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Abstract: The article is devoted to the development of the classical theory of
electromagnetic fields (EMF) and elimination of "white spots" in the field of electromagnetic
energy and electromagnetic forces. On the basis of the axioms of a four-dimensional vector
potential and current density of the deductive method, the 4-tensors and the equations of
conservation of electromagnetic energy for the system "EMF - 4-current density". The
obtained 4-tensor of the electromagnetic forces, the components of which are determined
by all kinds of static, stationary and dynamic electromagnetic forces, including the forces of
Coulomb, Ampere (Lorentz), Nikolaev. The equations of balance of all the electromagnetic
forces. The obtained 4-tensors and the equations of self-consistent motion of electric
charges, including the wave equation turbulence plasma. Of the 4-tensor of electromagnetic
energy received 4-tensor of mechanical energy-momentum, equation of conservation of
mechanical energy-momentum, canonical relativistic Lagrangian for a free particle, than he
reveals electrodynamics and mechanics. The present work is a theoretical Foundation on
which can be supplemented and refined electrodynamics of material media and plasma

physics.
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AHHOTaumsa. CTtaTbs NOCBsLWEHa pPasBUTUIO KIACCUYECKOW TeOopUM INeKTPOMarHUTHOro
nonsa (OMI1) n ycTpaHeHuto «Oenbix NATEH» B 0bGnactu 3nNeKTPOMarHUTHOW 3SHEeprun u
9NEeKTPOMarHUTHbIX cui. Ha ocHOBE akCMOM O YeTblpeXMEepPHOM BEKTOPHOM MoTeHuuarne v
NNOTHOCTN TOKa OeOYKTUBHbIM METOAOM MOosydeHbl 4-TEeH30pbl U YPaBHEHUSI COXPaHEeHUs
3ANEeKTPOMarHUTHON aHeprun ansa cuctembl «OMI — 4-nnNOTHOCTL TOKay. [NonyyeH 4-TeH30p
9NEKTPOMAarHUTHbIX CWS, KOMMOHEHTbl KOTOPOro OnpeaendlT Bce BuAObl CTaTUYECKUX,
CTaUMOHApPHbIX N OMHAMUYECKUX OSNEKTPOMarHUTHbIX cur, B ToM 4ucrne cun KynoHa,
Amnepa (JlopeHua), Hukonaesa. NonyyeHbl ypaBHeEHNA BanaHca BCeX 3NeKTPOMarHUTHbIX
cun. lNMonyyeHbl 4-TEH30pbl N ypaBHEHUSI CaMOCOrNacoBaHHOIO ABWKEHUS 3NeKTpU4eCcKnx
3apsgoB, B TOM YuCre BOSIHOBOE YpaBHeHWe TypOyrneHTHoCTM nnasmbl. U3 4-TeH3opa
9NEKTPOMarHUTHOM  3HeprumM nosiydyeH 4-TeH30p MeXaHWYeCcKoW 3SHeprum-umnynbcea,
YPaBHEHNA  COXPaHEHWA  MEeXaHW4yeCKOW  3Heprum-umnyrnbca W KaHOHMYecKas
penatMeBucTckas  (pyHkuua JlarpaHxka ana cBoboOAHOW  YacTuubl, 4YemM nokasaHa
HepaspblBHAA CBSA3b 3MEeKTPOAMHaMMKM U MexaHuku. Hactoswaa pabota sasnsetcs
OCHOBaHWEM AN OOMOSHEHUS U YTOYHEHUS JNEKTPOAUHAMUKM MaTepuarnbHbIX cpen u

doM3nKKN Nnasmbl.

KnioueBble croBa: BEKTOP-NOTeHLMarn, NIOTHOCTb TOKA, TEH30P 3MeKTPOMarHUTHOM
3HEeprumn, TEH30pP 3MeKTPOMarHMTHbLIX CUI, BOSTHOBOE ypaBHEHMe TypbyneHTHOCTM nnasmbl,

TEH30pP 3HEepPrMn-nMmnyribea, q)yHKLl,I/IFI J'IarpaH>|<a.
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1 BBegeHue

OCHOBbI COBPEMEHHOMN KMNacCUYeCKON 3NEKTPOANHAMUKMA MOCTPOEHbI UHOYKTUBHBLIM
METOAOM Ha OCHOBe 0000LWEeHUs pes3ynbTaToB OMbITOB, PAa3fNUYHbIX AOMYLEHUSX |
TEOpPEeTUYECKNX KOHCTPYKUMAX, obecnevmBalolnx CBA3b Mexay OTAENbHbIMM YacTaMM
Teopuun. Takon MeToa He NO3BONSAET NMOCTPOUTb 3aKOHYEHHYIO TEOPUI0, rapaHTUPOBAHHYIO
OT HanMunsa B Hel «BenbiX NATEHY.

B cyuwectBylollen anekTpoauHamMuke nNpu  pPacCMOTPEHUM  B3anUMOLEWNCTBUSA
CTaTU4eCKNX anekTpudeckux 3apsaoB, Hanpumep [1 €.61], ucnonb3yeTcs BblpaxeHue

3Heprum aToro B3aumopgencteuss B Buae W =p-@, rae p — MNNOTHOCTb 3apsiioB B

paccmaTtpmBaeMon obracTv NPOCTpPaHCTBa, ¢ — ckandpHbin noteHuman OMI1, obpasyembin
3apsigamMu, BHELWHWMM MO OTHOLWUEHMIO K 3Ton obrnactu npocTtpaHctBa. [lpu aHanuse
B3aMMOLENCTBMA  CTaUMOHapHbIX  anekTpuyecknx TokoB [1  ¢€.86], a3Heprma ux
B3aMMOAENCTBMSA paccmaTpuBaeTcs kak noTteHumanbHas dyHkums —A-J/C  anemeHTa
obbeMHOro Toka, rge A - BEKTOpHbIn noteHuwan 3MI1, a J — nnoTHOCTbL Toka. B atom
BblpaXX€HUM BEKTOPHbIA noTeHuman 3MIT u NNOTHOCTb TOKa MOXHO 3anucatb 4depes

CKOPOCTW OBWKEHUS 3apsiioB UM cTaTudeckyto aHeprto W = p- @ . [pyrummn crnoamu, ata

noteHumManbHass  (YHKUMSI  OMUCbIBAET  SHEpPrui  B3aMMOAEWCTBUSA  CTaUMOHAPHO
ABWXYLLMXCS 3apsigoB.

B cywecTtByowen anekTpoanHammke He paccMaTpuBaeTCA 3HEprust MroTHOCTU
cTaTU4ecKnx 3apsiioB P B MoJfie BEKTOPHOro noTteHuuana A n aHeprusi NioTHOCTM Toka J B
none ckansipHOro noteHuvana @, XoTa BEKTOPHbIN MOTEeHUMan A MOXHO Bblpa3uTb vepes3
CKansapHbIA NOTeHUMan ¢, a NNoTHOCTbL Toka J Yepe3 NNOTHOCTb 3apsaoB p. EctecTBeHHO,
YTO B CYLLECTBYHOLLEN 3NEKTPOANHAMMKE OTCYTCTBYET M ONUCaAHNE 3NEKTPOMArHUTHbLIX CUM,
COOTBETCTBYIOLLMX 3TUM BMAAM SHEPTrMM B3aUMOLENCTBUS.

B oanektpognHamuke cywecTByeT TeopeTudeckaa npobrnema He cobnogeHus
TpeTbero 3akoHa HbloTOHa BO B3aMMOAEWUCTBUSIX HenapannenbHbIX 3MeKTPUYECKNX TOKOB,
YTO yKa3blBaeT Ha HEMOMHOTY TEOPUU, B HACTN ONNCAHUS 3NEKTPOMArHUTHbLIX CUI.

HenonHoTa cywecTBylOWEN 3MNeKTPOAMHAMWUKWA, NPUBOAUT K HEmnosnHoTe U
crneayrowmnx M3 Hee pasgenoB U3NKWU, B YAaCTHOCTU, OM3UKM NNasmbl U NNa3MonogobHbIX
cpeq. B aton obnactm cywecTtByoT npobrnembl OObSCHEHUS SABMEHMA 06pasoBaHus
ropsumMx TOYEK M CaMOOPraHU3YHLNXCA TOKOBO-MMNA3MEHHbIX CTPYKTYp B MNa3MeHHOM
doKyce, CcTaTn4eckon U ANHAMUYECKOW CaMOOpraHu3auun nbifieBon nnasmbl, B YaCTHOCTM
NNasMeHHbIX KPUCTansmoB, U APYrMX aHanornyHbix siBNeHnn. [1o HacTosiwero BpeMeHu He
HangeHo 06BbACHEHME TaKOro NPUPOLHOro 3MEKTPOANHAMUYECKOTO SBMEHUS, KaK LlapoBas

MonHua. Ha ocHoBe cyllecTBylOLWe 3NEKTPOAMHAMWKM  He ydaeTca  onucaTb
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3NEKTPOMarHUTHbIE CUMbl, ANUTENBbHO YAEPXUBAKOLWME ONEKTPOHbl U MOHbI MNnasmMbl B
orpaHnyeHHoOM obbeme WapoBon MONHUK. Bce aTo cBMOETENbCTBYET O CyLLEeCTBOBaHUU B
anekTpoanHamuke «benbix NATeH», a caM hakT roBOPUT O TOM, YTO METOAbl U TEXHUYECKME
CpeAcTBa yaepKaHus nnasmbl, CoO3aHHble Ha 6a3e CyLlecTBYHOLEN SNEKTPOANHAMUKM eLle
Aaneku OT COBEpLUEeHCTBA, MOCKOMbKY He UWCMNOoNb3ykT OeucTByluwmMe B npupoae
domamyeckme NpUHUMUNLI yaepKaHUs niasmbl.

