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AHIIOT8U!iSI 

Pa6oTa nocastweHa HccneaoaaHHIO noaeae HHSI cunOBbiX nHHHA MarH»THoro nonst 

BHHTOBbiX TOKOO, TeKyWUX 110 IIOBe pXIIOCTI! TOpS, B pa60TO IIOK838HO, 'ITO HeC!iM~eTpi!SI 

H83B8HH0r'O M8r'HHTH0r'O IIOflSI SIBnSIOTCSI O~HOl\ H3 npH'IHH 003H!iKHOOeHHSI npOTy6ep8HUOB 

na noaopxHoCTI! nnaaMbi. B pa6oTe T8K>Ke noKaaaHo, 'ITO c noMOWbiO aononHI1TDnbHoro 

oepTIIKClnuHO HanpaaneHHOr'O nonst onpe.aem)HHOA Benli'IIIHbl H 83B8HH blll BcPq)eKT JleCHMMeT

p1111 BIIHTOBOr'O M8r'HHTHOr'O nonst MO>KeT 6b1Tb B 3H8'111 TeJJ bHOl\ Mepe OC na6neH. 

V.K. ~lelnikov 

ON TilE LINES OF FORCE OF .>\ 
MAGNETIC H ELO OF SCREW CFRRENTS 

FL0\\1NG .>\LONG THE StJRFAC E OF A TORl'S 

Abstract 

This paper Is devoted to the investigation of the behaviour of the lines of force of a magnetic field of screw currents 

Oowing along the torus surface. It Is shown that the asymmetry of this magnetic field is one of the reasons for the appearance 

of the protuberance on the surtace of the plasma. It Is also shown that the effect of the asymmetry of the screw magnetic field 

may be considerably weakened by means of a vertical field of certain magnitude . 



HtlCTOSilll8SI 38M eTK8 OOCBRllleHa HCCne.QOB8HHIO noee.aeHHll CHnOBblX nHHHII M8rHHTHOrO 

nonS! BHHTOablX TOKOa, TeKylllHX DO noaepXHOCTH TOp8. 3T8 38.08'18 HM6eT B8>KH06 3 H 8'19HH6 

a TeopHH CTenn8paTop8. 

PeaynhTSTbt H8CTOHwero Hccne.aoa8HHSI noaaonHJOT yTeep>K.a8Tb, 'ITO HeCKMMeTpHSI p8c

CMSTpKeaeMoro M8rHHTHOrO nonH RanHeTCSI O.QHOII H3 npH'IHH B03HHKHOB6HHSI npoTy6ep8HUeB 

H8 OOB9pXHOCTH nn83Mbl. 8 38MeTKe T8K>Ke nOK838HO, 'ITO C nOMOlllbiO .aononHHT9nbHOrO eepT&

KSnbHO Hanp8Bn6HHOrO M8rHHTHOrO nonS! onpe.aeneHHOII eenK'IHHbl H83a8HHbtll 9cpcpeKT H9CHMM9T

pHK BKHTOBOrO MSrHHTHOrO nonH MO>K9T 6btTb a 3H8'1HTenbHOII Mepe OCn86neH . 

J.1TSK 1 nyCTb noeepxHOCTb TOpS non yqeHa C DOMOlllbiO Bp8W6HHSI OKpy>K H OCTa ( JC - R
0

) '+ z '.a~ 

aoKpyr OCH z ( R 0 > a ) • Bee.aeM a o6n8cTH, orp8HK'IeHHOA noeepxHOCTbJO TOp 8, Topoa.aanbHYJO 

CKCTeMy K 00p.OHH8T ( r , c/>, r/J ) C DOMOWbiO COOTHOW9HHA: X • ( R
0 

+ r cos c/>) Cos r/J 

• nycTb .aanee no BHHTOBOA nHHHH r • a 
1 

c/> • f r/J + cJ> 
0 

a HSnpasneHHH B03p8CT8HHSI T9'1eT nOCTOSIHHblll TOK ( t - uenoe) . IJ.ng H8xo>K.aeHRSI 

C03.08B8eMOrO 9THM TOKOM M8rHHTHOrO nong aOCnOnb3yeMCH 38KOHOM 6Ho-Cae8p8. nyTeM sne-

