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AHHOTAU:VIfi 

B pa6oTe, B paMKax KJiaCCMLfecrwti 3JieKT po,7J.I1HarviMKH, o6ocHo:BaH 11 pa3BMT 

HOBb!M TIO;Ll,XO;zi. K BbiB 0 ;zry peJIHTMBMCT CKMX ypaB He HMH 7-I,BMJKeHHH 3apHJl\8 HHb!X 

LfaCTMU B 3JieKTpOMarHMTHb!X TIOJIHX. 0CHOBO~ paclOTbl HBJIHDTCH HOBble 

onpe;zr,eJieHMH sJieKTpMLfecrwro I1 l'A&ri-IHTHoro noJiett. HapH;zry c I13BeCTHbiM 

ypaBHeHMeM 7-I,BHJKeHMH Hb!OTOHa-JiopeHT~a J ITOJiy'CfeHO HOBOe ypaBH8HHe B rpa

,IJ,HeHTHOB rflopMe, OTII1CHBaiOII(8e npocrpaHCTBeHHOe H3l\A8H8HH8 KBa;zr,paTa MM

rry~:oca 'CfaCTI1U B 3JI8KTpHLfeCKOM liT MarHI1THOM TIOJIHX. M3 TIOCJI8,IJ,Hero ypaBHe

HMH TIOJIY'Cf8H pH,Il, HHTerpaJIOB ,IJ,BI1JK8HI1H, B TOM LfMCJI8 3aBI1CI1MOCTb MaCCbl 

LfaCTI1Ub! OT ee CKOpOCTH H 3aKOH B3aHMHQij CBH3M MaCCbl liT 8Hepri1H. 

TioKa3aHO, LfTO CHCTe~ila ;zr,wT:r!:ep8HUI1aJI:t: Hb!X ypaB H8HHfi, OTII1Cb!BaJOil(HX 

TpaeKTOpHD 3apHJK8HHOB LfaCTHUbl B 8JI8KTfOMarHHTHOM TIOJIB, MOlli8T clb!Tb 

TIOJIYLfBHa 113 ypaBH8HI151 B rpa;zi.H8HTIIOh :J;Cpl,::18. 
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YpaBHBHVIH ;rr.BVI:H\eHVIH 3apH:H\eHHblX liaCTVIL. B sJieKTpoMarHVITHOM rroJie MO:H\

Ho IIOJIYliVITL 113 ypaBH8Hl1H ;rr,BM:H\8HMH HLID~OHa 8CJI11 CVIJIOM, ~8MCTBYID~8H 

Ha 3apH~, HBJIH8TCH CVIJia JiopeHlJ:a, orrpe~.eJI.riiD~aH 3TH IIOJIH. 

B ~aHHOM pa6oTe rrp:vrBe~eH BblBO~ ypa:E.H8HVIM ;rr,:a:vrJKeHVIH 3apHJK8HHb!X 

liaCTVIU, 00 HOBaH HblM Ha VI HOM cpopMB orrpel;8JI8Hl1H IIOJI8M o 

I. OTIPEJ(EliEffi1H 3JIEKTP11qECKOrO 11 MArHMTHOrO TIOJIElt 

PaCCMOTpVIM 3JI8KTpl1li8CIC08 VI MarHMTH08 IIOJIH B rrpoCTpaHCTB8 CB060~HOM 

OT MX MCTOliHVIKOB, OIIl1CbiBaiD~l18CH ypaBHeHMHMVI MaKCB8JIJia: 
...... 

(I) 
--7' I 8H -"' rotE=-cut J ctivH=O~ 

/'ot i1 = ..L (JE div ir =0 cat : . · (2) 
113B8CTHO, liTO MH p8Ill8Hl1H ypaB H8HVI·vt (I) 11 (2) OKa3b!Ba8TCH y~o6HbiM ...... 
BBecTn cKaJIHpHbiM t.p VI BeKTopHbiM A II)T8HL\VIaJIH. Tipe~rroJIO:H\VIM, liTO 

CKaJIHpHbiM IIOT8HTJ:VIaJI Cf= 0 , TOr~a 

l-- L 8A H= !tOt A- ('3) c ilt ) I 

VI rrepBaH napa ypaBHeHVIM MaKCBeJI.Jia YAOBJieTBopHeTCH TO:H\~eCTBeHHo. 

