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nepcMamll'tellHe arpcraT<)B M3rtlHTllblX •iaCTHll, «33M0po>KellHblX .. B 11ecy111ei1 IIOJIHMep11oii 
MaTpHllC, HCCJ1e11yeTCII 11pH6J1H>Ke11110, C llOMOIL(blO BDC)lellHII T0p0H/lll0l'O napaMCTpa nop11nKa, H 
•IHCJICIIIIO, 113 OCIIOBC MCT0/1011 MHKpoMament3M3. f!OK333HO, 'IT0 B OCHOBIIOM COCTOIUIHH arpert1Tbl, 
K3K npaoHJI0, HMelOT 0Hxpeuoe HaMamH'ICIIHC, KOTOpoe OIIHCblD3eTCII T0J)OH/lllblM M0MeHT0M. I lpH 
nepcMantll'ICHHH OHXpCDblM MUrtlHTlll,IM II0JICM IIJ)OHCX0)lHT rHCTepe3HCII0C H3Me11em1e 11a11paB

J1ellHII rnpo11n11om M0'ICIITa 11a 11J)OTHB0110JI0>KIIOC. l10J(po6110 o6cy>K)laCTCII 3aBHCHMOCTb KPHTH'IC
CK0l'O BHXPII II0Jlll Gr OT cj>opMbl arperarn H OT llJ)HJI0>KCIIH0l'O 0/lH0J)O/lH0l'O MUnlHnlOro [!()Jill. 

IIOKU3UIIO, 'IT0 :no IIBJleHHC M0>KCT HCII0Jlb30S.1TbCII )lJIII H0BOro cnoco6a MUrllHTH0H 3UflHCH 
(«TOJ)OHJIHall 331lHCb,.), npH'tCM •IUCTHl(bl, H3 K0T0phlX COCT0IIT arpcraTbl, M0l)'T 6b1Tb no11y•1e1tbl 
MeTO)laMH IIUIIOTeXII0Jl0rHH. 

Pa6orn BhlllOJllle11a B Jla6opaTOpHH TeopeTH'ICCK0H ¢nt3HKH OH.SHI . 

Ilpe11pHIIT O6i,enm1e111101'0 HIICl 1nyn1 11/lCpllblX HCCJ1enooa11Hi:'I. Jly611a 1992 

IlepeBO/l aBTOJ)OB 

Dubovik V .M ., Martsenuyk M.A., Martscnuyk N.M. 
Magnetiwtion Reversal or Magnetic Particle Aggregates by Vortex Field 
and Application or Toroidness ror Information Recording 

1'17-92-541 

A magnetization rcserval or aggregates of small magnetic particles «frozen,. in the polymer solid 
matrix is considered . A simple theory is constructed where only two vector order parameters arc used 
to describe the magnetic state or the aggregate: its dipole magnetic and toroid moments. A numerical 
simulation is also used for this purpose based on micromagnetic methods modified for our case . A great 
number or the small aggregates or iliHercnt forms arc considered and it is shown that in the absence 
of the external magnetic field in the minimum energy state the distribution or magnetic moments or 
particles has the vortex configuration which can be·describcd by the toroid mome1\ts. When the vortex 

➔ ➔ 

field is ·applied (with the vortex G = rot /I). the toroid hysteresis takes pince. The «coercive force,. 

Gr is found and it's dependence on an addjtional field II is studcd . The ·application of the toroid 

hysteresis to a new kind of the magnetic recording ( «toroid recording•) is discussed in detail. 

Tlte investigation has been performed at the Laboratory of Theoretical Physics, JINR. 
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1.Beep;enne 

Memme · MarHUTllhle 'laCTI!qhl · SBJI.lllOTCK ocHoBHhIMU ep;HH~BMH · xpa.HeHu.11 · l!H-

cf>opMatnm MH.rHltTHhIX oanHChIBRlOll.lllX cpeµ;. :Ja C'ICT 60JibWOll aneprim ammoTpo-
' ' . ,' \.. . ·. . . 
Imll B TRXIDC 'IRCT~ax CYll.lCCTBYCT µ;Ba 0ltBHBalieHTHhIX HaIIpaBlleHU.11 HRMarml'Ie-
mu~. P49Aenemn.rx. 3HepreTJNCCICH AOCTaTo•mo BblCOKHM. nOTem.11tam,H1>M ·15apbepoM • 

. Ben1rtttttta 6api,epa o6LMHO xapaxTepnoyeTCJI nem~oii IT.OJI.II nepeMarHH•1em111, KO

Topoe· H8.0hmaeTCJI xoop~TUBHhIM noneM He. B. npoqecce 08.IIHCH 'IRCTuqa HaMa

rHB'ninaeTCJI B . TOM UJIH HHOM_. HanpaBneHHH, a oa~CM MO:lKCT OCTaBRTbC.11 -~; OTO,M 

COCTO.IIHUU npop;OJilKHTCJibHOe BpCM.11, o6ecne'IHBRII TCM CaMblM xpaHeHHe ii:mpopMa

~11 • .IIu YBeJIH'leHH.11 IDJOTHOCTII mµmcu· HH<f>opM~U CCTCCTBCHHO IlhITRTbCS: ll)l;Tll , 
·, no nyTH yueHbWenusr paoMepoB ucnoni.oyeMhlx · 'lacT~. Op;nam, :ica1: noxn.oLlnaeT 
'ACTRJibHhll'I aHamm, npoBeµ;eHHhlll B pa6oTe [l);npn yueHbWCHHII pao~epoB 'IRCTII~ 
OHR'IHTeJibllO YMCHbWReTCJI KoopqHTHBHoe ·none He, 'ITO ITOHllllCaeT CTa6mibHOCTb 

MarmtTlioii oanncu. KaJC noKaoa.Ho B [1], :uunuuanbuhlii o&beM '1
0
aCTHl.l;bl _otccup;a , 

llCeJieoa ·cocTaBJIReT' V ~ 3 • 10-17 cu'. Ilpu 0TOM, }!;JI.II o6ecne'ICHl111 }l;OCTaTo~uoi'i 

0neprn1t aHnooTponuu ( co oua'leHHeM H,' ~ 9000e ), p;OJI)f(llhl 6h1Th 11cnon1,a0Baubl 
CltJibHO BLIT.IIHYThle 'laCT~LI C OTHOWelIUCM )l;JIUHhl K )l;UaMCTpy Ka.JI: )l;CCJITb K O)l;HOMY. ·' 

Jipu 0TUX paaMepax nJIOll{R)l;b, 08.HUMaeMasr )l;IIUOJJbHOll 'IRCTllqeit HR HOCHTCJIC1 co-, 

CTaBJI.IICT np1wepuo Sr1 ~ 10-11CM2, op;HaJCo aTo Fie ~ua•1aeT, 'ITO Ta )KC nn011.1ap;b 

npuxop;HTCJI Ha O)l;UH· 6UT HHcllOpManim. Ilpa:icTil'ICCKlt, )l;OCTitreyTM MRXCllMaJibHWI · 

nnoTHOCTb oani:icu·c~CTaBJUieT 1 r6nT/KB,)1;10HM (2], 'ITO npitMeplIO COOTBCTCTBYCT 

nJIOll{ap;n sdl, ~ 10-s c:u3 Ha 1 61tT HHcll<>pM~mt. [ha ~lt'IHH8. OHR'IUTCJiblIO OTlIIl

,'laeTCJI oT nnoI1.1ap;u,oaH1tMaeMoii op;uoii 'IRCTnqeii (Sr1b ~ Sr1),no TOIi npu•urne, 'ITO 

uiuira.rtm'leHHM '!acTnqa coop;aeT ooxpyr ce6.11 none paccemma, xoTopoe 11cKa,KaeT 

- MarHIITnyto_. CTpyltTypy cpep;hl 11 peanbHWI. nnoTHOCTb oan11c11 o~pRHH'IeHa ooHoii, rp;e 
' ' ' . . . 

l)TO none CYll.lCCTBCHHO OTJIH'IHO OT HYJIH. .. . 
· D;en1,10_ 11ac_TO.III1.1eii pa6oTLI .11BJI.IICTC.11 IICCJIC)l;QBRHHe np1~Hq1tmtaJibHO nHoii eon-

- I. • • ', 

MO)KHOCTH pean1ro~11u MarHltTHOH oam1cu, xorp;a OCHODHLIMH'OaDIICbIBalOLl.lllMU ep;u-
' ' • • >. 1 ' 

1mua:uu cpep;hl JIBJI1110TCH arperaTLI. MelIKIIX MarHltTH~X ,'tacnm,He HMelOLI.IHC •CYM-
. MapHi:>ro MarHIITHOro MOMCHTa., TaxHe. arperaThl MoryT. 6hl'l'b o6paoOBRHLI B

0 

npo- · 

'uecce npurOTOBnemt.il oann~LIBalOll.lCII cpep;LI p;o noJIHMep1raau1m Hecymeii Mll.Tpl!t.\bI, 
· · rmrp;a MlU'llHTHhIC 'l~CTIII;(Ll OOBCWCllbl B 11ecy11.1eii ·llCll)l;KOCTII. Bemt'IlfHR II .cpopMa 
. arperaTOB MOJKCT peryrutpoBaTbC.11 nyTeM nop;6opa 11:0JIH'ICCTBR noBepXHOCTP,O RK'l'l!

'/ BHbn( Bell{CCTB ( cypcllaxTRHTOB), o6LI'IHO p;o6RBJI.11eMLIX :BO B;JBCCb ( cycneu:m10) Allll 

npep;oTBpa11.1en1LiI cjmnanua Marm1THLIX 'tac-i-uq'.· 11o.oa c1mb11oro p;11nonb-p;1mon1,Horo 
, V "•· .• '. ' . ' -

BORIIMOp;elIC.TBllll arperaTLI 06paoy10T MarHIITHhIC.CTPYKTYPLI C OBMXHYTLIM Marm1T~ 
ULIM; llOTOKm.;: Th.KM CTpy1tTypa xapax"Tep11:JyeT~ onpep;enellHLlM HanpaBJieHUeM 

· "oRKpyTKII" MarHHTllhIX MOMCHTOB ~acT1~q (p11c. 1) H omtcLIBaeTC.11 MarHHTHbIM To~ 
poup;HbIM MOMeHTOM (3] . . . 

. _; : 1 
T = 21:(r..m.], 
. a 

(1.1) 

2 

I '' I,. 
l 

l 
i. 

, .) 

·, 

I 
j 
'l 

·,· 

l 

l 
I,. 

I 
i': .. 1' 1' \ :· ' 
,l· : 

'', ',.\i 

', · i, 
I. 

.I 

p;,c. ;_ Jl~u nepeM~2UU'te~uu du~o.n.r,uoif 1tacniu-q1,1 U3 cocmo.a"11,'-us riJ-6 .COC~O.Jl'/1,~e 
(2) ee .uazuumUblU .uo.ueum' U3.Ueusem opueuma~uw ua. npomuaono.n.O:I/C'/1,y,o. A;pe-' 
zambl .uazuumUblX ~acmu-i.f C 3aM1C'11,Y1nblM, nomono.u'. ~e 06.n.ad~iom cy.u.uapUbl~U .ua- ; 

~ ' ' , . '. . - . ' ' ,. ' , '. 

zuumur,1.uu .uo.ueuma.uu, uo .uozym u.uemr, npomuBono.n.o:11eu1,1e uanpaB.n.euuJI Buxpe- · 
. BOZO ualtcizuu<teuu.z {1 '} u (2 '). Ilpu nepe.uazuu~euuu ~zp'ezama U3 ~ocmo.K11.U.Jl (1 ') 

11 cocmos>m~ '(2'} ez_o 'mopoudu1,1i1. MO~eum U3Meu.~em 3Ua1C ua 06pam11,1,iiJ.. . 
._ I ' , '., 

• . V , 

M~ ~M~ 
(1) {z). I 

:.~---.:_.:_:oo········~ 
+• C, -Ti T. ,,,. . 

• . . : /;t I • .-• •... 

. . (1'(' 'J() : 

I ) ., ,,, •/ , . ..;·_l; .• ';',.'. . ,.,'; :..,..:,.,_-,,,. /. 

Puc; 2. ' Omuocume.n.b'Kblf pa3.uepbl u no.n.s _pacc'{s"uus. OM '6blruuymoil. duno.n.i,uou. 
1tacmu-q1,1 ,(a) ·~ azpezama, 00'11,(100.M.f11,'11,blX ~llZ'/1,UTnUblX 1tai:mu-q ( 6)., Ily'H.'IC'TnUpO.M. 'no

. ica3a'H.bl ~6.n.acm.J., zde omA.U't'/1,bl om uyas no_.n.s paccesuus moil u 'ojiyioil. 1tacmu~1,1. 
' 8mu d6.n.acmu c~maemdmay10m n.n.o~~au, rij,uiods~eiics u~:t 6um;'unifiop1!ta-quu. ' 

. , , , , . " . . .r. , , ' , " 

··, 
r~e r.. II m'a - pa:o;nyc_-BeKTOP H' MarHHTHhlli \ MOM~HT. OAHOH 'laCTHl.lbl. BHYTPI{ arpe-.. ' 

ra.Ta. Ilpu H~OJKeHHH BnipeBoro ·M~HltT~:!OfO non.II ~rperaT MO)KeT 11m.1~mIT~ 'opu~. 

. CHTaumo T~po1rliH<>ro MO~e~Ta.Ha npo'rnnoi10JIO)I{lzy'l0 {pnc. 1 );-:iTo i'r <>6ecne<imiaeT. 
't,!~HUTHY~ IJRilltCb'B pa~CMaTpn~aeMOM CJiy'Iae. ' ~- .. , - ··. :· . \ , . , ' . 
. , OueHHM none H,.Heo6xop;IIMOe }!;JI.II nepeMarIIU'IeHIUI OT)l;CJibHOU 'IaCTIII.~bI BHYTPII 

.• arp er a Ta.' 8 ia' BeJil!'lltlla ltrpaeT pOllb, aHaJIOril'!HYIO pC>JIH Koapq11::rxrnHo~C: nomr µ;,fa 
' '~~nOl'IbH~X ~acT;Iq,n p;aeT. oqeHKY AOJII'OBe'lIIOCTH oa:mic~oii niicpop~.rn.r{rnI. Byµ;eM 

.•.• .·- 1._ ', ,_ ... , , ,I ·',, •. ·, '., j :, ',· '_, .,·,. ,. , \'.\.' , • · .,.,"', ,-.·,, \,·-, 

. , npeµ;nonaraTb,.'lTO arperaT_COCTOIIT 11:J MCJIKIIX MarHIITHblX_'iaCTIIU OKCil)l;R_)Keneaa, 

,· nofy'lelI~X Me,'I'~Am.I iiaHO'l'~~~o~oru11. CornacH~ l)KC~~pi:iMe~T~i.m.iM ~aHHbI~ [4] !3 
l)TOM CJiy'lae_ 'laCTHULI no cllopMe npep;CTa.BJI.!llOT.C06oH CJia6o BbIT.IIHYTbIC ccpepOI!flbl 

. . co.· cpegmr~ .· pam.1:epo~ n~p.11p;K~ · 8 x 12 HM It . iw:e10T 'iiiwar~~'lCHHQCTb HaCbII1.1eH1111 · 

' . 'M~ paBHYlO 300 emu/~c, a KOOpqHTUB~oenone He nopJip;Ka 20' 600e. 0TMeTIIM,''l'l'O 
T~;ue ''lac·rtiqhl ~a~~OMO Henp11rop;~bl ~mi: "p;HnOJibHOll" aarmc11, TaK KRK _HMCIOT. criu~ ,· 

.. ·_,, . •. : .. l . , ... ·· .. ·:. :· ' .. , 

WKO~ MaJIO<! K<>:lpqn,THBHOC none: IIcxo~o,e none,HrMOllCIJO C'IHTRTb paBHbIM cyMMe_ 
noneu He II Hr1, rp;e·Hr1 "7.:cyMMapHoe none, KOTopoe µ;eHCTByeT Ha pacc:t.raTpHBae,• 

MYlO 'taCTn:izy co CTOpOH~ OKPYlKaIO~mt ee )l;IIUOJibHbIX ~acT~. Ilpeue6per~ MaJIOH 

BCJill'll!HOH 'He, BemI'11tliy.0Toro.noJI11 MOJKHo'oqekuTb KaK, : , ,• ., , .< ;i- .···· : ' .' . '\ . ' '. ' . \.. ·, ' \ ,. 

' ·. 'H,;.; iI;,, ~ Nm/r3 ' ' i ,; ,{L2) 
. - / .,, \'. : ·~' - ; ' 

r .. :--

0 .····b.· ~t,R~lit".tfrji,.···.:I Kl{CiETJt··•···' .... 1•: . lla'!!tSWl acc;ie10111Udl: ' 
/ ',:5-WSJtt,tOTEKA:, 
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KOTopoe. AJIJI oqeHKU Mbl npmmMaeM panHbIM AIIa.MeTpy. "IacTUW>J d, · m = li1; V. ,..,-
AIInolThHbIH MoMeHT "I·acTUqbl ,'riwV ~ d3. licno=yx 0Tu oqeHKu, Hru"iAeM', 'I;o B 
COOTBeTC'.l'BlUI C ( 1.2 )'none H, UMeeT nop11AOK BeJ'IU"I~bl· .· 

·.H,~NM,. {1.3) 
i. . ' . ,, ' 

.' IIpumIMrur N ~ 4 '· a M/~ 3,00 emu/cc , nony"IaeM oqeHey H, ~ 1200 .Oe. ThKIIM 
o6pa:JO¥, none nepeMarHH"IeHlIH "IaCTUqbl BHYTPII arperaTa n. 0TOM cnrrae lIMCCT 
:ma"ICHUe, BnonHe AOCTaTO"IHoe; glIH Toro "IT06bl · o6ec:r;re~I~Tb <:TafiimbHOCTb Xp~
HeHIIH OaIIUCaHHOU HHpopMli.qIIU ~a:lKe. npH HCnOnbOOBamm 6cmee MenKUX : "IaCTIIq, 

ne:>Kenn ~~ C11ytJae OObl'l~oli' 3anucn. KpoMe roro, MIi nepeM~l'H~'leHHll arper.1Ta: .B ue-. 
noM. ueo6xOAUMO HeOAH<>P?AH~e none, onpeA~neHHOll (nmcpeoo11) :iou<Jiurypanu11, 'ITO 
AqnonHUTellbHO o6ecne"IUBMT HaAe:lKHOCTb xpaHeHUH nu<JiopMa~~m OT. CJiy<JallHI,IX 
no~Aeii:cTnnii. ' ' . · · · · ' ' ' · · ·· · · · · · · · · 

' , ArperaTbl C :JaMKHYTbIM MarHnTHbIM no:roKOM C03AaIOT 6ia66e none pac~eHHirn,' 
K<;?TOpoe :ma"IUTeJibHO 6bl~Tpe~. y6b~aeT c pa~CTOHHHCM, 'ICM no~e pacc~HHllll ):III-

' nonbHbIX "IaCTnq, II no0TOMY OHII O"IeHb c~a6o lIDaIIMOACllCTBYIOT MC:lKAY co6on. ,II;mr, 
npnM~pa' yKa,KeM, '"I;O e~nu. e~eprmi B:JaUMO):ICHCTBIIH 'ABYX ' g~noneii' :JaBJ;CIIT. o; 
paccT011Hlrn ~e)l{AY' HH~i~ KaK 1 / r:3 ' TO a~epnrn 130~u~ogeii:cTBirn ABYX arperaTOB B 
<JiopMe KBagpaTa y6bIBaeT' KaK ,1/r7.' 3a C"IeT 0TO:l'O MO;KeT 6bITb :JHa"IUTeJ'lbHO n~Bi:r-

,. I, • . : _.,' . ' . • ' .. ·_, \ ' . " 

, . . . IIICHa YAenbHruI nnoTHOCTb MarHHTHOII oanHcn, oqeHHBaeMrur, KaK OTO 6blno YKa:JaHO 
., ' ' " . . ' ' ' ' . ' . ' ' ' ' ., 
\ 'BbIIIIe, no o6nacTII nolIH,pacceHHHH, ,II;nx,cpanHeHIIH Ha'puc.,2 (a).noKa:JaHa AIInOJib- ' 

; · H~ '1a~Tu~a,p~MepoM io' x JOO. HM ( Tairne, '.i:acTH~hl ~c6:onwy10TCH gmr BbICOKo •· -· 
nnoT~Oll MarHIITHOH Oan!ICII), a Ha pHC: 2 (6) B TOM ,Ke MacruTa6e IlOKa:JaH 'arperaT 

r 1 • - · • , . /' ,· . · , ,· .l , , . 

