VIK 622.236.2

© C.A.Tonuapos, ILIL. AHanbeB,
C.B. Epmakos, 2008

C.A. I'onuapoe, I1.11. Anansves, C.B. Epmaxos

PA3YITPOYHEHHE I'OPHBIX ITOPOJ
B UMITYJIbCHBIX MATHHTHBIX ITOJIAX
CJIOKHOH ITIPOCTPAHCTBEHHO-BPEMEHHOH

CTPYKTYPbI

Cemunap Ne 3

B MOCJIETHUE TO/Ibl AKTUBHO BEIyTCS
Hay4YHBIC WCCJICIOBAHUS B 00JAaCTH
pasylpodyHEHUs] TOPHBIX IOPOA IyTEM HX
MarHUTHO-UMITYJIbCHOM 00padoTtku (MUO),
KOTOpast 3aKTI0YAETCS B CIICAYIOIIEM: Yepes
OTPE30K JUAJIEKTPUUECKOro TpyOoIpoBoa,
Ha KOTOpPOM CMOHTHPOBAaHAa CUCTEMa MHIyK-
TUBHBIX KaTyILLIEK, TEHEpUPYIOIIUX MOJs C
3aJTAHHOW 9aCTOTOM — MPOITYCKaeTCsl pyAa.
O¢ddexr paszynpounenus pyasl nmpu MUO
00yCIIOBIIEH  CJICMYIOIMUMH  (paKTOpaMu:
npu MUO »srekTpudeckoe W MarHUTHOE
MOJISt PaCIPOCTPAHSIETCS IO BCEMY 00BeMY
pyIbl; IpU HaJUMYUMU B PyAE MHHEPAJIOB
3JIEKTPOCTPUKTOPOB M IIBE30IEKTPHKOB
(Hampumep — KBaplia, TypMaJlHa U HHBIX
CCTHETOYIEKTPUKOB) WM  MarHUTHBIX
MHHEpaJoOB (HampuMep — CYIb(HUIOB,
OKHCIJIOB U MHBIX MarHUTHBIX COCIUHEHUN
Kenesa, HuKels, xpoma) MO BbI3bIBacT B
9TUX 3epHAX 3(MPEKTHl MarHUTOCTPHUKIIUH,
3NEKTPOCTPUK-LIUU u o0patHoro
nbe303(ddexTa, XapaKTepH3yeMbIe
BOZHWKHOBEHHEM jgedopmanuii B OT-
JIEJTbHBIX MUHepaiax. 3a cyer
HEOJHOPOJHOCTH  MAarHUTO-3JIEKTpHYeC-
KUX U MEXaHWYECKHUX CBOMCTB MUHEPAJIOB,
BXOJMIIMX B COCTaB pyIbl, a TaKkKe
HaJIW4YMs BOJIBI B IOpax, Ha TpaHULAX
3epeH BO3HMKAET KOHLIEHTpaLus MexXa-
HUYECKUX  HaNpsDKEHUH  (CTPYKTYpPHBIX
HaNpsOKeHUH), 4YTO MPHUBOAUT K MEXK3ep-
HOBOMY pa3yIpOYHEHUIO nopoasl. [1].

B cBs3u ¢ BhIe n3i10keHHBIM, MO
MOpoJI, CoAepKalMx KBapi (ThE303JIeK-
TPUK) IEJIeCO00pa3sHO TIPOBOAWTH MpPH
BBICOKUX 3HAUEHUSIX DJEKTPUUECKOTO OIS
E, a MUO nopoa cojiepkaniux MUHEPaIbl-
(dbeppuMarHeTuku (HampuMmep MarHEeTHT)
eJIecCO00pa3HO TPOBOJIUTH NMPH BBICOKUX
3HAUCHUSAX HAMPSDKCHHOCTH MAarHUTHOTO

noss H.
B3auMocCBsA3b 2MEKTpUYECKOM M Mar-

HUTHOW COCTaBIIIONIMX TMOJS  OIpese-
JS0TCs ypaBHeHUeM Makcsena [2]:

OH
rote = —p, —, 1
Mo~y (D
YTO 3KBUBAJICHTHO COOTHOIIICHHUIO:
H
E 0 —2, 2
o T (2)

rae T - mepwon paspsiga umiyisca, E wu
H - mepemeHHBbIE SIEKTPUYECKON U Mar-
HUTHOW HANpPSHKCHHOCTH AJICKTPOMArHUT-
HOTO TOJsI; @- TepeMeHHass BPEMCHH;
E,,H,- aMmiuTyqHOE 3HAUYCHHE HIICKTPHU-
YeCKOH MW MarduTHOH  COCTaBIISIOIIMX
ANIEKTPOMArHUTHOTO MOJIS; L, - MarHUTHAs
MOCTOSTHHAS.

