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naccepTaUIH! IlOCBSimeHa )lallbHefimeii paspa60TKe HeKOTOpblX. 

· Eion?ocoB MeTona uepaBHOBecuoro cTaTaCTa'IecKoro on.epaTopa .a· ero 

npaMeHeHRIO K. Teopaa penaKcauaoHHbiX npoueccoB a npoueccoB ymn

peHnSI seeMaHOBCKHX ypOBHell: S!llepHbiX CUHHOB ,B TBepAOM OpTOBOAo

pOJle, 

3a nocnenHee BpeMSI MeTOA HepaBHOBeCHOI"O CT8THCTH'IeCKOI"O 

/1-5/ 
onepaTopa, npeAnOlKeHHblll: B pa6oTaX , CTan H8XOAHTb AOBOnbHO 

mapoKoe npnMeHeHHe B. pSIAe sana'! CTaTHCTH'IeCKOfi ~H3HKH. HepaBHo

Becuoe COCTOS!HHe B 60nbmHHCTBe cny'!aeB SIBnSieTCS!_CneACTBHeM Ha-
, ' 

noJKeHHS! B03MYmeHHfi Ha CHCTeMy, 'KOTOpaSI nepBOHa'!anbHO H8XO)lHn8Cb 

B TennOBOM paBHOBeCHH~ nnSI paspa6oTKH HepaBHOBeCHOH CT8THCTH'Ie

CKOH MeXaHHKR, KOTOpaSI BKniO'!ana 6bi II TepMH'IeCKHe B03MYmeHI!S!0 

CTpOI"O I"OBOpS!, Heo6XOilHMO UOCTpoeune CT8THCTH'IeCKHX 8HCaM6neii, 

npellCT8BnSIIOmHX M8KpOCKOUH"!eCKHe ycnOBHS!, B KOTOpbiX H8XOAS!TCS! 

HepaBHOBeCHble CHCTeMbl, Ha STOM nyTH, npH onpeneneHHblX ycnoBHS!X1 

yAaeTCS!'UOCTpOHTb HepaBHOBeCHbiH CT8THCTH'IeCKHH onep8TOp K8K 

WHKUHOHan. noKanbHbiX KB83HHHTerpanoB llBHJKeHHSI .MexaHH'I';JCKHX 

' /1-3/ ' • 
BenH'IHH 

0CHOBH8S! HileS!·· MeTOAa HepaBHOBeCH!;'I"O CT8THCTHlieCKOI"O onepa

TOpa COCTOHT B cne)lyJOmeM, EcnH nnSI on~C8HHS! HepaBHOBeCHOI"O 

COCTOS!HHS! CHCTeMbl ·AOCT8TO'IHO Ha6opa CpellHHX 3Ha'!eHHli HeKOTOpb!X 

onepaTopoB Pm ana TepMO~HHaMH'IeCKH conpS!lKeHHbiX HM napaMeT-

poB F.,; (f) , TO MOJKHO HaiiTH TaKOe 'I8CTHoe· pemeHHe KB8HTOBOI"O 
' . 

ypaBHeHHS! flHyBHnnSI, .KOTOpOe 6yAeT 38BHCeTb OT BpeMeHH nHmb 'Iepe3 

Fm (t ) , 06o6meHHble imHeTn'IeCKHe ypaBH~HHSI nepenoca, onacbma-

IOmHe SBOniOUHIO nepeMeHHbiX <P m > H Fm ( t) ~0 BpeMeHH, . 
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Cc> 

