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Heo6xoAHMOCTb cTaTHCTH4ecKoro MOAenHposaHHR npo1.4eccos, pea
J1H3YI0114HXCR npH npOXOlKAeHHH ny4KOB BbiCOK03Heprent4eCKHX 4aCTHL4 
CKB03b se~qeCTBO /KOHAeHCHPOBaHHOe 111111 rasoo6pa3HOe/, B03HI1t<a
eT t<aK npH peweHI1H 11 411CTO !I>H31'14eCKHX11 npo6JleM, CBR3aHHbiX, Ha
npHMep, ·c BOCCTaHOBJleHHeM xapaKTepHCTHK RAepHbiX B3aHMOAeHCT
BHH no AaHHbiM 06 aTMOC!I>epHbiX JlHBHRX, TaK 11 BO MHOri-'IX 3aAa4aX, 
KacaiOiqHXCR 01.4eHKH paA11aL4HOHHOH o6cTaHOBKI1 BOt<pyr yCKOpi1TeJ1eH1 
H s APYrHx aHanorH4HbiX cny4aRx. Oco6eHHOCTbiO scex TaKHX saAa4 
RBJlReTcR 6onbwaR MHomecTseHHOCTb H o4eHb wHpOKHH 3HepreTH4e-

·ct<HH cnet<Tp-4aCTH4, pOmAa!OiqHXCR s·RAepHbiX CTOJlt<HOBeHI'IRX BHYTPH 
se~qecTsa. np11 B3ai1MOAeHCTBI111 C TR>Ke.nbiM RAPOM 3TO 4aCTO ', Ae.;. 
CRTKI1 Me30HOB 11 HYKJlOHOB C 3Hepri1RMI1 OT HeCt<OllbKI1X M3B 11 'AO 
3Ha4eHI1H, 6.n113KI1X t< 3Heprl111 nepBI'I4HOH 4aCTI11.4bl. B 3TY MHomecT
seHHOCTb AaiOT st<naA cy~qecTseHHO pas.ni14Hble no cso'ei1 np11p0Ae 
RAepHble npo4eCCbl:' BHYTPI1RAepHbiH t<acKaAo HepaBHOBeCHOe 11Cnyc
t<aHI1e 4aCTHI.4 Ha. CTaA1111' pe.nat<ca1.41111 CHllbHO B036Y>KAeHHOrO 

11
noc.ne

t<acKaAHOr011 RApa; 11cnapeH11e 1-1 Ae.neHI1e ocTaT04Horo RApa, ox.nam
AeHI1e 3Toro · RAPa 11 . oct<Oilt<OB AeneHI1R nyTeM y -H311)'4eHI1R. 

B.14e110M pacnpocTpaHeHI1e ny4t<a BbiCOK03HepreTH4eCK11X 4aCTI14 
B se~qeCTBe.ot<a3b1BaeTCR'HaCT011bKO CJ10mHbiM·RB11eHI1eM, 4TO Oni1CaTb 
era aHil1111TI14eCKI'I, c OOMOiqbiO t<aKHX-TO ypaBHeHI1H, t<pai1He 3aTPYA
HHTe11bHO, oco6eHHO eCilH Y4HTb1BaTb cnomHyiO reoMeTpl110 3aAa411 11 
MHorot<oMnoHeHTHbiH·cacTas se~qecTsa. TpyAHOCTH sosHHt<aiOT yme Ha. 
cTaAHH 3aAaHHR MHOro!l>aKTOpHOH·; HCXOAHOH 11H!I>OpMa41111 AllR · OnHCaHHR 
csoslicTs RAePHbiX peaK1.4HH.·' B ·3TI1X ycnosHRX ,H<m6onee aAet<saTHbiM 
cnoco60M TeopeTI14eCKOro aHa11113a npeACTaBnReTCR CTaTHCTH4eCKOe 
MOAe1111POBaHI1e RBileHHR Ha OCHOBe MeTOAa<MOHTe-Kapno~· n~11 3TOM 
YAaeTCR He TOilbKO. y4eCTb · pa3HOOGpa3Hble AeTilJlH RAePHbiX B3ai1MO
AeillcTBHH, HO H. MOAe1111pOBaTb cne4H!I>H4eCKHe .·oco6eHHOCTI1. KOHKpeT-
HbiX -3KCnepi1MeHTOB *• .. 