11 3 BTOpOM rrapbl ypaBH8HVIM (2) CJI8~8T, liTO rrpVI YCJIOBVIVI: -dl.V A =D 
-;. 

rroTeHuVIa.JI A ~OJI:H\eH y~oBJieTBO:pHTL BOJIHOBOMY ypaB HeHVIro 

(4) 

(5) 

PaccMoTpVIM o~Hopo~Hoe MarHVITHoe rrcJie. BeKTopHHM rroTeHuVIaJI TaKoro 

IIOJIH Bbipa:H\a8TCH li8p83 ero HarrpH:H\8HHOC:T:O B BVI~e /I/ 
~ 1 ~-
A =-Hxr 

2 ? 
....,. 

r~e r - pa~VIYC-B8KTop. YMHO:H\aH JI8BbW VI rrpaBbi8 liaCTM ypaBH8HVIH 

Ha 3apH~ e a BTOporo ypaB H8HVIH VI ypaBH8HVIX ( 4) 11 (5) Ha ejc VI 
I ---¥ 

rro~cTaB.JIHH BMecTo A Bbrpa:H\eHVIe ( 6), ()y~eM VIMeTL: 

--?' il ~e - -t) 
eE =-Jilt (cHxr-J ' 

e - ! t (e fl_,., -) -H =- ro -c x,~-1 
c 2 ' 

d 2 v r ~ il>< r) = o 

v2(z PxlJ--b~~ (z ilxr)=o 

(6) 

(3) 

(7) 

(8) 

(9) 

(IO) 
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TaK KaK rrponsBe;zr,eHne ~ Hxr MMeeT pasMepHOCT:b MMPYJI1Ca, TO 
~ 

BBe;zr,eM BeKTopHoe rroJie MMITYJI1COB saprrmeHHHx qacTMU P: 

(II) 

r;zr,e m-::1: Const M 'if::/: Const -Macca M cKopoCT:b qacTMUo Tor;zr,a 

M3 (7) - (IO) rroJiyqMM: 

-+ 
2 -+ I :::12.p 

'V p---;:;2~=0 c at · 1 

-di. v p = 0. 

(I2) 

(I3) 

(I4) 

(I5) 

COOTHOlli8HMH (I2) M (I3) 6y;zr,eM cqHTaT:b orrpe;zr,eJI8HMHMM 3JI8KTpMqecKoro 

I1 MarHHTHOro ITOJI8M, (I4) M (I5) ypaB He HMHMM, KOTO:pb!Ll ;Lf,OJI:IKHbl y;zr,oBJI8-

TBOpHT1 HMIT'j JI:bCH 3apH:IK8HHb!X qacTMU. ,Z(JIH TOro qTOOb! MIAITY JI:bC (II) 
y;zr,oBJI8TBOpHJI BOJIHOBOMY ypaBH8HMID (I4) H800XOAMMO, qTOObl 

_, 
(}H = Const . 
ilt 

CJie;zr,oBaTeJI:bHo, orrpe;zr,eJieHMH sJieKTpMqecKoro M ~arHMTHoro rroJieti: (I2) H 

(I3) HBJIHIDTCH CITpaB8;Lf,JII1BbiMH, 8CJIH MarHHTH08 ITOJI8 O;zi,HOpO;Ll,HO I1 JIMH8H

HO H3M8HH8TCH CO Bp8M8H8M. 

2. BhiOO,Z( YP ABHEHHti ,Z(B1~JKEHH.ff. 
-+ 

YrviHO:IKMM JIBBYID H rrpaByiD qacTM (I3) Bei<TopHo Ha P: 

- ...., e -+ ~ 
PxrotP= -2c:PxH, (I6) 

Ms BeKTOpHoro aHaJinsa M3B8CTHO, qTo 

p){rot f/ ~ vP2_ (I:J'-v)P. 
..;, -? 

Tio;zr,CTaBJIHH Bb!pameHH8 ;IJ,JIH pxrot p H3 (I6) B (I7), TIOJiyqHM: 

(I7) 

(IS) -Kpo~vre Toro, rrpoHsBo;zr,Hyro c!Pjdt MomHo sarrHcaT:b KaK 
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- -;> dP iJP (-;> J ....,. - =- + rv P dt at. · 

TI03TOMY M3 COOTHOlli8HMH (I8) M (I9) C yq8TOM OTip8A8~8HMH 3~8KTpH
q8CKoro TIO~H (I2), TIO~yq:vrM C~8AYIOII.\88 ypaBH8HH8: 

(!9) 

(20) 

JI (2 ) L l'v7T-2 
8BaH M npaBaH qacTM ypaBH8HMH 0 MMeiOT o;z:r,MHaKOBbl8 pa3M8pHOCTM '' 

~ __..,. ....,. 
(CMCT8Ma GrC),TO eCT:O pa3M8pHOCT:O CH~bl. ;zJ:efrCTBHT8~:0HO eE+%?JxH 

B (20) 3TO CI1J1a Jiopemxa, A8HCTBYIOI~aH Ha 3apH/K8HHyro qacTHL\Y. ll03TOMY 

ypaBH8HI18 (20) 5IB~H8TCH ypaBH8HM8M, Onl1Cb!BaiOII.\MM B3aMMO;z:I,8HCTBH8 3apH

;z:r,oB M 3~8KTpOMarHMTHOrO TIO~H. 
-+ • . 