Amnamu3 BeIpakeHus (2) TOKa3bIBacT,
9TO IOJyYCHHUE BBICOKHX 3HAYCHUH DIICK-

TpHYecKoil cocraBistomiell E; morpebyer
nubo yBeIMUYeHHs 3HauYeHHH COCTaBJIAIO-
mei H,, 4T0 pPaBHO3HAYHO YBEIMYCHHIO

sHeproemkoctd MUO, nubo yMmeHbLIeHUs
JJIATCIIBHOCTU HMITYJIBCOB. HOE)TOMy Ha
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H,=10°+10°A/ m
E,=10°+10*B/ m
T=10"°+10"c

E

a) 0)

H,=10°+10*A/ m
E,=10*+10°B/ m
T=10°+10"c

E

Puc. 1. Bpemennvie 3a6ucumocmu HARPAHCEHHOCHEN MAZHUMHOZ0 U INEKMPUYECKO20 NOA NpuU
MHO 0na noneii: a) HU3KUX 4acToT; 0) BRICOKUX YaCTOT

MPAKTHKE I1eIeCO00pa3HO UCIIONIB30BATh JIH-
00 HH3KOYACTOTHOE BO3JICiCTBHE (OOJBIIHE
3HayeHuss H, — 1711 MarHUTOCTPUKTODOB),
BO3JICHCTBHE
(Gompime 3Havenus E; — 11 mbe3odniek-

b0 BBICOKOYAaCTOTHOE

TPUKOB ¥ 3JIEKTPOCTPHUKTOPOB). (pHc. 1).

[Tpru MUO ropHBIX TIOPOJ, COAEpIKAIINX
MHUHEpaJIbl MarHUTOCTPUKTOPBI,  AJIEKTPO-
CTPUKTOPHI ¥ TIHE303NICKTPUKH (HATIpH-Mep,
JKEE3UCTHIE  KBapIWT)  IIENIecO-00pa3Ho
OCYLIECTBIIATh UX pa3ylnpoyHEHHE, BO3ICH-
ctBys kak HY monmsmu tak u BU mosnsimu,
YTO OOECTICUHT TCHEPAIHIO SIBJICHUI MarHu-
TOCTPHUKLIUH, IIEKTPOCTPUKIIMU U OOPaTHOTO
nbe303ddexra.

IlocnenoBarenpHOE OEWCTBHE MOJIEH
HU3KHUX U BBICOKHX YacTOT B COOTBETCTBHU
C MPUHIUIIOM aJJUTHBHOCTH OOecreYrBa-
eT CyMMapHbIl 3¢¢eKT pa3ynpoyHEeHUs
paBHEI cymMmMe 3(QQEKTOB pa3ympOTHEHHS
OT JEWUCTBUS KaXXIOro IO B OTHEIIBHO-
CTH:

954 = Opy+ Ipy, 3)

rae Oz — CyMMapHBIid 3QGeKT pazynpoyHe-
HUSI TOPHOW TOPOIBL; Jyy — 3ddexT pasy-
MPOYHCHHUS TOPHOW TIOPOABI OT JICHCTBUSI
HOJIT HU3KUX 4acToT; Oy — 3Pdexr pasy-
MPOYHEHUS] TOPHOM MOPOJABI OT AEHCTBHS
TOJIS] BBICOKHX YacTOT.
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IIpyu ongHOBpEMEHHOM BO3AEHCTBUU
pasHoHamnpasieHHbIX moseir HY u BY [3]
NPUHIUI aJIUTUBHOCTH HapyllaeTrcs —
BO3HHUKAeT CHHEPreTUYeCKUd 3P PeKT:

Osc=Opy+ Apy+ 63, 4

rae 02 — JIONOJHUTEIbHBIH 3 (deKT pasy-
MPOYHEHHUSI TOPHOW TOPOJBI OT OJHOBpE-
MEHHOTO JI€WCTBHUS HWMITYJIbCHBIX IOJIEH
HU3KHUX U BBICOKHUX YacTOT.

