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IlpH HCCJI6AOB8HHH MOA6JILHhlX 38Aaq CT8THCTHqecKOH WH3HKH 

H B nepBylO oqepeAL KpHTHqeCKHX HBJI6HHH H W830BHX nepeXOAOB 

pem810ll!YIO ponL HrpaeT yqeT KOppeJIHUHH M6~'AY qaCTHU8MH. 0CHOBHll6 

TPYAHOCTH, B03HHK8IO~He npH 8TOM, o6yCJIOBJI6HH H606XOAHMOCTLIO 

yqeTa B paccM8TpHB86MOll CHCTeMe B38HMOA6HCTBHH 60JILWOro qHcna 

qacTHU. TioaTOMY 60JILCHHCTBO HHTepeCHblX WH3HqeCKHX MOAeneli HC

cne~yeTCH rJI8BHhlM o6paaoM npH6JIH~6HHHMH M6TOA8MH. Ana o6oCHO

B8HHH H onpeA6JI6HHH 06JI8CTH npHM6H6HHH p83JIHqHHX npHOJIH~eHHH 

OC006HHO IlOJI63HHMH OK83HB8IOTCH TOqHQ pewaeMH6 MOA6JILHH6 38A8qH. 

K HHM npe~e Bcero OTHOCHTCH H6KOTOpHe OAHOM6pHue H ABYXM6PHH6 

CHCT6MH/I/, 

B TpexuepHOM cnyqae B KaqecTBe npHMepoB MO~HO YK888TL MO

ABJILHYIO AHH8MHqecKylO CHCT6MY EapAHHa-Kynepa-illpHwepa (EKill) H 

ee o6o6~6HHH/2/, HeKOTOpHe CilHHOBHe MOA6JIH, xapaKTepHayeMH6 

B38HMOA6llCTBl'l6M cneUH8JILHOro BHAa/3/, l'I HHT6HCHBHO HayqaeMylO B 

IlOCJI6AH66 Bp6MH MOA6JIL ~HKKe/4/. 

BeCLM8 IlJIOAOTBOPHHH nyrL AJIH nonyqeHHH TOqHhlX B T6pMOAHH8-

MHqecKOM npe;zteJie peayJILT8TOB 6HJI H8MeqeH B paOOT8X H.ll.Eoronrooo

Ba/5/, 0CHOBH8H HA6H M6TOA8 COCTOHT B TOM, qTo H6KOTOpHe onepa

TOPH, 8CHMilTOTHqecKH KOMMYTHpyll~He (npH v-c,o H 11= ~ ::Cil}tSt. 

V - o6~ew CHCTeMu H??, - nnoTHOCTL qecTHU) co Been anre6poli 

JIOK8JILHhlX H80Jlll;!t861WX, B MO;zt6JILHOM raMHJILTOHH8H6 MoryT 6HTL aa

M6H6HH C -qHCJI8MH. Ilonyqa1J~Httcn npH aTOM annpoKCHMHPYIO~Hli ra

iraniToHHaH 06HqHo nerKO npHBOAHTCH K ;ztH8rOH8JILHOMy BHAY, nocne 

qero H6Tpy;ztHO BHqHCJIHTL COOTB6TCTBYIO~e TepMOAHH8MHqecKH6 xa

p8KT6pHCTHKH CHCT6MH. HaH6onee B8XHOH oco6eHHOCTLIO 8TOro Il0AXO

;zt8 HBJIH6TCH B03MOZHOCTL CTpororo AOK888T6JILCTB8 TepMO;ztHH8MHqe

CKOll 8KBHB8JI6HTHOCTH MO;zt6JILHOtt H annpoKCHMHpyro~en CHCTeM. 
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nanDHellmee paaBRTHe aTa R.l\6H nonyqnna B pa6oTax H.H.Eoro

n1060Ba (Mn.)/2/, r.11e Obin p83BRT 3WW6KTRBHhlil M6TO.l\ M8T6M8THqecKR 

cTpororo nccne.110BaHHH mnpoKoro Knacca aa.11aq n, B qaCTHOCTH, ou

na .l\OK838H8 BB~HBH Teopeua O COBU8.l\6HHR B TepMO.l\HHBMHqecKOM 

npe.11ene nnOTHOCTell Y.ll6RDHhlX CBOOO.l\HblX 3Heprnn annpOKCRMHPY!Oll.\6tt 

R MOA8RDH0ll CHCTeM, cnpaBe.11nHB8H npll npOR3BORDHhlX TeMnepaTypax. 