rrycT:o E=O TOrAa, YMHOllillB ~8BYIO M npaByro qacT:vr YPaBHGHHH (20) -cKM5IpHO Ha 71' I1, yqMTHBaH, qTO 

il(if);H) = H(ilx il) =a 
I 

nO.i'IyqMlvl -if(dP- _!_ VP 2
) =0 

dt 2m J _, (2I) 

...:;> (dP I 2) 
TO 8CT:O B8KTOpb! ll I1 C/t- 2m VP HB~.fiiOTOH ODTOrona~lJHWG-r. 
}13 onpe;z:r,8.118HI151 rpa;z:r,:vr 8HTa CKMHpHOH ~pyHI<UMI1 B 8KTOp... 1/2 m V P

2 

HanpaB~8H no HOpMa~M K nOB8pXHOCTM Y}lOBHH, KOTOp_g,r1 HB~H8TCH Tpa-

8KTOpMH :zr;BH}K8HHH qacTHllbl, B CTOpOHY I 03paCTaHHH p, T08CT:O B CTOpOHY 

P 2 2;_ 2 2 2. ( ) YB8~Hq8I-H1H r , TIOCKO~JJKY = e;c If ft • B CH~Y 2I , BeKTOp -dP / dt ;rs~rrerun: •JIJ'l'oroHa~:oHbiM K Tpa8KTop:vnr ;z:r,BM}KeHHH :vr Han-..... 
paBJieH K U8HTpy ee I<p:rtiBH3Hbl. CJ18AoBm'8~:oHo, B8KTopbi dP/ dt H 

J/2 In V p 2 HB~HIOTCH B 3aii'lMHO npO~'HBOnO~OiKHHi·;1I1. 113 ypaB H8HYiH (20) 
c~87J.Y8T, qTo 

l d;; --;> I I f ~· -; cit - fM = 2m vP-~-JM ' 

~ - -r.~8 fM - MarHHTHaH CH~a Jiop8HUa •. TI03TOMY Bei\TOpbl dP/d~-.f"" -:vr 1 /2m 'V P2+ :fH HB~moTCH H~H B sarrMHO npoTMBorro~oiKHHI.I:vr H Tor;n,a 

(22) 
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HJII1 HarrpaBJI8Hbl B O;ILHY JCTOpOHY I1 B 3TOlVl CJ1ycrae: 

(23) 

P8lli8HI1HMI1 ypaBH8HM~ (20) M (22) M (20) I1 (23) OTHOCI1T8JibHO B8KTOpOB 
-;. 

dPjclt n !/2m VP2. HBJIHIOTcrr: 

I 
:2. e _,. _.., 

- vP =-- 'lf-.tH 
2m c 1 

(24) 

HJIH 

(25) 

~ 

r;ne K - ~onoJisHT8JibHarr cnJia. 

3rwrrePHM8HTaJibHbie pe3yJihTaTI-,;, noJiy 1Ie -rr-we rrpH Ec~:.::c;~.oBaHrm J!,BII

JKer-nur 3apS.IK8HHLIX LiaCTHLT B 3.;18ICTIJOMar -J:W.I'H0;1 IIO.J;:e, H8 ;IJ,a!OT OCHOB<HE1fi 

;fl,JIH cyn_eCT:SOBaHHf; ;lLOIIOJI::fHTcJibHOfi CHJL! ICpo;,Je 8JI8KTil0~,1arHl1THOf, 
~ 

II03TOMY I\ :: 0 I1 ypaBH8HI!IH (24) I1 (25) HBJIHIOTCH T01K;lL8CTB8HHbll:1I1. 

B o6me11A cJiytrae ;lLBMJKeHH51 3apmKe JHHX cracrvru B sJieKrpm,1arHI1THOM 

IIOJI8 ypaB H8HI18 (20) MO.IKHO 3aiiiJICaTb B BH;lL8 

""""' 
r;ne h.11. 3JI8KTpi1li8CKaH CHJia JiopeHI.J.a. 113 Hero BH;Il,HO, LITO 3JI8KTpi!I-