M6HT8pHblX Bbl'IHCneHHII H8XO.QHM1 'ITO Bbtp8>K9HH H .ang COCT8BnHJOlllRX B9KT0p8 I( 

6b!Tb 38DHC8Hbl B cne.ayJOweM BH.Oe: 
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H, • ..L 
c 

' " ( (- o f R 0 cos ( 8 - ¢
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+ fu }sin u + oR .sin ( 8- ¢
0 

+ fu) cos u -
0 

a 'f cos ¢ sin C1 + 2 R ! sin ¢ sin ' t 1 R - J J C1 , 

'" ( (a f R0 sin ((}- ¢ 0 +fu )sin u + aR.cos( (}- ¢
0

+fu Jcos u-
o 

- r R • cos u + a 'f sin ¢ sin u + 2 R 'cos ¢ sin' C1 
• T 
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- a f rsin(¢ -(}+ ¢

0
- fu )sln u] R J u, 

c 
'" ' ([- o f + of rcos((}-~ +fa ) - rR sin cJ> sin u + 
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0 

+ 2 a' f sin ' ~ - 2 a f r sin ¢ sin ( ¢ - (} + ¢ - f u ) sin 2 !!....] R -JJ u , 
~ 0 2 

R • R + a Cos ( ¢ - (} + ¢ - t a ) H 
• 0 0 

R '= 4R. (R 0 + rCos ¢ ) dn 'i· + o ' + r ' - 2orCoa( (J - ¢
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+ fq ) . 
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f locMOTpHM KaKoaa acHMnTOTHKa y BbJpa>KeHHll ( I ) npH _jJ_ 

Ro 
... o . nonaras. r • a p 

"' "' 
~z , a s _!!_f. a .. a £ --- H f ~ 

a 

Ro 
, Mbl nerKo nony'laeM, 'ITO npH 

Ro Ro Ro 
f ... 0 Bblpa>KCHHSI ( I ) CTpCMSITCSI COOTD8TCTD8HHO K cne.oyJOLUHM: 

HP 
_, 

( [- a ~ cos ( () - ¢ + a ~ ) + sin ( 0 - ¢ + a e ) 1 '? J e , 
ac -~ o o 

00 
(2) 

H = ¢ f 
ac- oo 

[a~sin( ()- ¢
0 

+ aO +cos( () - <!>
0 

+af,)-p) R-' Jf., 

H • 
00 3 
f ( - a + a p cos ( 0 - cb 0 + a~) 1 R - J f. , 

ao 

r.oe e ,. ¢ - a z • a R ' .. ~' + J + p' 2 p Cos ( e - <!> 
0 

+ a ~ ) . 

KaK H cne.ooaano O>KH.OaTb, H8nHCaHHbJO B bJpa>KeHHSI COBTI8.Q8JOT C Bblp8>K911HSIMH .OTIS! COCTaans. -

IOillHX M8rHHTHOrO nonn, nony'I9JJHOrO C nOMOLUbiO BHHTOBOrO TOK8, TCKywero no noaepXIIOCTH 

npSIMOrO KpyrODOrO UHTIIW.Opa. 3TOT cj:JaKT H8BO.OHT H8 Mb!CTib, 'ITO OTBCT Ha BOIIpOC 0 pacnono-

>KeHHH CHTIOBbiX TIHHH II MarHHTHOrO non» BHHTOBbiX TOKOB , TCKYLUHX no noaepXHOCTH TOpa , npH 

MaTiblX 31!a'!ei!HSIX OTHOW911HSI .fL MO>KIIO nOTiy'IHTb, HCCTie.OOBaB p8CllOTIO>K9HH9 ClillODbiX llHHHll 

R o 
M8rHHTHOrO nOilSI DHHTOBbiX TOKOB , TeKyLUHX no noaepXHOCTH UHI1HH.Op8, H8 KOTOpOe 118TIO>KCHO 

cneunanbHbJM o6pa30M no.oo6paHHOe aoaMywenHe. 

npH peweHJfH 3TOI\ 38.08'111 Mbl p8CCMOTpHM npe.OCT8BI1SIIOLUYJO p9811bHbJI\ HHTCpeC CHCTeMy 

2n TOKOB, o6pa3yJOLUHX .OB8 C9M91\CTB8: TOKH nepaoro C9Mei\CTB8 TeKyT B Hanp8BI191111H B03p8CTa-

