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aeB M.A. 
~relica VI noJie 
.fl •.•• 

·"'-

IIAep.HbiX RCCJJeAOBaHI1H.)l,y6Ha, 1993 

.. 

.~v' 

BBE.I!EHUE 

PacmHpeHHblii npHHUHn hoiireHca pauHoHani.Ho onHcblaaeT cKanRpHblli 

noTeHUHan .IIBHlKYmerocs aaps.na/ 1 1. B .naHHoii pa6oTe onpe.neneH BeKTop

Hblii noTeHUHan, TaKl!Ce oTaeqammHii npHHUHny rmiireHca, H TeM caMbiM no

nyqeHo nonHoe pemeHHe a~.naqH o6 aneKTpoMarHHTHOM none .IIBHlKYllterocs 

ToqeqHoro_ aaps.na. BHOBh Haii.neHHble nons y.noaneTBOpRmT ypaaHeHHRM 

MaKcaenna, _H3 KOTopbiX cne.nyeT, qTo .IIBHlKeHHe ToqeqHoro aaps.na Bbl3bl-: 

aaeT nonRpH3aliHm oKpylKammero npocTpaHCTBa, aoa6ylK.nas B HeM o6heM

Hble aaps,zibl' H TOKH. 3Ta 'nonRilH3aliHR RBnReTCR npHqHHOH,. B CHny KOTO~ 
poi aana3.nbiBammHe noTeHUHamJ npoTHBopeqaT npHHUHny rmiireHca. Ypaa

HeHHR MaKe senna oKa3bJBamTCR cKopee · 'cne.ncTBHe-~ npHHUHna rmiireHca,. 

qex MaTeMaTHqecKHM onilcaHHeM Ha6nm.naeMbiX RBneHHii, a caM npHHUHn 

noaaonseT HaiTH HMemmee ~HaHqecKHii CMblcn aneKTpoxarHHTHoe none aa

ps.na, .nBHlKYmerocx c nm6oii cKopocTbm. 

'ITo6bJ .naTh qHTaTenm B03MOlKHOCTh OXBaTHTh Bcm aa.naqy, HHl!Ce 

npHae.neHbJ (6ea .noKaaaTenhcTBa) Hai.neHHble paHee ~op~ynw/ 1 1, aaTeM 

060CHOBbJBaeTCH onpe.neneHHe BeKTOpHoro noTeHUHana H .. ycTaHaBnHBamTCH 

o6mH~ ypaaHeHHH .nnx_. :meKTpoMarHHTHoro nonx . . BbNHcneHHH MarHHTHoro 

nonH ppOBO.IIHHKOB C TOKOM, npHBe.neHbl .nnH HnnmcTpaliHH;.,Cnpaae.nnHBOCTH 

Hoaoro onpe.neneHHH·BeKTopHoro noTeHUHana. 

none npoH3BOnhHO .IIBHlKYmerocx ToqeqHoro aapx.na HMeeT KynoHoa-
, ; ·,. - .· ' . .' . , 

CKHH XapaKTep, n03TOMY npo6neMa H3nyqeHHH HM aneKTpOMarHHTHOH 

3HeprHH OTnHqaeTCH OT KnaccHqecKOH. 

Bbi3BaHHaH .IIBHlKeHHeM ToqeqHoro aapx.na nonxpH:laliHH _oKpylKammero 

npocTp_aHCTBa npHBO.IIHT K.TOMy, qTo 3~~eKTHBHaH BenHqHHa .IIBHlKYllterocH 

aapa.na OKa3bJBaeTCII ~YHKliHeii era CKOpOCTH. TaK.all ~yHialHH Haii.neHa 

.nna ToqeqHoro 3apx.na, .IIBHlKYlltGrocll paBHOMepHO _,c nm6oii CKOpOCThm .. 

npe.nrionaraeTca, 'ITO o6pameHHe aenH'IHHbl a~~eKTHBHoro aapx.tia s Hynh 
' . 

npH ~ ~ 1 orpaHH'IHBaeT cKopocTh aapHlKGHHbiX qacTHll B ycKopHTenax. 

, I 

1. CKAflHPHbdJ UOTEHI.{UAfl 

1.1. llyCTh TO'Ie'IHblii· 3apx.n e .IIBHl!CeTCH B O.IIHOpO.IIHOM CB060.IIHOM 

OT .npyrHX 3apH.IIOB H TOKOB · npOCTpaHCTBG no TpaeKTOpHH, 3a.llaHHOH 

aeKTopoM r (t:). Tor.na cornacllo pac~HpeHHoMy npHHUHny rmiireHca1 1 / 
c - .· . .. -~-

BCHKall TOqKa TpaeKTOpHH, npoii.neHHall 3apH.IIOM B npe.llbi.IIYlltHH:· MOMeHT 

apeMeHH t:', a nm6oii nocne.nymmHii MOMeHT apeMeHH t: 

i > t' 

li\tlli!K"'lt~.tl !Karryf -~ 
~-~JdWJ ~C:ttl~ 
~nHOTS{A --

(li) 



aBnaeTCH ~eHTpOM C~epxqecKOH 3KBHnOT9HUHanbHOH noBepXHOCTH pa~Hy

ca A 

A = c(t - t') , 

Ha KOTOpOH CKanapHhiH noTeHUHan ~ paBeH 

e 
~ = 

A 

(2i) 

(3i) 

3~9Cb C - CKOpOCTb CBeTa, HH~eKCOM .. J' OTMeqeHhl ~opMynbl, nonyqeHHhiB

paHee. 

1.2. EcnH B MOMeHT BpeMeHH t Ha6nm~aeMaa c~epxqecKaa 3KBHno

TeHUHanbHaa noBepxHocTb HnH A-c~epa_npoxo~HT qepe3 ToqKy r, TO no

no~~HHe.nopo~HBmero ee ToqeqHoro 3apa~a-HnH ~eHTP c~epbi onpe~enHT
ca BeKTOpOM rc(t') = rc(t - A/C). Tor~a ypaBHBHHe A-c~epbl npHMeT 

BH~ 

l = l(r, t) =canst , 

r~e 

l = lr- r (t')l = lr- r (t- l/c)l. 
. c c 

(4i) 

Pa3pemHB 3TO ypaBHBHHe OTHOCHTenbHO H9H3B9CTHOH BenHqHHhl A, HBH~eM 

~YH~Hm l (r, t), a C HSH H CKanapHb!H noTeHUHan · ~ (r, t). YpaBHSHHe 

( 4i) HM99T e~HHCTBSHHOe ~eHCTBHTenbHOe .H nono~HTenbHOe pemeHHB, 

ecnH CKOpOCTb 3apa~a M9Hbme CKOpOCTH CBeTa/
1
/. 

1. 3. BBe~eM ~anee e~HHHqHhiH B~KTOp 1 (r, t) 

Al = r - rc(t - l/c) . (5i) 

Tor~a, nonaraa; qTQ ypaBHSHHe (4i) HMSBT e~HHCTB9HH09 pemeHHe, ~na 

~YHK~HH l H 1 MO~Ho'ycTaHOBHTb cne~ymmxe ~·~~epeauxanbHhie ypaBHe

HHa/l/, 

al 
(1 -:. -. ) (1 :-:- til) = 1 ' (6i) 

cat 
al 

gradl = 1 ( 1 - -) , (7i) 
cat 

2 al 
ol = -(1- -) , (Si) 

l cat 
a1 

lxb , (9i) 
cat 

rotl = b , (10i) 

,· 2 

j 

divl 

'ol =-

3~ecb 

2 

.A 

2 ... 
_:.1 • 
A2. 

i3 '-=: vfc·, 

(11i). 

(12i) 

. '· 

. '! 

)'. 

V - BeKTOp CKOpOCTK 3Bpll~a; . B3l1Tblii- B .. MOMeHT. t' t .. - lfc,. o - one-

· pa'l'OP .Jl' AnaM6epa, ·a· BeKTOp b paB.eH . >t: 

. ·1xi3 . . al 
b = ·-(1..:. -) / ,(13i). 

A cat 
Bei<TOpbl l, aljcat K b o6pa3ymT B3BKMHO OpTO';'OHBnbHYJl TpOiil<y, Bei<TO-

poB. 
!i'' 

;-. ~ 

1.4. Hcxo~a H3 npHBe~eHHh~ Bb!We ypaBnenxii, ~na cJ<anllpHoro no-

.feauxami ~ naio~HM' ypa'~HeHHe' . 

au 
D~ = --

( 14i) 

cat ·r•, 

r~e 

e 
u=-

A2 

(15i) 

cornacno pacmxpeHHOMY" npxauxny rmiirenca cJ<anRpHi.IIi noTe~xan 
I ., •.• • ••• ·' 

~BH~ymeroCJI Toqeqnoro 3Bpll~a y~oBneTBOplleT ,BOnHOBOMY, ypaBH8HKJl C 

· He paBHOii nymo ~paBoii. qacTbio: HanpoTHB, . B :meKTpo~xHaMx'Ke nope~a; 
~~~oB~H~oii ~~- 3aha3rolBammxx no;dmlxan~~. · k':ypa~'8e'lixii'' (14i) 'cnpaBa 

~~~~en; 6bl;~ ~Y~b: > ·:' 

. 2. BEKTOPHUD UOTEH~Afl 

2.1. 3neKTpOMarHHTHOe none, Kal< H3BO.CTHO, onpe~enlleTCJI CKa

nllpHbiM • BeKTopllbiM noTe~xanaMH. Bei<T~pllbiii noTe~xan ,llon~eH ynoa-
ne1-Bopl1Tb ~ne~y~>mHM. o6mxM Tpe6oBaHHH~: .•. .. ' ' :,: 

- OCTBBBTbCll noCTOJIHHbiM (B BSI<TOpHOM CMbiCJIG) HB TOii-~e 3KBHnOTeH-. ' \ ' 

~HanbHOi•·noBepXHOCTH; qTQ 'H CJ<anHpHblli, ., T .•. e .• · . .Ha A';",~~epe; 
- era HanpaBneHHe coBna~aeT c HanpaBneHxeM· pacnpocTpaHeHHll ~aHHOi 

·. .., ' ' . ' • . ' . . >: • ' .- ~ ' ' 

3KBHnOT9~HanbHOI noBepXHOCTH; • . . 

- . ~~ 6onbmH~· pa~cTo~HxJix o; ~BK~~e~ocll ·3~Pl1Aa'B~~Topm:iii rioTaHUK-

. a~ o6p~a:e~C·~ B Hynb- BSI<TOp. . . . . . . 

nepeqxcneHHbiM Tpe6oBaHHIIM Y.llOBJ18TBOPII8T B8KTOP A 

3 



e· 
A= -1 , (1). 