B cBsA3M c Tem, 4TO nnasma HaxoguT LUMPOKOE MPUMEHEHWE B MPOMbILLIIEHHbIX
TEXHOMOIMSX U Ha Hee Bo3naratT bonbline Hagexabl B 06nactu S94epHON 3HEPreTuKM,
YTOYHEHWE 3NEKTPOANHAMUKM NNasmbl UMeeT BONbLUYIO akTyanbHOCTb U MOXET NPUBECTU K
HOBbIM TEXHUYECKUM PELLUEHMSIM U NPOMbILLIIEHHBbIM TEXHONOMMAM, B YaCTHOCTU, PELLUEHNIO
npobnembl 3(PEKTUBHOrO yaepXaHus nnasmbl B OrpaHUYEHHbIX OObeMax C Lenbto
noslyveHust SAepHON SHepruu.

TeopeTnyeckon 6as3on 9INEKTpOOMHAMUKN ABMAKOTCA  ypaBHeHWa Makcsenna,
nepBOHa4YanbHO MOSMyYEHHbIE SMMNUPUMYECKMM MYTEM, W3 KOTOPbLIX CreaywT Bce ee
OCHOBHble BbiBOAbI. B nocneaytowem 6binio ycTaHOBNEHO, YTO ypaBHeHus Makcsenna
Takke cnegywT U3 aHTUCMMMETPUYHOIrO TeH30pa afekTpoMarHUTHoro nons (3MI),
Hanpumep [2 c. 263], KaKk ypaBHEHUSI CBA3N MeXOy KOMMOHEHTaMW 3TOro TeH3opa. JToT
daKkT roBOpUT O BO3MOXHOCTU MOCTPOEHMSI OCHOB 3f1IEKTPOAUHAMUKA YNCTO OEAYKTUBHbBIM
MEeTOLOM, NO3BONALNM N3bexaTb «OenbiX NATEeH».

B pabote [3] Ha oOCHOBEe e€OMHCTBEHHOW aKCMOMbl O CyLWEecTBOBaHMM B

ncesagoesKnnMagoBom NpPoOCTpaHCTBE-BPpEMEHU nonA ANEeKTPpOMarHnTHoOro 4-BeKTop-
noTeHumnana Aﬂ, OeOYKTUBHbIM METOOOM Obinu nostydeHbl OCHOBHbIE MOJI0XEHUA NOSHOM

ANEeKTPOAMHAMMKKM,  BKMKOYawwue  TeH3op  obuwero  Buga, CUMMETPUYHBIA - U
aHTUCUMMETPUYHBIN TeH3opbl OMI1, NOMHYy CUCTEMY YypaBHEHU MOMSA, BKIHOYAOLLYHO
ypaBHeHus MakcBenna W HOBble YpaBHEHUS MOMs, OMNUCBLIBAIOLLYID €ro BpalweHue u
Aecdopmaunio B NcCeBOOEBKNMAOBOM MpocTpaHcTBe MWHKOBCKOrO, M3BECTHblE W HOBblE
BONMHOBble  ypaBHeHuss 3MI1, wun3BecTHble U HOBble 3NEKTPOMArHUTHbIE  CUSbI
B3aMMOAENCTBUS INEKTPUYECKNX 3apsdoB M TOKOB. Takmm obpasom, B pabote [3] C
MOMOLLbIO AeOYKTUBHOIO MeToAda OBHapyXeHbl U yCTpaHeHbl OTAeNbHble «benble NaTHay,
CYyLLIeCTBOBaBLUME B KNACCUYECKOW ANIEKTPOANHAMMUKE, B YACTHOCTU, MOSyYeH U pacCMOTPEH
CUMMETPUYHbIN ~ 4-TeH30op  gedopmaumm  IOMI, onucaHme KOTOponm paHee B
aANeKTpoANHaMMKe OTCYTCTBOBArO, NoslyYeHbl HOBbIE BOSTHOBLIE ypaBHeHUa OMIT n HoBble

9NEeKTpOMarHUTHble Cunbl, CBsA3aHHble ¢ gedopmaumen OMI. BT HOBblE BOSHOBbIE



YPaBHEHNA N HOBblE 3NEKTPOMArHUTHbIE CUMbl CNeaylT M3 CUMMETPUYHOro 4-TeH3opa,
AOMNONHAKLWEro N3BECTHbIM aHTUCUMMETPUYHBLIA TeH30p IMI.

OpHako B pabote [3] nonydeHa TOMbKO YacCTb AMEKTPOMArHUTHBIX CUIT U B HEW He
pacCMOTPEHbI BOMPOCHI 3NEeKTPOMarHUTHOM aSHeprun. HacTosiwaa pabota nocesilleHa
AanbHenwemMy pasBuUTUIO OCHOB 3MIEKTPOANHAMMUKU OeAYKTUBHBIM METOLOM M YCTPaHEHUIO
«6enbIx NATEH» B 006MaCTW 3MEKTPOMArHUTHON 3HEPTrUU U ANEKTPOMArHUTHbIX cun. Llenbto
paboTbl SABNSETCS MNOCTPOEHME TeH30pa ONEeKTPOMAarHUTHOW 3JHEeprum-umnynbca Aans
cucteMbl «OMI — 4-NfIOTHOCTL TOKa» U MNOSTyYEHUS! NMOSTHOM CUCTEMBI AIIEKTPOMArHUTHbIX

cun, cneagywowmnx M3 akCMom O cyulectBoBaHUM B NCeBOOEBKITMOOBOM MNPOCTPaHCTBE-

BPEMEHU Monen 3NeKTPOMarHMTHOro 4-sekTop-noteHumana A, u 4-sektopa MoTHOCTU

TOKa Jy.

[MocKonbKy Cunbl ABASOTCA NPOU3BOAHBIMWU OT SHEPIUKU, TO B HACTosLen paboTe Ha
nepBoM 3Tane noriy4aemMm 4-TeH3op MAOTHOCTU 3NEKTPOMArHUTHOW 3HEPrun And CUCTEMb
«IOMI1 — 4-nNNOTHOCTb TOKa» W cnefywowmne n3 Hero ypaBHEHUA COXpaHEHUs MNIIOTHOCTU
3NEeKTPOMarHMTHON aHeprun. Ha BTopom aTtane u3 4-TeH3opa NSI0THOCTU SNEKTPOMarHUTHOM
S9HeprM nonyvyaem 4-TeH30p TpeTbero paHra MJOTHOCTUM 3NEKTPOMarHUTHbIX curn ans
cucteMmbl «3MI — 4-NNOTHOCTb TOKa», KOMMOHEHTbI KOTOPOro OnNpeaensiioT Bce BuAabl
CTaTU4eCKNX, CTaUMOHAPHbIX U OMHAMUYECKUX 3MEKTPOMarHUTHbIX cun. [anee u3 atoro
TEeH30pa HaxoauM ypaBHeHust 6anaHca nIOTHOCTU 3NEKTPOMAarHUTHbLIX cun. 3aTtew,
pasnoXusB 4-TeH30p MMAOTHOCTU 3MEKTPOMAarHUTHbIX CUM, MNoslyYaeM 4-TeH30p ABMXKEHUS
9NEKTPUYECKUX 3apsa0B U criefytolme U3 Hero ypaBHeHUst 3TUX ABWXeHUN. B 3akntoyeHne
caenaem MexaHW4ecKyr UHTepnpeTaumio TeH30pa MAOTHOCTU ANEKTPOMarHUTHOW 3Hepruu,
TpaHCcHOpPMUPYs ero B 4-TeH30p NNOTHOCTU MEXAHUYECKOW IHEPTUN-UMMYNbCa, N3 KOTOPOro
aBTOMaTUYECKM criedyeT KaHOHWYecKas nHBapuaHTHas pyHkums JlarpaHxa gnsa csobogHom
HEeNnTpanbHOW (He3apshkeHHon) YacTtuubl. [anee, n3 4-teH3opa NAOTHOCTM MEXaHUYECKOM
SHEPrun-nMnynbca nonyyYnM ypaBHEHUSI COXPaHEHUsT MIOTHOCTU MeXaHW4YeCKOW JHeprum-
UMMynNbCa, TEM CaMbIM, MOKaXXeM HEPa3PbIBHYO CBA3b 3NIEKTPOANHAMUKUA N MEXAHUKN.