HO "IeTbipex O):IHOAOMeHHbIX '!IaCTUq pa.nMepoM OKono 10 HM. ArperaT u "IaCTIIqa oa-
·'. ' . . ' ' .. · \ ,. . .·· '. ,· ,, . '' .·· 

HUMaIOT npIIMepHo OAIIHaKOBble rmomagu ( OKono 103 HM2), 0):IHaKO o6nacTu,· rAe nonn 
pacce;mi~ 'OTnll'IHbl OT Hynn; omi"IIIT~bHO o-inu"IaIOTCH. Apyr' OT Apyra. ', IIoeToMy 
nnomaAb,'riplIXO):l~III~CJI Ha ~i];IIH 6UT lIHq>OpMaqm~, o~eHUBaeMaa,no nrr~magu non.ll 

'paccenmiir; crnwmaeMoro Oanl1CbIBaIOI1Ieii: e):IUHU~eii: (Ha·pii:cym<e 0Ta o6~aCTb noKa-· 
·, ::'iaHa Il)'HKTHpoM),n 'nep~~M cny'lae OKa:JblBaeTCH Ha. -rpu nop~gKa 6oni,we pa:JMepon.'. 

CaMoii,~racTIIqbI, a BO BTOJ>OM -~ npnMepHo paBH<;1: nnoll\aA!I arperaTa. TaKUM o6pa~ 
OOM, 'ucnonb:Jonamrn "TopOII):IHbIX"' HO~UTeneii: 1rn<JiopMaI1Ull 1):laeT npI'IHqIImiaJibHYIO 
BOOJ,,W)KHOCTb OHa"IUTellbHO ( Ha AB~ C 

0

Tpll llOJ>HAKa) IlOBbICUTb lllIOTHOCTb MllrHUTHOil ' 
oam'rcn C O~HonpeMeHHbl~ noBbIIIIeH~eM Ha~e:lKHOCTU ee xpa.HeHirn. . ' "- . , . , 
'\ ' 'OgHaKO : YKa:JaHHble npelridymec-rna imryT 6l>1Tb. peanHO~BaHbI 'TOnbKO' np11 ycnO:, 

nm~ COOTBe,TCTBYIOI1Iero Bll):IOUOMeHeHUH MeTOAil. cianucu ll Bocrrpmmneiemr1 IIH<pop~. " 
Man;uu. 8T~T nonpoc TaxiKe

1 

o6cy)l{AaeTCJI' HH;Ke. IInaH pa6oiii cnegy10uiuii.'Bo n-i-o:.: 
poii. ii TpeTbCll ', 'laCTil paccMaTp~BaeTCH. miga"Ia o nepeMarHII"IeHIIH 'arpera.Ta Ma-
rHUTHbIX ~aCTU~ nuxpeBbIM' MarHHTHbIM noneM. CHa"Iana'• AnH 0T,<>II ilenn IICIIOJib-

' 'nyeTCJI 'npu6nm1--eHHblll 1MeTog, ;ocHOBaHHbill Ha' BBe):leHmi TOpon';o;Horo napaMe~pa . 
.. nopHAKa, -a oa.T~M aTa ,Ke· oaga<Ia 

I 
pemae;~, 'lllcn'eii:Ho c · nOMOI.qbIO · pa:JBIITbIX B. no-.· 

-cnegHee · np'eMH :MeT~AOB M;KpoMarHeTnoMa [5] ··~. KOTOpbie' HecKon~Ko ~mgmpn~xipo- · 
BaHbI ):llIH Haurnx qeneii. B 'peoynbTaTe HaiiAeHa OaBUCIIMOCTb' :imxpenoro_ nomi:, rie- ' • 

'' peM~rHII"IUBa10'wero KOnb~enoii:'arperaT :(To"!Hee ._ ''Ko~p~UTUBHbIH Bllxpb" Ge), OT o;· -
,MarHIIT;HbIX CBOll<;:TB "18.CTUq u.remieTpH"ICCKO_n: <JiopMbt arperaTa. ·KpoMe OToro Hair~' 
-~eHa ,OaBUCIIMOCTb. G C OT :semI"IUHbl. npuno)KeHHOro' O):IHOpOgHoro MarHUTHoro nomr 

· H II noKa:Jruro, "ITO nemr"IH~a ;nxpx G0 MO)Ke~ 6bI;b :ma~uTenb;ao yMeHbllleHa, ecmr -
B npo~ecce nepeMarHII'leHUH Ha arperaT FiaKna'gbIBMTCH ogHopoµ;Hoe rtorre. 0Tc10ga 

' .. ~ ' '~- - . _, ,' ' ' . ' . . ' ' ··- , ' 
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~~eT, ~TO, µ;lIH "Top~II):IH~II'-'· oam1c~1 MO:lKHO llCil~JlbOOBaTb CJia6ble nCTO"IHlIKII 
· · mixpenoro MarHHTHoro nolIH. B "IeTBepToMpa:Jµ;ene Ha1"iAeHo anex;pII"'IecKoe none, 
. ' croµ;anaeMoe K<'me6lIIOIIIilliCJI TOpOIIAHbIM MOMeHT~M. IlpH OT~M KOiie6aHIIH MoryT 

6b1Tb BbraBaHbl nepeM~~f ogii:opoµ;~ MarHIITHI:.IM noneM, a HIIAYqHpYCMoe aneK~ : · 
Tpu~recKoe none ucnoooyeTc~ ~lIH BocnpoHOnegeHIIH OamICaHHOll,miq>opMaIIHU; , . 

2. TopO,H)\H~H/ riapaMe;p nop~~~a/ 
, ' 

• il; ¢op:?.m ~ MaI'HllTHble \xap~eTp~ arp_era'T~B 
', . , . . . . . . .·, 

BYAeM npegcT~HTb ce6e a:f.pe~!l,T Mar~i,~ :'Jac;1rq cocTo~~IIM HO TO'le"Imx 
· · ' AII~oneii:. C'IliTae~;;, :'ITO M_ar~;~ii: MOMeHT AllIIOJThHoii: '!aCTIII(bl m.. ; ni~~xuieii: 

· · n. ~o~Tan arperaTa, BO:JIDIKaeT B p~yni,'TaT~ CIIllhHoro o6MeHHoro imairMo/:i~ii:cTBIUI 
Me:JKAY cmrn:aMU 4Jepp0MaI'HIITHOr~ M'.aTepmuia ll ~ee'; <f,iIKcuponam:ryIO BenH"IIIHy; 
O):IHaKOOH MO,K~T MelUITb CBino· opiteHTaqlIIO no;n. ;n.eii:cTBlleM B~eIII~X. no~eii:. Mb! 
npegrronarae:i.i, ,'ITO o6p~OBaHHe ai:p~raTOB npOHCXO):lllT Ha CTR):lllll npIIrOTOB~CH~ ;__, 
MaI'H~TIIOllbamICbrilaIOuieu,cpeii:r, Koria -qaCTHw,J B~BCµICHbl B Hecymeii }Klf):IKOCTU. . 
B,' liallbHeihrieM, nocne 'uaiie~eHlll[' cycneHOIIU Ha ~OAITO:lKKY ixmnHMepIIDa.qHll Hecy
W:ex'i :lKHAKOCTH, npoci-pairc;BeHHO~ paci:xorro',iceHUe ~aCTI~ BHYTPU arpe~aTa OKOH"Ia
TenbHO q>UKC!IpyeT~,H B HameM ~aJlbHeii:meM paccM<>Tpemin -OHO C'lllTaeTCJI oagrui:-:-
IiW:1; , . \ , , . . . ' . , ., - ., ·,.. . . . ' ,,• ' , . .. 

';:.~OcHOBHhIMH q>opMoo6pa:Jyt?IIIJ'L>.fll cnnaMH arperaTOB MoryT BbICTyrraTb i-m6o 
AruIOJib,;_AIIIlORI,HOe, roaxrw'>geii:cTnne Me)KAY .:'J!lCTHq~m, mI6o, eCJIU "l:aCTU1'aM 'YAa~ 

. eTcir npeogoneTb noTe~am,m,m 6apb.ep OTTallKllBaIO~llXCH o6ono<i:ex nmiepXHOCTHO ·, 
aKTIIBHoro Beme~TBa;: cii:nl,l nonepXHOCTIIOrO Ha.TH)K~HlIH ioc, c'ianmeii· 06ll\ell, 060-
~0"IKH. Bo:JM())KHI,I~ qiopMhl AIDIOlll,HblX arperaTOB 6blini ~aii:AeHbl'B pa6oTe[6J;\~rui-~ 
OTOii qeniI 'ncnOfil>OOBalIOCb ABa MeToµ;a: B n~pBO:?.I' eJWia.e' arperaTbl. MOAenrrpo:aa
n~cb ~-IIOMOll\bIO wapriKo'n; HOrOTo~ri:eHHbIX I~etcca<JieppuTa 6apIIH,,HMenuinx 'Ana~ 
MeTp OK~no 5 MM. Bo B'I'OpOM czji'Iae,6I.IJIO llpOBeAeHo "IllClleHH0~'1.~oµ;enHponaHue: . 

<popMa arperaTOB HaJCOAUnacb nyTeM MHHHMlll3ailllll on;prm'x µ;Hnolib'-:, AIInOnbHOro 
B:JanMOp;eUCTBllH no opneHTaqllil MarHUT~ MOMeHTOB '!~TH~ H no, rue np6cTp~0 

CTBeHHhIM KOOp~m'i:aTaM. HeKOTOpbie = 0~ i~rperaT~B, coµ;epiK~IIX. AO 5 ~acT_Hq 
BKm<>"IIITC..ThH'o~ lIOKa:JaHbl Ha. puc. 3, a coOTBeTCTBYIDIIIruI Ka)KAOMY Hri HUX OHeprIIH 

. CBJIDH, nolIHbIH AHIIO~HbIH H T<>pouiHblii MOMeHT~-npuneµ;eHbl B Ta6JI. 1. Ilpn 0TOM. , , ~ 
'B:hl'<iHCJieHHe llOlIHOr<> ~aI'HllTHOro MOMeHTa arperaTa J;Ipll :ia;n.aimoii: MarHHTHOll KOH-:' 
qiurypa~IIU "Ia~Tnq\ipoimBOAitlIOCb' no qiopMjrri~ ' ' : -- . ' '. •, -

, . :-c-· . ::M.==I:m~, (2:1), 

a. 
,, .,:· " ' .,_· ·, ' .... ' : . . ' ·. . ' . ,, , , . 

·. -a TopoHµ;Horo MOMeHTa T ~ no,qiopMYne ( 1.1 ). KaK Mo)KHO BUAeTb HO puc,3~ -
, µ;amn'.,.nc Ta6~ 1; o6waii,TeHAeimru: COCTOIIT. BTOM, 'ITO npll ~ICJie,.'laCTIIq 6onee 

'JeT:hlp~, rno6am,m,m ~ 0Heprim AOCTnr=ae-Tca: )l.ID[ 'xollbqem,ix arperaio:s ' 
c M~CmfallbHblM TOpOH):IHbIM MoMe~ToM. , C pocT?M 'IHClia 'lac-r~ 0Ta";'.l'CH):ICHD;IIH 
ycmumaeTCJI. ,. _ , . . . , 

', " Kpmie AHIIOJTh~ arperaTos·~ cycneHmm imryT .TaK)Ke o6pa:30BbIBaTbCJI arpe~ 
raTbl, B KOT~pbIX · npocTpaHCT~im~ KOH4lHrypatimi' <J>opinq,yeTClI B OCHOBHOM oa 

'•• ,•, • • ,> • • • .,-~ ," • • • , ., • •. , • - r 
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Pnc. 3. Bo3~0:J/C'/l,~le.gjopMbl cJun011b'/l,blX'a2pe2amo6 Ma2HU~'/l,blX -~acmu11 C .•mc..io.M. 

.. .;,acmuwN = 3,4,5 .. A2pe~ambl npoHy~epo6a'H,bl CUM.60/laMu·N -i 6. nopzJ.x:e yAieHb-, 
memu u:t 3Hep2uu C6.K3U •npu cJau'H.OM N. 3Ha't/,C'H,'IU 3~~p2uu C6°Z3U,. cyM~apH020 . 

. '.ua2Humuo20 M v.'mopoucJ11,q20 T ~OMe1tm06 Y?Ca3a'11,bl 6 ma6..i. 1.. . .. 
' • ' ' • •, ' ' . • -f ,' 

,,,:-
.... 

--
,. ~ ' • . f , • I•· . -

-c'leT ~eMarHll:THhIX CF!ll (;a;anee Ta.Ime arperaT.hl ;a;rur KpaTKOCTll Mhl 6y;a;eM Ha3hIBaT~~~ 
"iieMar~THhl;,m"). 8Tn_arperaThl nMeIOT 6onee .KOMilaKTHhle_ q>opMbI. Ha pi1cyHKe .· .. 

. 4 Il0Ka3~~ "HeMarmITHhle" arperaTbl C 'lllCll~M '18.CTllll; N ~ 5. KaK lI B pa6oTe .·· 
' [ 6], ux MarHll:THM CTPYKTypa u npocTpaHCT~eHHM KOHq>uryp_an;u.!I · 6blllll HaiiAeHI;y · 

, o;a;ecb IlJ'reM MllHHMUOan;:un IlOlIHOll 0Heprim BOauMo;a;eiicTBillI MeJK;a;y '!aCTIID;aMII: 
. HeMarHIITHhle Cllllhl MOµ;enupoBariuCb ~ IIOMO~bIO noTeHD;nana JieH~ap;a;a.:.. Jl,1(9H~a ·. 

' • ' ' ' - • ,' .. \.. . ,·. • ::_ ' -< 

. . , v~ Vo[(0 ) 12 -2(0 tJ, , 
-- , . r.. . : ._r 

r;a;e n~p~eTp r 0 6hlll ~~T paBH~M ;a;nai.teTpy ~ac-rnn;hl d, a napaMeTp •Vo Bhl6irc 
panCH TaKlIM o6paaoM, '.'IT06hl HeMarHIITHOe BOanMoµ;eiicTBHe OHa'IUTeJ:lbHO npe:i3hl- ' 
Illa:iio MarimTH~e -~pllT.!IJKeHIIe Me~;a;y ;a;unorurMU n ·.TeM' ~aMl,I nrpa;;.6 rllaBHYIO pollb .. 

---:- .B q,opMnpoBaim~ npocTpaHCTB~mHOll KOHq>nryp~~~ B Ta6nnn;e 2; ,T3K ·JKe, K3K H B 

T30JIHD;e I ; · YK333Hbl -.':mepr~ CB.ll3H, , AmIOlILHble. MarHHTHblH II . TOPOHAHl>IH MOi<1eHTbl 

paccMaTpHBae~ arperaToB. 
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' >· 

\. . \ 
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-r 
r: 
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l'; ~ ' -

-1: 
·! 

... <. 

--· 
_Ta6mu~a L 81tcp2uu C6Z3~ E ( 6 eJuuu11ax m 2 I d3 ), Ma2HU~'/l,ble MOMe7'~bl ..M (6 

ecJu:iiu11ax m} 'u 'mopoU0'/1,blC .uo~rnm 'T. ( 6 ecJunu11ax md} cJunOllb1'blX a2pe2amoa; 7 

U3o6p'a.:HCe'H.'ll,blX Ha pUC. 3 .,. 

N <-E M T N ..'.E. M 
--··T 

~_.:_-

I 
3-1 I -8,5· I 3,0 ~ 

1
. o I I 5-1 ... · 19,1 ,o 4;25 

3-2 . ·7,5c · 0 · 1;73 . ,_5_-2. .. · 18,0 ·.o,42 '3,90 

5.::3. · •17,9 5. 0 

4-1 · 13,4 0 . 2,83 '§.::1-- 17,3. 0,57. ' 3,8. 

4-2 13;1 4 •.O ··5.5 15,7:·; · 2 8 • '3,3· 
.. '• , 0 T 

{ I 4-3 · 12,8·.- ' 0 _ _:2,73 . . 5-6 15,6 . 3,3 · .. 2,7 
4-4. . 11,l 2,32 ·.2,07 5-7 ' ." .15,2 · 1 22- ·_2

0
88 , .. 

4-5 · ··10,0· 0/ ·. 2' 5-~ 14,7. 0,73 · 2,93 
5-9 14 6 . 1,?2 : 2,04 .•, 

~\._, 

·-; _,_,:,, 

.. 2.2. 8ueprillI MarmITHOro B;am.1,o;a;eii~iiJlci '!aCTIIII; 

· MarHitTH~ :JHepru.!I · arperaTa · Bh'.~'laeT · ii . ce 6.ii · : aneprmo µ;1monb-;a;m1onbHoro 

OroanMo;a;eiicTBn'.!I 'Ud(0Hepru10 aHllOOTpomni Ki)K;a;oii ·'!aCTIID;i-.i Ua II 0Heprmo B3a: 

~o;a;exi~TBU.!I C 'BHelll~IU~III .. MarmiTH~M~I IlOllflM~i u / 8ireprm1 ;a;1mollb-;D;IIIlOJibHOro_ 

roam,m;a;e~cTBII.lI uMeeT m1;a; 

.• _ud = I: fiaiAik(t:,'b)maki A;k(r) 7 (;2.st;; - 3x/xk)/r5
, / ' ' a<b.· - .... 

(2.2) : , 
:, . _\ •-

r;a;e: Tab = Ta ;-: r,, - . paCCTO.!IHiie· MCJK;D;Y '!acTnn;atm.' IIpegnorrarM,. ~TO .~aCTI!~bI .•· 
o6na;a;aIOT o;a;:a~ocnoii 'ai~1m~Tp~iii1eir, aHeprmo. Ua 'MO,KHO oanr1caTb B iniµ;e. 

' ., ; '-.., , -~, ' ;; .. - . ·, '" ·-. . . . 

Ua = -K~)mana)
2 

'-

... , 
(2.3) 

·a 

l'µ;e J{ ~~O;ICTl\HTa ~ll3m'pOnU~~, ila·_;~anp~1ICHUC OCII ll~rI.or~ Ha~arml'IeHII~ a~~I! 

'!aCTUD;hl .. BoaIIMo;a;eiicTBHe C. BHeIIIHI!M nomi~ MOJKeT OhITb oanuc~HO. B. B~Ifle ; 
.. , 

Uj= _:_ I)riialf{r,,)), 
. a ·, . 

. -c2:4r 
- r;a;e H(r..) -:· :JHa'!eHlI~ ~o~ B TO'IKe ;axo)K;a;emI~ a-~o;a;rm~~fl,· B ';a;an.;,HCl!lllCM nC!lIC, 

. ,_H(i) Mhl: 6y;a;eM• ~'llIT3.Tb' <:na6o Heo;a;Hopo;a;HhIM,·'lTO noo~01i.11eT· pao~o;im-rh -.~ro: B 
p.lI;a; no CTeneH.!IM r. Ilpii 0TOM npe;a;nonaraeTC.!I/~1Tomi'laJIO KOop;a;irnaT Bhl6paH~ B 

' • ' ' •• ); ' > ; ' ,. '> • < < < -
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, Puc. 4. Bo3M~:J/Cu~ie ifjop.u~1 "u'e.ua2u~m11.1,1x" a2pe2amo6' c 1'.ucaoM, ""ac:nu14 N S 5. 
A2pe2amb1 ~pouyM.epoaaUbl cu;,~()Jta.uu N -,- i ~ nop.rax;e yM.e'KbULeuu; ~x 3'11,ep2uu 
C6E3U np; aa'/1,itOM. N ~ H apaM,empbl a2pe2amo'a yx;a3a1ibl 6 ma6au14e 2. . . ' 
! - ""' . ~.. ,_./ 

" 

B nepnoi;i npn6~n:iKeHmrno r nonysMM: ./ 

-- ' :.., 1 ..; ; 
H(r') .~ H(o) + -[Grl .. . . . • .. • .. 2 {2.6) 

. 8 
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1 

L· 

· l 
r 
I 
1 

•ea,, 

1 ~ 

t
/ r .. " 

\. ', 
,R'· ',. 

.Ta6m~a2. 8uep2ir.u C6E3U E (6 om1~~cumeAb'KblX eau~u14ax ), ~a271.Uffi'Kble M.OMeU~bl ' 
Af (6' eauuu-qax m) U. m~pouo1tbl~.iw.ite11m1,1 T (6 ecJuuu14ax mdF"ue.ua~uumub1x" 
a2pe2a~oa; U3<J6zui.~euubix_ 11.a puc: 4' · · · 

-~ ......... 

-, N·· I ~~;' I .M• I-. i:JT N 1~ ;-E. I· M I. T 

.,, 
... 3-1 . 3,0 ,· • 0 .. ·1,73 5-1 9.10 1,59 2,68 

3-2 2,03 ·._. 3 0 5~2 8,48·•· .1,22: 2,88 
5~3 8,20 0,7 3,0 

4~1 6,0.· 0 ,' 2,0 ... ·5_4 7,18 0,57. ,.3,8. 
,' 4-2 ' ; 5,07 :~ 0 ' . 2,73 -5~5 ,· 6,56 '. 9,42' ~,87 
. 4-3 4 48' 0 .-2,83 · ·5-6 . · · 6,25 2,12· 2;55 , . 