A 

r.ne' 9,11HHH'IHbiH B9KTOp 1 3a,llaH ypaBH9HHeM (5i) o .EcnH onpe.neneHHe 

(3i) CO,IIeplKHT HHijlOpMaiUI_IO 0 paCCTOJIHHH, npoii,lleHHOM A-cljlepoii, HnH 0 

ee B03pacTe, TO onpe.neneHHe ( 1) co.neplKHT HHiflopMaUHIO o HanpaBneHHH 

,IIBHlK9HHJI A-cljlepbl, '19M, no-BH,IIHMOMy, HC'IepnbiBaeTCJI MaTeMaTH'I9CKaJI 

ljlopMynHpoBKa pacmHpeHHoro npHHUHna r10iireHcao 

,3aMeTHM, 'ITO CKanllpHbiH H. B9KT2pHblii noTeHUHanbl .COOTHOCJITCJI KaK 

paCCTOJIHHe ,110 H9KOTopoii TO'IKH H ee pa.nHyc-BeKTOp, n03TOMY M9lK.IIY A 

H ~ ,llnll TO'Ie'IHOro 3apll,lla BblnOnHJI9TCJI paBeHCTBO 

• A2 ,;, ~2 
1 

ecnH ypaBH9HHe (4i) HMeeT e.ziHHCTB9HHOe pemeHHeo 

2._2. nn11 BeKTOpHoro noTeHUHana A, nonb3Yl1Cb ljlopMynaMH_ (7i) H 

(11i), HaXO,IIHM 

e aA 
divA = -(1 + -) 

A2 cat 

Tor,lla ycnOBHe HOpMHpOBKH JlopeHUa ,llnll nOT9HUHanOB HMeeT BH,II 

alfl 
divA + --- = u , 

· · cat 

r.ne u onpe.neneHo B (15i)o 

(2) 

2.3. Uonb3YliC~ ypaBHeHHJIMH (2, Si, 12i) H npOH3B9,11JI 'HeKOTOpble 

BbNHcneHHJI, .nnR BeKTOpHoro noTeHUHana A Haii.neM cne.ny10mee ypaBHeaxe 

BToporo nopll,llj{a 

a ciT> 
cA = gradu + .2--. 1 

cat 
(3) 

r.ne 

iT = u1 o (4) 

3~ OBmuE YPABHEHUH 3flEKTPOHArHUTHOrO UOflH TOqEqHoro 3APHAA 

3.1 •. EcnH c~anllpHblii H BSKTOpHblii noTeHUHanbl 3a.naHbl KaK ljlyHKUHH 

KOOp,IIHHaT TO'IKH Ha6niO,II9HHJI r H BpeMeHH t, TO cornacHO npHHJITMM on-
' ; > • 

pe.neneHHliM 3neKTpH'IecKoe none e H MarHHTHoe h paBHbl 

a A 
e - gradlfl (5) 

cat 

h rotA o (6) 

4 

, .i 
i 

I 

I 

l -
! ;, 

l I. 

H3BecTHO, 'ITO .nBa 'ypaBHeHHll MaKcBenna ylKe co.neplKaTCJI B 3THX 

onpe.neneHHJIX He3aBHCHMO_ OT Toro, i<aK _3,a,llaHbl noTeHUHanblo 

3.2. TaKiH3 (5) HaXO,IIHM ypaBHeHHe 

a(rotA) ah 
rote rotgradlfl - , 

cat cat 

·•n• 
ah (1m> rote 

cat 

Bblp'alKaiOmee 3aKoH .snexmpoMazHumHoii uHayxquu: 

ljlopMynbl KnaCCH'IeCKOH 3neKTp0,11HHaMHKHo 

HH,IIeKCOM m OTKe'leHbl 

3. 3. H3 onpe.neneHHll ( 6) cne.nyeT 

ciivh. = o· 1 

. HnH meope_Ma Ocmpozpaacxozo-raycc~- t3nfl_ MazHumHozo nonst. 

3. 4. o6pa3yex rot BbipalKeHHll (6)·:

roth = rotrotA = graddivA - /!J.A , 

(4m) 

r.ne _/1 - .nHiflljlepeHUHanbHbiii onepaTop Jlannacao Bocnonb30BaBmHcb. Bblpa~ 

lKeHHeK (2l 1 s nO'cne.nHeM BbipalKeHHH npeo6pa3yeK nepBbiii qneH cnpaBa 

'· alfl a · ' ·. aA • ' · -~2A 
9 raddfirA ·= vccT- - -_---> := ---("- vlfl ;... .----) ·+ vu '+ ----2 ~at cat . cat c

2 
at 

Tor.na; B03BpamaJICb K npe,llbl.llymeKy Bb~all(eHHIO, HaXO,IIHM 

. , . ae 
roth = ---.. + Vu .- cA 0 

cat 

Y'IHTbiBall ypaBH,eHHe (3), nonyqaeK 

ae a ciT>· 
roth - 2-·-

cat cat 

~opKanbHO nocne.nHee BbipalKeHHe KOlKHO nepenxcaTb K~K 

ae 4rr 
roth=·-+ -f, 

cat c 
ecnH no.n nnOTHOCTbiO TOKa j nOHHKaTb BenH'IHHy. 

1 · a ciT> 
j = 

2rr at 

·(2m}· 

(7) 

YpaBHeHHe (2m) ecTb, o'leBH.IIHO, o6o6meHHwii saxoH·nonHozo moxa Haxc

senna. 

3. s. o6pa3yeK div BbipalKeHHJI (5_)' H BHOBb Bocnonb3yeKCll BblpalKe

HHeK (2): 

5 



" dive= -·divgrad~ 
.a 
-'--divA 
cat 

DOACTaBnHH CDAa o~ 

au· 
dive = - 2-

cat 

H3 (14i) 1 HaXOAHM 

3TO Bhlp~eHHe aanxmeM B BHAe 

dive = 4rrp 1 

au 
0·~ 

·cat 

·I 

(3m) 

rAe noA o6~eKHOH nnOTHOCTbD 3apHAa p 'ycnOBHMCH nOHHKaTb BenH'IHHY 
..J. . ' . ' ,, 

1 au 
p =- --. (8) 

2rr cat 

YpaBHeHHe (3m) ecTb, oqeBHAHO, meopeMa OcmpozpaocKozo-raycca on$C· 

3neKmpuqecKozo non$C. 

3. 6. DpiiMbiK AH¢¢epeHLIHpOBaHHeK onpeAeneHHH (4 1 15i) C Hcnonb:; 

aoBaHHeM ¢opxyn (7i 1 11i) HeTPYAHO ycTaHOilHTb, ;;no' ¢YH~HH u H iT 
YAOBneTBOpiiDT ypaBHeHxm 

au 
divu + --·= o . 

cat ' 

DpO.AH¢cj)epeHLIHpOBaB nocneAHee ypaBHeHHe '!aCTHbiK o6pa30K no t, Hai

AeK B COOTBeTCTBHH. C onpeAeneHHHMH (7 1 8) An/1 j H p COOTHOWBHHe 

ap 
divj +- = o , 

at 
Ha3biBaeMoe 06bNHO 3aKOHOM COXpaHeHU$C 3fleKmpuqecKUX 8Qp$COOB.: 

(5m) 

3.7. OnpeAeneHH/1 (7 1 8) n03BOn/IDT nepenHCaTb ypaBHeHHH (3) H 

(14i) B cneAymmeK BHAe 

4rr . 
oA = Vu - -j 1 (Ja) 

c 

o~ = -2rrp (14a) 

3TH ypaBHeHH/1 He HMeDT npxcymero HM B 3neKTPOAHHaMHKB CHKKeT

pH'IHOro BHAa. B TO.~e BpeM/1 H3BeCTHO, 'ITO 3neKTpOKarHHTHOe none He 

H3MeHHTC/I, ecnH BMeCTO noTeHLIHanOB ~ H A BBBCTH HOBble ~· .H A~ 

~· ~ + 

·A' =A 

aiJJ 

cat 

VI/J •· 

(9) 

(10) 

rAe 1/J ~ npOH3BOnbHa/l CKanHpHa/1 cj)yH~HH KOOpAHHaT TO'IKH Ha6nDABHH~ 

6 

'.! 

,I 

't 

' i 

! 

~~n!{ H BpeMeHH. 3Ta (jJyH~HH MO~.eT 6bJTb BbJ6paHa Ta~, 'IT06bl .AnR HO

BbiX noTBHLIHanoB ~anx6pOJ:lOliHOe, ycnosxe (2) o6pamanocb .B Hynb. 

a~· 

divA' + 0 
cat 

0TCDAa-nonyqaeK .HenocpeACTBBHHO 

a~ 

divA + 
cat 

oi/J = u - oi/J 

HnH 

oi/J = u . 

(6m) 

0 

(11) 

BBBABHHB (jJyH~HH 1/J n03BOnHeT npHAaTb ypaBHeHH/IK (Ja 1 14a) CHMMBT

pH'IHbiH BHA. TaK, ecnH ~ H3 (9) nOACTaBHTb ·B·. {14a); TO C Y'<~BTOM 

(11) HaXOAHK 

o~· = - 4rrp , (7m) 

rAe p onpeAeneHO B (8) .. AHanorH'IHO Bblp~eHHH '(10 1 .11) no3BOn/IDT 

nepenxcaTb ypaBHBHHB (Ja) B BHAB 

4rr 
oA' = - -j , 

c 

rAe j 3aAaHo BblpameHHeM; (7) > 

(Bm) 

·:, 

3. 9. TaKHK o6paaoM, BbJ6paHHbJe BbJJJJe onpeAeneHHH cKannpHoro (Ji) 

H BBKTOpHoro ( 1) nOTBHLIHano.B, OCHOBaHHbiB Ha pacmHpBHHOK npHHLIHne 

rmireHca, H KnacCH'IBCKHe. ~npeAeneHH/1 nonei (5) K c6) npHBOAHT K 

non Hoi cxcTeKe ypaBHeHHi MaKe senna ' (1m ·- · Bni); · H CXOA/1 x:i HHX xo~Ho 
. . . . ,, "' ' ' ' . : "" 

ycTaHOBHTb cnBAYDmHe ;AH¢¢epeHLIHanbHbiB . ypaBHBHHH BTOporo nopHAKa 

Anll 3nBKTpH'IBCKOrO H;MarHHTHOro~ncineii: 

oe 
·1 aj 

4rr(gradp - --) 
"c2 at 

4rr 
oh = :- -rotj 

c 

' 
(9m) 

(10m) 

DonyqeHHa/1 .CHCTBKa , ypaBHBHHH ! (1m·- . 5m) OTnH'IaeTCH. OT o6bi'IHO 

xcnonbayexoi An/1 onxcaHHH non11 TO'IB'!Horo aapHAa TeH, 'ITO B ypasHe

HHH noneii.,cneeyeT· BKnD'IHTb .HHAYUHpoBaHHble TOKH (7) H aapHAbl (8), 

OTnH'IHbiB.OT,Hyn/1 npHnD6oi·HepaBHOH Hynm CKOpOCTH aapi!Aa. 

B. H3nO~BHHOil (jJopxynHpOBKB ypaBHBHHH MaKCBenna npeACTaDT J<aJ< 

xaTexaTH'!ecJ<oe cneACTBHe pacmxpeHHoro.npHHLIHna rmireHca. 

4. nonE A~~ETOCH TO¥E¥HOTO 3APHAA 
. . ' ' , .. 

.. 4.1. ,nnn OTbiCJ<aHHH nonH ABH~ymerOCH 3api!Aa: Heo6XOAHMO. HaiTH 
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pemeHxe ypaBHeHIIII (41), · T. e. IIJYHJ<I:IIIm A(r, t), a 3aTeH e.zurHK'IHbll 

aeKTop 1 (r, t). nocne 'lero .ZXIIIIJIIJepemixpoaaHIIeM Haxo.ZXRTCII :meKTpx

qecKoe II HarHIITHOe nong. BwnonHIITh 3TY npo~e.zxypy HO~HO nllmh B .IXBYX 

cnyqa11x: npx o6~eH aHanx3e nonel, Kor.zxa ypaBHeHxe (41) paccHaTpx

aaeTCII KaK HeRBHoe 3a.zxaHIIe IIIYHI<I:IKK A, x npx paBHoHepHOH x npSIHonx

HeiHoH .IXBK*eHIIK 3apg.zxa, .zxonycKam~eH TO'IHOe pemeHxe ypaBHeHHII (41). 
HaqHeH c nepaoro cnyqa11, npe.zxnonarag K3BeCTHbiHK ~YHI<I:IKII A, 1. 

