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AHHOTAITUA
[Tpeanaraerca mOBOe perieHue ypasHeHHH MakcBeaaa
AASl BaKyyMa, AAf IIPOBOAA C IIOCTOSHHBIM H II€PEMEHHBIM
TOKOM, AASl KOHAGHCATOPA, AAd cdeprl  T.A. IIpeasapureabHO
OTMEYAETCA, UTO AOKA3ATEABCTBO EAMHCTBEHHOCTH H3BECTHOTO
perreHns OCHOBAHO Ha 3aKOHE COXPAHEHUA SHEPIHH, KOTOPBIH
He coDAroAaeTcsi (AAf MTHOBEHHBIX 3HAYEHHUIT) B HM3BECTHOM
permennn. IIpeararaemoe perenne
® He IPOTHUBOPEYHUT 3aKOHY COXPAHEHUSA SHEPTUU B KAKABII
MOMEHT BPEMEHH, T.€. YCTAHABAUBACT IIOCTOAHCTBO
IIAOTHOCTH IIOTOKA 9ACKTPOMATHUTHOM SHEPIHH BO
BpEMEHH,
® BHIABAACT CABHI a3 MEKAY IACKTPUICCKHUMU U
MATHATHBIMI HAIIPA/KEHHOCTAMH,
® OODBACHAECT CYIIECTBOBAHHE IIOTOKA OSHEPIUU BAOAB
IIPOBOAQ, PABHOTO OTPEOAAEMOI MOIITHOCTH.

[IpuBoantcs IIOAPOOHOE AOKA32TEABCTBO AAS
3AaMHTEPECOBAHHOIO YHTATEA.

PaccmaTprBaroTcs SKCIIEpHIMEHTAABHBIE ITOATBEP/KACHHA
TEOPHH.

[Ipeasararorca OOBACHEHHUA S9KCIIEPUMEHTOB, KOTOPBIE AO
CHX IIOp HE OBIA OOOCHOBAHEI

Paccmarpusarorcs TEXHIYECKIE ITPUAOKEHHA
ITOAYYEHHOTO PEITICHUS.
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1. Bcrynaenue

Cucrema ypasHeHmE MakcBeAAa ABAAETCA OAHHUM N3 BEAMYIANIIINX
OTKPBITHI YEAOBEYECKOTO pasyma. B To e Bpemsa m3BecTHBIE pereHns
5TOHM CHCTEMBI YPABHEHHH OOAAAAIOT PAAOM HEAOCTATKOB. AOCTATOYHO
CKA32Th, YTO 3TH PEIIEHUA HE YAOBAETBOPAIOT 3aKOHY COXPAHEHHA
sHeprun (cMm. mpuAoxkenne 5). Takue perreHus MO3BOAAIOT HEKOTOPHIM
aBTOPaM YCOMHHUTBCA B AOCTOBEPHOCTH CaMHX ypaBHeHmiT Makcseaaa.
IToauepkHeM, OAHAKO, YTO 3TH COMHUTEABHBIE PE3YABTATBI CACAYIOT
TOABKO U3 U3BeCTHOTO perteHusa. Ho penrenne ypasnennit Makcseaaa
MOKET OBIThb MHBIM (YPAaBHEHHA B YACTHEIX ITPOM3BOAHBIX HMEIOT, KaK
IIPABUAO, HECKOABKO pereHni). Il HeoOXoAnMo HalTH Takoe perreHue,
KOTOPOE HE IIPOTUBOPEYHUT (PUINYECKUM 3aKOHAM U OSMIIMPUICCKH
YCTAaHOBACHHBIM (DaKTaM.
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ABTOp HAITIEA HOBOE pEIIECHHE CHUCTEMBI ypaBHEHHII MakcBeAAa,
CBOOOAHOE OT YKa3aHHBIX HEAOCTATKOB. DTO PEIICHHE HAHACHO AAf
ypaBHeHHH MaKCBEAAa, 3AIIMCAHHBIX B ITOKOOPAMHATHON (popme, U He
MOKET OBITh ITOAYYCHO B BEKTOPHOM BHAE U3 ypaBHeHM MakcBeAAa,
3AIIMCAHHBIX B BEKTOPHOH opme. DTO, BHAUMO, H IIOCAYKHAO
IPUYUHON TOTO, YTO IIPEAAATAEMOE PEIIEHHE AO CHX IIOp He OBIAO
IIOAYYEHO.

Ha  ocmoBe HOBOro pemreHna — ypaBHeHHH — MakcBeaaa
TEOPETUYECKN IIPEACKA3aHA U 3KCIHEPHUMEHTAABHO ITOATBEPKACHA
CIUpPaAbHAA CIPYKTYPa 3SACKTPOMATHUTHBIX BOAH M CTaIlMOHAPHBIX
SAEKTPOMATHHTHBIX IIOACH, a4 TAKKE IIOKA3aHO, YTO CIIHPAAbHBIC
CTPYKTYPBI ~ CYIIECTBYFOT BO BCEX 0€3 HCKAIOYEHHSA BOAHAX U
TEXHHYECKUX yCTPOICTBaX. CIHPAABHOCTD CTPYKTYP BBIPAKAETCA B TOM,
YTO ITOKOOPAMHATHBIE HAIIPMKEHHOCTH SAEKTPHUYECKHMX M MATHHTHBIX
BOAH M TOACH HM3MEHAIOTCA B 3aBHCHMOCTH OT KOOPAMHAT M BPEMEHHI
(AAfl BOAH) IO CHHYCOHAAABHBIM (DYHKIIHAM.

Hinke Teopermdeckue IIPEACKA3aHUA OOOCHOBBIBAIOTCA TEM, UTO
5TU (PYHKITHH TAKOBBI, ITO

® He IPOTHUBOPEYAT 3aKOHY COXPAHEHHUSA SHEPIUU B KAMKABIA
MOMEHT BPEMEHW (a /e 6 c(pedieM), T.e. YCTAHABAHUBAIOT
ITOCTOAHCTBO ~ IIAOTHOCTH ~ TIOTOKA  9AEKTPOMATHHUTHOI
5HEPIUH BO BpeMeHH (raasa 1.4),

®  BBIABAAIOT CABHUT (Pa3 MEKAY IACKTPUIECKUMU U MATHUTHBIMI
HAIIPAKEHHOCTAMH HE TOABKO B TEXHHYECKHX YCTPONCTBAX,
HO U B BOAHAX (TAasa 1.3),

® OOBACHAIOT CYIIECTBOBAHHE IIOTOKA OSHEPIUU BAOAb U
BHYTPH (a e cHapysc) TPOBOAA, PABHOIO IIOTPEOAAEMOIT
MOIITHOCTH (I'AaBa 5),

® OOBACHAIOT  3aKPY4EHHOCTh  CBETa,  T.6.  IOABACHHE
OpOHUTAABHOIO YTAOBOI'O MOMEHTA, IIPH KOTOPOM IIOTOK
SHEPIHH HE IIPOCTO AETHT BIIEPEA, 2 KPYTHICA BOKPYI OCH
ABIoxeHHA (TAaBa 1.0).

B npuaoxennn 6 IepedHCAAIOTCA HEKOTOPBIE TEOPETHUECKUE
IIPEACKA3AHHA, IIOAVYEHHBIE B  KHHI€ H  IIOATBEP/KAAFOININECA
SKCIICPUMCHTAABHBIMU  HAOAIOACHHAMU — U/HAM  OOBACHCHUSIMU
9KCIIEPUMEHTOB, KOTOPBIE AO CHUX IIOP HE OBIAM OOOCHOBAHBIL:

"AO HACTOAIIEr0 BpEMEHH HE OBIAO OOHAPYKEHO HH OAHOTO
acpdekra, KOTOPBIH IOTPeOOBAA OBl BHAOM3MEHEHHA YPABHEHHIMA
Maxkcseana" [36]. Tem He MeHee, B IIOCACAHEE BpPEMsA KPHTHKA

0-2



'masa 0. MNpegucnosue

CIIPABEAAMBOCTH ypaBHEHHH MaKCBEAAA CABIIINTCA CO BCEX CTOPOH.
[TocmoTpum Ha puc. 1, rae m3oOpazxeHa BOAHA, ABAAFOIIAACA H3BECTHBIM
pereHneM ypaBHeHHE MaxcBeAAa. YBEpEHHOCTb KPHTHKOB YPaBHEHUI
MakcBeAAa CO3AAETCSA, IIPEKAC BCETO, HAPYIIIEHUEM 3aKOHA COXPAHEHUSA
sHeprun B TakoH BoAHe. M, AeWicTBUTEABHO, naommocms  nomoxa
waekmpomaztumiol suepeun (Modyas sexmopa Ymosa-Ilotnmurnea) «nysvcupyen»
no eapmonuyeckomy saxony. He napymaenea au 30ecs saxon coxpanenusn snepeuu?”
[1]. besycaoBHO, Hapymaercsa, €CAM SACKTPOMATHHUTHAs BOAHA
VAOBAETBOPAET M3BECTHOMY pemreHuro ypasHenmii Makcseara. Ho
BCAb ApYroro perteHus Het: " Aokasamenscmso eourcmeennocmy peuterns 6
0buyux wepmax c6odumca K caedyromemy. Ecau umeemeca 06a pasauunvix peuerus,
M0 UX PaA3HOCINIG 6CACOIIBUE NUHELHOHIU CUCIIEMYT 1100i0e A6AAENICH PEULEHUEM, 10
npU HyAe6b1X 3apA0ax U MOKAX U HYJE6bIX HAYAABHBIX U ZPANHULHBIX YeAOEUAX.
Omcroda, nosw3ysce wipasicerisie 0414 SHEP2UU INEKIMPOMAHUININOL0 NOJA U 3AKOHOM
COXparenus Inepeul 3aKaAUaeM, YN0 DAoL Pelenutl moncecrserio pastia
Hyato, m. e. peutenus oduraxosst. Tem camviy edurcmserinocms peuterus ypasieruil
Maxcsenna doxasana" [2]. Takum 0OpasoM, CAMHCTBEHHOCTb DPEIIICHUS

AOKA3bIBA€TCA Ha OCHOBE HpI/IMCHCHI/IH TOro 34AKOHA, KOTOprfI

HapyHracTcA B 9TOM PEITICHUIL.

Puc. 1.

ApyruM pesyAbTaTOM, CACAYIOIIUM U3 CYIIECTBYFOIIEIO PEIIECHU,
ABASieTCA  CHH(A3HOCTb JAECKTPUYECKOM ¥ MATHHTHOH KOMITOHEHT
HAIPAKEHHOCTEH B 9ACKTPOMATHUTHOW BOAHE. DTO XOPOIIIO BHAHO HA
puc. 1. Ho 10 mpoTHBOpednT HIPEACTABACHHIO O OECIPEPBIBHOM
IIPeOOPA3OBAHUY IACKTPHIECKONH M MATHUTHOHM KOMIIOHEHT 9HEPIHH B
aAeKTpOMarHUTHON BOoAHe. B [1], manpumep, stor daxr orHOCHTCA K
"IIOPOKAM COBPEMEHHON KAACCHIECKON ACKTPOANHAMUKH .

Takme pe3yAbTaTBl, CACAVIOIIHE N3 HM3BECTHOTO  PEIIeHHA
ypaBHeHHH MakcBeAAa, ITO3BOAAIOT HEKOTOPBIM aBTOPAM YCOMHHUTBCA B
AocToBepHOCTH ypasHeHHIH Makceana. [Toauepkrem, oaHako, 9To 3TH

0-3
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COMHUTEABHBIC ~ PE3YABTATBI  CACAVIOT TOABKO W3 HAWAEHHOIO
pemenna. Ho aro perrerne MokeT OBITH MHBIM (YPABHEHUA B YACTHBIX
IIPOU3BOAHBIX IMEIOT, KAK IIPABHAO, HECKOABKO PEIICHUN).

AAf yAOOCTBAa YHTATEAS B IPHAOKEHHN 4 OIIMCAH METOA
IIOAYYEHHUA M3BECTHOrO pereHusa. Himmke BBRIBoOAMTCH Apyroe perreHne
ypaBHenuii  MakcBeara, B KOTOPOM  IIAOTHOCTB  IIOTOKa
SAEKTPOMATHUTHOM 3HEPIHMH OCTAETCA IIOCTOSHHOH BO BpPEMEHH, a
OACKTPHYECKASA M MATHOTHAA KOMIIOHCHTBI HAIPSIKEHHOCTEH B
9AEKTPOMATHUTHOI BOAHE CABHHYTHI 110 (hase.

PaccmoTpum errie 9AEKTPOMATHHTHYIO BOAHY B IIpoBOAe. BEcam
IIOAATATh, YTO IIPOBOA HMEET IIPEHEOPEKIMO MAAOE COIIPOTUBACHIUE, TO
ypaBHeHnA MakcBeaAa AASl TOM BOAHEBI OYKBAABHO COBITAAAIOT C
ypaBHeHHAME ~ MakcBeara AAf BOAHBI B Bakyyme. OAHaxko B
SAEKTPOTEXHHKE HE HCIIOAB3YeTCS m3BecTHOE perenue. Vcrroassyercs
TOABKO  pCIICHHE,  CBASBIBAIOIICE  HAINPHKECHHOCTH  KPYIOBOIO
MArHUTHOTO IIOAfl C TOKOM B TIPOBOAE (OyAeM AAfl KPAaTKOCTH B
AAABHEHINIEM HA3BIBATH €I0 JACKTPOTEXHHYECKUM PEIIEeHHEM). DTO
perrrenne Toxe yAOBAeTBOpAeT ypaBHeHHAM MakcBeara. OAHAKO, BO-
IIEPBBIX, OHO ABAACTCA ADPYIHM PCIICHHEM TEX K€ YPaBHEHHH (YTO
OIIPOBEPracT TEOPEMY O CAMHCTBEHHOCTH H3BECTHOLO PEIIeHHA). A, BO-
BTOPBIX, - U 9TO TAABHOE, - SAEKTPOTEXHUYECKOE PEIICHIE HE OOBACHACT
M3BECTHBIN 9KCIIEPUMEHTAABHBIH (DAKT.

Peur wmaer o ckun-apdexre. Perenme, oOBACHAOIIEE CKUH-
a(pdeKT, AOAKHO COAEP:KATH HEAHMHEHHYIO 3aBHCHUMOCTb IIAOTHOCTH
TOKa (HMAYIIIEIO BAOAB IIPOBOAQ) OT paAdWyca. lakad 3aBHCHMOCTH B
COOTBETCTBUM C ypaBHEHHAMH MaKCBEAAd AOAKHA COYETATBCA C
CyLT_[eCTBOBaHI/IeM paAI/IaAI)HbIX )48 prrOBbIX SAeKTpI/IqecKI/IX 1 MAaTrHUTHBIX
HAIIPAKEHHOCTEH, HEAMHEHHO 3aBHUCAIIMX OT paAdyca. DTOTO HET B
sAekTpoTexHmaeckoM perrenun. Ckun-addexr oOpACHACTCA HA OCHOBE
ypaBHeHHI MakcBeAAa, HO U3 3AEKTPOTEXHUYECKOIO PENICHUSA OH He
CAGAYET. DTO M TIO3BOAfIET VIBEPHKAATb, UYTO JSAECKTPOTEXHHYECKOE
pelieHre He OOBACHAET KCIIEPUMEHTAABHBIN (DAKT.

Haxomerm, CYILIECTBYIOIIIEE perrenue IIPOTUBOPEIHT
CYIIIECTBOBAHHIO T.H. 3aKPYYEHHOTIO cBeTa [65].

2. O nmoToKe 3HEPIUHN B IPOBOAE

Paccmorpum eme moTtok sHeprum B 1posoae. CyrmectByrorree
IIPEACTABACHHE O IIEpeAade SHEPIUU IIO IIPOBOAY COCTOHUT B TOM, HYTO
SHEPIUA KAKHM-TO OOpa3oM pacipocTpaHsercsa BHe mposoaa [13]: "...
Hama  «CyMacueduan meopus 2080pun, umo IACKMPOHs NOAYHAIN 8010 IHEPLUIO,
pacmpavusaemyn UM Ha co3darue menaomel UHe, 0m NOMOKA IHEP2UU BHEUHE0 NOAA
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sympe nposoda. Klumyuyus nam nodckaseiéaent, umo 34eKmpor nonoAHAEH: 6010 IHepeu0
3a cuem «0asAeHuny, Komopoe moaKaen €0 6004 nposoda, max 4mo epeus Kak 6yomo
domcHa mevs 61u3 (uau ssepx) no nposody. A som meopus ymeepadaens, umo Ha carmom
deste ta NEKIIPOH OetcinB)en IAEKIIPUYECKOe 101, C030a6aeMOE 0Yely OdNeKUMY 3apadamt,
U ISEKINPOHBL 1EPAIONI CO0I0 IHEP2UIO, PACX00YeMYIO Hd IMENA0 UMEHHO U3 SMUX NOAEH.
Dnepeus omoanertvix 3apaoos Kakum-mo o6pasom pacmexaenica 1o 60avuod obaacn
npocHpancmsa u samem smexaen 8Hymps nposoda."”

Takasg Teopua IPOTUBOPEUNT U 32aKOHY COXPAHEHHA SHEPTHH.
AeHCTBUTEABPHO, TIOTOK 9HEPTHH, IIYTEIIECTBYA B IIPOCTPAHCTBE, AOAMKCH
TepATh 4acTh oHeprun. OAHAKO 3TO HHUKAK HE OOHAPYKHBACTCA HU
9KCHEPUMEHTAABHO, HH Teopermdyeckun. Ho, raaBHOe, 312 Teopms
IIPOTUBOPEYHUT CACAYIOIIEMY akcriepumeHTy. [lycts mo menTpasbHOMY
IIPOBOAY KOAKCHAABHOIO KaOEASl TE€YET IIOCTOSHHBIH TOK. DTOT IIPOBOA
H30AHPOBAH OT BHEIIHEro ITOTOKAa sHeprum. OTKyAa Ke ITOABAAETCA
IIOTOK 9HEPIUH, KOMIIEHCHPYIOIINN TEIAOBBIE IToTepu B rmposoaer Ho,
KPOME IIOTEPb B IIPOBOAE, 3TOT IOTOK H3-BHE AOAKEH IIPOHHUKHYTDL B
HATPY3Ky, HAIIpUMEpP, B OOMOTKH 9AEKTPOMOTOPOB,  3aKPBITHIC
CTAABHBIMH KOKYXaMH CTATOPa. DTOT BOIIPOC CYIIECTBYIOIIAA TEOPHUA HE
00OCyXKA2€ET.

WMrak, cymecTByromas TeopHa YIBEPKAACT, UYTO  BXOAAIIMI
(ITEPIIEHAUKYAAPHO IIPOBOAY) 9AEKTPOMATHUTHBEIA IIOTOK ITO3BOASIET TOKY
IIPEOAOAEBATH COIIPOTUBACHHE ABIKCHUIO U COBEPIIACT PadOTY, KOTOpas
IIPEBPAIIACTCA B TEIAO. DTOT U3BECTHBII BBIBOA BYAAHUPYET €CTECTBECHHBII
BOIIPOC: KAaK TOK MOXKET IIPUBAEKATH IIOTOK, €CAM TOK IIOABAAETCA
OAaropapsa HOTOKY? ECTECTBEHHO IIPEATIOAOMKHTB, YTO IIOTOK CO3AAET
HEKOTOPYIO 9.A.C., KoTopas "ABmker TOk". Ilpm stom mortok sueprun
9AEKTPOMATHUTHOM BOAHBI IIPUCYICTBYET B CAMOII BOAHE M AAfl 3TOTO HE
HCIIOAB3YETCA IIPOCTPAHCIBO, BHEIITHEE 110 OTHOIIIEHUIO K BOAHE.

Permmenne ypasHeHmii MakcBeAAa AOAKHO MOAEAHUPOBATDH TAKYFO
CTPYKTYPY 9AEKTPOMATHHUTHOI BOAHBI, B KOTOPOM IPHUCYTCTBYET ITOTOK
3AEKTPOMATHUTHOU SHEPTHUM.

WMarynnusa, o kotopoii ropopur PeifHMaH, HAC HE OOMAaHBIBAET.
ABTOp AOKasbIBa€T 9TO HIDKE, HE BBIXOA 32 PAMKHA YpPaBHEHUN
MaxkcBeana.

3. TpeboBaHMA K HEIIPOTUBOPEUUBOMY

penieHuro ypasHeHu MakcBeaaa
Wrak, permenne ypasHeHIH MakcBeAAa AOAKHO

o OITHCBhIBATE BOAHY B BaAKyyM¢€ 11 BOAHY B HpOBOAC,
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® HEe IPOTUBOPEYHUTH 3aKOHY COXPAHEHHA JSHEPIUM B  KaKABII
MOMEHT BPEMEHH, T.€. YCTAHABAHBATH IIOCTOSHCTBO ITAOTHOCTH
ITOTOKA 9AEKTPOMATHUTHON 9HEPIUH BO BPEMEHU,

®  BBUABAATE CABUT (Pa3 MEKAY O9ACKTPHYCCKUMH U MATHUTHBIMH
HAIIPAKEHHOCTAMH,

®  OODBACHATH CYIIECTBOBAHHE IIOTOKA JHEPIHH BAOAb IIPOBOAQ,
PaBHOTO HTOTPEOAAEMON MOIITHOCTH.

Hirxe BEIBOAUTCA TaKOE pEIIeHUE ypaBHEHIH MakcBeAAa.

4. BapuanTtsl ypaBHeHui1 MakcBeaaa

Aanree BBIACASFOTCA PA3AHYHBIE YACTHBIE CAyYad (BAPHAHTHI)
CHCTEMBI Ypﬁ.BHCHI/H‘/‘I MaKCBCAAa, KOTOprC MbI HpOHyMpreM ANAA
YAOOCTBA U3AOKCHHA.

Bapuanr 1.

Vpasuennsa MakcBeara B obimiem caygae B cucreme CI'C mmveror
BUA [3]:

rot(E)+%%= , (1)
rot(H)—%%—%”lzo, @)
div(E)=0, €)
div(H)=0, )
| = ok, ®)

TAE
I, H, E - TOK IpOBOAMMOCTH, MATHUTHASA U 3AEKTPUYIECKAA

HaHpH)KCHHOCTI/I COOTBETCTBEHHO,
g, U, o - AI/ISACKTpI/I"ICCKaH HpOHI/IL[aCMOCTb, MarHuTHaA

HpOHI/IHaeMOCTb, HPOBOAI/IMOCTI) CPCAI)I.

BapwuanT 2.

Aaa Bakyyma nHapo npusATh ¢ =1, =1 o =0. Toraa cucrema

ypaBHeHuii (1-5) mpumer BHA:

1 6H

rot(E)+EE—O, (6)
1 0E

rot(H)—EE—O, @)

div(E)=0, (8)
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div(H)=0. ©)

Penrenne 310l crucremMur paCCMOTpCHO B raase 1.

BapuanT 3.

Paccmorpnm BapuanT 1 B KOMITAEKCHOM IIPEACTABACHUM:
rot(E)+ia)%H =0, (10)
rot(H)—iw%E—%’[(real(l)n-imag(l))=o, (11)
div(E)=0, (12)
div(H)=0, (13)
real(1)= o - abs(E). (14)

3aech BaKHO OTMETHTBH, 4TO B (14) ykasmBaercs He Bech TOK, 2
TOABKO €TO PEaAbHAsA JACTb, T.€. TOK IIPOBOAUMOCTH.

Bapuanr 4.

AAs IPOBOAQ, B KOTOPOM IIPOTEKAET CUHYCOUAAABHBIA TOK | or
BHEIITHEIQ UCTOYHUKA, HHOTAA MOYKHO UCKAFOYUTH real(l ) B YPABHEHUAX

(11-14). D10 BO3MOKHO AAfl HH3KOOMHOIO IIPOBOAA M AAA
AMIAEKTPUYECKOIO IIPOBOAA (HOApOOHee cM. B raase 2). Ilpu stom
cucrema (11-14) mpuaMaer BuA:

u oH
rot(E)+—=—=0, 15
( )+C ~ (15)
s OE 4r
rottH)-——-—1=0, 16
(H) P (16)
div(E)=0, (17)
div(H)=0. (18)

Perrerne 9T0# CHCTEMBI PACCMOTPEHO B TAaBeE 2.

Bapuanr 5.

AAfl TIPOBOAA IOCTOAHHOTO TOKA CHCTEMa IIO BapuaHtTy 1
yIpormaerca OAaroAaps OTCYTCTBHIO IIPOM3BOAHEIX IIO BPEMEHH U
IIPUHUMAET BUA:

rot(E)=0, @1
rot(H)—%l =0, (22)
div(E)=0, 24
div(H)=0, 25)
| = o 26)

0-7
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nANn
BapwuasT 6.
rot(1)=0, @7)
rot(H) - Tﬂ =0, 28)
div(l)=0, (29
div(H)=0. (30)

Permenne 3T0# cucTeMBI pACCMOTPEHO B TAaBE 5

Msbr OyAeM HCKaTh MOHOXPOMATHYECKOE PEIICHNE YKA3aHHBIX
cuctem. IlepexoA K IOAMXPOMATHYECKOMY PEINEHHIO MOMKET OBITh
BBIIIOAHEH C TIOMOIIBIO IpeodpasoBanusd Pypobe.

5. Tpu perienus ypapHenuii Maxceasa

MsBectHoe perenune ypaBHEHHH MakcBeAAa MBI HA3BIBAEM
IEPBBIM pEIIEHHEM. BbIllle MIOKa3aHO, YTO OHO HE YAOBACTBOPSACT
3aKOHY COXPAHCHHUA SHEPIHH U IIO3TOMY (DHU3MYECKH HEIIPHEMAEMO.
Ormernm ere, 9TO 3TO IIEPBOE pEIEHHE IIPHUMEHHMO TOABKO B
A€KAPTOBBIX KOOPAMHATAX.

B raaBe 1 m aAaaee mpeasaraercd M paccMaTpUBacTCA BTOPOE
pemenne  ypaBHeHuil  MakcBeAAa,  YAOBAETBOPSIIOIIEE  3aKOHY
coxparenusa sHepruu. OHO PaCCMATPUBAETCA B IIUMAHMHAPUYECKHUX
KOOPAMHATAX, HO MOKET OBITh IIPEOOPA3OBAHO AAA  AEKAPTOBBIX
KOOPAHMHAT.

B raaBax 2d, 16 m 16a mokasaHO, 9TO CYIIECTBYeT U TPeThbe
pemieHne ypaBHeHuii MaKCBEAAd, TAKKE YAOBACTBOPAIOIIEE 3AKOHY
coxpanenusa sHepruu. OHO paccMAaTPUBAETCA B  AEKAPTOBBIX
KOOPAMHATAX, HO MOKET OBITH IIPEOOPA3OBAHO AAA IIHMAMHAPHYECKHIX
koopauHaT. OAHAKO AAfl CTATHYECKHX IIOAEH Takoe IIpeoOpasoBaHMe
BO3MOKHO TOABKO (DOPMAaAbHO U IIPHBOAUT K HAPYIIEHHIO 32aKOHA
coxpaHeHusa B3Hepruu. Tperbe peIIeHHe OIMCBIBACT TaKHE BOAHEL,
KOTOpBIE CYIIECTBYIOT B OIpPaHHYEHHOM oObeme. B stom oOBeme
CYIIECTBYIOT IIOTOKM SHEPIUH, HO IIOAHAA OSHEPIUf, XPAHAIIAACT B
oObeme, He wm3MeHAETCA. MOMKHO HA3BATh TAKyIO BOAHY OOBEMHOM
CTOAYEH BOAHOIL.

Mrak, AA 9AEKTPOMATHHTHBIX BOAH CYILECTBYET TPHU perieHus (110
KpaiiHe Mepe). DTO EeCTECTBEHHO AAfl  YPaBHEHUN B  YaCTHBIX
IIPOU3BOAHBIX. AO CHX HOp OBIAO IPHHATO TIOBOPUTH, UYTO IIEPBOE
perreHue  ABAACTCA CAHMHCTBEHHBIM, T.K. YJAOBACTBOPACT 3aKOHY
coxpanenus sueprun. Ho kak pas sTomy 3akoHy OHO HE YAOBAETBOpSET.
Terrepb MBI BUAUM, 9TO AAA (PU3HMYECKH IIPUEMAEMBIX PEIICHUN MOMKET

0-8
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OBITD, 10 KpaliHeil Mepe, ABa. Kakoe 13 HUX BBIOHpPAET IIPUPOAA, 3aBUCUT
OT HAYAABHBIX YCAOBHIL.

«ITouemy 3TH pemeHnA He OBIAM IIPEAAOIKEHBI AO CHX ITOp» -
CHPAITHBAIOT MEHA YNTATEAN TPEABIAYIIIIX BEPCHIH.

Cucrema ypaBHeHuE MakcBeAAa B KOMITAKTHOM 3aITHICH COAEPHKHT
4 auddepeHNHAABHBIX YpaBHEHUsA IIEPBOIO IIOPAAKA B YACTHBIX
IIPOM3BOAHBIX — CM. IIpuAOKeHHE 5. Takasd cucrema ypaBHEHHH MOKET
MMETh MHO>KECTBO PemIeHui. AAsl perrreHns 9TOW CHCTEMbI YPaBHEHUIT
IIPUXOAUTCA TPeoOpasoBaTh UX B ABa YPABHEHHUS BTOPOTO ITOPAAKA.
I[Ipu 9TOM  MHOKECTBO  PEIICHHH  YMEHBIIAETCA -  PCIICHHE,
CYILIECTBYIOIIIEE AAfl VPABHEHHUN IIEPBOTO IIOPSAKA, MOXKET He€ OBITH
pEIlIeHHEM AAfl YPaBHEHUII BTOPOIO IOPAAKA (YTO M IIPOH3OIIAO B
HAITIEM CAyYae).

«Ho pemreHne HAWA€HO M K YEMy O3TH PACCYKACHUAD -
CIIPAIIIUBAIOT MEHS TE K€ YUTATCAU.

[ToaygeHHOE perrieHHE HE IPHUEMAEMO AAA (DU3HKU, ITOCKOABKY
HAPYIIIAET 3aKOH COXPAHEHHA SHEPTHH — 3TO CAEAYET HEIIOCPEACTBEHHO
u3 permenus — cMm. npuaoxkenme 5. Kpome rtoro, me cobaroaaercs
IpoTHBO(A3HOCTE  JACKTPHYECKOTO M MATHHTHOIO  ITOACH.
CAeAOBATEABHO, HAAO HCKATh APYrO€ PpEIIEHHE, U3 MATEMATHYECKH
BO3MO>KHBIX.

«DTOr0 HUKTO HE BUAEA AO T€OAD - CIIPAIIIUBAIOT. ..

Buaean mmuorme. B orBer amoaorerel HaHAGHHOIO —peIICHHA
OTBEYAAH, YTO B CPEAHEM 3aKOH COXPAHEHHA SHEPIHU CODAFOAACTCA, A
APYIOrO pEIeHus HE MOMKET OBITh, T.K. 3aKOH COXPAaHCHHA 3HEPIUU
cobAropaerca. 3aMeTbTe ABa MOMEHTAa B TaKOM OTBeTe: 1) oTcyTcTBHE
APYIOTO pEIIEHHUA AOKA3bIBAETCA (PU3UMYIECKUM APIYMEHTOM; 2) YKa3aHUe
«B cpeaHem» urHopupyerca. Vrak, aBrop mMeeT IpaBO yTBEPKAATD, ITO
APYIO€ peIlleHHe BO3MOXKHO MATEMATUYECKH U €ro HEOOXOAMMO
HCKATb.

«ITouemy >kxe He MCKAAH» - CIIPAIIIHBAIOT. ..

Briam Te, kTo B 9TOM BHAEA AOKA3aTEABCTBO HEIIPABOMEPHOCTH
ypaBHeHHH MakcBeAaa.

brian Te, k1O OBIA C 3THM cOraaces, M, BO3MOMKHO, UCKAAH, HO B
COKpPAITIEHHOII 3AITMCH YPaBHEHHUI APYrO€ PEIleHHEe HANTH HEBO3MOKHO
(1 Aymaro).

BeiAn te, KTO OBIA € 9THM HE COrAACEH, FOBOPA, YTO U TaK COHACT.
AeHCTBUTEABHO, PEIEHHE IMTHUPOKO ITPUMCEHACTCA Ha ITPAKTHKE, Ad U
oueHb KpacuBoe. C IIOCAGAHHM # COTAACEH, HO IO BOIIPOCY
IIPUMEHUMOCTH  CYIIECTBYIOIIIETO  PEINEHUA  AOAKEH  3aMETHUTH

0-9
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caeayrormee. Hrmke mokasamo, uro 1) odeHbp wacTo AAA  pereHusd
HCIIOAB3YETCA COKpAIIeHHAA CHCTEMa YPaBHEHHM M ITOAYYEHHOE
perreHme O0AAAQCT PAAOM HEAOCTATKOB, KOTOPBIE OTPAKAIOTCA HA
Ka4eCTBE IIPOEKTHPYEMOM TEXHHUKH; 2) OYEHb MHOIHE CACACTBHUA U3
ypaBHeHHI MaKcBeAAA OKA3aAMCh HE 3AMEUYEHHBIMU M HE UCIIOAB3YFOTCA
B TEXHHKE.

«M Kax xe Tede YAAAOCDH PEIITHTD - CIPAIIHBAIOT. . .

CoxkpallieHHyIO ~ 3aIIMCh  ypaBHEHHH  MakcBeara — MOKHO
IIPEACTaBUTh B BHAC 8-Mu AnQPepeHIINAABHEIX YpPaBHEHUSA IE€PBOIO
IIOPAAKA B YACTHBIX IIPOM3BOAHBIX. [IpocTop AAsl momcka perreHmit
pacmmpsercsa. Ho MHe TOHaAOOHMAOCH HECKOABKO A€T. ..

6. Ampuueckoe OTCTyIIA€HUE
YurateAb, KOTOPBIH OYAET YHTATH 3Ty KHHIY AAABIIE, YBHAHT
MHOKECTBO peIleHuil ypaBHeHuIT MakcBeAAa AASl PASAMYHBIX CAYYAEB.
[Tocae pemrenmsa caeayrorT —usudeckue wmHTEpHperarmu. [lpu
HAITHMCAHUHN KHITH IIPOMCXOAMAA IMECHHO TaK: f IIIEA BCACA 32 PEIICHIE
C BBIIYYCHHBIMH OT YVAHUBAEHHA TAazamu. VIHOrAa HOABAAAMCH
OYEBUAHBIE MHTEPIIPETAIINH, HHOTAA HAIIPAIIUBAAUCH MHTEPIPETALINN,
O KOTOpPHIX f He 3HAA (Y MEHA HET PEryAApHOro (PU3UIECKOTO
obpasosanus). Toraa s Ae3 B VlHTepHET B OOHAPYKHBAA, 9TO (Takwm, Aal)
TAKOE YK€ OAHAPYKEHO (PH3UMKAMH M IIPU STOM HHOIAA HE HMEET
dopmassrOro 00bAcHeHHA. MHOrAa HETEpIpeTanua POPMYAHPOBAAACH
B BHAE THIIOTETHYECKOTO skcmepumeHnTa. Sl omate Aes B Muteprer m
OOHAPYKUBAA, 9TO (Takd, Aal) TAKOI SKCIIEPUMEHT OIIHMCaH, He OOBACHEH
TEOPETUYECKH, BBI3BIBACT CIOPHL... VIHOrAa Takoil sKCIEpUMEHT He
OOHAPYKUBAACA — 3TO IIOXOAHAO Ha ITATEHTHYIO 3aABKy. B oOrmem, Bce
OBIAO IIPUMEPHO TaK, Kak pacckasbBaA CraHncaas Aem:
Bee pomarnes muna «Coagpuc» nanucarvr odnum u mem e cnocobom,
Komoputil 4 cam He Mozy obwacHums. .. A u meneps eupé mozy nokasame me
mecma 6 «Congpucy uau «Bosepamgenuu co 36¢30», 2de 1 60 6pema nucarusn
okasanca no cymu 6 poau uumamensq. Kozda Kenveun npubwiéaem ta
cmaryuro Conapuc u He scripedaen mam HUK020, K020a 0H 0MNPaABAAENIA Ha
noucKU Ko20-Hubyds u3s nepcorana cmaryun u scmpedaen Crayma, a mont e2o
ABHO G0UNICA, A U NOHANIUA e UME, NOYeMY HUKINO He 8CIpentii Nocaaya ¢
Semau u weeo max boumes Craym. Aa, 4 peuunenssno nutezo He 3Has o
Kkakom-mo mam  socusom Oxearey, noxpwsisarongem naareny. Beé smo
OMKPBIAOCE MiHte 1103016, MaK Hoe, KaK YUmanento 60 6peMsa umenus, ¢ 1o
ULl PasHuyell, 410 M04bK0 A caM Moz nPUsecil 6¢¢ 6 nopadox.
TouHo TO Xe caMOe IPOMCXOAHAO C ypaBHeHuAMH MakcBeara AAdA
rpasuTarun [180].

0-10
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ITpuaorxenmne 0. AekapTOBBI KOOPAMHATEL.

B aAekaproBeix koopamHatax X, Y, Z, kKak u3BecTHO [4],
AMBEpreHIns Bekrtopa [I, BEKTOP-TPAAMEHT CKaASpPHOH  (PyHKIIH
a(x, Y, Z), BEKTOP-POTOP BeKTOpa /1 MMEIOT COOTBETCTBEHHO BHA

. oH, oJHy 6&H
dlv(H):( aXX+ ayy+ GZZJ’

oa o0a oOa
rad(a)=| —,—,— |
orad(a) [ax oy 62}

rot(H):[[ﬁHz _aHy}(ﬁHx _aHZ]'[éHy _aHXB_
oy 0z 0z OX OX oy

CKaAfAD-

Puc. 1.

DAEKTPHUYECKHE M MATHUTHBIE HAIPAKEHHOCTH B ACKAPTOBBIX
KOOPAMHATAX, IIOAYYA€MBIE B PE3YAbTATEC IIOAYIEHHOIO PpEIICHHS,
ITOKA3aHBI HA CACAYIOIIEM puc. 1.

ITpuaoxxenune 1. IlmamHApHUYECKIIE KOOPAHMHATEI.

B mmammapmdecknx koopamHaTax 1,,Z, Kak wu3BecTHO [4],
CKAAAP-AUBEPreHIINA BeKTOpa [, BEKTOP-TPAANCHT CKAAAPHON (DYHKITHH
a(r, @, z) , Bexrop-poTop Bekropa H HMMEIOT COOTBETCTBEHHO BUA

div(H)= Hp oHr 1 OHp oH.| (@)
r o r Op oz

0-11
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grad(a)= ?, grad,(a)="~ R grad,(a)= 2, (b)
oH
rot, (H)= 1M, Ty ©
r oe oz
oH, oH
rot,(H)= r Z (d)
o(H) (82 arj
H oH
rotZ(H)z( ? 4 (/’—1-6Hrj ©
r o r Op

ITpuaosxenne 2. Cpepuyeckne KOOPAMHATEIL.
Ha puc. 1 mokasama cucrema cpepuaeckux koopauHat (0,6, ¢), a
B TaOA. 1 IIPHBEACHBI BRIPAKEHHUA AAS POTOPA U AUBepreHIuu sekropa E
B 3TUX KOOpAMHATaX [4].
Z

A\/> \\\

e/r

Puc. 1.
Ta0Ama 1.

1] 2 3
Ul rot,(E) | E, O, o,
p9(0)  po6  psin(0)op
2| rot,(E) 0E, E, OE

P ___ __?
psin(00p  p  dp

3| rot,(E) | E, O, CF,
p__Op pop

41 div(E) | E, 8Ep+ E, OE, OE

+ + +—2
p__op pgd) pod  psin(6)og

0-12



'masa 0. MNpegucnosue

Ilpurosxkenne 3. Hexoropble COOTHOHIEHUA B
cucremax CI'C u CH.

Aanee dopmyasr mpusoasrcs B cucreme CI'C, HO HekoTOpBIC
puMepsl AAf HarasaHocTu Aafotcs B cucreme CH. TTostomy B TabA. 1
AASl YAODCTBA UHTATEAS YKA3aHBI COOTHOIIECHHA MEKAY HEKOTOPBIMU
E€AMHHIIAMHI U3MEPEHHA B 9TUX CUCTEMAX.

HauMeHnoBaHne e AMHUIIBI CIrc cnu
CrAa 3AEKTPHYECKOTO TOKA 1 CI'C 3,33:10" A
DAEKTPHYECKOE HAIIPS/KEHIE 1 CI'C 3-10°B
MoIHoCTh, IAOTHOCTD IIOTOKA 1 CIC 107 Br
SHEpPrun
ITroTHOCTD TIOTOKA SHEPTHH HA 1CIC 10° Br/™m
CAMHUITY AAMHBL IIPOBOAQ
[TaroTHOCTB 9ACKTpHYeckoro ToKa | 1 CI'C 3,33:10° A/m*

3,33-10" A/mn?

Hanpsokennocts 1CIrcC 3-10*B/m
SACKTPHYECKOIO IOAS
HarrpsskeHHOCTE MATHUTHOTO 1 CI'C, 80 A/m
IIOAS Dpcrea
MarauTHAS HHAYKITUA 1 CI'C, 10T

I'aycc
ABCOAFOTHAS AUDACKTPHYECKAS 1Crc 8,85-10" ®@/m
IIPOHHIIAEMOCTD
ABCOAIOTHAS MATHUTHAS 1CIrc 1,26:10° I'u/m
IIPOHHIIAEMOCTD
Daexrpudeckas EMKOCTb 1CIC 1,110 @
MuaAykTHBHOCTD 1CIC 107 '
Daexrpudeckoe conporusaerne |1 CI'C 9-10" Om
DAexTpudeckas IIPOBOAUMOCTD 1CIC 1,110 cm
VaeAbHOE aAeKTpHYEcKOe 1CIC 9:10° Om'm
COIIPOTHUBACHIE
VaeabHas aaekTpHYecKas 1CIC 1,1-10" em/m
IIPOBOAUMOCTD

0-13
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ITpnroxenne 4. H3BecrHOe pelleHHe ypaBHEHUIT
MaxcBeara AAS 3AEKTPOMArHUTHOIO IIOAd B

BaKyyMe.

Paccmorpum  cucremy  ypaBHeHmEl  MakcBeara B Bakyyme
(IIPUBEACHHYIO BBIITIE B pazAcAe 4):

10H

rot(E)=———, 1
(E)=-<7 M)
10E
rot(tH )=——, 2
(H)=27 @
div(E)=0, )
div(H)=0. @
Bosbmem potop ot obenx gacreit ypapaenus (1) u moayanm:
10H
rot(rot(E ))=rot| ———— 5
(ronE))=rof -2 2 ®
A
10
rot(rot(E)) = - a(rot(H )- ©6)
CosmecTnM ypaBHeHUsA (2, 6) 1 HAHAEM:
1 ¢
rot(rot(E)) = - ?(E) (6a)
Nssectno [4, ctp. 131], uro
rot(rot(E )) = grad(div(E)) - AE . ©)
TAC B AeKapTOBbIX KOOpAI/IHaTQX
2 2 2
AE=CE O OE ®)
ox~ oy oz

W3 (3, 7) mHaxopum:
rot(rot(E)) = —AE . )
Cosmectnm ypasuenus (6a, 8, 9) n Haiiaem:
1 9%E _ 0%E |, 9’E |, 9’E
2 92 9x% ' ay2 | o2
B AekapTOBBIX KOOpPAMHATAX 3TO VpPaBHEHHUE HMEET KOMIIACKCHOE
pelieHme BUAA

_ kyx+kyy+k,z—owt+

E(t,x,y,2) = |E|e(kaxtkyy+is o), (11)
910 HPOBCPHCTCH HCHOCP CACTBCHHOfI HOACTaHOBKOﬁ. AAﬂ TOTO
HpeABapI/ITeABHO BBIYUCAATOTCA HepBbIe nu BTOpre HpOI/ISBOAHbIC,

(10)

sxoasmme B (10).  Komcranrst (|E|,kx,ky,kz,a),q.')o) HMEIOT
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OIIPEACACHHEIN  (PU3UYECKUNT CMBICA (YTO MBI 3ACCH HE OyAeM
00OCYKAATB)

HaitaenHOEe penreHne ABAfSIETCA KOMIIAGKCHBIM. FIsBectHO, wTO
peaAbHAs YaCTh KOMIIACGKCHOTO PEINCHHUA TAaKKE ABAACTCH PEILICHUEM.
CaeaoBateapHO, B KadectBe perrenus Bmecto (11) moxHO HpHHATH
pelrreHue BuAa

E(t,x,y,z) = |E]| cos(kxx +kyy +k,z— wt + qbo), (12)
AHAAOTHYHO U3 HAXOAHUTCA PEIICHIE BUAQ
H(t,x,y,z) = |H| cos(kxx +kyy+k,z— ot + qbo). (13)

3aMeTuM, ITO SHEPIus, OIPEACAACTCA KaK MHTEIPAA

W= ft (g + ”—HZ) dt = 0.5 ft (e(JE| cos( ... wt))% +

i ,u(ZIEI cos( ...wt))?)dt = 0.5((|E|)? +
u(lED?) ft (cos?( ... wt))dt. (14)

N3 (12, 13, 14) ¢ O4€BHAHOCTBIO CACAYET
1) sHeprus msmeHAETCA BO BPEMEHH, YTO IPOTHBOPEYHUT 3aKOHY
COXPAaHEHNs SHEPIUN,
2) manpmxkennoctn . wm H cuH@A3HBL, YTO HIPOTHBOPEYUT
9AEKTPOTEXHHKE.

ITpuaocxenme 5. O coxpaHeHUU SHEPruHu B

9AEKTPOMAarHUTHOM BOAHE

3A€Ch MBI IIOAPOOHO PACCMOTPHUM BOIIPOC O COXPAHEHUU SHEPTUU
B 9ACKTPOMATHHTHOH  BOAHe.  HinkecaeAyromme — pacCysKACHHSA
HEOOXOAMMO AQTh 3AECh, HECMOTPS Ha UX IIPOCTOTY, T.K. B AAABHCHIINX
BBIBOAAX OHH MMEIOT IIPUHIUIIHAABHOC 3HAYCHHE.

1. berymasa 3AeKTpPOMarHUTHAA BOAHA
B Oeryme#t 9AGKTPOMATHUTHONM BOAHE MOAYAH — HHAYKIIHH
MATrHUTHOTO ITOASl M HAIIPAKEHHOCTH 3AEKTPHYECKOTO ITOAA B KAKAOM
TOYKE ITPOCTPAHCTBA CBA3AHEI COOTHOITICHIEM
B = EeH/c, (1a)
rae ckopoctb csera B Bakyyme € = 1/./&,H,. OGbemuas nmaoTHOCTD
3AEKTPHYECKON SHEPTHH

2
E
We Z%OT' (18)

OObeMHad TAOTHOCTh MATHITHOH SHEPIUH
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2
B
Wy =— 2
2 g
[ToacraBum (1a) B (2) u moayunm (18). CaeaoBaTeABHO
We =Wn ©)

Takum  oOpasoM, B  Oeryimell  9ACKTPOMATHUTHOHN _ BOAHE

IIPOUCXOAAT B3AUMHBIE IIPEBPAIIECHHUA SAECKTPHUYECKOM M MATHUTHOI

SHEPTHUIL.
O6’bCMHaH IIAOTHOCTDH SACKTpOMaFHI/ITHOﬁ BHCpFI/II/I
= 2 B2
W=Wg + Wy, = + @
2 2
Hilg

CI/IHYC OMAAABHAA 6CI‘YLT_[21H SACKTpOMaI‘HI/ITHaH BOAHA B
HpOCTCfILHCM CAyYae OIIMChIBACTCA (pOpMyAaMI/I
E = E,Cos(wt-kz), )
B = B,Cos(at-kz), (6)
TAC EO’ BO — AMITAHUTYADBL KOoAeOaHUI HﬁHpH)KCHHOCTI/I 3ACKTpI/I"ICCKOI"O n
MATHUTHOTO IIOACH COOTBETCTBEHHO.
[ToacraBass (5, 6) B (4), moAygaem
2 2
ggoE B
w=| 5020 4 20 ICos?(mt-kz) )
2 2y

M3 (7) caeayer, 4ro B AXOOOI TO4YKE H B AXOOOM oOBEME

3A€KTpOMaFHI/ITH21H SHCPFI/IH HN3MEHACTCA BO BpﬁMCHI/I OoT HYAA AO
HEKOTOPOIO MaKCHMYyMa. DTO ABHBIM o6pa30M OPOTHUBOPECYHT 3aKOHY
COXpaHCHUS SHCPIUH.

2. Crosgas 9A€KTPOMATHUTHAA BOAHA
Crosiuasi CHHYCOUAAABHASL SACKTPOMATHUTHASI BOAHA OIIMCHIBACTCS
dopmyramu
E = EoSin(kz)Sin(at), ®)
B = B, Cos(kz)Cos(at). ©9)
B 5T10#1 BOAHE HAIPSIKCHHOCTH BO BCEX TOYKAX HM3MCHSICTCA C
TCYCHUEM BPEMEHM C OAMHAKOBOH YaCTOTOW M B OAHOH pase, a
AMIIAMTYAZ B HEHl M3MEHACTCA II0 TAPMOHHYECKOMY 3aKOHY B
3aBUCHMOCTH OT KOOPAUHATEL Z.
N3 dopmya (8) u (9) BuaHO, uro KoAacOanus E u B caBunyrsr o
(pase Ha YeTBEPTH IIEPHOAA. DTO O3HAYACT, YTO KOTAA HAIIPHKCHHOCTDH
9ACKTPHYECKOTO HOAS AOCTHIAECT MAKCUMYMA, 3HadeHus B paBHbl HyAfO.
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[TAOTHOCTP TTOTOKA SHEPTUH IACKTPOMATHUTHBIX BOAH OIIPEACAACTCA
BektopoMm [lofinTuara. Tak kak B y3aax Beamunusl E wmanm B pasasr
HYAIO, TO B 9THX TOYKAX IIOTOK PaBEH HYAIO. Y3AbI Aaf E cosmaaaror ¢
nygHocTAME AAf B m HaoGopor. D10 o3Hawaer, 9TO Wepe3 Y3ABL U
IIyIHOCTH OTCYTCTBYET IIOTOK 3AEKTPOMArHHTHON sHeprunu. OAHAKO,
1ockoAbKy E 1 B B Apyrux TouKax M3MEHSAFOTCA C TEUCHUEM BPEMEHH, TO
MOJKHO 3aKAIOYUTD, YTO C TCIUCHHEM BPEMCHH SHEPIHUA ABILKETCH MEKAY
COCCAHUMH  y3AaMH H Iy9HOCTAMH. [lpm 2T1OM  mpomcXOAHT
IIPEBPAIICHAEC SHEPTHH SACKTPUYECKOTO ITOASl B SHEPIUIO MATHHUTHOTO
moAd u HaoOopoT. CymmapHas SHEPrHsf, KOTOpas 3aKAFOYCHA MEKAY
ABYMSA COCCAHHMU Y3AAMH U IIYIHOCTAMMI, OCTACTCH IIOCTOAHHOII.

Paccmorpum atot Borpoc moapodnee. M3 (4) u (8, 9) caeayer, uro

2
@ Sin?(kz)Sin?(wt)
B§ 2 2 '
+ Cos“(kz)Cos*(wt)
2upo

Hatiaem smepruro, 3aKAFOUCHHYIO MEKAY ABYMA COCEAHHMH Y3AAMU

U IYYIHOCTAMU:

w=w,+w, = (10)

SSOEg .. 2 )
2 TSII’I (kz)Sin*(wt)
W1 = fz:OZk B2 dz
+2#Z Cos?(kz)Cos?(wt)

AT

=T 2
Sin?(wt) - fzzz_oz_k {% Sin? (kz)} dz
Wi = 2 z=£k B? 2
+Cos*(wt) - [7_2 {% Cos (kz)} dz
DTa 9Heprus He N3MEHACTCA BO BPEMCHI, T.K.
=T 2 =T 2
a, = fZZ__OZ_k {M Sin? (kz)} dz = [ 7k {B—" Cos? (kz)} dz, (11)
= 2 z= 2upo
YTO IIOCAE B3ATHA HHTEIPAAOB cAeAyeT u3 popmyas (3). [Ipu stom
Wy = a;. (12)
AHAAOTHYHBIC COOTHOIICHHA MOKHO IIOAYYHTH AAf TPEX APYIHX
ugerBepTb-liepuoaax dyukimu (12). Takum oOpasom, crosdas BOAHA
COXPAHAET CBOIO 9ACKTPOMATHUTHYIO SHEPIUIO (KOTOPYIO OHA ITOAYIHAA
11pu POPMUPOBAHHH U3 ABYX OCIYIIIHX BOAH).
AASL_ COXpaHEHUA MACAIABHON CTOSAYEH BOAHBI HE TPeOYETCsA IIPUTOK
BHEIITHEN SHEPIUH.
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ITpuaosxenne 6. IlepeueHsr HEKOTOPHIX
TEOPETHUYIECKUX MPEACKA3AHUIA,

HOATBEPIKACHHBIX 9KCIEPUMEHTAABHO
Hirxe mepedncAdroTcs HEKOTOPEIE TEOPETHYECKHE IIPEACKA3AHUA,

IIOAYYCHHBIC B KHHUIC H IIOATBEPIKAAFOIIMECS 9KCIIEPHUMEHTAABHBIME
HAOATOACHHUAME U OOBACHEHUAMU 9KCIIEPHMEHTOB, KOTOPBIE AO CHX IIOP

He OBIAM OOOCHOBAHEI:

3AEKTPOMATHUTHAS BOAHA PACIPOCTPAHACTCA IO CIUPAAU (TAaBa

1.3),
ITAOCKasi BOAHA MOJKET CYIIIECTBOBATh pusmdecku (rAasa 1a),

BHC 3aBHCHMOCTH OT IIapaMcTpOB IIpOBOAA CyIIeCcTByeT
OAHO3HAYHASA 3aBUCHUMOCTD MCKAY IACKTPHUYICCKIM HAIIPHKCHICM

U Ha IIPOBOAC, HpOAOAbHOfI MATHUTHOM HaIIPAKEHHOCTBIO HZ B

IIPOBOAE€ M AKTHBHOM MOIIIHOCTBIO P, IIEPEAABAEMON IO
AMIAEKTPUYIECKOMY ITIPOBOAY (TAaBa 2)

B AH9AEKTPHYECKOI IIEIN CYIIECTBYET IIPOAOABHAS MarHUTHAS
HAIIPSKEHHOCTD (TAaBa 2),

KOHACHCATOP MOKET OBITh IIPeOOPA3OBATEAEM IIEPEMEHHOIT
MATHATHOM  HHAYKIIUH B IIEPEMEHHOE  JAEKTPHYECKOE
HAIIpsKeHHE (TAABHL 2, 22),

CKOPOCTb  PACHPOCTPAHEHHA IAEKTPOMATHUTHOM BOAHBI B
KOHAEHCATOPE MEHbBIIIE CKOPOCTH CB€Ta MW  3aBHCHUT OT
IIepeAaBAEMON aKTUBHOI MOIITHOCTH (rAaBa 2),

PAAMOCUTHAA, PACHPOCTPAHAIOIINIICA B  3AEKIPOIPOBOAHOI
CpeA€, COCTOMT M3 ABYX CHTHAAOB, PACIIPOCTPAHAFOIINXCA C C
PAa3AMYHON CKOPOCTBIO, YTO OOBACHAET «KMUPOBOE 9XO» U APYTHE
ITOAOOHEIE ABAeHHA (TAaBa 2h),

IIOTOK 3HEPIUU B TpaHC(OPMATOpPE HE 3aBHCUT OT MArHHTHOTO
IToTOKA (rAaBa 3),

TOK B IIPOBOAEC MOKET BO3HHUKHYTH HE TOABKO B PE3yABTATE
IIPUAOKEHHOIO IIEPEMEHHOIO HANPAKEHNsA, HO B PE3yAbTaTe
IIPUAOKEHHOM BHEIITHEH IIPOAOABHOI MAaTHUTOABILKYITICH CHABI,
YTO HAOAIOAAETCA B 9KCIIEpUMEHTAX (TAaBa 3),

IIPOAOABHASl MATHUTHAA HAIIPSIKEHHOCTh B IIOAOCTH TPyO4aTOro
IIPOBOAHUKA (TAaBa 4b),

obbAcHeHHEe (PYHKIMOHUPOBaHHA TpaHcdopMaTopoB Mapkosa,
3anapununa, [Tossraudga (raasa 4c),
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AWHIA B IIPOBOAE ITOCTOSIHHOIO TOKA Ha ITMAHHAPE TIOCTOAHHOTO
paAmyca, Ha KOTOPOH BCE HAIIPAAKEHHOCTH H IIAOTHOCTH TOKOB
OCTaIOTCA IOCTOAHHBIMU, ABAAETCA BUHTOBOM AHMHHUEH (rAaBa 5),
CYIIECTBOBAHHE IIPOAOABHON MAIHUTHOH HAIIPAKEHHOCTH

B IIPOBOAE (TAaBa 5),

IIOTOK 3HEPTHUH B IIPOBOAE, PABHBEIN IIEPEAABAEMON MOIITHOCTH,
ABHZKETCA BHYTPH IIPOBOAA (TAaBa 5),

BPAIIAFOIIUIT MOMEHT B IIPOBOAE M ABHTaTeAb Mmuabpos (raaBa
5a),

3.A.C. B IIPOBOAE, HAXOAAIIEMCA B HEOAHOPOAHOM ITIPOAOABHOM
IIOIIEPEYHOM HMAM KPYTOBOM MarHUTHOM ITOA€ (TAaBa 5d),
IIOABACHUE  TOKA  IIPOBOAHHUKE,  PACIIOAOKEHHOM  MEKAY
OAHOMMEHHBIMI TOPIIAMU ABYX MarHuToB - 3ddexr brproan
(raasa 5d),

MATrHUTHBINA IIAIO3 BeAnHu (raasa 5d),

BO BPAIIAFOIIEMCA IACKTPOIIPOBOAHOM TEAE BO3HUKAET KPYTOBOM
ITOCTOSIHHBIA ~ SACKTPHYECKHH TOK M 3TUM  OOBACHAIOTCA
sacpdexror bapuerra n Acripena (raasa 5Sh),

CYIIIECTBOBAHME YCTPOMCTB IIEPEAAYM SHEPIHH  OAaroAaps
BO3HUKHOBEHHUIO 3.A.C., HEOOBACHUMBIX 3AEKTPOMATHHTHOM
HMHAYKIHEH (rAaBa 6),
OAHOIIPOBOAHAA IIepeAava sHeprun (raasa 0),

IIPUPOAA ITOTEHIIMAABHOH 3HEPIHMH KOHAEHCATOpA U
MEXAaHH3M  COXPAaHEHHfA  OSHEPIUHM B  AHUIACKTPHKE
KOHAEHCATOPA, a4 TaKKe COXPAaHEHHSA OHEPIHH B
AM9AEKTPUKE  KOHAEHCATOPA  OCBOOOMKACHHOIO — OT
00KA2AOK (TAaBA 7),

MarHUTHOE TIOA€ B 3apAKEHHOM KOHAEHCcaTOpe (TAaBa 7),

3apAA KOHAEGHCATOPA B IPOAOABHOM HAHM KPYTOBOM MarHUTHOM
roAe (raasa 7a),

ITOTOKH ~ 3HEPIUH, HMIIYABCBI M MOMEHTH  HMITyABCOB
CYIIECTBYFOT B OKPECTHOCTH  TOpPHA  MarHHTa,  YTO
ITOATBEPKAACTCA U3BECTHBIMU SKCIIEPUMEHTAMU (I'AaBa 7B)
IIOCTOSSHHOE BOCCTAHOBACGHHE SHEPIUH MATHHUTA (TAaBa 7B),

B C(epUyuecKOil IAEKTPOMATHUTHOW BOAHE IIOTOK SHEPIHH
OCTA€TCA IOCTOSHHBIM C yBeAmdueHmeM paaumyca un HE
M3MEHACTCA BO BPEMEHH, YTO CTPOIO COOTBETCTBYET 3aKOHY
coxpaHeHUs sHeprun (raapa 8),
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HU3BECTHOE pEIIeHHE AAfl CPEPUUECKON IACKTPOMATHHTHON
BoAHE HE yAoBAeTBOpsieT cucTeme ypapHeHUIT MakcBeAAa I AAS
IIPOCKTHPOBAHNA AHTCHH HEOOXOAHMMO HCIIOAB30OBATH PEIIICHHUE
n3 raaBe 8 (rAaBa 8b),

ITAQ3MEHHBIN KPUCTAAA (TAaBa 11),

B IIPOBOAE  IIAOTHOCTb  MATHHTHOH  CHABI  /\opeHIa
IIPOIIOPIIHOHAABHA IIAOTHOCTH MOIITHOCTH (TAaBa 12),
3AEKTPOMATHUTHBIA MMITYABC U MEXAHUYECKUI UMIIYABC BXOAAT
KOAMYECTBEHHO PABHOIPABHBIM OOPa3OM B 3aKOH COXPAHEHUA
IMIIyABCA;  9TO  VIBEP/KACHHE  OTKPBIBACT  OOBACHAET
dyHKIHOHHpPOBaHIE OE30IIOPHBIX ABATATEACH (rAaBa 13),
CYIIECTBYET ITOTOK SHEPIUU ABIKYIIIETOCH TEAA CO CTATHYECKHM
5AEKTPOMATHUTHEIM ITOAGM M COOTBETCTBYFOIIHE 3KCIIEPHMEHTE!
(raasa 13b),

CYIIECTBYET CTATHYECKOE SIACKTPOMATHUTHOE ITOAC U

IIOTOK 3HEPrUH B HeM (rAasa 13b),

YCTPOMCTBO AAfl  IIPEOOPA3OBAHMA HMIIYABCA CTATHIECKOIO
3AEKTPOMATHUTHOIO TIOASl B MEXaHHMYECKUI UMIIYABC (rAaBa 13b),
«AETAIOIITHE TPEYTOABHHUKI» (rAaBa 13d),

HE3KBHBAACHTHOCTb COACHOMAQ M MarHnTa (TAaBa 14),

ITOTOK SHEPTHH, KAK IACKTPOABIIKYIIAA cuAa (TAaBa 15),
CyIIIECTBOBAHHE 3AEKTPOMATHUTHON BOAHEI
OTPAaHHYEHHOIO OOBEMa, COXPAHAIOIIEH 9HEPIHIO U
nadopmaruio (raasa 16),

OOBACHEHNE MUPAKEH IPOIIAOTO (rAaBa 10),

BHYTPHUAACPHBIC CHABI, KaK CACACTBHE CYIIECTBOBAHHE
9AEKTPOMATHUTHON BOAHBI OIPAHHYEHHOIO 0ObeMa (TAaBa

16a),
BSHHMOACﬁCTBHC HAaHOYAaCTHII, KaK CACACTBUEC
CYH_[CCTBOBB.HI/IC SACKTp OMH.I‘HPITHOfI BOAHBI

OTpaHHUYEHHOTO OObema (TAaaBa 16b),

BO3MOKHOCTD II€peAadr HH(OPMAIIIU B OMOAOTHIECKIX
CHCTEMaX IIO BOAHOH M BO3AYIIHOM cpeae (raaswl 10c,
16d),

0OpaTUMOCTD VHHIIOAAPHOH HHAYKIUK (rAaBa 17),
OOOCHOBAHHE MATHHTOIHMAPOAMHAMHYECKOIO — AMHAMO-
apdpexTa M CYIIECTBOBAHHA  MATHHUTHOIO  ITOAA
ACTPOHOMUYECKUX OOBEKTOB (rAaBa 17),

CHUABI AOpCHHa %8 AMHCpa KaK CACACTBH CYIIICCTBOBAHMA
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IIOTOKA UMIIYABCA SAEKTPOMATHHTHOTO HOAf (TAaBa 18).
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FnaBa 1. Bropoe pelweHue ypaBHeHui MakcBenna gnsi Bakyyma

I'aaBa 1. Bropoe perienue
ypaBHeHUN MaKcBeAAd AASL BAKYYMA

OraaBAaeHue
1. Beeaenme \ 1
2. Pemrenne ypaBuennii Makcseaaa \ 1
3. Hanpsukennocru \ 3
4. IMoroku suepruu \ 9
5. Cxopoctp ABmxenus suepruu \ 10
7. VIMITyABC B MOMEHT HMIIyABCa \ 12
6. Obcymacnue \ 14
[puaoxenne 1\ 15

1. BBeaeHue

B raase "[1peaucaosue” mmokasana mpoTHBOPEYHBOCTh U3BECTHOIO
perrenus ypasaeHuii MakcBeara. Hike mpeasaraercst HoBoe perieHue
ypaBHeHHI MakcBeAAa AAf BakyyMma [5].

2. Pemmienne ypaBueHuii MakcBeaaa

PaccMOTpUM  peIlleHHE CHUCTEMbl ypaBHEHUI MakcBeAAd AAS
BaKyyMa, KoTopas rpuseAcHa B rAase "[Ipeancaosue", kak Bapuant 1, u
MMEET BHA

rot(E)+ %EHz , (a)
¢ oE

rot(H)—EE— , (b)

div(E)=0, ©

div(H)=0. d)

B cucreme numamHApHYECKUX KOOPAMHAT [, (), Z 9TH ypaBHEHUA

HMCIOT BHA!

oE
E,E LIS VE (1
r o r op oz
oE
l.ai__ff’:Mr, @)
r op oz
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ok, OE

—=M_, 3
oz or ? ©
E aE

%o 1 =M,, Q)

8r r oe

oH
aHr+1' g(,+8HZ:0’ )
or r Op 0z

oH
1.%__‘/’=‘]“ ©)
r op oz
aHr_aHZ_J 0
oo or 7
H oH
2 _‘/’_l.%:\]z’ 8)
r o r ogp
j_¢%& ©)

c ot
M:—ﬁ@. (10)
c ot

AAf COKpAIIIEHUS 3aIIICH B AAABHEHIIIEM OYACM IIPUMEHATD CACAYFOIIIHC
00O03HAYECHUA:

co =cos(a@ + yZ + at), 11

si =sin(a@ + yz + wt), (12)

TAC &, Y, W -— HCKOTOprC KOHCTAaHTHI. HpeACTaBI/IM HEMU3BECTHBIC
(PYHKIIIH B CACAYIOIIIEM BHAE!

= j(r)o, (13)

J,=1],(r)si, (14)

J,.=j,(r)si, (15)

=h,(r)co, (16)

Hw. =h,(r)si, 17)

=h,(r)si, (18)

E,.=¢ ( )SI (19)

E,.=e,(r)co, (20)

E,.=e (r)co 1)

m,(rko, (212)

Mw. =m,(r)si, 22)

M,.=m,(r)si, 23)
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TAE j(r), h(r), e(r), m(r)—HCKOToprC pYHKIIIH KOOPAUHATHI T .
HerrocpeAcTBeHHOI  TIOACTAHOBKOM — MOKHO — YOEGAHTBCHA, dYTO
dyuaxmun (13-23) mpeobpasyror cucremy ypasuenunii (1-10) ¢ Tpems

aprymMeHTamu I, ¢, Z B CHCTEMY YPABHEHHII C OAHUM APTYMEHTOM I U

nemssectaeivu pyaxrmmavm (1), h(r), e(r), m(r).

B npuaomenun 1 mOka3aHO, 9TO y TAKOH CHCTEMBI CYIIIECTBYET
peleHne, NMEFOIIee CACAYOIuil BUA (B mpruaoxennn 1 om. (3.1, 39, 33,
34, 32) cOOTBETCTBEHHO):

h,(r)=0, e,(r)=0, @4
e (r)=e,(r)= ? rie?), 25)

hw(r)=JEer(r), (26)

U

h,(r)=— e, (r), @7
MU

x==x a)\/E / c, (28)

rae A g, u,C,a, ¥, — KOHCTAHTHL

Tem caMBIM MBI IOAYYHAN MOHOXPOMATHYECKOE PEIIIEHNE CHCTEMBI
ypasuenuii (1-10). Ilepexoa K HOAMXPOMATHYIECKOMY PEIIECHHIO MOMKET
OBITH BBIITOAHEH C IOMOINBIO IIpeodpasoBanni Pypre. OdueBUAHO, ecan
pEeIlIeHne CYIECTBYeT B IIMAMHAPHYECKOM CHCTEME KOOPAHHAT, TO OHO
CYILIECTBYET U B AFOOOIT MHOIT CHCTEME KOOPAHMHAT.

Takum 0Opa3oM, MBI IIOAYYHAHM OOIIEE pEIIeHHE YPaBHEHUIM
MakcBeaaa B BakyyMme.

3. HanpsoxeHHOCTH
Paccmorpnm permrenne (2.25):
e, =e,=05A-r"?, 1)
rAe A — "Hekotopas koHcranTa. Ha puc. 1 mokasansr, Hanpumep, rpadpuxu
Pyukrmii (1, 2) npu A=-1, «=0.8.

Ha pI/IC. 2 IOKa3aHBI BCKTOPI)I HaHpH)KCHHOCTCﬁ, HCXOAAIIIE M3

TOYKH A(I‘,(D). Harromunm, 49ro  mpoexmmm h(/)(l’):\/ge,(r) u
Yz,

hr(r):—\/geq,(r),- oM. (2.26, 2.27). Hanpasaenus sextopos e, (r) n
yri
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e,(r) soibpamsr Tak: e, (r)>o0, e,(r)<0. Ilpu srom Bekroper E, H

BCEIAd OPTOrOHAABHBL

AAf AeMOHCTparuu cABHra (a3 MEXAY KOMIIOHEHTAMH BOAHBI
paccmorpum pyuaknmn (2.11, 2.12) u (2.16-2.21). Buano, uro B KaxkAoit
TOYKE C KOOPAMHATAMU I, ¢, z_HampspkeHHoctu H, E _cABuHyTBI

1o drase Ha YETBEPTH MEPHUOAA — cM. puc. (.

QO ®

~S8SN

- 3

NS J

1 "7 ll )

I‘ R . i = i :
:s: S e SN
= T 3
= |l|!| '

r r

Puc. 0 (4hehe2.vsd).

ITaoTHOCTB 3HeprI/H/I
w = —(eH’ + uE?) ®)
Vawnremsan (2.17, 2.18, 2.20, 2.21, 2.26, 2.27), Haxoaum:
1 . 2 2
W = g<s ((er51)2 + (epc0) ) +u ((hrco)2 + (hgsi) ))

- %(s ((erSi)z + (ecpco)z) + HE ((erco)? + (ersi)2)>

AU
2
W(r) = —(ex(1)) ©)
- cm. Takxe puc. 1. M3 (3, 3.2) mHaxoanm:
W(r) = A rz(“ D (3a)

Takum 00OpasoM, IAOTHOCTB 3HEPIHMH IAEKTPOMATHUTHON BOAHBI
IIOCTOAHHA BO BPEMEHH M OAMHAKOBA HA BCEX TOYKAX IIMAMHAPA

AAHHOTO paAWyca.
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-0.25

-0.3

-0.35

ef(r)

-0.45 /
05
0

-0.05

Aref(r?

-0.15 /
0.2 /

-0.25

0 2 4 6 8 10 12 14 16 18 20

Fig.1. SecondSolMax.m

Pertenne cyrecTByer u Ipu M3MEHEHHBIX 3HaKaX yHkimi (2.11,
2.12). Dromy cayuaro coortserctByer puc. 3. Puc. 2 m pmc. 3
HAAFOCTPUPYEOT TO, UTO BO3MOKHBI ABA BHUAQ ITUPKYAAPHOM
HOAAPU3AIIAY IACKTPOMATHUTHOU BOAHBI.

Pacemorpum dynkiuu (2.11, 2.12) u (2.28) Toraa matiaem

co=cos(ap+Jeulz+at),  si=sin(ap+Jeulz+at). @
c c

PaccMoTprM  TOUKY, ABHAKYIIYIOCA IIO ITHAHHAPY ITOCTOSHHOTIO
paAmyca I,y KOTOpOH 3Ha9eHHUE HAIIPAKEHHOCTH 3aBUCUT OT BPEMEHH ITO

dopmyae

H,.=h (r)cos(«t) 5)
CpasumBan a1y dopmyay ¢ (2.16) m yumreman (4), 3amedaem, dUTo
dopmyasr (5) u (2.16) coBIIasaroT, €CAH B AFOOOI MOMEHT BPEMEHU

ap+eu>2=0 ©
AN
=—@z. )
o-C
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MnaBa 1. Bropoe pelweHue ypaBHeHui MakcBenna gnsi Bakyyma

PI/IC.. 2. PI/fC. 3.

Takum o6pa30M, Ha IHAAMHAPE IIOCTOSHHOIO PaAHyCa

r

CYIIIECTBYET TPAECKTOPHA TOUYKH, OlUChBaeMas hopmyasamu (4, 7), Tae Bce
HAIIPAKEHHOCTH H3MEHAIOTCA CHHYCOUAAABHO. C APYTOM CTOPOHEL, TaKasA
TpaekTopus fABAfCTCA BUHTOBOM AmHHeH. CAGAOBATEABHO, AMHUfA, IIO

KOTOpOfI TOYKAa ABIDKCTCH TaK, 9YTO €C HAIIPSIKCHHOCTD Hr' N3MCHACTCHA

CHHYCOHMAAABHO BO BPEMEHH, ABAACTCA BHHTOBON AMHHEH. DTH Ke
PACCYKAEHUA MOKHO IIOBTOPHTb AAfl APYIMX HamnpsKeHHOCTEH (2.17-

2.21). Nrax,
TPaeKTOPHUA TOUKH, KOTOPAsA ABUYKETCA 110 LIHAHUHAPY
AAQHHOIO PpPaAWyCa TaK, YTO 3HA4YEHHE AFOOOM
HANIPAOKEHHOCTH B 3TOM TOYKE  W3MEHAETCH
CHHYCOUAAABHO BO BPEMEHH, ABAAECTCA BUHTOBON
AMHHEN.

HaHpHMep, Ha pucC. 4  10Ka3aHAa BHHTOBAA AWHHSA

r=1, ¢=300000, ®=3000, ¢ =-3, p=[0+27]. Ha puc.

)

HpI/I

4a

IIOKAa3aHbI BUHTOBBIC AMHHWI HpI/I TCX K€ YCAOBHAX, HO AAAl PA3AMYIHBIX

3HadeHUN papmyca =|_0.5, 0.6, ...1.0, l.lJ. [psAMBIME  AMHZSME

ITOKAa3aHbI FGOMCTpI/I‘{CCKI/IC MECTA TOYEK C paBHbIMI/I Q.
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FnaBa 1. Bropoe pelweHue ypaBHeHui MakcBenna gnsi Bakyyma

2000 5
- A
1500
1000+ ——
500
0
0.5 e S — 1
o ~ 0.5
0
-0.5 05
. -1 _
Fig. 4. ! (TokPotok33.m)

Fig. 4a. (TokPotok33.m)

[Tocaearnii Tesuc (A) o3Hauaer, 9TO B TOUKE T, ABHKYITIEIICA IO
AAHHOW BUHTOBOHM AMHHH, BEKTOPH HanpsixeHHOCTEH (2.16-2.21) mmeror
CAEAYIOIITUI BHA!

H,.=h.(r)cos(et), H,.=h, (r)sin(et), H,.=h,(r)sin(at),
E,.=¢(r)sin(et), E,.=e,(r)cos(at), E,.=¢,(r)cos(at).
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MnaBa 1. Bropoe pelweHue ypaBHeHui MakcBenna gnsi Bakyyma

Bemme Op1ao  mokasamo  (em. (2.24-2.27), wro h,(r)=0, e,(r)=0,

(-850, 0= e, hr<r)=—ﬁew<r>-
w 7

CACAOBaTCAI)HO, B Ka)KAOﬁ TOYKC MMCIOTCA TOABKO BEKTOPBI

H,.:—\/Eew(r)cos(a)t), H(/,.:\/Eem(r)sin(a)t),
H H

E,.=e,(r)sin(et), E,.=e,(r)cos(at).
[Tpu orom cymmapmbie sexropnr H, =H +H, wn E_=E +E,

&
= ;erw (r)’

=€, (r) Ha puc. 406 mokasaHel Bce 9TH BEKTOPBL. Buano, aro npn

HAXOAATCA B IIAOCKOCTH [, ¢ M HMMEIOT MOAYAH ‘Hr "

E

ro

ABIDKCHUH TOYKH | IO BUHTOBOTI AMHHN cymmapHble BeKTopsl H, o 1 E, 0

BpamaroTcA B ITIAOCKOCTH r, Q. Mx MOAYAH OCTArOTCH ITOCTOAHHBIMHA I

PaBHBIME MEKAY coboit. Dtu sexropet H,, n E | Bceraa oproronaspmer.

Erf

Puc. 40.

Mrax, CHHYCOMAAAbHAA BOAHA  PACHPOCTPAHAETCA 1O

BHHTOBOM AWHHH, IIPH 3TOM B KAKAOH TOYKE | , ABHUKYIIEHCA ITO
AAQHHOM BHHTOBOM AHMHHH, IIPOEKIIMH BEKITOPOB MATHUTHOM U
3AEKTPUYIECKON HAIPAKEHHOCTEH
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FnaBa 1. Bropoe pelweHue ypaBHeHui MakcBenna gnsi Bakyyma

® CYIIECTBYIOT TOABKO B IIAOCKOCTH, IEPIIECHAMKYASPHONH OCH
BUHTOBOW AMHHH, T.€. CYIIECTBYIOT TOABKO ABE IIPOEKIIHH 3TUX
BEKTOPOB,

® U3MEHAIOTCA CHHYCOMAAABHO,

® CABHHYTHI IO (Da3e Ha YETBEPTDH IIEPHOAA.

CymMmapHBIE BEKTOPBI
® BPAIIAIOTCA B 9TOHU IIAOCKOCTH,
® UMECIOT IIOCTOAHHDBIE MOAYAU,

® OPTOTOHAABHBI APYT APYTY.

4. IToroku sHepruun

ITaoTHOCTE TOTOKA SACK'FPOM?].FHI/I'FHOfI SHEPIuM — BEKTOP IToarrura

S=pExH |, )

TAC
n=c/ir. 2)
B cucreme CH 77 =1 u mocaeanss popmyaa (1) mpuamMaer BHA:
S=ExH, €)

B OUAUHAPHUYECKHUX KOOPAMHATAX I, ), Z IIAOTHOCTb IIOTOKA

9ACKTPOMATHUTHON SHEPIHM HMECT TPHU KOMIIOHEHTHI S., S o S,,

HaITpaBACHHBIC BAOAD paamyca, 10 OKPY’KHOCTH, BAOAD ocHu
coorBeTcTBeHHO. OHUI OIIPCACAAFOTCS IIO (i)OpMyAC

S. E,H,—E,H,
S=|Sy| =nExH) =n|E,H,—E.H,| 4
S, E.H,-E,H,

Taxkum o6pa30M, IIAOTHOCTH IIOTOKaA 9A€KTpOMaFHHTHOI>i SHCPFI/II/I,
paCHpOCTpaHHI—OLL[CfICH I1I0 paAHycy, 10 OKPY)KHOCTI/I, BAOAB OCHU OZ

OIIPCACAAFOTCH COOTBETCTBEHHO (i)OpMyAaMI/I CACAVIOIIICTO BHAQA:

i—r+ér—%a—xez=0, (1)
i—r+ér—%a+% , =0, )
—%a+er)(—%hr =0, @)
erx —é,—="h, =0, ©
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MnaBa 1. Bropoe pelweHue ypaBHeHui MakcBenna gnsi Bakyyma

&+hr—&a+xh2=0, ®)

_T_h + o a+TeZ—O, ®

h, _&w .
S athyy——e =0, ©
—hr)(—hz+%er = 0. ©

IToTok, mpoOXOAAIIHMIT Yepe3 AAHHOE CEYCHHE ITHAMHAPHYECKOM
BOAHBI B AAHHBIII MOMEHT BPEMEHH,

S, S,
=, | [Se|dr-de (©)
Sz

<

5=1S,

Sz

Beimmie rrokasano, uro h,(r)=0, e,(r) =0. CaeaoBareanno, S,

S

0, S(P = 0, T.€. HOTOK 3H€pFI/H/I paCHpOCTpaHHCTCH TOABKO BAOABb OCH

OozZu paBeH

§$=5,=n ffmp ((erh(psi2 — e,hyco?)dr - d(p) %

OrcyrcrBue IIOTOKAa 9HEPIUH IO PAAUYCY O3HAYAET, YTO OOAACTD
cymecrsoBanusa BoAHel HE pacmmpserca. TloarBep:xaeHHEM 9TOMY
ABAAETCA CYIIECTBOBAHHE Aa3epa. PacXOAMMOCTb Aa3epHOrO IIy4YKa
ABAAETCA IPEAMETOM MHOTOYHCAEHHBIX HcCcAeAoBaHmid [132], O a1

HMCCAECAOBaHMA OTHOCATCA (HaCKOAbKO H3BECTHO aBTopy) K
MHOTOMOAOBOMY AYYIYy M MOAYAAHMBO IIOAPA3YyMEBACTCA, HYTO MaAafd
PacXOAHMOCTD — 3TO PE3YABTAT BSaI/IMOACf/‘ICTBI/IH MOA. OAH’&KO TPYAHO
HPCACT’ABI/ITI) MCXAaHHU3M TaKOIo BSaHMOACfICTBHH. HpeAAaraeMoe
pCI_HCHI/Ie IIOKA3bIBACT, YTO KaXKAad MOAA HE pacmnpﬂeTc;[ n
CACAOBATEABHO, HC PACIIHUPACTCA CYyMMa MOA.

N3 (2.26, 2.27, 2.25) moay4aem:

eh, \Ff, ®)
7

e, ©)

5>

er = €y (10)
Takum obpasom,
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FnaBa 1. Bropoe pelweHue ypaBHeHui MakcBenna gnsi Bakyyma

=ne? [£= g2 | 11
z 771"# ar T 1 1n

HAH, ¢ yaeToM (2, 2.25),

A2 e o(a-1
.SZ = ? —Cr ( )
T Al 1

12
CAeAOBATEABHO, HOTOK 3HEPIUYM SIACKTPOMATHUTHOMN BOAHBI ABAAETCA
IOCTOAHBIM BO BPEMEHHU.

OTcroaa CAEAyeT, dYTO IOTOK JHEPTHH, IIPOXOAAIIHH depes

IIAOIIAAD CEYEHUSA, HE 3aBUCHT OT {, ¢, Z.DTa BEAUYHHA HE U3MCHACTCA

BO BPEMCHH, ITO COOTBETCTBYCT 3AKOHY COXPAHCHWSA DHCPIHIL.

5. CkopoCTh ABHKEHHA 3HEPIUHN
ITpexae BCETO, HAAEM CKOPOCTH pacmpocTpaHeHnA
MOHOXPOMATHYECKON 3AEKTPOMATHUTHOM BOAHEL ~(OUeBHAHO, 3Ta

. az .
CKOPOCTH PaBHA IIPOU3BOAHOI a or dpyukmun Z(t), 3aAaHHOI HESBHO

B BHAE (2.16-2.21). Paccmorpum, Hatpumep, dpyukimro (2.16). Mmeem:

d(dlir) — i (COS((X(I’ +xz + wt)) = —si - h,yx, @
d(zr) h, dt (COS( ag + xz+ wt)) = —si-h,w. (2

Toma CKOPOCTh pacipocTpancHuA MOHOXpOMﬂTH‘IeCKOﬁ

9AEKTPOMATHUTHOU BOAHBI
_dz _ d(Hr) d(HT) w
U = E = / -

Vuntesas (2.28), HOquaeM
c
= w/(wue/c) = —. 4
m = w/(wvke/c) = — “)
ITockoabky B Bakyyme U = & = 1, To cKkOpOCTBH pacrpocTpaHeHUS
MOHOXPOMATHYECKOM 3AEKTPOMATHUTHOH BOAHBI B BaKyyMeé paBHA
CKOPOCTH CBETA.

Vyy = C. ®)
OOmmenpunaTo sBAsfercas kKoHuemnnua Ywmosa [81], coraacHo
KOTOPOU ITAOTHOCTH IIOTOKA 3HEPTHH S ABAACTCA ITPOMU3BEACHHEM

3)

IIAOTHOCTH 9Hepruu W M CKOPOCTH ABMKEHNA 3HEprun V,:

S=W- V. (6)
W3 (4.11, 3.3) moaygaem:
_ Sz _ (S 2 |¢ (i 2) _ <
ve _W_ <4ner H’)/ 4_11,87" _@ ™)
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MnaBa 1. Bropoe pelweHue ypaBHeHui MakcBenna gnsi Bakyyma

Taxmm 00pa3oM, CKOPOCTh ABMDKEHUA IHEPIUH IIOCTOAHHA AASL BCEX
TOYEK CeYEHHA BOAHBI (He 3aBucHT OT I).

CKOpPOCTh ABHKEHHSA 3ACKTPOMATHUTHOM SHEprum V, HE BCErAa
pasHa ckopoctu cseta. Harrpumep, B crosiaeii Boane ¥V, = 0.
3ameTuM, 9YTO Ha OCHOBAHHH M3BECTHOTO pereHus 1 hopMyAsr (0)

HEAB3f HAUTH CKOPOCTh V,. AetictBureApHO, B cucreme CH Hariaem:

S eE?  H? E H
v.= o =BH/(+ 30) = 2/ (eu + ).
2 2
Ecan % = 121_#’ TO g = y/UE. Toraa ans Bakyyma

1 u
v, =2 (e —+ e)z - = 376
= 2u/(en = T Ver - :
gTO HE COOTBCTCTByCT ACI:ICTBHTCABHOCTH. BOO6H_[C, HOAY‘ICHHOC 3AECH
pCILICHIE HE MOKET OBITb HAAEHO B BeKTopHof/'I (popMe.

6. MIMIIyABC 1 MOMEHT UMIIYABCA

MsBectHO, 9TO  IIOTOK  3HEPrUM  CBA3aH C  APYIUMH
XaPaKTEPUCTUKAMI BOAHBI 3aBUCUMOCTAMH CACAVIOIIEro BuAa (21, 25, 63]
(8 cucreme CI):

Ifl =W, @)
S=W-c, 2
p=W/c,p=S/c, 3)
f=p-c,f=5/c 4)
m=p-r, )

TAE

W - nmaotHOCTD 9HEpPrUH (CKAAAD), KI*M ' *C 7,

S - maotHOCTB 1TOTOKA BHEPrUM (BEKTOP), Kr'c o,

P - HAOTHOCTH UMITyAbCA (BEKTOP), KI'M ¢,

2
>

f - maoTHOCT IOTOKA MIMITYABCA (BEKTOP), KI*M ' *C~
M - TAOTHOCTH MOMEHTA UMIYAbCA B AAHHOM TOYKE BOKPYT OCH,
OTCTOAIIEH OT AAHHOMI TOYKN Ha paccrosiue I (Bektop), Kr-c2,

V' - 06beM 3AEKTPOMATHUTHOTO TOAS (CKAAAD), M .
M3 BBIIIEM3AOKEHHOTO CAEGAYET, YTO B IACKTPOMATHHUTHON BOAHE
CYILECTBYIOT IIOTOKH 3HEPIUM, HANPABAEHHBIE BAOAb PaAHMYCa, IIO
OKPYKHOCTH, BAOABb OCH. CAEAOBATEABHO, B SAEKTPOMATHHUTHOH BOAHE
CYILECTBYIOT TaKKe HMIIYABCH, HAIIPABAEHHBIE BAOAB PaAHyCa, IIO
OKPYKHOCTH, BAOAB OcH. CyIIecTByIOT TAaKKE€ MOMEHTBI HMITVAbCA
OTHOCHTEABHO AFOOOIO PaAnyca, AFOOOI OKPYKHOCTH H OTHOCHTEABHO
ocu.

1-12



MaBa 1. Bropoe peweHue ypaBHeHun MakcBenna gns Bakyyma

Puc. 7a.

PaccmMoTprM  MOMEHT HMIIyABCA OTHOCHTEABHO ocu Z. B

COOTBETCTBHH C (3) HAAEM 9TOT MOMEHT:
L, = p,r=s,r/c’. ©)

DTOT MOMEHT ABAAETCH OPOHMTAABHBIM YTAOBBIM MOMEHTOM, KOTOPEII
OOHapyKuBaeTCA B T.H. 3aKPVIEHHOM cBere. AaAsce IIPHBOANTCA
cokparennan rurata us [64]. O wom, umo ceemosan éoama recenm e 110.16K0
IHEPIUIO U UMNYABE, HO enje U YeA0801 MOMeHN, GblA0 U3BECHINO CII0Jene Ha3do.
I Tonauany, romeuro, yes0600 MoMenm accoyuuposanca moasko ¢ noAspusayuen
ceema. ... Illao epema. berau cosdane: sasepst, Aa3epHviM c6emoM Hay4uAUcs
Ynpasaame, paseusandacy meopus onucarus eo daekmpomaziummozo noas. M e
KaKot-mo — MOMeHm — HpUILAO — 0Co3Harue 171020, 4mo 3 06a  C60Hc6A -
HAaNpasAeHHOHIb C6e106020 NYUKA U €20 3AKPYHEHHOCHIb - 606¢¢ He nPomusopeyans opye
opyey. ... betau mpedsoswerve u Korxpemmsre cxeMu c030arus u Oenmexmuposanis
sakpyuennocmy.  Lpu z00a  cnyema ... IKenepuMmenmamopsr  Yoeounucs, Um0
CHEYUANBHBIM 00PA3OM HPULOINIO6AEHHAA MO0 J1A3EPHO0 C6ema, KOmOpyIo YMeau
cos0asams U parvide, 0edcmeumensio omeedaen saxpyderromy ceemy. ... Ilocse
INM020  HAYANCA AABUNO0GPA3HBIIL NOMIOK UCCAC008atUIl 3aKpYUertoz0 ceema.
I'lapannensro ¢ gynoarmenmansiviimy  uccae006anusmu  Hauaiy passusantvis
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MnaBa 1. Bropoe pelweHue ypaBHeHui MakcBenna gnsi Bakyyma

pasroobpasreie npumenenus 3axpyentozo céema. .."

Bmecre ¢ Tem, caeayer 3aMeTHTB, YTO 3aKPYVIEHHOCTL CBETA HE
CAEAVET M3 CVIIIECTBVIOIIEro perrenus ypasuenuin Makcpeasa. OaHaxo,
OHA €CTECTBEHHBIM OOPAa30M CAECAYET U3 IIPEAAOKEHHOTO PEIIECHUA — CM.
(6). Ha puc. 7a (B3sarom us [64]) "xapmunxa ¢ saxpyuenrsim céemom noxasviéaen
He dJeKmputeckoe noae, a uMero 6011060l @dpornm (Ha cpeAHeM parMeHTe
ITOKa3aH HE3aKPYYEHHBIH CBET, 2 HAa BEPXHEM M HIDKHEM (DparMeHTax —
CBET, 3aKPYYEHHBIH B Ty UAM HHYIO cTOpOmY). Ow #e naockut, mym pasa
60.11bI MEHACHICA 1 1I0A6K0 NPU 0BUNCEHUY 600416 AY4d, 1HO U NPU CMeljeHun 6
nonepeuroli naockocry ... Ilockoasky nomox snepeun c6emosoll 6041l 0061410
Hanpaser  nEPREHOUKYATPHO — 6041H060MY  PPOHMNLY, 70  NOAYHACHICA, 40 6
3aKPYUEHHOM C6emie IHEPLUA U UMMYALE 6011bI He NPOCHIO Jemam 6neped, a Kax Ovt
Kpymamea mpu mom 60kpye ocu dsusnenus." VIMEHHO 3TO 1 IIOAYYECHO BBIIIIC —
CM. AAf CpaBHEHHSA puc. 3.4a.

7. O6¢cyxaeHHE

Ha puc. 8 mokasaHbl HAIIPAAKEHHOCTH B AGKAPTOBBIX KOOPAHHATAX.
[Toayuennoe perrenue onmucbBaeT BOAHY. (OCHOBHBIE OTAHYHUA 3TOIO
PEIeHHA OT U3BECTHOTO PEIIIECHHUA COCTOAT B CACAYIOIIIEM:

1. MruoBeHHBII (2 He CPEAHHIT ITO HEKOTOPOMY IIEPHOAY) IIOTOK
SHEPIUU HE H3MCHACTCA BO BPEMEHH, 9YTO COOTBETCTBYET
3AKOHY COXPAHEHUSA SHEPIUU.

2. lloTok sHEpruM NMeEET HOAOKATEABHOE 3HAYCHUE.

»

[Torok sHeprum pacpocrpanaeTca BAOAb BOAHBI
4. MarHuTHA ¥ 3AEKTPUYECKAS HAIPAKEHHOCTH HA HEKOTOPOI

ocH KOOpAMHAT I, @, Z CABUHYTHI 10 pase HA YETBEPTDH

IOCPHOAAQ.

5. Perrenie AASI MAaTHUTHBIX 1 SACKTpI/I‘ICCKI/IX HaHpH)KCHHOCTCfI
ABASACTCA BEINCCTBCHHDIM.
6. Pernenwne CyIIeCTByCT Ipu IOCTOAHHON CKOPOCTH

PacIIpOCTpaHEHUA BOAHBI.

7. O0AaCcTp CyIIECTBOBAHUA BOAHBI HE pACIIUPAETCA, HTO
ITOATBEPAKAACTCA CYIIIECTBOBAHUEM Aa3epa.

8. BekTopnl aAekTpmUecKOl W MATHHTHOHM HAIPAKECHHOCTEH
OPTOTOHAABHEL

9.  Bosmoxubr Ba __ BHAA HPKYAAPHOHN  HOAAPHU3ANUU
SAEKTPOMATHUTHON BOAHBI

10. Touxa, ABHAKYITIAACA ITO IIHAMHAPY ITOCTOSHHOTIO PAAMyCa TakK,
YTO 3HAYCHHE AIOOONM HAIPMKEHHOCTH B OTOH TOYKE
HM3MEHACTC CHHYCOHMAAABHO BO BPEMEHH, ABAACTCA BHHTOBOM
AWHHEH.
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FnaBa 1. Bropoe pelweHue ypaBHeHui MakcBenna gnsi Bakyyma

ITpuarosxenne 1.

Paccmarpusaercs perrenne ypasuennii (2.1-2.10) B Buae dpyukimii
(2.13-2.23). Aaaee mpousBoasble 10 ' OyAeM OOO3HAYATDH IITPHXAMH.
[lepermmmmem ypasuenus (2.1-2.10) ¢ yaerom (2.11, 2.12) B BuAe

erT(r)Jrei() ()0! x-e,(r)=0, )
1
—F-ez(r)a+e¢(r);(=mr(r), ©
e.(r)y —ej(r)=m,(r), 3
e
()-l-e() fr) Q= m(r) @)
%r)jthr’(r)jtwajLZ.hz(r):O’ )
1 .
F'hz(r)a—hw(r)ﬂF jio (r), ©)
—h,(r)xy—h;(r) = j,(r), ™
h ( ) .
+h,(r)+ f) a-—J,(r)=0, ®)
EW EQW . EQ
Jr:Ter (p:_Tega Jz:_Tez’ )
mr:ﬂhr’ m(/,:—ﬂhq,,mZ:—ﬂhz, (10)
C Cc c

Msr paccmaTpuBaem OCIyIIyIO BOAHY B Bakyyme. B atom cayuae
e, (r) =0, ITOCKOABKY HET BHEIITHETO UCTOYHUKA SHECPIHUH.
[Ipu srom B coorserctBuu ¢ (9) moayamm J,(r)=0. Toraa

ncxoAHas cucrema (1, 5-8) mpumer BHA:

e lr) +e;(r)—e"f(r)a=0a o
h

hffr)+h;(r)+#a+z-hz(r)=0a (18)

1 .

—h (e =h, (N =j(r) a9

—h.(r)z—h;(r)=j,(r), 20)

w+h;(r)+m-a:0,
r r

1)
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MnaBa 1. Bropoe pelweHue ypaBHeHui MakcBenna gnsi Bakyyma

[Toacrasum (9) B (17). Toraa moAygum:

J() J()

+jin+-2La =0, (22)

IToacTaBum (19, 20) B (22). TorAa ITIOAYYHM:

P —h, (g + N a0+ R (D -Rm)E =

AN

1 1 , a
Soha——h, 0z =)z -h (1) E% =0 @
HPI/I 9TOM AASl BBIYHMCACHHA TpPEX HaHpH)KCHHOCTCI‘/‘I IIOAYYIHM TpI/I
ypasrenns (19, 21, 23). ckarounm hy (1) us (21, 23):
Lon@a-n e Th0 a0 -6 -0

VAT ;—zl-hz(r)azo uan N, (r)=0. Takum obpasom, mpu €,(r)=0

AoaxHO cobaroaarses yeaosre N, (I) =0. Orcroaa caeayer

Aemma 1. TTpu €,(r) =0 cucrema ypasuenwii (1, 5-9) cobmectnma
TOABKO B TOM cAy4ae, koraa N,(r)=0.

Ipu €,(r)=0 u h,(r)=0 ypasuerus (1, 5-9) npurmMaroT

CAeAyrOIIHIl BUA - ypasHeHud (1, 5, 8) ympormarorcs, a ypasuenus (0, 7) ¢
yaerom (9) 3ameHArOTCA HUKenpuBeAeHHbIME ypapHeHHAME (1.3, 1.4):

er—(r)Jre;(r)—e"f(r)omo, (11)

N 12)
_Z h,(r)= e, (r) (1.3)
CZ () e(r) (1.4
Ew

h() +h, (r) + r() =0. (1.5)

AHaAoquHo AOKA3bIBACTCH

Aemma 2. TTpu €,(r) =0 cucrema ypasuenuii (1-5, 10) coBmectnma
TOABKO B TOM cAyuae, koraa N, (r)=0.

ITpu arom anarorugao dpopmyaam (24, 28) moayuaem opmMyAst
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FnaBa 1. Bropoe pelweHue ypaBHeHui MakcBenna gnsi Bakyyma

a=0,

&0 s em-
r

e, (1)
o

e, (1) =—"2h,(r)

e )y =h, (1),
e";(r)_l_e’ (r)_w
r r

v -a =0,

%r)+h;(r)+wa

M3 aemmbr 1 i AeMMEL 2 CACAYET

@.1)

2.2)

2.3)

2.4)

2.5)

Aemma 3. Cucrema ypapaennii (1-10) coBmectnma TOABKO Ipu

h,(r)=0, e,(r)=0.

(3.1)

CaeaoBaTeAbHO, UCXOAHAA cuctema ypasHeHui (1-10) mpuanmaer
BUA YPaBHEHHH, IIEPEIUCACHHBIX B AeMMax 1 u 2. OOBEAMHHM HX AAf

YVAOOCTBA YHTATEAR:

r r

e (r)— a=0,
e,(1)z=-"2h(r)

er(r)z=”7‘“h¢(r),

h,(r)z=""¢,(r)

_hr(r)}(:@e(p(r),
h ( )

VMHOMKIM ypaBHCHI/I}I (26, 29). Toraa moAy<mm:

e (0, (0)2" =-1{ 2] (O, ()

AN

Sl (r) + f” 0.

24

(25)

(26)

27)

(28)

(29)

(30)

D)
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MnaBa 1. Bropoe pelweHue ypaBHeHui MakcBenna gnsi Bakyyma

;(zia)\/ﬁ/c. (32)

IToacTasass (32) B (26, 29), moayaaem:

hq)(r):\/ger (r) . (33)
U

Takum oOpasom, npu ycaosuu (32) ypaBHenusa (26, 29)
9KBUBAACHTHEI OAHOMY ypaBHEHHIO (33). AHAAOIMYHOE COOTHOIIICHHE

caeayer u3 (25, 30):

h.(r)= —Few( r), (34)
7

Wrak, cucrema ypasaenmnii (24-31) skBuBaACHTHA CUCTEME YpaBHEHUI (24,
27, 28, 31-34).
Aanee BbIIOAHAETCA pertienue ypasuenuii (24, 27).
[IpeaBapuTEeABHO PACCMOTPHM YpaBHEHHE BHAA

ay

2 i+y'=0, (34a)
X
Pertienne aT0r0 ypaBHEHNA HMEET BHA:
Yy=X""un y=0. (34b)
Caoxum ypasuenus (24) u (27):
' \e +€
(e, +e,) +——='(1-a)=0, (39)
r
Brrarem ypasnenue (27) us (24):
' \e, —¢€
(e, —e,) +%(1+a)=0, (36)
B cootsercrsun ¢ (34a, 34b) u3 (35) Haxoanm:
(e, +e,)= Art mu (g, +e,)=0. 37)
B coortBercrsum ¢ (34a, 34b) us (36) HaxoAmM:
(er — e(p) =Cr ™) yan (er - e(p): 0. (38)
CkaaapiBas u Berantas ypasuenus (38) us (37), matiaem 4 perrenus:
e =€, = At , (39)
2
C (1)

=—e,=—1r""), (40)

(1)
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FnaBa 1. Bropoe pelweHue ypaBHeHui MakcBenna gnsi Bakyyma

e, =e,=0. (42)
B aaapmefiem mer paccmotpum pertrerune (39). Takum obpasom,
ncxoAHas cucrema ypasaenuii (1-10) mmeer perrreHne CACAYIOIIETO BHAA:

h,(r)=0,¢e,(r)=0, 3.1
X = w\/E/C 32)
e, =e, =05Ar“Y, (39)

h,(r)=_|Ze(r). (33)
u
h(r)=- /ﬁew(r). (34)
7,
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['maBa 1a. [Nnockas BonHa

I'aaBa 1a. IIAockasg BoAHA

PaccmoTpruM BHOBB crcTeMy ypaBHEHHIT MakcBeAAa AASl BAKyyMa B
IIAMHAPHYECKHX KOOPAMHATAX, KOTOpas IIpUBeAeHa B raase 1 m mmeer
caeayrormuii BuA (1.2.1-1.2.10). B mAaockoit BoAHE IO OIIPEAECACHHIO
HaIpsKeHHOCTH He 3aBucAT oT @. Ilpm srom ypasmennsa (1.2.1-1.2.8)

HpI/IHI/IMaIOT BUA:
E,  0E,  OE,

- — = 1
ra or T 0z 0, M
E, 0
o __ u H
——= - 2
5 aza cor g’ @)
E, Ez__ﬁ_
9z aar o caerl” ®
E E 5]
2oy e K9y
T +66r s cor % @
Hy Hy H;
T or T 0z _0’ ©)
_ Oy 20 ’
dz cor ©)
6HT_6HZ_£i .
0z aar T cor P @)
H H e 0
o470 _ Y
r or carEZ' ®)

Perrerme 2T0if cHCTEMBI YPaBHEHHH AAl MOHOXPOMATHYECKOM BOAHEL,
ro-npexaemy, nmeer suA (1.2.11, 1.2.12,1.2.16-1.2.21, 1.2.24-1.2.28). Ho

B 9TOM CAy4Yae

x= 0. ©)
ITpm srom Bmecto (1.2.11, 1.2.12, 1.2.25) HAAO 3a1mcaTh COOTBETCTBEHHO:
co=cos(yz + wt), 11)
si=sin(yz + wt), (12)
A
e, (1) = e,(r) = pw 25)

Takum 006pazoM, PPOHT IIAOCKONH BOAHBI IIPEACTABAACT COOOI IAOCKHIT
KpyI, HAIPMSKEHHOCTH HA KOTOPOM TIHMIIEPOOAMYECKH YOBIBAIOT B
3aBHCHMOCTH ~ OT  paAdnyca. Taxkad IIAOCKAas BOAHA  MOJXKET
CYIIIECTBOBATL _(PU3UYECKH (YTO IIPOTHBOPEYHT CYIIECTBYFOIIIM
ITPEACTaBACHHAM)
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maBa 2. PelleHne anga guanekTpnu4eckon uenn nepeMeHHoro Toka

I'AaBa 2. Perrenue ypaBHeHIMI
MaxkcBeAAd AAT AUDACKTPUIECKOU
LIEITN IIEPEMEHHOTIO TOKA

OraaBaeHune
1. Beacnme \ 1
2. MOHOXpPOMATHYECKOE PEIIICHUE CUCTEMBI YPABHEHUIT \ 2
2a. UHP-teopema \ 6
3. Obparumocts perrenns \ 7
4. IToAMXpOMATHYECKOE PEIIEHUE CUCTEMBb YPABHEHUI \ 7
[Mpuaoxkenne 1\ 8
ITpuaoxenue 2 \ 10
[Tpuaoxenue 3 \ 12
[pusoxenne 4 \ 13
[Ipuaoxenne 5. Eime oAmH croco® perreHus ypaBHEHUIT
MaxcBeAAa AASL BAKYYMA \ 18

1. BBeaeHnue

B TAaBC 1 paCCManI/IBaCTCH SACKTpOMaFHHTHOC IIOAC€ B BaKYYMC.
O"ICBI/IAHBIM o6pa30M HOAY"ICHHOC TamM pCLHCHI/IC paCHpOCTpaHHCTCH Ha
HCHpOBOAHEL[yIO — AI/ISACKTpI/I“ICCKyIO CpCAy C OHPCACACHHBIMI/I &, /Ll -

AMSAEKTPUYECKON M MATHHUTHOH HPOHHIAeMOCTBIO. (CAEAOBATEABHO,
SAEKTPOMATHHTHOE TIOAE CYIIECTBYeT M B KOHAeHcaTope. OAHaKO
CYIIECTBEHHBIM OTAMYHEM KOHACHCATOPA ABAACTCA TO, YTO €0 IIOAE
HMEET HEHYAEBYIO JAEKTPHYECKYIO HAIPA/KEHHOCTb II0 OAHOW W13
KOOPAMHAT, CO3AABAEMYIO BHEIITHHM HCTOYHHKOM. [Ipm paccmorpenmnu
SAEKTPOMATHHTHOIO TOASl B BAKYyM€ OTCYTCTBHE BHEIITHETO MCTOYHHKA
IIOCTYAHPOBAAOCH.

Toyno TaKKe MOKHO TOBOPHUTH O AHIACKTPHYECKOHM IIENN
IlepeMeHHOro Toka. Aasee pPaccCMATPUBACTCA CHCTEMA YPABHEHMI
Maxkceana Aas Takom 1enm. [loxaspiBaercs, 9TO B TAKOM IEIM TaKKe
BO3HHKAET SACKTPOMATHUTHASA BOAHA. BaKHBIM OTATYHEM 5TOI BOAHBI OT
BOAHBEI B BaKyyMe€ fABAACTCA TO, YTO B IIEPBOM HMEETCA IIPOAOAbHAA
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[naBa 2. PeweHune ana gManekTpudeckon Lenm nepeMeHHoro Toka

5AEKTPHYECKAsd HAIPMKEHHOCTb, CO3AaBaeMas BHEIIHUM HCTOYHHKOM
SHEPTHUM.
3aece paccmarpuBarorca ypapHeHusa Maxkcseara B cucreme CI'C
CAGAYVIOIIETO BHAA (KAK M B rAaBe 1, HO C OTAHMYHBIMU OT CAMHHUIIBI
BEAHMYNHAMH &, f/ U C YIETOM TOKOB CMEIIIECHUA):
uoH

rot(E) + Zg_t =0, (1
£ 0FE
FOt(H) - ;E = 0, (2)
diV(E ) =0, 3
diV(H ) =0, 4)
TAC H, E - MATHHTHAA W DAEKTPHYECKAA  HAIPHKEHHOCTH

COOTBETCITBEHHO.

2. MoHOXpOMAaTHYECKOE PEHI€eHUE CUCTEMBI

ypaBHCHI/II/I
PaccmoTprm perrerme cucteMel ypaBHeHHH MakcBeAAa € yIeTOM
TOKOB cMmerrienus. B cucreme OUAUHAPHUYECKUX KOOpAUHAT I, @, Z 5T

ypaBHCHI/IH HNMCEIOT BHA:
E OE 1 OE OE
Lpol4-. 2422

Tt et e T Y M
1 0E, OEy _ dH,
r 0¢ 9z v dt’ )
0E, 0E, _ dH
= v 0
E E 1 OE dH
Sl A Tl A ] z
T or r 0¢ v dt’ *)
H.  0H, , 1 OHy , OH, _
r+6r+r 6¢+6z_0’ )
1 0H, OHy _dE,
r 9 oz 1 ©)
Oty _ 0y _ dEy
0z aar =4 dat’ )
H H 1 O0H dE
e A Bt s z
T or r d0¢ q dt’ (8)
TAC
v=—p/c, ©)
q=¢/c, (10)
g =4mn/c, (10a)
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maBa 2. PelleHne anga guanekTpnu4eckon uenn nepeMeHHoro Toka

® saekrprueckne Hanpsikernoctn Eyp,  Eg, Eg,
e warsuTHBE Hanpsxennoctn Hy, Hg, H,.

Perienne AOAKHO OBITh HANACHO IIPU HEHYACBON HanpszkenHocrn E, .

[Tpu sTOM TIOABASAIETCA T HEHYAEBAA HAIIPAKEHHOCTD H PR
AAfl COKpaIlleHHA 3allNCH B AAABHEHIIIEM OYAEM IIPHUMEHATH
CAGAYIOIIIHIE OOO3HAYCHHUS:

co =cos(ap + yz + wt), (11

si=sin(a@ + yz+ wt), (12)

TAC &, Y, WO — HCKOTOprC KOHCTAaHTHI. HpCACTaBI/IM HEMU3BCCTHBIC
(DPYHKIIHH B CACAYIOIIIEM BHAE:

H.=h(r)o, (13)

H,.=h,(r)si, (14)

H,.=h,(r)si, (15)

E,.=¢(r)si, (16)

E,.=e,(r)co, 17)

E,.=e,(r)co, (18)

rae h(r), e(r) - HEKOTOPBIE (DYHKITHH KOOPAHHATHI I .