aailAeHHb!M HepaBHOBeCHblM CTaTHCTH'leCKHM onepaTOpOM, 

npn: npaKTII'leCKOM peweHHII 3aAa'l no 3TOil CXeMe He06XOAHMO 

c c npii6eraTb K paanoJKeimro cpeAHHX aenH'IHH clio TOMY 11n11 IIHOMY Mana-

~y napaMeTpy, nanpn:Mep, no napaMeTpy 6nHaocTa K cTaTBCTH'lecKo

MY paBHOBeCHl0/
3/ n:nH IIO napaMeTpy ManOCTH B3aHMOAeilCTBHH B 

/6/ c 

c CHCTeMe , 8 HaCTOHWeil pa60Te BbiBOASITCSI o6o61!leHHble KHHeTII'le-

,, · cime ypaaaeHHH nnn cncTeMbi B TepMocTaTe, npa'IeM ManhiM napaMeT-
. .J 

pOM 3TOil 3aAa'lll HBnHeTCH ManOCTb B3aHMOAeilCTBHSI MelKAY paCCMaT-

pHBaeMOil CHCTeMOil II TepMOCTaTOM, 3TH ypaBHeHHH npaMeHHlOTCH _AnH 

· IIOCTpOeHHH MI!KpOCKOIIH'leCKOil' TeOpHH penaKCaUHH HAepHbiX Clli!HOB 
17 81 

Ha na6pOHaX ' If TeOpllll Wllpi!Hbl aeeMaHOBCKHX SIAepHblX y_pOBHeil 

B raepnoM oproaonopone. TaepAbiil aonopon npencraanneT co6oil 

CIICTeMy, OC06eHHOCTH noaeneHHH KOTOpOil' nony'!Hn~ Ka~eCTBeHHOe II 

OT'laCTH KOnH'leCTBem!Oe 06'bSICHeHn:e nHWb B 'caMOe HeAaBHee BpeMH 
17 81 

II Koropan npononJKaer HHTeHCHBHO accnenoaaTbCSI II ceilqac ' • 

noMHMO CaMOCTOSITenbHOrO ljlH3H'leCKOrO 3Ha'leHHH, 3Ta CI!CTeMa 1111-

repeCHa c TO'IKH apeaan Teopnn MHorax Ten 11 KaK eme anna Monenb, 
. . . . . .· . /9/ 
B Koropoil B03MOJKeH ljla30Bbiil nepexon. 3Tor ljlaaoahiil nepexon 

o6ycnoannaaer nana'lae.oco6enaocTa Tnna X -TO'IKH B KpiiBc;>il 

rennoeMKocrn 11 1!3Menenne ljlopMbi naHHH .HMP B o6nacTH 1,5o K 

· B Kpn:cranne c BbiCOKOil KOHUeHTpaun:eil oproMoneKyn { > 60 %). ¢>a-

3H'leCKH ljlaaoabiil nepexon caH3aH co CHSITHeM TpexKpaTnoro BbipoJK

neHHH·porauaoaaoro cocroSIHHH oproMoneKyn 11 ynopnno'leHaeM ax 

porauaoaaoro ABHJKeHHn, BaJKHbiM cnencran:eM sroro ·ynopMO'leHHH 

HBnnercg cymecTaoaaan:e HBJKe TO'IKH ljlaaoaoro nepexona KonneKTHB

HhiX poTaUHOHHblX B036yJKAeHHil, OnHCbiBaeMblX np11 HH3KHX TeMnepa-
. . 17 8/ . 
Typax B TepMaaax na6pHOHOB ' , • BaaaMonellcrayn c nnepHbiMH 

,; \ 

_CnHHaMH 6naronapn AHnOnb-AHIIOnbHhlM canaM, nn:6pOHhl npHBOASIT K 

ymapean:ro aeeMaHOBCKHX nnepHbiX ypoaaell 11 K ycraaoanenaro TepMo

AHHaMn:'lecKoro.paaaoaecaSI B cn:cTeMe nnepHhlX cnnnoa Taepnoro·opro

Iionopona. 8 AIICCepraUHH, Ha OCHOBe .Bb!BeAeHHblX o6o6meHHblX KHHe-

. TH'leCKHX ypaaaean:il, nony'leHbi SIBHble aaanHTH'leCKHe BhlpaJKeHHSI AnSI 

TeMneparypHoil H CTpyKrypHOil 3aBHCHMOCTH oripaTHOrO BpeMeHH 
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.. _'; 7II~H-pe'weTO'IHOfi penaKCaUHH If WHpHHbl aeeMaHOBCKHX ypoBHefi B 
'.:" 