;4~4 4,08 •. 1,39 · . 3,04, · _5.:7 6,21 0,013. '. 0 I 
~ 

. - . 
f5 3,22. 1,98 . .'o:,: 

.. 5-8 _6;19 _ : .3,11 3,28 
. 4:6 · • 3,0? : 4,0" · ·· o 5-9 - 6.16 ,. 1,62 2,04'. 
~ ' 

. 5-m-: 5;56 .·. 0 4,25 
. ' . I I 

. 5-11-
·.1 . 5,:• .. 0 '. 4,10·. 

.. _ 

. . . /:· ', .----., _~,-' ·; .. ~·-,-. . .. _-,., ~ -,;'·: --· 
~ .. •·. B \)TOM Bbipa:iKeHllli MbI orpaHH'IImlICb TOllbKO oµ;Hopop;HOH '!aCTbIO nomr H( 0) ( 3TO ' 

;none B AaJibHeiimeM Mbl 6meM 060::ma'laTb Cll:MBonoM ii) II Bnxpe~bIM noneM (BT~poe 

CJiaraeMoe B ( 2~6) ): Ilpn 3'l'OM napa.MeTp G paneH :ma<ieii:m~ poTopa Heoµ;Hopoµ;ii:o"ro 
.nOJIJIBTO'!Ker=O ·,· ' ' . 

· :.G ';= [rot.H(r)];,:o. _.,. 
. ·, _, 

i . (2.7) · 

'. B peoynLTaTe 3lleprrur B:JalIMOp;eii:cTBWI. arperaTa C BHellimil.l MarHlITHW nonei,r 
'Mo:iKeT · 6~Tb ~~ncaHa B nnµ;e : • · · · - - · 

:u·· "= __;_(· Mii) =-:.·(fa): -J, •, . .. . {2.8) 
~ 

1 - •• '._.I(m1 onpeµ;enemrn M3.:rHlITHOH KOH~rypa.wtli arp~raTa; KOT~PM OillICbIBaeTc:ir co-:: 
BOKynHOCTbIO MarmITHbI'x MOMeRT~B {m,.}, H~o6XOAIIMO BbI'llICJilIT:b MlIHlIMYM non-

- . ' . ' ' : - . ' .. 
· HOH ~-Heprnu 

u ;, ud+ u,. +u1 (2.9): 

np~ ~aµ;~HOM ~~C~OJIO:iKelllln 'laCTll:~ { r,.}, opneHTaIJ;mI oceii aHir.lO;p~~lIII {ii~} ~l. 

, . noneii ii u _g np:i m>rionHlITeJil,HbIX yCJIOB~ · • · • , 

. . lrti,. I';, m, . :(2.10) . 

. KOTopbie ooHa~~-r, qTo -qacT~ HMeIOT qmKc:iiponii.HHble 'no BelilI'lliHe MarHHTHbie 
. MOMeHTbii B o6~e~ CJiy'lae.aT~ O~Aa'Ia. Mo:iKeT 6bITb pellieHa: TOn'E.K~ 'lncrieHHO. ( ~M.-. 
µ;~ee, paaµ;eif3), 'nooToMy oµ;ecb MbI l3<?CIIOJibOyeMCll npn6~~~HHbIM"~eTop;oM; · 

- ' - ·.- .. - ,, .. _,:;_- - "'" ' - -· _., . . .. 
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·. 2'.3. -Ilpi16nu':iKeHHhle napaMeTpbI MarHIITHoii KOH<puryp~mI · 
. . . / - . 

' \ f • - • ' 

. i B~eM OllIICbIBaTb MarHIITH)'IO xompnryp~IIIO 'arperaTa BCero ABYMJI BeKTOp-
. HbIMII napaMeTpaMII j1 II r , KOTopble BBegeM B·cooTBeTCTBiri1 c onpegenem1eM: · 

. . . - ,__,..; ' 

; m~ ~ i1 + [rra] • · ' (2:11) 

3Ha'leiurn napro.ieTpoB j1 II ? MoryT 6hITb HaiigeHbl nyTeM nogcTaHOBKII cooTiiowe

HIDI ( 2.11 ) B Bblpa)KeHIIe ( 2.9 ) ll: llOCJieAYIO~eii MIIHMMIID~II~ a~eprriII .. 0CHOBa
HUeM·BbI6paiiHoii oaBIICIIMOCTII m~ OT xoopguHaT gmioIDI r,, HBJixeTca, Bo-nepBhlx, 
xapa:iTep c~MMd'pII~ Biiewimx noneii ii II G II, BO-BTOpbIX,'ToT <l>~T, 'l'.l'O gJIH pac~ 
CMaTpIIBaeMbIX ogeci. arperaTC)B c He6om,IIIIIM 'IIICJIOM '!aC'.l'lI~ BOTCYTCTBIIe_noireii 
MIIHIIMYMY ·::iHeprIIII cooTBeTCTByeT .TaxM ioHcl>nrypaiurn op11eHT~III g11norreii, ico- · 
TOPM B ocHOBHOM o~rncbIBaeTCH MarHIIT~.11:TopongHhIM MOMeiITaMII, TO 'ecTb B · 

. COOT,!{OIIIeHim ( 2.11 ) Y'IIITbIBaeTCH Heo6xogn:MOCTb BBegeHIIH TOpOIIAHOI'O napa.Me-
~ - - ,. - - ' , 

Tpa nopagxa. _ . _ . . ... , . 
IlapaMeTpbI j1 II r ogHOOHa'llio CBHOaHhl. c MarHIITHhIM u TopougHhIM MOMeHTro.m' · 

arpera.Ta M u f. ,I:(eiicTBIITeJibi:i:o, nogcTaBJIHH rila:II:J (,2.11 ) Ii ( 2.9 )' 11 n:pIIHUMaJI 
- BO B~IIMaHUe COOTHOIIIeHIIe ( 2.5_); llOJIY'!~M , - .. • J:, ·,' I • ~ • • - '- , ·• - - • 

_.A(= Njl. (2,12). 

, To eCTb napaMeTp j1 IIMe;T.CMbICJI.cpegHero gun:orrbHO;O MOMeHTa OAHOH '!aCTUD;bI 
arperaTa; IlogcTa.BJIHH gaitee (2.11 ) B ( 1.1· ), llOJiy'IIIM . . · • . 

, • . .. •·, .• ' ",,• ',rl 
.._ .. 

:,·( 

··- . 1 ' ··- .:;_ .. . 
T== - L[ra[TralJ- .. 

· i 2 a .• . 

(2.i3) 

• \· • ./ , ' ' .:-·_;.: ', •• / ; ., • -- -. •• ' ' ✓ 
· (imrrag· B MOMCHT T OT napaMeTpa j1 coxpaTIIJICH B cuny yCJioBIIH ( 2.5 )). Pacxpb!Bcj:!I 
. ABOHHOe BeKTOp~oe ri:p~;IIDBegeHIIe B Bblpa:iKemni (2.13 ), MbI MO)Ke~ nepe;ucaTb ero 

• . . - -. . . ~ -~ . . \ " ," '\,. '·. : ·, '. - . - ,. •' - ·, ! . ' . 
B BIIge: 1, 

' ·. . 1, 
....... T; = 2.NI;i.Tk,: ,· - (2.11) 

- ,,, . ,. .('•,.. 

r~e BBegeH. "<j>opM<f>aKrop'; arperaTa l;k: - . . -- - -. ·- ,,. 

..... ,. ; 1 .. ' - . ,· , '. ' ' 
[ik = N L(r:oik ,-' x!;Xak)• 

~ - _a ' r, 

(2.15) · 

0TMeTIIM, 'l;O CBOHCTBa Teimopa>I;~ -aH~OI'II'!Hbl CBOHCTBaM T~H13opa IIHep~~ CII
. cTeMbl '!acTIIU: c paBH~MII Maccall.iu, xoTopble_pacnono:iKe~bl B To-ixax r,,. B '!acTn~ 
. c-r11·, aToT ·TeHOop cIIMM~TpR~~H n nMeeT norro:iKIITenhHhle r~aBH~e :JHa'le'1mn. · > 

• ' BnarogapH gorioJIHIITellbHOMY. ycJioBu'IO ( 2._10 ) . BeKT_OpbI j1. 'II.· T 0Kal3bIBaIOTCH .··. 

CBfillaHHbIMII ·Me:iKAY ·co6oii:. ,II;= Bbl.lICHemrn 0TOH CBHOII 13alllIIIICM CYM!I.JY' KBagpaTOB 
. . ,.__ •.• '. I 

..._ MOMeHTOB. '!aCTIIq. ~ m~ =·Nm~ II oaMeHIIM. MOMCHTbl ma- B. aTou· cyMMe _mi: 13Ha~e-

HIDI~ B ~OOTB~'.J'~T~II~ c cI>opMyJioi ( :n 1 ). B petiyrih;;.Te ~OJI~ . . . 
~ ' ••• > ,· • f ". -·--- -

'. '2 ·. .•·· ·. 2 
_µ + r;I;_kTk = m .. ·c2)6) 

'· ,;- l. 

<.10. 

( 

/ 

-~ 

-~-· 

, IJ; 

f' 
,·1: ~· ·r 
' l 

. .,,_,· 
I , . 

ii 
/' 

,I! 
;J;:, 

r 
l 

" ~ 1\ ~ 
t:· 
' -

'. 
' 

,IJ;irn · Toro, 'IT06bl npIIAaTb aToMy coOTH<>III~HIIIO 6orree-Harnn)iHy10 cI>opll.iy; BBegeM · · 
BMeCTO BeKTOpOB j111 r HOBble nepeMeHHble·tpa {a =·.1,2;~ .. ;6). ,Il;mi aTOI'O npeg-. 
CT an HM mec~b KOMIIOHeHT neKTopon :,, ii' r ·xax HeKoTopblii: IIIeCTIIMepHbIH _BeKTop c 

. ' . -- ' ' -
KOMllOHeHTaMII 'vp, npII'IeM 

vp~{ Tp 

µp-3 

(/3 = 1,2,3); 
(/3 = _4, 5, 6). (2.~7) 

II c llOMci~~IO mu~eHHOI'O. npeo6p~OBaHIIH Lap nepeii:geM ()T V[J x nepeMeHHbIM t/;~ : 

. t/;~ = I: L~iWP, (2:18) 
·:.: p: . 

rge Ma_ ;,pnn;a liap {1:i.i:eeT 6nox.:.g~a;~HaJibHbIH BIIA 
. .. ' 

·-: •~·i_ [ N_2
_ ---. o ] .,, Lap-. . .• ·. • . 

m · O· 1 
··---·~ 

. __ _ 

(2:1~) 

·· 3gecb CIIMBOJibl 1 . II· Q. o6oo~a'l°aIO;_ Tp~epHble. _egIIH~I'IHJIO · II · HyJieByIO MaTpIID;bl 
. COOTBeTCTBeH_ HO, 'a TeHoopif/2 nmineTca'"xBagpaTHbl~ rmpHeM''.. 1113 MaTpIII:(bl I;k:. 

-. . " ' ....,_,.., . ,, -· , 

1it2 Il/2 :_ j:. - ' 
.,ik .k;_-_y· .·· (2.20) 

·on1e~JI~,: 'IT~. TCH130p ·,1;1£2. I;Meei Te :iKe,, I'JiaBHble ocn, :'ITO II TeHoop hio; .HO ·ero 
.< • • • -· , ' - • 

rrraBHble 13Ha'!CHIIH HBJIHIOTC.11 KBagpaTHbIMII xopHHMn COOTBeTCTBYIOIIIIIX I'JiaBHbIX 
13Ha•teHIIlI l;k: ' - . . . 

C Y'JeTOM orrpegeJieHII.11 ( -2.17 }.:.:.... ( 2.1~ X C0_9THOIIIeH11e· ( 2.16) MO:iKHOnepe-
llIICaTb B_ mtge 

·. 'C'. 2.:.:. _L....,1P«-J·• (2.21): 

Ilony'IeHH~e· yprumem1e IIM~eT HaI'JI.IIAHbl& reOl\.leTPU'ICCKIIH CMhtCJI : BeKTOp . { 1P~} 
MO:iKeT ~B11rii.TbCH TOJibKO no rioBepxHocTn eµ;1rn11'!:iioi'i ~<l>epbI B 6-M~pHo~t r.pocTpaH-

• ' ',, •• • ~" ·- • • • '< ' • ' - ' < • 

·cTBe. 
. B garr1,neiiIIIe~-~o6Ho nepei'ITII K Al!J>a.KOBC~IIM o6ooia.'IeHIIJIM 6-Be~-ropoB. C11M- . 

BOJI lt/J · > ,KaK o6bl'JHO o6ooHa'!aeT BeKTOp-cTOJI6~ri, ,COCTaBJieHHblll. 1113 ~OMIIOHeHT 

{ t/; a}', a. CIIMBOJI; < . t/; 1 •.::.:. 'conpH:iKe~HYIO eMy:. BeKTOp---crpoxy. n' ;TUX o6~oHa;,eHIIJIX 
YCJIOBIIC ( 2.21) MO:iKeT 6b!Tb nepenucano B BIIge . ., . 

· .. ;<'t/Jlt/J >= t. (2.22) 

. Hc~oiu,ilyn: CO~TH6~eHirn ( 2.11 j II ( 2.17) '.( 2:19 ),Mo,Kii'o,~b'.Ip<UJIITb -'1~p~.~~m1-
'llIHbl 1/,a MarmITHble Mo~eHTbl :'!ac:z-nn; . . ... .: . ; ' ·.· .· ' . ., . ' . . . -

:n/~ f:'.1;:(ra)tfa• 
a: 

rgciBeJIII'IIIHi.T;a(ra) np'egcTaBJI~CT ,co6on: ~aTp~ey paoll.~;J)Ol\.l 3 X 6, K~Toprui ~;~!C;T 
· CJieµ;y10~u~ 0Ha'!eH11i•;: · · · · · · · · ·· · · ,. · •. 

. ', . I_;_l/2 
me;kjXa; ka -
rri_oi<,_;_3 

'. 

·>,,, 



'\• 

,.-

., 

.·cooTH01nem1e (2.23,) MO)KHO Ta.IoKe nepemicaTi. c noMo~i.ro .a;upaKoBc~ux 060::rna-
. u ' . \. \ ., ,· ·, - . - '.' . ' - ~- -. ; - . -. "IeHIIII · · . · . _, 

· mai =< Ji(r..11/J > . . · (2.25) 

Hcnom,oyJI nonriemn,ie qiopMy~bt, Mb£ MO)KeM ~btpam1Ti. "Iepeo nepeMeHHbt~ ip
0 

.. 

,MarHIITHbtll II TOpOU.D;Hbtll MOMCHTbt arperaTa. ,Il;JIJI OT~ro, T3K JKe, K3K_Hl\.lUI napaMe-. 

/•· 

TpOB j1 u r,mo6Ho BBeCTU wecT~epHbIH':ileKTOp 

· {~ l'T' (R _·.1 2 3)·; >!· s = 2.J.P . ,.,_-; ' _' ' . •• 13 . Mp_3• ((3 .;= 4, 5, 6), : .• · (2.26) 

"ITO p;aeT:BOOMO)KHOCTb oam1caTb CB.l!Ob MeJKp;y JP' II Sa B BUp;e_ . .. 
Sa= m2N"r,L~;t/Jp 
' . : .. p . . 

(2.27)' 

I 

. , c .TOH )KC CaMOH MaTpuo;eH np~o6paoOBaHII.lI Lap., onpe.a;erreHHOH COOTHOWCHUeM 
( 2.19 ), "ITO u B q>opMyrre ( 2.18 ). 0TMeTUM,-"ITO IIOCKOJibKY MaTpu:o;a La,p IIMCeT 

6JIOK-p;uarciirnm,HbIH Bu.a;, nepBi,re' Tpn: KOMIIOHeHT:i:.i BeKTOpa If>'; a IIMCHHO 1ft' 1P2·, tp3, 
· .. O~HC>::lHa"IHO CB.!IO~bt CTOpon:.a;iuiM MOMeHTOM CHCTeMbt f,·a-oc-ra.Bwn:eCJI'Tp~ KOM-j' 

. noiieTbt ...:'..:. tp4, t/;;, t/;6 - c Mfil'HHTHbIM MoMeH~OM M. ' · .· . ; \ 
. Bbtpaon:M Terrepb OHCpI'HIO arperaTa "Iepeo.BHOBb BBeµ;eHHbte napaMCTpbt: Ilo.a;-

~CTaBl1.!I.!I ffia :S q>OpMe ( 2.25 ) B Bbipa)KeHrur ( 2.2. ), ( 2.3 ) u ( 2:s ), a oaTeM cyMMupy.!I -: 
n:x B cooTBCTCTBn:u c (' 2.9 ),'· norrY"IaeM · · 

, -, . ~ -· , 

u =<t/Jlillt/J> -·<flt/:>, • 

r.a;e onepaTOp;raMHJibTOHa,i£ n: 6-MCpHbIH BeKTOp IIOJI.l! If> n:MeIOT Bn:.a; :· 
' - - • ' : ,· .. '' -~ _:.._ , ' - "~ '.; -- ' .' - • ~ ,. ' - - ' ' ' < -'" -

,1i}= L IJ;(ra) > {-Ai1:(~)(1 - t5ab)-:- Knainbkt5ab} < Jk(ri.)I;: 
a<b . ... . •. 
- " .' 

fa =,,m2NL,LapF'p. 
. . p .· '. . .. . 

3.a;e~;, no aHruionin: ~ ( 2.26 ) BBep;CH 6-MepHbIH IieKT<:>p ; 
( " - -. ff •• ·-

--.- :_ F, __ .{· ½cp. <13 =.· .. 1.2,a); 
. p -. .HP-3 I (/J = 4, 5, 6). 

(2.28) 
<.. 

. (2:29)~ · 

.(2.30) 

. i (2.3~) .· . 
,· 

:' a MaTpHD;~ La,p onpe.a;erreHa· cooTHOWeHHeM ( 2.19 ). 'J{aK crre~yeT ill oforo o'ripege

rre~=, raMHJibTOHilaH i£ npep;CTaBJIJieT. co6oii: CUMMeTpII"IHyIO MaTpncy. pa::iMepOM,, 
6. X. 6 C p;eHCTBHTeJibHbIMil XOM:hoHeHTaMH. . . · _ . , . , .. . . 

,Il;lill npn.a;amm Bbtpa)KeHIIIO p;llll oHeprun: (-2.28') 6orr~e Harn.!I;HOH <f>opMhI Bbl~ · 

:... paoII:M KOMnOHe~Tbt BeKTOpa COCTO.!IHil.lI lt/J > "Iepeo BeKTOpbt MarHHTHoro II TOpou-
' p;Horo MOMeHTOB arperaTa, ncnOJih:;3YH q>opMyllbt ( 2.26 )-( 2.27 ): . . . '·· 

·, U =:= a;kT;T[ + b;kMiTk + c;kMiMk - M;H; - T;G;, . {2.32) 

r.a;e Teiraopbt a;k,· b;k n 'c;k Bbtpa)KaroTc.11 "Iepeo MaTpWIHbte oneMeHTbt onepaT'opa 

i£ (µ;!I.II KpaTXOCTU7"1bt He BbIIIUCbIBaeM n.a;ecb .D;JIJI HHX .!IBHbIX Bblpa)KeHirii). 3i;a~ 
."IeHil.lI OTU:X. TeiraopHbIX KOOq>q>IlD;He~TOB Il;CJIHKOM onp~eJI.!IIOTC.lI _reoMeTpll"ICCKOll 

12 

·' 

• I 

,}: 
_·-j. 

