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PacceJIHHlO 3JieI<TpOMarHHTHO:ii: {9M) BOJIHI,I Ha HeJIHHe:ttHo:ii: IIJieHI<e lI 

Ha rrepHo~qecI<Hx HJIH I<BaaHrrepHo~qecI<HX rrJiaHapHfilX reTepocTpyI<Ty

pax IIOCBJIIIl;eHI,I MHoroqHcJieHHI,Ie pa60TI,I. Cno:ii:cTBa IIOBepXHOCTHI,!X lI 

BOJIHOBO,lUII,IX BOJIH B IIJiaHapHI,IX CJIOHCTI,IX CTPYI<Typax HayqaJIHCI, B [1] -
[6]. 9TH pa60TI,I OCHOBI,IBaJIHCI, Ha rrpHMeHeHHH TOqHI,IX BeI<TOpHI,IX ypa

BHeHH:ii: MaI<CBeJIJia, )1,JIJI penreHHJI I{OTOpI,IX 6filJIH lICII0~30BaHI.r qHcJieH

HI.re, TOqHI,Ie aHaJIHTHqec.:I<He H rrpH6JIHJReHHO-aHaJIHTHqecI<He MeTO)J,U .. B 

HHX xoponro HccJie)J.oBauo H paHLUie ncex ua:ttJJ.eHo auaJIHTHqecI<oe penreuHe 

ypanueuHJI I'eJILMroJILn;a JI.JIJI · TE- rroJIJipH30BaHHo:tt BOJIHI.r, pacrrpocTpa: 

HJIIOm;e:ttc11 BJJ.OJIL HeJIHHe:liuo:tt rrJiauapuo:tt CTPYI<TYPfil, I<oTopoe H3-3a Tpe6o

BaHHJI Hcqe3HOBeHHJI IIOJie:li BOJIH ua 6eCI{OHequocrn: B rreprreH)J.lII<yJIJipHOM_ 

I< IIJIOCI<OCTH o.zmopo,lUIOCTH crpyI<Typfil uarrpaBJieHHH )J,OJilRHO 6!,!TI, )J,e:li

CTBHTeJILHI,IM H o6Jia)J.aTL oqeuL rrpocTO:ii: I<omjmrypan;He:tt. XoTJI aa)J.aqa 

pacrrpocrpaueuHJI BOJIHOB0)1,HfilX H rronepxuocTHfilX BOJIH TM- rroJIJipHaa

D;HH B IIJiaHapHI,IX CTPYI<Typax ycJIOJRHJieTCJI H3-3a HeB03MOlRHOCTH rrp~Be

)1,eHHJI ypanueHH:tt MaI<cBeJIJia I< o.zmoMy ypanueHHIO, TeM ue MeHee penreuHe 

TaI<lRe cno~TCJI I< I<BaJJ.PaType rryTeM paa,n;eJieHHJI rrepeMeHHfilX [7]. Borrpoc 

0 pacceJIHHH TM- BOJIHI,I, ecTeCTBeHHo, B03HHI{ II03JRe, TaI< I{al{ B 3TOM CJIY

qae penreHHe )J,OJIJRHO 6I,ITL I<OMIIJieI<CHfilM, lI IIpH 3TOM IIpH,n;eTCJI yqHTfilBaTL 

6oJILnroe qHcJio cTerreHe:tt cno6o,n;fil. B 1989 ro.n:y K T. Jieymy y,n;aJioc1, 

cBeCTH I< I<BaJJ.PaType aa)J.aqy o pacce11HHH TE-'-- BOJIHfil Ha HeJIHue:liHoil: I<ep

poBCI<o:tt IIJieHI<e H HeCI<OJILI<O II03JRe OH COBMeCTHO C P. JI.JIHHOM [8], a 

TaI<JRe aBTOp CTaTLH [9], '. BLIBeJIH aIIaJIHTH'!eCKO~ perneHHe3a,n;aqH WUI TM

BOJIH B cpe)J,e C HeJIHue:ttHOCTLIO I<eppoBCI<Oro THIIa. 

B 3THX pa6ornx 6filJIO rrpo)J.eMOHCTpHpOBaHO 'cym;eCTB0:1)aHHe ueTpHBH

aJILHoro nepnoro HHTerpaJia; oTJIHqHoro OT Hanecruoro,·aaM ,noToI<a 3Hep

tHH, C IIOMOIIl;LIO I<OTOporo aBTopaM y,n;aJIOCI, CBeCTH 3a)J.atJy I< I<Ba)J,paTyp~. 

C Tex nop IIOJI.XOJI.I,I c HcnoJILaonamrnM nepnoro HHTerpaJia c ycnexoM npH

MeHJIJIHCL I< TE- H TM- BoJIHaM He TOJILI<o B cJiyqae HeJIHHeil:HocTH I<ep

poBcI<oro THna, HO H B H30Tponuo:li cpe)J.e C JJ.PyrHM THIIOM HeJIHHe:ttHOCTH, 

a TaI<JRe B ueJIHHe:ttHOM aHH30TpOIIHOM I<pHCTaJIJie H HeJIHHeil:HfilX MarHe

THI<ax. BfilJIH C)J,eJiaHfil IIOIIfil_TI<H HCIIOJII,30BaHHJI noJiyqeHuoro HaMH nep

Boro HHTerpaJia, o6o6marow;ero npe}I{IDJe peayJILTaTfil JI.JIii TE- H TM

BOJIH B aa,n;aqe pacnpocTpaHeHHJI BOJIH o6me:tt noJIJipHaan;HH B HeJIHHe:ttHo:tt 

no)J.JiolRI<e: B uacT011me:tt pa6oTe npHBeJJ.eHa cBo)J.I{a nepBfilX HHTerpaJioB 

ypaBHeHH:tt MaI<CBeJIJia )1,JIJI BOJIH B pa3HI,IX cpeJJ.ax, I<OTOpfile paHLUie 6filJIH 

no~eufil HaMH H npHMeHJIJIHCL B paaJIHqHI,IX aa)J.aqax. 



Bmmy, pacce1rnaromyroc51 Ha IUIOCKon cnoIICTou crpJKrype, npe,n:CTaBIIM 

B BlI.D:e 

E(x, Y, z) = e(z)ciwt+iko/Jx + k.c, 
H(x,y,z) = h(z)•e-iwt+ik.tJx+k.c. 

