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<EPA30BAIDiE I1AP BEKTOPHb!A ME300<B 

B ~KTPCHHD-n03¥fl'POHHI.IX CTO!l<HOHEID1RX 

A. A. KOtJ.ap 

0cytijCCTBJl9HIIC B H6,1laJI8KOM' 6y,uyt~CM CTOJIIOlOBCUl~ :>JICKTpoHHIOX II nQ3liT.POIUUIX !IY'iKOB OTKpOCT n npiUI

:t~me 91118 O.IUIY B031AOmiOCTb JIJUI reuepau;UI OOKTOpuHX lolCOOHOB - nepeJL8Tqll]tOB CJra6UX B3ai!MO}t8l CTBiill , ill!CHHC 

n npouccce 
/II 

/3a!MlTl!M nonyTHO , qTQ OCJ!i! oy;;;ecT:ayll.ll' ,JJ;Ba COJ?Ta HCilTpa..!IbHUX MC30HOB / I/ , BOIMOJli!H Tru<xe npoUCCC 

e'"-t e -- w ~ w • I . XOTR oeicyll(JiaeMble s HacTolllUlllt u oMeHT 121 :JHepr iOl CT8J!KJIBaliiUIXCB ayqKOB cpaBH!.ITe .n.Ho 

HeOOJ[Ritl! /250 lti:•D/ , H8J10 oOJ!araTh , no BCKOpe DOCJICJzy9T yBCJ!HqCH11C 311Cp r HI JlO OllHOrO 6 t na ll ll!illl8 

11 YIIOMSDiYTaJI B03MO;;Q!OCTb c•raH8T 60JI88 peaJ!bHOit . 

ltCIIOJ!b3Y 11 CT:li!Jl8.PTHU9 1.19TOJIU pacqcTa , l!ME!914 B n epBOW IIP146JuulCK!IJ! TeopJUt B03MY1U6H!dl AJ1JI .I!JtW.e-

;,,o.ecb IIOJIO::l"HO 

}' - MU\'Ca BCKTOPHOfi qaC'flli..\H 

hit - I.!D.CCU ~RCttrpoaa 

/ 2/ 

l - oneprM G'ra.,KJrnaMJtcllcR qacTI:J:IU 

() - yrOJI nWteTO netcropnoro Mc:loaa 

nocKO.'Il>l<Y cKopee seero JU i? m-.,., I uaccH ayM oHD./ , n o qei!D xopowe11 op116JIKll9HlUI !Qiiell ;w~ / 2/ 

rb- = .i:.2 It - J"r., )~ ['1 - (z ~~) s,.; .t B 
J. J.1.. J.t...~ ( /l ' ' 

/3/ 

/ 

0Tli.!JTtllA , qTO cCqCHI1C o qCI!l> ducTpO HUpBCT:leT C :mepr•;:eif OT nopora , CTpei/.J!Cb K llp6,!1CJ!b H0MY Dl:lp8l!UlHIIl~ , 

He 3alll:cm:;cl.cy OT : Hepl'llll 

(_i" l = ~ { I+ 6/tJ) 
c/11 ) P~'"' 16p~ 

/4/ 

Bupa;t.ouHc /4,' npc.KT"l'iCCKl: cnpa»c,n..,.reo pi! JJ)lJI ~ :' ~ x / • KoHRYPl!JlYDUIV.e npoucccw po;;;,o.e11M nap 

qacTHLt emma 0 /31 u I /2 141 OT CTMKllllaKIUUIXCJI ny'lKoB nurJIJI.IliiT cJie JIYDI(llll o6pasor.t I RaK 11 BHII!e 

m J.l J. I 
n npoHe6pelWHIIII vreHruAi'l t 1 t : 

;:vrn emma 0 

~I 

/GI 

3Jtecz, _;u - uacca o6pa3yruellCR qacTUUJi . 

x/ lla OCHOBaJII!UI o6me!t T80JllU! ~ -ft.ATpi!ll)l ceqeune He ,JlOJtiHO npE!BOCXO.IUI!lo f/i;t .t • I(!/£ L , ;~? SHa

qi!T , 'iTO ~p.syJI!l 141 npilii.9Hl!Wi JW! ancprllfl t £: -YfF ~'</.t .. iii- 15'1/"-- • CeqeHJile u JtOCTlJrOOT :::."~~o 
npe,ne.lll>HOro 3HaqeHM npi! cyt'lecTDeHHO I.ICHLW11X oHeprMx. 
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()'Ia OpllliCJlCHilUX CCI(CI!M IIEI.1IaJJT B p8.11.1U'm!l!CTCKOiol Dp8JlCJ16 (f. >v~) C 3Heprueii II, CJrC}l.OBa'l'CJihHO , 

H!l'II!HaJI C HCJ(•)TOpo~ 00JISCTH, 0'jJIYT M6Hbl!lC /4/, 

llpeltT:!'IIICIUI DOCIID.II1>1\Y H /b/ H /u/ .1111fl DCCX H3BeCTHHX ll!lCTI!U .}" ~ ffl..IV II npi!HllMM , 'ITO _Nw:;:; ln-..v , 

CC.'lCK!:C /4/ ll pru.iOHC 0-4 ::i&D -:ly}l.CT HS DOps!.ItOK 00JI1>WO JJD6o.ro CC'ICHHH po.z.:teiiM KOBIIX 38pllltBIIHHX 'ISCTIItfl . 

B nok '!'C oO.laCT:t :mepr;rtl paccMaTpJmae~t.oe ceqemte dyll.eT Ha DOl'Jill.OI< dom.we ceqenroi .IUlY~OHHon amm

I'II.ItliU:'ll 1: n:;x>UCCC& !}:lCCC.IU!lUI 3JICK'rpoHa K!l D03.11TJlOHC , CCJ!ll B DOCJI6Jl)IIIX llCKIID'IliT:b OdJ18CT:b O'IOHb M8.J!I,IX 

yr.lJB . 

Taxz:~ 00p830!J, B OO.I!BCTI! 3HepruA OOpsuo<a HCCJ<OJ!l>Kl!.X B3B 00X:S30BaH~e BCK'rOpi!WC 'UICTllu dy.neT 

/C:J CllCJIOKHI:lMI1 OI'OD'l.!)l<D.MIV npeOO~ DJlOUCCCOM npll S.I!8RT'PQHH<H'I031!TpoHH!iX CTOJIJ<HOBCHlUIX. AOCOJ!DT

IIa!l BC.I!ll'll!Ha C'C'ICHIIJ! B 3TOI1 Od.l!aC":Il Dpl! }J,y ;;-' hr.. x:a»Ha 2 . I0-~;l2 CM2 , 3TO CYI~CCTBeHHO Oom.we , '16M 

B6.lll'll!H!l CC'IOHIUI B OON'IIIO OOCY!Ula61.60~\ 3J<CD6pP.MCHTe I'6HCp8Wll1 BCI<TOIJi!IX M630HOB OT HelhpliHO. B CJiy'IQC 

4-~TOpoli"JtCIHIJI DOKTOp!111X M030HOD , KOTOpoO ;ri.lUI Jl.nCp CO Cp8JlH11M ~ .....- 3·.) l!MCCT BCJI.ll'llliiY CC'ICHIUI, CpaBIIIl

J.IYil (. T2J<OBOR llJ!Jl p8CCM!l":PKBaCNOI'O npouecca HOOdXOll.llMO BUJ16Jil-IT:b BCKTJf.&!1:16 M630HII H!l <l>oue nap 9JI8KTJlOH~ 

:r , jV , (, -MB30HOD , 06pa3yll:U' XCJi BO MHOI'O p83 00JICC liHTCKClmHO , AHMOrll'lliHC TJlYJtHOC'l'll OT.l!CJICHIUI 

3H!l'lllTCJ!l>HO OO.I!CC BCPOJJTHI:IX J<OHJ<YpliJlY.a:tl!X opoUCCCOB DPHCYJ:UI HC,ItBJ!HO 00CyllUllllll!ICMYCif /5/ MCTOJIY reHepa

lUUI BCI<TOptiHX ~le30HOB ny'IKOI>I !j' -14030HOD . 

3To ne~aer apouecc / I/ o~IIM ns ua~60.1!ee d~onpKRTHHx 1l..I!Ji aao~eH:~ poBAeRnR BeKTopaax qacTnu. 

Jl!Tre paupa 

I . " . D. Lce and C. ti.Ynnp,. Phys.Rev. lli• 1410 (1960) . 

2 . C. Dernardinl, G.Corazzl\ et nl. lluovo Cimento 18, 129J (1960). 

:.> . B . A.18J<CI!H . Tpy;ru.~ 4/lisJU<O-J.I!l'N112TII'ICCJ<oro 4ia.KyJ!:&Tera XIY. r. 7, cTp. 97 /I958/. 

4. B . E . EepeCTCW<J!I II V..fi . llOiol8pa.Hqyl< . E:l~ , T.2~ , CTp. 8 64 /I':Yf>5/ . 

5 . !, . Dor.~bcy . T'h,y:;.nev . Lott. 2• 66 (1961). 

11>usnqecJ<m1 l!Hcrmyr 11M .n .H . Jiedoll.eBa AH COCP 

L:Ji OTB.I!CKaCMCn OT B0 3UOl!IIOCTII CWlltlliiX B3allMO.ItC11CTBJrl! p830H!ll!CHOro Tl'.na 'po,lll1DW!OtCJi 'lt\CT11ll B 

STOlt OOJUlCT 14 3KOpruiL 

B once~ pa6o-r 

ne2CTBzi C Heta-rpan 

ne~, B 'IBCTHOCT 

KOTOpoe 1 QqOD~!JlHO, 

pexo.ItH BI:IS!lBam'CR 

HOI'O BOca .IUijla H B 

TaK xe , J<aK H 

CJI B B11,140 

cf4 H q~. - BOJIHO 

BOOM HYltiiOHaM fl,liJXl 

TaK JKe , J<aK H 

•aeT" ; np» llJ 
nocJIC;!lHOI.t cJie'l!le 3 

,IWl UOJ!HOIA BC: 

HHO 

.ilJut OUCHOK MO 

< G /- Y.JtBOCHHO!a 

HOI'O 'IIICJia HYJ<JIOHl) 

C 0 - 0 HOi.tTt: 

KOHB8pcHelt. fuc Bef 

poua. Ec.71ll ~ -

aa, qey COOTBOTCTB 

OHII 06Jia,n8m' , J<OHe 

!rnMK nepexo;r,au11, 11 

JlClUIO HOilTpldHHOi j: 



U!l111111S! , <ITO § w ~ 1>1-,v , 

: 3aJ)IIl'temrux 'UlCTuJV' . 

JtByJ$rroHHo1! amu:-

~CTh 0~8Hb MIIAHX 

'U!CTI!U <lyJteT 

:OloneaMx. A6coJ1111'

~TDeHHo <l~me , ~eM 

lel!rpru1o . B c.ey~ae 

ty CC'lOHIU!, cpruum-

• cpoHe II:lp 3.'f81\T })OHO'& 

-TPYJOIOCTI! OT.!1CJI8HIISI 

/5/ MCTOJtY reaepa-

C.rtesa AH CCCP 

-

7 

~TmiHAH PA.I{HOAIG'l1BHOCTb 

ll EE POJ!b B ACTPo:fii13J.1t!EC!OlX flPOUECCAX 

B.H. Ea!:tep, l1.B .XpiUL1IOBIN 

B CB08£! pa6ore /I/ a.BTOpH paCCMOTp8Jll1 pR.D; CJre.D;C'l'BJll! , BHTeRaiOillliX 113 CX8MH CJI86HX B38 llii:O

,D;ellcTBd C aeJ!TpaJ!l>Hb!MJI •rOK&H! . Y!cnom.sye!.u.rll B CT8T:De /I/ Jiai'paHJIU18H CJia6HX B381lMO.Il8i1cTBllii co

lt8~ , B 'W.CTKOCTH, c.naraeuoe 

_j_ [(pp)-(Jin)){iY):: 1~ (~3 /Y)(t>.J)) /1/ 
-.fi v-3 

KOTOpoe , 0'18BlWiO , .!lOJ!liHO npHBO)lMTh K ~8p!iW~ nepeXO.Il.SM C llCnyCKaHll8M Y >1 J) Xorn 3T~1 ne-

poxOnH BH3HB8DTCR D3aJWO,D;ellCTBI48M, aHaJIOrl1'1HHN ~ - paCna.!lHOMy , OKH He M8KRDT sapa.na H UTOM

KOrO BeCa n.D;pa H B aTOM CMHCJie HallOMHHaDT 3JI8KTpOMarHI1TKH8 nepexonH. 

TaK xe , KaK H 1V!Jt /J - pacna,aa, r8MIJJ11>TOHMH paspemeamn Het:ITPJ.UIHHX nepexo.~toB 3anucu:»aeT-

CJI B B~e 

H .. ~ [j)F {t t J';-) Y < i / -t ~ f ( 1 + /5-) J' \ u / j 

< 1 > ~ j olx cf:? f (i) f: T_,.,. cfol. {:r.) 

' u) ~ J olx q~f {:t) I" 'i'3t c~ </~. (:t) 

; r.; 

1{ II q~. - BOJU!OBUB cpyHKI.Uill RJU)a B KOH8'1HOM H H8'1BJ[hHO!A COCTOJIKMSIX , .::ytr.;. •• tpoBaHiie BeJICTCR no 

BC8M HYKJIOH!llol n.npa, KOTO:i)!l8 C'iUTam'CJi HepeJIKT!dBiiCTC!U!MII , 

TaK lKe, RaK 11 .D;JIH f -pacna.aa , np;t <1)/0 no.nyqaeM nprun!Jl8. or6opa cJ.>epMH: 

"HeT" ; npll tJ.j c 0 - UpaBH.Ila. OT6o pa faMO»a-TeJIJiepa; <G".) f O,t,l, "HCT" / 0 - 0 neJ.Y.)JCOJi D 

nocJ'Ie.ltHeM c;reqae sanpell!eK/. 

HKe 

.lLnJI 0~6HOK MOlltHO llpilHRTh ' i > paBHbiM 8p3HOCTK '111Ce.1I npoTOHOB H He~i·rpom>B Si,D.pa , a 

<u/- YltB06HHO!,i p63HOCTK Cj'W>I8ptillX Clli!HOB npOTOHOB R KeltrpoHOB , C'il!TB..fl , q•ro no.IIHlrll. Cr: I::H '11'"'-

KOrO 'ildCJIS HyRJIOHOB O,nHOrO c opra pa.BeH 0 / 2/ , llp.ll STOY 1V!Jt C "" I t.\aB tJ "-' 10-4 

C 0 - 0 HeiiTp.I!HIUlMI1 cJ.>e];NH- nepeXO,D;aMil ltOH!cypHpyiOT 3JI6KTpoMB..:'HiiTHHe l!eJ>CX0)4;J C l?..lyi.'f..Cl!H·~'ii 

KoHBepcHeR . 11x BepoRTHOCTL Pa.Bna no nopRJUcy BeJIK'illllili t/ ~· IP 'f 121 , r.nc m- Macca "·o:r-

poHa. Ecmt S. ,...._ I MaB , TO .lt8J[e npm 1, ""' IO .BeyTpeHHRR l<OHBCl"'ll.ll D 1ol1 
pas (5o.'l8e B.!l>.ll'!'

Ha , qeM COOTB6TCTBYI001~ HeihplU!HN!i nepexon. 11TO xe K8C86TCR l.lai'HIITHNX .IUIDOJihHI:lX nepexO.z:tOB , : 

01111 06JI8Jtli!OT , KOHe'iHO , 61!(6 60JihWI!M llp8KMY4l6CT'BOI·.! tiO CpaBH6KI1X> C OCTaJI:DHI:Il!H pa3pet;;P.IiHbiMK neih p1:1l-· 

HIBIJ1 nepeXOJIB,Wl , KOTOIJlC MOrJUI 61:1 KOHicypi!poBaTh C H.KMld. Tar:l!M 00p830M, HCIIOCpeJICT'Bellll08 .ev.~ 

,D;6HII8 H62TpHHHO!,i pEIJU!08KTl!BHOCTll 6.!lBa JIM B03MO!CHO . 
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HeitTpliHHHe nepexo.llN MOrJII! 6bl o,ll;HaKo IU'pBTh cymecT:OOIUIYil poJih B acTpo<PHsrute . KaK 1!9BeCTHO, 

nponeccH c ncnycK811Keu ueitTpHHo MOryT cymecTBeHHO BJIRSI'l'h aa CBoRcTBa 60Jihumx iaacc :OOUleCTBa npH 

BHCOIUIX TeNIJepaTypax, 8 , CJie.rtOBaTeJihHO, ll H!l Dpa!lllCCH 3BOJD:>Ulill 9Be3,1l /3-7/ • XOTR Bepo.RTHOCTII 

npo[leCCOB , conpoBOlQ81a!U1XC$1 SJieKTpOM!U'HIITHHM 1!3JIYq6HIICM , ropas,no Bblllle, 38'1'0 .ll)IIIH8 CB060,ll;HOrO 

npo6era 4>0TOH8 B 3Bea,ne Hl!'ITO.rul!l DO CpaBH6HllJl C ee pasMep!!MH , B TO BpeWi, K!IK HeitTpl!HHOe 1!3-

JIYq8RIIC yxo.fl}!T 113 sBes,llN npaKTMecKH 6ecnpenRTCTBeHHo . 

QueHI!M MOIUHOCTh , TCJlliCMYIO 9BCS.rtOI:t C MaCCO!J. 1cf34 r 98 cqeT paspemeHHHX HeitTpiiHHI:I.X nepexo

.llOB npu pasHWX TeMnepaTypax. MOUU!OCT:&. Tepgel.aaR $1.1tp0M. paBH!I t v ~ e ' • CqKTM, qTO .fiJij)ll 

,MHHOro 3JreMeliT8 paBHO:OOCHO pacnpe,ne;reJW DO ypoBHJD.~ , HB.XO,IUW, 'iTO loiClllHOCT:& , HSJIY'I!IewaJI BCer~ll 

.;( $1.1tpam! sToro J.J30Tona , uaxo.lV!lllllMJ.1CJl B sBes.ne , pa»aa 

P "" fft :.} cxp (- t~ )--- t
6 e-~ {- ;'i') /5/ 

HHX npH HCit 1130TOOOB, SHeprwt / B K3D/ , CDHH K 'leTHOCT:& H!l'l!IJihHOrO K KOH811HOrO COCTO.IDir.fi! 

3YJihT!IT pacqeTa - D0.1ll:!asl C:OOTHMOCTh 3BC3,1lN i , Bli3BaHHasl HeitTpi!HHI:IMll nepeXO.It81i4H, 
-A s~ 

T 1u- r=" . .fJ{"' ~ J..f"l 

r ' $1 
fe~,, 

i 

11- ~ 2 10-7 ( I30, ?/2-)-- {o. 5/2 - ) • 

n,---2 10-7 ( 136 , 5/2 -f-114 , 3/2 - ) 

1cf3° opr . ceJt-1 

T 2 rcf3 rpa,n . Te lie nepexo.JlN . 

i n3 -J 
....... 10° spr . cei< 

..P. c1. sr 
T 5 Iv rpa.u. ToT lite nepexo.n B :re;. , 

. ,., ~ ( , ) 
J're,,, h"' 0 , 6 10 , 350, 5/2 +)..(>. 3/2 l , 

T 7 rd3 rpa.fl . 

1 
ToT JKe 

J/ Al 
..IYIVII ' 

i 

1cj3G spr.CCK-1 

nepexo.n B JYi ~~ 
n,. ._. ro-6 . (440, 5/2 1-. 

"'-" 1rf? apr . CeK- 1 

T ro9 rpa,ll . Te xe nepexo.llN . 

i '"" I cP8 apr. ceK. -I 

(o. 3/2 +) , 

T 2 ro9 rpa,ll. J{./"h~o.s r o-4 . ( 23Io , o +}-> (o. 1 + ) • 

i "' 1041 spr .ceK-l 

T 5 109 rpa.n . ToT lite nepexo.fl . 

i ~ Io44 spr . ceK-l 

EcJin co,llep:IK3HUe 

I! ee HeitTpKHHafl CDCT 

3a ro7 ceK., 'IT 

H3JIY'l8HII.e HeiTpWiffilJC 

qHHH paBHH OOOTBCTCT 

B 38]t}ll)qe WIC ra> 

C!llOTpeHKJl 3'l'Oro BOD]; 

I. B.H .l)aaep . l1.E.Xl 

2 • .fult . E.JtaTT, B .BW!ci 

3. G.Gamov, M.5choe: 

4. B.M. lloHTeKopao . 

5 . f . LI.I'aH,neJihMaH, 

6. H.Y . Chiu, P.Morr 

7. B . ll . Pll'ryc. l:i3T~ 

8 . R.M.Burgbidge, G 

9. E.C .~JI8DOB, !. 

10. JI.X.A..IIJiep . "AcT.{: 



!314Ke . J<aK il3B8CTHO , 

1X MaCC BeQCCTBa DpH 

• XOT.R BepoRTHOCTII 

, .ltlll!Ha cBo6oJtHoro 

:aK aebpi!HHoe .113-

H8KTpl1HHI:IX nepexo

C'il!TM. 'iTO .fUijla 

H3JIY'i8Cl\18Jl BC8M.fl 

/5/ 

AaBaTb HS~ODH , B 

o picnpocTpauea-

• Hec~o~ pac~er 

3HTpaWIJ! Cyn(CCTDCH

)rO COCTO.RI!illt .II pe

{0,1l8W4, 

9 

ECJIII CO)(Cplitll.HHC nepe'!IIICJICHH~X Jf30TOTIOB B 3DC3.llC OKalKCTC.R B~llie , TO COOTBCTCTBCHHO B03paCTCT 

H ee HCATpKHHafl CBCTHMOCTb . 

3a 10'? CCK,, 'iTO COOTBCTCTBYCT Ha 6.1l!0,!!;<81f.u ll .J!.,'!Wre~HOCT>l BCDWKll I!OBOit l-!JIIr CnepXHOBOK 3BC3,lthl , 

H3JIY'ICHlie aeitTp>uurux nep:lxO.IIOB yHeceT oT I 04
b .,p•· r:pu 1' I09 

.no rd'1 apr np11 T 5 ref!. :.tr11 neJt>I

'Ulllll paBHii OOOTBaTCTBCHHO DO.JOrnM DOTCpRM OHCprm: n pll DCmllllltaX HOBiiX U CBepxHOBiiX /IO/ • 

B 38KJOO'i81ll!C 1\ai 6J!a.l'OJ1.8.PMM n .I.!.:JOIITCKOPBO, OO);aTHBmero HaiDC BHIWWHIC Ha aeJtaTCJibHOCTb pac

ClllOTpeHH.R aToro nonpoca , 11 B . ll.Pllryca, osHaKOMimwero Hac co cBoeJa pa6oTolt .llO ee ony6Jml<oBaHIUt. 

I. B.H.Eai\ep . 11 . B.XpruJJIOBJ~q. li:3N>, ~. ! ;,'74 /I\;CU/ . 

2. llit • .I3JtaTT , B .BaiicKon(lJ . "TeopeTU'leCJ<aJI smepHaJI "'ll3HJ<a" , MIJI, 1954. 

3 . G. Gamov , M. Schoenbere . Phys . Rev. )9 , .-)? (1?<!1) . 

4. E.M. llOHTCKOpnO. 53!~ . ~ . 1615 / I95Y/. 

5 . f . M.I'aR,neJtbMaH, B .C. lllU!aen. E3TO , '07, ! 0'?2 / I959/ . 

6 . H.Y. Ch iu, l' . llorris on. Phys.Rev.Lett . ~. • '13 (1950) . 

7 . B . ll. Pl1Tyc. :ir3T~ In ne'!aTH/. 

8 . JLM . Burebidge , G. K. Durgbidge , W. A. Fowle t' , F . !!o,yle . Rev .Mod . Phys. 29 , ~47 (19>7) . 
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" EECOXPAHEmm lffiTHOCT11 KAK TIPOHBJIEH{l1E 
TIOJIHPiti3AUvlOHHbiX CBO~iCTH" 

A. A. COKOJIOB 

A!!!!Q!~!:H! 

B pa60Te HCCJie,ny~TCR ITOJIRp~38UHOHH~e CBO~CTBa ~ep

MHOHOB H 6030HOB. ftJIR 3TOr O BBO.ztHTCR TpexMepH~ e,nHHH~

H~U ITCeB.ztOBeKTOp CITMHa ( TpeXMe pHaH .ztJIHHa KOTOporo BO 

BCBX HHe pUH8JI1HhlX CHCTeuax paBHHeTCR e.ztHH~Ue) , KOTOp~~ 

KOMUyTHpyeT C raMHJI1TOHH8HOM. 

TIOK83~BaeTC R , qTO Ha rrpaBJie HH e 06HqHoro ITCeB.ztOBeKTO

pa CITHHa HOCHT YCJIOIHl bl i1 xapaKTep , 38BHCRutHlil OT B~6opa 

npano t1 HJIH Jienoti CHCTeM~ KOOp.ztHHaT 1.1 qJ8KTHqeCKH OITHCblBa

eT peaJI1 HOe BpauteH\118 , COOTBeTCTBY~utee KpyrOBO tt IT OJIHPH38-

nvm B ITJTOClCOCTH , paCTIOJI02!teHHOlit rr e pneH.ztHKYJIRpHO K 3TOMY 

ua npaBJTeHl1lO. bJiaro,napa aT aMy rrp~ JiopeHUOBblX npeo6paaoBa

ll l1flX COKP811\810TCH He rrpo,nOJI1Hble (KBI< .ztJIR 06blqHoro BeKTOpa), 

a rronepe qHble COCTBBJIH~utHe ITCeB.ztOBeKTOpa CITHHa. RBJieHHR, 

!.13B8CTHbl8 ITO.zt H83B8Hl1eM HeCOXpaHeHHH qeTHOCTH,CBH3h!B8~T

CH C ITOJI~pl138UHOHH~AM CBO~CTBaMH ~epMHOHOB. 

§ 

a ) 

Ka 

.ztl1H8M~K 

(- ~. 

- fimo c' 

7/J+(-

- fi me c 
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MBTPHU8 

I 

cJ = 
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)TBa cpep

~ e.ztHHJfll-

>ro Bo 

KOTOPii~ 

:B,l(OB8KTO

Bbl60pa 

OllHChiBa-

ll0JIHP:H3a

K 3TOLfY 

o6pa30Ba

o BeKTopa), 

nBJI8H:HH , 

BH3l:lB810T-

I I 

§ r . l!2£.Q2!!!!12IL~Lr:rc-!ill~Q!1.Q~Q!H!!!!!H B ~!lli.!~!i 
§~!IT.QQll!lli!!t~H!!S~ 

\ ' 

a) Cnyqa~ BTOpHqHQ HeKR8HTOBaHHUX ypaBHeHH~ . 

KaK H3BeCTHO, BOJIHOBhle ypaBHeHMH KB8HTOBO~ 3JI8KTp0-

.1tHH8MHKH HMeiOT BH,l(: 

(I. I) 

- fl, m. c) f= {-1c. ~ ~ + e<><r!J- -J.m. CV <f= 0 

?jl+(- If'~- e ¢- c ( cZ ( f V- i: .i/))- (r . 21 

-fi m~ c~ = ?f'(- ~c.~}+ eot.!'J?. 
-Omc ..2.)=0 j 3 0 } 

(1.4) 

0 ~ ~ 

3.1(ec:& ~ =ot ' lJ=fi cL H R HBJIHIOTCH o6I:ItiHbliD1 

M8TPHU8t.iH .lJMpaKa , CBH38HHb!MH C M8TPHU8MM IlayJIH: 

(j I= (Q J.) 1
- (0 -i) 

1. i 0 .1 ()2- i 0 ' 
o.'-(i 0) 

j 0 -1 I 



fY'= J' (t 0) 
't 0 1 ) o '~ (~ ~) 

(I .S) 

COOTHOW8HHHKH: 

(
(J'_'o') (o'I) (o' -il) (I'o') 

~ E 0~ r:r:._ , fi ~ J' o' '[i = if' o')' fl=\ o'-I' .. 

~ ( I.6) 

JiaJiee .I? • /1, l
1 ¢ HBJIRIOTCH ICOMnOH8HT81.UII ti8TiipeXMepHoro 

nOT8HUM8JI8; ?jJ + H 7/f - ll6!1'1iP8XPR}'.(Hb18 YBTPHUht BOJIHO

BO« ~HKUHH, COOTB6TCTB8~HO C Ol.(HO« CTpOKO~ H Ol.(HHM CTOJI6-

UOM, a }'.(8~CTBH8 onepaTopa, CTOH~ero CJieBa, onpel.(8JIR8TCR 

( 
• I -:f ) H3B8CTHW COOTHOmeHH8M ~ = - l. C vt : 

?ft-V;- =- ~ ?j/~ (I. 7) 

n pM aTOM CJI8l.(y6T y qeCTI>, tiTO HBMM BB8}'.(8Hht CJI8l.(y10~M8 0603-

H8ti8HMH : 

o1_ ., r 
~-l.i., X 

•/ t /} . tt'f) ·1 /7 
~. = L c ./11 = ~ 't:'== L n~ 
"Y ) Lt "~ 

(I .8) 

• I 
rl.(e L - BTopaH MHHMBH el.(MHHua , nol.(tiM HHJOmaHcH ycJIOBHD 
• I ~ , ~ 'II! • I '</I ' c = ~ = -I, HO ~ = l. , B TO BP6Mfl KBK l. = - ~ 

3Ta 8l.(HHHU8 ~B8}'.(8H8 l.(JIH TOrO , QT061i OTO~eCTBHTl> B ti8Thl

pexMepHOM npOCTpBHCTBe KOB8PH8HTHii8 COCT8B~HJOmHe C KOHT p

BBpMaHTHbiMH He TOJII>KO l.(JIH BemeCTBeHHblX, HO M l.(Jlfl KOYITJIBKC-

HblX BBKTOpOB 

MOJlYJifl tiBTbiP 

B-<:_ E:. 

B nocJiel.(He ti • 

H3M8HHJOTCH 0 ' 

HHUbi 7.(0 Tpex 

OT}'.(8JIHT1> npot 

pemHJIH Hapyun 

BblX ypa BHB HHi 

KaK p t TaK 

BBO}'.(HTI>, K8K 

prttiHbie MaTpm 

C M8TPHU8MH 

l : 
~2~ .3 

TIO;n Ma TpH UE 

M8TPHU 71HP8Kc 

rl.(e 

Mbl n pel.(r 

T8K K8K n pH V. 

aqx}leKTOB, MHC 

H8JIHtiH8M M8Tf. 

EyAeM BH 

ItaK C - tiHCJia 

ypSBH8HHH KBa 



(1 . 5) 

(1.6) 

uepHoro 

BOJIHO-

KY CTOJI6-

ll.fi8TCR 

(I. 7) 

1e o6o3-

(I. B) 

'O:BMI> . 
-~ 

KOHTp-

OMI1J18KC-

I3 

B '8 *' 'B~ HhiX BeKTopoB = i , B = i t , Kor.n.a KBa;n,paT 
~ t "" 

MOJI.YJIR qeThlpeXMepHOrO B8KTOpa paBeH: 

8-<: B; B~ =B;: Bn, - E}; Be . (1 . 9) 

B rrocJre.l(Hetl q>opMyne " B .n.aJIEoHetlmeM rpelleCKl1e HH]leKChl 

K3M8HRIDTCR OT 8;zJ.l1Hl1~bl ;zJ.O qeThlpex, a JI8Tl1HCKH8 - OT 8]lH-
0*' ~ ~ 

IIHI..(bl ]lO Tpex, T. e . 0~ t3: (811 8). Mbl s;n,ec::o rrpe.n.notUIH RBHO 

OT,n.em1T::O npOCTpaHCTBeHHble COCT8BJIR!ODtH8 OT BP.81l8HHI:OC (T . e • 

pemHJIH HapyrnMT::O CHMMeTpKqHyiO qeTblpe~AepHy!O 38TIHC::O BOJIHO

BbiX ypaBH8HHtl), T8K K81\ XOTHM ITO OT;zJ.eJI::OHOCTH l1CCJI8;zJ.OB8T::O 

KaK j) , TaK l1 ;r - rrpeo6pa30B8HHR . ITOSTOMJ Mbl He CT8Jll1 

BDO]lHTb 1 RaK 3TO Tenep::o ]l8JI88TCR, qeTblpexuepHhle CHMMeT

plilqHble MaTpKI..{bl r; ( 0603HaqeHKR ITayJIH) , KOTOpble CBR38Hbl 

C M8TPKU8MH ]THpai\8 llpK llOMOil(H COOTHOrneHHR : 

(I.IO) 
) 

TIO.l( M8TPHU8M ~ Mbl 6y.l(eM ITOHHM8Tn O]lHy H3 mCCTH8;zJ.I..{8TH 

M8TPHU ~HpaKa , KOTOpble 6y;n,eM npe;n,cTaBJiflT::O B BK,l(e: 

I 

r]l;e 

Rt=~=i. 
Mbl rrpe,l(llOtUilil OCT8BliiT::O D flBHOM BK;n,e M8TPHUbl ~ , 

T8K K8K llpl1 HCCJI8;zJ.OB8Hl1H l10Jiflpl1381..{l10HHbiX (KJIK CllHHOBblX) 

3~8KTOB1 MHOrKe CBOtlCTBa B nepny!O oqepe;n,::o orrpe;n,eJIR!OTCfl 

H8JIHqHeM MaTplill..{ ~ B 3HeprHK B38l1MO]l8tlCTBHR. ~ 

Ey;n,eM BHaqane paccMaTptniaT::o 7{ , ?.jft-, ./1 H rfJ 
B 

I\8K C - qHcJia (BTOpHqHO H8~HTOB8HHbl8), TOr;n,a BOJIHOBble 

ypaBHeHHH KBaHTOBo~ ::mer-tTpo.n.KHaMHI<K I (I. I )- (1.4 )/ MoryT 



ll.j. 