MeTOA cTaTI1CTI14ect<oro MOAe11HposaHI1R pasnH4HbiX npo4eccqs 1 · 

CBR3aHHbiX C pacnpocTpaHeHHeM BbiCOK03HepreTH4eCKHX 4aCTH4 H RAep 
B KOHAeHCHpOBaHHbiX 11 rasoo6pa3Hb1X cpeAaX, B Te4eHI1e pRAa neT 

* BMeCTe C TeM 6b1110 6bl HenpaBHilbHbiM npOTI1BOnOcTaB11RTb nOAXO
Abl f.ia ocHose KI'IHeTH4ecKHX ypasHeH11H 11 MeToAa MoHTe-Kapno.' Y 
3THX cnoco6os pac4eTa pa3Hble o6nacTH npHMeHI1MOCTH. B PRAe cny

' ~aeB HCn011b30BaHI1e K11~eTI14eCKI1X ypaBHeHI1H Ot<a3biBaeTCR ·~eCbMa 
3!1>!1>et<THBHbtM 1 eM. , Haripi1Mep, I 11 j. ·· 
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paapa6aT~BaeTC.R B nT~ H nBTA OHRH. 3a,qeHCTBOBaHH~e Ha 3BM 
CDC-6500 H 63CM-6 nporpaMM~ noaeon.R~T aHanH3HpoBaTb B3aHMO-
,qeHCTBHe a,qpOHOB 11 nerKHX R,qep C reTeporeHH~M Be~eCTBOM npaK
TH4eCKH npOH3BOnbHOH reOMeTpHH 11 COCTaea B HHTepeane 3HeprHH 
OT ,qoneH 38 /ny4KH HHAY~HpOBaHH~X Tennoe~x HeHTpOHOB/ 11 AO 
HecKonbKHX ,qec.RTKOB f3B. Pacc4HT~ea~TC.R HHTeHCHBHOCTb H cneKT
P~ 4aCTH~ p·aanH4HbiX THnoe BHYTPH 11 BHe o6ny4aeMoro ee~ecTea, 
npOCTpaHCTBeHHOe pacnpe,qeneHHe 11 napaMeTpbl npOAYKTOB R,qepHbiX 
peaK~HH, pacnpe,qeneHHe Tennoebl,qeneHH.R. 

npo~ecc B3aHMO,qeHCTBH.R BbiCOK03HepreTH4eCKOH 4aCTH~~ /HnH 
.R,qpa/ C Be~eCTBOM paccMaTpHBaeTC.R KaK pa3BHTHe fibiCTpO Hapa
,CTa~~ero KaCKa,qa BTOpH4HbiX 4aCTH~, Tep.R~~HX CBO~ 3HeprH~ Ha 
HOHH3a~H~ 11 B036ymAeHHe aTOMOB cpe,qbi-H B3aHMO,qeHCTBy~~HX C R,q
paMH a "yanax" KacKa,qHoro 11,qepeea 11 • HeKOTOpb1e'eTOpH4Hble 4ac
TH~bl MoryT· npH 3TOM pacnaCTbC.R. 3TO, KaK npaEiHno, ·npOHCXOAHT 
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-Me3oHaMH, a a npOT.RmeHHbiX cpe,qax H c "- -Me3oHaMH. C poe-

TOM 3HeprHH 4aCTH~ BepO.RTHOCTb HX pacna,qoe YMeHbWaeTC.R cornac
HO pen.RTHBHCTCKHM 3aKOHaM. 

Pac4eT 
11
yanoe 11 KacKa,qHoro ,qepeea ·.; HaH6onee ·cnomHaR ~ Tpy,qo

eMKa.R 4aCTb.3aAa4H. B npHHI.IHne All.R on~caHHR 3THX 11yanoe 11 Mom
HO BOCnOnll30aaTbC.R ~eHOMeHonbrH4eCKHMH annpOKCHMa~H.RMH H3BeCT-

