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6apaweHKOB B.C. H AP· Pl-80-206 

CpaBHHTenbHbiH aHanH3 HeynpyrHx B3aHMOAei1cTBHi1-
npoTOHOB, Aei1TpOHOB H a -4aCTHtt c RApaMH 

B paMKax KacKaAHO-HcnapHTenbHOH MOAenH aHanH3Hpy~TCR 
HeynpyrHe B3aHMOAeHCTBJ.1R'npOTOHOB, AeHTPOHOB H a-4aCTHtt c 
RAPaMJ.1 ¢0T03MynbCJ.1J.1 npH 3HeprHJ.1 3,6 r3B/HyKnOH. MoAenb xo~ 
pOWO BOCnpOH3BOAJ.1T OCHOBHble 3KCnepHMeHTanbHble XapaKTepHCTH-' 
KH: MHO>KeCTBeHHOCTH, yrnOBble J.1 3HepreTH4eCKJ.1e pacnpeAeneHHR 
BTOPH4HbiX 4acTHtt. Oco6oe BHHMaHHe YAenReTcR xapaKTepHCTHKaM 
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B pa6oTax 11- 41 6blm1 H3MepeHbl MHO>KeCTBeHHOCTb, yrllOBbre H 
3HepreTHLieCKHe XapaKTepHCTHKH ,LiaCTH~, o6pa3yi0!11HXCR B HeynpyrHX 
CTOilKHOBeHHRX npOTOHOB, ,qeHTPOHOB H a -LiaCTH~ C R,qpaMH (jJOT0-
3MYilbCHH npH o,qHOH "' TOH >Ke nepBHLIHor':1- 3HeprHH T = 3, 6 f3B/HYK110H. 
8 HeKOTOpbiX nyHKTaX · pe3yllbTaTbl H3MepeHHH MOXO COrllacyiOTCR C 
KOilHLieCTBeHHbiMH npe,qcKa3aHHRMH, nollyLieHHbiMH ,q11R. "cpe,qHero" _R,q
pa (jJOT03MY11bCHH H~ _OCHOBe KacKa,qHO-HCnapHTellbHOH MO,qellH/5- 71 . 
KpoMe Toro, .s 3KcnepHMeHTe o6Hapy>KeH ceoeo6pa3HbiH 11R,qepHbiH cKei1-
11HHr11, npo~BilRIOUIHHCR ·B TOM, LITO ,31:ieprHR g -LiaCTH~, BbllleTaiO!liHX, 
e ~a,qHroro no11yc<t>epy, npaKTH!-Iect<H He 3aBHci.n HH eST yr11a HcnycKa~ 
HHR, HH OT MaCCbl HalleTaiO!lleH LlaCTH~b.l, HH OT . CTeneHH paC!llenlle:O: 
HHR R,qpa-MHWeHH. 8. TO:· l'le BpeMR 3Hepr,HR ·LiaCTH~, BbllleTaiOUIHX, B ne
pe,qHIOIO no11yc(jl~py, . H cyMMapHble, npoHHTerpHpoeaHHbre no seeM yr11aM 
3HepreTHLieCt<He pacnpe,qelleHHR g -LiaCT_I-1~ OKa3':>'BaiOTCR 3aBHCR!liHMH 
OT THna, nepBHLIHOH HalleTarcxqeH LlaCTH~bl. 3TH BbiBO,qbl I.;I~CTO HC.TOilKO
BbiBaiOTCR KaK ~al.leC<TBeHHO npOTHBOpeLia!liHe KaCKa,qHOMY Me?<aHH3MYu 
R,qepHbiX. peaK~HH. . , .• , , .• , 

Hawe11 .~ellbiO RBilReTcR cpaBHHTb 3KcnepHMeHTallbHyro H- Teope~J.1"7.:"' 

LlecKyro 3.aBHCHMOCTH pa311HLIHbiX xapar<TepHCTHK R,qepHbiX _ B3aHMo,qel1-
cTBHH OT THna nepBHLIHOH LlaCTH~bl, HCn011b,3yR coepeMeHHyiO,. 6011ee 
COBepweHHYIO BepCHIO, KaCKa,qHOH ,MO,qeJ1H ,q11R HeynpyrHX B3aHMO,qei1;:-._, 
CTBHH ,qeHTpOHOB H a -LiaCTI-1~ C R,qpaMH~ 0co6oe BHHMaHHe y,qepeHq 

g -LiaCTH~aM, KOTOpbre, RBJ1RIOTCR B OCHOBHOM np9TOHaMH QT,qaLIH 'H 
HecyT HH<f>OpMa~HIO 0 MeXaHH3Me BHYTPHR,qepHbiX npo~eCCOB. 