HHSI 1/J no BHHTOBbiM llHHHSIM f • 0 4>,. f!/1 + 2k rr (k = J ,2, ... ,n), TOKn BToporo 
n 

CeMei\CTB8 TeKyT B o6p8THOM uanpaaneHHH no BIIHTOBWM TIRHRSIM r = o 4> .. f r/1 + U k_-:.l)_rr 
n 

( k ~ J , 2, ... • n ~ 8blp8>KeHHSI .OilS! COCTaBTISIIOLUHX nony'I9HHOrO TaKHM cnOCOOOM MaruJJTHOrO 

nOTISI TIOI1Y'1810TCSI C nOMOUlbiO O'leBH.OHOI\ KOMOHHaUHH Bwpa>KeHHA BH.Oa (1) . 0TCJO.Oa Henocpe.o

CTB9HHO Cne.oyeT, 'ITO fi011Y'I9HH09 M8rHHTH09 none 6y.oeT nepHO.OH'IOC KHM no 0 C nepHO.OOM 

2rr Aanee 113 cKa3auuoro BuJwe cne.oyeT , 'ITO BbJpa>KeHHSI .01111 cocTaanRJOLUHX 3Toro MarHHT-
n 

HOrO nOTISl MOryT 6bJTb npe.OCT8BTICHbl B BH.Qe: 

r.oe H :(r, n O ) 

H,(r,n O,</>,l ) "' H,
0
(r, n O ) + ln/(r,nO,¢,£), 

l l cb( r ,nO,¢,£) .. Hcf>( r,n O) + lH<P(r,nO,t:f>,d, 

0 1 
H I/J (r,n e , ¢ ,c) .. H I/J (r,nO)+ £ H ,g(r, n 8,cf> ,c), 

t-: J (r,n O ) 11 tt f(r,nO) 
t:J 

03H8'1810T COOTB9TCTByJOLUIIC KOMOHH8UHH 

( 3) 

Bulp8>K9HHH BH.08 ( 2). 
0 

vb STHX Bbipa>KeJ!HA nerKo cne.oyeT, 'ITO H ( r ,nO)- ue'!eTHSSI cj:JyHKUHSI 

0, a H
1
(r,n0) 

~~ 

H9Tpy.OHO yoe.OUTbCSI, 

1 
If H I/J( r , n O,ch, c) 

0 
H n , ( r, n ()) - 'leTHble cPYHKUHH 

"' 'ITO npH f ... 0 Bblp8>K8HH>i .OilS! 

0 • Vfcnon b3yR .oanee BbJpa>KeHHSI ( I ), 

1 1 
H, ( r ,n0,¢,t),li cp( r ,nO,¢, () 

CTpOMSITCSI COOTBCTCTB9HHO K Clle.QyJOLUHM: 

4 



oo 2n 

( ~ ( - 11 "'r cos ( <1> - 0 + '!!.!!.. - a<) s in ( 8- .!!!...!!. + a f, ) -
oc _

00
m= 1 n n 

2 - 3 I oo 2 n m 
- a ~ Cos ¢ + ~ ~ sin <1> 1 R , c/ .f - _3_ ( I. ( - 7) [ p Cos <1> + 

2oc -oo m"' I 

+ cos ( </> - 0 + ..!!!.!:!: -a .;I][ -af, Cos({) - .!!!.!! +a~ ) + sin ( 8- !!!.!!. +a~) ]~ 2R-~c/ ~ , 
n n n "' 

oo '" m 
( ~ ( - 7) [ cos ( ¢- 9+ ..!!!.!'-a~ ) cos( 6 -l!!.a:. + a~)+ 

o c -oom"' I n n 

+a~sin ¢ + ~f, 2cos¢ -p Cos ( </>-6 +.!!!.~-a~ ) 
n 

-a p .; sin ( ¢ - 0 + m rr 
n 

-J oo 2n 
- a f, )] R , c/ .; - .l .L ( ~ (- l) 
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[ p Cos </> + 
2 oc -oo '" =1 