0TM6TRM, qTO YK838HHbltt MeT0.11 npRM8HHHCH nepBOHaqanDHO 

B CBH3H C nayqeHReM CHCTeM, COAepaall.\HX B38HMOAellCTBHe, BBOAR

MOe orpaHuqeHHblMH no HOpMe onepaTopaMH. BMeCTe C T6M PH.11 wu

anqecKH B8~Hb1X aa.11aq npHBO.l\HT K H600XOAHMOCTH uccne.110B8HRH 

CHCTeM, raMllRDT0Hll8Hbl KOTOpblX co.11ep~8T B38HMO.l\6HCTBHe C 6o30H

Hb1M no11eM, T.e. HeorpaHnqeHHble onepaTophl. K TBKRM CHCT6M8M OT

HOCHTCH: CllCT8M8 MOneKyn,B38HMO.ll8ilCTBY!Oll.\HX C Bbl.l\8ll6HHOll MO.l\OH 

aneKTpOMarHHTHOro nona/4 , 61, CHCT8Mbl, B KOTOphlX HMeeT MeCTO 

CTPYKTYPHOe npeBpameHRe, Bhl3B8HH08 HeycTollqHBOCTD!O pemeTKH Tll

na Y'AB06HHH nepuo.11017/ H T • .11. 

B H8CTOHU\8H .l\HCCepTBUllll npe.11naraeTCH M6TO.ll llCCH6.l\OB8HllH 

MO.l\6RDHhlX raMllRDTOHllBHOB, COA6P~8ll\llX HeorpaHRqeHHble onepaTopu, 

HBHH!Oll\llHCH .1\BllDHellmRM OOOOU\6HR6M 8CllMilTOTHqecKH TOqHhlX M6TO.l\OB 

uccneAOBBHHH, p83BHTUX B pa6oTaxl2/ x). 

nuccepT8UHH COCTOllT ll3 BB6.l\8HHH, Tpex rnaB, 38KHIOqeHRH ll 

npuno~emrn. 

Bo BB0.l\6HHR A8H Kp8TKHH 0030p llHTepaTyphl no paCCM8TpHBae

-MOMY B pa60Te Kpyry BOnpocoB, a T8K~e npe.11cTBBH6H nnaH ll3HO~e

HRH MBTepnana. 

x) 0TM6THM, qTo H8A8BHO Apyron B8pll8HT T8KOro o6o6meHRH Ohln 

npeAno~eH B pa6oTe/8/. 
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B nepBOH rnaBe/6 , 9/ paCCM8TpllB88TCH CllCTeMa, COCTOHU\8H 

H3 ABYX B38llMOA6HCTBY!Oll\llX Il0.l\CHCT8M B ll i R OllllChlB86148H 

raMUllbTOHll8HOM 

M µ 

~N = ~c.i~ t: g~ + ULJN + itJ I?K(-eKi; + 8/l~) (I) 

lJK4' Wo-;, 0 J /<.!!:Jr. 'J /vi • 

IlpOCTp8HCTBO COCTOHHllH TBKO!l CHCT~hl J{ HBnHeTCH T0H30p!U,!M 

npoH3B0.l\0HHeM COOTBeTCTBY!Oll.\UX rllnD6epTOBhlX IIO.l\IlpOCT!J8HCTB Jie, 
H }{.I. , T.e. J{ ::-Jt.e,@ J{ J., , l10ACllCT6M8 B HBHH8TCH 

CBOOO).tliblM 6030l!HhlM noneM (onepaTOphl -CA: H -e: ) C orpaHuqeH

HhlM qHcnoM MOJ.t, paBHhlM H , a N - qacTnqttaH no.11cllcTe1.1a 

onnChlB86TCH raMUllbTOHllBHOM JI t. N . . Onep8TOPhl ilt,N) LJK. 
T I 

ll l K Y.1\0BneTBopHIOT cneJ.tYIOll\llM oomnM ycnomrnM: 

1ill l-li.JNI1~c.1,~ l\\-\.t,,.,L1c-L,)-t.t,)l~c2, ~ \\Lk.\\f.C3, 

.i. \\ Lt:. L,,, - l"' lK II ~ c3/, .L II L"'1c LP, - L,n 1-J: ti ~ cf ' 
N N 

I (~}\f ~Tr; ~xp,-y:J\N 1 \~Cs, 
I.. 