6NTb nonyqeHN H3 BapMaUMOHHOro npHHUHITa : 

6 f :t d~ = o, (I. II) 

r,l{e 

d'tx = d:Z, cit= dxaJ;cl.c olt (I.I2) 

qeTNpeXMepHNn o6~eM , a~ RBRR8TCR DROTHOCThD ¢YHKUHH 

RarpaH~a (HnH narpaH~aH), cocToR~e~ H3 Tpex qacTen: 

;t' = ::t'"" + Z' 1>+ Z r. (!.!3) 

3,1{8Cb ~MM ~~- narpaH~HaHN CB060,1{HHX rronen MaKCBen
. I 

ROBCitOrO H .l{HpaKOBCKOrO , a ~ - narpaH~HaH, xapaKTepH-

3YID~HH B38HMO.l{encTBHe M8~.1{y STHMH ITORRMM, rrpHqey: 

X M_ - _f_ '"0 .Jl~ 0 .4/' 
!.JT ~ Xy ox, 

x) 

) 

X J>'=' 7/1 {- f Vc - ~i (o~._,. Vj-ft m. c J ?/; 

X I e VJ'(r cZ J/j - P) ?/( 

--·--------------------

(I.I4a ) 

(I . I4B) 

(I.I4c) 

x) 
06NqHo B KaqecTBe narpaH~HaHa ypaBHeHHU MaKcBenna 

BN6I1paeTCR BNpaJKeHHe : 

,...._,oM _ _{_ fT fL _ _ f tJ /lv d/1; 
oG - t6J! ~v ~Y Jff ?xy '07 -' (I. I4a) 

YpaBHeH 

~K OTHOCMTe 

I 

.//}; =.) 

rp' = ( 

?j/~ E 

T8K H npOCTI 

x) 

Jl~ = 

I 

fl :::- .I 
:J 

'lr' l, --r=e 

r.u.e 
\ 

KOTOpoe f 

.IJ.H T B 0 d!: 

HHe (I . IL 

;;;;t"!: 
OrdpachlBE 

reHUHD, t. 



(I. II) 

(I.I2) 

<1JYHKUHH 

acTe~ : 

(I.I3) 

It M8KCBeJI-

xapaKTepH-

(I.I4a) 

(I . I4n) 

(I.I4c) 

:::Benna 

(I.I4a) 

I5 

YpaBH8HKH KB8HTOBOR 3R8KTPOAKH8UKKK HHB8pK8HTHH 

KBK OTHOCHT8RhHO npeodpa30B8HKA llopeHna: 

x) 

(1 . 15) 

.II' = ../! cosY'+ ./1, sin Cj 
~ .X ;; I 

(1 . 16) 

7.f :__ eiiR. rs:. '? 7/; ?jJ He -ih cr; <J 

.) 

rAe :J: = ~ flv _ Yr) 
~v 'Ox ~.x" '111 

Koropoe npH uanKqH( ycnoBKH llopeHua ~r = 0 nepexo
x,.u 

)(KT B OdHqHoe BHp8X8HH8 )(RH r;;t:: /;;- ( £.1:_ fi'V• BHpalKe-

HH8 (I . l4a) uo:m:er dHTb npe.u.cranneHo B BH)(e: 

r-y'/1_ _L ') ~ ~ ~ _f_ _2 'l! I /1)1_ II ~) 
oL- - - !ff ?.:x )I ~.; + t.Jr 't}x>' () '!' 'ax't«' Y O.Xr J · 

0Tdp8CHB8H B nOCR8)(H8M BHp8lK8HHH qeTHp8XMepHyD )(HBep-

reHUKD, MH nony ~~M BHp8X8HH8 ( !.!4a). 



r.n.c 

i-) c Kr = 
1 

_f>z s-tr= L I 

vt-;a~· 
0/= c;s - CKOPOCTI> .ZJ.BM~BHMH lliTp~XOBaHHO~ CHCTBM~ KOOp-

.ZJ.HH8T OTHOC~T8ll:OHO HBlliT PMXOBaHHO~ , HanpaBH8HHaH no OCH 

Z (npltf npeo6pasoBa HMflX Jiopenua) , a y; - yron nonopoTa 

BOKpyr OC~ ~ ( np~ npoCTpaHCTBBHHOM Bpautemm) • 

PaCCMOTpHM Tenep:o ~HB3pHaHTHOCTI> ypaBH8HH~ OTHOCH-

p - ... TeRI>HO ItfHBepCitflf IIpOCTpa HCTBa ( -rrpeo6pa30B8HH8 : Z- - Z , 

t - t , e - e ) , reoMeTpHqeCJcoro o6pauteHHH npeueHH 

( T -npeo6pa30B8HUe: ;z ~ i: .. t -- t.~ e ~e) H sapH;ztOBor o 

C - -conpHJKeHHfl ( - npeo6pasonaHHe : "t ~ "Z-.. t--~> t:_, ~- - e ) . 
TaKHM o6pasoM M~ orrpe.n.enHeM sapH;noBoe corrpHJKeHHe KaK one-

. pau~uo , CB.O.ZJ.ffll(YIOCH K 38MBRe 3H8K8 38PH.11.8 'l18CTHI.{ . Tipltf H8HH

trnH lKB HYKROHOB H nenTOHOB IlpH 3apH.ZJ.OBOM conpmKeHHlf He06-

XO.ZJ.I1MO I13M8HI1TI> TaRlKe 6apHOHHUB M JI8IITOHHUB 38pR.ZJ.H (Ha

IIpHMe p , HeATpOH 3aMeHHTI> aHTHHeATpOHOM, a HeiTpi1HO - aH

THUBITpi1HO.H T • .ZJ. . ) • 

. ~Jiff Taro , qTo6u HC CRB.ZJ.OBaTI> HHBapHaHTHOCTI> BOHHOB~ 

YPUBHBH~ti, HaM .ZJ.OCTaToqHQ I1CCJ18.ZJ.OB8TI> HHBapHaHTHOCTI> Jia

rpaHJKHaHa, 113 KOTOporo 3TH BORHOB~e ypaBHeHHR CHB.ZJ.Y~T CO

BeprneHHO aBTOMaTuqecKH . 

TipH p -npeo6pa30BaHHH 

- ~ 'V~-\7 
.) '\.7 ~ \7-t ) . t lf~ -.# ¢- rp .. ( I. !7) 

Mbl CMOlr. 

B HBM C 

?/! 
nr. 

~ 
v~; 

C ITOMOll 

?/! 
Y.bl CL\0' 

,?lHpaKa 

BBJIJla 

DTCH Hi 

npltf o6· 

6y;neT 

:;)_ 

T 

HBI<BaH 

HHBap1!1 

------
x) Boc 

KO: 

l\B . 

U:> 
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Mbl CMOJ:eM COXpaHHTl> .1(1IH 1Iarpam:maHa HHBapHaHTHOCTI>, 8C1IH 

B HeM C.1(81I88M 3aMeHy : 

v;+ ~ 7/f~ ) ?/l~fi ?j/ 
x) 

(I.I8) 

TipH T -npeoc5paaoBaHHH : 

(I.I9a) 

M.bl CMO*B'•1 COXpaHHTI> HHB8pH8HTHOCT'b 1IHW'b )(JIH ypaBHeHH~ 

.TIHpaKa (I.I) 11 (1.2) . B npaBbiX >Ke qacTHX ypaBHeHH£1 MaKc

BeJIJia (1.3) l1 (1.4) 3H8Kl1 nepe)( TOK8Ml1 npH 3TOM H3MeHH

IOTCH H8 oc5paTHble. 8To CBH38HO C TeM Oc5CTOHTe1Il>CTBOM, tiTO 

npH oc5pa~eHHH BpeMeHH 38KOH npeoc5pa30B8Hl1H 1I8rpaH>KH8H8 

c5y7J,CT C1Ie)(Yl011J.l1M: 

X 'r- r;;c M- z._Z)- ::t' .r 
(1.20 ) 

TarmM o6pa30M, rrplif HaJmt£1111 B3aHMO)(e£1cTBHH BTOpllltiHO 

HCI\B8HTOB8HHb!e ypaBHCHiiffi KB8HTOBOtt 31Iei<TpO)(HH8Ml1KH He 

ltfHBapHaiiTHbl OTHOCl-ITCJihHO T -npeoc5paaoBaHvHl: 

7" "f- const. (I.21) 

-------------------------
x) Boo6~e roBopn , nepe)( MaTpHneit fl uol!teT CTOHTI> Jll06ol.t 

K03qxj'll1l.J,11CHT , KD8.1(p8T MO)(yJIH KOTOpor o paBHH8TCH e)(HHH

l~e. ::JI'OT KO~<lJ<lJl-tlll-iBHT 6y)(eT H8tl)(eH B § 6 ( CM . cpopuy11y 

(G. II) ) . 



I 

l 

I 8 

HaKOHe~ , np~tt c JJJ peo<5pa30B8HHl1 .e. - -ex) Jiar paH

~HaH (I.I3) CT8HOBl1TCR paBH~ : 

X c._. Z. M+ XJ)- Z .r" 
(1.22) 

qTo n pHBO.ztMT Ic saMe He aHaKa y e.. B ypaBHeHHRX (I. I)-( I. 4) 

KBaHTOBO~ 3JIBKTPO.ztHHaMHKM. Teneph non~TaeMca npo.zteJiaTh 

T8KOe npeo6pa30B8HHe C BOJIHOBhlMH fPYHK~HRMH , qTOC51J1 3H8K 

38PR.zta 31I8KTPOH8 B ypaBH8HHRX (I.I), (1. 2) B03BpaTHTh .K 

nepBOHaqa1InHOMY 3HaqeHHID • 

.?Jna sToro npeJK.ne Bcero c.zteJiaeu ~exo.zt K TpaHcnoHH

poBaHHIJIM M8Tpl1~8M, T. e . K M8Tpl1~8M ~, y KOTOp~ no 

cpaBHeHH~ C Jb' CTPOKH 38M8HRIDTCR CT01!<5~8MH 1.1 Hao6opoT: 

I 7/{ ) r-J 1 c- :: ) Y'- ( ~ ' ~' ~' ~~) 
~ 

?!rt- = ( 7/1. • 7/J.* <!: * ~~ ) = f * 
't' f., ol, .) .3.) .If/ I 

~ (~) ,..-.J ,..._; 

if+ ~.; ) cL =oL oL = -ol 
~ .3 i~ .3 .) ~ ;.z. / 

,..._, 
?fr.• fa=~. * 

(1.23) 

-----------·- ·-----·-·- -
X) 0(5~J~qHQ npH c -npeo(5paaOB8HHH H3M8HR~T 3H8I< y qeT~J~pex

Me pHOrO llOT8H~HaJia , OCT8BJIRR 38pR,l( ~ 6ea H3M8H6HHR . 
B KB8HTOBO~ 3H8KTpO,l(HH8MHKe o6a cnoco<5a RBJIRDTCR CO
BeprneHHO 3KBHB8JI8HTH~MH . 

ECJIH 1 

HX MODO nE 

y;;,_+-1/(, = s 
noHHpOB8HHE 

HHH: 

?f~ ~ 
~ 

~cnoJih3YH 1 

JJteM npe;nc Tc 

,....._.,:> c. -
o<., = oc( 

- e 

ConepmHB B 
,...., 

<t~ ?/f 
Itt npHHPIM8fl 

fi oL:t 

f.3 o(_~ 

lUI npHBe;ne 

B8Hittfl K BH 

dt c.= 

CJie;nyeT aa 



1.22) . 

(I.4) 

K 

lH-

.. . 

.23) 

x-
• 
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ECRH BORHOB~e ~YHKU~M BTOpMqHo H8KB8HTOBaH~ , TO 

HX UO!tHO rrepecTaBJIHT:b ){pyr OTHOCMTeJibHO ){pyra , T. e. 

,;r'f- 1lf"' = .,;r 'JJI"'+ • B STOM cnyqae npH ncpexo){e K TpaHc
'f It 'fn,, ~n..' 'f/ n. 
llOHHpOB8HHbiM MaTpMqHbiM SR8MeHT8M Jie rKO ){OK838T:b COOTHOUJe-

HlHl: 

(I.24) 

~CllOJI:b3YH ITOCJI8.1{HHe COOTHOW8HHR, narpaH~HaH (! . 22) M~ M0-

!8M rrpe){CT8BHT:b B BH){e: 

H llpHHHM8H BO BHMM8HHe, qTQ 
f"J 

fi cX..l. o~..r ot...~ t = ~~ / 
f.3 o(.ot fi cL.t ft = -)3 _, 

(I. 25 ) 

(I. 26 ) 

( I. 27 ) 

uu npuBe){eM narpaH~HaH (I . 20 ) B pesyn:DTaTe C - rrpeo6pa 3o-

B8HHH K BH){y: 

(I.28 ) 

CJie~eT 38M8THT:b, qTo STOT BH){ narpaH~HaHa COBit8.1{88T C 



~ 
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~arpaHXHaHoM, KOTop~~ nony~aeTCH npH o6pa~eH~~ npeMeH~ 

(cu. (1.20)) . 

0TC~~a MU 38Kn~~aeu , qTO ~~H BTOpHqHo H6KB8HTOBBH

HOrO ~arpaHD8H8 (!.13) KBBHTOBO~ 3~6KTpO~l1H8MHK~ , 7 H 

c: - npeo6paaOB8HHH no OT~6~bHOCTH H3M6HH~T 3H8K y BTOpO~ 

H TP6Tb6~ ero ~BCTe", T. e. ~e~a~T HX HeHHBapHaHTHUM~. 0~

HBKO COBM6CTHOe HX npHM6H6HH6 ~Ba~~ H3M6HH6T 3HBK, 8 BM6C

T6 C T6M OCT8B~H6T BC6 ypaBH6HHH KB8HTOBO« 3~6KTpO~l1H8MHK~ 

l1HB8pH8HTH~MH. CHMBO~l1~6CK~ 3TOT peay~bT8T MOE6T 6~Tb npe~

CT8B~6H C~e~~me~ 38DHCb~: 

X) 

P=con.st" T=l=const" C+const, 7C-cohst (1.29) 

x) KcTaTH aaueTHM, qTo B KnaccM~ecKOY c~yqae ~arpaHmMBH 

-;;;t =- rn~ c VJr+ Z {fi J)- e cfJ (1.30) 

OCT86TCH HHBapt18 HTHhiM TO~bKO DpH p -npeo6pa30B8HHH 

~ ;; - -(II-- /7 ' v~-?.) ). OH, oqeBM~HO, 6y~eT He HHBa-

pHaHTeH no OT~e~bHOCTM OTHOCHT6~bHO ~ - npeo6p830B8HHH 

- di: - !'A "" ( ?f =cit _, - ~ 'f:/ ~ - ~ ) l1 c -npeo6pa30B8HHH ( e ..... -e ) I 

coxpaHHH OTHOCHT6~bHO COBM6CTHOro JrC - npeo6pa30B8HHR 

CBOID HHB8pH8HTHOCTb. 

RnH TOro, ~T06U He BBO~HTD B Kn8CCHqeCKYID T60PHID ~ -

npeo6pa30B8HH6 ( € ~ -e) , C~6JI.Y6T HCllO~b30B8TD (~~H TOrO , 

~T06U OCT8BHTD JI8r.P8HEH8H HHB8pl18HTHW4) T8K H83~B86M08 

C~a6oe OTp8E6HHe npocTpaHCTBa M BP6M6HH , KOr~a npH O~HO-

Tor.zt 

HHe 

H6HH. 

HM6~' 

BHCMi 

~arp: 

;;t'" 
HMee~ 

T8K~( 

KB8H~ 

PHB8f 

uaTeJ 

~HeTC 

aapH;z 

OTHOC 

BpeMe 

H3M6H 

ll8~DH 

B8HiHI 



;>eMeHH 

iTOBaH-

1, T H 

y BTOpoR 

ihlMH. 0~-

lK, a BMeC-

JO~HHalrnKH 

C5biT:& npe~-

X) 

t (I.29) 

)8HlltHaH 

(1.30) 

IOB8HHH 

re HHBa-

IOBBHHR 

e- -e), 

•B8HHR 

OPHIO C -
;JIR Toro , 

aeMoe 

•H 0,7.(HO-

2I 

Torl.(a B~paxeHHe (1.29) MOXeT 6~T:& npe.1(CT8BJI6HO B BH,7.(e: 

/PC =consc. (I.3I) 

nocJie~Hee n~pa~eHHe uo~Ho paccMaTpHBaT:& KaK o6o6me

HHe TeopeM~ ]10,7.(epca- nayJIH Ha BTOpH~HO HeKBaHTOB8HH~e ypaB

HeHHR. 0Ka3~BaeTCR , ~TO BTOpHqHQ KBaHTOBaHH~e aMIIJIHTYl.(~ 

HUeiOT ~Ba pemeHHR: 603eBCKOe H ~epMH8BCKOe , IlpHqeu, B 38-

BHCHMOCTH OT TOrO, COXpaHReT JIH BTOpHqHQ HeKBaHTOBaHH~ 

JiarpaH)KHaH npH T -npeo6paaoBamm cBo~ aHaK (HanpHMep, 
~~ ~~ 
oG ) HJIM H3M8HR8T ero Ha IlpOTHBOIIOJIOEH~M (HaiipHMepJ~ ), 

HMeeT M8CTO 6038BCK08 HJIH wepMHeBCKOe pemeHHe . 

6) CJiyqa£1 BTOpHqHQ KBBHTOBaHH~X ypaBHeHHH . 

KaK H3BeCTHo, po~l.(eHHe aJieKTPOHHo- noaHTPOHHhlX nap, a 

TaKllte HX aHHHrHJIHI..(HIO MOJKHO OIIHCaT:& C IIOUOllt:&IO BTOpHqHO He

KBaHTOB8HH~ ypaBHeHH~ KBaHTODO~ 3JI8KTp0,7.(HHaMHKH , paCCMaT

pHBaR (cJiel.(yR JlHpaKy) noaKTPOHbl KBK 11 .1(~PKH" Ha woHe oTpH

uaTeJI:&HhlX COCTORHHL1 3JieKTpOHOB . O~HBKO , TeopHR 11.1(~pOK 11 RB

JIR8TCR H8CHMMeTpHqHQ~ OTH OCHTeJI:&HO 3BU8Hhl 3JI8KT Pr11·IeCKOrO 

38PR.1(8 (BTOpHqHo H8KBBHTOBBHHb1H narpaHlKH8H H8HHBBPH8HT8H 

OTHOCHTeJI:&HO c -npeo6pa30BBHHR) . 

npH nepeX0,7.(e iKe KO BTOpHqHo.uy KB8HTOB8HTI1IO, HeOC5XO,Z4H-

BpeMeHHOM f H p -npeoe5pa30BBHHRX IIOTeHI..(HaJIU He l.(OJiliHU 

H3UeHRT:& CBOH 3H8KH . QqeBHl.(HO, ~TO CJia6oe OTpallteHHe ~op

U8JI:&HO 3KBHBf3JI8HTHO He RBHO.uy BDe~eHHIO elite c - npeo6pa30-

B8HHR . 
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MO npe~e BCero (B o6~~HO~ TeopHH) CHM»eTpH30B8Tb narpaH

~HaH OTHOCHTeXbHO 3H8K8 38PR~a . 

YqHTYB8R npeo6p830B8HHR BTOpHqHQ HeKB8HTOB8HHOrO na

rpaH~H8H8 npH l: - npeo6paaoBaHHH (eM. (1 . 28)), M~ uoxeu 

~nH CHMKeTpH30B8HHOrO narpaH~8H8 H8ITHC8Tb : 

Zs~m = z_:;nt +Z:JI"" -+X-Grn~ (1 .32) 

r~e 

;;[_ /VI 1 
SJ~n =- fJi 

dl!j' ~ ~ 
~.xy ox-; (!.33) 

,-..y' JJ· _ ..t.. ?!r f(- A:" o c t ~ -oGs~m-2 If/ -Tot--z (o~..v)-
- P m C).t ,/("_ .i. ,/((,t 1.. + ~ ,t / oL:::; v J -

· J3 o -r- 2 ~~ z ot ~, (t / 

(1 .34) 

-t ..-..J - fl /7?, c J v; 
r._,PT - I ,;,-r~ - - m ,/r 

o(.. ~m - 2 e ~ ( (o<../1)- iJ 'f' - . 

j e f((o<.=;Jf)- ¢) VJ.+ 
(! .35) 

]erKO ITOK838Tb 1 qTQ rrocne~HHe ypaBHeHHR CHMMeTpHqHhl 

OTHOCHTenbHO ~ -rrpeo6p830B8HHR . 

B caMoM ~ene , c~enaB aaMeHye~ -e , ~~~ coxpaHHM 

~nR narpaH~H8H8 HHB8pH8HTHOCTb, ecnH BOnHOB~e ~HKqHR npe

o6paayeM no 38KOHY (! . 26) , T. e. rronouu : i/J~ 7./ifioL~ 
,.._, +- .., If" ... lr 1- ,......- ,...., -,k ('V ,7{-T-7/J ~<:>Lot .B St'J r.p -; 7/r oL:t.~ _, fl/ ~f., oL..l. r H npHM6M 

BO BHHM8HHe COOTHOWeHHR (1 .27). 

Tor.ll 

z~ 

B CH. 

H 1/ft-BHO 

JlaT~neCKH 

UH~: 

·'if(f • 

Ecnr pacn 

'leTHpex y 

(I. 23)' Jl 

Toqr. 

H (!.4) E 

HO aaw:eHl: 

D 

D 

nJIH 

){OJillH~ H~ 

aop SHepi 



lrpaH-

(I.32) 

( I.33) 

(1 .34) 

(1.35) 

MllHbl 

HHM 

a npe-
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Tor.na: 

(1.35) 

B CHMMeTpHllHO~ TeopHH MY .n~R nonHoB~ WYHK~H~ ~ 

H ~~BHOBD nonyqaeM ypanHeHHR (1 .1) 11 (1 . 2). OTK.Y.na anTo

uaTHqecKH c~e.nyiDT ypanHeHHR 11 .n~R TpaHcnoHHpoBaHH~ WYHK

nu£! : 

(1.36) 

Ecn~ pacnHC8T1 ypaBH8HHR (I . I) H (1.36) B BH.l(e CHCTeW~ 

qeTYpex ypaBHeHH~ , TO TOr.l(a~ npHHHMaR BO BHHMaHHe (1.7) H 

(1.23), nerKO y6e.l(HTDCR B nonHo« HX TO~.l(8CTB8HHOCTH. 

ToqHo TaK*e HeCHMMeTpHllHble ypaBHeHHR ~a~aw6epa (!.3) 

H (1.4) B STO~ TeOpHH CTaHOBflTCfl CHMM8TPHllH~H OTHOCHT8nD

HO aaueHbl aHaKa aapR.na: 

0 
........ ,-..J ,-....J ,..... 

A=- 27fe{<f/~ot--v- 7/f~-?/1), 

¢= -2.1Te (1//r?f- iff) . 
(1.37) 

D 

nnfl TOro , qT06bl npOM3B8CTH BTOpHqHoe KBaHTOB8HHe, Mbl 

.l(ORXHY 113 narpaHXRaHa (1 . 33) no o6me tAY npaBHRY HaHTH T8H

sop 9HeprHH H HMfiYHDCa ~ v , a BM8CTe C T8M H raMl1~1TOHH8H: 
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H =JT d:X:, r:zte 
~"' ) 

7;~ = ~; + ~: + ~; ). 
r:zte 

T H _ _j_ ( 1 'LJ?, df?,~ {V: /J )( /7 )I) 
"'" - 8 JT e=t 0 t 0 t h. /1 ~ 'Vn, 171"' ') " 

0,: = -jl/1+ ( ¥ (ZV)+Jim.c) lf/-
rJ .h ...... ..._ 2 .,;;+ - J "lf(--f(~Vj-r fimoCJ 'r; 

I 1 + /f. . - ,Jr ~ -~ ':::t .ll .JI .38) 
Ttt'l = 2 e W (~- (ot.~ //)) ~-1 e?/1(~-(o~.tf))lf"~ 

0TKy;zta C llOYO~D~ KB8HTOBOrO ypaBH6HHH ;ltBHX6HHR: 

OF i_ ( HF- Ff/) > ot ~ 
(1.39) 

RBnR~merOCH OCHOBOH BTOpHQHOrO KB8HTOB8HHH, nonyqaeM :ztnH 

noTeH~HanoB ~nonH woTOHOB 6oaeBCKHe nepecTaHoBoqaye 

COOTHOill6HHH (COOTB6TCTBY~maH qaCTD BTOpHqHQ H6KB8HTOB8HHO

ro raMKnDTOHHaHa CHUU6TPH QH8 OTHOCHTenDHO o6pa~eHHH Bpe

M6HH): 

[.Iff", c(tJ, Jl~' r-s tJL = o) 
(!.40) 

[If, ( £_' tj> vt J?.rr_tJL ft-rc~i J(r- r2 

a :ztnH BOnHOBYX WYHKUH~ nupaKa - wepMHeBCKHe (COOTBeTCTBY~ 

~aH qaCTD BTOpHqHQ H6KB8HTOB8HHOrO raMHRDTOHHaHa 8HTHCHM-

MeTpH'IH8 

[ lf (' 
f 

[~ {~ 

3;zteCD: 

[a~] 

Cne;nyeT 

TOHH8H, 

C uF 
T8Bnflnlll,l 

HO T8KEI 

H OCHOB! 

uoro KB: 

B· 

o6o6meR 

( t ~ . 

pHaHTHO 

B 

Ha3b1Bae 

c T-IT 
llOHHPOB 

(~ 

B 



)~ 

(I.39} 

lHOBOtlHlle 

CB8HTOB8HHO-

(eHH.R Bpe-

(I.40) 

OTBeTCTBYIO

a 8HTHCHM-
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[ ~ (t,t)> ~~(~'t)l_ =o> 
. 

f1f, {t,t)1 ~~(~'tJ]i- jtt'Jrt-r;. 
(I.4I) 

CRe~eT 3SKeTHTb , liTO CHKUeTpH30B8HHll" RarpaHaMSH H raMHRb

TOHHSH, a TSKEe ypaBHeHHe (I .39) HHBapHaHTHll OTHOCHTeRnHO 

C: H ~ -npeo6paaoBaHH~. ITpH ~ - npeo6paaoBaHHH xe coc-
'7'.:1> rr I 

T8MRIOIUHe I 'til H /'I 'I H3MeH.RI>T CBO~ 3H8K Ha o6paTHbl~ . Toq-

HO T8KRe npH ~ - npeo6pa30B8HHH HeHHBapHaHTH~ CT8HOBHTC.R 

H OCHOBHOe ypaBHeHHe (I.39), onpe~eR.RIOIUee npaBHRa BTOpHq

HOro KB8HTOB8HH.R. 

B CBH3H c STHM no.RBHHCH pH~ HOBhlX npe~no~eHH" ~n.R 

06061UeHH.R 06bltiHOr O (HHH reoMeTpHtleCKOro) o6pa~eHH.R BpeMeHH 

( t ~ - t , ~ ~- .flit ) C TeM , liT061.l COXpaHHTb HHBa

pHSHTHOCTb KB8HTOBOro ypaBHeHHR ~BH~6HHR (!.39). 

B 8TOM OTHOID8HHH H8H6onee HHTepeCHhlM OK838HOCD T8K 

H83HBSeMOe WBHHrepOBCKOe 06paiUeHHe BpeweHH, KOr~a Hap.R~ 

C ;r - npeo6pa30B8HHeM npOH3BO~HTCR T8KXe nepexo~ K TpaHC

flOHHPOB8HH~ BeRHliHH8M no CXeMe: 

(I.42) 

B cnyqae mBHHreponcKoro o6paiUeHHH npeueHH ( T s -npe-



i'' ,. 
i' \ L' 

~
'il!:. 

li . 
:\ 
··I 

. ' 
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o6pa30BaHHe) OCHOBHOe ypaBHeHHe (I.39), onpe~eRHID~ee BTO

pHqHoe KB8HTOBaHHe, COXpaHHeT CBOID HHB8pH8HTHOCTbt TaK. KaK 

6y~eT npeo6pasoBHB8TbC~ no saxoHy: 
-.J ·a r i ,________ · ~ ~ ~ rW' · 

ot = -r{H7-.TH)= l {HT-711) (I.42a) 

Jierxo noxasaTb, tzTo npH IllBHHrepoBCKOM o6pa~eHHH Bpe

MeHH nyTeM BH6opa COOTBeTCTBYID~eM CTaTHCTHKH MH MO~eM C~e

R8Tb RarpaHl!tHaH, raMHRbTOHHaH (a BM6CTe C T6M H BORHOBH8 

ypaBHeHHH) KBaHTOBOM aReKTpo~HHaMHKH HHBapHaHTHHMH OTHOCM-

rs . 
T6RbHO · -npeo6pa30B8HHff, nOCI\ORbKy, .. HanpMMep: 

• 
· . .:}) ,.,.s rJ · lie -- rJ ( 14~~) = J. ?fji {- T {oL 17)+fimoc)Ji ?f-t--

- .L 7/r+. r· lie :: ~ J -t ) ,;r '7' :J) 
.8 r /i T {oL 'V./ t-fl m, c )fl ~ = '911 

H T.~. 

TaKMM o6pa30M, BTOpHtJHO KB8HTOBaHHhl6 ypaBHeHHH KBaH

TOBOM 8R6KTPv~HHaMMKH OCTaiDTCH MHBapHaHTHhlMH no OT~8RbHO-. s 
C'.l'M OTHOCHTeRbHO C, P M T -hpeo6pasoBaHMM. 

60~HI 

r,ZJ;e ! 

CocTc: 

. cpyHI\I 

CTOflU 

BYIO ~ 

osHat 

'7;.y: 

KOHY 

x) ·B~: 

nc 

Cll. 

MC 



:m~ee BTo-

(I.42a) 

:HIUI Bpe

[0JK8M C.z.te

iOJIHOBbie 
... 

:H OTHOCH-

flfl ItB8H-

T,lt8JI:DHO-
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§ 2. ~~~22~-2~~r~~M~~eQ~_H_nQ~~Q~~K!Q~2 
QU~_CBQ~Qitl~~-~~Q~~g 

Kait Hs:aecTHo, orrepaTop TeHsopa sHeprHH HMrryJI:oca c:ao-

6o.z.tHb~ .z.tHpaftOBCKHX ~aCTH~ HMeeT BH.z.t: 

P,_;t~ ~- i /fi (2.!) 

r.z.te MaTplii~hi . 'r 
2. .L • 

• CocTaBJIHIDmle (2.!) Mhi 38ITHC8JIH B CHMMeTpH~HO~ OTHOCHT8JI:DHO 

"' WYHICUH~ .. ?/! H v-r IIJopMe. 8TO 03Ha~aeT, liTO orrepaTop FA ' 
CTOflmH~ nepe.z.t M8TpH~e~ ~v , ,ltOJIJKeH ,lt8HCTBOB8T:D Ha BOJirlO~ 

. ?!rt-
:ayro liJYHit~HID 'f' ITO 3aiWHY (I. 7). il03TOMY BbipaJKeHHe (2.!) 

oaHatraeTx): 
. 

· Ttv: <j)f~' ~ ~1[{~ ?/l~o<, 7/f~ 7/l/;, ~ ?j!J. 
. A (2.2) 

HeTpy.n;Ho npo:aepHT:o, trTo TeHaop ~Y y;no:aJieT:aopHeT sa

ItCHY COXp8H8HHfl: 

X) ·BbipaJKeH:£18 ( 2. 2) H8ITHC8HO ;l{Jifl BTOpHT.J:HO H8ItB8HTOBaHHOrO 

ITOJIH. B CJiy~ae BTOpHT.J:HO ItB8HTOB8HHOro ITOJIH Mbi ;l{OJIJKHhi . 

CHMM8TpH30B8T:D ero eme OTHOCHT8JI:DHO ~Haita sapH.z.ta C ITQ

r.mm:oro COOTHOIII8HHH! 

{ \It cfJf). c(_ y yr -j>·J [{ Vf ?f) fx v ?jr - (2.1 a) 

...... ,..._, 

.7/f cZv ("f YJ.)]. 

. . 
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'0 . t- "' 

?J;cy { 7jf ~ \1~ rf)· = 0~ 
(2.3) 

tJ:TO MomeT 6NTB sarrHcaHo KaK coxpaHeHHe treTNpeXMepHoro 

11MITYJII>Ca ITOJIH: 

f} = ~ 
1 J lfr rj, If dk = const, ' (2.4) 

. I 1\ 
l IT . 

-c;--tftl/ 
r:zte " 

~ (2.5) 

Bpf?MSHHaH COCTaBJIHIOlllaH (f = /;) ;ztaeT BbipameHHe )tJifl raMHJI:&TO

HHaHa CB060,1tHhlX ;zt11paKOBCKHX tJ:aCTH~: 

H =- i 'c.f1 = c fi = J "l/fr/; 7/f rl'.:c, (2.6) 

r;zte orrepaTop WYHK~HH raMHJI:&TOHHaHa: 

;\ "- lit? . "'~"' at 
H =- 7;~; =- Tot =· C ( o(. ij r-m~ c fl . (2•7) 

BBe;zteM .ztaJiee ITOHHT118 tJ:8TbiP8XM8pHOH ITJIOTHOCTH MOM8HTa 

.IWJIHtrecTBa ;ztBHmeHHH rroJia, rrpe;ztcTaBJIHromnPi co6oti TeHaop . 
TpeT:&ero paHra, BHT11CHMM8TpHtrHNH OTHOC11T8JI:&HO .ztBYX SHatiROB, 

KOTOpbi8 Mbl 3BKJITOti11M B KBB;ztpBTHb18 CK06RH: 

. II .-1 • I· A II 

f1tvJA. =- Mcv~Jll. = ~ {7 !;?. - ·~\, r;l\.J · (2.8) 

]erKO ITOKB3BT:O, .tJ:TO paCXO;z{HMOCT:& ITOCJI8;z{Hero T8H30pa 

MOM8HTa KOJIH'tJ8CBa ;z{BHm8HHfl He paBHfl8TCfl HYJITO. 

~~ 

B caMOJ 

MeTHtJ:Hl 

tJ:TO ro: 

c.rrytrae 

Hlitfl: 

r 

(J 

r;ne d.. 
,1.{8JIH8J.! 

oLt))}.. 

oL .l.Jit 

T.e. 1 

CITHHa 

TPST:bl 



(2.3) 

wro 

(2.4) 

(2.5) . 

'aMHJI:&TO-

(2.6) 

. (2• 7) 

MOMeHTa 

sop 

(2.8) 

eHsopa 

~ 29 

(2.9) 

B ca.MOM ;neJie, TBHSO p SHeprHH 11 l1MTiyJI:oca He flBJI~eTCff fo.Q,H.M

MBTH'tiHbiM _DTHOCHTeJI:OHO l1H;lleKCOB .t l1 Y . , T • e • r/1~ 7f1 t 

liTO roBOpl1T 0 HaJIH'tiHl1 UTIHHa ;nnpaKOBCKHX 'tlaCTHU. B STOM 

CJIY'tlae Oy;neT COXpaHHT:OCfl TIOJIH~ MOMBHT KOJIH'tleCTBa ~BHme-

HHH: 

r;ne. o/..~-v'A. - aHTHCHMMeTpH't!Hblii TeHsop MaTP"UH emma, onpe

~BJIHeM~ COOTHOIDeHHBM: ~ 

oL = tVA 

_ i?.. df' fi ol.v fi oL. ~ , KOI\ZJ;a BCe: HH;lleKCbl paSJili't!HblB 

(2.11) 

0 

0TCIO;lla · H8XO;l{HM: 

oL· .. ·~ -~1.. _J 11""' ~ 
.J.Jit =. v 1 - u ) r:::;Jf....3t.f = u.t = () i 

.:1 ./ ~" 
Olv32-; l I; = u . .I 

T.Be KOMTIOHeHTbl CTIHHa oOpasyiDT 'tleTblpeXMepHbl~ TICeB;llOBeKTOp 

emma, TaK ItaK HX MOmHO CBHSaT:O C aHTHCHMMeTpH't!HblM TeHSOpOM 

TpeT:&ero paHra Tipl1 TIOMOII\11 COOTHOlll~.~!iH: 



• 

3:' 
'/' 

c '.f (-nJ ~ (j f - d..~ v.A ><) 
.) 