HemocpeAcTBeHHOIT TTOACTAHOBKOM — MOKHO — YOGAHTBCH, dTO
Pyurunn (13-18) mpeobpasyror cucremy ypasaenuii (1-8) ¢ uererpbms
aprymMeHTamu I, @, Z, t B CHCTeMy YpaBHEHUII C OAHIM apIyMEHTOM I 1

HEU3BECTHBIMU (PYHKITUAMU h(r), e(r) . DTa cCHCTeMa YPaBHEHHH HMeeT

CAGAYIOIITUI BHA!

e,:r) +e;(r)—e”r(r)a—x‘ez(r)=o’ 1)
_%.exr)a +e,(Nr—*=h =0, @
e (r)z-e/(r) +£%h, =0, @)
e (r

(/,( )+e;(r)_er(r)_a+ﬂ_a)h2=0, @4

r r c

h

80y 2y =0. @)
1
Tha(r) & —hy (r) = T2 ex (1) = 0, @
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[naBa 2. PeweHune ana gManekTpudeckon Lenm nepeMeHHoro Toka

~he(r)x = h,(r) + e, (r) = 0, @7

he(@) —hr(r) £w —
. +h, (1) +—— x4 e,(r) = 0. (28)

Taxke, Kak W B raaBe 1, IIAOTHOCTH ITOTOKOB 3SHEPIUU IIO
KOOPAHHATAM OIPEACAAIOTCA IO (popMyAe

S, E,H,-E,H,
S=|Sy|=nExH)=n|E,H —E.H,| (29)
S, E.H,-E,H,
I/IAI/I, C Y"ICTOM HpCAbIAyIJ_[I/IX @OPMYA,
S, = r)(e(phz - ezh(p)co - si (30)
Sp = 7](621’ch02 - erhzsiz) (31)
S, = 17(erh(psi2 - e(phrcoz) (32)

AﬂACC 6YACT IIOKA3aHO, YTO 3TH ITAOTHOCTH ITOTOKOB SHCpFI/II/I
VAOBACTBOPAIOT 3AKOHY COXPAHCHWA SHCPIMH, CCAN

h, = ke,, (33)

h, = —ke,, (34)

h, = —ke,. (35)
W3 (30, 34, 35) caeayer, 9t1o

S, =n(—eyke, + ke,e,)co - si =0, (36)

T.€. OTCYTCTBYET PAAHAABHBIH ITOTOK SHEPIHL
N3 (31, 33, 15) caeayer, 9to
Sy = nke,e,(co® +si*) = nke,e,, (37)
T.€. IIAOTHOCTB ITOTOKA SHEPIHH IO OKPYKHOCTU HA AAHHOM PaAHyCe He
3aBHCHT OT BPEMCHH U APYTHUX KOOPAHHAT.
W3 (32, 33, 34) caeayer, 910
Sz = nke,e,(si’ + co?) = nke,e,, (38)
T.€. IIAOTHOCTB ITOTOKA SHEPIUU 10 BEPTUKAAH IIPH AAHHOM PAAHyCE HE
3aBHCHT OT BPEMCHH U APYIHUX KOOPAHHAT. DTH VIBEDKACHUA M OBIAK

LIEABFO ITpeArToAoxeHnH (33-35).

Bemoarmnm 3ameny nepemensbIx o (33-35) B ypasuenunsax (21-28)
U IIEPETHITIEM UX, He MEHAA HyMepaIluu:

er, 5 _ b0 —
r+er ra xe, =0, (41)

e, Uw
—7a+e(p)(—7ker=0, (42)
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maBa 2. PelleHne anga guanekTpnu4eckon uenn nepeMeHHoro Toka

—e'Z+eT)(—k%e<p =0, 43)
o ; er Hw _
r+e(p raekCeZ—O, (44)
e .
kf+ker—k7‘pa—k)(ez=0, 45)
ez fw
kra+ke(p)§w . e, =0, (46)
ké, — ke x +—e, =0, @)
ep . er fw
kr ke(p+kra'+cez—0. (48)
3amernm, uro ypasuenus (41) u (48) coBmaaaror pu
£w
E =X. (482)
3amernm, uto ypasHeHus (42) u (46) coBIaAaroT Ipu
EW Uwk
—=— (48b)
kc c

3amerum erre, uTo ypapHeHHA (43) 1 (47) Takke COBIAAAIOT IIPHU (48b).
Haxkowner, ypasuenns (41) u (45) coBaaaror. Takum oOpasoM, ypaBHeHUA
(48, 46, 47, 45) moryr OBITb MCKAIOYEHBI M3 CHCTEMBI YPABHEHUN WU
3ameHeHbl ycAoBuAmu (48a, 48b). OcraBmmecsa 4 ypasuenus (41-44)
ABASIFOTCA  CHCTEMOH  AMPEpPEHIMAABHBIX ~ VpaBHEHHH ¢ 3-mA
HEN3BECTHBIMU

er, €y, €.
V3 (48a, 48b) caeayer, uro
k= |- 8
Ii (48¢)
_w
X =2\, (450
OTKYA2 HAXOAUM
C
k =X, (48¢)
e

B mpuaoxkennn 1 paccMarpuBaeTcsi pPEIICHHE I9TOH CHCTEMBI
ypaBHeHHIL. TaM IMOKa3aHO, 9TO IO CUCTEME ypaBHEHHH MakcBeAAa MOTYT
OBITH HAHACHBI BCEe (DYHKIIMM HAIIPSIKCHHOCTEH, €CAH 3aAATh ITAPAMETPEL
&, X, (W ¥ 3HAYECHUE AMIIAUTYABL BpeMeHHoﬁ cpyHKuHH

E, = e,(r)cos(x ¢ + ¥z + wt) (49)
B Touke ' = 0, 1.e. onpeaeants Beamunnst €,(0) = 4, X, x, .
Oynkrus (29) B Touke (r = 0,9 = 0,z = 0) nmeer Bua
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[naBa 2. PeweHune ana gManekTpudeckon Lenm nepeMeHHoro Toka

E,, = Acos(wt). (50)
Takum obOpasom, dyaxnna (50) ompeaeAsieT MOHOXPOMATHYECKOE
pEIIeHne CHUCTEMBI YpaBHEHIE MakcBeAAa.

Hatiaem emmme 3HaveHHA APYTHX HAIIPS/KEHHOCTEH B TOYKE (T =

0,9 =0,z =0). Us (1, p1.40) caeayer:
a
Epo = ;Acos(a)t). 1)
W3 (1,p1.41) caeayer:

E., = %Asin(a)t). (52)
W3 (15, 35) caeayer:

H,, = —kAsin(wt). (53)
Ws (2, 14, 34) caeayer:

H,, = —kAsin(wt). (54)
Ws (3, 13, 33) caeayer:

H,, = kAcos(wt). (55)

2a. UHP-Treopema

Bre 3aBucumoctm ot HapaMCTpOB HpOBOAa CyImIeCcTByeT
OAHO3HAYHAsA 3aBUCHUMOCTD MCIKAY SACKTpI/I"ICCKI/IM HaHpH){{CHI/ICM

U na IIPOBOAE, IPOAOABHOI MATHUTHOU HAIIPAKECHHOCTBIO H 7 B

HpOBOAe M AKTUBHOM MOIITHOCTBEO P, HCpCAaBaCMOﬁ IIO HpOBOAY.

Berme OprAO 1mOKa3aHO, YTO BCe (PYHKITMH HAIPSKEHHOCTEH M
TOKOB OIIPEACAAIOTCS 3HAYCHHEM mapamerpos: A, X. 3HadeHmem sTmx
ABYX IIAPAMETPOB OIIPEACAAIOTCA Takke ITOTOkH sHepruu (2.36-2.37),
KOTOPBIE 3aBUCAT OT HanpsxeHHOCTeH. CAEAOBATEABHO, €CAM 33AATh
3HAYEHUE ABYX BEAUYHH U3 MHOKECTBA

Ey Ey, Ez Hy,Hy, Hy, Sp) Sy, Sy ©
TO M3 IPUBEACHHBIX YPABHEHUU MOKHO HAWTH 3HAYEHUE IapaMeTPOB
A, X, a 3aTem HAITH 3HAYCHIE OCTAABHBIX BEAHYNH U3 MHOMKECTBA (2).

BaxxHO MOAUEPKHYTH, YTO B AMDAEKTPHUUECKOM 1€ CYyIIIeCTBYET
NPOAOABHAA MAarHUTHAA HANPAXKEHHOCTb. B cuAy orpanmuennoit
AAUHBI 3TOH IIE€NN AMHUU ITPOAOABHOW MATHUTHON HAIPAKEHHOCTU
OKA3BIBAFOTCA HE3AMKHYTBIMH. JTO IIPOTHBOPEYHT CYIIECTBYFOIUM
IIPEACTABACHHAM, HO ITOATBEPKAACTCA SKCIIEPUMEHTAMH — CM. TAABY 4c.
3aMeTHM, YTO HE3AMKHYTHIE AMHHN 3aKAHYHBAIOTCA HE HA HYACBBIX
3HAYEHUAX HAIPAKEHHOCTH.
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maBa 2. PelleHne anga guanekTpnu4eckon uenn nepeMeHHoro Toka

[Tycte, mampmmep, B MHOMKECTBE (2) OIIPEACACHBI BEAMYIMHBI

E,, S,. Tem cambiv ompeAeAeHBI HATPSAAEHHUE Ha TIPOBOAE € AAHHOI L

U=E,L @)
" AKTUBHAA MOIITHOCTD, HCpCAaBaCMaﬂ II0 HpOBOAy,
P=S, “)

Toraa tpn ussectasx U, P moxno maiitn E,, S,, ns npusesernbx
VPaBHCHHI MOMKHO HAWTH 3HAYECHHE IapaMerpos A, X, a sarem Haith
3HAYEHHE OCTAABHBIX BEAMYHNH U3 MHOKECTBA (2).

Touno Takke IIpU  HM3BECTHBIX IPOAOABHOH  MArHHTHOMN

HAIIPSPKEHHOCTH B IIPOBOAE H 7 ¥ aKTUBHOM MOIITHOCTH (4) MO’KHO HAITH
3HAYEHHE OCTAABHBIX BEAYHNH U3 MHOKECTBA (2).
M3 sToro, B YaCTHOCTH, CAEAYET, 9YTO BHE 3aBHCHMOCTH OT
IapaMETPOB IIPOBOAA CYILIECTBYET OAHO3HAYHAA 3aBUCUMOCTh
U=f(H,P). 5)
B raase 4c Oyaer OIMCAH 9KCIIEPHUMEHT, AOKAa3BIBAFOIIIHI
CIIPABEAAHBOCTD 9TOM TEOPEMBI.

3. O6paTumocTs penieHuA
B cmAy cummerpum IOAYYEHHOIO PEIIEHHS CYIIECTBYET APYroe
perrieHue, TAE BMECTO  (DYHKIIMH  IPOAOABHOH  3AEKTPHYECKOI
HanpsmxeHHocTn  (2.49) 3apaerca (PYHKIUA IIPOAOABHON MATHUTHOMI
HAIIPSKEHHOCTH KAK 3HAYCHHUE AMIIAHTYABI BPEMEHHOIT (DYHKITHI
H, = h,(r)sin(« ¢ + Yz + wt) 1)

B Touke ' = 0, T.e. onpeaeasrores Bearannst h,(0) = A, .

Haiianem HampszKeHIEe Ha IIPOBOAE C AAMHOM L us (2.18):
L L
U= [ E,dz=e, [ co-dz @)
HaifaeM MATHUTOABIDKYTIYEO CHAY Ha IIPOBOAE ¢ AAmHOH L n3 (2.15):
L L . L .
F=[ Hdz=h,[ si-dz=~ke,[ si-dz, ¢

[Tpn 60abmmom L mveen:

fOLco-dzzfoLsi-dz=Q. )
W3 (2-4) maxoanm:

U =e,Q, )

F =-ke,Q =—-kU. ©6)
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[naBa 2. PeweHune ana gManekTpudeckon Lenm nepeMeHHoro Toka

Qopmyaa (6) MOKA3BIBAET CBA3b MEKAY BHEITHUM HAIIPAKCHHEM
BHEIITHEH MATrHUTOABIUKYITIEH CHAOM, KOTOPBHIE CO3AAQFOT PaBHBEIE TOKU B
ITIPOBOAE.

4. IToAnxpoMaTUIE€CKOE PEIIEHNE CUCTEMBI

ypaBHEHUU
OueBnpno, ecan dyuxrus (2.50) ompeaeaseT MOHOXPOMATHYECKOE
perrerre CUCTEMBI ypaBHeHN MakcBeAAa, TO pyHKImsA
Eso = Xp(Apcos(wpt)). )
OIIPEACAACT IOAMXPOMATHYCCKOEC PEIIEHHWE CHUCTEMBl  yPaBHEHMI
Makceara. O003HAYNM 9Ty (DYHKITHIO KaK
f(©) = Ep(Apcos(wpt)). @

O6paTI/IMOC HOAI/IXpOMaTI/I"ICCKOC pCLHCHI/IC OHPGACA}[CT CPYHKHI/IH

Hzo = Lp(Apsin(wpt)). ®)
O0o3Ha9nM 3Ty DYHKIIHFO KK
y(6) = Zp(Apsin(@p)). @

Koadpdurmentor pynxmmit (2) u (3) coBIraAaror.
ITo amanormm c (2.51-2.55) maiiaem emme 3HAYEHHA APYTHX
Hanpsskernocreit B touke (r = 0,¢ = 0,z = 0):

Epo = %Acos(wt), )
E,, = %Asin(wt), ©)
H,, = —kAsin(wt), )
H,, = —kA4sin(wt), ®)
H,, = kAcos(wt). ©)

ITpuaoxenue 1.
Paccmarpusaerca permenue ypasaennit (2.41-2.44):

%+ér—67‘pa—)(ez=0, @1)
ey, UW
—7a+e(p)(—kTer=O, (22)
—eé,te.x— k%e(p =0, (23)
o L5 _Cr,_ B, _

T+e<p —a kCeZ 0, (24)

B nmpuaoxkennn 2 mpuBeAeHO peIeHue CHCTEMbl ypaBHeHHH (21-
23). OHO UMeeT CACAYIOIIHH BHA:
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maBa 2. PelleHne anga guanekTpnu4eckon uenn nepeMeHHoro Toka

. é, ez
&+ — e,(x* — (kuw/c)?) — T—Zaz = 0. (29)
B npuaoxkennn 3 nmpuBeA€HO perreHne CUCTEMBI ypaBHEHHH (22-
24). OHO UMEET CACAYIOIIHUIT BUA:

éz+ér—zlzl—xw—ez()(2—(kuw/c)2)—:—§a2 =0. (30)
Ho u3 (2.48e) caeayer, aTo
k
Y = 1, 31
cx
(x* — (kuw/c)*) = 0. (32)

CaeaoBareapno, o6a stux pernenusa (29) m (30) cosmaaaror. Irak,
dyuxua €, onpeaeasercs ypapaerusamu (29, 32) nau

; 2
g +=Z—e, =0 (34)

DTO ypaBHEHNE U €TI0 PeIIeHue €, pacCMOTPEHO B IIPUAOKEHNN 4.
Tam ke paccmorpena dyukius €,. [Ipn u3BecTHBIX €4, €, MOKHO HAHTH
€y, € 10 (22, 23). Craaamsas (22, 23), ¢ yaerom (31) maxoamm:
Za—¢é,=0
r z
AT

. e,
e, =——a, (35)

YTO COBITAAAET C PEIIEHUEM, IIOAYYCHHBIM B IIpuAoxkeHnn 4. Breranras
(23) u3 (22), c yaerom (31) maxoanm:

ez . . _
——ate,+ 2)((e<p er) =0, (36)
N3 (35, 36) moaygaem:
(ep—e)=52=—2 (40)
P r 2XT 2x

W3 (21, 40) maxoamm:

AN
. er a?
é, + 7(1 —a) — (2)(1‘2 + )() e, = 0. @1)

I1pu pauvOM dyHKINN €, U3 (41) MOKHO HANWTH (PYHKIHIO €, 4 3aTeM

u3 (40) maittn QyHKIIIO € - CM. pyHKIIIO Erefm.

PaccmoTprM  aATOpHTM  pacdera  AMDAEKTPHYECKOM  IIEIH
IIEPEMEHHOTO TOKA C UCIIOAB30BAHUEM ITOAYIEHHBIX COOTHOIIIECHUIA:
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[naBa 2. PeweHune ana gManekTpudeckon Lenm nepeMeHHoro Toka

1. U3Bectun R, a, w.
2. Beraucastem Y o (2.48d):
w
X = ZVHe.
3. Beramcasiem €, B COOTBETCTBUU C IPUAOKEHUEM 4.
4. Berancasem k o (2.48¢):
€
k= |-
u
5. Beraucasem €, €y 110 (41, 40).

6. Beraucasem Ry, h(p, h, ro (2.33-2.35) cootBercTBEHHO:

hT' = kera
h(p = —ke(p
h, = —ke,

7. BBramcasieM MAOTHOCTD TPOAOABHOTO TOTOKA SHEPTHH S, IO
(2.38):
S, =nke,e,
8. Beramcasiem IpOAOABHBIET TIOTOK sHEprin S, ¢ yaetom (4, 5)
= R
S, = ff(p,r(SZ r-de-dr) =2m [ (S, 7-dr),
T.e. MOIIHOCTE P = §,, mepeAaBaeMyro depes AMIACKTPHYCCKYIO LICIIb.

9. Hanmpsxenme Ha HEH MOXKHO HaHTH 11O  H3BECTHOI
HAIPAKEHHOCTU U AAUMHE IIEIIH.

ITpumep 1.
Ha puc. 1 nokasansr rpacdukn pynximii ey, ey, €5, éq,, ey, &, 1pu
R = 20,x= 0.02,w = 10° B cucreme CI'C.

ITpumep 2.
Ha puc. 2 rokazau rpacux dyukuit S, (Br) B 3aBucumoctn ot &
mpu R = 0.2M,w = 10° ',
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[naBa 2. PeweHune ana gManekTpudeckon Lenm nepeMeHHoro Toka

ITpuaroxenue 2

Paccmorpmm  permrerme  cucremer ypasHenmi (21, 22, 23) wus
npusoxkenus 1:

%+ér—67‘pa—)(ez=0, @1
ey uw _

—7a+e¢)(—€ker—0, 22)

—e'z+er)(—k”Te(p = 0. (23)

Perrerne OGyaem paccMaTpuBaTh IIOAPOOHO AAS TOTO, YTOOBI YU TATEAD O€3
TPYAaQ MOT €ro HpOBCpI/ITb N3 (23) maxoanm:

€p = Ko — (e, x — €,), 3D
Cosmernas (21, 31), maxoanm:

er . c « .
—+é, ———(e,x—¢€;) —xe, =0
e my(erx —é) —xe, =0,

AN
er cay ca, _
- (1 — ) +eé, — ye, + P -é, =0, (32)
Cosmemnas (22, 31), HaxoAnM:
e
——Za +—(er)( é,) ——ke, =0,
UAH
_Grg X g (Qi_ﬂﬂ)_Q
r ku kuw c
uAH
o = (Zat 2 g/ ) .
r r kuw ? kuw c /' ©3)
M3 (33) maxoanm:
. _(_ e s cx? _ku_a))
e, = ( a + a + k#w ez)/(k#w ) (34)

Cosmermas (32, 33, 34) HAXOAHUM:

1(,  cayx X . cx? kuw)
r (1 kuw) ( a+ kuw Z)/(kuw c t

( Za+-= a+—'Z)/(CX2—k“—w)—)(eZ+

kuw kuw c
c a, _
kuwr %
AN
1 ca c e é c
—(1 X)(—a+—xéz>+(——za+—za+—xé>+
r kuw kuw r? ku




maBa 2. PelleHne anga guanekTpnu4eckon uenn nepeMeHHoro Toka

(c a ) cx?  kuw\
k,ua)rez Xez kuw ¢ )
Xyl (1 = f) X ca sz_kﬂw) _
kua)ez-l_r((l kuw)kuw+a+kuw (kuw c )
i_kﬂ_w) ez ( _ﬂ) R
ez(kuw c X+r2< 1 kuw a—a)=

. 2 2
cx .. é; | cx cx ca cy
—e — i 04 a E— - -
kuw z T r <kuw (kuw) t t (k,uw kuw )>

AN

AN

o (C}(Z kuw) e, ca’y
Z \kuw c r2 kuw
nAn
cx .. €, CX (C)(Z kuw) e;ca’y
kuw % r kuw Z \kuw c r2 kuw
nAn

. é, (kuw)? ey
cxe, + TCX — €y (CXZ - T)X - r—C(Xz)( =
AN

&, + — —e,(x% — (kuw/c)?) — j—;az = 0. (35)

ITpusroxenue 3
Paccmorpum  perenme cucremsl ypaBHenmit (22, 23, 24) wus
IprAOKeHHA 1:

ey Uw _

—7a+e(p)(—7ker =0, 22)
. w

—ez+er)(—k“Te(p =0, 23)

e_<p : _ﬁ — —Mw =

- +é, —a k p 0. 24)

Perrrenne GyaeM paccMaTpuBaTh HIOAPOOHO AASl TOTO, YTOOBI YU TATEAD OE3
TpyAa Mor ero rposeputs. M3 (23) maxoanm:
1/. kuw )
e =—\e;+—e 31
r= 5 ( z : Co €y
Cosmermasn (24, 31), Haxoaum:

€y . 1(. kuw )a uw
—+é,—=-\é,+—e,)-—k—e, =0
r+ Y x 2t c ¢)r c 2 ’
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AN

e_(p( _kaua)) . ko - 1a.
. 1 p~ teép——¢ o7 e, =0. 32
Cosmerrasn (22, 31), Haxoaum:

A

AN

W3 (33) maxoamm:

s (g gy g ke s Y[, L (ke
eq,—( satfat ez)/<)( (C)) (34)

Cosmemasn (32, 33, 34), HaxoAnuM:

D1k (g K g )/ (- L (H0)) +
(~Za+ia+ o8/ (x - (2e)) -

kuw la.
— € XreZ—O
AN
S(1-EE) (e + 2, ) + (- Za+ Za+ E26, ) -
r cx r
kuw la . 1 kucu2
(c z ¥ rez)<X )((c)>_0
AN
W_wéz+2<(1_kaﬂw)'w_ua_z(x_l('w_w)z))_
cx r (4 X X X\ c
o) _1(ku_w)2 e ((1- k) g _ g ) =
(Cez()(XC +r21 CXaa—O
A
. 2 2
W_wéz+2(W_w_a(WJ) () >_
cx r \ cx cx X c
'w_w_l('w_wf _ezkatuo _
(e () ) =
AN
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maBa 2. PelleHne anga guanekTpnu4eckon uenn nepeMeHHoro Toka

é, (kuw kuw\> e
+—Z<L)—€Z XZ_(L> ——Z(IZ_O

8 =
Zr\ey c r2
AN
. 5, k z
ez+e7CL;)—ez()(2—(kuw/c)2)—:—2a2 =0. (35)

ITpuso>xenue 4.
Paccmorpnm ypasaenne (34) us npuaoxenus 1:

5 2
'e'z+er—z—ezf—2=0. 1
Ero perrerne mmeer BUA:
e, = ArP, @)
TAC A — HeKOTOpaH KOHCTAaHTA, B OHpeACAﬂCTCH nu3 ypaBHCHI/IH BUAA
B?+p —a*=0, ©

T.C.

ﬁ=—%(1+m) 0

ITpuaosxenne 5. Eme oAuH CcIioco6 perneHus

ypaBHeHmII1 MakcBeAAa AAsL BAKyyMa

B raase 1 pemenme OBIAO HAWAGHO B IIPEAIIOAOKEHHH OO0
OTCYTCTBHH IIPOAOABHOI HAIIPAKEHHOCTH 9ACKTPHIECKOTO ITOAS.

3A€ch B TAaBe 2 IOCTYAMPOBAAOCH CYIIECTBOBAHHE ITPOAOABHOMN
HAIIPAKEHHOCTH 9AEKTPUYIECKOTO ITOAS.

B raaBe 1 pemenme OBAO HaBWAEHO 0€3  KaKUX-AHOO
IIPEAITOAOKECHHH O XapaKTEPUCTUKAX IIOTOKOB SHEPIUU BAOAb OCEil
koopauHat. Ilpm 9TOM OBIAO YCTAHOBAEHO, YTO CYIIECTBYET TOABKO
IIPOAOABHBIH IIOTOK SHEPIUU.

3Aech B raaBe 2 MBI IIPEAIIOAOKHAM, YTO CYIIECTBYET TOABKO
IIPOAOABHBIN ITIOTOK 9HEPTHU U IIOTOK SHEPIUU II0 OKpyxkHOCTH. [Ipm
5TOM HAWTH PEIIeHHE OKa3aA0Ch HAMHOTO ITPOIIIE.

Terepb MBI MOMKEM IIPEAIIOAOKHTD, YTO OTCYTCTBYET IPOAOABHASA
HAIIPAKEHHOCTh  AEKTPUYECKOIO  IIOAfl U CYIIECTBYET  TOABKO
IIPOAOABHBIM IIOTOK SHEPIUH. ODTH IIPEAIIOAOKEHHUA COOTBETCTBYIOT
HAalAGHHOMY B rAase 1 permenuro. Ho mbl HaliaeM 3TO perrreHne BHOBB,
BOCIIOAB30BABIIIICh IIPUMEHEHHBIM 3AECh METOAOM.

AAfl TOrO AOCTATOYHO B IIOAYYEHHBIX (DOPMYAAX IIPEAITOAOKHTD

e, =0. (1)
Toraa m3z (pl.41) maiiaem:
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[naBa 2. PeweHune ana gManekTpudeckon Lenm nepeMeHHoro Toka

ér+&(1—a)=0 @
AN "
e, = Ar~—(1-a), ©
rAe A — HexkoTtopas koHcTaHTa. Toraa us (pl.40) Hariaem:
ey, = e )

Permrenne (3, 4) coBmaaaeT ¢ perreHnem, IIOAYYEHHEIM B raase 1.

PaccMOTpUM aATOPHUTM XAPAKTEPUCTHK 9ACKTPOMATHHTHOMN BOAHBI
C MCIIOAB30BAHNEM ITOAYICHHBIX COOTHOIICHHIL:

1. U3Bectun a, w, A.

2. Beraucasiem Y o (2. 48d):

X = =EE ©
3. Boraucasiem k 1o (2.48c¢):
= [£
k= |5 ©)

4. Berancasiem ey, €4, 110 (3, 4) cOOTBETCTBEHHO:
5. Berancasiem hy., hy, 1o (2.33, 2.34) coorsercrBenHoO:
h, = ke,, )
h, = —ke,. 8)
6. BeramcasieM mAOTHOCTB IIPOAOABHOIO IIOTOKA SHEPTHH S, IO
(2.38):
Sz = nkere(p (9)
7. BblumcasieM IIPOAOABHBIM IOTOK 9HEPIHH S, C yYCTOM
IIPUBEACHHEIX (POPMYA:

STzsz (Sz-r-dgo-dr):—ff (nkre2de - dr)
o,r Q,r
AN

_ A? R
S,=— ¢ kﬂ (r(zm_l)dqo -dr) = —O.SCAsz (r(z"“l)dr)
41 or 0

AN

S,

2
= ——CcA*kR** = —i\FRZ“ (10)
4x 4 A1
ITpumep 1.
Ha puc. 1 nokasanst rpacpuxn dynknmit S;() u €4, () npn 4 =

1,0 =10%R=11,r = R/2 B cucreme CI1.
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ITpumep 2.

Ha puc. 2 nokasanet rpacpuxn dynxnmit S,(1) 1 €4, (r) npu A =
1,w=10°R =11,x= 1.01 B cucreme CHU. IIpu sTOM Bechb MOTOK
SHEPrun S, =943 Wt

ITpumep 3.

Ha puc. 3 mokasar rpaduk dymxmmn S,(o) mpr A =1, w =
105, R = 11 B cucreme CU.

%1073 Solut2.m Fig.1 for app5 in G02
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Solut2.m Fig.3 for app5 in G02
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[naBa 2a. PelwleHuve anga koHAgeHcaTopa ¢ nepeMeHHbIM HanpshXeHnem

I'AaBa 2a. Pemtenue ypaBHeHIM
MaxkcBeAAa AAL KOHACHCATOPA C

IIEPEMEHHBIM HAIIPAKEHUEM B
HIAUTHAPUYIECKUX KOOPAUHATAX

OraaBaexune
. Beeaenme \ 1
2. Pemrenne ypaBuennit Makcseaaa \ 2
. CKopoCTB pacpoCTpaHeHUs IAEKTPOMATHUTHOM
BOAHHI \ 3
. ITaotaOCTS 9HEPrHN \ 3
. IToroku sueprum \ 4
. Hamrpszxenme B koHA€HCATOpPE \5
. OOpaTuMOCTh KOHACHCATOPA \ 6
. O6¢yxaennue \ 7

—_

o)

0 1 &N Ul A

1. BBeaeHnue

B raase 2 moaygeno HOBOe perrenne ypaBHeHHH MakcBeAra AAA
MOHOXPOMATHYECKOH  BOAHBI B AHIACKTPHYECKOH  cpeae ¢
OIIPEACAECHHBIMH &, f/ -  AUIAEKTPHYECKOM W  MarHHUTHOM

IIPOHUIIAeMOCTBIO. OCHOBHOH OCOOEHHOCTBIO TOIO PEIIECHUA ABAACTCA
TO,
HAIIPSKEHHOCTDb,  CO3AABAEMYIO  BHEIIHHM  HCTOYHHKOM.  llpm
PACCMOTPEHUHN  SAEKTPOMATHHTHOIO IIOAA B BaKyyMe OTCYTCTBHE
BHEIITHETO HCTOYHHUKA ITOCTYAHPOBAAOCE.

AMSAEKTPUK KOHAEHCATOPA, HAXOAAIIMUICA IIOA IIEPEMEHHBIM
HAIIPAKEHHUEM, TaKKe ABAAETCA Takol cpeaoil. [loatomy aAas Hero
IIOAYYIEHHOE B IAABE 2 PEIIEHUE MOKET OBITh IIPUMEHEHO O€3 OTOBOPOK.

ITo cymecTByrommeMy IIPEACTABACHHIO, B IIOTOKE 3HEPTHUH Uepe3
KOHACHCATOP COXPAaHAECTCA TOABKO CpeAHee (IO BPEMEHH) 3HAYCHUE
motoka sHeprum [3].  CymiecTByroree  perreHHe — TaKOBO, YTO
ITPEAITOAATAET CHHXPOHHOE H3MEHEHHUE 3JACKTPHYECKOM M MArHHTHOM
HAIIPAKEHHOCTEH TAKOTO IIOAA B 3aBHCHMOCTH OT PaAHyca IO (DYHKIIIN
bBecceas, xoropasd mMmeeT HYAH IIO OCH apTyMEHTa, T.€. HA HEKOTOPHBIX
3HAYEHUAX paAnyca. B oTux TOUKax (TOUHEE — OKPYKHOCTAX AAHHOTO

YTO IIOAC HMCECT HCECHYACBYIO ITIPOAOABHYIO  IACKTPHYCCKYIO
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paAmnyca) SHEPrus PAAHAABHOIO ITOAA OKa3BIBACTCH PaBHOH HyAIO [13]. A
32TEM BO3PACTAECT C YBEAMYCHHEM PAAAYCA ... ODTO HPOTHBOPEYHT
3aKOHY COXPAHCHHA JHEPrUU (YTO yKE OOCYKAAAOCH B BBIIIE AAA
Oerymmeir BoAHBI). [losTOMy HIDKE IIpEeAAaracTci HOBOE PEIICHUE
ypaBHeHHE MakcBeAAa AAA  KOHAGHCATOPa, B KOTOPOM  3aKOH
COXPAHEHUA 3HEPIUHU BBIIOAHACTCA OE3 MCKAIOUEHHH M AASl KAKAOTO
MOMEHTA BPEMEHHU.

2. Pemenne ypaBHeHuM MakcBeasa
Aaree MbI OYAGM HCIIOAB30BATH IIUAHMHAPHUYECKHE KOOPAHUHATHI
I, @, Z u pemenne ypaBHeHHNH MaKcBeAAa, TOAYUYEHHOE B TAaBe 2.

3AECh OTMETHIM TOABKO CACAVIOIIIEE:
1. CyiiecTByrOT 9AGKTPHUYECKHE M MAarHUTHBIE HAIIPSKEHHOCTH,
HAIIPAaBAEGHHBIE BAOAB BCEX OCEHl KOOpAMHAT T,,Z. B wacrmocrw,

CyIIeCTByCT HpOAOAbHaH Mar”HuyTHaA HaHpH)KCHHO CTb H Z>

IIPOIIOPIIHOHAABHAA IIPOAOABHOM SACKTPUYECKON HAIIPMKEHHOCTH E Z-
2. MarauTHas W 3AEKTPHUYECKAd HAIPAKEHHOCTH Ha KAKAOU

OCH KOOPAUHAT T, (), Z CABHHYTHI 110 (pa3¢ HA YETBEPTH IIEPHOAA.
3. BexTOpBI 9AEKTPUYECKOII M MATHUTHOM HAIPSKEHHOCTEH Ha

Ka)KAOfI ocnu KOOpAI/IHﬂT r,Q,Zz OE}TOFOHQABHI}I.

Puc. 1.

Baxmo OTMCTUTH, B YACTHOCTH, HYTO CYIICCTBYCT IPOAOABHAA

Mar"gmTHasg HQ.HPH}KCHHOCTI) HZ’ HpOHOpHI/IOHaABHaH HpOAOAbHOfI

saexTprueckoil marpsikenroctn E,. Dror dakr mssecren. Hamprwep,
Ha puc. 1 M300paKeH KOHAEHCATOPHBII IIPEOOPa3OBATEAD IIEPEMEHHOIO
HAIIPAKEHUA B IIEPEMEHHYIO MATHHTHYIO HAIPMKEHHOCTb, KOTOpad B
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MAarHUTHOM CEPACYHHKE IIPEOOpa3yeTcs B IIEPEMEHHOE HAIIPHKECHUE HA
oomotke [117, 1992 r.]. Ho, xak OCTOpPOKHO OTMEYAET aBTOP CTATHH,
«paboTa BHEIIIHE HEXHTPOTO IIPHOOPA U IO CEH ACHD B CBOMX TOHKOCTAX
HE COBCEM SICHAY.

3. CxopocTth pacupocTpaHeHHUA

9AEKTPOMAarHUTHOMU BOAHBI
Od4eBHAHO, CKOPOCTb  PACHPOCTPAHEHHUA  IAEKTPOMATHUTHOMN

ya
BOAHBI PaBHA IIPOM3BOAHOM a ot dyukuun Z(t), sapannoii HesBHO B

Buae pyHknmi (2.2.13-2.2.18). OnpeaeAnB 3Ty IPOU3BOAHYIO, HAMAEM

CKOPOCTb PAaCHPOCTPAHCHUS :—)ACKTpOMarHHTHOf/'I BOAHBIL
dz w

Vim = i ; 1
B paCCManI/IBaCMOM CAY‘—IaC Ha BCAI/I‘-II/IHY X HC HAKAAABIBAXOTCA KaKIMC-
Aub0 orpanmaenus. [Tosromy

Vm < C. @)
CACAOB&TCABHO, CKOpOCTb paCHpOCTpaHCHI/IH SACKTpOMaFHHTHOﬁ BOAHBI
B KOHACHcaTOpC MCECHBIIIC CKOpOCTI/I CBETA.

4. ITrnoTHOCTB 2HEPIrUU
[TroTtHOCTD 9HEpPIIH paBHA

1 2 2
W—E(EH +uE) (1)
HAH, C YIETOM IIPEABIAYIIIIX (POPMYA IAABHI 2,
W == ((e,si)? + (e,c0)” + (£,0)%) + L ((c0)? + (ysi)” + (hysi)?)
nuAm, ¢ yaerom (2.2.33-2.2.35),
1 . 2
W =—(e+kp ((er51)2 + (epc0)” + (ezco)z). )

TaxuM 00pa3oM, IIAOTHOCTh 3HEPIUU IACKTPOMATHUTHOHM BOAHBI B
KOHAEHCATOPE OAWHAKOBA HA BCEX TOYKAX IMAWHAPA AAHHOIO
aamyca.

5. IloToku aneprumn
[TAOTHOCTB ITOTOKA 9AEKTPOMATHUTHON SHEPIUHU 110 KOOPAHHATAM
I, @, Z maiiaeHH B TAaBe 2 — M. (2.2.36-2.2.38) coortBeTcTBEHHO. Tam

ITIOKa32HO, YTO

° OTCYyTCTBYCT paAHaAbeIﬁ IIOTOK BHCPFI/II/I,
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® IIAOTHOCTb IIOTOKA 3SHEPIUM IIO0 OKPYKHOCTH Ha AAHHOM
paAHyce He 3aBUCUT OT BPEMEHHU U APYITHX KOOPAUHAT,

® IIAOTHOCTb IHOTOKA SHEPIHMHU IIO0 BEPTUKAAU IIPU AAHHOM
paAMyce HE 3aBUCUT OT BPEMEHU U APYTHX KOOPAUHAT.

ITorox sHeprum, KOTOPHIM PACIPOCTPAHACTCA BAOAD OCH OZ Yepes
CEYEHNE KOHAEHCATOPA, PABEH

- R
S, = ffr@(Szdrdgo) = ffr'(p(nkere(pdrdcp) = 2mnk [ (ereqdr).)
9TOT IIOTOK ABASIETCS AKTUBHOU MOIITHOCTBEO
P=S5,, @)
HepeAaBaeMOfI ‘—Iepes KOHACHCQTOP. Ecrmp TOABKO OANH HapaMeTp,
KOTOprfI B MaTeMaTI/ILICCKOI‘/‘I MOACAU BOAHBI €CIIIC HC OHpeACACH — 9TO

KOHCTaHTa A B oOIpeAeAcHHH (PYHKIHH €5, KOTOpasd OIPEACACHA B
IIPUAOKEHUH 4 KaK

e, = Arf. 3)
W3 (1, 2) maxoaum:
R
k =P/2m |, (eye,dr). 4
W3 popmyasr (2.48¢) TAaBBI 2 HAXOAHM:
€
k= 0 5)
Aanee, u3 (4, 5) HAXOAHM:
& R
- = P/2my [ (e e,dr), ©6)

B a10it dpopmyae dbyrkmum ey, e, 3aBUCAT OT KOHCTAHTBI A, TOCKOABKY

OHH OIIPEACACHEI B 3aBUCUMOCTH OT (PYHKITUH €, KOTOPasA OIIPEACACHA
110 (3). CAeAOBATEABHO, MOKHO 3aITHCATD:

e, = Ae,, e, = Aé,. )
Toraa (6) IpHHIMAET BHA:

\/% = p/2mnA? [ (&,2,dr) ®)

AN

A% = P/(Znn \E fOR(Eréq,dr)) )

6. HanpsoxeHue B KOHA€HCATOPE
N3 (2.2.18) caeayer, uTO

E, =e,(r)cos(x ¢ + yz + wt). 0
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[naBa 2a. PelwleHuve anga koHAgeHcaTopa ¢ nepeMeHHbIM HanpshXeHnem

byaem mmoaararts, 9To moreHnnaA Ha HIKHEM IAACTUHE IIpH Z = 0
1 HEKOTOPHIX (), I, PaBEH HYAIO, 4 HOTEHIIMAA HA BEPXHCU ITAACTHHE

npn z=d wu Tex ke @,, I, uncacHHO pasen HanpskeHmro U  Ha
KOHAeHcaTope. Toraa

U= ez(ro)cos(oc @, +xd+ a)t) @)
[Ipu HEKOTOPOM IIPOMEKYTOYHOM 3HAYCHHM Z HAIPSIKCHHE IIPU TEX
xKe @,, I, OyAET paBHO

u(z) = ez(ro)cos(oc o, +xz+ a)t) 3)

T.€. HAIIPSDKEHNE BAOAD KOHACHCATOPA MensieTcs 1o (pynkrmn COS(Z) .

7. O6paTnMOCTh KOHAEHCATOPA
[Ipu ompeaseACHHOM BHEIITHEM HAIPMKEHHH MEHKAY OOKAAAKAMH

(re. T©pHm 3aAaHHON  oAekTpmdeckoil  mampsxennoctn  E,) B

KOHACHCATOPE BO3HHUKACT MATHUTHAA HAIIPSKCHHOCTD Hz — CM. TA@BY
2.3. BpIrmie paccMOTpeH KOHAGHCATOP, B KOTOPOM OIIPEAEAEHO BHEIITHEE
HAIIPHKEHUE MEKAY OOKAaAKaMH. TOUHO TaKKe MOMKHO PacCMOTPETh
KOHACHCATOP, B KOTOPOM 3aAaHA MATHUTHASA HanpskeHHOCTs H,. Ilpu
5TOM (B CHAY OOpPATHMOCTH PEIEHHUA CUCTEMBbI YpaBHeHnir MakcBeara —
CM. TAaBy 2.3) B KOHAEHCATOPE BO3HHUKACT TAaKKE IACKTPHYCCKAA
HampsukeHHOCTs  E,, T.e. Ha OOKA2AKAX KOHAEHCATOPA BO3HUKACT
HaIpsyKeHHE. TakoH  KOHACHCATOP MOKET —PaCcCMATPHBATBCH KAk
OpeoOPA3OBATEAD ITEPEMEHHON MATHUTHOW HH U B IEPEMEHHOE

BACKTpI/I‘ICCKOC HAITPAYKCHIIC.

P




[naBa 2a. PelwleHune ansa KoHgeHcaTopa ¢ nepeMeHHbIM Hanps)XeHnem

Nssecrern  «rpancdopmarop  MHCAABCKOro»  M300PETCHHBIH
yaeHHKOM 7-10 KAaacca B 1992 1., rae ABHBIM OOPa3OM HCIIOAB3YETCHA TO
[IPeOOPA3OBAHNE  DACKTPHUECKON  HAIPHKEHHOCTH B  MATHUTHYIO
HHAYKIIHIO HEIIOCPEACTBEHHO B TEA€ KOHAEHcaTopa — cM. puc. 2 [117,
118]. B orom TtpancdopmaTope IIPOHCXOAUT IIPeOOpPa3OBAHHE
DACKTPHYCCKON HAMPAKCHHOCTH B MATHUTHVIO HAINPMKEHHOCTD  (CM.
ACBYIO YacThb Ha puC. 1) um 0OpaTHOE IPEOOPA3OBAHNE MATHUTHON
HAIPAKEHHOCTH B 3AEKTPUYECKVIO HAIIPHKEHHOCTD (CM. ITPABYFO YaCTh
Ha puc. 1).

Taxkum 0OpasoM, 3TOT IKCIIEPUMEHT HAAIOCTPUPYET OOPATHMOCTD
KOHAEHCATOPA.

8. O6cy>xxaeHUE
[Tpeanaraemoe pereHue YPaBHCHIHI Maxcseaaa AAS
KOHACHCATOPA, HAXOAAIIETOCH IIOA IIEPEMCHHBIM  HAIIPSKECHUCM,
HHTEPIIPETUPYETCA KAK SIACKTPOMArHnTHAS BOAHA. OTMETHM CACAYIOIIIHE
OCOOEHHOCTH 5TOI BOAHHI:
4, CymectByror 9AEKTPHYECKHE u MATHUTHBIE
HAIIPSKEHHOCTH, HAIIPABACHHBIC BAOAB BCEX OCEH KOOpPAHHAT T, ¢, Z. B

YACTHOCTH, CYHIECTBYCT HIPOAOAbHAA MATHHUTHASA HATTPAKCHHOCTD HZ’

IIPOIIOPITMOHAABHAA IIPOAOABHOM 3AEKTPHYECKON HAIPAKEHHOCTH E P
5. MaranTHasg ®  9AEKTpHUYECKas HANPMAKEHHOCTH Ha

KaKAOH OCH KOOPAUHAT T, (0, Z CABUHVTBI 10 (ha3e Ha YETBEPTH IIEPHOAA.
6. BekTopsr aAeKTpIYIecKON 1 MATHUTHON HAIIPAKECHHOCTEHN

HA KQKAOM OCH KOOPAHUHAT T, (9, Z OPTOTOHAABHBIL.

7. MrHOBEHHBIN (a2 HE CPEAHHH IO HEKOTOPOMY IIEPHOAY)
IIOTOK 9HEPIUM YEPE3 KOHACHCATOP HE HM3MEHACTCA BO BPEMEHH, UTO
COOTBETCTBYET 3AKOHY COXPAHEHUA SHEPTUH.

8. IloTok sHeprum mo OCH KOHAEHCATOPA PABEH AKTUBHON
MOIIHOCTH, ITEPEAABAEMOI Yepe3 KOHACHCATOP.
9. CkopocCTh pacIpOCTpaHEHNA dAECKTPOMATHHTHONH BOAHBI

MEHBIIIE CKOPOCTHU CBETA

10.  Dra CKOPOCTD VMEHBIIAETCS C VBEAMYEHHUEM
IIEPEAABAEMON MOIMHOCTH (B YaCTHOCTH, IPH OTCYTCTBUH MOIITHOCTH
CKOPOCTb PaBHA HYAIO U BOAHA CTAHOBUTCA CTOSYCH).

11.  IIpoaoabHas 9AEKTpHYECKAS HAIPHKEHHOCTD H3MEHACTCA
110 MoAuduIEpoBanHoi pyHKIHH becceas ot paanyca.
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[naBa 2a. PelwleHuve anga koHAgeHcaTopa ¢ nepeMeHHbIM HanpshXeHnem

12. Bce  ocrasbHBIE ~ 3AEGKTpHYECKME M MarHHUTHBIC
HAIPHKEHOCTH  TAKKE 3aBUCAT OT PaAUyCa M H3MEHAIOTCA  ITO
Moaudurmpopanaoi dyukimu beccead nan o ee IPOU3BOAHOIA.

13.  Boamna pacrpocrpansercs Takke 110 paAHyCaM.

14. Tlorok sHeprum BAOAB paAHyca OTCYTCTBYET Ha AFOOOM
paamyce. 3aMETHM, YTO 3TOT BBIBOA IIPOTHBOPEYHT H3BECTHOMY
yrBepkAeHuIO [13] O TOM, YTO CyIIECTBYFOT PaAHyCHL, TAE€ IIOTOK
CYIIIECTBYET.

15.  Cymecrsyer 9ACKTPOMATHUTHBIN MIMIIVABC,
IPOIOPIHOHAABHDBI KBAAPATY AKTUBHOH MOINHOCTH, IIEPEAABAEMOM
uepe3 KOHACHCATOP.

16.  Komaencatop obparuM B TOM CMBICAE, YTO IIPH
OIPEAECAEHHOM BHEIITHEM HAIIPKEHIN MEHKAY OOKAaAKaMH (T.€. IIPH

3AAAHHON  SAEKTpHUecKoil mampsxennoctn E,) B komaemcatope

BO3HHUKAET MATHUTHAS HANPsAKeHHOCTs H,, a Tpm ompeaeaeHHO
BHEIITHEH MHAYKIIHH MEKAY OOKAAAKAMU (T.€. TIPH 3aAAHHOI MarHHUTHOM

HaHpiDKCHHO CTH HZ) B KOHACHCQ_TOPC BO3HHKACT SAGKTpI/I‘I€CKaH

HAIIPAKEHHOCTD E.,. Dror spdekT MOkeT OBITh HCIIOAB30BAH B
PA3AMYIHBIX KOHCTPYKIIHAX.
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naBa 2. KoHaeHcaTop € nepeMeHHbIM HanpshkeHnem B AeKapTOBbIX KOOpAMHATax

I'AaBa 2. Perrtenue ypaBHeHUN
MakcBeAAa AA KOHAEHCATOPA C
IIEPEMEHHBIM HAIIPAKECHUEM B
AEKAPTOBBIX KOOPAMHATAX

OraaBAaeHune
1. Perenue cucremsl ypasaennit Maxcseaaa \ 1
2. ITAoTHOCTH TIOTOKOB 3HEpruy \ 3

1. Pemienne cucremsl ypaBHeHH MakcBeaaa

B raaBe 2a aamo permrenme ypaBHeHmi MaxcBeAara  AAA
KOHAEHCATOPAa C IIEPEMEHHBIM HAIPSKEHHEM B IIHAHHAPHYECKUX
KOOPAMHATaX. 3AECh MBI PACCMOTPHUM KOHAEHCATOP B ACKAPTOBBIX
KOOpPAHMHATaX — cM. puc. 1.




naBa 2. KoHaeHcaTop ¢ nepeMeHHbIM HanpshkeHnem B AeKapTOBbIX KOOpAMHaTax

B cucreme AEKapTOBBIX KOOPAMHAT X,Y,Z M KOOPAHHATHI { oTm
ypaBuenus B cucteme CH nmveror BuA:

oH, oH, OB, __ M
oy 0z ‘ot
OH _oH, _ 9E, __ 2
3z _axr ‘ot
0Hy 0H,  0E, __ B
ox ay "ot
3E, 9F, OH J
9B, OHx @
Jdy 0z at
oF, 0E, OH, B
7 “ox tH =0
E, 0E, oH ©
y Oby z _
ax oy THo =0
dE, OE, OF, G
ox Ty Tz =0
0H, 0H, O0H, ®
dx + ady + 0z 0

TAE
Ey, Ey, E, -srexrpudeckne HAPSKEHHOCTH,

Hy, H,, H, - MarHnTHBIC HATPSKEHHOCTH,

Perrenne AOAXKHO OBITH HAHAEHO IIPDU HEHYAEBOHM HAIIPAKEHHOCTU EZ.

byaem mckars perrenne B BuAe caeAyrormux pyHkmii [45]:

E.(x,y,2,t) = e,Ch(By)Ch(yz + wt) cos(x x), )
E,(x,y,2,t) = e,Sh(By)Ch(yz + wt) sin(x x), (10)
E,(x,y,2,t) = e,Ch(By)Sh(yz + wt) sin(x x), (11)
H,(x,y,z,t) = h,Sh(By)Sh(yz + wt) sin(e x), (12)
H,(x,y,2,t) = h,Ch(By)Sh(yz + wt) cos(x x), (13)
H,(x,y,z,t) = h,Sh(By)Ch(yz + wt) cos(« x), (14)

TAE
€x, €y, €z, hy, hy, h, - HOCTOSHHBIE AMIAUTYABL (PYHKIIHIA,
a, 3, A — koHCTAHTHI,
W - 9aCTOTA.

Auddepenmupys (9-14) u moacraBads nmoaydennoe B (1-8) mocae
COKpAIIIEHHUA Ha OOIIHE MHOKHTEAH, ITIOAYIACM:
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naBa 2. KoHaeHcaTop € nepeMeHHbIM HanpshkeHnem B AeKapTOBbIX KOOpAMHATax

h,B — h,y — wee, =0 (15)
hy + h, x —wee, =0 (16)
—hy, < —h, — wee, =0 (17)
e, — e,y + wuh, =0 (18)
exy — e, X +wuhy, =0 (19)
e, X —e,fB + wph, =0 (20)
e < +e,f+e,y=0 2h
hy «x +h,f+h,y =0 (22)

Cucrema 8-mu ypasHenmit (15-22) mpu M3BECTHBIX BEAMYHHAX €, U W
COAEP/KAT 8 HEM3BECTHBIX.
€x, €y, hy, hy, g, a, B, A
Paccmorpum  BHawase cucremy 5-TH AMHEHHBIX ypaBHeHHH (15-19)
OTHOCHTEABHO 5-TH HEM3BECTHBIX €y, €y, h,, hy, h,. Pemas o1y cucremy,
HAAGM 9TH HEHU3BECTHBIC. 3aTE€M ITOACTABUM HAHACHHBIC 3HAYCHHA B
ypaBuenusa (20-22) M IIOAYYHUM CHCTEMY 3-X AMHEWHBIX YpaBHEHHIT
OTHOCHUTEABHO 3-X HEU3BeCTHBHIX Q, 3, . Tem cambIM MCXOAHAs CHCTEMA
ypasuenuii (15-22) Oyaer perrena.
Perrenme Bceraa cymectsyer.

2. ITAOTHOCTH TIOTOKOB SHEPruu
ITaoTHOCTH TIOTOKOB BHCPTI/II/I I10 KOOpAI/IHaTaM OHpCACAﬂI—OTCH I10

dopmyae

Sy EyH,-E,H,
S=|Sy|=(ExH)=|E,H,—E,H,| 23)
S, E.H,—-E,H,
uam, ¢ yaerom popmya (9-14),
Sy = (eth‘Pyz - eZhyLIJZy) 24)
Sy = (eshyWyx — exh,¥yy) (25)
S, = (exhy‘ny - eyhx‘}’yx) (26)

rae koapdurmentsr ¥ onpeaeastores nz (9-14). Hapumep,
W,y = Ch(By)Ch(yz + wt) cos(x x) - Ch(By)Sh(yz + wt) cos(e x)
UAU
¥,y = 0.5Ch?(By)Sh?(2(yz + wt)) cos?( x). 27)
Amasoruvno,
¥, = Sh(By)Ch(yz + wt) sin(x x) - Sh(fy)Sh(yz + wt) sin(x x)

AN
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naBa 2. KoHaeHcaTop ¢ nepeMeHHbIM HanpshkeHnem B AeKapTOBbIX KOOpAMHaTax

_ 2 2 (2
¥,y = 0.55h*(By)Sh (Z(yz + wt)) sin“(x x). (28)
DTO 03HAYAET, YTO CYIIECTBYIOT IIOTOKH SHEPIUU II0 BCEM OCAM
KOHACHCATOPA. DTO TAKIKE O3HAYACT, YTO CKBO3b KOHACHCATTOP IIPOXOAAT
rmotokn sHeprun. Paccmorpmm, Hanpumep, cedeHne XYy HpH Z = Zj.

[TAOTHOCTP HOTOKA SHEPTHM S, HA 3TOM CEYEHHH OMPEAEASETCA
dyuxmmeir (26, 27, 28). Ilotok sHepruum Bce CEYCHHE OIIPEACAACTCA
HMHTEIPAAOM 3TOH (DYHKIIMH Ha BCEH ITAOIIAAN 3TOTO CEUCHUA:

Baxmo oTmeTHTB, YTO 3TOT HMOTOK HE H3MCEHAET BHYTPEHHIOIO
SHEPTHIO KOHACHCATOpA. OTOT TOTOK ABAAETCA TOH  AKTHBHOM
MOIITHOCTBIO, KOTOPasA IPOXOAUT Yepe3 KOHACHCATOP BAOAB ocu oz. Ha
APYTHIX TIPaHAX KOHAEHCATOPA TaKAKe MOIYT CyIIECTBOBATH ITOTOKH
SHEPIUH, KOTOPBIE H3AYYAT OSHEPTHIO, BBIYUTAIOINYIOCA W3 OSHEPIHH
KOHAEHCATOPA U BOCIIOAHAEMYIO HCTOYHHKOM HAIIPAKEHUA.
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maBa 24. OneKkTponpoBOAHbI KOHOAEHCATOP C NEPEMEHHBLIM HanpsXKeHUeM
B A€KapTOBbIX KOOPAMHATaXx

['AaBa 2A. Pentenue ypapHeHHUM
MakcBeAAd AAF SAEKTPOIIPOBOAHOTO
KOHAEHCATOPA C IIEPEMEHHBIM
HAIIPAKEHUIEM B ACKAPTOBBIX
KOOPAUHATAX

B raase 2A aamo pemrenme ypaBHeHm MaxcBeAara  AAd
KOHAEHCATOPAa C IIEPEMEHHBIM HAIPSKEHHEM B IIHAHHAPHYECKUX
KOOPAHMHATaX. 3A€Ch MBI PACCMOTPHM Ty KE 3aAa4y B IIPEAIIOAOKECHUU,
YTO KOHAEHCATOP ABAAETCHA 3AEKTPOIPOBOAHBEIM. [Ipm stom B cmcreme

ACKAPTOBBIX KOOPAUHAT X, Y, Z 1 KOOPAUHATHI t YpaBHCHUA MakcBeaaa B
cucreme CH ipumyT BHUA:

1 0H, 0H, OE,
e —L,=0
oy oz ot *
2 OH, OH, O,
9z _ox _“oar ¥~
3 OH, OH, 0E, _ _
ox oy ‘ot 7
E
dy 0z Jt
5 oE, 0E, 0H,
_ =0
T
6 , 0E,  OH,
ax oy TH =Y
7 0, O, OE, _
dx dy 0z
8 OH, 0H, OH,
dx + dy + dz =0
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maBa 2h. OneKkTponpoBOAHLIN KOHAEHCATOP C NEPEMEHHBIM HaMNpPsHKEHNEM
B AeKapTOBbIX KOOpAUHAaTaxX

rae Ey, E,, E, - saexrpuueckme manpswennoctn, H,, H,, H, -
MarHuTHBIE Hanpskenuoctu, Iy, I,, I, - Toxm mposoammOCTH.

Perienue AOAKHO OBITh HAHACHO ILIPU HEHYACBOH HampskeHHOCTH E, .

bByaem uckars perrienne B BUAE CAeAyIOIIUX (pyHKIn [45]:

E.(x,y,2t) = e, cos(ax)sin(By)sin(yz) sin(wt), (3)
E,(x,y,2,t) = eysin(ax)cos(fy)sin(yz) sin(wt), 4
E,(x,y,2z,t) = e,sin(ax)sin(By)cos(yz) sin(wt). (5)
H,(x,y,z,t) = h,sin(ax)cos(By)cos(yz) cos(wt), (6)
H,(x,y,z,t) = hycos(ax)sin(fy)cos(yz) cos(wt), (7)
H,(x,y,z,t) = hycos(ax)cos(By)sin(yz) cos(wt), (8)
L.(x,y,z,t) = iycos(ax)sin(By)sin(yz) cos(wt), (3)
L,(x,y,zt) = iysin(ax)cos(By)sin(yz) cos(wt), 4
I,(x,y,2,t) = i,sin(ax)sin(fy)cos(yz) cos(wt). (5)

TAC
€x, €y, €z, Ny, hy, hy, iy, Uy, Iz - HOCTOAHHBIE AMITAUTYABI (DYHKITHH,
a, B, A — xoHCTaHTHI,
W - 9aCTOTA.

Auddepenmupys (3-8) u moacraBass moaygennoe B (1) mocae
COKpAIIEHHA Ha OOIIHIE MHOKHUTEAH, ITOAYIACM:

h,B—hyy +exew—1i, =0
hyy —h,a +e,ew — i, =0
hya —h,f +e,ew —i, =0
ez,B — &Yy — hx.uw =0 (9)
exy —e;a —hyuw =0

eya —exff —huw =0
exa+e,f+ey=0
hya + h,p + h,y =0

A RO A R R RN

ITo cpaBHeHUIO ¢ rAaBOM 2d 3A€CH MOABUAKCH IIEPEMEHHBIE [ .
ITockOABKY TOKH IIPOBOAMMOCTH IIPOIIOPIMOHAABHBI 9ACKTPHYECKOMN
HAIIPAKEHHOCTH, OYAEM ITOAATaTh, ITO

ix=—j e/p,iy=—j e/p,i,=—]j e/p, (10)
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maBa 24. OneKkTponpoBOAHbI KOHOAEHCATOP C NEPEMEHHBLIM HanpsXKeHUeM
B A€KapTOBbIX KOOPAMHATaXx

TA€ J - MHIMasA EANHUIIA 3AMETHM, 9TO IPHU AOCTATOYHO BBICOKOH YaCTOTE
a10 ycaosue HE Bommoansercs -cm. raasy 4. OAHAKO 3A€Ch MBI OYAEM
IIPUMEHSATE 3TO YCAOBHE.
W3 (10) u (9.7) caeayer

ixa +i,f+i,y=0. (11)

B cucreme ypaBuenmit (9) ypaBmemma (9.7, 9.8) caeayror
HEIIOCPEACTBEHHO u3 HpeAbAyInux u (11). AefictBHTEABHO, CKAAABIBAs
ypasaenus (9.4-9.6) u yunrtemsas (11), moaygaem (9.8), a ckaaabmas (9.1-
9.3) m yumreBaa (11), moaygaem (9.7). [lostomy B AaABHEHITIEM MBI
paccMaTpuBaeM TOABKO CHCTEMY M3 IIEPBBIX O-TH YPaBHEHHII C yYE€TOM

(10):

h,B—hy+ed=0
hyy —h,a+e,d=0
hya —h,p+e,9=0
ez — eyY — hyuw =0 <12)
exy —e;a — hyuw =0

Al Il S

ey — exf — hyuw =0

TAE
Y =c¢ew+j/p. (13)

O1croaa CAEAyeT, YTO pPEIIeHHE AOAKHO OBITh KOMIIACKCHBIM.
AetictBureapHas 4dactb perenus sasucut or Re(¥) = ew, a munmas
vacte perenus sapucut or Im(9) = 1/p.

AelicTBUTEABHAA YACTD PEIeHHA paccMoTperf B raase 2d.

Munmass 4gacte pemreHus (POPMAABHO MOKET OBITh ITOAYYEHA
3aMEHOIT BeIpakenusa Ew Ha Beipakenue 1/p. B raase 2d (16) nokasano,
9TO

suw? = a? + p% +y2 (14)
BBIIOAHSAS YKA3AHHYIO 3aMEHY, IIOAYIACM:
% = a? + B2 +y2 (15)
CACAOBaTe/\bHO, qacTroTa MHI/IMOfI gactu pCHICHI/IH
_ P, 2 2 2
wpm =~ (@® + % +y7). (16

OcraAbHBIE COOTHOIIIEHUS ANAA MHIMON YaCTH pCL[ICHI/IH HpI/IHI/IMaIOT
BHA!

h, = 0. 17)
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maBa 2h. OneKkTponpoBOAHLIN KOHAEHCATOP C NEPEMEHHBIM HaMNpPsHKEHNEM
B AeKapTOBbIX KOOpAUHAaTaxX

B
€y =€x (18)
1
h, =e,—, 19
y x],p1 (19)
h, = —e,—. 20
x yw],/a (20)
ey = —e, oy 1)

Kax mrokazano B raase 2d, 9acToTa AEHCTBUTEABHON YaCTH PEITICHUS

yZ +a2 +BZ
w = — 22
Re / " (22)

CAEAOBATEABHO,

Wim _ L) 2 2

ore P\ﬁ\/y +a*+p (23)
AN

w

— = IpWp, 4

Re

AN

Wi = #P(wRe)z- (25)
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maBa 2h. PeweHne gnsi npoBoga ¢ NepeMeHHbLIM TOKOM B 0BLLEM crnyyae

I'aaBa 2h. Pemenme VPaBHEHUU MaxkcBeaaa
AAfl IIPOBOAA C IEPEMEHHBIM TOKOM B
OOIIIEM CAyYae

B raase 2 moaygeno HoBoe perreHne ypaBHeHHI MakcBeAra AAA
IIEPEMEHHOIO TOKA B AU9ACKTPHIECKOM IIPOBOAE. 3ACCH MBI PACCMOTPHM
IIPOBOA  IIEPEMEHHOIO  TOK4, KOTOPBIH  HMEET  OIPEACACHHBIC
AMAEKTPUYECKYIO € I MATHUTHYIO [ IIPOHUIIAEMOCTH, 4 TAK/KE KOHEIHOE
VAEABHOE 3AeKTpHueckoe conporusAeHne p. Ilpm stom B 1mposoae
IIPUCYTCTBYIOT HE TOABKO TOKH CMEIICHHSA, HO TOKH IIpoBoAUMOCTH I, 2
ypasaennsa Makcseaa B cucreme CI'C mpuHIMArOT BHA:

rot(E) + 422 = 0, (1)
rot(H) — ég—f —-1=0, 2)
div(E) =0, ©)
div(H) = 0. @)

B cucreme numamHApHYUECKUX KOOPAMHAT [, (), Z 9TH ypaBHEHUA

HMEIOT BHA:
E OE. 1 OE 0E
L4l p-. 24220

T ar:;'&p 0z > )
E

%'Z—if—a—fj:dﬁr» @

e =vh 3

R R @

H 0H 1 OH 0H

B arr:?'a_;-l_ oz = 0 )
H

S5 = T ©

o =4 e 0

H H

by Tt D= gt ®
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maBa 2h. PewweHune ypaBHeHun MakcBenna gnsi nposoga B obLem cryvae

DTH ypaBHEHHA OTAMYAIOTCA OT COOTBETCTBYFOIIHMX YpPaBHEHMIA

TA2BBI 2 TOABKO AOTIOAHHTEABHBIME cAaraembivi | B ypasmenmax (6-8).
Henssectrre pyHKIIMMI OYAEM HCKATh B CACAYIOIIIEM BHAE!

H,.= h,(r)co, (13)
H,.= h,(r)si, (15)
E,.= e, (r)si, (16)
Eg.= ey (r)co, (17)
E,.=e,(r)co, (18)
I..= i,.(r)co, (18d)
Iy = ig(7r)si, (18¢)
I,.=i,(r)s], (18£)
TAC
co =cos(ap + yz + wt), (19)
si =sin(a@ + yz + wt). (20)

[To cpaBHeHMIO C TAaBOI 2 3Aech nossuanch gpyukmmu (1) ot
KOOpPAHHATHL I. HelmocpeACTBEHHOM ITOACTAHOBKOI MOMKHO YOCAHTHCH,
gro dyuxkunn (13-18) npeobpasyror cucremy ypasmenmit (1-8) ¢
YCTBIPBMS apIyMEHTAMH [, @, Z, t B CHCTEMy YPaBHCHUH C OAHHM

aprymertom ' u memssectasivu pymkmmavu h(1), e(r),i(r). Dra
CHCTEMA YPABHECHHI MMECT CACAYIOIIUIT BUA:

=0 4 o/(r) - ¢>< W o — e, (r) =0, @)
— e (Na+ e¢(T)X —Th =0, 22
er(Nx —e;(r) + = hy = 0, &)
60 | ot ) E0 g 482y, g, 24
hr(r)+h L )+h¢><r) +x-hy(r) =0, (25)
2h,(r) ® —hy (1) — 2 e, (r) — iy (r) = 0, (26)
(= by () + ey (=i, () = 0, &7
%“+h<y+““«+ﬂ@@)lxﬂ=0 (28)

[To cpaBmenuro c raaBoii 2 3aech mossuanch (yuxiun i(r) B
ypaBHeHHAX (26-28). Aasee, Kak UM B raaBe 2, BBEAEM B PacCMOTpEHIE

koacbpurment K, kotopsrii ceassaer dbymkmun A 1 €:
h, = ke, (33)
o = —keg. (34)
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maBa 2h. PeweHne gnsi npoBoga ¢ NepeMeHHbLIM TOKOM B 0BLLEM crnyyae

h, = —ke,. (35)

IToCKOABKY TOKH ITPOBOAMMOCTH IIPOIOPIIHOHAABHBI 3ACKTPHYECKOM
HAIIPHKEHHOCTH, OYAEM ITOAATaTh, YTO

ir:_j'er/p’i(p:j'e¢/p:iz:j'ez/p: (359)

rA€ j - MHHUMAaA eAMHHIA 3aMETHM, 9YTO IIPH AOCTATOYHO BBICOKOM

ugactoTe 310 ycaosue HE Brmoansercsa -cum. raaBy 4. OAHAKO 3A€Ch MBI

OyAEM IIPUMEHATD 3TO yCAOBHE. BrImoAHnM 3ameny repemeHHBIX 110 (33-

35) B ypaBHeHmAX (21-28) ¢ yaeTom (352) u mepermurem (33-35):

" + e, " a— xe, , (41)
e U
—fa+e(p)(—7ker=0, 42
—éz+er)(—k%e(p =0, 43)
—té raekcez 0, (44)
e .
kf+ker—k7‘pa—k)(ez=0, 45)
_p &z &, yJer) _
kra+ke(p)( . er.+ /p 0, (46)
. Ew j-e
ké, —kerx +—e, — (p/p =0, @7
L& _ 1. ér ew _Jjrez _
kr ke(p+kra+cez /p 0. (48)
3amernm, uro ypasHenus (41) u (48) cosmaaaror pu
1 (f_“’ _ i) _
e 2)= X- (482)
3amernm, uro ypasHeHus (42) u (46) coBImasaroT Ipu
1 (sw j) uwk
“(—==)=—. (48b)
k\c p c

3amernm erre, uto ypaBHeHusa (43) m (47) TakkKe COBIAAAIOT IIPHU (48b).
Hakonern, ypaBuennsa (41) u (45) cosmasaror. Takum oOpasom,
ypasuenus (48, 46, 47, 45) Moryr OBITP HCKAIOYECHBI H3 CHCTEMEI
YypaBHEHHH M 3aMeHEHBI ycAoBuAmE (482, 48b). Ocrasimuecs 4 ypaBHeHNA
(41-44) asasrorca cucreMoil AN @EPEHIINAABHBIX YPABHEHUH € 3-MA
HEU3BECTHBIMU

€, e(p y €.
W3 (48a, 48b) caeayer, aro

=D G -




maBa 2h. PewweHune ypaBHeHun MakcBenna gnsi nposoga B obLem cryvae

x==(2=D/J(e-p)m- (- o

e _ g, (48¢)
cx
(x* = (kpw/c)?) = 0, (48f)

B raase 2 moayueno pemrenne ypaBuennit (48, 46, 47, 45) npnu
ycAaoBusax BuAa (48e, 48f). Dr1o pelreHne BBITOAHACTCA U B AAHHOM

caygae. OTAHYHE COCTOHT TOABKO B BHAE (DOPMYA AAA BEAUUHH ) U
k. B maba. 1 mpuBeAeHBI AASI CPAaBHEHUS 3TH (DOPMYABL.

Tabamia 1.
I'AaBa 2
I'AaBa 2h
& N
w —
I'AaBa 2h Re(y) = _?\/a Re(k) = ; /Eu
w C
I'aaBa 2h Im(y) =— i Im(k) = |— ﬂ
cp uwp u

Takum 00Opa3om, B IIPOBOAE OOIIErO BHAA CYIIECTBYIOT TOKH
CMEIIEHNA U TOKH IIpoBoAnMOcTH. [1pm atom

3A€KTpH‘€[€CKI/I€ HaHpH)KCHHO CTH Hp OTHUB Oq)aSHbI
MAarHUTHBIM HAIIPAKEHHOCTAM,

TOKH IIPOBOAMOCTH CI/IHCi)B.S HbI IACKTPHUICCKIM
HaHpH)KCHHOCTHM

TOKM CMCIICHUA CI/IHCpaSHbI MArHUTHBIM HAIIPSKEHHOCTAM.

OAHAako B HaIleM CAyYae CHH(A3HOCTh H IPOTHBO(A3HOCTDH
IMEIOT OOAee IMUPOKUII CMBICA II0 CPaBHEHHIO C H3BECTHBIMU
IIPEACTABACHUAMU. /A NMEHHO, B HAIIIEM CAyYae CHH(A3HOCTh O3HAYACT,
41O ABE cuH@a3HbIe (DYHKIINN 00€ 3aBUCAT

orcos(ap + yz + wt) nam or sin( a@ + yz + wt),

TOTAQ KAK B M3BECTHBIX IIPEACTABACHHUAX ABe cHH(a3Hble (PYHKIHH 00e

3aBHCAT
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maBa 2h. PeweHne gnsi npoBoga ¢ NepeMeHHbLIM TOKOM B 0BLLEM crnyyae

ot cos( wt) nam ot sin( wt).

BaxxHO OTMETHTB, YTO BEAWYMHBI Y, K ABAAIOTCA KOMIIAEKCHBIMHU.
DTO O03HAYAET, YTO CYIIECTBYIOT ABE 9ACKTPOMATHUTHBIC BOAHBL,
OTAMYAIOIIHAECA 3HAYEHUEM BEAMYHMH X, K: BOAHA aKTMBHBIX TOKOB CO
snauenuamu seanunn Re(y), Re(k) m BoAHa peakTHBHBIX TOKOB €O
spavenuamu searmans Im(y), Im(k) - cm. Taba. 1.

DTH BOAHBI PACHPOCTPAHSIOTCH C PA3AUYHBIME CKOPOCTAMH. B

TA2BE 1 MOKA3aHO, 9TO CKOPOCTB pACIIpOCTpaHEHUA
MOHOXPOMATHYECKOM SAEKTPOMATHUTHON BOAHBI
()
V= ——.
X

[Ipumenss a1y OPMyAy K BEAHYMHAM, IIPUBEACHHBIM B TaOA. 1,
HAXOAUM AASl BOAH PEAKTUBHBIX M AaKTHBHBIX TOKOB COOTBETCTBEHHO:

w c
VUma = —w/(—;ﬁ) = E’

Hatianem orHOIIIEHTE

Vina cpw | ¢

Vmp \/_/ Epw

M3 CKa3aHHOIO CACAYET, 9TO PAAMOCHTHAA, PACIIPOCTPAHAIOIIINNACS
B 9AEKTPOIIPOBOAHON CPEAE, COCTOHUT M3 ABYX CHIHAAOB: OAMH U3 HHX
(curHaa A) pacHpoOCTPaHAETCA CO CKOPOCTBIO CBETA Vg, a APYIOH
(curman B) — co ckopoctbio Vg K Uy Ecan atn curmassr moryr
BO3BPATHTBCA M OBITH IIPHUHATHL B TOYKE H3AVYCHHUSA, TO HAOAFOAATCAD
OOHAPYKHUT ABa CHIHaAa: 3XO curHaaa A m sxo curaasa B. Ha sxo
curaasa A HaDAFOAATEADB BPAA AU OOPATHT BHUMAHNE, HOO OH BEPHYACA
MIHOBEHHO U CAHACH C camuM curaasom A. A BoT 3xo curaasa B, mo
dopme coBITaparorree ¢ CUrHaAOM A, OYAET BOCIIPUHATO HAOAIOAATEAEM
Kak 9X0 curaasa A. «OT 9ero oTpasmAca CHTHaA A M IIOYEMy OH TaK
AOATO HE BO3BPAIIAACA?]) - BOCKAUKHET HAOAFOAATEAD.

Takue cayuam mssecter [171, 172]. Mmerorcsa B BuAY "napaAOKc
IIrepmepa”, "Muposoe axo0", "long delayed echoes" (LDE) - paanosxo ¢
OYECHb AAHUTEABHBIMH 3aAepikkaMu. «B oramdme OT H3BECTHBIX 9XO C
3aAEPIKKAMUI B AOAH CEKYHABI, MEXaHH3M KOTOPBIX AABHO OODBACHEH,
3AAEPIKKI PAAUOCUTHAAOB B CEKYHABI, B ACCATKH CEKYHA H AQ/KE MIHYTHI
OCTAIOTCH OAHOM M3 CaMBIX AABHUX M HHTPHUIVIOIINX 3araAOK (DU3HKH
noHOChEPH».
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maBa 2h. PewweHune ypaBHeHun MakcBenna gnsi nposoga B obLem cryvae

Bor ermme onmcanme oaHOTO M3 9KCIIEpHMEHTOB B Mope [173]: «... B
1960-x rpymmma ydYeHBIX W3 HAYIHO-HUCCAEAOBATEABCKOIO VIIPaBACHHA
BMC mnpoBoAmAa mCHBITAHHA B OOAACTH AAABHEH ITOABOAHOW CBS3H
(nepedaya cuerana 6 3nexnponposodrod chede). AHTEHHA AAMHOM B MHAIO OBIAQ
VAOKEHA BAOAB KOHTHHEHTAABHOTO Imeabda ... Koraa mpucrynmanm k
paboTe, TO BCEX OIIEAOMHA TOT (PAKT, YTO CYAHO CHAYaAd IIPHHHMAAO
CUTHAA (3x0 cueriasa A), 3atem ero mosropenne (3xo cuerara B) .. ».
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MaBa 3. PeweHne ans MarHMTHOW Lienu NepeMeHHOro Toka

I'AaBa 3. Pemenue YPaBHECHUN
MaxkcBeAAd AAT MATHUTHOU I1EITU
IIEPEMEHHOIO TOKA

B raaBe 2 paccmarpuBaerca  9AGKTPOMATHHUTHOE IIOAE€ B
AMDACKTPUYECKON IENN IEPEMEHHOIO TOKAa. TOYHO TaKKe MOKHO
PACCMOTPETH IAEKTPOMATHUTHOE ITOAE B MATHUTHOM IIEITH IIEPEMEHHOTO
Toka. Ilpocreiimmm mpumepoM TakOM IEHMH  ABAAETCA COACHOHA
rnepemMeHHOTO TOoKa. OAHAKO, €CAM B AMIACKTPHYECKON ITEITH HMEETCH
IIPOAOABHAA IAEKTPUUECKAA HAIPAKEHHOCTh, CO3AABAEMAA BHEITHUM
HCTOYHUKOM OSHEPTHH, TO B MATHUTHOM IIEIU HMEETCA IIPOAOAbHAA
MArHUTHAA HAOPAKEHHOCTh, CO3AaBacMasd BHEITHUM HCTOYHHKOM

SHEPIUH H IIEPEAABAEMAS B I[CIIb OOMOTKOH COACHOHAA.

3AECh TaKKe pacCMATpUBArOTCA ypaBHeHHsA MakcBeaAa B cucreme
CI'C Bmpa (2.2.1-2.2.8) m pemrenne >TuX ypaBHeHHH B BHAe (2.2.11-
2.2.18c¢), rae pynxmu h(r), e(r), j(r) ompeaeastorcs B mpuaomkenun
1 raaBbI 2 IpH AAHHBIX 3HAYEHHAX ITAPAMETPOB Ao Y, .

3Aecp  TakkKe, Kak B TAaBE 2, OIPEACASFOTCA  IIOTOKH
9AEKTPOMATHUTHON 3Hepruu ¢ nAotHOocTAME (2.2.36-2.2.37). Ilotok

SAEKTPOMATHUTHON SHEPIUM BAOAb MATHHUTHOH ITE€IN Sz paBeH U
AKTUBHOU MOIIITHOCTH P , IEPEAABAEMOM 110 MATHUTHOM IIEIIH,
P=35,. M
B raase 2, pasaea 2a mokasaHoO, 9TO, €CAM 33A2Th 3HAYCHHE ABYX
BEAUYHH U3 MHOKECTBA

E.E, E,H,H,H,S,S,S., )
TO M3 IOAYYEHHOIO PEIICHHA YPaBHEHMM MakcBeAAa MOKHO HANTH
3Ha4YCHHE IapamMeTpoB A, 0 a 3aTeM HANTH 3HAYCHHE OCTAABHBIX

BEAUYHUH U3 MHOKECTBA (2).
Ilycts, Hampumep, OIIPEACACHA MATHUTOABIDKYINAS CHAA B

MATHUTHOM IIEIIN C AAMHOUN L

F=H.L 3)
1 AKTUBHAA MOIITHOCTD, HepeAaBaeMaﬂ I10 MQ.I‘HPITHOfI IICITH,
P=35,. (4)
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MaBa 3. PewleHre gns MarHMTHOW Lienu NepeMeHHOro Toka

Toraa mpu U3BECTHBIX F u P vowno maiirrn H, u S, us IIOAYYIEHHOIO
perreHnsa ypasHeHHI MaKkcBeAAa MOKHO HAWTH 3HAYEHHUE ITAPAMETPOB
A, ©C) 2 3aTeM HANTH 3HAYEHUE OCTAABHBIX BEAWYIHH U3 MHOKECTBA (2).

AaApHENIIIIE BBIBOABI AHAAOTHYHBEI TEM, KOTOPBHIE IIOAYYEHEl B
raaBax 1 m 2. Mrak, B MarHUTHOII IEIH CHHYCOHMAAABHOTO TOKa
PACIIPOCTpAHACTCA  SAEKTPOMATHHUTHAs BOAHA, 24  MATEMAaTHYECKOE
OIIMCaHNE 3TOM BOAHBI ABASICTCA PEIIeHNEM ypaBHeHHH Makcseaaa. [Tpn
5TOM HAIPSKEHHOCTH M IIOTOK 3HEPIUH PACIPOCTPAHAIOTCA B TAKOM
LIEIIN ITO BUHTOBOM TPAEKTOPHH.

Takas 5AeKTPOMATHHUTHAA BOAHA PACIIPOCTPAHACTCA B MATHHUTHON
nenn  Tpacdopmatopa. Bwmecre ¢ Hel 10 MarHHTHON - IIerH
PACIIPOCTpaHACTCA MATHUTHBI TIOTOK M IIOTOK 3AEKTPOMATHHTHOI
sHeprny. BakHO OTMETHTB, YTO BEAMYHMHA MATHHTHOIO IIOTOKa HE
U3MeHAeTCA IpH u3MeHeHHH Harpy3kn. CAeAOBATEABHO, HMEHHO ITIOTOK
SAEKTPOMATHUTHON SHEPIMU IIEPEHOCHUT SHEPTHIO OT IIEPBHIHON
OOMOTKH KO BTOpHYHOH oOMoTKe. MTak, HOTOK sHeprum He 3aBUCHT OT

MATHUTHOIO IIOTOKA. 3AECh MOKHO 3aMETHTb aHAAOTHIO C IIepeAadert
TOKA 110 SAEKTPUYECKOM IIEITH, TA€ OAUH U TOT K€ TOK MOKET IIPEAABATD
PAa3AMYHYIO 9HEPIUIO. DTOT BOIIPOC IOAPOOHO PACCMATPUBACTCA B TAABE
5. Tam ITOKa3aHO, YTO IIOTOK SHEPIHH IIPH AAHHON ITAOTHOCTH TOKa (B

paCCManI/IBaCMOM CAy4ae, HpI/I AaHHOfI ITAOTHOCTH MAarHHUTHOI'O HOTOKQ)
IIepeAaBacMass MOIIHOCTb MOXKET IIPUHHMATD IIPAKTHYICCKHI AFODOE

3HAYCHUE B 3aBUCHMOCTH OT 3HAYCHUIN BCAMYNH X, &, T.C. OT

IIAOTHOCTH BHHTOBOM TPAEKTOPHH TOKA (B PACCMATPHUBAEMOM CAyYae,
IIpU  AAHHOM IIAOTHOCTH MAarHUTHOro 1o0ToKa). (CAeaoBaTeAbHO,
IIepEAABACMAA  MOIIHOCTh  OIPEAEAAETCA IIAOTHOCTBIO  BHUHTOBOMU
TPAEKTOPUM _ 9ACKTPOMATHUTHON _ sHeprun  npu  (OUKCHPOBAHHONM
BEAMYHHE MATHUTHOTO ITOTOKA.
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MnaBa 4B. PelweHune Ans Tpy64aToro npoBoAa ¢ NnepeMeHHbLIM TOKOM

I'AaBa 4B. Pemenue ypaBHeHUN
MaxkcBeAAa AASL TPYOUIATOTO
IIPOBOAA C IIEPEMEHHBIM TOKOM

B raase 2 paccmatpuBasock perrenne ypaBHeHHI MakcBeAAa AAS
HpOBOAa C CI/IHYCOHAQ.AI)HI)IM HCPCMCHHI)IM TOKOM. HI/DKC MBI
PACCMOTPUM PpEIIIEHHE AAfA TPyOdUaToro mpoBoAa. Mbl OyAeM HCKath
pelIeHne Ipy N3BECTHOM PaAryce TPYyOsI R B MaAOM ee TOAIIMHE, KOTAA

r =R, 0)
1 BCE IIPOM3BOAHBIE IIO T PaBHBI HYAO. Toraa cmcrema ypaBHEHUI

(42.2.41-42a.2.48) mpumeT BUA:

%—%‘”a—){ezzo, )
—er—za+e(p)(—%ker=0, )
erX — k%e(p =0, 3)
e:’ e: —k®e, =0, 4
k%—k%‘”a—k)(ezzo, ©)
—k%a+ke(p)(—%er—47njr=0, ©)
—ker)(+%e(p —%nj(p =0, )
4m

—k%‘”+k%a+%ez—7]z=0. ®)

A/\H AaAbHeﬁmeFO BaXXHO OTMETUTBb, YTO B 3TOM pCH_ICHI/II/I
cymiectsyeT j, # 0, T.e. CyITIeCTBYET KOABIIEBOH TOK C TIAOTHOCTBIO
Jo = Jpsin(x ¢ + xz + wt). )

Od4eBHAHO, TaKOIl TOK CO3A2€T B IIOAOCTH TpyOdaroro
IIPOBOAHHUKA IIPOAOABHYIO MATHUTHYIO HAIIPA>KEHHOCTD

H, = h,sin(x ¢ + yz + wt), (10)

TAC
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MnaBa 4B. PeweHune Ans Tpy64aToro npoBoAa ¢ NnepeMeHHbIM TOKOM

Jo
h, = —2— 11
A - paccTosHUE OT TeHTpa TPyOKH A0 Toukm HabAroacrus H,. Baxmo
OTMCTUTH, YTO CYIICCIBYIOIINMC TIIPCACTABACHUA OTPHUIIAIOT TaKOC
asaenne. Hinke B raaBe 4c OyAeT IIPHUBEACHO O9KCIEPUMEHTAABHOE
AOKa3aTEABCTBO CYIIECTBOBAHUSA 9TOTO ABACHUAL
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maBa 4c. CneuunanbHble TpaHcgopmaTopbl

I'AaBa 4c. CrnerimaApHBIE
TpaHCOPMATOPHI

OraaBaeHne
1. Berynaenme \ 1
2. Tpaucdopmarop Mapkosa \ 1
3. Tpaucopmarop 3amapununa \ 2
4. Tpaucdopmarop ITospmmaa \ 3

1. Bcrynaenue
B raase 2, pazaea 3 1moOkasaHO, YTO B IIPOBOAE TOK MOKET
BO3HUKHYTh HE TOABKO B PE3yAbTaTE€ IPHAOKEHHOIO IIEPEMEHHOIO

HaHpiDKCHI/IH U, HO B pCSVAbTaTC HpHAOH(ﬁHHOfI BHEIITHEN HpOAOAbHOfI

MaFHI/ITOABI/I)KVHICﬁ CHUADBI F AAﬂ TOro m APYI‘OI‘O CAy4dasd B HpOBOAe

CO3AAKOTCA paBHbIC TOKH, €ECAU B CUCTEME CHt

&
F=w |[—U. )

2p
B raase 2, pasAeA 22 ITOKA32HO TAaKKEC, 9YTO B HpOBOAC CYH_[CCTByeT
HpOAOAbHaH MAaTrHUTHasA HaHpH)KCHHOCTb C HCSaMKHyTbIMI/I AMHUAMN

IIPOAOABHOM MATHUTHOM HAIIPSKEHHOCTH.

2. Tpaucdopmarop Mapkosa

Nssecren Ttpancdopmarop Mapkosa [150, 151] — em. puc. 1. B
OTAHYHE OT OOBIYHOTrO TpaHCOpPMATOpPa ITOT TPAHCPOPMATOP HMEET
BBITAHYTYIO (DOPMy MATHHTOIIPOBOAQ, ABE IIEPBUYHBIC OOMOTKHA U
BTOPUYHYIO OOMOTKY, KOTOPas HAMOTAHA IIOBEPX IIEPBUYHBIX OOMOTOK.
[TepBudaHEle OOMOTKH BKAFOYCHBI BCTPEYHO M CO3AAIOT BCTPCUHBIC
MATHUTHBIE IIOTOKH.

ITo mOBOMY 3aKOHY HHAyKIHH MapKOBa MAIHUTHBIH IIOTOK B
IIPOBOAHUKE ~MOMKET HHAYLIHPOBATBCA OAHOBPEMEHHO B  ODOHX
IIPOTUBOIIOAOJKHBIX ~ HAIIPABACHMAX.  [loCAe  HECKOABKHX — A€T
SKCIIEPUMEHTOB U IIPAKTHYECKHX HCCACAOBAHUI MapKOB CyMeA AOKa3aTh
OOOCHOBAaHHOCTb ~CBOCH TEOpPHH, pa3paboTath PabOTOCIIOCOOHEBII
TpaHC(POPMATOP HA €IO OCHOBE U IOAYINTH HECKOABKO MEKAYHAPOAHBIX
IIATCHTOB Ha CBoe m3oOperenue. [IpemmyrmectBom TpaHChOPMATOPOB
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maBa 4c. CneunanbHble TpaHcgopmaTopbl

MapkoBa ABAAETCA TO, YTO OHH MOTYT HHAYIIIPOBATH HEOOXOAHMOE
HAIIPSAKCHHUE AQKE OT «XYAIIETO KEAE32» M MOIYT MMETh 3HAYHUTEABHO
YMEHDbITICHHDBIC pasMepr.

AA) A 1 -

Puc. 1.

[To cymiecTByrommM  IIPEACTABACHUAM  AHMHHH  MATHUTHON
HAIIPAKCHHOCTH AOAKHBI OBITH 3aMKHYTBIMH. BCTPEYHO BKAFOYCHHEIC
OOMOTKH C PaBHBIM YHCAOM BUTKOB B TpaHcdopmarope Mapkosa me
AOIIYCKAIOT ~ CYIIECTBOBAHHE  3aMKHYTBIX  AHHHN  MATHUTHOI
HanpsmxeHHOCTH. CAEAOBATEABHO, X HE BOOOIIE. DTOT BBIBOA (HAAO
AyMaTh) 3acTaBIA MapKoBa CO3AaBATH HOBYIO TCOPHIO.

Bermre ykasaHo, cyrmecTBOBaHHE HE3AMKHYTBIX AMHHUNM MATHUTHOIT
HAIIPAKEHHOCTH BO3MOKHO. DTHM OOBACHACTCA (PYHKITHMOHHPOBAHIE
Tparcdopmaropa Mapkosa.

3. Tparcdopmarop 3anapuHuHa

MsBecren  rtpancdopmartop 3araprnHUHA [120]. Caveln
TpaHCPOPMATOP IPEACTABAAECT COOOHM COAEHOHA, IIO OCH KOTOPOIO
PACIIOAOKEH CTEPIKEHb U3 AFOOOIO TOKOIIPOBOAMAIIEro Matepruasa. Ecan

Ha OOMOTKY coAeHOMAA TToaaerca Hanpskenne Uq, To Ha creprkie Takxke
Bosamkaer marpsikenme Up. Crepmenb MomeT OBITH COEAWHEH C
HATPY3KOil (HampHUMep, AAMITOYKOIl) W Toraa wmomHocTh Py ot
ucrounmka manpsxenma Uq mepeaaerca B HArpysky, Kortopa

notpebaser mormuocts Py < Py, V3BecTHB! U ApyTHE SKCITEPHMEHTEI C
TpacdOopMaTOpoM 3aapUHIHA.
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maBa 4c. CneuunanbHble TpaHcgopmaTopbl

Oror  aAKT - nogesenue  Hanpancenus 6  cmepycre HE  ABAACTCH
CAEGACTBHEM 3aKOHA 3JACKTPOMATHHUTHOM HHAYKINH. MarsumrHOE mOAE
BHYTPH COACHOHAQ HE MMEET HPOAOABHOM COCTABAAFOINEH MATHHUTHOIT
HAIIPSKEHHOCTH, HAIIPABACHHOM IEPIIEHAUKYAAPHO pasuycy. OAHAKO B
COAECHOHMAE IIPUCYTCTBYET IIPOAOABHAA COCTABASIOIICH MATHHUTHOM

HAIIPIKEHHOCTH M, CACAOBATEABHO, €CTb MATHUTOABIDIKYINAS CHAQ F .

CaepoBaTeAbHO, TpaHCHOPMATOP 3aIIAPUHIHA AOKA3BIBACT ITPEABIAYIIICE
TEOPETUIECKOE YTBEPKACHHME: TOK MOKET BO3HHUKHYTH B PE3YABTATE

IIPUAOKECHHOHN BHEITHEN MPOAOABHON MATHUTOABU/KVITICH CHABI F.

4. Tpancdopmarop ITosprauua

MsBecren koakcmaApubil Tpancdopmarop Ilosemaa - KTTI
[121]. B artom TtparcdopmaTope OOOAOYKA M IICHTPAABHBIA IIPOBOA
BKAFOYAIOTCA KaK OOMOTKH TpaHcdopmaropa. BoaMoKHBEI ABe cxembl
BKAIOYEHHA.

1. HenrtpaApHBEIT HPOBOA — 310 uepsuaHas obmorka KTITI,
ITOAKAIOYCHHAS K HCTOYHHUKY HAIPHKCHHUA; OOOAOYKA — 9TO
BropuuHas oomorka KTTI.

2. Oboaouxa — 1o neppuunas oomorka KTTI, moakarouennas k
HCTOYHUKY HAUPHKEHUA; IIEHTPAABHBI IIPOBOA — 9TO
BropuuHas oomorka KTTI.

[Ipu srom mepsuunas obmorka KTII moAkArodaercssi K HMCTOYHUKY
HAIIPAKEHHA, 2 BTOPUYHAA — K HATPY3KE.

DKCIEpUMEHTHI IIOKA3aAH, 9TO B_0OOUX pexumax kosddurmenT
TpascdopMary OBIA paBen 1.

KTII meaw3s oromaAecTBUTH C TpaHCHOPMATOPOM 3arapuHUHA
[120] (xota BHemmuue npossacuuda noxoxu). Cxema KTII me coBmasaer
CO CXEMOH H3BECTHOIO KOAKCHAABHOIO TpaHchOopMaTopa (ITOCKOABKY
IIOCACAHUIT sABAsieTCA ABYX-TTOAfOocHHKOM, a KTTI sBaserca gersrpex-
IIOAFOCHUKOM).

Kaxk Oyaer mokasano mmke, pyakrmonuposanue KTTI B pexnme 2
HE MOKET OBITh OOBACHEHO 3aKOHOM 9ACKTPOMATHUTHON MHAYKIIHH.

Bcee a1 ocobernnoctu KTI1 tpebyror oOpscHeHM .

B pexmme 1 B I1eHTPAaABHOM IIPOBOAE CYIIECTBYET TOK C
IIAOTHOCTBIO
Jzp = Jzpsin(x ¢ + yz + wt) 0
cM. TAaBy 4a. B coorBeTCTBHI € 3aKOHOM 3AEKTPOMATHHUTHOW MHAYKIIHH
3TOT TOK CO3AA€T B OOOAOYKE MATHUTHYIO HAIIPSKEHHOCTD
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maBa 4c. CneunanbHble TpaHcgopmaTopbl

djz .
Hy,o = d—tp = Wj,pcos(X @ + xz + wt). @

DTa HAIPMHKEHHOCTh CO3AA€T (KAaK IIOKA3aHO B rAaBe 4B) B ODOAOUKE
IIPOAOABHYIO BOAHY M, B 9ACTHOCTH, TOK
Jz0 = JzoC0s(x @ + ¥z + wt). €)

Taxum obpasom, Tok (1) rparcdopmupyercs B Tox (3).

B pexxmme 2 o06oAOuUKa KaOEAf HAXOAHTCHA IIOA IIEPEMEHHBIM
HAIIPSKCHHEM, T.€. 9Ta OOOAOYKA ABAACTCHA TPYOYATBIM IIPOBOAOM. TOK
OOOAOYKH B IIEAOM HE AOAKEH CO3AABATH B IICHTPE TPYOBI MATHUTHYIO
HAIIPAKCHHOCTD, IIOCKOABKY 9AEMEHTAPHBIEC TOKM IO BCEM OOPA3YIOIINM
IIUAIHAPA CO3AAIOT HAIPMKEHHOCTH, KOTOPBIE B CHAY CHMMETPUN
B3aMMHO KOMIICHCHPYIOTCH. OAHAKO, KAaK ITOKA3BIBACT 9KCIIEPUMEHT, TOK
II0 I[CHTPAABHOMY IPOBOAY TedeT. OH MOKET OBITH BBI3BAH TOABKO
MATHUTHOHM HampstkeHHOCTBIO. Mrak, "mo ®@apaaero" marHnTHOIN
HANIPSHKEHHOCTH HET, 4 'm0 [losbrHmay" MarHHTHAasA HAIPSIKEHHOCTD
ecTb. DTO TpedyeT OOBACHEHUS.

B pesxume 2 B 000AOUKe, KaK B TPyOIATOM IIPOBOAE, CYIIECTBYET
TOK C IIAOTHOCTBIO

Jz0 = JzoSIN(X @ + ¥z + wt) )
— cM. rAaBy 4B. [Ipm sToM (Kaxk TaM IOKa3aHO) B IIOAOCTH TPYOUATOTrO
IIPOBOAA CO3AAETCH IIPOAOABHAS MATHUTHAS HAIIPSIKCHHOCTD

Hy, = hypsin(« @ + xz + wt), ©)
L[CHTpﬁAbeIfI OPOBOA HAXOAHUTCA B o0AacT CYILECTBOBAHUA 3TOH

HAIIPAAKEHHOCTH. DTa HAIPAKEHHOCTD (5) co3aaeT (Kak IOKA3aHO B IAaBE
4) B IPOBOAE IPOAOABHYIO BOAHY U, B Y4CTHOCTH, TOK

Jzp = Jzpcos(x @ + xz + wt). ©)
Takum obpasom, Tok (4) Tparcdopmupyercs B Tok (6).

Dror (pakr (KaK IIOKA3BIBAAOCH) HE ABASETCA CACACTBHEM 3aKOHA
5AEKTPOMATHUTHON HMHAYKIIHH. B CBA3M € 9THM CAEGAyET 3aMETHTB, YTO
ypaBHeHusa MakcBeAAa ABHANCH OOOOIIEHHEM 39TOrO K HEKOTOPBIX
APYIUX YACTHBIX 3aKOHOB. DTO OOOOIIEHHE OXBATHIBACT TAKYIO ODAACTB
ABACHHI, KOTOpasg OOABIIE OOAACTEH, OTHOCAIIHUXCA K KAKAOMY
JacTHOMY 3aKkoHY. [lostomMy caeactBue ypaBHeHmit MakcBeAAa MOMKET
OmHCaTh  ABACHHE, HE IIOAITAAAIOIIEE TI0A  ACHCTBHE  3aKOHA
5AEKTPOMATHUTHOH HHAYKIIHH (HO HE MOKET IPOTHBOPEYUTH 3TOMY
3aKOHY TaM, TA€ OH ACHCTBYET).

Paccmorpum  matematmueckyro  mMoaeab  KTIT  moapoGmaee.
Vpasaennsa MakcBeaAa AASl IEHTPAABHOTO IIPOBOAA OIIMCAHHI B rAaBe 2.

ByACM 0b03HAYATD pCI_[ICHI/IC ITHUX ypaBHCHI/Iﬁ Kak (Ep,H ,]p)
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VpaBuenns MakcBeara AAf OOOAOYKH OIHCAHBI B raaBe 4B. byaem

0003HAYATH PEIICHIE ITHX YPABHEHHIH KAK (Eor H,, ]0). Oborouka u
IIPOBOA HAXOAATCA B OOIIEH MHAMHApHUYECKOH oOaactu. Ilostomy

IIPOAOABHBIE MATHUTHBIE HAIPHKEHHOCTH B PEIICHUAX (E ,Hy, ]p) u
(E,, H,, J,) cosmapaior, ..

sz = H,, = H,. ¥

B raase 2 aokaszama UHP-teopema, B KOTOPOIT yIBEp:KAAECTCH, UTO

BHE 3ABHCHUMOCTH OT IIAPAMETPOB IIPOBOAA CYIIECTBYET OAHO3HAYHAA

3ABHCHMOCTD MEKAY dAekTpmuecknm Hanpsxermem U ma mposoae,

MPOAOABHOI MATHUTHOH HATIPSAKEHHOCTBIO B TpoBoAe H w axtmsmOM
mormHocThio P, repeaasaemotit o mposoay,

U=f(H,P). ®)

B mamem cAygae Ha 00OAOYKE U IIEHTPAABHOM IIPOBOAE

CyLIECTByeT OOImIas HampsKeHHOCTs H, a MexAy 00OAOYKOW U
LIEHTPAABHBIM IIPOBOAOM IIpH Ar0OOM pexnme Brkarodenus KTTI

IIEPEAACTCH MOIITHOCTD P. CaeproBareasno, HATIPS/KCHIS U na o60r0uke
I LEHTPAABHOM IIPOBOAC AOAKHBI COBIIAAATH IIPH AIODOM pEKHME
BrArouenusa KTTI.

HMmenHO 910 11 HA0AIOAQETCA B 9KCIIEPUMEHTAX.

Takum o6pasom, KTII onmceBaerca 16-ro ypaBuHenuam c¢ 16-ro
HEU3BECTHBIMU BI/IAa

pr' pr']pr» [ 4% P‘P’]P(P']pz’
Eor»Hor:]or:Eocp»Hocp»]oq)»]oanzr H,. ©)
Taxas cucTteMa ypaBHEHHMIT HMEET EAMHCTBEHHOE pEIIeHrE. DTa CHCTEMA
ABAAETCA  cHUCTeMOM AN @EPEHIINAABHBIX  YPaBHEHHI  (IIOCKOABKY
TAKOBBIMH  ABAAFOTCA  YPaBHEHHMA AAA  TIPOBOAA B TAaBe  2).
CAeAOBaTEABHO, PEIITEHNE 3aBUCHT OT HAYaABHBIX YCAOBHI.

[To moayuennomy pereruio (9) MOxeT OBITB OIPEACACH IIOTOK
sHeprud, npoxoadiruii yepes KTTI, T.e. MOIIIHOCTD, IIpeAaBaeMyIoO depes
KTII wmAm MOIHOCTb HAIPY3KH, PaBHYIO MOIIHOCTH TI'€HEPATOpa.
CAeAOBaTEABHO, HAYAABHBIE YCAOBHUSA OIPEAEAAIOT MOIITHOCTD HATPY3KH.

Pusmueckn, KOHEYHO, BCE IIPOHMCXOAUT HAOOOPOT: MOITHOCTD
IeHEepaToOpa OIIPEACASCT HAYAABHBIC YCAOBHA, 2 HAYAABHBIE YCAOBHSA
OIIPEAECASFOT BUA PEIICHHUA.

Taxmm 00pasom, CyIIIECTBOBAHHE ITEPEYHCACHHBIX
TpaHC(POPMATOPOB  ABAAETCA  €Ie  OAHHM  3KCHEPHMEHTAABHBIM
ITOATBEP/KACHIEM PA3BUBAEMOM B 3TOM KHUTE TEOPUH.
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I'AaBa 5. Permenue YPaBHECHUN
MaxcBeAAa AA IIPOBOAQ
ITOCTOSIHHOI'O TOKA

OraaBaeHune
1. Beaenne \ 1
2. Matematraeckas MOAEAD \ 3
3. Iorokn sueprun \ 9
4. CKOpOCTb ABHIKECHHS 9HEPrUA B IIpoBoAe\ 13
5. CKOpOCTb ABIKEHUS SHEPIUH U3 akKymyAsitopa\ 14
6. O6cyxaenne \ 15
IMpuaoxenne 1\ 16
IMpuaoxkenne 2 \ 18
Ipuaoxenne 3 \ 20

1. BBeaenue

B [7, 9-11] OblAO ITOKa3aHO, YTO IOCTOAHHBIM TOK B IIPOBOAE
HMEET CAOKHYIO CTPYKIYpy. Tok J B IIPOBOAE CO3A2€T B TeAE IIPOBOAA
MATHHTHYIO HHAYKIHIO B | koTOpas AeficTByeT Ha 9AEKTPOHBI C 3aPIAOM
0., ABIDKYIIIHECA CO CPEAHEH CKOPOCTbIO V B HaIPaBACHHH,
IIPOTUBOIIOAOKHOM TOKy J, cuaoii Aopenma F
CMEINAThCA K IEHTPY IPOBOAA — CM. puc. A.

, 3aCTaBAAA HX

<---50(
\/ = J
\/
<20
Puc A.

B cBsasu ¢ usBecTHBIM paCHpCACACHI/ICM HMHAYKITHH B ITIO0 CCUYCHHIO
HpOBOAa CHAQ F y6bIBa€T oT HOBCPXHOCTI/I IIPOBOAA K LICHpr — CM.
5-1
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puc. B, rae nmokasano namenenune cuasl F B 3aBucnmoctn or paanyca I,
HA KOTOPOM HAXOAHUTCA SAEKTPOH.

Puc B.

Taxum 06pa30M, MOXHO IIOAAraTb, 9YIO B TCAE€ IIPOBOA2
CYIONCCTBYFOT 3SAEMCHTAPHBIC TOKHM, HAYMHAIOINHECA Ha OCH M |
HaIIPaBACHHBIC ITO HEKOTOPBIM YTAOM a K ocu IIPpOBOAA — CM. pHC. C.

Puc C.
A ) B C
E——)
Rn
D
J
Puc. 1.

B [9-11] Obira mpearOkeHa B PACCMATPHBAAACH MATEMATHYECKASA
MOAEAB TOKA M ITOTOKA, ITOCTPOEHHAA MCKAIOYHTEABHO HA YPABHEHHUAX
Makceana. OcTaacs HEBBIACHEHHBIM CAEAYIOIIIHE BOIIPOC — CM. pHC. 1.
DAaektpuueckuii J TOK M IOTOK 9ACKTPOMATHHTHOM 9Heprum S
pacupocrpansercsa Bayrpu npososaa ABCD u nmpoxoaut depes Harpysky
Rn. B or0ofl Harpyske pacxOAyercss HEKOTOpas MOIIHOCTH P,
CaepoBaTeAbHO, TOTOK 9Heprun Ha yuactke AB Aoaxen Obrte OoAbIIIE
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notoka sHeprun Ha yaactke CD. Tounee, Sab=Scd+P. Oanaxo cuaa
TOKA ITOCAE ITPOXOKACHHUA HAIPY3KM He H3MEHHAAch. Kak AoaxHa
HI3MEHUTHCA CTPYKTYPA TOKA, ITOOBI VMEHBIITHMAACH COOTBETCTBYFOIIASA
€MV SAEKTPOMATHUTHAS SHEPTUA? DTOT BOIIPOC pacCMaTpUBAACA B [7]

Hmxe paccmarpuBaercsa Ooaee oOmmas (o cpasHenuro ¢ [7, 9-11])
MaTeMaTIIECKas MOACAD. DTa MATEMATHYIECKAA MOACAD TAK/KE IIOCTPOEHA
HCKAFOYHTEABHO Ha ypaBHeHHAX Makcseara. B [12] ommceBaerca
SKCIIEPUMEHT, KOTOPBIA OBIA BBITOAHEH rpymmnoi aBropos B 2008 r. B
[17] moxazaHO, 9YTO 9TOT OKCIIEPHMEHT MOKET OBITh OOBACHEH HA
OCHOBAHHH HEAMHEHHOM CTPYKTYPHI IIOCTOSHHOIO TOKA B IIPOBOAE U
MOJKET CAYAKHTH 3KCIEPHUMEHTAABHBIM AOKA3aTEABCTBOM CYIIECTBOBAHIA
TAKOM CTPYKTYPHL

2. MaremarnuyeckKkas MOAEADL
Vpasuenuss MakcBeAAa AASl IIPOBOAQ IIOCTOSIHHOIO TOKA AQHBI B
raase "[Ipeaucaosue” — cm. BapuanT 6:

rot(J)=0, ()
rot(H)-J -J, =0, ®)
div(J)=0, ©
div(H)=0. d)

[Ipn moaeampoBannn OyACM HCIIOAB30BATH UAUHAPIYIECKHE
KOOpPAMHATH I, (0, Z u pacCMaTpUBATDH

®  OCHOBHOH TOK J,

e marmurabie Hanpsxensocrn H,, H . H |

® pomoanmTeabHbie Tk J,, J, J,,

L SACKTpOCOHpOTI/IBACHI/IC p .

3aece B ypaBHeHHA (a- d) AOOaBA€HA H3BECTHAf IIAOTHOCTB TOKA
J,, TIEPEAaBAEMOTO TIO IIPOBOAY B HATPY3KY.

B perrennn HEOOXOAMMO HANWTH IAOTHOCTH PACIHPEACACHHA BCEX
HAIIPSKEHHOCTEH M TOKOB. TOK B IIPOBOAE IPUHATO PAaCCMATPHUBATDL KAK
VCPEAHEHHBIH ITOTOK 3AEKTPOHOB. MexaHmdeckne B3aMMOAEHCTBHA
5AEKTPOHOB C ATOMAMH CYHTAFOTCH SKBHUBAACHTHBIMU 3ACKTPHYECKOMY
conpoTuBAcHIIO. OYEBUAHO,

E=p-J. )

Vpasaernus (a-d) AA IEARHAPHYECKHIX KOOPAMHAT HMCIOT BHA:
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H
Hr+aHr +l_a ‘/’+aHZ =0, cm. (d) O
r or r oOp 0z
10H, oH, | o, (b) @
r op oz
oH, _H, _, ® ©
— = , CM.

oz or 7

H, oH

o o LMy 1) o (b) @

_ — —Z:O’ M. 5
r o r Op oz o ©

14 aJ(,,

.z _ %20, oM. (a 6
e @ ©)
e A, _y @ 0
oz or '

J, d

_¢+_‘/’_1.a‘]r=0, oM. (a) 8)
r o r op

MoaeAb ocHOBaHa Ha TOM, YTO
1. ocHOBHafA sAeKTpHYECKas HAIPAKEHHOCTb E HampaBAeHA BAOAB

OCH IIPOBOAAQ,
OHa CO3AA€T OCHOBHOM TOK J 0o BCpTHKaAbeIfI IIOTOK SapHAOB,

3. BCPTI/IKQABHBII\/‘I TOK ‘]o (popMpreT KOABIIEBOC MAarHHTHOE ITOAE

C HaHp}DKCHHOCTbIO H(p nu paAI/IaAI)HOC MATHUTHOEC IIOAC Hr -
om. (4),
4. MArHUTHOC IIOAC Hq) OTKAOHACT CHAaAMU AopeHua 3apHAbI

BEPTHUKAABHOTO ITOTOKA B PAAMAABHOM HAIIPABAECHHH, CO3AABAA—
PAAMAABHBIN TOTOK 32PAAOB - PAAMAABHBIN TOK J .,

5. MAar"HmTHOE IIOAEC H(p OTKAOHACT CHAAMHA AopeHua 3ap;m,b1

PAAMAABHOIO IIOTOKA IIEPIIEHAUKYAAPHO PAAMYCaM, CO3AaBasd
BEPTUKAABHBIA TOK J, (AOITOAHHUTEABHO K OCHOBHOMY TOKY J ),

6. marumTHOE ToAe H, oOTkAOHAET cmAaMu AOpeHIIA 3aPAABI

BEPTUKAABHOIO ITOTOKA IIEPIIEHAMKYAAPHO PaAHyCaM, CO3AaBasg
KOABLICBOH TOK J ,
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7. MarHHTHOE ITIOAe H, OTKAOHAET CHAAMU AopeHua 3APAABI

KOABIIEBOTO IIOTOKA BAOAB PAAHYCOB, CO3AaBas BEPTHKAABHBIN
TOK J, (AOIIOAHHTEABHO K OCHOBHOMY TOKY J ),

8. Tox J, dopmMHupyeT BEPTHKAABHOE MATHHUTHOE IIoAe H, m
KOABITEBOE MATHUTHOE ToAe H p - CM. 2),

9. TOK J v dopMupyer BepTHKaABHOE MarHuTHOEe moAae H, u

- M. (3).