(2) 

r).te llOCTOHIIHhle c,) c..l) cJJ c".) c5 He aaBllCHT OT N,J 

I\· .. /I oattaqaeT HOPMY cooTBeTCTBYIDll.\ero onepaTopa, 

qncne1rny10 B }{J. , ll j-> - o6paTH8H TeMnepaTypa. 

B nepBOM naparpawe npllBO).tHTCH OCHOBHble M8T0M8TllqecKne 

onpe).teneHnH n Teopeuu. 

Bo BTOPOM naparpawe M8T0M8TnqecKU CTporo 

nnOTHOCTD CBOOO).tHOH 3Heprnll CUCT0Mhl (I) 

-(_r,NT1 & T~e,cp\- ~ \.\w ~ 
5 

IlOK838Hof9/ • 

Bbl-

qTo 

(3) 



cy111ecrayer H orpaHHqeHa paBHOMepHo no N H Jo . ;Llanee B 

COOTBeTCTBHH c M8TOA8Ml1 pa6oT 12 ' 5 ' 6., 9/ CTpOHTCH annpOKCH

MHPYIDIIIHH raMHJII,TOHH8H AJIH p8CCM8TpHB88MOH MOAeJIH 

M +- A H0iJ'>J)= LG.JI((~.,. J. 'fii~~)(-GK +-Ml< '/N ~) + t-1,,tv 
· f· K=, w" I" e,;1<. I" 

M 1. J.I A'Z.. 2. 

"""r A1c: (L+ /}7 +LJ 11.~)+N L 2 !17KI 
~ W K. ( ~ K ( K ~= I v.JI< ' 
l{.:1 " 

(4) 

rAe KOMilJieKCHbie_ nap8M6Tpbl o/::: tr,,• • ·, _ o/ /fJ) onpeAe1!HIDTCH, 

KBK IlOK838HO B § 2, H3 npHHUHil8 MHHHM8JII,HOCTH YAe1!I,HOH CBOdOA

HOH 3HeprHH annpOKCHMHpyromen CHCT8MbI: 

~✓-?? .f.[llq,/rJ]=-f [11q#rf)] ~-
IJ/ N µ 

(5) 

BTopott naparpaw IlOCBHlll6H AOK838T8JII,CTBY 8CHMilTOTHq6CdOH 6JIH30-

CTH YABJILHbIX CBOOOAHblX :meprHl1 MOAeJII,HOH -fl/J[I/JJ 7 H an

llPOKCHMHPYIDlll6H -t [J/0,,./yJ] CHCTe11. JloKaaaTen1,cTBO npoaOAHT

CH npH IlOMOIIIH MOAHWHUHPOBaHHOH M8ZOP8UHOHHOl1 npoueAYPbI H.H.Eo

ronrodoBa (MJI.h H Ha nrodow orpaHHqeHHOll HHTepBaJie TewnepaTyp 

nonyqeHa oueHKa/6 , 91: 

1-t. E ~ l - "fflin !. [Jlo.N rrJJ/s 6~~¥), 
N N l'f) J.J (7) 

npHqey erJq)~ 0 npH N ~ (.>C) •• 

Heo6XOAHMO IlOAqepKHYTl>, qTo npH paapa60TK6 OCHOBHbIX IlOJIO

xeHHH MeTOAB B rn_. I HBHbilt BHA onepaTopoB /.11..,/J ~ i.JK H L; 
He HCilOJII,30BaJICH; Il03TOMY ycTaHOBJI6HHbI8 3A8CI, peayJil>T8TbI cnpaBeA

JIHBbI AJIH JIIDdblX CHCTe11; YAOBJieTBOPHIDIIIHX BeCI,M8 OOIIIHM AOilOJIHH-

6 
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' 

11.· ,. 

I 

TeJII,HbIM ycJIOBHHM (2). IlOA06H8H 06111HOCTI, p8CCMOTpeHHH Il03BOJIHeT 

pacumpHTI, Kpyr WH3HqecKHX HBJI8HHH, AOilYCKaromHx CTporoe 0IlHC8-

HHe B p8MKax npeAJIOE6HHOro M8TOA8. PHA KOHKpeTHbIX WH3HqecKHX 

CHCT6M paCCMOTpeH B rJI8B8X Il Hill B KaqecTBe npHMepoB. 

