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AHHOTAITAA
ITpeanaraerca HOBOE pereHue ypasHeHHd MaxcBeara
AASl BAaKyyMa, AAA IIPOBOAA C ITOCTOSHHBIM M ITEPEMEHHBIM
TOKOM, AASl KOHAGHCATOPA, AAd cdeprl T T.A. IIpeaBapureabHO
OTMEUAETCA, UYTO AOKA3ATEABCTBO EAMHCTBEHHOCTH H3BECTHOTIO
pelreHns OCHOBAHO HA 3aKOHE COXPAHEHUA SHEPIHH, KOTOPBII
He cobAroaaercss (AA MIHOBEHHBIX 3HAYCHUI) B H3BECTHOM
permennn. [Ipeasaraemoe perrenne
® HE IPOTHBOPEYHUT 32aKOHY COXPAaHEHHA SHEPIHH B
KaKABIF ~ MOMEHT  BPEMEHH, T.e.  YCTAHABAUBAET
ITOCTOAHCTBO TAOTHOCTH IIOTOKA 3AEKTPOMATHHTHOMN
SHEPIUH BO BPEMEHH,
® BLIABAACT CABHI (a3 MEKAY 9IACKIPUYECKUMH U
MArHUTHBIMHA HAIIPAKEHHOCTAMHI,
® OOBACHAET CYIIECTBOBAHUE IIOTOKA SHEPIUM BAOAB
ITIPOBOAQ, PABHOTO IIOTPEOAAEMOIT MOIITHOCTH.

[IpuBoAuTCs ~ IIOAPOOHOE ~ AOKA3aTEABCTBO — AAA
3AaHMHTEPECOBAHHOIO YHTATEAL.

PaccmarpuBaroTcsi 9KCIIEPUMEHTAABHBIC ITOATBEP/KACHIA
TEOPUN.

IIpeasararorcss OObACHEHHA KCIIEPHMEHTOB, KOTOPEIE AO
CHX IIOp HE OBIAH OOOCHOBAHEI

Paccmarpusarores TEXHUYICCKIE IIPHAOKCHHSA
ITOAYYIEHHOIO PEIICHU.

[Tpocn0a, 3amMevdanns U IPEAAOKEHUA COODIIATH ITO AAPECY:
solik(@netvision.net.il
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1. Bcrynaenue

"AO HACTOAIIErO BPEMEHH HE OBIAO OOHAPYKEHO HU OAHOTO
apdekra, KOTOpBIT IOTPeOOBAA OBl BHAOM3MEHEHHA YPABHEHMIHA
Maxceana" [36]. Tem He MeHee, B IIOCACAHEE BpEMs KPHTHKA
CIPABEAAHBOCTH ypaBHEHHMI MaKCBEAAA CABIIINTCA CO BCEX CTOPOH.
[Tocmorpum Ha puc. 1, rae u300paxKeHa BOAHA, ABAAIOIIAACA HU3BECTHBIM
permenneM ypapHeHHEH MakcBeAara. YBEPEHHOCTb KPHUTHKOB yPaBHCHMI
MakcBeAAa CO3AAETCA, IIPEKAE BCETO, HAPYIIIEHUEM 3aKOHA COXPAHEHUSA
SHEPrUU B TakOH BOAHe. U, AelictBureavHO, "miommocms  nomoxa
aexmpomaztumnol snepeun (Modyas sexmopa Ymosa-Iloinmurea) «myarscupyenny
no eapmonuyeckomy saxory. He napymaenea au 30ecs saxon coxparernus snepeun?”
[1]. besycaoBHO, Hapymaerca, €CAM 9SACKTPOMATHUTHAA BOAHA
VAOBAETBOPSICT HM3BECTHOMY pemreHuro ypasHeHuii MakcBeara. Ho
BCAb APYTOTO perieHus Het: " oxasamenscneo eouHcmeenHocmy peulerus 6
0buux uepmax ceodumea K caedyromemy. Ecaun umeenca 06a pasanunvix peuterius,
M0 UX PASHOCIIG 6CACOCIIBUE AUHEIHOHIU CUCIIEMYL 11000 ABAAENICA DEUUEHUEM, 1O
npu 1YNE6BIX 3APAOAX U MOKAX U H)AC6LIX HAYAAGHBIX U PAHUUHBIX YEAOBUX.
Omcroda, noaw3yace  6vipaskeruem 041 IHEPLUU  INCKIPOMATHUNINOZO 1OJAA U
3AKOHOM COXPAHEHUA IHEPIUU 3aKAT0UACM, Y10 PASHOCHIb Pelerutl 1m0Hc0ecni6erino
pasna 1yamw, m. e. peuternus odurnaxoser. Tem carmvim eourncmeentocms peuerus
ypasnenuii Marcsessa doxkasana" |[2]. Takum 0OpasoMm, E€AMHCTBEHHOCTb
peIreHns AOKA3BIBACTCA HA OCHOBE IIPUMEHEHHUS TOIO 3aKOHA, KOTOPBII
HAPYIIIAETCA B 9TOM PEITECHUN.




Mpegucnosue

Puc. 1.

Apyrum pesyApTaTOM, CACAYIOIIUM U3 CYIIECTBYIOIIEIO PEIICHNU,
ABAAETCA CHH(A3HOCTb SAEKTPHUYECKOHM M MArHUTHOW KOMIIOHEHT
HAIIPSIKEHHOCTEH B 9ACKTPOMArHHTHOM BOAHE. DTO XOPOIIO BHAHO HA
puc. 1. Ho 210 mpOTHBOpEYHT IPEACTABACHHIO O OECIPEPHIBHOM
IIPeOOPA3OBAHNN SACKTPHYECKON M MArHUTHOM KOMIIOHEHT SHEPIHH B
3AEKTpOMAarHUTHON BoAHe. B [1], manpumep, ator dakt oTHOCHTCA K
"[IOpPOKAM COBPEMEHHON KAACCHYECKON 3ACKTPOAMHAMUKN'.

Takume pE3YABTATBI, CACAVIOIIME N3 H3BECTHOTO  PEILICHHA
ypaBHeHNIT MakcBeAAa, ITO3BOAAIOT HEKOTOPBIM aBTOPAM YCOMHHUTBCA B
AocTtoBepHOCTH ypaBHeHHE Maxkcseaaa. [Toauepkuem, oanako, 9Tto oTH
COMHUTEABHBIE  PE3YABTATBHI  CACAVIOT TOABKO W3 HANWAEHHOTO
pemenna. Ho asro perreHne MokeT OBITH MHBIM (YPABHEHUA B YACTHBIX
IIPOM3BOAHBIX HMEFOT, KaK IIPABHUAO, HECKOABKO PEITICHHH).

Hixe BBIBOAMTCA Apyroe peIreHHme ypaBHEHHIT MakcBeaAa, B
KOTOPOM IAOTHOCTb IIOTOKA JAEKTPOMATHUTHON OSHEPTHH OCTACTCH
IIOCTOAHHON BO BPEMEHH, a4 9ACKTPHYCCKAs U MATHHUTHAA KOMIIOHEHTBI
HAIPAKEHHOCTEH B 9ACKTPOMATHHUTHON BOAHE CABHHYTHI 1O dase.

PaccmoTpuM erme 9AEKTPOMATHHUTHYIO BOAHY B IIpoBoae. Hcam
IIOAAraTh, YTO IPOBOA HMEET IIPEHEOPEKUIMO MAAOE COIIPOTHBACHHUE, TO
ypaBHeHnsA MakcBeaAa AAf 9TOM BOAHBI OYKBAABHO COBIIAAAIOT C
ypaBHeHnAMH ~MakcBeAAa AAf BOAHBI B Bakyyme. OAHakO B
SAEKTPOTEXHHUKE HE HCIIOAB3yeTcs m3BecTHOe perenue. Mcmoansyercsa
TOABKO  pCIIEHHE,  CBA3BIBAIONIEE  HAIPHKEHHOCTb  KPYTOBOIO
MArHHTHOTO IIOASl C TOKOM B IIPOBOAE (OYAEM AASl KPaTKOCTH B
AAABHEHIIIEM HA3BIBATH €TI0 JAEKTPOTEXHHYECKUM PEIIeHHEM). DTO
pellieHne Toke yAOBAeTBOpsAeT ypaBHeHmAM Maxcseara. OaAHako, BO-
IIEPBBIX, OHO SABASICTCA APYIHMM PpEIIEHHEM TeX JK€ YPaBHEHHUH (YTO
OIIPOBEPTAET TEOPEMY O CAMHCTBEHHOCTH HU3BECTHOIO perreHus). A, BO-
BTOPBIX, - U 3TO TAABHOE, - SIACKTPOTEXHIYECKOE PEIIICHUE HE OOBACHAET
M3BECTHBIN SKCIIEPUMEHTAABHBIN (DaKT.
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Mpegucnosue

Peup maer o ckuu-adexre. Perrenne, 0OBACHAIOIIECE CKUH-
3P PeKT, AOAKHO COAEPKATH HEAHMHEHHYIO 3aBUCHMOCTb IIAOTHOCTH
TOKa (MAYIIEIO BAOAB IIPOBOAA) OT paAHyca. Takasd 3aBHCHMOCTb B
COOTBETCTBUM C ypaBHCHHAMH MaKCBEAAA AOAKHA COYCTATBCH C
CYILIECTBOBAHHIEM PAAUAABHBIX U KPYTOBBIX 9ACKTPUYCCKIX M MATHUTHBIX
HAIPAKEHHOCTEH, HEAMHEHHO 3aBHUCAINMX OT PaAUyca. DTOrO HET B
dAEKTPOTEXHHYECKOM pereHnH. CknH-3(pdekT oObACHASTCA Ha OCHOBE
ypaBHeHHI MakcBeAAd, HO U3 JACKTPOTEXHHUYECKOIO PEIICHHUSA OH He
CACAYET. DTO H IIO3BOASET VIBEPKAATH, UYTO IACKTPOTEXHHYECKOE
perrreHne He OOBACHACT SKCIEPUMEHTAABHBIN (DAKT.

Haxowerr, CYIIIECTBYIOIIICE perenne IIPOTUBOPEUUT
CYIIIECTBOBAHHIO T.H. 3aKPYYE€HHOIO cBeTa [65].

2. O roToke 3HEPrUU B IIPOBOAE

Paccmorpnm eme morok sHeprumm B 1poBoAe. Cyrectsyrormee
IPEACTABACHHE O IIEPEAAYE SHEPIMH IO IIPOBOAY COCTOUT B TOM, YTO
dHEPrusA KaKUM-TO OOpa3oM pacrpocrpaHsaercs BHe Ipooaa [13]: ...
Haa «CYMAactleoulany meopus 2060punL, umo IAEKMPOIs:  NOAYUAIM (6010 IHEDLUID,
pacmpauucaemyio UMy tHa Co30arue menaonbl U36HE, 01 NOMIOKA IHEPLUL BHENIHEL0 104
61ympe nposoda. Kumyuyus rnam nodckaseiéaent, umo 34eKmpor. nonoANAeH 6010 IHepeu0
3a cuem «0asAeHUA», KOMOPOE 1moaKaem €20 60046 Npo6o0d, Max 4mo uepeus Kak 0yomo
dostcra mevs 613 (Uau 6sepx) no nposody. A eom meopus ymeepowdaens, umo ta carom
oese Ha IAEKMPOL 0elcingyen SAEKIPUECKOe 1016, C030ABALMOE OUery OANeKUMY 3apa0art,
U NEKIIPOHBI 1EPAION (6010 IHEPLUIO, PaCxX00YeMYI0 Ha IMENJ0 UMEHHO U3 S1UX HOAeH.
Drepeus omodanervix 3apf006 Kakum-mo 00pasom pacmexaenica no 6oasuton obaacmiu
npocmparicmea u 3amem smexaen 1ymps nposoda.”

Taxasg Teopus IPOTUBOPEYHT U 3aKOHY COXPAHEHHSA SHEPIUU.
AeHCTBHTEABHO, IIOTOK 9HEPIUH, ITYTEIIECTBYA B IIPOCTPAHCTBE, AOAMKCH
TepATh 4acTh sHeprun. OAHAKO 3TO HHUKAK HE OOHAPYKHBACTCA HU
3KCIIEPUMEHTAABHO, HH Teopermdyeckn. Ho, raaBmHoe, 312 Teopus
IIPOTHBOPEYHT CAEAyIOIIemMy skcrepumenTy. [lycte mo menTpasbHOMY
IIPOBOAY KOAKCHAABHOIO KaOEAf TEYET IOCTOSHHBIH TOK. DTOT IIPOBOA
H30AHPOBAH OT BHEIIHEIO NIOTOKAa 3HepruH. OTKyaa Ke HOABAAETCA
IIOTOK 9HEPTHH, KOMIICHCHPYIOIIHUI TEIAOBEIE ITOTepu B 1poBoae? Ho,
KPOME IHOTEPD B IIPOBOAE, 3TOT MHOTOK H3-BHE AOAKEH HPOHHUKHYTH B
HAIPY3Ky, HAIIPHMEP, B OOMOTKH 3AEKTPOMOTOPOB,  3aKPBITHIC
CTAABHBIMH KOKYXaMH CTATOPa. DTOT BOIPOC CYIIECTBYIOIIAA TEOPHA HE
00OCyKAQ€LT.