. (2.15) 

r;n:e ~/1 y A. - :aocOJIIOTHO aHTHCHMMBTPliliHbit1 TBH30p tiBTBepToro 

panra ]eBH-qBBHTa ( 8 !234 = - e 2!34 = I, 8 II34 = 0 H 

T .,ll;.). l3 li8CTHOCTI1, ,2\JIH ITpOCTpaHCl'BBHHhiX COCTaBJIHIOlllHX OIT8p8":' 

TO _pa rrceu;n:oBei~Topa _emma, KOMMYTHPy"IOll\HX c raMMJI:OTOHMaHoM, · 

MH 6y;n:eM HMBT:O Bhlpa~eHMe: 
..... 

]=CZftJ-r ..L·+ ~ 
2 h rJ 

xx) 

(2.I4) 

0TGl0,1l;a Bl'l,1l;HO, liTO 3aKOH COXpaHeHMH HM88T MBCTO TOJI:O

KO ;zi.JIH CYMMhl 
11

0 p6UTaJI:OHOrO 11 11 11 CITMHOBoro-" MOMBHTOB. JlHlll:O 
-.~....;. 

;IJ,JIH ITpO;l.(OJII>HOti COCTaBJIHIOlllBt1 [if] 11 0pOHTaJI:OHb!il 11 MOMBHT 
. ? 

o6pall(a8'I'CH B HYJII> • O;n:narw, Mhi .MO~eM OOOCllllHT:O IIOHHTMe cmt-

Ha 'l'aiUfM Oopa30M, liTO 3ai\OH CQJCpaHeHMH 6y;n:eT MMBT:O M8CTO 

083 BBB;zJ;BHMH 
11

0pOMTaJII>HOr0 11 MOMBHTa He TOJI:OKO ;zJ;Jifl IIpO;n:OJI:O

HbiX, HO l1 ,I(JIH IIOIIepe qHbiX COCTaBJIHIOlllMX. 

,l[JrH 3TOrO BBe;n;eM ITO ·anaJiorHH C OIIepaTOpOlJ MOMBHTa 

-----------------------------
X) :3;n:eCL H B ;n:aJI:OHetimeM y IIC8B,1l;OB8KTOpa l1H,1l;8KCbi Mbl 6y.zteM 

CT3BMT:O BBepxy. 

XX) B C8MO.M ;n:eJie, H3 <jiOpMJJibi (2.!0) CJie;n:yeT, liTO 

..., "' 
-~ - I + .:Ljo~_ 
(}.t. - (/ [2.3)~ .8 234 

0Tcro;zr.a, YliMTuBaH, liTo corJia9no (2.8) 
.1\ • I A A .1\ .1\ • 

'/_ -
2 (..x '71 -X 7:, ) =- /.z; R -X P.) 0 £2.3]4 - c ~ I .3.1; '3 2~ C" . ~ .J 'J .<. 

l1 IIpliHMM8ff BO BHHMaHHe Bille (2.!2), IIOJiyqaeM COOTHOIIIBIIMe 

(2.!4). 

(eM. 

JlffiOU 

( 
._J 

ROTC 

Hem 

IICBl 

.(_, 

VIs I 

( 
J........ 

r;n:e 
··'' 

ROTC 

HOM 

B o~ 



(2.15) 

~TBepToro 

= 0 11 

ll.!IPIX orrepa-:-

'OHPiaHOM, · 

(2.I4) 
0 TOJI:O-

• JIPIIII:O 

MOM8HT 

;i8 cmt-

M8CTO 

IpO~OJI:O-

H·ITa 

r 6y~eM 

"' fi) 
rHoll!eiiPie 

3I 

(eM. (2.8)) TaKMe onepaTop oooomeHHoro crrMHa, npe~cTaB

JIHID!liMH co6ofi nceB~oTeHaop BToporo paHra: 

(2~!5) 

H8HMH: 

A 

0 ?jf"~- !T~v V = 0. 

OX-y 
(2.!6) 

8TOT 38IWIJ coxpaHeiJMff ~Jifi ti8TB8pTOH COCTaBJifiiOI1!8H 

IlC8B~OB8KTOpa CllMHa llpMHHMaeT BH~: 

S /'f ~ ' f 1/f r .f !'lf?jl d"a: - con sf: • 

Ma paBeHCTBa (2.!5) Haxo~MM: 

... !; ~< /:/ i<lf ,g~ ( H ()~'+ a-~' H)/ 
..., 

· r~e H - raMMJI:OTOHHaH CBooo~HhiX tracTnq. 
'L.t~ti .~:;p.. ~! 

(2.!7) 

(2.!6) 

fiOCJI8~Hl18 COCTaBJIHIOIIrvm r.WryT OblT:b rrpe~CTaBJI8Hhl B BH~e: 
~rr .. ·;n · · .. . "" . s mo Cfi i-+fi_), ~ = (P cfJ (2.!7) 

KOTOphle, KaK H8Tpy~HO npoBepMT:b, KOMMYTMPYIOT C raMMJI:OTOHHa

HOM 11 o6pasyroT onepaTophl treThlpexMepHoro rrce~~oBeKTopa cnHHa. 

'13 ~TJIHtrMe. oT cnMHa J h Cf (2.!7) oy~eMHaabmaT:o oooomeHHhlM 

.. 
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cmmoM. Ilia sToro tieThipexMepHoro oc>oc511\eHHoro·cnHHa MOJKHO 

COCTaBHT~ TpeXMepHhiH BeKTOp/4/: 

" 

i3 Jt+ fi£Sin= 
p . mocp~ 

" ..., "' . -1 

;occT-f!J+o ~P-=-errrf!J. 
;:>~ . J.3 ?~ p 

-0 

a-== (2.!8) 

KOTOpbifii, OtieBH~HO, 6y~eT TaKJKe HHTerpaJIOM ~BHJKeHHH H KDa~

paT MO)zy'JIH KOToporo paBHHeTCH e~HHHUe (.aaitoH npeoc>paaona-
. ·' 

HHH COc5CTBeHHOro 3HatieHHH STOrO BeKTOpa c5y~eT HaU~eH HHJKe). 
-#0 

MaTpJ.fey (} Mhi c5y~eM D ~aJI~HefiimeM HaabiBaT~ MaTpl'UJ,efii e~H-

HHtiHOrO TpeXMepHoro BeKTOpa CITHHa. 

C nepnoro narJIH~a MOJKeT rroKaaaT~CH cTpaHHhiM, notieMy 

Mbl MOJKeM orrpe~eJIHT~ He TOJI~KO fipo;noJI~HYIO COCTaBJIHIOm,yiO ITCeB

~OBeKTOpa emma, HO H ITOITepetiHDie, KOTOpbie 6ea BBe~eHHH ~'op

c5HTaJI~HOrO MOMeHTa n He ,1lOJIJKHhi IWMMYT.HpOBaT~- C raMHJI~TOHHa

HOM. C UeJI~IO BhiHCHeHHH STOrO BOITpoca, Hafii~eM H HBHOM BH~e 

rrpo~oJII>Hhie H norrepetiHhie cocTaBJIHIOmHe e~HHHtiHoro neRTopa ·crrn-

Ha. 

.l(JIH STOrO DBe~eM "ecTeCTBeHHYIO" CHCTeMy KOOp~HHaT (oc:o 
-. 

fC uarrpa~meHa JIO HMITYJI~Cy ? , OCH X H :1 rrepneH;l(HICY-

JIHpHO IC He My). . 

Tor~a ;z(JIH .rrpo~OJI~Hoilf, ·T.e. Z - ofii COCTaBJIHIOJne£1 6y~eM 

HMeT~: 

()30 = o; (2. !9) 

JlRH 

HeTp; 

HOM 

0TCIO, 

rrpoc' 

MaTpl 

flBJIH! 

ro M< 

c 

0TCIO) 

ol... 
0( 

H T.,Z 

JIHeT 

ua 1-1 

Ta,· R 

o6o6m 

MepHbl 

,Z(nparc 



OJKHO 

(2.18) 

11 Kna;n

paaona

eH HltJKe). 

ueiii e;n11-

no lie My 

llii.YIO ncen

lCHllR ~'op-

[Jil>TOHHa-

[OM nn;ne 

mTopa cnn-

~HHaT (CCI> 

:3pneH;zJ;HitY-

(2.19) 

JIJHI llOIIepeliHhlX. Jit8 COCTaBJIRIOUiliX Haitl(eM: 

~;: 20) 
) 

HeTpy;n;Ho rrponepRTI>, liTO nee OHH IWMMYTHPYIOT c raMMJII>TOHHa-
"" A 

HOM (ecmi ylieCTI>, liTO B 8CT8CTB8HHOiii CHCT8M8 pif = ?.x. =0 ) • 

0TCJO;n;a mi;n;HO, liTO 8CJIM COCTaBJifi!OUIElfi (7 ° paBHa rrpo;noJII>HOM 
,3 

IlpOCTpaHCTB8HHOiii COCTaBJIRIOUICiii llC8B;zJ;OB8KTOpa CllMHa, T.e. 

MaTpnue 0:: .. , TO nonepeliHh!e cocTaBJIRIOntHe (cu. (2.20)) 

flBJifllOTCR IlpOCTpaHCTB8HHbiMM IWMllOH8HTaMH T8H30pa COOCTB8HHO-

ro MarHMTHoro MOM8HTa liaCTHUbi. 

::.. id..~ B d.. )I 
rrpH f' :p v 

d...· = 
_(2.21) 

ftY 
npH !' = y 0 

0TCJO;zJ;8 CJie;n;yeT, liTD J' 

(2.2'2) 

!A T.;n;. 

TaKI1M o6paaoM, e;n;VIHVIliHhliii neKTop .cnHHa (2.18) npe;n:cTaB

JifleT coc5oiii TaKyiO KOMOl1HaUit'IIO 113 IIPO;ZJ;OJII>HOiii COCTaBJIRIOITt8M Cmi

Ha 'III rrorrepeliHhiX COCTaBJIHIOUIMX COOCTB8HHOrO MarHltTHOrO rim.mH...; 

Ta, KOTOph!e KOMM,YTVIPYIOT C raMHJII>TOHl1aHOM. 

C IIOMOIL\I>IO paBeHCTBa (2.17) H8TPY.LtHO llOKa3aTI>, liTO 

OC50C5IU8HHhiiii ~mm HBJIH8TCH npOCTpaHCTB8HHO-llO;l(OOHhiM li8ThiP8X

MepHbiM llC8B;l(OB8KTOpOM, TaR ItaK, YliVITbmaH CBOiiiCTBa MaTpHU 

JIHpaKa, JierKO IIOKa3aTI>, liTO: 
"' . ' 

-::1> ~ 1\ .:2.. S,- St -~·m}~c~ (2. 23) 

.. 
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B TO BpeMH RaK lieThlpeXMepHbi~ BeKTOp 1-iMnyJI:&Ca HBJifleTCfl. 

BpeMeHM-ll0~06HHM: 
.., . 

--..2 . ..,~ . ..t .t 

p -?t =-~0 .c, (2_.24) 

M opToroHaJI:&HbiM K ICOMllOHeHTaM 0606ll(eHHOro Clll-iHa: 
.., . . 

"' ~ ..., . " 
(;3 S)-~ S: =-{Q!/)(;j-j}(~j)jimac)=-0 (2.25) 

. . 

HaiCOHeu, ~aCCMOTPHM npeo6pasoBaHHe cnMHOBNX ICOMfiOHeHT 

npn JiopeHUeBMX noBopoTax. 

nonyCTHM, liTO npOCTpaHCTBeHHaH COCTaBJifliOII(aH lieThlpex

MepHoro BeiCTOpa ~el!CHT B llJIOCICOCTH .X., , o6pasyH C OC:&!O ..C 

yroJI f:} , T. e • 

A = /Ji/ co~ e ·A ·=I;-/ sin e) .f/7.{ == o. 
lt · .; .:c a 

. ,.. . 

Tor~a npu nepexo~e K ~pyro~ HHepuMaJI:&Ho~ cucTeMe 

. KOOp~HHaT (mTpHXOBaHHOi1), ~BHJKYll(e~Cfl OTHOCHTeJI:&HO ·nepBOHa

liaJI:&Hp~ (Hem~pmcoBaHHOi1). B~oJI:n ocu JC co ciCopo.cT:nro g,s · 
(npH ./> •. ~ 0 Mhl He Hapy"mafl 06li(HOCTH 1 MOllteM npe~nOJIOl!CHT:& 1 

liTO o6e CHCTeMhl .~OJIJ!tHhl c·oBna~aT:& ~pyr C ~pyroM}) 3TH CO

CTaBJIHIOll(He 6y~T npe96pasOBhlBaT:&CH no saiCOHY: 
; --. / ji'/ coSe'= Jill cose-pflt 

. It-~~· 
~ 

fie ~p/fi }cos$ 

lt-J3~· 
. ~I ~ 
/A/ Sine' = / .f/1 sine, 

I 

·.f!t = 
(2-26) 

• 

l 
I. 
t 
• 

0TCIO~a ) 

C OC:b!O 

tje'= 

<PopMyJihl 

;l(OBaHlHI 

pexMepH 

noBopoT 

Mem;n;y c 

(2.24):x 

vr nceB;z 

I 
lloiCaJitei. 

noBopa1 

~ 

ICOOp,Iti11 

(f) -'f-
MOJ!teM : 

x) Mbl · 

BCe 



TCH 

(2.24) 

') (2.25) 

BHT 

eTLipex

oc:&IO ,.C. 

=0. 

3Me 

IepBOHa-

~ 
)JIWT:&, 

~M co-

(2-26) 

• 
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0TCIO~a ~JIH yrJia (9
1 

, KOTOpbiH Oy.I{eT COCT8BJIHT:& B8KTOp 

C OC:OIO l , H8XO.I{MM Bblp8JK8HI1e : 
......; 

lA I Sine /1--p"-' 
.lit: 

I Ji! . 
- cose-13 
.fit ;-

(2.27) 

<POPMYJibi (2.26) 11 (2. 27) Mbl MOJtteM HCIIOJI:&30B8T:& ;D;JUi HCCJie

~OBaHMH IIOB8,1{8HMH qeTLipeXMepHoro B8KTOpa HUIIy~:&Ca H qeTbi

peXMep:fioro rrceB.I{OBeKTopa oooomeHHoro CIIHHa rrpK JiopeHI.{eBbiX 

llOBOpOTaX. ilpM STOM CJie,I{yeT y~eCT:& CJie.I{y!OII.(He COOTHOmeHHH 

MeY.t~y COC'r8B3Ifl!OII.(HMM BBKTOpa MMIIyJI:&Ca ( CM. T8KJ11:8 ( 2":"23) 11 

(2.24)x): 

p z= I fJ.t + mo~C.(; (2.28) 
t . ; 

R llC8B~OB8KTOpa CIIHHa: - . · I S /2= s:+ mo~c~ (2.29) 

iloKaJKeM, qTQ 008 IIpOCTp8HCTB8HHble COCT8BJIHIOII(Me IIpM /7l0 ~ 0 

llOBOpaqHB810TCH Ha pa3JIHqHbi8 yrJibi. 

JlJr.H STOro ,I{OIIYCTLfM, qTo B H8IIITPHXOB8HHOti CMCTeMe 

KOOp~HHaT 008 STM BBKTbpa ObiJIU rrapaJIJieJI:&Hbl .I{pyr ,I{pyry 

( f} =- e.s = e ) . He HapymaH oc5mHOCTM paccy~eHMH, Mbl 

MOJK8M BCer,I{a Bblc5paT:& M8ClliT86 T8KHM Oc5pa30M, qTOCil:l BbiiiOJI-

X) Mbi He c5y,I{eM IIMC8T:& 3~80:0 3H8t!.l:COB orrepaTOPOB, T8K K8K 

Bcer~a MOJKBM B3HT:& HX C06CTB6HHhlB 3HaqeHHH. 

.. 
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~· 

HffJioc:o cooTHollleHJ~re / S / = f1:, • Tor.z:ta, ytmThmaH, tJTO -
} 1 ft = / f / , r.z:te C/31. - CiwpocT:o .z:tnM:rJ\eHHff tJaCTl1~ 

13 nepBOHatiaJI:OHOi1 CHCTeMe IWOp.z:tHHaT, M.bl
1 

YtiHThJBclff (2.28) . 
11 (2.29), Hafi.z:teM: 

~ 

fi I S I = S~: 
0TCIO.zta C ITOMOil(:OIO (2.27) .z:tJIH TaHreHCOB yrJia ITOBOpOTa BeRTO

pa HMITyJI:oca 11 rrcen;n;oneKTopa CITHHa Haxo.z:tMM paaJIHtiHbie Bbipa

~eHMH, rrpe.ztCTaBJieHHhle COOTBeTCTBeHHO paBeHCTB8MH: 

t 
. · , _ Pt. sin e /1£ 

.Q e - ~ . ., 
0 f .J.~. eose -r (2.30). 

tJ Gs'. Sine~ 
. Cos e _j3 J3.t . (2.3I) 

,.. 

8flaH.3aKOH rrpeoe5paaonaHl1H ]{JIH COCT8BJIHI011(!1X HMITyJI:oca 

l1 OC50C511(eHHOrO CITMHa, Mhi, llpHHHMaH BO BHI1M8HHe (2.I8), MO

JKeM JierKO HatiT.l1 38ICOH. rrpeoe5paaoBaHHH .z:tJIH CO()CTBeiiHoro · SHa":" 
-7o tJeHHH e;n;vrHHtJHoro TpexMepHoro orrepaTopa neKTopa ciiHHa .~ • 

OH!Il oicaahlnaroTcH cJie.ztyromMi.m/3' 4, 5 I: 

' 10 . 

S = S ° Cos X' + SJ.0 
Sin Y1 S '~S 0CosP-so Si'n Y1 

.3 .3 () .1 . (j i. ,) .1. .i {/ J. .3 () i. .) 
· r;n;e 

(2~32) 

y1 _ . f.t -.f_ CoS $ . 
Cos 0J_ -- . . ) 

· ·

1 

j {J1 }' cosefl.-r p"'-{t-j3f)sin.-~.e 

sin(,= ;a It-t: ~''~e 
1 

j {)31 -j3 cos$)~ _pYt --;s:J sin "'-e 

(2.33) 

IIoJia 

Hatl,~t 

T.eo 

Ha H 

CKHX 

B qac 

0TCIO,Iti 

KOOp,Itl 

HO l1 j 

'JYJibTC: 

rry Jihcc: 

~ 

3NBaeT 

npeo6p 

cJiyqae 

Op,ItHHa· 

HHep~..tHc 

( S.3°= i. 
HOBe YJ 

. ~: ..... ,. 



TO 

(2.28) 

ra B8RTO-

(2.30). 

(2.31) 

myJI:oca 

:8), MO-

roro ·aHa
--:-o 

ma ()' • 

(2.32) 

(2.33) 

-37 

nonaraSI B paBeHCTBe (2.32) S
0= 1 s;=s;=o ' ..3 ~ 

Ha.tt,l(eM: 

10 ~ S
10 s" . r (2.34) SJ = CoS 1. < 1 , =- St.n 

.t ..3. 1. 

Te9o 9CJIH B nepBOHatiaJI:OHOa CHCTe.Me KOOp.l(MH8T B9ETOpH CITH

Ha M MMnyn:oca·6HJIH napaJIJieJibHH, TO B pesya:oTaTe nopeHneB

CKHx npeo6pa30BaHH.tt Me~~ HHMH ITOSIBJISI9TCSI HeKOTOpH.tt yr~JI. 

B t~acTHocrn, npH (} =0, HaXO,l(HM: 

0TCIO,l(a 

-
A.t-f 

Cos ~ J-· - (2.35) 
lpt-}l 

BH,D;HQ, liTO 8CJIH CKOpOCTh ABHJIWHHSI HOBO.tt CHCT8MH 

KOOp,l(HH8T He TOJihKO IT8p8JIJI9JihHa CKOpOCTH ABH~8HMSI tl8CTH~, 

. Ho M 6y,l(eT npeaumaT~~~.t)ee, To CosJ;=-jM nosToMy B pe-

3YJihTaTe T8KOrO npeo6pa30B8~HSI IT8p6JIJI9JihHHe B8KTOpH HM

nyn:oca M CITHHa CA9JI8IOTCSI 8HTMITap8JIJieJibHHMM. 

TOJihKO B TOM CJiyqae, KOr,l(a Macca ITOKOSI tl8CTMUH OKa-

3HB89TCSI paBHO.tt HYJIIO (1>?0 =c:J B8JIHtiMHa .f3t. = l ITOSTOMy B 

npeo6pa30B8HHSIX (2.32) CJI9AY9T ITOJIO~HThJ; = 0. B 'STOM 

S /0 0 10 0 

CJiyqae ..3= S.3 H S.t. = S.t: , T • e • eCJIM B O,D;HO.tt CHCTeMe KO-

Op,l(HH8T CITHH H HMITYJILC 6HJIM napaJIJI8JihHhl, TO H B APYrHX 

HHepUH8JihHHX CHCTeMaX OHM OCT8HYTCSI BHOBb napaJIJI8JihHHMH 

(s o ) . • 3TOT BHBOA MOJR:HO 6HJIO 6.bf_ CA9JI8 Th T8K)!C8 H Ha OC-.J=i 
HOBe ypam{emii1 (2.30) H (2.31), ITOJIORHB B ITOCJI9,1(HMX f3 =f 

;-t. . 

·: :. ' 
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§ 3 • ~!!!!ill!!!!!L:i£2~!!~!!!!!!_lJ!!Jl2!H!_~~ill:L.!!anJ2s!!!~!!~fi 
2.!!1!!!2 

KaK E:anecTHo, ypaBHeHHe .IJ:Hpaita .ztJIH cno6o.ztHo:IJ tiaCTHI.tbi 

HMeeT BH.zt: 

.1\ A -

(E- H) VI = Q, . (3 .r) 

r.zte onepaTop aHeprHH E;,., :..7 vt , a onepaTop ci>YHKUHH 

raMHJILTOHa··: 
- "' A ~ .-,. 

H=C(oZP}+flmoc~ (3.2) 

YpanHeHHe .IJ:l1paKa HMeeT tieThlpe pemeHHH. ¢H3HtiecKH aTo 

CBH3aHO C TBM OOCTOffTBJlbCTBOM, liTO Kam.ztoe·coCTOffHHe (B 

CJiytiae CBOOO].(HOro .ztBH~eHH~ OHO xapaKTepHayeTCff HMITYJinCOM . 

tiaCTHU~) MO~eT HMBTb ].(Ba 3HatieHHR SHeprHH H ].(Ba HanpaBJie

HHff CITHHa. 

ECJIH Mhl XOTHM orpaHHliHTn H8lliH pemeHHff orrpe.zteJieHHhlM 

aHaKOM aHeprHH, TO .ztoJimHhl HaJIOJKHTb Ha BOJIHOByro WYHKUHIO <f 
.ztonoJIHHTeJibHOe ycJIOBHe: 

{ f - e I E I ) 7/f= o. 

B aaBHCHMOCTH OT TOro, HMeeM JIH Mhl COCTOffHHff C ITOJIO~HTBJlb

HOU l1JIH OTpl'H-\aTBJib.HO:iJ aHeprHeiii, Mhi ].(OJimHhi ITOJIOlKHTb COOTBeT

CTBBHHO aHaKonyro cJ!YHKUHIO 6 = ± 1. 
TOtiHO TaKme, eCJIH C ITOMOII{n!O B].(HHHliHOrO TpeXMepHoro 

-.0 
BBKTOpa 5 6y.zteT 3a.ztaHO HanpaBJIBHHe CITHHa, TOr;n:a, YliHThl-

~o 

BaH KOMMyTaUHIO C) C rm.UIJinTOHHaHOM, Ha BOJIHOBYIO <iJYHitll;HIO 

<jf Mbl MOJICBM HaJIOl!CHTn eme O].(HO ].(OITOJIHH-TeJinHOe YCJIOBHe: 

( 

KOT< 

liTO 

K .zt~ 

aaw 

no 
--7 

f 
.zteJI 

men 

KOr 

npo 

peru 

HHIO 

.ztY/ 

8TC 

ciJyF 

].(OJ 

HH~ 

. ·<~ 



(3.1) 

(3.2) 

[8Cl\l-l: 3TO 

me (B 

myJI:&eOM 

[anpanJie-

l318HHbiM 

rHRUt1IO <f 

)J1 Olltl'I TeJI:&-

~:& eOOTBeT-

11epnoro 

C',Zia, y'lU1Tbi

o WYHitUM:IO 

CJIOBM:e: 

-3 9' 

(3 .3 )_ 

!tOTO poe 6ylJ,eT peJIHTHBM:eTeRM: HHBapltlaHTHbUJJ, eeJIM: ytieeT:&, 

qTo npM: nepeXOlJ,e OT OlJ,HOA M:HepuM:aJI:&HOU eM:eTeMbl ROOplJ.M:HaT 
-i'O 

It lJ,pyroti 8lJ,M:HM:'IIHUti B8RTOp S 6ylJ,eT rrpeo6pa30BbiBaT:&eH no 

saiWHY (2.32). 
-70 

EeJIM: Mhl BeRTOp 5 nanpaBM:M He no BeRTOPY emma, a 

IIO RaROMy-TO lJ,pyroMy HanpaBJieHM:IO (nanpHMep, no M:MnyJI:&ey 
-7 . 

jO , ROTOpblti B lJ,aHHOti 3alJ,atie HBJIH8TeH 8lJ.HHeTB8HHbiM Bbl-

lJ,8JI8HHbiM nanpaBJI8HM:eM), TO TOrlJ,a Mbl lJ,OmlUlbl B3HT:& lJ,Ba pe

meHHH. 0lJ,HO H3 3TM:X perneHHti lJ.OJIRHO eooTBeTeTBOBaT:& eJiytiaro, 
..... 0 ..... 0) 

ItorlJ,a enHH nanpaBJieH no M:MnyJI:oey { '1 = f ./ , a lJ.pyroe -
~0 ""'0) 

IIpOTltB ( S,e. =-f ./ , a 3aTeM B3HT:& TaitYIO ROM6Ii!HaUM:IO 3TM:X 

perneHM:ti, 'IIT06bl o6mee pernenM:e eooTBeTeTBoBaJio 6bl HanpaBJie-

;t' 0 • 
HHIO enHHa no .> 1\ 

/

.· . iloJiaraH B (3.3) s0= sfo 
lJ.Y/1/: 

' 
, Mbl rrpnBelJ,eM ero R BM:-

(3.'+) 

8TO lJ.OITOJIHHT8JI:&H08 yeJIOBM:8 ME,_JK~T 6b~T:& HaJIOJKeHO Ha BOJIHOBYJO 

fPYHRU!tliO, TaR RaR orrepaTop { (f f) . , xapaRTepH3YIOII(M:iii rrpo-
. lfl . 

lJ.OJI:&HYIO eoeTaBJIHIOlll.YIO . emma, KOMMYTHpyeT e raMl'lJI:&TOHM:aHOM. 

PernenM:e ypaBHeHMH ,llHpaita (3. I), ITOlJ.'IIM:IIHIOmeeeH lJ.OITOJI

. HHT8Jll>HOMY yeJIOBHIO (3.2) :1!1 (3.4 ), HMeeT BM:lJ,: 

' . 
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r;zte L3 
- o6'.DeM ocHo:sHoro. napaJIJreJiemme:zta, c ch: X ·= £ 

- co6cTBeHHble sHat~emm onepa'!'opa ::mepr.tm, c.ti< - HMIIYJI:&C 
~ . 

llaCTH~bl, a S = ::1: 1. COOT:SeTCTByeT pemeHHHM, CIIHH lCOTOpbiX· 

HanpaBJieH no HJIH IIPOTHB HMIIYJI:&Ca. AMIIJIHTy:zta C (,iSS, e) 
xapaKTepHayeT BepOHTHOCT:& npe6biBaHHH SJI8KTPOHa B COCTOHHHH . 
~ . 

/< t S , 8 11, HaKOHe~, :ztJIH CliHHOpHOti MaTpH~bl Mbl 6y:zteM 

HMST:& Bblpa~eH~e/I, 2/: 

£ (~:;,c)= -J, 

B:ztec:o 

A:~. Bi 
IIJ. 8z 
.f/2 81. 
fl2 82 

.fl.= Vt t-6 'fc ) /l,= oeS/j- c~
1

J 

-%.'0~ ' 8 .1. = s e i + s cos e J 

~icf I 

B = e Vi-Scose 
2 

(3.6) 

(3.7) 

"l/' · r;:-;. m c 
~.n .. :== VI<+Ko~'Ko-T ' a e I1 Cj). HBJIHIOTCH ccpepl1ll8CKI1Ml1 

_. 
yrJiaMl'l B8KTOpa l< • 

JmH I1CCJI8;ItOBaHHH IIpOCT8Milli1X IIOJIHPH3a~HOHHh~ C:SOtiCTB 

:ztHpakOBCKI1X BOJIHOBbiX cpyiiK~Mti orpaHI1lll1:MCH IIOJIO~I1T8JI:&HbiMI1 

COCTOHHHHMM SHeprHH ( c· =f.) . . He HapymaH 06ntHOCTiil, Mhi MO-

JK8M Bb16paT:& 8CT8CTB8HHYIO CI1CT8MY KOOp;ztl'lHaT (oc:& ~ Ha-
~· 

npa:sJieHa no HMnyJI:ocy ·~. ). Tor:zta pemeHHe :ztJIH BOJIHoBoti 

WYHK~MH npHHHMaeT BH:zt: 

l 
f 
1 
l 

' ~. 

Vf(K, ~ 
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· r~e 

' a 

(3.9) 

HaXO,ZU1M: 

c; ct + c_: c_J. = 1 .; . (3.10.) 
. 

ITo~cTaBnHH (&B) B (2.4), HMeeM: 

;:; =;; = aJ D = £1< ·(c/· cL 1- c:· c-1) -/iK/ · ·. 
~ -

1~ . · . . · · (3.11) 

·Cfi=E=cli_]{(C:(+c_: C__)·. ciX .. 

ToqHo_ TaR iKe c rroMom:oro £flopMyJI (2.19) H (2 •. 20) rronyqaeM Bbi

pa}KeHHe ~JIH COCTaBJIHIOJUHX e~HHHqHoro B8KTOpa TpeXMepHoro 

crrnna: JlJIH npo~on:oHo:£1 cocTaBnarome:M (coBna~aromei1 c cooTBeT

CTByrome:M COCTaBJIHIOIUCM qeThlp8XM8pHoro CITHHa (2.19): 

s; = f ~'\r; If/ d"k = ~ret -c_: c-.1.> (3.!2) 

a ~JIH nonepeqHb~ COCTaBJIHIOIUHX (COBITa~?IOIUHX C COCTaBJIHIOJUHMH 

~ :. 



. 

< 
1 ~-

. L~2 - ~. --

COOCTBeHHOro MOMeHTa SReRTPOHa)X): 
' . 

31°= s 1/"ft o; ¢",/::e.= c_; ct + c; c_L > . 
. . · (3.IJ) 

s;= J 1/!f. ~?/I clox = i( c_: C1 - c; Ct). 

C llOMOmDID nocne~HHX paBeHCTB HeTpy~HO npoBepMT~, ~TO RBa~~ 

paT e~MHMqHoro TpeXMepHoro cnHHa paBeH e~HHH~e: ______ _...... __________ _ 
X) HeOOXO~MMO aaMeTMTDt qTo XOTH BCe TpH COCTaBRHromMe e~M-

~o 

HHqHoro BeRTOpa ~ He 3aBMCHT OT BpeMeHM (ToqHee OHM 

ROMMyTHpyroT C raMHHDTOHHaHOM H ITOSTOMy tmeHhi, COOTBeT

CTByromHe 11~p0llt8HHI011 illpe~HHrepa, oopamaroTCH B HYRD). 0~

HaRO t eCRH 113BeCTHO COOTHOIDeHHe Mellt~Y ROSq)(lJH~MeHTaMM Ci. 
H l:_L BCe TpM COCTaBHH~mHe He MOryT OOHa~aTD COOCTBeH-. . , 
Hb!MM 3HaqeHMHMM B npOTMBOllOHOJ!tHOCTD MMIIYRDC8M ITORH (CM. 

( 3. II)), COCTaBHHiomiiie ROToporo MMeiOT COOCTBeHHble 3Ha qe

HHH npJII HIDOOM COOTHOIIIeHIIIM Mellt~Y aMITRHTy~aMJII, TaR Rait BCe 
~ 

OHM nponop~MOHaHDHhi·RBa~paTJIIqHo~ ROMOJIIH8~JIIJII BIII~a 
+ + . 

C C + C C ' , Bcer~a paBno~ e~IIIHJII~e. Heonpe~eneH-
'i. J. -i - i 

HOCTD B onpe~e.lfeHJIIM COOTHOIIIeHHH Mellt~y KOMITOHeHTalii:H CBff-
:;r·· 

aaua c TeM oocTOHTeRDCTBOM, qTo cooTBeTCTByiomiiie. onepaTo-

Phl B npOTJIIBOITOROlltHOCTD COCTaBHHIOmMM HMITYRDCa He KOMMYTH

pyroT ~pyr c ~pyroM. B caMoM ypaBHeHIIIH ~Mpaxa He aa~aeT 

HarrpaBneHMe e~HHIII~Horo.'BeRTopa CITIIIHa. EcnJII uapff~ c (3.10) 

oy~eT aa~aHO eme COOTHOIDeHHe Mellt~Y aMITRIIITy~aMJII, TO TeM 

C8MbW MOlltHO orrpe~eRIIITD HanpaBReHIIIe eAHHJ1qHoro BeKTOpa CITM

Hae HanpiiiMep, nonaraff c: = I, c_i. = o, Mbl Ha~~eM, qTo 

I 
f 

c 
'-

Mbi 1 

Mepl 

' 

lf.;JIH 

s.3 

H 

9TIII 

CllHl 

BeK~ 

BeR~ 

TH~E 

TaBJ' 
. < ( '-' . 

s; 
H~np 

HMITy 

~TO 



.. 

,) 

(3.I3) 

) . 
10 KBa;n;-

\118 e;n;l1-

lee OHI1 

>OTB8T-

r:o). O;n;

fTaMl1 ci 
5eTB8H

)Jlfl (eM. 