B § l BTOpon rJIBBbI p8CCM8TpHB86TCH 0606111eHH8H MOA8JII, 

;LlHKKe/6/, rBMHJII,TOHH8H KOTOpon HM86T BHA: 

~ 3, t.i e,+ ~ , Es· +-J 1. M" \ t/:i+-1- e,:r \, 

rAe J±=.s±+I\,\ s~ s-±-= ::/±;,,s-a-
' ) > 

0-.i. (o(.:X.J:J,z) 
- MBTPHUbI IIaynH. 

N 
S"'-=~ 'Z a:~ 

z d =-1 J , 

(7) 

H6TPYAHO aaMeTHTI,, qTo CHCT8M8,0ilHCHB8eM8H raMHJII,TOHH8HOM (7), 

HBJIHeTCH qaCTHbIM CJiyqaew 6onee odmen CHCT8lll,J (I). Il03TOMY C 

IlOMOIIII,ID paHee p83BHTOl1 TeXHHKH MOZHO IlOCTpOHTI, COOTBeTCTBYIDIIIHl1 

annpoKCHMHPYIDIIIHlt raMlfJII,TOHH8H, AJIH KOTOporo BbiqHCJIHeTCH IlJIOT

HOCTI, CB060AHOlt 8H6prli11 J tJ [~('y)] • ,Zlanee IlOKa3bIB8eTCH, 

qTo B3.8Hll0A6l1CTBH6 C aneKTpOMBrmtTHblM none1,1 npHBOAHT K IlOHBJie

HHD A81Il>Hero nopHAKa/ 6 I, H ycTaHBBJIHB8IDTCH ycnoBHH, npH KoTo

pux YK838HHHl1 awweKT HMeeT MeCTO. Kpowe Toro, OK83blB8eTCH, qTO,, 

XOTH nepBOHaqaJII,H8H CHCT6M8 pacnaAaeTCH Ha ABe He38BHCHMHe IlOA

CHCT6MH, KB83HCilHHOBYD H 0030HHyro, aneKTPOM8rHHTHOe none He MO

Z6T p8CCll8TPHBaTI,CH KaK CB060AHOe, qTo npOHBJIH6TCH B MHKpOCKOilH

qecKOll aanOJIH6HHH COOTB6TCTBYIDIIIHX WOTOHHbIX MOA. 

B cneAYJ)~eK naparp8,ifle 2 paccMaTpHBaeTCH MOAeJII, MaTTHCa~IlaHre

pa171AJIH ~aSOBOro nepeXOAa MeTann-nonynpOBOAHHK,CYllleCTBOBaHHe TOq

HOro pemeHHH AJIH KOTOpon Bil6pBbI6 ObIJIO ycTaHOBJieHO B padoTe/IO/. 
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CHCTeMa OilliC!,IB8eTCH ra1mJIJ,TOHli8HOM ~pemua C BH,lleJieHHOll MO;llOit': 

Hn = ~ ( EK-f' )a/a- axrr r tM(qJl,.;1"8r:i + 
~ K,U- • ' ur "I' (IO) 

+ 9(1J_)v¼ l,. { a"f;e?,r a~I" ~ + 3. c. f 
+ 

S;ziecr, Clk/T) a.K ,r - onepaTopH 
I 

TPOHOB ( k - KB83liliMilyJir,c li (J'"" 