LI8CX08 IIOJI8 IIpHBO;lLHT K IIOBOpOTY B3a:viMHO rr:pOTHBOIIOJIO/KHHX B8KTOpOB 

dip,l/: ~ ~~ I!I f2 m V p2.+ .f: Ha Ol1J1H I1 TOT }!{8 yroJI B O;lLHOM 

HarrpaBJI8HI111 VI YB8JIWI8HHIO HX MO;lLyJI8B Ha O;lLMHaKOBYIO B8JIH'-1Hh'Y .TI03TOfAY 
- - ~ 2 ~ ~ 

B eKTopbl dP/dt- F H 1;'2 rn vP + F ' r;ne F IIOJ1HaB CH.,TLa Jioperrua J 

OCTaiOTCf B3aMMHO IIpOTI1BOITO.J101KHI:Il:JI1, I1 , CJI8;lLOBaT8JibHO, ypaB H8HH8 (22) 
crrpaB 8;lLJIHBO Iii A;1H 3JI8KTpOMarHVtTHOro IIOJIH o IJo 3TOJI,JY, IIOJI Harr C1'ICT8Ma 

ypaB H8HI1~l ,Il,B1DK8HH51 3ap11.1K8HHUX liaCTEL B 8JI8KTpHLI8CKO.M v: 7JarHMTEO:.: 

rroJIHX ItiM88T BVt,II, 

~ 2 ~ ·-v e -- ~) dP __ t vP=2(eE-1--7J)(H; 
cit 2m c 1 

tiP+_!_ vP2
- o 

Q't ~m 
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Cl\JIB)U:r83.7 I-I Bhl'!!if't'a.)1 JI8Bbl8 1I npaBbl8 '!30TH CHCT8Mbl (26), TIOJtJ'!IiiM 

_, 
dP == ei?+ g_ il"ll it 
dt c J (27) 

....:;> --""-

_1 VP2=- le£-1- g_ ifxfl) 2m {, c , (28) 

YpaBHeHne (27) - H3BeCTHoe ypaBHeHne ~Bn~eHH~ Hn~ToHa - ]opeHua. 

BTopoe ypaBH8Hli8 (28) OTIHCblB38T TipOCTiaHCTB8HH08 M3M8H8HM8 KBa~pa
Ta HMTIY JibCa 3ap7DK8HHblX '!aCTiiilT npH HX /;BYDK8 HH!:-1 B 3JI8KTpmmrHMTHOL~ 

TIOJie. 

3. HCCJIE.nOBAIDIE YPABHEHH!f ,ZIB1'D1J~B1If! B rPA.m1EHTHO\ OOP1'c1E. 

MCCJie;rr,yeM ypaBH8H:VI8 (28) M TIOKaJKt:;M, 'ITO I13 Hero MO'fKHO TIOJIJ'!I1Tb 

,zi,OCTaTOl.J:HO TIOJIHY~ I1HCpOpMaUM~ 0 ;zr:BM~8Hilii 3ap5iJK8HHoti l.J:aCTMilbl B 3JI8KTpO

MarHMTHOM TIOJI8. .1J:JIH 3TOrO 33TIMlll8lA ero B BI1~8 

(29) 

..... ~., e --:;> ---"' 

r;zr,e F =- (eE+ c:?J'/(1-i) - CMJia JiopeEua. CorJiaCHo onpe,zr,eJieHI1~ 
rpa;zr,MeHTa CKaJI.BpHOH :fYHKIJI1ii /2/, ypaBH8HM8 (29) MOJKHO npel-l,CTaBTIITb t<aK 

/ (30) 

...;> 

r;rr,e IZ - 8;zf,8HI1't!HblW B8I\TOp, HaTipaB.7[8HHbllf DO HOpiVtaJIM K TIOB8pXHOCTH 

ypoB H51 B eKTOpHoro noJIH P.~JYIAHOJKMB c:o) Ha fZ dn , noJiy'tl:vrM 

_!__ dP2_ Fi{dn = c!c~ 
2m ( 

(3I) 

r,zr,e de - np:vrpal1.(8Hli8 8H8prMH 't.!aOTM_\, HaXO;Il,fllll;I1XC51 Ha 6eCKOH8't!HO 

6JIM3KMX noBepxHoCT~x ypoBHH BeKTopH)ro noJIH P. TaK KaK P~mayz. 
TO (3I) MO~HO TipMB8CTM I< ypaBH8Hl1TO: 

dm 1 d'l/2._ d~ -----. +----m 2 ?.! 2 ;n ?f·?. 
(32) 

~)I!oBepXHOCTM ypoB HH MoryT BblpO)K~aTbC H B JIMHMH H TO't!IOI • 
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CBTISbiBaromero Macey, CKopocT:o M a HeprM o qacTMUbl • .1I.Jirr ero pernemrrr 

6y~eM C'IMTaT:O, 'ITO CKOpOCT:O CB8Ta HBJI~8TCTI npe~eJI:OHOll CKOpOCT:OIO 

qaCTMU:bl TipM TipM6JivDK8HMM K KOTOpofii ft>n d7J'/r-0 , a dmjm =f. 0 
?/"--'? c /4 