Tor.zxa 3neKTpK'IecKoe none TO'Ie'IHoro 3apg.zxa paBHo 

e e e e a1 ..;. 
e = -1 - -1xb = -1 - ---

A2 A A2 A cat 

a HarHHTHOe none HMeeT BenK'IIIHY 

e 
h = -b 

A 

(12) 

(13) 

4. :z. CornacHo BblpalKeHIIm (12) 3neKTpll'lecKoe none IIMeeT .zxae 

KOMnOHeHTbl: HOpHanhHym K A-cljlepe e
1 

e = 
I 

e 

A2 

II KaCaTenhHym K TOJi liCe cljlepe et (BeKTOpbl 1, .a1fcat II b B3aiiHHO op

TOrOHanhHbl, CH. Bblme) 

~ = .:...,~, 
t A cat 

nelKa~m COrnaCHO BblpalKeHIIIIH (9i, 131) B nnOCKOCTII BeKTOpOB 1 II p. 
BII.IXHO, 'ITO HOpManbHall K.OHnOHeHTa 3neKTp11'1BCKOro non11 .IXBIIlKy~erOCSI 

TO'Ie'IHoro 3apg.zxa TaKoBa, KaK ecn11 obi 3apn.zx ocTaBancg Heno.ZXBIIlKHbiH B 

~eHTpe A- cljlepbl. 

. 4. 3. CpaBHIIBall (12) C (13), BII.IXHM, 'ITO BCer~a BbinOnHIIeTCII pa
BeHCTBO 

eh = o , (l4) 

T.e. 3neKTpll'lecKoe 11 MarHIITHoe non11 acer.zxa opToroHanbHbl HelK.zxy co
ooii. 

.nanee, 113 OpToroHanbHOCTII BBKTOpOB 1 II b H e.ZXIIHII'IHOCTII BBKTO

pa 1 cne.zxyeT paBeHCTBO: l1xbl = lbl, no3TOHY MarHIITHOe none BCer.zxa 

paBHO TaHre~llanbHoii cocTaBnllm~eii 3neKTPII'IecKoro non11 11 opToro

HanbHo eii. Cne.zxoaaTenbHo, 3neKTpoMarHIITHoe none npoii3BonhHO .IXBIIlKy

~erocn.3apn.zxa TaKOBO, 'ITO HOpManbHall K A-cljlepe KOMnOHBHTa 3nBKTpH

'IeCKOro nonn no aenii'IHHe 11 HanpaaneHHID Bcer~a paBHa nonm TaKoro liCe 

Heno.zxBIIlKHoro ·3apn.zxa, ecn11 Obi nocne.zxHxii Haxo.zxxncn B ~eHTpe cooTBeT-

8 

1 

CTBym~eJi 3KBIInOTB~IIanhHOJi ct~Jepb!. HHbiMK cnoBaMII, HOpHanhHall ( xnx 

npo.rionhHaSI) .KOHrlOHBHTa 3neKTpii'IBCKOrO non11, ·KaK 'H B 3neKTp~CTaTK- ' 

Ke, onpe.zxenneTCII nxmh· nonolKeHxeM· 3apn.zxa, . HO He B · .zxaHHWli MOMeHT 

apeHeHII ·t, · a· B npe.zxmecTaym~llli t' ·· = t ;... A/c. .naxiKeiixe liCe' 3apn.zxa· · 

npOIIBnlleTCII B TOM, 'ITO Ha A:: Cljlepe noMIIMO ;HOpManbHOJi .KOHnOHeHTbl 

3neKTpK'IBCKOrO non11 nOIIBnllmTCII_.ZXBe KacaTenhHble '(llnll nonepe'IHble) K 
"< ' ')·_ 

cljlepe KoMnoHeHTbl- KoMnoHeHTa 3neKTp11'1ecKoro non11, nelKa~all a·nnoc-

KOCTII BeKTOpOB 1 II ;3, II OpToroHanbHall 3TOJi , nnoCKOCTII KOMnOHeHTa 

MarHIITHoro non11 - paBHble MelK.zxy co6oii 11 B3a11MIIo 'opToro'lianhHbl·e. 

4. 4. PaCCMOTpiiM BTOpoii cnyqaii, Kor.zxa TO'IB'IHbiH 3apii_.IX e . .IXBIIlKeT-, 

Cll C noCTOIIHHOH CKOpOCTbm V B.ZXOnh OCII X. Tor.zxa B ypaBHeHIIII (4i) 

BMecTo r 11 r c cne.zxyeT no.zxcT·aBIITh 

r = xi + yj + zk , rc(t') = (vt - {3A)i , 

r .zxe i, j, k - e.ZXIIHII'IHble OpTbl .IXBKapTOBOH CIICT.eMbl KO_Op.ZXIIHaT. Tenepb 

ypaBHeHIIII (4i) II (5i) npiiHIIMamT BII.IX 

A2 = (x1·+ f3A)2 + Y2 + z2 • (4a) 

1 = i(x1/A + {3) + jy/A + kz/A r1 ·+ {3i (5a) 
A 

r.zx~ 

x 1 = x- vt , r 1 = x 1i + yj +. zk . 

YpaBHeHxe (4a) HMeeT cne.zxym~11e .zxelicTBIITenhHble 11 nonolKIITenhHble Kop-
HII/1/: . 

A = (R + {3x )/(1 - {32) 1 . . ecn11 {3 < 1, 

2 . 2 . 2 
A = - (x1 + y + Z ) /2X1, ecnx {3 = 1, x 1 < 0 , 

A = (- {3X - R) I ({3
2
- 1) • 1 . . 1 ecnx {3 > 1, x 1 < 0 , "Im(R) = o 

<= (- {3x1 + 'R) f (13
2
- 1) , ecn11 {3 > ,1. x 1 < o, ... Im(R) = 0 

r.zxe 

R = ,/;-2 - {32(y2 + z 2) = r j 1 .;. {32sil121) . 
1 . 1 

Ycnoa11e O.IXH03Ha'IHOCTII A coxpaHReTCII np11 {3 :s 1, a npx {3 > 1 

HMeeTCII .ZXBa 3Ha'leHIIII A II B COOTBeTCTBIIII C (5a) - TaKliCe .IXBa B.IXHHII'I

HbiX BBKTOpa 1. 
, ~· I 

4~5. Bae.zxeli cljlep:liqec.KIIe Koop.ZXIIHaTbl c nonnpHoii ochm, Hanpaa

neHHoli .a.zxonb ocx, x, 

x1 r
1
cosi} y r 

1 
sini}coscp z r 

1 
s ini}s incp 
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coe.llXHKK KBlK.JtY co6oi To•n<y (x , y, z) , B KoTopoi Ha6mo,llaeTCJI none 
. 1 

B ,llaHHbli KOKBHT Bp8K8HX, TO'IKY (X , 0, 0): 3aHXMaeMyll 3apll,llOK B 
. . 1 ' ' 

,llaHHbli MOKBHT, X TO'IKY (X+ ~A, 0, 0), B. KOTOpoi 3apll,ll HaXO,llXnCJI B 
. 1 ' ' 

KOKBHT t .- Afc. 3TH TO'IKK o6pa3yllT TpeyronbHKK CO CTOpOHaKX r
1

, A 

x ~A. npoTxBonelKamxe yrnw KOToporo o6o3Ha'IKK a, n - ~ x 7. Yrnw x 

CTOpOHbl :noro TpeyronbHKKa cornaCHO TeopeMe CHHYCOB CBJI3aHbl M8lK.JtY 

co6oi paBeHCTBaKK 

sina sin~. sin7 

r1 A 

OTCil.lla Haxo,llKK 

sin7 = ~sin~ 

~A 
.,.; 

r---·- 2.2' 
COS7 = 11 1 - ~ S1n ~ 

4.6. Tor,lla npx ~ < 1 ¢1YHKUKJI A pasHa 

A = r
1
/(cosi ~~cos~) , 

R r
1
COS7 • 

a CKanllpHbiH DOTBHUHan K KOMDOHBHTbl BBKTOpHOrO DOTBHUHana paBHbl 

e e 
t = 

A 
-(cos7 - ~cos~) , 
r1 

A 
r 

e 
-cOS7 
A 

AlP = 0 

e 
A = - -sin7 
-~ A 

e 
-(cos7 - ~cos~)cos7 , 
r1 

e 
- -(cos7 - ~cos~)sin7 • 

r1 

(15) 

(16a) 

(166) 

(16B) 

3aMeTHM, 'ITO 3.llBCb BblnonHJIBTCJI paBeHCTBO IAI t. llonb3YJICb 3THMK 

Sb!palKeHHJIMH ,llllJI DOTBHUHaJtOS, HaXO,llHM, 'ITO :meKTpH'I8CK08. none e 

KM88T cne,llyiOmHe KOMDOHBHTbl 

e 
r 

erp 

e~ 

e 
A2COS7COS27 

0 

e 

A 2cos7 sin27 

e-----(cos7 - ~cos~) 2cos27 , 
2 ' 

r
1
COS7 

e 
- 2---(COS7 
r

1
COS7 

·~cos~) 2sin27 

(17a) 

(176) 

(17B) 

3aHeTKM, 'ITO er nponopuxoHanbHO cos27 

o6pamaeTcJI s Hynb, ecnx ~ s6nx3H n/2. 

1 - 2~2sin2~ x npx ~2>1/2 · 

nnn. KOMnOHeHT MarHKTHOrO nonJI h HaXO,IlHH 

10 

'i 
i 

'I" 

h = 0 
r 

hi{> 

e 
~tg7 
A2 

e r: (COS7 

(1Ba) 

~cos~) 2tg7 (186) 

h~ = 0 •• . (18B) 

0TCil,lla cne,llyeT, 'ITO 

e 
el A2 

hi 0 I 

et 

h 
t 

e 
-tg7 
A2 

0 I 

erp 

hrp 

0 I 

e ' 
-tg7' 
A2 

BH,llHO, 'ITO, KaK H B o6meM cJiyqae, HOpMilnbHaJI K A-ccflepe KOMnOHBHTa 

3neKTpH'IecKoro nonll e pasHa efA2
, xnx nomo Heno,llBHlKHoro 3apll,lla, 

I . 

HaXO.llHBmerocJI s TO'IKe (x
1
+ ~A, o, 0). KacaTenbHaJI liCe ·K A-·ccflepe 

KOMDOHBHTa 3n8KTpH'18CKOrO nonJI e pa&Ha - e tg7 H paSHa 8,llHHCTBeH-t . I, . , · ... 

HoA Hepa&Hoi ·Hymo KacaTenbHOi KOMDOHBHTe KaniHTHoro nonll: · 

4.7. llpH ~ > 1 no~npeliCHBMY HM88M 

sin7 = ~sin~ • 

HO(Bcer,lla ,llOnliCHO SbiOOnHJITbCJI HepaBeHCTBO 

sin7.s 1•;. 

D03TOMY ,llOnlKHO TaKliCe BbiDOnHJITbCJI cne,llyllmee HepaBeHCTBO 

sin~ s 1/~ . 