B HacTodwen paboTe reomeTpuio MNpPOCTPAHCTBA-BPEMEHU MNPUMHMMAEM B BuUAe

nceBOOEBKNMAOBa MpocTpaHcTBa MuHKOBCKOro. Papuyc-BeKTop B 3TOM MpOCTpaHCTBe

nmeeT komnoHeHTel R (ct,i-R). OMI noHumaem kak nomne 4eTbIpeXMEpHOro BeKTOp-

noteHumnana SMIr1 Aﬂ(qo/c,i -A), roe @ n A cKansipHbll U BEKTOPHbIN noteHumans MMM B

€BKNMMAoBOM MPOCTPaHCTBE. NMonaraem, 4TO B NCEBOOEBKINOOBOM NpPOCTpaHCTBE



MWHKOBCKOrO CyLLecTBYeT YeTblpexMepHasi MMOTHOCTb Toka |, =(c-p,i-J), rae p n J

NINOTHOCTU 3apAdoB 1 TOKa NpoBOAMMOCTU B €BKIMMOOBOM MPOCTPaHCTBE.

2 TeH30pbl U ypaBHEHUs1 COXPaHEeHUA 3NIeKTPOMarHUTHOW aHeprum

TeH3op NMIOTHOCTM 3nekTpoMarHWTHoM 3Heprum W, B cucteme «3IMIT - 4-
MAOTHOCTb TOKa» MOMy4YMM Kak TEH30pHOEe MNpPOu3BEdeHNe 4YeTbIpEXMEpPHOro BeKTOop-
noteHunana SMIM A, Ha YeTbipeXMepHYI NNOTHOCTb TOKa |,

p.w Ei.w.‘]x 1i.¢.‘]y li.w“]z
C C c

W =A x| = ICpr _Ax"]x _Ax"]y _Ax"]z (1)
S icoprA —A-], —A-J, —A-,
icop A —A-d, —AG], —A-,

KOMMOHEHTHI TEeH30pa Wuv npencraBndaroT cobon NMOTHOCTb BCEX BO3MOXHbIX BMOOB

9Heprun cBs3nM B cucteme «OMI - 4-nnoTHOCTb Tokay. Kak M3BECTHO, KOMMOHEHTbI 4-
TEH30pa BTOPOro paHra MOXHO NpeAcTaBuUTb B TPEXMEPHOM MPOCTPaHCTBE BMAE cKansipa,
ABYX TPEeXMepHbIX BEKTOPOB U TPEXMEPHOro TeH3opa BToporo paHra. OTcioga cnegytoT
yeTblpe BMAa 3MEKTPOMarHUTHOW aHeprum cBsdm B cucteme «3OMI1 - 4-nfOTHOCTL TOKay,
KaXXQOMYy M3 KOTOPbIX COOTBETCTBYIOT OMNpenerieHHble BUAbl 3MEKTPOMArHUTHbLIX CUIT 3TON
cBA3W. Takoe pasgeneHne Ha uYeTblpe Buaa SHEeprm AoCTaTOYHO YycroBHO. B
YeTbIpEXMEPHOM MPOCTPAHCTBE-BPEMEHN 3TU BUAObI IHEPIUN SABMSKOTCA KOMMOHEHTaMM
€NHOro TeH30pa M CBA3aHbl APYr C APYroM YpaBHEHUSIMU CBA3W.

CnegyeT NOMHMWTb, YTO BbIPaXEHUA ANS NSOTHOCTU 3MEKTPOMArHUTHOM 3SHEpPrumn
3anucaHbl ONd  B3aUMOOEWCTBYIOLWINX SNEKTPUYECKMX 3apsgoB  OAHOro 3Haka. [ns
Noslyd4eHUst  MAOTHOCTU  ONEKTPOMAarHUTHOM  SHeprMm  B3auMOAEWNCTBUS  Mexay
3MEKTPUYECKMMUM 3apsidaMn pasHbiX 3HAKOB B 3TUX BbIPaXXEeHUsIX HEOOXOAMMO M3MEHUTb
3HaKu nepea ¢ unu p.

Buabl anekTpomMarHUTHOW 3HepPrnu:

1) Ckanap nnOTHOCTM 9HEeprun nnOTHOCTM 3apsiga B MONe  CKansdpHoro
noTeHunana:

Wo=p-9

2) BekTop NMOTHOCTM 3MEKTPOMArHUTHONO UMMYNbCa, YMHOXEHHbIN HA CKOPOCTb
cBeTa. OTO BbIpaXEHUEe TakkKe MOXHO TPaKTOBaTb KaK MMOTHOCTb 3HEPrMM MIOTHOCTU
3apsa B Nosie BEKTOPHOro noteHumana:

W,=c-p-A



3) Bektop noToka nMMIOTHOCTM 3NEKTPOMAarHUTHOWM 3HEPrun, [OeSfieHHOM Ha
CKOPOCTb CBeTa. OTO BbIpaXeHWe Takke MOXHO TpakToBaTb KakK MfOTHOCTb 3HEeprum
NSOTHOCTM TOKa B MOfe cKansipHoro noteHuyuana.

szl‘]'(o
Cc
4) TeH30p noToka MMOTHOCTU 3JfEKTPOMArHUTHOMO WMMySibca, €CfM B HEM

3anucatb J=p-V. OTO BblpaXeHMe MOXHO Takke TpakToBaTb KakK TEH30p MSIOTHOCTU
3HEeprumn NroTHOCTM TOKa B MNofie BEKTOPHOro noTeHuumana:

Acde Ay ALY,
W,=-A,*J, =1 A-J, A-J, A-J,
Az‘]x Az‘]y Az‘]z

MnotHoctn aHeprum Wi, W,, W3 MOXHO BbIpa3unTb Yepes MioTHOCTb aHeprun Wo.
MoactaBuB B W; U3BECTHOE BbIpaXXeHWe [Ans BEKTOPHOro noteHuvana A=g¢-V/c?,

nony4vynm:

Wl:C.p.Azc.p.¢.VA/C2 :ﬁ.wo
Cc

roe VA — BEKTOP CKOPOCTU CTOPOHHUX 3apsAadoB, CO34aroLLnX BeKTOprIVI noTeHuuan A B
obnacTtu HaxoxaeHus 3ap4a40B C NMMOTHOCTbLIO P.
Moacrtaesme B W, U3BECTHOE BblpaxxeHne Onga ninoTHOCTU TOKa, NMoJTy4Hnm:

1 1 \Y/
W,==-J.-9p==-p-V, -p=—2.W,
Cc c c

roe V;— BEeKTOp cpeaHen CKOpoCTU 3apsaoB, CO3AatoLWwmnX NNoTHOCTb TokKa J.
MoactaBnB B W3 BblpaXeHUs1 Ansi BEKTOPHOro noTeHumana M MnnoTHOCTM TOKa,

NONy4YUM:

-V 1 1
W3 :_Am >k‘Jn =_¢C—2Am*p'VJn :_C_2¢p(VAm *VJn):_FWO'(VAm *VJn)

Takum 06pa30M, noTeHuunarnbHad O39Heprna MroTHOCTU 3apAadoB B MoJfie CKandpHOro

noteHumana W, sisnsaetcs 6a3oBbiM BUOOM 3MEKTPOMarHMTHoOn aHeprum B cucteme «3MIT -

4-NN0THOCTL TOKa», a oOcCTalibHble BUAbI ABMAKTCA €e AOWHAMUYECKMMU BapuaHTamu,
3aBuncALMMN OT BeJTIMYMHbI CKOPOCTU U HanpaslieHnAa OBWXeHUA 3apAnos. Torga TEeH30p

MAOTHOCTM 3Heprun (1) MOXHO 3anucaTb Yepe3 CKOPOCTU 3apsaoB B BUAE:

1 1
va = C72W0 . (VAu >X<\/.11/) = CTWO -V,uv (2)
c? i-cV, i-cv, i-cV,
raoe V. sV, - i-C-Vy —Vu oV, VoV, -V,-V,|-4-TeH30p cKOpOCTeNn 3apsaos;
uv Au Jv i-c 'VAy _VAy 'VJx _VAy 'VJy _VAy 'VJZ
i'C'VAz _VAz 'VJx _VAz 'VJy _VAz 'VJz



V,.(c,i-V,) - 4-BekTop ckopocTn V,;
V;, (c,i-V,;) - 4-BEKTOp CKOPOCTU V.

TeH30p MMOTHOCTM 3NEKTPOMArHUTHOW aHeprumn (1) MOXXHO OLHO3HAYHO Pa3NOXUTb

Ha CUMMETPUYHBIN 1 aHTUCUMMETPUYHBIA TEH30PbI:

W, =W,

1 1
» oy W E(AF*IV+AV*I#)+E(A”*IV—AV*Iﬂ)

wl =

YpaBHEHUS1 CBSA3M MeXAy KOMMOHEHTaMM 3TUX TEH30pPOB SBMSIOTCS ypaBHEHUSIMU
COXpaHeHWs1 PasfUYHbIX BMAOB MSIOTHOCTU 3MEKTPOMArHUTHOM 3HEpPrnn. ATU ypaBHEHWUS
nonyyuMm, auvddepeHuMpoBaHMeM U CBEPTbIBAHMEM MO  KaXaoMy W3  UMHOEKCOB
NPOU3BOAHBLIX TEH30pa 3Heprun (1) M TEH30POB €ro pPasfioXeHUs Ha CUMMETPUYHLIA U
AHTUCMMMETPUYHBIN TEH30PbI.