JlllR pacLieTa npOTOH-R,qepHbiX B3aHMO,qeHCTBHH Mbl HCnOJ1b,30Ba11H · 
KacKa,qHO-HCrJapHTellbHYIO MO,qeJ1b C yLieTOM 3()xlleKTa TpeHilHH.ra lSI; 

PacLieT ,qeHTPOH- H a -R,qepHbiX. CTOJ1KHOBef1HH BblnOJ1HeH C nOMO!llbiO ,., 
MO,qellH : 91 , KOTopafi RBJ1ReTCR. ~a~bHeHWHM P.a3BHTHeM KacKa,qHbiX . 
Mo,qelleH, · om1caHHbiX s pa6oTax 5 •71. · ·· · 

·' Ha11eTai0!11HH ,qel1'rpoti paccMai-pHsaeTcR KaK npOH3BOJ1bHO opr.leti:.;, 
THPOBaHr-ia·~ npotoH-HeHTpOHHaR "'raHTellb11 C pacnpe,qeJ1eHHeM HMrtYhi.
COB LlaCTH~ 0 6npe,qeJ1ReMbiM 1-13 'BOJ1HOBOH <f>YHK~HH ,qeHTPOHa :· nJm yn
pyrOM HllH.HeynpyroR CTOJ1KHOBeHHH ,qei1TPOHa C 

1
HYK110HOMR,qpa:.;MH

WeHH e3 aHMo,qel1 Cl-eye'r '· 11HW i. o,qHH · H 3· ',qel1 TpOHHbl)<' · HYK110HOB, 'e'i'opol1 
HYK110H coxpaHReT ceol1 HMnyJ1bc. ~a11ee npocJ1e>KHsaeTCR pa3BHTHe 
HHTeH(jJepHpyiOUIHX Me>K,qy co6ot1 KaCKa,qoe, nopo>K,qeHHbiX 3THMH ABYMR .. 

HYI<.fi()H(i~t'·:n'"'-" ·••.· _, •. ,,,.· .. · ...... _,,._,." ... :,1' 
~~nym~c;~ -HYKilO~o.e,..: H.alleTa,IOIJ!~H .. a -:-.Yci~TJ;1~bl 1 pa3blrpbl_~am1cb ,,~ , '!;, · 

yLieTOM\3ai<QHOB coxpaHeHHR no-pacnpe,qeJ1e1;111,10, COOTBeTCTBYIO!lleMy.-' 
ray,ccq~~:~o·~· ·.riP.OC,TPaHCTBe~HOH·:n:nOTf-!()C"fH.,pa~npe,qelleJ-i~R,,LIH,CJ1,a HyK
IlOHOB BHYTPH a -LiaCTH~bl. npe,qnOJ1araJ10Cb, LITO npH C'!OJ1KHOB~HH)'t · 

061t~JA-Sbfltt llliC'I1iTYT 
!lllepll!'::!I m::-.. ~JlOIJ:iRilil 
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C R,CIPOM-MHWeHbiO a -48CTI-'Il.l8 C BepORTHOCTbi0 00npe,qe11ReMOi1' H3BecT
HbiMW ce4eHHRMH· N:.. a· s3ai1MO,qei1cTBHR' u·er w uin. /cM.161/', HCnbi
TblsaeT ynpyroe 11111-1': Heynpyroe B38HMO,qei1CTBHe C O,[IHHM' 1-13' BHyTpH
R,qepHbiX HYK110HOB, 3TO' 8381-iMO,[Ie~i'cTBHe MO>KeT npOH30i1TH' c'. 11106biM 
HYKilOHOM BHYTPW L!HI1HH,[Ipa C' OCbiO' 8',[1011b HanpaEi11eHHR ,[IBH>KeHHR' 