3,n;ecb ko -MO,ZJ;yJib BOJIHOBOro BeKTOpa, cooTBeTCTBYIOIUHH BaKyyMy, 

,B-nocTOJIHHM peq:ipaKJ:(llll • 

CBeT na,n;aeT HJ z < 0 cpe,n;I,I Ha noBepxHOCTb z = 0. BoJIHa, 6erym;aJI 

B,ZJ;OJib x- HanpaBJieHHJI, MO)f{eT 6bITb B ,n;aHHOM CJIOe CTOJiqei!: mm 6ery

m;e:ll: B,ZJ;OJib Z-HanpaBJieHHJI B 3aBHCllMOCTll OT Toro, JIBJIJieTCJI JIII 3TOT CJIOH 

no,n;JIOiKKO:il: HJIII HeT • .Ll:o cnx nop pa6oTLI, nocimm;eHHLie pacceJIHHIO, pac

cMaTpHBaJIII cnyqaft, KOr,n;a BOJIHa na,n;aeT ll3 JIIIHeHHOH cpe,n;I,I Ha llJIOCKYIO 

nnanapHyIO cTpyKTypy. 0:HLIMH cnoBaMH 3a,n;aqa pacceJIHHJI BOJIHLI, na,n;a

rom;e:ll: nJ HeJIIIHe:ll:Ho:ll: cpe,n;I,I, He paccMaTpnBanacb. 8ToMy Bonpocy MLI 

llOCBJITllM OT,ZJ;eJILHyIO pa6oTy. 

,ll;mmeKTpHK 

.Ll:m=lJieKTpHqecKaJI q:>yHKJ:(llJI HeJIIIHeHHOH ll3OTpOllHOH cpe,n;I,I onpe,n;eJIJI

eTCJI ee 3aBHClIMOCTblO OT JIOKaJibHOH HHTeHCllBHOCTll IlOJIJI : 

· f = €(EE*). 

EcJIII Hai!:,n;eTCJI TaKaJI q:>YHKJ:J;lIJI u, KOTOpaJI y,n;oBJieTBOpJieT ycJIOBlIIO 

8U 
D; = fE; = a Et' . 

Tor,n;a cym;ecTByeT rrepBbIH HHTerpan 

i = x,y,z, 

• 2 • 2,02 - fH H* H.,H., = -U + ,B EvEv + --- v v + cnst. 
f 

3,n;ecb ll ,n;anee llCIIOJib3YeTCJI ,ZJ;JIJI KpaTKOCTll o6o3HaqeHHe 

cµoH---+ H. 

(1) 

(2) 

IIepBbie llHTerpaJibI, Haft,n;eHHbie ,n;pyrHMll aBTOpa1m, 6y,n;yT JIBJIJITbCJI qa

CTHbIMll cnyqaJIMll 3TOro. Bonee Toro, 3,n;ecb He CTaBHTCJI orpaHHqeHHe Ha 

BH,n; JaBHCHMOCTH f OT EE* . 
.Ll:JIJI KOHKpeTHOCTll rrpHMeHllM MeTO,ZJ; rrepBoro llHTerpana K ,n;H3JieKTpll

KaM c HeJIIIHe:ll:HOCTblO KeppoBCKoro H Kepporro,n;o6Horo THIIa c HaCbIIIJ;eHHeM • 

.Ll:H3JieKTpllqecKoi!: cpe,n;e C HeJIHHeHHOCTblO KeppoBCKOro THIIa COOTBeT

CTByeT CJie,n;yIOm;M 3aBHCllMOCTb: 

f= c:+aEE*. 

2 

(3) 

I 
~ 

\ 

I~ 
,. 

3,n;ecb € -,n;H3JieKTpHqecKaJI IIOCTOJIHHaJI, Ci- IIOCTOJIHHaJI Reppa, KOTopaJI 

B llCXO,ZJ;HbIX ypaBHeHHJIX 6omme He IIOJIBJIJieTCJI, ecJIII BBeCTll JaMeHy 

./aE---.E, ./aH---+ .ii, a• cnst---. cnst, U---. aU. (*) 

B ,n;aHHOM cnyqae q:>yHKJ:(HJI, y,n;onJieTBopJIIOIIJ;aJI YCJIOBHIO ( 1), eCTb 

( * * • •) 1 ( 2 • 2 2 • 2 
U = c: e.,e., + eyey + e.ez + 2 · e.,e., + eyey + 

+ 2 .2 + 2( * * + * * + * *)) e.ez e.,e.,eyey e.,e.,eze: eyeyeze • . 
(4) 

8To oqeHb nairurn, qTo oHa BbipamaeTcJI qepe3 o,n;Hy TOJILKO rrepeMeHHy10-

,n;H3JieKTpHqecKy10 q:>yHKUHIO: 

U = 0.5(€2 
- c:2), 

B Kepporro,n;o6Hoft cpe,n;e c HaCLIIUeHHeM 

f = c + €sat {1 - exp [-~E*]}. 
\,.,sat 

(5) 

(6) 

3,n;ecb CsarMaKCHMaJil,HO BO3MO)RHbIH npHpOCT .Ull3JIPI;TpHqeciw:ll: <J.lYH

KUllll ,n;o HacLim;eHHJI. Ycnonnro (*) y.n:onneTBop11eT <lJ_\'HI;UHII U: 

- -. 2 { ( EE*) } U = (€ + €sat)EE + €sat e:,,;p - Esat - l . (7) 

3,n;ecb TaKme rrpocJie)RHBaeTCJI JaBHCllMOCTb u OT .Ull3Jie:i;TpHqec1wft <J.}yH

Kl'.(llll: 

U=csat{(c:+csat)In_ Esa~ -(f-1:)}. 
1:sat + c - f 

(8) 

PaCCMOTpllM ,n;na Ba)RHbIX ,ZJ;JI/I OIITHKH cJiyqa11. 