WMrak, cymecTsyromas TEOPHA  YIBEPKAAECT, YTO  BXOAAITHI
(IIEpIIEHAMKYASPHO ITPOBOAY) 9AEKTPOMATHUTHBIN ITOTOK ITO3BOASAET TOKY
IIPEOAOAEBATH COIIPOTUBACHHE ABIKEHUIO U COBEPIIAET PaOOTY, KOTOpas
IIPEBPAIIACTCA B TEIAO. DTOT U3BECTHBIH BBIBOA BYAAHPYET €CTECTBEHHBIN
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Mpegucnosue

BOILIPOC: KAK TOK MOJKET IIPUBACKATH IIOTOK, C€CAH TOK IIOSBASICTCH
Gaaropapsi HMOTOKY? ECTECTBEHHO IIPEAIIOAOKUTB, YTO IIOTOK CO3AAET
HEKOTOPYIO 9.A.C., Kotopas "ABmxker TOk". Ilpm stom mortok sHeprum
SACKTPOMATHUTHOM BOAHBI IIPUCYTCTBYET B CAMON BOAHE M AASL 9TOTO HE
HCIIOAB3YETCA IIPOCTPAHCTBO, BHEIIIHEE 110 OTHOILCHUIO K BOAHE.

Pemrenne ypaBHeHuil MakcBeAAd AOAKHO MOAEAHPOBATH TAKYEO
CTPYKTYPY 9AEKTPOMATHUTHOM BOAHBI, B KOTOPOH IIPUCYTCTBYET IIOTOK
3AEKTPOMATHUTHOU SHEPTUM.

Wuryunus, o koropoit rosopur Peiinman, Hac He OOMaHBIBACT.
ABTOp AOKa3bIBAET 9TO HIIKE, HE BBIXOAS 324 PAMKH YpPaBHEHUI
Maxceaaa.

3. TpeGoBaHuA K HEIIPOTUBOPEUUBOMY

penieHuro ypasHeHuit MakcBeaaa
Wrak, permrenne ypasHeHn MakcBeAAa AOAKHO

®  OIMCHIBATH BOAHY B BAKyyME M BOAHY B IIPOBOAE,

® HE NIPOTHBOPEYUTH 3aKOHY COXPAHEHHA OSHEPIUH B  KAKABIH
MOMEHT BPEMEHH, T.€. YCTaHABAMBATH IIOCTOAHCTBO ITAOTHOCTH
ITOTOKA 9AEKTPOMATHUTHOH SHEPTHH BO BPEMEHH,

®  BREIABAATH CABHI (Da3 MEKAY SAEKTPHUYCCKHIMH W MATHHTHBIME
HAIPAKEHHOCTAMH,

® OOBACHATH CYIIECTBOBAHME IIOTOKA JHEPIUH BAOAB IIPOBOAA,
PaBHOTO ITOTPEOAAEMOM MOIITHOCTH.

Hrxe BBIBOAHTCA TaKOE pﬁH_ICHI/IC ypaBHCHI/Ifl Maxcpeaaa.

4. BapuanTb! ypaBHeHU MakcBeasa

Aaaee BBIACAAIOTCH PAa3ANYHBIC YACTHBIE CAyYaW (BapPHAHTHI)
CHCTEMBI ypaBHeHHIT MakcBeAAa, KOTOpBIE MBI IIPOHYMEPYEM AAf
YAOOCTBA H3AOKEHUS.

BapwuanT 1.

VpaBuennsa MaxcBeasa B obmmem caydae B cucreme CI'C mmeror
BHA [3]:

rot(E )+ ﬁaa_’j _0, M

rot(H)-£E 7 o, 2
co ¢

div(E)=0, ©)

div(H)=0, )




Mpegucnosue
I =0oF, (5)

TAC
I, H, E -TOK IPOBOAUMOCTH, MATHUTHASA U 9AEKTPUYIECKAA

HAIIPKEHHOCTH COOTBETCTBEHHO,
g, U, O - AI/ISACKTpI/I‘ICCKaH HpOHI/ILIaCMOCTb, MarduTHasa

HpOHI/IL[aCMOCTI), IIPOBOAHMOCTD MﬁTCpI/IaAa IIPOBOAAQ.

BapuanT 2.
Aas Bakyyma Hapo npuHATh £ =1, t=1, 0 =0. Toraa cucrema

ypaBuenuii (1-5) mpumer BHA:

1 oH
t(E =0, 6
rot(E )+ — o ©)
1 OF _
rot(H )— , 7
(H)-——"= 0
div(E)=0, ®)
div(H )=0. ©9)
Perrrerue 210 CHCTEMBI PACCMOTPEHO B rAaBe 1.
BapuanT 3.
Paccmorpnm BapmaHT 1 B KOMITAEKCHOM IIPEACTABACHU:
rot(E)+ia)ﬁH=0, (10)
c
rot(H )-iowZ E - il (real(7 )+ i-imag(1))=0, (11)
c c
div(E)=0, (12)
div(H)=0, (13)
real(/)= o - abs(E). (14)

3aech BaxHO OTMETHTB, 4TO B (14) yKaseiBaeTcsi HEe BECh TOK, a
TOABKO €TO PEaAbHAs 9aCTh, T.C. TOK IPOBOAUMOCTH. MHIMas 9acTh TOKA
ABASICTCA TOKOM CMEILICHUS 1 HE 3aBUCUT OT IACKTPHYCCKHUX 3aPAAOB.

Perrienne s10MH CHCTEMBI PACCMOTPEHO B TAaBe 4.

BapwuanT 4.

AAA IPOBOAA, B KOTOPOM IPOTEKAET CHHYCOUAAABHBEIA TOK [ OT

BHCITHCTO MCTOYHHKA, THOTAA MOXXHO HMCKAFOYHUTH real(]) B YpaBHCHMAX

(11-14). Dr1o BO3MOKHO AAfl HH3KOOMHOIO IIPOBOAA W AAA
AHIAEKTPHUYIECKOIO IIPOBOAA (IIOAPOOHee cM. B raaBe 2). [Ipm osrom
cucrema (11-14) mpuanvaer BUA:
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rot(E )+ HOH _ 0, (15
c Ot
t(H)—fa—E—4—”I=0, (16)
cot ¢
div(E)=0, (17)
div(H)=0. (18)

3AeCch BAXKHO OTMETHTH, YTO TOK [ HeE fABAIETCA TOKOM
IIPOBOAUMOCTH, AQ7KE€ ECAH OH TE€YET II0 IIPOBOAHHKY.
Perrerne 910 CHCTEMBI PACCMOTPEHO B TAaBE 2.

BapuanT 5.

AAf  IIpOBOAQ IOCTOAHHOIO TOKA CHCTEMa IIO BapuaHty 1
yIpoImaeTcs OAaroAaps OTCYTCTBHIO IPOU3BOAHEIX IIO BPEMEHH U
IIPUHUMAET BHA!

rot(E)=0, (21)

rot(H )- R , (22)
C

div(E)=0, (24)

div(H)=0, (25)

I=0oFE 26)

AN
BapuanrT 6.

rot(1)=0, 27)

rot(H )— 4z =0, (28)
C

div(1)=0, (29)

div(H )=0. (30)

Permenne 310# cUCTEMBI PACCMOTPEHO B TAaBe 3

Mpbr OyAeM HCKAaTh MOHOXPOMATHYECKOE PEIICHHE YKA3aHHBIX
cucrem. IlepexoA K IOAMXPOMATHYECKOMY PEIIEHHIO MOKET OBITH
BBEIITOAHEH C ITOMOIIBIO IIpeoOpasosanns Dypse.

Mpbr OyAeM HCHOAB30BATH CHUCTEMY IHUAHMHAPHYECKUX KOOPAHHAT
r, @, z -cm. apusoxkenne 1. OUeBHAHO, ECAHM PEIIEHHE CYIIECTBYET B

LIIATHAPHYECKON CHCTEME KOOPAMHAT, TO OHO CYIIECTBYET M B AFOOOIT
HMHOM CHCTEME KOOPAUHAT.
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Mpegucnosue

ITpuaorxenne 1. IluanHApudeckre KOOPAUHATEL.

B mmamBApmYecKHX KOOpAMHATAX F, (), Z, KaK M3BECTHO [4]

b

CKaAIp-AHBEpPIeHIHA BekTopa H, BEKTOP-TPaAMEHT CKaAAPHON (DYHKIINK
a(x, v, z), BEKTOP-POTOp BekTOopa /1 MMEIOT COOTBETCTBEHHO BHA

OH
i)~ e e 1. o 2 ), @

r or r O oz

Oa 1 Oa Oa
gradr(a)ZE, gradq)(a):;'%a gfadz(a)zga (b)
OH
rotr(H): lal_l—z_—q) , (C)
r o 0z
OH, OH
t ()= S -2 | )
0 (p( ) ( 0z or j
H oH
rotZ(H)z[ 2 ¢—1-8H’} ©
r or r 0@

ITpuaorxenue 1. Cepudeckne KOOPpAMHATEIL.
Ha puc. 1 mokasana cucrema cepuueckux koopanHar (p,0,9), a

B TaOA. 1 IpUBEAEHBI BEIPAKEHHA AAA POTOPA U AUBepreHnnu ekropa E
B 9THX KOOPAMHATAX [4].

Zy_
T LS
e/r
Y
X
Puc. 1.
Tabauira 1.
1 2 3
1 rotp(E) E OE, OE,

24 _
ptg(0) po0  psin(0 e
2| rot,(E) 0E,  E, OE

psin@Pe  p  op

11



Mpegucnosue

3| rot,(E) | £, OF, OF,

p__Op pop
4| div(E) | E,  E, E, 0E, _ OE,

p__op pte) pod  psin(@Pe
ITpuaoxenne 3. Hexoropsle cooTHOIIEHUA

cucremax CI'C u CH.

B

Aanee dopmyasr mpusoasrcs B cucreme CI'C, HO HekoTOpBIE
HIpUMEpPBI AAf HarAsiAHOCTH Aarotcsa B cucteme CH. ITostomy B T20A. 1
AASL JAOOCTBA YHTATEAA YKa3aHBI COOTHOIICHHA MEKAY HEKOTOPBIMHU

CAMHHUIIAMHA U3MEPCHHUA B 3TUX CUCTEMAX.

HauMmeHoBaHMe e AMHUIIBI CIcC CHu
CrA2 5AEKTPUYECKOTO TOKA 1CIC 3,33:101° A
DAEKTPUYECKOE HAIIPSKEHHE 1CIC 3-10°B
MoIHOCTh, IAOTHOCTD IIOTOKA 1 CI'C 107 Br
SHEPIUU
ITroTHOCTD TOTOKA SHEPTHH HA 1CIC 10° Br/m
CAMHHUITY AAUHBI IIPOBOAA
[TaroTHOCTB 9A€KTpHYeckoro ToKa | 1 CI'C 3,33-100 A/m?

3,33-1012 A/mm?

Hanpsokennocts 1Crc 3-10* B/m
9ACKTPHYECKOTO ITOAS
HarnpskeHHOCTP MATHUTHOTO 1 CI'C, 80 A/m
ITOAA Dpcrea
MarauTHas HHAYKITASA 1 CI'C, 104T

I"aycc
ADOCOAFOTHAS AUIACKTPHUYECKAS 1CIC 8,85:1012 ®d/m
IIPOHHIIAEMOCTD
ABCOAFOTHAS MATHHTHASA 1CIC 1,26:108 I'e/m
IIPOHHIIAEMOCTD
DAexTpudeckas EMKOCTb 1CIcC 1,1-1012 @
VIHAYKTUBHOCTD 1 CIC 107 I'u
Daekrpraeckoe conporusaerne | 1 CI'C 9-10"! Om
DAeKTpudecKas IIPOBOAUMOCTD 1CIC 1,110 cm
VY AeABHOE 3AEKTPHIECKOE 1CIC 9:10° Om'm
COILIPOTUBACHHE
VACABHAS DACKTPHYICCKAS 1 CIC 1,110 cm/m

IIPOBOAUMOCTD
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nasa 1. Bropoe pelueHue ypaBHeHnn MakcBenna onsa Bakyyma

I'aaBa 1. Bropoe permenue
ypaBHeHIN MaKcBeAAa AAS BAKYYMA

OraaBAenmne
1. Beacume
2. Pemenne ypasuennii Makcseasa
3. HanpsxenHOCTH
4. IToroku sueprun
5. VIMIyAbC 1 MOMEHT UMIIYABCA
6.0O0cyAcHIE
[Tpuaroxenne 1
[Tpunroxenue 2

1. BBeaenue

B raase "llpeamcaoBme"  mokazaHa ~— IIPOTHBOPECYHBOCTB
M3BECTHOTO perneHus ypapHeHur Makcseara. Himke mpeaasaraerca
HOBOE peIreHue ypaBHeHnH MakcseAra AAF BakyyMa [5].

2. Pemenne ypaBHeHnM MakcBeaaa
PaccMOTpuM  pellleHHE CHCTEMbl ypaBHEHUI MakcBeAAd  AAS
BAKyyMa, KOTOpas IIPUBEACHA B raase '|lpeaumcaosue”, kak BapuanT 1,
nMeeT BUA
rot(E)+—a—H =0,
ot

1 OF _

H)-_-_—"—"

t( ) cot
div(E)=0,
div(H)=0.

B cucreme L[I/IAI/IHAPI/I‘ICCKI/IX KOOPAI/IHEIT r, (D, Z 9Tu ypaBHCHI/IH

NMCEOT BUA:
E OE 1 OE, OE,

Zr 4 +—. + =0, @)
r or r Op Oz

13



nasa 1. Bropoe pelueHue ypaBHeHun MakcBenna ans Bakyyma

R R @
r 0p Oz
OE. OE
L——==M_, 3
0z Or v ©
E OF
Po T Ly Q)
r or r Op
H
A, 8Hr+l‘6 ¢+6HZ =0, (5)
r or r Op Oz
OoH
l.ai__q’:(]r’ ©6)
r op oz
OH. OH
-—=J,, 7
0z  Or ’ 7
H, 2 0O0H
%4 ‘p_l.aizjz’ (8)
r or r O
J:la_E, ©)
c ot
M:_la_H. (10)
c Ot

AASL COKPAILICHHS 3AIIMCH B AAABHEHIIIEM OYAEM IIPUMEHSATH CACAYFOIIIHE
0003HAYEHUA:

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

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

TAC &, Y, WO — HCKOTOprC KOHCTAaHTHI. HpCACTaBI/IM HEM3BECTHBIC
(DPYHKIIHH B CACAYIOIIIEM BHAE!