'f j 
•·1l. 
.. 
I 
,1 

; 

· .. / 

q>opM;H arperaTa Il opueHTaD;IIeH OCeII. aHliOOTp<>Inlll COCTaBrunontiix e~O .D;IIII~Jib~ . 
·. HbIX -.iacTIID;. Ilpu onpe.a;erremmii:· c1iMMeTpuu arperaTa B B:i:.ipaJKeH:im ( 2.32 ) Mo~ei' 

oTcyTCTBOB~Tb "nepeKpecTnbtii:'\ "IJieH b;kMiTk, nponopo;uoHaJibm..rH nponnBe,t1~Hn:10 .. 
Topou.a;Horo u ·MarHHTHoro MOMeHToB. KaK ·.6yµ;eT BII.D;HO 1ro p;aribHe1'i:wero, B .oToM 

CJI)"Iae, npll OTCYTCTBHH BHe~I~ero, IIO_JIJI; CO~TOJIHil.l!arperaTOB 6myT OilHCbIBaTbC.lI . 
rru6o TOJibK? MarHIITHbIM, mx6o TOnb~O TOpOU.D;HbIM MOMeHTOM •.. Teiraop· b;k , onpe.a;e: , 
irnIOIQUH Benu"Ilmy nepeKpC_CTHOro "IiieH<¾JIDJI.!IeTCj{ aKCllaJibllbIM TeiraopoM:BTop_oro· 
paHra : OTO crrep;yeT HO Toro; "ITO MarHIITHhlll ll TOpOU.D;Hbtll .MOMeHTbt IIMeIO-i pao~. 
HYIO. npo~Tp~CT.BeHHYJO .;;eTHOCTb. IlooTOMY Te arperaTbt, KOTop~e no C~OHM CBOH-

. CTBaM ClIMMeTpuu He .a;onycKaIOT cyIQeCTBOBaHil.lI nceBp;QTCIIDOpa BTOporo paHra nnn 
····.a;yarri.Horo eMy norr.!IpHoro ne~Topa.6y.a;yT o6rra.a;aTb YKaoaHH~M cBOHCTBOM. AHarrn- · 

,· m1py.11 pncyHKU 3 II 4, a TaU!{e .D;aHHbie Ta6JIUD; r II 2, MO:iKHO B:ii'.a;e-ri., "ITO OTU?.~ CBQll-
. CTBOM o6rrap;aroT K~nbD;CBbtt! u n~HCHHbte arper~'thI, a TaF.JKe arperaTbI c .D;OCTaTO~IHO 
. CIIMMeTpII"IHbIM . pacnMoJKeHneM '13CTH~ (HanpuMep, arperaT s lf,opMe TCTJ>33Apa). • .•, · · 

Crre.a;yeT OTMeTHTb, _"ITO MarHIITHbIH u Topo11~I1bIH MoMe!ITbI arperaTa q>aKTH"Ie-

f~n :scer.a;a OKa::lbIBaIOTCJI ~B.!IOaHHhlMUM:e)K,ii;y co6oH, 'ITO 11Bn.1Ie_Tcir crrep;CTBHeM q>11K
cnpoBaii:HoH• :eerrn.:i:nHbt BCKT.opmi MarmITHOro MOMCHTa. "IaCTIID;.J:ha . oaBHCHMOCTb 

_Bbtpa,KMTC.lI B nepeMeHHbIX lt/J,> ycrro1nieM (. 2.22 ) (~bI He 6meM nepemIChlBaTb' 

ee B ~epeMeHHbIX Af. u T). KaK crreµ;~T:ene OTOH. oaBncn:~iocrn; ~arHHTHLIH ir TO-
. ponp;HhIH MOMeHThI arperaTa' MoryT Ilt3MeH.lITbC.lI He TOl;blm no.a; AeHCTBlleti "CBoxix" 
noneii: (.a;~ t~arHIITHOro MOMeHT'a ,, CBOII:M"c .lIBJI.l!eT~ MarHlITHOe none jj, a gJI.!I Topo

II.D;HO;O :1-i~M~HTa ~ riorre G), .Ho TaIOK~no.a; .a;eii:cTBIIeM.""Iy~mx''noneH p;aJKe B TOM, 
crry"Iae, ecini B. BhlpaJKemm. p;n.!I 0Heprim ( 2,32 ·) OTCYTCTBYCT. nepexpeCTHbIII. •rrieu .. · 

',. Boo:spaTIIM~ K 'in,'ipa)KCHIIlO AJIJI OHeprirn arper~Ta: ( 2.28 ), \ KOTOp6e 6orree_ 
' ' ' ' . ', . ~~ ., - ' . . . . . . .. ,\ ~ , " 

y.a;o6Ho p;n.!I .D;a.JibHeihiiero ·o6cy)l{.a;eHIIJI. Ilpn Bbt~IlClICHHil MIIHIIMYMIL. OHeprn:n: cne-

~yeT Y'JHTbIBaTb. i6nonmi:TeJibHOe yc:.toBII!!. ( 2.22 ), 'orpaHH~IIB_a.IOIQee .a;rurny BeK
Topa ltfa. >. 'tfro6bt no6aBHTbiH "OT OTOro orpaHH'IeHII.lI ; nepennwer.i Bbipa)Ke~me: 
p;ri.!I OHepruu (. 2:28 ) B BUp;e \' - . . . 

. ll ~ <-t/Jl1tlt/J >:_ <flt/J> . (2.33) .. . . ·.,~.t/JliJ,>, <¢1tJ, >_I/2 
. Ten:epi., B~C~ .TO"IKH 0KCTpeMyMa a:a:epini, Mhl MO)KeM C";IIITaTi., "ITO Be~-rop co~ 

·. • . CTOJIHU.!I :iMeeT npouononbHYIO .D;JIHHY, .TaK K~ ep;HHH"IHOCTb BeKTopa. B BbipaJKeHUH • 
( 2.33 ) riuTbi:saeTCJI aB'-;OMi'l.TH'qeCKII. . . . 

2.4 •. OcHOBHoe cocTOJIHne B·oTcyTc;Bne BHewHero noJIJI· 
' ' ·, ~ ~ . ' , ' '. ! : •.. _...:.:.,, --.. ,,. 

Ilepexop;.!I K Bbt"IUCJieHHIO MHHn:MYMa Ma.I'II:IITH<>H ;meprHII arperaTa, )i;onycTIIM 
cHa:.i:Ma, "ITO BHewHee none oTcyTcTByeT, IlorrarM B ( 2:33) none If>,;,, 0 il'Amf>qie~ 

· peH~llPYll 3Heprmo no KO~OHeHTru,; aeKTOpa < t/JI, MbI uony"III:M .D;JIJI BCKTOpa It,& '>. 
o.a;impoi:i;Hoe ypaHeH'ne Tim~ ypaBHemra illpe.a;mepa ·= .. ' , ' . . . . . . . . , . 

HI~ >= UliJ, ;">'. (2.34):' · 

IlycTi. liJ,n' > .::._ co6~TBeHHbIH B~iTtip iaim:llb;~~ruia il, a.E;. _:>cooTBeTCTB~~ · 
: IO~ee e!.ij. co6CTBeHHOe o~a"leHHe : · ' . . . 

-~ ... . . ·- -- ~>-.: -



·.\ 

;..; 

Jie~KO B;Iµ;eTb, 'ITO Bee ;1Ha'temrn OHepr~u En µ;B~lKµ;bI BhlpOJKµ;em,i: ,II;eneTBI!Te~~HO, 
eCJI11-lt/in > eeTb HeKOTOphlii eo6~TBeHHhlll neKTop, xo ~1 npoTxrnorroJio~HhlII e.My BeK
T~P -lr,',n > ~- ;oJKe-JIBIDieTe~ eo6eTBCHHhlM BCKTopo.M, eooTB~Tc~nyioll.(IIM ·T<>MY 
,1,:e_ eo6eTBeHHo.My oHa'!CHII~ oHeprmr. CoeTOJIHIIJI It/in > u -It/in > oTmI'taIOTe.l! µ;pyr 

· OT µ;pyra TeM, 'ITO .MarHUTHhle .MOMCHThl 'taeTm~ ma B o~HOM 1m HUX np.11Mo npoTI1-
/ BOnOJIOlKHbI MO.MCHTa.\!· B µ;pyroM •. YKaoaHHOe eB~HeTBO HenoepegeTBCHHO cneµ;ye~ Im _ 
Toro,· 'ITO :mepr11.11 µ;1moJib - µ;x~oJibHoro ~am.mµ;e:ii:eTBIIJI Udu OHeprmi amm~Tpo-

' mm Ua· eorJiaeHO_ ·onpeµ;eJICHllIO ( 2.2 -), ( 2.3 -) · 1rnnapIIaHTHhl OTHociITeJibHO OaMeHbI 
ma :...+ ·-ma. 0n,IeTIIM, 'ITO l!MeHHO HaJIIl'IIIe µ;nyx·'eoeTOJIHIIH.HaMarHit'IeHli!I arpe-. 

· raTo:s, · o6Jiaµ;aKJll.(llX oµ;xrnaxoBon o~prueii, ·- noonoJI.11e; _uenoJib:JoBaTb · arperaTbI -n _ -· · 
Ka•reeT:ee eµ;u~mtxpaHeHIIJI umpopM~Ii.< - - · _ · · _ · 

B µ;a..'I~Heii:~eM Mb! 6yµ;e~ npeµ;II~JiaraTb, 'ITO IIH~CKC n, HyMepyIOll.(Illl e'o6eTBCH
Hbie · :rnepr1m En;: _np~HHMaeT 3Ha'leii1rn .n = 0,1,-.: •• , 5c::n ITOPHAKe B03pacTa-_-

HllJI OHeprm1. TaKI!M 06pao
0

0M,e1IMBOllhl lt/io > u-Eo o6ooHa't~KlT oeHOBHOe eoc'T_cimme 
II ero oHepruKJ, ·. / · ' 

· · : · BeK_Top -oeHOBHoro: eoeTo.11mrn · lt/io -- >, · noJif,i:aeMhln nyTeM µ;11aroHammaI11m ra

MIIJibTOHI!aHa· it, oaµ;aHHOro eOOTHOUieHueM ( 2.29 ). m.-ieeT, noo6~e ronop.11, OT1Ill'I
Hhl.MII OT JcyJIJI Bee mec'!'b KOMIIOHeT t/,0 .'8To ooH.:i.'taeT, 'ITO i3 oeHOBH~M eo-eTo.11mm 

- B 06II1eM CJIY'Iae arp~raT .liMCc{T OT1Ill'IHhl.MII OT HYJllI KaK_ µ;1moJI1>~ii~TaK II TO-: 
ponµ;Hhlii: MoMeH;hl ·A-J _i= 0 , T #. 0 ( e~, ( 2.26 ), { 2. 7 ) ). HaJIII'I;Ic n ociionH?!,.-1 
eo<,:TO.!IHIIU TOllbKO Toponµ;Horo 11m1 TOllbKO MarHIITHoro MOMCHTOB BOOMO)KIIO, eem1 -

MaTpI1I1a it paenaµ;lieTeJI :ii:a µ;na µ;IiarOHaJibHhIX 6JioKa:, TO eeTb_ "HegI!arOHaJibHblll 
· 6JioK"'', OKBIIBaJieHTHLI:ii: nepeKpeeTHOMY cnarae?,.-10.My ·n oHeprim; oarrneaiiHo:ii: B qiopMe 
· ( 2.32 ). , o6pai.4aeTC.!I B HYJib. · · · 

. MarHI!T~e KOH<purypal:IIIII, _ COOTBeTCTBy10mue OeHOBHOMY eoeTO!IHIIKl, arperaTOB' 

e 'IllCJIOM •'meTIIII N ::; 5 , Haii:µ;eHHhle ny-reM ~IICJieHHoro Moµ;eni1ponaH11.11, noKaoaHhl 
' I· ,· ., i ' . ' •. ,. C ' • ' , , • • 

' Ha pue. -3 lI 4, a OHa'IeHIIJI IIX_ Ma.rHIITHhlX 11 Topouµ;HbIX MOMCHTOB B OTOM eoeTOllHUlI 
yKaoaHhl B Ta6JIIII:18JC 1 U 2. . . . . . 

2:5 .. IlepeM~Hll'IC~IIe arpera.Ta "OCHOB,Ho:ii:' rapiloHIIKOII;, i BHCill~ero ~Ollll , .'j 
. /~ . 

Ilepeii:µ;eM Tenepb ~-I~CCJieµ;o:saHIIKl' noneµ;eHnll arp~raTOB :so.BHCllIHIIX llOllllX. ·.II:= -
j:\MbHeiimer~ ami.rruoa yµ;o6uo:B

1
BbipaJKe~IIII ill.II OHepr~II ( 2.33 ) nepe1hn-B npeµ;J' 

CTaBJieHIIC eo6cTB~HHhlX coe;OllHIIIl ra~llllbTOHIIaHl~ 1t. PaoJI~lKIIM BeKTOp eoeTO.!I- · -~ 

HII.!I lt/i > no 6aoneHhlMBCK;OpaM It/in'>. (,{ ~ 0, 1, ... ,5): · · · 

111'>= L Cnf1Pn > · '.'.(2.36) 

B euJiy op-;.mTOBOCTU o~epaTopa raMIIllbTOHa it, 6ao~eHbIC BCKTOpbI lt/i _ > o6paoyroT , 
opTOuOpMnpoBaHHblll Ha6op: < t/i~lt/im >;,;, 6nm, -.i:To ~~eTB03~~HOeTb BhlpaoI!Tb-, -
KCJO~Il~IICHTbI Cn ~epeo npoeil:IIIII eocTOSIHIIir lt/i>Ha' It/,,;>: -. · 

..._\_ 

' Cn 7< 1Pnlt/i> • (2.37) 

_ lienOJibOYJI paoJIO,K~Hile ( 2.36. ), J\~bl MO:lKCM' oarrm:aTb BbipalKCHIIe < i,blitl~ > n 

BIIµ;e eyMMhl EC~En, a npmmBeµ;emni'< Jlt/i > - KaK EfnCn, rµ;e, KaK_ll (2.37 ), 

. , -. f,. =< 1PnV ;.,: . --C (2.38f 
~ .. , ' ' ', . ,, ' , 

J4 

-\. 

l 
j 
r --i1 · 
!{ 
k p, 

f 
t 

' .,_ 
L 

a µ;mmy BCKTopa lt/i > - BCJIII'IlIHj' < t/ilt/i '> _:: B :auµ;e E c~: ,Il;mI ynpoll.(CHIIll. 
:Jarrncu 6ygeM 06(>:JHa'!aTb B µ;MbHCilllICM µ;mrny BeKTopa lt/J~-> eI!MBOJIOM- c; TO -
eeTb, Hanp11Mep, < 1'1t/i >=.C2• C Y'IeT,OM OTIIX npeo6paoonruru:ii:, OHeprII.lI arperaTa • 
( 2:33) MoJKeT 6b!Tb Tenep1, oarrueaHa B, BIIµ;e: ' 

~~'·" 

_ ~C~ . Cn 
·U = E(Encz,-fn p ):_,,-

n 
(2.39) 

Kooqiqi11I111eiiThl J,;, onpeµ;eJieHHUe eooTHOmeHIIeM (-2.38 ),Mhl_6yµ;eM B AaJII>~efi-; 
- llICM HaohlBaTb a.MlllllITyµ;aMII "rapMOHIIK'.' llOJIJl. 8-ro-HaoBamie onpaBµ;bIBaeTeJI"TeM, 

. ~ITO BCJIIl'IIIHhl 1n orrpeµ;eJIJIKlT.BKJia:µ;hl paolIII'IHhl; "rapMO~II~,;- lt/J~ > :e'pao~OlKCHIIe • 
hp~IIOBOJihHOll K0Iiqu1rypa~1~1 noJI.11 · ' · - · · · 

- If>= Efnl¥'n > 
•'~' - • r • ~ 

·- (2.40) 

-- ,Il;JI.11 Toro ~iTo6hl "nKJIIO~IITb" TY- umi' mry~ "raJ?MOHii:ey" rr'om1, H~~6xoµ;nMO eooµ;aTJ;> - _ 
.eooTBeTeTnyioll.(yio e:ii: KoHq>nrypaI1nKJ rroJieii H II G, TO ecTb oaµ;aTbC.!I oiipeµ;eJieH- _ . 
-Hbl:MU BemI'IIIHaMit II ·opIIeHTa~IIllMII OTI~X -BCKTOpOB ~ COOTBeTCTB~U 'c, IIOBeeTH~ll. 
cf>opMoii -~rperaTa; . _ - · . - _ -_ · _ · · _ · ' _ _' ' 

--PaeeMoTpl!M -renep1, yeJIOBIIJI rrepeMarHII'ICHIIJI arperaTa npu HaJIO)KCHim ocHo-
BHOII rapMOH~~KII llOJIJI, TO eCTb 6yµ;eM e'IIITaTb; ~;o KOHqJHryp~II.!I noJICII ff II_ G_-Bhl~-

-6pa.Ha TaKIIM o6panoM, 'IT06hl Be_e K~~qiq>III:liieHTbI fn, KJ)OMe Jo, 6i.imi paBHbI HYlIKl. 
, Ilpeµ;noJIO)KI1¥, ''!ToarperaT B o;cyTeTBIIC IIOJI.!I Haxoµ;nncir B eoeTOJIHIIII ...::_ IV'o > , TO 

eeTi. KOOq>qJII~IICHT c~ ~- -1, ·-: Bee OCTaJibHhlC iooq,uxii1eHTbI Cn e: n i= 0 6blmI paBHhl 
HYJIKl-. Ecirn BHelimee no;e If >= folt/io > IIMCCT opneHTaQIIKl,npllMO rrpOTIIBOIIO- -
JIO)l(~YKl Ha'IaJibHOMY crieTOJIHIIKl • ;rpera Ta:~ ~6 ·eCTb K~O<pqJIIIIIICHT lo_ ;OJIOlK;ITC~eH: 
(Jo· 2::, () ), TO -npu. onpeµ;eJICHHOii: BCJIIl'IlIHe aiuim1Tyµ;hl. itoJIJI ·. Jo arpera T nepeiiµ;eT 

·: H3 cci~_TOllHii.!I _:lt/io > B, eoeTOll!{IIC, It/Jo >; IlpiI OTOMMarHIITHble ~IaeTII~bl eMCHJIT 
CBOKl opneHTal:IIIKl Ha' npoTIIBOnOJIOlKHYKl, TO eeTb arperaT'nepeM-arHn'.ruTCJl. 

• CoeTOHHllir' -=it/io > II lt/io ·;; ·JIB~~KJTe.!I ABYMJI ·up'ornBOIIOlIOlKHhll\iII rromoeaMII 

- meeTIIJ\iepHofr eqiepbI, 3aµ;aHHOII. YJ?aBHCHIICM < _if,lt,', >=.1 B lt/i. >"-rrp~cTpa.HCTBe: 
: II po~eee ·nepeMarHII'IeHIIB arperaia. BO BHCIIIHCM noJie Mhl MO:lKeM paeeMa TpII~a Tb 

KaK nepe~ell.(eHIIe TO'IKII IIO 'nmiepxHOeTii OTOU eqiep~ ·ua oµ;uor;'noJiioea B µ;py
·. - roii: no HCKOTOpoii TpaeKTopmx,(puc. 5 (a)); Ilpu __ KalKµ;OM oii_;y1~Him BCKTOp~ 1¢ >, 

·eooT~e'l'eTBYJOil\eM TO'IKaM TpaeiTopmI Ha eqiepe, Mhl MOlKCM Bhl'I{IcJII!Tb- OHeprIIIO, 

-'a~per~l.Ta U(lt/, >) ~ IIOMO~b~ Bb!paiKeHii:.11 ( 2'.28 ), a TaK)KC HallTII 'np~~~Ill!Kl OTOr~, 

BeKTopa li/J > ~a eoCTOJIHIIe It/Jo >; Tarmi-1_ o6paooM, KaJKµ;o:ii: TJ>aeKTOpl;II !vlbl MmKCM 
· eoenoeTllilllTb HCKOTopyro 4JYHK~IIKl U = U(Co). Ha pne. 5 (6) OTa 4JYHKI:lllfl:Il;;O~ 
- 6pa~eHa exeM3:TI1'I~eKI1 µ;~H µ;nyx pariHbix.TpaeKTOpIIII (~pl!Bhle 1 n 2) µ;n.11 eJiy'IaJI; 
'Korµ;\!, BJICllIHee noJie OT<:yTeTByeT.Hpxi OTOM TO'!KaM Co= ±1.eooTBeTeTBYCT Mil: 

H~IM_aJibHOe mia'ICHUe OHepr~u; Eo, -~aK Ka~ no orrpegerieHIIKl BCKTopk I V'o ._ > -II - f V'o >_'• 
• OIIIICbIIlaKJT µ;Ba_(,)CIIOBHhlX eb,CTOllHIIll CIICTeM;,I.IlpII HaJIO)K~HIIU II~lIH nµ;~JIL Harrpa

·;lICHII.!I +lt/io > MIIHIIMYM B,T<>'IK~ Co = _:i eTaHOBII;C.!I 6oJiee MeJIKIIM, a n :i-'0•1Ke 
Co= +l-Ha.o6opoT _:_ 6oJiee rixy6oKIIM (rryHKTUpHa!I KJJIIBM 3 Ha puc. 5 (6)). -T~KIIM 
o'6paom.i,'eCJIU ei!C'reMa µ;o HaJIOlKCIUIJI noJI'; ·mi.xoµ;imaeb.B eoeT011HllII·-:i-i/Jo >, ~o
TOpoe -~OOTBeTCTBOBano rno5anbH;MY MHH~y~iy ITOT~HlIHana, TC·_IT-PH ·;JaJIH'lHli ITOJIH' .-

•.- C • •• , - , .,, - - - - .,- • • I ', ,- ~ -,•• ·' . ' . - ". 