BbmonHeHxe 3Toro HepaseHcTBa, pasHocxnbHoro ycnoBHIO :iin(R) 

COBMBCTHO C HepaBeHCTBOM 

x = r cos~ < o 
1 1 

0, 

o3Ha'la:eT, 'ITO ,lleicTBHTenbHWe x nonoliCHTenbHbte 3Ha'leHHJI A cymecTBy

IOT nxmb BHYTPH. KoHyca, Ha3biBaeMoro K~HycoM H~xa, 
""'''\ 

siM = 11~ H cos~=- ~'1~·~~ , '(19) 

B. BepmHHS _KO_Toporo B ·;,llaHHbli MOKBH'l' _speKSHX Ha)CO,IlXTCJI p~CCHaTpHSaEI

Hblli 3apll,ll, a caM KoHyc pacnonolKeH no3a,llK 3apll.llll;·< 

BHyTpH KOHyca Haxa, KaK OTHB'IanOCb, A XM88T ,llBa nonolKHTSnbHbiX 
'- . /'· ' ' ' . . " ~.. '~ - . 

3Ha'leHH~~- ,llnJI KOTOpbiX nerKO HaiTH: 

11' 



aA A 
1 = 1 - 1 

cat R 

a A 
2 

cat 

A 
1 + 2 

R 

nocne,t~Hee BblpaJKBHHe no3BonneT rosopHTh, 'ITO B 3TOK ,,cnyqae speKR 

H,tiBT KaK 6M B o6paTHOK HanpaBneHHHo 

4.8. npx ~ > 1 cKannpHMi noTeHQxan TO'IB'IHoro 3apn.x:~a paBeH 

e e ~e 
~ = - + - = - 2-cos~ • (20} 

\ A2 r1 

BeKTOpHbiK nOTBHQHan HaXO.tiHK Kail 

e e [ 1 1 1 1 
A = -1 + -1 = e r (- + -) + ~i (- + -)] 

A 1 A 2 1 A2 A2, A A 
1 2 1 2 1 2 

= 2: [ :
1 (~2cos2~ + 1) - i~2cos~J • 

1 1 

OTCIO.tla nony'laeK 

e 
Ar = 2-(1 - ~2sin2~) 

r1 

Arp = 0 , 

e 
a2 • 

A~ = 2-..., s1.n~ cos~ • 
r1 

3aMeTHM, 'ITO Ha rpaHHUe KOHyca Maxa (sin~ 

HKBIOT 3Ha'IBHHJi 

~ = 2:...;~ 2 
- 1 

r 1 

A = 0 
r ' 

Arp = 0 , 

A~ = 2:.../ ~ 2 
- 1 . 

r1 

(21a) 

(216) 

(21B) 

~-1 ) noTeHQHanM 

(20.1} 

(21a.1) 

(216.1) 

,,. 

(21B .1) 

llpH ~ > 1'TOnhKO Ha rpaHHUB KOHyca Maxa MB*.tiY nOTBHQHanaMH BMnon

HliBTCJi paBeHCTBo IAI = ~ o 

4.9. BM'!HcneHxe KoKnoHeHT 3neKTpoKarHHTH~ro nonn .tiB~*y~erocn 

TO'Ie'IHoro 3apn.x:~a .x:~nn cnyqan ~ > 1 .x:~aeT cne,t~~IO~He pe3ynhTaTM: 

12 

"!"' 

i 
·i 
I 

h~ = 0 

3TH nonn Ha rpaHxue KOHyca Maxa (cos~ 

npHHHKaiOT 3Ha'IBHHli: 

e = 4...::_/ ~2 
- 1 

r 2 r 
. 

1 

e = 0 rp , 

e 2 
e~ = - 42 (~ - 1) , 

r ,, 
' 1' 

h = 0 • 
r ' 

h = - 4...::...; ~2 -' 1 rp 2 : ' . 
r1 

h~ = 0 • 

(23B} 

.; -2 ' 0 ' -1 
- 1 - ~ , s1.n~ = ~ ) 

(22a.1) 

(226.1) 

(22B .1) 

(23a.1) 

(236.1) 

(23B .1) 

BH.tiHO, 'ITO KO_MnOHBHTbl 3neKTpOKarHHTHOrO nonR, KaK H noTBHQHanM, 

OCTaiOTCJi KOHB'IHbiMH BO BCBK KOHyce Maxa, BKniO'IaJi ero rpaHHUM; 

4.10. HeTpy,t~HO npoBepHTh, 'ITO KOr,tla ~ .... l CO CTOpOHM ~ :S 1, 

TO <jlopKynbl (15, 16) .t~aiOT TOT *B pe3ynhTaT, _'ITO. H <jlopKynbl (20, 21), 

ecnH ycTpBKHTh ~ K. e:n~HHUB C~ CTOpOHbl ~ l!: 1, a HKBHHO, 

e 
. ~ = - 2-cos~ 

A 
r 

r1 

2:_cos2~ 
r1 

(20. 2) 

(21a.2) 

13 



Arp 0 I 

e 
A~ = 2--sin~cos~ 

rt 

(216.2) 

(21B .2) 

EcnK B~KCnKTb COOTBBTCTBYD~Ke npe~enM ~na KOMnOHBHT 3nBKTpo

MarHKTHOrO nonn, TO Hai~eM, qTo ~OpMynM (17 1 18) K (22 1 23) Ta~e 

KMBDT O~KHaKOBMB npe~enM npK ~ ~ 1: 

4e 
e = -cos2~cos~ 1 ,..; (22a.2) 

r 2 
rt 

e = 0 I 
(226.2) 

rp 

4e 
e~ = - -sin2~cos~ 1 (22B .2) 

r~ 

h = 0 
r I (23a.2) 

2e 
h = - -sin2~ (236.2) '/) 2 I 

r 
1 

~~ = 0 . (23B .2) 

HHbiMK cnosaMK, KaK CKanapHMH, TaK K BBKTOpHMH noTe~Karn.I, a c 

HKMK K 3neKTpOMarHHTHOe none OnHCbiBaDTCH HenpepbiBHbiMK, ~YH~KHMK 

npx H3MeHeHKH ~ OT Hynn ~0 6eCKOHeqHQCTH. llpH 3TOM ~HaqeHHH noTeH

~HanoB H nonei, KaK H cne~osano omx~aTb, ocTamTCH KOHeqHbJMH scm~y. 

r~e 3TH BenxqHHbl HMBDT ~H3 xqecKHii CMbiCn, '3a HCKnJOqeHHBM TQqKH 

T
1 

= 0, T.e. TOH TQqKH npocTpaHCTBa, r~e B ~aHHMH MOMBHT BpeMeHH 

Haxo~HTC_H ToqeqHMi 3apn~. 

.4.11 •. TaKHM o6pa30M, npHHHT_oe .onpe~eneHHe ,no_Te.~xanos TO~eq-_ 

Hero 3apa~a ~aeT pa~xoHanbHoe_onxcaHHe ero 3neKTpoMarHHTHoro, nonn 
, ' ' • • ' ',.• ~ I ' • -' 

npH mo6oi CKOpOCTH ~BHmeHHJI. EcnH noTe~Harn.I ~- H A B ~aHHbiH MOMeHT 

BpeMeHK H B ~~HHOH TQqKe npO,CTpaHCTBa onpe.n~Jinl!iT~H n~nomeHHeM 3a

pn~a a npe.~UI~ec'l'symmxi MOM~Hi, pa3nxqHMii Ann p~3HbiX ToqeK npocT-

paHCTBa, TO nonn onpe,llenHDTCH KaK 3THM nonomeHHBM :Japs.ilil, TaK H 

ero CKOpOCTbD B TOT me npe.IUIIBCTBYIC~HH MOMBHT BpeMeHH ... 

Jlnn nonHoTbl .llOKa3aTenbcTBa cnpase,llnxaocTH npxHHToro onpe,llene

HHH noTe~xanoa cne,lloaano 61>1 cpaBHHTb nonyqeHHMe nonn ToqeqHoro 

14 

.1 
~ 

I 

j 

.\~ 
I~ 
'.' 

3apH,Ila. C_ Ha6niO,IlaeMbiMH Ha onbiTe, HO npHXO~HTCH KOHCTaTHpOBaTb, qTQ 

TaKHX ~a6nD,IleHHH HeT. ll03TOMY paccMoTpHM npocTeimHe CHCTeMM 3apn

~OB KOHeqHbiX pa3MepOB, cqHTaH _XX, COCTOH~HMH H3 6eCKOHeqHoro qxcna 

ToqeqHbJX, nonn KOTOpbiX cyMMHPYDTCH cornacHo npx~xny -cynepno3X~KX: 

PaccMaTpHBaH CHCT8Mbl 3apH,IlOB COCTOH~HMH H3 COBOKynHOCTK Toqe

qHbJX, Hai,lleM, qTo ,llnn Heno~BKmHbiX cxcTeM 3neKTpxqecKoe none, s~x-· 

cneHHoe ·-~ornacHo · onpe~eneHxm ci<annpHo~o noTe~xana (3i), .no~HoCTbJ) 
COBna,llaeT C H3B8CTHMMH 3neKTpOCTaTxqecKHMH nonHMH. 

.BeKTOpHMH noTe~xan (1) cy~eCTBBHHO OTnxqaeTCH OT COOTBeTCT:

BYJ)~ero 3ana3,1lbiBaD~ero: TaK, noTe~xan (1) He paaeH Hynm, ecnx 3a

PH.Il HenO,IlBHmeH, a· 3ana3~BaJ)~HH noTe~xan_ npH 3TOM o6p~aeTCH B 

Hynb. ll03TOMY ~nH ~OKa3aTenbCTBa cnpaae~nHBOCTK npKHHTOrO onpe,lle

neHHH BBKTOpHoro noTe~Hana BbNHCnHM 3neKTpOMarHHTHOe none pH,Ila 

CHCTBM ,llBHmy~HXCH 3apH,IlOB. 

5. UOflE CUCTEHbl /!BUiKYII{UXCH 3APH/!OB 

5.1. CornacHo (13i) MarHHTHoe none (13) MOmHo 3anxcaTb KaK 

e 8A 
h = --(1 - -) lxi3. • (24) 

A2
. cat 

npe~nonomxM, qTo BhlnonHJUOTCH ycnoaxn I r c I « I r I :x ~ « 1, T. e. 

A' E! r 1 1 E! r/r x 8A/C8t E! d , TOr,lla BhlpameHHe .(24) npHHKMaeT :BH.Il' 

e 
h =- --rxv 

cr3 .. 
Ho BenHqHHY ev MOZHO.npe,llCTaBHTb KaK 

ds .. 
ev = e

.' dt 
Ids , 

·' 

r~e I- TOK-6eCKOHeqHO KOpOTKOH TOKOBOH HHTH, ads- BeKTOp, qxc-

neHHO paBHMH ~nHHe HHTH ds H npoae~eHHMH a· HanpasneHHH .. TOKa. Tor

,lla MarHHTHoe none ToqeqHoro 3apn,lla paBHO 

I 
h.= - --rxds . 3 

cr 
(~5) 

OqeaH,IlHO, qTo nocne,llHee BMpameHHe oTnxqaeTCH.OT 3axoHa Biio-CaBapa:.. 
. nannacci nHmh 3Hai<oM. To~,lla o6~enpHHHTaH .:~op'Ma 3T~~o· 3~KOH~ aepH~ 

• .•• : • ' .,• - • >' : .,. '::·. ·•• 

nxmh npx ~ « 1. HanpoTKB, BbipameHxe (24) cne~yeT cqxTaTb ToqHoi 

~opMynxposKoi 3aKoHa Bxo-casapa-nannaca npx·nm6oM 3HaqeHKH ~-

. 5. 2. H'aiJteM MarHHTHOe .. none 6eCKOH'eqHoi npHMOll Hll~X, paBH~Mep
HO __ 3apnzeHHol y~enhHMM 3apn,lloM e' Ha e~JtHx~y ~~xin.r. x .liaxzy~elicn c 

lj;-



noCTOIIHHOK CJ<OpOCTblO V = {Jc B~Onb OCH x; T.'e.' npiiMOrO npOBO~HHKa C 

TOKOK. KaJK~all TO"'J<a TaKOK HHTH 3a~aeTCII BeKTOpOM ·rc = (~ + Vt)i 

H HKeeT TO'<ie'<iHhiK 3apll~ 'de = e'd~, KarHHTHOe none KOTOporo _dh on-rp 
pe~enlleTCII cjlopKynaMH (18;' 23). npx HHTerpxpoBaHHH xcnonb3yeK Koop-

·~xaaTu 

pctg~ d~ 
·: ., 2 

pd~/sin ~ r = pfsin~ , 
1 ' . 

x '- ~ - vt 

P = j Y2 + z2 

Tor~a npH (J < 1 KarHHTHOe none HHT~paBHO C yileTOK BblpaJKeHHII (186) 

(Je' rr 1 

H = Jh ci~ = - - J--(cosi 
rp . . rp p . COS7 

-0> 0 

+0> 

(Jcos~) 2sin~ci~ , 

"'TO nocne HHTerpxpoBaHHII ~aeT 

2(Je' 

Hrp 
p 

Ho ~e' = ve'fc = Ifc, r~e I- TOK HHTH, n03TOKY OKOH"'aTenbHO none 

~OCBeTOBOK 3apll~eHHOK HHTH HKeeT BH~ 

2I 
(26a) Hrp 

cp 

HnH paBHO non:ro npiiKOrO npoBO~HHKa C TOI<OM,' HO npOTHBOnOn9~HO eKy 

no aanpaBneax:ro. 