J,.=j.(r)o, (13)

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

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

H,.=h()o, (16)

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

H_.=h_(r)si, (18)

E.=e(rki, (19)

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

E .=e_(r)co, @D

M,.=m(rko. (21a)

14



nasa 1. Bropoe pelueHue ypaBHeHnn MakcBenna onsa Bakyyma

M,.=m,(r)si, (22)
M, .=m_(r)si, (23)
rae j(r), h(r), e(r), m(r)- HekoTOpbIC (DYHKIIMH KOOPAUHATHL /.

HerrocpeAcTBEHHOI ~ TIOACTAHOBKOM — MOKHO — YOEGAHTBCA,  dTO
Pyukuu  (13-23) npeodpasyror cucremy ypasuenmit (1-10) ¢ tpemsa

apI“y'MCHTaMI/I r, (D, Z B CcHUCTEMY ypaBHCHI/II/I C OAHUM apry'MCHTOM r u

HeusBecTHbIMU (byrkumsavu j(r), h(r), e(r), m(r).

B mpuaoxenun 1 mokasaHO, 9TO y TAKOW CHCTEMBI CYIIIECTBYET
peIIeHIEe, IMEFOIIIEE CACAYIOIIHI BUA (B mpuaoxennn 1 om. (3.1, 39, 33,
34, 32) cOOTBETCTBEHHO):

h (r)=0, e (r)=0. (24)
A

¢ =¢,=r (-a) (25)

h,(r)=e,(r). (20)

h(r)=—e,(r), @7

x=wfc. 28)

tae A4,c,a, ), ® — KOHCTAHTEL

Tem caMbIM MBI IOAYYHAM MOHOXPOMATHYECKOE PEIICHUE
cucrembl  ypasuenuii  (1-10). IlepexoA K IOAHXpPOMATHYECKOMY
PEIIEHIIO MOKET OBITh BEIIIOAHEH C IIOMOIIIBIO IIpeoOpasoBanusa Pypoe.
OueBHAHO, €CAM pEIIEHHE CYIIECTBYET B ITMAHMHAPHUYECKON CHCTEME
KOOPAHHAT, TO OHO CYIIIECTBYET U B AFOOOH HHON CHCTEME KOOPAHHAT.

TakuMm 00Opa3oM, MBI IIOAYIHAHN OOIIlEEe PEIICHHE YPABHEHHUI
MakcBeAAa B BaKyyMe.

3. HanpsokeHHOCTH
Paccmorpnm perrenne (2.25):
e, =e,=0.54-r"", @
rae (A\2) — ammantyaa manpsurkeraocru. Hs (1) caeayer:
(ef + e;} Ay, @)
Ha pwuc. 1 moxasamsl, Hanpumep, rpadpukn dymkmumit (1, 2) mnpm
A=-1, a=038.

Ha pwuc. 2 mokasaHBI BEKTOPBI HAIIPAKECHHOCTEH, MCXOAAIINE W3

TOYKH A(r, (0). Hanomunm, 9ro  npoekumm 4, (r) =e, (r) u

h, (r)z —e,(r) - em. (2.26, 2.27). Hanpasaenus BekTopoB e,(r) m e,(r)

15



nasa 1. Bropoe pelieHue ypaBHeHuin MakcBenna ansa Bakyyma

BeIGpans Tak: e, ()> 0, e,(r) <0. INpu srom pexroper E, H Bceraa

OPTOroHaAbHBI. CymMMa MOAYAEH 9THX BEKTOPOB orpeaeAdercs us (2.17,

2.18,2.20, 2.21, 2.26, 2.27) u pasHa

W=E+H"= (er(r)vi)z + (ew(r)si) + (hr(r)co)2 + (h(p(r)co)
W =) +,0) o)

- om. takke (10) m pumc. 1. Takum oOpa3om, HAOTHOCTH IHEPIUH
SAEKTPOMATHUTHOI BOAHBI IIOCTOAHHA BO BPEMEHH U OAWHAKOBA
Ha BCEX TOYKAX NMUAUHADPA AAHHOT'O PAAUYCA.

AN

-0.25

-0.3

-0.35

0.4
0.45 1/
05 /

ef(r)

-0.05 :

0 YR T S SRR S S A :

-0.15 /4
0.2 /
0.25
0

Aref(rf

2 4 6 8 10 12 14 16 18 20
Fig.1. SecondSolMax.m
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nasa 1. Bropoe pelueHue ypaBHeHnn MakcBenna onsa Bakyyma

Permrenne cyrectByer u pu M3MEHEHHbIX 3HaKkax pynknmit (2.11,
2.21). Dromy caywaro coortserctByer puc. 3. Puc. 2 m pumc. 3
HAAFOCTPHUPYIOT TO, HYTO BO3MOJKHBI ABA BHAA ITUPKYAAPHOM
IOAAPU3AIAY IAEKTPOMATHUTHOMN BOAHEIL.

AAf AeMOHCTparmy CABHIra has MEKAY KOMIIOHEHTAMH BOAHBI

paccmotpum Pyukimu (2.11, 2.12) u (2.16-2.21). Buano, uro B KaXA0#

TOYKE C KOOPAMHATAMU 7, ¢, z _HAUPsOKEHHOCTH H, E _CABUHYTHI

1o dra3e Ha YETBEPTH MEPUOAA.
Pacemorpum dpynxnmm (2.11, 2.12) u (2.28) Toraa Hatiaem

@ . @
co=cos(ap+—z+wt), si=sin(ap+—z+wt). @)
c c

PaccMOTpHM TOUKY, ABIDKYINYIOCS IIO IIHMAUHAPY ITOCTOSHHOIO
paauyca r, y KOTOPOI 3HAYECHUE HAIPMKEHHOCTH 3aBUCHT OT BPEMEHH
1o popmyae

H,.=h,(r)cos(wt) )
CpaBumBas a1ty dopmyay c¢ (2.16) m yumreBas (4), 3amedaem, dUTO
dopmyasr (5) u (2.16) coBasaror, eCAl B AFOOOIT MOMEHT BpEMEHU

a¢+gz=0 (©)
c
AN
w
p=- z. )
a-c

TakuM  00pasoM, Ha IHUAHHAPE IIOCTOSHHOIO — PaAHyca r
CYILECTBYET TPAEKTOPHSA TOYKH, onmceiBaeMas dopmyramu (4, 7, 2.28),
TA€ BCE HAIPMKEHHOCTh M3MEHAIOTCA CHHycOMAaAbHO. C  Apyroit
CTOPOHBI,  TaKafd  TPAGKTOPHA  ABAAETCA  BHHTOBOM  AMHUEH.
CAEAOBATEABHO, AMHHA, IIO0 KOTOPOH TOYKA ABIZKETCA TaK, 4YTO €€
HAIIPAKCHHOCTD [, M3MEHACTCA CHHYCOHAAABHO BO BPEMEHM, ABASACTCA

BUHTOBONM AMHHEH. DTH e PACCYKACHHA MOKHO ITOBTOPUTD AASl ADYTHX
HanpskeHHocTen (2.17-2.21). Mraxk,
TPAEKTOPHUA TOUKHU, KOTOPAA ABUKETCA I10 HIUAMHAPY
AQHHOTO paAWyca TaK, 4YTO 3HAYEHHE AFOOOM
HANPAKEHHOCTH B 3TOM  TOYKE W3MEHAETCH
CHHYCOUMAAABHO BO BPEMEHHM, ABAAECTCA BUHTOBOM
AVIHHEW.

A)

Hanpumep, mwa pmc. 4 10KazsaHa BHHTOBAaA AHHHA IIPH

r=1, ¢=300000, @ =3000, o =-3, ¢:[O+27r]. Ha puc. 4a

17



nasa 1. Bropoe pelueHue ypaBHeHun MakcBenna ans Bakyyma

[TOKA3aHbl BUHTOBBIC AMHUU IIPH TEX JKE YCAOBHSX, HO AAS Pa3AMYHBIX
3HAYEHUN paAuyca IpH 7 = |_0.5, 0.6, ...1.0, l.lj. [MpsMbIMu  AHHAAMI

ITOKA3aHbI FCOMCTpI/I‘ICCKI/IC MECTA TOYEK C paBHI)IMI/I (D .

2000 G E e

1500 g —

1000

Fig. 4. 4o (TokPotok33.m)

-2 2

Fig. 4a. (TokPotok33.m)

[Tocaeanmnit tesuc (A) o3Hadaer, 4TO B TOUKe I , ABIIKYIIEHCSH ITO
AQHHOH BUHTOBOW AMHHH, BEKTOPHI HanpsxeHHOCTEN (2.16-2.21) mmeror
CAEAVFOIIHIT BUA!

H,.=h()cos(et), H,.=h,(r)sin(et), H,.=h,(r)sin(ewt),

E..=e (r)sin(owr), E,=e,(r) cos(ar), E..=e.(r)cos(ar).

18



nasa 1. Bropoe pelueHue ypaBHeHnn MakcBenna onsa Bakyyma

Beime  6p1a0  mokasano  (em. (2.24-2.27), waro h (r)=0, e.(r)=0,
e(r)=e,(r)=e,(r), h(r)=e, ), h (r)z —e,,(r). CaeaoBateapno, B

KAJKAOM TOYKE UMEIOTCS TOABKO BCKTOPHI

H,.=-e, (7 )cos(ar), H,=e,(r) sin(at),

E.=e, ()sin(ot ), E,=e,,(r) cos(ar).
[lpn 9TOM CyMMapHBIE BEKTOPHBI H,=H, +H, u
E,
.,

=E, +E maxopdrcs B maockoctm 7, 90 M HMCIOT  MOAYAH

=¢, ("),

Buano, uro npn ABmxeHnn Toukn I IO BHHTOBOM AMHHHU CYMMAapHBIC

E, =ew(r). Ha puc. 40 moxasaHbl BCe 9TH BEKTOPHL

sekroper H, n E,~ Bpamarorcs B maockoctn 7, @. VX moayan

OCTAIOTCA TIOCTOSHHBIMU U PaBHBIMH MEKAY COOOH. D1r BekTopsl H, o 7

E, , BCCTAQ OPTOTOHAABHBL

) Erf

Puc. 40.

NTak, CHHYCOHMAAABHAA BOAHA __ PACHPOCTPAHACTCA 1O
BUHTOBOM AWMHUM, IIPH 3TOM B KAKAOM TOuke 1, ABHDKYITIEHCH ITO
AAHHOI BHHTOBOM AMHHH, BEKTOPBI MATHUTHOM U 9AEKTPHYECKOI
HAIPAKEHHOCTEH

® CYIIECCTBYIOT TOABKO B IIAOCKOCTH, IIEPIEHAHKYAAPHOH OCH
BUHTOBOM AMHHH, T.€. CYIIECTBYFOT TOABKO ABE ITPOEKITHH ITHX
BEKTOPOB,

® H3MCHSIIOTCSH CHUHYCOHUAAABHO,

19
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® CABHHYTHI ITO (pa3e Ha YETBEPTH IIEPHOAA.
CymMmapHBIE BEKTOPBI

® BpPAIIAIOTCA B 9TOU IIAOCKOCTH,

® IMEIOT IIOCTOSHHBIE MOAYAH,

® OPTOTOHAABHBI APYI APYTY.

4. ITorokm sHeprun

ITAOTHOCTD ITOTOKA 9AEKTPOMATHUTHON 3Heprun — Bekrop IloiiHTrHTa

S=nExH |, (1)

TAC
n=clr. @)
B cucreme CH 77 =1 u nmocaeanss popmyaa (1) mpuanmaer BHA:
S=ExH, 3)

B HHAHHApH‘IeCKI/IX KOOpAI/IHaTaX r, @, Z IIAOTHOCTH IIOTOKaA

SACKTPOMATHUTHOH JHEPIHH HMEET TPHU KOMIIOHEHTEI S, S 0 S,

HAIIPABAGHHBIE ~ BAOAB  PaAMyCa, IIO  OKPY/KHOCTH, BAOAB OCH
coorBercTBeHHO. OHH OnIpeAeAdroTcd 110 popmMyAe

S, E,H -EH,
S = S(p = H(E x H): 77 EZHV - EVHZ : (4)
S, EH,-E,H,

W3z (2.12-2.17, 3.4) caeayeT, 9TO IIOTOK, IPOXOAAIIHIT Yepe3 AAHHOE
CeYeHHe BOAHBEI B AAHHBIIT MOMEHT BPEMEHH,

s -si’

r

=77” s,si-co |dr-de. ®)

r,e

S =

Ca| 13F/Jl "Ml.

s, -Si-co

rAe
s, = (%hz - ezhw)
s,=(eh,—eh.). ©
s, = (erhw - e(ph,.)
B mpumaowennn 1 moxasaso, uwro h (r)=0, e (r)=0.
Caeaosareapno, s, =0, s, =0, r.e. mOTOK dHEpPrHUM pacHpocTpaHAcTCA

TOABKO BAOAB OCU OZ U paBeH

§:S_z:77”[sz-si-co]dr-dgo. @

r,9
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OrcyrcrBUe ITOTOKA SHEPIHH II0 PAARYCY O3HAYACT, YTO OOAACTH
cymectBobaaua BoAHBI HE pacmmpserca. Iloarsepxaennem stomy
ABAAETCSA CYIIIECTBOBAHIE Aa3epa.