Jnga moATBepKOSHHST BBILIEH3JI0KEH-
HBIX ITIOJIOKCHUH OBUTM TPOBEICHEI JIabo-
paTOpHbIE MCCIENOBaHUs C LIEJbIO JKCIIe-
PUMEHTAIBHOTO  ONpE/CNICHHUs]  TOTIOJIHU-
TENbHOTO (cuHepreruyeckoro) sddexra
pa3ynpoyHeHHus T'OPHOHM MOpoJbl MpU Of-
HOoBpeMeHHOM BoznerictBun HYU u BY nm-
MTyJICHBIX AJIEKTPOMArHUTHBIX monen. Jlis
JAHHBIX HCCIIEJIOBAHUH WCIOJIB30Bajach
ycranoBka I'AH 5000, comepkamias WH-
IYKTOP, NPEACTaBICHHbIM B BUAE CUCTEMBI
KaTyIIEK, CIOCOOHBIX T'€HEPHUPOBATH IO
BBICOKHX U HHU3KUX 4acToT (puc. 2, ). Uc-
MBITAHUS MPOBOJMIUCH Ha HKEJIE3UCTHIX
KBapLUUTax MPU UX PACIOJIOKEHUH B HH-
JIyKTOpe B NBYX obnactsx — A u b, rae
BEKTOPbl HANPSKEHHOCTEH MarHUTHOIO U
AJIEKTPUYECKOTO TIOJIeH pa3HOHANPABJICHBI
(puc. 2, a, 6).



Katylika 2

Katywka 2’

\\|/// KaTtyuika 1
Ewn
Hiw, Ky
Hiw
0)

Puc. 2. Pacnpeoenenue B4 u HY noneit npu IkcnepumeHmaibHuIX UCCc1ed06anusax: a) nois B obac-

TH A; 6) most B o6mactn B; B) crmossie muami HY n BY noneit B uraykrope; £ py - BEKTOD DIIEKTPH-

YecKon HaIMpsKEHHOCTH HY MAarHuTHO-UMITYJIbCHOI'O I10JIA, B/M; EBI{ - BCKTOp 3HeKTpH‘{eCKOﬁ Ha-

npsoxkeHHocTH BU MarHuTHO-HMITyIsCHOTO Tons, B/m; H py - BEKTOp MarHuTHOW Hanpsbkennoctd HY

MAarduTHOTO HoJst, A/M; H py - BEKTOp MarHuTHOM HanpsbkeHHocTH BU mMarautHOTO mostst, A/m

IMocne MarHUTHO-UMITYIIBCHOM 00paboT-
KU pyZAa Oblia MoJBep)KeHa yIapHO MEXaHH-
YeCKOMY M3MEIBYCHUIO U PACCEUBAHHIO TI0
KJlaccaM KpyNHOCTU. B kauectBe Kputepus
pasynpodHeHusi Opalicss OCTaTOK Ha CUTe
¢paxupm +5 MM. [1o HoMy4eHHBIM pe3ynbTa-
TaMm ObLIa MOCTPOSHA rucTorpamma (puc. 3).
W3 rucrorpammel (puc. 3) BUAHO, YTO OCTa-
TOK Ha CUTE +5 MM IIPH PACIIOJIOKEHUH PY/IbI
B obmactn b mHIyKTOpa M OXHOBPEMEHHOM
nevicteun nioned HY m BY camenii MuHm-
MaJbHbIA. HeckombKko 00Mbllie 3TOT OCTAaTOK
Ha CUTE TIPH PACIIONOKEHUH PYABI B 00IaCTH
A MHIYKTOpa Y OIHOBPEMEHHOM IEHCTBUM
noieit HY u BY. Cawmpblif 6onbI1oii 0cTaToK
Ha CUTEC UMEET MECTO IpPU MOCIEI0BaTENb-
HOW 00padoTke pynsl HY m BY mnomsmu B

obnactu b. DddekT pasynpouHeHus: TOPHOMA
MOPOJIBI TIPH OJTHOBpeMeHHOM JieiictBun HU
u BY noneit otnmumuaerca ot addexra pasy-
MIPOYHEHHSI TOPHOM MOPOJBI MPH WX TOCIIe-
JIOBAaTEIILHOM JICHCTBHUM, MPUUYEM B 00JIACTH
b oH BrIIIE.