~ aHaqe-

tt Kait Bee 

a 

pe;n;eJieH-

aMl1 eBH-

onepaTo

KOMMYTI1-

aa;n;aeT 

71.Y e (3.10) 

TO T8M 

:eKTopa enH-

t, qTo 

S o~ t + 

43 

MH MOJKeM onpe;n;eJIHT-:O TaKjJ\e epe;n;n11e aaatieHHH ;n;JIH qeTbtpex

Mepuoro BeKTopa cnHHa no wopMy1Ie: 

S = S 'Yf + ti l/Jci:C) s 6 ~ J f/1 yr c/d.x.- (3.rs) 

l!,JIH HHX Mbl dy;n;eM l1M8T:b: 

S - So S ko So. / ~ o K., 
J- .3 , 1. = x 1. vt)dt st. , s.2= x s; (3.16) 

8TH COOTHOill8Hl1H 6y;n;yT eBH3aHbl. C eoeTaBJifliOIJJ,HMl1 OCiOCi1!18HHOrO 

emma S · (eM. (2.17)) ·eooTHomeHl1eM: r . s 
- _(! 

~ ~ /i:J( 
(3.!8) 

L1a <!JOPMYJI (3.16) mi;n;Ho, qTO eoeTaBJlfliOl~He e;n;HHl1qHoro 
-"0 

BeKTOpa S MOJKHO .. paeeMaTp.l!lBaT:b KaK eoeTaB.iJ:fliOIJJ,l18 neeB;n;O-

BeKTOpa eiTHHa ~ eHeTeMe KOOp;n;HHa~ ;n;BH~IIl,etiefl BMeeTe e qae

TH~eti <f.j = O). B eHeTeMe JKe Ha6Jiro;n;aTeJIH npo;n;o11:oHaH eoe

TaBJIHIO~a.H rreeB;n;OB8KTOpa enl1Ha OeTaeTe.H C5ea H3M8HElHHfl · 

. ( ~ = · S; ) , nonepe't!Hble JKe eoeTaBJIHIOIJJ,He npeTepneBaiOT 

.so · 5· · o so . 
J = I, .. J. = .t, = 0, T. e. B8KTOp e;n;l1Hl1tiHOrO enHHa oy;n;eT 

\ 

HanpaBJI8H no. l1MnyJI:oey. Ilpl1 CJ. = 0 l1 c_t. = I Hao6opoT' npOTl1B 

HMITyJI:&Ca cs;~-1_, .s~0=Sl.=o). Ilpl1 C.l=C..l= .Yv'i uati~eM, 
·<'o I <'" s() liTO <V:l= , ~.3 = ·= 0 l1 T.;n;. ct. . 

.. 
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.·· r:-::;: 0 

JIOpeHUOBO eOK~ameH.tfe, ITOeKOJI:Oicy' ~=Vi-j3t S.t If T.,lt., 

r.zte Cf - exopoeT:O TiaeTHUbl OTHOeHT_eJI:OHO Hac5JIIO,l{aTeJIH, 

,ltBHmymeroeH ITO OeH ~ eeTeeTBeHHOH eMeTeMhl KOOP,ltllHaTX). 

]opeHUOBO eOKpameHHe rrorrepeTIHhlX, a He ITpO,ltOJI:OHOH eoeTaB

JIHIDJnliiX, eBH3aHO e neeB,ltOBSKTOpHhlM xapaKTepOM era rrpeoc5-

pa30BaHMH. B · e_aMoM . .zteJie, rreeB.ztOB~KTOP xapaxTepJIIayeT rrJio-
••,. 

ma.zt:o, orpam'Il!SHHYID KOHTypOM Iii. paeiTOJIOJKeHHYIO IIeprreH,ltliiicy-

JIHpHO K era HarrpaBiieHJIIIO. 

X) 8aMeTllM, tzTO IIpll Bhiq11eJieHlllii epe.ztHllX 3HaqeHJII.!1 KOMITOiieHT 

eoc5eTBBHHOI'O MarHVITa 3JieKTpJIIqeeKOrO MOMeHTa f~c Jztfi;?/lo/~ 
~ J .;. ~,,,. 

H ~ == </f fi_ cr-~CIJ.;c oc5paayiOIUllX B eOBOKYITHOeTJII TBH30p 

BTOp::>I'O paHra (eM. (2.2I)), Mhl c5y.zteM JIIMST:O: 

. .J!, = s ~ ; .!'.(, = s; ) . J-'.1 = /1 -r: , s; ) (3.I9) 

-e :..,!3 s~ 
vt - j .f. . ..z. .) ·c...t = -.J.t . s; 

T.e • .ztJIH eoc5eTBerrrroro MarHHTHoro MOMeHTa rraoc5opoT, rro

rrepetzHhle eoeTaBJIHJOJUll8 OeTaiOTeH Hek'I3MeHHhiM, a ITPO,lt0Jf:OH8H 

np~TepiieBaeT JiopeHUOBO eOKpamenne. VIa c])opMy-JI (3.I6) H 

(3.I9) CJIBJzyeT, liTO JLJISI qaeTHU e Maeeoti ITOKOSI paBHO~ HyJIIO 

;6~ = I, rrpo~oJI:orryro rroJIHpJIIaagMro _eJie.ztyeT xapaKTepMaoBaT:o 

- BBKTOpOM emma ( ~ . = S; ) , a IIOIIepeTIHble - T8H30pOM 

eoc5eTB8HHOro MarHMTHOrO MOMSHTa 3JIGKTPOHa I tfl =Sou 1.1 :S 0 l. 
~ . (_; ':f ~ / -~ oL.J 

8TO eBriaaHO ~ TBM oc5eTOHT8JI:OeTBOM, ~TO TOJI:OKO orrepaTOpbl, . . . 

eOOTBeTCTBYIDJUlile 3THM eocTaBJIHIDII~JIIM, KOMMYTJIIPYIOT e raMJIIJI:O

TOHHaHOM, T .e • HBJIHIOTeH MHTerpaJiaMlii ,ltBlUteHJIIH. 

"'"-· 
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aB-

6-

JIO-

y-

HeHT 

~ ft ;.¢"olk 

p 

3.I9) 