TOr~a H3 ypaBH8HMTI (32) CJie~yeT, 'ITO 

, 

c = mc 2 + Ct 
) (33) 

r~e C1 - TIOCTOHHHari MHTerpvrpoBaHMH. ]pe;n,TIOJIOiKMM, 'ITO COOTHOIII8HM8 

(33) cnpaBe~JIMBO ;z:I.JITI BCero I1HT8pBaJia 13M8H8HHH CKOpOCTM 0~ 7./< C 

(HMiK8 6y;n,eT TIOKaSaHO, 'ITO 3TO npe;n,TIOJI)Jl\8HM8 TIBJIH.8TCR OTipaB;z:I,aHHb!Ivl), 

TOr;z:I,a, TIO;z:I.CTaBJIHTI (33) B (32), 6y;n,eM !IM8T:O 

dm-+ .!__ d?J 2
= d (n1c

2
) 

m 2 712 . 177 i'fa. · 

TIOCJI8 npeo6pa30BaHMTI (~4) Tipi1BO;n,MTCTI K BM;z:I,Y: 

d(enm 2)= d(lf;) 
(t~ ~;) 

MHTerpMpy.rr ypaBH8HM8 (35), TIOJIY'IMM 

{nfm2(t- ~2.)1 == ~n {.g I 

. (34) 

(35) 

(36) 

r;n,e [z - TIOCTOTIHHaTI MHTerpMpOBaHMH, a f- ?fjc2 
;>- 0 • 113 (3 6) CJie-

;n,yeT, 'ITO 

m= v t-c~ 
cz 

(37) 

Ey;n,eM C'1MTaT:o, '1TO npM ?/= D 
2 

, m = mo , r;n,e mo - Macca TIOKOH 

-qaCTMU:bl, Tor;n,a C2:::: mo , M M3 (37) TIOJIY'1MM M3B8CTHYIO saBMCMMOCT:O 

MaCCbl 'IaCTMU:bl OT 88 CKOpOCTM 

m -= v 1 - r2_2 . . 

TIO;z:I.CTaBJif.ITI (38) B (33), 6y;n,eM MM8T:O 

c-= moc2. +Ct. 

V1 _JL20 
C2. 

(38) 

c = mc2. (39) 
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CooTHorueHne (39) - rrsBeCTHBn saKoH B~aHMHoM CBH3H MaccH H aHeprrrM 

'IaCTHIIbl. Tio~CTaBJUHI (38) H (39) B I1C)(O~H08 ypaBH8HM8 (32) MO}KHO 

y68~I1TCR, 'ITO m = .f(711c.JJIJ. t = .f (V"2/c~/ RBJIRIOTCH perneHJ/J.8M 9TOrO ypaB

H8HI1R ~JIB BCero I1HT8pBaJia H3M8H8HMH CKOpOCTH 'IaCTMJJ,bl 0~ ?r1c2.L..f • 
!13 (38) CJie;zryeT BblpaJKeHH8 ;zr,JIH peJIHTMIHCTCKOrO HMrryJI:oCa qacTMUbl 

--?>' -/' 

P= mlf=- (40) 

a I13 (39) I1 (40), IIpYI B03B8~8HHI1 YIX I: KBa~paT, COOTHOIII8HI18 M8}K;ziY 

8Hepr:vrei1 11 MMrryJI:ocoM: 

p 2 = C2 -Co
2 

c2.. (4I) 

PaCCMO~HM IIOCTORHHO e 8JI8KTpOMarHI1TH08 ITOJi8. TaK KaK 8JI8I-\Tpi1-

qeCI-\08 ITOJJ8 E B 8TOM CJJy'!ae Bblpa}Ka8TCH qepe3 CKaJJHpHbJt1 ITOT8ffiJTtiaJJ 

COOTHOUl8HH8M 

TO ypaBH8HH8 (28) MO}KHO 3aiTMCaT:O B BJilJ,e 

I 2. e-?-" - VP= evrn-~?JxH 
2.!77 '!' c . (42) 

I/IJJM, I1CIIOJJ:03YH COOTHO!li8HI18 ( 41) M8}K;I!,J 8Heprneif. M I1MIIYJJ:OCOM, 6y;zr,eM 

J1M8T:O: 

e _,.. --9 

v (C.- ecp) =- c: ?J-y;lf. (43) 

3aiTHlli8iJl ypaBH8HH8 (43) aHaJJOrMqHo (3t)) B BM;II,e 

o(c -eso) i[-= j7 (44) 
an , 

~ -Q~ 

r:ne .f == - o/'c ?/?< J-1 • YMHO}KMB JJeByro vr rrpaByTO qacTM ( 44) Ha a Oil 
IIOJJyqMM: 

MJIM 

d (t- e<,o)= dT. (45) 

I/IH~erpHpyH ypaBH8HM8 (45), HaXO:UMM! 