Haiviaem s, . 13 (2.26, 2.27) moaygaem:

eh, =e;, ®)

e,h, =—e,. )
Hs (7, 8, 9) moAygaem:

s.=@+e) (10)

Takum oOpasowm,
§=77”[(ef+e;)si~co]z’r-d(o. (11)
r,p
Orcroaa, Kak ITOKA3aHO B IIPHAOKEHHH 2, CACAYET, 9TO
< c
T (- cos(4a7z))_!. ((ef +e; )Jr) (12)
W3 (10, 12) maxoanm:

rz(“‘l))r’r . (12a)

[Tycts R — paamyc kpyrosoro ¢pponTa BOAHBL Toraa
(Za 1)

_ '[( 2(a- 1))# — (2a y (13)

a,fa (1 cos(4a7z)) (14)

S= ESWSM : (15)

—

Salfa(alfa)

Y \ \\/ ; o '
T\ | \/
\/ \

10 50
02 0 02 0.4 0.6 0.8 1 12 0.2 0 0.2 0.4 0.6 08 1 12
Fig.5. SecondSolMax.m Fig.6. SecondSolMax.m

Sint(alfa)
S
\\\
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Ha puc. 5 mokazama dymkmma S, () (13), a na puc. 6 mokasana

dyuakiua S, (o). Ha puc. 6 BepxHfs M HIDKHSA KPUBbIE OTHOCHTCS

cootserctBeHHO K R =200 n R=100. 13 dpopmyasr (15), puc. 5 u prc

6 BHAHO, YTO IIOTOK SHCPTHUH ABAACTCA HOAONKHUTCABHBIM, HAIIPHUMEP,

npu 4=-1, a=0.8.

Fig.7. SecondSolMax.m

ITOCKOABKY ITOTOK SHEPIUU W SHEPIHA CBA3AHBI COOTHOIIICHUEM
S =W -c, 1o u3 (15) MOXKHO HANTH SHEPIUIO EAMHUIIBI AAMHBI BOAHBIL:
— 4
W= 67 S Sint ()
B npumaoxkenmm 2 moOka3aHO TaKKe, YTO ITAOTHOCTH IIOTOKA
SHEPIHH Ha OKPYKHOCTH AAHHOIO PAAHYCa OIPEAEAdeTca (DYHKIIIEH

BHUIAQ

S = sz +e, )sin(2aqo +4az/c). (18)
Orcroaa m m3 (3.10) caeayer:
S, = A-r**VsinQagp + 4ax/c). (19)

Ha puc. 7 nmokaszama sra dyskums npu A=1, a=0.8, r=1 u aAsyx
3HAYeHHUAX BrOporo caaraemoro: 0 m 0.5 — cm. cmoaommHyro u
IIYHKTHPHYIO AMHHAU COOTBETCTBEHHO.
Orcroaa caeayer, 9To
® IIAOTHOCTH IIOTOKA HEPABHOMEPHO PACIIPEACACHA IIO CCUCHHIO
[IOTOKA — CYINECTBYET KAPTUHA PACIIPEACACHHUA ITAOTHOCTH

IIOTOKA IIO CEYCHHIO BOAHBI,

o 9Ta KapTHHA BPAaITacTCs IPH IICPEMCIICHUH IO OCH 0Z;
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e notok sHeprun (15), MPOXOAAIINIT Yepe3 IAOIIAAb CEUEHUs, He
3aBUCUT OT {, (), z; TAABHOE, YTO 9T4 BEAUYNHA HE HU3MEHACTCA

BO BPEMCHH, 1 3TO COOTBETCTBYCT 3AKOHY COXPAHCHMA SHCPIHI.

5. IMIIyABC 1 MOMEHT UMITyABCA
MsBectHO, 9TO  IIOTOK  3HEPrUM  CBA3aH C  APYIUMH
XapPAaKTEPUCTUKAMU BOAHBI 3aBUCHMOCTAMH CAEAVIOIIEro Buaa [21, 25,

63] (B cucreme CH):
=W (M)

S=W-c, @
p=W/c, p=5/c*, 3)
f=p'C,f=S/C, (4)
m=p-r, ©)

TAC

1 2

W - nmaotHOCTB 9HEprun (CKaAdp), KI'm ' "C 2,

3

b

S’ - IAOTHOCTB ITOTOKA 3HEPrUu (BEKTOP), KI*C
P - IAOTHOCTb UMITyABCa (BEKTOD), KI'M ™ 2*¢ ™!

b

1 2

Jf - IAOTHOCTB ITOTOKA UMITYABCA (BEKTOP), KI*M ™ *C ™2,

m - IIAOTHOCTb MOMCHTA NMIIYAbCa B AaHHOﬁ TOYKE BOKPYF ocu,
2

5

OTCTOAIIENH OT AAHHOM TOYKH Ha PACCTOAHHE 7 (BEKTOP), KI*C~
V' - 06beM 9AEKTPOMATHUTHOTO TIOASL (CKAAAD), M.

M3 BBIIIEH3AOKEHHOIO CAEAYET, 9YTO B OSAEKTPOMATHHTHOH BOAHE
CYILIECTBYFOT IIOTOKM O9HEPIHH, HAIIPABACHHBIE BAOAB PaAHUyCa, IIO
OKPYKHOCTH, BAOAB OCH. CACAOBATEABHO, B 3ACKTPOMATHUTHON BOAHE
CYILIECTBYIOT TAKKE WMIIYABCHI, HAIIPABACHHBIC BAOAB PAaAHyCa, ITO
OKPYKHOCTH, BAOAB OcH. CyVIIECTBYIOT Takke MOMEHTBI HMIIVAbCA
OTHOCHTEABHO AIOOOTO PaAHyCa, AFOOOH OKPYKHOCTH U OTHOCHTEABHO
ocu.

PaccmorprM  MOMEHT HMIyABCA OTHOCHTEABHO ocum  Z. B
COOTBETCTBUH C (3) HAAEM 3TOT MOMEHT:
L =pr=Srjc. ()
DTOT MOMEHT ABAACTCA OPOUTAABHBIM YIAOBBIM MOMEHTOM, KOTOPBIH
OOHapyXmBaeTci B T.H. 3aKpydeHHOM cBere. Aasee mpuBOAHTCA
cokparrennas murata us [64]. O mom, umo céemosan 6oama ecem e 1m046K0
IHEPUID U UMNYABE, HO emye U YeA0601 MOMeHN, Gbi/0 USBECIIHO CI0eMUe Ha3ao.
Ionauany, xowneuro, yesr060i Momenm accoyuuposanca moasko ¢ noaspusayuerl
céema. ... Illao epema. berau cosdans: saasepwt, AasepryiM c6enom HAYUUAUCH
YHpas.aAmY, Passusandct meopus OnucaHus eo dAeKmpomacHumozo noasq. M e
Kakou-1mo ~ MOoMenm — HPUiA0 — 0cosHarue 020, 4mo Imu  06a  c6oucmea -
23




naBa 1. Bropoe peweHue ypaBHeHun MakcBenna aons Bakyyma

HanpasaeHHoc/ms C6e17106020 NYYKA U €20 3aKPYHeHHOCMb - 606ce He NpOmUeopedan:
opye opyey. ... bewau  npedaoscerv:  u - Komxpemmsie cxemer  cozdanus  u
demexmuposarnus  3axpyuennocmy. Tpu coda cnyoma ... IKcnepuMenmanopsr
Ybeounucn, Um0 CneyuansHsIM 00pazoM HpuomOsACHHAA Mo0d Aa3epHO0 csend,
KOmopy1o ymeau co3daame U pansiie, OeUcmeumensto omeedaen 3akpyueniomy
ceemy. ... Llocne smozo  rnauanca  sasunoobpasneril - nomox  uccaedosariuil
saxpyuenrozo céema. ... Ilapasseasro ¢ @ynoamenmanvivimu uccaedosarusmu
Havanu passusantvea u pasnoobpasisie npumenenus saxpyuenrozo céema..."

Bmecre ¢ Tem, caeayer 3ameruTh, YTO 3aKPYYCHHOCTH CBETa HE
CACAVET W3 CVIIECTBYVIOIIEIO perrenus ypaBHenuii MakcBeasa. OAHAKO,
OHA €CTECTBEHHBIM OOPAa30M CACAYET U3 IIPEAAOKEHHOIO PEIIECHUA — CM.
(6). Ha puc. 7a (B3srom wus [64]) "xapmunxa ¢ saxpysennsim  csenom
NOKA3BI6aEN! He IJCKINPULECKOE 11016, a UMENHHO 60110601 @porm (Ha CPEAHEM
dparmeHTe IOKA3aH HE3AKPYIECHHBIM CBET, 4 HA BEPXHEM H HIDKHEM
dparmMeHTaX — CBET, 3aKPYYEHHBI B Ty HMAH HHYIO cropowny). On ne
nAOCKULl, 7MY (pasa 601Hb1 MEHAEMIEA 1He M00bKO NPU 08UNCENUH 6001 AYUA, HO U
npu cmemerun 6 nonepeurion naockoomu ... Ilockonsky nomox snepeun céemosoi
601161 00BI4HO HANpas.ier nepneHouryAIPHO 604H060MY PPormy, 70 noLY4acnics,
U0 6 3aKPYUEHIHOM c6eme SHEPLUA U UMMNYALE BO0MHBL He HPOCIIO AEHIAN 61Eped, a
Kax Gvr Kpymames npu smom 6okpye ocu dsuncerus." VIMEHHO 5TO M ITOAYIEHO
BBIIIIE — CM. AASl CPaBHEHUsA pHC. 3.44.

Puc. 7a.
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6. OGcy>xaeHmE

Ha pI/IC. 8 moxaszaHsl HAIIPAKECHHOCTH B ACKapTOBI)IX KOOpAI/IHaTaX.

HOAY‘ICHHOC pemeHne OIMCBIBACT BOAHY. OCHOBHBIE OTAUYHS 3TOIO
pemieHus OT U3BECTHOTO PEIICHUA COCTOAT B CACAYIOIIICM:

1.

R

MrHOBEHHBIH (2 HE CPEAHHH IO HEKOTOPOMY IIEPHOAY) ITOTOK
SHEPIMH HE HU3MEHACTCA BO BPEMEHM, YTO COOTBETCTBYET
3aKOHY COXPAHCHUSA SHEPIHH.

[Torok sHeprum MMeeT HOAOKUTEABHOE 3HAYCHUE.

ITorox smeprum pacupocTpaHAeTCcs BAOAD BOAHEI

MarauTHAA ¥ 3AEKTpUYECKas HAIPAKEHHOCTH Ha HEKOTOPOM

OCH KOOPAMHAT F, (), Z CABUHYTHI 10 pase Ha UIETBEPTDH

IEPpHOAa.

Permrenue AAAl MAaTHUTHBIX U SACKTPI/I‘ICCKI/IX HaHpH)f(CHHOCTCI;‘I

ABASETCH BEILIECTBEHHBIM.

Pemenme  cymectByeT  IpH IOCTOAHHOHM  CKOPOCTH
pacIpocTpaHeHusA BOAHBIL.

OO6AacTp  CyIEeCTBOBAHMA BOAHBI HE PACIIHPACTCH, HTO
ITOATBEP/KAAETCA CYITIECTBOBAHIEM Aa3epa.

BexTopel sAeKTpHYECKOM W MATHHTHOHN HAIIPAKECHHOCTEH

O [ DTOT'OHAADBHDI.
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9.

10.

11.

Boamosxkabt ABa BHAA IIIPKYAIPDHON IIOASPHU3ALIIY
5AEKTPOMATHIITHON BOAHEL
Boana u ee smeprua OIpeAeAEHBI, €CAH 3aAAHBI ITAPAMETPHI

A, o, R, a. Ilpn pamEbpx R, S MOXeT OBITH HaMACH

mapamMerp o .

Touka, ABIIKyIIASICA 110 IIUAHHAPY IIOCTOSIHHOTO PAaAMyCa TaK,
YTO 3HAYEHHE AFOOON HAIPHKEHHOCTH B 3TOH TOYKE
HM3MEHACTCA CHHYCOMAAABHO BO BPEMCHH, ABAACTCA BUHTOBOM
AVTHHEH.

ITpuaosxennue 1.

Paccmarpusaerca perenue ypasaenuii (2.1-2.10) B Buae dyHxrimiz
(2.13-2.23). Aasee mpou3BOAHBIE IIO ¥ OYyA€M ODO3HAYATH IITPHXAMH.
[Tepenumem ypasuenus (2.1-2.10) ¢ yaerom (2.11, 2.12) B BuaAe

(G ()a 7-e.(r)=0, (1)
r

—l e (r)a+e Ny=m (r) 2
e@k e.(r) = m, (), o)

e() (r)

———+e,(r)- a=m(r), “)
h(r) h()+ a+;( h.(r)=0, )
;mvm—mvw=LG) ©
—h, (=) = j, (1), 0
()+h()+h0)a—LUO=Q ®
=2 =-Ze =-2e 9)
.]r c r? J(p c [/ .]z c z?
mrzgh,, mwz—ghw, mz:—ghz, (10)
C C C

Mpr paccmaTpuBaeM O€ryImyro BOAHY B Bakyyme. B arom caygae

e, (V) =0 » IIOCKOABKY HET BHCHTHCTO MCTOIHUKA BHGPFI/H/I.

ITpu srtom B coorsercrun ¢ (9) moayumm j_(r)=0. Toraa

ncxoaHas cucrema (1, 5-8) mpumer BuA:
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ﬂw;(r)—e‘ﬁa:o, (7
r

L (r) + 1 (r )+ a+;( h.(r)=0, (18)

;-hz<r>a—h(,,<r>z= J. () (19)

—h, )y = h.(r) = j, (7), (20)

()+h()+h(r) =0, (1)

IMToacTaBrm (9) (17). Toraa moay<um:

(r) Jw( r)

+j(rN+—*—a=0, (22)

[ToacTaBum (19, 20) B (22). TorAa ITOAYYIHM:

Lo a-Ltn g+ L e -n 2+ Ch @ -HE)E =0
r r r r

AN
1 1 , a
()@= by (2 =By = h ()5 =0 @

HpI/I 9TOM AAfA BBIYHCACHHA TpCX HaHpH}KCHHOCTCﬁ IIOAYYIHM TpI/I

ypasuerms (19, 21, 23). Uckarounw h, (r) w3 (21, 23):
Lea= ez Lo OF [ 62 -
r r r r r

VAU _—21 h.(a=0 wman h (r)=0. Takum obpasom, mpu e (r)=0
r

AOAKHO cobAroaatscs yecaosue /(7)) = 0. Orcroaa caeayer

Aemma 1. Ipu e_ () =0 cucrema ypasuennii (1, 5-9) coBmecruma
TOABKO B TOM cAy4ae, koraa i (r)=0.