no-

:OBaTL · 

'POM 

~~~=s:). 
Ia TOphi, 

'aMMJIL-

4-5 

B ~aHHOM CJiy~ae IICeB~OBeKTOp CIIMHa OIIHChlBaeT waKTM

lleCK~ KpyroByiO IIOJiffplma~MIO . ( CM. liJ..DKe), KOTOpaH M 06paay

eT KOHTyp, 3aMhiKaiOII{Mfii HeKOTopyiO IIJIOII{a~L • 

l\JIH npo~OJI:DHOfii COCTaBJIHIOJUefii CIIMHa 3Ta IIJIOCKOCT:D pac

llOJIOllteHa nepneH~HicyJiffpHO K HanpaBJieHMIO ~BHJKeH.Mff Ii II03TOMY 

COOTB8TCTBYIO!l\aff COCTaBJiffiOII{aff OCTaeTCff Helii3M8HHOH • ]T)Iff IIO-

nepetJHbiX iKe COCTaBJiffiOII{HX CIIHHa B IIJIOCKOCTI1 IIOJI.Ilpl138UHH 

6y71.eT pacnoJIOiK8H B8KTOp CKOpOCTH ~aCTH~bi H II03TOMY IIpM 

nepeXOlJ.8 OT CHCT8Mhl KOOp~HHaT, r~e IIOKOMTCff ~aCTH~a, K 

CMCTeMe KOOp~HHaT Ha6JIIO~aTeJIH 3TH norrepe~Hhle COCTaBJiffiO

!llll8 6y7JYT rrpeTeprreBaT:O JIOpeH~OBO COKpameH:He • 
~ 

l{CTaTH 3aMeTHM, liTO CaMO HaiipaBJieHH6 IICeB~OBeKTOpa 

CIIl!Ha ItaK H B0061l{e HarrpaBJieHHe JII06oro aKCHaJI:DHOro B8KTO

pa HOC11T ycJIOBIIhlM xapaKTep. 

§ 4 • lS~!-!!s!ills£!~f!!!ill!_Q!!!1!!5L!ill!L:YI!llirQJLIH!Q.Qm!ll!1!1 
ill~~M!lQ!!Q.£! 

nrrfl Taro, qTQ6hl l1CCJie~oBaT:D BJIHffHMe CIIHHa Ha pa3Jil1~

Hbl8 ScpcpeKThi, He06XO~HMO rrpeJK~e BCero B~~HCJIHT:O MaTpMtiHhle 

SJI8M8HTH, xapaKTepH3YIOil{He CIIHHOBhJe ]338HMO~eMCTBHff.,. 

KaK H3B8CTHO, Mbl HM88M BCero 1118CTHa~~aT:O He3aBl1CHMhiX 

MaTpm:{ ,l(HpaKa, KOTOphle MOJKHO Bb!pa3HT:O qepe3 MaTPHUhi: 

(4.1) 

(4.2) 

.. 
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·M3 MaTpM~ nnpaKa MOmHO 00pa30BaTb CRe~ID~Me BM~ B3aM

. Mo~eticTBHti: 

a) B8KTOpHoe: 

\ln, =it (}IV ) . Vt -fi ~ f (4.3) 

r~e tL = I,2,3, ~ - rrpocTpaHCTBeHHaH, a-~ .. - npeMeHHaH 

COCTaB~HID~aH BeKTOpHoro B3aHM0~8HCTBMH; 

o) ricen~bneKTOpHoe: 

fin = £ ()n. , ./It = .fl ~ ; 
B) CKaRHpHoe M ITC8B~OCKaRHpHoe: 

s -fi ()L; ) fP =fi ~ ; 
r) TeHsopHoe BsanMo~eticTnne: . 
~'n 1, = 0 . a;,_ J Ttn = tk (}rz., . ).3 ,.. j.:C ~ 

r~e 7:. I II - rrpocTpaHCTB8HHaH . qaCTb { r-3 fi <:r;j 
hit 

7t~ - ITpOCTpaHCTB8HHO-BpeMeHHa~ qaCTb T8H30pHoro 

MO~etiCTBMH •. 

(4.4) . 

(4.5) 

(4.6) 
, a 

B.3aM-

JJ.RH KOHitpeTHOCTH paCCMOTpHM yrrpyroe pacceHHRe <IJepMRO-

c; 

I 
r, 

N 

I= 

M 

HOB rro.1{ ,1{e-ticTBReM aHeprRn B3aRM0.1{ei1:cTBHH {i , K~Topyro Mhl I 8, 

rrpe.1{CTaBHM KaK ITJ'OH3B8.1{8Hl'Ie CITHHOBOM H KOOp.1{RHaTHOM qacTJ/I/G/: 

u = fr., ~ u { f) . . (4.7) 
Booo~e 3TOT M8T0.1{ MO~BT 6b1Tb RerKO 0006~eH H Ha HCCRe

.1{0BaH1-Ie .1{pyrTIIX· a<IJ(DeitToB. JtRH a[_f?<IJeKTJ/IBHoro cetzeHHH yrrpyroro 

pacceHHRH c ytzeToM cm~HOBhiX aw<I>eKTOB, !Cor.1{a 3ReKTPOH H3 

cocTOHHMH ( k , S ·, JC. ) rrepexo~RT B cocTOHHRe ( K' , S 1 
, 

a 

cr: 



[-

4.4) . 

4.5) 

4.6) 

a 

an-

PMM0-

10 Mbl 

aCTM/6/: 

~.7) 

t1CCJie-

rroro 

, I 

' s ' 

I . 

':JC = X) Mbi c5y;zr.eM MMeTlJ BbrpameHMe: · 

MaTpMliHbiii 3JI8M8HT, He 38BMCflll(Miit OT CIIMHOBhiX CBOWCTB • li.JrH 

orrpe;n:eJiemm me Iwswrimr.n1eHTOB Cs, Mbi c5y,IJ;eM MMeTlJ cJre,IJ;yiO

Ill8e ypaBHCHMe: 

(4. 9) 

ITpHtreM, C IlOMOII(lJIO ( 3 • 6) Jieri\0 IlOKa3aTlJ, liTO CllMHOBhiH 

MaTpMtiHbiM 3JieMeHT tteTb!peXpfl~HOW MaTpH~bi llHpaKa MOJKHO 

pa36HTlJ Ha rrpOM3Be,IJ;eHHe ll.BYX He3aBMCflll(HX MaTpMtiHb~ 3Jie

M8HTOB OT ,IJ;Byxpfl,IJ;Hbcr MaTpM~ ITayJIM: 

~/ (K)f}, a;; [;s rKJ ~j:Jj rs;sys; {s; s). 
8;n:ec1: 

(4.10) 

jl' (s,' s) - (J!;r Jl~) CJj (Jj ' 

~(s;s) = (B;r B!:J~' (~~) J 

(4.II) 

I ~I 
a cJ. - HBJIHIOTCH :zr.nyxpHlJ.Hb!MM MaTpM~aMM ITaynM v 1, 

2
, 
3

, 
Iff, (i 0) . cr = = o iJ. 
f HarrpaBJIHH .B cJiyttae yrrpyroro pacceHHMH BeKTop K no 

.. 
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ii _, 

oc11 l~ , a BeKTOP I< , pacnoJiaran B IIJIOCKOCTM X .C , 

6y~eM 11M8Tll: 

j
11

( s; s) I IJC I I ka 

f 3 . ~-. . ..= j_ {i+ss) . + j_{i+ss') 
-(s'S) · ka~ · · /':!( 
f.t ( .s) .V JC 0 JC I -c; "" \ < 4.12) 

f> 1. { .s; s) 

-
~, {s;s) 

OJ cs; s) 
~ (s;s) 
~ (s; s) 

={i+SS') 

kS 

,.. 

- S Sin!}_ ;._ 

+{i-ss)i- Sin~ 
iseos.[ 
cos~ 

:t 

. (k i<:J 
r~e (9 - yroJI pacCeHHMH, T.e. CoS 8 = k":t • 

) 

(4.13) 

Ha OCHOBaHMH riOCJie~HHX illOPM,yJI MH MOEeM C~eJiaTll HeRO-
• 

TOpMe BMBO~M 0 riOBe~eHHH CllHHa npH pacceHijHH B aaBV.CHMO;... 

CTH OT xapaKTepa B3aHM0~8HCTBHH. 

IlpeJK;ZJ;t.' ··Bcero Hs !flopM,yn ( 4.12) MM BH~HM, liTO B Hepe-
. I< l<o 

JIHTHBMCTCKOM npH6JIHiKeHHH X ~OJ. :;c ~ 1 Mbl nonytzHM 

OTJIHtiHOe OT HYJIH 3HatzeHHe ~JIH aw~eKTHBHMX cetieHHH JIHillll 

~JIH B3aHMO~e~CTBMM, nponop~HOHaJil>HMX MaTpH~aM ~ H ~ • 

,UJIH HHX: 

ft {s;s)·= fi {s;~=i. 

\ 

i 
l 
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PaCCMOTPHM ~~fl KOHKP8THOCTH c~y~aH CKB~HpHoro :) = 
-fi o-; H B8KTOpHoro ~= fi ~ (Hepe~.HTHBHCTCKaff 
~aCT])) B3BHMO;z{8:tiCTBHH, npe;n"no~ara.H, ~TO HatzM:DHhiH CIIHH 

HanpaB~eH no Ha tza~:DHOMY HMrry~:ocy, T. e. C/~ =_I, ( i. ( i9 =0. 

B aToM c~ytzae c noMo~:oro WOPMY~H (4.9) Ha:ti~eM: 

I 

C~.=Cs'=t ti<'J =cos! ) Cs~-.t (ilJ=-.s,·n ,f .) (4.14) 

T.e. 

10 C tr C , 11- C ' 
S.3 = :1. i. - C_i. -L =COS f9 

/0 s =0· ..t .) 
5 10

=- $ldZ e. 
I 4 

(fj-.I5) 

0TCID;z{a BH;z{HO,· 't.ITO B Hepe~HTHBMCTCKOM npH6~HZ8HHH ITpH ~ 
H ~ -B3BMMO;z{8HCTBHHX B8KTOp CITHHa ;z{O~Z8H COXpaHHT:D CB08 

nepBoHa~a~:oHoe HarrpaB~eHHe, T.e. ~anpaB~eHHe Ha~a~:oHoro _, 
HMITy~:oca H ITOSTOMY -oTHOCHT8JI:DHO I-!:OH8tiHOro HMITy~:oca k 6y-

;z{8T ITOB8PHYT Ha yro~ pacCeflHHff $ . 

HaH6o~:oumt1 HHTepec npe~cTaBJI.HeT Hccne;noBaHMe ;npyroro 

,ItpatiHero c~ytza.H, a HM8HHO, YJI:DTpape~flTHBHCTCKOro ,~ KOr,IJ;a 
I< - ko 

cne;nyeT no~oJKHT:D x ~ _ I, ~ ~ 0. 

B STOM y~:DTpape~flTHBHCTCKOM ITpH6~HZBHHH Mhl 6y,:neM 

HM8T:D: 

(4.16) 
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0TCIO~a Blfl.J;IIO, '!TO TOJI:biW TipVI v VI .11- B3al1M0-

,1(BMCTBI1HX9 · nporropu;MoHaJI:bHbiX MaTpHLJ;aM .fl. HJIM fl , cnMH 

6y;n;eT yCTOMtiHBO CBHSaH C HMITYJI:bCOM. I103TOMy, eCJIVI ~0 

paccemmR CIIMH 6I:JJI napaJIJieJieH HatiaJI:bHOMY HMITYJI:bCY, TO 

IIOCJie. paCC8f!HHfl OH Ta!til\8 OCTaeTCfl napaJIJI8JI:bHhiM KOH8't!HO-

- MY HMrryJI:Ocy. B · cJiytrae Y.\e S, T 11 .jJ -BsaMMo~et1cTBMti 
CITHH OTHOCHTBJI:OHO COOTBBTCTBYIOmero IWHe'tlHOrO 11MITYJI:bCa 

rrepe6paci:JBaeTcHx) • 

.ZVm rrp11~.mpa paccMoTp11:M pacceRHMe aJieKTPOHOB KYJIOHOB'(17\ Ze' £-. -i>l-7'. 
CitHM LJ;BHTpOM sapH;z:ta e . ";1;/= -z.. -' = - V ~) , KOr~a 
SHeprHfl B3aHMO~BMCTBHH paBHa: 

U ;__ e <P-;vfi (Cfl)= eft cr:rfJ-f!fl (Q!f). (4.I7) 

... ----------------------
X) B03MOiitHO, C STHM CBfl3aH TOT qJaKT, 't!TO B COBpeMeHHOH 

•reopHU HBMTPHHO C OpHBHTHpOBaHHhiM CITHHOM ocymeCTBJIH

BTCfl JH1lli:b V 11 /1 napuaHTbl niaMMO.I{ei1cTBHt1, KOTOpble 

o6ecnetiHBaiOT YCTOtitiVIBYIO CBH3:b CIT11Ha C HMIIYJII>COM, no

CKOJI:bl\Y rrepe6poc CIT11:Ha OTIIOCHTeJI:OHO HMITYJI:OCa 03HatiaJI 

·db! rrepeXO,z{ aHTMH8HTp1iHO B HecymeCTByromee COCTOHHI1B, 
-. 

T.e. B COCTOHH11:8 C TIPOTHBOTIOJIOY.\Hb!M HarrpaB~BHMBM 01111-

Ha. 8TO HBJIHBTCH BBC:OMa Cl1JinHbW apryMeHTOM B TIOJib3Y 

v , .1/ -BapuaiiTa .H HaXO,z{l1TCH B COrJiaCHl1 C COOTBBTCTByJ0-
1 

· · lltl1MH apryMeHTaMM, c,z{eJiaHHhiM1'I Ha 6ase ymmepcaJI:oHoro 

tiBTI:JpexQ?epMMOHHOrO B3am.m,z{ei1CTBIIIH/I6/ •. 
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3:z.tec:o e. - ::meKTplfqecl\,Mti sapH:z.t sJieitTpona, a j' - ero 

aHOMaJI:OHhiH MarHHTHbiH MOMeHT, CBH3aHHb!ti C MarHeTOHOM Eopa 
. . ~ )'o COOTHOlllemteM )' =j'o ,8% • ECJIM Mhi npe:z.tTIOJIOJKHM, 'ITO 

B HatiaJI:OHb!H MOMeHT CIIHH 3JieKTpOHa ObiJI rrapaJIJieJieH CBOeMy 

HMIIyJI:ocy ( S = I), TO npH HepeJIHTHBHCTCKHX snepr:tmx E 
rra:z.taromero sJieKTPOHcl (E <<-mo c2

) cnHH :z.toJimeH coxpaHHT:O 

OBOe rrepBOHatiaJI:OHOe HarrpaBJiemie, T • e • OTHOCHTeJI:OHO KOHeti

HOrO HMTiyJI:oca au :z.tOJIJJteH Ob!T:O noBepHyT Ha yroJI pacceHHHH 

e • 

3aTeM B yJI:oTpapeJIHTHBHCTbKOM cJiytiae, no B o6JiaCTH 

ne otieH:o 6oJI:OliiHX sHeprHti (TO'l!Hee, Kor~a KYJIOHOBCKaH qacT:o 

pacceHHHH 6y~eT 6oJI:ollle, ~eM pacceHHHe, o6HsanHoe anoMaJI:o-
.<. £ ec..k ·:J .t 

HOMY MarHMTHOMY MOMeHTY, T • e • mo C <.< <.<. I' ~ 1.3r/77o C._ ) 

OCHOBHYID pOJI:O 6y,IteT npo:z.tOJiilt8Tn HrpaT:O KYJIOHOBCKOe B3aHMO-
~ ' 

:z.teticTBHe, rrporrop~HoHaJI:onoe MaTpune ~ • ITocJie:z.tuee BaaH-

Mo:z.teticTBHe corJiacHo (4.12) B yJI:oTpapeJIHTHBHCTCKoii o6nacTH 

:z.tOJIJKHO npHBeCTM K TOMY, 'ITO crmn sneKTpona ~OJIJR:eH 6h!T:O 

ITOBepuyT B CTOPOIW pacceHIUIOro HMTIYJI:OCa. HaKOHe~, B b6na-
.l 

CTM O'IeHI> OOJI:OlliHX 3HeprHi1: E >;;> 131 mo c OCHOBHOti BKJia,It 

oy,IteT ,It8BaT:O B38MMO,ItetiCTBrt.e, CBH3aHHOe C aHOMaJI:OHhllJ MarHMT

HliiM MOMeHTOM 3JieiCTpOHa, KOTOpoe IlpOIIOp~HOH8JI:OHO MaTpHUe 

fi . B 3TOM CJiytiae cmm 3JieKTPOHa ~OJIJR:eH CT8T:O ITQBepHyTh!M 

npoTHB :z.tBHmeHHH. TaKHM o6pasoM, SKcnepHMeHTaJI:oHoe :vrccne~o-
. -

BaHHe IlOBe~eHHff emma IlpM pacceHHI'L£1 IIOJIHpH3~UHOHHLIX c,lJepMMO-

HOB MO:lKeT IlOMO't!:O OIIpe;n;emiT:O xapaKTep B3aHMO~eticTBHH. 
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§ 5 •· Qmn.L~s9.!ll!L!L..!!Q~!1!2!!2@!191!!!hl~LQ.;§QUQ.!;!!s 
QQllQQ!sn~!!li~-Q-~sQXUYsMll-nQ~!! 

Mu XOTl'lM l1CCJI8:ztOB8T::O ;l(Bl1JK8HH8 li8CTl'lD;, IWr;n;a HX cmm 

rrapaJIJieJieH HJIH aHTl'lrrapaJIJie.JieH HarrpaBJieHl'liO l'lMnyJI::oca (rrpo

;n;oJI::&HaH IIOJIHPH38D;l1H). ITOCKOJI::OKY CIIHH HBJIH8TCH 8KCH8~bHHM 

B8KTOpOM, TO Oil JIHlll::O ycJIOBHO xapaKTepvrsyeT K8K08-TO pea:r::o

HOe HBJI8HHe, KOTOphiM, K8K Mhl IIOK81!t8M, HBJIH8TCH ItpyroBaH IIO

JIHpi138D;t1ff. 

ITpeJK;n;e Bcero paccuoTpttM r-tpyronyro rromrpnsa.u;:mo <fJoTOHoB, 

xoporuo nsnecTHYJO em~ l13.KJiaccel!ecKoH orrTI1KH. IToJie <fJoToHoB 

HBJIH8TCH IIOIIepeliHhiM VI II03TOMY CI\aJIHPHhlM IIOT8HD;I18JI Mbl MO

ReM IIOJIOJKl'lT::O paBHbiM HYJIJO, a B8KTOPHhiM IIO;l(lii1Hl1T::O yCJIOBI110 

nonepel!HOCTH: 
,.. 

~ 

diu./!== o. (5.I) ¢=oJ 
BeKTOpa 3JI8KTpHli8CKoro H MarHI1THOro IIOJieH, oopasyromvre B 

CBOei1 COBOitYIIHOCTl'l aHTHCHMMeTpHliHbiM li8Tbip8XMepHbiM T8H30p .....,. 
BTOporo paHra, CBH38Hbl C B8KTOP-:-IIOT8HD;H8JIOM ./1 rrpl'l IIOMO-

mvr COOTHOlli8HHi1: 

~ ·~ 

H . tot .Jl 
) 

~ ___,. 
£=~.1.. (J./1 . c o-t . (5.2) 

llJIH Toro, liTOOhl pa3A8JIHT::O perueHI1ff IIO COCTOHHHHM KpyroBOM __.. ~ 
noJIHpl1sa.u;HI1J noJIH £ 11 H rro;n;l!I1HI1M ;n;onoJIHl1TeJI::&HOMY 

YCJIOBI110: 

--.. ..:....;. 

H =- t.sE 
..1 

(5.3)• 

L 
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r:zte BeJUfliHHa S = ± i xapaKTepH3yeT rrpoezn.~;1110 emma Ha HarrpaB

JieHue HMIIYJI:&Ca t ·a IIOHBJieHHe MHHMOM e;ztHHHUbi i. B rrpaBOM 
' ~ ........ 

~aCTH CBH3aHO C TeM OOCTOHTeJI:&CTBOM, ~TO BeKTOpbi i: 11 Ji 
HBJIHIOTCfl . B3aHMHO neprreH;ztHJeyJIHPHhiM11. YCJIOBHe (5.3) ;I(JIH 

6030HOB TaK JKe HaK H YCJIOBHe (3 .4) :ztJI~ I!JepMl'IOHOB II03BOJIH

eT B pemeHHH OT06paT:& ~aCT11Uhi C orrpe:zteJieHHh~ HarrpaBJieHHeM 

CIIHHa. 

PemeHHe :ztJIH BeKTop-rroTeHUHana, Y:ztOBJieTBoparo~ee KaK 

ycnoBHIO rronepe~HOCTH (5.1), TaK H ycnoBHIO (5.3) MO~eT 6h!T:& 

npe~cTaBJieHO B BH:zte: 
. ' -:-1' ._, 1 / 1VTi t" ~ -icKt +ik t 

_// =L .1/.z 5; v- K c { !J {~S)Cj {~ s_)e + · 
I< . (5lf) •. -i/1 -II' • 

_,. . i CK t - l K ~ ' 

+{;t-(K;s)q+(K;s)e ·, ) .. 

3;zteC:& Cf,::: ~ (~ S) npe;ztCTaBJIHeT C060L1. I\BBHTOBiie aMIIJIHTY:ztbi. 

,liJIH BeKTOpa ~ HaXO;Itt1M BbipaJl\eHHe: 

(5.5) 

-r:zte /3 o. - e;ztt1Hlii~HhiM BeKTOp, ne~neH;ztHKYJIHPHbiH K e;ztUHHtiHOMY 
j -0 

BeKTopy ln.myJI:&ca nonH K , T. e. 

(5.6) 

HopMHpOBOtiHbiM K03q~HUHeHT, HMIIyJI:&C H CIIt1H MOryT 6biT:& HaL1-

.:zteHhi rrpn B1I~HcJieHt1H cJie;ztyiO~HX HHTerpaJI:&HhiX BeJU'ItiHH: clJYHit

UHH raMHJI:&TOHa, T.e. HHTerpaJI:&HOM 3HeprHH IIOJIH: 

\ 

' 
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H = 3'y Jd~ (E~+H) = 

= L, cjk [ ~t~s)Cf_{it., S)+ 1 {~ s)~'"(i?,s)) 
(5.7) 

-k, s 
HHTerpaRDHOrO HMITY~Dca: 

G = ~c SJ~ [fill = 

=L IJ/[f(k,s)1(~S)+1{/Ssj~+(k,s)]' -k.~S (5.8) 

H HHTerpa~DHOrO_ CITHHa: , 

s =~ sdk.[{%]= 

= L k:_·s [ ~r?; S)Cf/k.sJ+ qliS sJq/(it.,s) J. (5.9) -k~ s . 
M3 (5.7) C ITOMO~DID ypaBHeHHH ABH~eHHH MO*HO ITOK838TD, 

~ 

RTO aMITRHTYAa Cf_, (KJ S) YAOBneTBOpHeT cTaTHCTHite Eoae: 

q, (iZs) ~+( il; .s)- ~+( R:.' s ') q (~ S) = 

,;._ (\ _,.., ~ I 

- 0 J<l< 0 ss ' 
(5.!0) 

T.e. ct.,..~=,;/{~ S) , a q, q. r~ i -/V , rAe./'((~ sJ -
-f> 

't!HC~O 'tl8CTHU B COCTOffHHH k , .S • 
' ... 

KaK BHAHO H3 (5.8), aMrr~HTy;n;a ~ (I<J S) orrHCbiBaeT 

'tl8CTHUbl C HMITYRnCOM Ar , CITHH ROTOpbiX cornaCHO (5.9) 

HarrpaBneH HRH ITO HMllY~DCY ( S = I), HRH ITpOTHB HMITYRDC8 

( S = -I). TaKHM o6pa30M, B CR06R8X 8MITR11:Ty;n; Cj, ( K; S) 

L 



yKa3aHhl Te 3HalieHIIIH IIIMIIYJI»Ca ~ III rrpoeK~IIIIII CIII!IHa S 

KOTOphle CJie;n;yroT III3 COOTBeTCTBYIDmiiiX IIIHTerpaJI»Hb~ 3HalieHHM. 

ItlccJie.;n;yeM Terrep» 6oJiee. rro;n;poc>no Borrpoc o CBH3III sna

lieHIIIH rrpo;n;oJI»Hoti cocTaBJIHromeM CIII!IHa woTOHOB S = ±r c 

KpyrOBOti IIOJIHpi!I3a~I!Ieti CBeTOBbiX BOJIH. 

nJIH STore Bhl6epeM ecTeCTBeHHYID CIIICTeMY KOOp;zJ;IiiHaT, 

narrpaBI!IB oc» 2 no HMIIYJIJ>cy ... He napyl!laH oc>muocTH paccyJ!t-
. -o . 

;n;eHMH, · Mhi MOJ!teM e;n;HHMtiHbiti Bei(TOP J narrpaBIIIT» no ociii 

~ (KaK 6biJIO yJ!te yKa3aHO, STOT BeKTOp ;zJ;OJIJ!teH 6hlT» Ha

rrpaBJieH rreprreH;zJ;IIIKYJIHPH~ K IIIMIIYJI»cy). Tor;n;a BeKTOP SL-~Jd~o) 
6y;n;eT HarrpaBJieH JIH60 ITO CCIII ')! t KaK B IIpaBOti t TaK :III B 

JieBOM CHCTeMaX KOOp;zJ;IiiHaT, ecmr S = I, JIIII60 ITO OCll -:; t 

ecJIM S = - I. YliMTbiBaH, liTO corJiacHo (5.2) .,. 

f) - i CJ< t - i e~ t 
V~"" 8 rv CO$ CKt.) {;;;=iS e ""' S SiY2 CK t-.~ 

T • e • ~ :f = i S {:;.:x:.. t Mbi BIII;zJ;IIIM,. liTO: "z.. 

· a) B rrpaBOM CHCTeMe KOOp;zJ;IiiHaT CJiyliati S = j_ 

(S.II) 

COOT-

BeTCTByeT rrpaBOBIIIHTOBOM IIOJIHpi!I3a~HIII IIIJIIII CIIIIIpaJI»HOCTI!I. 

llpaBOBIIIHTOBaH CIII!IpaJIJ>HOCT» 03HaliaeT, liTO BBHHliiiiBaH BHHT 

ITO HaiipaBJieHIIIID IIIMIIYJIJ>Ca, era BpameHIIIe 6y;n;eT COBIIa;n;aTn C 

BpameHI!IeM rroJIHpiiiaa~HH, Kor;n;a HapesKa y Hero 6y;n;eT rrpaBaH 

(eM. pHc. Ia). CJiytia:ti Jlte .S~=-i cooTBeTCTByeT JrelJOBnH

TOBoti IIOJIHPIII3a~IIIIII (eM. piiiC. !6); 

6) TOtiHo TaKme c rroMom»ro wopMyJihl (S.II) JierKo noKa

saT», liTO B JieBOM CI!ICTeMe KOOp;zJ;MHBT Mhl 6y;n,eM I!IMeT:n uao6opoT. 
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12, 
B cJiyttae S=: i JieBOBHHTOByro ITOJIHPI18B:UHIO ( CM. pHc. IB), 

a B CJiytrae S ~ .i - rrpaBOBHHTOBYIO ( CM. Pl1C. Ir) ~ TaKHM -

o6pasoM, BeJIHttHHa 

S { -too -ilo) = k s (5.12) 

He MOE8T O~HOSHB't!HO XapaKT8pl130BaT:O _CQC~OHHI18 ITOJIHpH3a

UMI1 COITOCTaBJI8HHhlM tiaCTI1UaM BOJIHe 8TO CBH3aHO C TeM o6-.. 
-f'O 

CTOHT8JI:OCTBOM,. tiTO B8KTOp CITI1Ha S HBJIH8TCH ITC8B~OB8K-

TOIJOM (aiWI1aJI:OHbiti B8ItTOp), a B8JII1tii1Ha S - ITpOCTpaHCTB8H

Hb!M ITC8B~OCKBJIHPOM. li03TOMY OTJIHtiaiOIJ.ll18CH ITO 3Haity 3Hatre-
. · t · e 

Hl1H rrcen~ocKaJiapa _ S B rrpanoti ( S = I) _H, JieBoti ( S = -I) 

Cl1CT8MBX KOOp~HHBT 6yll,yT XapaitT8pl130BBTb OlJ.HY H Ty JKe, a 

~Me~HO, ITpBBOBI1HTOByro ITOJIHPH38Ul1ID (CM. pnc. 2). 

fiOitaJKeM Tenep:o, qTQ 11pl1 l1HB8PCI1H rrpOCTpaHCTBa. ( P 
rtpeo6pa30BaHHe) rrpa~OB~HTOBBH ITOJIHPI138Ul1H O~T88TCH rrpaBO

Bl1HTOBOU, TOJibitO l13M8HH8TCH CI10C06 ee OITHCBHHH. 
- -i' ~I 

,QJIH sTore B mrpaJKeHMM (5.4) Cll,eJiaeM aaMeny t ~ -'2 , 
~ -'*'I - . 

t ~ t 1 
, .J/---.fl . Tor){a OHO . ITpl1Hl1M88T BHll, :. 

. 2.J/"C /f., ~ . . -tCK - t.K t ~I I ffl-1- - .. t .~... ' 

Jl=-L'·a{; k (tr~sJ9(K;s)e +x.c:.)> 

-
r,z{e ItoMITJI8ItCHb!H B8KTOp {; (K: S) 

(5.13) 
orrpell,eJIHeT·ca paBeHCTBOM 

( 5. 3). liJIH Tore, tiT06bi 11pl1B8-CTIIJ BLipameHHe 

BMl(y (5.4) CO 3H8ti8Hl18M (5.5) ll,JIH B8.KTOpa 

B (5.13) M~B (5.5) C,1{8JiaT:O ll,OITOJIHHT8JI:OHYIO 

(5.13) BHOB:O It _,., 
g , Mbl ll,OJIJrtHbi 

38M8Hy: 

~ _, 
k -7 ·-I<) 

~ 1e ~o - _,o 
s--7>-s_,,t~-;s. (5 •. 14) 



r~e 
~I . 

8 (k,' S) = /z. (/':;,is' [i<j:.-m]) 

9'rk:' s) =? f~·~sj. (5.I5) 

L1s (5. I5) cJie~yeT, .liTO· np11 P -npeo6pasoBaHMn 

(5.I6) 

ilOCIWJI:Oicy npaBOmiHTOBaR IIOJIRPI13a~I1R OI1I1CbiBaeTCR pa3JII11!

Hb!MI1 3Hal!eHMRMI1 s B npaBoti ( .s 'Z.. = I) M JieBoti ( s e = -I) 

C!1CTeMe IWOp~MHaT (CM. pMC. 2), TO, I\ai\ BH~HO :I13 (5.16), 

P t ,e. 
llpH -npeo6pa30BaHMI1 (S - - S ) npaBOBHHTOBhle l!aC-

TI1~bi OCTaiDTCff npaBOBMHTOBbiMM, TOJI:OIW I13M6HR6TCR MaTeMa

TI11!8CKMti crroco6 omwamtff KpyroBoti noJi'RpMsa~vm. 

06o6m;MM aHaJIOI'Hl!HbiH aHaJII13 CBR3H. CITHHa I1 .110JiflJJ113a

~HI1 7jf BOJIH B CJiyl!ae ~HPaiWBCI\HX l!aCTJri~. )J)IR 3TOI'O pac

CMOTpl1M COCTORHMR C ITOJIOJ!n1T8JI:OHOM SHeprHefii B 8CTeCi'B8H

HOM cvtcTeMe (oc:o J: HarrpanJieHa no MMITYJI:&cy). Tor~a, co

rJiacHo ( 3. 8) ~JIH CI1I1HOPHbiX aMITiiHTy~ Mbl 6y~eM I1M8T:O CJie

~!011.\VIe Bbipa)!{eHMR. 

B cJiyl!ae S = I ( crrMH nanpamreH no VIMnyJr:ocy) MJIM 

S = - I (CilHH HarrpaBJieH llpOTHB I1MI1YJILCa) 6y~eM COOT-



~ 

(, 

~ 

B8TCTB8HHO llM8T~: 

-· ./tr·(K,,. 

8rtJ=I vf:z 
0 
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b(-1) = 

0 
Vt~- ~.I:.·· 

0 1 

~ ko - f- X 

(5.I7) 

B KalieCTBe ner<Topa npamemm, xapaKTepH3yromero KPY

ronyro nonHpH3aUHIO (B Te~HM woTOHOB STHM neKTopoM HBnH

eTcH neKTop-noTeHUHan 1/ ) , Mhl BbiciepeM neKTop: 

~ 

~ = Cfo fJ (s) (5.I8) 
~0 

YtiviTbiBaH ,I(anee 3~alieHMH .I(nH MaTpVlU () (eM. (2.19) 

ll (2.20)), a TaK~e 3HalieHHe .I(nH MaTpllUhl 6(S)(cM. (5.I8)) 

nerKo noKa3aT~, liTO: 
,. 

8)1 = i s bx, ~. (5.19) 

Il08TOMY B. COOTB8TCTBVlll C aHanVl30M aHanorVlliHOrO Bbi

paJKCHUH B Teop:t-m qJOTOHOB ( CM. ( 5' I I)) Mbi oy.I(eM VlM8T~' liTO· 
. . ~ 

npaBOBVlHTOBaH cnvrpan~HOCT~ 6y.I(eT cooTneTCTBOBaT~ S = I . e 
(B npanoit CMCT8M8 KOOp.I(VlH8T) H S = - I (B JI8BOi1) ll Ha-

060 pOT, JI8BOBVIHTOB8H cnvrpan~HOCTJ> OllHCbiBaeTCH 8Ha li8HH8M: 

s 'l, = - I (B. npanoiii CviCTeMe) ll s e = I (B JI8BOi1). 



§ 6. Teont-YH Hef1TnJ.mo c onMeHTHnonaHHbiM Cllt-!HOM 
--~-;-<:JS1f:-;;~-=~;7ID=I47----------~ _____________ Q _________ _ 

CorJiaCHO TeOpllM Jlu M RHra HeiiiTpHHO OT aHTllHBMTpllHO 

OTJillqaeTCH cnnpaJILHOCTLID, qTo npHBO~llT R D6~HCH8Hl'IID HB

JIBHMM, M3B8CTHhlX no~ Ha3BaHH8M HBJIBHMH HecoxpaHBHllH qeT-

HOCTL'I. 

Itar~ Ob!JIO noJta3aHo B npe~(hmYI.l.\HX naparpa<flax, cnMpaJIL

HOCTL oy~eT MHBapMaHTHa OTHOCllTBJILHO npeo6pa30BaHMM Jio

peHUa TOJibRO B TOM CJiyqae, ROr~a MaCca WBPMHOHa, T.e. B 

AaHHOM cJiyqae Macca~ueUTpMHo Toquo paBHHeTCH HYJIID. 

]l,JIH . OIIMCaHMH HBMTPMHO Mbl HCllOJib3YBM qeTbiPBXROMllOHBHT

HOe ypa13H8H1'18 J[MpaRa (3.1), ROTOpoe B CJiyqae HYJIBBOM MaC-

Chl llOROR npHHHMaBT BM~~ 

(6.1) 

]OllOJIHHTBJibHOe YCJI013M8 (3.4) Mhl npe~CTaBHM B BH~e: 

(6.2) 

T .e. Mhl npe~llOJIOJ!tHM, qTQ BBJIMqHHa 5
6 

3aBHCHT OT 3Haita 

::meprtni.; 

YqHTbiBaH, qTo qacTHUhi c noJIOJKHTeJibHoiii ::mepr11ei1 <. c, =I), 

T.e. HBMTpMHO 06Jia~aroT JIBBOBMHTOBOM CnMpaJibHOCTbiD, Mhl ~OJIE

. Hbl llOJIOJ!tl1Tb 

( 
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l. 

~e 
sc=i = =t=! J (6.3) 

llpHlieM,.' HH;lt8KC .'t , a TaK:m:e 3HaK MHHYC y 8;ztHHM~hi OTHOCHT

Cfl K npaBOM CHCTeMe H:OOp;ztHHaT,
1 

a MH;zt8KC e CO 3HaKOM MM

HYC - K JieBoiii. 

TOliHO TaKiJte ;z{JIH npaBpBH·H.TOBhlX aHTHHeiiiTpHHO, T. e. ;z{JIH 

liaCTH~ c OTPHUaTeJII>Hoti ::meprHe~ ( 6 = - I) Mhi 6y;zteM 

HM8TI>: 

S
t,e · , 

- +j 
o=-t. - - • (6.4) 

Ma paBeHcT:Ba (6.3) H (6.4) BH:ztHo, liTo BeJIHliHHa Se, 
HBJIH8TCH llC8B;z{OCK8JIHpOM.B tieTbipeXMepHOM rrpocTpaHCTBe, TaK 

KaK OHa M8Hfl8T CBOM 3HaK He TOJII>KO llpM HHBepCHH llpOCTpaH

CTBa, T.e. npH nepexo;zte. ·aT npaBOti CHCT8Mbl KOOp;ztHHaT K Jie

BOiii ( S 6~- - S [) , ,..Ho n npH o6pamemm Bp'eMeHH 

( 5 ~~ e = - s t., e ) • 
e=i. e=-L . 

YtiMTb!BaH, liTO ;ztJIH liacTH~ C·Maccoii rroKoH, panHoi1 Hy-

JIIO E = e c If I ' Mbl . ~OJKeM ;z{OIIOJIHHTeJI~HDe YCJIOBHe ( 6. 2) 

rrpe;ztCTaBHTI> B BH;zte: 

( [ ~ c, Sc.ft) ?j/ = 0_, (6.5) 

KOTopoe. B npanoi1 {nepXHHM a:naK B cKo6Itax) H JieBoti (HHlltHHtl 

3H8!!:) CMCTeMaX K.OOp;ztHHaT npHHHMaeT BH;zt: 

(1 + _fl)<f=o (6.6) 

MccJie;ztyeM, HqKOHe~, HHBapHaHTHOCTI> ypaBHeHMtl (6.1) 

M (6.2) OTHOCHTeJII>HO P , 7 S' C - npeo()paaoBaHMM. . . 

8Ty HHBapMaHTHOCTI> Mbi MOJKeM npoaHaJIH3MpODaTI>, npeo()

paayH COOTB8TCTBYIOIUHM 06pa30M ypaBH8HHe l(HpaKa, a TaRJKe 
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· ;n;orroJIHMTeJII>Hoe ycJIOBMe (6.2). 

O;n;HaKo, Mhl McrroJI:osyeM ~JIH 3Tbro aHaJIMsa Henocpe;n;

CTBeHHo perueHHe ,1l;JIH BOJIHOBOH @YHK~l1l1 <j/ , KOTOpoe CO

rJiaCHO (3.5) l1 (3.6) MOReT 6blTI> rrpe;n;cTaBJI8HO B ~11,7.(8! 

. I · -ic~t-+- ii!'Z 
ct~ L~z { ~ (iSst) G~. (~ s.t) e + 

R 
. ..., -:> 

C H- ~ ~ ic.~f:-£K t 
+ _ .t { K.) s_~.) /;_1 (- k.J s-.t) e ) < 6. 7) 

?lr *" ,...J -1- 1 \ { *' ~ .;; *" "? ic7!'6 -t:Ki' 
1 = 7 I 1 =- . ..11 ~ C .t. (IS ~) tJ t ( k.) Ss ) e + I L /.(, )?"" y 

. ...~ 

- z" c Jr:! t + l.. K. "t. 

+ c_t ( i0 s_J ~c: (- k, s_J e ) J (6.8) 

r;n;e 

c_; (X: S-t)= C (-it~ S_i; 6=-i.) 
H T.,l.(., 

a ;n;JIH ~aTpM~hr ~c { ~ .Sc,) . Mhl MoJrmM. HarmcaT:o: 

--------------------------
X) c.Da30Bblti MH0Jltl1T8JII>, Mo;n;yJII> KOTOporo paBHH8TCfl 8,lll1HVI

U8, Mhl ITpl1 3TOM OITyCitaeM. 
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/ !<'/; . -£'5' 
:!:. se i.+c ii. j±se,cose' e 
~ ko 

0 J . 0 ~ £ <j t + c ;j.C i =F Se CoS e e 
r:-;;: I . -~·5' 

± cvt-c¥c,. f:i:Se_cose e- . 
~I . fti9' 

eSe. v1- c X f~ SeC()se e 

(6.9) 

KpoMe Taro, Mhl .n;oJIJKHhl y'tlecT:o, 'liTO S~=-.S_c!., T.e. BeJIH

'l!HHa S~ rrpe;ncTaBJIReT C060i1 'tl8Tb!peXMepHbiti IIC8B,Il;OCit8JIRp. 

8.n;ec:O HH,Il;8ItCOM y aMIIJIHTy;n c Mbl IIOCT8BHJIH 3H8It ::meprHH, 

onpe;neJIRIO~Hti coc5oti no-cy~ecTBY aHait sapR.n;a. B citoc5Itax iKe . ~ 

aTHX ~MIIJIHTY.IJ: CTORT sHa't!eHHe HMrryJI:oca K H sHa'lleHHe ;nJIR 

npoeitUHH CIIHHa, ItOTOpbie MOryT c5biT:O H8H,Il;8Hhl 113 COOTB8TCTBYIO

~HX HHTerpaJII>HbiX_BbipaJKeHHH: 

H = j zf+{fi c?fJ'flm.cJifd:x_~ 
G= jf~-kvl/fd:x; (6.IO) 

s = ·s ,,,r t.t,._ (~P) v d:X . 
p T :L. f ~-

B ciJopMyJiax ( 6. 7) H ( 6.8) BeJIH'l!HHhl X H I< , cToRmne B 

noitasaTeJie, Bhlc5paHhi TaitHM oc5pasoM, 'tiTOc5hl ·npnMeHeHVre onepa~ ··· 
. t-o tr~ -
TOpOB ~ i":i1 H fi V : . :;2:{8B8JIO c5hlr;3~8l!8Hl{e ,Il;Jlfl ;:;:meprJ1li . 