N3 TeH3opa nNnoTHoCTM 3Heprum (1) cnedyloT  ypaBHEHUSI  COXpaHEHWUs

SJ'IeKTpOMaFHI/ITH017I SHEeprmn:
1 1
C—zat(co-p)=—V(p-A) 3) Eﬁt((p-3)=—Vm(Am*Jn) (4)

O (p-p)=-V(p-J) (5) C-0(p-A) ==V, (A, *J,) (6)

N3 ypaBHeHun (3) u (5) cnenyeT ypaBHeHMe H6anaHca nNioTHOCTU 3NEKTPOMAarHUTHOMO

uMmnynbca:
1
—2¢-‘] :p-A
C
N3 CUMMETPUYHOIo TeH3opa NMNIoTHOCTUN 3HEPTUN.
200 iCod,+0pA) i-Cod,+cpA) i-Cod +cp-A)
C C c (7)
1 1 it 4cp-A) —2A, -, (A3, +A-0) —(Ad +A D))
Ww,)zg(A#*I‘,+A‘,*I”)=E. i
(ol vepA) —(ACD HA D) ~2A,-3, ~(A, -3, +A, )
i-(%(o-JZJrC-p-AZ) -(A -3, +A-T) —(A, -3, +A,-J) -2A, -3,
cnenyoT YypaBHEHNS COXPAHEHWS 3MEKTPOMAarHUTHOWM SHeprum:
1 1
ZE@t(p-¢)+V-(E¢-J+C-p-A)=0 (8)
1.1
J0C P I4epA)+20,(A,3,)+V D=0 )
C

rie  V®D=(9,D,+0,D,),+(0,D, +2,D,), +(3,D, +2,D,),

D=A®J:(Az'Jy+Ay"Jz)x+(AA"Jz+Az"]x)y+(A<"Jy+Ay"Jx)z

N3 AHTUCUMMETPUYHOIo TeH30pa NITIOTHOCTUN SHEPTUn.



0 i-(%(p-\]xfc-/mAx) i-(%go-Jyfc-p-Ay) i-(%ga-J;c-pAz) (10)

A
1 1 —i-(=p-J,—-Cc-p-A) 0 A, A, -A ), +A -,
Wy =5 (A, 51 -A s )=o)
—i-(g(p‘Jyfc-p-Ay) Ay A, 0 =A - J, +A -],
.1
SCod e A) A A, A, -A, -7, 0

cnenywT ypaBHEHUA COXpaHEeHUA SJ'IeKTpOMaFHVITHOI7I QHEepPrnn.

V-(—%go-J+c-p-A):O (11)
1.1
Z0,(Cp-Jd—c-p-A)-=Vx(AxJ)=0 (12)
C C

N3 TeH3opa (1) cnegoyetr oO4YeBMAHLIA YEeTbIPEXMEPHbLIA WMHBAPUAHT MIOTHOCTH
3M1IEKTPOMarHUTHOM aHeprum B cucteme «AMIT - 4-NAOTHOCTb TOKay:
l=¢p-p—A-J
OTOT MHBapuaHT npeacrtaBnder cobon u3BeCTHY 0600LEeHHY0 MAOTHOCTL 3HEepruu
3M1IEKTPOMAarHUTHOro B3ammogencTema. llepengs K CKOPOCTAM ABWKEHUSA 3apsidoB 9TOT
WHBapWaHT MOXHO 3anucaTtb B BUAE:

V, -V
l =¢>~p-(1—%)=Wo~(l—

V, -ZVJ)
c
Mockonbky NPON3BOLAHBLIMU 3NEKTPOMArHUTHON aHeprnm ABNSAOTCA
3NEeKTPOMarH1THble cunbl, To ypaBHeHus (3)-(6), (8), (9), (11), (12) MOXHO Takke cuuTaTb
ypaBHeHuAMM GanaHca NAOTHOCTU  SMEKTPOMAarHUTHbIX CUM. ONEeKTPOMarHUTHbIE CUnbl
OyayT paccMmoTpeHbl B crnegywwen rnaeBe. IOTU  3MEKTPOMarHUTHbIE CUMbl, KakK U
SMNeKTpoMarHuTHasa aHeprus, OyayT 3anucaHbl NS B3aMMOAEWCTBYHOLNX 3MEKTPUYECKNX

3apsiAoB OOHOrO 3Haka. [ns Mofy4YeHUs 3NeKTPOMAarHUTHbIX CUI, OENCTBYIOLWMX Mexay

ANEeKTpn4eCKMMmn 3apagamm pa3HoOro 3Haka HeobXoANMO U3MEHUTb 3HaK nepean ¢ Unu p.

3 TeH30p M NonHasa cucTtema 3NEeKTPOMarHUTHbIX CUN

TeH30p NMOTHOCTM 3NEKTPOMAarHUTHbIX cun S, -, AeUCTByOWMX B cucteme «3IMIT -
4-NNOTHOCTb TOKa», MOMy4YnMM B Buae npomssoaHon 0, (0/cot,0/i-0x,) TeHsopa NNoTHOCTM
3NeKTpoMarHUTHom aHeprum (1):

C
icopA —A-J —A-J. —A-J (13)
Syw =0,W,, =0, (A, *1,)=01CP A Iy -, o J,

" icop-A —AJ, —A-J, —A -
icopA A, Al —A-,

TeH30p NMNOTHOCTM 3neKTpoMarHuTHbIX cun (13) aBnseTcs 4-TEH30pOM TPETLEro paHra u

nmeetr 64 KomnoHeHTa. KOMMOHEHTbl 3TOro0 TeH30opa SABMNAKTCA KOMMOHEHTaMWU BCEX
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BO3MOXHbIX BUOOB NSIOTHOCTU ANIEKTPOMArHUTHbIX CUA, AEUCTBYOLWMX B cucteme «IOMIT - 4-
NMOTHOCTb TOKay.

PasgeneHne 3nekTpoOMarHUTHbIX CWUT Ha CaMOCTOSATElNbHble BUAbl OOCTAaTO4YHO
YCIOBHO. B y4eTblpexmepHOM MpOCTPaHCTBE-BPEMEHU BCE BUAbl 3NEKTPOMarHUTHbLIX CUI
ABMAIOTCA KOMMOHEHTaMM eguHOro TeHsopa (13) u cBdA3aHbl Apyr C APYroM ypaBHEHUAMMU
CBA3MW, T.€. NPeAcTaBnalnT cobon OAHY YETbIPEXMEPHYK TEH3OPHYH 3NIEKTPOMArHUTHYHO
cuny, uMeroLLyto 64 KOMMNOHeHTa.

[na nydwero npeacraBneHus, 3anuwemM 3T KOMMOHEHTbl B BUAE CUMBOJSIMYECKUX

CYMM MPOM3BOAHBIX OT PasnunyblX BUAOB 3NEKTPOMAarHUTHOWM SHEPTUN:

1 1 . .
Pl=8”(p-¢)=5¢~6tp+gp~8t¢>—l-¢-Vp—l~p~V¢>
P,=0,(i-c-p-A)=i-A-0p+i-p- 0 A+C-A-Vp+C-p-V-A
P, =8,7(i1\]‘(p)=ii2J~6tgo+ii2¢)~8tJ +EJ-V§D+E(D'V'J

c c c c c

P, =0,(-A-J)=—2(0,A)- I L A-0+i-(V-A)-J+i-A- V-]
C C

R=0,-A,®J,) :—%Q(Am ®J,)+1-0,(A,®J,)

roe Am ®‘Jn Z(Az "]y+Ay'Jz)x+(A<'Jz +Az "Jx)y+(AA"]y+Ay"Jx)z
k, m, n:(X, Y, Z) — KOopAunHaTbl TpexXMepHOro eBKnmnagoBa NpocTpaHCcTBa.

Takum obpasom, 64 KOMMOHEHTa TeH3opa MIIOTHOCTM AMEKTPOMArHUTHBLIX CUM S, MOXHO

n

npegcraButb B BUAE 20 Bugos ANIEKTPOMArHUTHbIX CUI Sl S, » 3anucaHHbIX AN

TPEXMEPHOrO eBKNMAoBa NPOCTPaHCTBA U CBeAEHHbIX B Tabnuuy:

aﬂeKTpOMarHMTHble CuUnbl
D,I/IHaMI/ILIeCKVIe ANEKTPOMArHnTHbIe CUsbl CTaLI,I/IOHaprle ANEKTPOMarHnUTHbIE CUJIbI
1 1 S - — V S =— -V
Sl:;(p.atp Szzzp'at(o 3 Q-vp 4 PV
S =A-0,p S¢=p 0A S;,=c-A-Vp Sg=Cc-p-V-A
1 1 1 1
89=C_2‘]'at§0 Slo:CT¢'atJ Sllng’v§0 812=E¢-V-J
Slsz_l(atA)’J 814:—1A-8t.] %= (VA S =AY
C C
S17 :_E(atAm)@)‘Jn S18 :_lAm®(at‘]n) 819 :(akAm)®Jn SZO :Am®(akJn)
C C

OnekTpomarHuTHele cunbl S, -

[AENCTBYIOLNX B TPEXMEPHOM MPOCTPaAHCTBE Ha 3apsiibl U TOKM B MOMe CKamnsipHoOro ¢ u

S,, NpeAcTaBnsoT coboi MOMHyl cucTemy cun,




BEKTOPHOrO A noTeHumanoe OMI1. OnekTpomMarHUTHblE CUNbl MOXHO pasgenuTb Ha
AVHaMWYEeCKMe CUmbl, B KOTOPbIX MPUCYTCTBYIOT NPOU3BOAHbLIE MO BPEMEHW NOTeHLUManoB
OMI1, nnoTHOCTK 3apsiaa UM MAOTHOCTU TOKa U CTaLMOHapHbIE CUMbl, TOe 3TU BENUYMHbI
MOCTOSIHHbI BO BPEMEHMW.