s Teoperudeckoro 000CHOBaHHMS JI0-
MOJTHUTEIBHOTO (CHHEPreTUYeCKoro) 3d¢-
(dexTa pa3ynpoyHeHUs: ObLUTH PACCMOTPEHBI
MEXaHHYECKHE HAMpSOHKEHUS, BO3HUKAIO-
e B TOPHOHM IMOpPOJE MPH OJHOBPEMEH-
HoM Bo3ueiictBuu Ha Hee HY u BY um-
MyJIbCHBIX MAarHUTHBIX TOJIEH COOTBETCT-
BEeHHO JJis obnacth A u obiactu b. Kap-
TUHA HAMPSHKECHUH, BOSHUKAIONIUX B TOPHOM
TOpoJie JUTs KKIOW M3 00nacTeil mpencTas-
nieHa Ha puc. 4.
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CopepxaHue knacca +5 mm

9% T

Puc. 3. T'ucmozpamma codepycanus @pakyuu knacca +5 Mm nocie yoapHoz0 MeXAHUUECKO20
Paspywienus yHcene3ucmulX Keapyumos ons paziudnsix pexcumos ux MHO: a) nocinenoBaTesibHOS
neiicteue HY u BY moneit B o6nactu b; 6) oqHoBpemennoe neiictere HY u BU moneit B obnactu A ; B)

onHoBpeMenHoe aericteue HY u BY moneii B obmactu b

Y,

A\
)

y 2

O,

Puc. 4. Hanpsaycenus, 6o3nuKaiouue 6 pyoe npu 0oHospementom eozdeiicmeuu na nee H4 u B4
UMRYTbCHBIX MAZHUMHBIX hoJell 01 oonacmu A u oonacmu b

MexaHudeckue HanpsDKeHUs B JKeJIe3U-
CTBIX KBapLUTaX, BO3HUKAIOLIME MPHU HUX
MHO MOXHO omucaTh MO AaHAJOTHHU CO
CTPYKTYPHBIMH TEPMHUYECKAMHU HaTpsIKe-
HUSIMHM, BO3HUKAIOIIMMM Ha TPaHULAX MHU-
HepaJbHBIX 3epeH mpu Harpese [4]. Hamps-
sKeHHs Juis oosactd b BIonb ocell BRIMISIAT
CIIE Ty oM 00pa3oM:

BJIOJIb OCH X:

o, = 51(EHLI + EBIII) — 5;(EH'1 + EBq) ,
- + -
G, G,
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(5)
BJIOJIb OCH Y:
o = /11 HHq +H3q)_;iq(HHq +H3q)
yo 1 1 ’
7_’_7
Gl Gz

(6)
rae O,,0,- CyMMapHblii kK03 ULHEHT 06-

patHOro mMHe309(PPEeKTa M DIEKTPOCTPHUK-
LUUU A7 MarHeTuTa W KBaplla COOTBETCT-

EHq > EB'—[ -

QJICKTPUYICECKOI'0 MOJIA COOTBETCTBCHHO JIA

BCHHO, HaIMps>KCHHOCTH



HY u BY, B/m; A,4,-
MATHUTOCTPUKLIMM /ISl MaTHETUTA U KBap-

H Hy, - na-

HY >
MPSAKECHHOCTH MAarHUTHBIX MoJjie COOTBET-

creenno a1 HY u BY, A/m; G, G, -

IyJay yOpyrocTd MarHeTuTa M KBaplLa co-
oTBeTcTBeHHO, MIla.