HMIIYJII>Ca, COBTia;naiO~He C 3TliMH HHTerpaJI:&HbiMli ·rBbipaJKeHHflM11 ~-

ITpH aToM cJie;nyeT J'tlecT:o, 'liTO ;neticTBHe aTHX onepaTopoB Ha 
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<PYHRUHU, rrporropuuoHaJI:OHiue C: 1.. , cJie;n;yeT 6paT:o c o6paT-

HhlM 3HaROM (eM. TaR~e (I.7)). 
PaCCMOTPHM rrpe~;n;e BCero HHBapHaHTHOCT~ 3THX pemeHHM 

P ~, -
OTHOCMTeJI:OHO -rrpeo6pa30BaHHH ( ~. =- t,) , T. e. IIPM IIe-

pexo;n;e OT rrpaBOM CHCTeMbl ROOp;D;HHaT R JieBOM. 

YqHTHBaH COOTHOllieHne: 

(6.II) 

Mhl CMO~eM COXpaHHT:O HHBapHaHTHbW BH;ZJ; ypaBHeHHM B lliTpHXO

BaHHOM CMCTeMe ROOp;ZJ;HHaT, eCJIH c;n;eJiaeM CJie;n;yromyro 3aMeHy: 
1 ·-1 ....,. .-, e - t. 

C, = c._, I< = - I< ) s e,: = .s e. .I 

C I /~1 ') c ( -1> • 

1 l 1<.) S1 = . .t -I<" - S:) . (6.I2) 

,· 
llocJie;n;Hee Bhlpa:meHMe rrpe;n;cTaBJIHeT co6oi1 rrpeo6paaoBaHHH 

3HeprHH MMIIyJI:OCa H BTOpHqHO-RBaHTOBaHHhlX aMIIJIHTy;n; IIpH HH

BepCMH rrpocTpaHCTBa. C <fJopMaJI:OHOH CTOpOHhl pemeHHH RaR 6y;n;

TO Obi 6Jiaro;n;apH H3MeHeHHID 3HaRa y S OCTaiDTCfl HeHHBapviaHT

HhiMH OTHOCMTeJI:oHo P -rrpeo6paaoBaHMH. O;n;HaRo, crrlipaJII>

HOCT:o IIPM 3TOM IIpeo6pa30BaHHH COXpaHHeTCH, IIOCROJI:ORy, RaK 

6bmO IIORa3aHO H B § 5, O;l{Ha H Ta ~e CIIHpaJI:OHOCT:O OIIHChl

BaeTCH B rrpaBOM ll JieBOM CHCTeMaX ROOp;ZJ;HHaT pa3JIHqHhiMH ITO 
· t e 

anaey aneqenHHMH S { S = ~ S ) • 

PaccMoTpHM ;n;aJiee rrpeoopaaoBaHHe rrpH mBMHre~oncRoM 

oopameHHH BpeMeHHt Ror;n;a HapH;n;y C reoMeTpnqecRHM oopame

HMeM BpeMeHH ( t 1 
= - t) Mhl ;l{OJIJltHhl orrepaTOphi IIOflBJieHHfl 
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- cr saMeiUIT:o ua orrepaTophl rrorJiomeHHH H uaoe5opoT·. Tor.zta, 

BOCITOJI:030B8BillllC:O COOTHOill8HllflMll: 

6c. { t: ~J Se) = - i c. Se f... (;_c.(+ ~ s,)J X/ (6.I3) 

Mhl MO~teM COXP8HllT:O TOT Jlt8 Bll,It perneHHH (6.?) ll (6.8) B 

illTpMXOB8HHOt1 CHCT8Me KOOp,IJ;HHaT (T.e. IIOCJI8:illBl1HrepoBCKOrO 

oopan(8Hllfl Bp8M8Hll) Ii8K B H8illTPHXOB8HHOti ( T • e. B JiepBOHa-

ti8JI:OHOti), 8CJil1 IIOJIOJICMM: '> 

I c =-6 
) 

""#>I ~ -.I~ - ~ 
!<=-!< S =-S .) ~~ e=-.e' ; 

. I 'z. s I :::' c 
t (6.I4) 

3e.::-e'' 
[13 ([Jo prvtyJI (6.I4) BH,ItHO, tiTO n pesy~:&TaTe T s -rrpeoe5paso-

oamiH Bei\Topa HMIIyJI:oca .n emma, sa.n;auuoro KOHKpeTuoro co-
,.. . 

CTOHHl1H H3M8HfliDTCH H8 JipOTllBOJIOJIOmHHti. KpoMe Taro, COOT
I 

HOill8HHe 6 = - ·6. YI\83biB88T Ha :r'O, '!!TO H3M8Hfl8TCH T8KJK8 ll 

suaK sapH.ztaX::C) 

--------------------------
x) B Ham eM c.Jiyqae 6 S 

6 
= -:1 • 

XX) Booome rOBOpH, pas,n;eJieHne '!8CTVIU Ha COCTOHHI1H C IIOJIO

/.Cl1T8JI:OHOti · (c. = I) 11 oTpMnaTeJI:&Hoti ( ~ = -I) aueprneti 

HOCl1T YCJIOBHhiH Xapai\Tep. 0,IJ;HaiW Mbl ncer,n;a MOmeM BbiC5paT:& 

BOJIHOBble QJYHKUHM (,n;ame B CMMM8TPl1tiHOti Teopt-m:) T8KHM 

o6pasoM, '!!TO COCTOHHl1fl C ~ = I 6y,ztyT COOTB8TCTBOB8T:O 
. 1-

HetiTpllHO ( T. e. qacTHUH, mmeTarometi rrpM .J -pacrra.n;e), a 

COCTOHHl1fl C e = - I - 8HTMHetiTpMIIO (T .e • ti8CTHUhi, Bbi-

• .A) 

... 
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11HbiMI1 CJIOBBMH, orrepaTOp ITOHBJIBHHH HeHTPMHO ~OJIJi\BH 

rrepexo~HT~ B orrepaTop ITOrJIOlll,BHMH BHTMHBHTpMHO H HB06opoT. 

riOCl\OJI~ey BMIIJIHTy~a HetiTpMHO, rrepeXO~Hlll,BH B BMIIJIMTY~Y 

BHTMHeMTpMHO COXPBHHBT CBOID CITMpaJI~HOCT~, TO B pesyJI~Ta-
S J 

TB ~ -rrpeoopa30B8HMH HOBOB HBMTPMHO, T.e. l!BCTMUa C HO-

BOti ITOJIORMTBJI~HOti 3HeprMei1 6y71e T OOJIB;IJ:BT~ rrpanoti CITMpaJI~

HOCT~ID (a He JIBBOH, KBK nepBOHBl!BJI~HhlB) Ttl B 3TOM CMhlCJIB 

Mhl 6y~eM YCMBTpHBaT~ HBMHBBPMBHTHOCT~ BOJIHOBOrO ypaBHeHMH 
s 

B uenoM oTHOCMTeJI~Ho T -npeo6pasonaHMH, T.e. IIIBHHrepon-

CKoro o6palll,eHHH BpeMBHM. 

HaitOHeiJ,, pacCMOTpHM M3MeHeHMB STHX BeJIHl!MH rrpltl c 
rrpeo6pa30BBHHH, ~.e. B ~BHHOM CJiyqae Ilpltl 38MeHe 3H8K8 

JieiiTOHHoro sapa~a. B 8TOM CJiyt.Iae aMITJIHTY;IJ:bi c e = - I 

CJie;n:yeT OTHOCMT~ y'lite He K BHTHHeMTpUHO ....(KBK IICpBOHBl!BJI~

HO), a K HBi1TpMITO. 

JfJI.H Taro, qTo6bi BOJIHOBbre WYHKIJ,HH (6. 7) M (6.8) rrocne 

C -rrpeo6pa30BBHHH ITpMBBCTH K ITOpBOHBl!BJI~HOH tfJOpMe, T.e. 
I 

C~e.1IaT~ BHOB~ TBK11M oopasoM, qTOObi COCTORHHH C C = I 
OTHOCMJIMC~ Obi K HeilTpMHO, Mhl BOCITOJI~3YBMCH COOTHOIIIeHHeM: 

[;& (+ k.) 56)= + c ~ji g_*c {+ i<-' se) (6.15) 

Tor~a Mhl coxpaHHM TOT ze BH~ pemenHM (6.7) M (6.8) rrocne 

c -rrpeo6pa30B8HHH, BCJIH ITOJIOJKMM: 

JieTmomew rrpH J3- -pacrra.n:e). P , T s H C - rrpeoopasonaHMH 

( CMb!CJI KOTOpbiX OLIJI orrpe;n:eJIBH HBMH Bh!IIIB) He MoryT H3MeiU1T~ 
3TOrO pas;n:eJieHHH,38,I(8HHOro rrepBOHBliBJI~HO • 
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()6 

I -/ __. 
6 =-c. I< =t< 

J .,) 
-~~ .s = &' 

-t. 
se.=-c,' (6.16) 

0Tcrol(a BH~Ho, liTO rrpvi sapH,ZJ;OBo-corrpm;;eHHOM rrpeoe5pasonmmMJ 

TaR ;i\e RBK 11 IIPL-1 7' S-IIpeo6pasoBBHHL1J 3BBHCL1MOCTh CITHPBJih

HOCTVt OT 3HBIW ::.mepriH1 (T .e. OT 3HBRB JICITTOHHOro 3Bpff}~a) 
t'z. s t. 

L13MBHHBTCH, TBIC RBR -se' = e.=--l!.' 

.8TOT c})aRT Mbi VIHTBprrpeTHpyeM RBR HBL'IHHBPHBIITHOCT:O 

BOJIHOBOrO ypaBHBHHfl B neJIOM OTHOCHTBJI:OHO C -rrpeo6pa30Ba

HL1fl. lila cpopMyJI ( 6. I 4) L1 ( 6. ]j 6) BHJ\HO, liTO COBMBCTHOB IIpH

MBHBHL'IB T 5C ·-rrpeo6pa30BBHH~i npL1BB1(BT R pe3yJI:oTaTy: 

I ~I ~ -IC:. -"" c =C. J 1<. = - K ~ ~' =- s c. =-c.' 

c:,(K:s:)= c;=e.'{-kJSe)..J 
(6.1?) 

ROTOpbiU MOEBT 6biT~ HHTBPIIPBTHpoBBH KBR HHBBPVIBHTHOCTL 

ypaBHBHHH HBHTpHHO C'0PL1BHTHpOBBHHhlM CITHHOM OTHOCHTBJI:OHO 

coBMBCTHoro T .sC -rrpeo6pasonauMHx). B caM oM ~eJie, rrpM 

3TOM 1(BOHHOM rrpeo6pa30BBHL1L1, HOCMOTPH
0

HB TO, liTO onepaTop 

IIOHBJIBHHH HBHTpHHO IIBPBX01(L1T B OIIepaTop IIOrJiomeHHff Taro 

JKB HBHTPL1HO, L1 BBKTOpa L'IMITYJI:OCB 't1 emma L13MBHHIDT CBOL1 3Ha

ICL1 HB IIPOTL1BOIIOJIOJKHhlB, 3BBL1CL1MOCT:O CIIL1paJI:OHOCTL1 OT 3HBICB 

8HBprL1L1, T.B. OT 3HBICB JIBIITOHIIOrO 3Bpfl1(B COXpBIIHBTCH. 

. w .s 
x) BbipaJKBHHB T = r c IIOJIYliL1JIO HB3BBHL1B BHrHepoBCKOro .L1JIL1 

rpS . 
CJia6oro OTPBJKBHHH BPBMBHH B OTJIL1'tiHB OT { -rrpeo6pasoBa-

HHH, HB3hlBBBMOrO rummrepOBCKL1M l1JIL1 CL1JI:OHhlM OTPBJKBHHB:M 

npeMBHH. TaRHM o6pasoM, woPMYJihl (6.~7) orrpe~eJIHIDT rrpe

oe5paaonaHL1H CJia6oro OTpBJKBHHfl BPBMBHH. 
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CHMOBJnrtrecKvr o6o6meHHhre TeopeMbi Jiro~epca-TiayJivr n rrpH

MeHeHvrl'I K BOJIHOBOMY ypaBH8H.t1!0 H.ei1Tpt1HO C OpHeHTvrponaHHbiM 

CIIl'IHOM MOJH:HO 38IIHC8T:O CJie~YIOII(.t1M o6pa30M: 

s 7 C =consC (6.18) 

CJie;zcreT 38M8Tt1T:O, tiTO IIOCJI8 IIORBJ18HHR Teopt1t1 HecoxpaHe

HHH tr8THOCTH, C03~8HHOH JIH-fiHrOM, CaMH JIH VI flHr, a T8K:l!(G 

JiaH~ay Ctrt1T8JIH, tiTO IIpORBJI8Ht18 H8COXP8H8Ht1H tr8THOCT.t1 HK0-

6bl CBR38HO C II8t1HB8pt1aHTHOCT:OIO BOJIHOBbiX ypaBH8Ht1M H8tiTpt1-

. HO OTHOCHTBJI:OHO l'IHBepCim ITpOCTpaHCTBa ( ,P =/: Con.st-) • 

<Ilt13.t1ti8CKt1\3TO, IIO t1X)JIH8HHIO, ~OJIJH:HO IIPORBJIHT:OCR B TOM, 

liTO ITpH HHBepCVIl'I IIpOCTpaHCTBa JI8BOBt1HTOBbi8 HetiTpHHO HK0-

6bi ~OJIJH:Hbi rrepeXO~HT:O B IIpaBOBt1HTOBbi8 • 

;l(JIH OIIHC8Ht1H IWM6~mHpOB8HHOti HHJWPCHH OHM rrpe~JIOJKHJIH 

BM8CTO (6.I8) CJI8~YIOII(88 BbipaReHHe: 

PC= const.) 7= cons t-. (6.I9) 
O~Haico, nocJie~HH~i BbiBO~ He ytrnTh!BaeT, trTo aKcnaJI:OHbiti neK

Top MOJK8T xapaKTepH30B8T:O peaJI:OHhiM rrpouecc JIHlli:O ycJIOBHO. 

B C8MOM ;n:eJie, 8CJit1 BOCIIOJI:030BaT:OCH ~JIH H8MTpk'IHO C 

MaccoU IIOKOfl, pamiOtl HYJI!O ~BYXKOMIIOH8HTHbiM BOJIHOBhiM ypaB

H8Ht1eM: 

TO C BH8lliHet1 CTOpOHbi OHO ~eilCTBk'IT8JI:OHO RBJIH8TCH H8t1HBa-

~ ~) 
pHaHTHbiM OTHOCHT8JI:OHO HIIBepmm npocTpaHCTBa (p-;. -? / . 



.. 
·68· 

O~HaRo, npH_3TOM.Heo6xo~MMO yqecTI>, qTo STO ypaBHeHHe 
~ 

CO~epJKMT 8KCM8JII>HbiM B8KTOp Q , cp!13MqecRHH CMbiCJI ROTO-

poro B npaBOH.M JI8BOM CHCT8M8 KOOp~MH8T pa3JIMqeH. 

J[JI.H TOro, qTo'Gbi noJiyqi1TI> .IJ:BYXROMnOH8HTH08 ypaBH8HH8 

H3 H8ill8H T80pMM, Mhl ~OJIJKHhl BOCnOJII>30B8TI>CH (6.1) M (6.5). 

Jil3 3TMX ypaBH8HHM JierRQ noJiyqMTI> CJI8.IJ:YIOI!\88 ypaBH8HM8 ~JIH 

H8MTPMHO (BM8CTO (6.20)): 

( E- c sc (if1J) </=o (6.2I) 

B qacTHOCTH, ecJIH Mbi npe,IJ;nOJIOI!tMM, qTo qacTHUhl c 

noJIOJKMT8JII>HOH 3HeprM8H OGJia,IJ;aiDT JI8BOM cnMpaJII>HOCTI>ID 

( 5 :,=ei = -t- 1) ~ a c OTPHIJ;aT8JII>HOii - npaBOM ( S8'{,~ = i.- ±.L) 
. TO ,Il;JIH B8JII1qHHbi C Se HaXO~HM B npaBOti I1 JI8BOi1 CI1CT8MaX 

pasJIJiiqnue no snaKy snaqenHH: 

't. e ,.. 
c s&' = _,_ i (6.22) 

H8Civ!OTPH H8. TO, qTo 3TH pa3JIJiiqHbl8 3HaKlii onHCbiB8IDT COB8p

ill8HHO TOJK,Il;8CTB8HHbi8 COCTO.HHMH CliiCT8Mbi. 

ECJIM yqecTI> COOTHOill8HM8 (6.22), TO JierRO YCMOTP8TI>, 

qTO ,IJ;ByxROMnOH8HTH08 ypaBH8HH8 (6.21) MHBapMaHTHO OTHOCM

T8JII>HO MHB8pCHH npocTpaHCTBa, B TOM CMhlCJie, qTO 3aBHCHMOCTI> 

cnMpaJII>HOCTM'OT 3HaKa 3HeprMM (T.e. OT JienTOHHOrO sap.H,IJ;a) 

npM 3TOM He M3M8HH TCH, XOTH BOJIHOBbi8 ypaBH8Hl'IH OnMCaHHH 

3TOM cmtpaJII>HOCTM H8CKOJI:bKO OTJIHqaroTCH ,IJ;pyr OT ,IJ;pyra no 

BHenmeii (_popMe. 

8TOT BbiBO,Il; MOJKHO C,Il;8JI8TI>, 8CJIH I1CXO~HT:b M3 rrpOCTbiX 

~ 
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MeTo~onormqecKHX coodpaxeHm~. Budop npaBo~ MHM neBoR 

CHCT6MH KOOp~HaT SaBMCMT MCKHIDQHT6HbHO OT HadHID~T6HHo 

ll03TOMY H6Hb3H HCKaTb H3M8H8HH~ KaKHX HHdO ~H3HQ8CKHX 

CBOnCTB npH /) -npeodpa30BaHMHo 

B CaMOM ~ene, BHdOp HadniD~aTeneM TOR HHH HHO~ CHCTe

MH KOOp~HaT MOX8T CKa3aTbCH HHIDb Ha ~OpMe OUHC8HHH CBORCTB 

qacTHU, HO He Ha caMHX CBORCTBax. 

~HH HnHIDCTpaUHH HameR MHCHH npHBe~eM CH6AYIDmHR npH

Mep. AonycTHM, QTO Ha6niD~TenH neTHT Ha BHHTOBOM cauone

Te, nponennep KOTOporo OTHOCHT8HbHO CKOpOCTH CaMOHSTa OUH

CHBaeT npaBHR BHHT.~B 3TOM cnyqae Ha0HID~T8HH, KOTOpHe 

HSdepyT npaByiD CHCTeMy KOOp~Ha T, Oy ~T YTBepx~ Tb, , QTO 

yrHOBaH CKOpOCTb (aKCHanbHHR B8KTOp) dy~eT napanneneH 

cKopocTH ~BmxeHHH cauoneTa. ApyrHe ~e HaOniD~TenH,KOTOpae 

H~depyT H8BYID CHCT8MY KOOp~HaT (T.e. C TOQKH speHHH nep

Bli!X npO)J.8H8DT P- npeodpa30BaHMe) dYAYT yTB8pX~Tb, QTO 

yrHOBaH CKOpOCTb aHTHnapaHH8HbHa 3TO~ CKOpOCTH ~BH~8HHHo 

0~HaKO,<fJH3HQ8CKH peanLHlilif nponecc, KOTOpli!R T8 H 

~pyrHe H80HID,JJ.aT8HH pa3HHQHii!M MaTeM8THQ8CKHM CUOCOQOM OUH

Cli!BaDT, Oy,JJ.eT npe,JJ.CTaBHHTb COQOD 0~0 H TOXe, a HM8HHO, 

npaBOBHHTOB08 ~BHX8HH8 nponennepa. 

HaKOHeU, ~~M reoMeTpHQ8CKYID HHTepnpeTaUHID C UOMOmbiD 

sepxanbHHX o!paxeimR pesynLTaTa HSMeHeiiHH ocHOBHbiX xapaK

TepHcTHK He~TpHHO c op.ueHTHpoBaHHHM cnHHOM npH TsYJ. C H 

/) · -npeodpa30B8HHHX. 

llpeJJC~e BCero HSOdXO~MO no~qepKHYTb_, ':ITO KaK BH~O 
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ll3 ({lo PMyJr ( 6. :t 4 ) H ( 6. I 6) ; aMITJIMTY;Ltbi He tiTpHHO ( e = I ) 
.s 

JII aHTHHeLiTPMHO. ( e = - I) rrpxr T JII c -rrpeo6paaoBaHMHX 
I . 

M8HHIOTeH MeeTaMM ( C = - C ) • TIOSTOMy Mbl Bbi6epeM rrepBO-

HatiaJIJ>HO :z_tBa TaKMX eoeTOHHMH, IWTOpbie 011HebD3aiOT HetiTpliHO 

( cS = I) n aHTJIIHetiTpnHo( 6 =- t) e O;u1HaKOBHMM HMrry JibcaMH, JIO 

11pOTMB0110JIO~HbiMll errnHaMH. 

Tor:z_ta aaKOHbi Rpeo6paaoBaHMH STJIIX eoeTOH:Hllti 6y:z_tyT - s . 
eJie:z_tyiO~Mex>: rrpn ~ -rrpeo6paaoBaHnn (eM. 6.I4)): 

~ ~ -1 - ,t t. 
J L .J :J -L ..J I< S =-ixk=-k s =S =L 

~ -~ ~ I'Z. 'Z. ., I< S t = 1 k = -k S _, =S., =-.L (6.2J) 
.J -.i. ) -.4 ... ~ 

rrpn C -rrpeo6paaoBaHHM (eM. ( 6. I6)): 
~ 'z.. ~I --1" '~ "l. - L 

k.) s.t ::-.Lxk = k, st = s_i.·- ..J 

~ (.' t k._, ...,. s tt. s·t.-- .f. . I< ..,) -.f. -..-x = -.) -.t. - . - , -.1. .1.. ; (6.24) 

.rrpn P -rrpeo6paaoBaHHM (eM. (6.!2)): 
~ ~ _, ~ ,e ~ 

K S ::::- .f 1< = -I< S =-S = i. 
.) .:t .) ~ t .I 

_,. .. _, - ,e 't. .i 
K ..s "= .1. ,. k = --x s ~-s =-) -.t. . ) -L. -t 

(6.25) 

llJIH orrpe:z_teJieHHH peaJIJ>HOM errnpaJIJ>HOeTM He06XO;LtllMO o6pamaTJ> 

----------------~---------

X) B ({lopMyJiaX (6.2S)-(6.25) BepXHHe eOeTOHHlifl 6y:z_teM OT

HOeMTJ> K 110JIOmHTeJIJ>HbiM SHeprHH:M (HetiTpJIIHO), a Hli~Hee 

- K OTpM~aTeJIJ>HbiM (aHTMHetiTpliHO) •. 

..._.....{, 
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BHHMaHHe Ha B3aHMHYIO OpHeHTaD;HIO B8KTOpa HMIIYJI:Oea H Ha

rrpaBJI8H~g BpameHMH, xapaH:TepHsyiOmero KpyroByiO rroJIHpHsa

IJ;MIO. HarrpaBJieHMIO ~e B8KTOpa eiTMHa H8JI:03ff rrpH~aBaT:O peaJI:O

HOrO eMb!eJia, TaR KaK OH omiehlBaeT O~Hy H TY ~e errHpaJI:O

HOeT:O B rrpaBO~ eMeTeMe KOOp~MHaT O~HHM HanpaBJieHHeM, a 

B JI8BO~ - IIpOTHBOIIOJIOJKHhlM. 

KaK BH~H~ HS rroeJie~HHX wopMyJI, rrpH ~s-rrpeo6pasoBa
mm (eM. (6.23)) sepKaJio eJie~yeT rroeTaBHT:O rreprreH~HKYJIHP

Ho K HMITyJI:oey, a IT pH C -rrpeo6pa30BaHMH (eM. ( 6 • 24)) 

rrapaJIJieJI:OHO nMnyJI:oey. P -rrpeo6pasoBaHHe (eM. (6.25)) 

MOJ[HO OITMeaT:O e ITOMomi:)IO ~BO~Horo OTpaJKeHMH •. 

Ha pHe. 3 e rroMom:oiO sepKaJI Hso6pameHhl rrpeo6pasoBa

HHSI TOJI:OKO tiaeTHIJ;hl e ITOJIO:lln1T8JI:OHOi1. 3HeprHePi:, T • e • H8~Tpn-· 

Ho. OtieBH~Ho, liTo aHTHHeilTpMHO 6y~eT C6Jia~aT:o TeM ~e 

HMIIYJI:OeOM, HO IIpOTMBOIT.OJIOJKHO~ IIOJIHpM3aiJ;MeM. 

RBJieHMff HeeoxpaHeHMff tieTHOeTH MOryT ITpOHBJiffT:Oeff B 

eJie~yromMx eJiytiaHx: 
.-.J 

a) ilpM pacrra~e HetiTpOHa: n,~p+ e-+Y MJIM ~pyroii tiac-

TIIID;bi C OpMeHTIIIPOBaHHhlM CITMHOM, KOr~a 'l1l1CJIO 3JI8KTPOHOB, Bhl-:' 

JieTaiOmMX ITO HarrpaBJieHMIO Clll1Ha He~TpOHa l1 B ,llpOTl1BOITOJIOJ[HOM, 

6y~eT pa3Jil1'l1HhiM, T. e. Mbl ~OJI~Hhl HaOJIIO~aT:O ITOJIHPHYIO aCl1MMeT

pl1!0 ~Jiff 'l1l1CJia 06pa30BaBIJll1XCH 3JieKTpOHOB ff • ilp_H 3TOM- tiMCJIO 
~ 
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J{ 6y ,Ite T OIIMCHB8 T:bCSl cpOpMy JIOJ:i BH,Ita : 

fi(e) = i- ~;s cosfJ) ( ) 
G}- 7.1 

r,Ite~,ItHSISl CKOpOCT:b BblJieTeBIDHX. 3JieKTpOHOB, ol - He 

KOTOpaSI UOCTOSIHH8Sl BeJIHqHHa, a e - yrOJI BbiJieTa 3JieKTpO

HOB,npHqeM yroJI f9 = 0 ,ItOJIJKeH COOTB8TCTBOB8T:b CJiyqaiO, 

KOr.n;a HMnyJI:bC 3JI8KTpOH8 H BpanteHHe, COOTB8TCTBYIOill88 llOJIH

pH38UHH HeJ:!TpOHa, 06pa3yiDT B COBOKYUHOCTH npaBH~ BHHTo 

CaMH llH H flHr COBepmeHHO npaBHJI:bHO CBSI38JIH 3TO npo

SlBJI8HHe H8COXp8H8HHSl qeTHOCTH CO CllHp8Jl:bHOCT:blO aHTHHe~

TpHH0/7 ,B/ • 0,ItHa~o, KaK 6WIO yYS.e OTMeqeHO,MH He MOJI!:BM COr

JiaCHT:bCSl C llH H flHrOM, a TaKJKB llaH,It8y/9/B TOM, qTo Hapy

IDBHHB 38pK8JI:bHOJ:i CHMMBTpHH B SIBJIBHHSIX HBCOXpaH8HHSl qeT-
. 

HOCTH SIBJISIBTCSI CJI8,ItCTBH8M 8CHMM8TpHH npOCTp8HCTBeHHHX 

CBO~CTB, 6~arO,ItapSI treMy SIK06H npH p -. npeoOpa30BaHHH npa

BOBHHTOBHB qacTHUH ,ItOJIJKHH nepeXO,ItHT:b B J18BOBHHTOBH8o 
( 

. Cor nacHo pa3BHBaeMo~ s,Itec:b TeopMu P - npeoopasoBa-

HHe MOJKeT M3M8HHT:b JIMID:b cpOpMy OTIHCaHHSI CTIMp8JI:bHOCTM, OC

T8BJISISI npH 3TOM npaBOBHHTOBHe qacTHUH npaBOBHHTOBHMMo 

ll03TOMy npOCTp8HCTB8HHaSl acHMMeTpHSI.,ItO~Ha HafiTH 

_CBOe OC5'DSlCH8H.He BHe 3aBHCHMOCTH OT BH60pa npaBO~ HJIH JlBBO~ 

CHCT8MH KOOp,It.HH8T.B caMOM ,Itene,ecJIH CIIMH H306paxaT:b He .... 
aKCM8JI:bHHM B8KTOpOM 5 , a peaJI:bHHM Bpant8HH8M llOJISlpH38UHH, 

TO TOr,Ita npOCTpaHCTBBHH8Sl acMMMeTpHSI npM pacna,Ite HB~TpOH8 

C OpH8HTHpOBaHHHM CTIHHOM Oy,IteT 3a,It8H8 ,ItBYMSl Bp8D.(8HHSIMH. 

0,ItHO. BpanteHHe OTIHCHBaeT TIOJISlpM38UHJO HettTpoHa, a BTOpoe -

j 
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COOTB8TCTByeT CnliipaJI:OHDCTli BbiJI8T8Blliero~aH_Tl1H8HTPliiHO. 

Ids pliC. 4 BJII~HO, tiTO BBepX 6y~yT HCnyCI\aT:OCff 8HTTII

H8MTpliiHO C KpyroBOH noJIHplii38~liieii, napaJIJI8JI:OHOH KpyroBOW 

nOJIHplii38~liili HewTpOHa, a BHli3 - C 8liTHnapaJIJI8JI:OHOM. EcJIH 

6H aHTHHeiiTpliiHO 06Jia~aJIO 6H ~BYMH CnliipaJI:OHOCTHMJII (KaK 

.SJI8KTPOH), TO TOr~a npH CYMMHpOB8HliH no CnHHOBHM COCTOH

HJIIHM STa aCTIIMM8TpliH JIICti83Jia 6bi. 

ilpli pacna~e ~e aHTliH8HTpOHa, KOr~a BM8CTO aHTTIIH8M

TpliiHO BbiJieTaeT HeiiTpliHO C npOTliBOnOJIO~HOM cnHpaJI:OHOCT:OID, 

aCTIIMMeTpliiH TaKze ~OJIZHa COOTB8TCTB8HHO H3M8HliT:OCH, 6Jiaro~ 

~a pH tie MY B npaBOH .q tiaCTJII clJOPMYJIH ( 7. I) BM8CTO SHaKa MliiHYC 

~OJI~eH. nOHBTIIT:OCff SHaK nJIIDC. 

';['aKliiM o6pa30M, ltpOHBJI8HJII8 H8COXp8H8HliiH ti8THOCTlii KaK 

83liiMYT8JI:OHOll aCliiMMeTpliilii CBH38Ha C _TeM o6CTOHT8JIT>CTBOM; ,. 
tiTO CnliipaJI:OHOCT:O HeiiTpliiHO 38BJIICliiT OT 3H8Ita JienTOHHOro 38-

pH~a, T.e. HBJIH8TCH CJI8~CTBJII8M H8liiHB8piiiaHTHOCTlii ypaBH8HJIIff 

HeiiTpHHO OTHOCliT8JI:OHO C: -npeo6paSOB8HliiH. CJie~yeT saMeTJIIT:O, 

~TO B ~aJI:OH8Hlli8M no~ sapH~OBO-COnpH~eHHHM npeo()pasoBaHliieM 

MH 6y~eM nOHliiM8T:O SaMeHy He TOJI:OKO 3H8Ka SJI8l\Tpl1IqeCKOro 

sapH~a (KOr~a SJI8KTPOHH nepeXO~ffT B nOSliTPOHhl), HO lii 3a

MeHy SHaKa 6apliiOHHOrO sapH~a (HyKnOHH nepe~O~HT B aHTlii

uyKnOHH) li JienTOHHOro sapH~a. CoxpaHeHlie JienTOHHOro sapH

·~a JIIMeeT MecTo Boo6~e npH JIID6blX cJia6blXBSaiiiMo~eiicTBliiHX. 

ilOJIO>KHT8JI:OHhiM JienTOHHHH 38Jlff~ npiiinliiCbiBaeTCff f -Me~oHaM, 

SJI8KTPOHaM lii H8HTPHHO. 0Tplii~aTeJI:OHh~ -~r -MeSOHaM, no-

3liiTpOHaM lii aHTliiHeiiTPliiHO. CoxpaHeHIIIe JienTOHHoro sapH~a 
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npHBO~T K TOMy, qTO 3R~KTpOHH Beer~ AORXHH pOXA8TbCR 
I 

OAHOBp8M8HHO C 8HTHH81ilTpHHO, a fi03HTpOHH :.;. C H81ilTpHHOo 

d) llpH pacnaAe deccnHHOBolil qacrH~u (.JT":..f'-+-:::;) · 

HRH qacTH~H C H80pHeHTHpOB8HHHM CflHHOM (HanpHMep, pacnaA 

H8fiORSlpli30B8HHOrO HeiiTpOH8 n _,p + e -+ \) ) T8KXe MOJICeT 

nponBRSITbCH flBReHMe H8COXpaHeHHSl qeTHOCTH (BTOpOii cnyqaR). 

0HO dYA8T CBO~TbCSl K TOMy, qTo~--M830H HRH 3ReKTpOH . 

deTa-pacnaA8 dy~T nonnpH30BaHHHMH. 

3TO HBReHHe T8KJIC8 MOJICeT dhlTb Od~SICHeHO C fiOMO~biD 

CflHp8RbHOCTH H~lilTpHHO, npHqeM ecnH CflHHOBHe CBORCTB8 Olll1-

CHB8Tb Bpa~eHHeM, ~ He 8KCH8RbHHM B8KTOpOM, TO KBK B npa

BOlil, T8K H neBOlil CHCTeMaX KOOpAHHBT dyAeT OAHO 11 TO xe 

rpa¢HqecKoe HsodpaxeHHe sTolil nonnpH38UHH (cM.,nanpHMep, 

pHC. 5, TAe A8H8 rpaqmqecKaR HHTepnpeTBUHR B03HHKHOBeHHR 
,.. 

nqnnpHsauHHJ'-- MesonoB, B pesynhTaTe pacnaA8 e5eccnH-

HOBoro noKonmerocn ~- -Mesona). 

B) HaKoneu, B TpeTheM cnyqae necoxpanenHe qeTHOCTH 

MOXST npORBRSITbCSl H des yqera nORSlpH38UHH HeU~pHHOe COOT

B8TCTBYIDIIt8Sl BepOSITHOCTb paBHa CKaRSlpHOMy npOI13B8~8HHID aK-
~ 

CH8JlbHOrO B8KTOpa CnHHa HetilTpOHa S~ Ha B8KTOpH08 npOH3-

B8A8HHe HMllYJibCOB SR8KTpOH8 H 8HTHH8RTpHHO,npeACT8BRHIOIJtHX 

COdOR T8KJite aKCH8RbHHlil BeKTOp, T.e. 

w-~ ( s: [ Kv R::l) (7.2) 

llplrl sroM Kpyrosan nonnpHsauHs anruaenrpHHO ¢aKTJrlqecKH 

38M8HSieTCSl KOHTypOM, orpa.HHqHB8IDm11M BeKTOpHOe npOM3B8AeHHe 

.' 

...,j 
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-i> ... ] [ J< Y k e. · • "CJJieH ( 7. 2), xapaKTepHsyromHw HecoxpaHeHHe 

tieTHOCTH, ITpHBO~HT, KaK Mhl YBH~HM, K aSHMyTaJI:DHOM aCHM

MeTpHH, KOTOpyro B ti8CTHO?TH MO~HO Ha6JIIO~aT:D B ITJIOCKOCTH, 

nepneH~HKYJIHPHOM K CITHHY Hei1TpOHa, r~e 8CHMMeTpHH, CBH-

38HH8H CO CITHHOM 8HTHHei1TpHHO, ~OJI~Ha HCti8SHYT:D. 

ITepei1~eM Tenep:D K MaTeMaTHtieCKOMY 8H8JIH3Y Hecoxpa

HeHHH tieTHOCTH Ha npHMepe pacna~a Hei1TpOHa. 9Hepr.HIO B3aH

MO~ei1CTBJIIH HYIOIOHOB C ::meKTPOHHO-Hei1Tm HHbiM ITOJieM ( ti8Thi

pexcpe:pMHO.HHOe B3aMMO~ei1CTBHe) Mhl MO~eM B 061I{eM CJiytiae 

npe~cTaBJIIT:D B BH~e: 

U = Z ~· {?f/ ~ 1/{.){f: ~ 7/fv (se~+ 
d (?.3) 

+ f G/ {1/J;.rr; <!{J(t/r$eJ'Ij ~), · . 
r~e r -MaTPJIIUbi J(Hpaita, onpe~eJIHIO!l\.118 xapaKTep B3aMMO~ei1:
CTBHH1 a Q.- COOTBeTCTBYIO!l\Me KOHCTaHThl B3aJIIMO~ei1:CTB11H, 

J . 
KOTOpb!e B o6meM CJiytiae MOI'YT 6biT:D KOMITJI8ICCHhlMM BeJIJIItiHH8M11. 

lb!eH, nponopn;MoHaJI:DHOii1 G. , onMCOIBaeT npeBpameHHe 

Hei1Tpona B npoTOH, SJieKTPOH M ~HTHHet1Tpl1HO ( n -i> p + e -T- Y) 
a Talt)Jte aHTHITpOTOHa B 8HTHHei1TpOH, SJI8KTPOH .11 aHT11Hei1TpHHO 

(f~n + e-+ --J) • ll.neH, nponopn;HOHaJI:DHhlM G/-' OITMCbi

BaeT npeBpameHHe 8HTHHei1TpOHa B 8HTHITPOTOH, IT03HTpOH H Hei

TpHHO (17.. -t>? -1- € +-+ Y) MJIJII llpOTOHa B Hei1:TpOH, IT03.HTpOH .11 

Hei1Tp.HHO ( P --71 rz. -1- € +-+ Y) • 
BoJIHOBOie . tlJYHKD;HM ? lr , 7./J: , ., lr , BXO~Hll\He B aHeprnro 

't'p e Y"n.. 
B38HMO~ei1:CTBHH (7.1), MOI'YT 06Jia~aT:D K8K B CJiytiae ITOJIO~H-
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TeJI:OHblX ( e. = I), TaR 11 B CJIYtiae OTp11~aTeJI:OHblX COCTOHH11fi 

(c =-I) o6011Mll COCTOHHHHM11 CITHHa. Hei1Tp11HHaH ~e BOJIHO

Bafl WYHR~11fl ~JIH rroJio~11TeJI:oHax cocToHHJ..IM sHeprHi1 (c = I) 
tt 

HBJifleTCfl JieBOB11HTOBOH ( se:i =-:::;:. i) , a ~Jlfl OTPH~aTeJI:OHhiX 
~ e . ( e = - I) - rrpaBOBHHTOBOH ( Se.'=-1. = ± 1.) . . 

9HeprHfl B3a11MO~e~CTBHfl (7.3) 11HBap11aHTHa OTHOC11TeJI:O

HO P -rrpeo6pasoBaH11H, Ror~a 7jr ~,fa ~ S: ~ -S Z · . 
IlpH T 5-rrpeo6pasoBaH1111 6? -C. 11 f-Y>.fi "f BOJIHOBbie iPYHR~1111 
~ ~ ~ , co~ep~am11e o6e· crr~paJI:OHOCTJ..I, ocTaroTCfl HHBa~ 

f'J n., e. 
pl1aHTHbiM11 RPOMe aei1Tp11HHOM BOJIHOBOM c})YIIR~1111, ROTOpafl MeHHeT 

t, 'l, '(, 
3aB11CJ..IMOCT:O CITJ..IpaJI:OHOCT11 OT 3HaRa SHepr1111 Scf ~ ~ e _,. - S c • 
IlOSTOMY, eCJI11 ~0 SToro ITpeo6pasoBaH11fl .ITP11 SJieRTPOHHOM 6e-

. Ta-pacrra~e BMecTe 

BOe aHT11Het1Tp11HO, 

SJieRTpOHOM ~OJlj[HQ 

C SJieRTpOHOM ~OJI~HO BbmeTaT:O rrpaBOBHHTO-
S . 

TO ITOCJie jr -rrpeo6pa30BaHHH BMeCTe C 

6MJio 6hl BhlJleTaT:o HecymecTByromee JieBoBHH-

TPBOe aHTHH6MTp11HO. 

EJiaro~apa sTOMY, B Teop1111 HetiTpJ..IHO c opJ..IeHT11poBaHHhiM 

CIT11HOM SHepr11fl B3a11MO~ei1.CTB11fl ( 7. 3') TaR Ite RaR 11 CaMa Teo-. 

pJ..Ifl CB060~Horo HetiTpHHO flBJifleTCfl H611HBapJ..IaHT~OM OTHOCHTeJI:0-
5 ~- . s 

HO T -rrpeo6pasoBaH11H ( CHMBOJl11tieCR11 r =I= cons t:"). 

PaccMoTp11M Terrep:o C -rrpe'o6pasoBaH11e, Ror~a cJie~yeT 
\ 

113Mef!H~:O sapfl~hi BCeX tiaCTH~, T .e • BM6CTO ITpOTOHOB B3flT:O 

aHTJ..IITpOTOHbi, BMeCTO SJieRTpOHOB - IT03HTpOHhl H T .~. 
· ,kr ,~r 

Tor~a, coBepiii11B saMeey Gi ~ G; , 'f/1' ~ ";P H T.~., 
ITOJiytiaeM: 
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U =~ C') (</f/~ ~){if/~ tv {seJ)+K.c.= 
d 

+- -v f'J .-...~ r ,-..J rJ -1-

=: L G . {?/1;. r. cfc: ){?/J; (.s Jr. ~ ·) +I<. c. 
j J n.J f v ed e 

Enfl Toro, qT06hl c~e~aTb nepexo~ oT BO~HOBhlX WYHKUHH 

auTnqaCTIIIU K BOJIUOBbiM cpyHKUIIIflM qaCTIIIU, Mbl ~OJIJKHbl eme 

yqecTb npeo6pasoBaHIIIfl: ~ 
~ t, 't, ,, (' - ?h' -I-

C.~- 6/ s
6 

= s_c. =- se,) 't'n,- 't'rz, ~ o<.~ 
III T.~. Tor~a suepriiifl BSaiiiMO~eHCTBIIIfl 6y~eT paBua: 

U =f G; {1/(r ~ Y{,)(~+{-s,;)~ ~) + 

+ L Gi { ~r!) cfn) {?fer fj ?/; (- s~J) . 