· . TB~pAOM opTOBOAOpone • 

B rnaae I n:anoJKeH Meron aepaaaoaecaoro crarilcrn:'lecKoro 

onepaTopa 11 nony'lellbi o6o6mei!Hbie Kn:HeTa'leCKBe ypaaaeHHSI AnSI 

CHCTeMhi B repMocrare • 

s· §1 npoaaBOAHTCSI nocrpoean:e aepaaaoaecnoro ciaTHCTH'!eCKo

ro oneparopa c noMOI!lblO ljlopMY'_IHPOBKH rpaHH'IHbiX ycnoaall AnSI ne

ro, fpaHH'IHhie ycnoBBSI aanarorcSI aaeneaaeM B ypaaneaae flHya!InnSI 

AnSI CTaTHCTH'leCKOrO oneparopa 6eCKOHe'IHO ManhlX HCTO'IHHKOB, 
. . /5/ 

HapywalOI!lHX CHMMeTpHlO OTHOCHTenbHO orpalKeHHSI BpeMeHH.: , no-

ny'leHHblfi CTaTI!CTH'leCKHil oneparop YAOBneTBOpS!eT ypaBHeHHlO fln:y-
/4/ . 

BannS! B CMbiCne KBaaucpeAHIIX -. YcranaBnuaaJOTCSI o6mue Bbipa>Ke-

HHSI, CBSI3b!BalOI!lHe BenH'li!Hbl < p m > H F ~ ( t ) . , KOTOpbie urparor 

ponb o6o6meHHblX repMOAHHaMR'leCKIIX KOOpARHaT H TepMOAHHaMH'le

CKHX CHn COOTBeTCTBeHHO, 3anRCbiB.alOTCSI o6o6meHHble KHHeTHqeCKHe 

ypaBHeHRSI nepeaoca nng < Pm > 
8 §2 3TH .o6o6meHHble KHHeTH'leCKHe ypaBHeHHSI paCKpbiBalOTCSI 

nnSI KOHKperaoll aana'IH,, Korna B03MOJKHO B'aeneaue Manoro napaMer

pa. B sroM naparpaljle ~~:ay<iarorcg penaKcauuoHHbie npoueccbi B ABYX 

cna60 B3aHMOAeilCTBYlOilliiX II,OACHCTeMaX, OAHa H3 KOTOpblX HaXOAHT

CSI B HepaBHOBeCHOM COCTOSIHHH,' a ApyraSI 11rpaer pOnb repMOCTaTa, 

faMHnbTOHHaH nonHOil CHCTeMbl 3aiiHCbiBaeTCSI B BRAe: 
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raMHnb;r~HHaH Manoli · f!OACHCTeMbi, ·:··,~a' , a a . ·,..;one-3'~'ecb ".H 1 

pa~Opbl p0}J{AeHH51 H YHH'lTQ}J{eHHSI KBa3H'laCTHU C 3HeprH51MH Ea' , 

'!f
2 

.:. __ . raMHnbTOHHaH TepMOCTaTa, KOTOpblH Mbl He BblllHCbJBaeM 

5!BHO.i H . cp af3 . -. onepaTOpbl1 -AeliCTByiOmHe TOnbKO Ha nepeMeHHble 

TepMOCTaTa. Lln51 Cny'la51 KHHeTH'leCKOrO pe}J{HMa, T.e. KOrAa B. Ka-
.. . . .. + ' 

qeCTBe < p > Bbi6Hpanucb BenH'lHHbi <Pa/3> =. <aa a8 'n < H 2 
. m · /10/ 

>. 

nony'leHbl o6o6meHHble. KHHeTH'leCKHe ypaBHeHHSI BHAa : 

d<Paa>· • . o •t • 1-' . . • < I 
-.-- =-i (Ef3-Ea)<Paf3>- f dt 1 e <[[Paf3,V ],V(t 1))~ •(4 ) 

rAe.< • • '• • ' >~- ycpeAHeHHe C KBa3HpaBHOBeCHbiM CTaTHCTH-

/1-3/ 
'leCKHM onepaTOpOM 1 l .. + 0 nocne TepMOAI!HaMH'leCKOrO 

npeAena npu Bbi'l~cneHilll cpeAHHx. Ha (4) BHAHO, 'ITO Bbipa}J{eHue 

AnSI 'lneHa CTOnKHOBeHHH HMeeT TaKyiO }J{e tPOPMY1 KaK ~ B o6o6meH-

HblX KHHeTH'leCKIIX ypaBHeHIISIX AnSI CIICTeMbl C ManbiM B3aHMOAefiCT-

/6,ll/ 
Bl!eM · . · 1 'HO OTnll'laeTCSI TeM1 'ITO npll ycpeAHeHIIII B ·HeM Y'lTeHbl 