a -4aCTHL!bl 11 pa,q~-tycow r"err =-r0.+rt.. +N ,, r,qe,.ro=f,J·l0 ... 13 'cM':.. 
3<!J!IieKT11BHb1H' pa,qHyC CHJlbHOro• B38HMO,qei1CTBl1R ,, ~'"tf _., n·apaMeTp·,. y4H
TbiB8101!1Hi1 pa3Mepbl a •4acTI-11..1bl, ,\ - ,[111~-tHa: ee ,qe6i:loi1'iteacKoi1' SOI1Hbl. 
npe;o.no11ara110Cb· TaK>Ke·,, 4TO Heynpyroe a-N B3811MO,qei1c.TBHe; Ka>K,[Ibli1 
paa ocyl!leCTB11ReTc.fl' rtyTeM o,qHoKpaTi-toro' N-N cT011KHoseHI1_R. B co
OTBeTcTsww C 113BeCTHbiMW 3KCnepWMeHT811bHbiMI1 Ce4eH~.ffMW Y4HTb1Ba
I18Cb sepORTI'ioc.Tb (jlp'arMeH1'81.1110HHbiX KaHanos a+- N: -+· a + ... :. 

. 3 He+ ... , t+ ••• ,d+ ... ,~ ... 13Hy.Tpl1ft,qepHble· B3811MO,qei1CTBI1R' <!JparMeHTOB
,qei1TpOHOB paCC4WTbiB811WCb yK838HHbiM' BbiWe cnOco6oM;. B38WMO,qei1CTBI1R 
.ff,qep TpWTI1R0 H'• 3 'He·. C HYKI10H8MI1' R,qpa-MWWeHW pacc4HTbiB811HCbt aHa-
119rHllHO a-Nl B3811Mo;o,ei1cTSWRM',. B' ,qanbHei1weM,· KaK 11 s C11Y4ae· 
,qei1'rpoH-R,qepHbiX. CT011KHOBeHHi1>, npOC11elK11B811HCb /c y4eTOM· 3<!J<!JeKT8'· 
'Tpei11111Hra/' K8CK8J:Ibl',. nopO>KAeHHble' OT,qeJlliHbiMW 48CTHLI8MW.-

ff,qpO-MHWeHb< pcicCM8TPl1B8JlOCb• Kal< 1f)~p·Mw·r:a3'• /(. HYK110HOBl c· rt110T
HOCTblO~ onwc:'biEI'aeMoW pacnpe,qe11eHI-1eM a·clli-lllm'ITOPHOH Mo,qenw· a c11y4ae 
nerKHX .ff,qepi If• li110THOCTblO'• By,qca•CaKCOHa~ AJlR TR>KellbiX' R,qep~. napa
MeTpbl 3TWX pacnpe,qeJleHHH B3RTbl: 1<13'· onbi.TOB no• pacceRHWIO 3JleKTpOHOB· •• 
Bbi6op' R,qpa•,. c: KOTopbiMi npo!.13owno: s3ai-1Mo,qei1cTswe~-- npow3ao,qHJ1CR' 
MOHTe-KapJ10BCKHW pO:;!blrpbiWeM'· no npoL!eHTHOMY' C0CT8BY' (jlOT03MY11bCHW •. 

noc11e' OKOH!'18HWR• J<acKa,q~-toi1' cTaP,I-111' npOL!eC'Ca' MeTo,qow,, om-tcaH,... 
HbiMI B' KHI1f"e,/S/ ,,. BblnOJ1HRI1Cl'li CT8Tl-1CTl14eCJ<l1H~· paclleT' 11~cnapeHI1R11 ' 
so36YlKJ:IeHHoro' .R,qpa,..ocTaTKa;. 
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' ·,llJ:lR~OT6opa:•s-·,;·· ·g-·l1'' b-4aCTl1LI_• HCn011b30B811HCb' Tellfe'3Hep"" "'" 
reTl14eCKHe; KpwTepl111, 4TO• H' s~ 3Kcilepl.iMeHTef4I*i.; cTaTI-1c.Ti1Kai pac-
4eTal 6bl11a' He· Hl1>Ke 3Kcnepi1MeHT.allbHOi1\ 

Bee npwso,q!-1Mble HH>Ke' 3t<cnep~-tMeHTa)ll:iHble· w· 'feopeTl14ecKl1e' ,qaH
Hble: OTHOCRTCR• 1<1 nepBI14HOi:fi 3HepntW 'It'= 3~,6) f3.81HYKI10H'•, ... 