1. ,n:JI/I rrorrepeqHo:ll: (TE) 3JieKTpnqec:i;oft noJIHbI m.1eel\l ey =fa 0, hy = 0. 
TaKme HJ ypaBHeHni!: MaKcBeJIJia cJie,nyeT, qTo e,, = e: = 0. 

a). B cnyqae ,n;H3JieKTpHKa C HeJIHHeil:HOCTblO ReppOIICl{OrO THIIa ll3 (2) 
ll (3) C yqeTOM (5) HaXO,ZJ;HM, qTO 

*-eyey - f - c:, * 1 2 h.,h., = 2(f - 1:)(2/3 - E - f) + cnst. (9) 

IIocKOJibKY hz = /3ey, MO,ZJ;JJIH.ncex HeHyJienLix KOMilOHeHTon IIOJI/I Bblpama

IOTCJI qepe3 o,n;ay BeJIIIqllHY f. C ,n;pyroft CTO})OHbl, ···~noJIIOUIIJI" f OT KO

op,n;HHaTI:,I z orrpe,n;eJIJieTCJI JaMKHYTbIM ROHCepnaTHBHbIM ypaBHeHHeM. IIo

CJie peIIIeHHJI 3TOro ypaBHeHHJI KOOp,D;HHaTHaJI 3aIIHCllMOCTb ncex HeHyJienux 

KOMilOHeHTOB IIOJIJI 8BTOMaTnqecRH HaXO,UllTC/1 ll3 BblpameHHil (9). 

3 



l-fa ypaBHeHIIit MaKCBeJIJra aaxo.nn:M cJie.nyrom:ee ypanHeHHe: 

dE 
dz = 2leyhxlcos.6.¢, (10) 

r.ne .6.¢ eCTL pa3HOCTL cpa3 Meli<.lzy ey H -ih., . 3.neCL H B IIOCJie.nyrom:eM 

npHHJITo 0603aa11eane koz - z. 
CJie.nyeT ,IlOIIOJIHHTL (9) H (10) em:e O.n;HHM nepBLIM HHTerpaJIOM, npe.n

CTaBJIIIIOlll:HM co6oit 3aKOH coxpaHeHIDI IIOTOKa 3Heprnn:: 

Sz = -ileyhxlsin.6.<p = co. (11) 

Yfa BLipruKeHllJl (10) C y11eTOM (9), (11) HaXO,IlHM, 'ITO 

z=!} dE 
2 J(E _ e). {½. (€ - e}(2,B2 - € - €) + cnst}- 4c5 

(12) 

OTcro.na onpe.neJilleTCJI 3aBHCH?,IOCTL € = €( z) ' H B .naJILHeii:nreM 3aBH
CHMOCTL Mo.nyJieii: KOMnoHeHTOB noJIJI OT Z H pa3HOCTL cpa3 .6.¢ HaXO.llJITCJI, 

COOTBeTCTBeHHO, H3 (11) C yt'IeTOM (9). Ilpn paCCMOTpeHHH pacceJIHllJl Ha 

IIJieHKe HeT Heo6XO,IlHMOCTH B HaXO)l(JleHHH cpa3 ey H hx no OT,IleJILHOCTH. 

B nJieHKe, n reTepocTpyKTypax n n CJIOHCTLIX KOmlmrypauIDlx ypaBHe

HHJI (6), (9) H (12) ,D;OJIJl(HLI npHMeHJITLCJI C y11eTOM rpaHH'lHLIX YCJIOBHH ll 

TeM caMLIM 3a.na11a pacceJIHHJI TE- BOJIHLI noJIHOCTLIO penraeTcJI aaaJIHTH-

11ecKH. 

6). B Keppono.no6HOM ,IlH3JieKTpHKe C HaCLilll:eHHeM H3 (2) H (6) C y11eTOM 

(8) HaXO,IlHM, 'ITO 

lev 12 = €sat ln €sat , (13) 
€sat+€ - € 

lh;I =-€sat{(€+ €sat - ,132) ln €sat - (€ - e)} + cnst. (14) 
€sat+€ - € 

IloCKOJILKY hz = ,Bey, KaK H B CJiyqae ,IlH3JieKTpHKa C HeJIHHeii:HOCTLIO 
KepponcKoro Tuna, nee aeayJieBLie KOMnoHeHTLI noJIJI BLipaJKaJOTCJI 11epe3 

o.n;Hy BeJIH'lHHY €, KOTOpaJI, B CBOIO oqepe,Ilb, no.n;'lHHJieTCJI ypaBHeHHIO 

d€ = 2 €sat + € - € leyhx I . COS .6.¢. 
dz €sat 

(15) 

Yfa 3TOro ypaBHeHHJI C y11eTO:M (13), (14) H (11) HaXO,llllM, 'ITO 

Z = ! j (€sat+ € - €)-
1
d€ 

2 fl ~ [(,132 ) 1 __fu:_ + ( ) + cnst] 4 2 n ,,.,+i-t - €sat_ - € n 0,.,+e-£ € - € ~ - Co 

(16) 

4 

t 

\ 
( 

0Tcro,n;a onpe.neJI11eTCJI 3aBHCHMOCTL € = E(z). IlocJie 3Toro KOOp,IlHHaTHLie 

3aBHCHMOCTH aMIIJIHTJ,ZU,I leyl, lh.,j n pa3HOCTL cpa3 .6.¢ onpe.neJIJIIOTCJI H3 
{13), (14) ll {15). 

2. .ll:JI11 nonepe11Hoii: {TM) MarHHTHoii: nomn.r HMeeM no onpe,n;eJieHnro 

hy f, 0, ey = 0. 

l-fa ypaBHeHH:il: MaKcneJIJia CJie.nyeT, 'ITO H., =Hz= 0. 

a). B CJIY1Iae ,IlH3JieKTpHRa C Hemme:il:HOCTLIO ReppOBCROro THna H3 (2), 
{3) C y-qeTOM (5) HaXO,IlHM, 'ITO 

2 /3.2 1 €2 _ €2 
lezl = 2/3.2 _ € • ;-: (-

2
- - cnst), (17) 

2 

lexl
2 

= € - € - leyl
2
, lhyl 2 = ; 2 lezl2 • (18) 

3,n;ecL HeHyJieBLie ROMIIOHeHTLI noJIJI BLipalI<aIOTCJI, KaK H BLIIIIe, 11epe3 O.n;HJ 

neJIH11HHy €. .ll:JIJI z -3anncRMocTn € H3 ypanaeanii: MaRcneJIJia cJie.nyeT 
ypaBHeHne 

d€ ( 2/3.2 _ € ) ( 2,132 2)-
1 

dz = -2 · € je.,hvl • cos .6.<pH 1 +--;a• lhvl , {19) 

r,n;e .6.<jJH- pa3HOCTL cpa3 MelR.lzy BeJIH'lHHaMn: ez H -ie.,. BLipaJKeHllJl (18) 

ll ypaBHeHne {19) COCTaBJIIIIOT 3aMRHJTLiii: anna:paT, eCJIH cro,n;a em:e BRJIIO
'lHTL 3aROH coxpaHeHHJI nOTORa 3Heprnn: 