pOllt,lleHHH H YHHqTo~eHHH aneK

-cmrn)' -CQ~ #l? - qJOHOH

Hue onepaTopu, H ,llJIH Bu;zieneHHoro KB83HHMnyJir,ca Q cneKTp 06-

/18,llaeT CBOMCTBOM 

fl( :.- - fK+Q. • 

B paCCM8TpHB8eMOM cnyqae 6onee qeM H8IlOJIOBHHY 38IlOJIHeHHOil 30HU 

BuqHCJIHeTCH IlJIOTHOCTI, CB060,llHOil 3HeprHH H HCCJie,llyDTCH ypaBHeHHH 

CBMOCOrJI8COB8HHH B OCHOBHOM COCTOHHHH. IloJiyqeHHUe a;ziecr, peayJir,

T8TlJ ;ll0K83UB8IOT, qTo npH6m1J1teHHe C8MOCOrJI8COB8HHOro IlOJIH HBJIHeT

CH 8CHMilTOTHqecKH TQqHUM ,llJIH 3TOll MO,lleJIH. CJie;ziyeT OTMeTHTI,, 

qTQ YCT8HOBJieHHUe BO BTOpOM naparpaqie COOTHOllieHHH cnpaBe;llJIHBU 

H B cnyqae H30TpOilHOil MO,lleJIH IlOJiyMeT8JIJI8 C nepeKpuBaDmHMHCH 30-

H8!,IH, npe;ziJiolKeHHoil .ll.B.Ken;ziulll~M H IO.B.KonaeBuM/IIl,cii. raxzelI6/. 

IlocJie,llHHH, Ill rnaBa/I2-I4/ ,llliCcepT8l{HH IlOCBamena MO,lleJIH, B 

KOTOpoil HMeIDT MeCTO cpaay ,llB8 THna qi830BHX nepexo;zioB: CTPYKTyp

nuil H CBepxnpOBO,llHmHil. llHTepec K CHCTeMaM 3Toro THna/15 • I 6/ B 

IlOCJie,llHee BpeMH CHJII,HO B03poc B CBH3H C 3KCnepHMeHT8JII,HO OOH8-

py~e!IHOil KoppeJIHl{Heil Me~;ziy TeMnepaTypon cBepxnpoBo;zu:imero qia

aoBoro nepexo;zia Ts H CTpyKTypnoro qiaaoBoro nepexo;zia T~. 
l'8MHJII,TQHH8H p8CC!J8TpHB8eMOtl CHCT8Mli HMeeT CJie,llyDmHil BH,ll: 

1-t = H~ +VsKw, 

\ I 9~ I I + t (II) 
vo"KUI = - - L r\(K,q-}r\(K,1'J a.. a:_.,_r a,_K'·tf' a"'t' 2V l<,fJ"' "/ "/I ,.., , ,., •· 

k:d' 

8 

HaJIHqne o6paayromnx R -qiyHKl{HH B raW1JII,TOHHane (II) 

ri(K,G") = t :-.;~.--, \ E:~ - f'<o \ (, W.,0, 

\ €:~ - /AO l > W_o 

Il03BOJIHeT nocJie,llOB8TeJII,HO, H8 K8llt,ll0M 3T8Ile BhlqJacneHHH, yqHTH

B8Tl> TOT qiaKT 
I 

qTQ KynepOBCKOe npHTHllt8HH8 npOHBJIHeTCH TO]!I,KO B 

Y3KOM anepreTHqeCKOM CJIOe nopfl,llK8 2. WJ) OROJIO ypOBHH ~ep

MH ffo. 
B § I B COOTBeTCTBHH_C ueTO,llOM rJI. I CTpOHTCH annpOKCHMHpy-

romHil raMUJII,TOHH8H ,llJIH MO,lleJII,HOti CliCTeMU (II): 

J.l/A,;,tA)=i ~~:u A_·p/fp,cr+-i v,i + ;: - Zf' 1,(12) 
p,<t · d~ d~ 

cyMMHPOB8HHe npOBO,llHTCH no IlOJIOBHHe nepBOHaqanr,noil 30Hhl EpnJIJID-

:rna, onpe;zie:naeMoil cooTHOllieHHeM f-p <: 0 . KpoMe Toro, 

BBe;zienu c:ne;ziyro~ne o6oanaqeHHH: 

\l)P~G"~(O.t,110...p+G
1
cr 0...p,-~ 0.-pt~J-~ ), 

A 

Ap,~ 

E:p-~ -A - SA(p,a') 0 

-A -fpf 

0 -SA(r,~ 

0 - SA (ptQ,rr) 

-fp+{"' 

0 -S~(p+u,1 6 

~ 

fp+('-\ 

r;zie A -= Jf o/et . ;zi1,1a:neKTp1,1qecKHH H .s = Js' ?s - CBepxnpono-

~HmHil napaMeTpbl nopH,llR8 Q l:: z 2(<Jl) . 
Ja Lv(Gl) 