- 8-

1ocToBHHyro :v.r HTerp:vrpoBaHMH c, onpe,11,11.JIMM vr 3 CJie.TIYromrrx ycJioBMti: 

7/-:::.0 Cf::::: OT=O c::.moC2
, OTCI0,1I,a C,=moc2 1, TI08TOMy: 

I / I 

2 mc;c + ec,o 
\It- ?J2 . 
V 1 

C 12• 

(46) 

CJI8,1I,OBaTeJI:OHO, I1pi1 ,1I,BI1:1K8HI1I1 3ap511K8HHOM 1aCTHJJbl B ITOCTOBHHOIA 8JI8KTpO

MarHMTHOM ITOJI8 K ee 8HeprHI1 ,1I,Oc5aBJIB8TCR qJieH E'lf , ICOTOpb!ti 51BJIH8TC51 

ITOT8Hl.l)-fa.JI:OHOti 8Hepr:v.reti 3ap51;n,a B TIOJI8. 

CncT eMy ypaB HeHMil ,1I,BMJKeHMH 3aps:r:IK:;HHblX qacT:v.ru B a.JI8KTp:v.rq ecKoM 

I1 i·;!arHHTHOM TIOJIBX MOJKHO TIOJIY"Y:H ·r:o BO CTIOJI b30BaB!llHC:b 71,JI51 8TOrO ypaB
~ 

H8HI18M (28) M ypa:s H8HM8M .JIMHMti B e"KTOpHO ro" ITOJIH p: 
-7 --;> --"> 

vP 2 -2 (emE+% Pxf) I 

dRx j/' =D. (47) 

PaCCMOTpMM UMJIMH,1I,pMqecKyiO CHCT8MY KOOp~~HaT M 38TIMill8M B8KTOpHbl8 

ypaB H8HMH ( 47) B BM,1I,8 CKaJIHpHblX: 

. iJ p2. = -2 em E,~-2 ~ (~~ 111.-flll(/)) 
dr 1 

. ff~2.= -2 emEz- 2 i (I?- 1-/cp- ~~!~-)~ 

' c/r = r ci<P = elf 
R. Rp ~ ) 

(48) 

r,11,e r(t}, <{)(tj Z (t)- KOOp,1I,HHaTbl TpaeKTOpMM ,1I,BM:IK8HMH qaCTMTJ,bl C MrAIJYJI:b-
_,. I 2 2 2 2, 

coM P. TaK KaK P= f?_ -r P'P-+1{ , To rrepBoe ypaBHeHMe (48) 3aiTMilleM KaK 

fl.?!i~ ~ 8P'IJ+R_ {}fl ~ emE;_- _g__ {~liz~ ~~~'fJ} 
ilr 8r ilr c · 

YMHOJIG:IB JieByro M rrpaByro qacTM ( 49) Ha f'j~ {Rp=l: 0) 11, yqMTbiBan (13) , 
noJiyqMM: 

(49) 
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B KatrecTBe HOBOM HesaB:vrc:vrMof1 nepeMeHHOYl Bbi6epeM yroJI lf • 
ti8TB8IJTOrO ypaBH8HVI5! ( 48) TIOJIHa.H TIIJOVI3BO;II,Ha.H dR.jc/<p paBHa 

dR. _ oR.+ oR.!!!:+?.& de. + fR. !11:. = 
c/lfl- ay; ar dcp 8r. c/<P a·t c;cp 

o P1- + r P~- o P~-+ fA 1i (] Pz: + _,_ J A.. 
o'f' Pep or Rpar. u.J 8t 

1 

- yrJIOBaH CKOIJOCT:b tiaCTVIUH: 
r;n,e w 

d-t 1 _ r _ mr 
d<p ~ w - 7/cp - Pc.p · 

llo;n,cTaBJI5!5! (52) B (5I) 11, ytr:vrTb!Ba.H (I2), noJiyti:vrM: 

dfl. = oR...;.r R. ?.f1: + r R ol-~+2. emfi F. 
dCfJ o<p P'l' Br . Pv; 8t · /?p - y-. 

C ytreTOM (53) ypaBH8HVI8 (50) 3aTIVIlll8TCH KaK 

cjjl - /?p = emf-1E + g_ r (fi - R: !I t.fJ) 

C ytreTONl 

(5I) 

(52) 

(53) 

ci<f /?p h c ~ p<p /. 