Sz =-½le.,· hvl · sin.6.<jJH = CQ. (20) 

J,fa {19) C J'leTOM (20) HaXO,IlHM, 'ITO 

j (f + lezl
2
) · d€ 

z = - (2/3.2 - €)✓le., • hvl 2 - 4c5 · (21) 

6). B CJIY11ae Reppono.no6a~ro ,IlH3JieRTpHRa c HaCLim:eaneM H3 (2) n (6) 
C y-qeTOM (8) HaXO,IlHM, 'ITO 

le~I = 2/3.~~ ·!{€sat[(€+ €sat)ln €sat - (€ - e)]- cnst}, (17)' 
€ € €sat+€-€ 

2 
I 12 1 €sat I 12 I 2 € 2 e., = €sat n + - ez , hyj = /3

2 
Jez I . 

€ €sat - € (18)' 

5 



HeeyJieBhle ROMIIOHElHTLI noJIJI TamRe BhlpamaIOTCJI -qepe3 O.n,Hy nepeMeH

eyro €, ROTOpaJI IlO.I('IHHJieTCJI ypaBHeHlllO 

)

-1 
2 2/32 2 €sat 

d€ = -2
2

/3 - € 1Ahylcos.6.4>n ( ~lhyl +€sat+ € - € 
dz € 

(22) 

J,fa 3TOrO ypaBHeHHJI C y-qfaoM (20) HaXO,lUIM, 'ITO 

Z - _! c ~lhyl2 + c,.~+~-c 
- 2/ ~- ✓le h 12 -4c2

• £ X y , 0 

(23) 

EcJIH y-qecr1,, 'ITO Bxo,zvmure cro,n;a le.,12 n lhyl2 
BhlpamaIOTCJI Tom1<0 -qepe:i € 

corJiacHO {17)' H (18)', TO (23) npe,n;cTaBJIJieT co6oil: :iaBHCHMOCTb € = €(z). 

.ll:JIJI onpe,n;eJieHHJI 1<oa<p<pHI1;neHTa oTpameHHJI Ha nJieHRe HJIH cynep

pemeTRe Ha.n;o Bhl'IHCJIJITI, HHTerpaJI B RaiK,D;OM OT,D;eJII,HOM CJIOe H B no,n;

JIOiKRe, CBJI3LIBaJI HX rpaHH'IHhlMH ycJIOBHJIMH Ha rpaHm:i;ax conpn1<aca10-

IIJ;HXCJI cJioeB. B Hannpoqeil:meM cey'lae o,D;Hoil: nJioc1<oil: rpali:HIJ;hl Heo6JI

aaTemHo BI,ItIHCJUITl> HHTerpaJI ,n;JIJI HeJIHHeil:Hoil: no,n;JioiKRH, T.e. H 6e3 Hero 

MOiKHO IlOJIY'IHTb IlOJIHYIO KapTHHY pacceJIHHJI BOJIH. 
B l{a'!eCTBe npocTeil:mero npHJIOiKeHHJI IlOJIY'ICHHhlX pe:iyJII,TaTOB pac

CMOTpHM pacceJIHHe Ha IlJIOCRO:!i rpaHHUC ,IU13JieKTpHKa C HeJIHHeil:HOCTblO 

KeppoBCROfO THna. 3Ha'!eHHe aMilJIHTy,zll>l 3JICKTpH'IeCKOro KOMilOHCHTa no

JIJI B TE -BoJIHe Ha rpaHHIJ;e ( z = o-) ecTl> E = ( 1 + r )Eo, r,n;e E 0-aHa'leHHe 

aMnJIHTy,z:u,I na,n;aromeil: BOJIHhl, r-<paKTop oTpameHHJI. Tor,n;a 

r=TJ-~ 
TJ+~' 

(24) 

r,n;e TJ = (c1 - /32)112 H €1 -,IU13JieKTpH'IeCKaJI IlOCTOJIHHaJI JIHHeil:HOil: cpe,D;I,I, 

OT KOTOpoil: "BOJIHa na,n;aeT Ha IlJIOCKYIO noBepXHOCTb HeJIHHeil:HOil: cpe,D;I,I. 

3,n;eCb H HHiKe no,n; € IlOHHMaeTCJI ,IU13JieKTpH'IeCKaJI <pYHKUHJI 3TOil: cpe,D;I,I. 

JiIHTeHCHBHOCTb na,n;aromeil: BOJIHhl B CJiy'!ae HeJIHHeil:HOCTH KeppoBCKOfO 

THila BhlpamaeTCJI KaK 

· 1 1 s = -- . -(TJ + ✓€ - /32)2(€ - 1:2)-
8µ0C'T/ CY 

(25) 

<l>opMyJII,I {24) n (25) BepHhl B CJIY'lae '!aCTH'IHOrO npoHHKHOBeHHJI BOJIHhl 

BO BTopyro cpe.n;y, T.e., ecJrir lrl2 ¥= 1. BhlpameHHJI (24), (25) ,n;aIOT aaBH

CHMOCTl> aMnJIHTy,z:u,I OTpaJReHHJI TE- BOJIH OT na,n;aromeil: HHTeHCHBHOCTH B 

<pOpMe napaMeTpH'IeCKOrO ypaBHeHHJI. 
3Ha'leHHe aMilJIHTy,z:u,I MarHHTHOrO noJIJI ,D;JIJI BOJIHhl C TM- noJIJipH3an;neil: 

Ha rpaHnn;e (z = o-) ecTl> H = (l + r)Ho, r,n;e Ho -:iHa'lenne aMnJIHTy,z:u,I 

6 
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l 
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J 

ll 

na,n;aromeil: BOJIHhl, r-<paKTop oTpameHHJI. Tor.n;a 

TJ-fl.~ r - < 
-,,,+7~ (26) 

H BLipaJReHHC HHTeHCHBHOCTH na.n;aromeil: BOJIHhl TM- IlOJIJipH3aUHH B CJIY

'!ae HeJIHHeil:HOCTH IWppOBCKOro THna .n;aeTCJI KaK 

S= l {(TJ+f1 ✓E-/32 }·f(f-Ei). 
8µocE1TJCt E 

(27) 

<l>opMyJII,I (26), (27) 

pameHHJI TM- BOJIH 

<popMe. 