··HbiX 3KCnepHMeHTanbHbiX ,qaHHbiX, .Qn.R peweHH.R>HeKOTOpbiX orpaHH4eH
HbiX aa,qa4··- -HanpHMep,"Kor,cia ;.HHTepecy~l"c.R ycpe,qHeHHbiMH xapaKTe
PHCTHKaMH H3ny4eHH.R npOCTbro XHMH4eCKOro .COCTaaa 1 - TaKOH no,q
XOA MOmeT fibiTb aeCbMa 3~eK·THaHbiM, XOT.R ·noArOTOBKa ~eHOMei-to
norH4eCKHX annpOKCHMa~HH All.R WHpOKOro .HHTepeana 3HeprHH·CaMa' 
no ce6~ 04eHb Tpy,qHa.R ·aa,qa4a, onpaei:laHHa.R nHwb 8 csiy4ae''MHoro-
KpaTHoro noaTopeHH.R pac4eToa,,qn.R ae~ecTaa ,qaHHoro cocTaea. 

· OpHeiiTHPYRCb Ha · paaHoo6pa3Hble aa,qa4H, · Mbl c caMoro Ha4ana 
OTKaaanHCb OT. TaKoro·no,qxo,qa, ablnonHRR aMecTo 3Toro a Kam,qoM 

·
11
yane

11
·pac4eT ynpyroro HnH Heynpyroro R,qepHoro eaaHMo,qel1cTBHR. 

HcKn~4eHHe cocTaen.ReT. nHWb o6nacTb 3HeprHI1, MeHbWHX 10;5 M3B, 
r,qe ace Bb14HcneHH.R MemD.R,qepHoro KacKa,qa e~nonH.R~TC.R Ha ocHoee 

_H3BeCTHOH 26-rpynnOBOH CHCTeMbi KOHCTaHT n.n.A6ar.RH H ,qp/2(,. 
B·'HacTOR~ee epeM.R H3eecTHO'' MHoro Mo,qenel1 R,t\epHbiX aaaHMo

,qe11cTBHH npH abiCOKHX 3HeprH.RX, no ~OpMe H ,qeTan.RM 4aCTO aecb
Ma3Ha4HTenbHO·OTnH4a~~HXC.R O,qHa OT ,qpyroH~ 0,qHaKO a HX OCHOae, 
KaK npaBHno,neiKHT OAHH H3 ,qeyx MeXaHH3MOB BHYTPHR,qepHbiX B3aHMO
,qeHCTBHH: KacKaAHbiH Me:XaHH3M, KOr,qa a3aHMO,qeHCTBHe paccMaTpH
eaeTC.R _KaK paaaeTaneHHa.R nocne,qoeaTenbHOCTb HeKorepeHTHbiX· 
aaaH"\O,qeHCTa!-iH fibi<:;TpbiX, 4aCTH~ C OT,qenbHbiMH . BHYTPHR,qepHbiMH HyK
noHaMH,_ 11 KonneKTHBHbiH_MeXaHH3M, npH KOTOpOM. B3aHMOAeHCTaHe 
.6biCTpOH 4aCTH~bl 'npOHCXOAHT. KOrepeHTHO cpaay C HeCKOnbKHMH 
BHYTPHR,qepHbiMH HYKnOHaMH. 3TH ,qea THna aaaHMO,qeHCTaHH, KOHe4HO, 
He RBnR~TCR a6con~THO H30nHpoaaHHbiMH H MoryT nepexo,qHTb OAHH 
a ,qpyrol1 no Mepe Toro, KaK KorepeHTHoe aaaHMo,qel1cTaHe, peanHay~-
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~eec.R a OT,qenbHbiX yanax KacKa,qHoro ,qepeaa;-nocTeneHHO aaxea
TbiBaeT ace 3TO ,qepeeo /HnH Hao6opoT, Kor,qa e,qHHOe KonneKTHa
HOe aaaHMo,qel1cTBHe pacna,qaeTCR .Ha oT,qenbHbleo6oco6neHHble6rio:
KH/ ~ · · B . HaWHX nporpaMMaX HCnOnbayeTC.R. MeXaHH3M BHyTpH.R,qepHbiX 
KaCKa,qoe, ,qononHeHHbiH paccMOTpeHHeM KOHKYPHPY~~HX ·Mem,qy C060H 
npo~eccoa HcnapeHHR 11 ,qeneHH.REioa6ym,qeHHor'o 11nocneKacKai:!Horo11 ~ 
.R,qpa. CpaaHeHHe c onbiTOM noKa3blaaeT,·4TO 3TOT Mexaiii1aM·pa6o
TaeT ennOTb•,q0'3HeprHH 10-20 f3B. npHOOhbWHX 3HeprH.RX .TeOpe
TH4eCKHH KaCKa,q OKa3b1BaeTC.R CnHWKOM MO~HbiM 11 MHOmecTaeHHOCTb'. 
pom,qa~~HX.C.R 4aCTH~ /OCOfieHHO HH3K03HepreTH4eCKHX' HYKnOHOa', 
npe,qcTaBn.R~~HX C060H, a OCHOBHOM 0