AHaJior:vrti HO VI ;II,JI.H ;n,pyr:vrx ypaB H8HVIM ( 48). 0KOHtiaTeJI:bHO VIM88M CJI8;II,YIOII.\YIO 

c:vrcTeMY ypaB He Hl1M ;n,BHJKeHVI.H sap.HJKe HHOM tracTVIUbl: 

(54) 

. d/77 = er (f?. Er. + /YpE'P+ /i E~) 
c/<(J c:! P~ , 

ell:. = ,1-1 R 
c/<P p~ 
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lJeTB e:pT08 y:paBH8 HI18 CHCT 8Mbl (54) MOJKHO TIOJIY'II1Tb !13 I1 e:pBoro y:paB He--
HI1H ( 47), YMHO}KI1B ero JI8BYIO I1 npaBYIO 'laCTI1 CKaJIHpHO Ha P: 

~ 2. --? 
PvP = -2t?mPE / 

(55) 

ITo aHaJIOri1I1 C (51) JieBaH 'laCTb (55) CCTb: 

dP 2 L; em ~A ~-'7 
eN- R PE 

<(/ • 

il03TOMY ypaBH8HI18 (55) 6y;rr,eT I1M8Tb B ti;Ll, 

de er --4 __;;. 

-=-PE 
c(cp ~ 

dm =er PE 
dcp c2 /?p · 

C Y'I8TOM (4I), 3aTII1lli8M BTOpOe y:paBE8HI18 (26) B BI1;Ll,8 

YpaBH8Hitl8 (56) HBJIH8TCH ypaB H8Hlii8j\1 B (})OpMe raMHJlbTOHa. BTopoe 

ypaB H8I-H1: e MOJKHO TIOJIY'IHT1 HGTIOCpe;rr,C~'B e HHO !13 COOT H01Il8 HI1H f-,18JK;IIY 

sHeprHei1 H HIJITIYJibCOM
1 

/ .. ~ c = V m/·ctt+ c2p-=· 

HanpnM:ep, B UHJIHH;ri,pH'IGCKOVr cncTeMe Koo:p;rr,Mr-:raT: 

(56) 
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AHaJIOrJi'I"qHO li'I ;rr,JIR ;zr,pyrHX KOMIIOH8HT MMIIJT.I:nCa. TioJIHaH Cli'ICTeMa ypaBHe

Hli'IH B lflopMe raMli'IJIJJTOHa Ji'IMeeT BM:;71, 

-7 

dP dt. - ~ vc 
-Y 

dR 
cit; = VpC 1 

r;zr,e 'V - oObJ"qHblti rrpocTpaHCTB emm:\1 orrepaTop rpa;zr,li'Ie HTa, a \7 p 
on epa Top rpa;zr,li'IeHTa B rrpocTpaHCTBe li'IMITYJI:ocoB: 

~CJ ~,_g_ ~a 
Vp = t?r--R + e'f? f1oA + e2-0'R . 

0 1- (/? '2; 

(57) 

YMHOJKaR JI8BYIO 11 rrpaBYIO -qaCTli'I BToporo <:OOT HOlll8Hli'IR (3) Ha e jC 11 CKJia-. . 

;zi,b!BaR C (I3), IIOJlycr:vrM: 

rot:. (P+ e A)=- _g_ ;i c c . 

-~ -~ -7 
MMIIYJIJJC P= P+.!f: A HaSHBaeTCR, KaK V1:3BeCTHO, o6o6m,eHmr:r !1MTIYJIJJC0111. 

)LJIR rrepexo;rr,a B ypaBH8H1U1X (57) OT OObltiHOrO ln.:Ifi'JT.;1:0Ca IC o6o6ur.eHHOMY 

BocrroJI:r:,syex·,JGr. KaEo:tm-qecK1IM11 npeo6pasoBaH11RMli'I I 3 I: 

r;zr,e ~1 p 11 &
1
P - KOMIIOH8HTbl CTapblX li'I IIOBblX KOOy;lJJHIC.'l H :vr;vHTYJI:OCOB, 3. 

lj/ - rrpovrsBo;n,Jilll,aH ~lJYHinTMH. Bu6epe:,,r TIIJOH3BO;c!,7FJ.YIO ,':'~yiTI(L'VlO B :s11;zr,e 

TOr/T,a: 

7- = ?!e. =; a 
oP 1 

P = (J'j; = I P- E:.A) === P oG v c 'J , 

To eCTJJ, rrpeo6pasoBaHHH fiBJIBIOTCB TC }K;zr,ecTBeHHbliv:II. TaK KaK r<anoHH

trecr<He rrpeo6pasoBaHHff He 11.18H51IOT ·IJor·r.Iy r·:Gxo;rr.Horo ypaBnermB, a 

c ( '/-
1 

P) = E. (G
1
P) , To oy;n.eM 11Me1·:o: 

c/P 
eft.= - vc J 

c/fJ.. - ~ J:. eft - vp l-

AHaJIOrlitiHO H ;rr,JIB ;zr,pyrli'IX COCTaBJIB!Oll\1X KOOJ);Il,liiHaT H Ml\liiJTJI:OCOB. TI03- \) 

~01'1Y IIOJIHLl8 ypa:~:nTenz:::; ., )~;_:Jl::e rarv!M.IIJJTOHa :zL,}l51 o6o6me:tmoro ID;:rryJI:SC3. 