rrpe.n;cTaDJIJIIOT co6oil: 3aBHCHMOCTI, aMIIJIHTY,D;Ll OT

OT rra.n;aromeil: HHTCHCHBHOCTH B rrapaMeTpH'IeCRO:ll 

Cey'!ail: noJIHoro oTpaJReHHJI Tpe6yeT oT.n;eJil>Horo paccMoTpeHHJI. AM

IlJIHTy.n;a OTpameHHJI CTaHODHTCJI KOMilJieRCHOil: DCJilflIHHOil:, 1\10,lJ;yJII, I(OTopoil: 

panen e.znrnnn;e. .ll:JIJI DOJ!Hhl c TE- rroJIJipn:3an;neil: 

,/217 - i$ - €2 - f 

1"TE = ,/217 + i✓2/J2 - 1:2 - f. 
(28) 

BhlpalRCHHC )RC ,n;JIJI HHTeHCHDHOCTH rra.n;aromeil: DOJIHhl OTJIH'laeTCJI OT (25), 

a HMeHHO; l 
STE = 

16 
(2c1 - c2 - E)( f - 1: 1 ). (29) 

PoCTJO: 
.ll:JIJI DOJIHhl c TM- rroJIJipn:3an;neil: m1eel\! 

iETJ(€ + c) 1f 2 + 1:(3/32f - 2f2 
- /3 2 - JJ2e-) 1f 2 

r™ = c(3/32E - 2f2 - ;32€)1/2 - ifl7(f + E)l/2 
(30) 

H na,n;aromaJI HHTeHCHBHOCTI, B cJiy-qae HeJIHHeil:HOCTII ReppOBCROro THIIa 

STM = ·_1_. ffo • 'f/
2

€
3 + (TJ

2
c2 - 2ci)E

2 + 3cr/3
2

f - EIE2/3
2

. (f - 1:2). (31) 

16a cJ'f/ E(2/32 - f) 

HyiKHO OTMeTHTb, 'ITO n qrnpMyJiaX (28)-(31) DeJIH'IHHa f rrpe,n;CTaBJIJieT 

co6oil: 3Ha'!eHne .n;naJieKTpH'IeCRo:ll <l>YHKUHH Ha rpaHHU<', T.e. Ha rronep

XHOCTH HeJIHHeil:Ho:ll UO,!J;JIOJRKH (z = o+). IIocROJihRY <I>opMyJihl (24)-(31) 

,n;aroT <pYHKUHOHaJII,HYIO 3aDHCHMOCTI, a.MIIJIHTY,!J;hl OTpa>ReHHJI DOJIH OT rra

,n;arome:il HHTeHCHDHOCTH, l\fhl Hl\feeM D031\IO)KHOCTh aHaJIH3HpODaTh D IIOJIHO:il 

Mepe KapTHHY OTpa>ReHHJI. Mhl rrpn:BO,!J;Hl\1 HeROTOphIP Han6oJiee HHTepe

CHhIC pe:iyfilTaThI, ncxo.n;Jimne na nnx <IrnpuyJI. 

-Ha pnc •. 1 , 2 rrpnne,n;eHhI rpacpHRH :ianncn:MoCTH RO':Hl><ImuneHTa oTpa

JReHHJI TM~ DOJIH OT rra.n;arome:ll HHTCHCHDHOCTH H OT 3HatieHH:ll ,lUl3JICKTpH

qecKO:ll <pyHKUHH HeJIHHeil:Ho:ll IIO,!J;JIOJRKH. Tai;, .n;na l\fHHHl\fYMa Kpn:nott Ha 
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Pac. 1. 3aBHCHMOCTI, K03cpcparr11eHTa OTpa)l(eHIIH r 2 OT rra.na10mel! IIHTeHCHBHOCTII. .[{Ba 

MHHHMJMa Ha 3TOll KpHBOll COOTBeTCTBJIOT KapTHHe, OlIIICaHHOll Ha p11c. 2 (c2 = 1, 132 = 
1.2, cJ = 3.07) 

0.884 

0.00::J 

0.002 

0.001 

2 
r 

0o~ ] 0 • • • • • • 1) j"h I I I ;:;:;,, I I ,<; I I I I I j I I I I I 
2:0 :3;0 1;0 · 

3He.'lleHJUI ~:meETp]l[tl8CXO:I!: t~:-
P11c. 2. 3aBIICHMOCTb K03cpcp11rrHeHTa OTpa)l(eHHH r 2 OT 3HaqeHllll .nmineKTpHqecKoll cpyn

KlIHH. MHHHMYM rrpH f = CJ COOTBeTCTByeT .BLipaBHHBalll!IO .nmineKTpHqecKHX xapaKTepn

CTHK .!lBYX cpe.n, a .npyrol! MHHIIMYM - 6p!OcTepOBCKOMY OTpa)l(eHHIO (c2 = 1, 132 = 1.2, 
cJ = 3.07) 
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DTOpOM rpaq:nme COOTDeTCTDYIOT ,nDJM 3HatJeHHJIM ,nII3JieRTpH'IeCRott q:>yu

IOJ;HII, npII ROTOpLix aMnJIIITy.n:a oTpa»cemm (26) JI.JIJI TM- DOJIH o6p~aeTcJI 

D Hym.. OJI.HO II3 HIIX, € = Cl I npoCTO HanpOCTO DLipa»caeT TOT TpIIBIIaJII,HLIH 

q:>aRT, 'ITO ROrJI.a 3HatJeHIIe ,nII3JieRTpII'IeCROH q:>yurourn: HeJIIIHeimoii: no.n:

JIO)RI{IJ paBHJieTCJI 3HatJeHIIIO ,nII3JieI{TpHtJeCI{OH I{OHCTaHTLI JIIIHeii:HOii: Ha,n:

CTpOttI{lI, DOJIHa nepecTaeT 
11

qyDCTDOBaTL
11 

rpaHmzy Me»c,n;y HlIMlI II ll03TOMY 

He pacceIIDaeTcJI. 

.[(pyroe - E = Cl • ,/t./J2. 9TO II eCTL ycJIODIIe 6pIOCTepoBCI{Oro OTpa»ce

HIIJI. 

Ha pIIC. 1 3TIIM ,nnyM "HyJieBLIM" 3HatJeHHJIM ,nII3JieRTpII'IeCROtt <l>Y~IIH 

COOTBeTCTBYIOT ,nna 3HatJeHIIJI na,n:aromett IIHTeHCIIDHOCTII. 