B HacTosiLee BpeMsi B 3M1eKTPOANHAMMKE OCHOBHYIO POSib UrpatoT cTaTuyeckas cuna

KynoHa S,, ctaunoHapHas cuna Amnepa (flopeHua) S,, 1 anHammyeckas cuna Kynowa S,

BO3HUKalOLIAs B SIBNEHMSX 3MeKTPOMarHUTHoOM uHaykumm dapapgesi. K n3BecTHbIM cunam

MOXHO OTHECTU Takxke cTaumoHapHyto cuny Hukonaesa [4] S, , XOTS OHa elle He nonyyuna

BceoOLlero NPU3HaHNA MU3-3a €e HegoCTaTO4YHOro TeopeTUn4ecKoro obocHoBaHusA. 3gech

cneayet OTMETUTb, YTO CTaUuMOHaApPHbIE CUIlbl AMHepa Slg n Hukonaesa 815, ABNAKOTCA

KOMMOHEHTAaMW OOHOW CTaUMOHApPHOW TPEXMEPHOW TeH30pHOM cunbl. OcTanbHble
9NEeKTPOMarHUTHble CUMbl B 3NeKTpoAuHamMuKe (aKTUYEeCKM HEU3BEeCTHbl U, npwu
paccMoTpeHun 3agad B3ammogenctena SMI n BellecTBa, HE NPUMEHSAIOTCS, CO BCEMMU
BbITEKalLMMmM OTcloga oTpuuaTenbHbIMU NOCNeACTBUAMU A1151 TEOPUN N NPAKTUKN.

bonbluon npakTM4yecknn MHTepec NpeacTaBnAlT guHaMUYeckue cunbl S; n S,
3aBUCALLME OT CKOPOCTU MU3MEHEHUSI CKaNsApHOro noTteHumana M nioTHOCTM 3apsaoB BO
BpemMeHu. M3 BblpaxeHnn Ons 3TUX CUM criegyeT, YTo Mpu BO3pacTaHUM CKanspHoOro
noTeHumana v nNrAOTHOCTU 3apsgoB BO BPEMEHW B HEKOTOpoM obracTu npocTpaHcTBa C
9NEKTPUYECKUMM 3apsaamMmn NOSBIIAITCA CUIbl OO bEMHOIO CXaTusl, HanpaBrieHHbIe NPOTUB
penctena  cun  KynoHa. O™ cunbl  nposBnAwT cebss B BbICOKOOMHAMMUYHbIX
ANEeKTPOMarHUTHbIX npoueccax, Tuna nnasmeHHoro ¢okyca. Npumepom mx nposiBreHus
ABMAKOTCA anekTpoaMHamuyeckme adpdekTsl, Habngaemble B BUAe caMOyCUnnBarLerocs
KYMYNSTMBHOIMO  npouecca B3pbIBHOTO OOBLEMHOro cCXatus marepvana MULLEeHU [0
CBEPXNSIOTHOCTEN NPU BO3AENCTBUM HA MULIEHb WMMYNbCHOMO 3fEKTPOHHOIO ny4dKa
anuTenbHocTblo 10 cekyHabl [5], a 3aTeM B3pbIBHOTO pa3pyLUEHWst MULIEHW nocne
OKOHYaHWUA OENCTBUSA ANEKTPOHHOIO UMMysbCa.

s TeHsopa S,, creayloT TpU TEH3OPHbLIX ypaBHeHWs GanaHca MNnoTHOCTK

ONEKTPOMarHMTHbIX CUIT:

1) 0"0"S,,, =0 2) 0"0"S,,, =0 3) 0“0"S,,, =0

B rmaee 2 nonyyeHbl ypaBHEHNSA COXPAHEHUS NITIOTHOCTU ANEKTPOMAarHUTHOW SHEpPrnm
(3)-(6), (8), (9), (11), (12), koTOpPbLIE TAaKKe MOXHO 3anucaTb B BuAe ypaBHeHUW GanaHca
NNOTHOCTU 3NEKTPOMArHUTHbIX cur. Hanpumep, n3 ypaBHEHUSI COXpPaHEHUS MIOTHOCTU

3Heprum (3) cneayeT ypaBHeHMe H6anaHca NAOTHOCTM 3MEeKTPOMarHUTHbIX CUI:
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%¢-8tp+%p-6t(p:—C-A-Vp—C-p-V-A mnn S, +S,+S,+S;,=0

AHanorMyHo MOXHO 3anucaTb ypaBHeHMst H6anaHca MAOTHOCTM 3NEKTPOMArHUTHbLIX CUM n
AN OCTanbHbIX YpaBHEHUN coxpaHeHunsa aHeprum (4)-(6), (8), (9), (11), (12), noacrtasmB B
HUX BbIPaXXEHUS ANs SNEeKTPOMarHUTHbIX CUn U3 Tabnuupbl.

B rmaBe 2 nokasaHo (2), 4To BCe BMAbI 3NIEKTPOMAarHMTHOMN SHEPIUN CBA3M B CUCTEME
«OMI1 - 4-nnNOTHOCTb TOKa», MOXHO NpPeAcTaBuUTb 4Yepe3 MIIOTHOCTb MOTEHUNANbHON

SHeprMn W, = p- ¢, CKOPOCTU VA CTOPOHHMX 3apsaoB, CO3AaOLLMX BEKTOPHBIN NOTEHLMan
A 1 ckopocTu V; 3apsiioB, co3gatolux NnoTHOCTb Toka J. M3 aToro crnegyeT, YTo U Bce

BUAbl 3NMEKTPOMArHUTHbIX CUI Sry,uv MOXHO npeacraButs B BuUAe I'IpOVI3BO,EI,HOl7I

0,(0/cot,01i-0x,) npomsseneHMs NMOTHOCTM NOTEHLMANbHOWM 3NEKTPOMAarHUTHON 3HepPrum

W, Ha 4-TeH3op V,, ckopocTen ABWKEHNS 3NeKTpUYecKnx 3apsaos Va u Vi

\4

1 1 1

SI],UV = a?]W,uv = ar] (C_ZWO : Vyv) = C_za)y (p ' ¢)) * V;tv + C_2 (p ' ¢) ' ar]Vyv (14)

rae v, =V,,*V,, - 4-TEeH30p CKOpOCTe ABMXEHUS SIIEKTPUYECKUX 3apsifoB;
0,(p-9)=0,(p-p)+i-V(p-¢) - 4-BEKTOP MNOTHOCTN SMEKTPOMArHUTHBIX CUTI.

B BbipaxkeHne Ans MNNOTHOCTU 3MEKTPOMarHUTHbIX cun  (14) BXoauT 4-TeH30p

TPETbEro paHra 4YeTblpexmMepHbIX yCKOpeHI/II7I ANEeKTPU4ECKUX 3apAaoB 8”VW. Ha ocHoBaHun

BblpaxxeHus (14) BCe aneKkTpoMarHUTHbIE CUMbl MOXHO pas3fenutb Ha ase rpynnbl. Cunbl
B3aMMOOENCTBNA  3apsafoB, OBWXKYLUMXCA C  MOCTOSHHOM  CKOPOCTbIO W CUSbI
B3aUMOAENCTBUS 3apsaoB ABMXKYLLMXCS C YCKOPEHUEM.

TeH30p MNOTHOCTU ANeKTpoMarHuUTHbIX cun (13) MOXHO Takke 3anucaTb B BuAe

CYyMMbI NPON3BOAHbIX BEKTOP-NOTEHUMaa 877A# N 4-NNOTHOCTK TOKa 6”IV:
Snyv = al]Wyv = ar] (Ay * Iv) = (ar]Ay) * I v +A,u * (aqlv) (15)

M3 aTon 3anncu TeH3opa NNOTHOCTU SNEKTPOMAarHUTHbIX CUM crieyeT, YTO BCEe CUITbl MOXHO
pasgenuTb Ha [ABe rpynnbl, COOTBETCTBYWOLIME ABYM criaraeMbiM BblpaxeHusa (15). B
nepByto rpynny BXOAST CUMbl, CBA3aHHbIE C u3MeHeHnem OMI1, npy NOCTOAHHOM NIIOTHOCTH

Toka |,, @ BO BTOPYIO rpynny BXOAAT CUIbl, CBA3aHHbIE C U3MEHEHNEM 4-NIOTHOCTU TOKa,
Npy  MOCTOSIHHOM  BekTop-noTeHunane A . B 3anucu (15) TeHsopa nnoTHOCTM
SMIEKTPOMArHMTHbIX cun S, BCce BuAbl U3MeHeHusi OMI oTpaxeHbl B Buae 4-TeH3opa
obulero Buaa o,A, YeTbipexmepHbix AswxkeHun IMI [3 ¢.3], rae noa aswxeHuamn SMIM

noHUMatoTcs nobble nameHeHns AMI1 BoO BpeMeHM U NPOCTPaHCTBE:
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1 1. 1. 1.
S0 JP0A oA ZiaA

thz

c
1 (16)
~Ziap  0A, 0,A O,A
Fu=0A,= 1§
—Cie 0,A 0,A A
1
—Jie A 0A L 0A

Torga nepByto Tpynny SMeKTPOMAarHUTHBIX CWUI, BXOASLWMX B BblpaxeHue (15), MOXHO

3aruncaTtb B BMae TeH30PHOIo npon3sBegeHnA.
1 1. 1. 1

SO0 OA i0A i0A

1.