B Ta6rt. r cpaBHHB810TC.ff• pac4eTHble w IA3MepeHHble> .aHa4eHHR: MHO
lf(eCTBeHHOCTI1 sTOPI-14HbiX 4acTHLI'·· PacxolKAeHHEf.' Me>K,qy 3TWMW 3Ha4e
HI-1RMW J'<n>.r,-<n> 3 jj(<n>r; +<n>3 )'He' npeBOCXOAl1Ti fO':...·f5% ,,nHWb~ AJlR\ 

b -yaCTHLI,, o6p<!3YIOUlHXC.fff' 8: a-· '"'RAepHbiX CTOJlKHOBeH~RX' ''· .pa3'111-14He 
cocTaBitReT' OK0110'' Z5% /3KcnepHMeH"r:anbHaR' MHO~eCT!!IeHfi.OCT>D: <ni:J> • 
s•; 3TOW c11y4ae• MeHbwe',, 4eW AilR~ B3a!-1Mo,qei1cre~R< d!. + Em· /.- ·. • .. 

;t;·· ~ ., ... q :~\ .;t; •; ' 
I'' •.\ i} •,\.~. "j··.-:1· .. \t•. 

* ITorpaHH4HaR1 3Hepri1R',,. pa3;o.~~101ll8Ri s- w .. g:- 4clCTI1dbl:~' c;y~:.. 
Tanacb· pasHoi1· 400;, M~IWAiri:{'npc:hotio'aH-,1 6!1'cM3Bi AnR' ir·':..i-ie3oi-i6'a•: 
Pa3,qem!HHe ·g· - Hi· · b• :.liia6~Uinpbi1~a·(?,q11nciciF'npl1' 3Hep'r~R)t'' 2'6~ M3B'" 
A11Rl npoioHoBf'~ COOTB~TCTBeHHor"3·s': LW;.9t'~t..v fOlf;-M3S!!:qn:Si;'(jjp~ri.leii;_' 
TOB' d',t',. 3'He\a' ..... ,. -,.·;'"·_;,,);'.;;:.;•>i: .: ·• .• I -~· .•• :·-_.,r, r·. :·.· 
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Ta6111-1Lia 1 

Cpe,qHRR MHO>KecTseHHOCTb 4aCTI1LI, o6pa3Yl01!111XCR npH H~ynpyrHx 
CT011KHOBeHHRX npOTOHOB 11 11erKHX R,qep C R,qpaMI1 <!JOT03MY11bC~H. 

/4HC110 cepblx 11 4epHbiX c11e,qos n h ·:::_ 0 I 

p+Em d+Em a +Em 

Teopn.II· OiillT Teopu.II OiillT Teopl!R OrruT 
·I 

<ns>* I, 9I 1,63±0,02 3,26 2,??±0,0? 5,40 4,2?±0,13 

<ng> 2,43 2,84±0,06 3,10 3,9±0,1 3,58 4,4±0,2 

<nb> 3,88 3,?9±0,08 5,43 4,6±0,2 6,1? 4,4±10,2 

<nh > 6,32 6,6J±O,I3 8,53 8,5±0,3 9,70 8,8±0,4 

<n tot> 8,23 8,26j:0,13 II.?9 II,J±0,3 15,20 13,1j:0,4 
-· 

* B <n 
8
> BKnl04eHbl pe11RTHBHCTCKHe 3apR>KeHHble <!JparMeHTbl 

Ha11eTa~111ero. R,qpa. 