3-rci'eoeTOllHIIC eTaHOBUTe.!I MCTa<;Ta6IIJibHhlM. Ilpn '.HCKOTopoM(KpllTil'ICCK0:,.1) Olla-
'ICH~m IIOllll CII~TeM~ UCIIbITa~T nepex~A ( Iiepiioro poµ;a) B 'C~CTOllHne; 11/'io= >. , T;tKm1' , 
'. ' • • ', - - ~ '' _! -~ - - • - - -· > • • , ', ' -~ • O> • - • : ., ' , ' ,,__ ' : • • • • • -_. • • 
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P.xic. 5., Ilpu_ aau:J1Ce1'UU.1C01'~a aeimopa co~mo.z11,u~' 1¢ > no noaepxM~mu cefjepb1· 
·' eaU!l,U'l/,11,0ZO paa'uyca 6 a:~ep1'0M npocmpa11,cm6e U3 mO'l/,1CU c'...ltJ,o > 6 mo,i1ey l¢o > . 

(puc; ( a); 11,a pucy11,1ee 6-Mep~a.zcefiepa 3a.ue11,rna S-M~p11,ou) oJuoapeMeimo U3Memr
'/Omc.z nomeu~uaa u u npoe1C~UJ Co ae1emopa 1¢ > ua OCb ltJ,o > :, BaaucuMOCTnb u 

. o_m Co 6 o-rr'ii:ymi:m6UU 6Ueumezo noM.Ja.z Jayx mpae~niopml cxeAiamu'l/,eC1CU no1ea:. 
. 3aua ua zparfiu1ee {1epu6ble 1_ ~- 2;. puc .. (6)). Ilpu UaJ!O:JfCf!l,utLUa azpezarri. ,ueoouo'po

J1lozo .w,az11,"-umuo20 no~:i "6Joab 11,anpaMeuu.z l1Po > "_311,a,'l/,e11,ue :mepzuu 6 oJMM,· 173 
M,U'/tUUYM06 ua 1epuaoiL ( 6 mo'l/,1Ce Co ~ ...:.1) no6bltUae~c.z;' a .6 apyzoM - no1'u:NCaemcJI 

.· ( nyu',.muznia; icpuaa.z s F-Cocmo.z11,ue -·~ ltJ,o >. 01e'a3bl6~emc.i. Memacma6u;bU~IM. ; 

···/ 

. ?6pa3oM, pacc:r.rnTpHBaeMaJI .. CUCTeMa_ 06J!aµ;aeT rn_cieproUCH.bTh:I; IIOBeµ;eHHeM,' 'ITO 
n µ;aeT BOl3MO:iKHOCTb ncrrorrwoBaTb arpera.TbI MarHnTHbIX 'lacTm:\ µ;mr_M:U-HUTHoii 
narruc~. KpIITll'lCCKde rroiie II~pex~Aa, noo6~e ro~Op.lI, 13aBUCUT OT IIYTII nepexoµ;a . 
,I(iiilee Mi:r Irrurµ;~M MllHUM~bHOe nHa'leHne Kp~TlI'lCCimro lIOJI.II, ;oToi{oe B µ;aHHO~ 

. crry'lae 6yµ;f T oripeµ;eJI.IITb. cTa6ii:rrbHO~Tb xpaHnMoii 1i~<J>opMarhm,oamxcamtoii na TO-
, pmtµ;HbIX HocuTemrx. · · ._· · . · · · · · · -··, · · . 

1
, · _ _ . '. , 

,Il;rr.lI orrpe;1erreHII.1I aMIIJilITY}:i;bI IIOJI.II nepe1,nirHn'IeH1I.1I MbI µ;omKHhl BbI'lUCJIIITb nep
- BYIO II BTOp~ npmmiioµ;Hbie rra"TeHI:(IIaJia ('2.39) no n~paMeTpaM Cn, npupaBH.IITb 
. IIX HYJIIO II peUiaTb nOJIY:'IIIBIIIYIOC.II ClICTeMy ypaBHeHuii. lfo paBeHCTBa HYJIIO nepBOll 

. l .. . ., .· • . ~ .•• ~.,. ., . .;•-.... . • ~ ,, • - .' ~" . 

· '· npommoµ;Hon . . · · 
1 • j. au · 

. --"-Qr . acn :-.. _.· 
MoryT 6bITb 

1
HaiiieH"i:x CTRI:\lIOHapHbie co<iTo.lIHirn c:ticTeMbI npII HaJIIPUIII BHell!Hero . 

. · non.II, a u::i paiieHCTBa HYJIIO BTopoii rrpmmBoµ;H<:>ii- · ·,, · · 

a2u.: ·•;,,,o 
· _8Cn8Cm . 

·i, 

. MOiKe~ 6bITb Hanp;eHO KpIITII'lCCKOe riorre'l;.' IIocrre·:BbI'IllCJieHU.II npo:tmBOJ:i;HhIX IIO;: 
- : -.. ' --· ' : 'I . . ' . ' 

lIY"IIIM COOTHOIIIeHII.II 

[2(~n ~ U) __ - (~fmCm)] Cn, = lni, (2.41) 
·-\ 

-· 
'16 

r· 

f. 
! 
l 

t\ 
l 

i 

·1 
! "' . \ 

/. '1J · .. \ 
,_,1' 

!. 

,· 

~ 

· '[~~En--U) 7(~J1C1)] 0nm -(fnf}m + lmC~)+(~~C1)CnC"'. ~O_·•; (2.42)' 

ThK K~K B pa~cMaTpIIBaeMOM cny~aefn = lo8no, ypaB~eHHe ( 2.41 ) IIM~eT pewe-
.. · HII.II C0 = ±1; Cn = O,Ilpn 0TOM~ KRK JI~rKo nuµ;eTb Im ( 2.41 ), cocTO.IIHmr,±ltf,0 > _, ' 

IIMCIOT aneprIIII E± = E0 ± lo cooi-neTCTBeHHo, TaKIIM o6panoM, BHenmee norre cHu-
MaeT Bbipoa.µ;enue 0Heprmr no COCT011HII.IIM ltJ,o > H -ltJ,o 5. . .r .. 

' -BbI11CHIIM Tenepb,npu KaKOM nHa"IeHitn norui. npoimoiiµ;eT nepexoµ; Im. MeT~CTac· 
6imbHoro COCTO.IIHlI.II :--l'Po > B COCTO.IIHIIe'liJ,o >. ,Ii;JI.II 0Toro noµ;cTaBIIM B Bbip~e
HUe (2.42:)'ln = loOno (Jo> 0); Co;, :....1, Cn = 0 (n ¥, 0) (ToecTb MbI uziieM 
ycTOll"IIIBOCTb cocTO.IIHIIiI·_;IV,o > ); Ilo'crre npocT:hIX npeo6panmiaHixii nony~nM,' 'ITO 

' ' . . . \ . . . . . ' ' 
ypaBHeHIIe ( 2.42 ) yµ;oBJieTBOp.lieTC.II, ecrru BbIIlOJIII.IIeTC.II ycrroBIIe . · , .. 

. ,- 1.,,,- - . , . :-· _.l 

.... _1; ==,2(E~'---Eo) (~ # 0) ·• (2.43) 
-., ', ' l ,; -- • , \_ l • • • ' 

TaKu:r.i o6panoM, MbI. noJiy"Iuim D;eJibIII · CIIeKTp. KplITII"ICCKIIX noneii .. MIIHIIMaJibHOe 
13Ha'lemre KpIITII'leCKOro IIOJI11, IIpII KOTOpOM B03MO:iKeH paCCMaTfHIBaeMbill nepexoµ;, 
UMeeT 13Ha'leHIIC

1 
paBHOe . _ • . · ·, . ,' . . .. ·. . . • . ·. . 

. . . · . , >J;min = 2(E1 -' Eo) .,· (2.44) 
/ ' · ; ,~. ; ', ·. I •• • ; • , ' ' 1 ' '. . ', . • ' - , ' _ - ~ 
· 3Toii <J>opMyiroii Bem1-q1ma rrorr11 nepeMRrHII'leHII.II orrpeµ;erreHa p;lI.II_arperaTa naµ;aH~ 

HOU 4JopMbI II np~ naµ;aHHOM pacnorro:iKe~III oceii aHIIl30Tpomr~:- O~(} OKa3~BaeTC.II 
paBHbIM yµ;BoeHHOll· paaHOCTU c~6CTBeHH~ 'n.Ha'IeHIIll I raMUJibTOHII~Ha ( 2.29 .·) B. 
OCHOBHO?.l II nepBOM "aon6y:iKp;eHHOM'.' COCTO.IIHII.IIX; 3T.O rrorre nrpadT' µ;irn arper~TOB 
TY ,Ke caMyIO pOlib·, 'ITO II K00p~IITUBHO~ norre He }:i;JI.II }:i;ll:IIOJihHhl~ 'I~CTUI:(. II00To~1y 
"rro ne~l';lIHe noro norr.lI M~ MO,KeM cyµ;II'rb· 06 ycTOll'IHBO'cTI1' MRrH~TitoH narrircn 'x 
criy'IanHbIM · BHelllHIIM non~eiicTn~m.:1. · · · · · 

:, .. _ 

'\ 

' ' . 
-2.6. IIepeMarHn"IeH11e arperaTa_µ;nyM.II rapMOHIIKa?.lII norr11 

, , . . . , - -~ ' . ~ .,. .. - .. 

,Il;onycTIIM Terrepb, 'ITO, BHCIIIHee norre IIMeeT KoiI<J>nrypa:rinIO, OIIIICbIBaeMyIO µ;ny:r.r;; 
r~pMOHuia.Mu· : . TO eCTb m{Bcex K~III:\IIe~ITClB j n B ( 2.40 ) ,OTllII"IHbI OT HJJI11 

'_:TOJibKO_' lo lI Ji., a nee OCTaJibHbIC l~ C n :-/- o, n #_' k paBHbI nyiiro. O"!eBnµ;Ho, _'ITO 
- Tenepb MbI µ;on:iKHbI UCKaTb peineHIIe ypannennii,( 2.41 .), . ( ,2.42.) Ha p;ByMepHOM 

: . noµ;rrpocTp_aHCTBe cpanonoro npocTpaHCTBa CIICTeMbI, HaTHHYTOM mi, BCKTOphl l¢o ? . 
. . II l1Pk >. ,Il;eiicTBUTeJibHO, npII BbIIIOHHeHIIIi ycrroBII.II. : /' . . . . . ' . . 

._. 

. . ''.\ . . . -- . 
. {2(En ...:. U) -foCo.:.. Ack) =f 9~ . (2.45) 

' ·, . ' ,,- --·-

oµ;H<_?p~p;Hhle ypanHeHU.II. ( 2.40 ) µ;JI.II Koo<P<fJlll:(IIeHTOB c~. c n =l o, n :f: k1. IIMe~T 
.. TOJibKO HyrreBbie peweHII.II (Cn ~ 0). IIocxonbKY, c µ;pyroii CTOpOHbI, JII06oii BeKTOp 
. COCTO.IIHII.II HOpMIIp~>BaH, TO KOG<J><J>nl:(lICHTbI Co II ck CBJIDaHbI ycrronne~ CJ+ Cl---~ 1. 
EcrrII' BBeCTII napaMeTp 8 TaKIIM o6paaoM; ,;T06bI 6bIJIO Co = cosB ; c,. = sinB, ;o 

- ·' ' . -- • .. ' . . . . '.c - . . ',r • 

ycrroBIIe HOpMii:poBKII 6yµ;l:T yµ;oBJieTBOp.lITbC.II aBT<;>MaTII"IeCKII. · , 
- ,Ii;JI.II. Bbl"IIICJICHII.11 KI)IITII'IeCKoro · IIOJI.II B ):i;a.HHOM. crrfiae. yµ;o6Ho IICXO):IIITi. Heno

· cpeµ;cTBeHHO.n:J Bbipa:iKeHII.II gJI.II ~Hep~IIII ( 2.39 ) .. OcTaBmI.II n cy:r.we no· n TOJibKO 
'p;Ba CJiaraeMbIX ~ C n :== 0 II'n = k II Bbipairur K00<p(plll:\IIeHTbI Co II-Ck -qepro. 8, 

' . ' - . . . . . . 
norry'IaeM 

. .· -. ·2·,.. . " .. " 
,"U·:== Eo + (Ek -Eo)sin.8 -c-locosB :.c.Jksin8; 

. -, . 'f," .__ .. '' 
(2.16). 

< 
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. . Pnc. 6. tla~ucUAtocriib. ?Cpumu'l(,ecicoeo no11.z nepeM.aenu'l(,e'II.UJC aepeeama:J0 om aM-. 
n11.umyai;, Bmopoii. ( dono11.uume1t.b'II.Oi1.} eapM.0-,,,UICV. J,;,; tlaw.'r(l,pUXOBa'll.a 06.11,acmb, eae . 

·B03M.o:>1euo cyiqecmaoaauue M.emacma6~1t.b'll.b1x··cocmoiuui1.. B Bepxueil..~acmu· {do 

nyuicmupuoif. ZOpU30'll.ma1t.b'II.O;i AU'H,~U,-npo~eJeuuoif. 'II.a ypOB'll.e, COO~Bemcm,,jy10¼eit • 
'MU'II.UM.a1t.biio.1ty· 1epumt1.'l(,CC1COMY. no11.10 nepeM.azuv.~e'II.UJl 6 ... omcymcmaue . dono11.uv.-

. Tn~ll.b'II.Oi/. zapM.0'11.V.~ufomin}icpuBaz M0:HCemU3M~'II.V.mb CBOW 'gjopM.y 6:JaBV.CUMOcmv. 
om moz·o, no ?Ca'li:oif. mpaeicmopuv. 6yJem Jav.zambCZ {fia3061U mo.'l(,,ia npv. nepexOUe 

• U3 Memacma6u1t.b1tOZO COC,,;,01'11.11.Z 6 no1t.o:Heeuue z11.06a,r,b'II.OZO M.UUV.My.ud auepzuu • 
' ~ , . -. . - •. 

Jierxo B~µ;en., 'ITO 0TO Bhlp~)Ke~ne cf>opMam.~~ COB~agaeT C 0Hepr~1e1i oµ;~oo'cHoro 
cf>eppoMarHeTIIKa B MarHIITH6M none, npII'IeM Be1IWIIIH~ B;, -:-Bo IIrpaeT pom~ 0Hep-·. 

mn aHlIDOTpon~, a lo_ II· J,;, ~- KOMnoHeHT. BHemHero ~on~ no <>~HM. x II z (cM .. (7], • 
. §41 )~· Ba)Imo OTMeTIITbj 'ITO 'Halli ~'la.II 'COOTBeTCf~YCT'. aH~OTpomm TIIna "nerKaH. 

• ' ' • - .• _,. , >' ._- • •• .~ • • • • ' \ • __ - • • 

OCb , TaK~ lfaK Be1III'IIIHa Ek '- Eo , IIrpaIOtqaH po1Ib_ K_OHCTaHTbl aHII130TponIIII,nono-
:lKlITe1IbHa' : . ~eiicTBIITen:E.Ho, nocKonbKY E0 ~ 0TO aHeprIIH o~HOBHoro cocTo.irnm:t, · To· 

. BhlnonHHeTc.ir yCJioBn~ Eo .< Ek. · · · ·. , . ·.· . . , · · · · 
.~/.:__ ~.pa6c>T_e (7]'nriny'leHO ypaBHeHIIe HeHTpaJibHoii Kp1moii, KOTOpaH irn n~OCKOCTII 

Io, J,;, OTµ;e1IHeT .. o6naCTb BO:JMO)KHblX MeTaCTa6IInbHblX COCTO.iIHIIH;' B Hamme 000-, .. . ' -- ./... - ' } , . 
. 3Ha'!eHiurx ypaBHeHIIe 0TOH Kp1mqii: ·IIMeeT Bllµ; 

. , . • , . . '' J;1.; + J;(3 7" [2(Ek-_ E
0

)]2I~. (2.4 7) 
',_ "/- . , , . . ' ' 

·· Ha p11cyHKe 6. HeHTJ)aJibHaH KplIBM noKanaHa. TOnbKO A1IH. nono:lKlITenbHbix mia'!emiii: •· · 
Jo ( B' OTpml;aTenbH~H o6iiacTII ;:>Ha: IIMee; iaKoii: ~e mi:µ;): MeTac;a6mrhii~e COCTO~. 
HHIIH B03MO)KHbl B oaiIITpiiXOBaHHOH o6naC'ru. MarHIITHblX noneii: . 

B µ;~~Heii:meM ~bl 6yµ;eM IIHTepnpeTupoiaT~ paccMa.TpIIBae~yio Kpxmyro KaK 

OaBUCm.mCTb. no1IH · nepe1rarH1I'lemnr Io. OT· 'liMnlIUTY;IJ;hl. "µ;ononHHTe1IbHOro" ;iomr 
Ji,. Cornacno non~eHHbIM J)enyllbTaTaM Mbl' MO)KeM CKa:JaTb, :'IT~ npII HMO:iKemui 

µ;011onH1ITe1IbHOro non:H fk none nepeMaI'HW-IeH1m/o arperaTa ,-KOTOPhlH ~epBOHa
'laJThHO H~Oµ;IIncH :a c~cTOHHUII :;:_l1Po->, noHII:lKaeTCH :a COOTBeTi;;.BHH · c Kp1moii: Ha 
puc.6, · · .· · .. · .. ... , , - · . , . " . , 

3µ;ecb cneµ;yeT c~enaTb 3aMe'!aHI1e~ KaCaIOiqeec.ir 3H3'1eHHSI II01IH nepeMarHWJeHIIH. 

fo np1i A = Q; Jfo cf>opMynhI ( 2.47 ).'cneµ;yeT; 'ITO ~TO none pa.BRO fol1.-;;'o ;,;,_ 
· 2(Ek _;_ Eo}; 0µ;11a~o :s npeµ;hlgylll;eMpaiJµ;ei:ie 6bmo 11oiaimHo, 'ITO "npn Bo;:i6y)K1;eH11u 

- ., ', . ' . . . ~ - .... 

~> 

l _:..... .. 

' ' l 

l: 
f 
i 
l 
I 
r 

·' / 

nepexoµ;a OCHOBHOII rapMOHUKOII nomr KplITII'leCKOe none 3aBIICIIT, OT TpaeKTopmI 
w : ' ' •• • - •• ' ' ..,. • ! , 

nepexo.[(a,TaK /ITO HMee.TCH- u;enbIJI cneKTp KPHTH'leCKHX ·noneft.Ecnn npe,[lnonOl'ClITb, 
'ITO nepei,.iarHHtieHHe npOHCXO,[IH_T npH· MHHHManbHOM 3HatieHHH nonH fo;,.inl KOTOpoe 
6npe.r1enHeTCll ij,opMynoft (2. 44) ,, TO KpHBal! Iia pttcyiIKe 6 B BepxHeH tiaCTH 6y,[leT· 

11· 1f ' . . - .• 
HMe:b; nnaTO , KaK 3TO noKa3aHO Ha TOM_ JKe ,PHCYHKe nyHKTHPOM; -B o6mew cny-, 
tiae Mox,Ho ·ToJibKO yTBepl'C.[(aTb, ,tITo ·B· cBoefI. BepxHefi qac-rH_' KPHTw1ecKaH KPHBaH' 

· neJKHT · B "'-o6nac'i'H, orpauntieniiofi KpirnonnnellHLIM · Tpeyron.bHHKOM ·MeJK.!IY BepmttHOH n · 
"n.naT;,~,. _, · --. , · .. -·-' _ · - ., .. -

, Ilony'leHHbIII peny<JbTaT IIMeeT Ba:lKHOe npaKTli'lecime 3Ha'!CHUe. ,Il;eIICTBIITCJibHO, 
µ;nH nepeM~HU'lemin arperaTOB _BIIXpeBbIM MarHIITH~M n~neM B o;cyTCTBHe . "no~

. uarHII'IIIBa10rqero''. oµ;Hopoµ;Horo nomz noTpe6onaJic.ir 6bl IICTO'IHIIK, conµ;ruorqufr ue-' 
~µ;uopoµ;Hoe (:auxpeBoe) non~ o'!eHb 6onblllOII BemI'IIIHhl. KaK·noKanaHo BO BBe~emm;· 

'" · 'none ncpe11iaril1Premrn oii,H~II •1acTIIIJ;hl BuyTpn arperaTa. H, cocTaBnHeT no· nopHµ;~y 

, Bemt~IlIIIbI OKOn() 1iP Oe: Ilpn pariMepax arperaTa rIOpHµ;Kad ~ rn-::6 CI\I Be1III'IIIHa 
KplITII'leCKoro BlIXpH Ge, KOTOpbIII oo;emmaeT

1
CH KaK H,/d,c~cTaBIIT ()'IeHb 6o1blllYIO 

BC1III'IIIHY ,:,Ge ~ 109 Oe/ci1.: Oµ;IiaKo ecm1 B MOMeHT namtcir HaKnaµ;hlBiieTCH oµ;H~ 

· po'µ;uoe MarHIITHoe none/TO, KaK noKanaHo Ilhlille; Kp;!TlI'ICCKlIII Buxp~ ~o)KeT fihlTh 
3Ha'!IITenbHO yMe~b~eu I~ i\oneµ;eH µ;o panyM~hl; 3Ha'!eHIIH -·Ge rv 10.:. 102 O~/cm .. 