~- 6y;rr,eT ~MeT:O BM~: 
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d.P=-\76 
c:!t._7 J (58) 
c:t R - ->= 
di: ::::: Vp c. . 

r Tare KaK noJIHar.r sHeprMr.r ( BI<JII01Ia51 :vr noreHEna.Jn:,rryro sHeprl1Io ) ecr:n 

cl'YHI\Ll:Hr.r ra\AHJI:bTOHa tf/ , TO 11:: (58) ITOJIY1II1M! 

(59) 

r;n.e 

Ypa.BHeHYI.R (59), KaK I13BeCTI-!O, Ha::HJ?aiOTCH KaHOHVI1IecKMMI1 ypaBHeiDIHMVI 

raMMJI:bTOHa. 

B pac>oTe, B paMKax KJiaccVI'Y:ec.r::o:tf sJieKTpo;n,VIHaMVIKM MaKcB eJIJia, 

OclOCHoBaH VI pa3BVIT HOBb!M TIO;ZI.XO;ZI. I< Bb!BO;ZI.Y peJIRTVIBVICTCKVIX ypaBHeiDIM 

;zi,BVIJKeHVIR 3apr.rJKeHHblX 1IaCTVIU B 3JI8I<TpOMarHI1THb!X TIOJIRX. 

OcHoBo:tf pac>oTH HBJI.RIOTC.R HOBbie ;n:w}):)epeHUMaJI:nHble onpe;n,eJieHMr.r 

sJieKTpVI'Y:ecrwro :vr JAarHVITHoro noJiet. XoT.r.r 3TVI onpe;n,eJieHM.R HBJIRIOTC.R 

1IaCT Hb!MH, TO eCT:b MMeiOT MeCTO ;ZI.Jir onpe;n,e.Jie HHOrO KJiaC ca TIOJieM, T8M 

He rvreHee, TIOJiy1IeHHbi8 pesyJI:nTaTbl CTipaBe;ZI,JII1Bbl VI ;ZI.JIH TipOH3BOJI1HOrO 

3JieKTpOMarHHTHOrO TIOJIH. 

Hapr.r;n,y c M3BeCTHHM peJIRTMBMCTCKMM ypaBHeHMeM ;zr;BM}K8HI1H H:nroToHa

-JiopeHu:a, OTII1Cb!BaiOll(I1M TpaeKTOpi1IO ,IBI1JKeiDIR 3apHJK8HHOM 1IaCTI1U:b!B B 3JieKTpo

MarHI1THOM TIOJie, TIOJIY1I e HO ypaB H8HI1 8 ;ZI.BI1/KeHI1R B rpa;n,ne HTHOI1 (pOpMe, 

onvrCHBaromee npocrpaHCTBeHHoe I13IvreHeHVre KBa;n,para MMTIYJI1Ca sapmKeHHblX 

1IaCTI1U. 11:3 TIO CJie;ZI.Hero ypaB He HM.r! CJie;ZI.y e T pH;n, I1 HTerpaJIOB ;n,BHXWHI15I, 

B TOM 'lJMC.Jie 3aBMCMMOCT:b ImCCbi 1IaCT:VIIJbl OT CIWIJOCTM ee ;ZI.BliiiKeHMH I1 

3aKOH B3al1MHOti CB.R3I1 MaCCbl H 3I-rerr:vrn 'Y:aCTHITbl. 

PacmmTpHBa.R ypaBHeH:vre B rpa;mreHTHOM rropMe KaK TipOI13BO;n.Rll(ee 

ypaBH8HI1e, M3 Hero ITOJiy'Y:eHa CHCTeMa ,Ir,WJXpepeHUMaJI:bHblX ypaBHeHVIti, OTIVI

Cb!BaiOll(HX Tpaei\TOpMIO ;ZI.BHJKeHM.R 3apBJKeHHOM 1IaCTI1Ubl B 3JieKTpOMarm:ITHOM 

TIOJie, a TaKJKe KaHOHVI'Y:eCKMe ypaBHeHVIH ;ZI.BmKeHHH B cpopMe raMMJI:bTOHa. 

B saKJII01IeHVIe, aBTop C'Y:VITaeT CBOMM npVIHTHbiM ;n.oJiroM no6Jiaro.r~apHT1 

rrpo~eccopa M.M.ITo;n.ropeu:Koro 11 c.H.c. C.M.KosJioBa M H.M.TapaHTHHa sa 

oclCYJK;ZI.e HMe paclOTbl M pH ,II, TIOJie3Hb!X 3a.Me1Ia HH:/1: M COB eTOB. 
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