cocToSIHH.SI cpeAbi. PacKpbiBa51 ABOfiHofi KOMMyTaTop B (4) c. y'leToM 

(_3) 1 nony'liiM B npu6nu}J{eHIIII Cna60B036y}J{AeHHbiX · COCTOliHIIfi KBa311-

'l8CTIIU ypaBHeHH511 no CTpyKType nOA06Hbie peAtPHnAOBCKIIM ypaBHeHHliM 

, ,. /12/ K . 
AnSI CnHHOBOn MaTpliUbi nnOTHOCTll • OrAa B03MO}J{HQ orpaHH'lliTb-

Cll TOllbKO < p > ,nony'leHO · OCHOBHOe KHHeTH'leCKOe · ypaBHeHHe, 
· aa 

Ha OCHOBe KOTOpOrO nony'leHO COOTHOIDeHI!e fopTepa AnSI 06paTHOro· 

· apeMeHH npoAOnbHOli 51Ae{moli cnuH...;pemeTO'lHOli penaKcauuu. <'ho 

COOTHOIDeHHe sanHCSHO 'lepe3 ~TennOBble' BepOliTHOCTH nepeXOAOB, 

. YAOBneTBOp5!10lliliX .. COOTHOIDeHHIO AeTanbHOrO 6anaHca •. 

B §3. aTaT· noAXOA pacnpocTpaHHe_~cg Ha AHHaMH'lecKyro cucTeMY, 

cna6o B3aHMOAefiCTBy~myro c TepMOCTaTOMo B Ka'leCTBe . . + 
paMeTpOB < Pm > · Bbi6uparoTC51 < a a > , <a a > 

ua6opa na
+ 

• <a a > -a a 

· H. < H 2 > • ·Ling cpeAHHX aenH'lliH < a a > ycTaHaBni!BaeTCSI. )paB...; 

/13/ 
· HeHue Tuna· lllpeAHHrepa c saryxaHneM, KOTopoe !!MeeT BIIA 

d<a a> 
iii =Ea <aa > +l: Ka13<a13 > , (5) 

dt J3 
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(6). 

YpaBHeHue (5) nosBonHeT O'leHb npocTo Bbl'lHCnHTb CABHr·aHeprHI! 

. ll saryxauue ua:.sa B3aHMOAelicTBll51 'laCTHri co cpenoli. l1HTepecHo 

0TMeTI!Tb 1 'ITO ·ypaBHeHI!e (5) 5!BnlleTC5! nuHeii:HbiM npu6nU}J{eHHeM 

6onEle o6mero HenuHeiiHoro ypaBHeHHSI Tuna ·lllpenuHrepa, KoTopoe B 

o6meM cny'lae CB513aHo c HenuHeiiHbiM ypaaHeHHeM KHHeTH'lecKoro TH

'na (nng cnyqag cTaTHCTHKH Ease). PaccMaTpHB~IOTCSI Tpll np~~-epa 
Bbl'lHCneHHSI CABHra aHeprHH ll_ 3aTyX8HH51: 3KCHTOHHa51 ll aneKTpO!IHag 

CHCTeMbl1 B3aH.MOAeii:CTBYIOIDHe C tPOHOHHbiM noneM, a ·TaK}J{e Bbi'lHCne

HHe eCTeCTBeHHOii: IDllpH!Ibi cneKTpanbHbiX nHHliH ·aTOMHOH CliCTeMbi. 

Bo Bcex cnyqagx HafiAeHo nonuoe cornacue c npeAbiAymHMH pesynb

TaTaMu; 

!1Mell B BHAY npi!MeHe!IH·e p83BliTOH TeOpllll K I!Sy'leHI!IO 'penaK-

CaUI!OHHbiX npoueCCOB B. TBepAOM, OpTOBOAOpOAe, B rna Be lr' Mbl 

IISY_'laeM era. nH6pouuyro noncHcTeMy. 