Ha pIIC. 3 llOI{a3aH oco6Liii: cn:yq:aii:, I{OTOpLiii: IIMeeT MeCTO npII HaJIII-., 

'IIIH .n:eq:>0Ryc11pyromeii: llO,ll;JIO)RI{ll. 3aBIICHMOCTL aMllJIIITy.n:LI OTpa»ceHIIJI Ha 

OJI.HOii llJIOCROH rpaHIIIJ;e .n:eq:>0Ryc11pyromeii: llO,ll;JIO)RI{ll OT na,n:aromeii: IIHTeH

CIIBHOCTII npIIo6peTaeT <pOPMY neTJIII. 

IlpoaHaJIII3HpyeM CIITya:ci;IIIO c pe)RHMOM noJIHoro oTpa»ceHIIJI TE- BOJIH. 

l-fa-3a OTCYTCTBIIJI llOTOI{a 3HeprHII B 3TOM cJiyqae Heo6xo.n;IIMO llOJIO)RIJTL 

!:l.¢ = -1r B q:>opMyJie (11). IlpII 3TOM II3 (10) cJie.n:yeT, 'ITO dE/dz < b , 
T.e. 3HatJeHHe ,nII3JieRTpII'IeCROH q:>yHIOJ;IIII y6LIBaeT B rny6L llO,ll;JIO)RI{ll. Co

rJiaCHO (3) IIHTeHCIIDHOCTL BOJIHLI Tal{)Re y61,rnaeT. OJI.Hal{O OTHOCIITeJII,HO 

lh.,12 3Toro Hem.3JI cRa3aTL • .ll:eiicTBIITem.Ho, TaR RaR oHa 3aBHc:iiT I{Da.n:pa

TH'IHO OT € II llOCI{OJILI{Y cnst = 0, € Boo6me MO»ceT npIIHHMaTL 3HatJeHm~ 

TOJILI{O Ha IIHTepBaJie (c, 2/32 - c) COrJiaCHO COOTHOllieHIIIO (9). EcJIII »ce 

3HatJeHIIe ,zmaJieRTpH'IeCRoii: q:>yHIOJ;IIII Ha rpamm;e 60JILI1Ie (32 II MeHLllie 

(2/32 - c), TO Be.Jm~IIHa lh.,12 cHatJaJia no3pacrneT c Roop,zmHaTOii: z, .n:o 

Tex nop llOI{a € He ,ll;OCTHrHeT 3HatJeHIIJI (32' a llOTOM OHa MOHOTOHHO y6LI

BaeT (pIIc.4}. Ilo,n:o6HaJI RapTIIHa Ha6JIIO,n:aeTCJI Tal{)Re OTHOCIITefilHO Be

JIII'IIIHLI le.,12, Ho ,n:JIJI TM- noJIJipII30BaHHoii BOJIHH. 3TII JIBJieHIIJI IIMeIOT 

o6m;IIe ROpHH C Ta!{ Ha3HBaeMHMII llOBepXHOCTHHMII BOJIHaMII B MHorocJioii

HI,[X CTPYRTypax. HeMOHOTOHHOCTL aMllJIIITy.n:LI RaRoro-JI1160 I{OMllOHeHTa 

3JieRTpOMarHIITHOro llOJIJI no.n: llOBepXHOCTLIO llO,ll;JIOiIU{II eCTL 'IIICTO HeJIII

HettHLiii aq:>q:>eRT. ,[(pyroe, 6oJiee napa,n:oRcam.Hoe cJieJI.CTBIIe, DLITeRaromee 

Il3 BLillie npIIBe.n;eHHLIX <pOpMJJI, COCTOIIT B TOM, 'ITO iipII OJI.HOM II TOM )Re 

3HatJeHIIII ,nII3JieRTpI1'1eCROtt q:>yHIOJ;IIII Ha llOBepXHOCTII llOJI.JIOiIU{II, y.ZJ:OBJie

TBOpJIIOIIl;eii: ycJIOBIIIO (32 ~ € ~ 2/32 - C ' 110ryT cymeCTBOBaTL II BOJIHa 

llOJIHOrQ OTpa»ceHIIJI, II BOJIHa c qacTII'IHHM npoxo)RJI.eHileM. 3To II eCTL 

npilqlllla noJIBJieHIIJI Ha . .lUiarpa1IMe "I{03<p<pIIIJ;IleHT oTpa»ceHIIJI-na,n:aromM 

IIHTeHCHBIIOCTL;, BeTB;e~ (pIIc.5), I{OTopoe HallOMHHaeT ,zmarpaMMY co

CTOJIHil:tt neperpeTott )RIJJI.I{OCTII II napa. Ilo,n:o6HaJI RapT:irna Ha6Jiro.n;aeTcJI 

TaR»ce JI.JIJI TM- noJIJipI130BaHHLIX BOJIH. 
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1.00 

0.76 

. 0.60 

0.26 

-0.00j ', -

-0.26 

-0.60 1,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 
0;"' 0;6 0:e 1 ;0 
liHTeHCl1[BHOCTJ,,, (!;

0
/]ixl 

0;2 0.0 

Pnc. 3. .[{ecpoKycnpy10maJ1 cpe.na. 3.aBncnMOCTL aMnJinTy.n11 oTpamemrn r OT na.na10mell 

llHTeHCllBHOCT.II llMeeT cpopMy neTJill (e1 = 2.46, 132 = 0.3, e2 = 3.07) 

0.6-Illf 

0.6 

0."I 

0.3 

0.2 

0.1 

0.011111 II ii 1(0 ii ii ii II 1111 iii ii jl 111'1 ii ii jl ii ii ... I I';, ii ii ii I 
1.6 2;0 2;5 3;0 3;5 "1:0 "1.6 

3Hll"l8HJIJI ~ne1CTpliN8CJC0ft t~ 
Pnc. 4; Ecll.lI Ha IIOBepXHOCTll IIO.!IJIOH(KII 3Ha'!eHJte .nmmeKTpll'!eCKOll cpymm1m ( CKameM, tn) 

6oJII,IIte /P; TO I hx 12 B03pacTaeT B rny61, cpe.n11, .no Tex nop noKa f He cTaHeT paBHLIM 132
, 

a IIOTOM MOHOTOHHO y6LJBaeT (e1 = 3.2, 132 = 3.07, e2 = 2) . 
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Pnc. 5. r 2 • K03cpcpnnneHT oTpameunH. Bn.nuo, 'ITO ua HHTepBane (0.06, 0.21) na.na10mell 

llHTeHCHBHOCTll cymecTBYIOT 11 BOJIHa IIOJIIIOro OTpamemrn. II. BOJilla 'laCTH'IHOro npOHIIKHO