1

HYKnOHbl OT,qa4H-H3 OT,qenbHbiX 
aHyTpH.R,qepHbiX CTOnKHOBeHHH/ a l ,5-2 paaa 6onbwe, 4eM 3To·· Jia6n~
,qaeTC.R Ha onbiTe. B HaCTOR~ee epeM.R 3THM onpe,qen.ReTC.R eepXHR.R 
3HepreTH4eCKa.R rpaHH~a npHMeHHMOCTH paapa6oTaHHOH HaMH MO,qenH. 

B O~MX 4epTaX pac4eT BHYTPH.R,qepHoro KacKa,qa - a 4aCTHOCTH, 
onpe,qeneHHe ,qnHHbl cao6o,qHbiX npo6eroe 4aCTH~ -'6.r1HaKo· K pac4eTy 
KaCKa,qa a ae~eCTae: cy~eCTBeHHOe OTnH4He COCTOHT nHWb a ,qonon
HHTenbHOM y4eTe HOHH3a~HOHHbiX. noTepb 3HeprHH. H pacna,qOB Kac- ~;., 

Ka,qHbiX 4aCTH~ B MemD.R,qepHOM KaCKa,qe~ npH 3HeprH1fX; .. 6onbWHX··· 
HeCKOnbKHX f3B,, cneAYeT· npHHHMaTb eo· BHHMaHHe o6eAHeHHe ;-.R,qpa 
HYKnOHaMH a peaynbTaTe BblfiHBaHH.R nocne,qHI-ix;naBHHOH6blCTpb1X 
KaCKa,qHbiX 4aCTH~; npeHefipemeHHe 3THM 3~~eKTOM npHBO,qHT K 3Ha4H-
TenbHOMy 3aBb1WeHH~: MHOmeCTBeHHOCTH · pom,qa~~HXC.R 4aCTH~. ; · 

npH MO,qenHpOBaHHH BHYTPH.R,qepHoro KaCKa,qa iiiH~OpMa~H.R 0 Me-
30H-HyKnOHHbiX H- HyKnoH-HyKnOHHbiX · a3aHMO,qeHCTBH.RX aa,qaeTC.R 
~eHOMeHOnorH4eCKHB BH,qe.aHanHTH4eCKHXHTa6JlH4HbiX pacnpe,qe
neHHH, no KOTOPbiM-npoH3BOAHTCR poablrpblw'xapaKTepHCTHK·pom,qa~-· 
~HXC.R'4aCTH~.- no cpaBHeHH~ CO cny4aeM a,qpOH..;.R,qepHbiX a3aHMO
,qeHCTaHH HHq)OpMa~HR 0 .CTOnKHOBeHH.RX 3neMeHTapHbiX 4aCTH~ He 
cTonb MHoro~aKTOpHa /MeHbwee ·.4Hcno paanH4HbiX · _THnoe 11yanoa 11 

KacKaAHOro ,qepeea/, H ee MOmHo KoMnaKTHO H B To>Ke.apeM.R ,qo
cTaT04HO T04HO annpOKCHMHpOBaTb aHanHTH4eCKHMH ablpa>KeHH.RMH' 
C TafinH4HbiMH K03~~H~HeHTaMH,nO,qo6paHHbiMH nO•COOTBeTCTBY~HM 
3KcnepHMeHTanbHbiM ,qaHHbiM. B HaweM pacnop.RmeHHH HMe~TC.R ,qocTa
T04HO T04Hble.annpOKCHMa~HH a,qpOH-a,qpOHHbiX B3aHMO,qeHCTBHH;·npH
MeHHMble_:·annOTb AO HeCKOnbKHX Tb1C.R4 f36 /3,4/ • 