5.4. llpH {J > 1 cne~yeT ~qeCTb, "'TO yron ~ H3K9HIIeTCII B npe~e

Tl - arctg(1// ~2 
-1), KOr~a KOOp~HHaTa ~ = p/ {J2 

- 1, nax OT ~1 
-~0 ~2 = Tl, KOI'~a ~ CTpeKHTCII K 6eCJ<OHB'<iHOCTH .• Tor~a, HHTerpxpyll 

Bblpa~eHHe (236), Haii~eM none CBepXCBBTOBOK 3apii~9HH~ii HHTH 

2e' 2I 
(27a) Hrp 

p cp{J 

TaKHM o6pa3oM, B TepMHHax max-none MarHHTHoe none np11Moro 

npOBO~HHKa C nOCTOIIHHbiM TOKOK noCTOIIHHO npH {J < 1 H o6paTHO npo

TIOpQHOHanbHO ~. ecnH ~ i!: 1. KaK H B cnyqae CKanllpHoro noTeHQH

ana/ 
1
/, MarHHTHOe non? npOBO~HHKa C TOI<OM HMBBT cjlH3~'<ie~KHK CMbiCn 

npH mo6oii CKOpOCTH ~BH~BHHII 3apii~OB_ H OnHCbiBaeTCII ~BYMII pa3nH'<iHbiKH 

cjlyHKttHIIMH, _COOTBBTCTBYJOIIIHMH ~BYM o6naCTIIM ;Ha'<ieHHH (J. 

5.5. EcnH ~nil paCCMOTpeHHOH ~BH~YIIIBKCII HHTH Bbi"'HCnHTb 3nBKT

pxqecKoe none, TO, onyc1<a11 3neM_eHTapHble BMKna~K_!'• · Haii~eM 

2e' 2I 
ecnx ~ < 1 , H (266), Ep 

p ~cp 
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2(Je' 2I 

Ep ecnx ~ > 1 -. (276) 
p cp 

EcnH pacCMaTpHBaeMyJO HHTb 3aKeHHTb 06bi"'HbiK npOBO~HHKOM, TO•B 

HeM nOMHKO ~BH~YIIIHXCII 3apii~OB C nHHeiiHOH nnOTHOCTblD .e' (3neKTpOHbl 
' . - 1 

npOBO~HMOCTH) npHCYTCTBYillT Ta~e Heno~BH~Hble_ HOHbl C nnoTHOCTblD e; 

H BblnOnHIIBTCII COOTHOmeHHe 

e; = - e; = e' , 

T.~ npOBO~HHK C TOKOM B QenOM H9HT~anea CKOpOCTH 3THX 3apii~OB 
paBHbl-

~1 = ~ , ~2 := 0 •. 

Tor~a, CYMMHpyll non11 3THX 3apii~OB, npH {J < 1 HMeeM 

2I 
Hrp 

Ep 

Hrp1 + Hrp2 

E +E p1 p2 

cp 

0 • 

HanpoTHB, npx ~ > 1 Haxo~HK 

2I 
·H = --,-

rp (Jcp 

2I 
E = ((J - 1)--- = ((J - 1)H 

p • (Jcp . - rp 

· BH~HO, "'TO .peanbHbiK npOBO~HHK COOTBeTCTByeT -~BH~eHHIO 3neKTpo-. 

HOB C ~OCBeTOBOK CKOpOCTblll: 3neKTpH'<ieCJ<Oe none"B HeM OTCYTCTByeT. 

5, 6. MO~HO noKa3aTb, "'TO H ~n_i! ~pyrHX CHCTeK npOBO~HHKOB C 

TOKOK BBe~eHHoe onpe~eneHHe Bei<TOPJIOro noTeHQxana - ( 1) _· ~aeT 3Haqe

HHe xarHHTHoro non11, Ta~e oTnxqaJOIJieecll. OT cnpaBO'<iHoro. nxmb _ 3Ha

KOK. TaK, paccxaTpHBall nnocKylD J<pyroByJO HHTb pa~xyca a c y~enbHbiK 

3apii~OK e' Ha e~HHHQY ~nHHbl, BpaiJialDIJIYlDC~ C yrnOBOii CKOpOCTblO W BO

Kpyr·cBoeii OCH, HaXO~HK, "'TO ~nil TO'<i9'<iHOrO 3ap11~a de = e'adrp Benx

'<iHHa A onpe~enlleTCII ypaBHeHHeM 

A2 = r2 2arsin~cos(rp - wt + wA/c) + a 2 
(46) 

r~e r, ~. rp - ccjlepxqecKxe- Koop~HHaTbl TO"'KH Ha6nJO~eHHII- non11. llonb-

3YIICb cjlOpKynoli (24) H npoBe~ll Hecno~Hble BbNHCneHHII, Haii~eM, "'TO 

xarHHTHOe none dhz To'<ie"'Horo 3ap11~a de HKeeT BenH'<iHHY 

- . 3 

dh = - ~e' a2drpf/ r 2 + a 2 
z -

Ha OCH BpaiJiallliJieiicll _HHTH. llonara11 rp 0 + 2rr x _HHTerpxpyll, Haxo~HK 
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. . 3 

H = - 2rr(3e' a2 f,j r 2 + a
2 

• 
z 

nocneAHBe BMp~eHHe xomHo 3anHcaTb B cTaH,IIapTHOM BH,IIe: 

H = - 2p 1./ r 2 + a
2 

3 . (28) 

rAe BBKTOp 

P. = IS/c 

eCTb xarHHTHbiH MOKBHT nnOCKOrO Kpyrosoro npOBO,IIHHKa C TO"KOM I; S -. .. ;:.; . .• - '. 

BBKTOp, 'IHCnBHHO paBHbiH nnomaAH, OXBaTldBaBMOH npoBO,IIHHKOM, H Ha-:-

npasneHHbiH no HOpManH K nnOCKOCTH KOHTypa. 

Ha OCH paCCMaTpHBaBMOH KpyroBOH HHTH sin~ = 0 H A H3 (46) oc

TaBTC.fl O,IIH03Ha'IHOH npH mo6oii CKOpOCTH BpalllBHH.fl, . n03TOMY cjlopMyna 

(28) cnpaBe,llnHBa KaK B ,IIOCBBTOBOM, TaK H B CBepXCBeTOBOM cny'la.IIX. 

5. 7. BblpameHHII (26 - 28) noKa3biBaiOT, 'ITO B HHTerpHpyeMblX cny

'la.IIX KarHHTHOe none npOBO,IIHHKa C TOKOK, Bb~HCneHHOe cornaCHO onpe

,IIBJieHHIO BeKTOpHOrO noTeHUHana (1), COBnaAa!;IT C H3K9plleMblK Ha OilbiTe_ 

no BenH'IHHe H npoTHBOnonomHO no 3HaKy. B03MO~HO, 'ITO 3TO OTnH'IHe 

3HaKa CB.fl3aHo c ycnoBHOCTbiO npHH.IIToro HanpasneHH.fl MarHHT~oro non.11, 

TOr,lla npHHUHn r10iireHca no3BOJI.fleT ycTaHOBJITb He TOJibKO BeJIH'IHHy, HO 

H aeucmaumenbHoe HanpasneHHe MarHHTHoro n9n.11. 

OTMeTHK, 'ITO xapaKTepHa.fl AJIH TO'Ie'IHoro 3ap.11,11a nonnpH3aUH.fl oK

pymaiOmero npOCTpaHCTBa; B; paCCMOTp9HHbiX, CHCTeMaX 3ap11,110B. HC'Ie3a9T, 

O'IOBH,IIHO, .3a· C'leT B3aHMHOH HeiiTpaJIH3aUHH. ~-

_6._ U3RY':IEHUE 3REKTPOHATHUTH00 3HEPruu TO':lE':lHblH 3APH/(OH 

6.1. Ha BbipameHHii (12). H (l3) nocne HecnomHbiX npeo6paaosaHHH 

HaXOAHk BBKTOp:YMOB~~DOHHTHHra p. 

c 
- P = -·'--exh 

4TI 

?.' ?. 
ce ce 

?.· 
--lxb + ---b 1 
4TIA 

3 
4TIA 

2 

DO,IICTaBHM CIO,IIa BBKTOp b H3 (13i), TOr,lla 

?.' 

p = ce
4
[((1-A') 2 {32 

;_ A'(l + A'))t-·ii(l 
4TIA -

r,11e 
8A 

A' 
cat 

'(29) 

Aq] (30) 

6.2. MOillHOCTb Hany'leHHII TO'Ie'IHOro- 3ap.11,11a ·onpe,llen.fleTC.fl ;KaK HH-

18 

Terpan -no ccjlepe AOCTaTO'IHO 6onbmoro paAHyca ·-r HOpKanbHOi K ccjlepe 

KOKDOHeHTW BeKTOpa p. EcnK npe,llnonomKTb, 'ITO TpaeKTOpK.II 3ap.ll,lla-Or

paHK'IeHa, T. e. r :S r , K TO'IKa Ha6niOABHK.fl ~On.fl HaXOAXTCII ,IIOCTaTO'I-
c • . ' r' 

HO AaneKo, · T. e. r_ :. ·r.. TO A s r x cornacHo Bhlp~BHJPJ · (30) X3ny-qe-

HKe 3ap.11,11a scer,11a paBHO HyniO.npx.6onbmHx r, T.K. BeKTop p nponop

UKOHaneH r_-
4

• HHbiKK cnosaMx, . pacnpeAeneHKe; co6cTBBHHoro· 3neJ<Tpo- -

MarHKTHoro non11 TO'IB'IHOro 3ap11,11a-TaK__!)BO,-'ITO-B HeM OTCYTCTBy.!T-'TaK 
-1 .. 