+ cos ( ¢ - 9 + ..!!!.!:!: - a ~ ) ] (a ~ sin ( 8- ~.!! + a ~ ) + 
n n 

2 -' + cos ( 0 - ~ + a f, ) - p 1 .f R c/ f, , 
n m 

1 
HI/I .. 

00 '" J'h ( 2. ( -7) [-p.fsin ¢ +~sin (¢-6 + 
ac -oo mm=: t 

m rr 

n 

2 
oo 2n m 

mrr- a~nn:'cJ~- 31 r 2. ( - 1) [p cos ¢ + + ~ a .; cos ( ¢ - 8 + 
n 2Ci"C-oo m=1 

+ cos ( 4> - 0 + mrr 2 - ~ 
- a f, ) ) [- a + a p Cos ( 0 - .!!!.!! + a .f ) ) f, R c/ .f , 

m n n 

( 4) 

• VIa Bb!p8)KeHHA ( 4) cnellyeT , 'ITO nMeiOT 

MeCTO cnellyiOWI!e paaencTBa: 

H 1 ( I , n e, .p, 0 ) .. H 1 
( I , n {) ) sin <I> + H 1 

( I , n 8 ) cos ¢ • 
r r,l r, 2 

(5) 
1 1 1 

H ( 1, n 8,¢, 0) • H ( 1, n {) ) sin 4> + H ( 1, n 9 ) cos </> , 
¢ <4z ¢ .2 

1 1 1 
H ·'· ( 1, n 8, ¢, 0) .. H . t. ( 1, n {) ) sin 4> + H.1• ( 1, n 8 ) co• <I> , 

'II 'f', 1 "~~'' 

H 1 ( 1, n 6 ) 
t,1 

H 1A.. ( 1, n 8 ) 
'I' . 2 

H .~. ( 1, n 8) - '!eTHble ¢ynKUHH 9 
¥'• 2 

H a 

( 1, n 8 ) H 1 ( 1, n {)) 
<I>· 1 

H.:. ( 1, n 8 ) - He'!eTHble ¢yHKUHII 
'¥•1 

() 

[ lyCTb T e n e pb B 06JI8CTH , Orp8HH'IeHHOA noaepXHOCTbiO TOp8, KpOMe p 8CCM8Tp11 B8CMOf'O 
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BtiHToaoro MarHHTHoro nonR HMeeTeR npo.aonbHOe MarHHTnoe n one e eoeTaannJOlllRMH H, • H ¢: 0 

H.1• -= _ _ l~_o__ T o r.a8 yp8oHCIIHSI eHnoobtX muutA eyMMapHoro M8rHRTHOro nonSI MoryT 
'~' R

0
+ rCos ¢ 

6btTb 38mte8Hbl a au.ae: 

J () 
J .p 

Jr 

""' 
2 

( R 0 f r Cos ¢ ) !!...!__ __ 
H 

0 
R 

0 
+ ( R 

0 
+ r Cos ¢ ) H .p 

' J ( R 0 + r Cos ¢ ) H ¢ f( H0 R 0 + (R
0

+ rCos ¢) f:1 .p] 

H
0 

R 0 + ( R 0 + r Cos ¢ ) H .p 

( 6) 

r.ae () .. ¢ - e"' . Cne.ayH BbJeK838HHOA p8Hee H.aee , e.aen8eM [l eHeTeMe (6) 38MeHy: , • op • 

"' .. _f!. 7. 
Ro 

(1 . .. 

J () 

d:r; 

of 
Ro 

II ( ... 0 

Ra 
, 8 peo ynbT8Te 38MCII bl eHeTeMa (6) npHMeT BH.Q: 

.!12_ = [ 7 + (p Cos ( 8 + a z)] H, 
J z H 

0 
+ [ 7 + ( p Cos ( 0 + a z ) ) H .p 

2 
[ 7 + f p Cos ( 0 ~ a z) 1 H_:!- a p H 0 - a p [ 7 + f p Cos ( () ~ a z) ] II 1/J 

p H 
0 

+ p [ 7 + £ p Cos ( 0 + a z) 1 H ,p 

r.ae (} "'fh -a Z, n o a e.aeHHe eHnOBbiX nHHKA et1eT9Mbl { 7) npH leO XOpOlllO 113BeeTHO 

I I I 
(eM., H8np., rn. Ylll). Heo6xo.aRMO OTMeTHTb TOnbKO ene.ayJOr.UyJO .aeT8nb, B 38BHeHMOeTif 