~Zicap  0A 0A A 17
Slqpv:(arlAy)*lv: E *Iv ( )

—iae 0A 0A OA

1.

—E|'82§0 azAz asz azAz

YacTb anekTpoOMarHUTHbLIX CUIT 3TOW rpynnbl nonydeHa B pabote [3 ¢.11].

B BbipaxeHun (15) Bce BMAbI N3MEHEHMA MNIMOTHOCTU TOKa |, OoTpaxeHbl B BuAe 4-
TeH3opa obuwero Buaa o,l,. BTopyto rpynny anekTpOMarHUTHbIX CWA, BXOOSALWWUX B

BblpaxeHne (15), MO>XHO 3anncaTtb B BUAe TEH30PHOIo npon3seaeHnA:

.1 .1 .1
.atp |-Eath |-Ec’3tJy |-Eat;lZ
SZWV :A#*(aql‘/):A#* _!'C'axp ax‘]x ax‘]y a><‘:|z (18)
—iccap 03, 83, 9,3,
—icco,p 0,3, 83, 8,9,

TeH30p 8,,IV n cnegywumne n3 Hero ypaBHeHUdA OBUXKEHUA 3NTEKTPUHECKUX 3apAnoB

OyayT paccMOTpPEHbI B crieaytoLLent rnase.

4 TeH30pbl U YPaBHEHUSA OBMXKEHUA INIEKTPUYECKUX 3apaaoB

B obwem cnyyae ABMXKEHME INEKTPUYECKMX 3apsigoB OOyCnoBreHO AENCTBMEM Ha
HUX 3NEKTPOMAarHUTHbIX CUN co cTopoHbl OMI, cywecTBytowero B 065actn HaxoXxgeHus
3apsigos. Npu oTcyTCTBMM B paccMmaTtpmBaemon obnactn npoctpaHcTsa BHewHero MM, HO
MpW HanMynMM B HEW 3NEKTPUYECKMX 3apsaoB, ocTaeTcs BHyTpeHHee OMIN, cospaBaemoe
camMmmun 3apsgamu, Haxogdwmmuca B 3ToM obnactu npoctpaHcTBa. B atom cnydvae
cBoboOgHOE CaMOCOrnacoBaHHOE [OBWXKEHME 3NIEKTPUYECKUX 3apsgoB  00yCcroBrEHO
KONMEKTMBHbLIM B3aMMoLeNCTBMEM 3apsoB Mexay coborn nocpeactsom SMI.

Bce cunbl, gencteyloliMe Ha anekTpuyeckue 3apsiabl M TOKW, OnpenensoTcs

TEH30POM 3JTEKTPOMArHUTHbIX CUJ S NO3TOMY 3TOT TEH30p onpenendeTt Bce OBMXEHUA

nuv ?
3apsgoB. Hanbonee ABHO 9TO oTpaxaeT BblpaxeHue (14), B KOTOpoe BXOAWUT 4-TEH30p

ckopocTen 3apsgoB. Kak Y€ TOBOpUNIOCb paHee, 3TO BblpaXXeHune 3anncaHo Aand
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B3aMMOeNCcTBUSA 3apsa0B OHOro 3Haka. [1ns onnucaHus B3anmoaencTBus 3apsaoB pasHbIX

3HaKoOB B 3TOM BblIpaXXeHUn HeobXxoANMO U3MEHUTb 3HAK Ha I'IpOTVIBOI'IOJ'IO)KHbIVI:

1 1 1
S =0y W ==0,(GWo V) ==50,(p-0)*V,., = 5 (0-0)-0,V,,
[ns kBasnHenTpanbHOW nnasmMbl, B KOTOPOW HaXOAUTCA paBHOE KONMWYeCTBO 3apsiaos
pas3Horo 3Haka, 4enCTByeT MMEHHO 3TO BblpaXeHue.

3amMeHnB B TEH30PHbIX ypaBHEHMAX BanaHca NOTHOCTU SNEKTPOMArHUTHbIX CUI
1) 0"0"S,,, =0 2) 0"0"S,,, =0 3) 0“0"S,,, =0
BEKTOPHbIA MNOTEHUMan u MAOTHOCTb TOKa 4epe3 CKOPOCTU [OBWXKeHUA Va 3apsaos,
CO3aloLLMX BEKTOPHBIN NoTeHuMan A 1 ckopocTb V; 3aps40B, CO3A4atoLmnx NioTHOCTb TOKa
J, 3TN ypaBHEHNS MOXXHO paccMaTpuBaTh U Kak ypaBHEHUS CaMOCOrIaCOBaHHOMO ABUXKEHUSA
3NEKTPUYECKUX 3apsaoB.

B rnaBe 3 nony4eHbl ypaBHEHUSA COXPaHEHUS NIIOTHOCTU 3NEKTPOMArHUTHOM 3HEPrnm
(3)-(6), (8), (9), (11), (12). TlockonbKy NPOM3BOAHBLIMU 3INIEKTPOMArHUTHON 3HEPruu
ABNAOTCA 3NIEKTPOMArHUTHbIE CUMbl, TO 3TU YPaBHEHUA TakKe MOXHO paccMaTpuBaTb Kak
YacTHble YypaBHeHMs ©GanaHca nNMOTHOCTM  3NEKTPOMarHUTHbIX cun. Ecnn B 3TuX
ypaBHEHUAX 3aMEHUTb NSIOTHOCTb TOKA M BEKTOPHLIN MNOTEHLMan Yepe3 CKOpOCTU 3apsaos,
TO 9TW YypaBHEHUS TaKkKe MOXHO paccMatpuBaTb Kak YacCTHble YpaBHEHUS
CaMOCOrfiacoBaHHOIO [OBWXXEHUS 3rekTpudecknx 3apsgoB. Torga ypasHeHusa (3) u ()
MOXHO 3anucaTb B BUAE:

o(p-p)+V(p-9-V,)=0 O(p-p)+V(p-p-V,)=0
N3 aTnx ypaBHeHUn criegyet, 4to Va = V; = V. Toraga ypaBHeHus (4) n (6) MOXHO 3anmcaTb
B BUAE OAHOr0 YpaBHEHUS:
Olp-p-V)+V  (p-p-V,*V,)=0 (21)
YpaBHeHus (3), (5) u (8) Takke MOXHO 3anucaTtb B BUAE OOHOMO YpaBHEHUS:
o(p-p)+V-(p-p-V)=0 (22)
YpaBHeHune (9) ToXOecTBeHHO ypaBHeHuto (21). YpaBHeHus (11) n (12) obpaisatotca B
Toxaectsa 0=0. Takum obpa3om, U3 ypaBHEHU COXPaHEHUs MIOTHOCTU 3Heprun (4)-(6),
(8), (9), (11), (12) cnenyT ypaBHEHUSI CaMOCOIIaCOBaHHOIO ABWMXEHUS 3NEKTPUYECKNX
3apsagos (21) n (22).

Kpome aBmMxXeHMs 3apsgoB, ONUCbIBAEMbIX  ypaBHenusmn  (21) un (22) wu
00yCnOBMEHHbIX ANEKTPOMArHUTHbIM B3aUMOAENCTBMEM 3apSA0B, CYLLECTBYIOT ABMXEHMS,
00ycrnoBneHHble U3MKON YETbIPEXMEPHOIrO MNPOCTPaHCTBA-BPEMEHU. Takve [OBUXKEHUSN

OonncbIBardTCA TEH30pPOM [OBWXEHUA OINEeKTpU4YeCKnx 3apAanoB Tnvzaﬂlv, cTtodwmmMm B
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BblpaxkeHun (18). IToT TeHsop mnonyuum audpcpepeHumposanem 0, (0/cot,0/i-0x,)
KOBapWaHTHOro 4-BekTopa NII0THOCTW Toka |, =(c- p,i-J). TeH3op T, MOXHO NpeacTaBUTb

B Bnge CyMmmbl CMMMETPUYHOIO N aHTUCUMMETPUYHOIO TEH3OPOB:

1

1
T, =0l +T[,]V]=§(8,7Iv+8VI”)+E(8,]IV—8VI”)

nv n v =

T

(nv)

CVIMMGTpI/I‘-IHbIVI TEH30p ABWXEHUNA IJNEKTPUHECKNX 3apAaAaoB B MAaTPUHHOM npeacraBiieHnn

nMmeetT Buna:
.1 1 1
Zalp I'(Eat‘]x_c'axp) I'(Eat‘]y_c'ayp) I'(Eat‘]z_c‘azp) 23
1 1 i~(£ath—Cv6xp) 20,J, 0,3, +0,3,) 0,3,+8,3,) (23)
T(m') :E(aq‘Jv +av‘]77) :E' . i
(00, -c0,0)  (0,9,+9,3,) 20,3, 0,9,+8,,)
i~(%5(JZ—C~aZp) (0,3,+0,3,) (0,3,+0,3,) 20,J,

AHTUCUMMETPUYHbIA  TEH30p ABWKEHUS  3NEeKTPUYECKUX 3apsgoB B MaTPUYHOM

npegcrasneHnn nmeet Buna:

1 1 1
0 |-(Eath+c~6xp) |~(Ea[Jy+c~oyp) |~(Ea[JZ+c~azp) (24)
1 1 _i'(lal‘lx+c'axp) 0 (ax‘]y_ay‘Jx) (ax‘]z_az‘]x)
T[UV]ZE(an‘]v_aan)ZE' . E
(20, 0:0,0)  =(0,,-0,9,) 0 ©,3,-0,3,)
SO te0p)  —(0.0,-0.0)  -(0,0,-2.0,) 0

YpaBHEHUSI [OBWXEHWUSI JNEKTPUYECKUX 3apsaoB MOMyYMM, CBEPHYB MO KaXaoMy U3

WHAEKCOB MNPOU3BOAHbIE TeH3opa T, M TEH30pOB €ero pasnoxeHus (23) u (24). O

OBWXEHNA OOJDKHbI ObITb cornacoBaHbl C OBWXeHnamMun, onpeagendemMbiMn ypaBHEHUAMU
(21) n (22).