.. B.Ka>K,qoM-aKTe .eaaHMO,qel1c:reH.R', oco6eHHO npH He6onbwOM 4HC.rie 
po>K,qa~~HXC.R 4aCTH~;.,Heo6xo,qHMO Y4HTbiBaTb aaKOH coxpaHeHH.R· 3Hep
rHH-HMnynbca - aaMbiKaHHe MHoroyronbHHKa 4eTblpexMepHbiX HMnynbcoe 
BTOpH4HbiX 4aCTH~ B CHCTeMe HX ·~eHTpa Mace. B HaCTO.R~ee ._ BpeM.R· 
TaKoe 3aMi.!KaHHe ,qenaeTC.R .11CHnOBbiM o6pa30M11

: ·.Qn.R·ABYX BTOpH4HbiX 
4aCTH~ xapaKTepHCTHKH He pa3blrpb1Ba~TC.R, a ~HKCHPY~TC.R HCXO,q.R 
H3 3aKOHa COXpaHeHH.R/S/. 3TO HeCKOnbKO HCKa>KaeT pacnpe,qeneHH.R, " 
annpqKCHMHPY~He_3KcnepHMeHTanbHble ,qaHH~e, o,qHaKo 6onee y,qoe
neTeopHTenbHoro.cnoco6a poablrpblwa xapaKTepHCTHK, Ha·KoTopble 
HanomeHbl CB.R3H, HaM He H3BeCTHO, · 
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, npas,qa 1 , .Ha paC4eTHbiX pacnpe,qeneHHRX 4aCTH~ B Bell(eCTBe 3TO -
cKa3blsaeTcR cna6o.. . · ·, . ·,_ · 

.. Gne41-1anbHb1e: no,qnporpaMMbl nossonRKJT · Y4HTb1BaTb TeMnepaTypHbie 
nonpaBKH .H. pe30HaHCHYIO ~aM03KpaHHpOBKY Ce4eHHH B H!-13K03Hepre
TH4eCKOH o6naCTH HJlH )1CnOJlb30BaTb · KOHCTaHTbl B no,qrpynnOBOM 
npH6JlH>KeHHH;_4T0·04eHb cytijecTaeHHo.npH.pac4eTax pacnpe,qeneHHH 
nOTOKOB HeHTpOHOB C ,MaJlbiMH '3HeprHRMH B reTeporeHHbiX cpe,qax. 

00CKOJlbKy 3TH .no,qnporpaMMbl CO,qep>KaT 60JlbWOH 06beM HCXOAHOH 
4HCJleHHOH I-1H$0pMa4HH, .. TO npH pac4eTe KacKa,qoa· B MHOrOKOMnOHeHT
HbiX cpe,qax MOryT B03HHKHYTb TPYAHOCTH C·naMRTbiO 38M. /tnR 3THX 
cny4aes.npeAYCMOTpeHo cer:-MeHTHposaHHe nporpaMMbl, Kor,qa BCR no,q-

•. r.oTOBKa KOHCTaHT BblnOJlHReTCR 3apaHee./3a speMR MeHbWe 1 MHH/; 
nocne ~era ~POHCXOAHT aaTOMaTH4eCKaR 3arpy3Ka CKOppeKTHpOBaH-· 
HbiMH KOHCTaHTaMH OCHOBHOH nporpaMMbl. 

$opMaJlbHO HawH nporpaMMbl He co,qepmaT KaKHx-nH6o opraHH4e-. . . 

HHH .Ha Maccoaoe·4Hcno HaneTaiOU(ero R,qpa, H s npHH411ne·11x MOlKHb 
11CnOJlb30BaTb He. TOJlbKO.AJlR nerK11X 1 HO 11·AJ1R .TRlK6JlbiX R,qep. O,q
HaKO. s nocne,qHeM cnyyae aepxHRR rpaHH4a npHMeHHMOCTI1 paccMaT
PHBaeMoro HaMI1.KacKa,qHoro MexaHH3Ma BHYTPI1R,qepHbiX s3ai1Mo,qe.:1cT
aHH 3Hc3!-111TeJlbHO MeHbWe, l.feM B CJlyl.fae a,qpOH-R,qepHbiX CTOJlKHOBe:
.HH.H t<t raB/HyKJlOH HaneTaiOU(erci R,qpa/ •. · EcnH He. c4HTaTb ,qeHTpd-

>HOB H .a -.l.faCTI14, :TO AOCTaT04HO ,qetaJlbHOrO .11 CHCTeMaTi-1\.feCKOro .·.; 
·" ~-- ·. HCCJle,qoaaHHR KaCKa,qHoro• MeXaHH3Ma 'B··Cnyl.fae, B3aHMO,qeHCTSI1R ,qsyx 

R,qep noKa H~ BbiJ10JlHeHO. 