I[pu e (r)=0 wu h(r)=0 ypasuenus (1, 5-9) npurEMaroT
CAEAyFOIIHII BUA - ypasHeHuA (1, 5, 8) ympormarorced, a ypasuenus (6, 7) ¢
yaerom (9) 3aMeHArOTCA HUKEIpUBeAeHHBIME ypapHeHnAME (1.3, 1.4):

M+e£(r)—e(”—(r)05=0, (1.1

h(”) h()+ , (1.2)

%/w) =e, (r) (13)
w
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L ()=e,(r), (1.4)
w

h,(r
ﬁ+h;(r)+h’—(r)-a:0. (1.5)
r r
AHAAOTHYHO AOKA3BIBACTCH
Aemva 2. Ilpu e (r)=0 cucrema ypasuennii (1-5, 10)

COBMECTHMA TOABKO B TOM cAy4ae, koraa h_(r)=0.
[1pu srom arasormaao dhopmyram (24, 28) moayaaem HGOPMYABI

er‘(r)+e;(r)_Lma:0, (21>
7 r

e,(ry= —%hr () e

e, )= ?h(p(”a &)

€¢,(") vel(r) - e, (V) a=0, 2.4)

h(l’)+h()+ ) a=0. 2.5)
7 r

W3 aemmer 1 1 aeMmBr 2 caeayer
Aemma 3. Cucrema ypapaenuii (1-10) coBmecTrMa TOABKO IIpu
h(r)=0, e (r)=0. (3.1)
CaeaoBaTeAbHO, UCXOAHAA cuctema ypasHeHui (1-10) mpunnmaer
BUA YPaBHCHHIH, IIEPEIUCACHHBIX B AeMMax 1 u 2. OOBbeAMHUM HX AAA
YAOOCTBA 9NTATEAS:

LAGIN el(r)— &) a=0, (24)
r r
e,(ry = —%hr(r) (25)
e, (=" h;,,(r), 26)
‘ (r) e (r) -~ (r) =0, @)
LA (r)+ n (r)+ 5,() a=0, (28)
r r
h(Nz="e. () 9)
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—h )y = Qew(r), (30)
h() () + 2 () a=0.

VYMHOKIM ypaBHCHI/Iﬂ (26, 29). Toma ITOAYYHM:

e Oz =2 € 00

G

HAT

¥ =0c. (32)
[ToacraBass (32) B (26, 29), moayaaem:

h,(r)=e,(r). (33)

Takum o6pasom, npu ycaosum (32) ypasuenusa (26, 29)
SKBHUBAACHTHEI OAHOMy ypaBHeHHIO (33). AHAAOIMYHOE COOTHOIIICHHE
caeayet u3 (25, 30):

h, (r)z —e, (1), (34)
Wrak, cucrema ypapHenuii (24-31) skBUBAAGHTHA CHCTEME YpPaBHEHHI
(24, 27, 28, 31-34).
Aanee BeITTOAHACTCA pelieHue ypaBHeHui (24, 27).
IIpeaBapuTeABHO PACCMOTPUM YpaBHEHHE BHAA

ay

— 4+ y': 0 ) (a)

X
Pemmenwne 3T0oro ypaBHEHNA MMEET BHA:

y=x""mm y=0. (8)
Caoxmm ypasuenus (24) u (27):

¢ e +e
€ +e,) +~——22(1-a)=0, (35)
r

Bsrarem ypasaenue (27) us (24):
(e e )+( w)(1+a) 0, (36)

B coorsercrBum c (a, B) u3 (35) HAXOAHUM:

e te, ): Ar ) pan (er +e, ): 0. 37
B coorBercrBuu c (a, B) u3 (36) HaxOANM:
(er -e, )z Cr~ ) A (er -e, )= 0. (38)
CkaaawBas u BerauTas ypasaenus (38) us (37), HaiaeM 4 pereHus:
4 o)
e. = e(p = ET" S (39)
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e, =—¢,= %r‘(‘”‘)’ (40)

e, (r)z 1 (Ar_(l_“) + Cr_(”“))
2 (41)
e, (r)z % (Ar_(l_“) - Cr_(”“)]

e.=e,=0. (42)
B aaspmeiimem Mbr pacemotpum perenne (39). Takum obpasom,
ncxoAHas cucrema ypapaeHu# (1-10) mmeer perrieHue CAEAYIOIIIEro BHAA:

h.(r)=0,e.(r)=0, 3.1)

X =0fc, (32)
4 (.

¢ =¢,=or (-a) (39)

h,(r)=e,(r). 33)

h(r)=—e,(r). (34)

ITpuaorxenue 2.
B (3.11) mokazano, 4YTO IIOTOK 3SHEPIHH, IPOXOAAIINNA dYepes3
cedyeHne BOAHBI,

§=nII[(ef+e£)si-co]z’r-d;o. (1)
r,Q

HYCTB CKOpOCTb paCHpOCTpaHCHI/IH BOAHBI ITIOCTOAHHA paBHﬁ_ C. TOI‘A&

z=ct. @
Toraa us (2, 2.11, 2.12, 2.30) moayuaem:

co=cos(ap+ yz+ wt) = cos(agp + (20)/0)2) ?3)
¥, aHAAOTUYIHO,

si = sin(ap + Qo/c)k). )

Mmes B Buay (3, 4), nepenumiem (1) B Buae:
< 1 .
S= 577” [@f +e. )31n(2(ago + (Za)/c)z))]v’rdgo : )
r

Takxmm 00pa3oM, ITAOTHOCT ITOTOKA SHEPIMH HA OKPYKHOCTH AAHHOTO
paamyca onpeAeAdeTcs PyHKIIUEH BUAA

S.=+ e, Yin(ap + 4az/c). (59)

[Mpu z=0 na ocu 0z umeem:
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S = %ng [(ef + e; )sin(2a(p)]7’rd(p. (6)

Aanee u3 (6) HAXOAUM:

S= g![(ef + e; {J sin(2agp)d¢}dr} . @)

4

Vmeem:
2z
J. sinQap Yo = _[ sinQap Yo = 2L (1 - cos(dra)). ®)
[ 0 a

W3 (7, 8) moayuaem:
S = 4i (- cos(4a7z)).|. ((e,2 +e; )Jr) )
a
[ToacraBass croaa (3.2), OKOHIATEABHO ITOAYYIAEM:

S = @ (- cos(4a7z))_[ ((ef +e; ):lr) (10)

Ouesnano, npu Arobom Bebope Toukn z=( Ha ocn 0z nocaeanee
COOTHOIIICHHE COXPAHACTCH.
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I'AaBa 2. Perrenque YPaBHCHUU
MakcBeAAd AAS A,I/ISACKTPI/I‘ICCKOI;'I
LIEIIN IEPEMEHHOTIO TOKA

OraaBAeHnune
1. Beeacnune
2. Pemmenne ypaBuennii Makcseana
3. Hanps:keHHOCTH U IIOTOKH 9HEPTHU
4.006cyxAeHME
ITpruroxenne 1
[Ipuaoxenne 2
[Tpunoxenue 3

1. BBeaenue

B TAABC 1 paCCManI/IBaCTCH 3ACKTPOM3.FHI/ITHOC IIOAC B BaKyyMC.
O“ICBHAHBIM 06pa30M HOAWCHHOC TaM pCLHeHI/IC paCHpOCTpaHHeTCH Ha
HCHpOBOAfHL{y}O — AI/ISACKTPI/I‘ICCKYI'O CPCAY C OHPCACACHHBIMI/I &, /U -

AM9AEKTPUYIECKON M MATHHTHOH HPOHHUIIAEMOCTBIO. (CAEGAOBATEABHO,
SACKTPOMATHUTHOE IIOAEC CYIIECTBYEeT M B KOoHAeHcatope. OAHAKO
CYIIIECTBEHHBEIM OTAHYHEM KOHACHCATOPA fABAACTCA TO, YTO €ro IIOAE
IMEET HEHYAEBYIO JSACKTPHYECKYIO HAIPAKEHHOCTh IO OAHOH U3
KOOPAHHAT, CO3AABAEMYIO BHEIIIHUM HCTOYHHKOM. [Ipu paccmorperumu
SACKTPOMATHUTHOTO IOASl B BAKyyME OTCYTCTBHE BHEIITHETO HCTOYHHKA
ITOCTYAHPOBAAOCE.

TodHO TaKiKe MOMKHO TOBOPHTH O AHMIACKITPUYECKON Il
IepeMeHHOro Toka. Aasee paccmaTpuBaeTcAd CHCTEMa ypaBHEHUI
MaxkcBeara AAfl Takom 1rerrdt. IlokaswiBaeTcs, YTO B TAKOW ITEIH TAKKE
BO3HUKACT SACKTPOMATHHTHAA BOAHA. BaKHEIM OTAMYHEM 3TOH BOAHEI
OT BOAHBI B BaKyyMe ABAAETCA TO, YTO B IEPBOH HMMEETCA IIPOAOABHAA
SAEKTPHYECKAS HAIPHKEHHOCTb, CO3AABAEMAfA BHEIIHHM HCTOYHHKOM
3HCPFI/H/I.

3aech paccmarpuBaroTcs ypaBHenusa Maxcseasa B cucreme CI'C
CAEGAVIOIIIETO BHAA (KaKk M B raaBe 1, HO C OTAMYHBIMH OT EAHHHIIBI
BEAHYHNHAMH &, fI):
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rot(E)+ 49 o, M
c Ot
e oF
rot(H )—-——=0, 2
( c Ot @
div(E)=0, 3
div(H)=0, Q)
TAC H B E - MATrHUTHAA " 3A€KTpI/I‘I€CKaH HaHpH)KCHHOCTI/I
COOTBETCTBEHHO.

2. Pentenue cucreMsl ypaBHEHUN
Paccmorpum perrrenne cucremer ypasaenmii Makcseasa (1.1-1.4)

[37]. B cucreme MUAMHAPHUYECKUX KOOPAUHAT 7, (), Z O9TH ypaBHEHMA

HMCIOT BHA:

TAC

I

OE
E +6E’+l- ‘”+6E2=O, @
r or r Op Oz

OE
L 0B, 0,  dH, 2
r 0p 0Oz dt

- — ==V B (3)
oz or dt
E, OE, 1 OE dH
T et aniar- @)
r or r Op dt
OH
H’+6H’+l- “’+8HZ=O, ©)
r or r Op 0Oz
1 0H, ©OH dE
2. z _ ¢ _ qg— (6)

fe_t=q—t, )

®)

v=—yu/c, ©)
qg=¢fc, (10)

® oaekTpudeckne Hanpsikennoctn E ., E, E,

® MarHWTHbIEC HaupsxenHoctn H,, H . H._.
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Pemenne AOAKHO OBITH HAUAEHO upu HEHVAEBOU

HanpsskeHHOCTH E .

AASL COKpAIlleHHSI 3aIECH B AAABHEHIIEM OYAEM IIPHMEHSTH
CACAYIOIIITIE OOO3HAYCHHUS:

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

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

TAC &, Y, WO — HCKOTOprC KOHCTAaHTHI. HPCACTaBHM HEMU3BECTHBIC
(DPYHKIIHH B CACAYIOIIIEM BHAE!

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

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

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

E.=e(rki, (16)

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

E_.=e_(r)co, (18)

rae h(r), e(r)- Hekoropeie (DYHKIIE KOOPAUHATEL 7 .

HemocpeAcTBeHHOIT  IIOACTAHOBKOM — MOKHO — YOEGAHTBCA, 9UTO
dyukun (13-18) npeobpasyror cucremy ypasaenuii (1-8) ¢ gersippms
apryMeHTaMH 7, @, z, | B CHUCTEMY YPAaBHEHHI C OAHHM apPryMEHTOM F

u meusBectHbiMu pyaxuusamu A(r), e(r).

Tabaumna 1.
raasa 1 raasa 2
e, Are! A~kh(a, Ve r)
1 '
e Ar®! ;(e¢(r) +r- e(p(r))
e, 0 A-r- ew(r)i
a
cw
h, —e,(r) Aae(p r)
h, () ~ 4% (r)
4
h, 0 0
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B mpuaoxennn 1 mokasaHo, 9TO TaKOe peIlleHHE CYIIECTBYET.
DTO pereHne NMEET CACAYIOIITHUIT BUA!

e, (r)= kh(a, 2 r), (20)
e (r)=é(e¢(r) +r-e(r), 1)
e.(r=re,n, @2)
h()———e()— 23)
h (r)——e r)l 24)
h.(r)=0. g 25)
rae kh() — chyHKIIIA, OTPEACACHHAR B IPIAGHKEHITH 2,
q=(z—”gf’2} 26)
¢’y

CpaBHHM 3TO peIlIeHHe U PeIleHHue, IIOAYIEHHOE B TAaBax 1 u 2 —
cM. TaOA. 1. BUAHO cyIlecTBEHHOE OTAHYNE STHX PEILICHIH.

x 10°

1 x 10°
) 5000 2

= 05 J &
0 -5000 -
0 , 005 0.1 0 005 0.1 0 005 0.1
x 10 3
5 x 10
2000 l 2
£ % 1000 o1
0 0
0.05 0.1 0 005 0.1 0 005 0.1
x 10°
1 2000 | 0
N 0 N 1000 N2
-1 0 4 |
0 005 0.1 0 005 0.1 0 005 0.1

Fig.1. (SSB6(3).m)
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3. HanpsskeHHOCTH U IOTOKU dHEPIUM
Ta}oxe, KaK M B TIAAaBC 1, IIAOTHOCTH IIOTOKOB BHCpFI/H/I II0
KOOpAI/IHaTaM OHPCACAHIOTCH 110 (bOpMyAC

S, s, - si°
S = S_(p =77H s,-si-co|dr-dg. 1)
S "N, si-co

z
TAE

s = (e(phz - ezh{p)

S, = (ezh,, —eh, ) ©

s, = (erh(p - ewhr)

n=clir. ?3)
Pacemorpum dyaKIIIN 2) u e.(r), e,(r), e.(r),

h.(r), h,(r), h.(r). Ha puc. 1 mokasamel, manpumep, rpacuku sTux

dyrkmmit ipu A=1, a =55, u=1, ¢=2, =50, @=300.