10. Tox J, opmupyeT KOABLEBOEC MArHUTHOC moAe H, = n

PAAMAAPHOE MATHUTHOE ITOAE H,

pPaAmaAbHOE MarHUTHOE IToAe H, - em. (4); 1 T.A.

Takum o6paSOM, OCHOBHOHM TOK J, CO3A2€T AOIOAHHUTEABHBIE

tokm J., J_, J, wm marnwreee moas H, H(p, H,. Oun aoaxsbr

[ z
VAOBAETBOPATH  ypaBHeHuaAM MakcBeara. Kpome Toro, morokm
SAEKTPOMATHUTHON SHEPTHH AOAKHBI OBITh TAKHMH, YTOOBI

A. BeprukaApHBII IIOTOK JHEPrUM OBIA PaBEH IIEPEAABACMOM
MOIITHOCTH,

B. Cymma Bcex IIOTOKOB 3SHEPrHH AOAKHA  OBITH  paBHA
IIEPEAABAEMON MOIIHOCTH B CYMME C MOIIIHOCTBIO TEIIAOBBIX
IIOTEPD B IIPOBOAE.

Taxum 0Opa3oM, TOKH U HAIIPSKEHHOCTU AOAKHBEI YAOBAECTBOPATDH
ypaBHeHIAM MakcBeana u ycaoBusa A u B.
[Ipexae Bcero, HEOOXOAUMO AOKa3aTh, UTO pelreHue cucremsr (1-

J

Aas COKpAIIICHHUA 3aIlMCH B AAABHENIIIEM 6yACM OPUMEHATh
CACAYIOIITHIC 0003HAvYEeHNS:

co = cos(ae + xz), (10)

si =sin(a@ + xz), (11)

TAC O, X — HCKOTOPBIe KOHCTaHTHL. B HpI/IAO}KCHI/II/I 1 IIOKa3aHO, YTO

8) CVIIeCTBYET IpU HEHYAEBBIX TOKaX J,, J o 3o

CYIIECTBYET PEIICHUE, UMCIOIIEE CACAYIOIINIT BUA:

Ir = jrCOa (12)
Jo = JoSi, (13)
Iz = JzS, (14)
H, = h,.co, (15)
H, = h,si, (16)
H, = hsi, (17

rae j(r), h(r)- HEKOTOPEIE (DYHKIIMH KOOPAUHATHL I .
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MO:KHO ITOAATaTh, YTO CPEAHAA CKOPOCTH IACKTPUYIECKUX 3aPAAOB
HE 3aBHUCHT OT HAIIpaBAEHHSA TOKa. B wactHOCTH, IIpy (DUKCHPOBAHHOM
paanyce MyTh, IIPOMACHHBIM B EAMHHIy BPEMEHH 3aPAAOM IIO
OKPYKHOCTH, M IIyTh, IIPOHMACHHBIH KM IIO BEPTHUKAAU, OYAYT PaBHBL
CAeAoBaTeABHO, IIPH (PHUKCHPOBAHHOM PAANYCE MOKHO ITOAATATh, YTO
Ap=Az. (18)
Takum o0OpasoM, Ha IIMAHMHAPE IIOCTOAHHOTO paAanyca I
CYILECTBYET TPaeKTOpHs TOYKH, onnceBacMas popmyaamu (10, 11, 18).
Takas TpaexTopus ABAAETCA BUHTOBOI AmHHEH. C APYroil CTOPOHBI, B
cootserctBun ¢ (12-17) wepes KaKAYIO OKPYKHOCTb IIPOXOAUT
MHOKECTBO TPAEKTOPHUI, Ha KOTOPHIX HAIPHKEHHOCTH U ITAOTHOCTH
TOKOB ~ HM3MEHAIOTCA  CHHYCOMAAABHO B 3aBHCHMOCTH  OT (0.
CAEAOBATEABHO,
AMHHUS HA IIUAHMHAPE IIOCTOSHHOTO pPaAuyca I, II0 KOTOPOH
TOYKA ABHJKETCA TaK, YTO BCE HAIPHKEHHOCTH M IIAOTHOCTH
TOKOB OCTaIOTCH IIOCTOAHHBIMH, ABAAETCA BUHTOBOM AMHHUEH.

Ha ocmOBe 3TOrO  IPEATIOAOKEHHA  MOXKHO  ITOCTPOUTH
TPAEKTOPUIO ABIZKEHHSA 3apAsa B coorserctun ¢ dynukmuamu (10, 11).
Ha puc. 1 mokasans! Tpu BuHTOBBIE AMHNA 1Tpu A@ = AZ , onrchIBaeMbIe

dbynxmmavm (10, 11) Toka: Toacras annmsa npu @ =2, y = 0.8, cpeanss

amams npu o = 0.5, y =2 u Tonkas anmma npn @ = 2, y = 1.6.

Ha pumc. 1 moxasambl BHHTOBBIE AHMHHH AAA (DYHKIHEH [ u H,
onpeaeseHnbrx 1o (10-17), a mMEHHO AAA CYMMapHOTO TOKa C
IPOEKITUAMHA [, U [, TP T = const. Dru HPOCKIIUU OIIPEACASFOTCA ITO

(13, 14), T.e. 3aBucar ot ¢pyaxunn Si. Oanaxko dyukmuu J n H MoryT OBITH
OIIPEAEAEHBI CACAYIOIITIM OOPa3OM:

Jr = Jrsi, (19)
]_(p = JyCoO, (20)
Jz = JzCo0, @1)
H,. = h,si, (22)
ﬂl’ = hco, 23)
H, = h,co. 24)

Oramune stux dyukunit or dyukmuit (10-17) cocrour B TOM, UTO
yHKIIII CO 3aMeHEHBI Ha (PYHKIIUHU Si 1 HA0OOPOT.
Ha puc. 1P mokasaHEl BUHTOBEIE AMHIT
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e aat dyuxumit / U H, onpeaesennsix 1o (13, 14), kak Ha puc. 1,
1 3aBUCAIINX OT (PYHKIIHH CO (CM. TOHKYIO AMHHUIO) 1
e aaf dyuknuii | U H, onpeaesernsix mo (20, 21) u 3aBucsmnx
oT pyHKIHHU SI (CM. TOACTYIO AHHHIO).
Buano, uro dpynkunn (12-17) oraumgarorcsa ot dyuxmuii (19-24) pasuoit
noAapusaruei. Kakoe 13 HUX cymecTByer oU3MIecKu?

Fig. 1. R (TokPotok33.m)

Hrxe Oyaer paccmorpeno perrenue B Buae dymxnmin (12-17).
Perrenne B Buae pynkmmit (19-24) oranmgaerca OT IPEABIAYIIIETO TOABKO
3HAKAMH KOHCTAaHT @, Y. IloAHOe pemrenne cocrour U3 CyMMBI

pemenuit aag (12-17) m (19-24).

Fig. 1P. 1 (TokPotok33.m)
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Cam paxt CyIIecTBOBAHMA BOKPYI IIPOBOAHHKA C ITOCTOAHHBIM
TOKOM  MATHHTHOIO  IIOAfl,  HMEOIIETO CIHPAACOOPA3HYIO
KOH(UTyparuio, ycraHoBAeH emte Opcreaom B 1820 1. [127, crp. 184].
Ha puc. 2 nmokazama dororpadusa mIpoBoAa, CMOYEHHOTO MATHUTHOMN
AHAKOCTBIO  (yBeamdeHo B 20 pas). Bumasbl crmpaspHBIe AMHNH,
00Opasyemble MATHUTHOMN KHAKOCTBIO. DTa POTOrpacdhus CBHACTEABCTBYET
O CYIIECTBOBAHUU CIIMPAABHBIX AMHIN MATHUTHON HAIIPAKCHHOCTL.

4
2000 4000 0 10
" i 2000. B
2000 0 A 4
0 005 01 0 005 0.1 0 005 01
4
500 10000 9210
£ o0 ‘ 5o
-500 -2
0 005 01 0.05 0.1 0 005 01
5
-10 20 210
N2 E B 10
-30 0
0 005 0.1 0.05 0.1 0 005 01

Fig. 3.1 (ﬂg-5-3-1now.m, mode=1)
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B  mpumaoxenmm 1  paccmarpuBaerca  peIIeHHE  CHCTEMBI
audpdepennmarbubx ypasuenuii (2.1-2.8) B suae pynknmit (2.10-2.17).

ITpumep 1. Ha pwmc. 3.1 mnoxkasassr rpadpuxu  yHKITHI
jr(r), j(p(l’), jZ(r), hr(l’), h(p(l’), hz(r). DTH PYHKIHH BBIYHCASIOTCH
npu Aanbbx j, = 100, x= 0.25, y = 0.5 u paanyce nmposoaa R=0.1.
B nepBoit koronke nokasamsr bynkmum |, (), j(p(r), J,(r), Bo BTOpPOIT
xoAouke mokasambl dymkimu  h.(r), hg(r), hy(r), a dynximm,
ITOKa3aHHBIE B TPETHEH KOAOHKE, OYAYT PACCMOTPEHBI AdACE.

HaﬁACM 3HAYCHHEC IIAOTHOCTH TOKA B HpOBOAC C paAI/IYCOM R:

I:ﬂ;zﬂ[.lz]dr-d(p. 61
re

C yuerom (14) maiiaem:

3, =ﬂ;2!£[jz(r)si]dr-dgo=ﬂ;j jz(r)q(si -dgo)Jdr- (32)

0
C yaerom (11) mariaem:

— 1 f. 20 20
J, :—ZI j,(r) cosQar+==z)—cos(=—z) [dr.  (33)

anR® c c
OTCIOAa CAeAyeT, 910 CyMMaprH}‘I TOK ‘]Z N3MECHACTCA B 3aBHCHUMOCTHU
oT KOOPAI/IHQTI)I Z. OAHaKO CyMMaprII}'I 33.A3.HHI>II>‘I TOK C ITIAOTHOCTBIO

‘]0 OCTACTCHA ITOCTOAHHDBIM.

3. IToToxu aneprumn

[TroTHOCTD ITOTOKA 3AEKTPOMATHUTHOM 3HEPIMH — BEKTOP
[TotirTrHra onpeaeasiercs B aToM caydae 1o dpopmyae (1.4.3):
S=ExH. M

Toxam COOTBCTCTBYFOT OAHOMMCHHBIC SACKTpI/I‘{CCKI/IC HaHp}DKCHHOCTI/I,
T.C.

E=p-J, ©)
rae O - aaekrpoconporusseHue. Cosmernad (1, 2), moayuaem:
S:p.JxH:BJxB. 3)
U

MaruuTHas cuAa AopeHIia, ACHCTBYIOIIAS Ha BCE 3aPAABI IIPOBOAHUKA B
€AMHHIYHOM OOBeMe, - 0ObeMHAasA IIAOTHOCTD CHABI /\OpeHIIa paBHA

F=JxB. )
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W3 (3, 4) mHaxoaum:
F=uS/p. ©)

CAeAOBATEABHO, B IIPOBOAE C TOCTOAHHBIM _TOKOM ITAOTHOCTB
MATHATHOW CUABI AOPEHITa IPOITOPITMOHAABHA BeKTOpY [loiHTHHTa.

ITpumep 1. Aas mpoBepkn pacCMOTPUM PasMEPHOCTH BEAUYHH B
BBIITIEIPUBEACHHBIX (popmyAaax B cucteme CIH — cm. TabA. 1.

ITapamerp PaszmepHOCTB
ITroTHOCTD TOTOKA SHEPTHH S Kr-c
[TaoTHOCTD TOKA J Am?
Wuaykous B Kr'e 2-A
OOpbemHadg TAOTHOCTD CHABL Aoperma | F H-m3=xr¢c?m?
MaranTHas IPOHNUIIAEMOCTD H Kr-c 2-M A2
Y AeABHOE COIPOTHBACHHE P Kr-c M- A2
ulp ulp |em”

MTak, TOK ¢ IAOTHOCTBIO J ¥ MArHHTHOE IIOAE CO3AAIOT ITOTOK
SHEPTHH C IAOTHOCTBIO S, KOTOPBIA TOKACCTBCHEH MATHHTHOM CHAE
AopeHIia ¢ IAOTHOCTBIO F -om (5). Dra cura Aopenra AeficTByeT Ha
3aPAABI, ABIKYIIIHECA B TOKE J.s HAIIPABACHUH, IIEPIICHAUKYASPHOM
atomy TOKy. (CAEAOBATEABHO, MOKHO VIBEPKAATb, UTO BEKTOP
[TorinTaHra CO3A2€T 9.A.C. B IPOBOAHHKE. DTOT BOIPOC C APYrOM
CTOPOHBEI PACCMOTPEH B TAaBe 15, rae Takad 3.A.C. HAa3BaHA YECTBEPTHIM
BUAOM 3AEKTPOMATHUTHOM MHAYKIIIH.

B mmammapmuecknx koopamHaTtax I, (9, Z IAOTHOCTH IOTOKA

9AEKTPOMATHUTHOI SHePruu (3) MMEeT TPH KOMIIOHEHTH S, S,, S,

HAIIPABACHHBIE ~ BAOAB  PAaAUyCa, IO OKPYKHOCTH, BAOAb  OCH
COOTBETCTBEHHO.

3.1. B xaKAOIf TOYKE ITMAMHAPHUYIECKON ITOBEPXHOCTH CYIIIECTBYET
AB2 ITOTOKA AEKTPOMATHUTHOI 3HEPIMH, HAIIPABACHHBIX IIO PAAHYCY, C
IIAOTHOCTAMH

SrlszgaHz’ Srzz_p‘]zHgo ©)

- om. puc 5. CymmapHas IIAOTHOCTb IIOTOKA B KAKAOM TOYKE
LIIATHAPHYECKOI IIOBEPXHOCTH, HAIIPABACHHOI'O 11O PAAHYCY,

Sr:Srl+Sr2:p(J¢HZ_JZH¢’) )
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Puc. 6.

3.2. B kamAOH TOUYKE CEYEHHA IIUAMHAPA CYIIECTBYET ABAa IIOTOKA

3ACKT p OMATHHUTHON BHCpFI/II/I , HaHpaBAeHHbIX BCpTI/IKaAI)HO, C
IIAOTHOCTAMU
Su=-P,Hi S,=pJH, ®

- cMm. puc 6. CymmapHas IIAOTHOCTB ITOTOKA B KAKAOW TOYKE CEUCHUA
LITAMHAPA, HAIIPABACHHOTO II0 BEPTHKAAH,

Sz:Szl+Sz2:p(‘]rH(p—‘Jq)Hr) ©)

N

S H, S J

92 ol

[

A\
VT

Puc. 7.

3.3. B kamAOH TOUYKE CEYEHHA ITMAMHAPA CYIIECTBYET ABA IIOTOKA
S5AEKTPOMATHUTHON 3SHEPIHH, HAIIPABACHHBIX IIO OKPY/KHOCTH, C
IIAOTHOCTAMH

Sgalzp‘]zHr' S¢72=_p‘]er’ (10)
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- om. puc 7. CymmapHad IIAOTHOCTb IIOTOKA B KAKAOH TOYKE
IHIATHAPHIYECKOH ITOBEPXHOCTH, HAIIPABACHHOTO II0 OKPYKHOCTH,

S(p:S(pl—I_S(pZ:p(‘]zHr_‘]er) (11)

C y4erom BBIIIEH3AOKEHHOIO 3aITUIIeM (DOPMYAY ITAOTHOCTH
ITOTOKA SAEKTPOMATHHTHOM SHEPIUH B IIPOBOAE ITOCTOAHHOTO TOKA:

S, JH, (3, +I,)H,
S=[S, |=p(IxH)=p| I,H, -I,H,+IH, | (12)
s, JH, - H, +JH,

AonornureapHbie KOMIIOHEHTH B (12) moABAAIOTCA M3-32 TOTrO, YTO HA
IIOTOKH SHEPTHH BAUAIOT IIAOTHOCTD TOKA U HAIIPAKEHHOCTD

Hop = Jor (13)
- cm. (2.4). IMoacrasmm (13) B (12):
Sr J(sz_(‘]z+‘]o)H(p
S=[S,|=p(IxH)=p I, H -IH,+IH, | (14)
S, JH,=J H +3J.r

Berancaenus o sToit popmyae BecbMa TPOMO3AKH M BEIXOAAT 32 OOBEM
5TOH KHUTU. MBI BHAGAMM U3 3TOH (DOPMYABI TOABKO YaCTh BHAA

S, J,H,~J,H,
S=[S,|=p(IxH)=p I H, -IH, | (15)
S JH,-J.H,
O06o3HagnM:
S.(0)] [(ih—i.h,)
S,(r)|=| (i.h, — i-h) | 16
S_Z(I‘) (jrh(p B jcohr)
N3 (2.12-2.17, 15, 16) caeayer, a0
S, S_( )-si2
=S, ,o_m SI codr-de-dz. (17)

s,| ™ S_(r) si-co

Ha puc. 3.1 u3 paszaeaa 2 B mpaBoii kKoAOHKe nokazaHsl pyHkiuu (16).
AHAAOTHYHO TPAEKTOPHAM ITOCTOAHHOIO TOKA M IIOCTOAHHOM

MATrHUTHOW HAIIPA/KEHHOCTH, HAa IHAMHAPE ITOCTOSHHOIO paAmyca [

CYIIIECTBYET TPACKTOPHA TOYKH IIOCTOAHHOTO 3HAYEHUs ITAOTHOCTH

—_— —
CYMMApPHOIO IIOTOKA 3HEPIUN (S(p + SZ). Taxas Tpaekropus ABAAETCHA
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BUHTOBOM AmHHEH. C APYrOfl CTOPOHEI, Yepe3 KAKAYIO OKPYKHOCTDH
IIPOXOAHUT MHOZKECTBO TPAEKTOPHI, HA KOTOPBIX ITAOTHOCTH ITOTOKOB
SHEPIUH OCTAFOTCA ITOCTOSHHBIMU.

®opmyaa (17) oraocmrTes Kk perreHHIO B BuAe pyHKumi (2.12-
2.17). O4eBHAHO, aHAAOTMYHO MOKHO HAWTH peIreHue AAfl (PyHKIIMH
(2.19-2.24).

Buaumo, oba perrennsa ¢ pasHOM HOAAPH3AIUEH CYIIECTBYIOT B
IIPOBOAE OAHOBPEMEHHO.

WMrak, B_IPOBOAE IHMPKVAUPYIOT TIOTOKH 3IAECKTPOMATHHTHOMN
sneprun. OHH ABAAIOTCA BHyTpeHHHMU. OHU HOPOKAAFOTCA TOKAMHU H
MATHUTHBIMHA HaIIPAKEHHOCTAMH, CO3AABAEMbIe STHMH TOKaMH. B cBoro
OYEpEAb, 3TU ITOTOKH BO3AEHCTBYET Ha TOKH, Kak cuAbl Aopenma. [Tpu
9TOM CYMMApHAfl 3HEPTUA 3TUX ITOTOKOB YACTHYIHO PACXOAyETCA Ha

TEIIAOBBIE IIOTEPH, HO B OCHOBHOM IIEPEAAETCA B HATPY3KY.
ITpOAOABHBIIT  ITOTOK  3HEPTHHU .STZ paser mormmHOCTH P,
IIEPEAABAEMOM IO IIPOBOAY:
P=S,. 45)
3amMeTuM, YTO 3Ta MOIIHOCTH M3MEHAETCA BAOAB ITIPOBOAQ, T.K. YACTh
SHEPIUU TPATUTICA HA TEIAOBBIE IIOTEPH (LIOAPOOHEEe OO 3TOM CM. B

pasaeae 0).

4. CKOpOoCTh ABIDKEHUA IHEPIUHU B IIPOBOAE
PaccMoTpHM  CKOPOCTB  ABIDKEHHSA ~ 9HEPIHMH B IIPOBOAE
IIOCTOAHHOIO TOKA. TaK e, Kak U B rAase 1, MBI OYAEM HCIIOAB30BATb
KOHITEITITHIO YMOoBa [81], cOrAacHO KOTOPOM ITAOTHOCTB ITOTOKA SHEPTHHI
S ABAAETCA IIPOMU3BEACHHEM IIAOTHOCTH JHEprud W H  CKOPOCTH
ABIKCHUSA SQHEPTUU V!
S=W-V,. )
Msr OyaeM paccMaTpUBATB TOABKO IIOTOK S9HEPIUH BAOAB IIPOBOAA.
DroT 1mOTOK paBeH MormHOCTH P, mepeaaBaeMoil 110 IIPOBOAY B
HATPY3KY:
s =P/mR?% @)
rae R - paanyc nmpoBoaa. Bayrpennss saeprust IpoBoaa — 3TO 9HEPIrHs
MAarHHUTHOTO HOASl OCHOBHOTO TOKa |, . Dra sHeprus pasxa

L;LI%
W = =2, ©

TAC L - AAWTHA IIPOBOAAQ, Li - HHAYKTUBHOCTDb CATHHUITBI AATHBI ITIPOBOAQ,

puyeMm [83]
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Ho 1
Li=—=In-. 4
i ooy )
O6bem IpoBoAa
V =Lm- R (5)
W3 (3-5) HaliaeM IAOTHOCTD SHEPIUH B IIPOBOAE
Win _ Lils
W=—=——: 6
%4 21TR? ©
W3 (1, 2, 6) maiiaeM CKOPOCTH ABHKEHUSA SHEPTHHI
s P LiI2 ) 2P
Vy = —= = : v
¢~ w nRZ/(ZnRZ L;12 @
ConpoTHBAEHHE HATPY3KH
_ P
Ru =1 ®)
o
CAEAOBATEABHO,
__ 2Ry
Vg = )
4

Hampumep, mpu  R=10° u R, =1 wumeem: In 1 ~7,

1 _
L = g—o IN=~7-107, v, = 3-10°. Dra CKOPOCTb 3HAYUTEABHO MEHbIIIC
T r

CKOpOCTI/I CBCTa B BaKyyMeC. C sront CKOPOCTI)IO SHCPFI/IH BTEKaACT B HpOBOA
1 M3 HEro BBITCKACT B HATPY3KY. BHCPFI/I}O TCIIAOBBIX IIOTCPH MBI HE
YIHUTBIBACM, T.K. OHA HC IICPCAACTCA B HATPY3KY.

HpI/I BKAIOYEHHH TAKOMN H?).FPYBKI/I TOK B HpOBOAC HapaCTaeT IO

yrKITII
I, = Ritl—exp[— 3)] (10)
H

rae U - BXOAHOE HALIPSKEHHE U
_LL

= E ,

N3 (9, 10) maxoanm:

2P 2U 2U /U t 2R t
e Lo Ll L R( exp( Tjj L /( eXIO( Tjj "

Takum 0Opa3oM, CKOPOCTb ABIKEHUS SHEPTUHU B IIEPEXOAHOM IIPOIIECCE
YMEHBIIIACTCA OT OECKOHEYHOCTH (CKOPOCTH CBETA B BaKyyMe) AO
BeAnguHH (9).

)

T

5. CkopoCTh ABIDKEHHA 3HEPTUU U3 AKKYMYAATOPA
XapakTepuCTHKA "CPEAHETO aKKYMYAATOPa" IIPEACTABACHEL HInKe [92]:
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Em — eMKOCTB akKymyAfiTOpa 60 Ag
P- HAOTHOCTD 3ACKTPOAUTA 1250kr\mM™3
G - Bec anekTpOAHTA 1.5 kr
V=G/p - o6bem aaekTpoAnTa 0.0012 M™3
R — conporuBAenne Harpy3ku 0.047 Om
U — manpsuKeHne Ha HATPy3Ke 12.8 B
I — Tox Harpysku (cTapTOBBIN) 270 A
P=U*I=U"2/R — MOIIHOCTb HAIPY3KH 3456 Br
W =3600*Em*U — sueprus sAeKTpoAHTa 2764800 Ax
w=W/V — mAOTHOCTD 3HEprum 2.3%10"9 Asx\M"3
S = P — norox smeprun 3456 Br
b - cegenne npoBoaa 100 mm”™2
s=S/(b*10"-6) - HAOTHOCTB IIOTOKA SHEPIUU 3.5%10%7
w
v, = ; - CKOPOCTD ABHZKEHHSA SHEPTHHI 100 m\cex
C - CKOPOCTb CBETA 300*%10™6 m\cex

Takum O6p2130M, CKOPOCTI) ABIKEHUA BHCpFI/II/I 110 HpOBOAV H3
AKKYMVAATOPA HAMHOT'O MECHBITIC CKOPOCTH CBCTA.

6. O6¢cy>xaeHUE

TTorok SHCPFI/II/I BAOADb OCH HpOBOAa SZ CO3AA€TCA TOKAMH M
HaHpH)KCHHOCTHMI/I, HaHpaBACHHbIMI/I II0 paAHycy 48 Opr)KHOCTI/I. Dror
IIOTOK BHCPFI/H/I paBCH MOIITHOCTH, BBIACAHCMOI;'I B HarpySKe RH H B

COIIPOTUBACHUH IIPOBOAA. TOKI/I, TCKYIIIHIC BAOADB paamyca n
OKPYKHOCTH, TAKXKC CO3AAFOT TCIIAOBBIC IIOTECPH. Hx MOIITHOCTBh paBHA

[IOTOKAM 9HEPruu S;, S »» HATIPABACHHDBIM 110 PAAHYCY B OKPYKHOCTH.

Bompoc o TOM, KakuM 0OpasoM IIOTOK 3AEKTPOMAIHUTHOMN
SHEPIUHU CO3AAET IACKTPUUIECKHUIT TOK, paccMaTpuBaercs B raase 15. Tam
ITOKA3aHO, YTO CYIIECTBYET YeTBEPTAd IACKTPOMATHUTHAA HHAYKITHA,
co3aaBaeMas IIOTOKOM 5AEKTPOMATHUTHOM SHEPTHUM. 3arem
OIIPEAEAAECTCHA 3ABICUMOCTD 3.A.C. TOM MHAYKIIUU OT IAOTHOCTH IIOTOKA
9ACKTPOMATHUTHOMN 3HEPTHHU U ITAPAMETPOB IIPOBOAA.

[ToxasaHo, YTO HOCTOAHHBI TOK B IIPOBOAE HMEET CAOKHYIO
CTPYKTYPy M pPacHpOCTpaHAETCA BHYTPH IIPOBOAA IO BHHTOBOM
Tpaekropun. llpn HOCTOAHHOII BEAHMYHHE TOKA ITAOTHOCTH BHHTOBOI
TPAEKTOPUU  YMEHBINAETCA IIO MEPE YMEHBIINEHUA  OCTaBIIErOCH
COIPOTUBACHHA Harpy3ku. FIMmeerca ABe  COCTaBAfFOIIIE — TOKA.
ITAoTHOCTD HEPBOIT COCTABAAIOIIEH J, IIOCTOAHHA HAa BCEM CEYCHHU

IIPpOBOAAQ. ITaoTHOCTE BTOpOﬁ COCTABASIOIIEH W3MEHSACTCA 110 CEYCHHUFO
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IIPOBOAQ TAKHM OOPA30OM, YTO TOK PACIHPOCTPAHACTCA IIO BHHTOBOM

Tpackropun. B mmammApmuecknx xoopamHatax I, @, Z 3Ta BTOpa#d
1 J(p1

pemmenne ypasHeHnii Makcseana. KpaTko perrenne ommcaHo B pasAeAe

0.

IIAOTHOCTD MMEET TPH KOMIIOHEHTH J J,. Onn mHaiiaeHBI Kak

r

[Ipp HeHm3MEHHON IIAOTHOCTH OCHOBHOTO TOKa B IIPOBOAE
IrepeAaBaeMas 110 HEMY MOIITHOCTD 3aBHCHT OT IIAPAMETPOB CTPYKTYPHI (
a, ) ), KOTOpBIE BAHAIOT HA IIAOTHOCTb BHTKOB BUHTOBOM TPAGKTOPHH

Toka. Takum 0OpasoM, OAMH U TOT K€ TOK B AAHHOM IIPOBOAE MOKET
[IEPEAABATh PASAMYHYIO MOIIHOCTD (3ABUCAIIYIO OT HATPY3KH).

CuoBa paccmorpum puc. 1. Ha yuactke AB 1o 1poBoay
mepepaercs sHeprus Harpysku P. Eil cooTBercTByeT OIpeAeAcHHOE
3HAYECHHE IIAPAMETPOB CIPYKTYPH (& , ¥ ) H, KAK CACACTBHE, IIAOTHOCTD

BUTKOB BHHTOBOH TpaekTopun Toka. Ha yuactke CD 1o mpoBoay
IIEpeAACTC HE3HAYMTEeAbHAd dHepruA. Bl coorBercTByeT —MaAas
IIAOTHOCTD BUTKOB BUHTOBOI TPAaEKTOPUH TOKA.

EcrectBeHHO, HArpyskoil ABAAETCA H COIPOTUBAECHHE CaMOIO
poBoaa. CAEGAOBATEABHO, IO MEPE IIPOXOKACHUA TOKA IIO IIPOBOAY
BHHTOBAsA TPACKTOPHSA TOKA BBIITPAMASACTCHL.

Takum 00pasoM, IIOKA3aHO, YTO CYIIECTBYET TAKOE PpEIICHHE
ypaBHeHHI MaKcBeAAa AAA IIPOBOAA C IOCTOAHHBIM TOKOM, KOTOPOMY
COOTBETCTBYET IIPEACTABACHHE O

® 32KOHE COXPAHEHUA SHEPIUH,

® BHHTOBOH TPAEKTOPHH IOCTOSHHOTO TOKA B IIPOBOAE,

® TIepeAade SHEPTHH BAOAb U BHYTPH IIPOBOAA,

® 32aBHCHMOCTH IAOTHOCTH BHHTOBOM TPAeKTOPHUH  OT
IIEPEAABAEMOM MOIITHOCTH.

ITpnaosxennue 1.
PaccmarpuBaerca pemrenue ypasueHuii (2.1-2.8) B Buae pyHKITHE
(2.10-2.17). Aaaee mpousBoaHblEe IO I OYAEM OOO3HAYATH IIITPHUXAMH.

ITpu sTom mepenmmrem ypasuenunsd (2.1-2.8) B caeayrormem nopsake (2.5,
2.1,2.2,2.3,2.4, 2.6, 2.7, 2.8) u nepeHymMepyeM Hx:

PO 4 e+ 22+ 2,0 =0, @5 O
MO 4 )+ e+ g, () =0, @)
220 o — yhy (r) = jy (1), 22 0O
—~he ()X = R(r) = (1), 23y @
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ho(r) hr ()

PR, D =)+ @4 O
O — 51, = 26 ©
—Jr(Mx —jz(r) = 0, 27 @
20 4 ju) + 282 a =, 28 @®

Crawara paccmorpmm  rpymmy  4-x  ypasHemmit (1, 6, 7, 8)
oTHOCHTEABHO 3-x HemssecTHbX dynkimit j(r). B npuaokennn 2
ITOKA3aHO, YTO 3TH YETBIPE YPABHEHHA IIEPEOIIPEACACHBI, HO YPABHEHIE
(8) MOKeT OBITh MCKAFOYEHO M3 OOIIel cucTeMbl. Aasee B IIPHAOKCHIM

2 IPUBEACH YHCACHHBIM AATOPHUTM OIpeAcAcHUA (DYHKIHUI J (r) npu
AQHHBIX @, X, Jo-
Ocraprrasca cucrema 4-X ypaBHEHUIT

MO 4 h ) + 222+ xhy (r) = 0, @
) ~“=a — yh,(r) = j- (1), ®
“he (I~ () = (), @
) e )4 = ()4 o

OTHOCHTEABHO  Tpex  HemsBecTHblXx  yukumu  h(r)  sBasgercs
IIEPEONIPEACACHHON. B mipuAokennn 3 IpUBEACH YHMCACHHBIA AATOPHTM
onpepesenns dyuknuit A(r) mo ypasuerusM (3-5) Ipu HU3BECTHBIX

Ppynxmax j(r).

Takum 0OpasoM, OCTACTCA Heucnoas306anisiM ypaBHenue (2) —
PaBEHCTBO HYAIO AMBEPICHIIMM MATHHTHON HAIPMKCHHOCTH. B cBA3H ¢
5TUM 3aMETUM, YTO OSKCIIEPUMEHTBI TaKKE CBHUACTEABCTBYIOT O TOM,
AMBEPIEHIINA MATHHTHOI HAIIP/KEHHOCTH HE PpaBHA HYAIO BCIOAY.
AeHCTBUTEABHO, HAOAIOACHHEC MATHUTHBIX CHAOBBIX AMHHN B OIHMAKAX
HAM ~ MArHHUTHOW  KHAKOCTH  CBHAETEABCTBYIOT O  TOM,  9YTO
HAIIPHKEHHOCTh HA TAKOW AMHHU OTAHYATCA OT HAIPMKEHHOCTU B
OAMKaHIIell OKPECTHOCTH — CM., HAIIPHMEP, PUC. 2a B paspese 2. DTO
BO3MOKHO TOABKO TOTAQ, KOTAQ AUBEPTECHIINSA HCITBITBIBAET CKAYOK.

[TosToMy MOKHO WCKATh pEIIEHHE ITOCTABACHHOW 3aAQuH,
HCKAFOYASl yPABHEHHE AUBEPIEHIINN MATHUTHON HAIIPAKCHHOCTH.

C Apyroil cropoHBI, CBOOOAHBI YACH CIIpaBa (BMECTO HYAf) B
ypapHeHHN (2) MOXKHO PaCcCMATPHBATH KAaK ITAOTHOCTH MATHUTHBIX
MoHomoAe. B raase 14 mokasaHo, 9T0 OTCIOAQ CAEGAYET CYIIIECTBOBAHIIE

B H[}OBOAHI/IKC MATrHHTHDBIX IAI/II'IOACI‘/‘I.

AaACC 6YACT IIOKA32aHO, YTO 3HAHKEC MOIITHOCTH, HCpCAaBaCMOﬁ 10

IPOBOAY, ITIO3BOASIFOT OIIPEAEANTD 3HAYEHNE KOHCTAHT. &, X.
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WMrak, cucrema 8-mm ypapHenuin (1-8) cBoamTCcA K penIeHHIO
cuctemsl 6-tu ypaBaenui (1, 3-7), B KOTOPYIO MOIyT OBITH AOOABACHBI
M3BECTHBIE KOHCTAHTHI (HE 3aBHCAIINE OT T°).

ITpuaosxenue 2
Paccmorpum ypasuenns (1, 6, 7, 8) us npuaoxenns 1, coxpanus
nux HyMCpaL[I/H'O

e 1()+“Ua+XJAﬂ—0 (1)
; Jz(r)a-—1¢(r)x =0, ©)
-%&M—EU%J) ©)
]¢(T) ¢( )"" ]r(r) =0 (8)

ITepBoe pemenne. OTCyTCTBHE HCTOYHUKOB TOKA.
W3 (6) maxoanm:

J2(r) =27 j (1), (11)
J2 (@) =2 (jp () + 7 jg (). (12)
Ns (7, 12) maxoamnm:
—jr(x = f Up@ +7-jg() =0,

Ho ypasnenme (13) COBIAAAET C (8) CaeaoBareabHO, ypasHeHHE (8)

ABAACTCA CACACTBHEM ypaBHEHHUH (6, 7) M MOMKET OBITb MCKAIOYEHO H3
cucremsl ypasaenui (1, 6, 7, 8). 13 (6, 7) maxoaum:

jo () =7 j, (e, (14)

. 1 .
]r(r) = _; ']Z(r)- (15)
Ioacrasassa (14, 15) B (1), maxoanm:
i 2= l+(ﬁ)2.' iy =0.(16
Jz() = J () 2+ (7)) S o+ X J2(r) =0, (16)
UAU
Al . 1 . 2
2 + )2 =1, (S +42) = 0. a7
Perrernem  3TOro  ypaBHEHHA ABAACTCA MOAM(DHITHPOBAHHAS
Pyukiun becceas. Ha puc. 1 mpeacraBaena, Hanpumep, s1a (PYHKIHA 1

ee mpomssoansie npu X= 0.25, y = 0.5. Tlpn mssecrnoit dyukun
J(r) moryr 6116 Hafiaensr dyukimu (14, 15) - em. dynkunumro Toki.mn.

5-18



naBa 5. PeweHue ypaBHeHm7| MakcBenna anst nposBoAa NOCTOAHHOIO ToKa

20 , . . . . . . . ,
N 10 \ 1
C— ]
0 i i H i i i i i i
0 0.01 002 003 004 005 006 007 008 009 01
0 =
N -1000 | 1
2000 it ! i i : i : i i
0 0.01 002 003 004 005 006 007 008 009 0.1
5
10
N
&
0 | L ) b ! |
0 0.01 002 003 004 005 006 007 008 009 01

Fig. 1 (Toki.m)

Bropoe pemenne. CyimecTByeT HCTOYHUK TOKA IO OCH Z.

Mrak, mycrp CymecTByeT TOK BAOAB OCH Z C IAOTHOCTBIO Jzq.
ITOCKOABKY J,, HE 3aBHCHT OT KaKOH-AHOO KOOPAHHATEI, BEAHYNHA [,
HE BXOAUT B  pacCMaTpUBAae€Mble  ypaBHEHHA  (MCYE32€T  IIpHU

aucddepennmnposannn). CACAOBATEABHO, J,, HE H3MCHACT IIEPBOEC
pereHme.

Tperwse pemienue. CymecTByeT HCTOYHHMK TOKA 110 OCH (.

PaccmorpuM erre cAy9aii, KOrAa CyImecTBYeT TOK IIO OKPY/KHOCTH,
CO3AABAEMBIH HEKOTOPHIM MCTOYHHKOM 3TOTO TOKA. Takme cAydanm OyAyT
PACCMOTPEHBI B CACAYIOIIUX TrAaBax. VITak, mycre msBecTHa HEKOTOpAS
bynkuust jyo (). Tepermmuenm (1,6-7) pu 910M yeAoBHH:

O 4 i) + 220 4 () + 222 a = 0, @2)

;-Jz(r)a—1¢(r)x—1¢o(r)x= , (23)

—jr(Mx = j7(r) = 0, (24)

;¢(> Jtr )+h<> a+1¢o(> o) = 0, 25)
W3 (23) HaXOAI/IM

Jo(r) = —r 1¢(r)+ T Jgo(T), (26)
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naBa 5. PewieHue ypaBHEHMVI MakcBenna gns nposoAa NOCTOAHHOIO TOKa

J2@) =L (jp ) + 75 () +E(jpo ) + 7 Jpo(M).  @7)
W3 (24, 27) maxoaum:

—jr @ =£(jp @) + 7§ () = Z (o (1) +7 - jgo (1)) = 0,

]¢(T) ]T(r) ](po (r)

+jp(M) +T = a+t + jpo(r) = 0. 28)
Ho ypaBHeHHe (28) COBHaAaCT c (25) CaeaoBaTteAbHO, ypaBHeHHE (25)
ABAACTCA CACACTBHEM ypaBHEHHUI (23, 24) 1 MOKeT OBITh HCKAIOYEHO H3
cucremsl ypapaeHm# (22-25). V3 (23, 24) maxoanm:

Jo () = 7 J, () = o (), 29)
Jr () = == ). (30)
[Toacrasass (29, 30) B (22), HaxoAnM:
iy l+(g)2.- 1_2, ) +y-j
Jz(1) pom Jz(r)' PRl Jz(1) 7 e X Jz()
+]<po(r) 2=0
r
@) + 5=, (S +22) = 0. (1)

DTO ypaBHEHHE MOKET OBITH PEIIEHO YHCACHHBIM METOAOM (CM.
dynxmo  Tokim). lpn  mssectroit  dynkpm  j,(r) wmoryr  Gbith
Hariaensl dyaxknnn (29, 30). B cymmocrn, perrenume B 3TOM cAydae
OTAMYAETCA OT PEIIECHUS B IIEPBOM CAy4Yae TOABKO TEM, UTO IIOCAE
pEIIIeHNA 110 TIEPBOMY CAVYAIO AOOaBAdAeTcs ypaBHene (29).

Yerseproe pemenne. CymecTByeT HCTOYHHK TOKA I10 OCH T°.

PaccmoTprm erme cAygaii, KOTAa CyIIECTBYIOT TOKH IIO PaAHyCaM,
CO3AAaBAEMBIC HEKOTOPHIMU HCTOYHHKAMH 3THX TOKOB. Takme cAydan
OYAYT PacCMOTPEHBI B CACAVIOIIMX TAaBax. Mrak, Iycre wusBecTHa
nekotopas byHKIuA fro (7). Tleperummenm (1,6-7) mpu stom yCAOBI/II/IZ

EO 2D 4 i) o) + 2P a1 =0, @)
- -Jz(r)a —Jjp(Mx =0, (23)
~jr (X = jro(Mx = j7(r) = 0, (24)
0 4y () + 22 g 4 200 g = g, (25)
W3 (23) maxoanm:
J2(r) =27 iy (0), (26)
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Jo @) =£(jp () + 7 j4 (). @7
W3 (24, 27) maxoamm:

—jr (X = jro It =2 (jo ) +7 3 (1)) = 0,

Jo(r) iy Jr() . Jro(r) oy —
- +Jjp () + —a+=—-a=0. (28)

Ho ypasuenne (28) cosmaaaer c (25). CaeaoBaTeabHO, ypaBHeHHE (25)

ABAACTCA CACACTBHEM ypaBHEHHUI (23, 24) 1 MOMKeT OBITh HCKAIOYEHO U3
cucremsl ypapHeHu# (22-25). M3 (23, 24) maxoanm:

jo (1) = = ju(Ma, 29)
Jr(r) = == J70) = Jro (). (30)
[ToacraBass (29, 30) B (22), HaxoanM:
— ) =)+ Ma ) =0, @)
A
) + 5=, (S +22) = 0. (1)

DTO ypaBHEHHE MOKET OBITH PEIIEHO YHCACHHBIM METOAOM (CM.
dynxumro  Tokim). [pn  mssectnoit  dynxkuun  j,(r) moryr  Gbith
matipensl dyakiun (29, 30). B cymmuocTH, perenme B 9TOM CcAydae
OTAMYAECTCA OT PEIIEHUA B IIEPBOM CAy4Yae TOABKO TEM, YTO IIOCAE
pEIIIEeHNS 110 IIEPBOMY CAVIArO A0DaBAsercs ypapHene (30).

ITpuaorxenue 3
Paccmorpum ypasuennsa (3-5) m3 npuaoxkenus 1, cOXpaHHB HX
HYMEPAITHIO:

20 o — xhy (r) = j, (1), ©)
—he ()X = hy(r) = j (1), 0
2O b () + 20 = j,(r) + j,. ©)

IlepBoe pemrernue. OTcyrcTBHE BHEIITHUX HUCTOYHHUKOB TOKA.
W3 (3) maxoanm:

h,(r) = == (xhe (1) + jr (1), (©)

Ry(r) = == ((the () +Jr () + 7(xhy @) + 1)), )
W3 (4) maxoamm:
he ()3 = By(r) + (1), ®)

IToacTaBass (7) B (8), a 3arem moAydeHHOE B (5), HAXOAUM:

5-21



naBa 5. PewieHue ypaBHEHMVI MakcBenna gns nposoAa NOCTOAHHOIO TOKa

h“’r(r) +hy(r) +

- <j¢ () - %((xh(p (1) +jr() + r(xh () +j;(r)))) = Jj2(r) +Jo

r

AN
1 (20 + 1) = 12 + o = £y @) + 2 I+ ) ©
AN
W) = —Lh ) L J2 (1) + jo = (1) "o
r)=—=h,(r) —-=
? A AN T A R0
W3 (9, 5) maxoaum:
1(. o a, 1. ) he() .
~ Jz(r)+Jo—;J<p(r)+;1r(r)+1r(r) +— a=j,(r) +j,

AN

S(1+2) G+
+ = Gr (M +777(r))
Cucrema ypasuennii (10, 11, 6) MoxkeT OBITH peIlieHA YUCACHHBIM
mMeToAoM (cM. dyHkmuio Magnap.n), €CAU 3aAaTh 3HAYEHUE ITAOTHOCTHU
BEPTHKAABHON MATHUTHOW HAITPSKEHHOCTH HA IIOBEPXHOCTH IIPOBOAA:

hor = by (R) = [ j,(P)dr, (12)

he(r) = =—jp(r) + (1)

Bropoe pemenne. CyniecTByeT HICTOYHHUK TOKA 110 OCH Z.
B s1om CAy4da€ OTAUYHE COCTOHUT TOABKO B TOM, YTO ypaBHCHI/IC 5
HpI/IHI/IMaeT BHIA

he(r) ' hr . ]
el + h(p(r) + #CK = Jz(r) + Jz0- (13)

r
HPI/I 9TOM AATOPHUTM IIEPBOTO PEIICHUA HC U3MCHACTCH.

Tperbe pemenne. CymecTByeT HCTOYHHUK TOKA IO OCH .
B a1OM CAyUae aATOPHTM IIEPBOTO PEIIEHUA HE N3MEHACTCA.
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I'aaBa 5a. Auratreap Muabpos

OraaBaeHIE
1. Beacnme \ 1
2. MareMaTIaeckas MOACAD \ 2
3. IToToKu 9AeKTPOMATHUTHON sHepruu \ 4
3a. Bpammarornit moment \ 5
4. AOIIOAHUTEABHBIH SKCIIEPUMEHT \ 7
5. O 3aKkoHE COXpaHEHUS UMITYABCA \ 7

IIpunoxenue 1. Pacger Bparmaroriero MOMeHTA \ 8
®ororpacun \ 10

1. BBeaeHnue

NsBecten Aurateab Muabpos [67] — B Aaapmeiimem - AM. B
"youtube" moxHO mocmoTpers akcriepumentsl ¢ AM [68-73]. VsBecTHB
ITOIIBITKA TEOPETUIECKOrO 0ObAcHeHusA pyHkimonuposanua AM [74-77,
80]. B [80] yukmmoHnpoBaHHE 3TOrO ABHTaTeAd OOBACHACTCA
ACHCTBIEM HEIIOTECHIIMAABHBIX ITomepedHblx cuA Aoperma. B [74]
(PYHKIIMOHUPOBAHUE 3TOTO ABHUIATEAA OOBACHACTCH B3AMMOACHCTBHEM
MArHUTHOTO IIOTOKA, CO3AAHHOTO CIIHPAABIO TOKa B BaAe U
MOAYAHPOBAHHOIO IIEPEMEHHBIM MATHUTHBIM COIPOTHBACHHEM 3230pPa
MEKAY OOOMMAMHU ITOAIINITHHKA C HHAYIIMPOBAHHBIMUA BO BHYTPEHHEH
obotiMe moarmmunHuKa Tokamu. He o00cyxaad IIpaBOMEPHOCTh ITHX
TEOPHIL, CACAYET OTMETHTD, YTO OHU HE AOBEACHBI AO TOH CTAAHH, KOIAQ
Ha UX OCHOBE MOKHO OBIAO OBl PACCYHMTATH TEXHHYECKHE IIAPaAMETPEI
AM. Ho Takme pacderel HEOOXOAHMSBI IIEPEA HAYAAOM MACCOBOTO
IIPOM3BOACTBA.

Ha dororpacdmax B KOHIIE TIAaBBl IIOKa3aHBI Pa3AUYHBIC
kouctpykima  AM. ToxompoBoafrminii BaA € HAAECTBIMEH Ha HETO
MAXOBHKAMH MOKET BPAIAThCA B ABYX IOAINMITHHKAX. Yepes BHeITHHE
KOABITA ITOAIIUITHUKOB M 3TOT BAaA IPOIYCKAETCA SAEKTPHYECKHH TOK.
Baa mHagymmaer packpydmBatbca B AIOOYIO CTOPOHY IIOCAE IIEPBOTIO
TOAYKA.

Bmecre ¢ mckarounreasnoi mpocroroit AM, oH oOAasaeT AByMsA
CYIIIECTBEHHBIMU HEAOCTATKAMII:

1. MaabmM K.ILA.

2. HeoOXOAHMOCTBIO HAYAABHOIO PAa3rOHA AOIIOAHHTEABHBIM

ararateaeM (mpm stoM AM  IIPOAOAKAET KPYTHTBCA B Ty
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maBa 5a. iBuratens Munbpos

CTOPOHY, KyAd €ro TOAKHYAHM, U YBEAHYHBACT CKOPOCTD
BpAITICHUA).
Cpasy e OTMETHM, YTO BTOPOH HEAOCTATOK MHOTAA HE MMECT 3HAYCHUS.
Hanopuwmep, AM, yCTaHOBACHHBIA Ha BEAOCHIICAE, MOI OBl PasrOHATCA
BEAOCHIICAICTOM.

AM mnsobpea anramiickuii pusuk P. Muaspoit 8 1967 r. B.B.
Koceipes, B.A. Pabko n H.H. Beasman paspmre Muaspos, B 1963
IIPEAAOKHAN  ABHTaT€Ab APyrod koHcrpykmum [82]. Mx asurarean
HIPHHINIINAABHO OTAUYACTCA OT ABUTaTeAs MHABPOS TEM, U4TO OAUH H3
IOAIINITHUKOB OTCYTCTBYET. TOKOIIPOBOAAIIUIT BaA 3aIIPECOBAH BO
BHYTPEHHEE KOABIIO ITOAILMITHUKA, PACIOAOKEHHOIO TOPH30HTAABHO.
[Tpu 9TOM BaA BUCHT Ha IOALIHITHUKE. DACKTPHYICCKAS IICITb 3AMBIKACTCSA
Yepes BHEIIHEE KOABIIO HOAITHITHUKA H IIETKY, KACAFOIIYIOCA HEDKHETO
TOpIIAa BaAd. ABTOPBl BHUAAT IIPUYHMHY BPAICHUA B TOM, 9YTO BaA
"Bparmaercs B pe3yAbTaTe YIPYroi AepOpMAIMM ACTAACH IIPH HArpeBe
ITIOCACAHUX IIPOTEKAFOLINM IT0 HUM 9ACKTPHYECKIM TOKOM'

Hakowmen, wacto  (PYHKINOHHPOBAHHE  5TOTO  ABHTATCAS
oopacusaroT addexrom 'ydepa [77, 84].

Hmxe aaercs wmHOE OODBACHEHHE IPHUHIUIIA ACHCTBHUSA 9THX
asurareAcit.  ITokaselBaercs, 4YTO BHYTPH IIPOBOAHHKA C TOKOM
BO3HHKACT KPYTAIIMNA MOMEHT. ABTOPY IIPEACTABASCTCSH, YTO ABHIATCAD
Kocerpesa He MoOxeT ObITh OOBACHEH HHAYE.

2. MaremarnuyeckKkass MOAEAD
B raase 5 PaCCMATPHUBAAOCH PEIICHUE YpaBHEHHH MakcBeara AAA

IIpOBOAA C IIOCTOAHHBIM TOKOM C ITAOTHOCTBIO ‘Joz' ITaoTHOCTE 3TOTO

TOKa OAMHAaKOBa Ha BCEM CECYCHUU HpOBOAa. ypaBHCHI/IH MaxcBeana B
9TOM CAYYIAC UMCIOT BHA!

rot(J)=0, @)
rot(H)-J =0, )
div(J)=0, ©
div(H)=0, (d)

a IAOTHOCTB TOKa J,, HE BKAIOUCHA B yPABHCHUA (a, d), IIOTOMY YTO BCE

IIPOM3BOAHBIE 3TOIO TOKA PABHBI HYAIO.

bBriro mokasano, uto moaHOe pereHue ypaBHeHHH MakcBeAaAa B
9TOM CAyYa€ COCTOHUT U3 ABYX UACTCH:

1) wm3BecTHOrO ypaBHEHHA BHAQ

Ho,, = Jdol (1)
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2) mOAy4YeHHBIX B TrAaBe 5 ypasHeHmil Buaa (5.2.10-5.2.17) m
(56.2.25-5.2.30); oTH  ypaBHEHHS CBA3BIBAIOT MATHHTHBIC
HAIPSKEHHOCTH M IIAOTHOCTH ~ TOKOB C  H3BECTHBIMU

koHcTauTamu (@, ) u paauycom nposoaa R.

TOKI/I " HaHpH)KCHHOCTI/I, OHPCACAHCMI)IC STHUMH ypaBHCHI/IHMI/I,
dopmaabHO He 3aBUCAT OT 3aAaHHOrO ToKa J,. Ho oHu ompeaeastor
ITIOTOK 9HEPINH, TIEPEAABAEMEIN IO IIPOBOAY, T.€. Ty MOIIHOCTD, KOTOPas
BBIACAAETCA TOKOM B HATPY3KE.

Hirxke MBI paccMOTpPHUM — CAyYald, KOTAA CYIIECTBYET — €IIe
ITIOCTOAHHBIN TOK, HAIPABACHHBIM IIO OKPY/KHOCTH, KOABIICBOM TOK.

Hampumep, 0OMOTKY COACHOHAA MOMKHO IIPEACTABUTH KAK CIIAOIIHOM
KOABIIEBOM IIUAUHAP, IO OKPYKHOCTH KOTOPOTO TE€YET HOCTOAHHBIN TOK.

Byaem 0603HawaTh HAOTHOCTB 9TOTO 3aAaHHOTO TOKa Kak J,,. Tak e,

Kak U B CAy4Yac 32aAaHHOIO TOKa JOZ’ IIOAHOE peLHCHI/IC ypaBHCHI/IfI

MaxkcBeAAa (a-d) B TOM CAy9ae COCTOHUT U3 ABYX 9aCTEH:
1) m3BecTHOTO ypaBHEHUA BHAQ
B oH,,

or
2) ypasuenmii (5.2.10-5.2.17) u (5.2.25-5.2.30).

=Jd 17)

PaCCMOTpI/IM BOHpOC 00 WCTOYHHUKE TOKA ‘]0(/)' B OTCyTCTBHUU

BpAITlICcHNA CTEPKHA BAOAb HETO TPOTEKAET IOCTOAHHBIM TOK C
aotHocteio  J,. CBoGoanble 3AEKTPOHBI 3TOTO TOKA ABHKYTCA C
HEKOTOPOHM CKOPOCTBIO BAOAB cTep:xkHA. [lpm Bpamenunm crep:xaA

CBO6OAHBI€ BACKTpOHbI 9TOIO0 TOKa HpI/IO6p€T21IOT CIIe Hu OKP}DKHYI-O
CKOpOCTb. HpI/I 9TOM BO3HHUKAECT T.H. KOHBCKEHOHHbIﬁ TOK, KOTOprfI

ABAETCA TOKOM C IIAOTHOCTBIO Jo(p. DHXEHBAABA ITOKazaa [86], uro

KOHB6§!!HOHHbIﬁ TOK TaKKE CO3AACT MATHUTHVIO HANPAKCHHOCTD.

CAeAOBATEABHO, TOK C HAOTHOCTBIO  J,,  CO3AAET MATHHTHYIO
HanpsxeHHOCTH (17).
I1taK, BAOAB TIPOBOAA B TOKE J, ABHIKYTCH 3aPSABI C ITAOTHOCTBIO

g u co ckopocTero V (ckopocms s.1ekmporos 6 nposode), IPIIEM

J,=0qv. (18)
Ecan crepixenn Bparmaerca ¢ yTAOBOM CKOPOCTBIO @) , TO
Jo=qo-r (19

nAn, ¢ yaerom (18),
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Jo(r)=Jyo-1/v. 20)
Takum 0Opa3om, BO BpaIlaroIIeMcsa CTep:kHe ABuUrateAs MuAbpos
BMECTE C OCEBBIM TOKOM J, IO OKDYKHOCTH IIPOBOAQ TAKKE TEUeT

IIOCTOSIHHBIM KOHBEKIIHOHHBIN TOK C HAOTHOCTBIO (20).
N3 (17, 20) maxoanm:

Jo-r?
20 2V .
Aanree Oyaer mokasaHo, 4uro us pernerus ypasHenwit (1-16)

H 1)

CACAYET CYIIECTBOBaHHME Bparmarorrero momerra M B crepxue. Dror
BPAIIAFOIIIIT MOMEHT YBEAMYHBAET CKOPOCTH BPAINCHHA, OAaroAaps

YEMY YBEATYIMBACTCH KOHBCKL[I/IOHHI)IfI TOK \]0(/) . PaBaOBecue HacTymacr

IIPH PABEHCTBE YKA3aHHOIO MOMEHTA H TOPMO3HOIO MOMEHTA Ha BAaAY
ABUTATEAS (IIPU AAHHOM TOKE J,). DTO ABACHHE aHAAOTHYHO TOMY, YTO
TOKH, TEKYIIIHE BAOAB IIPOBOAQ, ITOA ACHCTBUEM CHUABI AMIIEPA CMEIIAFOT
IIPOBOA B IIEAOM (B OOBIYHBIX 9ACKTPOMOTOPAX).

Haxomerr, MOKHO IIPEACTABHTH KOHCTPYKIIMIO, TA€ B CTEpIKHE
CO3AAQ€TCA  AOIIOAHUTEABHAsA  PaAHMAAbHAsA  MArHUTHAA

HAIIPsDKEHHOCTDb 1 .

MoxHO TakKe IIPEACTABUTh KOHCTPYKILIHIO, TA€ B CTEpIKHE
CO3AA€TCA AOIIOAHUTEABLHAA oceBan MarHUTHAA

HAIIPsDKEHHOCTD 1, , .

3. IToTOKM 5A€KTPOMAarHUTHOM 3HEPIrUM

B pasacae 3 raaBel 5 ITIOKA3aHO, YTO ITAOTHOCTB IIOTOKa
BAeKTpOMﬁrHI/ITHOfI SHCPFI/II/I U IIAOTHOCTh MATHHTHOI CHABI AopeHua B
HPOBOAC IIOCTOAHHOI'O TOKA CBA3AHBI CACAYIOIIMMI COOTHOIIICHUAMI:

S=ExH, o)
S:prH:BJxB, 3)
U
F=JxB, 4)
F=uS/p, )
TAC p, ,U - SACKTPOCOHpOTI/IBACHI/IC U MaAarguTHas HpOHI/IHaCMOCTB.

CAeAOBATEABHO, B IIDOBOAE C  ITOCTOSIHHBIM _TOKOM _ ITAOTHOCTb
MATHATHOW cUABI AOPEHITa IPOIOPITHOHAAbHA BeKTOpY [TodHTHHTA.

B mmAmMHApPHYECKHX KOOPAMHATAX TIAOTHOCTH 3THX IIOTOKOB
9HEPIUH 110 KOOPAHHATAM BEIpaxKaroTca popmyAoii Buaa — cm. (5.3.12):
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Sr J;oHZ_(‘]z+JO)(Ht/J+H0(ﬂ)
S=[S,|=p(IxH)=p J,H, - H,+IH, : ©)
s, JH, -3 H, +JH,
Aas aBurateas Muabpos s1a pOpMyAa AOIIOAHAETCA M3-32 ITOABACHHSA
seamana Hp, H, J,,, H,, nnpuanvaer sua:
S, (3, +3,0(H, +H, +H,0 )~ (3, + 3, MH, +H,, )
S= Sq) =p (‘]z+‘]0)(Hr+Hro)_‘]r(Hz+Hzo+H220) : 0]
S, 3,(H, +H,,)-(3, +3,.)H, +H,,)

B coorserctBum ¢ (5) HaxoAamm cmabl /\OpeHIIa, AECHCTBYIOIIHE HA
EAMHHITy OObeMa,

m

-

F=

o |’

T
) I‘t

S,
S
S,

Tn

z

3a. Bpamaroniuii MOMeHT
B (3.8) F(p - IAOTHOCTD BPAIIAFOIIEI CHABI, ACHCTBYIOIIIEH HA BaA B

eanHHIle OOBeMa. Toraa IIAOTHOCTB — BPAINAFOIIEIO  MOMEHTa,
ACHICTBYIOILIETO HA BAA B CAOE C pasuycoM I, paBHa

M(r):r~F¢, ©9)
W3 (7, 8) maxoaum:
S(/):p[(‘]z+‘]o)Hr_‘]r(Hz+Hzo+HZZo)]’ )

F =

: (12)

o _ (3, +3J,H, +H,,)-

07 M 3 (H, 4, +H2m)
W3 (9, 12) maxoanm:

J,+J,NH, +H_)-

M(r)=r'F(p=/Ll'r|:( Z+ 0)( I’+ ro) j|

_‘]r(Hz + Hzo + HZZO)
nAH, ¢ yaetom (2.21),

a)~r2j - (13)

(9, +3,XH, +H,,)
M(r)=pu-r J

220

—J(H +H

B raase 5 mokasano, yro H, =0. Toraa
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maBa 5a. iBuratens Munbpos

(‘]z +‘Jo)(Hr + Hra)_

iy e (14
r 270 2V

Qopmyaa (14) ompeaeAfieT IAOTHOCTH BPAIIAFOIIEIO MOMEHTA,

M(r)=p-r

ACHICTBYIOIIIETO Ha BaA B cAoe ¢ papmycoM . Hamomumm m3 raassr 5,
YTO

J..==j(r)cos(ap + 12). (15)
J,.= j,(r)sin(ap+ 22, (16)
H,.=h (r)cos(ap + y2), (17)
TAC
j,(r)=F,(r), (18)
i.(0)=0i,+r-i,(0)/a, (19
i, () =—§r- i, (. (20)
h(r)=,(N/zx. 1)

3aeck koHCTAHTH ¥, « u dyakuus becceas F, (I’) OIIPEAEACHEI B TAABE
5. O6beannsd (14-17), moaygaem:
1(j,(r)sin(agp + 22)+ 3,)- | |
{ (h,(r)cos(ap + y2) + H,, )}
M(r)=u-r|—H,, ] (r)cos(ap + yz) + (22)

2 -
+—J0a)-2r Jr(r)COS(a(D-I—;(Z)
v

TToAunri Bpama}omnﬁ MOMCHT BBIYHMCAACTCA KaK I/IHTCI‘paA BHAQ

M = jﬂ M (r)drdgdz . 23)

re,z
DTOT UHT erpaA MOXKHO HpCACTaBI/ITb Cy‘MMOﬂ I/IHTCFpaAOBZ
M=M+M,+M;+M,+ M, +M,, 24)

IA€ CAAraeMBIC HHTETPAABI OIIPEACACHBI B IIPUAOKEHHUH 1.

DTH COOTHOIIEHHSA ITO3BOASIOT BEIIIOAHUTD MEXaHHYECKHH pacyueT
BPAIIAFOIIErO MOMEHTA B ABUTaTeA€ MHABPOS.

B npuaoxennn 1 mokaszano, 4to B 0ObIMHOM ABHrateAe MuUABPOS
BeanmunHa mMomenrta (21) mesmaunmrteabHa npu @ =0, T.e. orcyrcrsyer
nyckoBoit momenT. Oamaxo npu H,j #0 u\uan H,,  #0 cymecrByer

3HAYUTEABHBIN ITyCKOBOU MOMEHT.
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Masa 5a. iBuratenb Munbpos

4. AOTIOAHUTEABHBIN 3KCHEPUMEHT

MOXHO — IIPEAAOKHTH — 3KCIIEPUMEHT, B  KOTOPOM  paHee
IIPEAAOKEHHBIE OOBSCHEHHS IIPUYNUHBI BPAIICHUA ABHUTATeAs MUABpOS
HE IIpUEMACMBI (HAa B3rAsA aBropa). HeobxoAmmo ImpeAocTaBuUTh
CTEPIKHIO C TOKOM CBOOOAHO BPAIATHCA O€3 IIOAIIHITHUKOB. DTO MOKHO
OCYIIIECTBUTD CACAYIOIIHM OOPasoM — cM. puc. 2. Baa ¢ 3aocrpeHHBIMEI
KOHITAMHE 3QKHMACTCS MEKAY ABYMS YTOABHBIMHU IIETKAME TAK, YTOOB OH
MOT prTI/ITI)CH. yFOAbHI)IC IITETKIT Hy}KHI)I AAS TOFO, t'ITO6I)I KOHTAKTBI HEC
IIPUBAPUBAAUCH IIPH OOABIINX TOKaX. B cOOTBeTCTBHH C TEM, 9UTO
HM3AOKCHO B CTATHE, B TAKOH KOHCTPYKIIUK BaA AOAJKECH BPAIATHCA. DTO
ITO3BOAHT OTKA3aThCA OT PACCMOTPEHUSA PAAA THUIIOTE3 IO OOBACHEHHUIO
dyHKIHOHUpPOBaHUS ABUTATEAST MUABPOSL.

MeaHbIn
WeTka I Ban LLeTKa

555

%

TS
petelels!

el
ety

#,
5
vy

[~ >
i
it

; \ MaxoBuK

Puc. 2.

5. O 3aKkoHE COXpaHEHUA UMIYAbBCA

HeoOxoanMo 00OpatuTh BHHUMAaHHE HAa TO, YTO B ABHIATEAE
MuaApposti ~ ABHBIM ~ OOpa3soM  HapyIIaeTcsAd  3aKOH  COXPAHEHHUA
MEXAHIYECKOTO HMIIYABCA. DTO OODBACHACTCA TEM, ITO B CTEPIKHE BMECTE
c ITOTOKOM 3AEKTPOMATHUTHOM SHEpPIrun IIPUCYTCTBYET
JAEKTPOMATHUTHBI ~ HMMIIyABC M PaBHBI €My IIO BEAHYHHE
MEXaHUYIECKHUH HMIIYABC — CM. TAaBy 13. MexaHmdecKuii HMITYABC,
HAIIPABACHHBII 11O OKPYKHOCTH, CO3AA€T MEXaHHYECKUN MOMEHT
BpaIleHHUA.
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maBa 5a. iBuratens Munbpos

ITpusroxenne 1. Pacuer Bpamaroniero

MOMCHTA
[Ipeobpasyem (3a.22). Toraa moAydum:

i, (Ph.(r)sin(ag + y2) - cos(ap + yz) +
M(r) = u-r| + j,(r)sin(ap + y2)H,, + I H,, + M

| p 2B eosta - )

v

TToAusrmi Bpama}omnﬁ MOMCHT BBIYHCAACTCA KaK I/IHTCI‘paA BHAQ

j,(r)h, (r)sin...) -cos(...)+

M = [[[u-r]+ j,(r)sin.)H,, + I H,, + drdgdz . (5
re,z 2 .
fafn 2T et
2v |
DtoT I/IHTeraA MOKHO HpeACTaBI/ITb CyMMOfI I/IHTerpaAOBZ
Mﬁﬂjﬂ r[3,H,, Hrdgdz, ©
ro.z
M, = ” il r)sin(...) - cos(...)drdedz | 4
re.z
m;z r[j,(r)sin(...)H,, Hrdgdz , ©)
re.z
M ”J,u J, rh cos( Jdrdedz | ©6)
re.z
Mg = [[u-3 [ )jcos( drdgdz @
r.o.z
Mg =—[[[ - rH,,, i (r)cos(... drdedz ®
re.z
AN
'Vl_l=u-Jonm-fdrd¢dZ=ﬂ-JonﬂR2L, ©)
re,z
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Masa 5a. iBuratenb Munbpos

—ﬂ’[IMZr(r)drjMSZa (10)
M_3=/1'Hm[JMsr(r)df]Mss, an
M_4=u-Jo(IM4r(r)erMs4, (12)

5 =£= o(J‘Msr(r)drstm (13)
M_s =—H HZZO(J. Mer(r)erMsm 14

rAe

2 = [ [[lsin(... -cos(...>]dwdzJ, (15)

¢,z
M (1) = L j j sin(...)dgodz], (16)
0,z
Mg, = {”cos(...)d(pdzj, A7)
@,z
MZr(r):r'Jz(r)hr( ) (18)
My (r) =1 (r), (19)
M, (r)=r-h.(r), @0)
MSr(r) = rsjr(r) (21)
MSr(r):r'Jr( ) (22>
B HHTETPAABI (10-14) BXOAAT dysKIIII

h (1) 5. () J(r) £ ) =[i(n ()], as-22.

Baxkno ormeruts caeayromee. B obbranom ABurateae Muabpos

H

14) paBHBI HyAIO, T.€. B OOBIYHOM ABHUTaTeAC MHABPOA BpAIAFOIIIMIA
MOMEHT

OTCYTCTBYIOT HarpsikeHHOCTH H I1pu stom caaraemsre (9, 11,

ro? 220 *

M :M_2+M_4+M_5. 23)

ITpu @ =0 ocraercst TOABKO BPAILIAFOIIUI MOMEHT
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maBa 5a. iBuratens Munbpos

M=M,+M,, (24)
DTOT MOMEHT SBASICTCA IIYCKOBBIM B OOBIMHOM ABHraTeAe Muabpos u
BeAmunHa ero HesHaunrteAbHa. Oanako nmpu H, #0 w\waun H,, #0
BpAILArOIIM MOMeHT cymuectsyer Aaxe mnpu @ =0. CaeaoBareAbHO,
opu H, #0 u\uan H,, #0 cymecrsyer sHaunrreAbHBIN 11yCKOBOT

MOMCHT.

dororpacpunu

bearing iron flywheel

metal axle

electrical contact |
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['naBa 5c. MarHeToconpoTusneHve

I'AaBa 5c. MaraeToconpoTUBACHUE

MsBecten MarHUTOPE3UCTUBHBIN 3(P@EKT, 3aKAFOYAFOIINNICA B
TOM, HYTO 9AEKTPHUYECKOE COIPOTHUBACHUE MaTe€pHasa 3aBUCHT OT
MATHUTHOM HMHAYKIIMH MArHUTHOTO TIOAfl, B KOTOPOM HaXOAUTCA
MaTtepraa, T.H. marHeroconporusAeHue [114]. Himxe mpr paccmorpmm
IIPOBOAHUK C IIOCTOAHHBIM TOKOM B MAIHHTHOM ITOAE€ M ITOKQKEM, ITO
CYIIIECTBOBAHIE MaTHETOCOIIPOTHUBACHHUE HEITOCPEACTBEHHO CAEAYET H3
perrenns ypasHeHHI MakcBeAAa.

B raase 5 paccmarpuBasock perrenne ypaBHeHHI MakcBeAAa AAS
IIPOBOAA C IIOCTOSHHBIM TOKOM. TaM IIOKa3aHO, 9YTO B IIPOBOAE C
ITOCTOSIHHBIM ~ TOKOM  ITAOTHOCTh ~ MATHHTHON  CHABI  /\OpeHIIa,
ACHCTBYIOIIEH BAOAb OCH IIPOBOAQ, IIPOIOPIIMOHAABHA BEKTOPY
[lotiHTHHra — TAOTHOCTH TIOTOKA JHEPIMH. OTa CHAA ABHKET
SACKTPUYECKHE  3aPAABL Mmenno  »1a  cHAa  IIPEOAOAEBAET
COIIPOTUBACHUE MaTEPHAAA IIPOBOAA ABIKEHHIO 3aPAAOB.

B raase 5a mpuseaeH pacder stoit cuabl Ilokazano, uto ona
3aBHUCHT TAK/KE OT HAIPHKEHHOCTH BHEIIHEIO MATHHUTHOTO ITOAS.
CAeAOBATEABHO, BO3ACHCTBHE BHEIITHETO MATHUTHOTO IIOAS IIPOABAACTCA
KAaK M3MEHEHUE COIIPOTHBACHHA IIPOBOAA.
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maBa 5d. PeweHne gnsi npoBoga ¢ NOCTOSIHHbIM TOKOM B MarHMTHOM MnoJie

I'AaBa 5d. Perrrenne ypaBaeHnit
MakcBeAAa AAF TIPOBOAA C
IIOCTOSHHBIM TOKOM

B MATHUTHOM IIOAE.

OraaBaeHune
1. Beaenne \ 1
2. IIpOBOA € TOCTOAHHBIM TOKOM \ 2
3. TIpOBOA B IPOAOABHOM MATHHTHOM IIOAE \ 3
3a. COACHOHA C 9ACKTPOIIPOBOAHBIM CEPACIHUKOM \ 4
4. IIpOBOA B KPyTOBOM MarHUTHOM ITOAE \5
5. ITpoBOA B IIOIIEPEYIHOM MarHUTHOM ITOAE \ 6
6. O6061eHME \ 8

7. Crporoe pereHne AAs IIPOBOAA B MarHuTHOM 110A¢e \ 10

1. BBeaenue
3A€Cb MbI paCCMOTpI/IM HpOBOA, HaXOAHLHI/II}‘ICH B IIOCTOSHHOM
MATHHUTHOM IIOAC.

2. ITpoBOA € IOCTOAHHBIM TOKOM

B raase 5 paccmarpusaerca ypasHeHHA MakcBeAAa AASl IIPOBOAAQ,
[0 KOTOPOMY IIPOTEKACT IOCTOSHHBIH TOK C IIAOTHOCTBIO [, .
[ToaygeHHOE TaM peIlIeHHEe MOXKET OBITh O€3 M3MEHEHHA HMCIIOAB30BAHO
B AaHHOM cAy4dae. OHO HMeEEeT CACAYIOIINI BUA!

J,.=j,(r)-co, @
J,.=—],(r)-si, 3)
J,.=],(r)-si, @
H,.=—h(r)-co, G)
H,.=-h,(r)-si, ©
H,.=h,(r)-si, )
co = —cos(ag + yz), 8)
si =sin(ap+ yz), ©)

IA€ &, y — Hexkortopele kOHCTaHTHL, [(r), h(r)- HekoTOpbIe dyHKIINN
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maBa 5d. PelieHne gnsi npoBoAa ¢ NOCTOsIHHBIM TOKOM B MarHMTHOM Mnose

KOOPAHMHATHI [, 2 UMEHHO

i,(r)=F,(r), (10)

(D)=, (N +r-j.(0)/a, (1)

j,(n=-%r-j (), (12)
a

h,(r) =0, (13)

h,(r) = j,(r)/ z, (14)

h(r)=i,("/x. (15)

npuuem ynkiua Fy (1) sBaserca perenueM MOAUDUIIMPOBAHHOTO
ypasuenus beccead. ITpu MaAbIX 1 912 PyHKIINA IPHHAMAET BHA

y = AxP, (16
rae A — KOHCTAHTA, U

p=2(-3+3+4x%) p<o. (17)

AAf pacdera IO 3TUM YPaBHEHHAM AOAKHBI OBITH H3BECTHEI
BEAHMYHHEBI A, X, Y. IloayuenHOe permeHEE ONPEACASET BEAWYMHY
BXOAMAIIIETO B IIPOBOA HOTOKA SHEPTUN S , T.€. MOIITHOCTH P , BXOASIIIEI B
IpoBOA. Takum 0Opa3oM, BEAHMYHHEI A, X, ¥ OIPEAEAAIOT BEAMYUHY
morraoctn P.

Beanunna J, OIIPEAEASIETCA BEAMYMHOM  MOIITHOCTH P u

COITPOTUBACHHUEM HAIPYy3KH. CYH_[CCTBOBZLHI/IC HCHyAﬁBOﬁ ITAOTHOCTH

TOKa [, obecriednBaeT CyIeCTBOBAHIE HEHYACBOTO PEIICHUSA CHCTEMBI
ypaBHeHMIT MaKCBEAAa, UTO CAEAYET U3 YPABHEHUA

H, oH, 1 oH,

(4 (4

r o r op

AeHCTBUTEABHO, €CAH CYIIIECTBYET J;, TO AOAKHBI CYIIIECTBOBATDL U

(18)

VAl

marauTHbie  HanpsenHoctw  Hy w\wmam Hy,. Ilpu stom cucrema
ypaBHeHHI MaKkcBeAAd AOAKHA HMEThb HEHyAeBOe pertenne. OAHAKO
[IOCTOSIHHAS BeAHMYHHA J, (POPMAABHO HE BXOAHUT B PEIICHHE 3THX
ypaBHEHHI. DTO OOBACHACTCA TEM, YTO [, CO3AAET HAIPMKEHHOCTD
Hyo = Jor m 0be s1un seanmamnnr - Hy,,, J, MOTYT OBITH MCKATOUEHB! 13
ypasuenns (18).

B raaBe 5 mokasaHO, YTO IIAOTHOCTH ITOrO IIOTOKA SHEPIHH
onpeaeastored (B cucteme CH) popmyaoit Buaa:

S@) = p (jrMhe () = jp DR, 19
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maBa 5d. PeweHne gnsi npoBoga ¢ NOCTOSIHHbIM TOKOM B MarHMTHOM MnoJie

rae P — YAGABHOE COIIPOTHBACHHE IIPOBOAA. MTak, pererue ypaBHeHUIT
Maxceaaa B BuA€ pyHKIHIE | (T‘) , h(T) OIIPEAEASAET ITAOTHOCTD IIOTOKA
smepruu S (). Ouesuano, uro CYIIIECTBYET U OOpaTHASl 3aBUCHUMOCTb:
S (1‘) onpeaeaster  byaknum | (T') ) h(T‘) Dra oOpaTHad 3aAa49a
MAaTEMATHYECKH HAMHOIO CAOKHEE PACCMOTPEHHOIO PEIIeHHsA, HO HaM

AASl AAABHEHIIIETO BAKHO IOAYEPKHYTDH, 9TO IlpHmpoaa permaer MMeHHO
9Ty OOPATHYIO 32A29Y.

3. IIpoBOA B IIPOAOABHOM MATHHUTHOM IIOAE.

B pasaeae 2 mpearmoaaraaoce, 9TO B IIPOBOAE IIPUCYTCTBYET
IIOCTOSIHHBIH TOK C HAOTHOCTBIO [, . DTOT TOK CO3AACTCA IIOTOKOM
3HEPIUH, BXOAAIIEH B IIPOBOA C TopmHa. lIpearroroxum Terepn, 9To
CYIIECTBYET  HPOAOABHAA  MATHUTHAasg  HaIPHKEHHOCTD H,.
CyImecTBOBaHIE HEHYACBOH U HEPABHOMEPHO PACHPEACACHHOMN IIO
PaAHyCy IIPOAOABHOI MAarHUTHOH HampskeHHOCTH H, oOecredmBaer
CyIIIECTBOBAHUE HEHYAEBOTIO PEIIEHHsA CHCTEMBI ypaBHeHHIT MakcBeaaa,
YTO CACAYET U3 YPaBHEHUA

oH, oH,
oz or =y W

. OH,
ACI/ICTBI/ITCABHO, €CAll CYIIECTBYCT ar° (HOCKOAbe CyHIIeCTByCT
T

MATHOTHAA HAIPSKEHHOCTh H,, HEPaBHOMEPHO PpACIIPEACACHHASA IIO
PAAHYCY), TO AOAKHBI CYIIIECTBOBATD M MATHUTHAS HAIIPSIKCHHOCTD H,.. 11
HAOTHOCTB TOKa Jo. [lpm aTOM cucrema ypasmenmit Makcseara AOAKHA
UMeTh HeHyAeBoe permrenne. OHO, ITO-IIPEKHEMY, HMEET BHA,
IIPUBEACHHBIN B pasAeAe 2.

Orcropa cAeAyeT, 9TO B IIPOBOAE, KOTOPBIA HAXOAWTCA B
HEOAHOPOAHOM IIPOAOABHOM MATHHUTHOM IIOAE, CYILECTBYET pEIICHHE
ypaBHeHHI MakcBeAAa B TOM BHAE, KOTOPBIM IIPHBEACH B pasAeAe 2.
CAeAOBATEABHO, B 9TOM IIPOBOAE CYIIECTBYET H IIOTOK 3HEPIUH,
IIAOTHOCTh KOTOporo ompeaeaderca no (2.19) Mcroummkom sToro
IIOTOKA ~ HEPIMH, OYEBHAHO, ABAACTCA HCTOYHUK  MATHHTHOIT
HanpsmxeHHocTa H,.

DTOT IOTOK JHEPIHMH ICHEPHPYET B IIPOBOAEC IIPOAOABHBII
IIOCTOSHHBIN TOK. Takum oOpasom, 3A€Ch IIPOUCXOAUT IIPEOOPA3OBAHIE
SHEPIUU IIPOAOABHOTO ITOCTOSHHOIO MAIHUTHOIO IIOASl B ITPOBOAE B

SACKTIQI/I‘ICCKyIO SHCQFI/IIO, HC[)CHOCI/IMyIO ITIOCTOAHHBIM TOKOM BAOAD
IIPOBOAA.
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3a. CoaeHOUA C 9AEKTPOIIPOBOAHBIM CEPACYHHKOM

Paccmorpum  coaeHomp ¢ cepAedHHKOM. Tok B 0OMOTKe
COACHOHMAQ CO3AAET MATHUTHYIO HAIIPAKCHHOCTD B cepAedHnke. OAHAKO
MATHATHOE IIOAE€ BHYTPH HAEAABHOIO COACHOHMAA ABAACTCA OAHOPOAHBIM.
B cootBercTBHI C BBEIIIEH3AOKEHHBIM B 9TOM CAy4Yae TOK B CTEP/KHE HE
BO3HUKaeT. OAHAKO, €CAU BUTKH COACHOMAQ HAMOTAHBI HEHMACAABHO (C
HAKAOHOM K OCH, XAaOTHYHO U T.II) HAH COACHOHA fABASETCA KOPOTKHM,
TO B COOTBEICTBHHM C BBHIIIECKA3aHHBIM B CTEPIKHE COACHOHAA
IOABAAETCA TOK.

CymrectByer m  Apyrad  IpHYMHA  IOSABACHHA  TOKA B
9ACKTPOIIPOBOAHOM  CEPACYHUKE, ACHCTBYIOIAs M B HACAABHOM
COACHOHAE

MorHOCTh, HOTpEOAAEMAas COACHOHMAOM IIOCTOAHHOIO TOKA C
CEPACYHHUKOM OOABIIIE TOH, KOTOPYIO IIOTPEOAAET COAGHOHA Oe3
cepAcuHmKa. [lpuwambOil  ABAfETCA  TO, 9YTO  HAMATHHYCHHOCTb
CEPACYHHKA YMEHBIITAETCA IIOA ACHCTBUEM TEIIAOBOTO ABHKEHUA aTOMOB
U AOAKHA BCE BpPEeMf BOCCTAHABAMBATHCA TOKOM HAMATHUYIHBAHUA. DTO
O3HAYACT, YTO B CEPACYHUKE €CTh IIOTOK JACKTPOMATHUTHOH IHEPIUL,
PAaBHBI ~ MOIIHOCTH  IIOAMAaTHHUYUBAHHA  AAfA  IPOTUBOAEHCTBUA
XAOTUYIECKOH OPHEHTAIINH AOMEHOB ITOA ACHCTBHEM TEIIAOBOM SHEPIUU
OKpYZKaroITel cpeAbl. [I0TOK 5AEKTPOMAIHUTHON SHEPIHH CO3AAET TOK B
IIPOBOAE, KOTOPBIM ABAACTCH SACKTPOIIPOBOAHBIN CEPACIHHUK.

B 9TOM CMBICAC COACHOHA IIOCTOSSHHOIO TOKA C CEPACYHHKOM

MOKHO CpaBHI/ITI) C KOHAeHCﬁTOpOM, paspﬂma}omHMc;[ Ha
COHpOTI/IBACHI/Ie AI/IBAeKTpI/IKa.

CACAOBaTCAbHO, B COACHOUAC ITOCTOAHHOTO TOKa C
SACKTPOIIPOBOAHBIM CEPACYHUKOM AOAXKHO CyIIeCTBOBaATb
BACKTpOMar HHUTHOEC ITIOAE, B KOTOpOM CyIIECTBYET HpOAOAhHaH
9A€KTpI/I‘I€CK21H HaHpH}KeHHOCTb nu IIOTOKH BHCpFI/II/I. HpI/I

CYIIIECTBOBAHHUHU ITOTOKOB SHECPTHHU B COACHOHUAE AOAKHBI CYITICCTBOBATH
sAEKTpHYeckne HanpskeHHOCTH. [Ipm aToM ypaBHeHma MakcBeara AAf
COACHOHUAQ B CHCTEME LMAMHAPHUYECKUX KoopaumHar [, @, Z

ITOAHOCTBIO COBIAAAIOT C YPaBHEHUAMHU AAfA IIPOBOAA IOCTOAHHOIO
ToKa. OTAHYME COCTOUT B TOM, YTO IPOAOABHBIN ITOTOK dHEPrUn S,
® B IIPOBOAC  IIOCTOSHHOIO  TOKA  PaBEH  MOIITHOCTH,
IIEPEAABAEMOII IO TIPOBOAY B HATPY3KY,
® B COAGCHOHAE PAaBEH MOIIHOCTH IIOAMATHUYHUBAHHUA AAf
IIPOTHUBOACHCTBHUSA BAUAHUIO TEITAOBOM SHEPIUn
OKPY/KAFOITIEH CPEABL.
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4. ITpoBOA B KPyrOBOM MAarHUTHOM IIOA€.
Teneps TPEAITOAOKHM, YTO CYIIECTBYeT KPyroBas MarHHTHAasd
HATIPAKEHHOCTh Hy, HEPABHOMEPHO PACIIPEACACHHAA II0 PAAHYCY.
CymrecTBoBaHuE TaKOH HAIIPAKEHHOCTH ODOECIEUMBAET CYIIIECTBOBAHHUE
HEHYAEBOTO PEITICHUA CUCTEMBI ypaBHEHHH MaKCBEAAQ, UTO CAEAYET H3
YpaBHEHUSA
H, M, 10H _

-——- =J,, 1
r o r op ° W

9H,
ar
MArHUTHAS HAIPDKECHHOCTD H,, HEPABHOMEPHO PACHPEACACHHAA IIO

AeHCTBUTEABHO, €CAH CYIIIECTBYET (TIOCKOABKY CYIIIECTBYET

PaAHycy), TO AOAMKHBI CYIIECTBOBATb MATHUTHAS HAIIPHKECHHOCTH ..
n\HAU IAOTHOCTH TOKa J,. Ilpu sTom cucrema ypasHenuit MakcBeaaa
AOAJKHA IMETh HEHYACBOE PEIIICHIE.

AHAAOTHYHO IIPEABIAYIIIEMY OTCIOAA CACAYET, 9TO B IIPOBOAE,
KOTOPBII HAXOAUTCA B HEOAHOPOAHOM KPYTOBOM MAarHHTHOM IIOAG,
CYIIECTBYET pEIIeHue ypaBHEHHI MakcBeAAa B TOM BHAE, KOTOPBIH
npuseAcH B pasaceae 2. CACAOBATEABHO, B 9TOM IIPOBOAE CYILECTBYET U
IIOTOK 3HEPIHH, IIAOTHOCTb KOTOpOro ompeaeaserca 1o (2.19).
McTrouHuKkoM 3TOro IOTOKA 3HEPIUH, OYEBHAHO, ABAACTCHA HCTOYHUK
MarHUTHOH HanpsxernocTn He,.

DTOT IOTOK SHEPIHH ICHEPHUPYET B IIPOBOAC IIPOAOABHBIN
IIOCTOAHHBIA TOK. TakuM 0Opa3oMm, 3A€Ch IPOUCXOAUT IIPEOOpa3OBaAHME
SHEPIUU KOABIIEBOIO ITOCTOSHHOIO MATHUTHOIO ITOAfl B IIPOBOAE B

SACKT[QI/I‘ICCKSZIO BHCQFI/IIO, HC[}CHOCI/IMyI—O ITIOCTOAHHBIM TOKOM BAOAD
IOPOBOAA.

ITpumep 1.

Ha puc. 1 mokasam rtpyOwaTsiii mpoBOA 1, BHYIPH KOTOPOTO
IIPOXOAHT IIPOBOA 2, H3OAHPOBAHHBII OT IPOBOAA 1 AHIAEKTPHKOM 3.
Ecan mo mpoBoAy 2 maer TOK Jp, TO B Teae IpoBoAa 1 BO3HHKaer
KOABITEBOE ~MarHUTHasA HanpsxenHocts Hg,. B coorserctsmm  co
CKA3aHHBIM BEIIIE KPYTOBOE KOABIIEBOE MATHHTHOE IIOAE B IIPOBOAE 1
CO3A4€T B 9TOM IIPOBOAE IIOCTOAHHEIX TOK Ji. ODddekr aAorxeH
IIPOABUTCA CHABHEE, €CAH IIPOBOA 1 OyaeT deppOMArHUTHEIM.
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maBa 5d. PelieHne gnsi npoBoAa ¢ NOCTOsIHHBIM TOKOM B MarHMTHOM Mnose

3
Puc. 1.

5. IIpoBOA B IIOIIEPEYHOM MATHHUTHOM IIOAE.

TCHCpb HpeAHOAO)KI/IM, 910 CYH_[CCTBYCT nonepeqHaﬂ MaAardmuTHasg
HaHpHH{CHHOCTb HT" CyH_[CCTBOBZlHI/IC TaKOfI HﬂHpH)KCHHOCTI/I
O66CH€‘II/IB2.€T CYH_[CCTBOBZ.HI/IC HCHyACBOI‘O peLT_ICHI/IH CHUCTEMBI
ypaBHeHI/II‘/'I MaKCBCAAa, 910 CACAYCT nus3 ypaBHCHI/I}I

H, oH, 1oH _,

r o r op

ACﬁCTBHTCAbHO, CCAl CYLIICCTBYCT HT> TO AOAJKHBI CyIIIE€CTBOBATDb

Z!

MArHUTHAS HanpsxeHHoCTh Hy, w\manm maotaoCTs TOKA [, IpHr atom
crcTeMa ypaBHEHHI MakcBeAAa AOAMKHA MMETh HEHYAEBOE PEITICHIE.

AHAAOTHYHO IIPEABIAVIIIEMY OTCIOAA CACAYET, 9TO B IIPOBOAE,
KOTOPBIIT HAXOAHUTCA B PAaAHAABHOM MATHHTHOM IIOAE, CYIIECTBYET
perrenue ypaBHeHHIi MakcBeara B TOM BHAE, KOTOPBIH IIPHBEACH B
pasaeae 2. CAeAOBATEABHO, B 3TOM IIPOBOAE CYIIECTBYET M IIOTOK
SHEPIUH, IIAOTHOCTh KOTOpOro ompeseaserca mo (2.19). Mcrounukom
5TOTO IIOTOKA SHEPIHH, OYEBHAHO, ABAACTCA MCTOYHUK MATHHTHOM
HanpsmxeHaocTa H..

DTOT TIOTOK SHEPIHH TEHEPUPYET B IIPOBOAE ITPOAOABHBINA
IIOCTOAHHBIN TOK. Takum 00Opa3om, 3A€Ch IIPOUCXOAUT LIPEOOPa3OBAHIIE

BHCPI“I/II/I E}Q.AI/IQAI)HOFO ITIOCTOAHHOIO MATHHUTHOIO ITOAAd B H[}OBOAC B

SQACKTPHYCCKVIO JSHCPIUIO, IIEPECHOCH ITOCTOAHHBIM _TOKOM BAOAD

IPOBOAA.
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maBa 5d. PeweHne gnst npoBoga ¢ NOCTOSAHHbIM TOKOM B MarHUTHOM nose

ITpumep 1.

Ha puc. 1 mokazan KOABIIEBOI IIPpOBOA 1, HaxoAAIIHIICA B 3a30pe
ABYX IIOCTOSHHBIX MArHUTOB 2. MarHnTHasd HAIPAKEHHOCTH B 9TOM
3a3ope ABAACTCA HAPAKEHHOCTBIO H., KOTOpas mpoHu3eBaeT poBOA 1
BAOAB paamyca. B coorBeTcTBHHM €O CKA3aHHBIM BBIIIIE PaAHAABHOE
MarHUTHOE IIOAE B IPOBOAE 1 cO3AaeT B 3TOM IIPOBOAE ITOCTOAHHBINA TOK
J. Odderr AoakeH pOABHTCA CHABHEE, €CAH IIPOBOA 1 Oyaer
deppOMATHUTHEIM.

2
Puc. 1.
ITpumep 2.
MarnurHas HanpsikeHHOCTs H). MOMKeT OBITH CO3AAHA KOABIICBBIM
IIOCTOAHHBIM MATHHTOM B IIPOBOAE — OOMOTKE 3TOIO IIOCTOSHHOIO

MATHHUTA - CM. puc. 1 u puc. 2.

Puc. 1 u3 https:/ /www.youtube.com/watch?v=sPHIWNXMIlow.
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Puc. 2 n3 http://www.inventedelectricity.com/ free-energy-generatot-
magnet-coil-100-real-new-technology-new-idea-project/

ITpumep 3.

NsBecten, HO He OOBACHEH, T.H. 3ddekr DbproAm, KOTOpBIH
3aKAFOYAETCA B CACAYIOIIEM. B IIpOBOAHHKE, PACITOAOKEHHOM MEKAY
OAHOHMMEHHBIMU TOPLIAMU ABYX MArHHTOB, TedeT TOK. Maruuraele
HAIPAKEHHOCTH B 3a30p€ MOKHO PA3AOKHTH HA IIPOAOABHBIC (BAOAD
IIPOBOAHHKA) U IOIIEPEYHBIE (PAAHAABHBIC) HAIPAKEHHOCTH. OYEeBUAHO,
IIPOAOABHBIE HAIIPSIKEHHOCTH B CHAY CHMMETPHH HE MOTYT BO3OYAHTH
TOoK. Paamaapmbie manpsxensoctn H, (paBHBIE HYAIO B IIEHTpE
IIPOBOAHHUKA) TEHEPHPYET B IIPOBOAE IPOAOABHEI ITOCTOAHHEII TOK.

6. O600menue

Brrmensaoxennoe ITIOKA3bIBACT, ITO

1. B IpPOBOA, HAXOAAIIMIICA B MATHUTHOM IIOAE, U3 HCTOYHHKA
MATHHUTHOTO TIOASl IIEPEAACTCA TOTOK 3AEKTPOMATHHUTHOM
SHEPTHUH,

2. B MATHHUTHOM IIOA€ BMECT€ C MATHHUTHBIM ITOTOKOM
IHUPKYAHPYET IIOTOK SACKTPOMATHUTHOM 9HEPTHUH,

3. motok 9AEKTPOMATHUTHOM SHEPTHHU CO3A2€ET

SAEKTPOABIKYIIYIO  CHAY, IIEPEMEIIAIOIIYIO 3apAABI B
IIPOBOAE — CM. TAaBY 15,
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maBa 5d. PeweHne gnsi npoBoga ¢ NOCTOSIHHbIM TOKOM B MarHMTHOM MnoJie

4. IIPU 3TOM B IIPOBOAE BO3HUKAET IPOAOABHBIN HOCTOAHHBII
TOK.

DKCIEPUMEHTEI, TOKA3aHHEBIC B PA3ACAE 5, 9aCTO PacCMATPUBAFOTCA
KaK I'€HEPATOPhl HEOTPAHMYEHHOM SHEPTUH, XPAHAIIEHCA B ITOCTOAHHBIX
MarauTaX. OAHAKO Ha CaMOM AGA€ OHH ACGMOHCTPHUPYIOT IIPAMO
HPOTUBOIIOAOKHOE — OTPAHUYEHHOCTb S3HEPIUH ITIOCTOAHHOTO MATHUTA!
AAMIIOYKH IIOCTEIIEHHO IaCHYT.

7. Crporoe perieHue AAd HOPOBOAA B

MAar"gHmuTHOM IIOAE€.

Paccmorpum  BHOBb  ypaBHeHHA MakcBeara AAfl IIPOBOAA  C
ITOCTOAHHBIM TOKOM 13 IIpuAoxxkenud 1 B raase 5. Tam mmokazaHo, 4to AAf
IIPOBOAQ HX PEIIECHUE CBOAUTCH K PEIICHHUIO CHCTEMBI O-TH ypaBHEHUIT
BHAQ.

J(p( )

O 4 i) + 22 a + yj,(r) = 0, (1)
"2(” b0 o — yh,, ™ =), ©
—hy (1 — hy(r) = j, (), 4)
D by () + e = (), ®
il ED o — xjp(r) = 0 ©)
_]r (T)X ]z(r) =0. (7)

B »11 ypaBHEHNA MOTYT OBITH AOOABACHBI H3BECTHBIE (DYHKIIAN

o (1) hpo (1), g (7).

HOAy‘-ICHHaH CHUCTEMA ypaBHCHI/Iﬁ MOYKET OBITH penicHa YMCACHHO.

PaccmoTprumM OCOOBIH CAy9ail, KOrAa MATHUTHOE IIOAE CO3AAETCA B
Bakyyme. Toraa m3 crucTembl 8-MHU YPaBHEHHI AASl IIPOBOAA MOIYT OBITH
HICKATOYECHBEI YPaBHEHHA, coAepskariue Tokdu. [Ipm atom MBI moAyamm
cucremy 4-x ypaBHEHUI BUAA:

hrT(r) + h(r) + h"’Tma + xh,(r) =0, (10)

20 g — xhy(r) =0, (1)

—h.(Nx — hz(r) = 0, (12)

D 4 hiy(r) + 2 a = 0. (13)

DTa cucTEMa AaHAAOTUYIHA C TOYHOCTBIO AO ODO3HAYECHMI CHCTEME
ypaBHeHHH (2-5), pacCMOTPEHHOH B IIPHAOKEHHH 2 TAABBI 5 — CM.

dyukimro Hyaku.m.
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maBa 5d. PelieHne gnsi npoBoAa ¢ NOCTOsIHHBIM TOKOM B MarHMTHOM Mnose

ITpumep 1.
Paccmorpum  T.H. MarmmTHBIT 11AF03 Beanmnm  (Magnetic Gate
Bedini) -  m3BecrHOe 1O  HHTIEPHETY  YCTPOHCTBO,  AKOOBI

AEGMOHCTPHPYIOIIEE TIOAYIECHHE CBEPXEANHIYHOH 3HEPTUH. Y CTPOHCTBO
COAEPKHUT MHOKECTBO MATHHTOB, PACIOAOKEHHBIX IIO OKPYKHOCTH H
HAMATHHYEHHBIX BAOAB paauyca — oM. puc. 1. Kondwurypanumsa
MarHHTHOTO IOASl B IIMAHMHAPHYECKUX KoopanHatax (T, ¢, Z) IoKasaHa
Ha puc. 2 mrpuxoBeiMu AmHHAMH. Ha stom pucymke R - paamyc
BHYTPEHHErO IMAMHAPA, N, S - moaroca marHutoB, Hp, - mMaraurHas
HAIIPAKEHHOCTh Ha TOPIIE MATHUTOB.

Puc. 1;

BuanO, 9¥TO B OKpPECTHOCTH YyCTPONMCTBA CO3AAETCA MATHHUTHOE
II0A€, B KOTOPOM €CTh PaAMaAbHAasd M OcCeBasd cocTaBAAronme. B
COOTBETCTBHH C ypaBHEHUAMHI Makcseasa

rot(H) =0, (14)

div(H) = 0. (15)
B HEM IOABAAETCA €IIle M KPyroBoe MarHHTHOE ItoAe. Perrenme stmx
ypaBHEHUI (KaK IIOKA3aHO B I'AaBE 5) MMEET BUA!

H, = h,.cos (ap + yz + §), (15)
Hy, = h,sin(ag + yz + 6), (16)
H, = h,sin(ap + yz + 6), 17)
rAe @, X, 0 — HEKOTOpble KOHCTaHTHl, M(r) - Hekoropble QyHKIHH

KOOpAHHATEL [. D1 dyHKuun cBasansl ypasHeHuamu (10-13) u mmeror
EAMHCTBEHHOE PEIICHHE IIPH AAHHEIX &, X.
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maBa 5d. PeweHne gnst npoBoga ¢ NOCTOSAHHbIM TOKOM B MarHUTHOM nose

ALZ
// R \\\ // \\\
( )| ( )
NS N A BN N S
~ ] - ~ - r
// _\\\() //’ \\\
( ) |( )
N 7 |~ S
SN _ - SN _ -
f
Hro r

Puc. 2.

AVHIT C IIOCTOSHHBIM 3HAYCHHECM MATHHTHOH HAIIPSIKEHHOCTH
IIPEACTABASIOT COOOM BHHTOBBIE AMHHHM — CM. puc. 3. Ecam B Takoe
MarHUTHOE IOAE ITOIAAA€T MaTHUT, TO OH AOAKEH BPAIAThCA IO 3TOMH
crmpasn. EcAm ske 9TOT MATHHT HE MOXKET H3MEHATb CBOE ITOAOKEHUIE
IO BEICOTE, T O OH BPAIIAECTCS IO OKPYKHOCTH.
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maBa 5d. PelieHne gnsi npoBoAa ¢ NOCTOsIHHBIM TOKOM B MarHMTHOM Mnose

ITpumep 1.

PaccmoTpum MarHHTHBIA ITAIO3 BeAnHH, y KOTOpOro B cHCTeMe
CU R = 0.1, marauraas usAyknms xHa topue marumra B = 1.35 n
MATHUTHAs HAIPHKCHHOCTb CHapyKH Topra Maraumra H., = 1.1-
10%.TIpu 6 - 0 moayuaem h,.(R) = 1.05-10° ~ H,, u koHCTaHTHI
a = 0.005, y = 0.00002. ®yuximu h, (1), hy (1), h, (1) moxasansr Ha
puc. 4. [Tockoapky koHCTaHTB MaAbl, dpyakmun (15-17) ynpomarorea u
[IPHHUMAIOT BHA:

H, = h,cos (§), (19)

H, = hy, sin(6), (20)

H, = h, sin(§). (21)
O‘ICBI/IAHO, KOHCTaHTa 6 MOKET 6bITb OHpCACACHa "3 YCAOBI/IH

H,, = h.(R)cos (6). (22)
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7
%10

hr

0 0005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

« 108
10 10] . . . . . . . .

hf
3

0 0.005 001 0.015 002 0.025 0.03 0035 0.04 0.045 0.05

20

215

10 . . . . . . . .
0 0.005 0.01 0015 0.02 0025 0.03 0.035 0.04 0.045 0.05

Fig. 4 (Hvaku.m)

OdYeBHAHO, TOYHO TAKKE MOKHO CO3AATH «IACKTPHICCKHUI ITTAFO3)»
13 3AEKTPETOB. ECAM COBMECTUTh MATHUTHBIN 1 9ACKTPHYICCKUI ITTAFO3HI,
TO B IIOAOCTHA TAKOI'O COBMEIIEHHOIO IIAFO32 BO3HUKHET IIOCTOAHHOE
3AEKTPOMATHUTHOE IIOAE. B TaKOM 9AEKTPOMATHUTHOM ITOAE€ BO3HHKHET
IIOTOK JAEKTPOMATHUTHON SHEPIHH, KOTOPBIII OYAET BpaIIaThcs IIO
OKPY/KHOCTH. TakuM o0OpasoM MOXKET OBITb IIOCTPOCH ABHUIATEAD
IIOCTOSIHHOT'O TOKA.

B Takom ABurareAe mcroAb3yerTcs MarHUTHAsA SHEPTUA MATHUTOB 1
SACKTpHUYECKAA dHeprua sAekTperoB. llocrosHmas pabora Takoro
ABHTATEAs OYACT O3HAYATH, YTO MATHHUTBI M SACKTPETHI IIOAITHTHIBAIOTCA
SHEPTUEH OKPYKAIOIIEH CPEABI — TEIAOBOM JHEPIHUEH BO3AYXa — CM.
raasy 7b.

OueBUAHO, BMECTO MATHITOB MOKHO HCIIOAB30BATD
9ACKTPOMATHHUTBI, 4 BMECTO JACKTPETOB HCTOYHHK HAIPAKCHHA,
BKATOYEHHBI MEKAY IIEHTPOM M BHEITHEH OKPYKHOCTBIO ITIAIO3a. [lpnm
TOM IIOAYYAa€TCA OYEHb IIPOCTOH OECKOAAEKTOPHBIH ABHIATEADB
IIOCTOSHHOTIO TOKA.

5d-13



naBa 5f. YpaBHeHusi MakcBenna Ans npoeoga NOCTOSIHHOIO TOKa B AeKapTOBbIX KoopAMHaTax

I'aaBa 5f. Pemenne ypasuenuin MakcBeaAa
AAf TIDOBOAQ IIOCTOAHHOTO TOKA B
AEKaPTOBBIX KOOPAMHATAX

el

OraAaBAaeHune
Bseaenne
Perrenue ypasuenuii MakcBeaAa
ITotokn smeprum
Apyrue perrreHus.

HpHAO)KCHI/IC 1

1. BBeaeHue
B raase 5 paccmatpuBasock perenne ypaBHeHHI MakcBeAra AAA
IIPOBOAA IIOCTOSIHHOTO TOKA B IIMAMHAPUYCCKIX KOOPAHHATAX. SACCh MBI
PACCMOTPUM 9TO PEIIEHHE B ACKAPTOBBIX KOOPAMHATAX. B obrem Brae
5TH YPaBHEHHA UMEIOT BHA (CM. TAABY 5):

rot(J) =0,
rot(H) — ] =0,
div(J) = 0,
div(H) = 0.

2. Pemmienne ypaBaeHuii MakcBeaaa
Vpasuenns (1-4) B 00Aee MOAPOOHOI! 3aIICH UMEFOT BHA!

9z _ %y _
oy 0z !
9)x _9Jz _
0z ax !
Oy _0lx _
ox oy !
dH, 6Hy
T2 =0,
ay
0H, 6HZ _
5 9z dx Jy =0,
H, 0H
Y _ _x —_ —
ax .]Z 0
0Jx a]y _
dx + dy + az =0,

)
)
©)
*

®)
©)
)
8)
©)
(10)
(1)
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"naBa 5f. YpaBHeHusi MakcBenna ansi npoBoAa NOCTOSIHHOIO TOKa B AEKAPTOBbIX KOOpAMHATax

dH, 0Hy, 9H,
E a_yy + E = 0. (12)
Pacemorpum caeayrorme pyHKnn (IpearokeHHBIE B [45]):

Jx(x,¥,2) = jycos(ax)sin(By)sin(yz), (13)
Jy(x,y,2) = j,sin(ax)cos(By)sin(yz), (14)
J2(x,y,2) = j,sin(ax)sin(By)cos(yz), (15)
H,(x,y,z) = hysin(ax)cos(By)cos(yz), (16)
Hy,(x,y,z) = hycos(ax)sin(By)cos(yz), (17)
H,(x,y,z) = hycos(ax)cos(By)sin(yz), (18)

TAC Jx» Jys Jz» s Py, hy - Iepevensnie, @, B, A - KOHCTAHTEL

B  mpumaoxennm 1 paccmarpuBaerca  pEIIEHHE  CHCTEMBI
aupdepennmaspueix ypasuenunii (5-12) B Buae dynknumii (13-18). Tam
[IOKA3aHO, YTO IPU M3BECTHBIX (&, [, A, AQHHOH 3ACKTPHICCKON
HAILIPKEHHOCTU Jy, 4 TAKKE AFOOONM MArHUTHON HAIPSUKEHHOCTH M,
MOIyT OBITh HAHACHBI OCTAABHBIC IAPAMETPEl IIO  CACAYEOLIHM
ypaBHEHUAM:

a’+p%+y2=0 (19)

. . B

]y:]x;t (20)

Jz = Jx % 1)
_ _x, B

hy, = ' 4=, 22)
_Jy | hza

hx_y+ =, (23)

Takum 06pa3oM, pereHne MOKET ObITh HalACHO 11pu ycaoBuu (19)
U AFOOBIX 3HAYEHHSAX Jy, N,. Bmecro dynxumm j, moxer Obth 3apanHa
Ar0Gas u3  DyHKIHE  Jy, jz, Ay, Ky, TOCKOABKY Bce oTH  yHKIMH
B3aMMO32BHCHMBI.

3. IToToku sHeprumn
armurem (2.13-2.18) B Buae:

Jx(x, Y z) = Jx x> 1
Ly, 2) = jyaqy, @
J2(%,y,2) = j.qq, 3
H,(x, Bz z) = h,Qqy, 4)
Hy(xl V Z) = hy@> (5)
H,(x,y,7z) = h,q;, ©)

TAC

5f -2



naBa 5f. YpaBHeHusi MakcBenna Ans npoeoga NOCTOSIHHOIO TOKa B AeKapTOBbIX KoopAMHaTax

qx=cos(ax)sin(By) - sh(yz), ()

qy=sin(ax)cos(By) - sh(yz), (8)

q,=sin(ax)sin(By) - ch(yz), ©)
gx=sin(ax)cos(By) - ch(yz), (10)
qy=cos(ax)sin(By) - ch(yz), (11)
gz=cos(ax)cos (By) - sh(yz), (12)

3amernm, 4TO

Ixy = qxqy= % cos®(ax)sin*(By)sh(2yz). (13)
Qyx = QyQx= % sin?(ax)cos?(By)sh(2yz). (14)
Azy = 4.0y = % sin(2ax)sin?(By)ch?(yz). (15)
Qzx = 4,z =1 sin? (@x)sin(2By)ch? (vz). (16)
Gxz = 4xT5 = cos? (ax)sin(2y)sh? (vz). (7
Qyz = qu=%sin(ZaX)cosz(ﬁy)shz(VZ)- (18)

[TAOTHOCTH IIOTOKOB SHEPIUU ITO KOOPAUHATAM OIIPEACASFOTCA IO
dopmyae (kax B raase 5)

Sx ]sz _]zHy
S=pUXH)=plS3"=p JzHyx —JxH, 19
Sz ]xHy _]ny
nAm, ¢ yaetoM dpopmya (7-12, 13-18),
Sy = p(jyhzqyz _jzhyQZy), (20)
Sy = p(izthZx _jthsz): (21)
Sz = p(jxhyqu _jyhXny) : 22

4. Apyrue penieHus.
B Borpasennsax (2.13-2.18) rpuronomerpuyeckue (QyHKIIIHI

cos(ax), sin(ax), cos(By), sin(By), cos(yz), sin(yz)

MOXKHO 3aMCHHTDH HaA FI/IHCP6OAI/I‘{CCKHC prHKI_[I/II/I

ch(ax), sh(ax), ch(By), sh(By), ch(yz), sh(yz)

cootsercTBeHHO. [ Ipn aTrom coornomenns (19-23) ne namenarca. Moxuo
TAaK/Ke€ BBIITIOAHHTE TAKYIO 3AMEHY TOABKO AAA (DYHKIIHI OT X, TOABKO AAfA

cpyHKquI OT J MAHM TOABKO AAf (pyHKI_[I/Iﬁ or Z. Hampumep, perrenne
MOKET UMETh BUA!