Ha3WBaexwe BOJIHOBWB non.fl, · nponOpUHOHanbHble r X YHOCIIIllKe 3JieKTpo-

KarHHTHYIO 3HeprHIO Ha_ CKOnb yro,IIHO 6onbmHe paCCTO.IIHX.fl OT 3apll~a. 
3TOT BWBO,II ,IIKaKeTpanbHO OTnK'IaeTca OT KnaCCK'IeCKOrO, r,lle BeK

TOp p npX ,IIOCTaTO'IHO 6onbmHX r (B BOnHOBOi 30He) nponopUXOHaneH: 
~ . 

r H KBaAPaTy· ycKopeHKa TO'Ie'IHOro 3ap11,11a; C APYrOfi CT_opoHbl, · X3ny-. 

'leHKB 3neKTpOKarHKTHOH 3HeprKK xapaKTepHO Ana ,IIBXmylllHXCa 3apa,IIOB; 

no3TOKY o6cyAHK B03KOmH09-' npeAOOJIOmeHKe 0 TOM; KaK 3TO npOXCXO,IIHT. 

6. 3~ 06paTHKCa K ypaBHBHH.IIK ( 9m), (10m), KOTOpwe_·B _o6meK cny-:

'lae (npK pa3,119JteHHH nepeKeHHblX) CBO,IIaTC.fl K Tal< Ha3WBaeKOfi 3altaqe 

WTypMa-nxysxnna/ 3 / ,11na cjlyHKUKK y(x): 

[py'] ' .. - qy+ Lpy = f , 

r,11e p, q, p, f.- 3a,llaHHble cjlyHKUHH X, L- napaKeTp. Dpx cjlHKCHpOBaK

HOM 3Ha'I9HHK napaKeTpa L Cn~aBB,IIJIHBO cne,llyiOinBe: nx6o HeO,IIHOpO,IIHa/1 

3a,lla'la (f (x) <> O) xxeeT pemeHJie -,~~nil: ni06bix f (X), x To.r:Zia· 3TO peme

HHe B,IIKHCTB~HHO, a COOTBeTCTBYIOIIlall O,IIHOpO,IIHaa 3a,lla'l_a- (f(X) ii 0) 

KMeeT nKmb ·_ TpKBKanbHOB ' (TOm,lleCTB,eHHO . paBHOe HYniO) _pemeHHe, · nx6o 

COOTBBTCTBYIOIIla_.R_ O,IIHOpO,IIHaa 3_a,lla'la HKBBT: HeTpK_BHanbHbiB (OTnX'IHble OT 

Hyna) pemeHHa · _H _ TOr~a HBO,IIHOpO,IIHaa 3a,lla'la HMBeT pemeHHa He.· AJia 

scex npaBbiX -qacTeii,. a B; cny-qae_ cymecTBOBaHxa pemeHHII OHO He onpe

,llenaeTCII _O,IIH03Ha'IHO. Te 3Ha'leHHa napaKeTpa- L, npH J<OTOpWX HKeeT 

KeCTO BTOpofi . cny-qafi, Ha3WBaiOTCII C06CmBeHHbi'KU SHQ'leHUSl'KU,. a COOT

BeTCTBYIOIIlHe HeTpXBHanbHble pemeHHa - co6cmBeHHblliU l{iyHXqUSIJIU •. 

0TCIO,IIa cneAfeT, 'ITO nOMHMO riOftreHCOBWX nonefi e, h TO'IB'IHOro 

3apa,lla npx HBKOTopwx ycnosxaX ,llonycTHHO cyuiecTBOBaHxe 11 BOnHOBWX11 

noneii e , h , YAOBnBTBOp.IIIOillHX ypaBHBHHIIM ( 9m), ; (10m)-;- C paBH!Jft HYml 
v v .. . ·. : 

npaBOii 'laCTbiO. 3TH; ,IIClDYCTHKWB BOnHOBWB_ nona;. MOryT B036f*,llaTbCa no-

naMH TO'Ie'IHOrO 3ap11,11a H YHOCHTb 'laCTb .ero 3HeprHH Ha.CKOnb yrO,IIHO 

6onbmoe paccToaHxe. ,Ho· 3TO yme 6yAfT APYrxe nona, nona H3ny'leHxa, 

a He non11 _TO'Ie'IHOrO _3apa,11a •. Ecnx · KW C'IHTaeM_ 3nBKTpOH. (X3ny'laTenb); 

x cjloTOH_(X3ny'leHxe) pa3nX'IHbiKX 'laCTHUaKx,· TO TPY.IIHO cornacXTbca c . . 
TeM, 'ITO none cjloToHa ecTb scero nxmb sonHoBall 'laCTI:> nona :meJ<Tpo-,_ 
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Ha, KaK :lTD·. cne,nyeT H3 TeopHH 3ana3,11blBaiDJJlHX .noTe~xanos. H3 npxH

uxna *e r10ireHca cne.nyeT, qTo 3neKTpoMarHHTHoe none 3neKTpoHa see

rona HMeeT KynoHOBCKHH xapaKTep, T.e. BeKTOpW e H h no a6COniDTHOH 

senxqxHe scer,na nponopuxoHanbHW r-2 
Ha 6onbmHx paccTOIIHHIIX. r OT 

3neKTpOHa. B TO *e BpeMII He HCKnJOqaeTCII cymeCTBOBaHHe BOnHOBWX no-
-1 

neK, nponopuxoHanbHWX, pa3yMeeTcR, · r . 

B 3TOM CMWCne H3nyqeHHe :meKTpOMarHHTHOH 3HeprHH npe,nCTaBnR-. 

eTcH KaK csoeo6pa3HWH pe3oHaHc Me*AY noneM ToqeqHoro 3ap11.na•H o.n

HHM H3 B03MO*HblX · BHAOB BOnHOBOrOJ nonR, ,nonycKaeMblM ypasHeHHIIMH 

( Sm); (10m). XOTII 4JopMynHpOBKa COOTBeTCTBYIDJJlHX ycnOBHii BbiXOAHT 3a 

paMKH ,naHHOH pa60TW, MO*HO npe,nnonO*HTb, . qTQ s6nH3H •ABH*Yillerocll 

ToqeqHoro 3ap11,na Bo36Y*AaeMoe .sonHosoe none, co,nep*amee nonepe'IHWe. 

KOMnOHeHTW, nponOpUHOHanbHO COOTBeTCTBYIDJJlHM KOMnoHeHTaM nonR Toqe

qHOrO 3ap11,na, a, cne,nosaTenbHO, H era cKopocTH (npx ~ « 1). Tor.na 

YH().CHMall BOnHO.BblMH nonRMH 3HeprHII OKa*eTCII nponopUHOHanbHOH KHHe

TH'IeCKOH 3HeprHH ABH*YmeroCII 3ap11,na, a He KBa,npaTy. era ycKopeHHII, . 

KaK npHHIITO ceii~aC. 

.nsa nocne,nHHX npe,nnono*eHHR - H3nyqeHHe paccMaTpxsaeTCII KaK 

csoeo6pa3HWii pe3oHaHc H H3nyqaeMaR 3HeprHR nponopuxoHanbHa KHHeTx

. qecKoii . 3HeprHH 3apR,na.- e .nosonbHO 6nH3KH nocTynaTaM Eopa. 

7. 8~~EKTUBHAH BEnuqUHA ABU~YmErOCH 3APHAA 

7 .1. llOIIBneHHe B OKPY*aiDJJleM ABH*YillHHCII. Toqe'IHblii 3apll,n npOCT

paHCTBe HHAYUHpOBaHHWX 3ap11AOB .H TOKOB Bbl3blBaeT CBOeo6pa3HOe 3Kpa

HHpOBaHHe nocne,nHero, a cxny qero H3MeHReTcll era 34J4JeKTHBHaR senx

. qxHa. · .nnR ee tmpe,neneHHII socnonb3YSMCII ypasHeHHeM (3m)· H no.n 3$

$eKTHBHOH BenxqHHOH e ABH*YJJlerOCII 3apR,na ycnOBHMCII noHHMaTb BenH

qxHy, cne,nyiDJJlYID H3 TeopeMbl OcTporpa,ncKoro-raycca,, • 

1 . 

e = -JedS , (31) 
4rr 

5 

r,ne HHTerpan 6epeTcR no 3aMKHyToi nosepxHoCTH s, OKPY*aiDmeK 3ap11,n 

B ,naHHblH MOMeHT BpeMeHH. 

~: . 7. 2. PaCCMOTpHM Toqe'IHblH 3apll,n e 
0

, ABH*YillHHCII C 'noCTOIIHHOH. 

CKOpOCTbiO BAOnb OCH X,· H B KaqecTBe 3aMKHYTOH' nosepXHOCTH S Bbl6e

peM c4Jepy pa,nxyca. r
1

, B UeHTpe KOTOpOH HaXOAHTCII pacCMaTpHBaeMWH 

3apR,n B · ,naHHblH MOMeHT speMeHH. oeCKOHe'IHO MaliblH 3neMeHT nosepXHOC- · 

TH dS 3TOH c4Jepw B BBe,neHHbiX Bblme c4JepxqeCKHX KOOp,nHHaTaX HMeeT 

BH,n 

20 

~ dS =·r1sin~d~d~ . 

Pa,nxanbHall KOMOOHeHTa 3neKTpH'IeCKOrO nonR.paCCMaTpHBaeKoro 3apR,na 

onpe,neneHa Bwp~eHHeK (17a) npH ~ < 1 H (22a) - npH ~ > 1. BHAHO, 

'ITO er He 3aBHCHT.OT yrna ~. 003TOMY MO*HO C'IHTaTb 

dS = - 2rrr:d(cos~). 

qTQ nocne no,ncTaHOBKH B BWp~eHHe (31) H HHTerpHpOBaHHII no '~ (B 

npe,nenax OT ~1 = 0 ,no ,j2 = Tl) JtaeT cne,nymll:IYm 3$$eKTIIBHYID Benx

'IHHY ABII*YJJlerocR 3apll,na npll ~ < 1: 

e 
e . 

-0(1 - ~2) (1 
2 

1 - ~2 
+ ---Arth~) 

~ 
(32) 

Oqesx,nHo, 'ITO IIHTerpan {31) no A-:-c4Jepe scer,na paseH ~o' HO B ueHT

pe A-c4Jepw HeT 3ap11,na B MOMeHT t. 

7. 3. Ecnx ~ > 1, To cyMMapHaR senxqxHa (3,necb il. HKeeT ,nsa 

3Ha'I&HHII) r- KOMnOHeHTbl 3neKTpH'IeCKOrO nonR pasHa 
" . 
4~eo[ 2··2] e = -- 1 - 2~ sin ~ cos~ • 

r r2 . 
1 

HHTerpxpyR 3TO swpa*eHxe :a npe,nenax OT ~1 = rr - arctg(1/./ ~2 - 1) 

~0 ~2 = Tl, HaXOAHM, 'ITO npll ~ > 1 

·e·= o . (33) 

H3 BWpa*eHJIII (32) HaXOAHM, 'ITO ecn11 ~ ~ 1 CO CTOpOHW.~ < 1, TO 

e ~ 0. OTCID,na 3aKniDqaeM, qTo ~$$~KTHBHall senii'IIIHa ~BH*YmerOCII pas

HOMepHo H npiiMOnHHeiHO 3aps,na, KaK II 3neKTpOMarHHTHOe none, onxcw

saeTCII HenpepWBHOi 4JYHKUHei ~. H np11 ~ ~.1 3Ta 4JYHKUIIII TO*AeCTBeH

HO pasHa Hyn10. 