OT 3118KOB a 11 H
0 

a e pwHHbJ UHnHII.OPH'leCKOA n - yronbHOl! noaepx11oeT11 (een8p8TpHebtl , 

p83.QenSilOWOl! 06n8eTH e 0.QIIH8KOBbiMH eHnOBbiMH nHIIUHMH, B npoeTp8lleTBe ( r, () , 

TJH60 118 nonynnOeKOeTHX 0"' (21c-7}rr , nli60 118 nonynnoeKOeTSIX Oe 2Jcrr (Jc = 
n n 

:r; ) ne>t<8T 

7,2,."'"'· 
JlcpBbiA eny'l8A 6y.aeT 11MeTb MeeTO, KOr.aa a If 1/ O 11M ClOT p80 Hble 3H8KII , BTOpOA - KOr.aa 

a II H 
0 

HMelOT O.QIHI8K0Bble 3118KH , f JoeKOnbKy OTOpOI! enyqal\ 11pHIIUHil118nbll0 HH'leM 11 e OTnH-

qa e TeSI OT nepaoro , a o aeex .Q8nbHeAwnx p8eey>t<.aeHHRX 6y.aeM npe.anonaraTb, 'ITO a 11 H
0 

HMC!OT p83Hbl9 3118KH , 

Ka>~<.aoR 6oKoaoA rpa1111 p8eeM8TpHaaeMoA uHnHn.apn'leeKoA noaepxHoeTH ( H830BeM HX seT

BHMH een8p8Tpllebl) nplleBOIIM IIOMep , eOBil8.Q8lOW IIA e IIOMepOM T eKy Utero 1181lp0TI!B 11ee TOK8, 

11 noe:o.tOTPHM, 'ITO nponooR.aeT e K8>t<.ao A seTBblO een8paTpRebt np11 Manbtx c I 0 • Vl3 o6-

121 
t.ueR Teopnt1 ene.ayeT (eM. , § 5 ), 'ITO np11 M8nbtX c I 0 K8>K.08H 113 oeTaeA een8p8Tpllebt 

p8Cllt91lHTeSI 118 .ase p o,aeTBeHHLte BE!TBII; K8'!CeT OOH HOe p8Cil0 TI O>t<OIIIIC ee'!OtJlotA 3TH X B OTOe l! 

nnoeKOCTblO z = z 
0 

131 
eosna.aaeT e TeM, KOTOpOC H300p8>t<Cii0 H8 pHe. 4 MOeA 38MCTKH 

,ilnn X8p8KTepl!eTHKH p83Mepoa II cf>opMbl wenH Me>t<,ay po,aeTBOJIIIbJMH BeTOSIMII eenapaTpi!Cbl 

p8eeMOTp11M nx ce'leRHH nonynnoeKoeTSIMH (} = li..!!_ (lc = 7, 2, .. . ,n). K8pTaua, nony•u1owaResr 
n 

a o.aHoM H3 ee'leiiHA , 11ao6pa>t<e11a 118 pHc . I. O'!eBH.OIIO, 'ITO 0118 6y.aeT ncpHO.OR'leeKoA no r 

e nepHo.aoM 2 rr • H8 T e x yq8eTKax, H8 KOTOp btX en:lOWII8SI KpuoaR ne>t<uT Dbtwe nyHKTIIpnoA, 
(1 

eJITIOBbJe TIIIIIHI! B XO.QSIT BllyTpb orpatm'lellHOA 09TUSIMII cenapaTpl!Cbl 0 6n8e!H , H8060p0T, 118 
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PHC. 1. 

!i8 T CX y'l8CTK8 X, 11 £1 K OTOpblX CIIJlOWH8Sl Kpl1B8Sl JlC)!(HT lllt)!(e nyliKTHpiiOA, CHJlOBb i G llHIHIII 

k 
lfyC Tb ~ l ( Zo) - paCCTOSlliH(! MC)!(.Oy TO'lKBMH CIIJlOWHOA H nyiiKTHpHOA Kpi!OO A, Jle)!(BUIII-

MH 11 8 npSlMOA Z a Z O ( HH.OOKC k OTHOCHTCSl K paCCM8TpJ.WBeMbiM p O.OCTBeH!IbiM BeTBSlM c ena-