Jx(x,y,2) = jycos(ax)sin(By) - sh(yz), M
Jy(x,y,2) = jysin(ax)cos(By) - sh(yz), 2)
J:(x,y,2) = jp-sin(ax)sin(By) - ch(yz), 3)
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H,(x,y,z) = hy-sin(ax)cos(By) - ch(yz), @
H,(x,y,z) = hy, - cos(ax)sin(fy) - ch(yz), (5)
H,(x,y,7) = h, - cos(ax)cos(By) - sh(yz), ©)

B Berpaxenusx (2.13-2.18) tpuronomerpudeckue pyHKInu Sin u
runepboamaeckue dpyukunn Sh moxno samennts Ha dynkuun cos u ch
cootBercTBeHHO. Harpumep, takas 3amena repesoauts pyuknnn (2.13-
2.18) B dyHKITHI BHAQ

Jx(x,y,2) = jysin(ax)cos(By)cos(yz), )
Jy(x,y,2) = jycos(ax)sin(By)cos(yz), (8)
J.(x,y,2) = j,cos(ax)cos(By)sin(yz), ©)
H,(x,y,z) = hycos(ax)sin(By)sin(yz), (10)
H,(x,y,2) = hysin(ax)cos(By)sin(yz), (11)
H,(x,y,z) = h,sin(ax)sin(By)cos(yz). (12)

Kakoe permrenne peaamnsyercsa dusmaeckur Bua perrenus saBucut
OT TOrO, KAaKOB BHA BHEIIHEHW yHkium, T1.e. (QyHKINH, KOTOpasd
CO3AA€TCA BHEIITHUM HCTOYHUKOM 3Hepruu. Takoil BHerrHel (pyHKITHeH
MOKeT OBITh, HaurpumMep, pyrkrmd (1).

Kpaiine MaA0 BEpOATHO, ITO pearbHAsA BHEITHAA (DYHKIIHA UMEET B
tognoctH BUA (1). Ho Arobas BHemHAsS DyHKIIHA MOMKET OBITh PA3AOKEHA
B psA yuknnit Buaa (1) ¢ pasananemm Habopom koucranT &, f8, A, a
TAKKE €  PAa3AMYHBIM  HaOOPOM  TPHIOHOMETPHYECKHAX M \HAHU
IUIIEPOOANYIECKUX (PYHKITHIL.

Paccmorpum erme npubamxenssie perrenus. [Iycts B Bopakenun
(19) mapameTpbl yAOBAETBOPAIOT YCAOBHIO

a1l K1, 1=1 (13)
Toraa dpysxnmu (7-12) mpumyT BHA:

Jx(x,y,2) = jx(ax)(1 = By)(1 —yz), (14)
Jy(x,y,2) = jy(ax)(By)(1 = yz), (15)
J2(%,y,2) = J,(1 — ax)(1 = By)(v2), (16)
Hy(x,y,2) = hy(1 — ax)(By)(v2), (17)
Hy(xf 4 Z) = hy(ax)(l - .B}’)(YZ), (18)
H,(x,y,2) = hy(ax)(By)(1 —yz). (19)

ITpuaorxenue 1.
PaccmarpuBaerca pertenne ypasHenuit (2.5-2.12) B Buae dyHKunit
(2.13-2.18). Auddepennupysa (2.13-2.18) u moacraBafid IOAyIEHHOE B

(1.5-1.12) mocae cokparreHus Ha OOIINE MHOKHTEAH, IIOAYIaCM:
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naBa 5f. YpaBHeHusi MakcBenna Ans npoeoga NOCTOSIHHOIO TOKa B AeKapTOBbIX KoopAMHaTax

h.p — hyy —Jx=0, O
hyy —h,a —j, =0, @
hya —hyB—j, =0, 3
JzB _ij =0, 4
Jx¥ —jza =0, ©)
Jya —=JjxB =0, ©)
Jx& +jyﬁ +j.y =0, (7
hxa + hyB + h,y = 0. 8)

CHauaaa paccmMoTpuM rpymary 4-X ypaBHeHHI (4-7) OTHOCHTEABHO

3-X HEHW3BECTHBIX J. DTH YETBIPE YPaBHEHUSA IIEPEOIPEACAcHBL Tem He
MeHee perierne cymiectsyeT. Ilokaxem ato. V3 (6) mmeem:

. . B

Jy = Jx P ©)
W3 (7, 9) mHaxoaum:
£)2
D)i a0

Jjz = _(jxa +jyﬁ) = —Jx (CZ + Y

W3 (5) maxoamm:

. .y

jo = (11)
W3 (4, 9) maxoamm:

. S
Jz = Jy g =Jxy
uto conaaaer ¢ (11). M3 (10, 11) maxoanm:

aly «a
AN
y =i (a? + B?). (11a)
AN
a’?+p2+y2=0 (11b)

. . (a?+B?) . 0

o =~ @D = @D - ()
[ToacraBassa (9, 11a, 12) B (7), Mmo:xHO yBHAETD, uTO (7) IIpeBpaIacTca B
TOKAECTBO:

. . B .1
Jx@ + Ji = B—jr =/ (a? + B2/ (a? + B?) = 0.
Ocrasrmasca cucrema 4-x ypasuennit (1-3, 8) oTHOCHTEABHO Tpex

Heu3BeCTHBIX N pernaercs npu usBectHsx J. [Toacrasass (9-12) B (1-3,
8), moAygaem:

h,B — hyy —Jjx =0, (13)
hyy — h,a —j, =0, (14
hya = hyff — J, = O, (15
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hya + hyp + h,y = 0. (152)
[1pwu stom m3 (9, 13, 14) maxoamm:
= _Jx NP
hy=—3+3- (16)
=y ha2
hy, = » + - (17)
[ToacTasass (16, 17) B (15a), Haxoanm:
Iy 4 hea _Jx 4 hB _
a(Z+2) + p(— 2+ ) +hy = 0, (18)
AT
ajy = Bj, + h(a* + B> +y?) =0. (19)
W3 (19, 118) maxoamm:
ajy —BJj, = 0. (20)

gyro coBmaaaer ¢ (9). Caeaosareapno, ypasuenme (152) Bceraa
seimtoAHAeTcA. [Toacrasads (16, 17) B (15), maxoamm:

ey M\ (g b\ _ . _

af y+y) ,8(]/+y) j, =0, 1)
AN

— 0y — ﬁfy —Jjz¥ =0. (22)
[Toacrasass (9, 11) B (22), Haxoaum:

—aj— i -y L=0. 22)
AN

Jjx(@® + % +y?) = 0. (23)

CaeaoBateabHO, ypaBHeHue (15) Takke BCerAa BHIIIOAHACTCH.

Takum obpasom, ypaBHeHusa (1-8) BBITOAHAIOTCA IIPH  AFOOBIX
3HAYCHUSAX BEAMYUHBI N, 2 OCTAABHBIC 5 IIEPEMEHHBIX CBS3AHBI 4-Msi
ypasuenuamu (9, 11, 16, 17).

Takum 00pasoM, IpU H3BECTHBIX &, [3,), YAOBAETBOPSIOIIHX
coorrorrenuto (118), u AaHHBIX Ji, R, MOryT GBITH HAMACHBI OCTAABHBIC
HCHU3BECTHDIE TIEDEMEHHBIC i, J7, iy, Ny
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[maBa 5h. PeweHune ansa BpallatoLlerocs doeppoMarHMTHOro nposoaa

I'AaBa 5h. Perrrenne ypaBHeHnit
MaxkcBeAaAa AAS BPAITIAFOIIIETOCS
dheppoMarHITHOTO TPOBOAA

OraaBacHHe
1. Beaerme \ 1
2. Ddpdexr bapuerra \ 2
3. D dexr Actaena \ 2
4. Tpuaoxenne 1 \ 3

1. BeeaeHnue

DiixeHBaABA B [806] paccMaTpuBaeT BPAINAIOIIHUIICA 3APAXKEHHBIN
AHCK, BO3OYIKAAIOIINI MATHHUTHOE IIOAC. DHUXCHBAAbA HA3BIBACT ITU
BPAIIAFOIIHECA 3aPAABI  KOHBEKIIMOHHBIM TOKOM. Ero skcrepumeHT
HAXOAHUTCH B PAAY KAACCHYECKUX T HEOCIOPHUMBIX 9KCIIEPHMEHTOB. B
[153] paccmarpuBaercss BOIPOC O CYINECTBOBAHHH MAarHHTHOTO IIOAS
BPAITAFOIIETOC HE3APAKEHHOI0 TeAa. B cymnHocTn, nmofasaenue takoro
apdexTa  CAGAyET  OKHMAATH  M3-32  CYIIECTBOBAHHMA  CBOOOAHBIX
9AEKTPOHOB, HE CBA3AHHBEIX KECTKO C AAPOM atoma. ABTOpH B [153]
VKa3bIBAIOT, UTO «IIPOCTBIC OLIEHKH IIPEACKA3BIBAIOT ~AHOMAABHO
OOABIIIOE 3HAYECHUE MHAYKIINI MATHHTHOTO ITOAf, CO3AABAEMOIO TEAOM,
CKOPOCTb KOTOPOIO OTHOCHUTEABHO AADOPATOPHOI CHCTEMBI AAACKA OT
PEAATHBHCTCKOM. . . [Tostomy AKTYAABHBIM CTAHOBHTCSA
aKCIIEpUMEHTaABHOE ODHapyxeHue adpdexrar Aaree aBTOPBI HAXOAAT
OIICHKH HMHAYKIIMM 3TOIO MAIHUTHOrO IHOAA. [IpuBoadrcs Takke
YUCACHHBIEC OIICHKH, H3 KOTOprX CACAYCT, 9TO Mar”HHUTHAA I/IHAYKL[I/IH
MOJKET AOCTHUTATh HECKOABKHX MT. DTa OIleHKa, BUAUMO, MOYKET OBITH
YBCAMYCHA B ACCATKH Pa3 B TOM CAydYae, CCAM MATECPHAA TEAA ABAACTCA
MarHUTOMATKUM. OAHHM CAOBOM, OLIEHKH ITOKA3BIBAIOT, YTO YKA3AHHBII
ap ekt MOKET OBITH OOHAPYIKEH IKCIIEPUMEHTAABHO.

2. Od ekt baprerra

Ham mpeacraBasiercs, 9TO 9TO YK€ AABHO IIPOU3OIIAO: M3BECTCH
sacbdexr baprerra [154] - mamarungmBanue (PeppPOMATHETUKOB IIPU UX
BpPaIllECHUX B OTCYICTBHE MATHHTHOrO 1oAf. B cymecrsyrommem
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[maBa 5h. PeweHne ansa BpallatoLlerocs doeppoMarHMTHOro nposoaa

OOBSCHEHUHN IIPEAIIOAATACTCS, YTO HAMATHUYHBAHHUE CO3AACTCH H3-32
TOTO, YTO BPAIIAFOIIHECS AOMEHBI IIPOSBASIOT CBOMCTBA I'MPOCKOIIOB.
Ho AAs aTOro HEOOXOAMMO, BO-IIEPBBHIX, YTOOBI AOMCHEI BPAILAAUCH
BOKPYT COOCTBEHHOII OCH, 2 HE BOKPYT OOIIEH OcH. A, BO-BTOPEIX, H 3TO
- IAQBHOE, TAKOM CITOCOO HAMATHHYHMBAHHUA HE HADAFOAAETCA KAK AHOO
erne.

3. O dexr AcipaeHa

Cymectsyer eme oAuH 3(deKr, AAf KOTOPOIO OTCYTCTBYET
OOIIEIPUHATOE OOBACHEHNE, HO KOTOPBIH MOXKET OBITb OOBACHEH
CYIIIECTBOBAHMEM MATHHUTHOIO ITOAf BPAIIAFOIIETOCH HE3APAXKEHHOIO
teaa. Vimeerca B Buay apdexr Acmaena [155, 164] On 3akarogaercs B
CACAYIOIIICM.
Porop  saAexkrpudeckoil  MAIIMHBL  PACKPYYHBACTCA  AO
OIIPEAGACHHOM CKOpOCTH BparieHus (B AXOOOM  HaIpPaBACHHUH),
BpPAIIACTCA IIPH 3TOH CKOPOCTH HECKOABKO MHHYT, 4 3aTE€M PE3KO
ocraHaBAmBaerca. Ilpm sToM m3MmepsieTcs SHEPrHsA, 3aTPAdCHHAS AASA
pasroHa. DTOT OIIBIT HOBTOPAETCA B ABYX YCAOBHUAX:
1. porop packpyduBaercsi ITOCAE€ AOATOIO COCTOSIHHA IIOKOA AO
HEKOTOPOI CKOPOCTH, 2 32aTEM PE3KO OCTAHABANBACTCH,

2. pOTOp PaCKpy<YMBAETCA M OCTAHABAHBACTCA KaK B CAydace 1, HO
dYepe3 MaABIH HHTEPBAA BPEMEHH BHOBb PACKPYUHBAETCA AO
TOH 7K€ CKOPOCTH.

Brrao 0OHapykeHO, YTO BO BTOPOM CAyYae IIOTPEOOBAAOCH B
ACCATH Pa3 MCHBIIC SHEPTHH, YTOOBI PACKPYTUTH POTOP AO TOH Ke
CKOPOCTH, €CAH OH CHOBA IIPUBOAUACSH BO BPAITIEHUE MEHBIIIE, YEM Yepe3
60 cexyHA. DT1OT (hakT TpeOOBaA OODBACHEHUA. ACIIACH AAA OOBACHEHU
9TOTO (PaKTa ACKAAPHUPYET CYIIECTBOBAHNE «BUPTVAABHOW HHEPIIAN».
Hmxe mokaseBaerca, 910 910T 9eKT MOMKET OBITh OOBACHEH
CYIIIECTBOBAHHEM MATHUTHOIO ITOAA BPAITAFOIIErOCH HE3aPAKEHHOIO
TeAQ.

13 BBIIIEM3AOKEHHOTO CACAYET, UTO BPAIIAFOIIHUICA POTOP
MOKHO PaCcCMATPHUBATh KaK BPAIIAOINCEC HE3APHKEHHOE TEAO, B
KOTOPOM OAAroAaps BPAILEHUIO 110 OKPYKHOCTAM IIUPKYAHPYIOT TOKH.
EcrectBeHHO = IPEATIOAOMKHTB,  YTO  AMIAHTYABI ~ 9THX  TOKOB
IPUOAUBATEABHO IIPOIIOPIIMOHAABHEL PAANYCY OKpy:kHOCTH. Ha ocHOBe
9TOTO IIPEAIIOAOKEHUS B IIPHAOKCHHH | IIOKa3aHO, YTO B POTOpPE
CYILIECTBYET SAEKTPOMATHHTHOE ITOAE CO CACAYIOIIIUMI KOMITOHEHTAMU:

® TOKM M MATHUTHBIC HAIIPAKEHHOCTH, HAIIPABACHHBIC BAOAD
PAAHYCOB, IO OKPY/KHOCTH 1 BAOAB OCH,

5h-2



[maBa 5h. PeweHune ansa BpallatoLlerocs doeppoMarHMTHOro nposoaa

® [IOCTOAHHBIE ITOTOKH 3ACKTPOMATHHUTHOM 3HEPIHH BAOAD
PAAHYCOB, IIO OKPYKHOCTU U BAOAB OCH, ABIKYIIIHECA CO
CKOPOCTBIO, 3HAYUTEABHO MEHBITIECH CKOPOCTH CBETA,

® MOMEHT UMIIYABCA OTHOCHTEABHO OCH BpAIllCHHS,

® SACKTPOMATrHUTHAA SHEPIUA.

ITorokm  sHEprmM  YHOCAT  3AEKTPOMATHHTHYIO  3HEPIHIO,
IpeBpaIas ee B TEIAOBYIO 3Hepruro. Ho mpu Bparmenun poropa ero
SAEKTPOMATHUTHAA SHEPIUA IIOCTOAHHO BOCIIOAHAETCA U BCE YKA3aHHBIE
KOMITIOHEHTBI ~ JAEKTPOMATHUTHOIO  IIOAS ~ POTOpa  IOCTOAHHO
HPHUCYTCTBYIOT.

ITpn ocranoBKE pOTOpA BCE YKA3aHHBIE KOMIIOHEHTHI ITOCTEIIEHHO
HICYE32F0T M3-32 TEITAOBOTO PACCESHHA ITPU IIPOTEKAHNU TOKOB. Baxmo
OTMETUTB, YTO CKOPOCTH _ PACHPOCTPAHEHHA ITOTOKOB  9HEPIHH
CVIIIECTBEHHO __ MeHbIIle  ckopocty  csera.  Ilostomy — mpormecc

HMCYE3HOBEHMSA 3TUX KOMIIOHEHT HE 3aKAHYUBACTCSA MTHOBEHHO.

B mamrem cAydae Ba)KHO TO, YTO HEKOTOPOE BPEMSA COXPAHACTCA
MOMEHT HMIIYABCA POTOPA OTHOCHTEABHO OcH Bparrerus. VIMEHHO 3Tim
u oOpAcHAeTcA 3P deKT AcIacHA.

MOKHO 3aMETHTh, YTO YKA3AHHBIC 9KCIEPUMEHTHI HMCIOT MHOTIO
obrrero ¢ ApurareAeM Muabpost — cm. raaBy 5a. Bo Bcex aTHX cAygasx Bo
BPAITAFOITIIEMCA TEAC BO3SHHKAECT KOHBEKITHOHHBIM TOK M BBI3BAHHBIN KM
Bpararonuii MomenT. B ABurareae MuABPOA 9TOT MOMEHT ABASETCA
OCHOBHBIM, a4 B BBIIIIC PACCMOTPEHHBEIX CAYYAfX — AOIOAHHUTCABHBIM.
[ToApobHee 9TOT BOIIPOC paCCMOTPEH B IPHUAOKEHNN 1.

ITpuaorkenune 1

B raasax 5 n 5a paccmarpuBaercs perrenne ypasHeHuit MakcpeAaaa
AAfl TIPOBOAQ C TIOCTOSIHHBIM TOKOM. T'aM MarHHUTHBIC HAIIPS/KEHHOCTH H
IIAOTHOCTH TOKOB B IIPOBOAE IIOABAAIOTCA IIOTOMY, YTO IIO IIPOBOAY
IIPOTEKAET IIPOAOABHBIN IIOCTOAHHBIM TOK. B BbIIIE paccMoOTpeHHBIX
CAyYafX MAarHUTHBIE HAIPMSKEHHOCTH W IIAOTHOCTH TOKOB  BO
BPAIIAIOIIEMCH TEAE HOABAAIOTCA IIOTOMY, UTO IIO IIPOBOAY IIPOTEKAET
KPYIOBOU KOHBEKITMOHHBIN ITOCTOAHHBIN TOK.

Aaaee U3 TAABBI 5 CAEAYET, YTO 9TH MATHUTHBIC HAIIPAKEHHOCTH I
ITAOTHOCTH TOKOB OIIPEAEAAIOT ITOTOKH 3ACKTPOMATHHUTHOM SHEPTHHU B
IIPOBOAE, 4 B HAIIIEM CAydae — BO Bparmaroremcsa porope. Mraxk, B aTom
pPOTOpE CYILECTBYIOT IIOTOKH dACKTPOMATHUTHON SHEPIHH

Sy =p [, [S;]dr = const, (5.3.42)
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Sy = pf(p dr = const, (5.3.43)
S;=p/, dr = const, (5.3.44)

TAE P - YACAPHOC COIIPOTHUBACHHUC MaTCpHaAa POTOPA, a4 IIAOTHOCTH 3THUX

= Uphz = Jzhy), (5.3.39)
= Uzhr = jrhs), (5.3.40)
= (jrhg = Jphs)- (5.3.41)

Takum 00pa3oM, B POTOPE CYIIECTBYIOT IIOCTOAHHBEIE IIOTOKH

IIOTOKOB

5AEKTPOMATHUTHOM 3HEPTHH BAOAL PAAHUYCOB, IO OKPYKHOCTH M BAOAD

OCH.
HAOTHOCTHM TOKOB COOTBCTCTBYIOT 3A€KTquCCKHC
HaHpH)KeHHOCTI/I
e(r) = p(r)-jr). (1)
DAEKTPOMATHUTHAS SHEPTUS B POTOPE OIPEACAAETCs 110 hOpMyAe
W =L [ w(r)dr, @)
TAC IIAOTHOCTD MarHHTHOﬁ SHeprI/II/I
— (P24 b2 4 B2 24 .2 4 2
w(r) = u(hZ + h + hZ) + e(e? + e2 + e?), 3)

U — aOCOAIOTHAS MATHUTHAA IIPOHHIIAEMOCTb MaTepHaAd POTOpa, & —
aDCOAIOTHAA DACKTPUYECKAs IIPOHUIIAEMOCTh MaTepHasa portopa, L -
AAHIHA POTOPA.

B raase 13 moxa3aHO, YTO TOTOK 3AEKTPOMATHHTHOW 3HEPTHHU
PACIIPOCTPAHACTCA CO CKOPOCTHIO
v=w/s. @
B porope mpucyTcTByrOT IHOTOKH 3A€KTPOMATHHTHON SHEPIUU, KOTOPHIE
PACIIPOCTPAHAIOTCHA CO CKOPOCTAMU

v, = W/, vy =W/|Se|, vz = W/. ©)

Baxno ormernts, 9TO 9TH CKOPOCTH CYIIIECTBEHHO MEHBIIIE CKOPOCTH
CBETA.
B raase 13 mokazaHO Takke, YTO MAOTHOCTh 3AEKTPOMATHHUTHOTO

I/IMHYAI)CEl p MOXHO OHPCACAI/ITI) t'ICPCS IIAOTHOCTDH SACKTPOMZFHI/ITHOfI
3HEprMu W U HAOTHOCTb IIOTOKA 3AEKTPOMATHUTHOH 3HEPTrUd S IIO
dopmyae
p =w?/s, (©)
B pOTOpC HpI/ICyTCTByIOT SACKTp OMATrHUTHBIC I/IMHYAI)CBI 5
HaHpaBACHHI)IC TAKKC, KaK W ITIOTOKH SACKTPOMB.FHI/ITHOfI 3Hepr1/11/1 —
BAOADB paAI/IyCOB, I10 Opr’}KHOCTI/I 1 BAOABb OCH:
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pr =w2/[S;], pp = W?/|Sy], P2 = w?/[S,] 0

ITAOTHOCTH 9AEKTPOMATHHUTHOIO HMIIYABCA, ACHCTBYIOIIETO Ha

OKPYKHOCTH PaAHAyCa T, COOTBETCTBYET HAOTHOCTb MOMEHTA HMMITYAbCA
OTHOCHTEABHO OCH POTOPA

m(r) =1 -p,(r). ®)
MoOMEHT 3ACKTPOMArHUTHOIO UMITyABCA, ACHCTBYIOIIIETO Ha BECh POTOP,
M=1L[ m(r)dr. )
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maBa 6. ManyyeHune 1 nepegadva 3Heprum no 0OgHOMy NpoBoay

I'AaBa 6. M3AayueHue u nmepeaada
SHEPTUHU 10 OAHOMY IIPOBOAY

OraaBaeHne
1. sayuenne mposoaa \ 1
2. OAHOIIPOBOAHAS IIEPEAAYA FHEPTHH \ 3
3. Obcy®ACHIE 9KCIIEPUMEHTOB \ 6

1. M3ayuenue mpoBoaa

Paccmorpum  cHOBa  (Kak B TAaBe 2) HH3KOOMHBIH IIPOBOA
repemMeHHOro Toka. HecMoTps Ha oTCyTCTBHE TEIIAOBBIX IIOTEPH, B HEM
ecTh IoTepH Ha m3Aydenwue. Vzaydaer OOKOBasd IIOBEPXHOCTD IIPOBOAA.
Bexrop mAOTHOCTH ITOTOKA SHEPIUM U3AYYCHHA HAIIPABACH IIO PAAHYCY
IIPOBOAA U IMeeT BeAndnHy S, - cM. (2.4.4-2.4.6) B raase 2. Mrak,

S, =n|[[s, -si*Jar - do, 1)
TAC ”p
S, = (ewhZ —ezhw) )

HAH, C y9eTOM (DOPMYA, IPUBEACHHBIX B TaOA. 1 rAaBeI 2,
2A? E o
e, (RN, (R) = -2 [Fei(R)=-2A2R [ZRes
H o H

rae R — paamyc nposoaa. ByACM yauTeBATH ere popmyay (cm. (32) B
pruAoKeHUUN 1 raaBer 2)

7=t e z=sign(z)-§@ e sign(r) =21 @

Orcroaa moAygaem:

= sign(y)- 22 @2 g, ©
aC
W3z (1, 5) moaygaem:

_ 2 2
—-sign(z)- 22 22 Reey st —-sign(y)- 2 PE R g
@
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Vuanresad eme (1.4.2), OKOHIATEABHO ITOAYYaEM:

A’we

S, =—sign(y)- R*™. ©)

OuYeBHAHO, 3Ta BEAWYMHA AOAKHA OBITh ITOAOMKHTEABHOM,

IIOCKOABKY H3AYYCHHE CVIIIECTBYCT. Kcratu TOBOpA, 9TOT (paKT CAVKHAT

OIIPOBEPIKEHUEM M3BECTHOW TEOPUM O TOM, YTO IIOTOK DHEPIHH
PACIIPOCTPaHACTCA BHE IIPOBOAA M BXOAUT B IIPOBOA HM3-BHE.

[Tockoapky  BeAmumHa  (6) IIOAOKHUTEABHA, TO  AOANKHO
BBIITOAHATBCSH YCAOBHE

—sign(y)-sign(a) =1, @
T.e. 3HAKH BEAWYHH J, ‘(! _AOAKHBI OBITh IPOTHBOIIOAOKHBI. B cBA3m ¢

9THUM B AAABHEHIIIEM OYAEM ITOAB30BATHCA (popMonﬁ BHAA

2
=~ Awe
S, =

2ol
Dra HOpMyAad OIPEACAAET BEAHYMHY IIOTOKA SHEPIHH, H3AYIAEMON

IIPOBOAOM €AMHIYHOI AAHHBL. CoroctaBum 31y POpMyAy ¢ POPMyAOH
(2.4.15) IAOTHOCTH ITOTOKA SHEPTHH BAOAB IIPOBOAA!

—  Ace/ull-cos(dar)) ,,.
- R, ©)
8ra(2a —1)

CAEAOBATEABHO,
‘= g 3 4720 —1)6()@
S, c-(1-cos(4ar))

Takum 0Opa3som, IPOBOA M3AVIAET YACTH IIPOAOABHOTO ITOTOKA d9HEPIUH,
paBHYIO

R+ ®)

w

. (10)

S, =(-S,. (11)

[lycte B Havase IPOBOAA IIOTOK 9HEPrUHM paBeH S, . IloTok

SHEPIUHU, KOTOPBIA H3AYYACT IPOBOA Ha AAuHE L, MOkeT ObITh HafACH
IIO CACAYIOIIEH popmyAae:

c _ o L

SrL = Szo(l_é,) : (12)
HPI/I 5TOM OCTABIIIMHICSA B HPOBOAC IIOTOK QHCPI‘I/II/I

e _ ¢ o _ o L

SzL = Szo - SrL = Szo (1_(1_ é,) ) (13)
Or1croaa MOXKHO HAWTH AAMHY IIPOBOAQ, HA KOTOPOI COXPAHHUACH IIOTOK

Su =8-S, (14)

Dra AATHA OHPCACA}IGTCH "3 Bblpa)KCHI/IH

p=l-a-¢)),
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T.C.
L=In(l-8)/In(l-¢). (15)
IMpumep 1. [pn @ =1.2, ¢=1, p=1 nveem: { ~10w/C. Ecan

®=3-10°. Toraa ¢ ~3-10-10°/3-10° =10"°. Aamma mnpososa, B
KOHIIE KOTOPOro coxpanuAca 1% mepBoHavYaABHOTO IIOTOKA,

L =In(1-0.01)/In(1-¢)~ 9950 c.

2. OaHOIPOBOAHAA TIEPEAAYA IHEPTUU

CymrectByeT pfiA  OSKCIEPUMEHTOB, KOTOpBIE, 0€3 COMHEHM,
ACMOHCTPHUPYIOT IIEPEAAYUY SHEPTUU IIO OAHOMY IIPOBOAY.

1. B [29] amaamsupyerca IEpPEAAroIas aHTCHHA «AAMHHBIIT
IIPOBOAY, KOTOpas HCIIOAB3YETCH B PAAHOAIOOUTEABCKON
KOPOTKOBOAHOBOHI ~ CBA3H. ABTOp OTMEYACT, 3Ta aHTCHHA HMECT
"yoosaemeopumensyio Kpye08yr duazpammy HanpasAeHHoCHI, a0 BOIMONCHONIE
Yemanasausames c6A3s noumi 80 6cex Hampasaenusx", a B HAIIPABACHHUH OCH
LIPOBOAR " docrmueaenica snauumensiioe yeuaerue, Komopoe Yeeauuusaenica no Mepe
yeeaudenus Oaunsr anmentel... C ysequdenueM AUy anmenivl Hanpasaerie
O0CHOB1020  J1eneciika  OuazpaMMel — Hanpasaenocmy — 6ce  6oavue U Goavule
npubauncaenca K ocu anmerrvr. OOHOBPEMEHHO YBeAUUUBACHICA U UHINEHCUBHOHID
UIYHEHUA 6 HanpasaeHu ocHoérozo aenecma." Y13 Toro dakra, 9T0 ANMHHBIHA
IIPOBOA M3AYYaeT BO BCEX HAIIPABACHHAX, M H3 IIPEABIAVIIIETO Pa3sA€Al
CAEAYET, YTO BAOAB IIPOBOAA PACHPOCTPAHACTCA IOTOK SHEPIUU. DTOT
ITOTOK AOCTHTA€T KOHIIA IIPOBOAQ, TA€ OH IIEPEXOAMT B H3AyYECHHE,
HAIIPABAEHHOE BAOAB OCH IIPOBOAA. BaHO OTMETHTB, 9YTO IIOTOK
SHEPIUH CYIIECTBYET O€3 BHEIIHEIO 3ACKTPHYECKOIO HAIIPMKECHHUA Ha
KOHIIAX IIPOBOAQ.

2. Mseecrem aaBumii skcmepument C.B. Aspamenko 1o
OAHOIIPOBOAHOM IIepeAade 3AEKTPOIHEPIMH — TAK HasblBaeMas BHAKA
Aspamenko. Ona Buepssie ommcana B [30], a satem B [31] — cm. puc. 1.
Coobmasoce [30], 9TO B 9KCIEPUMEHTAABHYIO VCTAHOBKY BXOAHA
MAITIHHBI reHeparop 2 mormHocteio A0 100 xBr, remepupyrormuii
HanpsmxeHue ¢ gacroTor 8 k', moaaBaemoe Ha Tparcdopmatop Tecaa.
OAHMH KOHEIl BTOPHYHOM OOMOTKH OBIA cBOOOAeH. Ko BrOpOMmy KOHITY
OBIAA  IIOACOCAMHEHA COOCTBEHHO “‘BHAKAa ABpameHko’. Bmaxa
ABpPaMEHKO IPEACTABAAAA CODON 3aMKHYTBIH KOHTYP, COACP/KAIIIH ABA
IIOCAEAOBATEABHO COCAMHEHHBIX AMOAA 3 U 4, ¥ KOTOPBIX OOIas TOYKa
IIOACOEAMHAAACH K IPOBOAY 1, M HArpysky, IIapaAA€ABHO KOTOPOW OBIA
BKAIOYEH KOHAeHcaTop 5. Harpysko#l (B mepBoM BapHaHTE) CAYKHAN
HECKOABKO AAMIIOYEK HAKAAUBAHUA — COIIPOTHBAEHUE 6 HAN (BO BTOPOM
BapuaHTe) paspAAHUK 7. [To oT0l pasoMKHyTOH mermn ABPaMEHKO CMOTL
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[naBa 6. Many4yeHne 1 nepegada 3aHeprum no ogHomy nposoay

IIEPEAATH OT TEHEPATOPA K HATPY3KE IAECKTPHUUIECKYIO MOIITHOCTD ITOPAAKA
1300 Br. Daexrpudeckne AaMIIOYKH fAPKO CBETHAHUCH. TOK B IIPOBOAE
HMEA OYEHb MAAYIO BEAUYHHY, a TOHKHH BOAB(PAMOBEIN IIPOBOA B
amama 1 aaxe He rpeacd. VIMEHHO 3TO OOCTOATEABCTBO IIOCAYKHAO
IAABHOM IIPHYNHON TPYAHOCTH OOBACHEHHA PE3YABTATOB SKCIIEPUMEHTA
ABpaMeHKO.

Puc. 1.

DTa KOHCTPYKIIHA AEMOHCTPHPYET, C OAHOIH CTOPOHBI, BECbMa
IIPUBACKATEABHBIN CIIOCOO IIEPEAAYH IAECKTPOIHEPIUH, HO, C APYIOit
CTOPOHBI, - KaKyIIleecss HapYIIIEHNE 3aKOHOB dAeKTpOoTexHuKH. C Tex mop
MHOIME aBTOPBI 9KCIIEPUMEHTHPOBAAM C OJTOM KOHCTPYKIIUEH U
IIPEAAATAAT TEOPHH, OODBACHAFOIINE HAOAIOAAEMBIE (DEHOMEHBI — CM.,
Hanpumep, [32-34]. OaHaxko 1moka He HaWACHA OOINCIIPUHATAA TEOPHAL.
3AECh TaKKe ITOTOK SHEPIUU CYIIECTBYET O€3 BHEIIIHETO ACKTPHUIECKOIO
HAIIPSDKCHMSA HA KOHIIAX IIPOBOAA.

3. B sr1OT K€ mTepedyeHb CAEAYET BKAIOYHTb AAQ3€PHBIM AYY.
OueBHAHO, YTO A23€p ITEPEAAET IOTOK SHEPTUHU B AA3EPHBIA Ayd. DTa
SHEPIUsA MOKET OBITh BECbMa 3HAYUTEABHOH, IIEPEAACTCA IO AA3EPHOMY
Ay4y HPAKTUYECKH O€3 IIOTEPh U IPeoOpasyerca B TEIIAOBYIO SHEPIHIO
HA BBIXOAC U3 AyYa.

4. WMssecrusr oskcrepumentsl Kocmuosa [35], B KOTOpBIX
AEMOHCTPHUPOBAAOCH CBCYCHHC IICPETOPEBINNX AAMIT HAKAAWBAHH.
Ormeganocs, 9to "wawe 6ceco namnst Haxasugarnua nepecopani 8 08yx u Gosee
Mecmax, npudem nepecopana He mO0AbKO  cnUpass, HO U MI0K0N00800521e
nposodnuxu e1ympu samnst. Ilpu smom nocae nepéoco paspviéa yenu samnst
npodoscany Hekomopoe spema ceemums daxce bosee APKo, ueM 00 nepecoparuA.
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maBa 6. ManyyeHune 1 nepegadva 3Heprum no 0OgHOMy NpoBoay

Aamna  csemunace do mex nop, noka we nepecopan 0pyeoli yuacmox  yent.
Brympennan yens 0ol samnsr 6 Hauem Ixcnepumerime nepezopesa 6 uemvipex:
mecmax! Tlpu smom cnupans nepecopesa 6 08yx Mecmax u, Kpome cnupasii,
nepezopean 0ba nodsodsmux saekmpoda éuympu aamnst. Aamna nocacra moavko
nocae  nepeoparus  4emeepmozo  yuacmka yenu — IAeKmpodd, Hda  KOmOPOM
sakpennena cnupass." 3AeCh TaKKe IIOTOK DHEPIUU CYIIECTBYeT Oe3
BHEIITHETO 9ACKTPUYECKOIO HAIPIKCHNA HA KOHIIAX IIPOBOAA. BaskeO
OTMETHUTD €IIIE, 9TO AAMIIA IIOCAE IIEPETOPAHHUA ITOTPEOASET erre OOAbIITe
SHEPIUHU, U 3TOW 3HEPIUH AOCTATOYHO AAfl IIEPETOPAHUA CAEAYVIOIIETO
YYIACTKA CIIIPAAH.

5. VsBecreH sKCIIEpHMEHT 3apfAa KOHAGHCATOpPA dYEpe3 BHUAKY
ABpamenko [66]. B arom okcmepmMmeHTE HCIOAB3YETCA — CXEMA,
IToKka3aHHag Ha puc. 1 cBepxy, HO orTcyrcrByeT pesucrop 6. ABTOp
SKCIIEPUMEHTA OTMEYAET, YTO 3aPAA KOHACHCATOPA OT HYASl Y€PE3 BUAKY
ABpameHKO HAET MeAAeHO (3 BOAbTA 3a 2 9aca), HO ObIcTpee, dem Oe3
3TOM BUAKH (3apfIA O€3 BHAKH — 3TO 3apfA KOHACHCATOPA BMECTE C
EMKOCTBIO MEKAY 3EMAEH M OAHOI 13 OOKAAAOK KOHACHCATOPA).
VBeanuenne AAMHBL 1TOBOAa AO 30M He BAHMAET Ha PE3yAbTAT. DTOT
SKCIIEPUMEHT CBUACTEABCTBYET O TOM, YTO IOCTOSHHBIH TOK 3apAAA HACT
II0 OAHOMY IIPOBOAY.

PaccmarprBas ypaBHEHNA 3AEKTPOMATHUTHOI BOAHBI B IIPOBOAE,
HEBO3MOJKHO BBIABUTH (DU3HYECKYIO IIPUYUHY CYIIECTBOBAHUA BOAHBL:
A¥OOafg KOMIIOHEHTA HAIIPAKEHHOCTH, TOKA M IIAOTHOCTH IIOTOKA
SHEPIMH MOIYT PAacCMATPHUBATHCHA, KAK BHEIIHHE BO3ACHCTBHA, OT
KOTOPBIX 3aBHCAT BCe OCTaAbHBIE. llpmHATO CcYMTaTh, YTO BHEITHUM
BO3ACHCTBHEM ABAACTCA IIPOAOABHASl 9ACKTPHYECKAA HAIPAKEHHOCTbD.
Vkasamnsle BbIIie (PaKTBI CBHACTEABCTBYIOT O TOM, YTO MOIYT OBITH
HMCKAFOUEHHUA — BHEITHHM BO3AEHCTBHEM ABAAETCA ITOTOK 3HEPIHH Ha
BxoAe mposoaa. B [19, 17] moxasano, 49ro IOTOK 3SHEPTHH MOKET
paccMaTpUBATHCA KaK Y€TBEPTAA SIACKTPOMATHUTHAA MHAYKIIHA.

Mrak, BXOAHOM IOTOK HEPIUH PACIPOCTPAHACTCA IO IIPOBOAY U
MOKET (IPAKTUYECKH, O€3 IOTepPh - CM. BBHIIE ILIL 2, 3, 4) AocTHraTh
APYIOro KOHIIa IIPOBOAA. Bwmecre ¢ morokom sHeprum Moxer
pacrpocrpanaTecs Tok. Ho Takas B3anMOCBA3b MOKET M OTCYTCTBOBATBH
(cm. Bprme 1. 2, 3). BaxHO OTMETHTB, UTO BEIXOAHON ITOTOK 9HEPIHUH
MOKET OBITh 3HAYUTECABHBIM H HCIIOAB30BAThCA B Harpyske. OrcyrcrBue
B3aMMOCBA3H MEKAY IIOTOKOM SHEPIMH H TOKOM YiKE OOCYKAAAOCH U
0OOCHOBBIBAAOCH B pazaeAe 2.5.
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[naBa 6. Many4yeHne 1 nepegada 3aHeprum no ogHomy nposoay

3. OGcy»xAeHnEe IKCIIEPHUMEHTOB
Bepremcs cHOBa K aHTEHHE «AAMHHBIN IIPOBOA». OHA H3AYYAET BO

Bce croponsl. Kak caeayer u pasaeaa 1, naayuaemsiil HOTOK sHEprun S,

ABASIETCSL 9aCTBIO IIPOAOABHOrO mortoka sueprum S, — cm. (1.11).
Koadpdummenr mpomopunorHasbHOCTH §  MEKAY HEMH, B CBOO

OYepPeAb, 3aBUCUT OT YaCTOTH @ - cM. npumep 1. CAaeaoBaTeAbHO, IpH

VMCHBIICHHH  YACTOTBI ()  M3AYYACMBIH IIOTOK SHEPIUM S,

YMEHBIIIACTCS.

B pasaeae 2.5 paccmMaTpmBaAHCh M COIIOCTABASAUCH TOKH H
[IOTOKA SHEPIHH B IIPOBOAe. IlOKaseIBAAOCH, 9TO, Kak IIPABHAO, B
IIPOBOAE CYIIECTBYEOT TOKM U IIOTOKH OSHEPIHH, Pa3SACACHHBIC Ha
IIPOTHBOIOAOKHO — HAlpaBACHHBIE  'cTpyn'. DTO  COOTBETCTBYET
CYIIIECTBOBAHUIO IIOTOKOB AKTUBHOM U PEAKTUBHOI SHEPIHUIL.

MOJKHO IIPEAIIOAOKHTD, 9TO B "AAHMHHOM IIPOBOAE" OOpasyroTcs
takue "crpyn". Ecan "AAMHHEIT IPOBOA" M3AyUaET BCIO IOCTYIIAFOIIYEO
B HEIO SHEPIHIO, TO IIPEBAAHPYET OAMH H3 O9THX IIOTOKOB (IIOTOK
AKTHUBHOHM MOIIHOCTH) U TICHEPATOP PACXOAYET OJHEPIUIO HA €ro
moaaepikanne. Ecanm "aammveimi mposoA" HE msaywaer, to morok
SHEPIUN IPOXOAUT B OAHOM HAIIPABACHHM U BO3BPAILACTCA B APYIOM —
renepatop HE pacxoayer smepruro (LHPKyAHPYET HOTOK PEAKTHBHON
MOIIHOCTH), 4 TOK B IIPOBOAE OTCYTCTBYeT. CyIIECTBYIOT, €CTECTBEHHO, U
IIPOMEKYTOYHBIC CAYYaH, KOTAA AAMHHBIA IIPOBOA' H3AyYaeT HE BCIO
ITOCTYIIAFOLIYIO B HETO SHEPIUIO.

Sminus Fig.9. (SSMB)
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CyIecTBYIOT M Takpme COYETAHHA IIAPAMETPOB, IIPH KOTOPBIX
CYMMApHBIC TOKH IIPOTHBOIIOAOMKHO HAIIPABACHHBIX 'CTPYH' PaBHBI 110
aOCOAIOTHOH BEAHYHHE H, OAHOBPEMECHHO C 9THM, CYMMAPHBIC ITOTOKU
SHEPIUU IIPOTHBOIIOAOKHO HAIIPABACHHBIX ' CTPYH' TAaKKe PaBHBI ITO
aOCOAIOTHOIT BeAmdnHe. Boirrre (AAfl yAOOCTBA YHTATEAS) IIOBTOPEH PHLC.
9 w3 raaser 4. Ha mem wnsoOpaxeHsl (DyHKINN IIPOTHBOIIOAOMKHO
HAITPABACHHBIX CTPYH:

Splus - CTpys TOTOKA 3HEPIUU, HANPABACHHAA OT HCTOYHUKA
SHEPTHN,
Sminus - crpys moToka SHEPruUM, HAIPABACHHAS K HCTOIHUKY
SHEPTHU,
I'pacbukn dpyHKIMIT AASl HATASAHOCTH IIOKa3aHBI C OOPATHBIM 3HAKOM.
3A€Ch CODAFOAQFOTCA CAEAVIOIIHE COOTHOIIEHHUSA MEHKAY HHTEIPaAaMU
1o mAomaau cedenus Q mposoaa:

jSpIus dQ = —j Sminus-dQ,
Q Q

IJpIus dQ = —I Jminus-dQ.
Q Q

Bosmoxen, Kak CAGAVeT M3 SKCHEPHMEHTOB (PacCMOTPEHHBIX
BBIIIIE) CAyYal, KOTAA2 TOKHA M IIOTOKH 3aMBIKAIOTCA HAa OOPBIBE IIPOBOAA —
cM. puc. 3, rae 1 — mpoBoa, 2 — apsamas "crpys”, 3 — obparnas "crpys”, 4
— TOK 3aMbIKaHUA. B 9TOM cAyuae mpekAe BCEro BO3ZHHKAET BOIIPOC O
IIPUPOAE  3.AC., 3ACTaBASIFOIIEH  TOK  IIPEOAOAEBATH  MCKPOBOM
npomexyrok. B [19, 17] mokasaHo, 9YTO IIOTOK OSHEPIrHH MOKET
paccMaTpUBATHCA KaK Y€TBEPTAA IACKTPOMATHUTHAS MHAYKIIHA.

Puc. 3.
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SApxne  skcmepmmentsr  Kocmrosa  [35]  sBHBIM  oOpasom
ITOATBEPKAAFOT IIPEAAOKEHHYIO THIIOTE3y: Ayra, BO3HHKAFOIIAA HA
OOpBIBE CITHPAAN, AOAKHA IMETh HAYAAO U KOHEI. MeKAy HIMH AOAKHA
ObITh  IpHAOKEHA 3.A.C. Koraa Ayra, pacmmpsack, AOCTHTaeT
CAEGAVIOIIETO YYACTKA CIHPAAH, ITOT YIaCTOK BMECTE C COCAMHAIICH
AYTOIl BKAFOYAETCH B AAMHHYIO AuHHIO U T.A. Kocmmos maOAropan 8
TAKHX YIACTKOB

Buaxa ABpaMeHKO IIPEACTaBASET COOOH KOHTYP, COACPIKAIIINIT ABA
ITOCAE€AOBATEABHO COCAMHEHHBEIX AHMOAA M HArpysky — cm. puc. 1. Dror
KOHTYpP CO3A2€T Ty AYTYy, KOoTopas m3oOpaxena Ha puc. 3. Harpyskoit
MOKET OBITh BO3AYIIHBIN IIPOMEKYTOK PA3PAAHHKA 7, YTO SKBUBAACHTHO
Ayre B akcriepumentax Kocrnuosa. Harpyskoit mosxker ObrTh pesuctop 6 -
IIPUEMHUK 3HEPIUU B CHCTEME OAHOIPOBOAHON IIEPEAAYN SHEPIHM.
[IpoBoA 1 B 2TOHM KOHCTPYKIIHNK MOMKHO OTOMKACCTBHTB C "AAMHHBIM
nposoaoM". B AarHOM cAyuae (ipu Huskoit gactote 8 kl'm) mposoa 1 He
m3aygaeT. CACAOBATEABHO, B HEM CYIIECTBYIOT ABA ITPOTHBOIIOAOKHO
HAIIPABAEHHBIX IIOTOKA SHEPIHH U OTCYTCTBYET TOK.

Takum 0OpasoM, IlepeAada SHEPIHH 110 OAHOMY IIPOBOAY HE
IIPOTHBOPEYHT ypaBHEHUAM MakcBeAAa, a, HAIIPOTHB, CACAYET U3 HUX.
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maBa 7. PeweHue ans KoHAeHcaTopa B Lienyu NOCTOAAHHOIO ToKa

I'AaBa 7. Perrenne ypaBHEHUN
MakcBeAAa AAI KOHACHCATOPA B
LIEIIN IIOCTOAHHOTO TOKa. [ Iprpoaa
IIOTEHIIMAABHOU SHEPIUH
KOHAEHCATOPA.

OraAaBaexune
1. Beeacuue \ 1
2. IToroku sueprun \ 3
3. Hanpsukennocru \ 4
3a. Dueprus \ 7
4. KoabueBoit kouaeucarop \ 7
5. Paspsia konaencatopa \ 9
ITpuaoxenne 1 \ 10

1. BBeaenue

3apaKEHHBIH KOHACHCATOP BCETAA Pa3pAiKaeTCs depe3 HEKOTOPOe
COHPOTI/IBACHI/IC R 5 AAKE, €CA H_IYHTI/IPYIOH_ICC COHpOTI/IBACHI/IC
OTCYTCTBYCT. Aa)KC B BZIKYYMC KOHACHCQTOP paspmaeTca B CI/IAY TOTO,
9TO OH I/ISAYT'IQ.CT SHCPFI/IIO, 9TO TOXKE MOKHO paCCManI/IBaTb, KaK
CYH_ICCTBOBaHﬂe HCKOTOpOFO COHpOTI/IBACHI/IH yTe‘—IKI/I. HpI/I 3TOM BAOADB
KOHACHCZITOpa paCHpOCTpaHHCTCH IIOTOK SACKTpOMaFHHTHOfI SHCpFI/II/I,
pPaBHBI  MOIMHOCTH  TEIIAOBBIX IIOTEPh B  COINPOTHBACHHH  R.
CACAOBQTCABHO, B KOHACHC&TOPC AOAKHO CyIlICCTBOBaTb
SACKTPOMaFHI/ITHOC HOAC, B KOTOpOM CYH_ICCTBYCT HPOAOAI)HEUI
SACKTpI/I"ICCKaH HaHpH}KCHHOCTb U IIOTOKU BHCPFI/II/I. Aa/\ee HAXOAUTCA
perenne ypapHeHHIT MakcBeAAa, YAOBAETBOPAFOIIIEE STHM YCAOBHAM.

HpI/I CyH_[CCTBOBaHI/II/I IIOTOKOB SHCPFI/II/I B KOHACHC&TOPC AOAKHBI
CYH_ICCTBOBQ.TI) MATHUTHBIC HaHpH)KCHHOCTI/I. HPI/I 2TOM ypaBHCHI/IH
MaKCBC/\/\a AAA SQPH}KCHHOI“O KOHACHC&TOPH B CHUCTEME
IUAMHAPHUYECKUX KOOPAMHAT I, (), Z HMEIOT CACAYIOIIUI BUA:
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OE, 1 OE, OE

4 +——L+ +—==0,
r o r op oz

108, _ 9By _

r 0@ 0z >

9E, OE,

r_z o

0z or >

r r,- 20,
r or r Op 01
LoH, _OHy _ o
r A 9z
OH, OH, _
oz  or

Hy | 2y 10 _
T or r d¢ )
ByaeM mckaTh HemsBeCTHbIE (DYHKIINU B BHAC

H..=h(r)o,
H,.=h,(r)si,
H,.=h,(r)si,
E,.=¢e(r)si,
E, =¢e,(r)co,
E,.=e,(r)co,
TAC h(r), E(I’) - HEKOTOPBIE (DYHKIIMH KOOPAUHATHI I,
co =cos(ap + yz),
si=sin(ap+ yz),

TA€E, B CBOXO O‘ICPCAI), X, X— HCKOTOprC KOHCTAHTHI.

2. IToroxu sHeprun

)

)
3
*

®)

©)

®)

)

(10)
(an
(12)
(13)
(14

15)
(16)

Taloxe, KaK M B TAaBC 1, IIAOTHOCTH IIOTOKOB DJSHCPIHUH IIO

KOOpAHHATAM OIIPCACAAIOTCA I1O (i)OpMyAC

S, Ey,H,-E,H,
S = S(p =n(ExH)=n|E,H,—E.H,
S, E.H,—-E,H,

HAH, C YICTOM HpC,A,bIAyH_II/IX (pOpMyA,

S, = n(e(phz - ezh(p)co -+ si

)

)
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Sp = 77(ezhrco2 — erhzsiz) 3)
S, = n(eyhysi® — eyhpco?) )
rae 7 =C/4r B cucreme CI'C u 17 =1 B cucreme CH.

,A,aACC 6yACT IIOKa3aHO, YTO 9TH IIAOTHOCTH ITOTOKOB 3JSHCEPIVH
YAOBACTBOPAIOT 3aAKOHY COXPAHCHISA SHCPIUIM, CCAN

h, = ke,, ®)
h, = —ke,. ©)
h, = —ke,. )

3A€Ch, TaKkikKe Kak B TAaBe 2a AAfl KOHAGHCATOPAa B IIEIH IIEPEMEHHOTO
TOKA, MOKHO IIPHHSATD

k= |5 (72)
= - a
)
7
ITOCKOABKY 9TOT KO3(PHUIINEHT HE 3aBUCUT OT YaCTOTHI - CM. (DOPMYAY

(5.32) B raase 2a. M3 (2, 6, 7) caeayer, 91O

S; = n(—eyke, + ke,ey,)co-si =0, ®)
T.€. OTCYTCTBYET PaAMaAbHEBIN nToTOK 3Heprum. M3 (3, 5, 7) caeayer, urto
Se = n(ekerco’ + keye,si’) = nkee,, )

T.€. IIAOTHOCTD IIOTOKA SHEPIUH II0 OKPYAKHOCTH HA AAHHOM PaAHyCe HE
3aBHCHT OT BPEMEHH U APYrux koopauHat. M3 (5-7) caeayer, aro
— 2 2
S, = nechy(si* + co®) = nkere,, (10)
T.€. IAOTHOCTb IIOTOKA SHEPIUU IO BEPTUKAAU IIPU AAHHOM PAAHyCe He
3aBHCHT OT BPEMEHH U APYIUX KOOPAHHAT. DTH VTBEPKACHUA 1 ObIAK

LIEABIO ITPEAITOAOKeHHH (5-7).

ITorox sHEprUH, KOTOPHIM PACIPOCTPAHACTCA BAOAD OCH OZ Yepe3

CCUCHHNE KOHACHCATOPA, PABCH

S, = ffr,(p(SZdrdga) = ffr,(p(nkere(pdrdgo) = 2mnk fOR(ere(pdr).(ll)

Taxum 0Opasom, B 3apMKEHHOM KOHACHCATOPE

1.  OrcyrcrByer paAMaAbHBIN ITOTOK SHEPTHH.

2. TloTok sHeprmm TO OCH KOHACHCATOPA PaBEH AKTHBHOI
MOIITHOCTH, PACXOAYEMOH IIpH  3apfAE HAH  PaspsaAc
KOHAEHCATOPA.

3. IlpucyrcrByeT HOTOK SHEPTUHU IO OKPYKHOCTH.

CAeAOBaTeABHO, B 3apAKCHHOM  KOHACHCATOPEC  CyINECTBYET
CTaHHOHaprIﬁ IIOTOK SACKTpOMarHHTHOfI BHCpTI/II/I, a Ta SHCPFI/IH,
KOTOpPasd COACP)KI/ITCH B KOHACHCﬁTOpC 1 KOTOPYIO HpI/IHHTO CUIUTATH
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3AEKTPHIECKOH HOTEHIIMAABHOM SHEPIUEH, ABASIETCA
3AEKTPOMATHUTHOM SHEPTUEN, XPAHAIIEHCA B KOHACHCATOPE B BHAC
CTAITHOHAPHOTO IOTOKA. VIMEHHO B 9TOM TIOTOKE ITUPKYAHPYET
9ACKTPOMATHHUTHAA  JHEPTHA, 3aITaceHHasA B KOHAEHCATOPE.
CAeAOBATEABHO, Ta PHEPIUA, KOTOPAA COAEPKHUTCA B KOHACHCATOPE U
KOTOPYIO IPHUHATO CYUTATH 3AEKTPHUYECKOI IOTEHIIMAABHOMN 3HEPIHEH,
ABAACTCA IACKTPOMATHUTHON dHEPIUEH, XPAHAIIENCA B KOHACHCATOPE B
BHAE CTAIIMOHAPHOIO ITOTOKA.

3. HanpsoxeHHOCTH
Vpasuenns (1.1-1.16) u (2.5-2.7) npuHIMArOT BHA:

er , . e
Tté ——a—xe, =0, M)
€z

—7a+e(p)(=0, )

—eé, +ex =0, 3)

Co 4o G —

r+e(p rae 0, )

kL + ke, —k2La—kye, =0, )
€z

—k7a+ke(p)(=0, ©)

ke, —ke,.xy =0, 0

kL —ké,+kZa=0. )
r r

Buano, uro ypasmennmsa (1-4) m (5-8) cosmaaaror. Ilostomy
AOCTaTO4YHO peruth ypasHerud (1-4). ITocae noacranosku €, u3 (2) u
€, u3 (3) B (1), maxoaum:

. éZ 2 €z 2 __
et —ex —Sa = 0. ©)

D10 ypaBHEHHE ABAACTCA MOAMMUIIMPOBAHHBIM _YPABHEHHEM
becceas u ero pemenne €, paccmorpeno B mpuaoxkenun 1. Tam xe
pacemorpena yHKIHs €.

[Tpw nsBecTHBIX €5, €, MOKHO HATH €., €y 10 (2, 3). CrraabiBast

(2, 3), HaxOATIM:

ez .
—7a—ez+(e¢+er))(=0, (10)
Berawnras (3) us (2), mraxoaum:
ez .
—7a+ez+(e(p—er))(=0, (11)

Ckaaapas u Borauras (10, 11), Haxoaum:
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e, a
ey, =—-, (12)
T X
éz
e, = —. (13)
T

Vpasuenns (9, 12, 13, 2.5-2.7) onpeaeasiror pyHKIIAN h(r), e(r),

a ot QYHKOEE BMeCTe C KOHCTaHTamu &, X,k  ompeaeasror
3AEKTpHUYIECKHE U MarHUTHBIE HanpsmxeHnoctn (1.9-1.14)

Otcroaa  cAeayer, dYro B 3apMKEHHOM  KOHAGHCATOPE
IIPUCYTCTBYIOT ~JAEKTPHUYECKHME ¢ MATHUTHBIE HAIIPAKCHHOCTH.
[TosroMy MOMKHO yTBEPKAATH, YTO B 3APHKEHHOM KOHACHCATOPE
CYILECTBYET DSACKTPOMATHHTHOE IIOAE, 4 MATEMATHYECKOE OIIHMCAHNE
3TOTO IIOAA ABAACTCA PEIIIEHUEM ypaBHEHHUI MaKcBeAAa.

V13BeCTHBI 9KCIIEPUMEHTHL 10 OOHAPYKEHUFO MATHHTHOLO ITOAS
MEHKAY OOKAAAKAMU 3aPAKEHHOIO KOHAEHCATOPA C ITOMOIIBIO KOMITACA
[49, 50]. B coorBercTBHM C HM3AOKEHHBIM, B KPYTAOM KOHAEHCATOPE
AOAKHO HAOAFOAQTBCA TOABKO —PACIIOAOMKEHHE CTPEAKH —KOMIIaca
IIEPIIEHAUKYAAPHO PAAHUYCy KPYrAOro KoHAeHcatopa. Habaroaaemoe B
3THUX 9KCIEPUMEHTAX OTKAOHEHHE CTPEAKH OT OCH KOHAEHCATOPA MOKHO
OOBACHUTD HEPABHOMEPHOCTBIO PACIIPEACACHHA 3aPAAA ITO KBAAPATHOM
IIAACTHHE.

5
5 x10 1
o » 0
0 -1
0 0.05 0.1 0 0.05 0.1
5 6
5 x10 10 x10
© h 5
Q ‘e 0
0 0.05 0.1 0 0.05 0.1
4 5
9 x10 0 x10
o 1 32
0 -4
0 0.05 0.1 0 0.05 0.1

Fig.1 (ConderL.m)
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maBa 7. PeweHue ans KoHAeHcaTopa B Lienyu NOCTOAAHHOIO ToKa

ITpumep 1.

Ha puc. 1 noxasansr dpyHknmm €, e(p,eZ,Sr,SWSZ upu N =
1,k=0001,x=3,y=1,A=-2-104,R=0.1. Ha puc. 2
[TOKA3aHbI Te K¢ (PYHKIMM, TA€ B OTAHYHE OT IpeAbiAymiero X= 0.
BuAHO, 9TO B 9TOM CAyY9ae OTCYICTBYET IIOTOK 3HEPIUH IO OCH

KOoHAeHCaTOpa. OAHAKO ITOTOK 3HEPIUH IIO OKPYKHOCTH IIPHUCYTCTBYET
BCETAQ.

1 1
o) 0.5‘ @B 0
0 -1
0 0.05 0.1 0 0.05 0.1
-4
1 0 x10
% 0 h -2
-1 -4
0 0.05 0.1 0 0.05 0.1
-0.46 1
N -0.465 / » 0
-0.47 -1
0 0.05 0.1 0 0.05 0.1

Fig.2 (ConderL.m)

3a. DHeprusa

[TroTHOCTD 3HEPrHHM HA OKPYKHOCTH C PaAHycOM 1" B AHMCKOBOM
KOHAEHcaTope ompeAeAsiercs 1o popmyae (4.2) B raase 2a:

W, = ¢ (e+ kp) ((ersi)2 + (eq,co)2 + (ezco)z). (1)

rAe G = i B cucreme CI'C u ¢ = 1 B cucreme CH. Vuuresas (2.72), u3
(1) moay4aem:
2
W, = ¢ (e++ewn) ((ersi)2 + (epc0)” + (ezco)z). @)
TakuMm 00pasoM, IIAOTHOCTH 3HEPIHU 3ACKTPOMATHUTHOM

BOAHBI B KOHAEHCATOPE OAMHAKOBA HA BCEX TOYKAX ITMAMHAPA
AAHHOTO paAmyca.

7-6



maBa 7. PeweHue ans KoHAeHcaTopa B Lienyu NOCTOAAHHOIO ToKa

[ToAnas sHeprus KOHACHCATOPA C BHEITHUM paauycoM R:

R
W= [ W.dr. 3)
C Apyroi CTOpOHBI, S9HEPIHs KOHACHCATOPA 3aBUCHUT OT €MKOCTH

C n manpsxenus U Ha HeM:

cu?

4. KoAbLI€BOIT KOHAEHCATOP
PaCCMOTpI/IM TCHCpb KOAbL[CBOﬁ KOHACHC&TOP, B KOTOPOM
O6KA3AK2.MI/I ABAAIOTCA HE AI/ICKI/I, a4 KOAbIIA, HpH‘ICM H_H/IpI/IHa KOABITA

TAKOBA, YTO BTOPOH IIPOH3BOAHON OT €, O 1" MOKHO IIpEHEOpPEUb:

€, = 0. Toraa ypasuenne (3.9) npumer Bua:

ez 2 ey 2
——e ——=a“=0. 1
r ZX rz ()
AN
e, = ez(er + aZ/r)_ &)
6
4 x10 1
E 2 / (}_) O
0 -1
0.1 0.105 0.11 0.1 0.105 0.1
6 8
15 x10 2 x10
T 1 a1
0.5 0
0.1 0.105 0.11 0.1 0.105 0.1
4 6
6 x10 0 x10
-2
o 4 )
-4
2
0.1 0.105 0.11 0.1 0.105 0.1

Fig.1 (ConderLK.m)




maBa 7. PeweHue ans KoHAeHcaTopa B Lienyu NOCTOAAHHOIO ToKa

ITpumep 2.

Ha puc. 3 nokasassr dyskimn €., e(p,eZ,Sr,S(p,SZ upu N =
1,k =0.001,x=3,y = 1,e, = 2-10%* R, = 0.1,R, = 0.11. Ha puc.
4 mokazaHBI Te e (PYHKIIHH, TA€ B OTAHYHE OT IIpeAbiayinero X= 0.
BuaHO, 9TO B 3TOM CAyYae OTCYTCTBYET IIOTOK OSHEPLHH II0 OCH
KOHACHCaTOpa. OAHAKO IOTOK 3HEPIUU IO OKPYKHOCTH IIPHUCYTCTBYET
BCETAQ.

2400 1
T 2200 / % 0
2000 4
0.1 0.105 0.11 0.1 0.105 0.11
4
1 45 x 10
@ 0 )
1 4
0.1 0.105 0.11 0.1 0.105 0.11
4
2.004 =10 1
N 2.002 / » o
2 -
0.1 0.105 0.1 0.1 0.105 0.1

Fig.2 (ConderLK.m)

5. Pa3psaA KoHA€HCaTOpPa

Kak n pamee, B raasax 1 m 5 paccMOTpHM CKOPOCTH ABHKECHHSA
sHeprun. OOIIENpUHATOR fABAfeTcA KOoHuenua Ymosa [81], coraacHo
KOTOPOH IIAOTHOCTB IIOTOKA JHEPIHH S ABAACTCHA IIPOMU3BEACHHEM

mAOTHOCTH 9HEprun W I CKOPOCTH ABHKEHUSA SHEPTHH V!

S=W-V,. ©)
DHeprusa KOHACHCATOPA
cu?
W, = , 7
L= )
a IIAOTHOCTb 9HEPTHH
W,
W, =—=. 8
“=1d (8)
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maBa 7. PeweHue ans KoHAeHcaTopa B Lienyu NOCTOAAHHOIO ToKa

TAC U,b,d - HAIPMHKECHUE HA KOHACHCATOPE, ITAOITMAAD ITAACTHH,
TOAIITMTHA AI/ISAeKTpI/IKa COOTBETCTBCHHO, HpI/I‘cICM EMKOCTDH

C=¢-b/d. )
[Ipu paspsae KoHAeHcaTopa Ha pesuctop R mortok smeprum S B

PE3UCTOP PaBeH BHIACAAEMOU B PE3UCTOPE MOIIIHOCTH, T.€.
UZ
S=P=UI=? (10)
EcAn KOHAEHCATOPp TIOAKAFOYEH K Harpy3ske BCEH IIOBEPXHOCTBIO
ITAACTHH, TO ITAOTHOCTD ITOTOKA BHCpI‘I/II/I

s=32= v 11
a MOIITHOCTDb MCTOYHUKA
P = sb. (12)

Toma CKOpOCTb ABIKCHHA SHCprI/II/I LICpCS KOHACHcaTOp, OHpCACA}ICMaH
1o (8),
s _U* W, U?,cU? _2d

Ve = W, T br/bd bR/ 2ba _ R )
nAm, ¢ yaetom (9),
2d?
v¢ = ﬁ, (14)

T.e. 9Ta CKOPOCTh He 3aBucuT oT Hanpsmxenua! OHAa MOMKET HMETb
3HAYEHHUE, CYIIECTBEHHO MEHDIIIEE CKOPOCTH CBETA.
Haiiaem emme koHCTAaHTY A, KOTOpas BXOAHUT B OIIPEAECACHHUE

dyaxkmmun €, mo (1.1.3). Bemme moayuena dopmyaa (2.11) aas
BBIYMCACHHA IIOTOKA SHEPTHH BAOAB ocu KOHAeHcatopa. M3 (2.11, 10)
IIOAYYACM:

R

P = 2mnk [ (ereqdr). (15)
q)yHKL[I/II/I er, e(p 3aBUCAT OT KOHCTAHTBIL A, HOCKOABKY OHU OHpeAeACHbI
B 3aBICHMOCTH OT prHKHI/II/I ez. CACAOB'&TCABHO, MOXKHO 3aI11mcaThb:

e, = Ae,, e, = Aé,. (16)

W3 (15, 16, 2.7a) Haxoanm:
_ 2 E rRr= =
P = 2mnA \/;fo (é,e,dr) (17)

AN

€ rRr= =
A= P/(Znn \/; Jy (ereq,dr)> (18)
Cpasuaum Terieps popmyast (10) u (17) u moayamm:

2 Rr= =
U? = 2mnA? \/%fo (é.é,dr) (19)
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maBa 7. PeweHue ans KoHAeHcaTopa B Lienyu NOCTOAAHHOIO ToKa

AN

R=% 1/(27177 \/% fOR(aapdr)) (20)

Ecan komaAeHCaTOp 3apsikeH, TO m3BecTHO U M CyIIecTByer
BeAnmdnHA A (IIPOCTO IIOTOMY, YTO CYIIECTBYIOT HAIIPSIKEHHOCTH
€r, €4, €7). DTOT (PaKT MMEET MECTO U TOTAA, KOTA2 KOHACHCATOP HE
IIOAKAIOYEH K peaAbHOMY pe3uctopy. CAEAOBATEABHO, AQKE IIPU

OTCYTCTBHH PE3UCTOPA BCEIAA CYIIECTBYET COIIPOTHUBACHHE R, ma
KOTOPOE Pa3psKaeTCs KOHACHCATOP — COIIPOTHBACHHUE YTEUKH.

OTcroAa CAGAYET, YTO «COIPOTUBACHHE YTEUKH» CYIIECTBYET U B
HACAABHOM BakyyMme (TA€ HET BEIIECTBA). DTO O3HAYAET, YTO dYepes
KOHAEHCATOP, ITOMEIIEHHBIA B BAKVYM, ITPOXOAUT IIOTOK AKTHUBHOM
morHocTd. OH 3aMBIKACTCA B OKPECTHOCTH KOHAEGHCATOPA MEKAY

O6KA2.AK2.MI/I. HpI/I 9TOM JSHEPIHA KOHACHCATOPA HC PACXOAYCTCH, T.K.
PE€aAPHOTO COIIPOTHUBACHHSA HE CYIICCTBYECT.

ITpuaoxxenue 1.
HSBCCTHO MOAI/I(i)I/IL[I/IpOBaHHOC ypaBHCHI/IC BCCCCAH, HNMCHOIIIEC
CAEAYIOIITUI BHA!

. y V2

y+i-y(1+%) =0, )
TAC v - HOPHAOK ypaBHeHI/IH. HPI/I AeﬁCTBI/ITeABHOM apI'yN[eHTe OHO
nMeEEeT ACﬁCTBHTeABHOC peLHCHI/IC. BTO pCLT_[CHI/IC n €ro HpOI/I3BOAHaH
MOTYT OBITh HAHACHBI YNCACHHBIM METOAOM.

Vpasuenue (3.9)
; 2 2
. é; X a
e, +Z-e,(L+5)=0. )
z T z\5 T2 )
B mpuAokeHnn 1 1moao6HO ypaBHenuio (1) m ero permrenme u ero
IIPOM3BOAHAA TAK/KE MOTIYT OBITh HAMACHBI YNCACHHBIM METOAOM.

[Tpu r = 0 ypaBHenwue (2) IpUHUMACT BUA:

s 2
. é as
ez+7—ezr—2—0. 3)
EFO pCLHCHI/IC HNMCECT BUA!
e, = ArP, @

rae A — komcTanTa, 2 5 OIpeAeATeTCa U3 YpABHEHUS

B*+p—a’*=0, 6

,8=%(—1i\/1+4a2), B <O. ©)

T.C.
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maBa 7. PeweHue ans KoHAeHcaTopa B Lienyu NOCTOAAHHOIO ToKa

Takum 00pa3soM, Ha IIEPBBIX HUTEPALUAX MOKHO (DYHKIHIO €,
HCKaTh B BHAE (4), a 3aTEM BBIYHCAATD €€ 110 (2).
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maBa 7a. KoHgeHcaTop ¢ 9NeKTponpoBOAHBIM AN3NEKTPUKOM

I'AaBa 7a. KoraeHcaTop ¢
9AEKTPOIIPOBOAHBIM AUIACKTPHKOM

OraaBaeHne
1. Beeaenmne \ 1
2. 3apsAA KOHACHCATOPA IIPOAOABHBIM MATHUTHBIM ITOAEM \ 1
3. 3apsA KOHACHCATOPA KPYTOBBIM MATHUTHBIM ITOAEM \ 4
4. ITAOTHOCTB SACKTPUYECKON sHeprun \ 5
[Mpuaoxenne 1\ 6
[Mpuaoxenne 2 \ 7

1. BBeaeHnue
3aecy  (OTAMYME OT TAaBBI /) PACCMOTPHM KOHAGHCATOP C
3AEKTPOIIPOBOAHBIM AUSACKTPHKOM.

2. 3apsAA KOHAEHCATOPA IIPOAOABHBIM

MAaTrHUTHBIM IIOAEM

B raaBe 5A mokazaHO, YTO B IIPOBOAE, KOTOPBIH HAXOAUTCA B
HEOAHOPOAHOM IIPOAOABHOM MATHHTHOM IIOAE, CO3AAETCA IIPOAOABHBIN
ITOCTOAHHBIA TOK. CAEAOBATEABHO, B KOHAEHCATOPE C TOKOIIPOBOAAIIIIM
AMSAEKTPUKOM TaKKE CO3AAETCA ITOCTOAHHBIH TOK. DTOT TOK 3apsKaer
KOHACHCATOP. APyIrHMI CAOBAMH, KOHACHCATOP 3aPA/KACTCA BO BHEIITHEM
HEOAHOPOAHOM MATHUTHOM ITOAE.

NN

Puc. 1.
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['naBa 7a. KoHgeHcaTop € 9aneKkTponpoBOAHbIM ANANEKTPUKOM

Dr1o ABACHHE OOHAPYKHBAeTCH OSKcIepuMeHTaAbHO. B [110]
OIIMCHIBACTCA KOHCTPYKIIUSA, IIOKa3aHHAsA HA PHC. 1, TA€ ITOKa3aH OAUH U3
BAPHMAHTOB  IIPAKTHYECKOH  PEAAH3AIMHM  AAHHOIO  fBACHHA. B
MEKITOAFOCHOE ITIPOCTPAHCTBO TOKOIIPOBOAAIIIMX MATHUTOB 1 TIOMEITIeHE!
ABE M30AAIIMOHHBEIE IIPOKAAAKH 2 B MeTaAAmdeckad poabra 3. Maraurer
1 m doabra 3 BBHIIOAHAIOT POAB 3AeKTPOAOB A, B m C. Mexay
snekrpoaamu  AB un  CB  duxcupyercs IIOCTOSHHASA — Pa3HOCTD
IIOTEHIINAAOB, KOTOpPaf BO3HHKAET B MOMEHT CO3AAHHA AAHHOK
KOHCTPYKITUH.

Puc. 2.

B [125] ommceiBaeTcs skcrepuMeHT (CM. pHC. 2), TA€ €ro aBTOP

IIPOBEPAET HAIPAKEHUE HA HECKOABKIX KOHCTPYKIIHAX:

1) oamHOUHSBIIT AHCKOBBIH HeOANMOBBIN MarHuT (HM),

2) meckoapko HM,

3) deppuroserii anck OA

4) deppurossiii AuckoBeiii MmaranT AM

5) cromka OAOKOB BHAQ 4).
B orux  komcrpykimax — deppur  ABAAETCA  TOKOIIPOBOAAIINM
AMIACKTPUKOM. ABTOP OTMEYAET, 9TO

1. B 1) orcyrcrByer HanpsKeHHeE,
B 2)-4) eCcTb HAIIPSIKEHHE,
B 4) HatIpsuKeHHE OOABIIIE, YeM B 3),
B 5) HanpsuKeHHE OOABIIE, YeM B 4),
HAIIPAKEHHE CO BPEMEHEM IIAAACT, HO B CACAYIOITIEM
9KCIIEPUMEHTE BOCCTAHABAUBACTCA.

DAl el
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maBa 7a. KoHgeHcaTop ¢ 9NeKTponpoBOAHBIM AN3NEKTPUKOM

ITpumep 1.

PaccMOTpHM KOHCTPYKIIMIO, OTAMYAFOIIYIOCA OT IOKA3aHHOW Ha
puc. 1 Tem, YTO BMECTO IIOCTOAHHBIX MATHHTOB HCIIOAB3YIOTCA
3AEKTPOMATHHTEI, 4 AUIAEKTPHUK ABAACTCA (PEPPOMATHETHKOM — CM. PHC.
3, rAe 1mOKazaH 9AekTpoMarHHT 1 ¢ oOmorkoii 2. B 3asope
SAEKTpOMAarHUTa | HAXOAHTCA KOHAEHCATOP C AHIAEKTPUKOM 3 H
obOkAaaAkamu 4. VI3 IIPEABIAYIIETO CACAYET, 9YTO Ha KOHACHCATOPE,
PACIIOAOKEHHOM MEKAY MATHUTAMH, AOAKHO BOSHUKHYTH HAIIPAKEHHE.

Taxas KOHCTPYKIIHA MOKET PACCMATPHUBATHCH, Kak TpaHcdOpMATOP

LIOCTOAHHOrO TOKa J B OOMOTKEe 2 sAekTpoMarHmTa | B IIOCTOAHHOE
Hanpsukerre U Ha OOKAaAKaX 4 KOHACHCATOPA. DTO HAIIPMKECHHE MOMKET
OBITH HarpyeHo Ha BHermHee conporuierue R. Ilpu sTom mcroununk

TOKa J IepeAaeT MOIIHOCTE B conpotuBAcHue R.
Taxum 00pasoM, PACCMOTPEHHAS KOHCTPVKIIUA ABAACTCA CHAOBBIM
TpaHcdOPMATOPOM ITOCTOAHHOTO HAIPKeHUs (Tri 1).

Puc. 3.

Takaa cxema (PYHKIHOHHUPYET  CACAYIOIIMM oOOpasoMm. B
HEKOTOPBIE ~MOMEHT BPEMEHH KOHACHCATOP IIOA  BO3ACHCTBHEM
MAarHUTOB HAKAIIAUBAET MArHUTHyIO sHepruro Wy, wu 3apmxaerca Ao
manpsxerus U, T.e. mprobperaer aaekrpuaeckyro sHepruro W,. Aaace
KOHACHCATOP paspsmkaerca gepes coOCTBEHHOE BHYTPCHHEE
conporusacure R. [1pn atom HanpsikeHme Ha OOKAAAKAX YMEHBIIACTCH.
OAHAKO OT MATHUTHOH 9HEPIMH OH BHOBb 3aPSKACTCH AO HAIIPSKCHUA

U. Takum o00pasom, 3TOT IIPOLECC MOKHO PacCMATpUBATh, Kak
IIOCTOSIHHBIA ~ PaspsA  KOHACHCATOPA, HAIPSIKEHHE HA  KOTOPOM
ITOAACP/KUBACTCA BHEIITHIM HCTOYHIKOM SHEPIHH.

®opMaAbHBIE COOTHOIICHHSA PACCMOTPEHBI B IIPHAOKECHUH 1.
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3. 3apsAA KOHAEHCATOPA KPYTOBBIM

MAarHmUTHBIM ITIOACM

B raaBe 5A moxasaHO, YTO B IPOBOAE, KOTOPBII HAXOAUTCH B
KPYIOBOM MarHHTHOM IIOA€, CO3AQ€TCH IIPOAOABHBIM ITOCTOSHHBINA TOK.
CAeAOBATEABHO, B KOHAGHCATOPE C TOKOIIPOBOAAIINM AHIAEKTPHUKOM
TaKKE CO3AAETCA ITOCTOSHHBIN TOK. DTOT TOK 3apMKaeT KOHAEHCATOP.
ApyrumMu cAOBaMH, KOHACHCATOP 3aPAKACTCA BO BHEIIIHEM KPYIOBOM
MATHUTHOM ITOAE.

Takum 0Opa3oM, €CAH Yepe3 KOHACHCATOP IIPOXOAUT IIPOBOA C
IIOCTOAHHBIM TOKOM, TO B KOHAEHCATOPE BO3HUKAET IIPOAOADHAA
HAIIPAKEHHOCTb.

ITpumep 2.

PaccMmoTpuM KOHCTPYKIIMIO, ITOKa3aHHYIO Ha PHC. 4, TA€ ITOKa3aH
KOHAGHCATOP C TOKOIIPOBOASAIINM AHSAEKTpHKOM 1 1 oOkaaskamu 2. B
3TOM KOHAEHCATOPE HMEETCA OTBEPCTHE, YepPe3 KOTOPOE IIPOXOAUT
mpoBoA 3. EcAm 1o mpoBOAy HPOXOAHT TOK J, TO B KOHAEHCATOPE
CO3AQ€TCA KPYIOBOE MATHHTHOE IIOAE€ C HAIPAKEHHOCTHIO Hq,. B

COOTBETCTBHM C BBIIIICHU3AOKCHHBIM B TOKOHPOBOAHH_[CM AI/ISACKTpI/IKe

CO3AAETCA TPOAOABHBIA ITOCTOAHHBIA TOK (HAIIPABACHHBIN TAPAAAECABHO

TOKY B HpOBOAC). DTOT TOK TIPOXOAUT YCPE3 BHCIIHEC COIIPOTHUBACHHC

R.

EcrectBeHHO, BMECTO OAMHOYHOIO IIPOBOAA MOKHO CAEAQTh
MHOTOBHTKOBYIO OOMOTKY. Takas KOHCTPYKITHA MOKET PaCCMaTPUBATHCH,
KaK TpaHCcOPMATOP IOCTOAHHOIO TOKa | (B YKa3aHHOM IIPOBOAE) B
mocrogHHoe HanpsiKenme U Ha OOKAAAKAX KOHAEHCATOpA. ODTO
HAIIPKEHHE MOKET OBITh HATPYKEHO Ha BHEIHee comporuBAcHme R.

[Ipu 5TOM HCTOYHUK TOKA IIEPEAAET MOIITHOCTD B colrporuBAcHHE R.
Taxum 0OpasoM, PACCMOTPEHHAS KOHCTPVKIIUA ABAAETCA CHAOBBIM
TpaHcOPMATOPOM ITOCTOAHHOIO HAIIPSKEHUA (THIT 2).

Takaa cxema QYHKIMOHHUPYET CACAyIOIIMM oOpasom. B
HEKOTOPEIIT MOMEHT BPEMEHU KOHACHCATOP ITOA BO3ACHCTBHEM TOKa [
HAKAIIAMBAET MarHUTHYIO sHepruro Wy, u sapmxaerca coo Hanpsmxenuns U,
T.e. IpHOOpeTaeT sAeKkTpmdeckyio smepruio W,. Aaasee komaeHcaTop
paspskaercsa depes cobcrBeHHOe BHyTpenHee comporuBAenue R. Ilpum
9TOM HAIIPHKEHHE HA OOKAaAKaxX yMmeHbImaercsa. OAHAKO OT MAIHUTHOMN

SHEPIUN OH BHOBb 3apsmxaercs A0 Hanpsukenus U. Takum obpasom, ator
IIPOIIECC ~ MOKHO  pPACCMATPHUBATb,  KAaK  ITOCTOAHHBIN  PaspsA
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KOHACHCATOPA, HAIPSIKEHHE HA KOTOPOM ITOAACP/KHUBACTCH BHEIITHUM
HCTOYHHKOM SHEPIUM.
®opmaAbHBIE COOTHOIIIEHUA PACCMOTPEHBI B IPUAOKeHNN 1.

J

He

(1)
\

Puc. 4.

4. ITAOTHOCTD 2A€KTPUYECKOM dHEPIrUU

MssectHo, 9TO OKCHAHO-IIOAYITPOBOAHHKOBBIC u
SAEKTPOAUTHYECKAE  KOHACHCATOPEL  OOA3AAIOT  OYEHb  OOABIION
VACABHOI €MKOCTBIO. AMIAECKTPHKOM B TAKHX KOHACHCATOPAX CAYKHT
SAEKTPOAUT HMAH IIOAYIIPOBOAHHK. TaKOM AHIAEKTPHK  ABAACTCA
3AEKTPOIPOBOAHBIM.  AmaAeKTpHYecKkas — IPOHHIIAEMOCTb — TaKHX
AU9ACKTPUKOB OOABIIIE AMIACKTPHUICCKON IIPOHHUIIAEMOCTH OOBIYHBIX
(HEAEKTPOIIPOBOAHBIX) AHIAEKTPHKOB IIpuMepHO B 3 pasza. OaHaKO
5THM HEBO3MOKHO OOBACHUTH OYEHb OOABIIIOE YBEAHUYEHHE YACABHOM
€MKOCTH.

B raase 5 moxazano, 9TO IIpH HEM3MEHHOH ITAOTHOCTH OCHOBHOTI'O
TOKA B IIPOBOAE IIEPEAABAEMAsA IIO HEMY MOIIHOCTh 3aBHCHT OT
IIapaMeTpoB  CTPYKTypel (&, ), T.6. OT TIAOTHOCTH BHHTOBOM

TpaCKTOpI/H/I TOKa: HpI/I YMCHbBIIICHHUH Hap ZlMCTpa X MOIITHOCTDb

YBEAYHMBACTCA H YBCAMYMBACTCA IIAOTHOCTD BHHTOBOM TPaCKTOPHIL
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Toka. [lpm aTOM OOIIas AAMHA TPAEKTOPUH YBEAUYIHBACTCA. 1OYHO
TAKKE VBECAHMYHBACTCA U AAUHA AMHHH, Ha KOTOPOH AEHCIBYET
SAEKTPUYECKAS HANPAKEHHOCTD, IPOIOPIUOHAABHAA 3TOMy TOKy. Ho
EMKOCTb IIPOHOPLIMOHAABHA KBAAPATY AAMHBI, HA KOTOPOM CYIIECTBYET
SAEKTpHYECKAs HaIpAKeHHOCTh. (CAEGAOBATEABHO, EMKOCTH IIPOBOAA
VBEAMYMBAETCA C VBEAMYEHUEM ITAOTHOCTU BHHTOBOI TPAEKTOPUHU TOKA,

T.e. C VBEAMYECHHEM IIEPEAABAEMON MOITHOCTU. TOYHEIE COOTHOIIEHUSA
MEKAY DACKTPHUYICCKOM SHEPIMEH M TEHMAOBOM MOIIMHOCTBIO MOKHO
HAWTH W3 COOTHOINECHHM, HAHACHHBIX B TAaBE 5 — CM. IIpHAOKEHHE 2.
ITockoABKY 3A€KTpHYECKAd SHEPIUA IIPOIIOPIHOHAABHA €MKOCTH, TO W3
3THUX COOTHOIIIEHUI MOKET OBITh HAAE€HA EMKOCTB IIPOBOAA.

B sAeKTpOIPOBOAHOM KOHAEGHCATOPE, SKBHBAACHTHOM IIPOBOAY,
BCA TEIAOBAasg MOIIHOCTb BBIAGAAETCA B  CAMOM  KOHAEHCATOPE.
CAeAOBATEABHO, TEIIAOBAA MOITIHOCTD, BBIACAAEMAS B KOHAEHCATODE,
CYITIECTBEHHO VBEAMYHMBAET EMKOCTh KOHAECHCATOPA.

ITpuaoxenue 1.
Paccmorpum  pOpMaABHEIE COOTHOIIEHUA AAf Pa3A€AOB 2 H 3.
O603HAYMM:

P- momnuOCTE, TOTpEOAsieMasn HATPY3KOH KOHACHCATOPA,

P; — MormuocTs ucrounuka Toka I,

p - COIPOTHUBAEGHHE IIPOBOAA (B pasacae 2) HAM OOMOTOK
9AEKTPOMATHHUTOB (B paszaeae 3),

L - HHAYKTHBHOCTD KOHACHCATOPA,

W, Wy, — aAekTpHdeckas 1 MATHUTHAS 9HEPIUA KOHACHCATOPA,

P, — mormmHOCTS TIOTEPH B IIPOBOAE,

T - KaKyIleecs COIPOTHBACHHE IIPOBOAA (B pasaese 2) HAX
OOMOTOK 9AEKTPOMATHHUTOB (B pasacAe 3) - COIPOTHBACHIHE
HATPY3KI AASl HICTOYHHKA TOKA [.

Nmeem:
P, = I%p, M
P = U?R, @)
Wy, = LI%/2, ?3)
W, = CU?/2, )
P, = I?r = P+P, = U?R + I?p, 5)
Toraa
_J? __U?R
r= /P1—1—2+p. (6)
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maBa 7a. KoHgeHcaTop ¢ 9NeKTponpoBOAHBIM AN3NEKTPUKOM

OUeBUAHO, AASl COIAACOBAHHOH pPabOTBI AOANKHBI COBIIAAATH
ITIOCTOSIHHBIC BPEMEHH IICIIN 3aPAAA MHAYKTHBHOCTH L m rerm paspsiaa
emroctu C, T.e.

L/p =RC. (7)
Toraa
R=% 8
p: ©®)
MzBecTHO, 9TO AAF TOPA
L=+ ©9)

l
TAC

H — A0COAIOTHASA MATHUTHAA IIPOHUILIACMOCTD TOPA,
( — IIAOIIIAADB TIOIICPECYHOIO CCUYCHUA CCPACITHUKA,

[ — armHA cpeAHell MATHUTHON CHAOBOM AMHHUU TOPA.
OueBUAHO,

q =Dd/2, (10)
1 =mnD, (11)
rae D — amamerp topa, d — Beicora Topa. Toraa us (9-11) maxoanm:
_ud
= (13)
Emkocts KOHACHCATOPA
enD?
¢ = 14
Toraa usz 8, 13, 14 maxoaum:
_ (pnd enD?\  2pd?
R= (an)/( 4d ) " m2eD2p (15)

ITpusrosxenue 2.
B raase 5 OHpCACACHbI IIAOTHOCTb OCHOBHOTIO TOKa J

J,,J

ri ® z

0

IIAOTHOCTH  AOIIOAHHUTEABHBIX TOKOB \] B  MAarHHUTHBIC

manpsaennoctn H, H , H,.

PaccmorprM erme TAOTHOCTB TEIAOBOM SHEPIMH, BEIACAAECMOM B
IIPOBOAE,
_ 2 2 2 2
T=p(JZ+]3+]2+]2). )
Te K€ BCANMYMHDBI OHpeAC/\CHbI U B SACKTpOHpOBOAHOM KOHAeHcaTOpe.
PaCCMOTpI/IM CIIIC BACKTpI/ILICCKy}O SHeprI/IIO 2TOIO KOHACHCQTOpaZ
W, = 0.5¢E?, ?3)
TAC
2 2 2 2 .2 2 2 2 2
E? =EZ+E3 + EZ=p*(J2 +J2 + ]2 +J2). 4
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['naBa 7a. KoHgeHcaTop € 9aneKkTponpoBOAHbIM ANANEKTPUKOM

EMKocTh  KOHAEHCATOPA  MOKHO — OIIPEACAHTH  YEPE3  €ro
3AEKTPUYECKYIO SHEPTHUIO:

C=2W,/U% (5)
Cosmerras (2-5), HaxoAum:
C = &pT/U?. ©)

Paccmorpum ertie cAydgaii, KOTAa BCA TEITAOBAS SHEPIUA BEIACAACTCH
B KOHAeHcaTope. B atom cayuae u3s (2-4) Haxoanm:

W, = 0.5¢pT. (7
ITockoabky

T = U?/R, 8)
TACE R - SACKTPI/I‘ICCKOC COHpOTI/IBACHI/IC KOHACHCB.TOpa, TO

W, = 0.5ep U%/R. )

O6ozmaunm uepes b, d raormasb OBKAAAKH U PACCTOSHITE MEKAY

OOKAaAKaMU KOHAeHcaTopa. Toraa

C =¢b/d, (10)

R =pd/b. (11)
W3 (9-11) moayuaem:

W, = 0.5epU?b/pd = 0.5¢ U*b/d =0.5CU?%, (12)
41O coBITaAaeT ¢ popmyAoii (5). Takum 0Opasom, IAEKTPOIIPOBOAHOCTD
KOHAGHCATOPAa HE H3MEHACT €r0 9SHEPIUIO M, CACAOBATEABHO, HE
H3MEHAET €r0 EMKOCTB.
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maBa 7b. PewwieHune gns 3a3opa B MarHuta

I'aaBa 7b. Pemenne ypaBHeHMI
MakcBeAAa AAS 3330pa B MATHUTE

OraaBaeHune
1. MaTtemaTiraeckas MOAEAD \ 1
2. DKCIIEPUMEHTSI IT0 OOHAPYKEHUIO MOMEHTA
HMITyABCA B MATHHTE \ 2
3. O ckopOCTH Pa3MArHUYNBAHUS MATHUTOB \ 6

1. Maremarnueckasa MOAEAD

B raase 7 ObIA PacCMOTPEH 3apSUKCHHBIN KOHACHCATOP, MEKAY
ODOKA2AKAMH ~ KOTOPOIO  CYLIECTBYET — IIOCTOSHHAS — DACKTPUYCCKAS
HAIPAKECHHOCTD.

PaccmoTpnM  Tereph 3a30p B KOABLIEBOM MarHmre. MexAy
IIAOCKOCTSAMH, OTPAHHYUBAIOIIUMYI 3TOT 3a30p, CYLIECTBYeT MATHUTHAS
HAIPKECHHOCTD.

B cuay cummerpun ypaBaenuii MakcBeaaa B "3azope” Taxkoro

MarauTa AOAYKHO CYIIECTBOBATH SACKTPOMATHUTHOC ITOAC, AaHAAOTHYIHOC
IIOAXO B 321301:)6 SapH)KCHHOFO KOHACHCZITOpa. Oranune MCIKAY STHMHU
IIOAAMH 3AKAOYA€TCA B TOM, YTO B ypaBHCHI/IHX IIOAA SACKTpI/I"ICCKI/IC "u
MAarddTHBIC HAIIPKECHHOCTH MCEHAIOTCA MECTaMH. B YaCTHOCTHU, B
3apIKEHHOM KPYyTAOM  KOHACHCATOpPE CyIIeCTBy€T IACKTPpHUYICCKAsA

HAITPAKEHHOCTD (EZ #* 0) U OTCYTCTBYeT MArHUTHA#g HAIPAKEHHOCTD
(H , = 0). B HesapsikeHHOM KPYTAOM KOHAEHCATOPE C MATHHUTOM
CYILECTBYET MATHUTHAA HAIPAKEHHOCTH (H  F 0) U OTCYTCTBYET

saekrprdeckas nanpszxennocts (E, =0).

Pemenne  ypaBHenmii MakcBeasa Aaf  '3asope’ B MaramTe
IIOAHOCTBIO AHAAOTHYHO 9TOMY PEIICHHIO AASL B KOHACHCATOPE U MBI HE
OYAEM €ro 3AeCh IIOBTOPAT.

Takum 00pasoM, B 3a30pe HAIIEro MarHuTa (T.e. TaM, TAE

CyIIECTBYCT HaHpH)KCHHOCTb HZ) CYIIIECTBYIOT BACKT[ )UYICCKHC U
MarHuTHBIC HaHpH)KCHHOCTI/I .
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maBa 7h. PeweHve gns 3a3opa B MariuTa

[Ipy cymecTBOBAaHHH 3THX HAUPHKEHHOCTEH B 3a30pe HAIIETO
MarHnTa (POPMHUPYETCA CTAITHOHAPHBIA IIOTOK 3AEKTPOMATHHTHOM
saeprun. [lpu sToM (TaKke, Kak 1 B KOHAEHCATOPE)

1. OrcyrcrByeT paAMaAbHBINA ITOTOK SHEPTHH.

2. llpucyrcTByeT IIOTOK SHEPIHUH IO OCH 3a30Pa.

3. IlpucyTcTByeT HOTOK SHEPIUH IO OKPY/KHOCTH.

Kak noxazano B raase 1.5, BMecTe ¢ TaKUMH IIOTOKAMHU SHEPIUU B
SAEKTPOMATHUTHONH  BOAHE  CYIIECTBYFOT  TaKiKe  HMIIYABCHI,
HAIIPAaBAEGHHBIE ~BAOAb  PaAMyCa, IIO0  OKPYKHOCTH, BAOAb  OCH.
CyIrecTByroT TakKe MOMEHTH HMIVABCA OTHOCHTEABHO —AFOOOTIO
paAmuyca, AFOOOH OKPYAKHOCTH M OTHOCUTEABHO OCH.

OdeBHAHO, BCE 3TH BBIBOABI HE 3aBHCAT OT AAHHBI 3230pa.
CAeAOBATEABHO, MOKHO YTBEPHKAATH, UTO

ITOTOKH SHEPIHH, UMITYABCEl 1 MOMEHTBI HMIIYABCOB CYIIIECTBYIOT

B OKpPECTHOCTH TOPLIA MAarHNTA.

B wacrmoctn, xak mokasano B (1.5.6), MOMeHT mMIyABCa
OTHOCHTEABHO OCH MATHHTA B AAHHOH TOUKe "3a30pa’

Ly(r,,2) = =S,(r,¢,2) ¢
nAm, ¢ yaetom (7.2.10),
L,(r,p,z)= Enker (rey, (). @)

C}TMMaprIIZ MOMCEHT UMITYAbCA HA BCEH OKPY)KHOCTI/I AQHHOTIO paAI/IYC’A u
Ha AAHHOM paCCTOHHI/H/I oT Topua

Lor () = [ L, (r, 0, 2)dp = Z-nke, (e, (r). o)

2. DKCHepUMEHTHI 110 OOHAPY>KEHUIO

MOMCHTA UMIITyAbBCA B MAI'HUTEC
Cy1mectBOBaHIE MOMEHTA UMIIYABCA B MarHHUTE MOKHO OBIAO OBI
IIPOBEPHTH IKCIIEpUMEHTaABHO. Ho y aBTOpa HET TAKMX BO3MOKHOCTEH.
ITostomy  mpeasaraercsi  pacCMOTPETb  3KCIIEPUMEHTBI,  KOTOpPBIE
(BEpOATHO!)  AEGMOHCTPHPYIOT  CYIIECTBOBAHHME TaKOTO  MOMEHTA
HMITyAbCA B MATHUTE.
1. Oxcnepument, msBecTHbl 110 MuTepHery, mokasan Ha puc. 1,
TAC
e M - marHHT € MHAYKIHEH B,
e K - 7KeAe3HOE KOABIIO C 3230poM V (KOTOPBEI HYKEH AAfl TOTO,
YTOOBI IIPH ITOUCKE OOBACHEHUA HE IIPEAIIOAATATH, YTO IO
KOABITY MAET TOK),
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maBa 7b. PewwieHune gns 3a3opa B MarHuta

e N — HuTh,
e LD, A, C,d- pasmepsL
I1py ormycKaHHE KOABLIA OHO B HEKOTOPOM ITOAOKCHHH HAYHMHACT
OBICTPO BpAIATBCA UM BpaIaeTCsi HEKoTOpoe Bpems T, a 3arem
OCTAHABAMBACTCA W HAYMHACT BPAIIATBCA B  IIPOTHBOIIOAOIKHYIO
CTOPOHY. DTO BpallleHue AAUTBCA B Tedenne Bpemenn t<<T. Ipormeccer
IIEPEMEHHOIO 110 HAIPAaBACHUIO BpAIlEHUA IOBTOpsAroTca 3-5 pas m
32THXAFOT.
ABTOP IIOBTOPHA 3TOT 3KCIIEPUMEHT B CACAYFOIIIEM BHAC:
BapuanT 1: B =1 Tesla, T = 30 sec,
L, D, A, C, d)=(200, 15, 10, 15, d) mm;
BapuaHT 2: B =1 Tesla, T = 20 sec,
L, D, A, C, d)=(200, 20, 05, 15, d) mm.

4
N L
A
4
K AY D
]
d A
A
4
M C
A
Puc. 1.

DTOT  SKCIIEPHMEHT  MOMKHO  OOBACHUTb  CYIIECTBOBAHLIEM
BPAIAIOIIIETO  MOMEHTA, KOTOPBIM B  YCTAHOBUBILIEMCH  PEKHIME
VPABHOBEIITUBAETCA  KPYTAIIMM  MOMeHTOM Hutu. [Flmage aror
SKCIIEPUMEHT OOBACHAIOT N3MEHEHHEM KPYTAIIIEIO MOMEHTA HUTH, KOTAQ
OHA HaTATHBacTCA npuTHKeHmeM KoAaba K x marmmry M. Taxoe
OODBACHEHHE  KAKETCA  HEYOCAHMTEABHBIM, KOIAA  AGAQCHIb  9TOT
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maBa 7h. PeweHve gns 3a3opa B MariuTa

SKCIIEPUMEHT COOCTBEHHBIMHU PYKAMH.

2. B VMureprere [46] mokaszan APyroil sKCIEPHMEHT — CM. pHUC. 2,
rAC

o M - marmwur,

e K — MarHUT B BUAE KEAE3HOI'O KOABIIA,

® S — ACPEBAHHBIN CTEP/KEHD,

e P - AepiKaTeAb CTEp:KHA S.

Koasmo K yaepixmBaercs Ha HEKOTOPOM PACCTOSHHH OT TOPIIA
maranta M u Bpamaerca Ha AepeBAHHOM crepixue S. Maes aroro
OKCIIEPUMEHTA  MOJKET  OBITh ~ HCIOAB30BaHA  AAfl  CTPOTOH
SKCIEPUMEHTAABHOW IIPOBEPKU CYIIECTBOBAHUA MOMEHTA HMIIyAbCA
BOKPYT OCH MarHHTA.

Puc. 2.

3. B Nurepnere [47] mokasaH eIe OAMH 3KCIIEPUMEHT, KOTOPBII
AETKO ITOBTOPHTB. ABa KOABIIEBBIX MATHHUTA IIOABEIIUBAIOTCA KPIOUKOM
HA AAMHHOM HHTKe — cMm. puc. 3.1. B mepBom caydae MarHuTBHI
CIIEIASIOTCA TIAOCKOCTAMHU KOA€IT (CM. puc. 3.2), a BO BTOPOM — KacaroTcs
BHEIITHUMH IIHAHHAPHUYECKUMU ITOBepxHOCTAMU (cM. puc. 3.3). B
IIEPBOM CAy9Ya€ KOHCTPYKIIHA BHCHT CIIOKOHHO, a BO BTOPOM —
Bparmaerca. ITOCKOABKY BeC KOHCTPYKIMM HE MEHACTCA, TO BAUSHIE
HUTKU UCKAFOYEHO.
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maBa 7b. PewwieHune gns 3a3opa B MarHuta

Puc. 3.1. Puc. 3.2. Puc. 3.3.

4. V3sBecteH IIO MHTEPHETY TAKKE SKCIICPUMEHT, AHAAOTMIHBII
SKCIEPUMEHTY 3, TA€ HIDKHHUN KOABIIEBOM MATHUT OBIA 3aMEHEH Ha
CIIAOIIHOM IPAMOYIOABHBI MAarHHT — CM. pHC. 4, TA€ HUCIOAB30BaHBI
obozHavyennsa u3 puc. 1. KoHcrpyknmsa Bpalimasach Tak iKe, KaK U B
sxcriepumente 3 [48]. OObACHEHHEM MOXKET CAYKHTH CYIIIECTBOBAHIE
MOMEHTA UMITyAbCa BOKPYT OCH MATHHTA.

¥
y
o
Solete
g%t
% C

S5
etelele

L

T
o

o
30535
35458

L
L

ABa KOABIICBBIX MATHHUTA B 9KCIIEPHMEHTE 3 MOKHO PACCMAaTPHBATD
KaK ABE COBMEITICHHBIX KOHCTPYKIIMH U3 PHC. 4:

° HIDKHEEC KOABIIO B pOAI/I Mar"guTa AAA BCPXHCFO KOABIIQ,
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maBa 7h. PeweHve gns 3a3opa B MariuTa

® BEPXHEE KOABIIO B POAM MaTHUTA AASl HIZKHETO KOABIIA,
[Ipm sTOM Bee 4 akcriepuMeHTa OOBACHAFOTCA CYIIECTBOBAHIEM MOMEHTA
HIMITyABCA B MaTHUTE.

OkcepumenTsl 1,3, 4 MOKHO IIPEACTaBUTH OOIIEH CXEMOH — CM.
puc. 5. Maraut M cospaer marHuTHBI moTok Bl, HampaBaeHHBIT B
koAbI0 K. (Apyryro wacte motox maramta M MBI HE pacCMaTpHBACM).
DToT HOTOK pasaBanBactcs B KoAbrie K Ha ABa motoka B2. Aaaee moToku
B2 zamprkarorcs morokom B3 BHYTpH KOABIIAa 1 oTOKOM B4 BHE KOABIA.
Takum obpasom,

B1=2*B2 - B3, B4=2*B2 - B3, B1=B4,
T.e. BCerAa cyiectByer oTok B3>0. DroT mOTOK, KaK IIOKAa3aHO BBIIIIE,
00A2A2ET MOMEHTOM HMITYABCA.

M
B4
B2 B2
K
Puc. 5.

3. O ckopocTr pa3sMarHUYUBAHUA MAarHUTOB

PaccMoTpuM CKOPOCTh ABHMZKEHHA SHEPIHH H3 MarHuTa. Tak ixe,
KaK M B rAaBe 1, MBI OYAEM HCIIOAB30BATH KOHIEIIHIO YMmoBa [81],
COTAACHO  KOTOPOH IIAOTHOCTb IIOTOKA 3HEPrHH S ABAAETCA
IIPOM3BEAECHIEM TTAOTHOCTH 3Hepruu W H CKOPOCTU ABM/KEHUSA SHEPTUU
Vo

'

S=W-V,. 1)
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maBa 7b. PewwieHune gns 3a3opa B MarHuta

EcAn ABIKEHIIE SHEPTHH 3aKAIOYAECTCA B TOM, UYTO OHA H3AYIACTCH
U3 TeAa IIEPIIEHAUKYAAPHO HEKOTOPOMY cedeHHIO TeAa, 1o u3 (1)

CAGAYET:

P dw/dt
S==—=——=w"7v 2
Q Q e @)

rae Q - maormaap cevenus, P - momaocts usaygenns, W - sneprus teaa.
CAGAOBATEABHO, B 3TOM CAyYa€ MBI MOKEM H3MEPUTH CKOPOCTb

ABITKECHUS S9HEPIUU KaK
dw/dt
Ve = W_Q (3)

[Tpumenum a1y POPMYAY AASl BEIMUCACHHA CKOPOCTH ABUKEHUSA
SHEPIUH IIPH Pa3MATHHYHBAHUN MATHHUTA.

Ws [93] paccmorpuM, HarpuMmep, 3aBUCHMOCTb YMEHbBIIICHUSA
MAarHUTHOH HHAVKIIHH C TedeHueM BpemeHH AAfA craaBa FOHAK25A —
cMm. puc. 1, rAe mokasaHbl (PYHKIHH B 3aBUCHUMOCTH OT BPEMEHH,
IIPOIIIEAIIIETO OT MOMEHTA HAaMAarHHYHBaHUA. Bpems mokasano B Ausx. B
okHe 1 mokasama dyHkIuA MarHuTHOH mMHAYKnmu B(t) us [93]. Ilpnm

9TOM CKOPOCTb U3MCHCHHA MATHHTHOM HMHAYKITAL

dB —_e¢ T

E = 2 ' 10 6 ; (4)
B oxne 2 nmoxazana (pyHKIINIA TAOTHOCTH MATHUTHON SHEPIHH

w=10"*B2. (5)
W3 (4, 5) caeayer, aro

& =2-10"*22B = 4-1071°B ©)
Byaem moaarats 3a HenMeHHEM OOAEE TOYHBIX AAHHBIX, 9TO

W=w,Q=1B=1. (7)

Toraa u3 (3) HaxOAHM:
dw/dt _ 4107'°B —e M
e = w-/Q ~ 10482 =4-10 6@' (8)
DTa CKOPOCTHP HAMHOTO MEHBIIIE CKOPOCTH CBETa, YTO M TPEOOBAAOCH
ITOKA32Th.

MOKHO IIPEAIIOAOKUTH, YTO IIOTOK OSHEPIUM W3 MATHHTA
IIPEBPAIIACTCA B TEIAOBYIO SHEPIHIO U MarHUT oxAakAaercsa. Ho Bmecre
C OXAQKACHHEM MATHHTA B HETO IIOCTYIIACT TEIIAOBOM ITOTOK H3BHE,
BOCCTAHABAMBAIOIIMK  Temiepatypy  Maraura.  CAGAOBATEABHO,
CYIIECTBOBAHHE MATHUTA, BO3MOKHO, OOECIIEIUBACTCSA BHEIIHEH CPEAOH
U IIPU OXAQKACHHH MATHHTHBIE CBOICTBA HCYE3AIOT, YTO HAOAIOAACTCH,
kak Touka Kropm. Ilporecc oOmena TermaoBoOi s>Heprueil MarHuTa 1
OKPYKAIOIIIEH CPEABI IIOAPOOHO paccMoTpeH B [124].
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maBa 7b

. PeweHne gns 3asopa B marHuTa

0.995
m  0.99
0.985

0.98

10
9.9
Z 98
9.7

9.6

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
x107°
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
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maBa 7e. KoHaeHcaTop C NOCTOSIHHBIM HanpsbkeHWeM B AeKapTOBbIX KOOpAUHaTax

I'AaBa 7e. Pemmenue ypapHeHUI
MakcBeAAa AA KOHAEHCATOPA C
IIOCTOAHHBIM HAIIPAKEHUEM B
AEKAPTOBBIX KOOPAMHATAX

OraaBAaeHune
1. Perenue cucremsl ypasaennit Maxcseaaa \ 1
2. ITAoTHOCTH TIOTOKOB 3HEpruy \ 3

1. Pemienne cucremsl ypaBHeHH MakcBeaaa

B raaBe 2d aamO pemrenme ypaBHeHHII MaxcBeAAa  AAA
KOHACHCATOPAa C IIEPEMECHHBIM HAIPHKECHHEM B IIHAMHAPHYCCKHX
KOOpPAMHATaX. 3AGCh MBI PACCMOTPHM KOHAEHCATOP B AEKAPTOBBIX
KOOpPAHMHATaX — cM. puc. 1.
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naBa 7e. KoHgeHcaTop C NOCTOSAHHBIM HaNpsbkeHWeM B OeKapTOBbIX KOOpAMHATax

B crucreme AekapTOBEIX KOOPAMHAT X, Y, Z 3TH YPAaBHEHHA B CUCTEME

CU umMeror BHUA:

0H, O0H, _ (1)
dy - 9z
J0H, O0H, _ 2)
dz _ dx _
oH, oH, 8
dx dy
0E, OE, “)
dy 0z
JE, OE, _ 5)
9z dx
o5, ok, _, 6
dx dy
J0E, OE, O0E, (7)
ox Ty T
0H, O0H, 0H, 8)
+ 3y + 5 0
rAC
Ey, Ey, E, -srexrpudeckne HAPSKEHHOCTH,
Hy, H,, H, - MarEnTHBIC HATPSKEHHOCTH,
Permenne AOAKHO OBITh HAHACHO IIPU HEHVAEBOM Hanpszkernoctu E, .
Byaem uckatp perrenue B BUAE CACAyIOmMUX yHKImit [45]:
Ex(x,y,2,t) = e,Ch(By)Ch(yz) cos(x x), )
E,(x,y,2,t) = e, Sh(By)Ch(yz) sin(x x), (10)
E,(x,y,2,t) = e,Ch(By)Sh(yz) sin(e x), (11)
H,(x,y,2z,t) = hy,Sh(By)Sh(yz) sin(x x), (12)
Hy,(x,y,z,t) = h,Ch(By)Sh(yz) cos(x x), (13)
H,(x,y,z,t) = h,Sh(By)Ch(yz) cos(x x), (14)

TAE

€x, €y, €z, Ny, Ny, Ny - TOCTOAHHBIE AMIANTYABI (DYHKITHI,

a, 3, A — KoHCTaHTHL

Anddepenrupys (9-14) n nmoacraBasa moaydernoe B (1-8) mocae
COKpAITIEHHA Ha OOIIIE MHOKUTEAH, IIOAYIACM:
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maBa 7e. KoHaeHcaTop C NOCTOSIHHBIM HanpsbkeHWeM B AeKapTOBbIX KOOpAUHaTax

h,p —hyy =0 15
hyy + h, x=0 (16)
“h, < —hf =0 (an
e —eyy =0 (18)
e,y — e, x=0 19)

ey, X —e,f =0 (20)

e < +e,f+e,y=0 21
hy < +h,B + h,y =0 (22)

Cucrema 8-mu ypasaenwni (15-22) mpu u3BecTHOI BEAHYHHE €, COACPKUT
8 HEU3BECTHBIX.
€x, €y, iy, by, hy, a, B, A
PaccmorpnM  BHawaAe cucremy 5-TH AMHEHHBIX ypapHeHHE (15-19)
OTHOCHTEABHO 5-TH HEU3BECTHBIX €y, €y, fiy, hy, h,. Pemmas o1y cucremy,
HAAGM 5TH HEHU3BECTHBIE. 3aTE€M IIOACTABUM HAHACHHBIC 3HAYCHHA B
ypasaennsa (20-22) M IIOAyIHM CHCTEMY 3-X AMHEHWHBIX YpaBHEHUIT
OTHOCHTEABHO 3-x HemsBecTHBIX &, 3, A. Tem caMbIM MCXOAHAs CHCTEMA
ypasuenmii (15-22) 6yaer perrrena.
Pemrenne Bceraa cymecrByer.