[Ipenebperas  oOpaTHBIM  MbE303(}-
(heKTOM U IEKTPOCTPUKIIUEH B MarHeTHTE
71 3PPEKTOM MATHHTOCTPUKIIH B KBapIle
UMeEeM:

6 =0 (7
A =0 ®)

ITpoeKkunu MEXaHUUECKUX HAIPsHKEHUI
st obnmactu b cormacio (5) m (6) u ¢
yaeroM (7) u (8) UMEIOT BU:

KO3 PHUIIHESHT

Ioa COOTBCTCTBCHHO,

MO-

BAOJIb OCH X:

_ _52EHLI — 52EBLI

o, =~ Sty )
PR + -
G1 Gz

BJOJIb OCH Y:

O_y — //{’IHhiLI +ﬂi1HB‘{ (10)
PR + -
Gl Gz

[Ipoexunu HanpspKkeHuid A7 o01acTu A Ha
COOTBETCTBYIOIIIME OCH C YYETOM BHI-
paxenuit (7) u (8) BBINIAOAT CICAYIOUTIM
obpazom:

Ha OChb X:
_ /llHH‘I
%TT 1
7_'_7
Gl GZ

(11)

Ha OChb Y:

C5,Ey — S,y
y i L s ( 12)
Gl G2
Ha OChb Z:
o, = A (13)
| 1
- + -
Gl GZ
CyMMapHI)Ie HalpsHKCHUA, BO3HH-

Karole B TOPHOH mopoje ais obmactu b

3aMUIIYTCs CIAEeIYIOINUM 00pa3oM:
2_ 2 2
0y =0,+0,.

(14)

CyMMapHble  HampsDKEHHs,  BO3HHU-
KaloIllie B TOPHOW TMopoJie A odnacta A

3aMUNIYTCS CIACIYIOIINAM 00pa3oM:
2 2 2 2
oy =0,+t0, to,.

(15)

C yuerom Bolpaxenuit (9), (10) u (11),
(12), (13) ompenenuM BeIWYMHY KBajapara
CyMMapHBIX HamnpsokeHui B oonactu (b) u
obmactu (A):

(A H pyy + 8, By ) +
(8, Egy + A Hpyy )+ (16)
0.2 _ +2(522EH11EB[1 + /IleHqHBZI)
Y5 1 1
- + -
G G,

(A7 H py + 65 Epyy ) + 17)

2 _ +(522qu + j'IZH;IJ ) + 2522EHL1EBL[
Oy, = 1 1
7_1’_7
Gl Gz

VuuTEIBas, YTO CllaraeMele

2 2 2 2 2 2
(M Hippy + 6 Epy) 1 (8, Epy + A Hyy)
SBIISIIOTCS.  TIPOSIBJICHWEM  HaNpsDKEHUH,
Bei3BaHHBEIX HY m BY monsiMu coorBer-

CTBEHHO, BhIpaxkeHus (16) m (17) moryr
OBITh MPE/ICTABICHBI B BUIE:

2 _
Oy = Oy + 0y + 005,

(18)
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2
05 =0y +0py +00, , (19)

rae  Oy,- CymmapHble —HanpsHKeHHS,

BO3HHKAIONINE B TOPHOW TMOpoAe UL
obnmacru b; Oy - CymmapHble Hampsi-

JKEHUs, BO3HHMKAIOLIME B TOPHOM Mopoje
I o0acTH A;
KM+ SE,
HY 1 1
7_’_7
G G,
HUS, BO3HUKAIOIINX B pE3yJIbTaTe ACHCT-
Bus HY moreit;

Oy Epy + A H

- Hampsbke-

Opy 1 I - HaIpsDKCHHS,
- + E—
G G,
BO3HHKAIOIINX B pe3yibTare nericteus BY
28,E, E
TOJICH; oo, =—=—BL .
1 1
JE— + JR—
G G,

HaIpsHKEHUS, BOSHUKAIONIUE B PE3yIbTaTe
coBMmectHOro nevctsust HYU m BY moneit B
obmactu A;
_ 2(522EH‘1EB’1 + A‘IZHH‘JHB‘{) B
B 1 1

- _l’_ P

G G,
Hamnps>KeHUs, BO3HUKAIONIME B pe3yJIbTaTe
coBmectHoro aervicteusa HY u BY moieit B
obnactu b;