4. O6GcyrxaeHmE

AaAbHENIIIE BBIBOABL AHAAOTHYHBI TEM, KOTOPBIEC IIOAYYEHEI B
raage 1. Mrtak, B AHMIAEKTPHYECKOH IIEMM H, B YACTHOCTH, B
KOHAGHCATOPE, BKAFOYEHHBIX B  IIEIIb  CHHYCOHAAABHOTO  TOKa
PACIIpOCTpaHAETCA ~ SACKTPOMATHHTHAA BOAHA, 4 MaTEMaTHYECKOE
OIIMCAHIE 9TOM BOAHBI ABAACTCA PerieHneM ypasHeHn Makcseaaa. [Tpu
3TOM  HAIPMKEHHOCTH, TOK CMEIIEHHA H  IIOTOK  3HEPTHH
PACIIPOCTPAHAIOTCA B AUSAEKTPUKE 110 BHHTOBOU TPAEKTOPHUH.

ITpuaosxenune 1.
PaccmarpuBaercsa perrenne ypapaenuii (2.1-2.8) B Buae dyHKIumit
(2.13-2.18). Aaree mIpOHU3BOAHEIEC TIO 7' OYAEM OOO3HAYATH IIITPHUXAMH.

ITepermummem ypasuenus (2.1-2.8) ¢ yaerom (2.11, 2.12) B BuAe

—e’(r)+e;(l”)—e(p—(r)0!—l'ez(”)=0’ 2
d r
_l.ez(r)a-kew(r);(—#—wh,. =0, @
% C
e, () —el () +£2h, =0, ¥
C
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L(I") + e’ (I")

o ( - h =0, )
h@)h()+ a+1h(ﬂ 0, 5)
—-hz(r)a—h(p(r))(——wer =0, ©)
r C
~h @) =)+ e, =0, a

( 8D L)+ 2 (r) a+2%e (r)=0. ®)
C

COOTBCTCTBI/IC MEKAY HOMepaMI/I dopmya B pasaeae 2 U 3AECh TAKOBO:
Pasaea 2 | 2.1 |22 |23 [24 |25 |26 |27 |28
ITpua. 1 |1 5 6 7 8 6 7 8

Aaaee Oyayr BbimoAHATCA mpeoOpasoBarmud dopmya (1-8). Ilpm
5TOM HyMmeparnua (OPMyA IIOCAE IIPEOOPA3OBAHHA OYACT COXPAHATHCA
(rak yAOOHEE IIPOCAGAHTH IIOCACAOBATEABHOCTH IIPEOOPA3OBAHMIM) K
TOABKO HOBBIE (DOPMYABI OYAYT IIPUHUMATD CACAYIOIIUI HOMEP.

[Tpumem, garo

h.(r)=0. ©)
W3 (6, 7) moaygaem:
h (r)———e r)— ©)

h()——e()— )

Cpasanm (1, 8):
$O 49~y =0, W

! () e )+h(r) +524 (r)=0, ®
r C

N3 (6, 7) caeayer, garo (1, 8) cosmaaaror. Toraa (8) mokHO
nckArounThb. Aasee cpasauMm (4, 5):

L(r)+e;,(r)—e’—(r)-a=0, @
r r

h’—(r)+hr’(r)+ma=0. ©)
r r

Wz (6, 7) caeayer, uro (4, 5) cosmaparor. Toraa (5) momxmHO
nCKAFOUnTh. OCTArOTCA ypaBHCHUS:
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M+e;(r) ( )a y-e.(r)=0, 1)
r

—l-ez(r)aJreq)(r);(—ﬂhr =0, @
r c

e, (W —e(r)+E2h, =0, ®

¢
%#0’)4_6;(]/)_6,_(7)‘0!:0’ 4
h()———e()— ©)

h, (r)— == r); %

IToacrasmm (6,7) B (2, 3):
1
-— e(r)a+e (r);(—’u—w@e ()—— @

e(r);( e(r)——— ()— 0, 3

AN
%o (=e (r)[z—”—”@l] ®
c ¢y
el(r)= er(r{z—ﬂg—wlj ©)
c X
OCTaAHCh CACAYIOIITHE YPABHEHHSA:
$O 4 )~y =0, 0
1
g-ez(r) =e¢(r)(z—”—”@—j ®
r c ¢y
e(r)= er(r{;( _,u_w@l} 3
c
L(r)—l—e;)(r)—e"—(r)-a=0, @
r r
B, =—2e,(r iy (©)
c Z
h,(r)=@e(p r)l. @
¢ V4
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O6o3maynM:
q:(l_”_a’@lj (11)
c ¢y
Wz (1, 2, 11) maxoaum:
M+e;(r)—e";(r)oc—;(r'e@(r)q/a=0, (12)
r r
W3 (4) maxoamm:
1 :
e,_(r):;(e¢(r)+r-e¢(r)) (13)
/ 1 ! "
er(r):;(2e¢(r)+r-e¢(r)) (14)

W3 (12-14) maxoanm:
(e o | (r)JJr el (r)+ - e"(r)} )92, ., (=0 (5
(04 r (04

Pemrenne m amaAm3 3TOro ypaBHEHHA AAHO B IIPHAOKEHUH 2.
IToayaerHOE TaM peEIIEHHE HE HMEET AHAAMTHYECKOTO BBIPAKCHHS.
Hazosem ato perrenne dyHKmmeit

e, (r)= kh(a, 7> r], (16)
a ee IPOU3BOAHYIO — (PyHKIIHEH
e,(r)= khl(a, 7 r). 17)

[Npyr wmssectrmbx dyskmuax (16, 17) moryr ObTh  HaFAEHBI
ocraspHble yHKIMU. Mrak, Aad ompeaeseHHA BceX (DYHKIIMI HMeEEM
ypaBHEHUS:

h.(r)=0, ©)
e, (r)= kh(a, 7> r), (16)
e,(r)= khl(a, ya r), 17)
er(r):l(ew(r)+r-e;(r)), (13)
a
1
e (r)= p (26;) (r)+7-e, (r)) (14)
e.(ry=r- e(p(r)i, )
a
e(r=e ). ©
h,(r)= ——e r)— (©)
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MaBa 2. PeweHune ans guaneKkTpu4ecKom Lenu nepeMeHHoOro Toka

h (r)——e r); @

TOYHOCTD IOAYIEHHOTO PEIEHUA AHAAUZUPYETCA B IIPUAOKEHIH 3.

ITpurosxenne 2.
Paccmorpnm ypasuenue (15) u3 npuaoxenns 1:

(ev) (ﬂ+ Qe () +r-el(r) -2 () _9E e (1)=0. )
(04 (04

prOH_IaH €Io, IIOAYYIAEM:

(e(p ") +e, (r)J +
.

—a’+1 , ,
e(p(r)(T—q;(rj+3e¢(r)+r~e¢(r) =0,

"

eam=%v{“

x 10°

-1 3,
— qxj e (r). @

10

ef2
(9]
i

i
0 0.01 0.02 003 0.04 005 006 007 0.08 0.09 0.1
2000

1000

ef1

2000

1000

ef

0 001 002 003 004 005 006 007 008 009 0.1
Fig.2. (SSMB6.13)

Vpasuenne (2) He wmmeer amaAnTmdeckoro pemrenusa. Ho
YHUCACHHO MOKHO HAWTH (PYHKIIHH

e, () =khle, 7, r) ©)
e;(r):khl(a, X r) “
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maBa 2. PeweHne gnsa AnaneKkTpu4eckomn Lenu nepeMeHHoOro Toka

Aaf  mpumepa Ha pHC.

e, (r) :khZ(a, Z, r)

(a =55, = SOJ Ha paanyce R =0.1.

uu

log(N(alfa))

2 IIOKa3aHBI

®)

ot pyHKIHH IIpH

0.8

0.6

0.4

0.2

/

__~

"

0.02

0.03

0.04 0.05 0.06 0.07

Fig.3. (SSMB6.14)

0.08 0.09 0.1

Fig.4. (SSMB6.333)
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MaBa 2. PeweHune ans guaneKkTpu4ecKom Lenu nepeMeHHoOro Toka

ITpuaorxenue 3.

[ToAcTaBAsIA HAFIACHHBIE B IIPUAOKEHHH 1 (DYHKIINK B ypaBHEHUA
(1-8) MOxKHO HAHTH CPEAHEKBAAPATHYHYIO HEBA3KY 9THX ypapHeHHE. Ha
puc. 3 moxasan rpadpuk ato# Hepasku upu \@ =35.5, y = SOJ HA paAnyce
R=0.1.

Mo:XHO HAWTH CPEAHEKBAAPATHYHYIO HEBA3KY 3THUX YpPaBHCHUI,
Kak (DYHKIIMIO Kakoro-amoo mapamerpa. Ha puc. 4 mokasan rpaduk
HEBA3KN B 3aBucuMocTH OT @ nupu y =50 Ha pasuyce R=0.1. 3aecs B
BCPXHEM OKHE IIOKA3aHO 3HAYCHHE HEBA3KM, a4 B HIDKHEM OKHE —
3HAYEHHE AOTApH(Ma HEBAIKH.
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MaBa 3. PeweHue gns MarHUTHOM Lieny NepeMeHHOro Toka

I'AaBa 3. Permrenue YPaBHEHUU
MaxkcBeAAa AAST MATHUTHOU ILIEITH
IIEPEMEHHOTO TOKA

OraaBaenme
1. Beacume
2. Pemenmne ypasaeHnii Makcseana
3. HanpakeHHOCTH B IIOTOKH SHEPTUU
4.0O0cyxacHIE

[Tpuaoxenue 1

1. BBeAeHue

B raaBe 2 paccmarpuBaercd  9AEKTPOMATHHTHOE IIOAE B
AHDIAEKTPUYECKON IIEIM IIEPEMEHHOIO TOKAd. TOYHO TaKKe MOXKHO
PAcCMOTPETH IACKTPOMATHUTHOE ITOAE B MATHHTHOM IIEITH ITEPEMEHHOTIO
Toka. IlpocreiimmM npumepoM TAakOM IENH  ABAAETCA COAEHOHA
rmepeMeHHOTo ToKa. OAHAKO, €CAM B AMIACKTPHUYECKOM ITEITH HMMEETCA
IIPOAOABHASl IAEKTPHUYECKAasd HAIIPAKEHHOCTb, CO3AABACMAsA BHEITHUM
HMCTOYHUKOM 3SHEPTHH, TO B MATHHUTHOH IIEITM HMMEETCH ITPOAOABHAA
MArHUTHAA ~HAIPAKEHHOCTb, CO3AABACMafA BHEIIHUM  HCTOYHHKOM
SHEPIUH U IIEPEAABAEMAsA B IIEITb OOMOTKON COACHOHUAA.

3AECh TaKiKe pacCMaTpUBAIOTCA ypaBHeHHA MakcBeaAa B cucTeme
CI'C caeayroIIero BUAa C OTAMYHBIME OT EAMHUIIB BEAWYUHAMU &, AL :

ror()+ £ O _y, M
e OF
rot(H )~ PR 2
div(E)=0, 3)
div(H)=0, @)
rae  H, E - MarHUTHasg W DACKTPHYECKAd  HAIPHKEHHOCTH
COOTBETCTBEHHO.
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MaBa 3. PeweHue ans MarHUTHOM Lienv NepeMeHHOro Toka

2. Pemmrenue cucremMsl ypaBHeHI/Iﬁ
Paccmorpnm pemrenne crucremer ypasHenuii Maxcseasa (1.1-1.4).
B cucreme mmAMHAPHYECKHX KOOPAMHAT 7, (), Z O3TH YpPaBHEHHA

HNMCEIOT BHA:

r

OoF
£ +8E’+l- ‘”+8EZ=O, @
r or r Op Oz
OE
1 0E % _,dH, @
r Op 0Oz dt
OE. OE. dH
- =V ) €)

oz oOr dt
E, CE, 1 CE, dH .
—t - =V ) S

r or r Op dt

H, 0H, 1 0H, oH.
+—- +

- =0, ®)
r or r Op 0z
1 oH, OH dE,
. z _ [ — q 7 (6)
r Op oz dt
OH., OH. dE,
- =q ) %

®)

rAe
v=—ufc, ©
q=¢lc, (10)
® oaekrpudeckue Hanpskennocrn E ., E , E,
® MarHUTHBIEC HaupssxenHoctn H,, H o H._.

Perrenne AOAKHO OBITB HAMAEHO upu HEHVAEBOUI

HanpsxeHHoctn F, (B rAaBe 2 OHO AOAKHO OBIAO OBITH HAHACHO IIpH

HEHYACBOH HanpsukeHHOCTH F ).
AAf  COKpaIlieHHs 3aIucH B AAABHEHIIIEM OYACM IIPHMEHATH
CACAYIOIIIHE OOO3HAYCHHUS:
co=cos(ap+ yz+wt), (11)
si =sin(a@ + yz + wt), (12)
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MaBa 3. PeweHue gns MarHUTHOM Lieny NepeMeHHOro Toka

TAC ¢, ), W — HEKOTOPHIC KOHCTAHTHL. HpCACTaBI/IM HCHU3BCCTHBIC

(pyHKL[HH B CACAYIOITIEM BHAE!
H,.=h()o,
H,.=h,(r)si,
H_.=h_(r)si,

E,.:e,(r)si,

E(p.:e(p(r)co,

E .=e(r)co,

rae h(r), e(r)- Hexoropele (PYHKIINH KOOPAUHATHL 7 .