2. ITAOTHOCTH IOTOKOB SHEPrUU
ITaoTHOCTH TIOTOKOB SHEPIMH IIO KOOPAMHATAM OIIPCACAATOTCA IIO

dopmyae

Sy EyHZ — EZHy
S=|Sy|=(ExH)=|E,H,—EH,|. 23)
S, ExHy — Eny
nAm, ¢ yaetom dpopmya (9-14),
S, = (eth‘PyZ - ezhy‘}’zy) 24)
Sy = (ezhxlpzx - exhzlpxz) 25)
S, = (exhy‘ny - eyhx‘Pyx) 26)

rae koapdurmenter ¥ onpeaeadrores us (9-14). Harpumep,
W,y = Ch(By)Ch(yz) cos(x x) - Ch(By)Sh(yz) cos(x x)
HAU
Y,y = 0.5Ch?(By)Sh?(2(yz)) cos? (e x). (27)
Awmarornano,

¥, = Sh(By)Ch(yz) sin(x x) - Sh(By)Sh(yz) sin(x x)
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AN
_ 2 2 L2
¥,y = 0.55h*(By)Sh (Z(yzt)) sin“(o x). (28)
DTO 03HAYAET, YTO CYIIECTBYIOT IOTOKH SHEPIUH II0 BCEM OCAM
KOHACHCATOPA. DTO TAKKE O3HAYACT, YTO CKBO3b KOHACHCATOP IPOXOAAT
rmotokn sHeprun. Paccmorpmm, Hanpumep, cedeHne XYy HIpH Z = Zj.

[TAOTHOCTP HOTOKA SHEPTHM S, HA 3TOM CEYEHHH OMPEAEASETCA
dyuxumeir (26, 27, 28). Ilorok sHeprum Bce CEYCHHE OIPEACAACTCA
HMHTETPAAOM 3TON (DYHKITMH Ha BCEH IAOIIAAU 3TOTO CEYCHUA:

Baxmo oTMeTHTB, YTO 3TOT HOTOK HE H3MEHAET BHYTPEHHIOIO
SHEPTHIO KOHAEHCATOpA. OTOT ITOTOK ABAACTCA TOH  AKTHBHOM
MOIITHOCTBIO, KOTOPasA IPOXOAUT Yepe3 KOHACHCATOP BAOAB ocu oz. Ha
APYTHX TIPaHAX KOHAEHCATOPA TAKAKE MOTYT CYIIECTBOBATH ITOTOKH
SHEPIUH, KOTOPBIE H3AYYAT SHEPIHIO, BBIYUTAIOIIYIOCA W3 SHEPIHH
KOHAEHCATOPA U BOCIIOAHAEMYIO HCTOYHHKOM HAIIPAKEHUA.

K aT0¥ raaBe OTHOCATCA TaKAKe MHOITE BBHIBOABI, IIPUBEACHHBIC B
raase 7 AASl KOHAGHCATOPA B CHCTEME ITMAHHAPIYIECKIX KOOPAUHAT.
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I'AaBa 8. Ypasuenusa Makcseaaa B
cpeprIecKkx KOOOPAHHATAX

OraAaBAaeHune
IlepBoe pemenne. Vpasuenus MakcBeara B cepHIecKux
KOOPAMHATAX IIPH OTCYTCTBHH 3aPSAOB 1 TOKOB. \ 1
1. Pemrenne ypasuenuit MakcBeasa \ 1
2. Ioroku suepruu \ 5
3. 3akarouenue \ 7
[Mpuaoxenne 1\ 7
TabAmrer \ 8
Bropoe pemenne. Vpapuenus Maxkcseasa B cdpeprueckux
KOOPAMHATAX B OOINIEM CAYYaE. \ 12
1. Beeaerme \ 12
2. Pemrenne ypaBuennit Makceaaa \ 12
3. Ioroku sueprun \ 15
4. 3akarouenue \ 18
[Tpuaoxenne 1\ 18
Tabamrer \ 20
Tperpe pemenme. Ypapaenusa MakcBeaaa B cdepHUIecKHX
KOOPAHMHATAX AAfl 9AEKTPOIIPOBOAHOM CPEABL. \ 27
1. ITpubamxennoe perrenne \ 27
2. Tounoe pemenue \ 28
Tabaunrer \ 28
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masa 8. YpaBHeHns MakcBenna B chepuyeckux KooopanHaTax

IlepBoe pemenue. Ypasaenusa MakcBeaaa
B cdepudecknx  KOOPAMHATAX  IIpH
OTCYTCTBHAH 3aPAAOB U TOKOB.

1. Pemenue ypaBuenuit MakcBeaaa

Ha puc. 1 mokazana cucrema cpeprdeckux koopausar ( 0,6,¢). B
TaOA. 1 IIPUBEACHBI BBIPAKCHUSA AAS POTOpPA U AUBepreHiuu sekropa E B
3THX KOOpAMHaTaxX [4]. 3aech 1 Aanee

E - manpsxennocts saexTpIrdeckoro moas,

H - HaHpH)KCHHOCTI) MATHUTHOTO ITIOAA,

M - aOCOAFOTHAS MATHUTHAA IIPOHUIIAEMOCTD,

& - 20CcoATOTHASA AI/ISACKTPI/I"ICCKQ_H HpOHI/IHaCMOCTb.

2

Fal M N

e/r

Puc. 1.

VpaBuennsa MakcBeara B cpepHUECKHX KOOPAMHATAX IIPH
OTCYTCTBHU 3aPAAOB I TOKOB IMCIOT BHA, IIPUBEACHHBIN B TaOA. 2. Aasee

MBI OyA€M HCKaTh pernenue npu E , = 0, H o =0 u B Buac PyHkIMI
E, H, npeacraBacanbx B Taba. 3, rae dpyHKIMIO 9(9) u pyHKIAN
BuAa E o (p) IIPEACTOUT  BBIYHCAHUTB. DyAeM — ImOAarate, 4TO

nanpsokennoctn E, H  me saBucar or aprymenta @ . Ilpm osrmx

ycaoBuAX mpeodpasyem 1adA. 1 B TabA. 3a. Aasee moactaBuM (QyHKIIHH
E, H wuz Taba. 3 B 1a6A. 3a. Toraa moayunm taba. 4.

IToACTaBAAA BBIPAKEHHUA AASl POTOPOB I AUBEPreHIINI 13 TabA. 4 B
ypasHenusa MakcBeara (cMm. TaOA. 2), audpdepeHIupys 1o BpeMEHH U
COKpaIfas OOIIHe MHOXUTEAH, IIOAy4aeM HOBYIO (DOPMY ypaBHEHUN
Maxcpeanra — cm. TaOA. 5.
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Paccmorpum Ta0A. 5. 3 cTrpokn 2 caeayer:

H oH
-2+ -0, @)
p 0Op
we
ZH¢p+TE€p:O' (3)
CAeAOBaATEABHO,
h
Ho = )
&
pr:—;Egp, 5)
TAE h(pp — HEKOTOpaf KOHCTaHTa. AHAAOTHYHO, U3 CTPOK 3, 5, 5 caeayer
COOTBETCTBEHHO:
h
Hy ==, ©)
yo,
&
H 19p = E E(PP 5 (7)
€
Ep=") ®)
_ou
E . EH o> 9)
€
Ej=-", (10)
P
__ou
Egp——;H(pp. 11)
M3 (5) caeayer, uto
A
E, = H,,. (12)
a n3 cpasuenus (11) u (12) caeayer, urto
OH_ X
¥ o

AN

w
x="en. (13

Ora ke opmyaa caeayer us cpasuenus (7) u (9).
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W3 (5, 13) caeayer, aTO

&
H(/Jp - _Eﬁp’

Y7,
aus (14, 4, 11, 12) caeayer, uro

&
hcop = _eﬁp\/g ] (15)

Amnanormano, u3 (7, 13) caeayer, 910

(14)

g

Hy, =— ;Efﬂp’ (16)
aus (16, 0, 8, 12) caeayer, aro
&
h,, =-¢,, ; : 17
W3 cpasuenns (15) u (17) caeayer, uto
€
PAL (18)
Op e(/)p
h h £
er e(ﬂp H

Aanee 3ameuaem, uyro crpoku 1, 4, 7 m 8 coBmaAaroT, OTKyAa
CAeAyeT, 9TO PYHKIINA g(¢9) ABASICTCA perneHueM AR @epeHIITaABHOIO

9(0) , a9(9) _,
=0. (20)
tg(0) o0
B mpmaoxkenmu 1 mokasaHo, 9TO peIreHneM 3TOTO YPaBHEHUA ABAACTCA
dysKIHIA

ypaBHEHUA

0(0)= . (20a)
A-fsin(6)
rae A — koncranTa. 3amernm, uro B nssectaom pemennn g(6)=sin(6).
Aerko yOeAHTBCA, 9TO Takas (PYHKIHA HE YAOBAETBOPAET YPABHEHUIO
(20). CaepoBaTeABHO,
B H3BECTHOM pEIICHHU HE BBIIOAHAIOTCA 4 ypaBHEHU:A

MakcBeara € BBIPaKEHUAMHA I’Otp(E), I‘Otp(H), div(E),

div(H ).
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Wrax, perenne ypasHeHuii MakcBeara AAfl chepUIECKON BOAHBI
B AAABHEH 30HE HMEET BHA HAIIPAKCHHOCTEH, ITPEACTABACHHBIX B TaOA.
3, rae

h h e e
__op _ & _ “op )
A== A== By = 2 By =7 @y
@ 1
=—./& 13), gl@)=——— (w20
x="eu 1. 9(0) @] ™
M KOHCTAHTHI h(pp, hgp, €ypr €,, YAOBACTBOPAIOT YCAOBUAM
e
g 1y, L=—2=— L
hﬁp e¢p Op e(pp H

M3 Taba. 3 caeayer, 91O
OAHOHMMEHHBbIE (II0 KOOPAMHATAM (@ U ) 3AeKTpUUYECKHe
M MArHUTHBIE HANPAKEHHOCTA CABUHYTBI 110 ¢a3e Ha
YeTBEPTH IIEPUOAA.
DTO COOTBETCTBYET 3KCIEPUMEHTAABHOM sAekTpoTexHmke. Ha pmc. 2
IIOKa3aHBl BEKTOPBI ~ HAIPMKEHHOCTEH B  cEPHUUECKOH  CHCTEME
KOOPAHMHAT.

E H, E,

?, 0 \p

7A \
(7 fnd

H 12
Puc. 2 (4hehe.vsd).

2. IToroxu suHeprun
ITaoTHOCTE TTOTOKA SACKTPOMHFHHTHOﬁ SHCPIUH — BECKTOP ITotirTHara
S=nExH ®
TAC
n=cl/ir. 2)
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B cdepruuecknx koopamHaTtax @, 6, p IIAOTHOCTH IIOTOKA

SACKTPOMATHUTHOH 9SHEPIUH KMEET TPU KOMIIOHCHTHI S o S, S o

HAIIPABAEHHBIE ~ BAOAB  PaAMyCa, IO  OKPYKHOCTH, BAOAb OCH
cootBeTcTBeHHO. OHH OIIPEACAAFOTCA 11O POPMYAE

S, E,H,-EH,

S=|S,|=n(ExH)=nEH,-EH, | )
S, E,H,-E,H,

Orcroaa u u3 TadA. 3 CACAYET, 9TO

S,=0

S,=0 . ©)

. _ E,,H,, (9(0)sin(xp + at)f -

P _77

~E,H,,(9(0)cos(zpo + at)
Ns (1.9, 1.11) caeayer, ato

ou
E(/)PHG’/J = E (Hep)z > ©)
wu V]
EHPHW :_E(pr) : )
Aanee us (6,7, 1.4, 1.6) caeayert, aro
ou 1
EcopHé’p = E (hep)z ? > ®)
ou 1
EﬁpHcop :_E(hwp)z?' ©)

s (5, 8, 9) moaygaem:
s - 77'gz(e)%iz[(hgp)z(sin(;(ercot))z + ]
XC P+ (hwp)z(cos(;(p +ot))
Aanee u3 (9, 1.13, 1.18) caeayer, uaro

1 ((h,, F(sin(xo+at)y +
Sp:ﬁ'gz(e)w\/z_z ( 9p)2( 2 ) 2 | (19)
e pl+ (qhgp) (cos(xp + at))
TAC q — paHee HCOHPCACACHHa}I KOHCTAaHTA. ECAI/I HpI/IHHTb
g=1, (10a)

TO IIOAYIHUM
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h2
Sp:n-gz(e)a)\/Zi’;. (11)
£ p

3aMeTHM eIrle, YTO ITAOIIAAb IIOBEPXHOCTH C(DEPHI C PAAMYCOM L pPaBHA
2 .

47p°. Toraa MOTOK SHEPIUU, IPOXOAAIINN CKBO3b CEPy C PAAHYCOM

P PaBEH

2T

_ h2

S, = f 47 p?S,d0 = 4np2na)% J 52(6) do
0

[Tockoabky

[ g2(6)dg =,

rae C — KOHCTAHTA, TO

S, = 4mCnwh),. (12)

W3 (12) caeayer, uto
B cdepudecKOd IAEKTPOMATHHUTHON BOAHE IIOTOK
SHEPIUHU, NPOXOAAIINII CKBO3b CdQepbl II0 PaAUYCY,
OCTaeTcA IIOCTOAHHBIM C yBeamdeHueM paauyca u HE
HM3MEHAETCA BO BpEMEHHU.

DTO CTPOro COOTBETCTBYET 3aKOHY COXPAHEHHSA SHEPIHH.
M3 (12) caeayer, 9TO HAOTHOCTD IIOTOKA SHEPIHHU MEHACTCA BAOAD

mepuamana 1o sakony g°(6).

3. 3akAroueHue
[Toayueno CTPOTO€ PEIIECHUE YPABHEHUIT MaxkcBeara AAST AAABHEN
30HBI, KOTOPOE IPEACTABAEHO B Ta0OA. 3, TAE

qup(p)’ HHp :(p)’ Egop :(p)’ EHp :(p) - (pYHKHHH’
onpeaesennnie o (1.21,1.18, 1.19),

g(@) - dyuxuns, onpeaeasemas mmo (1.20a),

X - KOHCTaHTa, orpeAeademas o (1.13).

e OaHouMeHHBIE (IO KOOPAMHATAM () Hu ) sACKTpHYECKHE U
MArHUTHBIE HAIPAKEHHOCTH CABHHYTHI 1O hase Ha HUETBEPTD
IIEPHOAQ.

e B cdepuueckoii 3AEKTPOMATHHTHONH BOAHE IIOTOK OSHEPIHH,
IIPOXOAAIIHUI CKBO3b CPEPBI IO PAAUYCY, OCTACTCSH IIOCTOSHHBIM C
yBeanmuenuem paauyca m HE msmenserca Bo BpemeHm m 37O
CTPOTO COOTBETCTBYET 3aKOHY COXPAHECHHA SHEPIUH.

2
e [IaorHOCTB SHEPIUHU MCHACTCA BAOAD MEPHANAHA ITO 3AKOHY g (6)
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ITpuaoxenue 1
Pacemorpmm (1.20):

0l0) , olg(6) _,

tg(o) o0
5(329))_ ctg(0)- 9(0)
Nmeem:

N3 (2, 3) maxoanm:
In(g(6))=—| ctg(9)o0.
6
WNsBectro, 9TO

[ctg(0)60 = In(4-[sin(6)).

rAe A — xoucranTa. VI3 (4, 5) moayuaem:

In(9(6))=—In(4-sin(0)

AN

1
9(0)= A-fsin(@)”

TabAubI
Tabamia 1.
1 2 3
1l rot(E)| E, OE, oE,

A9(0)  po0 psin(0)op

2| rot,(E) OE, E, OE,

pin(@og  p  dp

3 rot,(E) E, B, CE,
p _Op pop

4|div(E) | E, 6E, E, ©oE, oE

_P 4

+—2 4 + +—
p_dp  pg(0) pob  psin(6)og

)

)

)

)

®)

©)

(®)
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TabAnumna 2.

Ta0amnma 3.

1 2
1. E
rot | H 2%, =0
c ot
2.
rot,H —£%=O
c ot
3. E
rot,H _e %, =0
c ot
4, H
rot E +ﬁa—”:0
c ot
5.
rot9E+%%:O
6.
rot¢E+ﬁaH—‘”=O
c ot
7. | div(E)=0
8. | div(H)=0
1 2
E,=Ey (,0)9 (9)005(;(,0 + o)
E, =E,,(0)a(0)sin(zp + )
E,=0
H, = ng(p)g(ﬁ)sin(;(p+a)t)
H, =H,,(0)a(6)cos(z0+at)
H,=0
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Tabamita 3a.
1 2 3
1 rOIp(E) E(ﬂ +aE‘/’
ptg(6)  po
2| rot,(E) _E, ¢E,
p_Op
3| rot,(E) | E, , OE,
p Op
4| div(E) E, O
ptg(6)  pod
Tabaunna 4.
1] 2 3
1| rot,(E) E, +6E(p
p9(0) po
2 rot,(E E oE
o(E) _Eﬂsin(m)-i- ‘”psin(...)+;(E¢,pCOS(---)JQ(@
P op
31 rot (E E oE
o(E) —2 c0s(...)+ —2¢0s(...) - xE,, sin(...) |9(6)
P op
4| div(E) E, &
pg(0)  pod
5[ rot,(H)| H, Lo,
ptg(8)  pod
61 rot,(H H oH
o(H) _(ﬂcos(_“)+ "”’cos(...)—;(HWSin(---)Jg(H)
p op
7| rot H H oH
v ? sin(...) + —2sin(...) + yH,, cos(...) [9(6)
P op i
8 | div(H) H,  0H,
ptg(0)  pod
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TabAwnma 5.
1 2
L1 9(0) , 2(g@) _,
tg(0) o0
> —Mcos(...)—m—“’pcos(...H;(Hw sin(...) + 2 E,,sin(...)=0
Yo, op c
> %sin(...ﬂ aaH;p sin(...)+ zH,, cos(...)—%g E,, c0s(...) =0
41 9(0) , a(g(@)) _
tg(0) 00
> —%sin(...)—ag—pwsin(...)— ZEWcos(...)+“’—C“H(,psin(...)=o
E icos(...)+ 6§9p cos(...)— #E,, sin(...)—%HW sin(...)=0
p p
7| 9(0) , 2(e0) _,
tg(0) o0
8.1 9(0) , 2(a(0) _,
tg(0) 06
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Bropoe pemienue. Ypasuenus Maxkcseana
B C(OEPHUYECKUX KOOPAMHATAX B OOIIEM
CAydYae.

1. BBepaenue

Brmme B «IlepBom permreHnm» IIPEAAOKEHO pPEIIEHHE YPaBHEHUN
MaxkcBeAara AAA cpepHUECKO BOAHBI B AaApHEH 30He. Aaaee
paccmaTpuBaeTCA perreHue ypaBHeHHd MakcBeana aad cdpepudeckoit
BOAHBI BO BCEH OOAACTH CyIIeCTBOBaHUA BOAHBI (Oe3 pasOueHus Ha
30HHI).

2. Pemenne ypasHeHHu MakcBeara

Wrak, 6yaem HCIIOAB30BaTh chepudeckre KOOpAUHATH (0,0, 9).
Aanree pOpMyABI MBI OyAeM pasMmermars B TaOAHIIAX U HCIOAB30BATDH
CACAYIOIIIHE OOO3HAYCHHUS:

T (nomep_mabauye)-(nomep_cmonbya)-(romep_cmpoxu)

B rtabamme T1-3 mnpuBeACHBI BEIPAKCHHA AAA  POTOpA |
AMBEPIEHIINH BEKTOPA B 9TUX KOOPAUHATAX [4]. 3Aech U Aanee

E - HAps/KEHHOCTD 9ACKTPHUIECKOTO IIOAS,

H - HanpsykeHHOCT MATHUTHOIO ITOA,

J - IAOTHOCTB 3ACKTPUYECKOIO TOKA CMEILICHUS,

M - IAOTHOCTD MATHHTHOIO TOKA CMEILICHHS,

M - aOCOAFOTHAS MATHUTHASA IIPOHUIIAEMOCTD,

& - 20CcoATOTHASA AI/ISACKTPI/I‘ICCKQH HpOHI/ILIaCMOCTI).

[Tpumem caeayrorre 0603HAYEHNA:

E OE
W(E) =—2+57 0
_(E 3(Eyp)
(%) = (@ * 9)) 4

C yuerom otux oOo03HadeHnii dopmyasl B TabAmme T1-3
IIPUHUMAIOT BHA, IpHBEACHHBIH B TabAmne T1-4. B rtabamme T1A-2
3amuIeM ypapaeHusa MakcBeaaa.

Wraxk, nmeercsa 8 ypapaenni MakcBeAAa ¢ 6-10 HEU3BECTHBIMU. DTa
cucteMa ABAAETCA TepeonpeAeAeHHON. IlpmuATo Ccumrate, dYro B
cepruyueckoil BOAHE OTCYTCTBYIOT PAAHAABHBIC HAIIPSKEHHOCTH (XOTA
9TO0 1 He AOKazaHo). Ilpm sToM mosBaserca cucrema 8 ypaBHEHHE
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MaxcBeara ¢ 4-ma HemsBecTHBIMH. Brimmre B «[lepBom  permenmm
HAHAEHO pEIIeHHe 3TOH 3aAaun. B cymHOCTH, TaM HAXOANTCA pEIeHHe
4-x ypauennii (cm. T1A-2.2, 3, 6, 7). B asrtom permrenun yHKIHH
HAIIPSKEHHOCTEH MMEIOT OAMHAKOBBIH AASl BCeX (DYHKITUI MHOKUTEAD —
dyukmmro  g(0) or aprymenra 6. Ocrasbaeie 4 ypaBHeHns
BBILIOAHAIFOTCA IIPH OIIPEACACHHOM BbIOOpe o1oH yHknmm. OmHa
OKA3BIBACTCA TAKOH, YTO y HEE CYIIECTBYIOT OCCKOHEYHBIC 3HAYCHUA —
3TO ACAAET TO PEIICHUE IPAKTUIECKH HEITPUMEHUMBIM.

[IpuxoAnTCs IPH3HATE, YTO B CPEPUIECKON BOAHE IIPUCYTCTBYFOT
paAmaAbHbBIE HAIPAKEHHOCTH. OAHAKO M IIPH 9TOM CHCTEMA YPaBHEHUI
MaxkcBeAra  OCTAaeTCfi IEPEOIIPEACACHHON. AONYCTHM — €Ie, dTo
CYIIECTBYIOT ~PAAHMAABHBIE JACKTPUYECKHE TOKH CMEIIeHHA. DTO
AOIIYITIEHIE HE CHUMAET IIPOOAEMY IIEPEOIIPEACACHHOCTH, HO AODABASET
eme OAHY mpobaemy. Aeao B TOM, YTO cdepa HMEET HACAABHYIO
CHMMETPHIO U PEIIeHHE, OUEBUAHO, AOAKHO OBITh CHMMETPHYHBIM.

Hanparmusaercsi IIPEAIIOAOKEHHE O TOM, YTO CYIIECTBYIOT €IE U
PAaAMAABHBIC MATHATHBIE TOKH CMEIIEHHA. TaKkoe IIPEAITOAOKEHHE He
TpeOyeT  CyIIECTBOBAHMA  MATHHUTHBIX ~ MOHOIIOAEH — TaKiKe, Kak
CYIIIECTBOBAHUE JACKTPHYECKHX TOKOB CMEIIEHHSA HE CACAYET W3
CYIIIECTBOBAHUSA SACKTPHYECKUX 3aPAAOB.

Wraxk, anaree MbI Oyaem uckaTh perrenue B Buae dyuknumii E, H, |,
M, mpeactaBAcHHBIX B TaOAmie T2-2, TAe ACHCTBHTECABHBIC (DYHKIIHI
BHAA g(@) u e(p), h(p), j(p), m(p), npeacront BBHMHCANTD, 2
k09 PUITIEHTH X, () U3BECTHEL

[Ipu srux ycaoBuax mpeodpasyem dopmyasr T1-3 B T1-4, rae
IIPUHATEL CACAYFOITIHE OOO3HAYCHHIA:
_ ()

e, | = —=, 3
¢ a(p) ©

q=xp+wt )
W3 (2, 4) maiiaem:

in(6)
T(Eq,) = Stl;(e) + cos(8) | e,cos (q) = 2e,cos(8)cos (q) (5)

Amasoruvno,

T(Eg) = 2egcos(6)sin(q) (6)
T(H,) = 2h,cos(8)sin(q) (7
T(Hy) = 2hgcos(6)cos(q) (8)
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C vyuerom otux o0OOO3HaueHHi dopmyasr B TabAmme T11-3
IIPHHUMAIOT BHA, IIPUBEACHHBIN B TaOAmIe T1-4.
Aasee 1O IpHBEACHHEBIM BbiIe Qopmysam u popMmyram U3
TabAumsl T2 mocrponm tabaumsr T2i, T2p, T2W.
B Tabamme T1A-2 zanmmmem ypasHeHmsi MakcBeAaa € y9IeTOM
DPAAMAABHBIX TOKOB CMEIIEHHUs. AaAee IIPHIMEM YCAOBHE
a=0 )
[ToacraBum  potoper u  AmBepreHimy n3 Tabanmer 11-4 B
ypasuerusa T1A-2, yurem ycaoBue (9), COKparuM IIOAyYCHHBIC
BbIpaKeHUs HA (PYHKIUH aprymeHTa 8 1 pesyAbTaT 3amuieM B TabOAHILY
T1A-3. 3arem moacrasum dymkiuu u3 tabawmn T2i, T2p, T2W s
dyuxunn T1A-3 u samummmem pesyaprat B Tabammy T4-2. B oroit
TaOAHIIE U AAA€E IIPUMEHEHBI OOO3HAYCHIA BHAA
si = sin(yp + wt), (10)
co = cos(yp + wt). 1)
Aanee xapoe ypasHeHme B TabAamie T4-2 3ameHmM Ha ABa
YPAaBHEHHA, OAHO U3 KOTOPBIX COAEP/KUT CAAracMble CO MHOKUTEAEM Si,
a Apyroe — co MHOKHTEAEM CO. PesyapraT 3amumem B TabAniry T5-2.
Vpasuenus T5-2-2, 6, 3, 7 wumeror perneHue, HAHACHHOE B
«[leppom pemreHHM» M HMEIOIIEE CACAVIOIIMIA BHA (9TO MOKHO
ITPOBEPHUTH HEITOCPEACTBEHHOM TOACTAHOBKOM):

X ==eu 12)
ep =A/p,eq = A/p, (13)
hy, =—B/p,hg = B/p, (14)
B _ €

A E (15)

Paccmorpum  ypasuenma — T5-2.4, T5-2.8. Ix pemenne
paccMoTpeHo B TpHAOKEHMH 1, rae HadiaeHbl byHKIHE €, (p),
5p(p),hp(p), Ep(p). ITocae srToro 1o ypaBHeHHHM_TS-Z.l, T5-2.5
MOTYT OBITh HaHACHBI pyHKITHH ), (p), Jp (p),mp (p), m, (p).

Tem cambIM 3aAa9a peIrieHa.

B wacrooctn, npu A=B n maaoi BeAamumue Y 91H (DYHKIHH
HIPUHUMAFOT CAECAYFOIIIUM BHA:

h,=¢, = —%(G + 24 -1n(p)), (16)
N - D

h, =e, =-, 17
p= =5 17
. 2A uw D

Jp=;—7';, (18)
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= 1

T = _% : ;(G +24-1n(p)), (19
2B Ew D

mpz—p—2+7-;, (20)

= -1

m, = —%;(G +24-1n(p)). @1)

3aecp

G — KOHCTAHTa, KOTOPAsS MOMKET IPUHUMATH PA3AMYHBIC 3HAUCHUS
A yrxrmit e, u hy,,

D — KOHCTaHTa, KOTOPas MOKET IIPUHIMATH PA3AUYHBIC 3HAYCHHS

AAST (PYHKITII Ep u f_lp.

3. ITorokm sHeprun

[TrOTHOCTE  ITOTOKA 3AEKTPOMATHUTHOM 3HEPIMU — BEKTOP
[TotrTiHra
S=nExH, (1)
rAe
n=c/ar. 2)
B cucreme CH1 17 =1 1 dpopmyaa (1) mpuammaer BuA:
S=ExH ©)

B cdepuueckux  koopamHaTax @, 6, p  IAOTHOCTH  IIOTOKa

SACKTPOMATHUTHOW SHEPIUU HMEET TPHU KOMIIOHCHTBI S(a, S, S oo

HaITpaBACHHBIC BAOAD paamyca, 10 OKPY’KHOCTH, BAOADB ocHu
COOTBETCTBEHHO. BrIimre IIOKA3aHO, YTO OHHM OIIPCACAATOTCH ITO cbopMyAe

S, E,H,—E,H,
S=|S, |=n(ExH)=n E,H,-EH, | “)
S, E,H,—E,H,

Haiiaem BHa9aAE PaAMAABHBIN ITOTOK 3Heprun. IloacTaBadsa croaa
dopmyast n3 TabAnmer T2 u (1.4, 2.13, 2.14), Haxoanm:

Sy, = %sin(@)sin(q) %sin(@)sin(q) — %sin(@)cos(q) _)TBsin(B)cos(q) =

= ‘:—fsinz (6)(sin?(q) + cos?(q)) (4a)
uAH, ¢ yaerom (2.15),

P Y.
Sp = pz\/;sm (6) (5)

3aMeTuM, YTO IIAOINAAb ITOBEPXHOCTH CepBl C PaAUyCOM p paBHA

2 .
47mp°. Toraa MOTOK SHEPrUU, TPOXOAAIINIT CKBO3b Cepy € PAAHyCOM
£ PpaBeH
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E— 2
Sy = [, 4mp?S,do = —4np2n%\/§f9 sin?(0) d6

A

o
S, = —47717A2\/§f0n51n2(9) de

S, = —4n2nA2\E ©)

Takum 00pa3oM, IAOTHOCTB ITOTOKA 3HEPIUH, IIPOXOAAIIEIO
CKBO3b cepy, HE 3aBHCHT OT PAANYCAa M HE 3aBUCHT OT BPEMEHH, T.C.
3TOT TIOTOK HMEET OAHYy H Ty K€ BEAHYHHY Ha CEPHIECKON

A

IIOBEPXHOCTH AIOOOTO paAuyca B AIOOONH MOMeHT Bpemenw. Kmage
rOBOpPsA, MOTOK SHEPIWH, HAIIPABACHHBI BAOAB PAAHYCa, COXPaHAET
CBOIO BEAHYHHY C YBEAMYECHHEM PAAUYCA M HE 3aBUCHT OT BPEMEHH, UTO
COOTBETCTBYET 3aKOHY COXPAHEHHS SHEPTHH.

Haiiaem Tereps IOTOK 3HEprun

Sp =1(EeH, — E,Hp), %
[ToacraBasis croaa popmyarr m3 tadammsr T2 u (2.13, 2.14, 2.16, 2.17),

HaXOAUM:

%sin(@)cos(q)cos(@) (hpsin(q) + }zlpcos(q)) _
— cos(6) (epcos(q) + Epsin(q))gsin(e)sin(q)

 psin(@)cos(®) Acos(q) (hpsin(q) + l_lpcos(q))

Sp =

p — Bsin(q) (epcos(q) + Epsin(q))
_ psin(@)cos(®) (hpAcos(q)sin(q) + TlpACOSZ(q))
p - (eszin(q)cos(q) + &,Bsin® (q))

nAwn, yautebad (2.106, 2.17),

7-sin(68)cos() (epAcos(q)sin(q) + EpAcosz(q))

S, _
p - (eszin(q)cos(q) + észinz(q))
AN
s = n-sin(8)cos(0) €p (A - B)Cos(q)sin(q) + (8)
¢ p é,(Acos?(q) + Bsin?(q))
HaiiaeMm temepsb 11oTOK HEPrHM
Se =n(E,H, — E,H,). )
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AHAAOTHYHO IPEABIAYIIIEMY HAHAEM:
psin(@)cos(@) [ ~ (echos(q)sin(q) + 5chosz(q))

S
0 p — (epAsin(q)COS(Q) + & Asin’ (q))

AN

So =

_ - sin(8)cos(6) (ep(A + B)cos(q)sin(q) +> .(10)

p e, (Acos2 (q) + Bsin? (q))

B wacraOCTH, IpM € = |, HattpuMep, AAA Bakyyma, u3 (2.15) Haxoamm,
ato A=B, n u3 (7, 10) moayuaem:
__ m-sin(8)cos(0)

s, e0s® g (11)
Sg=— M (2Aepc05(q)Sin(q) + Aép)' (12)
AL
o2 gy s

W3 (12, 13) mafiaeM IIAOTHOCTb CYMMAapHOIO IIOTOKA SHEPIUHU, HAIIPABACHHOIO
ITO KACATEABHOH K cpepe AAHHOIO PaAuyca,

Spo =Sy + 59 = —'z—:l)'epsin(ZH)sin(Zq)

AN

_ _Aan
Spe = s p(cos(ZG — 2q) —cos(26 + 2q))

AN

_ cos(2(xp + wt — 6)) )
Sp0 = =75, % (—cos(Z()(p +wt+0))) ()

Do O3HAYACT, YTO HA OKPYKHOCTAX c@epm CYIIIECTBYIOT CTOSYIHC BOAHBI.

4. 3akAroueHue

1. Pemenne ypaBHenmii MakcBeaAa, CBOOOAHOE OT YKa3aHHBIX
BBIIIIE HEAOCTATKOB, IIPEACTABACHO B TaOAmIie T2.

2. Permrenne ABAsSieTCA MOHOXPOMATHYECKHM.

3. CyIIecTBYIOT JACKTPHUYECCKUE M MATHHUTHBIC HAIPMKEHHOCTH

BAOAD BCEX OCEIT KOOPAUHAT.

4. AMIAHTYABI HAITPAKEHHOCTEH IOIEPEUHOM BOAHEI

HPOIIOPUHOHAABHEL P 1
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5. OaHOHMMEHHBIE (IO KOOPAMHATAM p (@ @) dACKTpHYCCKHE U
b b

MATHUTHBIE HAITPSKEHHOCTH CABUHYTEI IO Da3e HA YETBEPTD IEPHOAA.
6. CymecTByeT IIPOAOABHAA SIACKTPOMATHUTHASA BOAHA, MMEFOITIAsA

SAEKTPUYECKYIO M MAUHHTHYIO KOMIIOHEHTBI, T.€.  CYIIECTBYIOT
DPAAMAABHBIEC IACKTPHYCCKAS I MATHUTHASA HAIIPAKEHHOCTH.

7. 1loTox sHeprum, HAIIPABACHHBIH BAOAB PAAUYCA, COXPaHACT
CBOIO BEAHYHHY C YBEAMYECHUEM PAAUYCA U HE 3aBHCHT OT BPEMEHH, UTO
COOTBETCTBYET 3aKOHY COXPAHEHUS SHEPIUU.

8. CyIecTBYIOT PAAMAABHBIC IACKTPUYECKIE M MATHHUTHBIC TOKK
CMEITIeHUS.

@

4

ITpuaoxenue 1.

W3 T5-4.1 u (2.13) maxoAnm:
1 2A

8 = =% %% " ®
Auddepenrupys (1), moayaaem:
__1 -1 2 24
_ x xp+xpzep+xp3' @

[Moacrasum (2) B T5-4.2 u maviaem:
1 24 1 1 1 4A> -0

1
(‘ﬁ‘m%‘m‘ﬂp—; “ o]tz
2 2A
[€]| 5] T x"ep =5 = 0. )

ITo stomy AnddepeHInaABHOMY YPAaBHEHUIO MOKHO HAWTH (DYHKIIUFO
e,(p), a mpu oroit mssecrnoit dymkmmm 1 AuddepennEarbHOMy

ypasuenuio T5-4.2 maiirn pyukimio €,(p).
N3 T5-8.1 n (2.14) maxoanm:
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o1 1 2B
h, = h, +)(Php+XPZ 4
Auddepenrupys (4), moayaaem:
Rl=Xrl+2h]--Lh — 28 5
PIT x|LPA) " xp P xp2 P xp? ©)

[ToacraBum (5) B T5-8 2 U HAWAEM:

1 1 4B
(E hp +X_P2h + +)(h +— hp +—hp —th Xp)—O

AN

2
ho ||+ 2| hp + x°h, —p—_o ©6)

ITo satomy AnddepeHIInaAbHOMY YPaBHEHUIO MOKHO HAWTH (PYHKIIUIO
hp (p), a npu sroit mssectHOll Qynknun u AndpdepeHITIAABHOMY

ypasueruro T5-8.2 maiiti dpyHKITHIO i=lp (p).

B wacrmocrn, npu € = |, manpumep, AAf Bakyyma, u3 (2.15)
HaxoAuM, uT0 A=B, n, cpasuusas (3) u (6), HAXOANM, ITO

h, = e,. (7

IIpr A=B u manroii Beamumue ) ypasuenumsa 15-4.1 u T5-8.1

COBITAAAXOT 1 HpI/IHI/IMaIOT BHA

y+ —y——=0, 8)

y =[ho] = [e] ©)
Meroa permenus Takoro ypasHenus upuseacH B [111, crp. 50]. Caeays
5TOMY METOAY, HAXOAUM

TAC

_ C+222n(p) 10)
rae C — KoOHCTAaHTA, KOTOpasg MOKET IIPUHUMATH PA3AHYHBIE AAA
dysKIIit u|h, | Vs (9, l()) HAXOAHMM:

hy=e,=—<—24 (1“;(”)) —~(G+24-(p)
rae G — xoHcranTa, KOTOpaH MOKET IPUHHAMATh PA3AHYHBEIE AAfA

bysKIHIT €, I hp.
ITpu manoii Beangune ) ypasaenusa 15-4.1 u T5-8.1 coBmaaaror u
IIPUHUMAIOT BHA

zZ+- z—O (12)

TAC

z=h,=§, (13)
Perrenne sT0or0 ypaBHEHNA HCEET BHA!
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h,=¢€,=-, (14)
rae D — koHcTaHTa, KOTOpas MOMKET IIPHHUMATD PA3AUYHBIC 3HAYCHUSA
AAS PYHKIIIIH gp u f_lp.

N3 T5-2.1 u (2.13, 14, 11) maxoanm:

jnge(p—%whp_i—f—%-%, (15)
Jo = Ewh, = £ l(G +24-In(p)). (16)
Ws T5-2.2 u (2.14, 14, 11) Haxoanm:
mp=%h¢+§w5p=—i—f+%w-§, (17)
m, = Ewep —gﬁl(G+2A In(p)). (18)
TabAubI
Tabamia 1.
1 2 3 4
o€ | E, & &, T(E,) idE,
po0) " poo psm() p  pin(6)
50rot,(H)| H, LM, oM, TH,) ioH,
g(6 )" poe psm(ﬁ)@co p_ psin(0)
2| rot,(E) kE, E, O, ioE,
LB )
@Y p _ op psin(6)
3| rot,(E) EJF@_E y/(Eg)—IaEp
p__0p  pop P
6|rot,(H) | oH, H, oH, ioH
At N RAGH
pin(@p  p op | psin(6)
7| rot H oH laH
M e My H i)
p_Op  pip P
4 | div(E E 8E E
'V( ) Tl E, n W(Ep)+T(E9)+ I? 9
p dp  pgo) p  psin(0)
L OB oE,
po6  psin(0)og
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8 | div(H H oH ioH
(H) P24 H, + W(Hp)+T(H‘9)+ 0_[ .
p dp  pig(0) p  psin(0)
s oH, s oH,
P06 psin(6)og
Tabauma 1A.
1 2 3
1. J0H ]
rot,(E) + =2 — M, = 0 T(Ey) | fonty 0 _
c ot p c P
5. aE i
rot,(H) — =—— —]p =0 T(Hy) _ lwekp —J,=0
p c
2. aH wuH,
rotg (E) + —a—tg ~0 ~w(E,) + lw‘é 9-0
3. uwoH iwuH
rot,(E) + 52 = 0 W(E,) + —22 _ g
P 06Et iweE
6. & 0 _ _ 0
I'Otg(H) - Eg =0 W(H(p) . g' =
7. 0Ly B lwek,
rot(p(H) - EW = LP(HQ) - =0
4, = T(E
div(E)=0 w(E,) + (Qe) _
8. = T(H
div(H)=0 W(H,) + (Hp) _
Q
TabAmnira 2

Eg = egsin(6)cos(yp + wt)

E, = e,sin(8)sin(yp + wt)

E, = cos(6) (epcos()(p + wt) + é,sin(xp + wt))

J, = cos(6) (jpsin()(p + wt) + J,cos(xp + wt))

Hg = hgsin(@)sin(yp + wt)

H, = h,sin(8)cos(xp + wt)

H, = cos(6) (hpsin()(p + wt) + I=chos()(p + wt))

M, = cos(6) (mpcos()(p + wt) + m,sin(yp + a)t))
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TaoAmuma 21.

1

2

iwEy = wsin(0)(—egsin(xp + wt))

iwE, = wsin(0) (e(pcos()(p + a)t))

iwE, = wcos(0) (—epsin()(p + wt) + e,cos(xp + a)t))

iwHy = wsin(0)(hgcos(xp + wt))

iwH, = wsin(0) (—h(psin()(p + wt))

iwH, = wcos(0) (hpcos()(p + wt) — i=lpsin()(p + wt))

Tabauma 2p.
1 2
E,
aa—pf’ = xsin()(—egsin(yp + wt))
E, )
T = xsin(0) (eq,cos()(p + a)t))
JE _
a—p" = ycos(6) (—epsin()(p + wt) +€,cos(xp + a)t))
oH, .
5, = 15in() (—hesin(xp + wt))
H, | .
o = ysin(0) (—h(psm()(p + a)t))
J0H =
a—; = ycos(0) (hpcos()(p + wt) — hysin(yp + a)t))
Tabanma 2.
2

0

W(Eg) = % ai = 51n(9)< (egco) + y(—epsi) + (.co))

dp

E, OE,
Y(E,) = 7"’+—

- sin(6) ( (eysi) + x(eyco) + e(p [€,]si

Y(E,) ——p ai— cos(0)

Hy 0H,

W(Hy) = R sm(9)< (hgsi) + x(hgco) + .51

)
( (epc0) +5 La,si) + )((e c0) — x(epsi) + ([g5]co) + )
)
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H, @H 1 -
w01~ s )+ ) + )

H, O0H
lP(Hp) = Fp + a_pp = cos(0) -

. (% (hPSi) + % (}=1pco) - )((i=zpsi) + )((hpco) + (si) + (co))

Tabauna 4.
1 2
1. 2 N M= .
;(e(pm) — Ew(hpSI) = j,si

u -
Ea)(hpco) = J,CO

5. 2 e ,_

[—) (h(pco) + Ea)(epco) = m,Co

g . = .
Ew(epm) = M,si

2.

_ (% (e(psi) + )((eq,co) + (si)) + %w(heCO) =0

3.
(% (egco) + x(—eqsi) + (co)) + %w(—hq,si) =0
6. 1 . € o
_ ;(hq)co) + x(—hysi) + ( h, co) ——w(—egs) = 0

7.

(% (hgsi) + x(hgco) + (si) - zw(eq)co) =0
4, 1 ~ 2

(E (epco) + )((épco) + (co)) + E (egco) =0

1,_
(; (épsi) - )((epsi) + (si)) =0

8. 2

©

(% (hpsi) — )((izlpsi) + ( h, si)
(% (lzlpco) + )((hpco) + (

> +—(h95i) =0
f=l

) co)) =0
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Tabawmia 5
1 2
1. 2 L= 2 _
;ew_z“’hp =Jps E‘”hp: p
5 2 _ £
’[—)h¢,+ a)ep—mp;za)ep—mp
2.
—— ep; —Xep +—hg =10
6. £
hy|=—=hy; xhy +—eg =0
3.
[Ca]= —~eq; —xeg ——h, =
7 1 EW
——Ehg; )(hg——e(p—O
2 uw
=_Xe¢_;e¢+7h<p
6 = vh 1h EW
p|= XN b T e €o
3 1 Uw
=){€9——€9—Th(p
7. 1 0
=-){h9—5hg+—e(p
4. |1 1 _
(—ep+)(ep+)+;e9=0
2 1_ _
(—ep—)(ep+ p)=0
8. |1 = 2
(—hp—)(hp+ hp>+;h9=0
2 = =
(—hp+)(hp+ Ryl) =0
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TpeTbe penieHwue. VpaBHeHHH MakcBeaaa
B cpepuaecknx KOOPAMHATAX AAS
SAEKTPOIPOBOAHOU CPEABI.

1. ITpubAm>xeHHOE perneHue

Beimre Bo «Bropom pertieHHm» OBIAO  PACCMOTPEHO  PEILICHUE
ypaBHeHH MakcBeAara AAf ceprl B CpeAe, Y KOTOPOH €CTh OTANYHBIC
OT CAMHHIIBI BEAUYHHBI € U (. AaAee IPEAITIOAOKHM €IIE, UTO CPeAd
HNMEET HCKOTOpyIO SACKTpOHpOBOAHOCTb o. B stom CAy4ae ypaBHCHI/IC
BHAQ

rotH — < % _ 0 M)
c ot
3aMCHACTCA Ha YpaBHCHI/IC BHAQ
rotH—£§—0E=O ©)
c ot

Msr  Oyaem wuckate pemrenne B BuAe Qymxkmmi E, H, [, M,
IIPEACTaBACHHBIX B Tabamme T2-2 (cm. «Bropoe permrenume») u
IIEPEIINIIIEM €€ B KOMIIAGKCHOM BHAE Kak TabAamier T1-2. Toraa
ypaBHeHHE (2) IPUMET BHA:

rot(H) — ngE —6E =0 3)
AN

rot(H) —wE =0, 4
TA€C KOMACKCHOC YUCAO

w="40 5)

[Tepermmmrem temeps Tabamiy T1A (cm. «Bropoe permrenme») B
KOMIIAGKCHOM BuAe B Tabaumny T2 c yuerom dopmyast (4). byaem
IIOAAraTh, 9YTO TOKH IIPOBOAUMOCTH CYIIECTBEHHO OOABIIE TOKOB
CMEINEHHUA Ha OKPYKHOCTAX Cepel, T.e. Ha OKPYKHOCTAX MOKHO
VYIHTBIBATH TOABKO TOKH IIPOBOANMOCTH. [Ipu atom B TabAnme T2-3 mer
IIOAYIHM CHCTEMY ©3 8-MH aAr€OpamYecKHX ypaBHEHHH ¢ 8-10
KomITAekcHbIME HensBecTHME B, H, [, M.

Perrrenne MOKeT OBITH BEIIIOAHEHO B CACAYIOIIEM ITOPAAKE.

1. Pemmaerca cmcrembl  AByX ypaBHeHmi 12-2 wm  T2-7

OTHOCHTEABHO HemsseCTHBIX E(, 1 Hy.
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2. Pemmaerca cucremer  AByx  ypaBHemmii  12-3 m  T2-6
oTHOCHTEABHO HemsBecTHBIX Eg n Hy,.

3. Ilpu aammbix Eg u Hy. permarorcs ypasuenn T2-4 u T2-8 u
onpeaeAstoTcs nenssecravie E, w H, cootsercrsenHo.

4. llpm pammerx E, w H, permaerca ypapmerm T2-1 n
onpeaeasterca nenspectaoe M.

5 Ilpu pammex H, wu E, pemaerca ypasmenn T2-1 u

OIIPCACASACTCA HEHU3BCCTHOC ]p.

2. Tounoe perrenue

Paccmorpum temeps TabAnmy T2, B KOTOPOI ykasaHEI BCce O TOKOB
cMerreHnsA. DTa TaOAHUIIA COACPKHUT 8 aAreOpamdeckux ypaBHeHuit ¢ 12-
O KOMIIAeKCHBIME HemsBectHeiMH E, H, ], M wu saBaserca
IIEPEOIPEAEAEHHOM.

Paccmorpum  ypasuenmsa 1morokos sHeprun  (3.4) m3  pasaesa
«Bropoe pereruey:

So =n(EgH, — E,Hy), (1)
Se =n(E,H, — E,H,), )
Sp =n(E,Hg — EgH,). 3)

I3 3ak0Ha COXpaHEHUSA SHEPTHH CACAYET, UYTO IIOTOK 9HEPTUU HE MOKET
HU3MEHATCA BO BpeMEHH. DTO O3HAYaeT, 4TO BeAmdnHBI (1-3) AOAKHEI
ObITh pearbHbIMU. CACAOBATEABHO,

Im(EgH, — E,Hg) = 0, S
Im(E,H, — E,H,) = 0, ©)
Im(E,Hg — EgH,) = 0. (6)

byaem 1moaarate ermme, 9TO HM3BECTHA OAHA W3 HAIPSKEHHOCTEH,
HAIIpUMep,

e, = A/p, (7)
rAe A — xoncranTa. Ilpm stom Mel mMeeMm cucremy 12 HeAMHEHHBIX
ypasHenuit T3-3 u (4-7) ¢ 12-1r0 xommaexcubiMu Henspectuevu E, H, |,
M. MeTOABI pereHns TaKuX CHCTEM H3BECTEHBL.
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maBa 8. YpaBHeHnsa MakcBenna B chepudecknx kooopamHarax

Ta0AuTbI
Tabanmna 1.
1 2
Eg = GQSin(Q)
E, = ie,sin(0)
E, = cos(0)(e, + i&,)
Jp = cos(H)(ijp +]=p)
Hg = lthll’l(e)
H, = h,sin(6) _
H, = cos(0)(ih, + h,)
M, = cos(0)(m, + im,)
TabAmnma 2.
1 2 3
1. lwu T(E iwpH
rotp(E)—THp—Mp=O (p(p)-l_ - p_Mp:()
5| rot,(H)—wE,—],=0 T(H
P p~Jp
—(P) — WEp —]p = 0
2. lw lwuH
roty (E) —T“He =0 -¥(E,) + ’2 )
7. rot, (H) —wE, = 0 W(Hg) — wE, = 0
3. lw iwuH
rot,, (E) —T“Hq, =0 W(E,) + i ® =
6. rotg(H) —wEg = 0 —Y(H,) —wEg =0
4. | di = T(E
div(E)=0 W(E,) + (pe) _ 0
8. i = T(H
div(H)=0 w(H,) + (pe) _ 0
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masa 8. YpaBHeHns MakcBenna B chepuyeckux KooopanHaTax

Tabauma 3.

1 2 3
1. iw

rot,(E) — —=H, — M, = 0 T(Ew) Wity — g

c p c p
51 rot,(H) —wE,—J, =0 T(H
P p—Jp ( <p) —WE, —], =0

2. lw lwuH

roty(E) — T“Hg Mg =0 | —¥(E,) + —0 _ M, =
7. rot(p(H) —wE, -], =0 Y(Hg) — WEq, =0
3. iwuH

rot, (E) — ”H - M, =0| W(Ep)+ ’Z £—M,=0
6. | roty(H) — WEQ Jo=0 —¥(H,) - WEQ ]9 =0
4. | div(E)=

div(E)=0 W(E,) +- = =0
8. | di = T(H

div(H)=0 w(H,) + (pe) _ 0

8-28




[naBa 8a. PelwleHune ansa cdepuryeckoro KoHgeHcaTopa

I'AaBa Ba. Perrrenue ypaBHEeHUN
MaxcBeara AAfl CDEPUTECKOTO
KOHACHCATOPA

OraaBAaeHune
1. Beaerme \ 1
2. Vpasaennsa MakcBeara B cpepHIECKIX KOOPAUHATAX \ 1
3. DAEKTPUYECKIE ¥ MATHUTHBIE HAIIPIKEHHOCTH \ 4
4. DAeKTPOMArHUTHAS BOAHA B 3apsiKeHHOM cpepuaeckom \ 6

1. BBeAaeHnue

B TAaBax 2 u 7 pﬁ.CCMOTpCHa SACKTpOMarHI/ITHﬁ.H BOAHA B
KOHACHCﬁTOpC, KOTOprI:I BKAIOYCH B IIEIIb HCpCMCHHOFO AN
ITIOCTOAHHOI'O TOKA. HI/DKC paCCManI/IBaeTCH C(i)epI/I‘ICCKI/II;‘I KOHACHCQ.TOp
B II€Iim CI/IHyCOI/IAaAbHOI‘O TOKA HUAHN ITIOCTOAHHOIO TOKA. O6KA3.AK2.MI/I
TAKOI'O KOHAeHCﬂTOpa ABASROTCHA ABE CCpCpr C O6EL[I/IM L[CHTpOM u

paanycamu R, > R, .

2. YpaBHenma MaxkcBeara B cdepuuecKux

KOOpAMHATAX

Perrenne ypasHenmii MakcBeara B CPEPHIECCKHX KOOPAHMHATAX
ITOAYYEHO B rAaBe 8.

PaamaspHAd KOOPAHMHATA U3MEHACTCA B IIPEACAAX

R, < p <R,. M)

[Ipu orpaHu<YeHHOM P U U MAAON BEAHYMHE ) TaOAHIIA 2 B IAaBE
8 (BTOpOE pelIeHne) IPUMET BUA TAOAHIH 1.

Aasee mepernmiieM 3Ty TaOAHI[y B KOMIIAGKCHOM BHAE — CM.
TabAmmer  T2-2 uw T2-3, 1ae |Ep| — MOAYAb  HAIIPAAKEHHOCTH Ep
(BrATOWarorMit 32BUCHMOCTH OT B), Y - apryment manpsxenuoctu E, n
T.IL

8a-1



[maBa 8a. PelwleHune ansa cdepuryeckoro KoHgeHcaTopa

Tabauma 1.
1 2
Ey = egsin(6)cos(wt)
E, = e,sin(8)sin(wt)
E, = cos(8) (epcos(wt) + Epsin(wt))
Jp = cos(8) (jpsin(wt) +]=pcos(wt))
Hy = hysin(0)sin(wt)
H, = h,sin(6)cos(wt)
H, = cos(6) (hpsin(wt) + Epcos(wt))
M, = cos(8) (mpcos(a)t) + ﬁpsin(wt))
Tabaunra 2.
1 2
Eg = egsin(6) Eg = |Eqg|
E, = ie,sin(0) E, = i|E¢|

E, = cos(@)(ep + iép) E, = |Ep|COS(l/J)
Jp = c0s(6)(iji, +7J,) Jp = lp|cos@)

Hg = thsm(H) Hg = lIHgI
H, = h,sin(6) H, = |H,|
H, = cos(0)(ih, + h,) H, = |H,|cos(y)

M, = cos(8)(m, +im,) | M, = |M,|cos(y)

BaxkHO OTMETHTB, YTO B AAHHBI MOMEHT ITOTEHIHAA Ha cdepe
AAHHOTO paamyca wmensercs kak ynknus  sin(@). Buemmsas n
BHYTPCHHAA MCTAAAHYCCKHAC IIOBEPXHOCTH HAXOAATCA HA IIOCTOSHHOM
pasmuyce. CAEAOBATEABHO, IIOTEHIIMAA HA METAAAHMYECKOH OOKAaAKE
chepuyeckoro  paAnyca  pasAWY¥eH B PasHBIX TOYKaX  CEpEL
CAeAOBaTEABHO, AaAee, IO OOKAAAKAM CcHEPUIECKOrO KOHAEHCATOPA
IIPOTEKAFOT TOKH.

AOIIOAHHTEABHBIM aPIYMEHTOM B IIOAB3Y CYIIECTBOBAHHUA TAKUX
TOKOB ABAAETCA CYIIIECTBOBAHHUE TEAAYPHYECKUX TOKOB [53]. OrcyrcTByer
OOIIEITPUHATOE OOBACHEHNE UX IIPUIHHEL.

Aanree MpI OyaeM cceiaatbcAd Ha (DOPMYABI M3 IAaBHI 8 (BTOpOE
perrenne) B Buae: (8.7HOMep_pasesa”.”Homep_dopmyAasr).

W3 (8.2.16, 8.2.17) maxoaum:
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[naBa 8a. PelwleHune ansa cdepuryeckoro KoHgeHcaTopa

E,| = J(e,)" + (&) = j(i(c +24- 1n(p))> + (%)2 -

%\/(G +24-1n(p))” + D2, ©
tg(hep) = :—z =D/(G +24-1n(p)). )

[ToanocTpro anasormansie hopmyasr cyrectsytoT Ars Hy,, mo aast Pp,

dopmyaa mmeeT BUA

tg(¥ny) = =—” = (G +24-1(p))/D, ©6)
YTO CAEAYET U3 Ta6AI/IL[I>I T2-2. CAeAOBATEABHO,
tg(lphp) = 1/tg(lpep)- ()

Aanee u3 (8.2.18, 8.2.19) maxoAnm:

|]p| = (jp)z + (fzp)z =

2
tg<¢,-p>=%=(2—i‘—%-%)/( ol WD) °

Haxonen, u3 (8.2.20, 8.2.21) maxoaum:

My] = () + (,)° =

= \/(_Z_lj + % - %)2 + <ew L (G+24- 1n(p))> (10)
tg(Ymp) = % = <—ﬂl (G+24- ln(p))>/( )

M3 moaygeHHBIX  (QOPMyA  CAGAyeT, dUTO  chepHIecKHiA

KOHACHCATOP AOAKECH O6A21A21Tb MATHUTHBIMIK CBOWICTB aMM,

AHAAOTHUYHDBIMHA €TO 3A€KT[2H‘{CCKI/IM CBOMICTBAM.

[Ipm  m3BeCTHOM  HAUPAKEHUH  CO  CPEAHECKBAAPATHYIHBIM
suagenneM U Ha koHACHCATOpPE U3 (2) HAXOAUM:

U=|E,(R)| - |E,(RD| = Riz\/(c +24- ln(Rz))z +D?* -
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[maBa 8a. PelwleHune ansa cdepuryeckoro KoHgeHcaTopa

—Ri\/((; +24-In(Ry))” + D* (12)
1
B wacrrocrtn, npu In(R;) = In(R1) noaywaem:
1 1
U=K(z-%) (13

TAC K - HCKOTOpPass KOHCTAHTA. CACAOB&TCABHO, AMITAHUTYVAQ ITOTCHITAAQ

HA BHEIITHENH CSi}C[}C KOHACHCATOPA MCHBITIC AMITAHMTYABI ITOTCHITMAAQ HA

BHYTpeHHeN cdhepe KOHACHCATOPA.

3. DaeKTpHUECKHE€ M MATHUTHBIE HAIIPAXKEHHOCTH
Paccmorpum Ha cdepe paamyca p Touky T ¢ KoopAmHATAMI

nu H@, HNCXOAAIITHE M3 STOM TOYKH, ACKAT B

@, 0. Bekropsr H(/,

IIAOCKOCTH P, KACATEABHOU K 3TOH ccpepe B 5TOU TOYKE T((o, 6’) - CM.
puc. 2. OTH BEKTOPHI IEPIIEHAUKYAAPHBI APYT APyry. CAeAOBaTEABHO, B
KaKAOH TOUKe (@, (9) CYMMAPHBIH BEKTOP

Hy,g = Hy, + Hy )
AEKHUT B IAOCKOCTH P 11 HAIIPaBAEH IOA YTAOM Y/ K AMHHUH [APAAAEAN
(BAOAB koOpauHaTH B). Kak caeayer 3 Taba. 2 u (8.2.14), MOAYAB 9TOTO

BEKTOPA ‘H (pg‘ U JTOA I/ OIPEACAAIOTCH CACAVIOIIUME (DOPMYAAME:

H(pe = |I_113¢9|C05(¢) @
|H(pe| = ;sin(@) 3)
Y = arcctg(yp + wt) 4)

4

4

|
|
e

Puc. 2 (Sferal10.vsd).

m

(]
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[naBa 8a. PelwleHune ansa cdepuryeckoro KoHgeHcaTopa

Haiiaem manpsxernoctun H , ma moarocax cepsr, rae

T .
O==7, sin(@)=+1, p=R. 5)
W3 (2-4) caeayer, 9TO HA ITIOATOCAX
B
|Hyo| = £+ ©)
1 MEKAY ITOAFOCAMH CYIIECTBYET MATHUTHASA HAITPSKEHHOCTD
2B
H,, = ?cos()(R + wt) (7)
IToAOOHBIE COOTHOIIIEHUS CYILIECTBYIOT H AAA BEKTOPOB E(p u E,.
B kamaoi Touke ( ) 9) CYMMAPHEIIT BEKTOP
E.,=E,+E, ®)
AEKHUT B ITAOCKOCTH P 1 HAIpaBAEH TOA YTAOM W/, K AMHHUM ITAPAAAEAU

(BAOAB kOOpamHaTH 0). Kak caeayer u3 tabA. 2 u (8.2.13), MOAYAB 9TOTO
BEKTOPA M JTOA I/, OIPEACASIOTCA CACAYVIOITUME (DOPMYAAMHE:

E(pG = |E<p9|COS(¢e) )
A,

|E(p9| = ;sm(@) (10)

Y, = arctg(xp + wt) (11)

Vroa mexay sekropamn H_, uw E , B maockocrn P spaserca

IIPAMBIM.
CACAOBaTeABHO, B C(i)epI/I‘I6CKOM KOHACHCATOpPE MOKHO
paccMaTpuBaTh TOABKO OAHMH BCKTOP 3A€KTPI/I‘I€CKOI>'I HAIIPSKEHHOCTH

E

[TockoABKy 9TH BeKTOpBI AexaT Ha cdepe, OyAeM HA3BBATH HX
cepugecknmu.

00 Hn TOABKO OAHH BCKTOp MATHUTHOM HaHpH)KCHHOCTI/I Hq)g .

VIoA Y OAMHAKOB AAfl BCEX BEKTOPOB H po TIPU AAHHOM paAmyce
£ . D10 03Hadaer, YTO Ha cpepe C PaAUyCOM L HAIPABACHHA BCEX
BEKTOPOB H oo COCTABASIFOT CO BCEMH ITAPAAACASIMU OAMH U TOT K€ YTOA

¥ . DTO O03HAYAaeT, B CBOIO OYEPEAb, YTO CYIIECTBYEeT MATHUTHASA

SKBaTOpHMAAbHAA ITAOCKOCTD, HAaKAOHCHHaA K MATEMATHYIECKOM
SKBaTOpI/IaABHOﬁ ITAOCKOCTH Ha YIOA Y , MarHuTHAs OChb, MAIrHUTHBIC

IIOAFOCAa W MATHHUTHBIC MCPHUAWAHDBI, ITO KOTOPBIM HAIIPABACHBI BEKTOPBL
H,,

MCpI/IAI/IOHaAbHaH CCTKa, TOACTBIMHU AMHUAMA — Mar"HuTHasa

- CM. pucC. 4, TAC TOHKHNMH AMHWAMH 00O3HAYEHA MATEMATHIECKAS

MCpI/IAI/IOHaAI)HaH CETKA, IIOKAa3aHbl MATCMATHUYCCKaA 77777 , MaTHUTHAA dd
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[maBa 8a. PelwleHune ansa cdepuryeckoro KoHgeHcaTopa

n 3ACKTpI/I‘{CCKaH bb ocu. Baxmo OTMETUTH, YTO MarHuTHagd dd u

saekTpuueckas bb  ocu  wm, BoOGmE, BekrOpH E n H

0 24

HEPIEHANKYAAPHEL

Puc. 4 (Sferal33.vsd).

[] o
ITpn — = 0 mMarHmTHAS OCH COBIIAAACT C MATEMATITUCCKOL.
C

Cdepuueckue BEKTOPHI 3aBUCAT OT Sin(é’). PaasmasbpmbIe BEKTOPBI

3aBUCAT OT COS(H) - cm. Ta0A. 2. [Tostomy B TOUKAX, rae cpepuyeckue

HaHpH_}KGHHOCTI/I paBHbI HYAIO, CYIICCIBYIOT TOABKO paAI/IaAbeIG
HaIIPKECHHOCTH.

4. DAEKTPOMAarHUTHAA BOAHA B 3apPAKEHHOM

cpeprdaecKkoM KOHAEHCATOPE

Perenne ypaBuennii MakcBeAAa AAA  32PHKAEMOIO IIAOCKOIO
KOHAEGHCATOPa (CM. TAaBY 7) ABAfICTCA CAGACTBHEM PEIICHHUSA 3THX
YPaBHEHHH AASl IIAOCKOTO KOHAEHCATOPA B I[N CHHYCOHMAAABHOIO TOKA
(cm. TAaBY 3). 3AECH MBI BOCIIOAB3YEMCH METOAOM, U3AOKEHHBIM B I'AQBE
7, UpH pemieHHH  ypaBHEHHI  MakcBeAaa  AAA  3aPAIKAEMOIO
chepugeckoro KOHACHCATOPA.

Aaf  zapmkaeMoro  cpepumYecKoro - KOHAGHCATOpA  CHCTEMa
ypaBHeHHI MaxcBeara, mpeAacraBaeHHAd B TabAmme 1A-2 raaBer 8,
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[naBa 8a. PelwleHune ansa cdepuryeckoro KoHgeHcaTopa

(BTOpOE peIlIEHNE), AOAKHA OBITh H3MEHEH4, 4 HMEHHO, BMECTO
ypasuenms (4) diV(E)=0 A0AKHO BbITh HCIIOAB3OBAHO YPABHCHHCE BUAA

div(E)=Q(), M
rae Q(t) - 3apsA Ha OOKAAAKE KOHAEHCATOPA, KOTOPBIHA HOSBASCTCS U
BO3pacTaeT B mporecce 3apsaa. [loayuennas Takum obpasom cucrema
YPaBHEHMI B YACTHBIX IIPOU3BOAHBIX IMEET PEIICHHE, KOTOPOE ABAACTCA
CYMMOH YACTHOIO pPEIICHHA OSTOH CHCTEMBI X OOIIEro PereHns
COOTBETCTBYIOIIIEH OAHOPOAHOI cHCTeMBEl ypaBHeHHH. OAHOpPOAHAA
CHCTEMa IPEACTABACHA B YKA3aHHOH TaDAHIIE, T.€. OTANYACTCA OT BHOBb
[TOAYYEHHON CHCTEeMBl TOABKO otcyrctBuem daena Q(t) . Yacrmoe
perenne pu  AAHHOM U SIBAfIETCS  pPEIICHUEM,  CBS3BIBAIOILEM
anexTprdeckyro HanpsxeHHocts Ej, () B 3a30pe komaeHcaTopa m 3apsa
Q(t). Ecam E () memsercs Bo BpeMeHH, TO AOAKHO CyIIECTBOBATH
peIlleHre CHCTEMBI YPaBHEHHM M3 YKa3aHHOH TAOAHIIBI IIPU AAHHOM
E,(t). Vimenno 510 permieHne Mbr GyAGM FICKATh AdACE.

TabAurma 6.
1 2

Eg = egsin(0)(1 — exp(wt))
E, = e,sin(8)(exp(wt) — 1)
E, = cos(6) (e, (1 — exp(wt)) + &, (exp(wt) — 1))
cos(8) (j, (exp(wt) — 1) +7,(1 — exp(wt)) )
Hy = hgsin(0)(exp(wt) — 1)
H, = hq,sin(B)(l - exp(wt))
H, = cos(6) (hy(exp(wt) — 1) + ,(1 — exp(wt)))
M, = cos(8) (m,(1 - exp(wt)) + 7, (exp(wt) — 1))

>
[

PaccMOTpUM HAITPAXKEHHOCTH B BUAE (DYHKITHIA, ITPEACTABACHHBIX
B TaOA. 6. OTi (DYHKIIHH OTAMYAIOTCA OT IIPUBEACHHBIX B TA0A. 1 TOABKO
BHAOM 3aBHCHMOCTHU OT BPEMEHU: B TaOA. 3 9TH 3aBHCUMOCTH Y (DYHKIHIA

E, H wumeer sua dymxmmit Sin(at), cos(at) coorserctsenno, a B
TabA. 6 o1H saBucumoctn y dynknmit E, H nmeer sua dpynxmmit

(exp(wt) — 1), (1 - exp(wt)) coorsercTBeHHO.  Hecmorps — Ha
VKA3aHHYIO 3aMCHY, IIPH 9TOM PEIIeHHEe ypaBHEeHUH MakcBeasa ocraercs
HEU3MEHHBIM. 3A€Ch KOHCTaHTa W = —1/T, tAe T - mocTosHHAas
BPEMCHHU B I[CIIH 3APAAA KOHACHCATOPA.
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[maBa 8a. PelwleHune ansa cdepuryeckoro KoHgeHcaTopa

1 T T w
| | -.-.-..||llllllllll L]

LA

su®

eo®”

05 \k

Er(t), Hr(t), Hr(t)
o
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...
2000 Taay,
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200

-400

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
Fig.6. (SSMB6.1)

Ha puc. 6 mokasaHsl HAIPSKCHHOCTH M HUX IIPOH3BOAHBIC IIO
BPEMCHHM, 4 TaKKe TOK CMCINCHHA, KAK (PYHKIMN BPEMCHH, IIPH
w=-300: H - cirommse amann, E - nysakrupnee ananm, J )

ToueyHas AMHHA. MOMXKHO  yOCAHTBCA, dYTO  AMIIAHTYABI  BCEX
HAIIPAKCHHOCTEH IIpHu t => 00 OAHOBPEMEHHO CTPEMATCA K IIOCTOAHHOMY
3HAYECHUIO, 2 AMIIAHTYAA TOKA CTPEMHUTICA K HYAIO. DTO COOTBEICTBYET
3apAAY KOHACHCATOPA Y€Pe3 IIOCTOAHHOE COIPOTHBACHHE.

Takum  0OpazoM, MOKHO  TOBOPUTB, dYTO  CpepHUIecKui
KOHACHCATOP  IIPEACTAaBAAET  COOOH  YCTPOHUCTBO, B  KOTOPOM
IIPUCYTCTBYET U IAEKTPUYECKOE M MArHUTHOE IOAe. Taxkum oOpasom,
KOHAGHCATOP — YCTPONCTBO, SKBUBAACHTHOE MArHHUTY U, OAHOBPEMEHHO,
9ACKTPETY, OCH KOTOPHIX IICPIICHANKYASPHEL

[To amarormm c pasaeaom 3 B raase 8 (BTOpoe peIleHue)
PACCMOTPUM IIOTOK PAAMAABHON SHEPIHH B 3aPMKAEMOM CHEPUIECKOM
koHAeHcaTtope. Aad atoro B popmyae (8.3.42) HEOOXOAHMO IIPOU3BECTH
CACAYIOIIYIO 3aMEHY (DYHKITHIEL:

sin(q) = (exp(wt) — 1), @
cos(q) = (1 — exp(a)t)). 3)
Toraa moay4um:

Sy = gsin(H)(exp(a)t) — 1)§sin(9)(exp(wt) -1) -
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[naBa 8a. PelwleHune ansa cdepuryeckoro KoHgeHcaTopa

A —B
—Esin(e)(l - exp(a)t)) TSin(B)(l — exp(wt))

. 2
Sp = %Bsmz(e) (1 - exp(a)t)) =0 @)

Takum  oOpaszom, perieHme  ypaBHeHHE — MakcBeAra — AAA
3apAKAEMOIO  KOHACHCATOpa M AAf  KOHAEHCATOpa B IIEIHA
CHHYCOHAAABHOTO TOKa OTAMYAFOTCA TOABKO TEM, YTO B IIEPBOM CAydYae
IIPUCYTCTBYIOT SKCIIOHEHITMAABHBIE (DYHKIIMH BPEMEHH, 2 BO BTOPOM -
CHUHYCOHAAABHEIE.

Mrak, 11okasaHo, 91o B 3apMKAEMOM C(OEPHUIECKOM KOHACHCATOPE
pPaCIpOCTPAHAECTCA IAEKTPOMATHMTHAA BOAHA, 2  MaTEMaTHYECKOE
OIIMCAaHME 3TOM BOAHBI ABASIETCA PEIIEHHEM YpaBHEHHE MakcBeAaa.
IToxasamo, 9TO B  3apPAKEHHOM  KOHAEHCATOpE  CYIIECTBYET
CTAITMOHAPHBIN ITOTOK 3AECKTPOMATHUTHOM SHEPIUHM, 4 Ta 3HEPIHA,
KOTOpasi COAEP/KUTCA B KOHAEHCATOPE M KOTOPYIO IIPUHATO CUHMTATH
IAEKTPHIECKOH MTOTEHITUAABHON SHEPIHUEH, ABASICTCA
JAEKTPOMATHUTHOM 3HEPIUEN, XPAHAIIEHCA B KOHAEHCATOPE B BHUAC
CTAITMOHAPHOTO IOTOKA.
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"maBa 8b. HoBbIn Nogxoa K NPOEeKTUPOBAHNI0 aHTEHH

I'AaBa 8b. HoBBIIT IOAXOA K
IIPOCKTHPOBAHUIO AHTCHH

OraaBaeHune
1. O HeAOCTATKAX CYIIECTBYIOIIUX METOAOB \ 1
2. Hossrit moaxoa \ 2
[Mpuaoxenne 1\ 3

1. O HeaocTaTKAaX CYIIECTBYIOIIUX METOAOB
Pemmenme ypaBHenmit MakcBeara AAA cPepHUUIECKON  BOAHBI
HEOOXOAUMO AAS IIPOCKTHPOBAHNA aHTEHH. TaKasd 3aAada BO3HUKACT IIPU

pCLHCHI/II/I

yp ABHCHUI 3A€KTpOAI/IHaMI/IKI/I AAA SACMCHTapHOF (0]

SACKTPHYECKOIO AHIIOAS — BUOpaTOpa. PerrreHue 3TOH 3aAa94H H3BECTHO
U IMEHHO Ha OCHOBE 3TOTO PEIEeHHA CTPOATCA aHTeHHBL. BMmecre ¢ Tem
3TO pEIlieHrEe 0OOAAAAET PAAOM HEAOCTATKOB, B gacTHocTy [107-110],

1.

2.

3aKOH COXPAHEHHsA JHEPIMH BBIIIOAHACTCA TOABKO B
CPEAHEM,

pellleHHe HEOAHOPOAHO M IPAKTHYECKH HEOOXOAMMO
pasOuBaTh €ro Ha OTAGABHBIE 30HBI (KaK IIPaBHAO,
OAMKHIOIO, CPEAHIOIO U AAABHIOIO), B KOTOPBIX PEIIeHUA
OKAa3BIBAIOTCA ITOAHOCTBIO PAa3AMYIHBIMU,

B OAIKHEH 30HE OTCYTCTBYET IIOTOK SHEPIHU C PEAABHBIM
3HAYCHHUCM

MArHUTHAA U 9ACKTPUYECKas COCTABAAIOINE CUH(A3HBI,

B OAMKHENH 30HE pEIICHHE HE ABAACTCA BOAHOBBIM (T.€.
paccTosHue He ABASCTCA apIyMEHTOM TPHUIOHOMETPUYECKON
T

nspectHoe  permrenme  HE  yaoBaersopser — cucreme
ypaBHenuii MakcBeaAa  (pellieHHe,  YAOBAETBOPAIOIIEE
OAHOMY VPaBHEHHIO CHCTEMBI, HEAB3fl CUUTATH PEIIECHUEM
CHCTEMBI YPABHEHHH).
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maBa 8h. HoBbI Noaxoa K NPOEKTUPOBAHUIO AaHTEHH

Ha pmc. 1 [110] mokazsama KapTWHA CHAOBBIX  AMHHH
SAEKTPHYECKOTO ITOAf, ITOCTPOECHHAS HA OCHOBE H3BECTHOIO PEIICHHS.
OueBHAHO, YTO TaKasA KAPTHHA HE MOKET CYIIECTBOBATH B C(DEPHIECKOM
BOAHE.

Baaan or BuOparopa — B T.H. AAABHEH 30HE, TA€ IIPOAOABHBIMH
(HAIIpaBAGHHBIMHI ~ BAOAB  PAAHNyCa) 9AEKTPHUYECKOHM M MATHHUTHOI
HAIPAKEHHOCTAME MOKHO IIPEHEOpEYb, PEIICHHE 3aAAYH YIIPOIIACTCH.
Ho u Tam msBectHOE pertreHne 00AapaeT paaom Hepoctatkos [107-110].
OcHOBHBIE HEAOCTATKH 3TOTO perreHus (cMm. mpuaoxenue 1) cocrosar B
TOM, UTO

1. 3aKOH cOXpaHEHUA SHEPIUH BBHIIOAHACTCA TOABKO B CPEAHEM (ITO
BpPEMEHN),

2. MATHUTHAS M S9AEKTPUIECKAA COCTABASFOIIIE CHH(AZHEL,

3. B cucreme ypaBHeHHM MakcBeAAa B HM3BECTHOM  PEIICHHH
BBIITOAHAETCHA TOABKO OAHO YPaBHEHUE U3 BOCbMHU.
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Puc. 1.

2. HoBbIi1 TOAXOA

yKaSaHHbIC HCAOCTATKH ABAAIOTCA CACACIBUEM TOTO, 9ro AO
HACTOMAIIIETO BpeMCHI/I HC yAaBaAOCb peLT_II/ITb ypaBHCHI/IH MaKCBC/\Aa ANAA
chepudecknx koopamHat. VIzBecrHOe perreHmE IMOAYYEHO IIOCAE
pasOuenus Bceil 0OAACTH HA T.H. OAMIKHHE, CPEAHHE U AAABHUE 30HBI U
IIOCAC HpI/IMCHCHI/IH MHO>KECTBA HpCAHOAO)KCHI/H‘/’I u AOHYH.ICHHEI,
paSAI/I‘IHbIX AAA Ka)KAOfI N3 3TUX 30H.
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"maBa 8b. HoBbIn Nogxoa K NPOEeKTUPOBAHNI0 aHTEHH

ITpakTudaecku 9TH HEAOCTATKM H3BECTHOIO PEIICHHs O3HAYAIOT,
YTO OHM (MATEMATUYECKHE PEIICHHA) HECTPOIO OIHUCHIBAIOT PEaAbHBIC
XAapPAaKTEPUCTUKH  TEXHHYIECKHX  ycrpoiicts.  Crporoe — permreHne,

IIOAYICHHOC B TAaBE 8 6yquI/I HPI/IM CHCHHbBIM B CHUCTCMAX

b

IIPOCKTHPOBAHUA TAKUX YCTPOMCTB, OE3YCAOBHO, AOAKHO ITOBBICHTH HX
KA9€CTBO.

ITpusroxenune 1
Wssectaoe pemenue umeet sua [107, 108]:

E,=¢, isin(@)sin(a)t - 7p), M)
yo,
H,=h, isin(@)sin(a)t - 7p), ©
0
2
|
rae K, =Z—, ho =Z—“, rae |, | - aamma m TOk BuHOparopa.
drwes, Ar

3amernm, 4TO

o _ 2
h, we 3)
Tabauma 2.
1 2
1. oE
rotpH—f 2=0
c ot
2.
rotgH—f@:O
c ot
3. oE
roth—f £=0
4. oH
rotpE+ﬁ—":0
c ot
5.
rot9E+ﬁ%:0
c ot
6. oH
rot¢E+ﬁ—‘/’:0
c ot
7. | div(E)=0
div(H)=0
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maBa 8h. HoBbI Noaxoa K NPOEKTUPOBAHUIO AaHTEHH

Hapo orMernTth, YTO 3TH HAUPAKEHHOCTH CHUH@A3HEI, YTO
IIPOTUBOPEYHT IIPAKTHICCKOI 9ACKTPOTEXHIUKE.

Paccmorpum, kak coorHocarca ypasuenmsa (1, 2) c cucremoit
ypaBHeHuii MakcBeaaa — cM. TaOA. 2 (LIIEPEIHCAHHYIO H3 TAABB 8,
repsoe pernenne). Hanpsixennoctu (1, 2) BXOAAT TOABKO B ypaBHEHUHE
(6) u3 TabA. 2, IMEIOIIIEe BUA

oH
KTy
rot E+— =0 4
B T *
AN
oH
E + %, + 270 0, (5)
p Op C ot
IToacrasum (1, 2) B (5) m moAyunm:
—e, Zsin(0)cos(at — yp) -
P ©)
—h, Z £ sin(6)cos(et — zp) =0
pC
A
€ M
—+==0. 7
h, ¢ 0

¢

N3 cpasuenna (3) u (7) caeayer, wuro Hanpssxennoctu (1, 2)
yAoBAeTBOPAIOT ypaBHeHHIO (4). Ocraspubie 7 ypaBHeHHEH MakcBeaAa
Hapymiarorcsa. B ypaBuenunax (2, 3, 5) m3 TabA. 2 OAHO M3 CAAraeMbIX
OTAMYAETCA OT HYAfl, 2 Apyroe pasHO HyAro. Hapymrenwne ypasaenmit (1,
4, 7, 8) u3 TabA. 2 mOKa3aHO B TAaBe 8, IlepBoe perenue, Hopmyaa
(2.20). Wrax,

n3BectHoe pemenne HE yaoBaerBopser

cucreme ypaBHeHHii MakcBeaaa.
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masa 9. lNpupoga 3eMHOro MarHeTmsma

I'aaBa 9. ITpupoaa semHOTO
MarHETH3MA

MsBectHO,  9YTO  3AEKTPHYECKOE  TOAE  3EMAHM  MOKHO
paccMaTpuBaTh, KaK IIOAE 'MEKAY ~OOKAAAKaMH  CHEPHIECKOTO
koHAcHCaropa" [51]. DTuMu 0OKAAAKAME ABASFOTCS ITOBEPXHOCTD 3EMAH
3apHKEHHAA OTPUIIATEABHO, U HOHOC(EPA, 3apAKCHHAS ITOAOKUTCABHO.
3apAa  2THX  ODOAOYEK ITOAAEPKHBAETCA ITOCTOSHHBIM — I'PO30BOM
AEATEABHOCTBIO aATMOCKEPEI

MsBecTHO TaKKe O CYIIECTBOBAHUU MATHHUTHOIO IIOASl 3EMAH.
OAHaKO B 3TOM CAyYa€ OTCYICTBYET OOIIEIPUHATOE OODbACHEHHE
HUCTOYHHKA 9TOro moAs. "IlpobAema IIPOMCXOKACHHA U COXPAHCHHS
IIOASl HE perrieHa 1o ceii Aeup” [52].

Aaanee MBI paCCMOTPHM IHIIOTE3Y O TOM, YTO MATHUTHOE ITOA€
3eMAU ABAAETCA CAGACTBHE CYIIECTBOBAHHUA IAECKTPUYECKOIO IIOAA
3eman.

B raase 8a paccmarpuBaercs cdeprudeckuii KOHAGHCATOP B LIEIU
ITOCTOSIHHOIO TOKA U ITOKAa3bIBAETCHA, YTO IIOCAE 3aPAAA KOHACHCATOPA,
KOTA4 TOK IIPAKTHYECKH IIPEKPAINACTCH, B KOHACHCATOPE COXPAHACTCA
CTAIIMOHAPHBIM IOTOK JAECKTPOMATHHTHON SHEPIHH, a BMECTE C HHM
COXpaHACTCA IACKTPOMArHUTHAA BOAHA. Ilpm >TOM B KOHAEHCaTOpE
IIPUCYTCTBYET MATHUTHOE IIOAE.

B raase 8a ObIAO 1mOKa3aHO, 94TO B C(PEPUIECKOM KOHAEHCATOPE
CYIIIECTBYET MATHUTHAS 9KBATOPHUAABHAA ITAOCKOCTb, MATHHUTHAA OCb,
MATHUTHBIE IIOAFOCA W MATHUTHBIE MEPHAMAHBI, IO  KOTOPBIM
HAIIPaBACHBI BEKTOpel H

g0 - CM. puc. 4 B raase 8. Vroa MemAy

MATHUTHOH OCBIO M MaTEMATHYIECKOH OCBIO MOACAH HE MOKET OBITH
OIIPEAEAEH U3 MATEMATHIECKOH MOAeAr. Tem DoAee, HE OIIPEAEAEH YTOA
MEKAY MATHUTHOM OCBIO M (PU3UYIECKOI OCBIO BPAIIEHUA 3EMAH.

Cdpepudeckue BEKTOPHI 3aBUCAT OT Siﬂ(@). PasmasbHBIE BEKTOPEI

3aBHCAT OT COS(@) - cM. 1abA. 6 B raase 8. Iloatomy B TOUKax, rae
cpeprueckne HANPAKEHHOCTH PABHEI HYAFO, CYIIECTBYIOT TOABKO
PaAMAABHBIEC HAITPAKEHHOCTH.

V3 BBIIIIEH3AOKEHHOTO CAEAYET, YTO MATHHTHOE IT0A€ 3eMAr
ABAAETCA CAEACTBHE CYIIECTBOBAHUA IACKTPUIECKOIO II0AS 3EMAM.
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masa 9. lNpupoaa 3eMHOro MarHeTusma

Paccmorpum aTOT BOpOC IMoApoOHee.
Ha puc. 8 mokasano sexkropuoe moae H , B amamerpaspnoit

IIAOCKOCTH, TIPOXOAAIIIEH dYepe3 MArHUTHYIO ocb. Ilpm  atom

‘HW‘=0.7; p=1. Ha puc. 9 mnokasano sextopmnoe moae H_ B

AMAMETPAABHON IIAOCKOCTH, IIPOXOAAIIEH Yepe3 MarHUTHYIO Ocbh. Ilpn

3TOM ‘H p‘ =0.4; p=1. Haxonern, na puc. 10 okazaHo BEeKTOpHOE ITOAE
H=H_,+H, B AmamerpaApHON IAOCKOCTH, IIPOXOAAIIEH —depes
MATHUTHYO OCb. [1pu aTOM ‘ng‘ =0.3; ‘Hp‘ =02, p=1.
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masa 9. lNpupoga 3eMHOro MarHeTmsma

i
D
FIG. 10. (3&ra.88)

AHAAOIHYHO MOKHO OITHCATh AEKTpHUYEcKoe noAe 3eman. Baxkmo
OTMETHTB, 9YTO JSACKTPHUYIECKOE IIOAE IEPIICHAUKVAAPHO MATHHUTHOMY
IIOAIO.

Erre pas moAuepkHeM, U4TO CaMO CYIIECTBOBAHHE 3AEKTPHUIECKOTO
IIOASl HE BBI3BIBACT COMHCHHSA, 4 3apsfA ''CEPHIECKOTO KOHACHCATOPA
3eMAn" MOAAEPKUBACTCS TPO30OBOI ACATEABHOCTBIO [51].

PaccmorprnM  ermie  cpaBHUTEABHBIE KOAMYECTBEHHBIE —OIIEHKH
MATrHUTHOM M 9ACKTPHYECKOHN HAITPAKEHHOCTEHN ITOAA 3EMAH.

B Baxyyme, rae &= u =1, u B cucreme CI'C MEKAY MATHHUTHOM K

SAEKTPHYECKON HAIIPMKEHHOCTBIO B AFOOOM HAITPABACHHH CYIIECTBYET
COOTHOIIICHHE BUAQ

E=H. ©9)
DTO  COOTHOIIEHHA  CIIPABEAAHMBO, €CAH  9TH  HAIIPAKEHHOCTH
usmepsarorca B cucreMe CI'C B AaHHONM TOYKE B OAHOM H TOM K€
manpaBAeHun. Aas rrepexoaa B cucremy CH HapO yaects, 910

aat H: 1 CI'C = 80 A/m

Aaag E: 1 CI'C = 30000 B\m
Takum ooOpasom, cucreme CH Berpakernue (9) mpuHIMaeT BHA!

3000 E =80H (10)
VA

E ~0.03H. (11)

AT
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masa 9. lNpupoaa 3eMHOro MarHeTusma

H ~30E-tg(p). 12
AOIIOAHHTEABHBIM ~ aPIYMEHTOM B  IIOAB3Y  CYILIECTBOBAHHSA
SAEKTPHYECKOTIO TOAfl YKa3aHHOM CTPYKTYPHI ABAACTCA CYIIECTBOBAHHE
TEAAYPHUYECKHX TOKOB [53]. OTcyrcTByeTr oOIIenpuHaATOe OOBACHEHNE X
npuauHbL VICXOAA M3 BBIIIIEM3AOKEHHOIO, CAEAYET IIOAATaTh, YTO ITH

TOKH AOAYKHBI IMETh MAKCHMYM B HAIIPABACHUH IAPAAACACH.

Bo3moKHO, 9AeKTpHIYECKOE TTOAC 3EMAH MOKET OBITH OOHAPYKEHO
C IIOMOIIBIO CBODOAHO ITOABEIIICHHOTO JACKTPUYCCKOIO AHIIOAS,
BBIIIOAHCHHOIO B BHAC AAHHHOIO H30OAHPOBAHHOIO CTEP)KHA C
METAAAMYECKAMH IIIAPAMH HAa KOHIIAX. BO3MOXKHO TakiKe, YTO IIPH
HU3KOW YaCTOTE H3MEHCHUA 3aPAAOB AHIIOAA OYAYT 3a(pUKCHPOBAHEL
KOACOAHUS CTEPHKHA.

Mcxoas U3 IIPEAAOIKEHHOM THIIOTE3BI, MOMKHO IIPEATIOAOKHTD, YTO
MATHUTHOE IIOAC AOAKHO HAOAIOAQTBCA y  IIAQHET, HMEIOIIHX
armocdepy. AeHCTBUTEABHO, MATHHTHOE IIOAE€ OTCYTCTBYET y /AYHBI U
Mapca, aurrennsx atmocdepsl. OAHAKO MATHUTHOE IIOAE OTCYTCTBYET U
y Beneprr. BosmoxnO, 9T0 OOBACHAETCA BBICOKOI IIAOTHOCTBIO U
IIPOBOAUMOCTBIO  aTMocdepsl  —  atmocdepy Bemeper  Heawss
paccMaTpUBATh Kak H30AHPYIOIIHIH CAOH C(DEPUYIECKOTO KOHACHCATOPA.




MaBa 10. PeweHve Ans WapoBOW MOJTHUN

I'aaBa 10. Permrenue YPaBHECHUN
MakcBeAAa AAA IITAPOBON MOAHUH

OraaBaexune

1. Beacnme \ 1

2. Pemenune ypaBuennii Makcseaaa B ccpepudeckux
KOOPAMHATAX \ 2

3. Dueprus \ 3

4. O6 ycTONYHBOCTH IIAPOBOM MOAHUH \ 3

5. O cBeueHny mapoBoil MoAuun \ 4

6. O BpeMeHH CyLIeCTBOBAHMUS IIAPOBOI MOAHUY \ 4

7. O BO3MOKHOM MEXaHH3ME OOPa3OBAHISA IIIAPOBOM
MOAHUH \ 4

1. BBeaeHnue

Beucxasanmvie  cunomesvr 0 npupode  waposod  moarnuu
HenpueMaeMsl, max Kak oy npomusopedarn 3aKory coxparenus
IHepeust.  Imo  npoucxooun nomomy, o ceeuerue wulaposol
MOSHUY  00BIYUHO OMIHOCA 34 cHemt 3Hepeutl, 6b10eageMoll npu
KakoM-1ubo MONCKYAAPHOM UAU  XUMUYECKOM Npespanyferts, U
maKum 06pasom npeonosazarn, 4mo UCnOUHUK Hepeut, 3a cuent
KOmOPO20 CEemumcs maposas MOAHUS, HaxX00UnICa 6 tetl camotl.

Karrmra IT.A. 1955 [41]

D10 yrBEpKACHHE (HACKOABKO H3BECTHO aBTOPY) CIIPABEAAHBO M
ceroaHsa. OHO yCHAMBAETCA €Ile U TE€M, YTO II0 COBPEMEHHBIM OIEHKAM,
TUIIAYHAA IIAPOBasd MOAHHA COACPKHT ACCATKA KHAOAMNKOYAeH [42],
BBICBODOKAAFOIIINXCA IIPH €€ B3PBIBE.

OOmmenpusHano, d9ro IMapoBasg MOAHHA Kak-TO CBf3aHA C
5AEKTPOMATHUTHBIMU ABAECHUAMH, OAHAKO HET CTPOTOrO OIIMCAHHUA 3THX
IIPOIIECCOB.

B [56] ma ocHoBe ypaBHeHmii MaxcBeAra OBIAA IIPEAAOIKEHA
MAaTEMATUYECKAA MOAEADB IIAPOBOM MOAHHH, KOTOPasd ITO3BOAMAA
OOBACHUTH MHOTHE CBOICTBA ITAPOBON MOAHHH. DTa MOAEAB OKa3aAach
CAOKHOM B MATEMATHYECKOM onmcaHnd. Aasee ObIAa ITPEAAOKEHA
ApyTasg — MATEMATHYECKAs  MOAEAb  ITAPOBOM  MOAHHH,  Ooaee
OOOCHOBaHHAA M  IIO3BOASIFOINAA ~ IIOAYVYHTB ~ MEHEE  CAOMKHOE
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masa 10. PelwleHne ansa wapoBon MOSTHUN

MaTeMaTHdeckoe ormcanue [56]. Kpome Toro, ata MoaeAb coraacyercs ¢
MOAEABIO C(DEPHUIECKOTO KOHAECHCATOPA — CM. TAABY 8.

[Ipu moCTpOEHNN MATEMATHYECKOH MOACAM MBI OYAEM IIOAAraTh,
YTO IITAPOBAs MOAHHUSA IIPEACTABASICT COOOM ITAA3My - Ia3 3apsKCHHBIX
YACTUIl - YACKTPOHOB M IIOAOKHTEABHO 3aPHKECHHBIX HOHOB, 4 AOAA
HEHTPAABHBIX ATOMOB B HEH IPEHEOPEKHMO MaAa, TO €CTh IIAA3Ma
IIapOBOIl ~ MOAHHH  IIOAHOCTBIO  HMOHH30BaHa. Kpome  TOro,
IIPEAITIOAATAaEM, YTO B 9TOM IIAA3ME YHCAO ITOAOKHTEABHBIX 3aPAAOB
PaBHO YHCAy OTPHIATEABHBIX H B LIEAOM JACKTPHYCCKHI 3apsA
IIAPOBOIl MOAHHH paBeH HYAIO. B IlAasme HpHHATO paccMaTpUBaTh
CPEAHHE II0 HEKOTOPOMY 9AEMEHTAPHOMY OOBEMY ITAOTHOCTH 3apAAd H
TOKA. DAEKTPUYECKHE M MATHHTHBIE IIOAf, CO3AABACMBIE «CPEAHEID
IIAOTHOCTBIO 3apfiAd M «CPEAHHM» TOKOM B IIAA3ME, ITOAYMHAFOTCA
ypaBHeHHAM MakcBeana [62]. Dddexr CTOAKHOBEHUIT YACTUIL ITAA3MBI
OOBIMHO OIIMCBIBAIOT IIPH ITOMOINN (DYHKITUU PACIIPEACACHHA YACTHUIL B
maasme. Hroke mMpr ot adbdektsr OyAeM yIHTBHIBATD B YPaBHEHHUAX
MakcBeAAa, IOAarad, 9To ImAa3sMa OOAAAAET HEKOTOPBIM 3AEKTPHUIECKIM
COIIPOTUBAEHUEM HUAH IIPOBOAUMOCTBEO.

Wrak, aanee Ha OCHOBE ypaBHEHHH MaKcBeAAa M IIPEACTABACHHUA
00  DAEKTPOIIPOBOAHOCTH  TE€Ad  INAPOBOH  MOAHHH  CTPOHTCA
MATEMATUIECKAasd MOAEAB IIIAPOBOH MOAHHH, IOKA3BIBAETCA CTPYKIYpa
5AEKTPOMATHUTHOTO ITOAA M SAEKTPOTOKOB B Hel. AaAsee ITOKa3bIBaeTCs
(KaK CAGACTBHE O9TOH MOAEAH), YTO B IIAPOBOH MOAHHH MONKET
LUPKYAHPOBATH IIOTOK 9AEKTPOMATHHUTHOI SHEPIUU M TAKUM OOpasoM
MOKET COXPAHATBCA SHEPIUA, IIOAYIEHHAA ITAPOBOI MOAHMEN Ipu ee
BO3HUKHOBeHHH. KpaTko paccMaTpuBaroTCA TakiKe YCTOHYHBOCTE,
CBEYECHUE, 3aPAA, BPEMA CYIIIECTBOBAHIA, MEXaHH3M OOPAa30BAHUS.

2. Pemenme ypaBHeHmii MakcBeara B

cpepuueCcKuX KOOPAUMHATAX

B raase 8, «Tperpe pelrreHme» IIOAYYEHO pEIIEHUE YPaBHEHUN
MaxkcBeana arsl cdeprl, MATEPHAA KOTOPOH HMEET AUIAECKTPUICCKYIO U
MATHATHYIO IIPOHUIIAEMOCTD, 4 TAKXKE OOAAAAET IIPOBOAHUMOCTBIO. DTO
peIlleHIE IIOAYYEHO B IIPEAIIOAOKEHHHH, 4TO cpepa HeHTpasbHa (He
HMeeT HECKOMIICHCHPOBAHHBIX 3apAAoB). CylllecTBoBaHME —peIeHus
O3HAYACT, YTO B IACKTPOIIPOBOAHON U HEHTPAABHOH cdepe MOmKeT
CYIIIECTBOBATH JAEKTPOMATHUTHAsA BOAHA U IIUPKYAHPOBATH TOKH
CMEITICHUA H TOKA IIPOBOAUMOCTH.
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MaBa 10. PeweHve Ans WapoBOW MOJTHUN

3. Oneprus
V13 ITIOAYIEHHOTO PEILICHUA CACAYET, YTO B TAKOH chepe NMEroTCs

e  axrusHas sHeprus moreps W, ,
®  peaxtuBHas aAcKkTpudeckas sueprus W,

e  peakrusHas MarHurHas sHeprus W, .

Bmecre ¢ Tem B Ka)KAOfI TOYKE ITIapa 3TOT 3aKOH HC BBIITOAHSACTCA.
CACAOB&TCABHO, CYINCCTBYIOT HICPETOKH SHECPIUH MCKAY TOYKAMI mapa.

4. O6 yCTOMYMBOCTH IIAPOBOM MOAHUM

Bompoc 00 ycroitamBocTH TEA, B KOTOPBIX IHPKYAUPYET IIOTOK
3AEKTPOMATHUTHON 3HEPTHH, PACCMOTPEH B [43].

3AECH MBI PACCMOTPHM TOABKO CHAY, KOTOpas AEHCTBYET IIO
AMAMETPY M Pa3phIBa€T IIAPOBYIO MOAHHUIO IIO AHAMETPAABHOM
ITAOCKOCTH, IIEPIIEHAUKYAAPHOI 3TOMYy Amamerpy. B rrepBeri moment
OHA AOAKHA COBEPIIUTH PA0OTY

dR
A=F—. 1
dt ©)
Dra paboTa U3MEHAET BHYTPEHHIOIO SHEPTHIO IIIAPOBOI MOAHHH, T.€.
dw
A=—o. 2
dt @
Paccmarpusas (1, 2) coBMeCTHO HAXOAHMM:
F dW /dR
=/ . 3
dt / dt v
EcaAn sHeprus mapoBoi MOAHUU IIPOITIOPIIHOHAABHA OOBEMY, T.€.
W =aR’. @
rae A — koappHUIMEHT TPOITOPIIMOHAABHOCTH, TO
dw dR
— =3aR’ —. ©)
dt dt
Toraa
W /dR
F:d— d—:BaRZ:%, ©)
dt / dt R

Taxum O6p2130M, BH CHHSA DHEPIUs IMAPOBOM  MOAHUU

SKBUBAACHTHA CUAE, CO3AAFOIIEH VCTOMYUBOCTD TAPOBOM MOAHIH.
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masa 10. PelwleHne ansa wapoBon MOSTHUN

5. O cBeyeHNH MAPOBOM MOAHUM

Bemmre  3apaga OblAa pelieHa € YUETOM  DAEKTPHUYECKOTIO
COIIPOTUBAEHHUA ITAPOBOH MOAHHH. E.cTecTBEHHO, OHO HE PaBHO HYAIO U
HpI/I HpOTCKaHI/II/I TOKOB IIO 3TOMY COHpOTI/IBACHI/II-O B HCM BBIACAACTCA
TCIIAOBAA 3SHEPIUI. DTa TEmAOBafd SHCPFI/IH BBIACASICTCA pPaAAABHBIM
IIOTOKOM SHEPIUM dYepe3 BHEIIHIOIO cdepy IIapoOBOI MOAHHH, T.C.
HU3AYYIACTCH, 9YTO 1 ABAACTCA HpI/I‘II/IHOfI CBE€UCHUA LHapOBOfI MOAHUMH.

6. O BpeMeHU CyIeCTBOBAHUA MIAPOBOI MOAHHUU

Oueprus maposort Mmoaruu W n mormHOCTS TemaoBex nmoreps P
MOTYT OBITH HAHMACHBI IIPH IIOAYYCHHOM BBIIIIC PEIIICHU.

Bpems  cymiecTBOBaHHSA IIAPOBOM MOAHHH PAaBHO BPEMCHH
IpeoOPA3OBAHUA SIACKTPUIECKON SHEPIHHI MOAHUH B TEIIAOBBIC IIOTEPH,

T.C.
T=W/P (1)

7. O BO3MOKHOM M€XaHH3Me OOpa3oBaHUA

HIapOBOY MOAHHUH

Ampep AMHEHHON MOAHHH, BCTpedas KAKOE-AHOO IIPENATCTBHE,
MOKET H3MEHHUTH TPAEKTOPHUIO ABIKEHUA C IIPAMOAMHEHHOH Ha
KPYIOBYIO. JTO MOKET CAYKHTb IIPUYUHOH BO3HHUKHOBEHHA TEX
9ACKTPOMATHUTHBIX IIOACH I 9IACKTPOTOKOB, KOTOPBIE OITMCAHBI BBILIIC.

Bot kak ormmceBaercs sTor mporecc B [44]

Ouepednoii  cunvredmusi  paspad Moanul, 00HOBPEMEHIBLIE ¢ POXONIOM,
ocsemun 6c¢ npocmparicmeo. f euncy, xax oaunmsii ocaenumenviiviil Ay4 ysena
connya npubaUNcaenIcs Ko Me npamo 6 coaredroe cnaemerie. Koney eco ocmpui,
uem danvute, mem moawe, npumepro 0,5 mempa 6 daury. Aarvue 2 re 6urc),
HOMIOMY 41720 CMOTIDIO 100 Y2/10M 6HU3.

Menosennas  mwrcav,  mo  Koney. H  cvmompro, Kax ocmpue ay4a
npubauncaemen. Bopye ono ocmanosunoce u mewcdy ocmpuem u meaom Hawan
scnyxamn wap, pasmepoy ¢ boavuton cpeingpym. Pasdanca xuaonox, xax npu
swraeme  npobKu  us  Gymwiaxu  wamnarckozo. Ayu  eaemen 6 wap. H  6uny
OCACnUMECNbHO APKUL  wap, ysema coanya, Komopwill 6pawaenica ¢ beuteHol
ckopocmv1o, nepemanviéas ayy 6nympu. Ho a ne wyscmeyrnw nu npuxocrosenus, ru
mena.

Ilap nepemanvisan ayy u yseanuusanca 6 pasmepax. ... Lllap re usdasan
nuxaxux 36yk06. Cratasa on 0bia APKUM U HENPOSPAUHBIM, d 3amIeM Haddj
myekems u A ysuden, 4mo o nycm. Eeo obosouxa usmenunace u on cman noxose
Ha  Mmetasteidl nyseips.  Qbosouka  epawanacs, Ho ee  duamemp  0cmaABancA
CIHAOUNBHBIM, 4 NOBEPXHOCING OIAUBANA MEINANSOM.
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maea 11. MaTematnyeckasa Moaenb nina3mMeHHOro Kpucranna

I'aaBa 11. MaremaTtmaeckas
MOAEAD ITAA3MEHHOTO KPHUCTAAAQ

OraaBacHHE
1. ITocramoBka 3aaaum \ 1
2. Cucrema ypaBaenmii \ 4
3. TepBast MaTeMaTHIECKas MOACAD \ 5
4. Bropas MaTeMaTHIECKAs MOAEAD \ 7
5. DHeprus maasmMeHHOro kprucrassa \ 10

1. ITocranoBKka 3apAa4un

[TeineBas maasma (cm. [87]) mpeAcTaBAAET COOOM MHOKECTBO
3APSIKEHBIX ~ YaCTHIL DT  'YaCTUIBL  MOIYT  BBICTPAUBATHCS B
IIPOCTPAHCTBE  OIPEACACHHEIM  OOpa3oM M OOpPa3OBBIBATH  TaK
HA3BIBACMBIA ITAa3MEHHBIH KprctaA" [88]. Mexanusm obOpasoBanws,
moBeAcHHE U (POPMBI TaKUX KPHCTAAAOB TPYAHO IIPEACKasyembl B
YCAOBHAX CAADON IpaBUTAINN HAOAIOACHHA 3THX IIPOLIECCOB U (POpM
BBISBIBACT YAHBACHHE — CM. HAAROCTpanuu (puc. 1) skcriepumeHTOB B
kKocmoce u3 [89].

[Tostomy B 2007 r. OBIAO BBIIOAHEHO HX KOMIIFOBTEPHOE
MOAEAHPOBAHHE. Pe3yAbTATBI BBI3BAAM €ILE OOABIIIEE YAUBACHHE, YTO
OTPa3MAOCh AK€ B HaBaHUM COOTBeTCTBYromeln craren [90]: "Or
IIAA3MEHHBIX KPHUCTAAAOB U CIIMPAABHBIX CTPYKIYP K HEOPIaHUYECKOM
xuBoit Matepun'. B [91] npuBeacHO kpaTkoe M3AOKEHHE U OOCYKACHHE
PE3YABTATOB MOACAUPOBAHHS.

Mmue rtowxe HpaBArca Taknme comocraBaeHudA. Ho, tem me menee,
HAAO OTMETHTB, YTO HCIIOAB3YEMBII aBTOPAMU METOA MOAEAHPOBAHUSA
MOAEKYAIPHOM AMHAMHKH HE IIOAHOCTBIO VUHTBIBAECT BCE OCOOECHHOCTH
IBIAEBAN ITAA3MEL. B 3TOM METOAE AAfl OIMCAHWS ABWIKCHHA YACTHI]
IIPUMEHACTCA KAACCHYECKAf MEXaHHKA M PACCMATPHBAIOTCA TOABKO
9AEKTPOCTATHYECKAE CHABI B3aUMOACHCTBHA MEKAY 3aPAKEHHBIMU
gacTuamMu. B AEHCTBUTEABHOCTH K€ IIPU ABIJKCHHH 3apAKEHHBIX
YACTUIl BO3HHUKAIOT TOKH 3aPAAOB — O9ACKTPHYECCKHE TOKH H, KaK
CAEACTBHE, 9ACKTPOMATHHTHEIE ITOAA. VIX HEOOXOAMMO yYHUTBIBATH IIPH
MOACAHPOBAHH.
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masa 11. MaTtematuyeckas Mmogenb Nna3sMeHHOro Kpucranna

B meBecomocTM Ha UACTHMIIBI ITAQ3MBI  HE  BO3ACHCTBYIOT
IPABUTAIIMOHHBIE CUABL HCAM HCKAIOUNTL M3 PACCMOTPEHHSA SHEPIUIO
HU3AYIEHHSA, TO MOKHO YTBEPKAATD, YTO ITHIACBAA ITAA3MA ITPEACTABAAET
COOOM  JAGKTPHYECKHE  3aPAABL,  JACKTPHYECKHE  TOKH  H
3AEKTpOMarHuTHEE oA Kpome Toro, rmaasma B MOMEHT OOpa3oBaHuA
(3aIIOAHEHNA HEKOTOPOIO COCYyA2 MHOMKECTBOM 3aAPAKEHBIX YACTHI)
IIOAYYA€T HEKOTOPYIO SHEPIHIO. DTa SHEPIHA MOKET OBITbH TOABKO
SAEKTPOMATHUTHOM 9SHEPTHMEH N KUHETUYECKOW JSHEPIHMEH YaCTHII,
IIOCKOABKY MEXAHUYECKOE B3aUMOACHCTBHE YACTHUI[ OTCYTCTBYET: OHH
3apAKEHBl OAHOMMEHHBIMH 3apAaamu. VITak, IThIAeBasg ITAasMa AOAKHA
YAOBAETBOPTDH CAEAYIOIITUM YCAOBHAM:

®  YAOBAETBOPATH ypaBHeHHUAM MakcBeAAa,

® COXPaHATb CYMMAPHYIO 9HEPTHIO, KAK CYMMY 3AECKTPOMATHHTHOM
SHEPIMH U KWHETUYIECKON SHEPINH YACTHUII,

® puoOOpecTH Yepe3 HEKOTOPOE BPEMA CTAOMABHYIO CIPYKIYPY
PACIIOAOKEHHUA U ABHKEHHUSA YACTHUIL; 3TO CACAYET, HAIIPUMED, U3
VIIOMAHYTBIX 9KCIIEPUMEHTOB B KOCMOCE — CM. pHC. 1.
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maea 11. MaTematnyeckasa Moaenb nina3mMeHHOro Kpucranna

Od4eBUAHO, 3apMKEHHBIE YACTHIIBI  OTTAAKHBAIOTCA — CHAAMH
Kyaoma. OAHAKO 3KCIEPUMEHTHI ITOKA3BIBAIOT, YTO 3TH CHABl HE
ActicTByror Ha mepedepunm obaaka wactuil. CACAOBATEABHO, OHH
KOMIICHCHPYIOTCA APyruMu cuAamu. Hrinke OyaAer mmokasaHo, 9TO aTHMH
CHAAMH SIBASIFOTCH CHABL /\OPEHIIA, BO3HUKAIOIIHE IIPH ABIKCHNN
3APMKEHHBIX YACTUIl (XOTA HA IIEPBBIM B3TASIA KAKETCA CTPAHHBIM, YTO
5TU CHABI HAIIPAACHBI BHYTPh OOAaKa, IIPOTUBOAEHCTBYA cuAaMm Kyaoma).
Yacturel He MOIYT OBITh HEIIOABIKHBIMM, ITOCKOABKY TOTAZ OYAyT
rpeBaAupoBath CHAB Kyaona. Ho TOraa oTe CHABI IIPHBEAYT YaCTUIIBL B
ABIDKEHHE, OAATOAAPA KOTOPOMY BOSHUKHYT CHABI /\OPEHIIA U T.A.