Ta611~1.1a 2 

Cpe,qHRR MHO>KecTseHHOCTb 4aCT~LI s 3Be3,qax c 4HC110M cepblx 
11 4epHbiX c11e,qos n h 2: 28 

d +HEm a+ HEm 

TeopnR 0IIHT TeopRH OrruT 

%* 2,0 2,6:t0,5 6,2 6,8:t0,9 

<ns > 2,6 2,9:t0,2 7,2 6,6:!:0,2 

<ng> 15,1 1G,4:t0,4 17,2 19,1:t0,4 

<n ti> 15,8 16,2:t0,3 15,9 I4,4:t0,3 

<nh> _3!,1 32,5:t0,3 33,0 33,5:t0,4 

<ntof> 33,6 35,4:t0,4 40,2 40,1:t0,4 

*OTHOCHTeJlbHOe 4HC110 3Be3,q c nh:::_28 N(nh,?28)/N(nh~O); 
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BMecTe c TeM o6pa~aeT Ha ce6R BHHMaHMe 6onee 6wcTpoe eo3-

pacTaHHe TeOpeTH4eCKO~ MHOmeCTBeHHOCTH nHBHeBWX 4aCTMQ npM nepe

XOAe K 6onee TR>KenbiM HarieTaiO~MM 4aCTMQaM. npM 3TOM pac4eTHaR 

MHO>KeCTBeHHOCTb <ng > OKa3biBaeTCR, KaK npaBMno, 3aHM>KeHHO~, 

a MHOmeCTBeHHOCTb < n b > , Hao6opOT, HeCKOnbKO 3aBbiWeHHO~ 

no cpaeHeHHIO c nony4eHHO~ 3KcnepMMeHTanbHO. 

B Ta6n.2 BbiAeneHbl AaHHble AnR 3Be3A c nh = ng + nb :::.. 28, 
Ha3biBaeMbiX ycnOBHO B3aHMOAe~CTBHRMM C nOnHbiM paCIJlenneHMeM RAep 

Ag, Br*. B 3TMX cny4aRx 3KcnepMMeHT M pac4eT cornacyiOTCR 3Ha4M

TenbHO ny4we. 

Yrnoebte ~1 3HepreTM4ecKHe xapaKTepMCTMKM g -4aCTMQ yKa3aHbt 

e Ta6n.3 H Ha pMc.l-3. Pac4eTHble M 3KcnepMMeHTanbHble eenM4MHbl 

Hennoxo cornacyiOTCR, XOTR 113 Ta6nMQbl BMAHO, 4TO TeopeTM4eCKHe 

pacnpeAeneHMR W(cosO) xapaKTePM3YIOTCR HecKonbKO 6onbwe~ aHM-

30TponMe~, a cpeAHRR 3HeprMR pO>KAaiOIIIHXCR 4aCTMQ np11 yeenH4eHHM 

MaCCbl nepBI14HO~ 4aCTH4bl B03pacTaeT 3aMeTHO MeAileHHee, 4eM 3TO 

Ha6niOAaeTCR Ha OnbiTe. npH nepeXOAe K pac~enneHMRM C nh ;:::,28 KaK 

B TeOpMH, TaK M B 3KCnepHMeHTe npOHCXOAHT CMRr4eHMe 3HepreTH-

4eCKOrO cneKTpa. 3HeprMR 4aCTHQ yMeHbWaeTCR C pOCTOM yrna Bbtne

Ta, OAHaKo npM 0;?:: rr I 2 oHa cTaHOEIMTCR npaKTM4et:KM nocTORHHO~. 
KacKaAHaR MOAenb xopowo o6cRCHReT 3TOT 3KcnepMMeHTanbHW~ ~aKT. 

Ta6nMqa 3 

CpeAHM~ KOCHHYC yrna BblneTa g -4aCTMQ H cpeAHRR KMHeTM4ecKaR 

3HeprHR g -npOTOHOB 

P+ 

d+ 

a+ 

d +H 

a+ 

~m. nh;::o 

~m. nh 2:,0 

~m. n h;::o 

E:m,~ ?_28 

Em,nh;::28 

<cosO> 

TeopnR ' 0IIHT 

0,358:tO,OII 0,319;t0,00? 