· 0TMeTiiM TaK~e, 'ITO Ka~ecTBCHHhlii: proynbTaT :__ O:ouit)KCHIIe BelIII'IIIHbl xpuTn~ 

'leCKoro nonH fo _npu Ha:n~lKeHim µ;~nonint'tenbHOll (ne OCHOBHoi"i) rap'MO~lIKII, OCTa- ·, 
eTCH cnpaBeµ;lIIIBbIM JI B. TOM cnrrac,. e~mI arperaT nepe~iarHII'IIIBaeTCH HeKOTC>pOII 

. 6onee C]IO)KHOII-KOM6UHaIJ;liell rapMoimK; BKnIO'laIOiqeII He.pgHo, a HeCKOnbKO_ µ;orron: 

~~Te1IbHbIX noneii: J,., 8TOT penynbTaT 'l'aK)Ke BalKeH c npaKTINeCKOII ,TO'IKII npeHmr. 
,Il;eno B TOM; 'lTOHa HOCHTCmi MoryT cy,rqecTBOBaTi: arper'aThI panrm'IHOII qiopMbI,II. 
noaTOMY naµ;aHHaH KOHcf>1_1rypao;1rn ~HemHiix norieii:' H II: (J BOCnpirnnMaeTCH Ka)l(l];bIM 
II3 HII:X: :e' m1µ;e. CBOeII KOM6IiHao;m1 rapMOHIIK (imnoMHIIM, 'ITO .ra:pMOHIIKII"<>npeµ;e~ 

;HIOTCJI 'cpopMOII a~pera~a); ,T;M He MCHee BCerµ;a MOllrno' ~o~o6paTb BHeumiie rronH 
'. TaKIIM o6panOM, 'IT06bl nep~MarHll'leHIIe arperaTOB, IIpOIICXOl];IInO, B, )Ke1I~eMOI\I · pe- . . ~lIMC. . , .. f • • , ••• • • • • • ,. , ' •• , 

>, .,, 
.. ? 

, 

1 

3: 'Jnc~eHHOe MOµ;enHpOilaHIIe • 

. :,. I . ·., • .· "< . . ' ,. ·'._ ~ •. , , <, ._· . ' ' 
Il npeµ;hlµ;yrqeM. panµ;ene 6blno nccneµ;oBaHo nepeMarHit'leHIIe arperaToB. MarmtT-

.: HhlX •iacTno; BIIxpeBbIM MarHIITHhlM noneM B paMKax npn6m;;)KeHHoro noµ;xoµ;a, ~cHo- _, 
. . . . . . ' \' .. .. ' . .. , .: . 

.. _ BaHHOrO Ha BBeµ;eHI!lI TOpOitl];HOro napaMeTpa nopJIµ;Ka. Pa:JBIITble B nocneµ;Hee Bpeirn 

MCTOl];bl ~K))OMarHeTIIDMa ( CM., HanpnMep; (5]) , ·nOOBOnHIOT 'Moµ;em1poBaTb 0TOT 
lIJ)OIJ;CCC 'llICJieHHO; 3~m:UeM 'noJIHYIO 0HeprIIIO arperaTa B.Buµ;e . 

~ ~ -'~ ' . . . . 

U = I::ma;B;k(r..&)mbk :c:.. I::m;.iDi(r..),- (3.1) 
,. '.. < . , _ . , a:$b .,, " , .· , : a, ,~- ._•. . . ·· :_ .. ' ·. ; . 

rµ;e B COOTBeTCTBim_c cf>opMyna.>,fJI ( 2.2.), (2.3 J,(_2.8) lI (2.9) BBegeHbI 0600Ha~1em1~ 

:B;k(~&) == 'A;1:(r..&)(!- ca;;)_.,- Kna;n~.~s~;; .. 
·. '. ·... 1 . '. ·.:, , 

• D;ffa) =:![_; + 2eiklGkXal•. 

(3.2}: . 
..,.. ._,· .• 

(3.3) 

.,..,-' 19 
· .. ·-' "-._,r, 

\ 



f 
... . . . . '>. ... ' . ·, . /. . . . 

MarHHTHalI xompuryJ?~HlI arperaTa,{MarHUTHOe COCTOJIHire) ::iaµ;aeTCJI COB<>KYilHO-. 
CTbIO BCKTOpOB { ma}, KOTOpbie lIMeIOT qlUKClipoBaHHYJO. µ;mmy, 3aµ;n'Ia :JaKJIIO'IaeTCJI. 
B TOM, 'IT06bI HallTlI TaKIIe K~H<pnrypau;uu;' B KOTOpbIX IlOTeHIJ;llaJI (' 3.1 ) IIMeeT_ MU-. 
lUI~Y~- IIpu. :3TO~I npocTpaHCTBeHHbie _Koopµ;1im1.TbI 'IacTlIIJ;, op1ieHTau;1rn oceii: amr-

. ·, ::ioipomm Il'BHeWHee Mar!mTHOe none C'IlITaIO~CJI ::iagaHHhIMlI. -

- B µ;arrbHe:ii:weM MbI_ 6yµ;eM llCilOllb::lOBaTb 6e::ipaaMepH~e nepeMeHHhie, npU'IeM·B 
. Ka'JeCTBe OCHO~HhIX CAIIHIIIJ; ~bI6epeM.MarmITHhi:ii: MO~IeHT ~aCTl[IJ;bI m-~I ee i:\u~1ieTp 

, d. B HOBoii: cncT_eMe eµ;uH~IIJ;hI imMepemur aHeprim, MarHIITHoro ~I Topoul(Horo Mo-" " 

MeHT<m; _MarHUTHor_o. norur II BlIXpJI MaI'HUTHOrO ~OJIJI. u.:-1,e10T crregyrorq1ie ::lHa'IeHirn 

. :- ···m2 ' .. ,·· . ·. ,·m -,-- ·_ m 
[~] =· a3 ! [M] == m; JD ~-m~;, [HJ= a3i [G] = d4 

·' . {3.4) 

,U:mi pe·wemrn nocT~rreHHon ri~i:la'I~ o6bI'IHO 1;cnm1:i,::iyroi MeToµ; rpaµ;ireHTHoro _. · 
cnycx~'. KOT.OpbIH :s. Ha'we~ cn:fi~ MOlKHri ccpop~ym1poBaTb -~'leµ;yrorqm.i o6pa::ioM.; 

Byµ;eM c<i1ITii.Th, ~TO ~µ:11mi'IHbI_e BeKTopii m; OilIICbIBaIOiopueHT~UIO ~cpepn'IeCKUX 
. c', 'JaCTlIIJ;,IIOrpy)KeHHhIX n _cnrrbii'o BJI:J~YIO 'Cpeµ;y. _ 3amn:ueM ypaaHem~iµ;mrnceinrn OTlIX. 

, . _ .. , ., ·. , ·r " - . , . .'• 

'!aCTIIIJ; ,B 1mµ;e .·- , •.·.•· au 
J(,ja ~-..:..,\w,.,::_ [m,.am ], 

a. ,~-~· -
{3~5) 

rµ;e J -· MOMeHT · miepu;mr, ,\. - xoacpcpiru;ueHT TpeHIIJI, Wa .· - yrrroBaJI cxopocni 
-a-o:ii:'.'I~CTIIIJ;hI. IIociieµ;:uee CJiaraeM~e B ( 3.{i) npeAC;.aBlllICT co6oi ;mM~HT cu~, . 

V -- ~ - ' ' - ' •' ••,, r , • I U '. • - ;_ • " 

_-µ;enCTBYIOiqllX Ha 'JaCTilIJ;y co CTOpOHhI- oxpylKaIOiqllX ee coceµ;eu;. IlOllJI ,aHII::lOTpo-' 
mm ~I BHeWHH~ norreii:. B ClillbHO BJI~oii cpege :r::i:hI MO)KeM npe1ie6pe% B ypaaHeHiru 
µ;BIIJKeHrur 1iHepu;imHHhIM~rreHoM,,'ITo no::iBorrJieT Ha:ii:;1i im ypaaHemiJI yrrroByro CK~ 
· po CTI? ~aCTIIIJ;hI Wa• .. Y'IllThIBaJI, ~To, KaK II mo6oii, BeKTOp, IlOKOJill\l~llC.II. B_ CIICTCMe _ 

""' --Koopµ;IIHaT, JKeC;.KO _CBJI:JaHHoii C 'IaCTII~eii, BeKTOp ma lI:JMeHneTC.II co iipeMeHeM KaK 

-· .. ~<r(d[,~tmaL·.-- . _ (~:6) 

lI noµ;draBllJIJI B :3TO Bbipa:lKeHIIe yrlIOByIO CKOpOCTh, Ha:ii:µ;eHHY!O Im ypaBHeHII.II µ;:im-> 
JKemrn, _IlOllY'!lIM 

.r' 
,· ---"' 

.. · 1 · .. au " 
-' nia = -x[nia[ma ama ]].- (3.7) 

8-:ro yp~~e~ne Ha.3bIBaIO'l'.ypanHeHrieM "TIIna ypaBHeHU.II JlaH~ay wJIIIcpiuu~a" [5]. 
· 0Ho on~m:eaeT p_~JiaKc~mo IieKTOpa m~ ~ Ha!lJ)aBlre~~!O acp4>eKTiIBHO~O MarHUTHO!;O 
rIOll.lI Ha' •ff, KOT<>poe onpeµ;~.!IeTC.II npolI::lBOAHOH IlOTCHIJ;Ralla: : ' . 

. :. -,-_~_au '.· .·. = -.:.' - --_ { '"' ~ ·_.- _ 
.... -.; .-. · -JI,. elf = ; ama ==:·-2 ~ B(rab) --~b + D(ra): (3.8) 

IIcnorrh::lyJI yprumeHIIe ABUJKeHU.II ~ar!III'l'Hor~ MOMeHT~ 'I~TlIIJ;hI. ( 3. ntMhIMCr · 

JKeM noi:TpOUTb ~crreHHyro ;;pou;eµ;ypy All.II HaxoJKµ;emril MarHIITHOll KoHcpmypau;uii -· 
a:rpera;a, npn KOTOpoii ~OTCHIJ;IIaJI ( 3; 1 ) UMeeT MHHUMJM. 3aµ;aBUilICb HeKOTOp~~ .. 

Ha'IaJI:bHhIMH :JHa•1eH~H M.arHIITHhIX MOMeHToii' '!aCTIIIJ; ma'== ma ( 0) H BbI6pas war 
. IlO--BpeMeHH D.t,_II:J ypaaHeH;rn ( a:1 ) MOlKHO Ha:ii:TH npIIparqeHIIe Llm;, ::ia Bpe1.ci 
D.t.: • - ,-:_·., - ' . - : . - - . . .... 

·,·,. --D.t ·,-<'· 
D.ma f _:T[m~[rna!fa .un · 

' ' ·, ·. 

" 
.(3 .. 9) 

\ 

'·· 

, - ,, . ",• . ~ 

n TaKnM · o6pa::ioM ncCJieµ;oBaT& µ;1maMuey IiexTopoB ma(t) :tlepe::i onpegerreHHoe ._ 

'IIICJIO maroBClICTeMa npuxoµ;uT B COCTO.IIHIIe paBHOBeClI.II ffiao, KOTopoe onpeµ;errJieT 
. J-.UIHUMJM IlOTeHIJ;IIarra U ; Umi;. = U(m10, m20, : .. , ffiNo)- , \ .. , _ . 

HegocTaTKOM MeToµ;a rpaµ;ireHTHoro cnycxa JIBlIJieTC.II CIIllhHaJI ::iaaIICJIMOCTb pe; 
oyllhTaTa OT BbI6opa Ha'IanI,HO~O COCTOJIHllJI m~(O): ,U:erro B TOM, 'ITO npII Heyµ;a'I·
HOM Bbl6ope Ha'IaJibHOro COCTO~Hirn ClICTeMa MOJKeT npi1µ;TJI B 0µ;1rn =· llOKaJibHhIX 

. MlIHIIMy~o~ IlOTeHIJ;IIaJia U_. IIpu pewemm oaµ;a'III O nepeMarHU'Iemm ,'IaC'l'IIIJ; noµ; 
' µ;eJIC'l'BIIeM oµ;Hopoµ;Horo no~ o6hI'IHO l[CilOllb::lYIOT crreµ;yrorquii: npneM [5]. Ecrru oa- -

µ;aThCH,o'IeHh 6orr:i,wo:ii: BerrU'IUHon MarHUTHoro noll.lI B_HeKOTopoM HanpaBrre~uir)To· 

Bee MarHnTHhie MOMeHThI ,'IaCT~ci 6yµ;yT copneHTnpoa'aHhI B ~anpaarre~lt IIOll_.lI. II p11~ . 
-Hl!MalI aTy opueHT~lllO 'JaCTlIIJ; ::ia Ha'IaJibHYJO II. IlOCTeneHHO JMeHbWa.!I BellU'IlIHY 

, ,' - •. • • • ,' ,--- - I • • 

' IlOll.lI µ;o Hyrr.11, a ::iaTeM yBellII';llI~alI _ee B npJIMO npOTlI~OilOllOJKHOM HanpaBJieHIIIIj 
. ~oJK~o ; B KOHIJ;e KOHIJ;OB, HaJITII ::iHa'Ie:a:ue noll.lI, npn KOTopoM MarHHTHbI:ii:' MO_MeHT: 

'JaCTUIJ;bI lI:JMeH_IIT CBOIO opIIeHT~IIIO Ha npOTIIBOilOllO:lKHYJO. : 
' / O'IeBIIµ;Ho, ''ITO :3TOT MeToµ; He npIIMeHIIM, Korµ;a Ha 'JaC'rliu;y_µ;eiicTBYK>T oµ;Ho- .· 

BpeMeHHO oµ;Hopoµ;Hoe II BnxpeBoe MarHIITHbie IlOll.lI :'s :3TOM CllY'l:ae Ha'IaJibHalI opII
CHTau;~ He M~JKeT ~hITb OAHOOHa'l:Ha' onp'eµ;erreHa II; npocTbIX coo6pa:iKeHu:ii: •. K poMe . 

'l'or'o, B HaweM CllY'l:ae p;a:iKe ~ ~CHOB~OM COCTOJIImll, npII O'l'CYTCT~lill MarHIITHbIX . \ 

no~eii arpera T 6yµ;eT HaMarHlI'!e~ Heoµ;Hopoµ;ii:o. ·,U:erro B TOM, 'ITO 06MeHHbe oorurMo-

µ;eiicTBIIe, KOTopoe o6bI'JHO .IIBll.!IeT<:JI CaMbIM ClillbHhlM B ::ia,µ;a<iax MIIKpOMarHeTimMa; 
. npnBoµ;nT K naparri:terrhHOll opH~HTau;IIII cmuroB' (MbI oµ;ec:i, OTBlleKaeMC.II OT BOOMOlK--, 

HOCTII ;BO::lHIIKHOBeHII.II µ;oMeHHo:ii: CTJ>)'KTypbI cpeppo_MarHeTUim; _rtpeAriomir~,. ~iTO 

paccMaTpIIBaeTC.II oµ;Hoµ;oMeHHalI 'IaCTHIJ;a, KaK 0TO µ;erraeTC.II, HaIIpUMep, B pa6oTe 
. [5]). B Haw~M ~e CJIY'!ae aTo BciauMoµ;eiicTBIIe rruw& o6e_cne'tHBaeT nocTO.IIHCTBO Ma-

,,,- :- • ' • ' ,. - ' , - • ' ' • ' - < •• ; 

rHIITHhIX MOMeHTOB 'IaCTIIIJ;, =. KOTOpbIX COCTOlIT arperaT, a OCHOBHYJO pollb RrpaeT 

. AIIIlOllh-AlIIlOllbIIOe B::laIIMOµ;eiicTBIIe MeJKµ;y HaMarmeHUhIMll 'JaCT~aM~. . 
· ·· ,U:rr.11 npaBIIllhHoro sw6opa Ha'IarrbHoro · cocTomimr :JaMeTHM, 'ITO~ xorµ;a BIIewHee 

'~ •' Ma~HHTHOe noJie ~TCyTCTBye-r, n~ieHiiHaJI (3.1).H~m!eTCH,KBa,a;paTHtIHOH·<!>~HKl\H~l{ 

n_eKTOpOB Ina- 3rufeHIJM; ,ll;OilO.ITHHTeJibHble YCJIOBHl!_, np~. KOTOpblX Hll\eTC.H MHH~M 'rro-
TeH11Haiia . ,. 

,/ 
· 1m~I =·='1; ' ~ ~ 1, 2, .;:, N, 

. , ' "· ' 

-6_orree "M.!IrKIIM" YCJIOBIIeM 

2:: . z ·N ma= . 
' ' 

(3.10) 

(3.11) 

~ - - _; - ~ .·· '· ..... - Cl '\ ', '.-, ... I ' ~ ) > -.. - • , 

.U:irn µ;aJibHeHUIIIX paccyJKµ;emrii yµ;o6HO BBeCTn 3N - MepHhill BeKTOp COCTOJIHII.II l<I> > 
c,xoM:qoHeH_TaMII cI>1;, npn'IeM · : · i / · ' : ' ·· 

mai ~• ./N ~3(a~i)+i• {3.12) '. 

To ecTh KoMUoHeHThI sex,;;.opa cocTO.IIHII.II l<I> > nOllY'!aIOTC.II nyTeM noCJieµ;oBaTem.
Ho~o 'nepe'IlICJieHU.II KOMilOHeHT BeKTOpOB Int, m2, ;;.;mJV. B :3TIIX o6o::iHa'JeHlL!IX IlO-
TeHIJ;RaJI ( 3.i ) s oicyTCTBUe no'rur MO:lKeT 6bITb nepemicau B BIIAe , ··,._: 

/ , . - - - - ,. _. 

u =< 4?IBl<I> >; 
:-' - , 

-~,' ' 
\ 

r11;e BBeµ;eHa MII.Tpuu;~ B pa::i'MepoM· 3N x 3N, KOTopas: BbipaJKaeTcir 'Iepe::i a'ireMeHThI · 
,?.iaTpIIIJ;I,I B;1;(r,,b), onpegerreHHoii cooT'uow~HIIe~ ( 3.2.). - .. 

:_Bi(a:..1)+i;3;b.::_1)+/c = N B;i( r,.b)• i 
·- "":- < ; 

{3.14) 

21 
. \ 



.I(ononHHT~~H~e yCJioBne ( 3.11 ) MO,K~T 6bITh oam1ca.Ho ~ Bu~e yc..,oBu.11 HopMupoBKU _ 

BeKTOpa COCTO~Il.ll . 

<-<I1l<P >== 1: - (3.15) 

KaK o6bl'IHo, npu. BbI~~e~Ull MUHIIM)'Ma IlOTeHl::\Ualla MO)KH~ Il0·6~I1ThC.ll OT· 

- AOIIOlIHUTellbHOro YCJIOBU.11, eCJIU nepeiiTu K .Bbl'IUCJieHIUO MllHIIMyMa <PYHKqllll . 
' ' ·. , ' , -.. . ~ 

· if= < \'PIBl\'P > 
. . . < <Pl<P > -

(3.16) 

, 7"'~· I .' . • ' , • • . • . . ·• -

. IloCJie AlllPq>t!peHqHpoBaHII.11 aTo:ii q>yHKqHH no < <PI~- MbI · npIIXC>AIIM. K .ypaBHemno 

Bl\'P >==·u1~.>·. (3.17) 

0TCIOAa cne~yeT, _"ITO COCTO.IIHH.11,·pea;IHOYIOll\IIe,a~cTpeMyMbI 'rioTCHqHarra (3.16 ), 
.llBfl.lIIOTC.ll~06CTBeHHbIMll q>yHKqIIHMll onepaTopa iJ : - . . " . . . 