/8/ 
8 . §4. Oni!CbJBaeTCli. MOAenb TBepAoro OpTOBOAOpOAa . ll BbiAe• 

. ngeTCSI. Tl!n B3ai!MOAefi.CTBHli1 l!rparomero OCHOBHYIO pOnb B liBneHI!II 

. . ~I 
~pl!eHTaUI!OHHoro ynopHAO'le!IHli. OueHKII noKa3biBaiOT • 'ITO TaKI!M 

B3aHMOAeliCTBI!eM liBnlieTCli_aneKTpl!'leCKOe KBanpynonb-KBaApynonbHOe 

B3aHMOAeHCTBI!e Me}J{AY MOneKynaMH OpTOBOAOpona. faMI!nbTO!IIIa!l 

aToro asaHMOAeiicTBI!li. sani!Cb!BaeTqli B onepaTopax. yrnoBoro. MOMen

Ta KOnl!'leCTBa ABH}J{eHI!SI. Ha ·npocToll MOAenH noKaSbiBaeTCli,_ .'ITO 

3TOT raMI!nbTOHHa!l Olli!,CbiBaeT ¢a30Bbllt .nepeXOA 1 ll OUeHl!BaeTCSI 

KpHTH'leCKali TeMnepaTypa nepe,XOA8o 

B §5 KpaTKO usnararoTCli pesynbTaTbl 6oseBCKoli Teopuu nu6po-
. /8 14/ . . 

HOB no pa6oTaM '. . • 
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. B wecTOM naparpa~Pe TeopHll nH6pauHoiiHhiX ~oa6y~iteaali · 

CTpOHTCll B npa6nHlKeHHH .xaOTH'l9CKHX ~Paa115l. ~~H B036y~rie'HH~, 
pacnpOcTpaamoTCll s BRAe Bona, csgaaHHbiX c soa6yJKJie.HaeM · poTaUll

oHHhiX CTeneJieli CBOOOltbl KpHCTanna. 0ttli8K01 T8K K8K B o6naCTH Hll3-

. KHX TeMnepaTYP cpenaee aaa'leHHe yrnosoro MOMeHTa Monexynbi 

paBHO !fYniD, CKOpee HY*liO rOBOpHTb O.nH6paUHOHHOM ABHlKeHHHo ¢H-

3H'leCKH 9TO CBll38liO C TeM, 'iTO· npH TeMnepaTypaX, KOrtta TeUnOB8ll 

aHeprHll peweTKH CT8HOBHTCll C~8BliHMOii C aaeprneli aneKTpH'l9CKoro 

Kaanpynon&-Ksanpynon&aoro saanMo.ueitCTBHll ( 10 K ) , nocnen-. ~ 

aee JIB'lHHaeT cna6o .aaTopMa?KHBBT.b apaweaue Monexyn TaKHM o6pa-

30M, 'iTO UOnliblit yrnOBOit MOMeHT MOneKynbl . OCT a eTCH H9H3M9HlibiM, 

T.e. p8BliblM J = 1 t liO Z - KOMUOH9HT8 yrnOBOrO MOM9li'fa 

M9Hll9'fCll. C UOMOWbiO M9T0lt8 ltBYXBpeMeHHblX. 'feMnepa-rypHblX 
- /16/ ' : 

¢YHKUHH fpHH8 JialineHbl CU9KTp nn6paUHOHHbiX B036yJKAeJIHit H 

nony'leHo ypasaeune nnll 'napaMeTpa ynopliAO'leHHll' 
. . ~ 

<00 > = < 3 (J z ) 2 - 2 > (7) 

rne 1 z z KOMUOH9HT8 yrnosoro MOM9HT8 KOnH'l9CTB8 

ABHlKeHHll C OCblO KB8HTOB8HHll, COBU8lt8IOW9it C HanpasneHHeM [Ill) 

U ' "' ,· 171 r K peweTKH. oTo ypaaueaae cosnanaeT c nony'leHHb!M a pa6oTe , 
. . /8/ 