Hrokxe B MaTeMaTmaeckol MOAEAHM MBI HE OYAEM YUHUTBHIBATH CHABI
Kyaomna, moaaras, 9ro HX pPOAb CBOAHUTC TOABKO K TOMY, YTOOBI
HM30AMPOBATH YACTHIIBI APYT OT APyra (IIOAODHO TOMY, KaK 9TH CHABI HE
VYIHTBIBAFOTCA B 3aAa9aX IACKTPOTEXHUKH).

Mrak, MBI OYA€M pacCMATpPUBATh IIBIAEBYIO IIAA3My KaK OOAACTb,
IAC TEKYT 9AEKTPOTOKHM M AHAAU3HPOBATH €€ C IIOMOIIBIO YPaBHEHHIH
Makceara. ITOCKOABKY YACTHIIBI HAXOAATCA B BaKyyME M BCETAQ
HM30AHPOBAHBL APYT OT APYI4, TO OTCYTCTBYET OMUYEKOE COIIPOTUBACHUE
1 OTCYTCTBYET 9ACKTPHYCCKAA HAIIPAKEHHOCH, IIPOIOPIIHOHAABHAA TOKY
— ee HE HAAO YYHTHIBATh B ypaBHeHmAX Makcseara. Kpome Toro, Ha
IIEPBOM 9TAIIE MBI OYAEGM IIOAAraTh, YTO TOKH M3MEHSFOTCA MEAACHHO —
ABASFOTCA ITOCTOAHHBIMU TOKaMH. C yU€TOM 3TUX 3aMEYaHHUH YpaBHEHUA
MakcBeAAa TPUHUMAFOT BHA:

rot(H)-J =0, M
div(J)=0, @
div(H)=0, €)

rae J, H - TOok m MarHUTHAA HAIPAKEHHOCTH COOTBETCTBEHHO. Kpome

TOTO, K OTHM YPaBHEHHAM HEOOXOAUMO AOOaBHTH ypaBHEHHE,
cpasbiBarortiee sHepruro W maasmer ¢ J, H

W=f(J, H) (4)
B srom ypaBuenun sneprus W sABAsfieTcs M3BECTHOM, IIOCKOABKY IIAa3Ma
B MOMEHT OOPa30BAHUA ITOAYYAET 9Ty S9HEPTHIO.

B craasprom Buae cucrema ypasuenuii (1-4) aBasgerca cmcremMoi
6-TH YpaBHEHHH C 6-FO HEH3BECTHBIMH M AOAKHA MMETh CAHHCTBEHHOE
permrenne. OAHAKO PEIYAAPHBIN AATOPHUTM PEIICHHA TaKOH CHCTEMBI
orcyrctyeT. [TosToMy HIKE TIpeAAaTaeTCA APYTOH ITOAXOA!

1. Tlomck  aHAAMTHYECKMX  PEIIEHHH  HEAOOIPEAEACHHOM

cucremsl ypaBuennii (1-3) mpum aamHONU dopme 0OAaKa
ITAQ3MBL TaKkux perreHuit MoKeT OBITh MHOKECTBO.
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2.  Boeraucaenme sueprun W no (4). Ecan permenne curemsr (1-
4) ABAsieTC EAMHCTBEHHBIM, TO TEM CaMbIM peEIlleHa CHCTEMA
(1-4) mpn pamsex W 1 bopme oOAaxa.

2. Cucrema ypaBHEHHUM
B mmammApmyeckux koopamHatax I, ¢, Z, Kak m3BecTHO [4],

AWMBEPIEHIINA U POTOP BeKTOpa /1 MMEIOT COOTBETCTBEHHO BHA

giv(H)=| Hr  Hr 1.y oH; ), 0
r o r Ogp fo/4

rotr(H):[l.ﬁHz_aH(o]’ (b)

r oe 0z
oH, oJoH
rot,(H)=| —--—% |, (©
o(H) (62 or )
H oH 1 6H
rotz(H)z( e a(prj. @

C yuerom ypaBuenmii (a-d) mepermrmem ypasmenms (1.1-1.3) B
CAEAYIOITIEM BHAE!

oH
I_|'+6H'+1- ‘/’+6HZ:0, Q)
r or r Op oz

oH

1oH, M, 2
r op oz
aHr_éHZ_J 5
oz or 7
H oH
_¢’+_‘/’_1.%:le @
r o r Ogp

aJ
e 19, A, ©)

r o r oOp oz
Cucrema 5-tu ypasaenwmii (1-5) orHOCHTEABHO 6-TH HEHM3BECTHBIX
(Hr, H 1 H, J.,6 J o J,) sABAsieTCA IIEPEONPEACACHHON U MOMKET
IMETh MHOKECTBO pereHui. Hrnke moxaseiBaercs, 910 TaKHe peIeHust
CYILECTBYIOT U AAA PAa3AMYHBIX CAYYIAEB OIIPEACASIOTCA HEKOTOPBIE U3
BO3MO’KHBIX PEITICHUM.
byaem BHawaAe uckarp perenne aToit cuctemMsl ypasHeHHIT (1-5) B
BUAE (PYHKIUII, cermapabEAbBHBIX OTHOCHTEABHO KOOPAHMHAT. OTH
(PYHKITIH MMEIOT CAEAVIOIIUIT BHA:

7 re
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maea 11. MaTematnyeckasa Moaenb nina3mMeHHOro Kpucranna

H..=h.(r)-cos(yz), 6)
H,.=h,(r)-sin(x2), ™
H,.=h,(r)-sin(yz), 8)
Jp.= ] (r)-cos(xz), ©
J,-=1,(r)-sin(xz), (10)
J, =],(r)-sin(yz), (11)

rae y — mekoropas koncranta, a h(r), h,(r), h,(r), j.(r), j,(r), j,(r)

— dyHKIUI OT KOOPAMHATHI [ ; IPOM3BOAHBIE 9THX (PYHKIMI OyAem
0003HAYATH IITPUXAMU.
IToacraBassa (6-11) B (1-5), moayuaem:

h—rf+h;+;(h2:0, (12
-, = (13)
—ah =h =], (14
hT‘”+h; =], (15)
L+j;+;(j2:0. (16)
I[oactaBmm (1r 3) u (15) B (16). Toraa moayunm:
_;rgh(,,_zh;JrZ(hTuh;j:o, (17)

Berpaxenne (17) asaserca roxaectsom 0=0. [Tostomy (16) caeayer
u3 (13, 15) u moxer OBITH HCKAOUEHO u3 cuctemsl ypasHenuil (12-106).
OcraBrimecs ypaBHEHHUSA IIEPEIUIIIEM B BUAE!

h =—l(h_rr+h;j, 18)
X
h
1 :T“’+h;,, (19)
je=—m,, (20)
Jo == =N, 1)

3. IlepBaa maTeMaTHYECKAsA MOACAD
B aroit cucreme 4-x audpdepennuarpuex ypapaenui (18-21) ¢ 6-
FO HEU3BECTHBIMH (DYHKIIMAMH MOMKHO IIPOH3BOABHBIM — OOpasom
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ompeAeAuTh ABe yHKIHU. AAA  AAABHEHIIEIO MBI OIPEACAUM
CACAyIOIIHE ABE (DYHKITHM:

h,=q-r-sin(z-r/y), (22)
h, =h-r-sin(z-r/y), (23)
rae 0, N - mexoropere komcranTer. Toraa ns (18-23) maiiaem:
h, :_ﬂ{zgn(mr/;{ﬁﬂ—'rcos(zz- r/;()), (24)
X X
i, =q(Zsin(zz-r/;g)+”—'r-cos(7z-r/;g)j, (25)
X
jr=—z-q-r-sin(z-r/z) 9
. 7’ . h T
j :h( —Z}rsm@wdzﬁm{é——)cm@wUZ)@D
’ AR? oz

Takum  obpasom, dymkmue | (r), J,(r), J,(r), h.(r), h,(r), h,(r)

onpeAeAsirores 1o (20, 27, 25, 23, 22, 24) cOOTBETCTBEHHO.

. e _ 4 \
= 0/ \ - 0/
A \
1 1
0 05 1 15 2 0 05 1 15 2
1 2
0lam / L pam

0 0.5 1 1.5 2 0 0.5 1 1.5 2
4 5
2
e N0
0
2 l L 5 L L
0 0.5 1 1.5 2 0 0.5 1 1.5 2
FIG. 2 (figPlazma.m)
ITpumep 1.
Ha puc. 2 IIOKA32AHBI rpaduKu pyHKIIIT

(), J,(r), j,(r), h(r), h,(r), h,(r). Drer pymxmmm seramcamrores
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maea 11. MaTematnyeckasa Moaenb nina3mMeHHOro Kpucranna

npu aammEex ¥ =1.85, h=1 q=-1. B nmepsoii KOAOHKE MOKa3aHBI

dbyrxmem h, (r), h (r), h,(r), Bo Bropoii koronKe moKazambr byHKITHIT
3o (), J, (), Jo(r).

3AECh BA)KHO OTMETUTH, 4TO Ha rpadpuke (PyHKIIHI jr(l’), j ¢,(I’)
CYILIECTBYET TOUKA, TAE ], (I‘) =0wu j w(l’) =0. ®usuuecku 510 O3HAYACT,

90 B O0Aactm I < )  CyLIECTBYIOT paAHaAbHBIE TOKH J, (I’) ,
HarpasaeHusie ot nertpa (upu 0 <0). B rTouke =y TOKHM
Jr(r), J (p(l’), orcyrcrByror. [lostomy Beamumna R =y sBasercs

paanycom KprctaAAa. [IBIAMHKY, ITOMaBIIIIE 32 IIPEACABI 9TOTO PAAUYCA,
HICHBITBIBAIOT PAAMAABHBIE TOKH Jr(l’), HAIIPABAEHHEIE K IIEHTPY. Tem
CaMbIM CO3AAETCA YCTOMYIMBAA IPAHMIIA KPUCTAAAA.

IToctpoenHas MOAEAD OIHCHIBAECT ITMAMHAPHYCCKHH KPHCTAAA
OECKOHEIHON AAMHBI, YTO, KOHEYHO K€, HE COOTBETCTBYET PEAABHOCTH.
Paccmorpum Terrepb OoAee CAOKHYIO MOAEAB.

4. Bropas mareMaTH4eCKasa MOAEAD

Kopens  ypaBuenus jr(r): 0 ompeaeasia Beamumny R=y
paAnyca IIMAMHAPHYECKOTO KPHCTaAAd. DyAem Termepp H3MEHATDH
BeanunHy J . Ecam Beamdmna y Oyaer saBucets OT Z, TO U paauyc R
OyAeT 3aBHCETh OT Z. Ho mmeHHO Takas 3aBHCHMOCTh HaOAIOAAETCH B
9KCIIEPHMEHTAX — CM., HAIIPUMEP, IIEPBBIH pparMeHT Ha puc. 1.

Vimess 210 B BHAY PACCMOTPHM MATEMATHYECKYIO MOAEAD,
OTAMYAIOIIYIOCA OT HCIOAB30BAHHOH  BBIINIE, TEM, UYIO BMECTO
KOHCTAHTBl Y wucroassyercs (yuknms  y(Z). Iepenmmem (6-11) ¢

Y4E€TOM 3TOIO:

H,.=h,(r)-cos(x(2)), 8)
H,.=h,(r)-sin(z(z)), (29)
H,.=h,(r)-sin((2)), (30)
J,.= i (r)-cos(x(2)), (31)
J,.= J,(r)-sin(x(2)), (32)
Jz = j,(r)-sin(x(2)). (33)

Cucrema ypaBuennii (1-6) oramuaerca ot cucremsl (2.9-2.14)
TOABKO TEM, YTO BMECTO KOHCTAHTBI J HCIIOAB3YETCA IIPOMU3BOAHAS

¥'(2) mo z or dpynkmmu y(z). CAeAOBaTEABHO, U PEIIEHHE CHCTEMBI
(28-33) OyAer OTAMYATBCA OT PEIICHHA CHCTEMBI OT IIPEABIAYILIEIO
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TOABKO TEM, YTO BMECTO KOHCTAHTBI jJ} HCIIOAB3YETCA HpOI/ISBOAHaH

x'(2). Takum 06pasom, pemIeHne B 5TOM CAYYae IIPUMET CACAYIOIIUI

BUA!:
jo =—2'(@)-q-r-sin(z -1/ 7(2)), 64
| h -(ﬁ—/(z)j-r sin(z-r/ 7' (2))+
Jp = h _ ; (35)
" (2 ] z’(Z)j o1/ £ (2)
i, = q[ZSin(n 1/ y'(2))+ %-r -cos(7 - r/;(’(z))j, (36)
h, =h-r-sin(z-r/z'(2)), 37
h,=q-r-sin(z-r/x'(z)), (38)
h, =—T(25m(n r/y (z))+?cos(7r )y (z))j (39)

Vkasannsle dynkuun Oyayr sasucets ot y'(z). Ilpm  y(z)=nz
ypasaenus (34-39) npesparnarorcs B ypaBuenus (22-27).
Hanpumep, va puc. 3 nokasanst dpyukumu y(z) u x'(z), rae

¥'(2) - ypaBuenue saamtca.

2 2 F

~
1.5 \ 15

L\ 1 .
\ |

0.5

N 0 N 0

-0.5 \ -0.5
-1 \ -1
-1.5 \ -1.5

-2 2%
-2 -1 0 1 2 0 0.5 1

X (X1) FIG. 3 (figPlazma3.m)

MoKHO ITOAAraTh, 9YTO TOK IIBIAMHOK TAKOB, YTO HX CPEAHAA
CKOPOCTb HE 3aBHCHUT OT HAIPaBACHHA TOKa. B wactHOCTH, mnpn
(PUKCHPOBAHHOM PAAHYCE IIyTh, IIPOMACHHBIN ITBIAMHKOM B EAHMHHILY
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BPEMEHH IIO OKPY/KHOCTH, W IIyTh, IIPOMAECHHBIM €O IIO BEPTHKAAH,
Ooyayr paBHbL. CAEAOBATEABHO, B 3TOM CAyYae IIpH (DUKCHPOBAHHOM
PAaAHyCe MOMKHO IIOAATATH, ITO
Ap=Az. (40)
B paccmorpenHOM  BBIIIE  CHCTEME  TPAEGKTOPHA  IIBIAMHOK
OIHUCHIBACTCA POPMyAAMU

co = cos(y(z)), (41)

si =sin(¥(z)). 2)

Takum oOpasom, B TAKOH cucTeMe Ha (PUIype BPAILEHUA PAAUYCOM
r=x'(z) cymecrByer Tpackropmsi TOYKH, OIMCHIBaeMas (POPMyAaMH

(40-42). Takaa tpaekropusa sBAfeTc BUHTOBON Ammpwmer. Ha sroi
TPAEKTOPHH BCE HAIPAKEHHOCTH U IIAOTHOCTH TOKOB HE 3aBHCAT OT ¢ .

Fig 4 14

(Plazma4.m)

Ha ocHOBe 3TOro  IPEAIIOAOKEHHA  MOXKHO  ITOCTPOUTH
TPAEKTOPHIO ABIDKEHUA IIBIAMHOK B cooTBerTcTBUn C (pyHKImAME (1-3).

Ha puc. 4 nokasaust ABe BUHTOBSIC, oruchBacybe gyaxmmavu , () u
J,(r) Toxa: mpu 1, = ¥'(z) npu 1, =0.54'(2), rae ¥'(z) onpeasena na
puc. 3.

11-9



masa 11. MaTtematuyeckas Mmogenb Nna3sMeHHOro Kpucranna

5. DHepruA rmaasMeHHOro KPUCTaAAA

HpI/I H3BECTHBIX MATHUTHBIX HAIIPAKECHHOCTAX M ITAOTHOCTAX TOKA
MOJKHO HANTH BHCpFI/I}O HAaSMCHHOI‘OKpI/ICTaAAa. ITaoTHOCTD SHCPrum
MAaTHUTHOTIO ITIOAA

w7 ) =

[TaotHOCTS KHHETHUECKOM sHeprum meianHOK W, mHaliaem B

HpCAHOA}KCHI/II/I, Y9TO BCE IIBIAMHKH MUMCIOT OAI/IH&KOBYIO Maccy m. TOI‘Aa
1 ( 2 2 2)
WJza J,+Jd,+J,). (44)

AAf OIpEACAEHHA IIOAHOH OSHEPIHH KPHUCTAAAA HEOOXOAHMO
npounterpuposate (43, 44) mo obbemy kpucrassa, dopma KOTOPOTO
onpeaeAeHa. Takum oOpasoM, IIpU OIPEAEACHHOH hOpMe KPHCTAAAL U
IPUHATON MAaTEMAaTHYECKOH MOAEAM MOIYT OBITh HAHAEHBI BCE
XAPAKTPUCTUKIA KPHUCTAAAA.
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maea 12. Pabota cunsbl JlopeHua

I'aaBa 12. PaboTa cuarsr Aopenmna

Hinxe AOKA3bIBACTCA, YTO CHAA AOpCHHa coBepmIacT pa60Ty, "u
BBIBOAATCH COOTHOILICHUSA, OIIPCACAATOIIINC BEATINHY 9TOM pa6OT]':>I.

MaruurHas cuaa Aopenma omnpeaeasierca POPMYAOH BHAA
F=aQ(v xB), 1)
rAe
0 - IIAOTHOCTB 9ACKTPHUYECCKOTO 3aPIA,

Q - oObem 3apsLKEHHOTO TeAa,
\Y

B - marmurHas mHAYKIHS (BEKTOP).
PaGora cuasr AopeHia, onpeacaseMas Kak BEKTOPHOE IIPOH3BEACHHC
CHABI HA CKOPOCTB, PABHA HYAIO, IIOCKOABKY BEKTOPBI CHABI 1 CKOPOCTH
BCEIAQ OPTOIOHAABHEL.

CKOPOCTD 32aPAKEHHOTO TeAa (BEKTOP),

Cuaa Ammepa ompeaeasiercss QOPMyAOH BHAA

A=Q(jxB), @)

TA€ ] - HAOTHOCTB DAEKTPHIECKOTO ToKa (BekTop). [TockoAbKy

j=qv, 3)
TO POpMyAY (2) MOKHO 3aITHCATh B BUAE
A=qQ(V xB). ©)

Mo:xuo 3amernts, uto hopmyasl (1, 4) coBrraparor. Mexay Tem padbora
cuapr Amniepa HE paBHa HyAFO, 9TO IIOATBEPKAAETCA CYIIIECTBOBAHUIEM
arekTpoMoTopoB. CaepaoBateabHO, pabdora cuabl Aopenna HE papua
HyAro. Takum 0OpasoMm, OIIPEACACHHE MEXAHHYECKOW CHABI Yepes3

pa60Ty HCAB3 paCIIPOCTPAHATD HAa CHAY AO[}CH! a.

Paccmorpum, Kakmm oOpa3oM cHAa AOpEHIIa BBIIIOAHAET

pabory.

ITaotHOCTP TOTOKA 3AEKTPOMATHHTHOHM SHEPTHHM — BEKTOP
[ToftrTrara onpeaeasercs 1o popmyae:
S=ExH, ©

rAe
E - HanpsmkeHHOCTH 9AEKTPUUECKOTO HOAS (BEKTOP),
H - HanpspkeHHOCTH MATHUTHOTO HOAS (BEKTOD).
TokaMm COOTBETCTBYIOT 9ACKTPHYECKUE HAITPSKEHHOCTH, T.€.
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E=p, ©
rAe O - yAeabHOE dAekTpoconporuBacHue. Comernas (5, 6), Kak B rAaBe

5, moAy4aem:
S=pjxH=LjxB. 0
u

rA€ M - aDCOAIOTHAS MATHUTHAS IIPOHMIIAEMOCTh. MarHumrHas cmaa

AopeHIia, ACHCTBYIOIIAA Ha BCE 3aPAABI IIPOBOAHHKA B CAMHIYIHOM
obbeme, - 0ObeMHAA IIAOTHOCTb CHABI /\OpEHIIA paBHA (KAK CACAYET U3

1)

f=qVxB. ®)
W3 (3, 8) maxoaum:

f=qVxB=jxB. )
W3 (7, 9) mHaxopum:

f=uS/p. (10)

CAeAOBaTEABHO,  IAOTHOCTb  MAIHUTHOW  cHABI AopeHIia
LIPOIIOPITMOHAABHA TAOTHOCTU JAECKTPOMAIHUTHOW 3HEPIHHU - BEKTOPY
I TorteTHHTA.

[ToTox sHepruum ¢ IAOTHOCTBIO S skBuBaseHTEH mAOTHOCTH
MormHOCTH P, T.€.

p=S. (11)

CACAOB ATEABHO,, ITAOTHOCTDH MATHUTHOMN CHABI AOp CHIIA

IIPOIIOPIIMOHAABHA ITAOTHOCTH MOIITHOCTH.
ITpumep 1. Aas IpoBepKr pacCMOTPUM PasMEPHOCTH BEAUYHH B
BBIIIIEIIPUBEACHHBIX popmyaax B cucteme CH — cm. TabA. 1.

ITapamerp PasmeprOCTB
DHeprus Kr-M2-C 2
ITaotHOCTD 2HEprIHM kromlc?
MormHOCTh P Kr-m?-C 3
[TarotHOCTE ITIOTOKA sHepruy, | S Kre¢

IIAOTHOCTDH MOIITHOCTH

A-M 2
Kr'Cc 2-A

H-m3=kr-¢ ™

ITAaoTHOCTD TOKA

WMuaykmuas

OOpeMHag IAOTHOCTD CHABL AOpeHIIa 2

Kr¢c 2-M-A2
Kr'C o M3 A2

ulp ulp | e’

MarsnTHas IPOHUITAEMOCTD

D x| = |m|—

yAC/\bHOﬁ COIIPOTUBACHUC

12-2



maea 12. Pabota cunsbl JlopeHua

Mrak, TOK ¢ IAOTHOCTBIO | H MATHHTHOE IIOAE C MHAYKIIHCH B

CO3AAIOT IIOTOK JHEPIUH C ITAOTHOCTBIO S (MA  MOIIHOCTH C
IIAOTHOCTBIO [) ), KOTOPBIH TOKACCTBEHEH MATHHTHOI cHAe /\OpeHIIa ¢

maoraoctsio |- em. (11) man

f=wup/p. (12)
Takum oOpasom, cumAa AOpeHIIa €  IIAOTHOCTBIO f u

TOKAECTBEHHBIH €Il IOTOK 9HEPIUH C IIAOTHOCTBIO S (mAm mormHOCTS C
IIAOTHOCTBIO [)), AefiCTByeT Ha 3apAABI, ABIUKYIIIHECA B TOKE J, B
HAIIPABACHHH, IIEPIEHAUKYAAPHOM 9TOMY TOKY. CACAOBATEABHO, MOYKHO
YTBEPIKAATH, 9TO BekTOp [lOoMHTHHTA (MAM MOIIHOCTD € TAOTHOCTBIO )
CO3A2€T 3.A.C. B IIPOBOAHHKE. DTOT BOIPOC C APYTOM CTOPOHBEI
paccmorper B [19, 17], rae Takad 3.A.C. HasBaHA YETBEPTHIM BHAOM
3AEKTPOMATHUTHOU MHAYKIIIH,

Pacemorpum 3.A.C., CO3AABAEMYIO CHAOU Aopenra.
Hanpsxennocts, skBuBaAeHTHafA cuAe AOpeHIia, ACHCTBYFOIIEH Ha
CAMHUYHBIA 32aPAA, PaBHA

f
ef:—:M’ (13)

q Qo

a TOK, COSAaBaCMbIﬁ CHAON AOpCHL{a B HaHpaBACHI/H/I 5TOM CHABI, IMECT
ITAOTHOCTD

i=efp=%. (14

Ecan m3Becren TOK | CO3AABACMBIA  CHAOM AOpCHL{a B

b

conporusacHuu R, o
|
U=ep=I R+pg , (15)

TAC I, S - AAWHA U CEYEHUE IIPpOBOAHHNKA, B KOTOPOM ACfICTByeT CHAQ

Aopenrra. 13 (15) Haxoanm:
|
| =e;p R+pg =e; /| —+—| (16)

IToAHas momHOCTD
P=pls. (17)
Haxonen, u3 (13, 16, 17) moaygaem:
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Pu | Pu

l=—=/|R+p—|=—= ISR+ pl
4 (R pt )P s ) u
P |

U Z—Zq—(SR-l-pl). (19)
I u

13 s1ux dpopmya o pesyabraram usmepernst U u | momxer ObrTh
HAACHA ITAOTHOCTb 3aPSIAOB, HAXOASMIIUXCA IIOA ACHCTBHEM CHABL
Aopenra.
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nmaBa 13. QnekTpoMarHUTHbIA MMNYNbC 1 6e30MopHOe ABUXEHME

['AraBa 13. DAeKkTpOMArHUTHBIN
HMIYABC 1 OE30IIOPHOE ABIKEHIIE

OraaBAenwne
1. Ilpeancaosue.
2. OCHOBHBIE COOTHOIIICHMUS.
[Npunoxenune 1a. Dxcuepument Tamma.
[Ipraoxenne 18. Dxcrrepument I'pexema n Aaxosa.
[Tpunoxenne 1c. Dxcnepument VBanosa.

1. IIpeancaosue

Vmos B 1874 r. BBeA B (PH3HKYy HIPEACTABACHHE O ABIKCHHH
SHEPIUH, IIOTOKE SHEPIHH U CKOPOCTH ABMKEHHA sHeprum. [Ipm stom
IIAOTHOCTb IIOTOKAa 9Heprum S , mAOTHOCTh sHeprun W m cKopocTb
ABrkenus sHeprun V. csasansr popmyaoit S = W - v.

DTO  VIBEpKACHHE HOCHT  YHHUBEPCAABHBIN  Xapakrep. B
SAEKTPOAMHAMHKE BEKTOP IIAOTHOCTH IIOTOKA 3AEKTPOMATHHTHOMN
sHepruu  HaspBaercsa  BekropoM  Ymosa—[lofimtmmra.  Ckopocts
ABIKEHUS  JAEKTPOMATHHTHON  9HEPIHH B ACKTPOAMHAMHUKE
IIPEAITIOAArAETC PABHOM CKOPOCTH CBeTa: UV = C. DTO VIBEPKACHUE
BBITECHHAO H3 HAYYHOIO ODHXOAA CAyYad, KOIAd CKOPOCTb ABHIKECHISA
5AEKTPOMATHUTHON SHEPIHH MEHBIIIE CKOPOCTU CBETa. A TAKHE CAydYaHl
nsBectHbl. Hampumep, ckopocTs ABIIKEHHA S9HEPTUH B BOAHOBOM ITaKETE
MEHbIIIE CKOPOCTH CBeTa. B CTaIMOHAPHOM 3AEKTPOMATHHTHOM IIOAE
HET SACKTPOMATHUTHOM BOAHBL, HO €CThb ITIOTOK 3AEKTPOMATHHTHOI
sHepruu. B sTOM cAydae BOOOINE HET HHUKAKOH IIPHYUHBEL CBA3BIBATH
CKOPOCTb ABHKCHHSA SACKTPOMATHUTHON SHEPIUU B CTATHYCCKUX ITOAAX
CO CKOPOCTBIO CBETA.

W3BectHO, YTO HAOTHOCTH 3AEKTPOMATHHTHOTO HMIIYABCA P
CBA3aHA C ITAOTHOCTBIO IIOTOKA 3ACKTPOMATHUTHON 3HEpPIruu (pOpMyAOH

p=S/ ¢®. Ussectso TaK/KE€, YTO IIAOTHOCTH 3AEKTPOMATHHTHOTO
HMITYAbCA, PACIIPOCTPAHAIOIIETOCA B TEAE, PABHA (YMCAECHHO) IIAOTHOCTH
MEXAHUYECKOTO HMIIYABCA M B 9TOM Teae: M = p. M aror dakr Toxe
KAK-TO BBIIIAA M3 HAYYHOIO OOMXOAA. AEHCTBUTEABHO, CTOHT AH
oOpamaTh BHUMAHHE HAa MH3EPHYIO BEAWYHHY, IIOAYYAIOINYIOCA B
pe3yAbTaTE ACACHHUA Ha KBAAPAT CKOPOCTH CBETA.
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A, MEKAY TeM, MEXaHIYECKHIH HMMIIYABC ACKTPOMATHUTHOIO IIOAA
B TEAC B3bIBAA K BHUMAHHIO. VI3BeCTHEI 9KCIIEPHMEHTBI (HIKE OHH OYAYT
PACCMOTpPEHBI  ITOAPOOHEE), KOTOPBIE AOKA3BIBAIOT — CYIIIECTBOBAHHE
HIMIIyAbCa, BeanmdnHa kotoporo B 100 pas mpeBBIIIaeT TEOPETUIECKYIO
BeAmunHy. FlccaeaoBareAm mcKaAm OOBACHEHHE B CYIIECTBOBAHNI
CyOCTAHIINH, OTAUYHOMN OT BEIIECTBA U ITOAS.

AOCTATOYHO ~ IPEAIIOAOKHTB,  UTO  CKOPOCTb  ABUKEHHSA
SACKTPOMATHUTHON JHEPrHy HE€ PaBHA CKOPOCTH cBera (B 0DIeM
CAy4dae), M TOIAA BCE BBIIICOIUCAHHBIC CHTYAI[HH  CTAHOBATCA

OOBACHUMBIMU. DTy CKOPOCTb MOMKHO BBIYHCAHTB. B IIpeABIAyIIHX
rAaBaX  3TOH  KHHUIM  PACCMOTPEHBI  PAa3AMYHBIE  IIPOIIECCHI
PACIIPOCTPAaHEHHUA SAEKTPOMATHUTHOH 3HEprum (paspsa aKKyMyAATOPa,
PaspAA KOHACHCATOPA, PA3MATHIIUBAHIE MATHUTA, ABIKCHIIE SHEPIUH B
IIPOBOAE ITOCTOSIHHOI'O TOKA) M ITOKA32aHO, YTO B 9TUX CAYYafX CKOPOCTb
ABIKEHUS SHEPTUU 3HAYUTEABHO MEHBITIE CKOPOCTH CBETA.

Takum 0Opa3oM, IAEKTPOMATHUTHBEINA HMITYABC M MEXaHHYECKUI
HIMIIYyABC BXOAAT KOAMYECTBEHHO PAaBHOIPABHBIM OOpasoM B 3aKOH
COXPAaHEHUA HMIIYABCA.

2. OCHOBHBIE COOTHOIIICHUAA.
I/I?)BCCTHI)I B3aAaMMO3aBHUCHUMOCTH MC)KAY IIAOTHOCTAMM 9HCpI‘I/H/I W 5
IIOTOKa SHCpFI/II/I S 5 I/IMHyAbCZl p , IIOTOKAa I/IMHYAI)CZI ][, HMCIOIIIMI

caeAyroruii BUA (B cucreme CH):

S=W-c, 1)
p=W/c, 2
p=Ss/c’, 3
f=p-c. (3a)

2.1. B raase 1 mokasaHo, YTO AAfl MOHOXPOMATHYECKOH BOAHBI
CYITIECTBYET PEIeHne, AAd KOTOPOTroO BEIIOAHAETCA ycAoBue (1), T.e. aad
MOHOXPOMATHYIECKOH BOAHBI _CKOPOCTb _ABVKEHUSA SHEPIUH PABHA
CKOPOCTH PACIPOCTPAHEHNA MOHOXPOMATUIECKOM BOAHBI, T.€. CKOPOCTH
ceera. HailiaemHoe B TAaBe 1 permenme TaKOBO, YTO YCTAHABAMBAET
IIOCTOAHCTBO ITOTOKA SHEPIUU U SHEPIHH SACKTPOMATHUTHOW BOAHBI BO
BpeMeHH (B IPOTHBOIOAOKHOCTb H3BECTHOMY PEIIEHHIO, TAE
YCTAaHABAMBACTCA ITOCTOAHCTBO 3THX BEAHMYHH B CPEAHEM, YTO, KOHEYHO
AKe, He ABAAETCA ACHCTBHTEABHBIM ITOCTOAHCTBOM, - TEM, KOTOpPOE
TpeOYET 3aKOH COXPAHEHUA SHEPIUN).
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2.2. Vrax, ypasuenue (1) cripaBeAAHBO AAS MOHOXPOMATHYECKOT
BOAHBL. CKOpPOCTh ABIDKEHHA 9HEPIHH B BOAHOBOM IIAKETE IIPUHATO
CYHTATh PABHOII rpymmroBoi ckopoctu. B [94] crporo mokasano, uto sta
CKOPOCTB 3aBUCHT OT (pa30BOH CKOPOCTH U CKOPOCTH cBeTa. B Arobom
CAy9ae CKOPOCTb ABIDKCHHSA OSHEPIMHM B BOAHOBOM IIaKETE MEHBIIIE
CKOPOCTH CBETA.

2.3. B CranMOHapHOM 3AEKTPOMATHHTHOM TIOAE  HET
3AEKTPOMATHUTHOM BOAHBI, HO €CTh ITOTOK 9AEKTPOMATHUTHOI SHEPIHH.
Bmecte ¢ 9THM ITOTOKOM €CTh M 3AEKTPOMATHHUTHBIN HMMIIYABC — CM. (2,
3). Dro yrBepkAcHHE He sBAfercss oOmenpusHaHHbM. Oaxako [.IT.
MpBanos B [97] AOKa3bIBaeT HAAMYHE HMIIYABCA, AHAAUZHPYSA H3BECTHBIE
SKCIIEPUMCEHTHl IPAMBIMUA _BBIYHUCACHHAMHU. B 3THX 9KCIIEpHMEHTAax
IIPUCYTCTBYFOT ~KBa3HUCTAIIMOHAPHBIE 3AECKTPOMATHHTHBIE IIOAfl, TAE
OTCYTCTBYET HM3AYYEHHE JSACKTPOMATHUTHBIX BOAH. (Cpeam s1mx
SKCIEPUMEHTOB €CTh YMO3PHTEABHEIE (HX aBTOpAMHU ABAAFOTCA Tamm o

Qefinman — cM. npuAokeHue la), HO €CTb M PEAABHO BBIIIOAHEHHBIN
skcepument .M. I'pexema i A.I'. Aaxosa [95] — cm. npuaoxenue 1B.

Okcriepumentsl Tamma, I'paxema n Aaxosa oOcyxaaer Vsanos B
[144] (oTKyAa B3ATBI HAAFOCTPALINH U IIEPEBOA cTathu [95]). M3 HuX, 11O
€rO0 MHEHHUIO, CACAYET, YTO 'MOMEHT HMIIYABCA BEIIECTBA U IIOAS HE
coxpaHﬂeTc;l". ITosamee B [147] oH mpeaAaraer KOHCTPYKIIHIO - CM.
upusokerre lc. OH moaaraer, 9ro €ro KOHCTPYKIIHA OYAET ABHIATHCA
TOABKO IIPY IEPEMEHHOM HAIIPMKEHUH. Ero AOKa3aTeAbCTBO IIOCTPOECHO
"Ha OCHOBAHMHU 32KOHOB COXPAHCHHS HMIIYAbCA, SHEPIUU U IIPHUHIAIIA
OTHOCHTEABHOCTH, COTAACHO KOTOPBIM TAKOE ABHKEHHUE OCYIIIECTBAACTCA
OAaropaps  CHAOBOMY U SHEPIETHYECKOMY  B3AMMOACHCTBHIO  C
dpusnaeckum Bakyymom (3¢pupom)".

Mrak, 5AEKTPOMATHUTHBIH HMIYABC B CTaI[HOHAPHBIX ITOAfIX
cymectByer. OaHako tem ke anaausom [.I1. Msanos B [97] AokaswmBaer,
YTO BEAHYMHA 9TOIO MMITyAbCa KpaliHe MaAa (B CYIIHOCTH, 9TO CACAYET
u3 (1, 2), rae IPUCYTCTBYET AGACHHE HA CKOPOCTh CBeTa). T'em He MeHee,
axcrrepumernt I'M. I'pexema n AI. Aaxosza obHapykuBaeT OOABIIYIO
BeAnguHy uMIyAbca. 1.I1. FIBaHOB AOKa3BIBACT, ITO SKCIEPUMEHTAABHAL
BeAamguHa umiyAbca B 100 pa3 IpeBBIIIAET TECOPETHUECKYIO BEAHYUHY
(Aa  mHAYEe O9TOT OKCIIEPUMEHT HE MOT OBl COCTOATHCA, T.K.
9KCIIEPUMEHTATOPBI H3MEPAAU IACKTPOMATHUTHBIN UMIIYABC BEAMYIHHOMN
MEXaHHYECKOTO UMITYAbCA — HA OCHOBE 3aKOHA COXPaHEHHA HMITYAbCA).

WMrak, 3AGKTPOMATHUTHBIA HMIYABC B CTAIIMOHAPHBIX ITOAAX
CYITIECTBYET, HO He VAOBAeTBOpsAeT ypaHeHwmaMm (1-3), T.k. mmeer
3HAYUTEABHYIO BEAHYHHY.
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I'M. I'pexem u A.I'. Aaxo3 BUAAT OOBACHEHHE ITOMY B TOM, YTO
OACKTPOMATHUTHAS 9HEPIUfA ILHPKYAHPYET B BAKYyME KAK MAXOBHK
(flywheel).

['Tl. VBamoB BumAMT OOBfCHEHHE O5TOMy B ' IPHU3HAHAN
CYIIIECTBOBAHMA BHAA MATEPUH  (IACKTPOBAKYYMA), OTAHMYHOIO OT
BEIIECTBA M IIOAfA, 3aITOAHAIOINEIO  COOOH  BCE  pusmyeckoe
IIPOCTPAHCTBO M CIIOCOOHOTO BCTYIIATh B HMIIYABCHOE (CHAOBOE) H
SHEPIETUYCCKOE B3AMMOACHCTBHE C BEIIeCTBOM' .

2.4- BI)IH_ICYKQ.S AHHBIC SKCHCPHMCHTI)I BBIIIOAHAANCH B

CTALIMOHAPHBIX ITOAfX, HO IIpH IepeMeHHON HanpsmkernHoctu E. Ecan
#KE IPEAIIOAOKHTD, YTO IIOTOK SHEPTHHU CYIIECTBYET M B CTATHYECKHX
IIOAAX, TO MOYKHO IIPEAAOKHTb M Apyrue skcuepumentsl. Hampumep,
MOKHO ITOBTOPHTE 3KciepuMeHTsl Tamma, Pefinmana, I'pexema u
Aaxo3a, 3aMEHHB B HHX HCTOYHUK IIEPEMEHHOIO HAUPMKEHHUA Ha
HICTOYHUK ITOCTOAHHOIO HAIPMKEHUA. DTO HAIPHKEHUE MOKET OBITh
BBICOKOBOABTHEIM M TOIA2  HAOAIOAQEMBIM  HMIIYABC — AOAKEH
CYIIIECTBEHHO BO3PACTH.

Eiie HECKOABKO YMO3PHTEABHBIX 3KCIIEPUMEHTOB, AOKA3BIBAFOIIINX
BO3MO)KHOCTb ~ OC30IIOPHOTO  ABIDKECHHS B CHCTEME 33  CYCT
B3aUMOACHCTBHUA ABIKYIINXCA SACKTPHUYECKHX 3aPAAOB, PACCMOTPEHO B
raase 13a.

B raase 18 aoxasemaercd, 910 cuAB AMiiepa u AOpeHIa ABAAFOTCH
CAEACTBHEM 32KOHA COXPAHEHHUA HMITyAbCA.

2.5. Teopus u sxciepumentsr Curasosa.

P.I'. Curanos B [156] eme B 1965 r. BrepsBIe HOKa3aA, YTO
«MATHUTHOE B3aHMMOACHCTBHE TOKOB, TEKYIIHMX B TBEPAOM TEAE€,
MOJKET IIPUBOAUTE 3TO TE€AO B IOCTYIATEABHOE M BPAIIaTE€ABHOE
ABIDKEHHE». AAf TEOPETHYECKOTO AOKA3ATEABCTBA 9TOTO ABACHUSA
CuraaoB  HCIIOAB30BAA IAEKTPOHHYIO Teopuro. Ilpm stom emy
IIPUXOAHAOCH IIPAKTHYECKH AAA KaKAOH KOH(DUIYPAIIMU BBIIOAHUTBH
CAOKHBIC M I'POMO3AKHE BEMHCACHHA. Bce Teopermdeckne BBIBOABI OH
COITPOBOKAAA OPHIHMHAABHBEIMH 9KCIIepuMeHTamMu. Bce 310 ABAAAOCH
YOEAUTEABHBIM ~ AOKa3aT€ABCTBOM  HAPYIIEHHUA  TPETHEro  3aKOHA
Hprorona. Ilostomy teopma CnraaoBa HE IIOAYYHAQ IITHPOKOTO
pacIpocTpaHeHHA.

Cefigac ero OIBITH ITOBTOPAXOTCA Oe3 ymommHaHHA aBTopa. Ha
puc. 1 mokasan skcnepumenT u3 [157] — Bpamarorasca CIIpaAb, 110
KOTOPOH IIPOTEKAECT ITOCTOSHHBIA TOK. AHAAOIMYHBIA 9KCIIEPUMEHT
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rmokasaH Ha c1p. 49 B [156] — cm. Tam puc. 28 u puc. 29. MaTepecno, aro
BPAIICHIE CITUPAAN 3aBUCHAT OT HAIIPABACHNA HAMOTKH.

Puc. 1.

B raaBe 5 moxazaHo, YTO B IIPOBOAE IIOCTOSIHHOTO TOKa
pacupocTpaHsaeTcsa 3AEKTPOMAIHUTHAA BOAHA. Bwmecre c
SAEKTPOMATHUTHOH BOAHOH  PaCIPOCTPAHACTCA IACKTPOMATHUTHBIN
nviyAbc. Hmxe B 1. 2.10 mokaszano, 94ro BMecTe C 9AEKTPOMATHUTHBIM
HMIIYABCOM B IIPOBOAE IIPHCYTCTBYET MEXaHHYECKHUN HMIIYABC. DTOT
IMIYABC  IIPUBOAMT  BO  BpAIEHHE  IIOKA3aHHYIO  CIIHPAAbD.
CyImecTBOBaHHEM 3TOTO HMIIYABCA OOBACHAIOTCA BCE IKCIIEPUMEHTHI
Curaaosa.

2.6. Vmos [81] BBeA B (DH3HKYy IIPEACTABACHHE O ABIKEHUU
SHEPIUH, IOTOKE SHEPIHH U CKOPOCTU ABHKEHHA sHepruu. Ilpm stom
IIAOTHOCTb IIOTOKA SHepruu S, HMAOTHOCTb sHeprun W u cKOpocTsb
ABrzkeHws oHeprun V. cBazaHsr (DOPMyAOI

S=W-v. 4)

DTO yTBEP/KACHHE HOCHT YHHBEPCAABHBIN Xapakrep. AOCTATOYHO
IIPEATIOAOKHTD, YTO CKOPOCTh ABIKCHHSA JACKTPOMATHHTHON SHEPIUU
HE paBHA CKOPOCTH _cBera (B OOIINEM CAydYae), M TOrAa BCE
BBIIIICOITUCAHHBIE CUTYAIINN CTAHOBATCHA OOBACHUMBIMU.

AeHCTBUTEAPHO, HET HUKAKOH IIPHYMUHBI CBA3BIBATH, HAIIPHMED,
CKOPOCTb ABIKEHHUSA 9ACKTPOMATHUTHON SHEPIUU B CTATHYICCKHX ITOAAX
CO CKOPOCTBIO CBETA.

13-5



maBa 13. QnekTpoMarHUTHbIA MMNyNbC 1 6e30MopHOe ABUXEHME

2.7. Bermre PaccMOTpEHBI pasAnJIHBIE IIPOIIECCHI
PACIIPOCTPAaHEHHA SACKTPOMATHHUTHON 3HEPTHH (Pa3pfA aKKyMyAATOpa
(raaBa 5), paspsA KOHAEHcaTOpa (TAaBa 7), pa3MATHUYHMBAHHE MATHHUTA
(rAaBa 7a), ABHZKEHHE SHEPTHH B IIPOBOAE IIOCTOSHHOTO TOKA (TAaBa 5)) 1
IIOKA3aHO, YTO B OTHUX CAy4YafX BBIIOAHAETCHA ycAoBue (4) M CKOPOCTb
ABITKEHUSA SHEPIUY 3HAYUTEABHO MEHbIIIE CKOPOCTH CBETA.

2.8. Vrax, B OOIIEM CAYYAE HAAO IIOAB30BAThCA dhopmyaamu  (1-
. y4 y
3), TA€ BMECTO CKOPOCTH CBETA CTABUTH CKOPOCTh ABU/KEHIA SHEPIUML:

S=W-v, “4)
p=W/v, )
p=S/N’, ©)
p=W?/s. ©

Takum obpasom,
SAEKTPOMATHUTHBIM HMIIYABC M MEXAHHYECKUH HMITYABC
BXOAAT KOAMYECTBEHHO PaBHOIIPaBHBIM 0OpasoM B 3akoH | (8)
COXPAaHEHHUs HMIYABCA. DTO VIBEPKAECHHE OTKPHIBACT
IIIPOKHI IIPOCTOP AAfl KOHCTPYHPOBAHUA OE30IOPHBIX
ABUTATEACH.

2.9. BACKTpOMaI‘HI/ITHaH macca
p W s ws

M=~y ©)

2.10. Ecan ma HCKOTOPOM Y4YACTKEC TIPAHHUIIBI TCAQd BO3HHKACT
IIOTOK SHCPFI/II/I S ¢ DAOTHOCTBIO S , HaHpaBACHHbH:I BHE, TO BO3HHKACT

%8 9A€KTpOM211“HHTHbII>i HUMITyABC p C ITIAOTHOCTBIO p, HaHpaBACHHbII;'I

BHe. [lo 3akoHy coxpaHeHHMA NMIyAbBCA BO3HHKACT PABHBIM €MY
MEXAHUYIECKUM UMITYALC, HAIIPABACHHBIN B CTOPOHY TEAQ,

M =—(p). (10)

[lycts moBepxHOCTH 3TOTO y4acTka paBHa (, a ero oobem paseH (.

Toraa
S=qS, (11)
p=0p, (12)
Ws (7, 10, 12) maxoanm:
M = —gp. (13)
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Mrax, ecAu B TeA€ TIPUCYTCTBYET SACKTPOMATHUTHAA SHEPIUA U U3
TE€A2 BBIXOAHT IOTOK 3AEKTPOMATHHTHOM 3Heprumn, To 1mo (13) momxer
OBITh HAACH MEXAHIYCCKHI UMITYABC, ACHCTBYFOIIUIT Ha TEAO.

2.11. Ecrecrsenno, KoHCTPYKTOPSI GE30MOPHBIX ABHTATEACH HE
KAAAH  MOETO yTBepiKAeHHA (8) M AABHO yiKE 3aHAAUCH OSTHM
HEOAATOAAPHBIM ACAOM.

B [99] upeasaraercs criocob "Aast oOecriedeHIs TOCTYIIATEABHOIO
[IEPEMEIIIECHUA, TPAHCIIOPTHBIX, B TOM YHCAE, KOCMHYECKHAX CPEACTB'.
OAHAKO caM aBTOP YKA3BIBAET HA TO, YTO B COOTBETCTBHH C €TO TEOPHEH
TArOBasA CHAA B IIPEAAATAEMBIX KOHCTPYKIIMAX OYAET OYEHDb MaAA.

Nssecten Biefeld-Brown effect [101]. O peaausaruu mateHTa HET
AOCTOBEPHBIX CBEACHHH. DTOT 3(M@EKT A0 HACTOAIIETO BPEMEHH HE
IIOAYYHA OOIIEIPUHATOrO OOBACHEHUA. MOKHO IPEAIIOAOKUTD, HUTO
o10T apdeKT TaKKe OOBACHACTCHA IOABACHHEM SACKTPOMATHHTHOTO
I/IMHyAbca.

B [102] ommuceiBaeTcs ycTpOHCTBO, IPEAHA3HAYEHHOE AAfl ITOACTOB
B OE3BO3AYIIHOII cpeAe. B Hem Takke peaansyercs Biefeld-Brown effect
u  paerca  oObAcHeHme — 9ToMy  9ddeKTy ¢ IPHUBACYCHUEM
3AEKTPOAHMHAMHIYECKOTIO MMIIYABCA.

B [106] ommceiBaeTcsl THIIOTETHYECKUN 9KCIIEPUMEHT C 3aPAAAME 1
TOKAMH, KOTOPBII ~AEMOHCTPUPYET HAPYIIEHUE TPEThEro 3aKOHA
Hprorona, HO BBITOAHEHHE 32aKOHA COXPAHEHHA HMIIYABCA, T.C.
BO3MOKHOCTb OE30IIOPHOTO ABH/KEHUS.

WsBecteH 35AEGKTPHUYECKUII ABUIATEAb BBICOKOIO HAIIPSKEHHA,
IIPEACTABAAIOIINI COOOI BBICOKOBOABTHBIN BO3AYIIHBEI KOHAEHCATOP
[131]. Aemonctpupyemerii mpu 3ToM 9(M@EKT TakKe HE ITOAYIHA
obmenpunaToro oobAcHenud. B raase 13d  mpeasaraerca  ero
OOBACHEHHE.

Heaasno mossuaca marent [103], ocHOBaHHBIF Ha 3TOM ITaTEHTE
sxcmepumeHT NASA [104] B aHAAOTHYHBIN KUTARCKHI 9KCIIEPHUMEHT
[105] — cm. pumc. 1. OHHM BHI3BIBAIOT TAaKHE K€ COMHEHHA U CIIOPHI B
HAYYHOM MHpE, ITOCKOABKY OHH SAKOOBI HAPYIIAOT 3aKOH COXPaHEHHA
IMIyABCA. ODTH 9KCIIEPHMEHTHI fABHBIM OOPa3OM AEGMOHCTPHUPYET
CO3AAHME CHABI TATH 32 CYET OACKTPOAMHAMHYECKHX 3(PEKTOB.
Buanmo, 310 mepBas 1moAoOHas cmcTeMa, KOTOpas HE OTBEPrasach
O(PUITMAABHEIMA HAYYHBIMH HHCTaHIHAMH. M, BEHAMMO, mmoTomy, dTO
TAra y Hee Obiaa O4eHb MaAa. Ho aT0 - 9KCIIEpHMMEHTBI 1 ¢ HEUMU HE
rocopurb! Ha MOIT B3rAfA, OHH IIOATBEP/KAAFOT BBIIIIEN3AOKEHHYIO
TEOPHIO.
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ITpuaoxenue la. Dxcnepument Tamma.

B [22] Tamm OIHCEIBACT CACAYIOIINH MBICACHHBIN 9KCIIEPHMEHT —
cm. puc. 3a u3 [144]. PaccmarpuBaercs IIMAMHAPUYECKAH KOHACHCATOP,
ITOMEIIEHHBIN B OAHOPOAHOE marHmTHOE mmoAe H, mapaaseapHOE ero
ocu. B mpocrpaHCcTBE MEKAY OOKAAAKAMH KOHACHCATOPA, ITOMHMO
MATHUTHOTO, CYIIECTBYET TAK/KE W PAAHAABHOE IACKTPHYCCKOE ITOAE
HanpmkéaaocTn B, CcO3AaHHOE 3apMKEHHBIM  KOHACHCATOpOM. B

IIPOCTPAHCTBE MEKAY OOKAAAKAME ~KOHACHCATOPA B CTATHYCCKOM
SAEKTPOMATHUTHOM IIOAE CyIecTByer Bektop Ilofimrumra. Awnnm
Bekropa ITofiHTHHra, T. €. AMHIH IIOTOKA S9HEPTHH, IIPEACTABAAIOT COOOM
KOHIIEHTPHUYIECKHUE OKPYKHOCTH, IIAOCKOCTH KOTOPBIX IIEPIEHAUKYAAPHEI
K OCH KOHAEHCATOPA.

H A — AH
S| ]
] |- besaf
R O

Puc. 3a.
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ITpuaosxenune 1B. DxcnepumenT I'pexema u Aaxo3sa.

Cxema sKcIIepuMeHTa IPUBEACHA Ha puc. 3B u3 [144], rae

1 - nEAMHApHIYECKHIT KOHAEHCATOP,

2- TOPCHOHHO-OCITUAAATOPHASA IIOABCCKA,

3 - 3epKaAbIIe,

4 - pAAMAABHO PACIIOAOKEHHBIE IIPOBOAA AAS TIOAAYN
IICPEMEHHOTO HAIIPKECHUA HA IIAACTHUHBI,

5 - CBEPXIIPOBOAAIIIHI COACHOUA.

Asrops! muryT: "Harmra mporpaMva usmMepeHust CHA, CBA3AHHBIX C
SAEKTPOMATHUTHBIM HMIIYABCOM Ha HH3KHX 4YacTOTax B BEIIECTBE,
AOCTHIAQ KYABMHHAIIMH B IIEPBOM IIPAMOM HAOAFOAEHHH CBOOOAHOIO
9ACKTPOMATHUTHOTO MOMEHTA HMIIYABCA, CO3A2BAEMOTO
KBA3UCTATHYCCKUMHU (HEBOAHOBBIMH) HE3aBHCHUMBIMU ITOoAsME E um B B
BAKYYMHOI ITIEAH MEKAY ITAACTHHAME ITHAHHAPHYECKOTO KOHAEHCATOPA.
Y1008 3aPETUCTPUPOBATD ero (koHAECHCATOPA) ABIDKEHIE
HCIIOAB30BAAACH PE3OHAHCHAS ITOABECKA"

3

Lh

| ===

4

~

CO00O0COOCOO00OO00
CO00000000000000

¥
7% 72
Ik

.

Puc. 3s.

Takum O6p2.30M, B 39TOM SKCHCPI/IMCHTC SACKTQOMQTHI/ITHI)II‘/‘I

HUMITYABC 06Ha[gy§eH IIVTEM H3MCEPEHUA MEXAaHWYCCKOTO MMIIVABCA ITPH

KPYTHABHBIX ~ KOACOAHHAX  KOHAEHCATOpa. ODTO  O3HAYAET, 9TO
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S5ACKTPOMATHMTHBI ~ HMMIIYABC  CYIIECTBYET B CTAIlMOHAPHBIX
SAEKTPOMATHUTHBIX ITOAIX M UIMEET 3HAYUTEADHYIO BEAMINHY.

ITpnaosxenune 1c. Dxcnepument MBanosa.
WBanos I'.I1. B [147] mpeararaet KOHCTPYKIIHIO, M300PaKEHHYIO
Ha puc. 3c.

Farnura
TIep eMArHIYHBAHMA

Buyrpennmi
INEKTPOA

Cepa SIHIK 13
MATHHITHOTS AM-

%

IAEKTPHYECKOTO ; .

Buetumnn

MaTEpHans an on
(<}
p—y

BEBMBANCHTHAA 3ACKTPHYECKaA CRaMA

Puc. 3c.
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naBa 13a. besonopHoe aswxeHue 6e3 HapyLleHs PU3NYEeCKUX 3aKOHOB

I'AaBa 13a. besomoproe ApukeHue
0e3 HapyeHNA (PU3UIECKUX 3AKOHOB

OraaBaeHne
1. Berynaenme \ 1
2. BaanMoAEHCTBIE ABIIKYIIIIXCS 9ACKTPHYCCKIX 3aPIAOB \ 2
3. Iepssiit akcriepumenT \ 3
4. Bropoii skcriepument \ 5
5. Iapamerpst ABmkeHus \ 9
6. ConmpoTHUBAEHIE ABUKEHUFO \ 11

1. Bcrynaenune

PaccmarpuBaroTca yMO3PHTEABHBIE 3KCIIEPHMEHTHI C 3aPAAAMH U
TOKAMH, KOTOPBIE ACMOHCTPHPYIOT HApYIIEHUE TPEThErO 3aKOHA
Hprorona, T.€. BO3MOKHOCTB OesomopHoro ApmxeHus. llokaseiBaercH,
YTO 9TH OKCIIEPUMEHTHI HE HAPYIIAIOT 3aKOH COXPaHHUA HMIIYABCA.
OrmnmceBaercd  KOHCTPYKIUA, B KOTOPOH 9ACKTPHYECKHE — 3aPAABI
IIPUBOAATCA BO Bparrenue. [lokaspBaercs, 910 IpHU 9TOM KOHCTPYKIIHA
COBEPIIAET IIOCTYIIATEABHOE Oe30IopHOE ABHKeHHE. OINCBIBAIOTCA
MaTEMATHIECKA MOAEAD M PE3YABTATHI 9KCIIEPHMEHTA C MATEMATHIECKOMN
MOACABIO  KOHCTPYKITHH. AArOTCA HEKOTOPBIE PEKOMEHAAIINH IO
PeAAH3AINH KOHCTPYKIIUH.

besonopaoe ABmxeHHE OOBIYHO CUHTAETCA HEBO3MOKHBIM B CHAY
TOTO, YTO OHO HAPYIIAET TpeTnuii 3akoH HproToHa 1 cAeAyromumii 3 Hero
(B MEXaHHKE) 3aKOH COXPaHEHHUSA UMITyAbca. [locaeaHmit ABAfETCA OOACE
oomum AAfl (PU3HKKH  3aKOHOM. B sAeKTpOAMHAMEKE 3TOT 3aKOH
VIUTBIBACT TAKKE HMIIYABC 9ACKTPOMATHHUTHOH BOAHBI U IIO9TOMY
HMITYABCBI MATEPHAABHEIX T€A, B3AUMOAECHCTBYIOIIUX C BOAHOM, B CyMME
OKAa3BIBAFOTCA HE paBHBIMH HyARO [13].

B [161] paccmarpuBaerca B3aMMOAEHCTBIE SACKTPHYECKUX 3aPAAOB,
1 AOKa3BIBACTCA, YTO IIPH 9TOM BO3MOKHBI CAYYaH, KOTAA HAPYIIACTCA
3aKOH COXpPaHNA UMIIYAbCA B MexaHuke. Hmxe onmceBarores ocHoBaHHBIE
HAa OTOM OKCIEPHMEHTEl, KOTOPbIE AEMOHCTPHPYIOT OE€30II0pHOE
Amxenue (cm. Takxe [106]).
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2. BzanmoAelicTBHUE ABIDKYIITUXCA

3AEKTPUYECKHUX 3aPIAAOB

Pacemorpum ABa 3apssa () n (p , ABmxymmecs co ckopoctamu Vq
u Vo coorserctBeHHO. Mssectro [161], uro mEAYIIHA ITOAS, CO3AABAEMOTO

32lp}IAOM ql B TOYKE, TAC B AaHHbIﬁ MOMCHT HAXOAHUTCA 32lp}IA q2 5 paBHa

(3aech u aanee ucrroansyercs cucrema CI'C)

B o 3
By = vy xr)/crd. M
[1pn srom Bextop I HampaBAEH M3 TOYKH, TA€ HAXOAUTCA ABHKYIITHIICH

sapsaA O . Cuaa Aopenna, aciicTyrormas Ha 3apsA (2,

Fip =0a(vo x By )/c. )
AN

Fiz = g (v2 x (vy x1))/ (02r3)- ©
Amasormano,

By =0z (va xr)/cr®, @

Fop = vy xBy)/c ©)
AN

For =~ Gt vy x (v <) 62r3), ©

3AECh 3HAK MUHYC ITOABAAETCA U3-32 TOTO, YTO BEKTOP OCTAACH IIPEKHIM.
B oOrmem cayuae F12 * F21 , T.e. He CODATOA2€ETCH TPETHIl 3aKOH
Hprorona — BO3HHKAIOT HEYPAaBHOBEIIIEHHBIE CHABI, ACHCTBYFOIIME HA

SHPHABI ql %8 q2 %8 I/ICKpI/IBAﬂI—OH_[I/IC TpaCKTOpI/H/I ABHIKECHUSA 3TUX SapHAOB.

Ecam szapaaer O m (p B _mporecce ABWKEHHA He IOKHAAIOT

HCKOTOPVIO O6H_IVIO KOHCTpVKLII/IIO, TO HA HEEC ACfICTBYCT CHAQ

F=Fp+Fy )

F= 55 < xr)- (i x1), ®

Dra CHAQ MOXKET IIepEeMCIIATD KOHCTPYKIIHIO. Mowxuo
TIPCAIIOAOKHUTD, YTO TaKHEC CHABL ODECITEUNBAIOT ITOAET I.HﬂpOBOEI
MOAHHM.

AN

3. IlepBbIii 9KCIIEPUMEHT
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Paccmorpum  aBa 3apsaa (p m (9, xoropwre Bpamarorcs c

ITIOCTOAHHBIMH CKOPOCTAMU Vl = V2 II0 B3AaMMHO-IICPIICHAUKYASPHBIM

KPYIOBBIM OpOmTam - cM. puc. 1. Bparrenne HadnHaeTcs U3 MOAOKCHHH,
YKa3aHHOTO Ha pHC. 1, 1 00eCIIeYnBaeTCA MEXaHITICCKIMH CHAAMU BHYTPH
AQHHOM KOHCTYKIIHH.
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0.5

-0.5
0.15

Puc. 4.

ITo dopmyae (8) mouker ObITH HAMACHA CHAA, ACHCTBYIOIIAA HA ITY
KOHCTPyKIIIO B rieAom. Ha prc. 2 1mokasan mpocTpaHcTBEHHBIN IpaduK
M3MEHEHUA 3TOH CHABI B TE€YECHHE BPEMEHU OAHOIO ODOpPOTA 3apAAOB
(ToAcTas AMHHA) W IIPOEKIHH 3TOr0 rpadpuka Ha KOOPAHHATHBIC
IIAOCKOCTH (TOHKHE AHHHH). 3A€Ch M AAA€E IPOEKINN OOO3HAYCHBI
AMHHAMH TaK: 3€ACHAS — Xz, CUHAA — Xy, KPACHAA —yZ; IIOA PHCYHKOM
yKa3aHBI HAIIPABACHUSA OCEH.

[lpr m3BecTHOM cCHMAC M IIPH AAHHBIX HYACBBIX HAYAABHBIX
3HAYEHHUAX HAXOAATCA CKOPOCTb M TPAEKTOPHA KOHCTPYKIIHH 32 TOT KE
IIEPHOA — CM. PUC. 3 m puc. 4 COOTBETCTBEHHO. 3a 3TOT IIEPHOA
KOHCTPYKITUSA CMEITAeTCA Ha HEKOTOpOe paccrodnne Rmax=2 . 8 . Ha puc.
5 mokasaHa TpPaeKTOpHA KOHCTPYKIMU 34 ABAd IIEPHOAA, KOTAQ OHA
CMEIIIaeTCs Ha HEKOTOPOE paccTofHue Rmax=5. 6.
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Puc. 5.

4. Bropoii akcriepuMeHT
z

Puc. 5a.

B xoHcTpyKITHH, H1300paKeHHON Ha pHC. 1, Ha KAKAOH OKPYHKHOCTH
pacmoAarancs OAHMH 3apsA. Temepp paccMOTpHM KOHCTPYKIHIO, B
KOTOPOI Ha KAKAOH OKPYKHOCTH PACIIOAAraeTCA HECKOABKO 3aPAAOB, HO
BCE OHH COCPEAOTOYEHBI B OAHOI ITOAYOKPYKHOCTH M PACIPEACACHBI
PAaBHOMEPHO IIO ITOAYOKPYAKHOCTH — CM. puC. 5a. 3Aech Takke ITO
dopmyae (8) moxker ObITH HaMACHA CHAZ, ACHCTBYIOIIAS Ha 9Ty
KOHCTPYKITHIO B ITeAOM. [Ipm 3TOM OKaspiBaeTcs, 9TO BEKTOP 3TOM CHABI

AexnT Ha 1Aockoctu  XOZ _mpu AFOOOM KOAHMYECTBE 3apAAOB A >1.
Bexrop ckopoctu n Tpaekropma Takike Aexar Ha maockoctn XOZ . Ha
puc. 6 AAF IPHIMEpA ITOKA3aHA TPAEKTOPHA KOHCTPYKIINH 32 OAUH TIEPHOA
AASl CAYYAf, KOTAQ KOHCTPYKITHS COACPKHT IO 5 3apAAOB Ha KaKAOM
OKPY/KHOCTH.
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15

0.5

oo

15

4
x 10

X, <y, |z

Puc. 6.

S o \
pN—

V

-1 -0.2

-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
T

Puc. 7.

Ha puc. 7 mokasaHbsl AAf TOTO Ke CAydas rpapUKN U3MEHEHUA CHABI
(oxao F) m cxopocru (okHO V) B TeueHHE BPEMEHH OAHOIO ODOpPOTA
3apAAOB U Tpaekropua KOHCTpykinH (okHO T) B koopamHatax XOZ . Ha
9TOM H CACAVIOIIHIX PHCYHKAaX IIPEAIIOAAraeTcs, 910 ocb OX HarpaBAeHa
IO TPU3OHTAAH, 2 OCb OZ — 1O BEPTHUKAAM.

Ha puc. 7 BUAHO, 9TO 32 OAMH IIEPHOA KOHCTPYKIIHA CMEIIAETCA Ha
HEKOTOpOe paccrofgnne Rmax=2 . Ha puc. 8 mokasausl Te ke rpadpuxm AAfL
TOM 7K€ KOHCTPYKIIHH 32 ABa IIEPHOAA. BHAHO, 9TO ITPH 5TOM KOHCTPYKIIHA
CMEIIAETCA HA PACCTOSHUE Rmax=4 .
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1 0.6
S e —
0.5 Kl 0.4
0 ’\\r 0.2
-0.5 0
-1 -0.2
-1 -0.5 0 0.5 1 -0.2 0 0.2 0.4 0.6
F \
3
/’-__\
2 Pa
NN
1 —
/
0
-0.5 0 0.5 1 1.5 2 2.5 3

T

Puc. 8.

Ha puc. 9 u puc. 10 mokaszaner Te e rpadpuKu 3a ABa IIEPHOAA AAS
KOHCTPYKIUIA, coaepxantux 15 u 25 3apapos corBerctBeHHO. AAf BCEX
KOHCTPYKITHET BEAHMHHA OAHOTO 3apAiaa iprHEMactca pasroit ( =1/4a.
Buano, aro npu arom ycaoBuu rpadpMKA M3MEHEHUA CHABI U CKOPOCTH
HE 3aBHCAT OT KOAMYECTBA 3aPAAOB, a TPACKTOPUHU IIPAKTHYECKH HE
3aBHCAT OT KOAUYECTBA 3aPAAOB. TakuM 00pasoM, Takas KOHCTPYKIINA IIPU
VBEAHYCHUN KOAMYECTBA 3aPAAOB ''CTpeMHTCA" K KOHCTPYKIUH C
OCCKOHEYHBIM ~YHCAOM 3apfAAOB. B Hell AmHelHHAs IIAOTHOCTb

paCHpCAeACHI/IH SapHAOB II0 AAHMHE | SapH}KCHHOf‘I HOAYOKPY)KHOCTI/I
paBHa a = —. Yro xacaercs pﬁaAI/ISaHI/II/I TAKOI KOHCTPYKLII/II/I, TO

3apsAABI B Hel AOAXHBI COIIPHKACATBCHA, HO HC CAHBATHCA B CIIAOIIHYIO
IIOAOCY, IIOCKOABKY Ci)YHKL[I/IH ITAOTHOCTH PACHPCACACHUS 3apAAOB BAOAD
ITOAOCHI HCpaBHOMepHa (3ap}IAbI CKAITAMBAXOTCA IIO KpasAM HOAOCBI).
SaPHAbI B TaKOM KOHCprKHI/II/I MOTIYT IIOCTOSSHHO BOCCTaBAHBATBCA OT
HUCTOYHHKA ITIOCTOAHHOTO HAIIPKECHUS I€PE3 ICTOYHBIC KOHTAKTEI.
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1 0.6
05 0.4
0.2
0 |
i )
A\
05 02
-1 04
1 05 0 05 1 05 0 0.5 1
F v
2
15 \
1 —
0.5 /

Puc. 9.

0 ﬁ 0 )
-05 -0.2

2 0 1 2 s 0 0.5 1

15

sl Y

-1 0 1 2 3 4 5
T

Puc. 10.

B 3akAroueHme paccMOTPUM PE3YABTATHI pacdeTa AAA TEX IKe
YCAOBHII, KOTOPbIE HCIIOAB30BAAUCH AAA pacdera 1o puc. 9, HO Aasa 20
IIepHOAOB — cM. puc. 12. Ha aToM pucyHKe KpacHBIH BeKTOp Ha roporpade
ckopoctr  m3obpamaer cpeantoro  ckopocts Vg & 0.32  apmxers

koHCTpyKIuHu. 32 20 IMepuoOAOB KOHCTPYKITUSA CMECTHAACH HA PACCTOAHIE

R ~ 40.
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0.4

N 0.2
0 SN

NN | o
05 N

N 0.2
-1 04
4 05 0 05 1 05 0 0.5 1
F v
15
~
10 N««v
5 ‘Aﬂ
0
5 0 5 10 15 20 25 30 35 40
T
Puc. 12.

5. ITapameTphI ABIDKEHUA

PaCCMOTpI/IM HOApO6HCC HCKOTOPBIC XAPAKTCPUCTHKH TaKOI'O
ABIKCHIA. HPI/I 5TOM MBI HE 6yACM Y9IHUTBIBATD BHCpFI/IIO, H€O6XO,A,I/IMYI'O
AASA BpﬁH_[CHI/IH KOHCprKHI/H/I C IIOCTOSIHHOIT CKOpOCTbIO. Ha

KIHETUYIECKYIO  MOITTHOCTD P, PACXOAYEMYIO KOHCTPYKITHEH ~ AAf
ABIZKEHHA KOHCTPYKITUH B ITEAOM, CPEAHIOIO CKOPOCTH ABH/KEHIIA VS u
cMmerenne R KOHCTPYKITUU BAHAIOT
® CKOPOCTb KOHCTPYKITUH B 1ieAoM V = (Vl, V2, V3) R
o smmxyman  cma  F=(f1f2,f3),  passusacwan
KOHCTPYKITUEH,
®  KOAHYECTBO OOOPOTOB N,

® yacTora BpaICHUA f  wan KPyroBas dYaCTOTa BpAIIEHUS
w=2af,

®  PAAMYC KOHCTPYKITHH Rk ,

® AMHEIHAS CKOPOCTH 3apAA0B Vg = Rka) ,

e cymmapHseri 3apsaA (g,

® xoAmd4ecTBo d 3apsAAOB, Ka)KAI)IfI "3 KOTOprX HNMECT BCAMYIHHY

Uo/a,

e macca koHCTpyknmu M.
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Mozkno mokazaTs, urTo pu d > 4 xoamuectso @ 3apAAOB HE BAUAET HA
ITApaMETPEI ABIUKCHUSA U

P=(v,F), 1)
Vs =(V0,m,q,a)), 2
R=(N,vg,M,q, o). 3)

Ha puc. 13 mmokasansl rpaduKH N3MEHEHNA MTHOBEHHBIX 3HAYCHUIT
IIApaMeTPOB ABIKEHHA IIpH A = 5N =5w=1, Vo = 1, Jo = 1. 3aech

T - TPAECKTOPHUA ABIKCHUA,

X1, X3 - KOOpPAMHATHL X, Z B 3aBICHMOCTH OT BPEMEHM,

V' - roaorpad obireit ckopocTH i BEKTOP CPEAHEt CKOPOCTH

F - roaorpad CHABL

f1,f3- IIPOEKITHHU CHABI fX! fZ B 3aBHCHMOCTH OT BPEMEHH,

P - MraoBeHHAs MOIIHOCTD B 3aBUCHMOCTH OT BPEMEHH,

PS - CPEAHSAS MOIITHOCTB,

viv3 - npoexmuu ckopoctu Vy,V; B 3aBUCHMOCTH OT BPEMEHH,

VM - amMmAuTyAa CKOPOCTH

0.2

Puc. 13.
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6. ConpoTBA€HME ABH>KEHUIO
Ha KOHCTPYKIIMIO BCerAa ACHCTBYET CHAQ FT COIPOTUBACHHUSA
ABIDKEHUIO — TPEHHE HAH ITOAe3Had Harpyska. OOBMHO Takas CHAQ

POIOPITMOHAABHA MIHOBEHHOI ckopocti V | T.e.
=RV, *
TAE Ft - m3BecTHBI ko3 purment. [Ipu 910M MrHOBEHHAA MOIITHOCTD

COIIPOTUBACHHA ABHKCHHTO

Pr=(Fr-V)=F V?, 5

0.04
— 0.02
0
-0.02 . .
0.05 0.05
™ NK)&:W
2 ) N I Vi P VTS ! bAoAl AL
o v
-0.05 -0.05
0 1 2 3 4 0 1 2 3 4
0.1 0.1
P N\
- CS N AN ST ATaA
= J <\ VAN VAN
01 -0.1
-0.1 0 0.1 2 4
1 0.1
TN \;& € 0.05 W“ﬂw (W asawA
-1 0
-1 0 1 0 2 4
Puc. 14.

Ha puc. 14 nokasansl rpaduKu N3MEHEHNA MTHOBEHHBIX 3HAYCHUIT
ITapaMeTPOB ABITKEHUSA npu F =-0.75 u
a=5N=5w=1, Vo = 1, o = 1. B oxme "P" ropusonTasbHas
anaHA  gBAfercsa rpadukom wmormHOcTH (5). Ilpm srtom, Kak MOMKHO
3aMETUTD, YTO

® TPACKTOpHA IOCTEICHHO IIPEBPAIIACTCA B KPYIOBBIC ABHIKCHES
BCEH KOHCTPYKIIH 'Ha MecTe',
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naBa 13a. besonopHoe aswxeHne 6e3 HapyLleHs U3NYEeCKUX 3aKOHOB

® MIHOBCHHAS AMIIAHTYAAZ CKOPOCTH CTPEMHTCS K HEKOTOPOMY
[IOCTOSIHHOMY 3HAYCHHIO (IIOCKOABKY ABI/KCHHE IIPEBPAILACTCS
BO BparreHue "Ha mecre'"),

Takum  0OpaszomM, paccMaTpuBaeMas KOHCTPYKIIHA — COBEpIIIAET
OE30ITOPHOE ABMKEHHE M IPH HAAUYIHH CONPOTHBACHHA. MOIIHOCTH
ABUTATEASl KOHCTPYKIIMH PACXOAYETCA HA BpaIlEHUE 32aPAAOB U
IIPEOAOAEHHE COITPOTUBACHHA.
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naea 13b. MoTtok SQHEepPrMn N MnysnbC CTaTU4EeCKOro AJIEKTPOMarHMTHOro nosnA

I'AaBa 13b. I'ToTok SHEPIUU U
UMITYABC CTATHYECKOTO
SAEKTPOMATHUTHOTIO ITOASA

Coaepxanue
1. Beeaenme
2. TIArOoTHOCTH TOTOKA SHEPIUU SAEKTPOMATHHTHOIO
IIOAS
2.1. IIAOTHOCTD ITOTOKA SHEPTHH SAEKTPOMATHUTHOM
BOAHBI
2.2. ITAOTHOCTD ITOTOKA SHEPIUU ABHKYIIIETOCH TEAQ
CO CTATUYECKUM IACKTPOMATHUTHBEIM IIOAEM
2.3. llAroTHOCTP IIOTOKA 3HEPIUU CTATUYIECKOTO
9AEKTPOMATHUTHOIO IIOAS
3. VIMIIyABC 9AEKTPOMATHUTHOTO ITOAS
3.1. VIMmyABC 3AEKTPOMATHUTHOM BOAHBI
3.2. VIMITyABC ABHIKYILIEIOCS T€AA CO CTATHYECKHM
9AEKTPOMATHUTHBIM ITIOAEM
3.3. VIMITyABC CTATHYIECKOTO 3ACKTPOMATHHUTHOTO TTOAA

1. Beeaenue

CymiecrsoBanme  IIOTOKA ~ 9HEPIMH M HMIyAbCa B
SAEKTPOMATHUTHON BOAHE AOKAa3BIBACTCA AHAAHTHYECKH OAAroAaps
TOMY, 9YTO JAEKTPOMATHUTHAA OSHEPTHA SACKTPOMATHUTHOH BOAHBI
HU3MEHAETCA BO BPEMEHH. DHEPIUfA CTATHYIECKOIO IIOAA IIOCTOSAHHA BO
BpeMenn. [Tosromy npumeHIMOCTE POPMYA, ITOAYIEHHBIX AAfl AFOOOTO
oAfl, He oueBHAHA. Hrmxe amasmTmdecku BBIBOAATCA (DOPMYABI AAA
ITOTOKA S3HEPTUHU M HMITYABCA CTATHIECKOTO SAEKTPOMATHHTHOTO ITOAS.

IToayueHHBIE PE3YyABTATHI MCIOAB3OBAHBI IIPH KOHCTPYHPOBAHUHI
YJCTPOMCTBA ~ AAA  IPeOOpasOBaHHA  HMIIYABCA  CTATHYECKOTO
3AEKTPOMATHUTHOTO MOAfA B MEXaHMYIECKHIT nMIyAbc [201].

2. ITAOTHOCTB IIOTOKA SHEPITUU

IACKTPOMATHUTHOI'O ITOAA
2.1. ITAOTHOCTB IIOTOKA 3HEPTUH IACKTPOMATHUTHOMN BOAHBI
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naea 13b. MNoTtok SHEPrnn n MnynbC CTaTU4eCKOro 3JIEKTPOMarHMTHOro NosA

CHavara pacCMOTPUM H3BECTHBIH METOA ITOAYYIECHHA (DOPMYABI
AAA IIAOTHOCTH ITOTOKA SHEPIMH 3ACKTPOMATHHTHOHM BOAHBI [13, 181].
ITAOTHOCTD 9AEKTPHYIECKON U MATHUTHOM 9HEPIMH BOAHBI

W, = =*E?, (1)
Wy, = 222 H. ©)
CymmapHas IIAOTHOCTD SAEKTPOMATHUTHOM SHEPTHH BOAHBI
_1 2 2
W = 3 (eeOE + pp H ) 3)
ITockoabky
We = Wi (32)
n3 (1-3) nmeem:
E\[eg, = H\/ul,. (3b)

CAEAOBATEABHO,

W = eg E* = ,u,uOHZ = EH,/eg,up, = EH/c. (3¢

Aanee u3 (3) mmeem:

= (38 ) = (B T+ o ) (9
M3 ypasrenmnit MakcBeAAa CAEGAYET, UTO
rot(E) = —uu, Z—IZ Q)
rot(H) = e¢, Z—f. (6)
CAEAOBATEABHO,
(Z—V: = (—Erot(H) + Hrot(E)) (7
3aKOH COXpaHEHUA SHEPIUH ITOAA UMEECT BHA
=2 = —div(S). ®)
W3BecTHAa MaTeMATHYECKAS 3ABUCUMOCTE BUAA
div(H X E) = E - rot(H) — H - rot(E). )
W3 (7-9) caeayer, uto
S =HXE. (10)
13 (3b, 10) moay4uaem
S = Wec. (10a)

2.2. ITAOTHOCTB IOTOKA 3HEPTUH ABHIKYIIIETOCA TEAA CO

CTATHYECKHUM 3AEKTPOMATHUTHBIM IIOAEM

PaccMOTpHM  KOHCTPYKITHIO, B KOTOPOH 9ACKTPET W MATHHUT
cosparor Bektopel B m H. Ilpmmep Tako# KOHCTpyKIIMH — 3AEKTpET,
IIEPIIEHANKYAAPHBIN MaTHUTY TOKa3aH Ha puc. la. Ha puc. 18. moxazaner
BEKTOPBI CKOpOCTH V, MarHUTHOM HampsxeHHOCTH H, saexrpmyeckoi
HanpsxeHHoCTH B, moToka sHeprum S.
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naea 13b. MoTtok SQHEepPrMn N MnysnbC CTaTU4EeCKOro AJIEKTPOMarHMTHOro nosnA

H
E
a e
H ;
S i
N al !
E S Ve 1+ |
—t -
b E" &
N Traectory \\
S c h
Puc. 1a. Puc. 1s.

B oT0# KOHCTPYKIIMM BO3HHKAET CTATHYECKOE IACKTPOMATHHUTHOE

IIOAE C IIAOTHOCTBIO dAeKkTpomarHuTHOM sHepruu W. Ecam ato Tteao

ABIZKETCSI CO CKOPOCTBIO UV, TO H OSHEPIHUf ABHKETCA C OTOH IKe

ckopoctero. CoraacHo konnenmuu Ymosa [81] aro o3mHawaer, 49rO
CYIIIECTBYET ITOTOK SACKTPOMATHUTHOM SHEPTHH C ITAOTHOCTBIO

S =Wv. (11)

ITepea AODOBOI ITOBEPXHOCTBIO ABIKYILIETOCH TEAQ

HAIIPSXKEHHOCTH E u H wusmensarorcs Bo BpeMEHH, T.C. CYIIECCTBYIOT

dE dH

HpOI/ISBOAHbIC HaHpH)KCHHOCTeI‘/'I (E, E) CACAOBQTCABHO, IIAOTHOCTD

saeprun W Ha AODGOBOM OBEPXHOCTH TE€AA JAOBACTBOPSAIOT YPABHECHUIO
(4). AAsl cOXpaHEHHA SHEPIUU TaK KE AOAKHA H3MEHATHCA IAOTHOCTD
APYIHX  V9aCTKOB TeAd. OTH H3MEHAIOIIMECA  HAIPMKEHHOCTH
yAOBAETBOPAIOT ypaBHeHHAM Makcseasa (5, 6). M3 (4-6) caeayer, kak
mokazaHo B pasaese 2.1, ypasmenwme (10). Taxum oOpasom, B
paccMaTpuBaeMOM KOHCTPYKIINK BEITOAHAROTCA yeaosus (10, 11).

[ToTok sHEprIM OIIpeAeATETCA KaK

S =S5b, (12)
rAe b — maommaap moBepxHOCTH, M3AyYAIOIIEH TOTOK sHepruu. [1oTok
S PaBEH MOIITHOCTH P aApurareas, KOTOPBII IIEpPEMEITIAeT TeAO (IpH
orcyrctun Tpenns). CAeAOBATEABHO,

S = g. (13)

M3 (11, 13) HaXOAUM TAOTHOCTB SAEKTPOMATHUTHOI SHEPINUH
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naea 13b. MNoTtok SHEPrnn n MnynbC CTaTU4eCKOro 3JIEKTPOMarHMTHOro NosA

P
W = B (14)
U 9AEKTPOMATHHUTHYIO SHEPTHIO TEAA
- PL
W=wVv = - (15)
rae V = Lb — o6wem tena, L — anmma teaa. s (15, 3) moaywaem:
W === (e8,E” + uu,H*). (16)
Kunermaeckas sHeprus teaa
— my?
We=V—, (17)

rAe M — macca teaa. [Ipy orcyrcTBHE TpeHUS BCA MOIIHOCTD ABUTATEAS
PACXOAYETCA Ha CO3AAHHE IACKTPOMATHUTHON sHepruu. CACAOBATEABHO,

W, =W (18)
N3 (16-18) moaygaem:

muv?

2

= %(SSOEZ + y,uOHZ)
AN

pv? _ 2 2
Te = (eeoE? + pp H?) (19)

ABIKYIIIETOCSA TEAO CO CTATUYIECKUM SACKTPOMATHHUTHBIM ITOAEM
MOKHO PACCMATPHBATH KAK ABIDKYIIHMICA IIaKET CTATHYECKOIO
9A€KTPOMATHUTHOIO II0AA. DHEPIUA U IIOTOK 3HEPIUH (T.€. MOIITHOCTD)
3TOTO MAKETa OCTAETCH ITOCTOAHHOM.

MontHOCTh ABATATEAS, IIEPEMEIIIAIOIIETO TEAO, YACTHIHO ABAACTCH
MOIITHOCTBIO TTAKETA, 2 YACTUIHO MOKET PACXOAOBATHCSA HA BO3MEITICHIIE
MEXAHHYECKUX ITOTEPDh M HA APYTHE HYKABL.

®opmyaa (19) osmauaer, 9T0 IIAOTHOCTH MEXAHUYECKOTO SHEPTHHU
TeAa paBHA IIAOTHOCTH JAEKTPOMATHHUTHOW 3HEPIUH ABHIKYILETOCHA
ITAKETa CTATHYECKOTO 3AECKTPOMATHHUTHOIO IToAd. Takmm oOpasom, B

BIDKVITIEMCA  TEA€  CO  CTATHYECKUM IAEKTPOMATHUTHBIM _IIOAEM

H[}OI/ICXOAI/IT H[)CO6[22130B21HI/IC MEXAHHUYIECKOMN BHCQI“I/II/I B

QACKTPOMATHUTHVIO S9HCPIUIO CTATHYICCKOI'O SACKTPOMATHUTHOTO ITOAA.

B CTATHYIECKOM  IIOTOKE SACKTp OMATHUTHOM C—)HCPFI/H/I HET
Hp€O6p330BaHI/I}I MATHITHOM SHCPIruM B BACKTpI/I"ICCKyIO u O6paTHO nu
IIO3TOMY HET PAaBCHCTBA MEKAY CAAra€MbIMIH.

ITycts
=p. (20)

T |

W3z (19, 20) maiiaem:
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naea 13b. MoTtok SQHEepPrMn N MnysnbC CTaTU4EeCKOro AJIEKTPOMarHMTHOro nosnA

pv?
5= H? (2,82 + uu, ). 1)
AN

pv: _ o il

7 =F (ESO + 52 ) (21a)
[pu B < 1073 umeem

pv? 2

vy ~ uu,H* = BH. (22)
[Tpu f > 103 umeem

pv? 2

7 ~ gg,E“ = DE. (22a)

ITpumep 1.

B [184] mpearoxeno «VcrpolcTBO AAA  IIpeOOpa3oBaHUA
SAEKTPOMATHUTHOIO MMIYABCA B MEXAHHYECKHH HMMIIYABC», B KOTOPOM
co3Aaercsl TaKOW makeT. B oToM ycTpoiictBe B ABHMIKYIIEMCA MATHUTE
CO3A2ETCH IACKTPHYECKAA HAIPAKEHHOCTD

E =vB = vHuu,. (23)

Toraa

g =

W3 (21a, 23) matiaem:

= VUU,. (24)

T |

pv i, 1,
—=E2(ee +—) =E2<ee +—) =
g ° o p? ° 0 (vppo)?
2 1 2( (¢ i
= g, E (1 + W) = gg,E <;> +1)|=
(0] 02 c )
~ g, E (;) : (25)
Ws (21, 23) maiiaem:
2
pv
Vi H?(g6,8% + uit,) = pptoH? (g€t + 1) =
2
= up H? ((g) + 1) ~ uu,H* = HB. (26)
W3 (25, 26) naiiaem:
Pv° 2 () ~ 2
Pk g E (v) ~ Upu H*. (262)

Hartiaem erre
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naea 13b. MNoTtok SHEPrnn n MnynbC CTaTU4eCKOro 3JIEKTPOMarHMTHOro NosA

2
2 v
2 = H2(Z
e E —eeo(vH/,mO) =H (C) , 27)
T.e. BEAUYHHOI JACKTPUYECKOM OSHEPTHM MOMKHO IIpEHEOpEdb, T.C.
ITAOTHOCTD BHCpI‘I/II/I ITaKkEeTa

W = HB. 28)
3ameTnm erre, 9yro us (23, 28) caeayer:
S =EH = vBH, (29)

a0 coBmaaaet ¢ popmyaoii (11).

2.3. ITAOTHOCTB IIOTOKA 3HEPTUH CTATHYECKOTO

9AEKTPOMArHUTHOI'O ITOAA

®opmyay  (10)  MOXKHO  IPHMEHHTb  AAl  CTATHYECKOTIO
3AEKTPOMArHUTHOrO 1oAfl. Pefinman B [13] ommchBaeT YMO3PHUTEABHBIH
SKCIIEPUMEHT, B KOTOPOM 3AEKTPHYECKHH 3aPAA M MATHHUT PACIIOAOKECHBI
pasom. VrBepxkaaercd, uro B caeActsum  (10) Bokpyr s1oit mapmr
LIUPKYAHPYET IIOTOK 3AEKTPOMATHUTHON sHepruu. Apyroir npumep —
IIPOBOA  IIOCTOAHHOIO  TOKA, KOTOPBIA  CO3A2€T  CTATHYECKOE
SAEKTPOMATHUTHOE IIOAE. B 3TOM ImOA€ TaKke IHUPKYAHPYET IIOTOK
OACKTPOMATHUTHOH  9HEPTHH,  OOBACHAECMBI  CYIIECTBOBAHUEM
sapucumoctu (10). OAHAKO OTCYTCTBYET AOKA3aTEABCTBO IIPUMEHUMOCTH
dopmyasr (10) AASL CTATHYECKOTO SAEKTPOMATHUTHOTO ITOASL.

CuoBa Bocmoassyemcss  dopmyaort  (11). B crarmueckom
5AEKTPOMATHUTHOM ITOAE€ HAM H3BECTHA ITAOTHOCTH 3AEKTPOMATHHTHOM
sHepru W © IAOTHOCTD IIOTOKA 3SACKTPOMATHHTHOH 9SHepruum S.
[TosToMy MBI MOKEM OIIPEACAUTH CKOPOCTH IIOTOKA SHEPIHH

v=W/S. (30)

B mpeabIAyIIEMX rAaBax Ha OCHOBE CYIIECTBOBAHHA IIOTOKA
SAEKTPOMATHUTHON 9HEPIHH B CTATHYECKOM IIOAE€ OOOCHOBBIBAFOTCSA
HEKOTOpHIE fABAEHUA. B raase 5 Ha 9TOH OCHOBE AOKAa3BIBACTCHA, YITO
IIOTOK 3HEPIMH B IIPOBOAE IIOCTOSHHOTO TOKA ABH/KETCA BHYTPH
mpoBoaa (a He BHe ero). B raaBe 5a Ha 37Ol OCHOBEe OOBACHAETCA
dyukimonuposanne AurareAs Muaspos. B raase 7 ma a1oi ocHOBe
ITOKAa3BbIBACTCA, YTO B 3aAPAKEHHOM KOHAEHCATOPE ITUPKYAHUPYET ITOTOK
OAEKTPOMATHUTHOH  HEPIMH M  9TUM  OOBACHACTCA  IIPHUPOAA
ITIOTEHITHAABHOI SHEPIUU KOHAECHCATOPA.

3. IMIIyABC 9A€KTPOMATHUTHOIO ITOAA

3.1. UMIyAbC 3A€KTPOMATHUTHOI BOAHBI

CHagyara PacCMOTPHM H3BECTHBIM METOA IOAYYICHHA (POPMYABI
AAf TIAOTHOCTH MMIIYABCA 3AEKTPOMATHHTHOM BOAHHI [182]. ITaoTHOCTB
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naea 13b. MoTtok SQHEepPrMn N MnysnbC CTaTU4EeCKOro AJIEKTPOMarHMTHOro nosnA

HMITyAbCA ~ OIIPEACAEHA U3  TIPCATIOAOKEHHUHA,  YTO  3HEprus
3AEKTPOMATHUTHOM IIAOCKOH BOAHBI, IIAAAFOITIECH IIEPIICHAUKYAAPHO Ha
ITAOCKYIO IIOBEPXHOCTb HEKOTOPOIO CAa0O IIPOBOAAIIETO TEAd CO
3HAYCHUAMHA  AMIACKTPHUYECKOM ¥  MATHUTHOH  IIPOHHITAEMOCTEH,
PaBHBIMH  EAMHHIIE, IIPEBPAIIAECTCA B TEIIAOBYIO JSHEPIHIO TOKa,
BO30YKA2EMOTO B 3TOM TeA€ 3TOH BOAHOIL. [Ipn aToM mmoAydaercs, 4ro
Jo=W/e. 31

Baxno OTMETUTDH, YTO ]0 — CKaAfpHAAd BEAMYNHA, 4 HE BCKTOP.

B cucremy ypasmenmit MakcBeara cam  MakcBeAA BKAFOYAA
ypaBHeHue BuAa [183].
B = rot(A). (32)
Beamaumny A4  MaxkcBeAA  HasbpBaeT AHOO  3AEKTPOMATHUTHBIM
HMIYABCOM B TOYKE, AHOO BEKTOP-IIOTEHIIHAAOM 3SAEKTPHUUCCKHIX
TOKOB. B Hacrosiee Bpema 3TO ypaBHEHHE HE BKAIOYAETCA B CIIHCOK
IIEPBOHAYAABHBIX YPABHEHUH, 2 BBIBOAUTCA U3 YPABHECHHS

div(B) =0 (33)
M U3BCCTHOI'O TOXKACCTBA

div(rot(A)) = 0 (34)
BCAI/I‘-II/IHY A HAa3bIBAXOT BCKTOprIM IIOTCHITAAOM, a

3AEKTPOMATHUTHBIM HMITYABCOM HA3BIBAFOT TO, YTO MMEET Pa3MEPHOCTD
MEXaHHUYECKOTO 3AEKTPOMATHHUTHOIO HMIIYALCA, M OIIPEAEAECHO BHIIIIE.
Yro umea B BUAY MaxcBeAA, TOBOPA 0O «9AEKTPOMATHUTHOM HMITYABCE
B TOYKE» OCTAETCA HEACHBIM. MOKHO HPEAIIOAOKUTD, 9TO MaKcBeAA
HE YCIIeA 3aKOHYHTHh MbBICAB. B 80-x roaax mpommaoro croaerns
TOBOPHAHN O TOM, UTO «pykor Makcseaaa rmcaa cam bor» [185].
VmHOMKHEM — BekTOpHO — 00e  wactm  ypaBHeHusa  (32) Ha

aAekTpraeckyro nHAYKIuio D. Toraa moay<mm:

B X D =rot(A X D). (35)
MoKHO 3aMETHTD, YTO 3TH BEAMYHNHBI UMEIOT PA3MEPHOCTH ITAOTHOCTH
nMiryAbca. [loatomy mMbl OyAeM B AAABHEHIIIEM HA3BIBATH IAOTHOCTBIO
9AEKTPOMATHHUTHOIO ITOAfl BEKTOP-UMITyABC

J =rot(A X D), (36)
a seamunHy (31) — moayaem aroro Bekropa. Mrak, m3 (35, 30)
ITOAYYAEM:

J =B XD. (37)
DAeKkTpUYecKas 1 MATHUTHAA MHAYKIIAN
D = ¢eg,E, B = uu,H. (38)

W3 (36, 37 10) moaygaem:
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E€UMS =] (39)
HAM TIOAYIAEM H3BECTHYIO (DOPMYAY
S
== (40)
WmrryAbc pacrpocTpaHsaeTcss BMECTE C IOTOKOM 3HEPTHH C OAHOM
U TOH 7K€ CKOPOCTBIO.

3.2. HMnyabC ABHDKYIIEIOCA TEAA CO CTAaTHYECKHUM

9AE€KTPOMATrHUTHBIM IIOAEM

Wrak, ©MIIyABC PACIIPOCTPAHACTCA CO CKOPOCTHIO IIOTOKA 9HEPTUU
n ompeaerdercas 1o (40). DTO  COOTHOIIEHHE MOXKET  OBITH
PaCIIPOCTPAaHEHO HA AIOOYIO CKOPOCTh ITOTOKA. CAEAOBATEABHO OHO
MOKET OBITh IPUMEHEHO AASl IIOTOKA CTATHYECKOTO SAEKTPOMAIHUTHOTIO
ITOAf, CYIIECTBYIOIIETO B TEAE, ABHIKYIIEMCA CO CKOPOCTBIO V. B atom
CAyJae

S
J= 72 (41)
W3 (41, 30) moayaaem:
Wv
] = ? (42)

N3 (41, 11) moaygaem:
joS _we_w
v v
DAEKTPOMATHUTHBII UMITYABC

J=JV, (44)

rae V' — o6bem aaexrpomaramraOTO ioas. [Tpearoaoskmm, aro obbem V
1 0OBEM TeAa COBITaAArOT—1oraa us (43, 44) mariaem:

= w
J==V. (45)
v
3 3akoHA COXpaHEHHA HMIIYABCA CACAYET, YTO IIPH HOABACHHH

9A€KTpOM21FHI/ITHOTO HMITYAbCA TEAO HpI/IO6p€Ta€T HPOTI/IBOHOAO)KHO
HaHpaBACHHbeI MEXAHITYECKUI HUMITyABC

M=-J (46)

CaepoBateasno, sektop M mmeer mampasaenme Bextopa (—S), ero
MOAYAB

: 43)

M| = %V. (47)
AN
_ W
M| ==, 49
TAC SACKTPOMQ.FHI/ITHQ,ESHCPFI/IH TEAQA
W =wv. (49)
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ITpumep 2.
[Tpoaoasxkum pumep 1. Vs (17, 18) Hatiaem
— = Vmv?
W =W, = (50)
Us (48, 50) HABIAEM
i Vmv
M| = - (51)
3.3. IMIOyABC CTATHYECKOT0 3AEKTPOMATHUTHOIO ITOASA
B atom cayuae u3 (30, 41) moayaaem
] — i — S — W_2 52
vz (s/w)z s (52)

13b-9



MmaBa 13d. «JleTatowme TpeyronbHUKM»

I'AaBa 13d. «/\eraromnime
TPEYTOABHIKI

MsBecten sAEKTPHYECKHIT ABHUIATE€Ab BBICOKOIO HAIIPAKEHHI,
ITPEACTABAAFOIINNI COOOM BBICOKOBOABTHBIM BO3AVIIIHBEIN KOHACHCATOP
[131] — T.H. «A€TAOIIME TPEYTOABHHKI». B HeM OAHA OOKAaAKa
BBIIIOAHEHA B BHAC IIPOBOAQ, 2 BTOPaf B BHAE ITOAOCHI (DOABIH — CM.
puc. 1. Ilpu BBICOKOM HAUPHKEHHH MEKAY OOKAAAKAMU BO3HHKAET
HOHHBIH BETEP, UTO IIO3BOAfET PACCMATPUBATH 3TO YCTPONCTBO, Kak
IIOCTOAHHO Pa3psKAIOIIUICA KOHACHCATOP. Y CTPOMCTBO B3AETAET. DTOT
spdexT BHAUAAE OOBACHAAU ACHCTBHEM HMOHHOIO TOKA M HOHHOIO
BeTpa. boAee TmareAbHBIE H3MEpPEHNs ITOKA3BIBAIOT, YTO MOHHBIN BETEP
cospaer npumepro 60% moawvemuoit cuabl. Kcrounnk 40% moabeMHOI
CHABI HE BBIABACH. ABTOPHI VTIBEPKAAIOT, YTO IIOABEMHAs CHAQ
BO3HHKAET TaKAKE U B BaKyyMe (TA€ HET HOHHOIO BETPa).

Fig. 1 (from [131b], time 6:37)

PaccMoTpuM  9KBHBAAEHTHYIO — 9AEKTPHYECKYIO CXEMY  3TOTO
ycTpoiictBa Ha puc. 2. BricokoBoAbTHEBIN mcrounnk sHeprun U depes
doarry F nocrosnno mepeaaer suepruro B kouAeHcarop C u pesucrop
R (koropeim sBAsiercss kamaa wuoHHOro Toka). Komaencatop C
paspsxaercd Ha pe3ncTop R, a BHyTpeHHSAA TEIAOBas SHEPIHA 3TOrO
pPE3SUCTOpa YACTHYHO HM3AYYAETCA, T.e. DHEPIUA PE3UCTOPA TOKE
paspsxaercs.
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Puc. 2.

Emxo CTb, BHCPFI/IH 48 IIAOTHOCTDB 3Hepr §5858 KOHACHCZITOpa

OIIPEACASAFOTCS KAK
&b

=% (1)
cU

Weo = 0 2
w

We =22 G

TAE U - HaHp}DKCHI/IC Ha KOHAﬁHcaTOpﬁ 58 pCSI/ICTOpC, b - ITAOIIIAaADb
CCUCHUA KOHACHCQTOpa, d - AATHA KOHACHCS.TOPQ..

BHCPI‘I/I}I 1 ITAOTHOCTH DSHCEPIHM PE3NCTOPAa B YCTAHOBHUBIICMCH
PEKHME OIIPCACAATOTCA KAK

Wgo = Vf/gm “
gm
Wy = T2 = 22 = gp, 6

rae g,m,p,Vr— yAeABHAsA TEIIAOEMKOCTB, MACCA, IAOTHOCTD M OOBEM
pesucropa.

B raae 7 mokazsaHO, YTrOo B KOHAGHCATOpPE, IIOCTOSHHO
PaspmKArOIIeMcs Ha PesucTOp R M ITIOCTOSHHO IOA3APAKAIOIIEMCA OT
HCTOYHHUKA IIOCTOSHHOro Hanpskenusa U, cymectsyer crarmdeckoe
SACKTPOMATHUTHOE IIOA€ M IIPOTEKAECT IIOTOK IACKTPOMATHHTHOI
SHEPIMM OT HCTOYHHKA Sy, PABHBI MOINHOCTH HCTOYHHKA P.
CAeAOBATEABHO,

So=P=—. ©)

ITockOABKY ITOTOK 9HEPIMH IPOTEKAET YEPE3 COBMEIIECHHBIE B OAHOM
00beMe KOHACHCATOP U PE3UCTOP, TO YEPE3 KAKABIH M3 HUX IIPOTEKAET
OAMH U TOT 7K€ IIOTOK SHEPTUU U B KAKAOM U3 HUX ITAOTHOCTH 3TOTO
ITIOTOKA
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s=2 @
ITaoTHOCTD SHCPIUH B TAKOM TCAC

B raase 13a mokasano, uro maortHOCTH sHeprum W cratmgeckoro
3AEKTPOMATHUTHOTO IIOAf, IIAOTHOCTBH IIOTOKA 3AEKTPOMATHHTHOM
sHEprur S U CKOPOCTb V 3TOTO IIOTOKA CBA3AHBI M3BECTHOH (POPMyAOI
VmoBa [81] Buaa
S=Wv, )
a4 IIAOTHOCTb 9ACKTPOMATHUTHOIO HMIYABCA J B  CTATHYIECKOM
SAEKTPOMATHHUTHOM IIOAE€ OIPEACAACTCA HYepe3 IIAOTHOCTh ITOTOKA
9ACKTPOMATHUTHOI SHEPIUU S M CKOPOCTB V 9TOrO IIOTOKA O popMyAe
S
=3 (10)
N3 (9, 10) maxoamm:
WZ
] = T (11).

B paccmarpuBaeMOii KOHCTPYKIHH TOK IIPOTEKaeT 1O (DOABIE.
Bmecre ¢ TOoKOM 110 hOABre HPOTEKAET IIOTOK JAEKTPOMATHHTHOI
SHEPIUU H CYIIECTBYET ACKTPOMATHUTHBIA HMIIYABC C IIAOTHOCTBIO J.
[ToAnBIlT  HMIYABC ~ DAEKTPOMATHHTHON  sHepruu B (OABIe
OIIPEACASFOTCH KAK

Jo =V, (12)
rac Vy — obbem doabrn. B coorserctBum c 3aKOHOM coxpaHeHHMA
HMIIyABCA BMECTE C 3ACKTPOMATHHUTHBIM HMIYABCOM Jo B oabre
cosaaercs MEXaHHYeCKUIT HIMITYABC My, HAIIPABACHHBIH
IIPOTHBOIIOAOKHO 9ACKTPOMATHUTHOMY UMIIYABCY, T.€.

|M0| = |]o|- (13)
DTOT MEXaHMYECKUH HMIIYABC ABASCTCA  ABHUKYIIHM HMITYABCOM
YCTPOMCTBA.

PaccmoTpuM mpuMep, HCXOAHBIE AAQHHBIE AAfl KOTOPOIO OBIAK
ITIOAYYEHE! OT /\aBPHHEHKO, aBTOPA PACCMATPHBAEMOTO YCTPOHCTBA — CM.
TaOA. 1. B kauecTBe IIAOTHOCTH M YAEABHOI TEIIAOEMKOCTH PE3HCTOPA
ObIAM IIPUHATH 3HAYCHUA AAf Bosayxa npu Ttemmeparype 20°C.
PeaAbHbIe 3HAYEHHUA B KAHAAE MOHHOI'O TOKA MOKHO OYAET OIIPEACAUTD
9KCIIEPUMEHTAABHO, HO MOKHO IIPEAIOAOKHUTD, YTO TEIIAOEMKOCTb
KaHAAA AOAKHA OBITH HAMHOIO MEHBIIE TEIIAOEMKOCTH OOBIYHOIO
BO3AYXa.

B mocaeaHBX cTpOYKax TAOAUIIBI HOKA3AHBI 3HAYEHUA AASl BO3AYXA
n Bakyyma (mpu Wy = 0). BerauncacHHOE 3HAYCHIE HMITyABCA B BO3AYXE
OKa3aAOCh HAMHOTO OOABIIE H3MEPEHHOIO U 9TO MOMKET OBITH
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OOBACHEHO OOABIIUM 3HAYEHUEM TEIIAOEMKOCTH.
PE3YABTAT  CBHACTEABCTBYET,  9YTO  IIPCAAOKCHHOE
IIPaBOMEPHO.

OAHAKO  3TOT
OODBACHECHUE

OTCroaa CAGAYET TaKiKE, UTO B BAKyyME AOAKEH HADAIOAATHCA
ITOAOOHBIN 3P eKT.

Tabaura 1 (CondPolet20.m)

Ne ITapamerp ®opmyaa | Beanmunna

1 Harps:xenne, B U 45000

2 AAHTEABHOCTD IIOABEMA, CEK t 2

3 BBICOTA IIOABEMA, M h 4

4 CKOPOCTB ITOABEMA, M \CEK V=h/t 2

5 EMKOCTb KOHAeHCaTOpa, P C 15*%10"-12

6 PACCTOAHME MEKAY IACKTPOAAMH, M d 0.01

7 mupuHa POABTH f 0.3

8 MACCa, KT m 0.05

9 TOK, A 1 0.0015

10 | yaeAbHAast TEAOEMKOCTD, Avk/M g 1005

11 | maoTHOCTD, KT/M™3 p 1.2

15 | MexXaHHYECKHUI UMIIYABC, KI*M \CeK mV 0.1

12 | mAoIIaAb OOKAAAKI KOHAGHCATOPA, b=Cd/e 0.017
M2

13 | maormaap ceverns doapru, Mm™2 f*b 0.3

14 | conporusaenne pesnucropa, Mom R=U/I 30

15 | smeprus kouAcHCATOPA, K Wco 0.015

16 | maoTHOCTD SHEPrHH Wc 90
KOHAeHcaTopa, Ask/M"™3

17 | mAOTHOCTD 5HEPTHH PE3UCTOPA, Wr 1206
As/M"3

18 | morHOCTB, TOTOK 3HEpruu, Br P 67.5

20 | IAOTHOCTB ITOTOKA SHEPIUN, S 3983
Br/mM™2

19 | ckopocTs HOTOKA SHEPIHH, M\ CEK v 3.07

v_vac 444
21 | HAOTHOCTD UMIIyABCA, KI'\CeK M2 ] 421
J_vac 2

22 | 9AGKTPOMATHUTHEIII MOMEHT, M 2.14

KM\ cex M_vac 0.01
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naea 14. CTpyKTypa 3MeKTpOMarHMTHOro Nnosisi B Terne NocTosiHHOIrO MarHuTa

I'raBa 14. Crpykrypa 3A€KTPOMArHUTHOTO
ITIOAfl B TEAE€ HOCTOAHHOTO MATHHUTA

OraasAenue

—_

Bseaenme \ 1

Vpasuenns MakcBeAAa AASL CHCTEMBI C MATHUTHBIME
MOHOTIIOASMH \ 5

Pemrenne ypasuennit Makcseaaa (2.6-2.9) \ 5

Pacaer AOMEHHOI CTPYKTYPHL \ 6

AOMeHHAst CTPYKTypa BO BHEIITHEM MATHUTHOM IIOAE \ 7
I'urioreza Momuceesa \ 7

CTpyKTypa 3ACKTPOMATHUTHOTO IIOAS IIOCTOSIHHOTO MarHuTa \ 9

N

Ntk W

1. BBeaeHnue

HI/DKC pﬂCCManI/IB acTCA HOCTOHHHbIﬁ MATHUT. HPCAAZIFB.CTCH
pCLHCHI/IC ypaBHCHI/H‘/'I MﬁKCBCAAa AAA CUCTEMBI C MATHUTHBIMU AUITIOAAMI.
Ha OCHOBEC 3TOTrO pCLHCHI/IH CTpOI/ITCH q)OpMaAI)HaH MOACAD
paCHpCACACHI/I}I MATHUTHBIX AHHOACﬁ B TEAC ITIOCTOAHHOI'O MardurTa.