7.4. B cneuxanbHOi TeOpiiH OTHOCJITenbHOCTII cqJITa&TCII, 

ABH*YmerocR ToqeqHoro 3ap11,na 

am 
0 

e e(~) 

m = m(~) 

e 
0 

m 1/ 1'- ~ 2 
0 ' 

H e
0 

cyTb nocToRHHWe. Tor,na oqesx,nHo • 

e 
eo/ 1 - ~2· 

m m 
0 

H e/m ~ o, ecnx ~ ~ 1. 

qTQ Jlnll 

"·(34) 

CornacHo *e 4JopMyne (32) efe
0 
~ o, ·Korona ~ npx6nx*aeTcR K 1 

21.· 



3a C'IBT B036YlKABHIUI 3ap11AOB B OKpylKalllntBM ABHlKYI!tHHCII .3apll,n.•npocT

paHCTB6. DOKalKBM, 'ITO cornacHO npHHUHny riOiireHca Macca ABHlKYntBrOCII 

3ap11,na OCTaBTCII KOHB'IHOH. 

7. 5. EcnH .nn11 noKOIInteiicll qacTHUbl ee. Mace a m
0

, . 3ap11~ · e 
0 

: H 

KnaCCH'IBCKHH pa,nxyc a CBII3aHbl COOTHOWBHHBM 

m c 2 = e
2
fa • 

0 0 ... ' 

TO -O.'IBBHAHO, . 'ITO. 3A6Cb cnpaBa CTOHT· nonHall :JnBKTpOMarHHTHall · 3Hep

rHII HBnOABHlKHOH ci!Jepbl pa,nxyca a, EilBHOMBpHO 3aplllKBHHOH no noBepx

HOCT_H. Macey ABHlKYI!tBHCII qacTHUbl m onpe,nenHM TOr ,na KaK 

mc2
=1i, 

r.ne w - nonHall :JneKTpoMarHHTHall :JHeprHII 

1 I 2 1 I W = Srr (e + h
2

) dv + _-
2

- ~~q 
v 

ABHlKYI!tBHCII ci!Jepbl; dq . - :JneMBHT 3 ap11,na Ha Heii: 

CKanHpHblii noTBHUHan (3i) paBHOM6pH0,3aplllKBHHOH no noBepXHOCTH 

AH:JneKTpH'IBCKOH ci!Jepbl OCTaBTCII KOHB'IHbiM npH mo6oii CKOpOCTH ee paB

HOHOpHoro H npHHOnHHBHHOrO ABHlKBHHII/Z/. TaKHH lKB 6y,neT H. ee BeK-· 

. TOpHbiH noTeHUHan ( 1). 

B caHoH .nene, cKanapHblii noTeHUxan ~ 3apHlKBHHoii ci!Jepbl Haxo.nxn

ca HHTBrpHpOBaHHBM nOTBHUKanOB d~ TO'I6'1Hb~ 3apHAOB dq, HaXOAIII!tHXCII 

Ha ee nOBBpXHOCTH, T.e. 

dq 
~ = I~~ . d~ =- .:,, 

A 

r.ne HHTerpan 6panca no Bceii 11 BHAKHoii" noBepxHOCTH ci!Jepbl/
2
/. 

BeKTOpHblii noTeHUHan A onpe.nenHTCH Tor.na KaK aHanorH'IHblii HH

Terpan nOTBHUHanOB'dA TO'I6'1~·3apHAOB 

dq 
A = IdA , dA = -1 

A 

Ho cornaCHO onpe,neneHHIIl (1) BBKTOp dA HOlKHO npe,ncTaBKT~ KaK 

dA = (icosax + jcosay + kcosaz)d~., 

r,ne a 1 a H_ a - COOTBBTCTBYIIllltHB yrnbl HBlKAY BBKTOpOH dA H OCIIHH 
X y Z ~ 

KOOPAKHaT. flpH 3TOH Bcer,na BbJnOnHHBTCII paBBHCTBO 

cos
2
a + cos

2
a + cos

2
a = 1 • 

X y Z 

OTciO,na 3aKmoqaeH, 'ITO. mo6aa KOHnOHBHTa BBKTOpa A, 

YAOBnBTBOpHeT cne,nyiOntBHY HepaBBHCTBY 

HanpHHBp A, 
X 

Ax IdAX I cosaxd~ :s I d~ , 

'T. e. 

Ax:s~". 

Cne,noBaTenbHO, H3 KOHB'IHOCTH CKanHpHoro nOTBHUHana ~ ABHlKYI!tBHCH 

3aplllK6HHOii' ci!Jepbl C O'IBBHAHOCTblll cne,nyeT KOHB'IHOCTb BBKTOpHoro no

TBHUHana A, a cne.noBaTenbHo; · H non eli e ·x h · TaKoii · · ci!Jepbl. Do:JTOHY 
. , . , .• . , '. ) 

nonHaH 3HeprHH · li paBHOMepHO 3ap~lK6HHOH ci!Jepbl pa,nxyca 'a OCTaBTCH 

KOHB'IHOii 'npx' mo6oii BenH'IHHe {3. Ho Tor.na npx ··{3 ~ 1 ·Hacca m TaKliCe 

OCTaBTCH KOHB'IHOH BenK'IHHOH, a C Heii H OTHOWBHHB e fm. , 
, 0 

HanpoTHB, c yqeTOM 3aBHCHHOCTH e·({3) OTHomeHHe efm ,nalKe npx 

KOHB'IHOH 3Ha'I6HHH m o6paTH~Cll B ~ynb, Kor,na ·{3,npx6nHlKaSTCH K.l. 

.7. 6 •. TaKHH o6pa3oH, pacmxpeHHbJii ~PHHUHn _riOiireHca '.naeT .npyroe 

06'bHCH6HH6 Ha6niO,naeMOMY B YCKOpHTBnHX BbiCOKHX 3HeprHJi o6pantBHHIIl B 
' " - . .. . 

Hynb , OTHOWBHHII efm: ABHlKYI!tHHCH HOHOnOnb,Hblli 3apH,n, no • Hepe. poeT a . ero 

cKopocTH oKa3bJBaeTcH Bee 6onee . noxolKHH' Ha .nxrionbln.Jii H: Bee. MeHee 

ynpaBnHBHbiH BHBWHHHH :JnBI<TpOMarHHTHbiMH nonHMH, XOTH nonHaH 3HeprKH 

3apH,na OCTaeTCH I<OHB'IHOH. 

:ao3HOlKHO, 'ITO nocne,nyiOntHli aHanH3 no3BOnHT HaliTH KOHI!JxrypaQKIIl 

BHBWHHX none it, o6ecne'IHBaiOlltYIO YCI<Op6HH6, 3apHAOB C {3 > 1. 

,8. 3flEKTPOAUHAHUKA flOPEHUA Unu rvGrEHCA? 

'H3nOlKBHH06 BbiWB, n03BOnHeT roBopHTb 0 :•ABYX :JnBI<TPOAKHaHKI<aX: 

:Jnei<TPOAHHaHKI<e nopeHUa, HC~o.nalfleli. H3 3ana3,nbiB.aiOntHX llOTBHUHa~~B, K 

3nBKTpO,nHHa~KK6 nolireHca, ~CHOBaHHOli H~ nOTBHUHa~lix (3i). H . (1) . 

B Ta6nxue 1 cBe,neHbJ ocHoB~te: ~paBHCHHH :JT~x .nByx :Jnei<Tpo,n~Ha-.. - - · .. - .· - .· ' . ' . .- ·:; 

HHI<, nol<a3biBaiOntHB HX CXOAC,T_BO H. pa3nK'IHll •. 

HCXOAHbiMH ypaBHBHHJIHH TOH H .npyroii IIBnlllllTCJI ·ypaBHBHHJI (2i) H 
M • • • • ' • - • • 

(4i), HO onpe,neneHKJI noT6HUKi3:nOB OKa~biBaiOTCJI pa3nH'IHbiHH. _EcnH B 

3nBI<TPOAKHaHHK6 riOJireHCa noTBHUHanbJ onpe,nenJIIOTCII, TOnbi<O nonOlKBHHCH 

TO'IB'IHOro 3ap11,na B HOMBHT BpBMBHH t ,- A(r, t)fc, T.e. !IJYHI<UHBH A, 

H HHBIOT o61ltYIO 3KBHnOTBHUHanbHYIO noBepXHOCTb, TO B nopBHUBBOH I!Jop

HynKpOBI<e noTe~_xanbl onpe.nenRJOTCII !IJY·H~~eli .A H. ee qacTHbJHH npoH~':" 
BOAHbiHH no_ BpeMeHH, a HanpaBneHHe sei<To.pa ·A H·a · ocTaeTCII nocTOIIHHbiH 

Ha noBepxHOCTH ~ =.const. 

H3 'IBTblpex ypas~e-Hxli Mal<cBenna ,nBa ypaBHBHKII coBna.liaiOT, a ,nBa 

.npyrxx pa3nH'IHhl nHm~ .B TOM,. 'ITO npeanonazaemcsc, ilo(ka' MOH B3rnJI,n, 

ne uxeem :JI<cnepHHBHTanbHoii. npoBepi<H. B, ':lnei<TP~AKHaH~I<EI llopeHUa ,nn11 

TO'IB'IHOrO 3ap11~a npHHHKaaTCJI, 'ITO ycnOBHJI 

I ~a 



p 

j 

-, 

0 I· 

0 

; ,'/ 

(35) 

(36) 

BbinOnHIIIOTCII BCJO,lly 3a HCI<nJO'IeHHeM TO'Il<H npocTpaHCTBa, 3aHJITOJi TO-

JneKTpO,IlHHaMHI<a 
nopeHUa' · 

·e a A 
~ = -(1- -) 

A cat 

13e a A 
A= -(1- -) 

.A cat 

ae 
roth 

cat' 

dive 0 

p 0 

j 0 

.Ta6nuqa 1 

Jnel<Tpo.ilxHaMxl<a 
fJOiireHca 

A_..r= r- r
0
(f- A/C) 

JlJ. = 1 

\ : 
e 

A 

le 

A 

a A 
·e = - grad~ - -

cat 

h = rotA 

ah 
rote = - -

cat 

I 
. ae i. 4n 

roth=--.+ -j 
·cat c 

dive = 4np 

divh = o ~' ,. 

I 
1 . au 

p=----,,_ CT 

2n cat 

1 au 
j =-- --, • CT: 

2n cat . 
ap 

divj +- = o 
at 

qe'IHbiM 3ap11.nox B .namiblli MoMeHT. H3 :me~<Tpo.nxHaMHI<H rJOiireHca cne

.nyeT, 'IT~ 3TH ycnOBH~ BblnOn~IIJOTCII TOnbl<O ,nnll IIOKOIIIJierOCII 'TO'Ie'IHOrO 
_' ·, : \ .- ·,' ' ,' 

3apH,Ila, ero JKe ,nBHlKeHxe Bbl3biaaeT nonllpH3aUHJO npocTpaHCTBa,_ P,a_3py-

maJOIJIYIO ycnoBHII (35, 36), x _3KpaHxpoaallxe caMoro 3ap11,1la. 
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-~03MOlKHO, np11Ma11 3KcnepKMeHT_anbHall npoaepKa. ycnosxli · (35, 36) 
n03BOnKT. OTBeTMTb Ha BOnpoc, BbiHeCeHHblli B Ha3BaHHe 3TOrO napa

rpa!jla •. 