BeHllH (e1 = 3.02, 132 = 2.82, e2 = 1.8) 

10.0 

8.0 

6.0 

◄.0 

2.0 

lfHTeHCl1[BHOCTJ,,, 

Pnc. 6. µ 2 = tg(</>/2), </> - C.!lBllr <j>a3LJ 3Jie11Tpll'!eCKoro BeKTOpa IIOJIHOCTbIO oTpameHHOll 

BOJIHLI. B TO'!Ke M Kp11BaJ1 pa3BeTBJIHeTCH. 3aB11c1111ocTh 112 OT na.na10mell HHTeHCHBHOCTH 

npOHBJIHeT cnaryJIHpHOCTb Tnna TO'!Kll BeTBJieHHH (et = 3.2, /J2 = 3.07, e2 = 2.0) 
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.l(.1111 Hemrneil:Horo rro.1moro oTpamemrn :m,reeT cMLICJI ncc.11e.n;oBaTL rro

Be.n;emrn aMIIJIIlTy.zu.t OTpamemrn B aaBnCIDIOCTil OT rra.uaromeil: IlHTeHCHBHO

CTH. AMII.71IlTJ,na oTpamemrn rrpe.ucraB.1111eTc11 B Bn.ue r = exp(-i<p). BBe.!lJI 

BMecro yr.11a rroBopoTa <p Be.11nqHHy µ = tgf, BLipamaeM KBa.upaT 3Toil: Be

JIIlqnHLl qepe3 rra.uaromyro HHTeHCHBHOCTL: 

2 1 2 ✓ µ = 2T//2/3 - €1 - c2 ± (c1 - c2)2 - l6pocTJaS). 

113 3TOil: q>opMy.7II.I JIBCTByeT' qTQ aaBHCHMOCTL µ2 OT s HOCHT CHHry.1111p

HLlil: xapaKTep. Ilpn aHaqeHnn S, paBHOM (c1 - c2)2 /(l6µocTJa), KpnBaJI 

µ2
( s) pa3BeTBJIJleTCJI. Ha pnc. 6 TQql{a, B KOTopo:ii: RpHBaJI paaBeTBJIJleTCJI, 

o6oanaqena qepea M. 

MarHeTHR 

B He.71IlHeil:HOM H3OTpOIIHOM MarHeTHRe ?.IarHHTHaJI rrpoHnuaeMOCTL orrpe
.n:e.1111eTCJI Mo.uyJieM JIOKaJILHOH HarrpJilf(eHHOCTH uarHHTHoro IIO.1111. EcJIH cy

mecrByeT TaRaJI q>YHKUHJI u OT jj' qTQ 

au 
8H• = µHx, 

X 

TO HMeeTCJI rrepBLIH HHTerpaJI 

au 
8H• = /tHy, 

y 

8H 
8H• = µHz, (32) 

pc(µc -
2/3

2
) IH j2 + c2 E E* = /32 H H* - cU + cnst (33) f32 Z X X y y • 

Bn.u q>JHKD;HII U(H) aaBIICIIT, ROHeqHo, OT BLI6opa q>yHKUHH µ(HH*). 
Ec.71Il rroc.11e.!lHJl11 rrpn MaJILIX 3HaqeHIIJIX H H* JIIIHeil:Ho aaBncnT OT 3Toit 

BeJIIlqHHLI II rrpII ee 60JILI1IHX 3HaqeHIIJIX acm,mTOTIIqeCKII HacLI:maeTCH, TO 

ofiLiqHo DLI6npaIOT CJie.uyromyro cpeHOMeHOJIOrIIqecKyIO MO.UeJIL: 

µ=µ"+µsat {1 - exp(-~IHl2
)}, 

µsat 
(34) 

r.ue µJI -rrpe.n;eJILHOe 3HaqeHne MarHHTHOH rrpoHHD;aeMOCTII IIpII jj -+ 0, 
/tsat - ?.IaRCIIMaJILHO B03MOJRHLIH rrpnpocT MarHIITHOii rrpoHIIUaeMOCTII, V -

IIOCTOJIHHaJI .UJIH .n;aHHOH MarHIITHOH cpe.uLI. I1crrom3yeM 3aMeHy (*), B I{O

Topoil: BMecTo a q>nrypIIpyeT v. CooTBeTcTBy10ma11 3TOH MO.Ue.71Il q>yHKUHJI 

U TaRoBa: 

U = /tsat · {(µ" + /tsat) In +µsat + µJI - µ}. 
µJI µsat - ft 

(35) 

12 

Bonua TE- non11p113an;1111. I1MeJI e,, = ez = hy = O, na {33), (34) n 

{35) HaXO.n;HM, qTQ 

lhzl2 = 132 . .!. (u - cnst) ' 
2132 - µ€ µ € 

(36) 

lhxl2 =/ts• In µsat - lh:12
-

/tsat + /!JI - /t 
(37) 

Ma ypaBHeHHit MaKcBeJIJia cJie.uyeT • 

2 

jeyl2 = ; 2 lhzl
2

; (38) 

Ec.71Il yqecrL, qTO U BLipamaeTcJI qepea µ corJiacHo (35), TO DH.!lHO, · 

qTo HeeyJiem,1e KOMIIOHeHTLI IIO.1111 (3?), (37) H (38} DLipamaIOTCJI TeM me 
µ. 3aBIICHMOCTL µ OT z ~rrpe.ue.1111eTCJI CJie.uyromnM .D:IIq>q>epeHD;HaJILHLIM 

ypci.BHeHHeM: 

Ero peI1IeHIIe .n:aeT 

dµ 2. ~ • lhxhzl cosb..</> 

dz = ~lhzl2 +µsat· µ,.,+1µ,-µ 

µ 2jh,!2 1 
Z _ I}_ j µ + µsat · ;;;;+µ,-µ 

- 2 (2/32 - µc)Jlhxhzl 2 -1$ca' 
r.n;e lhxl2, lhxl2- cyTL BLipameHHJI (36) II (37). 