Bl<P~ >= Bnl<P~->,- ;, (3:18) -

a"oHa'leHI1.11 aHepnrn U B
0 
TO'!Kax 0KcTpeMy1vm coBn~aeT c co6cTBemu,1Mu 0Ha~em1-

.11MII onepaTopa B, p~HbIMll Bn.. · -· - · ; ·-~ •- .·· • ·• ··• · . · ·. ·' .• ·, .. 
BbI.!ICHHM . Teneph, 'B Ka.KOM OTHOlllem1 · COCTO.llHIDI I ip n .· > HaXOA.IITClI. K. IlOlIO)Ke~ •. 

-HIIHM MHHIIMyMa, KOTOpbie Tpe60Ba.n:oc1, HaHTU B ucxoAHo:ii oa.Aa"I_e,Ko-ropas:, HaIIOM

HHM, OTIDI"Il'l.e'i'C.11 _ OT paccMo'i'peHHo:ii A<>IlOlIHHTellhHbIM- ycJioBiieM, 'HaKJiaii.bisaeMblM . 
-~i BeKTOpbI ina : .I(ll.ll~0Toro OaMeTIIM, "ITO :iia:ii~eHHbie co~~O.lllll1.ll l<P~ > HBll.llIOTC.11 

''TO"IHbIMil" p'eme:imm.rn M~oro"IaCTil"IHOro "YP?BHeir~ illpCAHHrepa" ( 3. i 7), a UH~ -
Tepe~yroiu,ee Hae peIIIeHUC ( C ·yCJIO~lleM H()pMilpOBKil ( 3.lQ )) ?..;O)KHQ pa.CCMaTpHBaTb 

Kax_npH6meHHoe pememie Toro ,Ke ypaBHCHU.11. Ilpu llTOM npu6m1)KeH11c coo-rBeT

c-rBye-r MeTOAY CaMOCOrrracoB~Hor~ ~orur XapTpII, KOrAa MHOI'0'18.CTI1'1Ha.ll <l>YHKqun: 
. . . .,_ ~ ,• : ....... ' - ,,·.; . . ' ,,,,,., . ' -. -
u~eT~ B_ BllAe npOJr.?BeAeHU.11 OAHO"IacTII"IHbIX: . , ., . ·-

~(1, 2; .. :, N) -~ <P1(l f cf>2(2).:. ii>N(N), .. , (3.19) 

rAe OAHO"IatTH"IHble ~YHKQHil HOpMI!pOBaHhI ycrioBH.IIMH 
;. • C, ' '. • ' ;. . ' _,,--: 

< <P~l<Pa >,,;; 1; ~ = 1,2, ... ,N; 
. - , . . - ' 

-~--
" 

(3,29) 

coBnaAaIO~~H ~ yCJioBH.IIMH ( 3.10 ). :>: ·.. 1 • •-· ,· ' · ,·. < , <.. ., • · _ • · , , 
· IloHCK IIHTepecyroll:\ero _Hae npn6lIH)KCHHOro peIIICHll.11 MO,KHO OCYII:\CCTBllTh ABYM.ll . , 

ny'T.IIMH. B:nepBOM CJiy"Iae MO)KHO npeACT~BilTh BeKTOp COCTOHHll.11 B BHAe npoIIOBi: 

ACHU.11 OAHO"Ia~TII"IHhIX_cocTo.lilIII:ii corµacHo Bhlp~:.Ke~HIO ( 3.19 ),'ii TQrAa 1.ibI·on.11i'1, 

IlPIIAe?..f. K 'IlCXOAHOH IlOCTaHOBKe OaAa"III. Bo BTOpOM CJiy"Iae MO,KHO . HCXO~UTb Im 
"TO"IHhlX;, COCToirmi:ii l<Pn >, a O~TCM cnpoeX:·mpoBaTb me Ha· IIOAnpoc~paHCTBO,, 

OAHO'IaCTH"IHhIX cocTo.llHil:ii '11, TeM C&{bIM HaHTH npi'i6JIIi)KeHHoe pemeHue.· oaAa'lll, --_'. 

''.ucnopTIIB" TO"IHOe: Ilpu 0TOM o~ep~qU.11 npcieKTllpOBaHU.11 C~OAIITci K TOMY, "ITO,- • 

cHa"Iana ~~ 08-AaHHhIM _Ko~6HeHTaM ·.11eKTopa cocTO.IIHll.11 l<Pn"-> _ c noMOII:\hIO qiop~ 

. MYllbI ( 3.12 ) MhI BhI'IU,Cll.lleM KOMilOHCHThi HeHOPMllPOBaHHhIX BCKTOpOB ma(Hop~ 

MIIpy,i. ga.n:ee 0T~ BCKTOpbI ii:a CAHHiuzy. C noMouihIO )'.CJIOBil.11 r 3.10 ); ' TC¥ CaMhIM 

MhI COllOCTaBll.lleM Ka)KAO~Y COCTO.IIHIUO l<Pn > Ha6<>P, CAHHWIH~ BeKTOpOB { m~n)}:. 

,.:..·,.➔ 

•.' 
I_ 

.\ 

·-· 

. '' . __,," . . ·,., ( , :::: .. . tf 

0T6op 'coCTO.IIHUH { m~~)}, KOTOpbie pean1royroT IlOlIO)KeHlIJI MilHIIMYMa rioTeHquana, 

MO,KeT 6bITh npoBeAeH no BeJill"IIIHe co6cTBeHHbIX oHa"IeHH:ii Bn onepa'i:opa B). Kax 

1ioBeCTHO,· npU6llll)KeHlIC XapTpiro6ecne"IIIBaeT AOBOllhHO BbICOl.J'lO TO"IHOC;h peme:

Hil.ll ypaBHeHII.11 illpeAIIHrepa.' IlmTOMY MbI MO)KCM fo,ITb BO BC.IIKOM CJIY"Jae yBepeHbI, 

· "ITO HaiiAeHHbie pemeHII.11 HaJCOA.IITC.11 B6mmII IIHTepecyIOII:\IIX H;C TO"IeK MlIHIIMyMa 

'noTeHq~1a.n:a: "-q T06~ HaHTII. TO'I~Oe IlOlIO)KeHne, MllHlIMyMa { m~~)} ;· IICilOlIWy'eM. CCr 

BOKYilHOCTII {m~n)},B Ka"IeCTBe•mi"IanbHhIX COCTO.IIH~l~ npu pemeHIIIt AIIHaMU"IeCKOll 

oa~a"III ( 3.9 ) .. B Pf:OYllbTaTe MhI HaHACM OCHOBHbie CO.CTO.llHU.11 ll COOTBCTCTBYIOII:\UC · -

eMY :lHCprmt Un = U( {m~~>}). ·'.Ha pucyHKe 3 u 4 llOKaDa.HbI' OCH~lmble CO~TO.IIHIDI · 

arperaToB c _"IncnoM "IacTnQ·N :5 5, a nx napaMeTphI yKaoa.HbI B'Ta6n~i1:1ax 1 n 2. · 
IlpeAnonar'a.11, 'ITO_ ~CHO~Hoe cocTO.llHlle H:~llACHO, MhI im,KeM Tenep1, nepe:iiTu 

K pememno OaAa'III o nepe~arHlt"ICHllll I arperaTa BHCIIIHUM MarHIITHbIM IlO![eM: B 

. 06II:\Ctl cny"Iae na OaAa"Ia pemaeTC.11_ ClICAYI<>II:\llM o6pa::ioM. 3aAaBIIIIlCh HeKOTOpbIM 

HanpaBlleHlleM . Mar_HllTHOro 'llOll.ll II BIIXp.11 non.11, 'MhI. IlOCTeneHHO ynemI"IIIBaeM . Be- •. 

llll"IIIHY :lTllX noneii C HeKOTOpbIM:~aroM, KOTopbill OaA~T TO"IHOCTh onpeA~lleHII.11 

nomr nepeMarm1'1eHI1.1I; 3H:a.11 Ha"Iallh~Oe coc'.ro.11Hne (oa KOTopoe MhI BcerAa Bl',I6ll:''

pae~ ocHOBHO~cocTo.111,me),;-f~)KHO Haiirn ll<p<PeKTUBHoe nori~, AeiicTB'yIO~ee H~J!'.a)K- · 

_AYIO 'IaCT11qy' ncnon1,0y.11 qiopMyny ( 3.8. ), onpeACllllTh npHpaiemte Be~·Topa, Lima, 
c noMQII:\~IO·ypaBHemi.11 ( 3.9 ),u noBTOp.11Th;Ty npoqeAYPY AO Tex nop, noKa He -

\ 

,· 

r . .,..,.,· 

H 
,,, 

-,· 

' 
/ H 1 • 'ft· . 4' . 
tttt·tf-htt - -· ,, . ,. 

Puc. 7 .. Topouauoe nepeAiaZnu"1euue-a2pe2ama Ma2uum1i.1,i:i; "!acmu~ 6 giopMe ,·1-Ba-
' "' . ' ,,, ' - ., ' . .........__ -. -, .-- . 

opama:. B OCUOBUOM c'ocmosimu Mazuumuble · MOMeUmbi "lacmu~. UMe10m opueuma-

~u10, omMe"leuuy10 ua pucyu1-e ~ugjpoif. -1,' a a2pe~d'm 6 ~MOM. 061tadaem mopou-

-_dii.blM MOMeii.moM To,, B nepeMaZltU"leU~OM i:ocmosuuu MOM.eitmbl "la~mmi optieumu

,po~altbl 6 uanpa61teuuu 1', a mopouditblU ~oMeitm T~_:__npSMO npomuoo'ndlto:J1Ce1t ua- . 

"laltbltOMy.· ,[(_1ts nepeMa21tu<ie1tus a2pe2ama 'iteo6xoduMO npu1to:J1CUT11.b ouxpeooe 'noie' > / 

-c_ Buxpe.u G, opu~umupooa1t1tblM _ npomuoo_no1to:J1C,;o 1ta"la1tbUOMY 31ta"lenu10 mopou0 

auo20 MOMeitma u UMelOtqUM. oi1tU"tUUy 601tbW.y10 11:pumu<iecico20 ·3H.a"letms' Ge. Jlpu. 

1ta1to:J1C_e11.uu; ~auopod1to20 'nolt; .H \ "!acmu~bl '6ydym . UMWl,b. opu_eumaiimo, 01']1,Me"leit-}. 

1ty10 ~ugjpoil 2,' a 6 nepe...ia21tu<ie~1tOM cocmosuuv. ..:_ ~ugjpoil. 2'. ,[(_1ts nepe~a21tu..-;e-

1tu.i,,!Lzpe2aT11,a U3_ cocmos'uuz 2 6 cocmosuue 2i. ~pe6y~mCJ'3H.a"tum~ltbltO ~eitbtuee 
-ouxpeooe.no1te, __ "teM U3 cocmosuti..zl- BC~cmosuue 1'. . 

I 
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'6ygeT' Ha:iiµ;e110 IlOJIO:lK~mte. MllIUIMyMa IlOTeH~U;aJia u, COOTBeTCTByIOw;ee pacripe

. µ;_eneHUIO MarHilTHhIX MOMeHTOB 'IacT1~ npn HaJUl'IllU-BHellIHero MarHIITHoro noJIJI. 

Oµ;HoBpeMeH_n:o BbI~CmtIOTCJI M~HiiTH~U lI TO~ouµ;Hhlll M?~~eHTbI.arp_era:-ra: Ilepe-. 

MarHU'IeHIIe npOI!CXO)J;llT -B. TOM' ~'Jae, Korµ;a. aTU BeJIU'Il!HhI _CKa'IKOM lt:JMCH.HIOT. 

CBOe. mi.'IaJII,HOe HanpaamHUe. '--

B Ka'IeCTBe.KOHKpeTHOrO IlpI!Mepa _MbI P1!,CCMOTpelil! aaia~ onepeMllJ'HU'Iemm. 

arperaTa; l!MeIOw;ero <t>opMy KBa)J;paTa ,'ixoi µ;e:iicTBIIeM BIIXpe:Soro MarHUTHOro noiilI. 

• __ B oc~'oBHOM ~OCTo'ixunn aTri; arperaT llM_eeT Ko'u<fitrrypati1m, K<>TO_paa lIOKaarumHa 

··:puc., 7.,-8Ta KOH<l>uryp~II.H om!CbIBaeTCJI. Toponp;HbIM MOMeiITOM T,.HanpaBJieHHbIM • 

nepneH)J;l!KYlI.HpHO lIJIOCKOCTll arperaTa. ECJiu BUXpb M3rHil.;:.Horo lIOJI.H G iianpaBJieH . 
- ' ' . . ' . ' ' --. ~ '. ' '.. ; . . . . : ~-:, 

B. CTopoHy' lipOTUBOlIOJIO:lKHyJO Ha'IaJibHOMY HanpaarreHUIO Topouµ;Horo MOMeHTa, . TO 

npu lIOCTeneHHOM ero YBeJI~emm )J;o·oHa'IeH~~ Ge Topou~H~lI ~oMeHT-CKa'IK~~i"iro- / 

MeHIXT. CBOIO opneHT~ Ha np.HMo IlpOTIIBOlIOJIO,KHyID' , TO ec~b 6Y)J;eT niipaimeJieH 
' ,_ .. . .- . ' , . - . . 

-. / 

4 
'---

2 
-.~ 

0 

. ' . __;_ 4: 
,· -: . . - . . . 

'-: S -_4 · ~ "3 . _;, ?.~ -:-1 -~ o 1 2. ;f. - 4: 

Puc. 8. Kpu6ble iticmep~;uca (1;2,s) mopouail,()20 nepeMa2uu1ieutu a2pe2a1.;a Ma: 
21'U7nblZ <iacmutf 6 gjopMe 7C6aapama; U306pa:NCeU1';20 Ull puc.c 7, n~A.y<ieUUble nym~.u 
"LUc,mino20 Moae.11.upo6a1itu.' Kpu;1,1e 1, 2, 3 no"y~eubl npu :ma<iemux no.u Hi~= 0, -

_'H2 = 3 u,H3 ~- 5 ·co~m6emcm6eUu~. B.~mcymc~iiue' no".L 6 ·OC1'061'0.U. cocmo1uuu• 
-.·~opouiJnb1tl MOAie~m a2pe2ama . .uoxem ;.ue~b iJ6a ·:fiia<ieutu, ~pomu6on0Ao~ub1e 

no -uanpa6";umo iJpyz iJpyzy., Il oa -~etlcm6ue.u 6UXp.L nMz G;' uanpa6"eu~~ao. npo~ -
_:mu60nMO:HCUO -_ ua<ia"bUOtl opuenmatiuu. mopouauo20 MOMeuma. T. (puc .. 7), azpezam 
nepeMa2UU"U6aemci, !C0?.00. Be.4U1'UUa 6UXp.L OOcmuzaem fipumU'l,eC1C020 3Ua'l,fUTL.L 

~ Ge. . . - ··- - - " . - - .. 

, I 

/\ 

, /, 

. ·.:....-

BeKTopy G (· puc. 7 ). KpUBhle nepeMarHII'Iemrn aToro arperaTa IlOKaDaHhl Ha pnc~ --

8. KaK ll CJie~OBaJIO.Im, o6~frx paccy:iKµ;eH11ii:, npo:seµ;ellllJillC B PaDAeJie 2, B )];aHHOM. 

CJiy'Iae HOOJIIOAaeTCH ;IBJiemie rncTeprouca. : • 

Ilpn ~aJIO,Ke~u O)J;Hopoµ;Hor~ 110~ jj B Ha.IIpaBJieHUU,n.:ipaJIJieJII,HQM BeKTopy G/ 
BeJIII'IllHa KpIITil'IecKoro noJI.ir yMeH1>11IaeT~. KpUBhl~ Topon)J;Hor·o nepeMarHU'IeHirn 

npn HaJIII'IIllI BHe11IHero nomt lI~KaDaHbI Ha pnc. 8, a oaBl!CllMOCTI, Ge~ Ge(H) .cc... Ha 

· pnc. 9: YMem,11I~H11e B~Il'Il!HbI KpllTU'I~cKOro noJI.s: Ge npn HaJIO:iKeHu11 oµ;nopoµ;Horo 

MarHl!THoro norui'MO)l(CT 6bITb lIOH.HT~.lI.CXO)J;.S: 113 CJieµ;yrouie:ii Hal'lJ.ll~HOH_KapTllllbI. 

Ilo)J; )J;en:cTB~eM ~)J;H~JJO)J;Horo.nomt npouCXO)J;UT ~oBopoT MoMeHTOB 'IacT~ na na-; 

JIO:lKeHirn. 1 B lIOJIO:iKeHUe 2 B :iianpaBJiemrii 110JI.H jj (puc'. 7). B. :lTOM lIOlJO:>KeHUU 

- 06Jier'IaeTCJI:BUXpeBoe nepeMarHU'IeHUe 'IaCT~, TaK Ka.K OHO_CBOp;llTC.S: K·lIOBOpoTy 

. ·MOMCH~<>B Ha He6o1I,IIIOH yroll BOKpy;·oceii:, lJe:lK~LU;UX B lIJIOCKOCTlI arperaTa;· · .. 

'· · Cne)J;yeT OTMeT~TI,,-'ITO DaBltCllMOCTI, KpUTil'IeCK~ro noJI.H Ge OT H B ~CJIOM cc/ 
• V • .- ' - ,· . , ., •·,- •, • 

OTBeTCTByeT. TOII, KOTOpas: 6bIJia no_ey'IeHa' c lIOMOLLJ;I,IO npn6Jin:iKeHHoro paCCMOTpe-_ 

,mrn B pa.oAeJie 2 ( cp: "TeopeTU'Ie~xy10'.' KpuByro, Ha puc; 6; C "0KcnepnMe~TaJibHoii:" .. 

Ha puc. 9)., TaKnM o6patio~, 'II~_cJieHHbie pac'IeTbI lIO)J;Tae:r:iKAaIOT o6w;ue BbIBO)J;bI, 
C)J;eliaHHble B npep;bI)J;yw;eM paoµ;ene; . . . . . • - -· 

. I 

'. 
1·-

-__ Cf_._ 

/ 

1· 

.- ()., I · I I I I , "I 1:::::,, 
- . - - '!I ·-, 

·- -. Pnc. 9 .. fJ0.6UCUMoi:m~- icpumu~ecico'a~ 6UXp;· ;,,o".L G~. o'-m 6e"U:"'~~bl oauopoduo20 -. 
"\ n:oM H,'n~pa""e~~1'020 G, au ~2pe2ama 6 gjop.ue ,;;6aaparna. (pui:.7); no"y<it;UUa.L, 

'nymeM. ,;mc"enuoao .uoae"upo6a'utu'. Kpu6a1 uaxoaumc£6 ica;;iecm6e,oioM. coom6em~. 
cm6UU. c· !CPU6otl, U3o6paxennotl ua puc.6. . - -- - -· , . , i 

,. ,...__ ' ' ' 
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i , · 

•. _J-· 

• 
· 4. Boo6y:ilq:i;eHne KOl!e6amrn TOpOillJ;HOro MOMeHTa 

4.1. IloneTOpOHll;IIOro MOMeHTa 

Kax mmeCTHO [;3],·B CTaTII'IeCKOM p~:iKHMe TOpOII)"l;Hb!ll MOMeHT He ~ooµ;aeT arreK- . 

TpWieCKoro. ~ MarHn~Horo noneii. Iloo~OMY 'µ;lUt perllCTpaqun. COCTO.!Illllll Top61i

.· µ;Horo Ha.MarHH'l~HllH arperaTOB Heo6xoµ;m.m B006YIJ;IlTb er9 Kone6amrn. ;::t;airee 6meT · 
noKana:uo,' 'ITO B~6YIJ;llTb K~ne6amrn _ MO)KHO c noMOIJ.l;bIO nep~MeHHOro oµ;Hopoµ;uoro 

MarimTHOro' noll.lI ~( t), KOTopoe mlM~mie~C.II <: '18.CTOTOll w/2 •. _B proyllbTaTe ~BOO-
. HHKHYT Kone6amrn TOl)Oil~Horo MOMeHTa c YIJ;BOeHOH '!aCTOTOll w: fiT -:--- coswt: Ile- -
peiiµ;eM K Bbl'IHCJieHHIO nom1, xo-ropoe ·cooµ;ae~ K<me6lll0ni;n:H01 Toponµ;. Byµ;eM c•r~- · 

• Ta Tb µ;ll.lI otieHKn, 'IT~ paoMep ~penna cocTaBll.!IeT d ~ 10-.6cM, aero ·paccToJiune R 
µ;o C'llITblBaIOIJ.l;eH ronOBKll ('' TO'IKH. Ha6moµ;eHIDI") ·-: nop.!Iµ;Ka .TOll~Il~ oanuc1,rna-

10ni;ero cnoH H COCTaBlUteT.HecxonbKO MIIKpOH : R ~ 10:-4c:M .. B TO )Ke BpeMii 'µ;a)Ke mi 

'!aCTOTe CB1I (w ":' 1010.r~) µ;muia BOn~ .A= ~/w COCTa13ll.!IeT Hec~onbKO ca.HTIIM~ 
TpoB. IlooT'oMYji;mrBmucrre~ noll.lI ;opoii:µ;.;, MO)KHO ucnon1,00BaT1> npu6mnKeH1;e 
"6lllI)KHeH o~m,1"· : · , · :_ · ' • '. · 

d ~R ~ .A. (4.1) 
- . ,- ,. ·-· .. ---· - ' 

BYll;eM IlCXOµ;IITb Im Bblpa)KeHil.lI )l;ll.lI aneii:Tpll'!ecxoro ll MaI'HlITHOI'O noneH KOJie-

6mo~eroqt MarHHTHOI'O ll;lllll)ll.lI [Sf: . _ . _ , , - ' 

/ :'Ha(t-) = 3Ra(Ram~(t)) -=mit)R~; _ (4_2) 
.J • .• . : . •• ·:.·•·. •. R! ·•· .. · . . . .. 