Msygerne MarHUTHOM MHUKPOCTPYKTYPHI IOCTOAHHBIX MarHHUTOB
HEOOXOAUMO AASl VAVUIIEHHA UX TEXHHYECKHX Xapakrepuctuk. C aroit
LIEABIO B M3BECTHBIX pPaOOTAX H3y4YaeTCA CTPYKIYpa PaCIpPeACACHUsA
MATHUTHBIX AHIIOAEH B TeA€ ITOCTOAHHOro Mmaraura. OAHAKO AAf
HM3yYeHUsA AOMEHHOI CTPYKTYPbI IIPUMEHAFOTCH AHIITb
SKCIIEPUMEHTAABHBIE METOABI — IIPAMbIE HAOAFOACHHUA IIPHU ITOMOIIH
PA3AWYHBIX METOAWK. HACKOABKO HM3BECTHO aBTOPY, OTCYICTBYET
dopMarbHAA MOAEAD PACIIPEACACHHA MATHUTHBIX AHIIOAEH B TeAe
ITOCTOAHHOrO MarunTa. OYEeBUAHO, TaKasd MOAEAD AOAKHA OBITh OCHOBAHA
Ha (POPMAABHOI MOAEAH  CTPYKTYPBI ~ 3AEKTPOMATHHTHOIO  ITOAS
ITIOCTOAHHOTO MaTHUTA, KOTOPAaf TOKE OTCYTCTBYET.

B macrosmee Bpema HamOOABILICE  PACHPOCTPAHEHHE B
COBPEMEHHON TEXHHUKE ITOAVIHAU ITOCTOAHHBIE MarHUTHI criaaBa NdFeB,
OTAMYHUTEABHOH OCOOEHHOCTBIO KOTOPHIX ABAAETCA TOKOIPOBOAHOCTB.
[TosromMy HmKE pPacCMATPHBAETCA TOKOIPOBOAAIIMM — IOCTOAHHBIN
marauT. Ilpeasaraercs permenme ypasHeHHIT MakcBeAAa AAA TakOro
MAarHUTa U Ha OCHOBE 3TOIO PEIICHHUA CTPOHTCA (DOPMAABHAS MOAEADB
PACIIPEACACHHA MATHUTHBIX AUIIOACH B TEAE ITOCTOSHHOIO MATHHTA.
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maea 14. CTpyKTypa 3NeKTPOMarHMTHOro Norsi B Tesie MOCTOSIHHOTO MarHuTa

Puc. 1.

HaﬁACHHOC pemICHUC 3aCTABAACT IICPECMOTPCTH YCTOABIIHECA
HpeACTaBACHI/IH O CTPYKTYPC MAarHHUTHBIX HaHpH)KCHHOCTCfI 1 TOKOB B TEAEC
IIOCTOAHHOIO MarHuTa. I/ISBCCTHO, Haan/IMep, HpCACTaBACHHC O TOM, 4YTO
MAarHUTHOC ITOAC ITOCTOAHHOI'O MAarHHTa O6p8.3yCTCH TOABKO TOKaMHM HaA

TOOBCPXHOCTH MATHHTA, IIOCKOABKY TOKH BHYTPHM MAarHuTa B3aHMMHO
KOMHCHCI/IPYIOTCH — CM. pI/IC. 1. O,A,HaKO TPYAHO HpCAHOAO){(I/ITb, 9710 B
HOBCpXHOCTHOM CAOC HpOTCKﬁI—OT 3HAYUTECABHBIC TOKH, CO3AAXOIIIHE
6OAI)H_IYI-O WHAYKOHUIO B COBPEMCHHBIX MAarHHTaX. n Ipu TaKOM

OOBACHEHHH POAL AOMEHOB B TEAE MATHHTA CTAHOBHUTCA HE HYKHOIL
Pearpno B Teae marmmra (KaK IIOKa3aHO HIDKE) CYIIECTBYIOT TOKH,
TEKYIIHE 10 TPEM KOOPAMHATHBIM OCAM, U CYIIECTBYIOT TAK/KE MATHUTHBIE
HAIIPAKEHHOCTH, HAIIPABACHHBIE IIO TPEM KOOPAMHATHBIM OCAM. B
YACTHOCTH, CYIIECTBYFOT TOKH, TEKyIIHE IIO BCEM OKPYKHOCTAM
nuAnHApa. HarpsikeHHOCTS cO3paa€TCA BCEMH AOMEHAMH MarHuta (T.c.
TOKAMH, OOpA3YIOINUMHU AOMEHBI), a4 HE TOABKO IIOBEPXHOCTHBIMU
AOMEHAMIL.

B [152] oruceiBaercs skcnepumenT 1839 roaa, B KOTOpOM IIBeiHAsA
UIA2 BCTABASIAACH B COACHOHMA U ITOABIH ITHAMHAPHUYIECKHH MarHuT. B
COACHOMAE UT'AA YCTAHABAUBAAACH B IIEHTPE COACHOMAR, 2 B MATHUTE OHA
YCTAaHABAMBAAACH § ITOAIOCA. DTO OOBACHAAOCH TEM, YTO B IICHTPE M
CHAPYKH MATHUTHBIE HAIIPAKEHHOCTH § COACHONAA IIPOTHBOITOAOKHEL, 4
Yy MarHHTa — COBITAAAFOT, ITOCKOABKY OITPEAEAAFOTCA ITOBEPXHOCTHBIMU
Tokamu B MarauTe. OAHAKO IIBEHHAA UIAA KHE 3HACT, 9TO CHapyxm». Ecan
OHA BEAET CEOfA TAK, KAaK OIIHCAHO, TO 3TO O3HAYAET, YTO 1) B COACHOHAE
ITOA€ PAaBHOMEPHOE, 2) 2 B MATHHUTE ITOAE B IIEHTPe paBHO HyAro. VM ato
IIPOTUBOPEYHT TEOPHH OO SKBUBAACHTHOCTH COACHOHAA U MarHuTa. Tem
HE MEHee, HMEHHO 35TO IIPEAIIOAOKEHHE HCIIOAB3YETCA  IIPH
MOACAMPOBAHAN U IIPOEKTHPOBAHUI MATHUTOB.
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naea 14. CTpyKTypa 3MeKTpOMarHMTHOro Nnosisi B Terne NocTosiHHOIrO MarHuTa

OrmuboYHbIe IIPEACTABACHUA BO3ZHHKAIOT H3-32 TOTO, YTO IIPU
aHAAN3E ABACHHA YUUTHIBAIOTCA HE BCE 3aKOHBI 9ACKTpOMarueTnsma. Bee
3aKOHBI OObEANHEHBI B cucTeMe ypaBHeHHH MakcBeara. CAeAOBATEABHO,
ITOAHOLICHHBIH aHAAN3 ABACHIA MOKET OBITH CAGAAH TOABKO IIOCAE TOTO,
KaK AAfl HCCACAYEMOTO OOBEKTa OYAET COPMyAHpPOBAHA H PEILICHA
cucrema ypaBHeHniI MakcBeara. MexAy TeM, 5Ta CHCTeMa HE peEIlIeHa
AQIKE AASL MEAHOTO IIPOBOAA C TOKOM, HE PEIIICHA AAS HAMATHIYHUBAEMOTO
’KEAE3HOI'O CTEPIKHA U, TEM DOACE, HE PEIICHA AAA IIOCTOSHHOIO MATHHTA.
DTOT IPOOEA YCTPAHACTCA B IIPEAAOIKEHHOM pabore.

[IpakTU<ecKH OTCYTCTBHE TOIO PEINECHHUA O3HAYACT, IYTO PEAAbHBIC
XAPAKTEPUCTUKH IIOCTOAHHBIX MATHHTOB  OIIHCHIBAIOTCA  HECTPOIO.
Crporoe perreHme, IIOAYICHHOE 3A€Ch, OYAyYH IIPHMCHECHHBIM B
CHCTEMaX IIPOEKTUPOBAHUA IIOCTOSHHBIX MATHUTOB, O€3YCAOBHO, AOAKHO
ITOBBICUTD UX KA9€CTBO.

ITocrosuubii MATHHUT paccmarpuBaeTcs OOBIYHO KaK
deppOMArHUTHBIH MATEPHA COCTOAIIUII M3 MHOKECTBA AOMEHOB,
KOKABI 13 KOTOPBIX COCTOHT H3 OOABIIIOTO YHCAQ ATOMOB U IIOTOMY
nmeer pasmepsr mopsska 1077 ov’. OAHAKO HU3BECTHBI MATHUTHBIE
CBOMCTBA OCHOBHBIX (POPM yraepoaa (aamasa, rpacpura, HaHOrpadura,
HaHOTPYO, pyssepenos) [158]. M3BecTHBI Takke OpraHUYECKHE BEIECTBA,
obAaparorEe  MAarHHTHBIME -~ cBorictBamu  [159]. B ormx  caywasx
MATHHTHBIE CBOWMCTBA IIPOSBASIFOT OTACABHBIE MOAEKYABI, 2 HE HX
KOHT'AOMEPATH — AOMEHBI.

B cBA3M ¢ CyIIECTBOBAHHMEM TAKHX COCAMHEHHN ITOCTOSHHBIC
MArHUTBl MOTYT BXOAUTB B COCTaB HAHOCTPYKTYP H, BO3MOKHO, B COCTAB
opranusmoB. [Tocaeanee mpeacraBasier HHTEPEC AAA HAHOMEAHIIMHBL
HAHOTEXHOAOTHH. B CBA3M C 9THM BaKHBIM CTAHOBUTCA ITOCTPOEHUE
MATEMATHYCCKOIT MOACAU ITOCTOSHHOTO MATHHTA B OOIEM CAy4ae (a He
TOABKO AAfl AOMEHHBIX CTPYKTYP). OAHAKO AQZKE AASL HU3YIEHUA AOMEHHOM
CTPYKTYPBI IIPUMEHAIOTCH AHIIb SKCIIEPUMEHTAABHBIE METOABI — IIPAMBIE
HAOAFOAEHUSA IIPU IIOMOIIH PAa3AHYHBIX METOAUK. Hackoapko mssectHO
aBTOPY, OTCYTCTBYyeT (POPMAaAbHAA MOAEAD PACIPEACACHUA MATHUTHBIX
AHIIOAEH B TEAE ITOCTOSHHOIO MarauTa. OYeBUAHO, TAKAS MOAEAB AOAJKHA
OBITH OCHOBaHA HA (POPMAABHOM MOAEAH CTPYKTYPBI 9ACKTPOMATHUTHOTO
ITOAA IIOCTOSTHHOTO MarHUTA, KOTOPAf TOXKE OTCYTCTBYET.

B macrofmee Bpemf HPHUHATO IIPEACTABACHHE OO OTCYTCTBHH
MArHUTHBIX MOHOIIOAEH. [losromy maremarmdeckas MOAEABD AOAKHA
OIIEPUPOBATH C MATHUTHBIMH AHIIOASIMH H YYHTBIBATH IIPH 3TOM, YTO
pasmMep AHUIIOASl MOKET OBITh CKOABb YTOAHO MaAbIM. Hirke mpeasaraercs
pemenue  ypaBHeHHMH ~ MakcBeaaa  AAfl IIOCTOAHHOIO — MArHHTA,
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YAOBAETBOpArOIad 3TuM ycaosuam. Ha ocHOBe aTOTO permenns crpourcs
dopmMarbHas MOAEAb PACIIPEACACHHA MATHHTHBIX AHMIIOACH B TeAe
ITOCTOAHHOIO MATHUTA.

2. YpaBHeHua MakcBeara AAAL CHCTEMBI C

MAargamvTHbBIMHA MOHOIIOAAMMA

Vpasuenuss MakcBeAAa B TOM CAy4Yae, KOIAA €CTh IOCTOSHHOE
MATHHTHOE ITOAE C MATHUTHOM HAIIPSKCHHOCTBIO H ¥ IIOCTOSIHHBIC TOKK
IIAOTHOCTBIO |, IMEFOT BHA

rot(J)=0, 1)
rot(H) —J] =0, @)
div(J)=0, 3)
div(H)=0. )

B Tom cAyuae, Koraa CyIIECTBYIOT MArHHTHBIE MOHOIIOAU C
IIAOTHOCTBIO M, IIOCAEAHEE YPABHEHHUE IIPUHUAMAET BUA:
div(H) — M = 0. ®)
Ecan xe cymecTByroT MarHUTHBIE MOHOIIOAM PA3HOI ITOASPHOCTH,
TO CHCTEMY YPaBHEHHII MOKHO 3aMEHHUTHb (B CHAY AMHEHHOCTH 3THX
YPaBHEHMIT) Ha ABE CUCTEMBI BUAA

rot(J;) =0, ©)
rot(Hy) — J, = 0, ™
div(,) = 0, ®)
div(H,) — M, =0 )
u
rot(J,) =0, (10)
rot(H,) — J, = 0, (1
div(J,) = 0, (12)
div(H,) — M, = 0. (13)

[IpeArtoAOKuM, 9TO BCE MATHUTHBIE MOHOIIOAUM OOBEAHMHEHBI B
ITapbl — MATHUTHBIE AUTIOAH. Toraa
M, =—-M, =M. (14)
TTpeAITOAOKIM A2A€E, UTO BCE MATHUTHBIE AUTIOAN MUMEIOT pasmep 0 u
OPHUEHTHPOBAHEI BAOAD KOOPAHHATHI Z. TOraa

M,(z) = —M,(z + 6), (15)
H,(z) = —H;(z + 6), (16)
J2(2) = —Ji(z + 6). 17

I/ITaK, CHCTEMA y[zaBHCHI/Iﬁ MaxkcBeanra AAA CHCTEMBI C MATHHU THBIMIL

MOHOIOASIMA IPUHUMAET BHA ypasHeHuit (6-9, 10-13, 15-17). Toraa
AATOPUTM pacyuera JACKTPOMATHHUTHOM CHCTEMBI C MATHUTHBIMH
AUTIOASIMU IIPUHUMACT CACAYIOIINN BHA:
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1. Pacuer MarHUTHBIX HaIPsKCHHOCTEH Hi 1 IIAOTHOCTEH TOKOB
J1 (METOA 3TOTO pacyer OIUCAH B TAaBe 5);

2. Bolunmcaenme pacmpeseAacHmsi MOHOIOAEH My;  BakHO
OTMETHTb, YTO HAWACHHBIE ITIPHU 3TOM 3HAYECHHUA MOHOIIOAEH

HMCIOT pasHme SHAKM;

3. 3arem upu Aauubx My, J1, Hy 1o (15-17) moryTt GbTh HAaHIACHBI

M. 2'] 2 H 2"
4. Tlpenebperast BEAUIHHOM O, AASL CHCTEMBI B LIEAOM IIOAYHYAEM:
H = H,—H,, (18)
J=] ] 19

3. Pemrenne ypaBHeHHM MakcBeaaa (2.6-2.9).
Wrak, wus HPEABIAYIIIETO CAEAYET, HYTO AAfl TOKOIPOBOAAIIIETO
IIOCTOAHHOI'O MarHurTa ypaBHCHI/IH MaKCBCAAa HNMCIOT BUA

rot(J) =0, o)
rot(H) —] =0, 2
div(J) =0, 3)
div(H) =M =0 )

A€ M - IAOTHOCTH MATHHTHBIX MOHOIIOAEH (CO 3HAKOM); IIPH 3TOM
KaKABIH MOHOIIOAD ABAAETCH OAHHM U3 IIOAFOCOB MarHHTHOIO AHIIOAS, 4
BTOPOH ITOAIOC 9TOTO AHUIIOASl ABAAETCA MOHOITOAEM IIPOTHUBOIIOAOKHOTO
3HAKA; AUIIOAb OPUEHTUPOBAH BAOAb KOOPAUHATHL Z U HMeeT pasmep 0.

Dra cucreMa ypaBHEHNI PEIIICHA AAfA IIPOBOAA IIOCTOSHHOTO TOKA B
raase 5. OAHaxo B raaBe 5 B ypaBHeHUN (4) CBOOOAHBIN YAE€H OTCYTCTBYET:
M = 0. Ilpu srom mokasaHo, 4TO ypaBHeHHE (4) B OOIIEM CAydac He
yAOBAeTBOpseTcs. B mamrem cayuae ypaBHeHme (4) HMCIOAB3yeTCA AAA
BerancAeHus yuakiua M.

4. PacueT AOMEHHOI1 CTPYKTYPBI
B raase 5 nmokasano, uro nmeercs caeayrorue hopMyAa, KoTopas
caeayer us3 (3.4):

m(r) =0+ b, (1) + 222 a + yh, (r), )

HpI/I‘ICM
H,(r,¢,z) = h,(r) - sin(x ¢ + x2). )
My (r,p,z) = m(r) - sin(x ¢ + yz). 3)

DyHKIHIA PACIPEACACHHA AUIIOAEH IO OKPYKHOCTAM AAHHOTO
PaAHyCa IMEET BHA!
Q) = r-m(r). @
Ha puc. 1 aas ycaoBuii mpumepa 1 B raaBe 5 11okasaHbl (DyHKITHH
(1, 4) u pyHKIUST TPOAOABHON MarHUTHOH Hanpsikenunoctu h, ().
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4 ><106 T T T T T T

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

4
2 ><10 T T T T T T

O 1 1 1 1 1 1 1 1 T
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

400 T T T T T T

N 200 F

O 1 1 1 1 1 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Fig. 1 (fig-5-3-1now.m)

MarauTHbni 3apsA (2) HAXOAUTCA HAa YPOBHE Z M IIPHUHAAACKHT
HEKOTOPOMY AHIIOAIO. [IpOTHBOIIOAOKHEIN 3apfIA 3TOTO IKE AHUIIOAA
HAXOANTCA HA YPOBHE (z + 6) u umeer BEAUYNHY

My(r,¢,2z) = —m(r) " sin(x ¢ + x(z + 8)). 3)
BaMeTI/IM, 910 HpI/I MAABIX 6 BBIIIOAHAXOTCA COOTHOIIICHUA:
sin(p) — sin(p + §) = —3§ - cos(¢), 4
cos(¢p) — cos(p + &) = § - sin(g). (5)
HpI/I 9TOM, KaK ITOKAa3aHO B I'AaBE 5, HOAy‘IaCMZ
H, = 6h,si, ©)
H, = —6hyco, 0
H, = —=6h,co, ®)
I = 5jrSi, ©)
Jp = —6j,co0, (10)
J, = —6j,co. (11)
Takum ~ oOpasom,  AAA  pacyera  9ACKTPOMATHHTHOIO  IIOAA

depPOMArHUTHOIO IIPOBOAA MOKET OBITh IIPUMEHEH CACAYFOIIIHE
AATOPHTM:
1. Pemenme ypasmenmiti Maxceana (3.1-3.4) AAd  BerMHCAeHDA
dynxkiuii (2-11) - kax mokasaHo B raase 5 .

14-6



naea 14. CTpyKTypa 3MeKTpOMarHMTHOro Nnosisi B Terne NocTosiHHOIrO MarHuTa

2. Berauncaenne dpynkunn (3) ¢ yaerom (1). [Noayuennas dymkimsa
ABAAeTCA, (PAKTHICCKH, (DYHKIIUEH PACIIPEACACHUA MATHUTHBIX
AomeHOB. [Ipn aTOM AOMEHBI

4. PACIIOAOKEHBI BAOADB IIPOAOABHOM OCH Z MarHHTa,

b. wnmeror Aamny o) ,
C. HMEIOT HA YPOBHE Z MATHUTHBI MOHOIIOAB My, a Ha
yposue (z + 0) - MATHUTHBIH MOHOITOAD (—M,).

PeaApHas AOMeEHHAs CTPYKTypa AOAKHA OBITh Pa3AOKEHA B PAA
dyuxmmii  (2). Iloayuennoe rpadudeckoe pacIpeA€ACHHE AHMIIOAECH
MOZKET OBITH COITOCTABACHO C PEAABHBIMU HAOAFOACHHUAMH, ITO IIO3BOAHT
ACAATH PA3AITIHBIE SKCTPATTOAAIIN.

5. AomeHHasA CTPyKTypa BO BHEIIITHEM

MAardmTHOM IIOAC

[Tpeanoxennsiii MeToA pacdera AC pacmpocTpaHAeTcs Ha pacdeT
AC MarHITOMAIKOro MaTepHaAa BO BHEIITHEM MATHUTHOM ITOAE. DTO ITOAE
MozKeT ObITh IepeMeHHbIM. Kak rmokasano B [128], moseaeHrne AOMEHHOI
CTPYKTYPHI B IIEPEMEHHBIX MATHUTHBIX ITOAAX HEBBICOKOH 4dacToThl (0,1 -
10 kI'm) Bo MHOrOM OIpEAEAfieT MATHUTHBIE CBOMCTBA MATHUTOMATIKHX
matepraroB.  Ilpeanoxennbrii  meron  pacugera  AC  1mossoaser
AHAAMTHYECKU U3y9aTh

1. sBaeHme AmHammyecko# camoopranmsarmu AC B IIepeMEHHBIX
MATHUTHBIX IIOASIX HU3KOM YaCTOTHI,

2. mocTynaTeAbHOE ABHKEHHE AOMEHHOMW CTPYKTYPHI, KaK IIEAOTO,
HaOAFOAAFOITIEECH YACTO B IIPOIIECCE AMHAMHYECKOIO IIEPEMATHIIUBAHI,

3. ympaBAafieMOe€ IIyT€M HEKOTOPBIX BHEIIHUX BO3ACHCTBHUIT
ABIKEHHE AOMEHHOM CTPYKTYPBI KaK IIEAOTO.

6. I'unoresa Mouceesa

Mouncees [129] mpeaAOKHA THIOTE3y O KOHMHUIYPAIIHMH ITOAM,
OKPYZKAFOITIETO IIOCTOAHHBI MarHUT. B 370l pabore amaAmsmpyrorTcs
MHOTOYHCACHHBIE ~ HAOAFOAGHHSA, AOCTYIIHEIE — KaKAOMY, HO  HE
BBILIOAHEHHBIE AO cux 1op. Ha ocHOBe aTux HaOAIOACHHI Ae€AArOTCA
BBIBOABI, KOTOPBIE HUKEM AO CHX ITOP HE BBICKA3aHBI.

Cyrp rumoressl coctoumT B TOM, 49TO Momcees mpeanosaraer
HAAUYHE ITOTOKA JHEPIUH, OIIMCHIBAIOIIETO «BOCBMEPKY» BOKPYT
IIOCTOSIHHOIO MarHnTa — cM. puc. 1. Aasee MouceeB mpeArrosaraer, 9ro
ITOA€ MArHUTA IIOAYYA€TCA B PE3YABTATE CAOKEHHA MHOKECTBA
5AEMEHTAPHBIX IIOAEH AOMEHOB, § KA’KAOTO U3 KOTOPBIX TAK/KE CYIIIECTBYET
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maea 14. CTpyKTypa 3NeKTPOMarHMTHOro Norsi B Tesie MOCTOSIHHOTO MarHuTa

IIOTOK SHEPTHH, OMUCHIBAIOIIUI «BOCBMEPKY» BOKPYT AOMEHA.

Puc. 1.

C momorpro 910 ruroTe3sl Moncees OOBACHACT CACAYIOIIICE:

1. B pesyabrare IpOBEACHHA IIEPIIEHAUKYAPA KO BCEM AHHHAM
METAAAMYECKUX OIIMAOK, IPUAMIIIAX K MarHHTY, ITOAYIaeTCs
durypa B BuAe «<BOCBMEPKH» — cM. puc. 1.

2. Cymecrsyer "HelfiTpasbHass 30HA" IIOCTOSHHOIO MATHHTA, TAC
MAargUTHOE ITIOAE OCA20EBAET, HO HE yracaeT HOAHOCTBIO.

3. Ecrp oOImensBecTHOE YIBEPKACHHE, YTO MATHUTHO-CHAOBBIE
amama (MCA) o0OpasyroT Ayry, TAHYIIYIOCA HEIPEPBIBHO OT
OAHOTO IIOAIOCA K APyrOMy, 0OOpasyfd BOKPYI IIOCTOSHHOTO
MarauTa (QOpMy IOAfA, HAITOMHUHAOIIYO apOys. Ho B omerrax ¢
HOCTOSHHBIM MATHUTOM M KEAE3HBIMM OIIMAKAMHM BHAHO, YTO
Ay9H U3 OIIMAOK TAHYTCA M3 LEHTPA KAKAOTO IIOAIOCA
IPAMOAMHEHHO, IIPOYb OT MATHNTA, M HET AQKE KAKOTO-AHOO
HICKPUBACHUSA UX B CTOPOHY APYIOIO ITOAFOCA.

4. MCA B paiioHe HEHTPAaABHOI 30HBI MEHAIOT HallpaBAcHuEe Ha 180
rpaaycoB, T.e. y MCA He HaOAIOA2CTCA HEIPEPHIBHON
TPACKTOPHH, TAHYIIEHCA U3 OAHOTO ITIOAIOCA K APYTOMY.

5. KommacHad MarHUTHAA CTPEAKA MMEET ABA yIAd CKAOHEHHH OT
TOYHOIO HAIIPABACHUA Ha IIOAIOC: B 3aIIaAHOM ITOAVIIIAPHH
KOMITACHAA MaTHUTHASA CTPEAKA IMEET BOCTOYHOE CKAOHCHHE, 4 B
Bocrousowm - 3amaaHOe.

6. Cuanraercs, 9to (POpMa IOASl IOCTOAHHOIO MATHHTA H IIOAE
KATYIIIKI COACHOMAA HACHTHYHBI M aHAAOTUYHBI, B YACTHOCTH, M3~
32 TOTO, YTO OHH OAHMHAKOBO PearnpyroT Ha Apyrue Marautsl. Ho
€CTb OAHO BECOMOE PAa3AWYHE, - Yy KATYIIKA COACHOHAA HET
HEHUTPAABHOM 30HBI, €TI0 IIOA€ BHYTPH OAHOPOAHO. OTO
IPUHIIUIINAABHOE OTAHYHE, OIIPOBEPIafOINEe CXOACTBO HX
ITOACH.
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naea 14. CTpyKTypa 3MeKTpOMarHMTHOro Nnosisi B Terne NocTosiHHOIrO MarHuTa

7. CTpyKTypa 3A€KTPOMAarHUTHOI'O ITOAS

IIOCTOAHHOI'O MAarHuUTAa

WMrak, BBHIIIE ITIOAYYEHO pEIIEHHE AAf  TOKOIIPOBOASAIIIETO
deppOMArHUTHOrO IPOBOAA B IMHAMHAPHYECKHX KOOPAMHATAX. B raase
5f HafIAGHO peIlleHre AAA IIPOBOAA B ACKAPTOBOH CHCTEME KOOPAHHAT.
OueBUAHO, OHO  TaKkKe MOKET OBITh  PACHPOCTPAHEHO  HA
deppomMarHUTHEIN IIPOBOA. TOKOIIPOBOAAINNN ITOCTOAHHBIH MATHUT
TAK/KE MOKET PACCMATPHUBATHCA KaK (DEPPOMATHUTHBIH ITPOBOA.

Aasee MBI paCCMOTPHM APyroe pereHue ypaBHeHni MakcBeara B
AEKaPTOBOM CHCTEME KOOPAUHAT AASl IIOCTOAHHOIO MATHUTA, CCBIAAACH HA

pe3yAbTaTsl TAaBbI 5f. TaM mokazaHO, YTO IIPU U3BECTHHIX (, TAOTHOCTH
SACKTPOMATHUTHOH 9HEPIMM W U IIPOAOABHOH HAIPSIKEHHOCTH N,
MOTYT OBITh HAAEHBI OCTAABHBIE HAPAMETPHI IHOCTOAHHOIO MAIHUTA 110
CAEAYIOIITUM YPABHEHHAM:
B=a M
y=-av2, ®

hy 3h2
hx=—\/—5i4/7+MW, 3

h, = —h, —V2h,, 4)
jx = 5 (hy = hy), 5)
jy = Jx (©6)

Jz = JxV2. (7)
PaCCMOTpI/IM HpI/IMep IIOCTOAHHOTO MarHuTa, CCYCHUC KOTOPOFO
ABASICTCA KBAAPATOM CO CTOPOHOH A, a BeicoTa paHa B. Ilycts

am
A=T,B=2ny=2\/2na. (8)
Ha puc. 1 n prc. 2 mokasaHbl BEKTOPB MATHUTHOM HAIIPAKECHHOCTH
H, marotHOCTH TOKA J, M IAOTHOCTH IIOTOKA SHEPTHH S, IIOCTPOCHHbIC HA

OCHOBE pPEIlleHNs, HAMACGHHOIO B rAase 5f.
Ha puc. 1 mokasan BepxHUI TOpEIr MATHUTA U (DYHKITHH

Jx(x) = Hy(x) = sin(ax), ©)
Jy(x) = Hy(x) = J,(x) = H,(x) = cos(ax), (10)
S,(x) = S,(x) = sin(Rax), (11)
Ha puc. 2 mokasana Aepas rpaHb MaruuTa 1 (OyHKITIN

Jx(2) = Hy(2) :]y(z) = Hy(Z) = cos(y2), (12)
J2(z) = H,(2) = sin(yz), (13)
S, (z) = sin(2yz) = —sin(Z\/Eyz), (14)
S,(z) = cos?(yz) = cos?(2V2yz), (15)
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Ha o1ux pHCYHKAX TIOPH3OHTAABHBIE CTPEAKH H300PAKAIOT
BCKTOPBI Sy, BEPTHKAABHBIE CTPEAKH H300PAKAIOT BEKTOPHI S 5. [Tokazamsr
TAKKE CYMMBI 9THX BEKTOPOB Sy, = S, + 5.

06

0.2

1 AR . | I
-1.5 -1 -0.5 0 0.5 1 1.5
Fig. 1 (PostMagnitNow.m)

0.8

0.4

02

|
-1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1
Fig. 2 (PostMagnitNow.m)
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maea 14. CTpyKTypa 3NeKTPOMarHMTHOro Norsi B Tesie MOCTOSIHHOTO MarHuTa

Ha puc. 3a mokasauer marautHbIe Hanpsikenuoctu Hy, = H, + H,

Ha IOBEPXHOCTH MarHuTa B maockocta XOZ. Aas cpaBHeHnsd Ha puc. 3B
BHOBB II0KA3aH IIPEABIAYIINI puc. 1.

Ha puc 4 mokazaHsl IIAOTHOCTH IIOTOKOB SHEPrHH Sy, = Sy +

S, Ha moBepxHOCTH MarHHTa B IHAOCKocTH XOZ. l'opmnsonTtasbHble

Amanna Ha yposHAX (0.75, 0, -0.75) coorBeTCTBYrOT 3HAYEHHUAM VY, IPU

kotopeix S,(x) = 0. Takum 06pPazoM, B AAHHOM IIOCTOSHHOM MarHHUTE
CYIIIECTBYIOT ABE HE3aBHCHMBIX 3AMKHYTBIX TPACKTOPHUHU ITOTOKA S9HEPIHN

Syz. DT TpaekTOpUN OOO3HAYCHBI CTPEAKAMH.

MoKHO BHUAETH, UTO

1.

B L[CHTPC I10 BCpTI/IKaAI/I HpOAOAbHaH HQ.HpH)KCHHOCTb HZ =

0, YTO HAOAFOAAETCH KaK «HEHTpPaAbHAs 30HA» ITOCTOSHHOIO

MArHUTAa,

Ha TOPIIE MATHUTA 3IIFOPA IIPOAOABHOM HAIIPAKEHHOCTH UMEET

BBIIYKAYEO (pOpMY H 7> 9TO COOTBETCTBYET HAOAIOACHHSAM,

KOHITBI BEKTOPOB CYMMAPHOH MATHHTHOI HAIIPSKEHHOCTH
— —

(H 7 + Hy) obpasyroT opmy «BocsMepka Morceepay,

P —
CyH.[CCTBYCT KOABIIEBOU IIOTOK SHCPTI/II/I Sx’y II0 HCpI/IMCpr

Mar”gura, HME?IOH.[Hﬂ OAHO HaHpaBACHI/IC II0 BCEH BBICOTE
Mar"gura (B TUAMTHAPHUYICCKOM MArHuTe - KOABL[CBO;I IIOTOK

SHEPIUHu z)

BBIBOABI M3 MATEMATHYECKOM MOAEAU COOTB CTCTBYIOT

HaOAIOAeHHAM MomnceeBa, XOTA U ABAAIOTCA HEONKUAAHHBIMU  AAA
TPAAUITHOHHOM TEOPHH.
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[maBa 15. YeTBepTas anekTpoMarHMtHas MHAyKums

I'AaBa 15. YerBeprad
SAEKTPOMATHUTHAA MHAYKITUA

OraaBaeHune
1. Berynaenme \ 1
2. CuABI W IIOTOKH 3AEKTPOMATHHTHOM
SHEPIUH B 9AEKTPOIIPOBOAHOM Teae \ 1
3. BHABI 9AEKTPOMATHUTHOI MHAYKIIAN \ 3

1. Bcryniaenue

Hinxe paCCManI/IBaIOTCH BapHaHTHI SACKTpOMaAr HUTHON
HMHAYKITH. BbIACAﬂCTCH HHAYKIMA, BBI3BAHHAA HM3MCHCHHCM IIOTOKA
BACKTPOMQ.I“HI/ITHOI‘/‘I SHEPruM — T.H. YCTBEPTad OSACKTPOMATHHUTHASA

naAaykoua [19]. Haxoawres 3aBucHMOCTh 3.A.C. 9TOW HHAYKIIUK OT
ITAOTHOCTH ITOTOKA 3AEKTPOMATHHTHONW SHEPTUM M  IIApaMeTPOB
mpoBoAa. PaccmaTpuBaeTcs MEXaHH3M BO3HUKHOBEHUSA ITOTOKA SHEPTHH,
ITOCTYHAFOITIETO B IIPOBOA M KOMIICHCHPYIOIIETO TEITAOBEIE IIOTEPH.

2. CuApl W TIOTOKHM 3AEKTPOMATHUTHOM

3HEPIUH B IACKTPOIIPOBOAHOM TEAE
3aKOH COXpaHEHHA HMIIYAbCA AAA TE€AQ, B3AMMOACHCTBYFOIIETO C
3AEKTPOMATHHTHBIM ITOAEM, MOKHO 3aITHCATh B CAEAYIOITIeM BuAE [13]:

oy =2
—5 D =5®V)+4gV, M

TAC

J — MeXaHMYECKHH UMITYABC YCTPOMCTBA,

P - TAOTHOCTD 9AEKTPOMATHUTHOTO HMITyAbCa,

0 - TAOTHOCTB ITOTOKA 9AEKTPOMATHUTHOTO HMITyAbCA,

V - oOpeMm TeAa, B KOTOPOM HMIIYABC 9ACKTPOMATHHTHOIO IIOAS

B3aUMOAEHCTBYET C TEAOM, T.€. C 3aPAAAMH B 3TOM OOBEME.

Baxmo mouepknyts, uro 312 QOpMyAd IIPHIMEHUMA TOABKO K TEAY, B
KOTOPDOM __ €CThb _ CBODOAHBIE  3apfABL.  Takoe  TeAO  ABAAETCA

3AEKTPOIIPOBOAHBIM.
Vpasuenwne (1) ozmavaer, 9TO CYMMAPHBIM HOTOK HMITyABCA BO
BCEM OOBEME ITOASl PABEH HYAIO.
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[maBa 15. YeTBepTas anekTpoMarHMtHas MHAyKums

MsBecTHO, 9TO CHAQ, ACHCTBYFOITIAS HA TEAO,

F———(/) )

CAEAOBATEABHO,
F __0dp
v o oot tg )
Wssecrro [13], gro
S
b= 2’ 4
g = c ( )

rae S — MAOTHOCTH TOTOKA IAEKTpOMArHHUTHOI sneprun. ObbeanHss (3-
5), HaXOAHM:

=) ©

Taxum O6p2130M, €CAH 9A€KTpOHpOBOAHO€ TEAO HAXOAHTCA B ITOTOKE

3ACKTpOMaFHI/ITHOI>‘I SHCPIUIL S TO HA HEro AGHCIBVET CHAA (6)

3AaBHCAITAA TOABKO OT ITOTOKA 3A€KT[20M3FHHTHOfI SHCPIUI S DT1a cuAa

CyIIECTBYCT 1 HpI/I IIOCTOAHHOM ITIOTOKE S, M TOTAA
F S

v o .

B  Tom CAy4Jae, ¢€CAHM IOTOK SACKTpOMaI‘HI/ITHOI‘/‘I SHCPIUI

PACIIPOCTPAHAETCA B TEAE€ C OTHOCUTCABHBIMU AUIAEKTPUIECKOM & H
MArHUTHOW A IPOHUIIAEMOCTAMH, B IIPEABIAYIIHE (POPMYABI BMECTO
CKOPOCTH CBeTa C B BaKyyMe HEOOXOAHMO IIOACTABUTH CKOPOCTH CBETA B
BEITIECTBE

c
C,=——. ®)

S
24
PaccmoTpum  cAydall, KOIAa BEKTOPBI 9AeKTpudeckoii E  u
MarHUTHOH H  HanpskeHHOCTEH IEePIEHAUKYASAPHBL TOraa BMeECTO

dopmyarr (6) morygaem:

F d (Seu SVeu
-=— (—) + — )
1% at c
Ecan, xpome TOTO, ITOAE ABASETCA ITOCTOAHHBIM, TO
F SVe
Z =2 (10)
|74 c

3. BUABI 9A€KTPOMATHUTHOU MHAYKITUH
I/ISBCCTCH 34KOH BACKTPOMaFHHTHOﬁ I/IH,A,yKHI/H/I
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e=— (1)

rae @ - marawrHBIEL 1OTOK, € - 3.A.c. M3BectHo Takxe [13], uro sra
SAECKTPOMATHUTHAS MHAYKIHA - ITOABACHHE 3.A.C. B IIPOBOAHHKE MOIKET
BO3HUKATH KAK CAGACTBUE BBIIIOAHEUS ABYX 3aKOHOB!

F=q(vxB), @)
OB

B coorBerctBHM € 3THM pa3sAHYArOT ABa BHAA 3ACKTPOMATHHUTHOM
MHAYKITIH —

LIEPBBIN BUA - CAy4ail (3), KOrAa B IIPOBOAHHKE 3.A.C. ITOSABASACTCH
BCAGACTBHE H3MEHEHUA MATHUTHOTO IIOTOKA, -  21eK/MpOMazHummas
UHOYKYUSA, 6bI36ANHAA USMEHEHUEM MATHUNIIHOZ0 NOINIOKAy

BTOPOM BHA - CAy4all (2), KOTAA 3.A.C. B IIPOBOAHHUKE ITOABAACTCH
IIOA ACHCTBHEM MATHHTHOH CHABI /\OpEHIIa BCACACTBHE B3AHMHOIO
IIEpEMEIIEHHUS IIPOBOAA M MATHUTHOTO IHOASl O€3 M3MEHEHUA MATHUTHOTO
IIOTOKA, - AeK/poMaziumnan undyKyus, svissartias cuson Aoperya.

MsBecten © TpeTwil BHA  3AEKTPOMATHUTHOH  HMHAYKIIUH,
BO3HUKAIOIIEH B YyHUIIOAApPHOM renepatope Papases — yuunosspras
aneKmpomaztiumas  undykyus. B aTOM reHepaTope ABHTaTEAb Bparmaer
ITOCTOSIHHBIM MArHHT, 4 Ha PAAHYCE MarHHTa CO3AACTCA 3.A.C., KOTOpasd
ompeAeAdeTcs 110 (POPMyAE BHAA

e=wBLl?/2, 4
NS

B - mHAyKIHA HOCTOAHHOTO MarHuTa,

L - aamHa paanyca MarHuTa,

@ - yTAOBasg CKOPOCTH BPAITICHHUA.

Ora dopmyaa IHOAyYeHA pasHBEIMH ~MeToAamm: B [22] ¢
IIPUMEHEHHEM TEOPHH OTHOCHTEABHOCTH M B [26] Ha OCHOBe 3aKOHA
COXpaHCHI/IH I/IMHyABCZ,.

[Ilupoko wmu3BecTeH U TOT (PaKT, YTO TOK HHAYIIHPYETCS B
IIPOBOAHUKE, HAXOAAIIEMCA B IIOTOKE SHEPTUU SAEKTPOMATHHUTHOM
BOAHEL Hazowem  azexmpomacnummyro  undyxyuro,  6wvi3garnmnyro  nomoxom
INEKINPOMAZHUMINON  IHepeust  FIE€TBEPTBIM _ BUAOM  SAEKTPOMATHHTHOI
HHAYKITHH. D.A.C. TONH MHAYKIIUN PaBHA ITAOTHOCTH CHA, ACHICTBYFOITIUX
HA 33apfAABl W BO3HHUKAIOIIUX C IIOABAGHHEM IIOTOKA 9SHEPTHHU
9AEKTPOMArHUTHOW. Beime atm cmabl ompeaeaensr mo (2.9, 2.10).
CAeAOBATEABHO, UeTBEpPTad 3.A.C. HHAYKIIIU PaBHA

0 Ssu) S\eu
& ==\ )+—
4 6t(c2 + c

()
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AU TIpHI HEM3MEHHOU BEAMYHHE ITOTOKA

__ Sveu

€4 = — ©)

CAeAOBATEABHO, BSAEKTPOMATHHTHBIH IIOTOK IIO3BOAAET 3apAAAM
(TOKy 3apfAOB) IIPEOAOAEBATH COIPOTHBACHHE ABM/KCHHIO M COBEPIIIACT
padoty (KOTOpas YaCTUYHO IPEBPAIIACTCA B TEIIAO). DTa CHAA ACHCTBYET
Ha BCE 3apAABI (9AEKTPOHEBI) B IIPOBOAE, HAIIPABAEHA B CTOPOHY TOKa (T.€.
OHA HE ACHCTBYET Ha IIPOBOA B II€AOM). Takmm 0Opa3oM, IHOTOK CO3AAET
3.A.C., KOTOpast " ABHIKET TOK'.

C Apyroil CTropoHEI, B TAaBE 5 IIOKa3aHO, YTO IIAOTHOCTD

QACKTpOMaFHHTHOfI SHCprI/II/I ABAACTCA (t)YHKL[I/ICI‘/‘I IIAOTHOCTH TOKa ] "

MATHUTHOMI HﬁHpH)KCHHOCTI/I H, q9r1o BI)Ipa)KaCTCH (pOpMyAOfI BrAad — CM.

(5.3.3):
S =pJH, (7)

TA€ L - 3ACKTPOCOIPOTHUBACHHE. Takum OOpa3oM, KaKABIH 3ACMEHT

IIPOBOAA C TOKOM H3AYYAET IIOTOK 3ACKTPOMATHHTHOH SHEPTHH. DTOT
IIOTOK IIPOHU3BIBACT CACAYIOIIUN 3AEMEHT IIPOBOAA M CO3AAET B TOM
9AEMEHTE CO3AACT CHAY, ACHCTBYIOIIYIO HA 3aPAABI, T.C. OIIPEACACHHYIO
BBIIIIC 9.A.C. YCTBEPTON IACKTPOMATHHUTHON MHAYKIIHH. DTa CHAA CO3AACT
TOK. Takum 06pazom,

TOK B CACAVIOINIEM AEMEHTE BO3HUKAET KAK PE3VABTAT IIOTOKA

SACKTQOMQFHI/ITHOI‘/‘I BHCQTI/II/I, CO3AAHHOTIO TOKOM H[}CABIASZQCFO

OACMCHTA.

3aMeTHM, UTO ITOTOK SHEPTHH, CO3AAHHEII HEKOTOPHIM 3AEMEHTOM TOK4,
HE moxer BO3AEHCTBOBATH HA 3TOT 3AEMEHT TOKA, TOYHO TAKKE KaK
ITOAE 3aPAAA HE MOZKET BOSACHCTBOBATL HA 3TOT 3aPAA.

Takoe HpeACTaBACHHE XOPOIIO COTAACYETCA C TEM H3BECTHBIM
daKTOM, YTO Y MOAHHH CYIIECTBYET AHAEP, ABIKYIIIICHA CO CKOPOCTEHIO
B HECKOABKO COT KHAOMETPOB B CEKYHAY — CM. TAaBy 10, paaea 7.

Wssecren SKCIIEPUMEHT, KOTOPBII MOKET CAYKUTD
SKCIIEPUMEHTAABHBIM AOKA32TEABCTBOM CYIIECTBOBAHMSA 3TOM MHAYKIIIH

[17].
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maBa 16. ONeKTpoOMarHMTHbIA XpaHUTENb 3HepPrum n ndopmaumm

I'AaBa 16. BAeKTPOMarHHTHHﬁ
XPAHUTEADb SHEPIUU U
HHcpopMaHHH

OraaBAenwne
1. Beeaenue \ 1
2. DKCIIEpUMEHTHI \ 2
3. MaTtemaTmaeckas MOACAD \ 4
4. Dueprus \ 8
5. Apyrue dopmst xpanureas \ 9
6. KonAeHCATOPHBIHN XpaHATEAD \ 10
7. O coxpamnstomeii cuae \ 10
8. Xpauureas B Bakyyme \ 11
9. 3akarouenue \ 12
10. ITpeanaraemerii sxcepument \ 12

1. BBeaAeHnue

M3BecTeH 9KCHEPUMEHT, KOTOPBIA AEMOHCTPHPYET COXPaHEHHE
IIEAOCTHOCTH HEKOTOPOHM KOHCTPYKIIMM IIPH OTCYTCTBHH BHAHUMBIX
CBA3YIOIINX CHA. TaKOH 9KCIIEpUMEHT BIIEpBbIe orucaH B 1842 roay, HO
AO CHX IIOp HE HaIlleA HAYIHOTO OObAcHeHuA. OAHAKO MHTEPEC K HEMY
He ocAabeBaer, 4yro orpakaerca B Murepmer-nyoaukanuax. B cratee
ITOKa3biBaeTCA (HAa OCHOBE pEIIeHHA ypaBHeHHH MakcBeAaa), UTO
SKCIIEPUMEHT OODBACHACTCA COXPAHEHUEM JAECKTPOMATHUTHONW SHEPIHH
BHYTPH KOHCTPYKIIHH U1 IIOABACHHEM CTOAYEH JAEKTPOMATHHUTHOI
BOAHBL

Ha ocHOBe 9TOr0 perteHus IIOKa3bBACTCA, YTO KOHCTPYKIIUA MOKET
OBITH BHITOAHEHA HE TOABKO Ha OCHOBE (DEPPOMATHEHTHKOB (YTO
M3BECTHO), HO U B BUAE KOHACHCATOPA, 4 CAMH XPAHUTEAH MOTYT HIMETh
pasHooOpasusie  dopmer  [160]. ITomummanme «IpHHITHIA ACHCTBHM
XPAaHUTEAS, CYIIECTBOBAHME KAK MATHHUTHOIO M  3AEKTPHYIECKOIO
XpaHUTEAEH, pasHOOOpasue ero opM MOIYT OBITH IIOAOKEHBI B OCHOBY
PA3AMYHBIX TEXHUYECKHX H300PETECHUH.

Aasee IOKa3BIBACTCA, YTO TAKHE KOHCTPYKIIMH MOIYT COXPAHATH HE
TOABKO SHEPIHIO, HO U HH(POPMAIHIO. DTOT (DAKT AAE€T OCHOBAHHE AAA
OODBACHEHNA TAKUX ABACHHUI, KAK MHPAKH ITPOIIAOTO (CPAKEHHA CO
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3BYyKaMH 00d). DTH ABACHHSA ITOPA3UTEABHBI H KAYT CBOETO CTPOTrOro
HAYYHOT'O OO'BACHEHHA.

HabAroAeHHA ITOKAa3BIBAIOT, 9YTO MHPAXKH HE MEHAIOT CBOC
ITOAOKEHIE Ha 3EMAE. YCTONYHMBOCTD IOAOKEHHUSA MHUPAKEH BEISBIBACT
0coOBI mHTEpec. B crarbe 1mokasaHo, 94To CTaOMABHOCTB ITOAOKEHHA
MHpAKa MOMKET OBITh OOBACHEHA TEM, YTO B 30HE MHpPakKa HMEETCA
crof’as  9ACKTPOMATHHTHAS ~ BOAHA,  HYABCHPYIOIIMH  IIOTOK
9ACKTPOMATHUTHON JHEPIUM M IYABCHPYIOIIAs 9ACKTPOMATHUTHASA
macca. llenTp Macc He MeEHAET IIOAOMKEHHE, YTO OOECIIEYHBACT
CTAOMABHOE ITOAOKCHHE XPAHHTEAA HA 3€MAE. TakuMm oOpasom, MUPaKH
MOKHO  PAacCMATPUBATH KAK  OKCIECPUMEHTAABHOE  AOKA3aTEABCTBO
CYILECTBOBAHHA  IACKTPOMAarHUTHOH Maccel. Cam  dakr  Taxkoro
AOKa3aTEABCTBA MOKET CTATh CTHMYAOM Pa3pabOTKH HOBBIX TEXHIYECKUX
YCTPOMCTB € HCIIOAB30BAHUEM SAEKTPOMATHHTHOI MACCHL.

2. DKCnepUMEHTHI

B [38, 133] onmceiBaeTcss CAGAYIOIIMI 3KCIIEPUMEHT — CM. puc. 1.
Bepyrcs ABa Opycka M3 MArHHTOMATKOTO JKEA€3a C BBICMKOH IO LIEHTPY
Opycka 1o Bceill AAmHE OpycKa. DT OPYCKH CKAGABIBAFOTCA TakK, ITOOBI
00OpasoBaAcs OOIIMI KaHAA. B 9TOT KaHAA BKAAABIBACTCHA IIPOBOA, 4 IIO
HEMy MPOIIYCKACTCA HMIIYABC TOKa. Ilocae 3TOro Opycku OKa3bIBAroTCA
CKPCIIACHHBIMI KAKOH-TO CHAOH. CHAQ HCYE32€T, €CAH IIO IIPOBOAY
IIPOIYCTUTh HMIIYABC TOKA, PABHBIH IIPEABIAYIIEMY IO BEAHYHMHE H
AAUTEABHOCTH, ~ HO  IIPOTHBOIIOAOMKHBIH IO  HAIIPABACHUIO.
O06sA3aTEABPHBIM YCAOBHEM BO3HHUKHOBeHHA 9deKra ABAACTCA TOUHAA
00pabOTKa IIPUAETAIOIINX ITOBEPXHOCTEH, HEe AOIYCKAIOIAsA ITOABACHHSA
BO3BAYIITHOTO IIPOMEIKYTKA MEKAY HIMH.

S yxe obparmasca k atoi Teme B [39]. 3aecs mpuBoAnTCA OOACe
cTporoe 0OOCHOBaHHE AAHHOTO fiBAeHHA. Celiuac MHTEPEC K 9TOH Teme
BepHYyACA OAaroaaps sxcrepumentam beaenkoro [133] — cm. puc. 2. Ho
Ha CAMOM AEAE 3Ta TeMa HMMEET AABHIOIO HcTopmro: B kuHure [134] or
1842r. paccmarpuBaercsa moaoOHas xkoHcrpykumA. Ha pumc. 3 m3 [134]
IIOKAa3aH Pa3bEMHBIH 9ACKTPOMATHUT. ['Py3Bl ITOABEIIHBAIOTCA K HEMY
IIOCA€ BKAIOYEHHSA TOKA, HO IIOCAE€ OTKAIOYEHHUA TOKA SACKTPOMATHUT HE
pacIrapaercs.
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= § [
—— — A"

o) ~7:49 / 43:44

Puc. l . Puc. 2.

Puc. 4. Puc. 5.

ODddexr He MOKeT OBITh 0OBACHEH AuM@y3ueil (T.K. OpyckH Ha
puc. 1 u 2 IpUKAAABIBAIOTCA APYT K APYry 0e3 AaBAacHusA u "orAnmaror"
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IIPX BKAIOYCHHH OOPATHOIO HMIIYABCA) M HE MOXKET OBITb OOBACHEH
MATHATHBIM ~ HPUTEKEHHEM  (T.K.  MaTepuaA  OpPYCKOB  ABAfAETCA
MAaTHUTOMATKHM 1 HC COXpaHHCT HaMaFHI/IqCHHOCTB).

3BeCTHBI B APYIHE 9KCIIEPHUMEHTBI, ACMOHCTPHUPYIOIIUE TOT KE
sacpdexr. Ha pmc. 4 mokasaH 5ACKTPOMATHHT, COXPAHAFOIIHH CHAY
HIPUTAKEHIA IIOCAE OTKAFOYEHHA Toka. lIpeAmoaararor, 91O TakmMm
9ACKTPOMATHUTAMH IIOAB30BAACH DA /\EEACKAAHUH IIPU CTPOUTEABCTBE
saamenuToro Kopaaaosoro samka — cm. puc. 5 [38].

Bo Bcex 9THX KOHCTPYKIIMAX B MOMEHT OTKAIOUEHHA TOKA
5AEKTPOMATHATHAA 3HEPIHA HMEET HEKOTOPOE 3HaYeHHe. DTa SHEprusd
MOKET PACCEATHCA IyTEM U3AYICHHUA U TEIIAOBEIX TOTeph. OAHAKO, €CAI
>t (PAKTOPHl HE CYIIECTBEHHBI (IO KpafiHell Mepe, B HAYaABHBIH
IIEPHOA) SAEKTPOMATHUTHAS SHEPIUA AOAKHA COXPAHATHCA.

AQ.ACC MBI PAaCCMOTPHUM YCAOBMA, IIpH CO6AIOA€HI/II/I KOTOPBIX
SACKTPOMATHUTHAA SHEPIrusd COXpPAHACTCA CKOABb VJIOAHO AOATO, 2
COOTBCTCTBYrOIIAS KOHCTPYKLII/IH MOXKET paCCManI/IBaTbCH Kak
BACKTPOMQFHHTHbIﬂ XpaHI/ITCAb BHCPFI/II/I.

3. MareMarnueckas MOAEAD

Paccmorpum kyO, cocTOAIMIT M3 MAHHTOMATKOIO MAaTEpHAAd C
OIIPEACACHHBIMH a0COAFOTHOM MATHHUTHOH IIPOHHIIAEMOCTBIO M 1
aOCOAIOTHOH — AMAIAEKTPHUYECKON IpoHHIaeMocteio & . Ilycts B
pesyAbTare HEKOTOPOTO BO3ACHCTBHA B KyOe BO3HHKAA

9A€KTpOM21FHI/ITH21H BOAHaA C 9H€pFI/I€I>‘I WO . B KY6C HET TEIIAOBBIX

IIOTEPh, 4 U3AYIEHHUA KyOa (B T.4., H TEIAOBBIE) IPEHEOPEHKIMO MAABL
Yepes HekoTOpOE BpeMsA IapaMeTpbl BOAHBI IIPHUMYT CTaI[HOHAPHBIE

smavenms, onpeaeasemsie smavermu U, £, Wy n pasmepom kyba.
DTUMH [TAPAMETPAMHE ABAAIOTCH HAIPSIKEHHOCTD 9ACKTPHYECKOTO ITOAS 1
HAIIPAKCHHOCTh ~ MATHUTHOTO — HOAS  Kak  (DYHKIHH — ACKAPTOBBIX
KoopAuHat u Bpement, T.e. E(x,y,z,t) u H(x,y,z,t).
Aaf  TOoro, YroOBI KyO HeE MH3Ay4aA C IIOBEepXHOCTH XO)),

HEOOXOAHMO, YTOOBI Ha BCEX TOYKAX TOH HOBEPXHOCTH

ExH, =0wu E,H, = 0. (Oa)
AHAAOTHYHBIE YCAOBHA AOAKHBI COOAFOAATBCA HA IIOBEPXHOCTAX XOZ 1
Yoz, r.e.

ExH,=0uE,H, =0, (Ob)

EyH, =0wuE,H, = 0. (Oc)
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Urak, dyaximmm  E(x,y,z,t) u  H(x,y,zt) aoaxus
yaoBaetBOpATh ycaoBuaMm (0) m cucreme ypasuenuii MakcBeasa. Mer
PACCMOTPHUM YPaBHEHHSA CACAYIOIIIETO BHAA:

boooH, dHy o,
oy 0z ot

> 0Hy oH, OBy
0z OX ot

b Hy oHy 0B,
ox oy ot

A 5EZ_8Ey+ﬂaHX:O (1)
oy oz ot

5. aEx_aEz+ﬂ8Hy:0
0z oX ot

6. aEy—aEX+yaHZ=O
ox oy ot

b 0By By OB,
oXx oy oz

% oHy OHy oH,
OX oy 0z

Dra cucTeMa YpaBHEHUI PEIIeHA B IAaBe 2d B oOmmem Buae. Penrenmem
ABAAIOTCA (PYHKIINH CACAYIOILIETO BHAA:

Ex(x,y,2,t)=e,cos(ax)sin(By sin(yz)sin(at), 3)
Ey(x,y,2,t)=eysin(ax)cos( By sin (2 )sin (et),

E,(x,y,2,t) = e,sin(ax)sin( By Jcos(yz )sin(at). 5)
H,(x,y,z,t)=hysin(ax)cos(By )cos(z)cos(at), ()
Hy(x,y,2,t)=hycos(exsin(By Jeos(yz )cos(at),  7)
H,(x,y,z,t)=h,cos(ax)cos(By sin(sz)cos(at), )

TAC
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€ys ey 87, hX , hy , hZ - IIOCTOSIHHBIC AMIIAUTYABI (DYHKIIHH,
a, 5, A — koHCTAHTHI,

W - 9aCTOTA.

B mammem wactHOM cAydae IPEAITOAOKHM €INE, YTO HAYAAO KOOPAHHAT
HAXOANTCA B IIEHTPE KyDa, y KOTOPOTO AAHHA ITOAYpeOpa paBHA

R=(1/a), (8a)
[Ipu aTOM ypaBHEHHE BUAQ
sin(a - a) = 0,sin(B - a) = 0,sin(y - a) =0, (8b)

obecreunBaeT BormoAHeHue yeaoBus (0).

HOCKOABKY Crucrema CI/IMMCTpI/I‘{Ha, HpI/IMGM
a=p=1. (8¢)

Toraa m3 obmrero perenns B raase 2d (cm. tam dpopmyasr (11-15,18))
HAXOAHM:

h, =0, ©9)

ey = —hx—a, (11)
EW

ey =€y, (12)

e, =—2ey, (13)

h, =— 3 , (14)
Y700,

—q |
a)—a\/;. (15)

3anuIem HAIPMKEHHOCTD (3) B BUAE

Ey (x,7,2,t) = e, sin(wt)Ey (x,y,2z) (16)
TAC TpHFOHOMCTpI/I‘{CCKaH @yHKHI/IH
EI(x,y,2) = cos(x x)sin(By)sin(yz) (162)

AmnarormaHbIM OOpasom sanminem dyakmuu (4-8) ¢ yuerom dopmya
(10a, 12-15)

E, (x,y,z,t) = e, sin(wt)E] (x,y,z) 17
E, (x,v,2t) = —2e, sin(wt)El(x,y,2) (18)
H, (x,v,2,t) = —%ex cos(wt)HI(x,y,z) (19)
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H, (x,y,z,t) = %‘)ex cos(wt)Hy (x,y,2) (20)
H, (x,y,z,t) =0 @1

HaiiaeMm Termepnb KBaApaT MOAYASl CYMMAPHBIX HAIIPAKEHHOCTEH:

E? = (EZ + E} + EZ) = 6eZsin?(wt) - E*" (x,y,2) ©2)
2
H? = (HZ + H?) :2(%0) e2cos®(wt) -H*  (x,y,2) @3

TAC

E*T(x,y,2) = (E;(x, y, z))2 + (E;(x, Y, Z))2 + (EZT(x, Y, z))2(24)
H*"(x,y,2) = (Hf (x,, Z))2 + (H;(x, y, z))2(25)

PaccmoTprum oTHOIIIEHNE
_ EZT(x,y,z)
q-= HZ (x,y,2)
Mo:xno mokasare (cM. Khranitel.m), aro npu ycaosun (9a) ornorenune

(20)

HC 3aBHCHUT OT pasMCcpOB Ky6a ¥ BeAmumHB XK. DTO O3HAYaCT, 4YTO
AMITAHUTYABI CYNIMélpHI)IX HaHpH)KeHHOCTGfI OTHOCATCA KaK

E? _ 6e,ch )
I-I_2 - cw\ 2 a
2(%7)
AN
6 _ e _ /% o
[H| %w\/f Ew
AN
EW
|H|_am|E| . (29)
Anst kyOa
q = 3. (30)
Toraa
EW
|H| = |E|. . 61)
4. DHeprus

HAOTHOCTI) BHCPFI/II/I paBHa
W = ¢E* + uH?

HAH, C YICTOM HpC,A,I)IAyH_II/IX (pOpMyA,
2

L)
W = ¢-6e2sin®(wt)  E*T(x,y,2) + u- 2 (7) eZcos?(wt) - H*" (x,y,2)
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Vanresad (26), samurmem:

20 rEWN2
W =E*T(x,y,2) - e?| 6e'sin?(wt) + 7# (?) cos?(wt)

Ecam gacrora YAOBACTBOPACT YCAOBHUIO

o2 (2)
q \a
nuAm, ¢ yaetom (27), ycAOBHIO
w = 3_0.” (32
N
TO
W = 6¢e-E* (x,y,7) - e2(-sin?(wt) + cos?(wt))
nAn

W =6g-E*"(x,y,2) - e2. (33)

CAeAOBATEABHO, €CAHM YaCTOTa yAOBAeTBOpsAET ycaosuro (30), To
SHEPIUfA IACKTPOMATHUTHON BOAHBI HE 3aBHCHT OT Bpemenu. [loamas
sHeprusA B oObeme Kyoa

w=/ff, y.Waxdydz = 6e- e [ff, E*(x,y,z)dxdydz. (34)

I/ITQ.K, CYIIIECTBYCT TaKasg 9acroTa SACKT[QOMaFHI/ITHOﬂ BOAHDI, HpI/I
KOTO [20171 JHEC QI‘I/IH IACKT EzOMaFHHTHOﬁ BOAHBI B KOHCT[!ngI/II/I

COXPAHAETCA MOCTOAHHOM.
W3 (31, 32) caeayer, 9TO IpH 3TOM

€ 3a 3
HI = 22 1F1 = 1E| [ o
N3 (16- 21) caeayer, uTo
E = |E|sin(wt),

H = |H|cos(wt).
DTO 03HA4YAET, YTO IIPH YKA3AHHBIX YCAOBHUAX B KyOe CyIIlecTByeT
croAYas JACKTPOMArHUTHAA BOAHA. Crosdyas BOAHA HE H3AYIACTCH
CKBO3b I'DaHH KyOa.

5. Apyrue ¢popMsl xpaHUTEAd

Beirmie pacematpuBasca xpannteab B popme kyoOa mpu yeaouu (9a).
AAfl CyIIIeCTBOBAHHA XPAHUTEAA APYTOH POPMBI AOCTATOYHO YOECAHTCH B
TOM, 9TO AAfAl 9TOI (DOPMBI BeAmdHHa (20) HE 3aBHCHT OT Pa3MEPOB TEAA
U BEAHYHHBI X. ABTOp IIPOBEPHA BBITOAHEHUE ITOIO YCAOBHA AAf
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LIIAMHAPA C BBICOTOH, PaBHON AHMAMETPY, U AAfl cpepbl. ¥V 2THX Tea,
TaK#Ke, KaK U y Ky6a, § = 3.

AAfl TEA € LEHTPAABHOM TOYKOH CHMMETPHH (IAPAAACACIIHIICA,
IUAUHAP IHPOMU3BOABHOHM  BBICOTBEI, ITMAHMHAPD C  3AAUIITHYCCKUAM
OCHOBAHHUEM, SAAUIICOHA) YKA3aHHOE YCAOBHE TAK/KE BBIITOAHSAETCA, HO

and Hnx § F 3.

6. KonaeHCATOPHBIN XpaHUTEAD

M3 M3AOKEHHOTO CAEAYET, YTO 3HAYEHHE IIapaMeTpoB &, He
BAHACT Ha caM (PaKT CYIIECTBOBAHHUA pPACCMATPUBAEMOIO ABACHUS.
[TostomMy Kpome MATHHUTHOTO XPAaHHTEAA MOKET CYIIECTBOBATbH
KOHAEHCATOPHBIN XpaHUTEADb. V] Takoli cymiecTByer.

MsBecten sKCIepUMEHT, KOTOPBIA ABASCTCA (HA HAIIl B3TAfA),
HEOCIIOPUMBIM ~ AOKA32TEABCTBOM TOTO, YTO 3HEPIHA KOHAEHCATOPA
xpanurca B AmdAekTpuke [122]. Aaf mpoBeAeHHA OIBITOB ObIAQ
HU3TOTOBACHA YCTAHOBKA M3 ABYX KOHAGHCATOPOB, MEKAY KOTOPBIMHU
IIEPEMEIIIACTCA AUIAEKTPUK. B pesyaprate B OAHOM KOHAGHCATOPE
AMSAEKTPHK 3aPAKACTCA SHEPTUEH OT BEICOKOBOABTHOTO MCTOYHHKA, 4 U3
APYTOTO KOHAEHCATOPAa 39Ta SHEPIUsA M3BAEKACTCA — KOHAECHCATOP
paspskaeTca depes pPaspAAHHK. ABTOpP 9KCIIEPHMEHTA OODBACHACT ITO
ABACHHE IIEPEHOCOM 3aPAAA B AUDAEKTPHKE. DTO U HE YAHBHTEABHO: AO
HACTOAIIETO BPEMEHHU AEOATHPYETCA BOIIPOC O TOM, TAE K€ XPAHUTCA
3apdA. [ToaoOnbIe, HO 3HAUNTEABHO MeHee 9(PEKTHBIE SKCIIEPHMEHTEL,
AO CHX IIOPp OOBACHAAUCH TEM, YTO HA IIOBEPXHOCTU AUIAEKTPHKA ITOCAE

ChbEMa METAAAMYECKONH OOKAGAKH BCETAA COXPAHACTCHA ITACHKA BAATH,
coxpansroras 3apaA [123]. Ho kak sTa maeHka ycreBaeT BOSHUKHYTH M
KaK BOAQ YCIIEBACT 3aPAAUTHCA — 3TOT BOIIPOC HE PACCMATPHBACTCA.

Takum  00pa3oM, 9AEKTPOMATHUTHAs OSHEPIusA, KOTOpad B
3APMKEHHOM KOHACHCATOPE XPAHUTCA B BHAE CTALIMOHAPHOTO ITOTOKA
SAEKTPOMATHUTHOH 9SHepruu (CM. IAaBy 7) HIpH CHATHH OOKAAAOK
IIPEBPAIIACTCA B 9HEPIHIO CTOAICH BOAHEL

[lyctp  AMDAEKTPHK  KOHAGHCATOpa  COCTOMT M3 ABYX
HECKPEIIACHHBIX YacTel. 3apAAUM €ro U CHHMEM 3aPAKEHHbBIE OOKAAAKM.
O0e gacTH AUDAEKTPHKA OYAYT YAECPKHBATHCA HEKOTOPOH CHAOH. ABTOP
HE BBITOAHAA TAKOHM 3KCIIEPHMEHT, HO, OE3YCAOBHO, OH MOKET OBITH
BBITTOAHEH.

7. O coxpaHAIOMIEN CHUAE
ITaoTHOCTD BACKTPOMQTHHTHOﬁ BHCPFI/II/I paBHa, KaK HM3BCCTHO,
BHYTPCHHEMY AABACHHIO B TEAC, TAC HAXOAUTCI 3Ta SHCPFI/IH. Cuaa
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AABACHUS HAIIPABACHA BHYTPb TeAa (TAKXKE, HAIPUMED, KaK B
3apMKEHHOM KOHAEHCaTOpe). [Ipu pacTsikeHnn Teaa yBEAMIHMBACTCS €O
SHEPIUS, IIOCKOABKY YBEAHYMBACTCS €0 OOBEM IIPHU IIOCTOSHHOI
nAotHOCTH 9Heprun. CAEAOBATEABHO, AAS DPACTSKECHUS TEAA HYKHO
coBepmuth  pabory. CmAa pacTsKeHUs paBHA CHAE BHYTPEHHETO
AABACHUS B HAIPABACHUM ACHCTBUS CHABL. DTO O3HAYACT, YTO
"paspymnTeAro” HYKHO IIPEOAOACTH Takyro cuAy. Vimenno s1o u
AEMOHCTPHPYETCS B YKA3AHHBIX SKCIIEPUMCHTAX.

8. XpaHHUTEAD B BaKyyMe

Eime pas moAuepkHeM, 9TO 3HAYCHHUE HAPAMETPOB &, I HE BAHAET
Ha caM (aKkT CyIIECTBOBAHHA PAacCMATPHBAEMOro fABAeHHA. [loaTomy
KPOME  MATHHTHOIO W  KOHAECHCATOPHOIO  XPaHUTEAl  MOMKET
CYIIECTBOBATH BAKYYMHBIN XPAHUTEAD.

I'oBops 0 BakyyMHOM XpaHHTEAE, TPYAHO IIPEACTABUTH ceOe ero B
YETKO OIPAaHHYEHHOM OOBEME, HAIIPHUMEP, B BHAE BAKYyMHOIO KyDa C
YETKUMH CT€HKaMH. BakyyMHBII XpaHHTEAb MOKET OBITh, HaIpUMEpP, B

oObeMe, IIAABHO YMEHBIIAFOIIEMCH 110 MEPE YAAACHHA OT IeHTa. TaKoi
00BEM MOKHO IPEACTABUTH B BUAE AOCTATOYHO ITAOCKOTO SAAHIICOHAA.
Apyrofi BapmaHT BakyyMHOTo oOObema — (uIypa, OIIHCHIBACMAs
dopmyAoit Braa

=== -0~ )

rae N — xoncranTa — oM. puc. 0, rae N = 200. WMuTepecHO OTMETHUTB,

9TO U B 9TOM CAy4ae ( = 3.

400

200

Puc. 6.
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DAEGKTPOMATHUTHAS BOAHA B BAKYYMHOM XPaHHTEAE SHEPIHH
MOZKET OBITh MOAYAHPOBaHA. B TakoM cAydae 3TOT XpaHHTEAb SHEPIUH
rpesparnaercs B xpanureAb undopmarmu. [Ipu paspymenun takoro
XpaHUTEASl M3  HEIO  H3AYYAETCA  DACKTPOSHEpPrHa B BHAE
MOAYAMPOBAHHON BOAHBI.

WMzBectarr cayganm paawmoniepeaad 30-x TOAOB (IlecHH, pedb),
MHpPaKH IIPOIIAOrO (CpasKeHHA CO 3BYKAMH 00f). ODTH ABACHHA
opasuTeAbHBl 1 HeoObAcHuUMEI [136]. BaxkzO ormermTs, YTO OHHI
HMEIOT KECTKYIO IIpHUBA3KYy K MecTHOCTH. Hampmmep, B [137] umraem:
«Esmcezo0no monvko 6 Caxape nabarodaemea 160 mvicay 6ce603MocHbI Mupasket.
IIpuuem sosnuraromue Hosere Kapmums: nym Jice Hanocames tHa Kapnet 044
Gedyuros ... Dmo ewirysclennan Mepa, max Kax 0viéanqu cayda, Koda Us-3a
Mupasicetl nozubanu yeavie Kapasarvl.»

VaureBas MPEABIAYIIIIE BBIBOABL, 3T ABACHHA MOKHO OOBACHHUTH
TEM, 9YTO B HEKOTOPOM OOBEME 3aIIOMHHAECTCA MOAYAHPOBAHHAA
SACKTPOMATHHUTHAA BOAHA. DTOT OOBEM MOKET OBITH PA3PYIIECH U TOTAQ
13 HErO HM3AYYaeTCsA 9Ta BOAHA B BHUAE PAAHOIIEPEAAYN HAH B BHAE
BUACOIEpeAayun. Bo3MOMXKHO, dYro 9TOT OOBEM MOKET YACTHIHO
paspyIIaThCA, a 3aTEM BOCCTAHABAMBATBCA M TOTAA TAKHE IIEPEAAYN
roBTOpsAtOoTCA. BO3MOKHO Takke, 9TO 3TOT OOBEM MOKET PACIITHPATHCA C
YVBEAMYECHUEM SHEPIHH (32 CYET IIOCTYHIAFOINEH H3BHE SHEPIHH) Oe3
M3MEHEHHA YaCTOTBl BOAHBL Toraa oOpasyerca BOCCTAHABAMBAEMBII
XpaHUTEAD HH(POPMAIIHH.

[Ipy srOoM BO3HHKaeT BOIIPOC, HA KOTOPBIH OOpPATHA MOE
BuuManne A.A. 3axapeHKO: Kak OOBEM XPAHUTEAS YACPKHBACTCA Ha
mectHOCTH? ECAM XpaHHTEAD pPeaAn3yeTcs B BO3AYIIIHOM AHIAEKTPHUKE,
TO OH (XPaHHTEAB) AOAKEH IIEPEMEINAThCA IOTOKaMU Bo3Ayxe. Ecan on
peaamsyercad B OObeMe Bakyyma, TO 3eMAA B CBOEM ABIKECHHH AOAKHA
ITOKHHYTb 9TOT OOBEM.

OrBer, HO-BHAUMOMY, COCTOUT B CAeAyroreM. Kax ykassBasocsh, B
oObeMe XPaHHUTEASl COXPAHACTCA JACKTpoMarHuTHas sHeprua W u
CYIIIECTBYET CTOAYAA IAEKTPOMArHuTHaA BOAHA. CAEAOBATEABHO, B 3TOM
00BEME IYABCHPYET IIOTOK JAEKTPOMATHHTHON sHeprun S. Bmecre c
3THM ITOTOKOM €CTh MMIIYABC P 3AEKTPOMATHHTHOM BOAHBI M Macca M
3AEKTPOMATHHTHOH BOAHBEL DTH BEAMYHHBI CBA3AHBI MEKAY COOOH H €O
CKOPOCTBIO PACIIPOCTPAHEHHA SAEKTPOMATHUTHOM sHepru# ¢ [13]:

S =Wec, )
p=", e
m= % 3)

CAeAOBATEABHO,
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maBa 16. ONeKTpoOMarHUTHbIM XpaHUTENb 3HEPrum n ndopmalmm

W3

m=-— )
Dra  JAEKTPOMATHHTHAS ~MacCca IYABCHPYET BMECTE C IIOTOKOM
SAEKTPOMArHUTHOM sHeprun. (OAHAKO IIEHTP MacChl HE MEHAET
roAoxeHnA. CAeAOBATEABHO, OOBEM XPAHUTEAA MOKHO PaCCMATPHBATH
KaK OOBEM IIYABCHPYFOIIEH MACCHI C ITOCTOSHHBIM IICHTPOM TAKECTH.
Dra Macca YACP/KHBAETCA Ha MECTe 3E€MHBIM IIPUTHKEHHEM U HE
B3aHMOACICTBYET C MATEPHAABHOI MACCOI, T.€. HE MOKET OBITh CABUHYTA
IIOTOKOM BO3AyXa. Tem camMbIM oOecriedanBaeTca CTAOMABHOE IIOAOKEHIE
XPaHHUTEAS HA MECTHOCTH.

Bosumkaer m Apyro# Bompoc, Ha KOTOPBIH TakKkKe OOPATHA MOE
BHuMaHEEe A.A. 3aXapeHKO: IIOYEeMy OTCYTCTBYIOT MHPAKU COOBITHIA,
KOTOPBIE IIPOUCXOAUAN Ha 3EMAE COTHH HMAM THICAYN AeT Hazaa? Orer,
BHAHUMO, COCTOUT B TOM, 9TO XPAHHUTEAb YACTHYHO PA3PYIIACTCA IIPU
N3AYVICHHH JACKTPOSHEPIUA B BHAC MOAYAHPOBAHHOM BOAHBI, 4
BOCCTAHOBACHHE JHEPIUHM MOKET OBITh HEIOAHBIM. OTH (PaKTOPHI
OIPaHUYMBAIOT CPOK CYIIECTBOBAHUSA XPAHHTEAS.

9. 3akAroueHwue

VI3 M3AOKEHHOTO CAGAYET, YTO B KyOE MOKET CYIIIECTBOBATH TaKas
9ACKTPOMATHUTHAA BOAHA, IIPX KOTOPOH TpaHM KyDa HE HM3AYYAOT, a
TEIIAOBBIE TIOTEPH OTCYTCTBYIOT (ITOCKOABKY OTCYTCTBYIOT SAECKTPHUYECKHE
TOKH A@KE€ B JKEAE3HOM KyOe). B 9THX yCcAOBHAX 3AEKTPOMATHHTHASA
BOAHA MOJKET CYITIECTBOBATH CKOAB YTOAHO AOATO. Takoi KyO coxpanser

® BCAMYHHY 9ACKTPOMATHUTHOM SHEPIUH,

®  IICAOCTHOCTH KOHCTPYKITU.
Tako#l XpaHUTEAb MOMKET HMETb APYIVIO, HE KyOmdeckyro opmy u
HM3TOTOBAEH U3 Pa3AHYHBIX MaTepruaAoB. OH MOKET OBITh PEAAH30BAH B
BUAE T€AA HAU B BUAC HEKOTOPOTO OObEMA BAKYyMa.

Bmecre ¢ sHepruer XpaHUTEAb MOKET XPAHUTh HH(OPMAIIHIO.

XpaHHTEAb MOMKET HMETb HE TOABKO TEXHOICHHOE, HO U«
€CTECTBEHHOE IIPOUCXOKACHHE. SIPKUM IIPIMEPOM ABASIOTCA XPAHUTEAH
nH@MOPMAIIUN O COOBITHAX HA 3EMAE, IPOABAAFOIIUECA KAK MHPAKI
ObiABIX ~ OmtB. Takme  XpaHHTEAH  AOKasbIBAIOT, KPOME  TOIO,
CYILIECTBOBAHHUE MACCHI IAEKTPOMATHUTHOI BOAHBL

10. ITpeararaeMsrit SKCIIEPUMEHT
PaCCMOTpI/IM BKCHCPHMCHT ANAA OHp CACACHUA SHCPTI/H/I,
321H2.CCHHOI>1 B XpaHI/ITCAC — CM. pI/IC. 1, TAE
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M — MarHUTOIIPOBOA, CACAAHHBIA M3  3AEKTPOIIPOBAHOIO
MArHUTOMATKOIO MaTepHaAd, PAa3HUMAEMBII 110 IIAOCKOCTH
Z,

S - coaeHOHA, ITO KOTOPOMY IIPOTEKAET TOK 1,
K — n3mepureAbHas KaTyImka,

R 1 - pCSI/ICTOp , BBIBOABI KOTOpOI‘O HpI/IHaHHbI K TO4YKaM

MAarHuTOIpPOBOAa M BOAH3K IIAOCKOCTH Z H IO KOTOPOMY
IIPOTEKACT TOK I,

2 - PE3ucTop, BBIBOAB  KOTOPOTO
HU3MEPUTEABHOI KaTyIke K.

d

-

HpI/ICOCAI/IHCHbI K

12
—

i1
—_—

Puc. 1.

1. Brauase maramTonpoBoA M CMBIKAeTCA IO IIAOCKOCTH Z Tak,
YTOOBI 3a30p OTCYTCTBOBAA, U B COACHOUA S moaaerca Tok 1. I1pu stom B
MarHuTOIpoBOAe M 3amacaercs MarHUTHASA SHEPIUA

W = 0.5uu,N?%I1?V 1)
TAC
[.lo - a6COAIOTHaH MarHuTHasa HpOHI/IHaCMOCTb BaKYYMa,

U - OTHOCHUTCAPHAA MarHUTHAA TIPOHNUIIACMOCTD MATHUTOIIPOBOAA,
N - KoAUYeCTBO BUTKOB COACHOMAAQ,

V - 06beM MarHUTOIIPOBOAA.

16-13



maBa 16. ONeKTpoOMarHUTHbIM XpaHUTENb 3HEPrum n ndopmalmm

2. Tlocae 9TOTO TOK OTKAIOYAETCA U TEM CAMBIM CO3AACTCA
XPaHUTEAD SHEPIHU.

3. 3arem wMmarHHTOIPOBOA pasHumaerca. Ilpm  paspymenun
XPaHMTEASl €rO 9HEPrUs BBIACAACTCS B TedeHme BpemeHm 1 ¢
morrocteio P(t). TTpeartoaoxnm, 9o

P(t) = Pye™ . )
Toraa

W = [ Pe®dt. 3)
BeAmanHaa MrHOBEHHOI MOTITHOCTH YMEHBITIHTCA B €° ~20 pas mpu

at = 3. “)
[TosTomy DyAem IToAarath, 9To

a="3/r. ®)

Toraa u3 (3) moxuO Hatiti P, .
[TpeArroAokuM, 9TO BCA SHeEprus BoIAeAseTcs Tokom i(t) B

i(t) =yP(t)/R ©)
7KeAaTreAbHO BBIITOAHHTD 3 9KCIIEPUMEHTA.
B sxcrrepumente 1 B kagecTBe pesncTopa HCIIOAB3YETCHA PE3UCTOP

pesucrope R. Toraa

Ry, a Apyro#t pe3ucTop OTKAFOYEH.

B skcnepumente 2 B kagecTBe pe3nCTOPa UCHOAB3YETCA PESUCTOP
R,, a Apyroii pe3ncTop OTKAIOUYEH.

B sxcrrepumente 3 BkArogaroTca 06a pesucTopa.

AAf aHAAN32 PE3YABTATOB KCIIEPHMEHTOB HEOOXOAUMO
OIIPEACAUTD

W, R, T )
U CpaBHUBATh HADAIOAAEMYIO KPHBYIO saryxams Toka i(t)c
BBEIYUCAEHHON KpuBOH (0).

B skcrrepumente 3 sHeprua OYAET pacIPEeACAEHA MEKAY OOOMMHU
pesucropamu. CpaBHeHHE TOKOB B OTHX PE3HCTOPAX IIO3BOAUTD
(BO3MOKHO) CAEAATH BBIBOA O TOM, B KAKOM BHAC XPAHHTCA dHEPIUA - B
BUAE OHEPIHH JACKTPOMATHUTHOIO IIOAA HAH B BHAC MArHHTHOM
SHEPIHUH.

B aaapmefimeMm MOKHO OBIAO OB MOAYAHpPOBaTH TOK [ B
COAGHOHMAE TOKOM BEICOKOH 9acTOTHL I1pm 3TOM, BO3MOKHO, YAAAOCH OBI
OOHAPYKUTH Ty BHICOKOYACTOTHYIO COCTABASIOIIYIO B TOKE 1.
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I'AaBa 16a. K Bompocy o
BHYTPUAAECPHBIX CHAAX

OraaBaenwne
1. Beacnme \ 1
2. DHeprus, IOTOK SHEPTUU U UMIIYABC SAEKTPOMATHUTHOTO
oast kyba \ 2
3. O6beanHeHue U pacaA KyooB \ 3
4. XpaHUTEeAb 9AEKTPOMATHUTHON BOAHBI \ 4
5. Buyrpusiaepabie B3auMOoAeHCTBHSA \ 5
6. O crimue HykAOHA 1 sIAPa \ 6
7. D dexr 3ennona \ 6

1. BBeaeHnue

B raase 16 paccmarpmBaercsi SKCIEPHMEHT, AEMOHCTPHPYFOIIHIT
COXpPaHEHHE IIEAOCTHOCTH COOPHON KOHCTPYKIIUHA IIPH OTCYTCTBHH
BUAMMBIX ~CKPEIAAIOIINX CHA. [lokaswBaercd, dYTO 9KCIIEPHUMEHT
OOBACHACTCA IMOABACHUEM IIOTOKA SACKTPOMATHUTHON 9HEPIHH BHYTPH
KOHCTPYKITHH. AaAee pacCMaTPUBAIOTCA TaKHe (DOPMBI TE€AA, IIPU KOTOPBIX
SAEKTPOMATHHUTHASl SHEPIUH COXPAHACTCA CKOAB YITOAHO AOArO. Pamee
HIDKEH3AOKEHHOE YACTHYIHO OBIAO onyOAnkoBano B [170].

HaubGoaee moapoOHO — ommceBaerca  KyO, cocrofimuil U3
MArHUTOMATKOIO U AHIAECKTPUYECKOIO MATEPHAAA C OIPEACACHHBIMU
a0COAFOTHOH  MATHUTHOI OPOHUIIAEMOCTBIO U H’ 20COAFOTHOI

AMAEKTPUYECKOI IpOHHUIIAeMOCTEIO & . [IycTh B pesyabTaTe HEKOTOPOTO

BO3ACHCTBHUA B KyO€ BO3HHKAA 9ACKTPOMATHUTHAsA BOAHA ¢ sHeprueit W,.
B kybe Her TemAOBBIX IHOTEpPb, 4 M3AyYEHHA KyDa OTCYyTCTByIOT. B

YACTHOCTH, AAf TOTO, YTOOBI KyO HE H3AyYaA C IIOBEPXHOCTH XO)),
HEOOXOAHUMO, YTOOBI Ha BCEX TOUYKAX 9TOH IIOBEPXHOCTH

DTH yCAOBHA O3BOAAIOT HANTH perreHne ypasHeHuit Makcseasa. B
raase 16 MOKa3aHO, YTO 3TO PEIIEHNE UMEET BHA.

E,(x,y,2,t)=e,cos(axsin(aysin(az)sin(wt), )
E,(x,y,z,t)=¢sin(ax)cos(aysin(az)sin(et), @
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[naBa 16a. K Bonpocy 0 BHYTpUAOEepHbIX cunax

E,(x,y,2,t)=e,sin(ax)sin(ay)cos(az)sin(at). ()
H, (x,y,z,t)=hgsin(ex)cos(ay)cos(az)cos(at), ()
H, (X, y,z,t)=h,cos(ax)sin(By Jcos(az)cos(at), )
H,(x,y,z,t)=h,cos(ax)cos(ay ssin(az)cos(at),  (s)
sin(a - a) = 0,sin(f -a) = 0,sin(y - a) =0, 9)
IA€ HAYAAO KOOPAHHAT HAXOAHTCH B IIEHTPE KyOa M AAHMHA IIOAYpeOpa
KyOa
R=(1/a), (10)
€y, ey 67, hX , hy , h 7 - IIOCTOAHHBIE AMIIAUTYAB! (DYHKIIMIA,

a, B, A — xoHCTaHTHI,
W — 9aCcTOTa,

h, =0, (11)
hy o
K==, 13)
E
3e
h, =— Xa, (16)
y770;
w=a|> (17)

ep

2. DHeprua, NOTOK I3HEPTUU U HMIIYABC
3AEKTPOMATrHUTHOI'O MOAA KyOa

[Moamas sueprus Wy, xparnman B kybe, moxer Gbrrp Haiiacna

nurerpupoBanueM gpyHkiuii (3-8) mo oobemy KyOa.
TTOCKOABKY CPEAHSISt ITO BPEMEHHU SHEPIUs

W, =TT, ,,(E2 +E2+EZ + HZ+ H2 + H? kixdydz,
TO
W, = ma3(e§ +e§ +e2 +h? +h§ +h22),

rae M — mexoTopas mocrosHHasA, HAH, ¢ yaetoMm (15,13,14),
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W, = ma3(6e§ + th)

u Aaaee, ¢ yaerom (15),

2
W, =ma°h?| 6| = | +2
O
u, ¢ yaerom( 17),
W, = 2ma°h? £, (20)
&

Dra  dopmMyra OTHOCHTCA K KAKAOH YACTOTE U3 CIEKTPa

COOCTBEHHBIX YACTOT C AMIIAUTYAOH hx (a)) .

IToTOK 3AE€KTPOMATHHTHOM SHEPTHH ITUPKYAHPYET BAOABL TPaHEH
KyOa I10 ITAOCKOCTSAM, IEPIEHAUKYASPHEIM ocu OZ. MHTerpas maoTHocTa
5TOTO TOTOKA 5 110 oObemy KyOa |4 OPOIIOPUUOHAAEH HMITYABCY

sAaekTpoMarHITHOTO TToAA PP B 0Gbeme Kyba, TTOCKOABKY, Kak H3BECTHO, B
cucreme CH
dp %S:%[ExH]. Q1)
dv. ¢ C
B cumay sakoma coxpaHeHHA HMIIYABCA KyO COXpaHAET CBOO
LIEAOCTHOCTD (MO0 11pu m3MeHeHun (GOPMBI KyOa M3MEHACTCA HMHTErPaA
IIAOTHOCTH IIOTOKA 9ACKTPOMATHUTHON HEPIHUH).

3. O6peAnHEHHE U pacnas KyOoB
PaCCMOTpI/IM 4 OAHNHAKOBBIX KY621, B KAXKAOM U3 KOTOprX XpaHI/ITCH

SHCPFI/IH WO 1 IMITYABC PO . HpI/I COHpI/IKOCHOBCHI/H/I ITHUX KY6OB MOKET

00pa3oBaTbCA EAMHBIE KyO € VABOGHHBIM HOAypeOpom. Toraa B
cootsercrBu ¢ (10)

a=a/2 22)
B coorsercrBuu ¢ (19) cexrp gactor OOBEAMHEHHOIO KyO0a M3MEHUTCS:
+ _km |3
=— |—=2w. 23)
a | ue

[Tpu 5TOM HOABATCA YaCTOTHI, OTCYTCTBYIOIINE B IIEPBUYHOM KyOe.
Dr1Oo  O03HAYAET, YIO IIOTOK 9SHEPrHH OYAET IIPOXOAUTH dYepes
COIIPHKACAIOIIHECH TPAHHU IIEPBUYHBIX KyOOB. DTOT AOIIOAHHUTEABHBII
IIOTOK COXPaHAET IIEAOCTHOCTh OOBEAMHEHHOIO KyOa, HOO IIpHu
Pa3bEAMHEHUN IIEPBUYHBIX KyOOB H3MCHACTCA HHTEIPAA IIAOTHOCTH
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ITIOTOKA AEKTPOMATHHTHOM SHEPIUU WM HAPYIIACTCH 3aKOH COXPAHCHHA
HIMITyABCA.

[TosiBAEHHE AOIOAHHUTEABHBIX HYACTOT O3HAYAECT TaKKe, UTO
CYMMAPHBIH HMIIYABC OOBEAHHEHHOIO Ky0a OOABIIIE CYMMBI HMIIYABCOB
OOBCAMHEHHBIX KyOOB. DTO IIPEBBIIICHHEC PABHO HMIIYABCY CHA,
oObeAHHAIOMNX  KyObl.  Pabora 9THX  CcHA  IpeBparmaercs B
SAEKTPOMATHHUTHYIO SHEPIUMIO OOBEAMHEHHOIO KyDa, KOTOpas TAKHM
00pa3soM CTAHOBUTCA OOABIIIE CYMMAPHOH 9HEPINN IIEPBUYHBIX KYOOB.

Bosmoker u oOparHBIH IIporecc — paciiapA Kyba Ha deTbIpe C
coxpaHeHHeM oOIel sHeprun. Pacirap MoKeT OBITh BBI3BAH, HAIIPUIMED,
TEM, YTO KyO IIOIaA B OOAACTb APYIOH 3AECKTPOMATHHTHOI BOAHBIL,
KOTOpas HApyIIHAa paBHOBecre BHyTpu KyOa. [lpm stom cymmapHsIil
HIMIIyABC ~PAa3bCAMHCHHBIX KyOOB CTAHOBHTCA MEHBIIE HMIIyABCA
oObeanneHHOro Kyba. "Msammmmek" BblacAsieTcs B BHAEC IIOTOKA
3ACKTPOMATHUTHOMN sHepruu. Bmecre ¢ 9TUM, €CTECTBEHHO, BEIACASETCSH U
SHEPIHA, T.C. IIPU PACIIAAC KyOa BOSHUKACT U3AYICHUC A

4. XpaHI/ITeAI) 3AeKTpOMaFHHTHOﬁ BOAHBI

Mrak, B Teae oOHIpeAeACHHOM (POPMBI MOKET CYIIECTBOBATH
SACKTPOMATHUTHAS ~ BOAHA CO  CHEKTPOM _ COOCTBEHHBIX  JACTOT
(ompeaeAsieMBIM TOABKO (DOPMOI U MAaTEPUAAOM Te€Ad). DTa BOAHA HE
BBIXOAHUT 32 OOBEM TE€AA H HE 32TyXACT AAKE B 9AEKTPOIPOBOAHOM TEAE,

COXpaHHH OAHAXKABL ITOAYYICHHYIO 3HCpFI/IIO WO 1 HMIIYABC PO .

CoxpareHHO Oyaem HA3BIBATH TAKOE TEAO XpaHUTEAEM
9AEKTPOMATHUTHOW BOAHBI — XD B.

Heckoapko wmaeHTHUHBIX XOB  MOIryr OOBEAHHATBCA —TAKUM
00pa3oM, ITO B OOBEAMHEHHOM TEAC CO3AAETCHA SIACKTPOMATHUTHAA BOAHA
C PACIIMPEHHBIM CIIEKTPOM COOCTBEHHBIX YaCTOT KW C CYMMApPHBIMU

SHEPrUeH U HMITyABCOM, IIPEBBIIIAIOIINIM CYMMBI 9HEPTUI H HMITYABCOB
obbeanneHHbx XDB. Bbyaem HaseBath Taxoi mporecc cuaresom XHOB.

XOB moxer pacractbess Ha HeckoAbko XOB ¢ cokpareHHBIM
CIIEKTPOM COOCTBEHHEBIX YaCTOT M C CYMMAPHBIMHU SHEPIHEH H HMIIYABCOM,
MEHBIIIIMI CYMMBI 9HEPIHH M UMIIYABCOB oOpasoasiuxcsa XOB. [Tpu
5TOM BO3HHUKAET M3AyYEHHE. ByAeM HA3BIBATH TAKOM IPOIIECC PACITAAOM
XOB. Manrmmanusa Takoro paciiaAa MOKET OBITH BBI3BaHA TeM, 9T0 XOB
IIOIIAAA€T BO BHEIITHEE IACKTPOMATHHUTHOE IIOAE. DHEPIUfA 3TOIO IOAA
MOZKET OBITH HAMHOTO MEHBIIIE SHEPIHH BHYTPEHHETO
3AEKTPOMATHHTHOIO TTOAs XOB.
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B raaBe 16 paccmorpensr XOB B pasAHYHBIX I€OMETPHYECKHX
dopmax. BeposTHO, BO3MOKHEL U Takue (DOPMBI, KOTOPBIE IIPU CHHTE3E
COIIPUKACAIOTCA HE IIOAHOCTBIO, C HEKOTOPBIMH 3a30PaMU.

CymectoBanme  XOB  moaTBepikAaercss — 9KCIEPUMEHTAMH,
onmcaHHBIME B TAaBe 16. B IlHTepHeTre MOXKHO HAHTH MHOKECTBO
COODIIIEHNIT O IPHAUTIAHIH METAAAHYECKAX IIPEAMETOB K TEAY YCAOBEKA.
D10  ABACGHHE  TAKKE MOXKET OBITh  OOBACHEHO  IIOABACHHEM
SACKTPOMATHUTHON BOAHBI B OTPAHHYCHHOM OOBbEME 'TEAO YEAOBEKA —
METAAAMYECKUAN IIPEAMET". APYIHM ITOATBEP/KACHHUEM CYIIECTBOBAHUA
XOB sBasrores T.H. uepHbIe maposeie MoAHUH [174, 175]. Takne moaHIN
HE HU3AYYAIOT 9HEPIUIO U IIPAKTHYICCKH HEBUAUMBI — OHH OOHAPYKHUBAIOT
cedf IpH  CAyYaHHOM  COIPHUKOCHOBCHHM, YTO  3aKAHYUBACTCA
APAMATHYIECKH.

5. BHyTpHAAEpHBIE B3aHMOAECHUCTBHA

OTHOCHTEABHO AACPHBIX CHA H3BECTHO, B yacTHOCTH [165], uTO

A.  SaepHBIE CHABI ABASIOTCA KOPOTKO ACHCTBYIOIINME (MX PAAHYC
AEHCTBHSA UMEET IOPAAOK 101 cM.)

B.  CuAbl B3aMMOAEHICTBHS HYKAOHOB HE 3aBHCAT OT 3apfAa
HYKAOHOB.

C. JSlaepHBle CHABI HE SABASIOTCA IIEHTPAABHBIMU (MX HEAB3S
IIPEACTABUTh HAIIPABACHHBIMH BAOAB IIPAMOH, COEAHMHSAFOITICH
LIEHTPHI B3AUMOACHCTBYFOIINX HYKAOHOB).

D. flaepuble cmabl 00AaAArOT CBOHCTBOM  HACHIIECHHA  (9TO
O3HAYACT, YTO KAXKABIM HYKAOH B fAAPE B3aUMOAEHCTBYET C
OTPAaHUYEHHBIM YUCAOM HYKAOHOB).

E. Cymecrsyror 1.H. marmgeckne gucaa (2, 8, 20, 50, 82, 126)
HYKAOHOB B fAPE, IIPH KOTOPBIX fAAPA HANOOAECE YCTONYHBBI K
AAEPHOMY PACITAAY.

Bce atu dpaxrer He mMeroT 0OBACHeHHA, 9TO B [166] dopmyaupyercs
CACAYIOIINM OOpa3oM: "B HACTOMIIEE BPEMS CIIE HE CYIIECTBYET
3aKOHYCHHOM TEOPHUM TaK HA3BIBAGMBIX SACPHBIX CHA — CHA,
ACHCTBYIOIIINX ~ MEKAY  AACPHBIMH  YaCTHIIAMH  (HYKAOHAMH) |
VACP/KHBAIOIINX X BMECTE B COCTABE ATOMHOTO AApa'.

ITo amasormm C BBHIIIEH3AOKEHHBIM MOKHO IIPECATIOAOKHUTH, YTO
HYKAOHBI B AAPax 3AeMeHTOB cBaA3aHbl HE saepubIMEM cmaamm, a
OOIIMM IOTOKOM JAEKTPOMATHUTHOM 3Heprum. [Ipm srom mHapro
IIPEATIOAOKHTD, YTO B HYKAOHE CYIIIECTBYET SACKTPOMAIHUTHAA BOAHA C
HEKOTOPOM COOCTBEHHO YaCTOTOH U 9HEPTHEH, T.¢. CAUHIHYHBIH HYKAOH
— 210 XOB, 2 Aapo — 910 XDB, moaygennsiii cuarezom XOB-HyKAOHOB.
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[Ipu TakOM IIPEATIOAOKEHUH MOXKHO OOBACHHUTH HEKOTOPBIC
OCODEHHOCTH BHYTPHAACPHBIX B3aMMOACHCTBUI M HEKOTOPBIE APYIHE
SBACHUS.

1. Hykaomsl aoaxssr  "compuracareca', 9roOb uxX oOras
9AECKTPOMATHHUTHAS BOAHA OBIAA COCPEAOTOYEHA B OOIEM OOBbEME — CM.
BBIIIIE 1. A.

2. 3apsAA HYKAOHOB HE MMEET 3HAYEHHUA — CM. BBIIIIE IT. B.

3. SIaepHBIE CHABI HE ABAAFOTCA IIEHTPAaABHBIMU (cM. Bbie 11. C).
Boobrie, B3ammoaericTBHE HE OOBACHACTCA CHAAMH, ACHCTBYIOIIIMH
MEKAY HYKAOHAMI.

4. OObeM HYKAOHOB AOAKEH HMETH OIIPEACACHHYIO (POPMY AAf
Toro, 4rober "compukacatbcs' ¢ ApyrmME HyKAOHamu. KoAmdectso
HYKAOHOB, COIIPHKACAEMBIX C AAHHBIM, OIPAHHYEHO - CM. Bbime I1. D.
KoAmdecTBO HYKAOHOB, COIPHKACAEMBIX C AAHHBIM, OIIPEACAACTCA HX
dopMOIT M HE MOKET OBITb IIPOM3BOABHBIM AQKE B OIPEACACHHBIX
IpeAEAax - cM. Borre 1. E.

5. faepusiii cuntes (hbopmupoBanne OOAEe TAKEABIX AAEP U3 DoAce
ACTKHX fAEp) fABAderca cubTesoM XOB. Takoit cuHTE3 MOKeT
IIPOMCXOAUTh ©O€3 CYIIECTBEHHBIX 3aTPaT OSHEPIHH, T.€. ABAACTCA
XOAOAHBIM fIAEPHBIM CHHTE30M. DTO, IIO-BUAHMOMY, IIPOHMCXOAHUT B
KUBBIX opraHusmax [166]. iMenno s1rM, HapuMep, OOBACHAIOT TO, ITO
OpPraHM3M  KYpPHIIBl  IIOCTOSHHO  IIPOM3BOAHMT  KaABIMH  (AAf
dpopMUPOBAHISA CKOPAYIIBI AHUIL), HE IIOAYYAs €TI0 B IIOTPEOAAEMOI IIHITIE,
a IPOAYLHPYA €ro IPAaKTHIECKH M3 AIOOOro HabOpa BEIEeCTB
ITOCTYIAFOIIUX C KOPMOM.

6. MOXHO IIPEAITIOAOKUTH M CYIIECTBOBAHUE SACPHOIO PACIIaAd
(dpopmupoBanme 0Ooaee ACrKHX fACP U3 OOA€E TMKEABIX fAAEP).
ViomsanyTsie B IIPEABIAYIIEM II. 5 (DAKTEI MOTIYT HHTEPIPETHPOBATHCA 1
KaK AACPHBIH PACIIAA — BCE 3aBHCUT OT HCXOAHBIX M KOHEYHBIX IIPOAYKTOB.

7. SaepHBIT pacmaa, Kak BBICBOOOKACHIIE 9AEKTPOMATHUTHOM
sHepruu AAep-XIB, Moxer IpOHCXOAHTH O€3 CYIIECTBEHHBIX 3aTPaT
BHEIIIHEH 9HEPruu — cM. Bbiie. VIMEeHHO 9THM MOKHO OOBACHUTH T.H.
nupoxkuses [167], mpum KOTOPOM HYEAOBEK O€3 BHAUMOI IIPHYMHEL
BCIIBIXUBAET ¥ MOMEHTAABHO CIOPAET, XOTA BCE OKPY/KAFOIITUE ITPEAMETHI
1 OAEKAQ OCTAFOTCA HEBPEAUMBIMHU.

Bepnemcs cHOBa K BOIIPOCY O CYITIECTBOBAHNN 3AEKTPOMATHHTHBIX
BOAH BHYTPH HYKAOHOB U fAAep. FI3BeCcTHO, 9TO HMCTOYHHKAMH TaMMa-
usAydenus (umerorrero gactory > 310" ') moryt GbITh aTOMHBIE AAPA
U 9aCTHIIBI, 2 TAKKE AACPHBIC PEAKITUH U PEAKIINN MEKAY JacTuramu. M
HA00OPOT, TAMMA-U3AYIEHUE MOKET ITOTAOIIATHCA ATOMHBIMU AAPAMU U
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[naBa 16a. K Bonpocy 0 BHYTpUAOEepHbIX cunax

CIIOCOOHO BBI3BIBATH Ipepparterus dgactuil [169]. CaeaoBareabHO, U
BHYTPH AAPA TOKE AOAKHEI CYIIIECTBOBATD SACKTPOMATHUTHBIEC BOAHBI TOM
ke JacToThl. [loka MOTOK sHeprum 3THX BOAH 3aMKHYT B 0Obeme XOB-
AAPAa — OHO YCTOWYHBO H BOAHBI HE HAOAIOAaroTCA. XOB-AApo xpamuT
suepruro. [Ipu pacmaae XOB-aapa sTa sHEprUsA BHIACAAETCA B BUAC TAMMa-
n3aydenus. Ilpm moraomeHnn raMma-M3AyYeHHA BHYTPEHHAA SHEPIHA
BO3pacTaeT M Iepepacupesesserca B oobeme XIB-aapa. Dr1o Momxer
BBI3BIBATD PACIIAA AAPA Ha DOACE MEAKHE AAPA.

Kak caeayer u3 BbrmenssoxeHHoro, XOB-aykaonsr Bayrpr XOB-
AAPa  OOMEHHBAIOTCA  ITOTOKOM  3AEKTPOMATHUTHOHM  SHEPIHMH  —
SAEKTPOMATHUTHBIMU BOAHamH. [Ipm OoAbIIONi wacToTe BOAH OHH
IIPHOOPETAIOT KOPIYCKYASApHBEINA xapakrep. Takumm oOpasom, XOB-
HYKAOHBI BHYTpH XOB-fiapa oOMeHHBArOTCA YaCTHIIAMH. DTO BIIOAHE
COOTBETCTBYET CYIIIECTBYIOIIEH TEOPHH OOMEHHOIO B3aHMOAEHCTBHA, 11O
KOTOPOH B3aUMOAEHCIBUE MEKAY HYKAOHAMHU BHYIPH AAPA BO3HUKACT B
PE3yABTATE UCIIYCKAHNSA U IIOTAOIICHHSA TT-ME30HOB.

6. O crimHe HYKAOHA U AAPA
I/IMHYAI)C P 1 MOMCHT UMITyAbCa J CBA3aHBI COOTHOIIICHHUEM
J=rxP. (25)
AHaAOFI/I‘IHO, OOBEMHBIE ITAOTHOCTH HMITyAbCA W MOMECHTA HMIIyAbCA
CBA32aHBI COOTHOIIICHHUEM

Y rxZ 26)
av av
N3 (21, 26) caeayer:
Y= LrxS] @7)
av = c?
A
1
]=§fhxﬂdw (28)

3 BEITITECKA3aHHOTO CACAYET, YTO B HYKAOHE U AAPE €CTh KPYTOBOM IIOTOK
5AEKTPOMATHUTHON 3HEPTHH. DTOT IIOTOK OIIPEAEAAET MOMEHT MMITyAbCA
(28). BepoATHO, IMEHHO 3TOT MOMEHT HMITyABCA U ABASETCHA CITHHOM
HYKAOHA U CITHHOM AAPA.

7. Oddexr 3enHona

Jror BCI)CI)CKT, KaK U3BE€CTHO, 3AKAFOYACTCA B TOM, ITO BpCMH pacnaAa
JaCTHUL] YBEAMINBACTCA HpI/I H216AIOACHI/II/I 3a HUMU U, B HpCACAC, YACTHUIIbBL
HE PpPaCIaAaroTCA, €CAM 32 HHMH BCACTCA YacToC Ha6AIOACHI/IC.
S’AI‘HAO‘IHOCTB 9TOro ABACHUA TYCKHECT, €CA YTOYHHTDH, YTO IIOHUMACTCH
IIOA TCpMI/IHOM (<H2.6AIOA€HI/IC)>. OxassiBaercs Ha6A}OA€HI/I€ — 39TO
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[naBa 16a. K Bonpocy 0 BHYTpUAOEepHbIX cunax

OOAyYECHHE YACTHIBI (HAIIPUMED, Aa3epHBIM Aydem). OOAydeHHE — 5TO
rmepeaada oHepruu. Takum  0Opa3oM, BpeMsA pacaaa  9acTHIL
YBEAHYHBACTCA, CCAU UM IIEPEAACTCSH SHEPIHAL.

Bepremca K yTBEpKAEHHIO O TOM, YTO YACTHIIA — 3TO XPAHUTEAD
9ACKTPOMATHUTHOH BOAHBL. ~DHEPIrUs 3TOH BOAHBI  IIOCTEIICHHO
M3AYYACTCH, UYTO HAOAIOAACTCA, KaK paciiaA dacTuisl. [Ipu obaydennn
YACTHIIBL BO BpPEMA HAOAFOACHHSA OSHEPIHA BOCIOAHACTCA M PaCIIaA
YACTUIIBI 3AMEAAACTCH.
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maBa 16b. O B3anmogencTBnum HaHo4acTuy,

I'aaBa 16b. O BzamMoOAEHCTBHUI
HAHOYACTHUILL

Hanorexnoaorus onepupyer c HAHOYACTHUIIAMU,
IIPEACTABAAIOIIAMU COOOM HM30AUPOBAHHBIN TBEPAOMDA3HEIT OOBEKT,
HMEFOIINHN OTYETAUBO BBIPAKEHHYIO IPAHUILY C OKPYKAFOINEH CPEAOI,
pasMephsl KOTOPOTO BO BCEX TPEX M3MEPEHHUAX COCTaBAAOT OT 1 Ao 100
nm. Hamowactuier OAM3KH K TeM OOBEKTaM, KOTOPBIE PAaCCMATPUBACT
CylIepMOAEKyAApHad xumus). B 310l 06AacTH 3HAHHUI paCcCMATPHBAIOTCH
CHABI, KOTOPBIMHU CBA3BIBAFOTCS OTACABHBIE MOAEKYAHRL. [ IpuHATO cunTars,
YTO  MEKMOAEGKYASPHOE  B3aMMOACHCTBHE  COCTOMT M3  CAAOBIX
SAEKTPOMATHUTHBIX B3aMMOACHCTBUNA. DHEPIUA TAKHX B3aMMOACHCTBHI
OOpaTHO IIPOIIOPIIMOHAABHA ITIECTONH CTEIEHH PACCTOAHMA MEKAY
MOAeKyAaMH. OUEBUAHO, YTO B3aMMOACHCTBHE HAHOYACTUIL C YETKUMHU
IPaHHUIIAMH HE MOZKET OBITh OOYCAOBACHA TAKIMHU CHAAMH.

BsanmoaeiictBe mHaHOdYACTHII OOYCAOBAMBAET OAHO CBOICTBO,
KOTOPOE OYEHb MEITAET X HMCIIOAB30BAHHIO - OHH MOTIYT CAHIIATBCA APYT
C APyToM. DTy IIPOOAEMY IPUXOAUTCA PEIIATh B IIPOU3BOACTBE KEPAMUKH
n  Meraaayprum  [176].  OueBmAHO, 9TO CBOHCTBO OOBACHAETCA
HPUTHKEHUEM HAHOYACTHI] C PA3AHMYHBIM XUMUYECKIM COCTABOM.