0, 3?I.±,O, 013 0,344.±,0,012 

0,3?6.±,0,008 0, 349;t0, OII 

0,325.±,0,020 0,304.±,0,013 

0,320.±,0,020 0, 340.±,0, Oil 

<rg> 

Teoprur OIIHT 

123,?.±,3,2 II2.±,3 

!26,!.±,2,5 I22.±,3 

I30,I.±,2,4 145.±,3 

105.±,3 II0.±,3 

123.±,3 I38.±,3 

* Mbt He npMBOAMM TaKHX AaHHbiX AnR e3aHMOAe~cTeMi1 P +Em. 
T.K. e 3TOM cny4ae N(nh ~ 28)IN(nh;::0)<1%H AnR pac4eTa xapaKTe

PMCTMK 3Be3A Tpe6yeTCR cnMWKOM 6onbWOe epeMR 38M. 
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,., ' 

i 

{j 
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HMKaKMX AOnOnHHTenbHWX npeAnOnO>KeHH~ le TOM 4MCne H npeA

nona>KeHH~ o pacceRHHM Ha BHYTPMRAePHbiX CTPYKTypax, eM. 1101 I AnR 
3TOrO He Tpe6yeTCR. 3~~eKT 06cRCHReTCR norno~eHHeM BTOpM4HbiX 

nMOHOB napa~ HyKnOHOB B RApe-MHWeHM C nocneAYIO~HM pa3neTOM 3TMX 

HyKnOHOB B HX CMCTeMe qeHTpa Mace. I "'f · · pn:!:--· a- · ~:: -c 

Q.2 

0.1 

-0.6 0 0.5 

Cl2 

d +A9Bv 
ntr.~28 

0.1 

PHc. 1. Yrnoeble pacnpeAeneHMR 

--g-::-4aCTMQ. rMCTOrpaMMbt-pac-

4eT, T04KM - 3KCnepMMeHT. 
-1 -0.6 0 0.6 

W(~Jr -~+'~~"'' r·~, -~n,--~ -~ 

T 

w·•' 

p•Em d+Em 

. nk~o 1L: nh~o 

-2L + 
10 ~~~~·~--- ~ . • !_ .• 

20 50 100 200 ~ 

P11c.2. 3HepreTH4eCKHe pac

npeAeneHHR g -npOTOHOB. 

rMCTOrpaMMbl - pac4eT, T04KM 

- 3KCnepHMeHT. 

!O'' t 

d·A~Bv 

nn ;,.28 

10' 2.__~~--'-
20 50 100 

-0.6 0 0.6 
cos til 

r-· 
I 

d- .Em 
nh:;. o 

. -t-·-+---i 

o. .. A9Bv 
nit:;;, 28 

50 100 200 

~. M3B 
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CD 

£ 
A 200 

l~ 
v 

p+Em 
nh-;;.o 

d+Em d.. +Em 

0 -1L_-~Q~6--~0~~Q~6~~~--~--~~--~--~--~-4 

d +A9BY 
nn~2B 

a. +A9Bv
nn.,.. 28 

PHc.3. 3aBHCHMOCTb cpeAHeH 
K~4ecKOH 3HeprHH g-npo
TOHOB. OT yr11a HX BbiileTa •. 
rHCTOrpaMMbl - paC4eT, T04KH 
- 3KCnepHMeHT. 

200 

0_ 
-1 -OJ) 0 Ob -Qb 0 ~1 

~G 

TaKHM o6pa30M, MOmHO CAeilaTb BbiBOA 0 TOM, 4TO KaCKaAHO-HC
napHTeilbHa~ MOAeilb XOpOWO OnHC~BaeT COBOKynHOCTb H3BeCTH~X B 
HaCTO~~ee BpeM~ 3KCnepHMeHTai1bH~X AaHH~X no B3aHMOAeHCTBH~ npo
TOHOB,AeHTPOHOB H a-4aCTH~ C ~ApaMH npH 3HeprH~X T-4 r3B/HYKI1. 
PacxomAeHH~ npo~Bil~~Tc~ IlHWb e AeTail~X. 4eM o6yci10BI1eH~ 

·3TH paCXOmAeHH~, npHH~HnHailbHbiMH orpaHH4eHH~MH KaCKaAHO-HCnapH
TeilbHOH MOAeilH HilH HeAOCTaTKaMH ee nporpaMMHOH peai1H3a~HH,-

3TO npeAMeT AailbHeHWero HCCileAOBaHH~. 
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