HO OTnH'laeTCll OT COOTB9TCTBYIOWero pa60Tbl ·. o 

rnaaa m nocsllweaa accnenosaHHIO penaxcaunoHHhiX npouec-

COB H. WHpHHbl 399M8HOBCKHX ypOBHelt lllt9pHbiX CUHHOB B TB9pltOM 

OpTOBOAOp0lt9o 

B §7 UOK83biB89TCll, 'iTO OCliOBHbiM B38HMOtteitCTBH9M, onpene

nliiOWHM npouecc.bi cnna-nu6poaaolt penaxcaUHH H npoueccbi ywnpeHHll 

AHCKpeTHb!X 399M8HOBCKHX yposHelt B TBepAOM opTOBOltOpOAe, liBnli~T

Cll BHyTpHMOnexynSipHOe AHUOnb-AHUOnbHOe If CUHH-op6HT8nbHOe B38H

MOlt9HCTBHll. MeJKMOnexynsqJHOe AHUOnb-AHUOnbHOe B38HMOA9HCTBH9 

B lK9CTKOlt peweTKe MOlKHO He :y'll1Tb!B8Tbo 

B § 8 Ha OCHOBe peaynbT8TOB §2 Bbl'lHCUeHO apeMll nponon&

HOll llltepaolt cnna-na6poaaolt penaxcauHH H aaltneaa B aaanHTH'leCKOM 
. /15/ 

anne ero CTPYKTYpHall H TeMnepaTypHall aaBHCHMOCTb • fla6poa-

8 

:.,~ . .,. 
:· " .. -

... !·· 

:: ~-

•· 

.. 
l-,_ 

. --. 
' ~' 

.... ~ ·-

_~., •-.." 
"~'•• ~--" "" :~ ,¥! 

--; ~-
• '.'\ j ... •' 

J ' ... · .. ,. ·.,. .. ... '-•. .,, . 

Hall 

KHX 

'iTO 

nottCHCTeMa' anecb<paccMaTpHBanacb ·a !Ipu6nHlK9H~cH ·xaOTH'Iec- · 
' - . . ·- " ~ . 

~Paa~ npa Bbl'lHCneHHH Bp~M9HH penaxcailHH 'npe.r:tnonaranOCb1 ,' 

rna~Hbllt ~xn~n riaiOT paMaaoacxne nponecc~I,· a .npHMbia· npouec-

Chi aanpeweHhi, nocxon&xy aaepreTH'leCKall wen& a cneKTpe na6poaos 

MHOro 6on&we paCCTOliHHll M9lKltY llltepHb!MH 399M8HOBCKHMH 'yposasi~ 

MHo 

. B §9 Bbl'lHCnlleTCli WHpHHa 399M8HOBCKHX lllt9pHb!X. ypOBHelt B 
·::. . . . ' /17 18/ ' 

TB9plt0M OpTOBOlt0pOlt9 ' • .Unll ynpoweHHll paC'l~TOB orpaHH'lHBS-

. eMCli YHPY!'HM paCC9liHH9M. nu6poHOB Ha llltepHbiX. CUHHaX. fla6poHJiall 

UOACHCTeMa paCCMaTpHaaeTCll B 6039BCKOM npa6nHlK9HHH, H3flOlK9H-· 

HOM ·B §5. HalttteJio paCCTOllliHe MelKAY PHKaMH TOliKOll CTpyKTYPbi, 

peaoJiaJicaoli. nHJIHH nornoweJIHll, cosiianaiDwee c aasecTJibiM p·eayn&-
. /12/ 
TaTOM 

B. 3aKniO'leliHH o6cyJKAaiOTCli OCHOBHbl9 pe3yn&T8Tbl HCcnejlQBa

JIHli, OUHCaHHe KOTOpb!X CO,I:l9plKHTCli B ltHCCepTaUHH. 

TaKHM o6pa30M, . nony'leliHbie c UOMOlllbiO M9TO.tta, JiepaBHOB9CHo-
. ' . 

ro CTaTHCTH~ecxoro onepaTopa o6o6meJIHble KHHeTH'lecxne ypasHe-

liHll AnSI CHCT9Mbl B TepM.OCTaTe U03BOnliiOT OTHOCHTenbHO UpOCTO 

H<:;cne.ttosaT& penaxcauuoHHhie npoueccbi. n npoueccbi ywupeJIJIH· yposaelt . . "' . ~. 

B pa3nH'lHbiX X:OHKpeTHbiX CHCTeMaX H MoryT 6b!Tb none3HbiMH B pli-

Ae 3alta'l CT8THCTH'l9CKOH ¢H3HKH. 

OcaoBHhie peayn&TaTbi nuccepTaUHH ony6nHKOBaHbl s .pa6o
/10,13,15,17 ,18/ . 
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