Ho m3BectHO m Apyroe CBOWMCTBO, KOTOPOE MOKHO OOBACHUTH
OTTAAKHBAHUEM HAHOYACTHI] C PAa3AMYHBIM XHMHYECKHM COCTaBoM. B
[177] mokazaHO, YTO TOAMKATHOHHBIC OPTraHUYECKHE HAHOYACTHITHI
Pa3pyIIAIOT MOACABHBIE OMOAOTHYECKIE MEMOPAHBI I MEMOPAHBI KUBBIX
KAETOK ITPH HAHOMOASIPHBIX KOHIIEHTPAITHAX.

Taxkum 0Opasom, Teopusa B3aMMOACHCTBHA HAHOYACTHI[ AOAMKHA
OOBACHATD U IPUTAKEHHUE, U OTTAAKUBAHHE HAHOYACTHUII, 4 CHABI TAKOTO
B3AUMOAECHCTBUA ~ AOAKHBI ~ CYIIECTBEHHO  TIPEBBIIATH  CHABI
MEKMOAEKYAAPHOIO B3aMMOAEHCTBHA.

B raaBe 2d aAamO pemenme ypaBHeHHIT MaxcBeAAa  AAfA
KOHAGHCATOPA C IIEPEMEHHBIM HAIIPAKEHUEM B ACKAPTOBEIX KOOPAHHATAX.
B cucreme AexkapTOBBIX KOOPAMHAT X, Y, Z B KOOPAUHATHI / PEIIIEHUE 9TUX
ypasHernud B cucteme CH nmeroT BuA:

E.(x,y,2,t) = excos(ax)sin(fy)sin(yz) sin(wt), 2)
E,(x,y,2,t) = eysin(ax)cos(By)sin(yz) sin(wt), (3)
E,(x,y,2,t) = eysin(ax)sin(fy)cos(yz) sin(wt). 4
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masa 16b. O B3anmogencTBnMm HaHo4acTuL,

H,(x,y,2z,t) = hysin(ax)cos(By)cos(yz) cos(wt), (5)
Hy(x,y,2,t) = hycos(ax)sin(By)cos(yz) cos(wt), (6)
H,(x,y,2,t) = hycos(ax)cos(By)sin(yz) cos(wt), (7)

rae E,, E,, E, - saexrprrdeckne manpsmenmocrn, H., H_, H, -
MArHUTHBIE HAIIPAKEHHOCTH, ex,ey,ez,hx, hy’hz - TOCTOSTHHBIC

AMIIAMTYABl HAIPSKEHHOCTEH, &, f, A — KOHCTAHTEL, @ - 4YacTOTA. DTH
BEAWYHMHEI CBA3AHBI CAEAYIOIIMMH YPABHEHUAMIU:

h, = 0. ©)

ex = —e, azyf[gZ' ©)

ey = e, L, (10)
%

hy = e, v (11)

he = —e, %2 (12)

Y = o, (13)

2 2 2
w = /% (14)

B raase 2d moxaszaHO, YTO B KOHACHCATOPE XPAHUTCA OSHEPIHUA C
ITAOTHOCTBIO
2,2
w use 2
w=——e,°. 15
a?+p2 4 ( )
HpI/I 9TOM ITIAOTHOCTH IIOTOKOB SHGPFI/II/I II0 KOOpAI/IHaTaM
OHpeACA}I}OTCH II0 (pOpMyAaM

S, = (eyhz — ezhy) “W(x,y,21t) (16)
Sy = (ezhy —exh,) - ¥(x,y,2,1) (17)
S, = (exhy, — eyhy) - P(x,y,2,) (18)

TAC

Y(x,y,zt) = sin(2ax)cos(2By)sin(2yz) sin(2wt) (19)
DTO 03HAYAET, YTO IMAOTHOCTD IIOTOKA SHEPIUH ITO BCEM OCAM KOACOAETCA
B IIPOCTPAHCTBE U BO BPEMCHH, T.C. B IIPAMOYTOABHOM TEAE CYILECTBYET
IIPOCTPAHCTBCHHASA CTOAYAS BOAHA.

Tem He MeHee, CKBO3b 9TO TEAO MOKET IIPOXOAUTD ITIOTOK 9HEPIHL.
Pacemorpum, Hampumep, rpass X0y mpu z = zy. [laotHOCTS mTOTOKA
saepruu (18) Ha sToii rpanu onpeaeaderca dpynknueii (19):

Y(x,y,z,,t) = sin(2ax)cos(2By)sin(2yz;) sin(2wt) (20)
[ToToK sHEpruM OIPEACAAETCS HHTEIPAAOM 3TOM (DYHKIIHH HA BCCH IPaHN

x0y:
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maBa 16b. O B3anmogencTBnum HaHo4acTuy,

¥,(zq) = ffx‘y Y(x,y, 2z, t)dxdy =
sin(2yz,) sin(2wt) ffx‘y sin(2ax)cos(2By)dxdy (21)

ITorox SHEPIUKU Ha HpOTHBOHOAO}KHOf/'I TpaHu xOy npu z =
Zy OIIPEACAACTCA HMHTETPAAOM

W,(z,) = sin(2yz,) sin(2wt) || fx’y sin(2ax)cos(2By)dxdy. (22)

Ms (18, 20, 21) HaXoAMM IIOTOK SHEPIUH, NIPOTEKAFOIIUI CKBO3b
konaencarop 1o ocu 0z, ecan (2, < z4):

S, = (exhy — e, h,) - (sin(2yz;) — sin(2yz,)) sin(Qwt). (23)

M3 HafiA€HHOTO peIteHus CAeAyeT, uTo [178]

1. CymectByer Takoe COYETAHHE IIAPAMETPOB, IPU KOTOPOM
SHEPrus KOHACHCATOPa HE m3AydaerTca. PaccMoTpuM, Hampumep, KyO C
mapamerpamu @ = ff = A. Tlycrs Aanna R moaypeGpa kyba Takosa, 4to

R=(1/a). 24)
Toraa
sin(e-R) =0,sin(f-R) =0,sin(y-R) =0 (25)
U BCE IIAOTHOCTH IIOTOKOB SHEPIHH HA IPAHAX KyOa PaBHBI HYAIO - cM. (2-
7). Ilpu aTOM H3AyU€HHE OTCYTCTBYET.

2. BuermmHmil IIOTOK 3HEPIUU MOKET IIPOXOAUTH dYepe3 OObem
KOHAEHCATOPa, HE M3MEHAA €ro BHYTPEHHIOIO SHEPIUIO (KaK ITOKa3aHO
BBIIIIE). DTOT IIOTOK SBASETCA TOH AKTUBHOI MOIIHOCTBIO, KOTOPAfA
IIPOXOAHT YePe3 KOHAECHCATOP.

3. ®OpPMYABI CHPAaBEAAHBBI IIPH AFOOBIX 3HAYe€HHAX [ U E.
CAeAOBaTEABHO, KOHAEHCATOP C OIPEACACHHOH SHEprueil M Crofdeit
BOAHOI B 00'beMe KOHACHCATOPA, MOZKET CYIIECTBOBATD B BAKyyMe.

4. ITlpm orcyrcrBMM BHENIHHX ITOTOKOB SHEPIHH KOHACHCATOP
COXPAaHAET CBOIO IIEAOCTHOCTD, IIOCKOABKY OH HE H3AYYAET, 4 IIAOTHOCTD
SHEPIuu coxpanAerca upu coxpaneHuu popmsl — cum (15).

5. VI3 . 3 m 4 caeayer, 4TO B HEKOTOPOM TEAE H AQKE B BAKyyMe
MOJKET CYILIECTBOBATh XPAHUTEAb OSHEpPrum u uH@OpMAIHH. IDTO
IIOAPOOHO PAacCMOTpPeHO B TAaBe 16. Tam ke mokaszaHo, 4TO CrOAYAsA
SAEKTPOMATHHUTHAA BOAHA, OOAQAAFOIIAS BBIIICYKA3AHHBIME CBOMCTBAMI,
MOKET IMETbh BEChMa Pa3HOOOPA3HYIO (hopMy

6. Temepb IPEATIOAOKHM, YTO HAHOYACTUIIA XPAHUT YKA3AHHYIO
9AEKTPOMATHUTHYIO BOAHY. Takad oOAMHO4YHAA HaHOdYacTHIA. [Ipu
OTCYTCTBUU BHEIIHUX IIOTOKOB 9HEPIHH OHA COXPAHACT CBOIO (POPMY U
3AEKTPOMATHUTHYIO 3HEPIHUIO.
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masa 16b. O B3anmogencTBnMm HaHo4acTuL,

7. IlpeArmoAoKuM, IOPIHA BHEIIHEH SHEPruu OBIAA 3aTpavycHA
AAfl OOBEAMHEHHA ABYX HAHOYACTHIL. 1OrAa 3Ta IIOPIUA 9HEPIUU
IIEpEHAET B 9SHEPIUIO OObEAMHEHHON HaHOouactunpel. Haszosem oty
[IOPLIMIO JHEPTHEH CBA3M KOHIAOMEPATA ABYX HAHOYACTHIL. [axmm
00pa3om, dHEprus KOHIAOMEPATA ABYX YACTHIL OOABIIIEC CYMMBI 9HEPTHIT
orux 4actui. CAEAOBATEAPHO, KOHIAOMEPAT YCTOHYHBEE OTACABHBIX
YACTHII, HOO AASl PA3PYIIIEHNA KOHTAOMEPATA HYKHO BHAYAAC IIPUAOKHUTD
SHEPTHIO CBA3H. DTHUM MOMKHO OOBACHHTH CAHIIAHIE HAHOYACTHIL (O 9eM
TOBOPHUAOCH BBIIIIE).

8. OueBHAHO, 2HepPrus CBA3M YACTHUI[ y Pa3HBIX MaTEPHAAOB
pasamdHa. Temepb IPEAITOAOKHM, YTO COAMKAIOTCH ABE YACTHIIHI
PAa3AMYHBIX MATEPUAAOB K OOPa3yeTcs KOHTAOMEPAT THUX YacTuil. Bcau
5TH MATEPHAABl HE IIEPEMEINHBAFOTCA, TO KOHTrAoMmepar 21 aAoaxen
IIOIACTD B CpeAy KOHrAomepatos 1 man 2. OYEBUAHO OH IIOITAAET B CPEAY
KOHrAOMepaToB 1, ecAm sHeprus cBfsu matepuasa 1 OOAbIIE SHEPrHU
CBA3M MaTepHara 2. DTUM MOKHO OOBACHHUTb TOT BBIIIEYIIOMAHYTHINA
axT, 9TO OpraHUYECKHe HAHOYACTUIIBI MOIYT PA3PYIIATh KUBBIE KACTKI.
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maBa 16c¢. Nepegava nHdopmauumn B OMONOrMYeCcKNX cMcTemMax

I'aaBa 16c¢. Ilepeaaua madopmarun
B OMOAOTHYECKAX CUCTEMAX I10
BOAHOU U BO3ZAYIITHOU CPEAE

OraaBAeHue
1. DaexrpomarHnTHAA OOBEMHAA CTOAYAA BOAHA.
2. DAEGKTPOMATHUTHAA CTOSAYAA BOAHA B MOAEKYAAX BOABI,
a30Ta ¥ KHCAOPOAQ
3. Ilepeaaua nadopmanuy B BOAEC U BO3AYXE
4. CoobrrrecTBa OMOOPraHU3MOB
5. Coaspuc
6. PacripeaeAeHHBIH MO3T
7. BoiBoABI

0. Beeaeune

IToxasepiBaeTcsi, YTO B MOAEKYAAX BOABI M BO3AYXa MOKET
CYIIIECTBOBATh OOBEMHASl CTOAYAA SAEKTPOMATHUTHAA BOAHA BBICOKOM
9YaCTOTBL. DTa BOAHA MOKET MOAYAHPOBATHCA OPraHAMHU OHOOpPraHH3Ma.
MoAyAHpOBaHHAA TAKHM OOPa3sOM BOAHA MOZKET PACHPOCTPAHATHCA ITO
BOAHOH U BO3AVIIIHOM CPEAC U BO3AECHCIBOBATH HA OPIraHBI APYIOIrO
o6mooprannsma. [TokaseBaercs, 910 Takad BOAHA PacIIpOCTpaHAeTca Oe3
rorepb sHeprun. Ha ocHOBe 3TOTO ITOKasbIBaeTCA, YTO B BO3AYXE MOKET
CYIIIECTBOBATD BBICOKOOPIAHM3OBAHHAA CIPYKIYPa, COIIOCTaBUMAafd IIO
PA3yMHOCTH C MO3TOM JKHBOTHOTO. Takas CTPyKTypa MOKET OBITh
KOAAEKTHBHBIM MO3IOM COOOINIECTBA OMOOPIaHU3MOB.

1. DaekTpoMarHuTHAA OO'BEMHAA CTOAYAA BOAHA.

B raaBe 16 mokazaHO (Kak CAGACTBHE pEIICHUA YpaBHEHNA
MakcBeAAa), 9TO B OTPAaHHYIEHHOM OObEME BAKYyMa MOKET CYIIECTBOBATD
SAEKTPOMATHHUTHAA CTOAYafA BOAHA. OTOT OODBEM MOMKET HMETh
pasHOOOpasHyro dopmy. B AekapTOBOIT cECTEME KOOPAHHAT peEIIcHIE
MEET BHA

E.(x,y,2,t) = excos(ax)sin(fy)sin(yz) sin(wt), 2)
E,(x,y,2,t) = eysin(ax)cos(By)sin(yz) sin(wt), (3)
E,(x,y,2,t) = eysin(ax)sin(fy)cos(yz) sin(wt),. 4
H,(x,y,2z,t) = hysin(ax)cos(By)cos(yz) cos(wt), (5)
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maBa 16c. Nepegava nHdopmauumn B GUONOrMYecKnx cucTtemax

H,(x,y,2,t) = hycos(ax)sin(fy)cos(yz) cos(wt), (6)
H,(x,y,2z,t) = hycos(ax)cos(By)sin(yz) cos(wt), (7

ae E,, E(p, E, - osackrpmueckme manpsskennocrn, H,., H o H, -
MAaTrHATHBIE HaIPAKEHHOCTH, ex,ey,ez,hx, hy, hz - IOCTOSHHBIE

AMIIAMTYABl HAIPSKEHHOCTEH, &, f/, A — KOHCTAHTEL, @ - 4YacTOTa. DTH
BEAUYMHEI CBA3AHBI CACAVIOIIUMU YPAaBHEHUAMU:

h, = 0. ®)
Ya
€x = ~€: 5 o ©)
B
ey = ey, (10)
h, = e, 1)
Ew
he=—e,~ (12)
Y = U, (13)
2 2 2
w=/L1ﬁ< (14)
e
Aas kyOa mrapameTpst
a=p=y. (15)
[Ipu sroM AAEHA TTOAYPEOPa KyOa OIIPEACAACTCH KaK
R== (16)

Toraa dopmyAra AAf ACTOTHI B BAKYYME IIPHHUMAET BUA

w =13, (17)

R
rae ¢ & 3+ 108m/s - ckopocts cBera B BakyyMe.

Crosigas BOAHA HE M3AYYACTCA CKBO3b IPAHU KyOa U IIPH OTCYTCTBUM
BHEIITHUX ITOTOKOB SHEPIMU Takag BOAHA COXPAHACT CBOIO SHEPIHIO,
gacTory 1 opmy oObeMa. DTa SAEKTPOMATHUTHAA BOAHA MOKET OBITH
MOAYAHPOBaHA OOACE HH3KOM 9acTOTOH. B TakoMm cAydae 91O0T 0OBEM
IIpEBpAIACTCA B XpaHUTeAb dHepruwm u wmH@opmarmu. B raase 16
PACCMATPUBAIOTCA H3BECTHBIE SKCIIEPUMEHTBI U IIPUPOAHBIC ABACHHA,
CAYIKAILIIE AOKAa3aTEABCTBOM BO3MOKHOCTU CYILECTBOBAHHA TaKOIO
XPaHHUTEA.

2. DAEKTPOMArHUTHAA CTOAYAA BOAHA B MOAEKYAAX BOABI,

a430Ta M KECAOPOAA

MoAekyAa BOABI ABASIETCA TEM OOBEMOM, KOTOPBIH XPAHAT CTOAIYIO
BoAHY. Ilpm 3TOM cTOfYas BOAHA XPAHHTCA B IIPOCTPAHCTBE MEKAY
aTOMaMI KHCAOPOAQ H BOAOPOAA, T.€. B BAKyyMe — cM. puc. 1.
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maBa 16c¢. Nepegava nHdopmauumn B OMONOrMYeCcKNX cMcTemMax

MOAEKyABI 430Ta M KHCAOPOAA B BO3AYXC TAKKE ABASIOTCA TEM
00BEMOM, KOTOPBIH XPAHHUT CTOAYYVIO BOAHY. Ilpu aToM crosiuas BOAHA
XPAaHHUTCA B IIPOCTPAHCTBE MEKAY ATOMAMI STUX MOACKYA, T.C. B BAKyyMe.

Opranngeckre MOACKYABI OOBEANHEHBI B OPIaHBI TAKHM 0OPasoMm,
YTO B3AUMHOE PACIIOAOKEHHE STHX MOAEKYA OCTACTCS Hen3MEHHbIM. [1pu
3TOM MEKAY MOAEKYAAMU OCTACTCA CBOOOAHOE BAKYYMHOE IIPOCTPAHCTBO
¢ AmHefHBMI pasMepamu 0koAo 3+ 1072 m. B stom crabuabrom oGbeme
TOKE BO3HUKACT CTOAYASA BOAHA.

_\H
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(@]
0.9584 A
Puc. 1.
Boaa Asor Kucaopoa | buoopran
H,0 N, 0,

Paccrosnue 3:107° [3-107°. |3-107°. 3-107°.
MEKAY
MOAEKYAAMU
(m)
Pasmep 3-1071° | 3.107° | 3.10710 1078
MOAEKYABL (m)
Pacroaoxenue | Mexay Mexay Mexay Mexay
obaact ATOMAMI ATOMAMH | ATOMAMU OpraHmgec-
CTOAYEH BOAHBI | KHCAOPOAA | a30Ta KHCAOPOAQ | KHMHI

11 BOAOPOAQ MOAEKYAAMU
Paauyc aroma | 53 v 56 mm 48 1mm
(mm=10"12m)
Mexaromuoe 0.9584 A 1.095 A 1.2074 A
paccrofHue
A=10"1m

R(m) 5-10711 | 5-10711 | 6-1071 1.5-107°
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w(s™) 1019 10 | 1.2-10° | 5-10%°
f(Hz) 1.5-10'® | 1.5-10"® [ 18.1018 1016
y(m) 2-1071° [2-1071°[24-1071°| 3.1078

Takum 0OpasoM, MOKHO YKa3aTh CTAOMABHBIE OOBEMEL, TAC MOMKET
HAXOAHUTBCA OObEMHAS CTOSYAS SACKTPOMATHUTHAS BOAHA. DTH BAPUAHTHI
rrepedrcAcHbl B Ta0A. 1. ByaeM B I1epBOM IIPHOAMKEHHH ITOAATATH, 9TO
5T OOBEMBI HMEIOT KyOM4IecKyro (pOpMy C AAMHOI IOAypeOpa R. D1y
BEAHYHHY ACTKO OIIPCACAHTH II0 H3BECTHBIM AHHCHHBIM pasMepam
[IEPEIUCACHHBIX OOBEMOB - CM. Ta0A. 1.

[TockoAbKy OOBeMHAs CTOAYas IACKTPOMATHHTHAS BOAHA BO BCEX
[IEPEYNCACHHBIX CAYYaAX HAXOAUTCHA B BAKyyMe, 9aCTOTA 3TOW BOAHBI
MozkeT ObITh ompeaeaeHa 1o dopmyae (17). Yacrora f cBssana ¢ aToi
ITUKAMYECKON 9aCTOTOH (W COOTHOIIIEHUEM

w = 2nf. (20)
W3 (17, 20) maxoaum
f=—=-13. 21)

21
Ompeaeanm erre AAMHY BOAHBI 13 (21):
=<=2 22
V - f - \/§ ( )

Taxum 00OpasoM, AAMHA BOAHBI (22) 1 IIOAYPEOPO KyOHdIecKOoH oOAacTh
CYIIIECTBOBAHMSA CTOAYEH BOAHBI CBA3AHBI COOTHOIIICHIEM BHAA:

R = &5 (23)

2

3. Ilepepaaua mH(pOpMAIIIHA B BOAE€ B BO3AYXE

IIpeaBapureapHo  ormeTHM  cAeAyroree.  Mssecrno,  49ro
SAEKTPOMATHUTHOE  HM3AYYEHHE B3aHMOAEHCTBYET C  MOAEKYAAMH
BEIIECTBA, BBI3BIBASl M3AYYEHUE HMAU IIOTAOIIECHHE SAEKTPOMAIHHTHOIO
M3AYYEHHA MOAEKYAAMH BEITIECTBA HA OIPEACACHHBEIX dacToTax [188].
[TosToMy MOAEKYABI —BeIlecTBA MOIYT B3aHMMOAEHCTBOBATb — YeEpes3
SAEKTPOMATHUTHOE wu3AydeHune. Mmuorokparaoe ycmaenme sdpdexra
TAKOTO B3aMMOAECHCTBUA IIOABAACTCA IIPH COBIIAACHHH COOCTBEHHBIX
YACTOT HM3AYYAFOIIECH M ITOTAOITAFOINEH MOAEKYABL [loatomy moxHO
IIPEAITOAOKHTH CYIIIECTBOBAHIE B OpraHHu3Me I€HEPATOPOB
onpeaeAeHHON dactoTel Gf B MPpHUEeMHUKOB-aHAAH3ATOPOB 9acTOTHL Af.

Bripodem, wu3BeCTHEI MHOTOYHCACGHHBIE pPabOTEL, B  KOTOPBIX
ITOKA3bIBAETCA, UTO BCE OPTaHBI KUBOTHBIX W YEAOBEKA HM3AYYAFOT
SAEKTPOMATHHUTHBIE ~ BOAHBL. ~ OTH  HM3AYYEHHSA  HCIOAB3yeTCA B
MEAUIITHCKON AMATHOCTUKE.
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Paccrosinme MEKAY MOAEKYAAMH BOABI U BO3AYXa ITOCTOAHHO
mensiercsa. Ho paccrosame i 06beM MEKAY MOACKYAAMH OPTaHHYECKOTO
BEINECTBA B OpPraHE OCTACTCA IIOCTOSHHBIM. DTOT OODBEM OOBIYHO
3AIIOAHEH T.H. CBOGOAHOI BOAOH, KOTOPas HAXOAHTCH B MEKKACTOYHBIX
IIPOCTPAHCTBAX, COCYAAX, BAKYOAfX, IIOAOCTAX OpraHoB. Taxas Boaa
BBITCKACT U3 KACTOK IIPH HX PACCCKAHWN (M IIOTOMY HA3BIBACTCA
cBoOoAHOI). [Ipu sTOM OOBEMBI CTOAYEH BOAHEI (C YaCTOTOH () B
MOAEKYAAX BOABI HAXOAATCA OAHOBPEMEHHO B MEKMOACKYAAPHOM OOBEME
cTofYeil BOAHBI OPraHMYECKOrO BEIECTBA (C 9YaCTOTON ). AadA
KPATKOCTH O9TH BOAHBI OYACM HAas3blBaTh (Wy,-BOAHOH M W,-BOAHOIL.
[TockoAbKy W, K Wy, TO Wy,-BOAHA MOAYAHPYETCHA YaCTOTOH Wo-BOAHBL.

MTak, MOACKYABI CBOOOAHOM BOABI COACPIKAT MOAVAMPOBAHHVIO

CTOSIYVIO BOAHY, KOTOPYIO OYAEM HAa3BIBATH (Wy,-BOAHOM. YacToTa Wy-
BOAHBI 3aBHCHT OT THIIA OKPYKAFOIIUX OPTAHHYECKHIX MOAEKYA M OT HX

COCTOAHHA. DTa BOAHA ABAACTCA ITOAMXPOMATHYECKOM, ITOCKOABKY
00AaCTp 9TON BOAHBI HE fBAACTCH KyOmdeckoi. Popma 910l 0OAaCTH
BAHACT Ha CIEKTP BOAH B Wy,o-BOAHE. BmecTe ¢ Tem popma 3101 0OAacTH
3aBHUCHUT OT THIIA OPTAHHYECKHX MOAEKYA, OKPY/KAIOIIHUX 3Ty OOAACTh, U
OT COCTOSAHHSA 3THUX MOAEKYA. MOKHO TaKiKe IIPEAIIOAOKUTL, YTO B
reHepupyromem oprane ectb remeparop Gf (ymomsanyreni seiie). On
MOJKET HCIIOAB30BATBCA KAK MOAYAATOP Wy,-BOAHBL [losTomy MOKHO
TOBOPHUTB, YTO MOAEKYAA BOABL C (Wy,,-BOAHOI HeceT MH(OPMAIIHIO O
COCTOSIHMH OIIPEACACHHOTO OpraHa. ByAeM Has3bBaTh TAKHE MOAECKYABI
HH(MOPMAIIMOHHBIMUA  MOAECKYAAMH BOABI, 4 OpraH, KOTOPHIH
IEHEPUPYET TAKHE MOAEKYABI, OYVAEM HA3BBATH TI'€HEPHUPYIOIIUM
OpraHoM.

Tak wAm  wmHade  reHepupyrommii  opran  dopmupyer
1HAGOPMAIIIOHHBIE MOACKYABI BOABL.

Mrak, cBOOOAHAA BOAA COAEPKUT HH(POPMALIMOHHBIE MOAEKYABL
CBOOOAHASA BOAA CAYIKHT AASl TIEPEHOCA BEIIECTB U3 OKPYKAIOIIEH CPEABI
B KACTKY B Ha000poT. [Toaromy cBOOOAHAS BoAa ¢ HH(POPMAITHOHHBIMU
MOAEKYAAMH HEPEMEITUBAECTCA C OKpY>Karomeu BOAOI.
HMudopmannonnsie YACTOTHI HU3AY9IAFOTCA nHAOPMAITHOHHOI
MOAEKYAOI, T.K. MOAEKYAQ BOABI MOKET COXPAHATb TOABKO CBOIO 9aCTOTY
Wy,. Ecan nadOpMAIIIOHHAA MOAEKYAQ ITOIIAAAET B OKPYIKAIOIIYIO BOAY,
TO 9TO HM3AyYeHHE HH(POPMAIMOHHON MOAEKYABI IIOIIAAAET B COCEAHHE
HenH(OPMAIIMOHHBIE MOACKYABl OKpy:Karoreil BOARL. [locaeanne mpu
3TOM CTaHOBATCA HMH(MOPMAINOHHBIMU. Takum obOpasoMm mHOpMALHA
pacrpocTpansercs u3 OHOOpraHu3Ma 1o OKpyxxKarorei Boae. Konegno,
YaCTh HM3AYYCHHA HE HAXOAUT MOACKYAV-IIDHEMHHKA U TepsAeTcs B
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mpocrparctse. Ho opran-mepeaarduk paboTaeT IMOCTOSHHO M IIO3TOMY
MOKHO IIOAAIraTh, YTO KOHIICHTPAIINA HH(OPMAIIMOHHBIX MOACKYA HMECT
OOABIIYIO BEAMYHMHY B OOABIIOH OOAACTH, OKPYMKAIOIIECH OpraH-
[IEPEAATHHK.

[TpeAroAoKuM, 9TO B OAHON U TOM 7K€ BOAHOH CpeAe OOMTAIOT ABA
opranmsma A u B. Ilpeamoaomxmm aasee, 910 HHGOpPMAIHOHHAS
MOAEKYAQ U3 HEKOTOPOTO I€HEPHPYIOMIETO Opraa A (IPUHAAACKAIIIETO
opraHusmy A) IIOITaAa B APYroi opran B (mpmmassexammii opranusmy
B). IlpearoAoxmm, uTo B Ooprane B ects mpreMHHUK-aHAAH3ATOP YaCTOTHI
Af (ymomsamytsiii Bbine). Toraa nHAOPMAIMOHHOE H3AYICHHE ITOH
MOAEKYABI ~MOJKET OBITH PACHO3HAHO U OpraH B BEIIOAHHT
COOTBETCTBYIOIIYFO peaknuro. Tem caMmpiM opranmsm B mpmrmaa
nH(MOPMAIIUIO OT OPraHU3Ma A M OTPEArHpPOBAA HA 3Ty HH(MOPMAIIHIO.

MNrak, B BOAHOH CpEAC OpPraHH3MBI MOIYT OOMCHHBATHCH
nadopmanuert. TOYHO —TaKKe OpPraHH3MBI MOIYT  OOMEHHBATHCA
nH@OpMaIIEH B BO3AYIIHOM cpeae. AeficTBUTEABHO, 13 TaDA. 1 caeayer,
YTO MOACKYABL 430Ta U KHCAOPOAQ HMEIOT C MOACKYAAMH BOABI CXOKIE
XAPAKTEPUCTHKH - PasMEP MOACKYABI H MEKATOMHOE PaCCTOfHUE.
OOpbeMEl, 3aII0AHAEMBIE BO3AYXOM, MOIYT HAXOAHTHCHA Ha ITOBEPXHOCTH
opranusma. Hampumep, peryaapHble MHKPOHEPOBHOCTH Ha KPBIABAX
’KYKOB MOLYT CO3AABATh Takue OOBbeMEL. [Ipr 5TOM poAb CBOOOAHOM BOABL
HUTPaeT «CBOOOAHBIH BO3AyX». Kamaaa cBoeoOpasmas dopma Takux
OOBEMOB OIIPEACASIET CBOIO YaCTOTy (Wy-BOAHBL B aTOM caydae xyk
OECIPEPBIBHO TCHEPHPYET CIEKTP Wy-BOAH, CICIH(PUYUCCKUX AAf
AAHHOTO BuAA. Takad mepeaada MHAOPMAIINN HCIOAB3YETCA B ITOMCKE
IIAPTHEPOB AASl IIPOAOAKCHHSA POAA.

4. CoobmrecTBa GMOOPraHU3MOB

Mrax, OHOOPraHu3MBI, HAXOAAINUECA B BOAHOH HAH BO3AYIIHOM
CpeAe, MOIYT OOMEHHBATHCA MH(MOPMAIIUEH Ha OOABININX PACCTOAHHAX
6e3 sarpar sHeprun Ha nepeaady uadopmarmn. [Ipu sTom He BHAHO
IPUYMH, 3alpEINaloIuX Takod OOMeH wuHMOpMAIHEH  MEXAY
OHOOpPraHU3MaMU PAa3HOIO BHAA, HAIIPHUMEpP, OT XUIIHUKA K YCAOBEKY,
KOTOPBIH MOXKET ITOYyBCTBOBATH IpHOAMmKeHHe xmiHuka. He BHAHO
TAKKE IIPUYHH, 3AIPEINAIONINX TAKOI OOMEH HMHMOPMAIIUEH MEKAY
OHOOpPraHU3MaMU, OAUH H3 KOTOPBIX KUBET B BOAE, 4 APYIOIl — B BO3AYXE.

OcCOoOBII KAACC COCTABAAFOT TAKHE OPIaHU3MBI, KOTOPBIE MOIYT
CYIIECTBOBATH TOABKO B BHAE COOOIIECTB C OOA3ATEABHBIM OOMEHOM
nadopmarmeii  6e3  KaKOro-AnOO  TAKTHABHOIO,  3PHTEABHOTO,
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AKYCTHYIECKOTO, OOOHATEABHOro KOHTaKTa. (Cpasy BCIIOMHHAFOTCA
MypaBbH M ITYEABI, HO HYEAOBEK, BEPOATHO, TOKE M3 3TOTO KAACCA
OHOOPraHNU3MOB.

B [192] ommceBaercs moBeacHHE MypaBeMHHKA M Ha OCHOBE
AHAAM32 MHOI'OYHCACHHBIX HAOAFOACHUI H SKCIIEPUMEHTOB YOCAHTEABHO
ITOKA3bIBAECTCA, YTO CYIIECTBYET MO3I MypaBeiHHKa. POAb HEHpPOHOB B
5TOM MO3I€ BBIIOAHAIOT MypPaBbU. PacIpeACACHHBII MO3I CYIIECTBYET,
OAHAKO, KAK OTMEYACT aBTOP, KXMHOTOACTHHE MCCACAOBAHUA MyPaBbeB (U
APYTHX KOAAEKTHBHBEIX HACEKOMBIX) HE OOHAPYKHAU CKOABKO-HHOYAB
MOIITHBIX CHCTEM IIepeAadr HH(OPMAIII». DTOT BOIIPOC OBIA 3aAaH eITIe
B IIEPBOIl KHHUTE IO OMOAOTHYECKON pasuocsasu [193], rae aBrop murmer
«OAHO AHIITb BBI3BIBAECT YYBCTBO 'AYOOKOIO YAHBACHHA. DTO HHYTOMKHO
MaAasg MOIIHOCTb H3AYYA€MOM MO3IOM 3HEPIUU IIPH aKTe IIEPEAAYUN
YYBCTB M IEPEKUBAHUI Ha paccrosHue.» [Tokaxem, 9T0 B HAIIIEM CAydae
HA 9TH BOIIPOCHI €CTh OTBET.

B TexHmuyeckmx cHCTEMAax MOIIHOCTh HECYINEH 9YaCTOTHL B
MOAYAHPOBAHHOI BOAHE YOBIBA€T C paccTOsHIEM. BmecTe ¢ a1rM yOBIBaeT
U MOIIHOCTb MOAYAHPYIOIIEH YaCTOTBI, T.€. T2 MOIIHOCTb ABAACTCA
9YAaCTHIO MOIIHOCTH HECYINEH 9acTOTEL. MOMKHO yTBEP/KAQTH, YTO IIPH
COXPAaHEHMH MOIIHOCTH HECYIIEeH 9aCTOTBI BHE 3aBHCHMOCTH OT
PACCTOAHUA COXPAHAETCA U MOIIIHOCTH MOAYAUPYIOITIEH 9acTOThL. MOKHO
CKa3aTh, YTO B 3TOM CAydYae IPHEMHHK HAXOAHUTCA BCETAA PAAOM C
mepepaTankoM.  OAHAKO B TEXHHYECKHX CHCTEMAX HEBO3MOKHO
obecrrednTh TaKkyl0 OAm30CTh. B Hammem caywae Hecyrmas dacrora -
YaCTOTA Wy,-BOAHBI PACIPEACACHA PABHOMEPHO B IIPOCTPAHCTBE.
MoAyABpYFOIIIas IaCTOTA (Wy-BOAHBI «CKOAB3HT» ITO HECYITEH YacTOTe.
3aryXaHue MOKET OBITH BBI3BAHO TOABKO TEM, YTO HECYIad 4YacToTa
KBAHTOBAHA B IIPOCTPaHCTBE. [IpHm 9TOM W,-BOAHA «CKOAB3HT» IIO
OCTPOBAM-MOAEKYAAM — HOCHTEAAM HECYIIEH YaCTOTBI, 3aTyXad B
IyCTOTAX MEKAY HEUMH. OAHAKO, MHOTOKPATHOE IIOBTOPCHHE (W,-BOAHEBIL
CO CABHIOM IIO BpeMeHH (a, 3HA4YUT, U 11O (ha3e) Ha BXOAE IIPHUEMHUKA
IIO3BOASIET €My BOCCTAHOBHTH CHUTHAA C BBICOKOI TOdYHOCTBIO. Kak
ITOKA3BIBAIOT HAOAIOACHHS HAA TEM KE MYPABEHHUKOM HAH KYKAMH,
HINYIUIME AIOOBH, 3(pEKTUBHOCTD CBA3U COXPAHACTCA HA IPOTIKCHIH
KHAOMETPOB.

Beirieckasannoe HAAIOCTPHPYETCS Ha PUC. 2, TAC ITOKA3AHBI

1.  wy,-BoAHa,

2. W,-BOAHa,

3. MOAYAHMpPOBaHHAsA BOAHA Wy,-BOAHA, IIOAYICHHASA B TOM CAyYAC,

€CAH OBI CTOSYIHE (W,-BOAHBI IIOKPBIBAAN OBI IIPOCTPAHCTBO O€3
IIPOMEIKYTKOB,
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4. MOAYAMPOBAHHAA BOAHA (Wy-BOAHA, ITOAYYEHHAA B TOM CAYYAE,
KOTAQ CTOSYHUE ()y-BOAHBI PACIIOAOKEHBI B IIPOCTPAHCTBE C

IIPOMEKYTKAMMU.
1 TR u il u ,
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Puc. 2 (Probal3.m)

O0peM, 3aITOAHEHHBIH BOAOH HAM BO3AYXOM, MOKET OBITH CO3AAH
HEXMBOI — HpUpoAOH. Takol oObeM Takke OYAET IIEpPeAaBaTh
nHAOPMAIIUIO B OKPYMKAIOIIyIO cpeAy. llepeaaBars OecrieAbHO. ..
OAHAKO, MOIYT HAHTHUCh OPraHU3MBI, KOTOPBIM HY/KHA HMMEHHO TaKafd
naOpMALIIA AAA 3AIYCKA HEKOTOPHIX BHYTPEHHHX IIporeccoB. Cpasy
BCITOMUHAFOTCA ITHPAMHABL, AMYACTEHI . ..

5. Coasapuc

B [194] Crammcaas Aem OImChIBaeT OKEaH, ITOKPBIBAIOIIHUI BCIO
ITOBEPXHOCTH ITAAHETHL 1 OOAAAAFOIINI BEICOKOPA3BUTHIM Pa3yMOM. /AeM
KPATKO OIIMCBIBACT CAMYIO PACIPOCTPAHCHHYIO «eunome3) Yusuma-Bummut,
C02AaCH0 KOMOPOL 0Kear AEJAMCA Pe3YAbInaniomM peskozo nepexooa (100 6AugmueM
BHEUHUX YeA106ULL) U3 pacieopa caabo peazupyomux XUMUYECKUX BeujeciIs 6 craouro
«2OMEOCTIamuYecKozoy oKeand, Mumya 6ce 3eMiwie CHIYNEHU  DPA3GUMUs, MUy
obpasosarie 00HO- U MHOZOKAEHIOUHBIX OP2AMUIMOB, I60M10YUI0  pacmeHutl i
acusommsrx. lnaue 2060ps, oxean re npucnocabausancs, Kax 3eMivie 0peantsMel, 6
meyerne comer MUAAUONHOS A€/ K YeA0SUAM (pedst, 410061 71016K0 Yepes maKoe
Qnumenvrioe 6peMsa 0anty Hayual0 pasyMHoll pace, Ho cimnan X0AUHoM cpedst cpasy Jnce.»

16¢-8




maBa 16c¢. Nepegava nHdopmauumn B OMONOrMYeCcKNX cMcTemMax

Cranncaas AeM yMaAdnBaeT O APYrOii IMITOTE3€, COTAACHO KOTOPOH
«passuniie oKeara Hauai0cy 6 IN0XY noABACHUA obmecmeensrx Hacexomuix. Odur u3
6006 MYpaswves cmenua cpedy obumariua ¢ cyxonymnoi tia mopekyr. Aeso nowao
xopouto. Mopcxue rypasvu Gvicmpo ocsounsu n00600Hvill 06pas Hcus, Haydu ucs
BvIpamusans MeaKux po3osvix noaynpospaurstx medys. Kosonuu smux medys
NpedCInasann cobotl npoubLe IAACHIULHEIE KOHCIIPYKYU ¢ BHYIIPEHHUMU KAMEPAMU
u Aabupurmaml, u npOHU3BLEAI UMY KaHAAAMY, CKE03b KOMOpbIE CHIPYUAACL 600a.
Konempyxyuu npopacmanu 621y6w okeara, o re sammesant conredriviil céem 044
100600Hs1x 00umamenci. Crrerv KOHCHIPYKYUIL NYAbCUPOBANY 071 OecnpepbisHbIX
dsuoiceriutl Medys. Ha nosepxrocmu oxearna onu npedcmasasnu coboi  ocniposa
npUYYONUSOL  apXUMEKIMYPbl, UHO20a NOOSUNCIHBLE, d UHOZ0A  HENOOBUNCIBLE U
upessvryatiio yomonuusvie K 604nenur0 oxearia. Brympu xonempyxyuil obumanu
Mypassil U UMEHHO UX ynpasaerue Medysamu 00ecnedusano Yemouuusocny ual
Osusrceriue KorcmpyKkyun. Pasmeper ocmposos u paccmosiusg mescdy HuMU Ko.1e6a1uct
6 utupoxux npedesax. Tem e meree ocnposa npedcmasaanu cobot edunsiii opeanusm,
KOmopsil Moz MeHams KoHPUYpayuo 6 3asucuMocmiu om nocooHsix Yeao06uil.
wAurue» medyssr nokpviéany ece oxear u CAYHCUAU NONOSHEHUEM CK)ABIYPHBLXY
Kkonorudl. OKear npespamunca 6 eueanmckutl Mypaseiiur.»

['mmoTesa o pasyMHOCTH OKeaHa OBIAA OTBEPIHYTA HAYIHBIM
COOOIIECTBOM. YYEHBIE COTAACHAUCH C TEM, YTO MOPCKHE MypaBbH
(pazMep KOTOPBIX COCTABAAA OKOAO ABYX MM) MOTAH B 3TOM MO3I€ UIPATh
POAB HEHPOHOB, U C TEM, YTO MEAY3HBIE KOHCTPYKIIMHA MOTAU YIIPABAATHCSA
mypasbAMu. Ho He OBIA HaIA€H OTBET Ha BOIIPOC O KaHAAAX CBA3H MEKAY
MypaBbAMI, KOTOPBIC MOTAM HAXOAHUTBCH APYI OT APyra Ha PacCTOSHUN
MHOTHX KHAOMETPOB. Terepp MBI MOKEM ITOHATB, YTO aBTOPHI ITOM
IUITOTE3bI OBIAU IIPABBIL.

6. PacripeaeAeHHBINH MO3T

WMrak, m©3  IIPEABIAYIIETO  CAEAYET,  YTO  CYIIECTBYET
PACIIPEAECACHHBIM MO3I MYPAaBEMHUKA U HEMPOHAMHU TAKOIO MO3Ta
ABAAIOTCA MypaBbd. He BHAHO IpHUYMH ITOABACHHUA PACIIPEACACHHOTO
MO3Ta y AIOOOro MHOro cooOrrectBa buoopranusamos. He BuaHO Takke
IIPUYUH, OIPAHHYMBAIOIIUX Pa3yM Takoro Mmosra. PaccMmorpnm
ocobeHHOCTH pacipescacHHOro mosra (PM).

1. PM cocronT m MHOKECTBA HEHPOHOIIOAOOHBIX JAEMEHTOB,
KOTOpBIE ~ MBI ~ OyA€M B AAABHEHIIIEM  HA3HBATH
CaMOCTOATEABHBIMH U AeATeAbHbIMH Herponamu (CAHY

2. Ocobennocts CAH 3akarogaercs B TOM, ITO OHH (PU3HYECKU
ABTOHOMHBI I MOIYT ACHCTBOBATH B OIPEAECACHHOM CTEIICHH
Hesapucumo oT PM.
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3. CAH obbeaunens! kKaHaraMu HH(POPMALIMOHHON CBA3H H, TEM
CaMBIM, cO3A210T PM.

4. PM me cymecrtsyer, kak (pU3UIECKUIT OOBEKT.

B mpormecce cBoeit pasymnon aeareapnoctn PM moceiaaer

«pyxkoBopsamue»  uHdopmanuonnsie  curHarsl  (PC)

oraeapHbM  CAH. DTH  cHrHaAB  OIIPEACAAIOT — IIEAB

HezaBucuMmex Aeiictsuii CAH.

6. Baxmo orverurs, YTO UIMYECKH OTCYTCTBYET OpTaH,
noceiAaronmuil PC. Oama w3 CAH1 moa aeticreuem PCl1
rtoceinaer PC2 B Apyroit CAH2.

7. Ilpocretimme CM nHe ocosnaror cBoeit ceasu ¢ PM u cBoero
yaactus B AesireAbHOCTH PM.

1

8. Haao moaaratp, uto PM MOXHO CpaBHHTBL IIO PasyMHOCTH C
MO3TI'OM KHBOTHOTO.

Her Hukakux IPUYHUH IIOAAraTh, YTO CAMOCTOATEABHBIMHU
weriponamu B PM Moryr OBITB TOABKO OOINECTBEHHBIE HACEKOMBIE.
OOIIecTBEHHBIME  MOTIYT OBITh W KUBOTHBIE. PacIpeACACHHBI MO3T
IIPUCYTCTBYET HE TOABKO Y POf ITYEA M MYPAaBEHHUK, HO M y CTAW IITHII,
KOCAKA PBIOBI, CTaAd TPABOAAHBIX M CTAaM XHIIMHHKOB. be3 Takoro
IIPEATIOAOKEHUA TPYAHO OOBACHHUTH COrAACOBAHHBIC ABIKCHHA KOCAKA
PBIO MAHM IPOMAaAHOM CTAM IITUII, KOTOpasd coxXpaHAeT (POpMy HE TOABKO
IIPU IIEACYCTPEMACHHOM IIOAETE, HO U B IIOATOTOBHTEABHOM KPY/KEHIU.
HeaaBno B Kurae aemoncrpupoBascs deliepBepk COTEH APOHOB,
VIIPAaBAAEMBIX 13 €AHMHOTO IeHTpa. (COrAacoBaHHOCTD KPYKEHHUA CTal
IITUIL COITOCTaBHMa C COTAACOBAHHOCTBIO 3TOM «CTam» APOHOB. Mrak,
CYIIECTBYET IIOBEACHHE CTAW IIPU OTCYTCTBUU «HAYAABHHKa». Takoe
IIOBEACHHE YaCTO PACCMATPHBAIOT KaK IIPOABACHHE HEKOErO 3TrPeropa.
PM cram u ectp s10T arperop. Iltuma Bo raase cram - 3TO TOT CaMblit
CAH1 xoroperit oA aAeticrBuem PC1 moceraaer PC2 Becem aApyrum CAH2
— BCEM APYI'HM IITHULIAM CTAM.

KoaaektuB  9eM-AHOO  OODBEAMHEHHBIX  AFOACH  (CBA3BAHHBIX
5MOITMOHAABHO, HH(POPMAIIMOHHO UAH OPTraHU3AIIMOHHO) TAKKE MOKET
cosaare PM mam arperop. CyrecTByroree IIpeACTaBACHIE 0O arperopax
— 9TO  IIPEACTABACHHE «O  KOAAEKTHMBHOM  OECCO3HATEABHOM,
BOCIIPOHU3BOAUMOM ITIOCPEACTBOM 3TPErOPOB, KaK
9HEPrOMH(MOPMAITMOHHBIX KOMIIAEKCOB, IIPEACTABAAIOIINX ... (DOPMEI
Obrrua apxerunosB B rcuxoaorum» [195]. Ilporme rosops, ato 9T0-TO
0ECCO3HATEABHOE, CYIIECTBYIOIIEE B BHAE dHEProMHAOPMAIIMOHHOTO
KOMITAEKC2, 0O YCTPOMCTBE KOTOPOIO M pedu HeT. ABTOP HE XOYeT 3TOI
dpasoil TpUHU3HUTH CyIIecTByIOmYyo Teopuro [195] — mamporus, ona
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maBa 16c¢. Nepegava nHdopmauumn B OMONOrMYeCcKNX cMcTemMax

ITOpakaeT TAYOMHOM aHAAN32a ITOBEACHHA 3TOTO  KOAAEKTHBHOTO
0EeCCO3HATEABHOIO M 3aCTABAAIOT YCOMHHTBCA B OECCO3HATEABHOCTH
arperopoB. CkazaHHOE BBIIIIE - 9TO IIOIBITKA IPUOAUZUTCA K IIOHUMAHUIO
du3nyueckoll  CTPYKTYPBI 3TPEropa, Kak 3HEProunH(MOPMAITIOHHOTO
KOMITAEKCA.

Yeaosex- CAH moixer Taxke, Kak B MypaBeii, HE CO3HABATH CBOIO
cBa3b ¢ PM. Ho HexoTopsie m MHOTAQ YyBCTBYIOT 9Ty CBA3b, HE IIOHIMAA,
OTKyAa MAET HH(OPMALIMH U AO KOHIIA HE HOHHMAsA ee¢ CMbICA. VIHOTAQ
OAH2 H Ta ke HMHQOPMAIUA ITOCTYIIACT HECKOABKHM AIOAM — TOTAQ
TOBOPAT, YTO «MBICAM HOCATCA B BO3AyxXe». Imoraa wnudopmarmsa
HPI/IXOAI/IT (HPI/I HaHpH}KCHHOM, SMOIIMOHAABHOM, HCOCO3HAaHHOM
sarrpoce) Bo cHe (kak Menaeaeesy). Buanmo, nmvenno Bo cHe Mo3T
YEAOBEKA YIACTBYET B «OOIIECTBEHHO-IIOAEC3HOM» pabore PM.

Mmuorue BBIAAIOIIHECH YYEHBIE VIBEPKAAAM, HYTO CO3HAHHE
cymiecTByeT BHE Mo3ra. Tak, AjkOoH DKKA3, KPYITHEHIIHI COBPEMEHHBII
Heiipodusnoror u Aaypeatr HobeaeBckol mpeMun 10 MEAUIIMHE, TAK/KE
CYNTAET, YTO IICUXUKA HE fABAAETCA (DyHKIHMEH Mosra. Bmecre co cBonm
KOAAETOH, Heifipoxupyprom Yaiiaaepom Ilenduarom, KOTOPBIH IIpoBeA
6oaee 10000 omeparmii mHa Mo3re, DKKA3 Hammcaa kHury «Taiina
JeAOBeKa». B Hell aBTOPEI IIPAMBIM TEKCTOM 3afABASIOT, YTO Y HUX «HET
HUKAKAX COMHEHHH B TOM, dYTO d4eAoBekoM yipasager HEYTO,
HaXOAfIIeecs 3a IpeAeAamu ero teaa». IIpodeccop Dxkkas murmer: «f
MOTY 9KCIIEPUMEHTAABHO IIOATBEPAUTD, YTO pabOTA CO3HAHUA HE MOMKET
OBITE OOBACHEHA (PyHKIIHOHHpOBaHHMEM Mo3ra. Co3HaHWE CyIecTByeT
HE3aBHCHUMO OT Hero usBHey. [190]

B cmAy BBIIIECKA3aHHOIO MOKHO VTBEPKAATb, YTO CO3HAHHE
cymectyer B Buae PM. Uem Ooaee passurto cosmanume PM, tem Goaee
pPasBUTO CO3HAHHE KAKAOTO HHAHMBHAYYMA, U YEM OOA€e PasBHTO
CO3HAHNE HHAUBHAYYMa, TeM Ooaee paspuro cosmanume PM. Toraa
CTAHOBHUTCA  OYEBUAHBIM, 9YTO AAf  CYIIECTBOBAHUA  Pa3BUTOIO
OOIIIEYEAOBEYECKOTO CO3HAHUSA HYAKHBI

® MHOIOYHCACHHOE YEAOBEUECTBO,

® COCTOSIIEE U3 YMHBIX HHAUBHUAYYMOB,

® CAMHAS ITUBUAM3AIIA,

e 3eMAA C BO3AYIIIHOM OOOAOYKOM.
OTCIOAQ, B 9ACTHOCTH, CACAYET, YTO

® 00Opa3soBaHUE AOAKHO OBITH BCEOOIIIUM,

® IIPECAOBYTEINl 30AOTOH MHAAHAPA AOATO HE IPOTAHET (KaK K
Mayran B AKYHTAAX),
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7.
1.

vt

YEAOBEK B KOCMOCE HE CIIOCODEH K TBOp‘ICCKOﬁ ACATCABHOCTH.

BriBoaBI
[TokaszaHo, 9YTO B MOACKYAAX BOABI M BO3AyXa MOKET
CYIIECTBOBATh OOBEMHAsA CTOSAYAA OIACKTPOMATHUTHAA BOAHA
BBICOKOH YACTOTHL.
DTa BOAHA MOMKET MOAYAUPOBATHCA OPraHAMH OMO-OPraHU3MA.
MoAyAupoBaHHaS TAKUM oOpasom BOAHA MOKET
PACIIPOCTPAHATBCA IO BOAHOI U BO3AVIIHOH CpeAe U
BO3ACHCTBOBATH HA OPTaHBI APYTOTO OHO-OpPraHMU3Ma.
Takas BOAHA pacIpocTpaHsAeTcs Oe3 IToTepb SHEPIUH.
Ha ocHOBe 9TOro mokaszaHo, 9TO B BO3AYXE MOXKET CYIIIECTBOBATD
BBICOKOOPTaHHU30BAHHAA CTPYKTYPA.
B Takoll cIpyKIrype OTAEABHBIN OHO-OPraHH3M BBIITOAHACT
dyHKIIIH HEHpOoHa.

. Taxkas crpykrypa MOKeT OBITb KOAAEKTHBHBIM  MO3IOM

€oO0DIIIeCTBA ONO-OPTAHI3MOB.
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I'AaBa 16d. K oObocHoBauuro
TOMEOIIATHH

1. BBeaenue

Teoperndeckoe OOOCHOBAHHE TOMEOIATHH HE COOTBETCTBYET
HAYYHBIM  IIPEACTABACHHAM O  (DYHKIHMOHUPOBAHHH  OPTraHH3MOB.
[Tostomy 0oABIIOE HYHCAO HPOGPECCHOHAABHBIX ~MEAHIIMHCKAX I
OOIIEHAYYIHBIX ~ OPraHM3AINNA  OTKPBITO  BBIPAKAIOT ~ HETATHBHOE
OTHOIIIEHNE K TOMEOIATHM. DTH JKE OPraHM3AINK YKA3bIBAIOT Ha
OTCYTCTBUA AOKA3aTEABCTB 3(pdeKTHBHOCTH romeonaruu. Bmecre ¢ tem
TOMEOIIATHA CYIIECTBYET IMEHHO OAArOAAPs TOMY, YTO MHOTTE BUAAT 3TN
AOKa3aTeAbCTBA. Hrimke mpeApHHEMAETCA IIONBITKA HAWTH CTPOTOE
HaygHOE OOOCHOBaHHE romeorratau [189)].

[Ipexae BCEro OTMETHM HEKOTOPBHIE XapaKTEpPHBIE OCOOEHHOCTH
TOMEOIIATHH.

1. AeueOubie sdpexter mpemapara ©  pacTtBopa IIperapara
COBITAAAFOT.

2. TpuBHaAbHbBIE BBIYUCACHHUSA ITOKA3BIBAIOT, YTO B IIPEIIAPATAX C
BBICOKHM Pa3BCACHHEM BEPOATHOCTD HAANYHUSA XOTA OBl OAHOH MOACKYABI
ACHUCTBYIOIIIETO BeIecTBa OAM3ka K HyAr0. OAHAKO AedeOHBI apderT
ocTaeTcs.

3. Ilpm yMEHBIIEHHH KOHIIEHTPAIUM IIPErapara AcueOHbIH
acpdexr yecrmanBaercs.

4. KoAmdecTtBO mprMmecell B TOMEOIATHYECKOM  ACKAPCTBE
HEN30EKHO OOABIIIE, YEM ACKAPCTBEHHOTO Berectsa. [losromy wacturier
IIPUMECEH, OYEBHAHO, AOAKHBI OKa3blBATh OOABIIIEE BAUSAHHE, HEM
YACTHIIBI ACKAPCTBEHHOTO BerecTBa. OAHAKO 9TOro He HAOAIOAACTCH.

5. Hekoropsie romeormarsl CYUTAIOT, YTO AEHCTBHE IIperapara
OODBACHACTCA TEM, UTO «BOAA OOAZAACT IIAMATBIO», OCYIIECTBAAIOINEIT
repeAady OMOAOTHIECKOH HH(POPMAITHH.

6. OrcyTcTByeT OOIIEIIPUHATOE HAYIHOE MHEHHE O CYIIIECTBOBAHIHI
«rramaATa BoAp [186, 190, 191].

Taxum 0Opazom, BOIIPOC 00 OOOCHOBAHNI TOMEOIIATHH CBOAHTCH K
BOIIPOCY O CIIOCOOHOCTH BOABI COXPAHATH IIAMATH O BEIIECTBAX, PaHEEe
PACTBOPEHHBIX B HEH.
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masa 16d. K obocHoBaHWUiO romeonaTum

2. DAeKTpoMarHuTHaA OOBEMHasA croAYad

BOAHA.

B raaBe 16 mokazaHo (Kak CAEGACTBHE pEIICHUA YPaBHEHMHA
MaxkcBeAAa), 9TO B OTPAHHYEHHOM OOBbEME BAKYyMa MOKET CYIIECTBOBATE
SAEKTPOMATHHUT  CTOAYad BOAHA. ODTOT OOBEM  MOXKET  HMETh
pasnoobpasnyio gopmy. B AexapToBOIl crcreme KOOPAHMHAT peEIlleHHE
HMEET BUA

E.(x,y,2t) = excos(ax)sin(By)sin(yz) sin(wt), 2)
E,(x,y,2,t) = eysin(ax)cos(By)sin(yz) sin(wt), (3)
E,(x,y,2z,t) = eysin(ax)sin(By)cos(yz) sin(wt),. )
H,(x,y,2z,t) = hysin(ax)cos(By)cos(yz) cos(wt), (5)
Hy,(x,y,2,t) = hycos(ax)sin(By)cos(yz) cos(wt), (6)
H,(x,y,2z,t) = hycos(ax)cos(By)sin(yz) cos(wt), (7)

rae E,, E,, E, - saexrpraeckne mampsmenmocrn, H., H_, H, -
MArHUTHBIE HAIIPAKCHHOCTH, ex,ey,ez,hx, hy’hZ - IIOCTOSHHEIC

AMIIAMTYABl HAIPSUKEHHOCTEH, &, 5, A — KOHCTAHTEL, @ - 4YacTOTa. DTH
BEAUYHHEI CBA3AHBI CACAVIOIITUMU YPAaBHEHUAMU:

h,=0, ©)
ya
€x = € 5 g ©)
B
€y =€x (10)
Ew
hy = €y 7, (1 1)
Ew
hx = —ey 7, (12)
YV = Hw, (13)
2 2 2
0= [ (14)
ep
AAf kyOa mmapameTper
a=p=y. (15)
[Tpu sTOM AAEHA TOAYPEOpPA KyOa OIIPEACAAETC KAK
R== (16)
Toraa dpopmyAra AAf ACTOTHI B BAKYYME IIPHHUMAET BUA
CcTt
w=— 3, (17)

TA€ C — CKOPOCTb CBETA B BaKyyMe.

Crosfuas BOAHA HE H3AYYAETCHA CKBO3b I'PAHU KyOa M IIPH OTCYTCTBUI
BHEIIIHUX ITOTOKOB 3HEPIMH TaKasg BOAHA COXPaHACT CBOIO DHEPIHIO,
gacTory u opmy oObeMa. DTa IAEKTPOMATHUTHAA BOAHA MOKET OBITH
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MOAYAMPOBaHA OOAe€e HU3KOH 4JacTOTOH. B TakoMm caydae stor oOBeM
IIpEBpAIaeTCs B XpaHuTeAb dHeprum u uudopmarmu. B raase 16
PACCMATPHUBAIOTCA HM3BECTHBIE SKCIIEPUMEHTHI U IPHPOAHBIE ABACHHSA,
CAYKAIIIIE AOKA3aTEABCTBOM BO3MOKHOCTH CYIIECTBOBAHHA TaKOTO
XPAHHTEAS.

3. BoadaHol xpanurteAs nH@OpMaLIT

Byaem moaarate, 9TO MOAEKyAQ BOABI SBAAETCA TEM OODBEMOM,
KOTOPBII XPAHUT CTOSAYYIO BOAHY. [ Ipu aTOM cTOsA9as BOAHA XpaHHUTCA B B
IIPOCTPAHCTBE MEKAY ATOMAMU KHCAOPOAA U BOAOPOAR, T.€ B BaKyyMe.
[Tosromy mbr moOkem npumeHnTs Gopmyay (17) Aas ompeaeseHms
YaCTOTBI 9ACKTPOMATHUTHON BOAHBI B MOAEKYAE BOABL.

__H

@

U\

\

0.9584 A
Puc. 1.

[TpoMeKyTOK MEKAY ATOMOM KHCAOPOAA U BOAOPOAA, TA€ MOIKET
HyABCHPOBATH CTOfuas BoAHa, mmeer pasmep 1071%m — cm. pume. 1.
CAEAOBATEABHO, AAS HEE

R=~5-10"11m, (18)
Ilpur wmsBecTHOi crkopocTH cBera B Bakyyme € =~ 3-10% ms (17, 18)
HAXOAHUM YaCTOTY S9AEKTPOMATHHTHOTIO ITOAA B MOACKYAE BOABL:
.108
w=—"0\3 231017 (19)
Yacrora f cBA3aHa € OSTOH I[IMKAWUYECKOM YACTOTOH
COOTHOIIICHUEM
w = 2nf, (20)
OTKYA2 HAXOAUM
w

f=—=~5-10'8 Hg, 21)

21
OmpeaeAnm errie AAHHY BOAHBI
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masa 16d. K obocHoBaHWUiO romeonaTum

y = ]—f ~ 107 1%m. (22)

Takum 00pa3om, AAMHA BOAHBI (22) U paAnyC OOAACTH CYILIECTBOBAHMUSA
crosigeii BOAHBI (18) cBA3aHBI COOTHOIIIEHNEM BHAA:

~Y
R~L 23)

Cive} O3HAYACT, 910 00AaCTD CyIIeCTBOBaHMA crosvyen BOAHBI
YBEAYHMBACTCA C YBCAMYCHHEM AAHMHBI BOAHBI HAM C YMCHBIIICHHEM
YaCTOTHI.

CobcrBenHad JacroTra MOAEKYA ACKApPCTBCHHBIX BEIIIECTB
HaXOAHUTCA B IIPEACAAX

L=(10" +10")Hz (24)
[187], wuro mamsoro mmxe wactorel (21). Ilostomy wactoTHI
ACKAPCTBEHHBIX BCILIECTB MOTYT MOAYAHPOBATD YACTOTY

BACKTpOMﬁFHI/ITHOFO IIOASL B MOACKYAE BOABI. OrMmeTnm €IIIE, YTO 00AaCTb
CyIIeCTBOBaHMA CTOSYEN BOAHBI C YACTOTOM ACKapCT'BCHHOFO BEIIIECTBa
OoAbIIIE HpI/IMCpHO B 107 p2.3 00AACTH CTOSYEN BOAHBI B MOACKYAC BOABI

— cpasuu (21) u (24).

M3BecTHO, 9TO 9AEKTPOMATHUTHOE M3AYVIECHUE B3AUMOACHCTBYET C
MOAEKYAAMH  BEIIIECTBA, BBI3BIBAA H3AYYCHHE HAHM  IIOIAOIICHUE
9AEKTPOMATHUTHOIO H3AYICHHA MOAEKYAQMI BEIIECTBA HA
ompeaeAeHHEIX gacToTax [188]. IToaTtomMy MOAEKyABI BermecTBa MOIYT
B3aMOAEHCTBOBATH uepes 3AEKTPOMATHUTHOE H3AYYCHHE.
Mmuoroxparnoe ycuaenue spdexra TaKOro B3anMOACHCTBUA ITOABAAETCA
IIPY COBIAACHHH COOCTBEHHBIX YACTOT M3AYYAFOIIEH M ITOTAOIIAFOIEH
MOAEKYABL (B aTOM MOXKHO yCMOTpPETh IOMEONATHYECKUN ITPUHITUII
A€YEeHHs ITOAOOHOTO ITOAOOHBIM, TAE€ ITOAOOHME ITOHUMAETCA B CMBICAE
IIOAOOHSA 9aCTOT, 4 HE ITOAOOHA XHMHYECKOro coctasa). Haao moaarats,
YTO HMEHHO YaCTOTBI AEKAPCTBEHHBIX BEINECTB ABAAIOTCA TEM
KaTAAH3aTOPOM, KOTOPBII BO3ACHCTBYeT Ha OOABHEIEC OpraHbl [lostomy
MOAEKYABI BOABI, IIEPEHOCAIIIIE «AEKAPCTBEHHBIE YACTOTHD),
BO3ACHCTBYIOT TOYHO TaKikKe, KAK ¥ CAMH A€KAPCTBEHHBIE BEITIECTBA. DTUM
oopacusrorca . 1.1 m 1.2,

4. O BAMAHUU BBICOKOT'O PAa3BEACHUA.

BHaque HpI/I CO6AIOACHHH MCp HpCAOCTOpO)KHOCTI/I B paCTBOpC
KOAHNYECTBO /\CKapCTBCHHbIX MO/\CKYA Mo S3HAYUTCABHO HpCBbILHaCT
KOAHMYECTBO MOACKYA M1 HpI/IMCCI/I. MbI 3AIIUIIIEM OTO q)aKT B CACAYIOH_ICM
BHUAC:

M, = kM,. 25)
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rae k > 1. CoorBercrBeHHO, KOAUYECTBO MOAEKYA BOABI V, Hecymx
ACKAPCTBEHHYIO YaCTOTY, 3HAYUTCABHO IIPEBBIIIACT KOAUIECTBO MOACKYA
V1, Hecymux gactoty mpumecu. Msl sammiremM 910 (PakT B CACAYIOIIEM
BHAC!

Berrre OTMEYAAOCH, YTO 0bAaCTh CYIIIECTBOBAHHSA
5AEKTPOMATHUTHON BOAHBI C YaCTOTON AEKAPCTBEHHOTO BEIIECTBA MHOIO
OOABIIIE 0OAACTH CTOAYEH BOAHBI B MOACGKYAE BOABL Bpirrre oTMedaAocs,
YTO OOAACTH CYIIECTBOBAHHUA IACKTPOMATHHUTHOW BOAHBI C 9YaCTOTO
AEKAPCTBEHHOTO BerectBa OoAbIie mpuMepuo B 100 pas. MoaekyAwr
BOABI, HECYIIIHE KaKHE-AHMOO YaCTOTBI, «3APAKAFOT» ITHMHU HYACTOTAMU
CBODOAHBIE MOAEKYABL VI3-32 IIOABHAKHOCTH MOAEKYA BOABI MOKHO
IIOAATaTh, YTO BCE MOACKYABI BOABI 3apMKEHBI TEMH HAH HHBIMH
MOAYAUPVIOIIMMH YACTOTAMH U MEKAY HHUMH COXPaHACTCA TO IKe
coornormenue (26). Obo3HadnM

MOAEKYABI BOABI, HECYIIIHE KAKHE-AHMOO YACTOTBI, «3APAKAIOT)
5THUMH YaCTOTAMU CBOOOAHBIE MOACKYABL VI3-3a ITOABIZKHOCTH MOAEKYA
BOABI MOKHO ITOAAraTh, YTO BCE MOAEKYABI BOABI 3aPAKEHBI TEMU HAH
HHBIMI MOAYAHPYIOIIIUMH YACTOTAMU U MEKAY HUMHU COXPAHACTCA TO 7Ke
coorromenue (26). Obo3HaunMm

q =Vo/Mp. 27
[1pu pasBeaeHHH pacTBOpPa M COXPAHEHHH TOIO Ke OOBEMA KOAUYECTBO
moaekyA My m M; cokparmaerca. OAHAKO KOAMYECTBO MOACKYA BOABI
OCTaeTC TEM JK€ M, IIO-IIPEKHEMY, BCE€ MOAECKYABI BOABI 3aPSAKCHBL
CAeAOBATEABHO, IIOCAE PA3BEACHHSA

q: > q. (28)
I[Tocae MmHOTHX pQSBCACHI/Iﬁ
qz = . (29)

s (28, 27, 25) caeayert, uto KoamdecTtBO MOAekyA My u My crpemurcs k
HyAr0. CAGAOBATEABHO, BAUSHHUE IIPUMECEH HcYe3aeT. DTUM OObACHACTCA
o 1.4,

MoAyAHpoBaHpE CTOAYEH BOAHBI MOAEGKYA BOABI Pa3HBIMH
MOAEKYAAaMH OAHOIO M TOIO JKE€ BEINECTBA CO3AACT Pa3HOCTH (a3
9AEKTPOMATHUTHBIX KOACOAHNI B PAasHBIX MOAEKYAAX BOABL /\edeOHOE
BO3ACICTBHUE 3aBHCUT OT CYMMapHOIO BO3ACHCTBHA BCEX MOACKYA BOABL
OueBHAHO, YTO CyMMapHOE BO3ACHCTBHE MOAEKYA C PasHBIMH (hazamu
MEHBIIIE CYMMAaPHOTO BO3ACHCTBHA «CHH(MA3HBIX MOACKYA». AHAAOTITIHO
IIPEABIAYIIIEMY MOKHO IIOKA3aTh, YTO PAa3BEACHHE YBEANYHBACT UHCAO
«cHH@AZHBIX MOAEKYA». DTUM OObACHAETCA I1. 3.
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BriBoABI
V13 BBIIIIECKA3AHHOTO CACAYET, 9TO

1.

B Mmoaexkyaax BOABI BCErAa CYIIECTBYIOT COOCTBEHHBIE
SAEKTPOMATHHUTHBIE ~KOACOAHHUA, COXPAHAIOIINECA B BHAE
CTOAYEH 3ACKIPOMATHUTHOM BOAHBI OIIPEACACHHOU BBICOKOM
YaCTOTHIL.

Dra  9aCcTOTA  MOAYAHPYETCA  COOCTBEHHOH  9aCTOTOM
PACTBOPEHHBIX B BOAE BEIIIECTB. DTA YACTOTA MHOTO MEHBIIIE
COOCTBEHHOI YaCTOTHI BOABL.

Boaa  coxpamser = MOAYAMPOBAaHHBIE — 3AEKTPOMATHHTHBIC
KOAEOAHUA B OTCYTCTBUU CAMOIO BEIIIECTBA, CO3AABIIIEIO TAKIE
KOAEOAHUA.

Boaa, coaepmammas MOAYAMPOBAHHBIE —3AEKTPOMATHHTHBIC
KOAEOAHUSA, BO3ACHCTBYET HA OPraHH3M TAK K€, KaK BEIIECTBO,
CO3AABIIICE TAKHE KOACOAHUS.

PasBeaeHne BOABI C  PACTBOPEHHBIM B HEH A€YEOHBIM
IIPEIAPATOM YBEAUYIHBACT Ae4eOHBIH 3(PdekT m ocaadAser
BAUSAHHUE IIPUMECEM.
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I'aaBa 17. O06patumocTh
VHUIIOAAPHOU UHAYKIIAN

Coaepxanne

1. Beeaenne \ 1

2. OBocHOBaHME OOPATUMOCTH 3aKOHA YHUIIOAAPHOMN
HHAYKITHH \ 1

3. MarauTHBIE TOKH \ 2

4. Bpamarormumecs mmoas \ 3

5. VpaBHEHMS YHALIOASPHON HHAYKIINU B CUCTEME
ypasuennit Makceana \ 4

6. ITpeaAaraemeblil 9KkcIiepuMeHT \ 5

1. BBeaenue

Hmxe dopmyanpyercas OOpaTHUMBIF — 3aKOH — VHHUIIOAAPHOI
HHAYKOHH. [loKasbBaeTCs, 9TO 3TOT 3aKOH YHHUIIOASPHON HHAYKITHI
MOJKET CAYKATb OOOCHOBAHHEM MATHUTOIMAPOAMHAMHYECKOTO AMHAMO-
sdppekT M CYIIECTBOBAHMA MATHHTHOIO IIOAA  ACTPOHOMHMYECKHX
00BbeKTOB. Aaree pacCMATPUBAIOTCH KOHBEKIIMOHHBIE MATHUTHBIC TOKH,
KOTOPBIE MOIYT CYIIECTBOBATH OE3 CYIIECTBOBAHUA MATHHTHBEIX 3aPAAOB
(MArHUTHBIX MOHOTIOAEH). VxassBarorcs COOTBETCTBYIOIIHE
SKCIIEPUMEHTHL

2. OOocHOBaHHME OOpPATHMOCTH  3aKOHA

YHHUIIOAAPHOU MHAYKIITANA

DlixeHBaABA B [86] paccMarpuBaeT BPAITAFOIINNACA 3apAKEHHBIN
AHICK, BO3OYMKAAIOIINN MATHHUTHOE IIOAC. DHUXCHBAABA HA3BIBACT O9TH
BPAIIAIOIINECA 3aPAABl  KOHBEKIIMOHHBIM TOKOM. Ero skcrepumenT
IIO3BOASIET  yTBEP/KAATH, 9YTO  OOBIYHBIA  DACKTPHYCCKUH  TOK,
KOHBEKITHOHHBIM  TOK, BpAIIAIOIIEECo OACKTPHYECKOE IIOAE U
BPAIAFOIIUICA 3aPAKEHHBIN AUCK OAHMHAKOBO BO30YKAAIOT MATHUTHOE
ITOAE.

Bpamarormuiics  3apAKEHHBIH ~ AUCK  ABASECTCA  HCTOYHHKOM
BPAILAIOIIETOCA ~ DAEKTPHYECKOrO  moAd.  TakuMm  oOpasom, U3
SKCIIEPUMEHTA DIXEHBAABAA CACAYET, YTO BPAIAFOIICECA IACKTPIYEKOE
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ITOAE BO3OYV/KAAET MATHUTHOE ITOAE.
[TInpoko m3BecTeH 3aKOH YHUIOAAPHON HHAYKIH Papaaes:

E=VxB 1)

AT

E =V XxXuH (2)
Ha »TOM OCHOBaHHMM MOKHO IIPEAIIOAOKHTB, YTO CYIIECTBYET U
OOPATHUMBIH 3aKOH YHUIIOAAPHON MHAYKITHH:

H=VXE¢E (3)

Aerko yoeantcd, aro dopmyaa (3) yAOBAETBOPAET TPEOOBAHUAM
PAa3MEPHOCTH BXOAAIINX B HEE BEAHYNH.

Paccmorpum  cAyuair, Koraa BeKTOpHBIE HpousBeAcHHA (2, 3)
MOYKHO  3aMEHHUTb  IIPOCTBIM  IIPOHU3BEACHHEM, a4  BEAHYHHBI
HAIPAKEHHOCTEH, BXOAAMUX B ¢opmyasl (2, 3), coBmaparor. Toraa
ITOAYIHIM:

E =V,uH )
H =V3eE 5)
Vmuoxas (4, 5), Haxoaum:
1 _ 2
Vs = pr C ()

CootHomrenne (4) HAOAIOA2€TCA B M3BECTHBIX SKCIIEPUMEHTAX IIPH
TEXHHYECKH PEAAN3YEMBIX CKOPOCTAX M HAIPMKEHHOCTAX. [Ipm Tex ke
BEANYHHAX HAIIPHKEHHOCTEH CKOPOCTh

2
Vs = 7 )
AOAKHA AOCTUTATh (paHTACTHYECKUX BeAMYHH. OAHAKO IIPH OOABIIIHX
SACKTPHYCCKUX HAOpmKeHHOCTAX E m  cropoctax V3 HOABACHUE
MATHHTHOH HAIIPSKEHHOCTH H AOAKHO HAOAFOAATHCH.

M3BecTHO ~ MATHUTOTHAPOAMHAMHYECKOE AHMHAMO - 3ddekr
CAMOIEHEPAITMH MArHHTHOIO IIOAf IIPU OIPEACAEHHOM ABIKCHHH
npoBoasdreit  skmAkoctr  [145]. Ortam adpdexkrom  0OBACHAIOT
00pasoBaHUE M CYIIECTBOBAHME MATHHTHOIO IOASl ACTPOHOMHYCCKHX
OOBEKTOB - TaAaKTHK, 3BE3A, maaHerT [146]. B ormmx  aBacHHAX
IIPUCYTCTBYIOT BBEICOKOCKOPOCTHOE ABIKEHUE 9ACKTPUICCKHX 3aPAAOB B
KUAKOCTH HAU IIAA3ME, YTO SKBUBAACHTHO OOABIINM 3ACKTPHUIECKIM

manpsxernoctam E w ckopocram V3 . Caeposaresnno, obparmnmrit
32KOH VHHUIIOAAPHOHN KMHAVKIIUU MOKET CAVKUTH OOOCHOBAHHEM BCEM

OTHUM ABACHHAM.

3. MargurHbI€ TOKHA
BBH_HC yKa3bIBa/\OCb, 910 MATHHUTHOC IIOAC CO3AA€CTCA
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KOHBEKITHOHHBIM ACKTPHYECKIM TOKOM 3ACKTPHYECKHX 3apaAoB. [Ipm
3TOM ypaBHEHHE (2) MOKHO PacCMaTPHUBATh KaK ypaBHEHNE MATHUTHON
HAOPAKEHHOCTH B 3aBUCHMOCTH  OT  JAEKTPUYECKOIO  TOKA

DACKTPHYECKHX 3aPIAOB.

[To aHaAormm MOXKHO VTBEPIKAATH, 9YTO IACKTPHUIECKOE ITOAE
CO3AAETCS KOHBEKIIMOHHBIM MATHUTHBIM TOKOM MATHUTHBIX 3aPSAOB.
IIpu »1om ypaBHenme (1) MOXKHO paccMaTpUBATh Kak YpaBHEHHE
DACKTPUYECKON HANPMHKEHHOCTU B 3aBHCHMOCTH OT MATHUTHOIO TOKA

MATHUTHBIX 3aDAAOB.

IIpeacTaBAeHHEE O CYIIIECTBOBAHMU MATHHUTHBIX 3apAAOB HE HOBO.
MsBectro, uro XeBrucafA OBIA IIEPBBIM, KTO BBEA MATHUTHEBIC 3aPAABI U
MarHUTHBIE TOKH B 3AeKTpoAmHAMHUKY Makcseara [140]. Orvernm erme,
YTO IIOAFOC AAMHHOIO MATHHTA B MATEMATHYECKOM IIAAHE MOKET
OTOKAECTBAATHCA C MATHUTHBIM 3apAaoM [141].

CozpaHme  9AEKTPHUYECKOTO  ITOAfl  KOHBEKIIMOHHBIM — TOKOM
MAarHUTHBIX 3apAAOB HaOAroAaroch B akcrepumentax Cepaa. B [142]
OIMCBIBACTCA, KaK ICHEPATOpP, ' ...pasTOHAACH BCE OOABIIE, CTaA
nCIycKaTb BOKPYr cebsi pososoe cBeuenue". [loxoxuit adpdexr
omuceBactca Ha opyme [143]. Tam onmceBaercs AHCK A3aHOBA €
MHOKECTBOM ~ MATHHTOB, 3aKPEIIACHHBIX Ha  OKPYAKHOCTH  AHCKA
(moapobuee cM. B otBere 37). ABTOp B BUACO (cM. oT1BeT 17) yKaswmBaer,
YTO IIPM BPAIIECHUH €ro Aucka co ckopoctbio 7000 o6 \mun obpasyercs
raro. AEHCTBHTEABHO, B OOOHX CAy4YafX BpAaICHHEC MATHHTOB
€CTECTBEHHO OTOMKACCTBUTh C KOHBEKIIMOHHBIM TOKOM MAIHHTHBIX
3apAAOB, 4 BO3HUKAIOIEE IIPU ITOM PO3OBOE CBEYCHHUE HAH IaAO
OOBACHUTH BOZHUKHOBEHHEM IACKTPHYECKOTO IIOAl B COOTBETCTBHH C
D).

TakuM 00pasoM, ABIKEHHE MArHUTOB, IIOAIOCA  KOTOPBIX
OPHUEHTHPOBAHBI OAMHAKOBO OTHOCHTEABHO AMHHUU ABIKEHHSA, MOKHO
paccMaTpuBaTh KaK MArHHTHBIH TOK. OTOT MATHUTHBIA TOK CO3AA€T
SAEKTPHYECKOE IIOAE. DTO HE O3HAYAET, YTO MATHUTHBIEC 3aPAABI
CYIIECTBYIOT, Kak (DU3MYECKUNI OOBEKT, HO IIO3BOASECT KOMIIAKTHO
OIIMCHIBATH ABH/KEHHE COBOKYITHOCTH MATHUTOB.

4. Bpamarommecs mmoaa

DACKTPUYECKH  3APMKEHHBI  AMCK  CO3A4€T  CHMMETPHYHOE
aaexkTpuaeckoe mose. OmbIT DHXEHBAABAA CBUACTEABCTBYET O TOM, UTO
BPAIIAFOIIEECH CUMMETPHYHOE IAEKTPHUYECKOE ITOAE CO3AAET MATHUTHOE
roAe. B cBasu ¢ arum boray B [139] roBopur, arto « sszcoxoii seposmiocnivio
MONCHO  O%ctOam U CYulecreosanis obpamnozo Iggexma: npu_epawueruu dasie
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CUMMENIPUYHO20 Ma2HUmH020 HOAA ONNCHO B03HUKANL INeKmputeckoe nose. V1 sma
BOIMONCHOCIIL 00A%HHA Obtm IKcnepumermansiio nposepera. 1loucky ynomanymozo
INCKIIPUUECKO20 1008 NOCCAUYEHO MHOZ0 ONYOAUKOBANNBIX IKCNEPUMEHINANBHBIX
pabom... O0naxo 1u 6 0010l U3 1HUX IAEKMIPUYECKOe 110.10¢ UIMEPUIMNG He Y0aN0ch, 470
MOXCHO 00BACHANMS, KaK 0)0em 6UOHO U3 0aNbHElMes0 USN0NHEHUS, OUUOOUHBIMY
HPEOCIIABACHUAMIU 0 CBOLCIIBAX U3YUAEMO20 NOJIAY

VKazaHHBIC BBIIIE O9KCIIEPUMEHTB AECMOHCTPUPYIOT OOpATHBIN
adexr, 0 KOTOPOM TOBOpPHUT boraw: Bparmarormeecs MarHUTHOE IIOAE
CO3A2ET IACKTPHUECKOE TOAE. B raase 2g 1mokaszaHo, 910 B Tpexda3HBIX
MAIITHHAX CYIIECTBYET dIACKTPHIECKOE ITOAC.

Borau cBsA3eBaeT BOIPOC O CYINECTBOBAHUU 3TOTO ABACHHA C
BOIIPOCOM O CYIIECTBOBAHNU CTATHYECKOIO 9ACKTPOMATHUTHOIO IOAS. B
IIPEABIAYIIIHX I'AABAX ITOKA3BIBACTCH, YTO CTATHIECKOE IACKTPOMATHUTHOE
IIOA€ CAEAYET HEITOCPEACTBEHHO u3 ypaBHeHHH MakcBeara. Hampumep,
CYILECTBYET ~CTATHYECKOIO 9ACKTPOMATHHTHOE IIOA€ B  IIPOBOAC
ITIOCTOSHHOTIO TOKA H B 3APHKEHHOM KOHACHCATOPE.

5. YpaBHeHUA YHUIIOAAPHON WHAYKIIUH B

cucreme ypaBHeHHM MakcBeaaa
Paccmorpmm T20A. 1.

TabAmnma 1
a b
1 TTaoTHOCTH TOKOB j=DV m = BV
Vpasuennsa MakcBeana rotH =j rotE =m
3 Vpasuenus yHumoaspuoin | H =V X D E=VXB
VHAYKITIHT

PaccmoTprmM cAywaiil, KOTA2 SAEKTPHYECKHIH 3apAA PACIIOAOKEH Ha
TOPIIC 9AEKTPETA, ABIIKYIIETocs co ckopocteio V. B atom cayuae
IIAOTHOCTb ~ 9AEKTPHYECKOIO  KOHBEKIIHOHHOTO TOKA  OIIHCBIBACTCA
dopmyroit  (1a), ITOCKOABKY DAEKTpUYECKAA HMHAYKIUA Ha TOPIIE
SAEKTPETA PaBHA ITIAOTHOCTH IAEKTPHYECKOTO 3apsAAa. YpasHeHHE (2a),
IIOAYYEHHOE BBIINIE Kak (2.3), ompeAeAsieT MarHUTHYIO HaIpPAKEHHOCTD,
CO3AABAECMYIO 3THUM KOHBEKIIMOHHBIM TOKOM B OKPECTHOCTH TOpIA
sAeKTpeTa. YpasHeHHe (32) OIpeAeAAeT MATHHTHYIO HAIIPAKEHHOCTD,
CO3AABAEMYIO 3TUM KOHBEKIIMOHHBIM TOKOM HEIIOCPEACTBEHHO Ha TOPIIE
dAEKTpeTa. 3aMernM, YTO ypaBHeHHEe (2a) HE IIO3BOAAET HAHTH
HAIIPAKEHHOCTh HA TOPIIE. DTO CACAYET TAKKE U3 TOTO, YTO YPaBHEHUE
buno-Casapa-Aariaaca, skBuBaAeHTHOE ypaBHeHHIO (2a), TaKkKe HE
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ITO3BOASIET OIIPEACAUTDH HAIIPAAKEHHOCTh HA TOPIIE, HOO B 3TOM CAydYae B
ypasaenun bruo-Capapa-Aariaaca mosBAsIeTCA ACACHHE HA HOAB.

PaccmoTpuM Tereps CAy4aii, KOrAa TOPEIl IOCTOAHHOTO MATHHUTA C
MATHHUTHOH HHAyKIueid B ABmkerca co ckopocrero V. Maranraas
MHAYKIIUS HA TOPIIE MarHHTa PaBHA ITAOTHOCTH MATHHTHOIO 3apfAa.
[TosTromy ABMKEHHE TOPIIA MATHHTA SKBHUBAACHTHO MATHUTHOMY TOKY C
maotaocTeio  (1b).  Vpasmerme (2b)  ompeaeaser  aaextpmueckyro
HAIIPHKEHHOCTD, CO3AABAEMYIO  OTHM  KOHBEKIIMOHHBIM TOKOM B
OKPECTHOCTH TOPIIA HOCTOSHHOTO MarHuTa. Y pasuenue (3b) ompeaeaser
MATHUTHYIO HAIIPA/KEHHOCTb, CO3AABAEMYIO 9THM KOHBEKITHOHHBIM
TOKOM HEITOCPEACTBEHHO Ha TOPIIE ITOCTOAHHOIO MAaTHHTA. TyT Takke
MOKHO OTMETHTh, uro ypamenme (2b) me mosBoaser maiitn
HAIIPAKEHHOCTD Ha TOPIIE.

Orcroaa caeayer, uTo ypaBHeHHA (3) AOAMKHBI OBITH BKAFOYCHBI B
cucreMy ypaBHeHHI MakcBeaaa.

ITpeasaraempIil 3KCIIEPUMEHT

Hrxe paccmarpuBaercss YMO3PHTEABHBIM (IIOKA) SKCIIEPUMEHT,
KOTOPBIIT AEMOHCTPHPYET CYIIECTBOBAHHE MATHHTHBIX TOKOB — TOKOB
MATHHTHBIX 3apAAOB. DTO He OYAET O3HA4YaTh, YTO MATHHUTHBIC 3aPAABI
CYIIECTBYIOT, KaK (pU3HYecKnii OOBEKT, HO IIO3BOAUT KOMIIAKTHO
OIIHCHIBATH ABH/KEHIE COBOKYITHOCTH MATHHTOB.

Ecan ObI 9TOT 9KCIIEpUMEHT OBIA YAAYHBIM, TO 9T0 HE 03Ha4aAO
OBl HapyreHus ypaBHeHHA MaxcBeana — OHE crTaam OBl ermmne OoAee
CHMMETPHYHBIMU.

WMrax, com. puc. 1. Ilepsoe wmaramromarkoe xoawro 1,
HAIIPECOBAHHOE HA BTYAKY 2, MOKET BPAIIATHCA BOKPYI OCH 3 MOTOPOM
4. Bropoe MarHHTOMATKOE KOABIIO 5 3aKPEIIACHO HEIIOABIZKHO. MemKAy
KoAbITaMu 1 1 5 pacriorokeH MeAHBIH nUAHHAP 0. ITo 6okam koaerr 1 u
5 pacIOAOKEHBI HEIIOABU/KHBIE KOABLIEBBIE OOMOTKH 7.

Ecan mo xoabueBoiM oOMOTKAM 7 Tever TOK |, 1o xoabma 1 u 5
IIPOHU3BIBAIOTCA MATHUTHBIM IIOAEM C HHAYKIHE B .

Taxum 0Opazom co3aaeTcs Bparmaroreecs MarHuTHoe moae. Ecau
VKa3aHHOE ITPEAITOAOKEHIE BEPHO, TO 3TO MazHumoe 1noae 6030)ocdaer
waekmpuyeckoe nose BAOAb IUAHHAPA 6. CAEAOBATEABHO, BAOAD IIHAMHAPA
6 AOAXKEH Tedb TOK J, KOTOPBIM 3aMBIKAETCHA Yepe3 amiepmerp 8 1o
tokonpoBoAy 9. Ilokasamma ammepmerpa 8  IIOATBEPAAT — HAU
OIIPOBEPTHYT AAHHOE IIPEATIOAOKEHHE.
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maBa 18. Cunbl JlopeHua, AMnepa n XmernbHuka

I'anaBa 18. Cuarer Aopenmna, Ammepa
1 XMEAbBHUKA

OraaBAenue
1. Berynaenmue \ 1
2. Koudurypanns mmoas \ 1
3. Cuaa Nopenma \ 4
4. Cuaa Ammepa \ 6
5. Cuaa XmeapHuka \ 7

1. Bcrynaenue

MsBectHO, 910 cmAa AMmIlepa IPOTHBOPEYUT TPETbEMY 3aKOHY
Herorona, HO He HpOTHBOpEdYUT OOACE OOINEMY 3aKOHY COXPAHEHUA
HIMITYABCA, ITOCKOABKY 9ACKTPOMATHHUTHOE IIOAE OOA2AAET HMITYABCOM.
Bakno oTMeTHTB, YTO CTATHYECKOE IAEKTPOMATHHUTHOE IIOAE TAKKE
MOKET O00A2AQTh HMIIYABCOM, M IIO3TOMy CHAA AmIlepa He
IIPOTHBOPEYHT 3aKOHY COXPAHEHHUA UMITyAbCA U B TOM CAyYae, KOTAA OHA
BO3HHKACT IIPH B3AaUMOACHCTBHU IIOCTOSHHOTO TOKA C IIOCTOSHHBIM
MATHOTHBIM ITOAeM. M3 a1Oro caeayer, 9ro cmaa Amiepa AOAKHA
YPABHOBEIITUBATLCA ITOTOKOM HMIIYABCA 3AEKTPOMATHHUTHOTO  ITOAS.
OAHaKO, HACKOABKO  HM3BECTHO  aBTOPY, HET KOAMYECTBEHHOIO
COITOCTABACHHS CHABI AMIIEPA C IIOTOKOM HMITYABCA IACKTPOMATHHTHOTO
11oAf. VIMEHHO 9TO COITIOCTABACHHE U PACCMATPUBACTCA HIKE - CM. TAKKE
[25] Ilpm >TOM OIPEAEAAFOTCA HEKOTOPHIE IAPAMETPHI M C HUX YIETOM
ITOKA3BIBACTCA, YTO CUABI /AOpPEHIIA 1 AMIIEPA MOKHO PacCMATPUBATD KAK
CAEACTBHSA CYIIECTBOBAHUA IIOTOKA MMIIYABCA YACKTPOMATHUTHOIO ITOAfA
1 3aKOHA COXPAHECHUSA UMIIYABCA.

2. Koudurypanmsa moas

O0603HAYIM AASL QACKTPOMATHHUTHOTI'O ITOAS:
2

W - maotHOCTD 9HEpPrIH (CKAAAD), KI*M ' ¢ 7,
S - mAOTHOCTD TOTOKA 3HEpPrHU (BEKTOD), KI'C ",
P - MAOTHOCTD UMITyAbCa (CKAAAD), KI*M ¢!

b

f - maoTHOCTD TOTOKA HIMITYABCA (BEKTOD), KI*M "

V' - 06beM 5AEKTPOMATHUTHOTO TTOAA (CKAAAD), M,
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Ha pumc. 1 mokasamsr mpoBoanuk aamson L ¢ Tokom |,
HAXOAAINIMIICA B MATHHHOM IIOAE€ C MHAYKITHEI B wu aABurarormiica co
ckopocThro V. moA  Acficramem  cuAnl  Amrrepa . Bexropsr
HAIPSUKEHHOCTH  E  9AEKTPHYECKOrO IIOAf, CO3AAOINEIO TOK, U
nHAyknnn B B3ammbO mepreHAmMKyAspHBL [lo3TOMY BO3HHKAET IOTOK
SACKTPOMATHUTHOM 9HEPIUU C IAOTHOCTBIO S , IIOKA3aHHBIA Ha puc. 1
OKpYKHOCTAMH. MOKHO IIPEACTaBUTH €rO B BHAEC ABYX cdep,
OOBEAMHATOIINXCA B TEAE IIPOBOAHUKA U IIPOHU3BIBAIOIIETO IIPOBOAHHUK
B BEPTHUKAABHOM HAIIPABACHHH. DTOT IIOTOK 3KBHBAACHTEH IIOTOKY

HUMITYABCA DACKTPOMATHUTHOTIO ITOA. f

—_—

L
Puc. 1.

Ha pmc. 1a AAS HarASAHOCTH ITOKa3aHO HECKOABKO AMHIH TOKa,
HMHAYKIAN 1 ITOTOKA. "Aec" KOPUYHEBBIX AMHHE IIOTOKA HAYHHACTCA B
TOYKAX IIEPECCUYCHHUA AMHUN TOKA U AMHHI HHAYKIHH, 9TO ITOKA32HO
KPYKOYKaMH. AMHHN ITIOTOKA IIPOHU3BIBAIOT TEAO, IIPOXOAAT BHE TEAQ U
3AMBIKAFOTCS TAK, KAaK IIOKA3aHO HA PHCYHKE IOPU3OHTAABHBIMU
crpeakamu. Ha pumc. 1 ot 3ambeikarormmecs AHHHM — IIOKAa3aHBI
OKPYKHOCTSAMEL
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S —l- F — s
— R

\ A?‘ ﬂ ? ‘a‘ y ? Aa‘ A

-

s — il
Puc. 1a.
Wssecrno [21, 63], uro
=W (1
S=W-c, 2
p=W/c, p=S/c’ 3)
f=p-c, f=S/c. 4

Hurerpaa oT IAOTHOCTH IO 00beMy OYAEM 0DO3HAYATH KAK

A =[A-dv. (42)
\Y

[Torok  sHeprmm  MOMKET  CYIIECTBOBATH WU B CTATHYECKOM
anekTpomarauTHOM 110Ae  [13].  CaeaoBaTeABHO, IHOTOK HMIIYABCA
CYIIECTBYET M B CTATHYECKOM SAEKTPOMATHHTHOM ITOAE, CO3AABAEMOM
IIOCTOSTHHBIM TOKOM U ITOCTOSTHHBIM MATHUTHBIM ITOAEM.

3akon COXpaHeHUs HMITyAbCA AAA YCTPOICTBA,
B3aMMOAEHCTBYIOIIIEIO C dACKTPOMATHUTHBIM IIOAEM, MOKHO 3aIIICATh B
cAeayrorieM Buae [13]:

d 0
~2()=2V) + b, ©
NS
J — MexaHMYECKHIT HMITYABC YCTPONCTBA,
V. - obbem ycrpoiicrBa; o0ObeM, B KOTOPOM  HMIIYABC

5AEKTPOMATHHTHE ITOAE€ B3AMMOAEHCTBYET C YCTPOMCTBOM , T.C.
C 3apAAAMH H TOKAMH B 3TOM OOBEME,

b — maomaap cedeHms Teaa, BAOAD KOTOPOIO PaCHPOCTPAHACTCH
IIOTOK SHEPTUU U UMITyABCA.
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Vpasuenne (5) o3Hawaer, 9TO CYMMapHBIA ITOTOK HMIIYABCA BO
BCEM OO'bEME ITOASl PABEH HYATO.
MsBecTHO, 9TO CHAQ, ACHICTBYIOIIIAA HA YCTPOMICTBO,

0
F=-—U). 6
~0) ©)
CAEAOBATEABHO,
d
F=—(V)+ fb, )
O6vbeannss (7) u (3, 4), moaygaem:
a (Sv Sb
F=g(E)+% ®

Takum ~ 0oOpa3oM,  €CAM  YCTPOWCTBO  HAXOAUTCA B IIOTOKE
SAEKTPOMATHUTHOM 9HEPIUU, TO HA HETO ACUCTBYET crAa (8), 3apucAIas
TOABKO OT ITOTOKA 3AEKTPOMATHUTHOM 3HEPTUH. DTA CHAA CYIIECTBYET U
HIPH IIOCTOAHHOM IOTOKE, U TOTAQ

Sb
F=- ©)

Cc
B tom CAy4dae, ¢€CAHx IIOTOK SACKTp OMATHUTHON BHCPFI/II/I
paCHpOCTpaHHCTCH B BEIIIECTBE C OTHOCHUTEABHBIMHI AHSACKTpH‘ICCKOﬁ &

U MarHUTHOH f IpoHHIaeMoctamu, B dopmyas (8, 9) Bmecro

CKOpOCTI/I ceera C B BaKyyMc H€O6XOAI/IMO IIOACTABUTDH CKOpOCTI/I CBE€Ta B
BCIIICCTBEC

c
C, = —— (10)

e

Paccmorpum  cAygaii (ITokasaHHBI Ha pHC. 1), KOTAQ BEKTOPHI

3AEKTPUYIECKOMN E u MATHUTHOM H HAIIPAKEHHOCTEH
IIePIIEHAUKYAAPHBL Toraa
S=EH 11)

[lycte eme 1moae B  YCTPOWMCIBE  ABAACTCA  PABHOMEPHBIM K
cocpepaoroueHo B oobeme V . Toraa us (8, 10, 11) moaygaem:

d (EHVe EHb+/€
F = —( ") + £ (12)
at\ c2 c
ECAI/I, KpOMC TOrO, IIOAC ABAACTCA IIOCTOAHHBIM, TO
EHDb+/g
F= Tﬂ (13)
AN
Sby/g
F ==2%¥F (132)
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3. Cuaa Aopenna
Paccmorpum marauTHYIO CHAY AOpEHIIa, ACHCTBYIOIIYIO HA TEAO C
3apAAOM (], ABUTAFOIIIEECH CO CKOPOCTBIO V IIEPIEHAUKYAAPHO BEKTOPY

MATHUTHOH HMHAYKumu B :
=qvB. 14)
Mer Gyaem mpeHeOperatb MHAYKIIHEH COOCTBEHHOIO MATHHTHOTO IIOAS
ABIDKYILIETOCS 3apAAa (IO CPaBHHEHHUIO C MHAYKIHEH BHEIITHEIO
MATHATHOTO ITOAf) M COOCTBEHHBIM HMITYABCOM ABIUKYIIETOCH 3apAAQ.
Toraa mapo mpuHATH, 9TO0 cruAa (14) BEI3BAHA IIOTOKOM HMITyABCA
SAEKTPOMATHUTHOIO ITOAf, IIPOHH3BIBAIOIIEIO TEAO 3apAAa. [Ipu srtom
u3 (13, 14) moaygaem:
quB = —EHbC@,

uAn, upu B = g uH |
Eb./e/u
que = ENE (17
Ho
CAEAOBATEABHO, BHYTPH TEAA AOAKHA CYILIECTBOBATH HAIIPHKCHHOCTb

(16)

SACKTquCCKOFO ITOAA, HaHpaBACHHaﬂ BAOAD CKOpOCTI/I, "u paBHaH

quClo
= . 18
o (18)

3amernm, 4TO

cu, = |2 ~377 (19)

&

0

E = ‘”’C“"\f 377ﬂf. (20)

CACAOBaTCAI)HO, BHyTpI/I SQPH)KCHHOI“O TEAA, ABIKVITIETOCA B MATHUTHOM
IIOAC M HAXOAAINECTOCA IIO, erictBueM cuABL_AopeHIa, ¢ CCTBYCT

[Tpn sToMm

HaIpAKEHHOCTD IACKTPHUYCCKOIO ITOAA, IMPOIOPIIMOHAABHAA CKOPOCTH
ABYIKCHWA.

ITpumep c saaexkTpoHOM

V mero zapsa (, =1.6-107 19 maccmqecmn paAHyc r=2.8- 10_15

IIAOIIAAD LEHTUPAABHOIO CCYCHUS YACKTpOHA b, = mr? =25 -

10739 TIpu stom Egy/e/u = 25102 v. Moxno Takxe ckasars,

9TO Ha AHAMCTPE DSACKTPOHA BAOABb HAIIPABACHHA CKOPOCTH

CYILIECTBYET PAa3HOCTh IOTEHIMAAOB — Hanpsuxkerue U, = 2E 1, =
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maBa 18. Cunbl JlopeHua, AMnepa n XmenbHuka

5-10%%p % PaccmatpuBas  paccymaenua @etinmana  [13] o

BHYTPEHHHUX CHAAX 9ACKTPOHA, YACP/KHBAFOIIUX 3aPSABL SIACKTPOHA
HA IIOBEPXHOCTH C(EPHl, MOKHO 3aMETHTb, YTO 3TO HAIIPSKCHUE
ABASIETCS TOH CHAOH, KOTOpas "HOATArHBaeT" OTCTAIOIIUE 3APAABI K
CBOeMy MeCTy Ha cepe TOIA2, KOTAA OH ABIKCTCH IIOA ACHCTBHEM
cuABI AopeHIIa.

Takum 00pazom, cumAy AOpEHIIA MOKHO DPACCMATPUBATD _KAK
CACACTBHE CYIIECTBOBAHUA HMIIYABCA OSACKTPOMATHHTHOIO IIOAS U
3aKOHA COXPAHEHHs MMIOyAbca. Ho mpm  3TOM 1pHAETCS — ere

IPEeATOAOKHTh, uTO BHYTpH ABIIKVITICTOCH 3apaiKeHHOTO TeAa

CVIIIECTBYET  HANPAKEHHOCTb _ IAEKTPUIECKOro  moAsl  Buaa  (20),
IIPOIIOPITHOHAABHAA CKOPOCTH ABH/KCHHUS.
Wrak, 3apaxeHHOE TEAO, ABUTAFOIIEECH C HEKOTOPOM CKOPOCTBIO B
MAarHUTHOM IIOAE, OKa3BIBACTCH B SIAEKTPOMATHUTHOM ITOAE C
® IIOTOKOM 3AEKTPOMATHHUTHOII SHEPIHH,
®  UMIIYABCOM 3AEKTPOMATHHTHOIO IIOASl B

® ITOTOKOM HMITyABCA 9AECKTPOMATHUTHOTO ITOAS.
W3 3akoHa COXpaHEHHSA HMIIYABCA CAEAYET, 9YTO IIPOM3BOAHAS IIO
BPEMEHH OT MEXaHHYECKOTO HMMITyAbCA 3TOTO TeAa (T.e. ACHCTBYIOIAA HA
TEAO CHAA) 3aBUCHUT OT

1) mpomsBoAHOIT IO BpPEMEHH OT HMIYAbCA 3AEKTPOMATHHTHOTO

OAS I

2) IIOTOKA MMIIyABCA SAEKTPOMATHHUTHOIO ITOAS.

DTa cuAa U ABASETCA CHAOH AopeHITa.

4. Cuaa Ammepa
Paccmorpum cuay Amiiepa, ACHCTBYFOIIYIO Ha IIPOBOAHUK C TOKOM
I
MATHUTHOM HHAYKImn B :
F,=1BL. 21)
Ecan sra cuaa BeI3BaHA IIOTOKOM HMIIYABCA 3AEKTPOMATHHTHOIO ITOAM,
IIPOHU3BIBAIOIETO IIPOBOAHUK, TO U3 (13, 21) moAyuaem:

b

ABHTAIOIINICA CO CKOPOCTBIO V  IEPIEHAHUKYAAPHO BEKTOPY

1BL = 2 23)
van, ipu B =g uH |
IHLpou = 22 @4

CACAOBaTCAbHO, HaHPH)KCHHOCTb BACKTpI/I‘ICCKOFO IIOASL B 9TOM CAyYae
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maBa 18. Cunbl JlopeHua, AMnepa n XmernbHuka

ILugc

= (25)

KaugectBeHHO 3Ty CHAY MOKHO OOBACHUTH TEM, UYTO CBOOOAHBIC
9ACKTPOHBI "OTCTAarOT"' OT TeAa H CKAIIAMBAIOTCS B 'XBOCTE'
YCKOPSFOILIETOCSA T€AA — TAKOE SIBACHHE PaccMOTpeHO DelHMaHOM AAf
ycKopsrorerocss  sAektpona  [13]. Daexrpmyeckoe  CONPOTHBACHHE
MaTepraAa TOPMO3HUT PaBHOMEPHOE pacrpeseAcHue 3apspoB. Ha ato
pacxoayercs AomoAHUTEAbHas sHeprus. CAEGAOBATEABHO, ABHIKCHHE
3APHKEHHOTO TEAA C IIOCTOSIHHOH CKOPOCTBIO IIPOHCXOAHT C 3aTPATON
SHEPruH Ha TerAoBbie motepu. IIpu sTOM ObecreduBaeTCs IOCTOAHCTBO

SHCPIHUH SACKTPHUICCKOTO IIOAA BHYTPH 3APMKECHHOTO TCAQ.
Ecam YACABHOC COHpOTI/IBACHI/IC HpOBOAHI/IKa PaBHO P n

ITAOTHOCTDH TOKa paBHa j, TO

j=1/b (26)
u

E=ip (27)
Toraa u3 (25-27) moaygaem:

p=Luc |- (28)
HAH

=P |K
=% 29)

CAeAOBATEABHO,  CKOPOCTh — PACHPOCTPAHEHUA  IACKTPOMATHHUTHOMN
SHEPIUU B IIPOBOAE, HAXOAAINEMCH IIOA ACHCTBHEM CHABL AMIIEpa,
MEHbIIIE CKOPOCTH CBETA U onpeAeAdercs 1o (29).

13 BBIIECKAHHOTO  CAGAYET, 9TO CHAY AMIepa MOMKHO

paccMaTpuBaTb KaK CACACTBHC CYHIIECTBOBAHHA IIOTOKAa HMITYABCA
9A€KTpOMaFHI/ITHOFO IIOAA M 3aKOHaA COXpaHCHI/IH HUMITyAbCAa.

5. Cnaa XmeAapHHUKA

Ha ocnose dopmyasr (12) MOKHO yIBEpKAATH, UTO CYILECTBYET
eIne OAHA CHA2, KOTOPYFO AAA KPAaTKOCTH HAa30BEM CHAONH XMEAbBHHKA
(ecAn, KOHEYHO, HHKTO €Ille HE paccMaTpmpaAa 3Ty cuaAy) [18]. B
YACTHOCTH, OHA MOKET OBITh CHAOI Aopenra nau curoii Amuepa. Ho B
APYIHX CAyYafX OHAa HE OSKBHBAAGHTHA 3THUM CcHAaM. B raase 13
paccmorpensl skcriepuMeHTsr Tamma, I'paxema n Aaxosa, Msanosa I'.I1,,
KOTOPBIE MOIYT OBITH OOBACHEHBI CYIIECTBOBAHUEM OTOH CHABL OTH
SKCIIEPUMEHTB  BBIIOAHAAUCH B CTAI[HOHAPHBIX IIOAAX, HO IIPH
rnepemennon Hanpsmxennoctun E. B [18] paccmarpuBaercs MbICACHHBIH
SKCIIEPHUMEHT, PaOOTAIOMIEH B CTATHYECKHX ITOAAX COIAACHO dpopmyae
(13). PaccmoTpum ero.
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Ha puc. 1 usobpakeHO TEAO, HAXOAAIIEECA BHYTPH COACHOHAA C
mocroaHHBIM  TOKOM | .  Tearo mMeer  OOKAAAKH-IACKTPOABI,
HAXOAfIIMeECs ITOA mocrogHHbM Hanpsxernem U . [lpu stom B Teae
COBAACTCA CTALIMOHAPHOE 9ACKTPOMATHIHOE IIOAC C 9ACKTpHUeckoil E n
MArHUTHOH H HAIIPAKCHHOCTAMIL Bosuunkaer ITOTOK
SAEKTPOMATHUTHON sHepruu ¢ HAOTHOCTBIO (11), mokazammeni mHa
pHCYHKEe OKpyKHOCTAMH. MOKHO IIPEACTABHTB €I0 B BHAE ABYX cdep,
OOBEAMHSFOIIUXCA B TEAE€ M IPOHU3BIBAIOIINX €r0 B BEPTHKAABHOM
HAIIPABACHHH. DTOT ITIOTOK CO3A2€T CUAY (13), ACHICTBYIOIIYIO Ha TEAO.

—

Puc. 1.

Paccmorpum mmoapoOnee pacuer cuasr (13), HCIIOAB3YA AASL HTOTO
obo3HaveHns pasmMepoB TeAa, rmokasanusle Ha puc. 1: L,d,h. Iycrs
TEAO  BBIIOAHEHO M3  MArHUTOAMSACKTPUKA ~ C  MATHHUTHOIM
npornraeMoctsro 4 =400, AMIACKTPHYECKOH — IIPOHUIAEMOCTBIO
& =10, mnayknment macsunenns B =0.5. Maraurnas nanpsskeHHOCTD
npu mMakcumaabroil maAykma H = B/(u- p1,)= 0.5/ (400-47[-10’7)z1000 .

IMycrs eme U = 30000, h =0.2,d = 0.5. Toraa b =hd =0.1,E =
v_ 15000. Toraa o (13) maxoamm:

d
o _ EHbER V10-400 108
c

= 15000-1000-0.1- ~ 0.3.

c c
Takum 0OpasoM, yCTPOMCTBO oGemiaer GbITh peasm3yeMbIM. ABTOP
IPHUIAAIIIACT — 9KCIIEPHMEHTATOPOB  IIPOBEPUTH  IIOABACHHUE  CHABI
XMEABHHKA H AOIIOAHHUTD €€ HA3BAHUE CBOMM HMEHEM.
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