/c 
paTpJ.tCI>I) . H e nocpc.acToeHiiOe Bbl'llu ... nenl!e n o KB3 htBae T, 'lTO ~ c ( z 

0
) It M e eT BH .!l : 

k 

,\ f ( z 
0 

) = c i\ sin (a z 
0 

+ 2 k " 
n 

+ . ,., (8) 

r'.OC T O 'lK8MH 0603 HB ' I e Hbl 'lJlOHbl 6onee BbiCOKOr'O nopSl.OK8 M8JlOCTH, a 1\ He 3 80l1C J.1T OT Z 0 

VfMeC!T M CC T O c n e.ay JOLUCe paae iiC TBO: 

cos ( (} + a z ) -

I 0 I I 
- H, ,

2
sin( (J + a z)] + H, l-( H </> ,I-aptlcb.I)cos( O + a z) + 

(9) 

+ K 

r.a e IIIITE' rpnpO B8Hfi C npOt!CXO.OHT O.OOJlb CIIJlOGO A llHHHH p c p ( z ) O=O (z) C IICTO M bl ( 7) 

npn c = 0 , Jl C!)!(£\UleA na n - o A OCTOfl cen a paTpHC b l 11 y .OOBJl C!TBOpSltOIUCil y CIIOtllliO: (} ( 0) "' 0 ; 

K p aDna 3 Ha'leHn iO B h lpa)!(eiiHSl H o i Hl__ a T O 'lKG ( p = p ( 0) , 
11 J - a p ( H 0 + H .]T-

• n e pObiA li3 H80II C 81111biX HHTe rpallOB 06S13 811 CBOHM npOHCXO)!(.QCIIII C M 01111TOBO MY 

HOC T OSliiHBSI 

() = 0 ) 

110 1110 , B't'Opo rt - npO.OOJlbHOMy , 

l l pe.a n OJl O)!( l! M TC!Hep b , 'lTO B 0 61l8C TII, o rpaHII'l C!HHOA n oeepXII OCTbiO T O pa, K paCC'-18Tpu-
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oaeMbJM M8rHHTHbJM nonRM .ao6a8neuo cna6oe 8epTIIKanbHo uanpa8neuuoe MarHIITHOe none c 

COCT88nSIJOW11Mii: H, "' aHL sin ¢ , H .p~ .!.H1cos ¢ , H!,!J~ O. 8 3TIIX ycnOBIISIX B Bbrpa>KeHHII .anSI 
• R o Ro 

cj:JynKUIIH !:!. , ( z 
0

) noSIOHTCSJ .aononHIITOn bHbr it qneH aH.aa ( 8 H 
1 

sin ( a z 
0 

+ 2 k_rr , r.ae 8 
n 

ue 3B811CJ1T OT z 0 11 Mo>KeT 6bJTb on pe.aeneuo 113 cne.ayJOtuero paaeHCT8a: 

~ 0 0 
b • K ( l [ H ¢ - a p ( H 0 -t H 1/; ) ) cos ( 0 + a z ) + 

-oo 0 0 -1 
+ H, sin ( 0 + a z ) I ( H 0 + H 0 ) cJ z . 

( 10) 

VluTerp11pooaH11e a paaeucTac ( 10) n po11cxo.auT a.aonb TOit )Ke CHnoaoA niiHIIII , 'ITO 11 8 paoeu-

CTBe (9) , TaKIIM o6pa3oM, Bbr6upaSJ H 1 TBK , '1To6r,r BbinOnHSJnocb paoencTeo i\ +8 H - 0 , 
1 

Mbl .OOCTII!"HeM 3TIIM CJW9CTBCHH01"0 yMeH bW9HifSI wenH Me)K.Qy pO.OCTOeHHb!MH B9T8SIMIJ cenapa

Tp11Cbl , 3TOT cp8KT M0>1<9T IIM9Tb npaKT11'19CKOe 3H8 '19HII9 , 

8 38KnJO'ienlle nonb3yJOcb cnyqaeM no6naro.aap11Tb n . r . 3acTaseuKo, <1:> , 8 . KapManoaa, 

n , A , 4epeMHbiX H C . 8 . <t>oMHHa 3a none3uoe o6cy>K.aeuHe nony'leHHbJX pe3ynbT8T08 , 

n H T 0 p a T y p a 
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