OTcro~a c1re~yeT, qTo rrpiii C -npeo6pasoBaHIII!II TaR JKe, ItaK 

III npiii 7, s -npeo6pasoBamm saBIIICHMOCTb cnnpa~bHOCTIII ueH

TPIIIHO OT 3Haita suepr!II:!II III:?MeHfleTCfl ( c =/=-ConS tj. TO~bltO 
CJUH10e oOpameHH9 BpeMeHIII. r W ( SitBHBa~eHTH De COBI.ileCT-

S . 
IIOMYC r -npeo6pasoBaH:!IIIO), KOr~a KOUCTaHTa B3aHMO~eHCT-

BIIIfl, a Ta~JKe sapfl~bl (T.e. Be~IIIqJIIHa ~j ) IIIMIIY~bCbl III 

CniiiHbl y BCeX qaCTHU H3MeHfl!OTCfl no 3aKoHy: 

~ _,. .,... - + G+ /) c ~ 8 ) J< -7' - I<~. .s ~ - .s .1 ~· ~ ~·, i-? '7' ( 7. 4) 

~O~JKHO OCTaBIIITb SHepriiiiO B3aHMO~eHCTBHfl (7.3) JIIHBapiiiaHTHOH 

( c r s conS tj . PacCMOTpiiiM Terrepb BOnpoc 0 cnouTaHHOM 

pacna~e HeHTPOHa C yqeTOM IIO~flpiii3aUIIIOHHbiX scilciJeKTOB. BepOflT

HOCTb pacrra~a cBo6o~uoro ueHTpoua MOJKeT 6b1Tb Bblq!IICJieua no 

ClJOPMY~e: 

!l 
~; ' 

·:·i; 
'' ;,, 
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I 0 If- I 

aUfs·s =~t J=~ Cs, Cs J 

kpJ~<VJ sf 
(7.5) 

r~ t . 

c; =- ~ J Jtjf C~;(t:;r(sl',~· 7>=f)f r((s,.,~,c~J· 

• (?/{'(s> ~, Ce =I)~ yt (s~=i, k,, c~=-.t))d~. 

a .1{JIH BOJIHOBblX cpyHICU:HH Mbl oy.zteM HM8T:D BbipaJKeHHH: 

?./( = _j_ [; - i c 'J(:n. t ? 11 "I-_ j_ p r ! c :Jc,p t= - i ~ ~ 
~ L*' n,e } .Yf>-t.y~ol'e ' 

?J!r I 
"jJ e = [/l.z. 

.L ·-+f: .... ~ r z'c. ~.e c:;; - ~KfJ I i.~t-""" ~ 
13 e · ?JI(~=-LJ i¥.i6.:e . e ) "~ 7/L-.J 

3.ztec:o crrHHOPHHe aMITJIHTYiH OY.ztYT.orrpe.zteJIHT:DCH MaTpHu;aMH 
--;.. 

(3.6), B ICOTOpbiX HMITYJI:DC qaCTHI.'(bi}(V .1{JIH aHTHH8MTpHHO 
-I> ... 

( 0 = - 1 ) CJie){YeT H3M8HHT:D Ha OOpaTHbiH /<- = - K 'I 
~ < ~ • y • 

0TCID.1{a, yqHThmaH COOTHOill8HHe: 

r/t /Jeict (11X-Xe- KJi}.e__ ~JT ~ (!!.X-:Jle-Kv)~ 
... - -+ ... j_ J -·i. (kf> -r ke~l<..y) 't 

3
. _ 

1 3 e - d x.. - J.e:"' ~ .,.K_ o 
L-..J . ;o ~e 9-' 

H ITpHHHMaH BeJIHqHHY A 'J{, = (:JC,_ -:kp) B HepeJIHTHBHCTCICOM 

j 
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npn6nn~eHnn (oTHocnTenLHO HYKnOHa) panHoM npocTo pasHocTn 

ITOI\Off~HXCH Mace HetiTpOHa ll ITpOTOHa, 6y,IJ;eM HM8TL_: 

r,IJ;e 

B 3THX WOpMynax BenH~HHa 5 08Ha~aeT npoeKqHID CITHHa 

aneKTPOHa Ha HanpanneHHe .1-iMITynr,ca. Mbi OCTBBlilm'I ,I(Jiff 3JieK

TpOHa ,I(Ba 8Ha~8Hllff S ll 5 1 
C TeM, ~T06bi C IIOMOll(LIO lfJOpMy-, 

nbl (3.I2)-(3.Ilt) MO/i\HO 61m0 HCcne,I(OBaTL He TOJILlW rrpO,I(OJIL

Hyro, HO lii rrorrepe~HYIO ITOJIHpliiSaqHIO o6pasoBaBlliliiXCfl 8JI8KTPOHOB. 
; 

KaK 6hiJIO y~e OTMe~eHn (eM. § 4) CIIliiHOBYID ycToM~liiBOCTL rrpn 

paSJill~HOrO po,IJ;a B3aliiMO,I(8i1CTBllflX MO~eT o6ecrre~HTL TOJILKO 

V liiJilil .f/ napnaHThi. 11ocrwJILKY nee Bbr~.vicJieHlilff rrpoBO,I(HTCH 

B pliiCT8M8 KOOp,I(liiHaT ITOKOH~erOCff H8tiTpOHa, TO B 3THX B8al!I-

MO,I(8i1CTBlilflX MLI ,I(OJIJltHhi OCTaBliiTL TO'JILKO HepemiTliiBliiCTCKlil8 

~n8Hbi, T. 8. Bp8M8HHYIO ~aCTL B8KTOpHoro B3al!IMO,I(8MCTBliiH ( CM. 

(4.3)): 

(7.8) 

ll ITPOCTpaHCTB8HHYIO ~aCTL ITC8B,I(OB8KTOpHoro B8al!IMO,I(8MCTBlilff 

(eM. ('f.4)): 

(7.9) 
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MaTpv!l!Hbii.f ::mCM8HT ( 7. 7) MOX{8T ObiT I> BblqMCJieH C IIOMOI.l(:b!O 

wopMy~H (4.10). Tor~a: 

Cs = t~ Jl ( Gv4 +G/1 {~ + B~ +B~)) / 
r~e 

.. 

. ( 1- f ) (fln.t) (. f f) ( .llvt) ...:.. 
fl. flp1 flf2) Jl112 . Jletfle2 · Jlv

2 
-

=2(/t+!;c -s/1-!fk); 

(7.IO) 

B · (8+- Br.J 1 (Bn1. \(Br Br.l 1 (13vt) ~ 3 = l1 p1. p:?.. ()~ 3 Bnz) et. e2.J ~ 3 Bv.a = 
_,r;;· . '4"t; 0 [ '*-i(g'e.-~..,) (7.II) 
- V 2 ~f e Vi+-'!? CoS ef S e x 

It I - ~ i{!J'<S~ :'1 
x (i+s cos ft.e){t+cose.J +e V(i+seosw{t-seosev~ 

-l.iv . . ·1 i(!!', + ~) 
8~ 2~/ie~- 1-s~cose;(se x 

_ .1.. ; /ro "t Y'. Jt , .:t.. " l.7e .;. 

X (i+SCoSee){i-Cosev) ± e Vrt-SeoSGe){i.fCos.G~) . 

KpyroBaSI 0 

IlpM BbffiO~e IIOC~e~HIDC ·BbiP8lK8HMti Mbi yq~M, qTQ IIO~HpMsa-

~Mfl H8MTpOHa M OC:b. 1; OOpaayiOT B COBOityiiHOCTM rrpaBbiH BMHT, 

T. e • COS 8n., 
0 

= I, ~n... = 0, a eV H ~V HB~HIOTCfl CW8PM't!8CitMMM 
0 • ..... 

yr~aMM, _KOTOpHe .zr.e~aeT B8KTOp k y , HarrpaB~8HHhiM IlpOTHB 
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HMITYRbCa npaBOBHHTOBOr? 8HTHH6WTpHHO (~-:=- ~v) C 

OCbiO ~· • C!flepl-itreCKHe Jlte yrRbi HMITYRbCa 8HTHHetiTPMHO 6ylJYT 

COOTBeTCTBeHHO paBHbi: (:)V -=.JT- f!9y , ~- =.JT+ tfv • B 
't e t, e.. ~t. e 

CBff3H C STHM ;JJ;Rff npoeK~HW CITHHa Mhi HMeeM: S,: = S.V = 5 ,/:t t . 
nnff Toro, 'qT06bi HCCR6;JJ;OBaTb ITORffPH38~HOHHhie CBOtiCTBa 

BhiR6T6BlliMX SR6KTpOHOB, Mhi ;JJ;ORJ!tHhi TeiTepb onpe;n;eRHTb RBa;n;pa

TM'qHyro KOM6HH8~HIO M3 KOS!fJ<J>M~HeHTOB, ITpocyMMMpOBaB ITpH STOM 

ITO COCTOffHMffM CITMHa ITpOTOHa, a TaKJ!te.ITpOMHTerpHpOBaB ITO 

yrmiM BbiJieTa ITpOTOHa ( 9f' , ~ ) H aHTHHetiTpHHO f) il. H YJ V • 

Tor;n;a 6y;n;eM HM6Tb (B npaBOti CHCTeMe KOop;n;MHaT): 

c;, Cs =.ej6 .flss B.s's 
B ITOCRe;n;HeM BbipaJKeHHM 

fls's =.f&Jls=i;{(i+ss){t-sj}-/t"f'"'(l-ssJ)) 

8 s's = 64y.t / Gv /
2

[ ss' V{t +scose)(t+s'eose) a~ 

+ /{L -s coss:J(t-s'caso) ~ .e] ) 

(7.I2) 
r;n;e 

a:e= L G rr +GAl~ 41 G~~/e. 
{ Gv/ 2 

J 
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. Cl< 
a Cf = ;}(. - CKOpOCT:O BhiJ£eTeBlllHX SJieKTPOHOB. 

Ills (?.I2) HaXO~HM Bhlpa:m:eHHH, xapaKTepHSYIO~He llOJIHp-

HYIO acMMMeTpVIro: 

.So= C + C +C.,_ C =.l'f{rct ~~}-ld(a~~2.Jcose~(7.I3) 
1. 1. -L -i. I / 'l 

s s 0 = C "~-CJ- C r C == .M(-ra~t2J!3 +(a'!. ~2Jcose) (7 .I4 l. 
o a ~ :1. -.t. -.1. ./; · / ~ 

s s 0 = (C+ C + C + CJJ=.N /a':.~2 Jit-A.t~,;ne·, 
o :1.. . 1.. -.t. -:.1. k (t ..1 r (7.I5) 

r~e HOpMMpOBO~HbiM ROSif)~M~HeHT: 

.JY = 4ff2/J vi~ 
Ills if)opMyJihl (7.I3) cne~yeT sepKaJI:&HaH acHMMeTpHH ~cna . . 

BbmeTeBlllHX SJieKTPOHOB llPV! pacna~e HeMTpOHa C OpHeHTHpo- . 

BaHHbiM CllMHOM, llOCIWJI:&Ky ~HCJIO BhiJieTeBlllMX SJieRTpOHOB SaBH

CMT OT yrna BhiJieTa f9 : 

. t( a~{;~ . ::l) 
ZA.!{fY)= cons. 1-,la:"+~~ cos~ (1.I6) 

0TCIO~a Mhl UOJIY~M /f)OPMYJIY (7.I), xapaKTepVISYIO~IO Hecoxpa-
. . a .z;...; ~~ 'Z... 

HeHHe ~eTHOCTH, eCJIM llOJIOJKHM ol= a.t.+f).t. I1 S:; = I. .llJrH 

Taro, ~To6hi nony~HT:& cornacHe c sRcnepHMeHTOM, cne~yeT 

llOJIOJltMT:O 01. !:::? 0 t II. 
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G
11 

c.n-£2 Gv , 
x) 

T .e • ';n;OJDKHbl Bbl6paT:O TaK Ha3blBa8Mbli1 B8KTOplihlM MRHYC IIC8B;D;O-

B8KTOpHbiM BapnaHT 't!8TblpexcpepMHOHHOrO B3aHMO;D;8MCTBHff <I>epMH. 

]Jmi BeJI!tl't!HHhl jl\8 Gv B HacToau~ee BpeMH ycTaHOBJieHo cne;n;y!O

mee Bbrpajl\eHne: 
' -99 ' 

G v = ( .1., lt.ao + ~ o.3_) 10 ~f>z.. cM.3. (7.!7) 

TaKHM o6pa30M, B8KTOPHhlM MHHYC IIC8B;D;OB8KTOpHhlM BapnaHT 

CBH3H CJia6oro B38RMO;D;8MCTBHff C rrpaBOBHHTOBhlM aHTHH8MTPHHO 

HaXO;D;HTCff B XOpomeM ~corJiaCHR C 3KCIIepHM8HTaJI:OHhlMR ;n;aHHbiMH/!~ 
KaK BH;D;HO H3 ({JopMyJI (7.I3)-(7.I5), 8CJII1 cmm HeiiTpOHa 

CTporo opneHTHpOBaH Hapa;n;y C aCHMM8TpHeii (7.I6) 3JI8KTPOHhl 

pacrra;n;a 6y;uyT eme IIOJIHpH30B8HHbiMVI • .,. 

H~a orrpe;n;eneHHH cTerreHn ~onapnaa~HH rrpe;n;cTaBRM (7.!3)

(7.!5) B BH;n;e: 

~o ~ 2~~+ {CI.e_ g'](.ij-> eosej~ (7.I8) 

(7 .I9) 

(7.20) 

X) Borrpoc 0 BemecTBeHHOCTH K03cpg)H~HeHTOB G oy.n:eT pac

CMOTpeH HHjl\8. 



.... 

84 

Ms aTHX WOPMYR eRe~yeT, qTo ~eHhl, rrporropnHoHaREHNe 

(a~C-~ , rrpe~eTaBRHIOT eo6o~ TY qaeTn aReKTpoHon pae

rra~a, KOTOpaH 6y~eT ITORHOeTniD ITORHpH30BaHa, ITOeKOREKY ~Rfl 

oTO~ qaeTH HM88T M8eTO eOOTHOlli8HHe: 

-2- ··.t -.2. -o2 -~ 
So .s:to + So S-5 = So (7.2I) 

TaHreHe yrRa, KOTOpNti eoeTaBRfl8T B8KTOp emma e HMITYREeOM 

qaeTHUN, 6y~eT ITpH oTOM paBHNM: 

/;J oL -- Vi-j3.~.. sil"Z e 

.~-CoSf9 
(7.22) 

IlpH CoSG =.! rrpo~OREHafl eoeTaBRHIOmaH B8KTOpa emma oTOti 

qaeTH HeqesaeT. CITHH 6y~eT R8~aTE B ITROeKOeTH HMITYREea ,.. 
3R8KTPOHa H eiTHHa HetiTpOHa M 6y~eT HarrpaBR8H rreprreHAHKy

RflpHO K HMITYRney 3R8KTPOHa B eTopoHy YB8RMqeHHfl yrRa e . 
}TRH yrROB CIJS 19 'l CITMH . 6y~eT HanpaBRe~ ITpOTMB ~BH~8HHfl, 

a ;ZJ;Rfl yrROB COS f9 > ,13 ITO ~BMJI£8HHIO • 
. ~~ BTopaH qacTn ITORHpMsanHH, rrponopnHoHaREHaH ~o , 6y-

~eT OITMehmaTE 6eTa-qaeTHUhl, ITpO~OREHafl eoeTaBRHIOmaH KOTO

PhiX CTporo ITORHPM30BaHa, a IIOITepeqHafl- He ITORHPH30BaHa •. 

BeKTop emma 6y~eT HarrpanReH rrpoTMB ~BM~eHMH, o6pa3yH xpy-

ronoti KOHYC, C yrROM paeTBOpa, ttOCHHYC KOTOporo paBeH ~ 

IlORHOCTEIO l10RflPM30BaHHhl8 6eTa-qaeTMUhl ITO OTHOUieHMIO 

qaeTHqao IIORHpM30BaHHbiX 6y~yT COCTaBRflTE cpaBHllT8REHO He-

60RnlliYIO qaeTE, paBHYID B epe~HeM: 

• 
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(7.23) 

.. 
TaimM oopasoM, ~meRTPOHbi pacrra~a oy~yT B ueROM qacTnqHo 

1IORHpll30BaHHbWll. ECRll C1IllH HeMTpOHa He OplleHTllpOBaH, TO 

Tor~a Bbipa~eHnH (7.!8)-(7.20) ~OR~Hhl ObiTb ycpe~HeHb! eme 

ITO yrny t9 , KOTOphlM 1IPllHMMaeT BCeB03MO~Hhle 3HaqeHMH: 

Tor~a Mhl Haxo~nM: 

so -=.IY(a.e+8) 

So s; = -JB/Y (a 2
+ {;~ J 

sos:=o. 
0TCID~a BM~HO, qTo B STOM cnyqae ll a~ HeOORblliaH qaCTb 

(7.24) 

rrorrepeqHOH ITORHPll3a~llll HCqesaeT, O~HaKO rrpo~ORbHaH qaCTb 

rronHpnsa~nM (R TOMY ~e BeCbMa oonbrnan) coxpaHHeTcH. 

CTerrenb rrpo~ORbHOM rroRHpnsa~nn oy~eT xapaRTepMsoBaTb

cn BeRllqllHOM, paBHOM OTHOllieHnro: 

p =So s~o= c: C:t- c_: C-.1. 
11 

..so c: c.L + c_; c -.1. 

(7.25) 

T • e. B YRbTpapenHTllBllCTCKOM CRyqae 0 _, .L) HapH~y C rrpaBo

BMHTOBbW aHTMHeMTPllHO oy~T oopa30BhlBaTbCH TORbRO neBOBMH

TOBhle aneRTpOHbi, TaR qTo Mbi oy~eM MMeTb B cpe~HeM COXpaHe-

HMe CilMHa. 
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COCTaBJIReT Oti8H:O H860JI:OillYIO qaCT:O OTHOCHTBJI:OHO rrpo;n;OJI:OHOM. 

TI08TOMY BO MHOrHX HCCJI8,1l;OBa~UIJ:HX RBJI8HHM H8COXpaHeHHR ti8T

HOCTH MOZHO orpaH:HtiMT:OCR JI:HIJl:O aHaJIH30M rrpo;n;OJI:OHOM 110JIRpH-

3aJJ;MH • Tor;n;a IT pH BhltiHCJI8HUM MaTpHtiHhDC 8JI8M8HTOB Mhl MOJK8M 

BOCI10JI:030BaT:OCR 60Jiee ITpOCThiM M8TO;ZJ;OM BhltiHCJI8IUIJ:ff 1\Ba;n;pa

TMtiHOrO 3Hati8H:Hff MaTpHtiHh!X 8JI8M8HTOB. Kai\ H3B8CTHO, B Me

TO;n;e Ka3HM:Hpa rrpOH3BO;ZJ;HTCR paa;n;eJieHHe COCTORHHM JIHIJl:O 110 

3HaRy . ::meprvm· 0 H 11pOH3BO;ZJ;HTCR ycpe;n;HeHHe 110 CITHHOBhiM 

COCTORHHRM qacTHU. 

8Ta WOpMyJia HM88T BH;n;: 

. ....__., • I 

gr~, t' B"l) g = ~~ sl'"'"dJ' (t+c '(ue;!.~{JKo)• 

X y1 r· («.~K) t-ft Ko1 
&.- i+c x ) 
J~ . 

j) I I ~~ 
r;n;e aMITJIHTy;n;a V xapaRTepHsyeT tiaCTHUY B COCTORHHH C , ~ 

I . 

K
0 

, a aMITJIHTy;n;a ~ - B cocTORHHH c , it , K 0 • 

ECJIH Mhl XOTHM paa;n;eJIHT:O COCTORHHH He TOJI:ORO no l3H8p

rHRM, no 11 no npo;n;oJI:OHhiM noJiapnsauHRM, TO Tor;n;a woPMYJIY 

l{aanMnpa ( 7. 26) Mbi ;n;oJIZHhl aaMeHHT:o cne;n;yromewiiB/: 

. . k' K,. I 

gr~{;' ~tffj {; = /e s;wzf {1 'fie sx, + geif,) • 

x(J+s' ro:,:v~(i+fl_es:: +fie §f) • 
.. 

. (ffi<J 
)( (ir.S k ). 

(7.26) 

.... 
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Ecnvr nocne~HIDID WOptcyny ycpe~HHT:O no cnMHOBHM COCTOHHMHM 
I S VI 5 , TO Mhl nonyqVIM wopMyny Ka3VI1rnpa. ~OpMYnY (7.26) 

Mbi MOJKeM H8CIWJI:OIW ynpOCTVIT:O, ecnVI npe~cTaBHM MaTpMUbi f) 
KaK npoVI3Be~eHVIe MaTpvru Jt ( fn. 

1
ft= J) VI ()v (cr-;,) ~=-I): 

~ =ft.,~ J ~I fr' ~I (7.27) 

•ror~a Spu>t- B wopMYne (7 .26) Mhi MomeM pa36MT:O Ha npoH3-

Be~emre ~Byx Sfut' o/'; : 

e ~~·I g'e; /Tr; g "'~ $1'"1?-' {l"fi e 
1

S 'de; +ftc.:;). 
· _ (7.27a) 

x fl (trq_ es Jc '% c.~) s;wt rTy, {1 r s' ( ~~] " 
t' jL - _,. 

x ~ {1~-- s ra;:J). 
B cnyqae pacrra~a cBooo~Horo HeHTPOHa KBa~paT MaTpvrq

Horo sneMeHTa MOJKeT ObiT:O BhlqvrcneH no WOpMjne: 

R L Gdt:, Gi /'1i~~~ t; r;, fJe' {;;f. 6-; (7.28) 
j'j d q d (/ 1 .} 

r;n;e M· = ~; .v:' e -MaTpvrqHbiH sneMeHT, xapaKTepi13YIDIJ.(MH 
J ~· ui ~ 

nepeXO;zJ; HeHTPOHa B COCTOHHMe npOTOHa. 

B cnyqae BeKTOpHoro MHHyc nceB;n;oBeKTOpHoro BapvraHTa 

B3aVIMO;zJ;eHCTB11Ifl Mhl ~omKHbi MaTpVIUbi r. nonOJKVIT:O paBHbiMI1 MaT-
. J 

panaM ( 7. 8) H ( 7. 9). l{pyroByro nonap11!3auvrro noi<oameroca 
-.;, 

HeHTPOHa Mbl 3a;n;a~vrM He aKcvran:oHbiM BeKTopoM Sn, , HanpaBne-

Hvre KOTOporo, KaK Mbi yme He pa3 OTMeqanvr, HOCVIT ycnOBHhiH 

xapaKTep, a HanpaBneHVIeM OCVI }: , no KOTOPOMY Mbi HanpaBVInM 
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e~HHHqHb~ B8KTOp A(~ Hcqeaaro~ero HMITy~bCa H8MTPOHa, 06-

paayro~ero BMecTe c ero KpyroBOM no~HpnaanHeH npaBHH BHHT. 

QqeBH~HO, qTo npH nepexo~e OT npaBOH K ~eBOH CHCTeMe Ko-· 

op~HHaT 3Ta npaBOBHHTOBafl cnnparrbHOCTb no~HpHaa~HH HeHTpo-
. -0 

Ha OTHOCHT8~bHO HMny~bCa )(~ ~O~XBa COxpaHHTbCfl. Tor~a, 

npocyMMHpoBaB BHPameHHe (7.28) no ~BYM B03MOmHHM aHaqeHH

HM CnHHa npOTOHa H npOHHTerpHpOBaB no yr~aM ero BhlneTa, 

MH HaH~eM ~fl MaTpHqHoro 3~8M8HTa 3HaqeHHe: 

Z~ d.Q,o = .JT{L -.Se SvjB) [! Gv/ 2 (t +- Se S;; (i!,; i<~J) + spy-c 

I G 12[ {~o -+o) /-o -o) + II 3- Se Sv l<e 1<-y +2-Sn.S.e c..Kn l<e -

- 2 s~ S:y (i<;_ x;) ]+ (G; Gil+ G; G v) )( (7.29) 

· ( ( -I>O ~0 . r-o ~0))) f) Sn. Se K,., l<.r/) + .Sn, S )i K/'1.. Kl V + 

+ i ses;;s, (G;c/1-G;Gv)(K;: [,~;K:J)}. 

· B 3THX WOPMY~ax, yqli'ITHBaH, qTo TO~bKO aHTHHeHTPHao 

COITOCTaBJIHD.TCSI qacTH~aMli'I C OTpm:~aTe~bHOH 3Heprli'IeM {e"9 =-I), 
MH llO~OJK11IM! 

S:v = Sv ., -+o --Ko 
k v - )1 • 
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ItlHTerpHpyH ('1. 29) IIO yrJiaM BblJIBTa aHTI1H8MTpl1HO, a 

TaK)KB CYMMHPYH no CIIHHOBbiM COCTOHHHHM 3JIBI\TPOHa, IIOJiy-

qaeM ~OpMyJiy, xapaKTepl13yromyro yrJIOBYID aCHMMeTpHID BblJIBTeB

lliHX 3JIBKTPOHOB (eM. HecoxpaHeHHe qeTHOCTH, ~y~KT a) § 7/I7/, 

a TaK)!te ~OPMYJIY (7.I)): 

L th!G d.QI'd~ '.l'i{{a~{!,)-s,s;;JB (aJ!.I5j eoslf!)> 
S? Se J (7 .30) 

B npaBOH CHCTeMe KOOp~HHaT {Sn.. = S ~ =-i) nocJie~Hee mipa)!t8HI18 

ToqHo COBna~aeT c ~PPMYJIOH (7.I3). B TO me caMoe BpeMH 

BbipameHHe (7 .30) MHBapHaHTHO OTHOCHTBJI:OHO P -rrpeoc5pa30-

BaHitlH ( sh. .... -Sn.._, S.y-+- Sv)H HeHHBapHaHTHO OTHOCHTeJI:OHO 

aapa~oBoro corrpH)!teimoro rrpeoc5paaoB~HHH, a TaKme 7 5-rrpe

oc5paaoBaHittH, KOr~a BMBCTa aHTHHei1TpHHO 6y~eT BhlJIBTaT:O HBM

TPHHO C IIpOTHBOnOJIOmHOtl: CIIHpaJI:OHOCTtiO { S n. -J> S n. .~ S )) ..,.. - S v) 
ECJIH CIIHH rrei1TpoHa 6y~eT HeOpHeHTHpoBaH, TO Mb! ~OJI)KHhl 

Hac5JIIO;ZJ;aT:O IIpO;ZJ;OJI:OHYIO IIOJIHpH3a~HID BhlJIBTBBillHX 3JIBKTPOHOB 

(BTOpoe npOHBJIBHHB HBCOXpaHeHHff qeTHOCTH, CM. IIYHKT 6) 

§ 7). Ycpe;n;HRR BhrpameHne (7 .29) no cmmaM rrei1TpoHa, a TaR

me HHTerpnpyH no yrJiy BhlJieTa- a~THHetl:TpHHO, Mhl Hatl:;n;eM/IS/: 

. 
0TCID;ZJ;a CTBIIBH:O npo;n;OJI:OHOtl: IIOJIRPI13a~HI1 3JIBKTpOHOB MO~eT 

6b!T:O Hatl:;n;eHa no ~opA~Jie: 
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f?. == Rs~ - R_ se 

I/ R 
Se. -r R_.S..e 

-- Se S::;j> · 

8Ta-~opM,y~a TaK~e conrra~aeT c (7.25), ec~vr rro~o~HTn 

(7.32) 

Se = ~v = i. Bbipa~envre (7.3I), (7.32) TaK~e vrnnapvraHTHO 

OTHOCHT6~nHO /) ~rrpeo6pasoBaHHH, HO H6MHBap:vraHTHO OTHO

CMTennHO C: -rrpeo6pasonanvrH, TaK KaK rrpvr pacrra~e aHTHHeli

Tpona Mhl ~on~hl B (7.32) Sy rro~o~vrTn pannoli crr:vrpannnoc-

TVI HBMTPVIHO, T.e. B npaBOM .cHCTeMe KOOp~vrHaT C~enaTn sa

MeHy Sy- ~ -Sv. 
Bbiq:vrcnHH H6ITOCpe~CTB8HHO KBa~paTvrqHhi8 KOM6MHa~MM C 

rroMOIUniO tiJopM,ynhr ( 7. 29), Mhl MOl'teM cy~vrTn nvrmn o nen:vrq:vr~e 

rrorrepeqnoli rronHpvrsa~vrvr, KOTopaH cnHsana c rrpo~onnHOH co

OTHomen:vreM: ... 

fi = /i ~: (7.33) 

Harrpannen:vre ~e rrorrepeqnoti: rronHpvrsa~vrvr Momno orrpe~en:vrTn aa

npliMep rroMOIUniO ananvrsa ~vrneti:noro MaTp:vrqnoro ::meMeHTa 

(?.II). HaKoHe~, paccMOTPHM cnyqati:, Kor~a nosMo~no TpeTne 

rrpoHnnenvre necoxpaneHHH qeTHOCTJii B Bvr~e as:vrMyTannHoli acvrM

MeTpvrvr (eM. nyiiKT n) § '1, a TaK~e !f>opMJny (7.21)). 

PaCCMOTPHM cnyqati:, KOr~a VIMITynnC aneKTpOHa VI Heti:TpVIHO 

nanpanneHhi rreperrH~JiiKynHpno K vrMny~ncy neti:Tpona. Tor~a c 

ITOMOIUniO ~OpMJnhi (7.29) rrocne CYMMVIpOBaHHff ITO CITVIHOBhlM 

COCTOHHVIHM aneKTPOHa Hati:~eM cne~yiOIU88 Bbipa~eH:vre: 
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Z, § /2 d,QI' = .2JT[ I Gv I'"+ 3/ G11 /~ 
sf. &e. (7 .34) 

-J(luvf~ 3/GII f 2)(i<;R;)-ij3{G~Gil-G:Gv)(s~£.K; k':])] :~ 
- -o 

r,ne Sn = Sn. K~ • 
_, ""'O _,OJ7' 

llocJie,IUIH~ l!JieH, nponopu:uoHaJI:bHHlt ( S,_ [I< :y K e .y 

KaK pas H npe,ncTaBJIReT co6olt rper1e npo.HBJISHHe Hecoxpa

HSHHR l!STHOCTH, 0 l!8M Ml:l YKa38JIH B H8l!8JI8 § 7 (cM.nyHKT 

n)). B qacrHocr:u, saMerH:u, liTO 3TOT l!JieH 6y,ner.oTJIHliHhiM 

OT HYJIR TOJI:bKO npH KOMllJISKCHI:lX 3H8li8HHRX KOHCT8HT CBR3H 

~ XOTR dy,neT npH 3TOM ,ne~CTBHTSJI:bHOa BSJIHliHHO~ • 

.ILJI.H TOro, liTOdH 3KcnepHM8HT8JI:bHO H86JIIO,n8T:b H8JIHliH8 

sroro tiJiena, MOl«:HO nocrym-IT:b cne,ny:muu.1 o6pasoM: 
; 

B nJiocxocrH, nepneH~IKYJIRpHoR K cnHHY HeRrpoHa,cJie-

;zyer llOCT8BHTh ,l4B8 CtieTttHita ,ItJIR cpJUCCHpOB8HHR lU.!lly JlhCOB 

O,nHOBp8M8HHO llORBHBmHXC.H 3JI8KTpOH8 H 8HTHHenrpHHO ( -HJIH 

npOTOHa). ~CCJI8)4y8M llOBSASHHe llOCJie.IU~ero l!JieHa, T.e. Bl:l

paxeHHR 

(7o35) 

npH p C u 7 - npeo6pa30B8HHllo 
J . 

0H, Oli8DH,nHO, HHB8pH8HTeH OTHOCHTSJihHO P -npeo6pa-

30B8HHR, TaK KaK paneH C)C8JIRpHoMy np9Hsne,neHHIO ,nnyx aKcH

aJI:bHHx neKTopos. llpH C: -npeo6pasoBaHHH (T.e. npH pacna,ne 

8HTlfHekiTpOHa Ha aHTHllpOTOH, ll03HTpOH H HeihpHHO) Mll ,ILOJIX

Hl:l noMeHRT:b uecTaMH xonctaHTbi CB?.SU • G 11 G * , 6Jiaro,na-



- 92' 

p.H qeMy sHaK y Ll. R, H3MeHMTe.H Ha npoTMBonoJioJKHhli1. ITos

TOMY B eJiyqae paena~a aHTMH8HTpOHa 3TOT q]I8H ~OJiiK8H ~8Tb 

~pyryro a3MMYTaJI:&HyiO ae.viMM8TPMIO, qeM np.vi paena~e HetiTpOHa. 

ToqHQ TaK ze e ITOMO~:OIO eOOTHOill8Hl'I.H (7.4) JierKO ITOKa3aT:O 

MHBapMaHTHOeT:o sTore qJieHa OTHoe.v~TeJI:o:Ho coBMeeTiw C T s -
-

npeo6pasoBaHMH, T.e. OTHoe.v~TeJI:oHo eJia6oro o6pa~eHM.H Bpe-

Tw rS· 
M8 Hl'l = C (eM. ( ?. 4)) • 

reoMeTp.viqeeKM ITO.HBJI8HM8 a3MMyTaJI:OHOti aeHMM8Tp.viM 

eB.H3aHO TaK JKe, KaK .vi ITO.HBJI8HM8 ITOJI.HPHOM ae.viMM8Tp.viM e 

pa3JI.vlqHoi1 B03MOiKHOH B3a.viMHOti Op.vi8HTa~.vi8M o60MX IWHTypoB • 

As.v~MyTaJI:oHa.H ae.viMMeTp.vi.H o6yeJIOBJieHa, Bo ... nepBhlX, KOHTypoM, 
....,. 

xapaKT8pM3YIO~l'IM npo~OJI:OHYIO ITOJI.Hp.vi3a~.viiO HetiTpOHa ~~ 

.vi, BO-BTOpbiX, KOHTypoM, XapaKTepM3YIO~l'IM B8IiTOpHOe npO.vi3-

B8~8HJI.l8 nMnyJI:oeoB sJie;TpoHa .v1 aHTII.IHeiiTpMHo [ K.y K e] • 
HanpaBJI8HJI.l8 ITOeJie~Hero KOHTypa OITpe~eJI.H8Te.H nepBhlM B8KTO-

~ 

pOM, T .e • m.myJI:oeOM k- Ill He 3aBMeUT OT Bbi6opa npaBOM 
y . ~· 

HJIH JI8BOM e.vieT8Mbl IWOp,IJ;HHaT (HaiTOMHHM, qTo OT Bhr6opa npa-

BOti HJIM JI8BOM eHeTeMhl 3aBMeMT JIII!ill:O HanpaBJI8Hl18 arwHaJI:OHOrO 

B8IiTOpa, yeJIOBHO xapaKT8PM3YIO~ero HanpaBJI8HM8, Vl306pamaro

ll{8e B8KTOpH08 ITPOM3B8,I1;8HH8) • EeJIM nepeBepeyT:o eiTHH Heti- -

TPOHa Ha 180°, TO B38l'IMHa.H OpHeHTa~H.H KOHTypoB, XapaKT8-

pH3YIO~HX -ITOJI.HPH38~HIO HetiTpoHa .vi B8IiTOPH08 ITPOM3B8,I1;8HH8 t 

ITOeTp08HH8.H Ha HMITyJI;peax. HetiTpHHO Ill 3JI8ItTpOHa, ,II;OJijitHa H3-

M8HHT:OC.H (eM. pMe.6) II.! noaTm.cy BemiqHHa A R_ (eM. (7.35)) 

H3M8HMT eBoti 3HaK Ha npOTHBOTIOJIOZHhlH. 

--. - -•- -~~---- -- ---~- ----
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QOa :3TH KOHTypa MOryT ObiT:& napaJIJI8JI:&HbiMH H aHTHTif!OO)I

J18JibHbtMH, KOr~ yroJI f)= f • llpH aTOM yrne, C O,lUIOa CTO

pOHH, ucqesaeT noJIRpHaR acHMMeTpHR, a c ~pyro~ ~ asHMy

TaJibHaR ~OCTHraeT CBOero MaKCHMaJibHOrO 3HaqeHHH. 

C ~H3Hq8CKO~ TOqKH 3p8HHH TIOJIRpHaR acHMM8TpHR 00yc

JIOBJI8Ha H8HHBapHaHTHOCT:&D CnHpaJI:&HOCTH, a a3HMyTaJI:&HaR -

H8HHBap.HaHTHOCT:&D KOHCTaHTH CBR3H (1 (eCJIH TIOCJI8~HRH 

RBJIH8TC.R KOMTIJ18KCHOn) np.H C -npeo0pa30BaHH.H ( T.e. npH 

saMeHe sHaKa nenTOHHoro sapR~a). HaKoHe~, uu XOTHM oc~a

HOBHT:&CR Ha aHaJIH38 HeKOTOpbiX He COBna~a~HX BbtBO~OB, KO-
' 

TOpbte CJI8~DT H3 paccMaTpHBaeMo~·s~ec:& TeOpHH H T80pHH RH 

H HHra. CorJiacHo TeopHH RH H RHra ~BYXKOMnoHeHTHaR TeopHH 

He~TpHHO ~eT: P+ ConstJ C =f. Const,~ P.C ==const: u t=wconst 

KoMnJieKcHOCT:& ~e Kos~H~HeHTOB C7 npHBO~T K HecKOJI:&KO 

~pyro~ HHBap.HaHTHOCTH: P=const) r~const. 
liOaTOMy HaJI.Hq.He H9~TpHHO C OpH8HTHpOBaHHbtM CTIMHOM .H KOM

TIJ18KCHOCT:& KOa~HnHeHTa () no T80pHH RH H EHra ~onxao, 

TIOBH~MOMY HCKJIDqaT:&CRo flo Hamea liS T80pHH, 0~0Bp9M9H

H08 H8JIHqHe 008HX HeqeTHOCT8~ BTIOJIHe ~OnyCTHMO, TIOCKO

~:&Ky B TOM H ApyroM cnyqaax Mbt 0YA8M HM8T:& He TOJI1KO CXO

XHe npHpO~ npORBJI8HHR H8COXpa.HeHHR qeTHOCTH (HaJI.Hq.He 

ABYX KOHTypOB BpanteHHR), HO H O~y H TY ll!8 H9HHB8pHaHT-

HOCT1 OTHOCHT9J11HO C , P U l -npeo0pa30B8HHR: 

7' ~ c.onst ' C=t= cons f.: ' P= Cons t 'rt=r~CoiiJto 
TaKHM oOpasoM, no HameR T80pHH K03~H~8HTH (? MoryT 
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6b!T:O He TOJI:OKO B8Il.\8CTB8HHbiMH (ItaK ITO ,1J;BYXIWMITOH8HTHOti 

TeOpHVI JIM H RHra), HO l1 KOMITJI8KCHbiMVI • B03MOJ!tHO, . tiTO B 

,'Zl;BJI:OHetlllleM 6y;n;yT OTKpbiTbi TBKMe HBJI8HHH HecoxpaHeHMfl tieT

HOC.T11, KOTOpbie 6y;n;yT o6yCJIOBJI8Hbi He CITMpaJI:OHOCT:OIO HetiTp!1-

HO, a KOMITJI8KCHOCT:OIO K03~~1tiQ11eHTOB CBH3M. 

Mbr He co6npaeMcn ;n;eTaJI:oHo paccMaTpMBaT:o aKcrrepHMeH

Thi,- ITOCTBBJICHHhie i(JIH o6mipyJKeHMH 3TOM BCl'IMMeTpl'IM. 8;n;ec:o . 

iKC Mbl .orpaHMtil'IMCH TOJIBKO 3BMetiBHH8M, tiTO rrpoBe;n;eHHbie 3KC

rrepHMeHTbi rOBOpHT 0 TOM, tiTO 3Ta BCMMMeTpHH MJIM COBC8M 

OTCYTCTByeT l'IJil'I, B JIYtiWeM CJiyqae, flBJifleTCfl cpaBH11TeJI:OHO 

MBJIOM BeJIVItiMHOM. 

AHBJIOrMtiHblM MeTO,'Zl;OM MOJ!t8T .6blT:O l'ICCJie,'Zl;OBBHO TBKJ!\8 

HeCOXpaHCHMe ti8THOCTM ITpH pacrra;n;e ~ M~ ~M830HOB. 

3;n;C.C:O . J!Ce Mbi XOTMM orpaHMtiMT:OCH Jll'Illl:O He60JI:OlllMM 3BM8tiBHM8M 
.,. 

0 TOM, tiTO BOl1poc 06 MCCJIC,'Zl;OBBHMl'I rrorrepetiHOM ITOJIHpl'I3BQl'IM 

ITpH CITOHTBHHOM pacrra;n;e ITpl'I YtiBCTH~ H8MTpl'IHO MOJ!\8T ITOMOti:O 

60Jiee ,'Zl;CTBJI:OHO ·BbiHCHMT:O MHOrMe BOITPOCbl, CBH3BHHbie C xa

paKTepoM B3BVIMo;n;eticTBMH. Harr~MMep, rrp'H pacrra;n;e~- -Meaci

na HB 3JI8K'rpoH, HetiTpl'IHO M BHTMHetiTpMHO (jt-~ € :,._y + V ) 
ITO.MHMO V , .f1 B3BMM0,1l;etiCTBVIH, BBJI!HO YCTBHOBMT:O ITOpfl,1J;OK 

KOM6VIHBQl'IM BOJIHOBbiX WYHKQMti. 

B Bapl'IaHTe JIM l'I HHra aToT rropn;n;oK ;n;oJIJKeH l'IMeT:o cJie

;n;yron\Mti Bl'I;n;: 



B B8p¥18HT8 :!K8 ii>e~HJlaHa-reJIJI-M8HH8 MDI )J.OJIJKHhl HM8Tb: 

., 
(/) €UH. 'J II f' 

U = f 0· { 're o;l/{)( fl/ 0; ¥;J 
BapHaHT JIH 11 .RHra npH~=;t:-L?v.n.aeT OTJIHtiHyiO-oT· HYJI.fl no

nepeqHyiO COCT8BJI.fiiO~YIO DOJISipH38UHH 3JI8KTpOHa; COOTB8TCT-