o0

U3 Beipaxenunit (18) u (19) BugHO, 4TO
CyMMapHbI€ HaIpsKEHUsS CKIIaJbIBalOTCS
U3 HaNpsDKEHHWH, BO3HUKAIOIINX B PE3YIIb-
tate nedictBus HY monell; HampsokeHHH,
BO3HHKAIONINX B pe3yibTare nericteus BY
NoJieil ¥ HalpsDKEHUH, BOZHUKAIOLIUX B pe-
3yJbTaTe UX COBMeCTHOro aewcraus. Ilpu-
YeM HalpsDKEHUs, BO3HUKAIOIIKE B PE3YJIb-
Tate coBMectHoro aevcterust HY m BY mo-
neit qia obnactu b Gonblie, 4To MOATBEP-
JKACHO 3KclepuMeHTanbHo. IlomyueHHas
pacueTHas MOJEIb MO3BOJIAET ONpPEACTUTh
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BEIMYMHY CHHEpreTHdeckoro 3¢ ¢exra pa-
3yIPOYHEHUs TOPHOM MOPOABI IPU BO3AEH-
CTBUH IEKTPOMArHUTHBIX IIOJIEH CII0KHOM
IPOCTPAHCTBEHHO-BPEMEHHON CTPYKTYPBI,
9TO MO3BOJSIET (OPMHUPOBATH TPEOOBAHMS
K IPOEKTUPOBAHHUIO  TEXHOJOIMUECKUX
0JI0KOB (MH-TyKTOPOB).

BriBoanl

TeopeTuueckuil aHaIU3 MEXaHHUECKHUX
HaNpsOKEHUM, BO3HUKAIOIIUX B TOPHOH
MOpOJIe Ha IPaHULAX pa3jiela MarHeTUTa U
KBapla MpH €€ MarHUTHO-HUMITYJIbCHOM
00paboTKe MO3BONMI ONPEICIUTh BEIH-
YuHy cuHepreTuueckoro 3¢ddekra pa-
3yOPOYHEHHUs] TOPHOM NOpoabl MNpHU Of-
HOBpPEMEHHOM Bo3zjnelicTBun Ha Hee HY u
BY uMnynsCHBIX MarHATHBIX TOJICH.

[IpoBenenubIe JKCIIEPUMEHTAIIbHBIE
UCCIICZIOBAaHUSl  NOATBEPIWIM  HaId4Me
JIOTIOJIHUTENIEHOTO (cuHEpreTHYecKoro)

addekTa pasynpoyHEeHUs TOPHON MOPOJIBI
IIpY OJHOBPEMEHHOM BO3JEHCTBUM Ha HeEe
HY n BY umMnynbCHBIX MAarHUTHBIX MOJIEH.

[Momy4yena pacdeTHas MOJAENb, IIO-
3BOJAIOIIasA  ONpeAcJMTh BCIWMYUHY CHU-
HEPreTHYeCKoro 3QQeKTa pa3ynpoyHeHHUs
TOPHOH TOPOJBI TPU BO3ACHCTBUU HA HEe

nojell  CIOXKHOH  IPOCTPAaHCTBEHHO-
BPEMEHHOH  CTPYKTYpPBl C  Y4ETOM
MarHUTOCTPUKIMOHHBIX, 3JIEKTO-

CTPUKIIUOHHBIX U TMNbE3OCTPUKIIMOHHBIX
CBOMCTB MHHEpAJOB, BXOJSIIMX B COCTaB
noposl. Bee 3to mo3Bosnsier popmMupoBath
TpeGoBaHUS K MPOCKTUPOBAHUIO
TEXHOJIOTHICCKHX OJIOKOB (MHIYKTOPOB).

Teoperndeckuii aHaNU3 U IKCIIEPUMEH-
TalIbHBIC MCCIICIOBAHMS IMOKA3add, YTO Be-
JTUYMHA cuHepreTudeckoro 3¢ddekra pasy-
MIPOYHEHUSI TOPHOW TIOPOJBI 3aBUCUT HE
TOJIKO OT Benuuunsl f u E marHuTHO-
HMITYJIbCHBIX TOJIEN U CBOWCTB MUHEPAJIOB,
BXOJISIIINX B COCTAB TOPHOW MOPOIBI, HO U
OT B3aUMHOW OpPUEHTAIMM JTaHHBIX ITOJICH,
MpUYeM TPEANOYTHTEIbHEH ClIy4aid COB-
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Angpeit pOBAaHHUSA CTBOJA Ta30BOH CKBaKHUHBI IS
AHeKcaH[IpOBI/I‘I TIOBBIILICHUS €€ 3KCHJIyaTaL[I/IOHHOI71 HaICxK-
HOCTHU
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