aame In 
2 

s .• 3aMeTIIM, 'ITO cymecTBeHHhifi BKnaa 

t -cpOTOHOB H BIIpTyanbHbiX cpOTOHOB Tuna ( l.lK) ll0!18Bn51eTC51 nHIIIb BBe

!leHIIeM ¢opM¢aKTopoB, CyMMnpoBaHne Bcex paanaunoHHbiX rronpaBoK B paM

Kax paccMo.TpeHHbiX Moaenefi He BeaeT K 6ereBcKnM pe3ynbTaTaM anR ¢a-

3bi 0 N 

N OrMeTHM eme BamHoCTb oueHKn ReF A • llpu onpeaeneHun Re T 
/6/ 

u3 aKcnepnMeHTa Re FA HecymecrBeHHa ( CM, . } • OaHaKo npn npoBepKe 

ancnepcnoHHbiX cooTHOIUeHnfi anH aMnnuTyahr r<-> 
npeHe6pemeHue ReF A 

MomeT llPIIBeCTH K 38MeTHOH OlllH6Ke, T8K KaK rronpaBKH K 

<+> ( /6/ x/ 

(-) 
T MOf'YT 

HMeTb BH!l ReFA x T CM. } • ToqHo ·'raK me BamHo 3H8Tb ·ReF A 

x/ ("' > 
T = T(-) :j:T(+) , f'!le HHmHue 3H8KH OTHOC5!TC51 COOTBeTCTBeHHO K 

TT- p H TT + p -pacCeRHHIO, 

15 



JlnSI npoBepKH H30TOTIH"'eCKOil HHBapuaHTHOCTH. B paccMoTpeHHbiX HaMil MO

)lenSIX BenH"'HHa Re F ,\ oKaahmaeTCSI nopSIJlKa a In s unn Jla~e a ln
2 
s. 

CTpornil y"'eT Bcex nonpaBoK K TN , KOTOpbie MoryT oKa3aTbCSI cy

mecTBeHHbiMH, B HaCTOSIIUee BpeMSI,nO-BHJlHMOMy1 HeB03MQ)KeH, llos'l'OMY 

cneJlyeT o5p~THTb BHHMaHHe Ha npoBepKy Jl~CnepCHOHHblX COOTHOllieHllll )lnSI 
- /6/ 
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