· __ -~- (t) = - "k [ii)°ii(t)] .. (4;3)' 
a , : i__ . R3 . ·' 

~ : \ :..._, , •::-: t• .. ~ ~ ,.•.. ~. / > •• • ' a/ _', ,,.-. ,' . . .. , • -"-

rµ;e Ra ...:.:: pacCTOJIHUe OT a-ro IJ;HITOJIJI µ;o TO'IKH Ha6llIOµ;eHH.II; k ·.= 'w/c:- BOnHO-
, ' ' ' .-. ~ , . ' . .. ' / 

BOe _'llI<;JIO. Iloll.lI, COOIJ;aBaeMble.-arperaTOM,B ~elIOM MO)KHO HalITII, cy~Mnpy.!I, noll.lI, · 

cooµ;aBaeMh!'.e. OTIJ;ellbHb!Mll µ;imoJIJIMH ··: 

Da(t) ~-'E.ila(t); Ea(t) =<EEa(t'). ( 4.4) · 
• ' - • • / , . Q_ ·- \ - -

Bupa:JHM B qiopMynax-{4.2 ).u ( 4.3 ) BeKTOp ft. B_Bnµ;e ft. ~ 'R-:- fa, rµ;e R 
~ paCCTO.IIHiieoT ~eHTpa arperaTa µ;o TO'llll Ha6llIOµ;emra: Tax Ka.I{ r/;..,, d, TO,_C 
Y.reTOM HepaBeHCTBa ( 4.1. ), MO)KHO npoBeCTH p~llO)KeHIIe 'Bblpa.)KeHirii ( 4.2 ) 1i 

. ( 4.3) _B p.!Ill; ~OCTenerun.tra (HaIIOMHI~,''ITO ra OTC'-IHT'i.mae:rCJI OT reoM~Tpll~Ie~. 

ctmro qe~Tpa arperaTa II Y)l;OBlleTBOpJieT ycrr<>BIIIO (2.5 )):'orpamNHB3lICb ~Tapmn

Mli li3 M3rHHTOAmiOJibHOrO ~ TOl)Olf,[\HOrO BKJI3AOB · 1! ·.c;,MMapHble IlOJlll. (4. 4) ; · . 
.· !IOJIY'IHM (Bee BKJ13J];bl Hafi.t:leHbl B J 5 J) : . · . : · , .·. . . 
. . ·-• :. : · · 3R(RM(t))- M(t)R2-~ 

Ha(t) =,~ ... ' . RS ·.• · .. ·. ; •. (4.5) 

-, -' ~ . - - ' ~ - - -4 .... 2 

Ea(t)_=: ~jk[R~;t)] _ ik 3R(RT(~~;-T(t)R (4.6), 

.Ilpu BbIBQµ;e aTIIX 700TH011I~~m11 6r:.i~u Y'!Tem:i j:>aB~~c;Ba ( ,l.l)u (2J), xoTopbIM~ · 

onpeµ;eneHbl MarHHTHI,IH ll TOp01Ill;HbIH MOMeHTbl arperaTa,. \ - •. 
• ' 't . ' . .- ,-

,\· 

'' 

./· 
. ,· 

· KaK.6YIJ;eT nOKfillaHO.p;anee, MarHIITHblll MOM~HT arperaTa M(t) HOMeHJieTCJI. co 

:epe~~HeM c TOH ~e '18.CTOTOH, 'ITO uiioµ;Ma~HH'ln:earoni;ee none h(t)," a 'I'opoiiµ;HbIH. 

MOMe~T T( t) - c yµ;BoeHHOn: 'lacToToii. IlooToMy BKnaµ;bl B aneiTpH'IecKoe none aTIIX 

MOMeHTOB MOryT 6bl'l'b paa,ieneHbl no 'laCTOTe. KpoMe Toro, arperaTbl, H8XOIJ;JI~H-
. ·._ eCJI B COCTOJIHU.!IX C npoTHBononO:lKHbIMH no HanpaBJEHIIIO TOpOHll;HbIMll MOMeHTaMH, 

Boo6y)Kl];aIOT'aneKTpH'IeCKIIe noll.lI, KOTOpbie Cll;~llHYTbI µ;pyr OTHOCIITe."IbHO µ;pyra no 

qiane. Ha 180°. IloaTOMY oanucaHH_aJI llHq>op:i.m~II.II MO:lKeT 6bITb npO'IlITaHa C ·no-

MO~bIO qianosoro · µ;eTeK-rnpoBaHII.II. 
~ ~, I: I , - ' 

; .. -~r:: 

4.2 .. Boo6y)Kµ;eHne arperaTa nepeMeHHbIM noneM 
/ . [ 

.. 1IT06bI B006Yll;;I;b KOne6amrn TO~~~µ;~oro ~OMeHTa arp~raTa, Heo6xoµ;IIMO no-· 

· MeCTIITb a:rpera T B 'nepeMeHHoe Mal'H~ITH~e noire h( t) ,· npII'IeM · '!aCT<>Ty uoMeHeHirn _. 
nonx 6Yl];eM C'IIITaT~ paBHOU w/2 : . . . . 

. . ' . . . _; 

h(t)' =,h0coswt/2: (4.7) 

. II PII . Hallll'IIIII non.ii. MarHIITHble MOM~HTbl -'l~CTIIII. 6yµ;yT CTpeMIITbC.II cop11eHT1Ipo

BaThC.II no MarHIITHOMY nonro h n, KaK proynbTaT, arperaT npuo6peTeT Mari'inTHbIH 
MOMeHT 

.. ;,· 

oJ.f~ xhi:,coswt/2,,:, 
. . 

• •(4.8)_· _ 

rµ;e X _;_ MarH~IT~aJI B~cn:pm~~lIBOCTi: arperaT'a. B. TO )Ke BpeM.!I; ecrrn µ;o HallO)Ke

Hn'ii noirn arper~T o6naµ;an TOpOIIAHblM MOMeHTOM To, aero MarHHTHl~H MOM~HT 6wi 

paBeH Hymo, TO HaMarHII'IeH11e arperaTa BHellIHUM noneM npIIBeµ;eT _K yMeHbllleHIIIO 
. TOJ)OI~IJ;HOro .MOMeHTi H'a BCJIII'IHHY fiT. K~' crreµ;~'l'BUe Toro, 'ITO. MOMe~ITbI 'laCTII~ . 

HMe~T q>UKCllpoBa:irHYIO ~emI'IIIHy. 8To MO:lKe'l' 6bITb rrp~umirocTpIIpOBaHO, Hanpn- ·. c• 

'Mep, p;ll.lI arperaT·a.B qiopi.1e KBaµ;paTa,.1roo6pa)KeH11oro ira pIIc.7 . B oµ;Hopoµ;Ho~ . ' 

none 'laCTll~bl op'neHTIIPO~aHbl B Hanpa~neHmI, KOTop~e OTMe'-leHO Ha·aTOM pucyHKC 

1 · JiuqipoH 2; Ta.K 'IT<> arper~T npuo6pe-r~e'T cpeµ;moro HRMarH11'1eHHOcTb. Oµ;Hospe~, 
MeHH~, 3TOM C~CTO.!IHHH yMeHblll~TC.II npoeKqH.!I BCKTOIJ~B ma Ha nnoCKOCTb,riepi . 

. neHl];IIKyn.!IpHyIO -nonro, no CpaBHeHI~IO C HX opneHTa~!eH B OTCyTCTBHe •·. non.II (aTo 

'O:onO:lKC~IIe OTMe~eHo Ha.pHCYHKe q1iqipo11 l); 'l'l'O npIIBOIJ;IIT K yMeHbllleHIIIO;Topou- ' 
"'- . ' . ' ·, . .. ' . . . '• '. 

µ;Horo MOMeHTa arperaTa. · _ . 

_ 3an1~11IeM'•npn6nu)KeHHYIO CBJIOb Me:lK)U' _Toponµ;HhIM II MarHIITHbIM MoMeHTaMII 

arperaTa, KOTOpaJI BbIWe 6bIJia n?JIY'IeHa B nepeMeHl~bIX il, u f (cM'.·c·2.11 )), ~-BI!ll;~ 

M2 +'JT~ ':= canst, ., (4.9) 
·, l 

rµ;~ J/ HeKoTopaJI nocTOHHHrui, OaBIIC.!Illl;M ·o~ cpopMhI arp~raTa. Eciu B oTCYTCTBHe 

·noll.lI 6blno _M = 0, T =To, .To ~~n~t =: JTg: Iloµ;cTaBn~JI,aTo OHa'leHne_no~TOJIHkoii 
B ypaBHeHIIC ( 4.9 ) · u y<II!TbIBaJI, 'ITO npu HallO)KeHim non.II T = To + fiT, nony'IIIM . 
B mmeiiHciM npu6mI)K~HIIH no fiT ' · . - . . . -, 

' 2 
oT= _(fiM) ~ 

. . ·. 2JTo (4.rn): 
. ·: ' ' .. ,•· .. ::- \. . .·· :.:,.. ' ' ... · . ' .. 

.• Tai xax cornaCHo ( 4.9} MarHIIT~H MOMeHT_ MCHJieTcJI _c TOH :lKe -qa~TOTOH _w /2r 'ITo 

.- II MarHHTHoe none h(t), TO 110 ( 4:10 ) cneµ;yeT, ''ITO Toponµ;Hblli M"'oMeHT 6yµ;eT npu 
•,/,· ','\; , . ,,. - . .. ' ,, ... 

' ·21: 



-'.'. 

/ 

:)TOM lIOMeHlITbCH C yµ;iloennoi'r 'IaCTOTOU w : .· 
. ' ' . -

·' "J<.2h~ .. 
6T = ---c'oswt 

2JTo .. · 
(4.n) 

.B ;)TOM Bblpa:iKeHim' Mhl ony=irm1 He Y.JIT~pecyiouzyio Hae oµ;e~~ IlO~TO~~yro co'cTa-· ... 
_ B.lIJIIOllzyI<> ToponAHoro MOM~HTa:' . · ·· · · · · · 

. Y'IHT~rur, ''ITO. arper~T i.imKeT H~OAHTbC.!I B µ;Byx COC;OHHHIDC ~aMarHU'I~mrn; 
OTlIU~aIO~lixca OH~OM :semI'IHHht To :_To~ ±!Toi, HO (4.U) MO,KHOBlIACTb, 'ITO 

·,~- '" 2 2 · ,, 

{ . 

-~-cosw. t -2JJTol , .· . 
6T '= · , . .· .. • 

. +· x•h~lcoswt 
2JJTo ·. 

---., -

(To> O); 
(4.12) 

(T~ < 0): 

To eCTb U:HAY~Hpyc:i.rhte IlOJieM h(t) TopmrAIIhte MOMCHTbl'1J;lill ABYX C~CTOlIHHH ~pe-
raTa OTJilJ'.IaIOTCH µ;pyr _OT µ;pyraoua'IeHHeM ,q>&lbl ( 'IeMy COOTBCTCTBJIOT pa::iHble 
OIIaKII B ~Byx ~~pa:lKCHUIDC ( 4.12) ). BMeCTe_ C aTlIM 6yµ;y; UMCTb npoTUBi:moJIO:lKHble 
~~'nr -~ aJieKTpn'IeCKH~ ~oJIJI:', KO:OPhI~ corJiaCHO Bbtpa:lKeHIIlO ( 4.5 ) Boo6y:lKp;a.IOTCJI . 
lIOMeumo~m.rnca Topmrp;HbIMll MOMCHTaMU. -.. 

- 4.3. MarHUTHaJI peirai~ua 
;.-

IIoi!y'IeHHI,i:e B irpeµ;blp;~eM pa::iµ;ene peoyJI~TaTbl _He Y~IIITbIBaIOT riananp;bIBaIIUe ' 
op~eHTHpOBaIJmr MarimTHhIX MOMCHTOB n~ <f>a::ie no OT~OillCHIIIO K nepeMeHHOMY . 
. rtomo 'h( t ),- KOTOpoe Bbl0bll38.CTC.!I pa::imI'IHbIMU p~a.KC~HOHHbIMU MexammMaMU . B 

· MarHCTUKC. • ~ T06bl y'IeCTb :)T~ npo~eccbl,. BOCnOJib:JyeMC.!I . np~6mr~CHHOH · Teopueii 
·naMR!'HlI'leHHJr arpera;oB, KOToprur: 6bIJia p&lBHT~ B. paoµ;eJie 2. · Ilpeµ;nolIOJKHM, :'ITO:·. 
BHCUlH~e noJIC

0 

l1MeeT TOJibKO oµ;ny' He OC~OBHj'IO rapMOHIIKY A:= J , a Bee ocTnirbHbie . 
rapMozrilKH 

0

IlOlIJI pamibi nymo, Ka.IC 6bIJIO J:IOK&la.HO _B pa::ip;eJie 2.6, B llT,0~ CJI)"IaC 
MO:lKHO npeµ;cTaBHTb :3Hep~IIIO arperaTa

0

B nnµ;e ' . . 

'"~--..:..,. 
U .= E0 +(Ek-;- .E0 )sin20-:- f(t)sinB. 

. - ,, - ' - ~ .• ' 
(4:13) ./. 

B AaJibHeiiwe:M Mbl 6yµ;~M OTOMAeC~BllaTi:. no~e f(t) c nepeMCHHbIM nc>JieM h(t), a 
Kooq>q>II~lleHTbl Co = ci>s0 1i'Ck = sinB 6yµ;eM ·c'InTaTi. nponopquoHaJI~HbIMn cooT-. 

' - ' ~.. ' . ) - . ' . --
BCTCTBeHHO TOpouµ;uoMy II MarHlITHOMY MOMeHTaM·arperaTa =-· 

,- '. , ~-~ ·, . : ·. ' --, ' ... ___ ~ 

.: M_==:_MosinB; 
.. . 

.T ='T0 cosB; ~- (4.14) 

rµ;e' To.~-·· a6com<)THaH ~ Beml~Ha TOpoiiµ;~6r~. M~!.1ei1Ta B. oc;;~BHOM C~CTO.llHIDI, Mo" 
- .· MarmtTHhlll MOMCHT. B. ClllibHOM. ir~me ff: Tux . Ka.IC . ii -µ;aHH~M. CJIY,'rne '.Mbl . C'Ill.::. 
.Tae?.r, 'Iio BHCIIIHee ?,4aI'IIMTHOe noJie AOCTaTO'IHO. . MaJIO ( ero pollb COCTOIIT TOJThK~ B 
T<>M, 'iTo6bI uuµ;yiiupoBaTb nepeMeu~bi:iI Topmrµ;l!i:m Mo~eHT '.arperaTa; ~ ?le B TOM, · 
'IT06f.I e:ro nepeMarHlITUTb ), _TO 6yµ;eT Ma..'IbIM II OTKlIOHCHHe yma 0 OT. paBHOBCCHbIX. 
nua,'eniu'iB = o;i. IlooTOMY MbI MO:lKe~ p~lIO~llfb IlOTe~Ia..'l (4:13 )Bpaµ; no 0 · 
B6tmm1 YK&ia.HHhIX nHa-..ieuuiI ~mumcyMa e TO'IllocTi.10 µ;o~JienoB· 02 BK1IIO'IHTellbHO :-

~ - . , ' -· - ·,. . . . . '· , -~ 

U J E~ + (E~, Eo)Bl± f(t)0. 

....... / 

'F 

-·"'· 

,\ 

•/ 

/ 

8TIIM noT~H~UaJIOi.i onp~geJiae;ca ypaBHeHne ABII:lKCHIIll yrJia· 0. Ilp~µ;~oJiarrur:, 'ITO. 
IlOB?POT MarHlITHbIX MOMCHTOB 'taCTll~. conpOBO:lKp;aeTC.!I p;l.ICCIIn~Ueu, Mhl MO,KCM 
nanncaTb ypaBHCHUC ABlllf(CHlllI B BIIAC 

. 1 . . . 
. \ 1 au 
0=---

' . A fJB' 
(4.16) 

'··. 

· rµ;e A -'-, Koaq>_<f>nnneHT MarHHTOBll3KOro TpCHII.!I. Ilop;CT~i. B llTO · Bhtpa:lKCHIIC 
'. mia'lem1e nOTCH~UaJia ( 4. i'5 ), noriy'IUM . 

I .. , . . • • . 

. : . 1 . • 1 .· · 
0 = ;__9 ±-J(t), 
..• T A .. 

rµ;e BBep;euo ·BpeMJI peJiaKca~1m T = A/2(Ek-:- E0 ). 

. ;Ilpep;nonarrur:; .'ITO noJie j(t) nepl!Op;ll'ICCKll MeHJICTC.!I CO BpCM~HCM 
> ' ', , • ' • ,•, ' 

f(t) = :Re[Je-iwtf2], 

Haxop;mr. pCillCHUC Heop;uopop;H~r"a ypamiemrn ( 4.17 ) B imp;e . 
. . •. .• - . • f ·:' 

"/ • \· · t/2 , . ... Tj e-•~ ] . 
8 = Re[A(l.:... iwT) ·. ·•· 

. ( 4.17) 

(4'.18) . 

'.( 4.19) 

'.'. ,·_ ·--,: ' .• " ., • '! '.' ' . . 

; B llTOM Bbipa,KeHim Mb! He Y;IIITbIBa.eM',na-ryxa10~ee peilleHIJC oµ;Hopoµ;uoro ypaBHe-
. HlllI, UMCIO~ee Blip; Boe-1/r_ ,I(JIR AByx 'npeµ;eribHblx' cJiy'IaeB 6blcTpoii:,uueµ;neHHOi'i 
penaKca~mi(cooTBCT~TBCHl!O.WT··~ l n.wT ».i) lIO llTOro\~blpa~C~lIH'IlOlIY'IlIM .. 
npeµ;eJibHhle nua•1euua ·' · ·-: ; ' · · - ' :i · 

· .. · \.· J ±ff c~s(wt/2). · . (wT, ~ 1); 

<= l ±»~fco~(wt/2 +~/~) (t:JT » 1). 

1· 

\ 

/ (4.20) 

, ·. .. . . . : •· . : ·.. . I . : . ..- ··-: . . . ' . 
McnOJibOYH .TO :lKe npn6mI:lKCHUC- npu paalIO:lKCHIIII no 0 A.lIJI MOMCHTOB AI n T B 

• ,• \s ,: '•• ' "•' ')•' '• • ' ' \ • ' ' 

Bb!pa,KCHIIHX ( 4;15 ), 'ITO u All.II nOTCH~UaJili. .U, noJirtaeM . . . ,. . . . ,· _· : . . i; . , 
M = ±M00; ·T ~'±T0 (1:.... -02

), . r 
. "'. .· 2 ... 

. (4.21)\ 

TO eCTb I ,• ' , 

.· .: 1 . 2 . 
· 6T(t) =·=r-toB ,· 
,· .· .. 2 .·. 

(4.22) 
...... ;'' 

, Hcno~boy11•nony'IeHny10 Bi»III~ q>opMyJiy(4.19 ), MO,t;HO. BIIACTb, ~;; 

\'. · ·_ 1 , wt 
Af= A10 T J cos(-+_ 6); · 

' ·, A 1 + w2T 2 · 2 . . · .. · 
~- ·1 

. ··. T2j2· . 

6!{t)_ ~· ~T~A2(l + W 2 T 2.) ~o~(wt+ 26), 
. . '· rµ;e. cp;Bilr q>&ib1:" 6 onpeµ;emi:eTCH 'B_btpa:lKCHUeM 

.\ ,'•.1 •. 
t 6=_:.,,-. 
. 9, WT_ 

,. 
(4.23) 

,· . _/ 

(4.24). 



-j(a~ 6h!no OTMC'IeHO Bblllle, o_ Ha'IanbH01I• COCTOJIHIIII 
MO,KHCi cyp;u:rb TIO miaKy B Bb!pa,Kem;II ( 4-,24 ). . , 
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