M3 TeHsopa T,, creayroT ypaBHEHUs ABWKEHNSA 3IIEKTPUYECKNX 3apaoB:

Clzﬁnp—Ap:O (25) Ciz@nJ—AJzo (26)
0,(0,p+V-J3)=0 (27) V(©,p+V-3)=0 (28)
N3 cummeTpuyHOro TeHsopa (23) crneayroT YpaBHEHWUS OBWKEHUS 3NEeKTPUHEecKuX
3apaos:
1 1
2=0yp+=0V-J-Cc-Ap=0 (29)
c c
1
C—zénJ—V(V-J)—AJ—ﬁth:O (30)

N3  aHTUcMMMeTpuYHOro TeH3opa (24) cnegylT  YpaBHEHUS  [ABWXKEHUS

ONEKTPHNYEeCKNX 3apAaaoB.
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—Cizatv-J—Ap=o (31)

C%GRJ+8th+VxVxJ:O (32)

YpaBHEHUSI COXpPaHEHUA SneKTpoMarHUTHom aHeprum (21), (22) n ypaBHeHus
aBmxkeHus (25) — (32) aABNAKTCA MOSIHOM CUCTEMOW YypaBHEHUK CBOOOAHOrO ABMXKEHUS
ANEKTPUYECKMX 3apsaoB. YpaBHeHusa (25) n (26) aBnATCS BOSHOBLIMW ypPaBHEHUSMMN
NMNOTHOCTU 3apsga W NIIOTHOCTU Toka. YpaBHeHus (27) u (28) aBNAOTCA ypaBHEHUSMU
HenpepbIBHOCTM NSIOTHOCTU TOKa. YpaBHeHue (30) aBnaeTcs 3neKTpoOMarHMTHbIM aHanorom
ypaBHEHNA OBWXeHUss obliero Buaa M3OTPOMHOW YyNpyron cpenpbl [6 c.125],
ONUCbIBaIOLLIEr0 pacnpoCTpPaHEHNE MEeXaHUYEeCKMX BOSIH B CXMUMaeMbIX NIMHENHO-YNPYrnx
N30TPOMHbLIX TBEPAbLIX U XUOKNX cpefax. YpaBHeHune (30) MOXHO 3anucaTb B BUAe:

18 J-VxVxJ-2AJ=-0,Vp (33)
C2 t t
OTO ypaBHEHME OnuCbiBaeT BUXPEBble BOSMHOBbLIE [ABWXEHUA 3apsgoB B nNnasme u
nnasmonogobHbIX cpefax, B 4aCTHOCTWU, BOSMHbI nna3MeHHon TypbyrneHTHocTu. U3 aTtoro
ypaBHEHUA Takke criegyeT BO3MOXHOCTb 06pa3oBaHus MMAasMeHHbIX CTauuoHapHbIX
YCTOMYMBbLIX BUXPEBbLIX CTPYKTYP.

B HacToswee Bpems B (pmsnke nnasmbl NPUMEHSIETCA B OCHOBHOM CTaTUCTUYECKUI
noaxon K ONUCaHUI0 OABUMXEHUS 3apsbKeHHbIX YacTuy. YpasHeHus (21) — (22) n (25) — (32)
ABNATCA AeTepMUHNPOBAHHON cucTemom KMHEMaTUYeCKNX ypaBHEHUN

caMocCoriiacoBaHHOIo ABMXeHnA 3apsa>XeHHbIX Yactul,.

5 TeH30p U ypaBHEHUS COXPaHEHUS MeXaHU4YeCKOW SHeprum-umMnynbca

TeH30py NIIOTHOCTU 3MEKTPOMArHUTHOM 3HEPrMM (2) MOXHO OaTb MeXaHW4eCKyr
WHTepnpeTaumio. OTOT TEH30p 3anMcaH ANs B3aMMOOENCTBUSA 3apsgoB OOHOMO 3Haka,
NO3TOMY @ N P UMEKT OOUHAKOBbIE 3HAKWN. B HEeMTpanbHOM He3apsKeHHOM MaTepuanbHOM
Tene wunu CrnoWHON cpefe COOEepXUTCH paBHOE KONMMYECTBO 3apsidoB pas3HOro 3Haka,
TOrA4a B BbIPaXEHUSX ON1S 9NEKTPOMarHUTHON 3Heprum HeobxoauMOo NNOTHOCTb 3apsaoB U
CKanspHbIA NoTeHuman 6paTb C pasHbiMW 3Hakamu, MOCKONbKY 3apsgbl OOHOrO 3Haka
HaxXOOATCA B 3NEKTPOMarHUTHOM Mofe 3apsgoB ApPYroro 3Haka. Torga npouvsBedeHue
NNOTHOCTM  3apsgOB  Ha  CKangpHbli  MOTEHUuan,  OnuCbiBalolWee  SHEPruto
9NEeKTPOMarHUTHOrO  B3aMMOLENCTBUA, Oynetr wmeTb  oTpuuaTenbHbIN  3HaK,

XapakTepusyloLnin B3aUMHOE MPUTSHKEHME 3apsooB pasHoro 3Haka. BBeass nnoTHoOCTb
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HENTPanbHON 3NEKTPOMAarHUTHOW Macchl m, =—¢- p/c®, ANEKTpOMarHUTHyo aHepruio Wy

e

MOXXHO 3anuncaTtb B BUAe:

Woz_p.q,:_pc'f

Tenepb nepenuemM TEH30p 3NIEKTPOMArHUTHOW 3Heprun (2) AOnNa  HeuTpanbHOW
MaTepuanbHOW cpefbl B BUAe TeH30pa MexaHU4eckon aHeprum-umnynsca. Cumrtas, 4To Bce
aneKkTpuyeckue 3apsdbl OBWXKYLLErocs Tena WNu CniowHOW cpedbl UMEKT CPeaHIo

NMEepPeHOCHYI0 CKOPOCTb OOWHaKOBYDO MO BenuyMHe U HanpasneHuwo V,=V, =V,

CI/IMMGTpVI‘-IHbII?] TEeH30p MeXaHN4eCcKom SHEPrnn-nMmnynbca nony4ynm B Buae:

-m,-¢>  —i-m,-cV, —i-m,.cV, —i-m,-c-V,

e 1 Vo oeem oV = —i-mg-c-V, m V.V, m, -V, -V, m, -V, -V,
S I A L 20 A LW VAR VAR IR VAR (34)

—-i-m,-c-V, m,-V,-V, m, -V, -V, m, -V, -V,

KOMMOHEHTHI TEeH30pa W;:/Ili npencraBndaroT cobon NMOTHOCTb BCEX BO3MOXHbIX BMOOB

MexaHudeckon aHeprun. Kak M3BEeCTHO, KOMMOHEHTbl 4-TeH30pa BTOPOro paHra MOXHO
npeactaBuTb B BUAE cKandpa, OBYX TPeXMEpHbIX BEKTOPOB W TPEXMEPHOro TeH3opa
BTOpPOro paHra. lockonbky TeH30p (34) CMMMETPUYHbIA, TO U3 HEro creayrT Tpu Buaa
MEXaHU4YeCKON IHepruu:
1) Ckansap nfioTHOCTU NOMHOW 3Heprun Tena:.
W, =-m, -c?
2) BekTop nnOTHOCTM MMNynbca, YMHOXEHHbI Ha CKOPOCTb CBeTa:
W, =—-m,-V=—C-p
3) CUMMETPUYHLIA TEH30pP MMNOTHOCTU KUHETUYECKOW 3Heprn. OTOT TEH30p

MOXHO TakKKe TpaKToBaTb KakK TEH30P NMNOTOKA NJIOTHOCTU UMNYyJIibCa.

m, 'Vx 'Vx m, 'Vx 'Vy m, ’Vx 'Vz Py 'Vx P« 'Vy P« 'Vz
W =|m,V,-V, m-V, -V, m-V. -V |=p-V, p;-V p-V,
m, 'Vz 'Vx m, 'Vz 'Vy m 'Vz 'Vz Py 'Vz py 'Vz P, 'Vz

Crnef TeH30pa MexaHW4eckoW 3SHepruu-umnyrbca (34) siBnseTcs ero 4YeTbipexmMepHbiM
MHBapPUAHTOM:

Tr=-m, -c>+m -V?
C y4eToM TOro, YTO PensATUBUCTCKUIA 0ObeM UMeeT Bug Q =g, -V1—ov®/c? , BblpaxkeHue ans
9TOro VHBapuaHTa, Nnocre nepexoaa oT MIOTHOCTM 3NeKTPOMArHUTHOM Maccbl M, K macce
M, COOTBETCTBYET W3BECTHOW B MEXaHWKE KaHOHWYECKON PENSATUBUCTCKON OYHKLMM

Narpanxa L [7 c. 46] ons cBob6oaHOM YacTuubl:
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__ mc’ L mV
Vi-0? /e 1-07 /¢

roe m — macca vactuubl, E — nonHasa aHepruga Yyactuubl, p — UMNynbCc YacTuLbl.