HCHOCP CACTBCHHOﬁ HOACTaHOBKOﬁ MOXHO

yOCAHTHCH,

13)
14
(15)
(16)
17
(18)

910

dyrxunn (13-18) mpeobpasyror cucremy ypasaenuii (1-8) ¢ uersipbms
apryMeHTaM# 7, ¢, z, | B CHCTEMY YPaBHEHHH C OAHHM apIyMEHTOM 7

u HemssBectHBIMU (pyHKIIAMu A(r), e(r).

Taoamnma 1.
rAaBa 1 raaBa 2 raasa 2
e | are A-kh(e, 7, r) 25 ()
c
1 , HO
e | A E(e,,(m +re)(r) e
q
e, 0 A-r-e,(r)— 0
a
1 )
o —e ) 452 () ==, () + B ()
cy a
EW khie, 7, r
hy | =h(r) —Aaaﬂ e 2. )
h. 0 0 r-h,(r)q/a

B mpuaoxermm 1 mokasaHo, 4TO Takoe peIIeHHE CYIIECTBYET.
DTO pelreHne UMEET CACAYIOITIH BUA:

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

h ()= —%(hw

2 )
(r)+r-H (),

(20)
)

(22)

45



MaBa 3. PeweHue ans MarHUTHOM Lienv NepeMeHHOro Toka

rae kh() — dyrkmus, onpeAeAcHHAs B IPHAOKEHUH 2 TAABBI 2,

h.(ry=r-h,(r)q/a,

e, () =221 (r).
xc

e, (r)= _,u_a)h(p (r),
xc

(s

LED’

].

CZZ

(23)

24

(25

(26)

CpaBHEM 3TO peIlleHNE U PEIeHHE, IIOAYIEHHOE B TAaBax 1 m 2 —
oM. Ta0A. 1. Buana cxokecTs 9THX pereHuii B raaBax 2 u 3.

2000

hr

-2000

-4000
0

2000

\

3. Hanpa>keHHOCTH U IIOTOKU SHEPTHUU

0.05

0.1

0 0.05

ez

0.1

x 10°
0
-0.5 ‘
-1
0 0.05 0.1
x 10°

-1
0 005 0.1
Fig.1. (SSB6.703)

Sf

0 0.05 0.1
x 10°

1
0 0.05 0.1

TaK}KC, KaKk M B TAAaBC 2, IIAOTHOCTH IIOTOKOB I—)HCpFI/II/I I1I0
KOOPAHHaTaM OHp@ACA}HOTCH 10 (bOpMyAC

TAE

E:

Co| £§o| e

.2

AJRY )

:77” s,-si-co|dr-dg.

r,e

r

S, -8i-co

)
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MaBa 3. PeweHue gns MarHUTHOM Lieny NepeMeHHOro Toka

S, = (e(phz _etho)

S(p = (ezhr - erhz )’ (2)

s, = (erh(p - e(phr)

n=clir. 3)
Pacemorpum JyHKIIN 2) u e.(r), e,(r), e.(r),

h.(r), h,(r), h.(r). Ha puc. 1 mokasamei, manpumep, rpacdpuku ormx
dyuaxkumit npn A=1, a =55, u=1, e=2, y=50, ®=300. Dm

HapaMCprI BbI6paHbI TAKHMH KC€, KaK B TIAaBC 2 — ANAA CpaBHCHI/IH
TIOAYYICHHBIX PC3YABTATOB.

4. O6cy>xAeHmE

AaapHeNIIIEe BBIBOABI AHAAOTHYHBI TEM, KOTOPBIE ITOAYYICHBI B
raaBax 1 wm 2. Mrak, B MarHHTHOH IIeIM CHHYCOHMAAABHOIO TOKa
PACIIPOCTpAHACTCA  9ACKTPOMATHHUTHAs BOAHA, 24 MATEMAaTHYECKOE
OIIFICAaHHE TOH BOAHBI ABAACTCA perrenueM ypaBHennii Makcseaaa. [Tpu
3TOM HAIPAKEHHOCTH U ITOTOK 3HEPIMH PACIPOCTPAHAIOTCA B TAKOM
IIEITA IO BUHTOBOM TPAEKTOPHH.

ITpuaosxennue 1.

Paccmartpusaerca perrenue ypasuerui (2.1-2.8) B BuAe pyHKIImIA
(2.13-2.18). Aasee mpomsBOAHBIE IO ¥ OYAEM OOO3HAYATH IITPHXAMH.
[Mepermmmenm ypasuenus (2.1-2.8) ¢ yuerom (2.11, 2.12) B BuaAe

@Jre;() ()a x-e.(r)=0, @
—1-ez(r)a+e¢(r);(—ﬂh,,=o, @)
r c
e,(r)y—e.(r)+ ”Tw h, =0, ©
e”’T(r)+e;(r)—e“—(r)-a+’u—th:O, @
h(’") w2 ok yon =0, )
;-hz(r)a—hq)(r);(—Ta)er =0, ©)
b =)+ e, =0, )
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MaBa 3. PeweHue ans MarHUTHOM Lienv NepeMeHHOro Toka

h() i)+ (r) + 2 (r)=0, )
C

COOTBCTCTBI/IC MEKAY HOMCpaMI/I dopmya B pazaese 2 U 3AECh TAKOBO:
Pazpea 2 | 2.1 |22 |23 |24 |25 |26 |27 |28
IIpua. 1 |1 5 0 7 8 6 7 8

Aanee OYAyT BBIIOAHATBCA IrpeoOpasoBanud dopmya (1-8). Ilpum
aTOoM HyMmepanua (POPMyA IIOCAE IIPEOOPa3OBAHUA OYACT COXPAHATHCA
(Tak yAOOHEE IIPOCACAHTH ITOCACAOBATEABHOCTH IIPEOOPA3OBAHUI) M
TOABKO HOBBIE (DOPMYABL OYAYT IIPUHUMATH CACAYIOIIIUI HOMEP.

ITprmvem, aro

e (r)=0. ©)
W3 (2, 3) moaygaem:

e,(rx =ﬂh,. (r) @

e.(ry=-"— 3)

Cpasuum (4, 5):
e(’;(r)_i_e’ (r)_er—(r).a_{_ﬂ_a)hz =0’
r r c

4

“

h(r) h()+ a+y-h(r)=0, 5)

s (2, 3) caeayer, uro (4, 5) cosmaparor. Toraa (4) moxHO
nckArounte. Aasee cpasuaum (1, 8):

—e’ () +e(r) ——e‘”ir) a=0, )
h(r) h()+h(r)a=0, ®)

N3z (2, 3) caeayer, gro (1, 8) cosmaaaror. Toraa (1) moxzO
ncKArOUnTb. OCTaroTCs ypaBHEHHSA:

e, () =221 (r). @
xc
e,(r)= —”—whq,(r) , o)
xc
h(r) h()+ 0(+Z h.(r)=0, ©)
l-hz(r)a—h(ﬂ(r) ;(——a)e,, 0, ©)
r C
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MaBa 3. PeweHue gns MarHUTHOM Lieny NepeMeHHOro Toka

—h@k—@@ﬂfﬂe:a

h() h<)+h@) + 5% (=0,
C

[ToacTaBum (2,3) (6, 7):
l-hz(r)a—hw(r) L2, (=0
r c Jc

—h () - h(r)+g 2O h () =0,
xc

AN

g~moo=mv{z—ﬁ9591j
r C

hxm=—m0{z—€?fgij

OcTaAnCch CAEAYIOITHE YPABHECHHUSA:

e,(r)= HO h.(r),
xc

e&kiﬁmm

h (r)+h()+ )a+;( h(r)=0,

r

O06o03HAYNM:

o ew 1
c cy

W3 (5, 6, 11) maxoaum:

h(r) h()+ a+;(rh(r)q/a 0,

W3 (8) maxoamm:

)

®)

©)

)

©)

)

)

6)

®)

©)

)

®)

1

(12)

49



MaBa 3. PeweHue ans MarHUTHOM Lienv NepeMeHHOro Toka

h )= () + 1) "~

! 1 ! n
()= —;(2% (") +r-h(r) (14)
N3 (12-14) maxoanm:

a(h = h(>j—‘(2h O+ r B OW a7 g =009

( )
e () |+ = (2e (r)+r- e"(r)} Vo 9%, ¢ L()=0 (19
a a
MOKHO 3aMETUTB, YTO 3TO YPABHEHUE COBIIAAAET C YPABHECHHUEM
(15) B Ilpmaomenmn 1 raaBer 2, ecam 3aech mepemenmyio A, (r)
3AMEHUTH Ha HepeMenHyio e, (7). CAeAOBATEABHO, perieHne ypaBHEHHA

ABAAeTCA (PYHKIIHEH

h,(r)=khle, z, ), (16)
a ee IIPOU3BOAHAA— (pyHKL[I/Ief/'I
n(r)=khile, z, r) (17)

IMpu wmssecrmbix dyaxmmax (16, 17) moryr Obrte HaHACHSBI
ocraApHble (pymkimn. Mrak, aas onpeseseHus Bcex (pyHKIMA mMeeM
YPaBHCHUS:

e.(r)=0, )

h(r)=kha, z, 1), (16)

n(r)=khile, z, r), 17)
1 /

h(r)= —;(hw(r) +rh(r)), (13)

()= —é(ﬂz(;(r) +rehr)) (14)

h(r)y=r-h,(r)qlea, ©)

W.(ry=—h()q. 0

e, () =221 (r). @

xc

e, ()=~ h,(r). ©

/’{C
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naBa 4. PelleHue ansi HU3KOOMHOIO NPOBOAA NePEeMEHHOro Toka

['AaBa 4. Pemrenue ypaBHEHIN
MakcBeAAa AAFT HU3KOOMHOTIO
IIPOBOAA IEPEMEHHOIO TOKA

OraaBAenue
1. Beeacume
2. Permrenne ypasuennii Makcseasa
3. HampsxeHHOCTH B TOKH
4. IloTokn sueprun
5. TOK ¥ IOTOK 9HEPIUU B IIPOBOAE
6.0O0cyAeHIE

[Mpuaoxenne 1

1. BBeaenue

Vpauenna MakcBeara B obrmem caygae B cucreme CI'C mmveror
BHA (cMm. BapuanT 1 B raase "[1peaucaosue"):

rot(E )+~~~ =0, 1)
c Ot

rot(rr)-£2E 47 5 o, @)
cot ¢

div(E)=0, 3

div(H)=0, S

J=1E, ()

P
TAC
J, H, E - TOK, MarHUTHasg M 3AEKTPUYECKAA HAIPMKEHHOCTH
COOTBETCTBEHHO,
E, M, P - AMSAEKTPHYIECKAS IIPOHHUIIAEMOCTD, MarHHTHASA
IIPOHHUIIAEMOCTb, YAEGABHOE COIPOTHBACHHE MAaTEPHAAA
ITIPOBOAA.
Aaree T ypaBHEHHA IIPHUMEHAIOTCA AAA AHAAN3Aa CTPYKTYPBI
mepeMeHHOro TOoKa B IpoBoAe [15]. Ilpm cummycomaaspHOM TOKE B
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maBa 4. PeweHue ansi HU3KOOMHOIoO NPOBOAA NePEeMEHHOro Toka

IIPOBOAEC C YAeAbHOfI HTHAYKTUBHOCTBIO L %8 YACABHBIM
COIIPOTUBACHHEM O HAIPAKECHHOCTD M TOK CBA3AHBI COOTHOIIICHUCM

BHAQ

_ 1 _ p-iol
Cp+iol pP+(al)
Orcroaa mpu p << wL HaxoAmm:

J E.

Jz_—lE.
oL

CAEAOBATEABHO, AASl AHAAN3A CTPYKTYPhI CHHYCOMAAABHOTO TOKA B
IIPOBOAE IIPU AOCTATOYHO BBICOKOM dYacToTe ycAoBHeM (5) MOKHO
npeneoperate. [Ipu arom HEeoOXOAMMO perars cucremy ypasuenui (1-
4), TAe M3BeCTEH TOK J_, IPOTEKAIOIINH BAOAB IIPOBOAQ, T.€. IIPOECKIUA

Bektopa J Ha ocb 0z (cMm. BapuaHT 4 B raase "[Ipeaucaosue”).

2. Pentenne cucreMsl ypaBHEHUM
Paccmorpnm perntenne cucremsr ypapHenuin Makcseana (1.1-1.4)
AASL TIPOBOAA. B cmcreme HMMAMHAPHYECKMX KOOPAMHAT F, (0, Z 9TH

ypaBHEHHUA UMEIOT BUA [4]:
E. OE 1 OE, OF.
+ +—- +

”

=0, ©)

r or r Op Oz
oE
l . aEZ — id =V dHr 5 (2)
r Op Oz dt

== ==V 5 (3)

oz or dt

E, OE, 1 OE dH

—+ —— o =Vv—, @
r or r op dt

OH

i+aH’,+l. ¢+6Hz:0’ )
r or r Op Oz

1 oH, OH dE

2. z _ L =g ©)

r op oz dt

OH, OH, dE,
- =q 5 ™)
oz or dt

Hy OH, 1 0H, _ dE. 4z

+—J.. 8)
r or r O dt c

TAE
v=—pufe, O
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naBa 4. PelleHue ansi HU3KOOMHOIO NPOBOAA NePEeMEHHOro Toka

g=¢fc, (10)
JAVY: COKpAITICHHA 3aIlUCH B AAABHEHIIIEM OYAEM IIPUMEHATH
CACAVIOIIIHE OOO3HAYCHUSA:
co=cos(ap + yz+wt), (11)
si =sin(ap+ yz + wt), (12)
TAC &, Z, w — HCKOTOPI)IC KOHCTAaHTHI.