B § 2 npoBO,llHTCH ,llHarona:nH38UHH annpORCHMHpyromero raMH:1II,TOHH8H8 

(12) H nonyqena CHCTeMa ypaBHeHHl.1 ,llJIH na~aMeTpOB A J S Hf . 
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lloJiy'leHH8H ClrlCTeMa ypaBHGHlrlW, O,IIH8KO, HMGGT AOBOJI:&HO C110lKHblH ,, 

BHA, H B OOUIGM cnyqae He YA88TCH H8HTH HBHOro peweHHH. B CBH3H 

C 3THM B § 3 npoBOAHTCH HCCllGAOB8HHe cneKTpa 3JieMeHT8pHblX B03-

0YlKAeHHll B pa3JIH'lHblX npe,11eJI:&HblX c11yqaax. 

Peayn:&T8Tbl 3TOro HCCJI8,IIOB8HHH B ,ll8JI:bHeilweM HCilOJI:b3YDTCH 

npH np116n11JKeHHOM pe weHHH cHcTeMbl ypaBHeHHH AJIH A> .S H ('-1 • 

Kpoue Toro, B ooJiaCTH ~=~I:::\ f~ \ ~ \ wl> -f-fo) \ 1 KOTOpaa 

cymeCTBeHH8 B CJiyqae Wp ">> f'o I AJifl HOBblX KB83H'l8CTHU 

IlOJiy'leHO K8HOHH'leCKOe npeo6p830B8HHe B flBHOM BH,lle. 06JI8CT:b co

cymeCTDOB8HHH CBepxnpoBOAHUIGH S-~831,1 H AH3JI8KTpH'l8CKOli waa1,1 

npH T= 0 HayqaeTCH B § 4. li!ccJie,110BaHHe ypaBHeHHtt YAOOHO 

npOBOAHT:b B CJiy'l8HX {,,J .D ;:, f' 0 H w ./) <:: ft O no OTA6JI:b-

IIOCTH. Hail,11eI11,1 ypaBH6HHH AJIH rpauHu paaAena S H A S ~aa1,1. 

IlpH011HlK8Hl!Oe HCCJI6,llOB8HHe ypanueHHH cawocornacoB8HHfl B OCHOBHOM 

COCTOHIIHH npOBO,llHTCH B § 5. 3.nec:& no11yqea1,1 Bblp8lK8HHH AJIH CBepx-

npoBOAHlll6H U1e1111 K8K WYHKUHH napaMeTpOB f1, jot H ft• . 

B npe,11en:&HOM cnyqae t.J.I) :>;;, ~o H "-'J> :>>.a. peay111,TaT 

coBna.naeT c peayn:&TaToM pa60T1,1/l6/. li!ccne,110BaH TaKxe H .npyroa 

npe.nen:&Hblli c11yqali /-' o -=-> t,..,.,l) • Hatt.neHbl YCJIOBHH, npH KOTO-

p1,1x ID488T MGCTO yBe1lH'l8HHe $ (A) no cp8BHeHHD C S ('?) • B § 6 

IlOK888HO, 'ITO yBe1lH'l8HH6 CBepxnpOBOAHlllero napaweTpa .$ npH

BOAHT K YB811H'l8HHD COOTBGTCTBYDUIGH CBepxnpoBOAH~ea TewnepaTyp1,1. 

B 88K11D'l8HH6 nepeq0c11ea1,1 OCHOBHble peay11:&T8Tbl, nony'leH

Hble B paooTe, CAeJI8Hbl HeKOTOpble 88M8t{8HHH H BblBO,llbl. 

OCHOBHble peay11:&T8Tbl AHCcepT8UHH ony6JIHKOB8Hbl B pa60Ta{6, 9,Io 
12- 141 H AOKJI8,llblB8JIHC:b H8 C8MHHapax ]T~ Oli!Hli!, OTA6118 CT8THCTH

'leCKOH M8X8HHKH Mli!AH CCCP, KB~e,11p1,1 KB8HTOBOH CT8THCTHKH MrY, 

Ha ill MelK,D;yHapOJ{HOH IIIKOJie no CT8THCTH'lGCKOli M6X8HHK6 (BareHHHreH, 

ro11JIBHA0a,l974 r.) HY Padoqew coBeU1aH00 no cTaTHCTH'lecKoli WH3H

Ke (]:&BOB, 1975). 
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