L V=-E+p-V (35)

N3 TeH3opa (34) Takke cneaylT OBa YpPaBHEHUS COXPaAHEHUSI MeXaHW4eCKoWw
SHepruv-umnyneca:
o,(m,)+V(m, -V)=0 o,(m,-V)+V(m,-V*)+0,®(m, -V, ®V,)=0
unu, nocne nepexoga OT MMOTHOCTU 3MEKTPOMAarHUTHOM Maccbl m, K Macce m, nony4ymm:
om+V.-p=0 (36)
atp—i_v(pV)—+_ar1(>9(pm(>9vn)=o (37)
OTN ypaBHEHUSI COXPaAHEHUS1 MEeXaHU4YEeCKON 3HEeprum-umMmnyribca MOXHO TaKkKe TpaKToBaTb
Kak ypaBHeHMs 6GanaHca mexaHudeckux cun. Hanpumep, nepBbii yrneH ypaBHeHusa (37)
ONUCbIBAET CUMbl MHEPLMK, @ TPETUM YNeH OMUCbIBAET YIMoBble CUMbl, BO3HUKAKOLINE Npwu
BpaweHun Tena. [lonHyl CUCTEMY MeEXaHUYEeCKUX CWUM Kak KOMMOHEHTOB 4-TeH3opa

mexaHunyeckux cun S"

v NMOJTYHMM, B3AB npoussogHyto 0, (d/cot,0/i-0x,) oT TeHsopa

MexaHuyeckon aHeprum (34):

2

-m,-C —i-m,-c-V, —i-m;.c:V, —i-m,-c-V,
y y —i-m -c:V, m,-V, -V, m, -V, -V, m, -V, -V,
S, =0,W, =0 | .
nu 7V -imcV, m-V, Y, m, -V, -V, m, -V, -V, (38)
—i ‘m, -C .VZ m, .VZ .VX m, ~VZ -Vy m, ~VZ 'VZ

PaccmoTpeHne nomHom cucTtemMbl MeXaHU4eckux Cui B 3agdaunm Hactosiwen paboTbl He
BxoauT. OgHako 34echb crieyeT ckasaTb, YTO pasfeneHne MexaHUYeckux Cur, Takke Kak u
9NEKTPOMarHUTHbIX, Ha CaMOCTOATESNbHbIE BUAbI JOCTAaTOYHO YCIOBHO. B yeTblpexmepHoMm
NPOCTPAHCTBE-BPEMEHN BCE BMAbl MEXAHUYECKUX CWM, SBAAIOWMXCA KOMMOHEHTaMu
eanHoro TeHsopa (38), cBs3aHbl Apyr ¢ APYroM ypaBHEHUSIMU CBA3W, T.e. NPeacTaBnsioT
cobou OfHY YeTbIpeEXMEPHYI TEH30PHYI0 MEXaHUYECKYIO CUMy.

Takum obpasom, 13 TeH3opa SNEKTPOMarHUTHOW 3Heprun (2) cnegytoT OCHOBHbIE
3aKOHbl MEXaHWKW, BblTEKaloWMe N3 KAHOHNYECKON PensaTUBUCTCKON QOYHKUMK JlarpaHnxa L
(35) n 3aKOHbI COXpaHEeHUs MexaHN4eckon aHeprum-umnynsca (36) n (37), nokasbiBaroLLme
HepaspbIBHYIO CBSA3b ANEKTPOAMHAMUKM N MeXaHWukW. [OpyrMmmn cnoBamu, 34ecb NokasaHo,

YTO OCHOBbI MEXaHUKN aBTOMAaTUYECKN CrieayroT U3 3J1IEKTPOONHaMUKNA.
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6 3aknrouyeHue

MNpumeHeHne OeayKTMBHOTO MeToda U akCMOM O CyLLEeCTBOBaHWMM B Mpupoge nons
9NEeKTPOMarHNTHOro BekTop-noteHumana A ,(¢/c,A) u nons 4-sektopa nNnoTHOCTU Toka J,

NO3BOMWMAO MOCTPOUTL OCHOBbI MocriefoBaTeslbHOM SNEeKTpoAMHaMWKM B Y4acTw,
ONUCbIBAIOLLIE ONEKTPOMArHUTHYK0 3HEprut, 3NEeKTPOMarHUTHbIE CUIbl U OBWXKEHUS
3apsHKEHHbIX YacTuL.

B pesynbTaTe nony4deHbl 4-TeH30pbl MAOTHOCTU 9NEKTPOMAarHUTHOM SHeprun and
cucteMmbl «3MI — 4-NNOTHOCTb TOKa» M cnegylowmne U3 HUX ypaBHEHUSI COXpaHeHus
NAOTHOCTWN 3NEKTPOMarHUTHON SHeEPruu.

N3 4-TeH30pa NMNOTHOCTU 3MEKTPOMArHUTHOW 3HEPrm nonyyeH 4-tTeH3op TpeTbero
paHra nyoTHOCTU BCEX 3MEKTPOMArHUTHbIX cun ansa cuctembl «OMI — 4-NNOTHOCTbL TOKay,
KOMMOHEHTbl KOTOPOro OnpedenstoT BCe BUObl CTaTUYECKUX, CTaLMOHApPHbIX WU
ANHAMUYECKMNX 3NEKTPOMAarHUTHbIX CUI.

lMony4yeHbl ypaBHeHWss GanaHca NMAOTHOCTU JNEKTPOMAarHUTHbIX cusl. HanmcaHbl
pasfnnyHble npeacTaBneHnss 4-TeH3opa NIIOTHOCTU ANEKTPOMAarHUTHbLIX CUS, NO3BOMSOLWNeE
KnaccudpuumpoBaTth 3N1EKTPOMarHUTHbIE CUTbI.

N3 pasnoxeHus 4-TeH3opa NAOTHOCTU 3NEKTPOMArHUTHbBIX CUM, MNOSyYeH 4-TeH30p
ABWXEHUS SNEKTPUYECKUX 3apsaaoB U creayoLmne n3 Hero ypaBHEHUS 3TUX ABUXKEHUN.

CoenaHa mexaHudeckas uHTeprnpeTaums TeH3opa MAOTHOCTU 3NeKTPOMarHUTHOW
9Heprun B Buae 4-TeH3opa MMAOTHOCTM MEeXaHW4YeCKOW 3Heprum-umnyrnbca, U3 KOTOPOro
aBTOMaTU4EeCKM crieayeT KaHOHWYecKas MHBapuaHTHas pyHkums JlarpaHxa gns cesobogHom
HEeNTpanbHOM (HE3apsPKEHHON) YacTuupbl. M3 4-TeH3opa NNOTHOCTU MEXaHMYECKOW SHEPTUM-
UMMynNbCca NonyyYeHbl YpaBHEHNSA COXPaAHEHUS NOTHOCTU MeXaHNYEeCKON SHEPTrNn-uMnynbca
M NOfHas CMCTEMa MeXaHN4eCKNX Cusl, B BUAe KOMMNOHEHTOB 4-TEH30pa MeXaHUYeCKUX Curl,
TEM CaMbIM, NoKa3aHa HePa3pbIBHYI CBA3b ANIEKTPOANHAMUKMA U MEXAHUKMN.

lMonHas cuctema aneKkTpPoOMarHUTHbIX CUI U ypaBHeHNa ux 6anaHca no3sonaT 6onee
000CHOBaHHO OOBSCHATHL ANEKTPOANHAMUYECKNE SABMEHUS B Nnasme U nNnasMmonogobHbIX
cpefax, Hanpumep, obpasoBaHME TrOpsSYMX TOYEK UM CaMOOPraHMU3YHLLMXCS TOKOBO-
NNasMeHHbIX CTPYKTYp B MJla3MeHHOM {)oKyce, CTaTU4YeCcKyld W AUHaAMUYECKyH
caMoOopraH1M3aumio NbifieBon Na3Mbl, B YaCTHOCTM 06pa3oBaHUe NrasMeHHbIX KPUCTansos,
SIBMIEHNS1 BOSTHOBOW TypOYNEeHTHOCTU nnasmbl, obpasoBaHue LWapOBbIX MOSIHUMA N APYrux

nrasMeHHbIX SIBNEHUN.
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