~o 

\ BYIOIIt8II COCT8BJI.fiiOII(8.fi B8KTOpa {J Oy )J.8T nepneH,n.HKY JISipHa - ~ 
K DJIOCKOCTH l<e Kf'. , DOCKOJibKY tJJieH, nponopUHOH8JlbHI:.I~ 

·~ Koe K OJf 

M8TpHU8 ~ , dy,n.eT co,n.ep:ataTb MHOJKL1T8Jlb ~e ~- , KO-

TOphl~ B B8pl18HT8 <I>e~HM8H8 Oy,n.eT OTCYTCTBOB8Tbe ilOSTOMy 

B B8pH8HT8 ~e~HM8Ha-reJIJI~M8HH8 Odp830B8Billl18C.fl B pesyJib-
; 

TaTe paCD8A8 DOKO.fiUl8rOC.fi f'- - M830H8 SJI8KTpOHH AOJIJKHhl 

OcJJI8)J.8Tb TOJibKO npO,U.OJibHO~ DOJISipH38UH8Me 

§ s. DQlla~a~~YHQHH~~-2illill~~Ig_nna_~~~I~QM~rHHI-
~g~-~~~~MQ~~~Q!g!~~ -

Corna0Ho pa3BMBaeMon s,n.ecb ToqKM speHH.fi .fiBJieHMe He

coxpaHeHH.fi ti8THOCTM H8 CB.fl38HO C K8KMMH-TO 8Cl1MU8TpHtiHhlMH 

CBO~CTB8MH DpOCTp8HCTB8, nepeBO)J..fiiltl1MH SIKOcJhl npH p- npe

OcJp830B8Hl11lf. JI8BOBHHTOBhl8 H8~TpHHO B Dp8BOBHHTOBhl8,a BC8-

U8JIO OO.fl38HO DOJISipM30B8HHhlM CBOMCTB8M CODOCT8BJI8HHUX ti8C

TMU8M BOJIH. 

C yqeTOM npO,U.OJibHOn DOJII!pH38UHH )J.JISI 8MDJIHTY.U. B8KTOp-DOT8H-
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I(HaJia (nonepetiHble COCTaBJifliOIUHe) HMeeM BbipameHHe ( CM. -

(5.5)): 

as={~~ is [i<~OJ) CJ (k:s)J (8.I) 

r;zte .BeJIH'!fliHa S = ±i xapaKTepHsyeT -npo;ztOJI:OHYIO llOJiflpH3aUHIO 

cpOTOHOB, 1 S - BTOpHtiHO KBaHTOBaHHble aMnJIMTY:zthi: 

rt (k., s) qt-( i<; s]- CJ t-(;<; s:Jq (K; s)= 

=8ss'Jkk. ... 1 ' · 

(8.2) 

-C)· 

a f flBJIHeTCfl e;ztHHMtiHbiM BeKTOpOM, nepneH::!:ItyJinpHbiM K Ha-

npaBJieHHIO HMnyJI:OCa SJieKTPOHa. AMnJIHTY:ztY Q.. Mbl . MOllteM 

npe:ztCTaBMT:O l1Jll1 KaK CYMMY :ztBYX llOJIHPH30BaHHhiX no Kpyry ... 
aMllJIHTy;zt: 

~ _. --.. 
a.. = a...s=:L + a.s=-:t ~ (8.3) 

MJIH KaK CYMMY :ztBYX nonepetiHo-noJIHpHsoBaHHhiX aMrrJIHTy;zt: 

--. - -a:. = a.....e + a.3 . 
a:ztec:o 

-0 a:2. =;a t:t~ ~ 
- [ _,.0 -OJ Q a. .3 = I< j5 f/ .3 _, 

(8.4) 

CJ-"- '/,:, ·- '£ :. '/,"-= JA~ 'j .il.' /1.' = .2,3' a CJ-A = q_, 
Jl:Jifl 0003HatieHMH norrepetiHO.ti ITOJiffPH3aUHl1 Mhl H36paJIH HH;zteKCH· 

A. . = 2, 3 c TeM, tiT06hi He cnyTaT:o HX c HH:zteriCaMH l-(Jiff npo

:ztoJI:oHoti noJIHPl13aUl1l1 5 = I, . - I. 

J[rmycTHM, liTO B HatiaJI:OHhlti MOMeHT rpOTOHhl y Hac OTCYT-

• 

•, 
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CTBYIOT ( 0 f' 0 = 0 t- (J = o) 
j/~ 1 Y'A t-s' -".s · 

Tor~a nepoHTHOCT~ na~yqeHnH npo~o~~Ho-no~HpnaonaH-

HhlX WOTOHOB oy~eT nponopunoHa~~Ha/191: 

VYs= zi ( ~ Qs){cl~-a;) = 1 rzz,_ (8.5) 

-j (ZK":J{cZ-t-J<j+ ~· s{i<o[of J+J)/ 
..::::;:. 

r~e oL - B8RTOpHhl8 3HaqeHllH MaTpllqHb~ S~eMeHTOB, onpe-

~e~Hmnx xapaRTep B3allMO~eHCTBllH. 

~~H onncaHnH ~e na~yqeHnH nonepe~Ho-no~HpnaonaHHhlX 
' ..,. . ~ 

no~H Mhr dy'}J,eM llMeT~ Bbipa~emre: 

(8:6) 

8aMeTnM, ~To ,q.eT11pe ne~nqnHbl W:t:.:t , ~~3 He HB~HIOTc.H 
HeaaBllCllMbiMll, a CBH3aHb1 MeJK~y COOOH ~tmeHHbiM COOTHOllle

HlleM: 

(8.7) 

C~elJ.YeT aaMeTnT~, qTo Bb!oop Hanpan~eHnH ~~H neRTopa 

Jo COBepllleHHO He CRa3biBaeTCfl Ha 3Ha~eHllHX vv.; H W-.t 
(eM. (8.5)). 0'}J,HaRo, oT Bb!oopa aToro Hanpan~eHllH OYll.YT 

3aBHCeT~ 3HaqeHllH ~~H IIOIIepe~HhlX COCTaB~HIOmHX lit ll Ji~ 
. ~ 

He HapyrnaH oomHOCTll.llCC~e~oBaHllH, Mbl BCer~a MOJKeM_ Bb!OpaT~ 

. i 
" '• 

I ,, 
I 
'i 

:; 
l 
j 

r :,! 

II 
'l 
lr 
i 
l 
i 
' 

I• 
r! 
:j 

!t 
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l: 
'p 
'L 
·j· 

lf 
i· } 
11 
lr 

Ji 
it 
:11 
'I 

I 
id 
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'I 
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II 

r i 
:if ,, 
;n 

"' H 
l~ I 
I, I 
!j, 
:il u 
': ~ 

• ·,jf 
:lr 
r:j 
:j 

if 
ilt 
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if 
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!I 
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Tarwe HarrpaBJieH.tm AJIH.J 0 
, trTOObi BeJII1tfMHa ~ cooT-

BeTcTnonaJia Obi MMHHMYMY MHTeHCMBHOCTM H3JiytreHHH, a ~ 

e e MaiWHMYMY. 

Tor~a ,'li;JIH OITHCaHMH ITOJI.HPH3ai~HM BBe~eM BeJIHtfMHbi; Xa

paKTepH3YIO~Me cTerreH:o Iipyronoti R M JIHHetiHoti f2 IIOJIHPH-
- S A 

3aQMH, OIIpe;n;eJIHeMhle COOTHOllieHMHMM: 

;:: == 11!; - w; 
A w 

n PV;· -... TAT 
fs = ~ YV-.t , w / (8.!.8) 

ECJIH M3JiytreHMe ITOJIHOCT:OIO ITOmipH30BaHO, TO Ps..;,_ & .2_ .L 

IIpMtreM ~JIH ITOJIHOti JIMHeHHOti 110JIHpM3aQMM ~2 = 0, ,'li;JIH IIOJI

HOH KpyronoU 110JIHPM3aQMM HaooopoT- ~~0 H ,'li;JIH IIOJIHOH 
. ~ 

SJIJIMITTHtfeCKOti IIOJIHPH3aQHM ~ < f , a BMeCTe C TeM M 

p -;. f- ~e < f . B ITOCJie;n;HeM CJiytrae C,'li;BHr cpa3hl MeJit;n;y ll.BY-s . ~ 

MH rrorrepetrHbiMH IWJieoaHHHMl'I (KJiaccMtrecRt1ii1 aHaJior) 6y~eT 

onpe;n;eJI.HT:OCH COOTHOllieHHeM: 

~ w -TAT 
Stn ?J = -.t YV t 

2 /11( . 
2~ 

(8. 9) 

lJJIH H8IIOJiflpM30BaHHOrO M3JiytreHl'Iff. Mhi oy;n;eM MMeT:O HaOC50pOT: 

o<- pJa . 
1?,_ 7· .s = 0. 

HaKoHeu, ~JIH traCTMtrHo ITOJIHpMsonaHHoro MsJiytreHHH 

0 < ~ 2 
-1- p:3.e < :f. . ( 8. I 0 )' 

IIpMtf8M ITpH P: = 0 Mhl oy;n;eM MMeT:O qaCTMqHo JIMHetiHyiO 110-
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JHIPIII3a~J.1IO, a IIpiii ~R. = 0 llaCTIIItiHO KpyroByKJ III, HaKOHe~, 
J"\ 

IIpiii {i2 
f; 0 III ;;.e f; 0 qaCTIIIliHO 3JIJIIIIIITMll8CI~YIO IIOJIIIPIJ3ag~ro •. : 

CTerreH~ HCIIOJIHpMsonaHHoli qacTM 6y~eT orrpe~eJIHT~CH III3 bo

OTHOlllBHMH: 

~eno./1 = w (B. II) 

IToc:ttoJI~KY B KBaHTOBoli aJieRTpo~MHaMMKe woTOHhl MoryT o6Jia

~aT:o Kpyronoil IIOJIHPM3a~Meli, TO B 3JI8KTpm.mrHMTHhlX rrpo~ec

CaX MoryT:-B KaKOli-TO CT8IT8HM Ta:ttmc IIpOHBJIHT~CH HBJICHIIIH, 
•.,:;~ ':!' ·;'0\1 .... ~~, •• "..,.~ ., 

. IIOXOZIIIC Ha HBJICHIIIH HCCOXpaHCHIIIH l!BTHOCTM, IIPIIIliBM rrpano-

IIOJIHPlii30BaHHhlM WOTOH ~oJimeH HaiiOMMHaT~ co6oil aHTIIIHBMTPMHo, 

a JienorroJIHPM30BaHHhlA - HeilTpMHo. 

B Kal!CCTBC O~Horo lii3 IIpliiM8POB IIPOHBJICHI-IH HBJICIIMM, 

IIOXOil\MX Ha H8COXpaH8Hlii8 qeTHOCTM, .MOEHO IIPIIIBBCTIII IIOJIHplii-

3a~MOHHbi8 CBOMCTBa CMHXpOTpOHHOrO JtsJiyqeHMSI. 

POJI~ HBMTpMHO B ~aHHOM CJiyqae MrpaeT Kpyronoe Bpame

HMB 3JI8KTPOHOB B MarHMTHOM IIoJie (HarrpMMep, O~HopO~HOM M 

IIOCTOHHHOM), KOTOpoe 6y~eT 3aBMC8T~ OT HarrpaBJIBHMH Mal'IU!T

HOro IIOJIH. B CJiyqae, KOr~a BpamaromMBCH 3JI8KTpOHbi H8IIOJIJipM-

30BaHbi, 3TO HBJI8HIII8 6y~eT HaiiOMMHaT~ C06oil j8 -pacrra~ H8-

IIOJIHpM30BaHHOro HBMTPOHa. ToJI~KO rrp:vr 3TOM 6y~yT MCIIYCKaT~-

1CH rroJIHPM3oBaHHhle <I>oToHhr, a He aJieKTpomr, KaK B _1 -pacrra

~e. 

8aBMCMMOCT~ :ttpyronoA IIOJIHpHaa~MM woToHoB oT yrJia 

MaJiytieHMH 6y~eT orrpe~eJIHT~cH cJie~yromeA WOPAGJioA/191: 
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. I~ 

· w( ~ S
0

) = const [J.t ~ { VJ sine)+ ctJ.t(;. '1.;2{~stn~ 

- 2se. Sgf ~ e :J; ("1stne )J,{Yfsine)], (B.I2) 

r~e e - yro~ M3~yqeHMR WOTOHOB OTHOCHT8~nHO OCH ~ t V 
HOMep M3~yqaei\WM rapMOHHKH, c;s - CKOpOCTn ~BHZ8HHH 

s~eitTpoHon, J"Y - WYHK~HR Eecce~R, a Se - npoeK~MR MOMeH

Ta KO~MqecTBa ~BHZ8HMR 8~8KTPOHa Ha OCn ;c • TaKMM o6pa-

30M, nepBbie ~Ba q~eHa B WOPMY~e- (B.I2) npe~cTaBJIRIOT coc>oti 

nanecTHYIO WOPMYJIY llioTTa, HBJIRromyrocH ocHonoti TeopM:ra c:raHxpo

TpOHHoro HSJiyqeHHR. ilOCJI8~HHM qJieH npaBOM qacTH (8.I2) 6hlJI 

nonyqeH n· pa6oTe/I9/ (eM.· TamKe/20/) r~e Mccne~oBaJI:racn no-
. J 

JiflpH3a~HO~Hhl8 CBOMCTBa CHHXpOTpOHHOro H3JIYqeHHR. 0TCIO~a 

BH~HO, qTO 8CJIH OCn~ onpe~8JIH8T HanpaBJI8HH8 MarHHTHOrO 

"' 
nOJIR (B npaBOM CHCT8M8 KOOp~HHaT), TO TOr~a 8Ta OCn ~ H 

BpameHIIIe 3JI8KTPOHOB B 3TOM MarHHTHOM · noJie 6y~eT oC)paso-
oz., e. ) 

BbiBaTn npaBbii1: BHHT ( 5 e = + J. • B 3TOM CJiyqae no~ OCTpbi-

MM yrJiaMM OTHOCHT8JlnHO OCH :C ( (3 < ~J Cfj B > i.) 6y71;yT H3JIY-

. ( \€ .1.') 
qaTnCR npem.rymecTBeHHO JieBOBHHTOBble illoTOHhl S (' = =F / , 

a no~ TynbiMH yrJiaMH (e > ffj ;.. npanoBHHTOBb!e. IIIHTepecHo 

OTM8TV!Tn, qTo 3TO HBJI8HH8 06Jia~aeT CBOeoC)pa3HOi1_ ~HHBapHaHT..;, 

HOCTniO OTHOCHT8JlnHO. sapR~OBG -conpRlK8HHOrO npeoC)pa30BaHVIH. 

B caMOM ~eJie, ecJIVI B aTo ze MarHVITHOe noJie noMeCTMTn 

- ~BVIlKYmHeCR C TOi1: ~Ke CKOpOCTniO n03HTpOHbi, TO OHH 6yl1,yT Bpa

maTnCR no cpaBH8HVIIO C ::meKTpOHaMVI B npoTHBOnOJIOlKHYIO CTOpOHY 

( s;'~ +.i). 



rm 

EJiaro;a;apff 3TOMY H3M8HHTCH T8RJ[8 H gpyroBaH ITOJIIIpl138lJ,1!ff 

H3JIYti88MbiX <lJOTOHOB, a 1'1M8HIIO, ITO;zl; OCTpbiM:Vl yrJIBMH OTHOCH

TGJIJ>HO OCH ~ ( (9 <f) 6y7J,yT. I13JIYti8Tl>Cff I1p8HMYU(8C'l'B8HHO 

.rrpaBOBHHTOBhl8 ~OTOHH. ]8JIBO, B I1p0l1,8CC8 ITOrJiomeHMH BHTH

H8tiTp1UIO: 

Y+n-?>p+-e 

;a;om:mn Haoma;a;aT:DCH rrpeiiMY!lJ.BCTBeHHo BbiJieT rrpaBommTOBhiX 

aneKTPOHon~ B TeopnM ~OTOHOB aHanoroM rro71,o6noro HBJieHMrr 

MOJK8T CJiy:KHT:b npet.tll,O BCero TOpM03H08 HCTIYCRBHH8 TIOJIHPH30-

B8HHOrO TIO Rpyry T0pM03HOrO H3JIYti8HHH Tip07J,OJI:bHO I10JIHpl130-

~aHHhlMH 8JIBKTPOH8MH/ZI,ZZ,Z3/. 

B yJII>TpapeJIHTHBMCTCKOM cJiyqae saBHCHMOCTI> ceqcnM~ 

do-;_ S H CTBITBHH Rpyronotl TIOJIHpM3alJ,HM { ~) TOpM03HOro 
s~ e (/. 

U3JIYti8HHH, I1pOH3B07J,HMOro npo,n:OJI:bHO I10JIITPH30BBHHbiM 3JI8I\Tpo-

HOM, OTip871,8JIH8TCH C::JIB,I(yromHM11 qJOPMYJIBMH: 

-!. e 
' Zo moc.t. ' a E :::; C,.P 

(8.I4) 

I . 

E . I 
H =Cp -
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-Hl2 

KHHBTHqecKBff 8HeprHff sneKTpOHB ~0 H nocne TOpM03HOrO 

H3nyqeHHff, Er - 8HeprHff H3JryqaeMoro r -KBBHTB •. KaK 

BH~Ho Hs ( 8.14), n BepxHeM KoHue cneitTpa npH Er = E Kpy

roBaa nonapH3BUHff rJJOTOHOB TOpM03HOro Hsnyqemm MBKC11Man:o

HB H aBnaeTca nonHot1Pq (E0,E)= Se = ±.1. , T.e. rpo

TOHhl TOpM03HOrO HsnyqeHHff oy~T oona~BT:O TOM me CTIHpan:o

HOCT:OID, KOTopot1 oona~aroT na~aromHe sneKTPOHhl. KpyroBaff no

nHpHSBUHH TOpM03HOrO H3nytiBHHff, HCTIYCKBBMOrO npo~On:OHO 

Y go 
nonapH30BBHHbiMH sneKTPOHBMH OT ~ -pacna~a H3Mepe-

Ha B 8KCll8pl1M8HTBX ron~xaoepa 11 ~p/24/. . 

ToqHo TaKJite npH pacceaHHvl npo;I(on:oHo· nonapHsOBBHHbiX 

~OTOHOB H8TIOnffpH30BBHHb!MH sneKTPOHBMH pBCC8ffHHhl8 rpOTOHhl 

~om:tHbi ObiT:O nonapH30BBHHbiMH. 

B aToM cnyqae rpopMYnY Knetina-HHIIIHHbi Mbi ~onmHhi ~onon

HHT:o qneHOM, nponopuHoH;n:oHhlM Sor s~ . Tor~a COOTBBTCTBYID

mee BbipBJK8HH8 8QJfP8KTHBHOrO C8'tl8Hlrlff TipHHHMaeT BH~: 

do= :/~ te-L [ ;+ f- sin:"s+ts;.(j+ f)cos;J 
f . ~· (8.15) 

r~e f = j_ + £c .t (i -co.s e), EY' - sneprHa na.l(aromero <!JoTona • . ~ moe (/ . . 
0TC!0.1(B BH.l(HO, qTQ B yn:oTpapenffTHBHCTCKOM cnyqae paCC8ffHHii18 

ifJoToHbi oy.l(yT o6na.1(aT:o npeHMYmecTBeHHO Toti jlte KpyroBot1 no

napHsauHet1,KaK 11 nepBoHaqan:oHb!e/25/. 

EcnH npocyMMMpyeM BbipBJK8HH8 ( 8. I 5) TIO CI1I1HOBbiM COCTOIT

HHflM KOHetiHoro ciJoToHa S r , To .l(nH nroooro yrna oornee 

qHcno pacceHHHbiX QJOTOHOB oy,l(eT onpe,l(enffT:OCff ((JopMynott Knett

na-HHlliHHhi. 

----- --·--. 



0.I(H8KO, MH UOX9M nonyqHTh·~Xe OTKJIOH9HHH OT cpopYynH 

KneRHa-HnmHHH .I(JIH qncna pacceHHHHX cporoHoB (r.e. nonyQHTh 

8H8JIOr 39pK8JihHOD 8CHMM9TpHH B HBJI9HHHX H9COXpaH9HHH qer

. HOCTH), 9CJIH Oy.n;eM paCCU:8TpHB8Th-p9.CC9HHH9 npO,I(OJihHOM

llOJIHpHSGB8HHHX ¢OTOHOB llOJIHpH30B8HHHMH 3JI9KTpOH8MH. 

Tor,n;a acpcpeKTHBHoe ceqeHne KneRHa-HHmHHH cne.I(yeT .I(0-

<5aBHTh qJieHoM, nponopunoHaJihHW S .S I 25 '26/ . 0' e ; 

B .JIOCJre,lUiett cpopuy iie uu .I(OJIXHH nonoxHTh B cnyqae, Kor ,n;a 
, ' 

cnHH aJieKrpoHa H na.I(ailltero cporoHa napanJieJI1lHH ?-Se = I, 

. a KOr,I(a aHTHnapanneJI1Hu: 50 Se == -:i • 
TaKHM 00p830M, KaK H8M KaX9~CH,H9COXpaH9HH9 qeTHOCTH, 

' 
OTKpHTOe H8 0839 T90p9THqecKHX HCCJI9,I(OB8HHR llH H HHra,HB-

JIH9TCH npHMHM CJI9,I(CTBH9M llOJIHpH38UHOHHHX CBO~CTB qacTHU 

H HX npOHBJI9HH9 He ,I(OJIXHO 38BHC9Th OT BHdOpa npaBOtt HJIH 

JI9BOR CHCT9MH KOOp.I(HH8To 
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.l:'llc.I a 
UpaBaR cHcTeua KOOpAHHat, 
cnyqafi S = I COOTBeTCT-
llyeT ~a.B,OBHHTOBOH nonllpH3aium. 

~ .l:'l!c.I B 

neBaR CHCTeMa KOOpAHHaT, 
_ CJlyqau S "' I COOTBeTCTByeT 

Jl8BODHKTOB,Oi! OOJ1l'lpH3aLtHHo 

: f:' ~~ / I ' w 
I 

t s-e. 
P.:c. 2 

.l:'llc.I 6 

CHCTeua KOOPAHHaT, 
I COOTBeTCTByeT 
nonllplt3aLtHH 

S[K~""j --y 

PHc. I I' 

neBaR CHCTeMa KOOPAHllaT, 
cnyqajj · S = - I COOTBOTCTByeT 
npaBOBHKTOBOH OOJ11lpH3aLtHHo 

v.pyroBO..F! norrn
p<!30.LtH.F! 

J1r306pn.:;;eK?.e npaBOB'I!!TOBOH 00Jl.fi[Hf3aLtHiil B 
npaBOU ("l-) Ill neDOll (t} CilCTeL!aX KOOp
AUK!l.Tl 5";.1, sl-__ , 
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a/Ha"lOJI.E.ilM Cnllpan.E.HOCT:&, 
JleBOBllHTODOe aenTpr.mo 
/npaB!J.H CllCTeMa KOOp).lllll<i;' 

s 
6/ T - npeo6pa::~oDaa11e. 

llpaDOBI!HTOBOe HeiiT.pllHO 
• /npa~M CllCTCMa KOOpJ111HaT/ 

I 
I 

-- I I 5~-~-- i< 
\ 
\ 

' 

_,t.. -t 
.s -- s 
~ _,-
K=K 

. :> 
0 

.:X: 

8 
Q) 

"' 0 ·r= 

~~ 
"'' ,t~l 

=:I 
oji 
:.: 
"' ,: 
:")! 

I _,,t, -t.. 
S- S I 

.,.. 
/ 

---1---· 
x•"--i!' 

\ 

B/ C -npeo6pa3onaa11e. 
llpaBOBllHTOBOe HBHTp.IIHO 
/npaBaR CIICTeMa KOOpJ11lHaT, 

r/ P -npeoopa30BaHIIe. 
ncBODllHTOBOe HBMTpllHO 

, /neDaR CllCTeua K00pJ111HaT/, 

.P11c. 3, 
lll3oopru.~eHI!e C noMOUI:&IO 3BPI<an ll:JI!CHCHllR cnllpan:&H~C Til lle):!
Tpi!HO /"laCTlll.lhl C nonOJ!CI!Tem;,aoj;j 3Heprllej;j/ np11 f ~ C II f'-
npeo6pa30Bai!I!RXo. ' . 

... 

l K t 
. aHTllHeliTpllHP H&i!TpiiHO . 
. ·w ..... -- ...... , ,.,.,- , 

~npaBODllHTOBo . . . 1 . ~ /n.eBOlli!IITOlloe/. 

I . I 

. ·.. .- T .... 
H6M'l.'p0H c aa-(j_)l ' 
;~~aaaoil Kpyr0 .;; 
llOiii ~ nonnpll3a- · J · 
l.lll8llo • ' I . 

I 

aHTIIHeil~HO' 

PIICo4 

·(i)-7-,_ I . 

I 

I 

I 

aHTI!HeiiTpOH 

llCiiTpllHO 

Bo3HIIKHOlleHlle npocTpalicTlleaaoli acl!uueTpllw 
llpll pa~na;~~e H8MTpi1Ha 11 aHTI'IH&liTpOHao 

' ., 
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_____,_'9- ----- -~y. iC 
I . . .fr'= l'<fl!301f \ 

. \ 

' F:. ue30H auTr.~l!eihpli!IlO · 
/npaBOBIIIITOBOC/ /npaBOBii!HTOJlOB/ 

Pr.~c.5 • 

.PucnaA noiWIOil1Groc.R 

---
1\pyrollaa nonllp vl3a1.1Hil 
HelirpoHa AO nepeBopa
•mBaHI!Il Clli!Ha, 

Pt.1c.6. 

.Jr-- MB30lla • 

---
(~.-t;J 
~ 

i(pyrollali nonllpvmai.~rur 
HBITpoua rrocne nepe
BOpa•HmaBIIH Clli!Ha, 

J13MBHGHHB U31i!MYTUDh!iOli UC<IM!LeTpHit 
npn rrepeBOpa'!HBaHfi!H cnli!Ha ueilTpoHa. 

' ' . 
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S.M.J!HnMrutOB 

!l)efundaH H I'eJLII-Millm /I/ Bnep:eble npe.DJIOJIOllWJIH, 'ITO <lJep.!HOHbl BXO.ltil'l' B CJW.6ble BSB.HMO):(eficT

BRH TOXLKO ~YM~ KOMnOH9HTaMll H B 3TOM OTHOWeHHH OHH He OT~aDTC~ OT 6e3MaCCOBblX <lJep.!HOHOB, 

HanpHMep, HefiTpiDiO. TipH 3TOM npe,IJJIOJiaraJIOC:&, 'ITO ~YXKOMfiOH9H'l'HOC'l':& BC9X ~ept.mOHOB B CJW.6b!X. 

BSaHMO):(e:ltc'l'BRHX onpe):(eMe'l'C~ 'l'OJI:&KO MHOlltHTeJieM ( j + 'f;) OR npl!BJlS8.H C O):(HOfi CTOpoHbl K 6apHOH

HOMY sa~, a C ):(pyroit CTOPOHU- K JienTOHHOMY sa~ /2/ . TEno'l'esa 0 ):(BYX aefi'l'PHHO 3 •4 •5 •6 

Bnep:eue Baymwra. COMH9HHe B U9JI9C006paSHOC'l'I1 TaKoro npe,IJJIOJIO:nteHRH • )le:ltCTBH'l'eJI:&HO, B 'l'OKaX: 

c e r;, c 1 + t) l{ J, ( Jr:: 0 -tJ$) ~J 
/ 1. + jS. / cMsrut c qac'l'niJ.aMn, o6Jia,Jr,aXl!li1MH pasam.m JienTOHHHMll sapsl,ltaW!, a ecJIR HX nepenHCa'l'l> 

WI1! tiaCTHU C O):(HaaKOBblMH JIBU'l'OHHblMH SapR,natm: 

' (i~ (i+f;)JJJ.), (iJ:~ (1-fs-)7+), 
TO BOfi):(y'l' cHMMeTpll'IHo KaK I 1 t- y;. I, 'l'aK n I 1. -J'; I. 

B CMSH c a'l'RM npe~c'l'aBMeTc~ HHTepecuw~ HCCJie~OBa'l'L, K KaKRM cJie~cTBRHM npHBe~eT npe.DJIOJio

mune 0 TOM, qTO CBo:ltC'l'Ba-BC9X fiiep.!H-'laC'l'llU B CJia6blX BSaRMo~efiC'l'BMX MOryT 6bl'l'L onpe~eJieHU 113 

RJiaccfl\limtaUUH 6eSMaCCOBblX qe:pMHO!lHllX ~6JI9'l'OB no DOSMOlKHblM SHaqeaMM 6apHOHHOro Wili JienTOHHOrO 

sapR,noB, aJieK'l'pHqecrtoro aap~ n co6cTBeHHHX sHa<iemlli f;. I RUpaJILHOC'l'H/ /?/ . Mu pacc!V'.aTpH

naeM 3TO OCHOBHOB npe,IJJIOJIOlK9HHe.KB.It odoc5meHHe nep:eOHa'laJil>HOii: ~en !l)efutMaHa H I'eJLII-MaHHa /I/. 

C~BJIB.HHOB npe,IJJIOJI0l!t9Hl19 COBMGC'l'IlMO 'l'OJI:&KO C• rJI06aJil>HOfi C!1MM9Tpne:l!: CJia6UX BSailM0~9HC'l'Dilfi • 

Tipn, 3TOM 1\JiaCCllqimtaUM OapiiOHHUX ~OJI9TOB nOJIYtiaeTC.f.! D CJI9,eyT00\9M B~e 

.!{ !' iJ z. .,y T y ·~ 

tt- +1 -f -i +1 -i -d. +1 -1 
e. H +1. -1. -1 -1 -J. +L +L 

t. +i +! -+J. -+ 1 - J. -1. -1 -1 

B03HI1Ka9'l' pOBHO 8 BOSMOlKHblX 6apllOHHUX ~6JI9'l'OB • .llJm onpe~eJieHM TOKOB BocnoJI:&sycMC.f.! aHaJIOrne!! 

C 3JI9KTpO~atiJHKO.i1 K8.H B OTHOW9HID1 llSO'l'Onl1'leCKH B9KTO:pHOH, TaR l! B OTHOW91U!I1 l130TOllll'19CKH. Cita

JmPHOit qacTeitt 'l'OIW.. ToK 6es nsMeuenM CTpaHHOCTH I aHaJior nsoTonn~ecKH Bet~opuo:lt qacTn aireKTpl:

qecttoro 'l'otta/ nOJIY'IaBTM B nn~e: 

i J1- (-~ i f (il ojll 'L- ./'( J.,. r !f ~.fl 1:'- YJ + (z 0p 7:- .e J + r :F. t?v T- 1 E ~ · 
}I f"t(- >) {- I +) ( o) ( -_Of ·•)7 . /I/ =iL\tt-OpP;t yoOftZ;+ g-~.'l;ti ;ri/J, 



· IIO 

A TOK C HSMeHeHHeM CTpaHHOCTH /aHarrOr HSOTOnH~eCKH CKanfipHOi ~aCTH a~KTp~eCKOrO TOKa/ UMeeT 

5(-J ·[(- -(~ ~,1 fJI = .L lOp .~V) + -. YOp EJ.J = 

::: i { (f" Op P) + {f.- Op ·~r-) r (f- oJ, iJ") +- (I.,; cfo- 2:. -t-)). 
ITOJI,Y'leHH~e BllpallteHHe ~ ~ORa ~- H3MeHeHH6M CTpaHHOCTH 06Jia.n;aeT pR:,ll;OM 38M6'laT6JIDHllX OCO-

BH.n;: 

13/ 

. . - . . 
6eHHOCTefi, B TO BpeMll Rim_ npn rJI06aJI&HllX RSOTOIIH~eCKHX CnJ1HaX OH RBJIHeTC.fl CKanRpoM, npll o6~-

HllX llSOTOIIl'!'leCKHX cmmax riDiepoHOB - OH .f!BJI.fl6TC.fl CIII1HOPOM, T I/2. aHarrorMHO c~~IO :B Mo.n;em! 

CaKaTll. OH Taroite aBTOMaTl!~ecKH y.n;oBJieTBOp!IeT nsBeCTHOMy aMIInpnqecKoMy npa:sl!JI,Y .1 j' ~ Q ~ + 1 
PasJinqne B SHaKax np~ .y;. _,ll;OCTYIIHO 8KCnepUMeHTaJIDHOi npoBeiJKe /cM,HW/,· 0TMeT.IlM B03HUKa!O

mHe s.n;ecb npa:sHJia oT6opa no nsoTonn~ecKoMy onHHY• BeKTopHa.fl I B o6uqHoM npocTpaacT:se/ ~aCTb TO-

Ka 6es HSMeHeHilfl CTpaHHOCTH .f!BJ!ReTC.fl H30TOIIH'leCKUM B6KTOpoM KaK npn rJI06aJI&HllX, TaK l! npH 06!lq

HllX nsoTonnqecKHX cnHHax rnnepoao:s. A nceB.n;o:seKTOpHa.fl I B o6!l'lHOM npoCTpaHCTBe/-~aCTb TOKa 6es 

HSMeHeHH.fl.CTpaHHOCTll -~TC.fl CyMMOi HSOTO~eCKHX :seKTopo:s /T:ci/ ll TeHsopa IT-=2/. ITOJI,Y'laiOmlle

C.fl 'ripa:swra OT6opa,4 T =Ii2,3/2;5/2. OTJil11miO'l'C.fl OT COOTBeTCTBYIO!llllX IIpaBHJI, CJIEl,ll;,YIO!llllX ll3 MO,ll;6JIH 

CaKaTa, ae6oJIDmofi npHMecbro .1 T = 5/2. I Meal,me IO%/.' llpn JienTOHHllX pacna.n;ax rnnepoaoB c naMe-

HeHll6M CTpaHHOCTll :simoJiimeTC.fl CTporoe IIpaBHJIO .1 T =I/2. 
SaMeaH..fl B npe.mmyme:il: ora6Jinue 6apnoiiaiDl: · saim.n; 11- -ila JienTOHHW sapR:.n; l: IIOJIY~UM Ta6Jllley 

B03MOlRHllX JienTOHHllX .n;y6JieTOB ... 
e! .. (~). e~ = (~J._) e: e~ e._ l, l}_ l~ e.~. e; 

t +i -i -J. -+-f. -i +i +i -1 I I 

e +i +i -i -i -J. -f. +1 +f I ((!~) I (flf) e "" J)' - e c yl 
~ +:i + i +i +-i -i -1 -J. -1. i 1 I .f. 4, 

IToRBJIHeTC.fl 8 JienTOHHllX .n;y6JieToB co CBOHMll sapJDKeHHllMll 11 He:lhpaJIDHNMH JienToHru.!H. O.n;HaKo, Jierxo 
I ,)1 

SaMeTRTb_, ~TO eCJill He BBO,ll;.I!Tb HOBllX sapR:.n;OB, KPOMe aJieKTpnqecKoro 11 ~nTOHHoro 1 TO ~-"" Y, It ~ = ~ · 
, T .e • UMeeTC.fl TOJIDKO ,JJ;Ba cymeCTB6HHO pa8Jlll~l1X HeilTpHHO, Ho ll sap!IlKeHH!le mTp11XOBaH

Hlle JI6IITOHll .n;q CHX nop He Ha6JIIO,JJ;arrllCb, Mll npe.n;IIOJiararrul?/ t ~0 OTCyTCTBlle mTPHXO:SaHHllX Jien

TOHHllX .n;y6JieTOB npe,ll;CTa:BJI.fleT C06ofi OC06eHHOCTb, CB.fl8aHHyiO C pa:seHCTBOM HYJIIO MaCC ~llSI!'leCKHX 

aeftTpllHO. -O.n;HaKO, aTO He .f!BJI.fleTC.fl O,ll;HOSHa~!lM BllBO,ll;OM, MomeT 6UTb UMeeT CMllCi IIOllCKaTb Ha OII!l

Te HOB!le sap!IlKeHH!le JienTOHll, KOTopue ,cJie.n;y.fl npmw~epy .}1 -MesoHa,MoryT m.leTb 6oJIDmyiO Macey 

j6o.Jl:ime ltV.: I• lr1x cJie.n;Yeor :ucKaTb :s aJieKTpoMarnnTHllX :ssanMo.n;eficTBMX, a Taroite :s onUTax c Heb

pl!Ho :BllCOKHX aHeprnitt, Ta.K Ka.K B cxeMe UMeeTC.fl TOJIDKO ,JJ;Ba paSJlll'DillX HefiTpi!HO • BBH.n;Y OTCYTCT:Bll.fl 

B HaCTOJllllee :speM.fl -_TeopeTI!'leCKOro- 060CHOBaHH.fl, Mll paCCMaTpl!llaeT npn:se.n;eHeyiO CX6MY 1 OCHOBaHHY!O 

aa KJiaccWJiHKalnm 6e·sMacconux ~epMHoHoB, rJio6aJI&aoft cWI!MeTpne cJia6!lX :ssaHMo,nellci-:Bmt :11 aHarror11:11 

C aJieKTpO,ll;.llHaMHKOii KaK B OTHOIDeHlUi ll30TOIIl1'leCKH BeKTOIJHOH, Ta.K I! B OTHOID6HllU >180TOn!!!~eCKH CKa

~pHOii ~acTefi TOKa, KaK <lJoPMaJIDHWi MeTo.n; ,ll;JI.fl noJI,Y~eHl!Ji raMMDTOHI!aaa pacna.n;Hllx BsaHMo,neficTBn:il: 



III 

"ro~" ~CTRU. 8TOT M6TO,l:i U03BOAff6T npe,!:iCKa3aTb do~moe KO~nqecTBO pa3HOOclpa3HUX awweKTOB, 

.KOTOpue :MoryT clUTb npOB6peHJ\t 9KCnepm.iCHT~HO H63aBMCHMO npyr OT ,!:ipyra. 

0CHOBHOH BUBO,l:i, KOTOPuH c~enyeT ll3 Hameii ~CCl!{f.HKaUllll B OTHOill6Hl!M dapnoHOB - aTo pas

~'lH6 ltlipaJ!l)HocTeH HYitJIOHa If, = + 1 I n T -rnnepoHa I fs."' -f. I, KoTopoe H~o oTpru;re

Hne, B ~CTHOCTR, B pas~nn sHaKOB n ~yx qneHax TOM c nsMeHeHneM cTpaHHOCTR 131, KOTopue 

co.nepJKaT O;u n 0}. , cooTneTCTDeHno. Bmmy pasml'lM "saTpaBoK" c~enyeT Ol!U1,llaT:O I HesaBu

cRMo OT xapmtTepa nepeHopMl!lloBoKI, trro sHaK npono~Hofi noJIJipnsawm. A -r>mepoHa oT pacnana 

I -rnnepoHa, 

:r - /\ +ft-
dyneT npoTl!Bono~ollteH sHaey npono~Hoii noAapnsain!l1 npoToHa aT pacnana 1\ -rnnepoHa, 

A --- pr <Ji-
RaK HaM H6,l:iaBHO CT~O H3B6CTHO, 9TOT DHBO,l:i Harne~ HCUOCp6,!:iCTB6HHOe 3KCneplllA6HT~HOe UO,l:i

TBepllt.tieHRe B padoTe IBI 0 B KOTOpOii HadJIIO,tiMOCb 18 C~'!aen £ -~cnana Jl ycTaHOMeHa do~-
DJa.J'I aCHMMeTpM B pacnane. 

Hs n~rnx pesy~TaTOB OTMeTHM c~e,!:iYIDmne. AnR pacnanon: 

c~enyeT olltli,l:iaTb no~olltR'l'e~Hyro acRMMeTpJIJO BWieTa JlYMOHa lrnnepmml n oTpnn;aTe~HYJO npono~-
. . •. 

HYJO noJIJipnsaUJIJO ero, R.aX n TeopnH <wiiHMaHa-re~-MaHHa, a nAff pacnanon: 

I-- 1\ + e-+ iJ; , Z +- 11 + e"" + .!{ 

Olltli,l:ia6TCJi OTPJIUaTC~HM acJIMMeTpM Bl:IJ!CTa J\ R UMOlltHTe~HM npO,!:iO~HM noAapnsaUM era, B 

npoTl!BOUMOlltHOCTb OclWU!OMy BUBO,!:iY o B OTH0ill6HHJI Upl!B6,l:i6HHRX pacna,l:iOB Z - L\ CJienyeT yrta-

3aTb, trro npn od!l'riiofi aHMornn MelJt.tiY cJia6UMn n a~empoMa!'IU!'l'HUMJI B3aRMoneuaTBiliD.IIil ue nOJIBJIJnOT-

CJi TOKI'l· (~ J\) Jl noaTOMY He ,l:iOJilltHO B03HRKHYTb acRMMeTpl!M lii npo,!:iO~HOH noAapRsarum 1\ npu 

pacnane noJIJipnsoBaHHHX I HenoJIJipnsonaHH:wc/ L. 191 • Y Hac - HaodopOT. 

O'l'MeTHM Taltllte, 'ITO Tart Kalt C~HHe B3aHMO,l:ieHCTBM B ll6JIOM He JiBJIJIIOTCJi r~od~HO CID.l!JCTp!i".i''· 

HHMR, TO UO~'!eHHuH S,l:ieCb DeKTOpH!:W TOK He COXpaHJiCTCSio Ec~n, OnHaKO, npenuo~Olllli'l'b, 'ITO iJ,Jill 

C~HIDC j{ -BsaHMO,!:ieHCTBRH RMeeT M60TO OrPaHnqeHHM r~od~HM Cm.!MeTpM, J ~1~:1 = 9 E.~ :f" 
TO HeCoxpaHeHne dyneT MaJI!lM C xopomefi OUCHKOH BC~ll'IHHH IIOI .• 
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