(39) 

{40) 

Bonua TM- non11p113an;1111. IloJiaraJI ey = hx = hz = 0 , Haxo.n;HM 

na (33), {34) n {35) cJie.uyromne BLipameHn11: 

l~zl2 = µsat· -la {In µ,.,f!;.;A-µ(/3 2 
- €(µ"+µsat))

-€(µ" - µ) + ~~::} ' 

/32. µ µsat 
2 _ sat In . - t' lezl - €2 µsat + /tJI I 

µsat 
jhyj2 =µsat· In µsat+µ" - µ· 

( 41) 

{42) 

(43) 

Bee HeHyJieBLie KOMIIOHeHTLI IIO.1111 BLipamaIOTCJI qepe3 µ. 3aBHCIIMOCTL OT 

z orrpe.ue.1111eTc11 .D:IIq>q>epeHn;naJILHLIM ypanHeHneM 

dµ = 
dz 

2dhy · e,,I · cosD..<f>n(µsat + /t" - µ) 
µsat 
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Ero peIIIeHne 

J µsat· dµ 
z = - 2c(µsat + µ11 - p)Jlhyexl2 - 4cf 

(45) 

3,n;eci:. jhyj2, lexl2 ,n;am:.r BhlpameHIIBMH ( 41) II ( 43). 

O~HOOCHLiii RpHcTaJIJI c H30TponHoii HeJIHHeiiHoCTbIO 

,n:mmeRTpll'leCKIIe TeH30phl 0,IJ;HOOCHoro RpHCTaJIJra C H30TpOIIHOH HeJIH

HeiiHoii 'laCTI.10 ReppoBCROro THIIa rrpe,n;CTaBJIJieTCJI RaR 

€; = Ci+ alE12, . Cx = Cy = co, Cz = c/ 

IIJIH 

€.t =co+ alEl2, €/ = c/ +al..El2. 
Bne.n;eM q>yHIUJ;HIO 

. 2 - 2 ° I -
1
4 U = (cz - co)IEzl +colEI + 2 · E , 

y,D;OBJieTBopJIIOIIzyIO ycJIOBIIBM 

· au 
Dx = €x · Ex = --, oE; 

au 
Dy = t:y · Ey = aE;' 

(46) 

( 46)' 

(47) 

au 
Dz= €z · Ez = aE•· (48) 

z 

IIepBhlii HHTerpaJI ypanHemrll: MaRcBeJma .n;JIJI RpHcTaJIJia c ~3JieRTpH1Ie

cRo:il q>yHRD;He:il ( 46) 

• • * . • * 2 * * ExEx + EyEy = -U + /3 (EzEz + EyEy) + cnst. ( 49) 

B ,n;aJII.HeiinieM HcrroJII.ayeM aaMeHy (*). 
TM- B0JIHa. 3aMeTHM, 'ITO rrpH c z = co q>opMyJia ( 4 7) rrepexo,n;HT B 

q>opMyJiy (4). IIeperrHIIIeM (47) B nn,n;e 

U = (cz - co)lezl2 + U.t, 

Tor,n;a BMecTO (17) rronyqaeM, 'ITO 

U.t = cole1
2 .+ ~le1 4

• 

I 1
2 - . 132. 

ez - ;;---;:;;;--.~--,----(U 2t:1f32 - €f _ 132(ct _ co) .L - cnst). 

(50) 

(51) 

TaR RaR €/, €.L pa3JIH'laIOTCJI a,n;,n;HTIIBHOii II0CTOJIHHOii, TO MO)I{HO ClIH

TaTI., 'ITO (51) 3aBHCIIT TOJII.RO OT 0,IJ;HOH BeJIH'llIHhl €/ IIJIII €.L. IIocROJII.RY 

lexl2 = E/ - c/ - lezl2
, (52) 
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T~ H Olia BhlpamaeTCJI 1Iepe3 €/ (HJIII E.t)- J,fa ypanHeHHii MaRCBeJIJia IIOJIY-

qaeM h; = Ef. le:12 
(32 . (53) 

Bn:.n;Ho, 'ITO Bee HeHyJieBhle R01IIIOHeHThl IIOJIJI BhlpaamIOTCJI qepea O.n;HY lI 

TY me neJIH'lHHY- 3aBHCIIMOCTI. €.t OT z orrpe.n;eJIJieTCJI CJie,n;yromHM .n;Hq>q>e

peHIJ;HaJII.HhlM ypanHeHJieM: 

dE.t Et - f3
2 

- f3
2 

· E.tlEt. lexhyl · cos.6.</>H• 
dz = (¥ + lezl2) 

(54) 

OTcro,n;a 

j (¥ + !ezl2) dE.t 
z = { E/ - (32 ( 1 + 7,')} . Jlexhyl 2 - 4cr 

(55) 

3.n;eci:. IIO,IJ;hlHTerpaJII.HOe BhlpameHJie 3.lBIICIIT T0JII.K0 OT E .L .. TaKHM o6pa30M, 

3a,n;aqa pacceJIHIIB TM- B0JIH peIIIaeT.CJI 1ma,n;paTyJH>ii. 

TE- BOJIHa. TaR KaK ez = e,, = 0 ,m1ee11 U = U .L• J,fa ( 46)' cJie,n;yeT 

leyl2 = E.t - Eo. (56) 

J,fa (49) C yqeTOM (56) HaXO,IJ;HM, 'ITO 

lhxl2 = -lh + /32(E.t - .::o) + c11st. (57) 

J,fa ypanHeHHii MaRCBeJIJia HRXO,IJ;HM, 'ITO 

lh:12 = (32. {E.t - .::o)- (58) 

TaKIIM o6pa30M, HeHyJieBhle ROMIIOHeHThl II OJI/I BhlpamaIOTC/I qepea o.n;Hy ne

JIH'IHHY €.t- I1a ypanHeHHii MaKcneJIJia rroJiytJaeu 

d~ (h,,h;) = 2(/32 
- E.t)leyhJ·I · cos ~6. 

a YlIHThlnan (57), rroJiyqaeM q>0pMyJiy 

dE.t --;:[-; = 2lhxeyj cos .6.<f>. 

OTcro,n;a HMeeM 
dE.L 

z = f 2Jlhxeyl2 - 4c5. 
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(59) 

(60) 

(61) 



ABTOpLI BLipa)I{aIOT 6;raro.n:apHOCTL rrpoqJ. M.B.ITy3LIHIIHY 3a rro.n:.n:ep
)I{J(y HaCT0Jil.l(eil: pa6oTLI II o6cy)I{,ll;eHIIe rro;ryqeHHLIX pe3yJILTaT0B, a TaKJRe 
B.I'aHxyJiry II B.B. Y)I{IIHCKoMy 3a rr0Mom1, B oqJOpMJieHIIII. 
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