3Al<Jll)'IEHUE 

PacmKpeHHbiH · npKHUKn · flolireHca II03BOnHn. 11pa3,nenKTb 11 • ,llBKlKeHHe 

TO'Ie'IHOrO 3apll,na H C03,[{aBaeMoro HM non11: 3apll,ll ,llBHlKeTCII npOH3BOn,b:

HO,- a .I{BHlKeHKeKaJK.I{OJi OT,nenbHOH 3KBKnOTeHUKanbHOH noBepXHOCTH CBO

,[{HTCII K ee paBHOMepHOMY pacmxpeHHJO OTHOCHTenbHO e,nHHCTBeHHOH TO'IKK 

npocTpaHCTBa UeHTpa 3KBHnOTeHUHanbHOH C!jlepbl, HaXO,[{IIIJierocJI Ha 

TpaeKTOpHH 3ap11,na B MOMSHT o6pa30BaHMII c!jlepbl. Pa3yMeeTCII, none 3a~ 

pll,na:CQCTOHT H3 MHOlKeCTBa iaKHX.C!jlep~~Pacnpe,neneHHe UeHTpciB c!jlep B 
~- . '. ' :--

npocTpaHCTBe 3a,naeTCII TpaeKTopxeli 3ap11,na, Ho_ycTaHoaxameecH pac-

npe,neneHHe non11 ,nanee ,nBHJKeTcll KaK e,nxHoe uenoe co,cKopocTbJO 3apH-
, . ' I •t 

,na.' llo- BH,[{HMOMy, . BSpHO H o6paTHOe: USHTpbJ' MHOlKSCTBa 3KBHnOT8HUK-

anbHbiX C!jl~p o6pa3yJOT Tp.;_e~TOpH~; npoii,neHHYJO _TO'IS'IHbiM 3apll,llOM 1< MO-

• MeH~Y·· H~6~10,neHHII non11. . 

Onpe,neneHxe ael<TopHoro noTeHUHana ( 1) i3a,naeT HenpoTHBopeqa-

111ee · onbiTY MarHHTHOe none CHCTeM .I{BHlKYIIIHXCII 3apiiAOB .. COBMeCTHO lKe . C 

onpe.neneHHeM (3i) oHo nonHoCTbiO. onpe.nen11eT .3neKTpoMarHHTHoe none 
' . . . .. '• . { 

ABHlKYIIIeroc_H 3ap11,na. B_o.nee Taro, TaHoe none y.noaneTBOplleT _.acex _ypa-

.. BHeHHIIM MaKCBenna H HMeeT !jlH3H'IeCKHH CMbiCn npK n10601i Cl<OpOCTH 3a

pll,na; YpaBHeHHII Mai<cuenna MOlKHO paccMaTpHBaTb KaK MaTeMaTH'IeCKOe . ' - . . 

cne,nCTBHe pacmHpeHHOro npHHUHna fiOiireHca. H3 HKX cne,nyeT, 'ITO ABK-

lKSHHe TO'IS'IHOrO 3ap11,na conpOBOlK,[{aeTCII nOnllpH3aUHeii OKpylKaiOIJiero 

npocTpaHCTBa- IIOIIBneHHSM 06'beMHOH nnoTHOCTH 3ap11,na ·(8) H-nnOTHOC

TH. TOKa (7). 3Ta nonllpH3aUHII 3KpaHHpyeT A~HlKYIIIHHCII TO'IS'IHbiH 3apll,ll, 

3!jl!jleKTHBHall ·· BenH'IHHa '"l<OTOporo npH (J . ;,: 1·- OKa3bJBaeTCII · paBHOJi, Hyn10. 

llocne,llHHH pe3ynbTaT· ,llaeT HHO~, 'ISM cneUHanbHall TeOpHII OTHOCHTenb-· 

HOCTH, 06'bJICHeHHe. npH'IHHbl orpaHH'IeHHOCTH CKOpOCTH 3 aplllKSHHbiX 'lac-:

THU BenH'IHHOH (J < 1, a· COBpeMSHHbiX YCK_DPHTeniiX_. 

._. llpHHUHn fJOiire;Hca • 3acTaBnlleT no- HHOMY • paccMa Tpxsa Tb npo6neMy 

H3ny'leHHII 3neKTpOMarHHTHOH 3HeprHH, T.K. OTBe'laiOJ1188 3TOMY npHHUHny 

co6cTBeHHoe none .llBHlKYIIIerocH TO'Ie'IHoro 3ap11,na acer.na · oKa3biB_aeTCII 

KynOHOBCKHM, He co,neplKaiJIHM BOnHOBbiX. KOMnOHeHT. .finll noHHMaHKII lKe 

npxpo,nbJ H3ny'leHHII HYlKHbl .nononHHTenbHble npe.nnonoJKeHHII. 

B onpaB,IlaHHe npHBO.IlHMbiX 3,1lecb npe.nnonoJKeHHii comneMCII Ha 

X. fJOJireHca: 11 .fiOKa3aTeJlbCTBa,· npHBO,IlHMble B 3TOM TpaKTaTe, OTHIO,Ilb He 
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o6na1laJOT--' TOi lKe 1lOCTOBepHOCTbl0 1 I<al< reoKeTpH'leCI<He 1lOI<a3aTenbCTBa 1 

H 1lalKe BeCbKa' CHnbHO OT --HHX 'OTnH'laJlTCJl 1 ·Tal< I<al<' B· TO BpeKll ~al< 
reOK~Tpbi ,t(OI<a"iJbiBa~T ~BOH np~,.tl~OlKeHHJl C ·naKOIIlbiO ,tlOCTOBepHbiX · H .HeOC,;_ 

. . . . . . ' . 

nopHKbiX npHHUHnoB, B ,tlaHHOK cnyqae npHHUHnbi no~TseplK.tlaJJTCll c noMa-_ 

mbll BbiB01lHKbiX H3 HHX BbiBO.tlOB; npxpo.tla H3y'laeKoro sonpoca He .t~onyc~ 

I<aeT ,, 'lT06bi :no npoxcxo.tlxno- HHa'le. _ Bee lKe npx 3TOK. KozHo ·.tlOCTHr

HYTb · Tai<oii cTeneHH npaB1lOno.tlo6Hll~·' I<oTopall qacTo soace He· ycTynaeT 

nonHoii·, O'leBH.tlHOCTH. 3TO cnyqaeTCJl HKeHHO' TOr.t(a,-· I<Or1la. BelllHi- ,t(OI<a-, 
' -

3aHHble c noHOIIlbll 3THX npe.t~nonaraeKbiX npHHUHnoa, coaepmeHHo.corna-

cyJJTCll. C gi:JneHHJiKH,' o6HapylKHBaeKbiKH Ha OnbiTel oco6eHH0 1 I<Or.tla Ta-, 

I<HX onbiTOB KHoro H -'ITO eme·BalKHee - rnaBHbiK o6pa3oK;· I<Or.tla· oT-, 

I<pbiBallTCJl H :npellBKAHTCJl HOBble JlBneHHII, BbtTei<allmKe K3 'npHKeHR9KbiX 

rKDOT93 
1 

- K OKa3i.ts'aeTC·II-, '·-'ITO, yen eX onbtTa B 3TOK . OTHOmeHKH -COOTB9TC'7: 

TByeT HameKy oiKH.tlaHH~"/ 4 /~ 
Bo3HHI<mKH. B. Ha·qan'e '3Tor'o Bei<a H3BecTHbiii l<pH3KC I<nacCH'l9Cl<OH 

. cjlx3HI<H ~0 c'irx nap He nonyqxn. COOTBBTCTBYJllller'o 'pa3'bliCHeHHII. "AHanH3 

3T~ii CHTyaUHH noi<a3biBaeT, 'ITO H~H60nbmee• paCXOlK1leHHB.K9lK.tlY I<naccH:_ 

'l9CI<Oii TeOpHeii H 3J<CnepKK9HTOK CBII3aHO HKeHHO- C OnHCaHHBK '3nei<tpo

KarHHTHOrO' non11 · To'ie'lHoro 3apR1la; ocHoBaHHbtK lla 3ana3,tlbtBallmHX no~ 
;reHUHanax. H·anpoT.HB, ' Bbt6op ItOTeHuHanOB B COOtBeTCTBHH C pacmxpeH

in,IK' npHHUHnOM' rlliireaca ,tlaeT B03KOlKHOCTb n~cTpOHT~ 'HOBYil b'nei<TPO.tlH

iuiMHI<y,' 6onee TO'lHO .. 'oTBe'lallmyll, no KHBHHJl aBTOpa, · 3I<cnepHKBHTY .' 

ABTOP BblpalKaeT. rny6oKyll np'K3HaTeJJibHOCTb' ai<a:neMHI<Y A.'M. BanAHHY 

3a npeA~CTa~neti~yJ, aoaKOlKHOCTb BblrioriHHTb 3TY pa6oTy. ' 
"•/':'','" 

' . 1' '•• . 

•'.;· . - . ~ ... . ~ "' \.' 
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llpHHHMaeTcSI noAmtcKa ua npenpHHThi, coo6w.eunSI 06neAHHenuoro 

UHCUITyTa SI,l\epHbiX HCCJie,l\OBaHHH H <<KpaTKHe coo6w.eunSI 0115111». 

YcTUHOBJieHa CJie,l\yiOW.aSI CTOHMOCTb DO,l\DHCKH Hal2 MeCSIUeB HU H3,!\UHHSI 

0115111, BKJIIO'lUSI nepeCbiJIKy, no OT,l\eJibHbiM TeMaTnqeCKUM KUTeropHSIM: 

11H,l\eKC TeMaTHKa 

1. 3KCnepnMeHTUJlbHUSI tPit3HKa BblCOKlt)C ::meprHH 

2. TeopeTnqecKaSI ¢n3nKa BbiCOKHX ::mepmit 

3. 3KCnepnMeHTUJlbHUSI HeHTpOHHml tPH3HKa 

4. TeopeTHqecKaSI ¢H3HKa HH3KHX :mepntit 

5. MaTeMaTHKa 

6. 51,1\epHUSI CneKTpOCKODHSI It paAHOXHMHSI 

7. <l>H3HKU TSI)J(eJibiX HOHOB • 

8. KpHoreHHKa 

9. YCKOpHTeJIH 

10. AsToMaTH3UUHSI o6pa6oTKU 3KCnepHMeHTUJibHbiX AHHHbiX 

11. BhlqHCJIHTeJihHaSI MaTeMaTnKa " TexHuKa 

12. XHMHSI 

13. TexHHKa ¢H3HqecKoro 3KcnepnMeHTa 

IJ.eua DO,l\DHCKII 

ua roA 

915 p. 

2470 p. 

365 p. 

735 p. 

460 p. 

275 p. 

185 p. 

90p. 

720 p. 

14. 11cCJieAOBHHHSI TBepAbiX TeJI It )J(ltAKOCTeH Sl,l\epHbiMlt MeTOAaMU 460 p. 

15. 3KcnepuMeHTaJibHUSI tPH3ltKH SII-{epHbiX peaKU.HH 

nplt HH3KHX 3HeprnSIX 

16. }J,03HMeTpHSI It tPH3HKa 3amHTbl 

17. TeopHSI KOH,l\eHCHposammro COCTOSIIHISI 

18. 11CDOJlb30BUHHe pe3yJibTaTOB 

It MeTO,l\08 tPYHAaMeHTaJibHbiX ¢113114eCKHX HCCJieAOBallllH 

B CMe)J(HbiX o6JIUCTSIX HayKn lt- TeXHitKII 

19. BHo¢n3nKa 

<<KpaTKHe coo6w.eHIISI 0115111» (6 BbtnYCKOB) 

llo,l\OHCKU MO)J(eT UblTb o¢opMJieHa c mo6oro MeCSIU.a rol-{a. 

460 p. 

90 p. 

365 p. 

90 p. 

185 p. 

560 p. 

no seeM sonpocaM o¢opMneunSI noAmiCKH CJie,l\yeT oGpaw.aThCSI B ll3Aa

TeJibCKTHii OTAeJI 0115111 i10 aApecy: 14 I 980, r.JJ,yuua, MocKoscKoit oGn(lcm 