To4HocTb pacc4HTaHHbiX no HaWHM nporpaMMaM senH4Hf:l, KaK npa
aHno, OKa3biBaeTCR .· B npe,qenax TOI.fHOCTI1 .3KCnepHMeHTal1bHbiX 
,qaHHbiX. J.iCKJliQ4eHHe .COCTaBnReT o6naCTb 3Heprl111. HaJleTaiOU(HX. l.fac

..... ;n1~. nopR,qKa HecKOI1bK11X.;,qeci:tTKOa MaS, r,qe Haw Mei'o,q~ pac4era · 
' BHYTPHR,qepHbiX KacKa,qoa. HeAocraTol.fHO TOI.feH ".31 *. TeopeTH4ecKHe 

i1 3KCnepHMeHTanbHble ,qai-IHble ·. cornacyKJTC.R a,qecb c T04HOCTbiO ,qo 
(JlaKTOpa +/1,5:-2/. . 

· 4To l(acaeTcR apeMeHI1,pac4eTa,·To AJlR TaKI1X aenH4HH, KaK 
HHTerpanbHble cneKTpbl 4aCTH4BHYTPH.3ali(HTbl 0 cneKTpb1·4aCTH4 sa 
3ali(HTOH C TOJlli(HHOH B ,qeCRTKI-1 CM 1 pacnpe,qeneHHe·renJlOBbl,qeneHHR

1 

3TO speMR COCTaBJlReT 01<0110 30-60 MHH. -BpeMR Bbi411CI1eHI1H cyll(eCT
BeHHO aospacTaer np11 nepexo,qe K.o4eHb TOJlCTbiM cnoRM ae~qecTsa, 
B·3TOM CJ1y4ae 46J16C006pa3HO HCJ10Jlb30BaTb -KOM611HI1pOBaHHbiH cno
co6 pac4eTa, KOr,qa pe3YJlbTaTbl CTaTHCTH46CKOro MOJ:\6JlHpoaaHHR' 
Bbl,qaiOT~R Ha H6KOTOpy10 npOCTYIO noaepXHOCT·b 11 paCCMaTpHaaiOTCR 
,qanee._KaK 11CT04H11KI1 B COOTBeTCTBYKlll(eM K11HeTI14eCKOM ypaaH6HI111• 
· BpeMR pac4era KacKa,qoa a arMocq>epe c 5%-HOH T04HOCTbiO s 11H

TerpanbHbiX cneKrpax 4acr114 - nopR,qKa o,qHoro-,qayx t.~acoa. 

• * T04HOCTb MeTo,qa MOHrno yny4WHTb nyTeM y4era npe,qpaaHosecHOH 
3MHCCHH 4acn1~· H3 11nocneKacKa,qHoro11 R,qpa 151. O,qHaKo pac4eTbl npH 
3TOM CTaHOBRTCR 6onee CJlO>KHbiMI-1. 
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Gne,qyen OTMeTHTb, 4TO aHanorH4HbiH MeTo,q pac4eTa MelKbR,qepHbiX 

KacKa,qos ··paspa6o-faH a .OKpH,q>KCKO~ na6opan)pHH. /CUlA/; ·. 06a Mero
,qa ,qa10r 6.JlH3Ki.iepesyilbTaTbl. 3aMeTHhle pacxom,qeHHR orMe4anHcb 
JlHWb AJlR .HH3K03HepreTH46CKOH KOMJ10H6HTbl H6HTpOHHOrO JlOTOKa 
8 046Hb TRlKenblx cpe,qax. linaro,qapR YT04HeH~110 o6o11x· Mero,qos, 
a HaCTORU(ee apeMR 3TI1. pacxox<,qeHHR rlpH.TSl.raB npaKTH46CKI1 
ycTpaHeHbl 16• 11 · · · · · 
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