[IpeacraBum HensBecTHBIE (DYHKIINH B CACAYIOITIEM BHAE!

H.=h()o, (13)
H,.=h,(r)si, (14)
H_.=h_(r)si, (15)
E.=e/(rki, (16)
E, =e,(r)co, (17)
E_.=e(r)co, (18)
J,.=j.(r)o, (19)
J = J,(r)si, (20)
J..= j.(r)si, e

rae h(r), e(r)- mekoropsie (PYHKIIHH KOOPAMHATEL 7.

HerocpeACTBEHHOIT  IIOACTAHOBKOM — MOMKHO — YOEAHTHCA, HTO
Pyukuu (13-21) npeobpasyror cucremy ypasueruil (1-8) ¢ uererppmsa
apryMeHTaMH r, ¢, z, | B CHCTEMY YPaBHEHHH C OAHHM apIyMEHTOM F

n "HenssectabivMu dyukuamu A(r), e(r), j(r).

Aaree TIpPEAIOAATAETCA, 9YTO CYIIECTBYET TOABKO TOK (21),

HAIPABACHHBI BAOAB OCH Z . OTOT TOK CO3AACTCS BHCIITHUM
UCTOYHUKOM. [lOKaspiBaeTcsa, YTo HAAMYHUE 3TOrO TOKA ABAAETCA
IIPUYHHON CYIIECTBOBAHHA SACKTPOMATHUTHON BOAHBI B IIPOBOAE.

B npuaoxennn 1 moxasaHo, 9TO y TaKOH CHCTEMBI CYIIIECTBYET
pEIIeHne, MMEIOIIEE CACAYIOTITHIT BHA:

e,(r)=Ar"", (22)
e (r)=e,(r), 23)

e.(r) =2“‘j——ﬂ;”%re¢(r), 24

h(r)=% Miﬂew(r), (25)

hy(r)=—=h,(r), (26)
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maBa 4. PeweHue ansi HU3KOOMHOIoO NPOBOAA NePEeMEHHOro Toka
h.(r)=0, 27)
;(f,‘a)
J(r)=— e .(r) =

rae A,c,o,® — KOHCTAHTHL.

A 28)

CpaBHHM 3TO peIlleHHE U PEIIEHHE, IIOAYYEHHOE B raaBe 1 AAf
BakyymMa — cM. TaOA. 1. Buamo, 49ro (HecMOTpss Ha HMAECHTHYHOCTDH
VPAaBHEHHI) 9TH PEIIEHUA CYIIECTBEHHO OTAHYAIOTCHA. ODTU PA3AUIHA
BBI3BAHBI HAAMYUEM BHEIHEH 3SAECKTPOABIDKYILIEH CHABIL, B KOTOPOM
e (r)#0. Ona BBI3BIBACT IIPOAOABHBIH TOK, KOTOPBIA CYIIECTBEHHO

HU3MEHACT CTPYKTYPY IACKTPOMATHUTHOI BOAHHI.

Tabaumna 1.
BaKyyM IIPOBOA
x| 7% eu 72 Mep, 7=+1
c c
J. 0 e (r)
A
er
Are? Are™?
e¢7
e 0 QMC"_\'@” re,(r)
: M oc ¢
.| &
h, —e,(r) X M—ﬂew(r)
[ - hr (7") - hr (”')
2 0 0

3. Hanps>KeHHOCTH B TOKHU

Aanee ™Mbl OyaeM paccMarpuBath TOABKO —pyHKuun j_(7),
e.(r), e,(r), e.(r), h.(r), h,(r), h.(r). Ha pnc. 1 mokasams,
HaIIPHMED, rpaduKI STUX dysKImit pu
A=1, =3, u=1, e=1, ®=300. Beamumna j (r) mnokasana B
EAMHHAIIAX (A/ MM"2) — B OTAMYHE OT BCEX OCTAABHBIX BCANYHH,

mokaszanuelx B cucreme CH. VBeamuenwme dyHKImn . () upu

VBEAMYEHUH DAANYCA OOBACHAET CKUH-9DDEKT.
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x 10
4 2
= 2 A/ = 1 >
3 £ /,
0 0 ™
0 0.5 1 1.5 2
X 10'6
4 0

hf(r)

0 -2
0 0.5 1 1.5 2
0.1 2
;N)’ 0.05 i 1
0 : i 0 :
0 0.5 1 1.5 2 0 0.5 1 1.5 2

Fig.1. (SSMB)

[TAOTHOCTD SHEPIUU SAECKTPOMATHUTHOM BOAHBI OIIPEACAACTCA KAK
cymma Moayaeil Bekropos E, H onpeaeasercs us (2.13, 2.14, 2.16,
2.17,2.23,2.24) n paBHa

W=E>+H"= (er (r)si)2 + (e(p(r)si)Z + (hr (r)c0)2 + (h{p(r)co)
W= +6,0) 0

- cm. Takke puc. 1. Takum oOpasoM, IIAOTHOCTb _OHEPIHH
SAEKTPOMATHUTHOHN BOAHBI ITOCTOSIHHA HA BCEX TOYKAX OKPY/KHOCTH
AAHHOTO PaAMYCA.

AAf AeMOHCTpamum cABHTra a3 MEKAY KOMIOHECHTAMHU BOAHEI
paccmorpum  pymknnn  (2.11-2.19). Buano, 9r0 B KaKAOH TOUYKE C

KOOPAMHATAMH 7, ¢, z HanpsxeHHoctu [, E caBuHyTsl 110 (pase Ha

AN

YETBEPTH IIEPHOAA.
HaiineM cpepHee 3HAUeHHE ITAOTHOCTH AMOAUTVABL  TOK4a B
IPOBOAE € paauycoMm R:

T =— ([l Jir-do. ©
@

7R?
T,

C yaerom (2.21) matiaem:

12 H[I'Z(F)Yi]dr'd(/) (53)

7R

J. =
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maBa 4. PeweHue ansi HU3KOOMHOIoO NPOBOAA NePEeMEHHOro Toka

Aanree HaAIAEM:

.=

C yuerom (2) matiaem:

AT

TAC

<

©oank’y

J. =

[ .G

C yuerom (2.28) matipem:

AN

Jzr(alfa)

4.5

3.5

25

1.5

J. _A;(gcoj-( )l,

2ra v,

J - Aysw
" 2rma(a+1)

a+l

n-L ' (rﬁ(si . dgp)Jdr.

le (cosar)—1)-J,,,

f 2w 2w
jjz (r(cos(2a7r +—2z)—cos(— z))dr
c c

©)

()

©)

(10)

1.5 2 25

3
Fig.3. (SSMB)

3.5

5.5 6
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naBa 4. PelleHue ansi HU3KOOMHOIO NPOBOAA NePEeMEHHOro Toka

Ha puc. 3 mokasana yskms J_Z(a) (6,10) mpu A=1, y=0.03.

Ha osroM pucyHKe NyHKTHpPHAS U CIIAOIIHAS KPUBBIE OTHOCSTCS
coorBerctBeHHO K R=2 u R=1.75. U3 (6, 8) u puc. 3 caeayer, 91O
IPH  ONPEACACHHOM  pacrpeAcAcHu Beamamen  j,(r)  cpeamee

SHAYCHUC ITAOTHOCTH aMITAMTYVABI TOKA Jz CYIIIECTBCHHO 3aBHCHT OT o .

Toxk opeaeasieTcs Kak
J_E9k
c Ot
uAn, ¢ yaerom (2.13-2.21):

Jr.:%er(r)co,

)

Ew .
J(p. :7€¢(V)Sl 5

z

J,..= @ez(r)+jz Si . (12)
C

Mo:KHO TOBOPUTH O AMHUAX 9THX TOKOB. Tak, Hampumep, Tok J .

TEYECT IIO HpHMbIM, HapaAACAbeIM ocHu HpOBOAa. Mzt paCCMOTpI/IM
AWHHIO CYMMapHOI'O TOKAa.

Fig.4. (SSMB)

MoxHO TOAarath, dYTO CKOPOCTb  PACHPOCTPAHEHHA  TOKA
CMEITNEHUs He 3aBUCHUT OT HaIpaBAeHHA TOokKa. B wactHOCTH, TIpH
dpHUKCHPOBAHHOM PaAHyCe IyTh, IPOMACHHBIH TOKOM IO OKPYKHOCTH, H
IIyTh, IIPOWACHHBIII UM IIO BepTHUKAaAU OYAyT paBHBL (CAEAOBATEABHO,
1Ipu (PUKCHPOBAHHOM PAAHYCE MOMKHO ITOAATATH, YTO

. (13
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maBa 4. PeweHue ansi HU3KOOMHOIoO NPOBOAA NePEeMEHHOro Toka

rAe y — koHcraHTa. Ha oOcHOBE 3TOrO IIPEAITOAOKEHHUS MOMKHO
1peobpazosarte pyHKIUH ( 4B) K BUAY

co=coslap +2yyp),  si=sin(ap+2yyp) (14)
U IIOCTPOHTH COOTBETCTBYIOIIIYIO TpaeKTopuio Toka. Ha prc. 4 moxasansr
ABE BHHTOBBIC AMHHH CYMMAapHOIO TOKA4, OIIMCHIBAGMBIE (DYHKIIUAMUI
BHAQ

co = cos((a +2)p), si=sin((a+2)p).
Ha puc. 4 toacras amnma nocrpoena npu o =1.8, a ToHkas AmHHA -
mpu a=2.5.

M3 (2.19-2.21, 14) caeayer, 9ro TOKH OYAYT COXPaHATH CBOO

BEAWYHHY IIPH AAHHBIX ¥, (0 (HE3aBHCHMO OT Z ) B TOM CAyYae, €CAU

ITOCTOSIHHOM SIBAAETCA BEAHMYNHA

B=(a+2xr) (15)
Aanaee na ocuose (14, 15) 6yaem npumeHATs POPMYABL

co=cos(Bp),  si=sin(Bp). (16)

4. IToroku sHeprun

ITaoTHOCT TTOTOKA SACK’FpOMaFHH’FHOfI SHEPIruM — BEKTOP IToriaTrmara
OIIPCACAACTCA B 3TOM CAyYa€ TOYHO TAKIKE, KaK 1 B T'AaBC 1, pasAca 4. Ho 3AECH
MBI AAA YAO6CTBZL YUTATEAS IIOBTOPUM IIEPBBIC 6 CpOpMyA OTTYyAAQ. WNrax

S=nExH, M
TAE
n=clir. )

B mmAamBApHYecKHX KOOpAMHATAX F, (), Z TAOTHOCTH IIOTOKA

SAEKTPOMATHHTHON OSHEPrUM HMeeT Tpu Kommonentst S,, S,, S_,

HAIIPABACHHBIC ~ BAOABb ~ PaAHyCd, IO OKPY/KHOCTH, BAOAB  OCH
coorBercTBeHHO. OHH OIpeAeAdroTcs 110 popMyAe

S E,H -E.H,
S=|S,|=n(ExH)=nE.H -EH, | @)
S, EH,-E,H,

N3 (2.12-2.17, 3.4) caeayer, 9TO TOTOK, ITPOXOAAIIMUIT Yepe3 AAHHOE
CEYEHUE IIPOBOAA B AAHHBIH MOMEHT BPEMEHH,

S, s, - si°
S = S_(p :77” S, Si-co\dr-do. )
S "\, si-co
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naBa 4. PelleHue ansi HU3KOOMHOIO NPOBOAA NePEeMEHHOro Toka

TAC

s, = (6th —e.h,
S, = (ezh,, - erhz). ©)
s, = (e,h(p - e(phr)

OTUM BEAHMYHHAM paBHA IIAOTHOCTb TOIO IIOTOKA JHEPIUH,
KOTOPBI IIPU AQHHOM PaAUyCE PACIPOCTPAHACTCA IO PAAHYCY, IIO
OKPY’KHOCTH M BAOABb ocr OZ paseH. Ha puc. 5 mokasansr rpaduku 31ux
dyHKIIHIH B 3aBUCHMOCTH oT paamyca upu

A=1, a=3, u=1, ¢=1, @=300.
IToTok sHeprun BAOAb OCH OZ U paBeH

S_Z:n”[sz-si-co]dr-dgo. ©
e

x 10”7

sr(r)
o
\

x 107

f(
S
\

0 —
0 02 04 06 08 1 12 14 16 18 2
x 107
0
9-05 \\
B \\

0 02 04 06 08 1 12 14 16 18 2
Fig.5. (SSMB)

Haviaem s, . 13 (6, 2.22, 2.23, 2.26) moaygaem:

s, ==2e,h, ==} Miﬂej,(r) o)
AN
s, =0r*?, (10)
TAC
N &
O=A"} |— (11)
Mu
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maBa 4. PeweHue ansi HU3KOOMHOIoO NPOBOAA NePEeMEHHOro Toka

B nmpuaoxennn 2 raassr 1 mokasano, uto u3 (7) CAEAyeT, 9To
(rr). (12)

ITycte R — paamyc nmampApumdeckoro mposoaa. Toraa ms (12)
ITIOAYYaEeM, KaK B TAaBe 1,

R 0
S = I(SZ(VVV)ZﬁRZH, (13)

a]fa (1 cos(4a7z)) (14)

S :ESalﬁzSint‘ (15)

7000

[y

6000

5000

L

4000

S(alfa)

3000

»

"
at . .
a® [

s n :

2000 i " W

:‘ = - u
LR hd : o w
> n s "

1000 |- o% RS O S A A TARE

0
1 1.5 2 25 3 3.5 4 4.5 5
Fig.7. (SSMB)

O6beannsas popmyasr (11-15), moayaaem:

S_=——(1 cos(dar A / i Z IRZ“l

2
S - 4%c(1-cos(dar))
87aa 1) My
DTOT HOTOK SHCPI‘I/II/I HC 3aBHCHT OT KOOPAI/IHaTbI 1 IIOTOMY COXpaHHCT
CBOC 3HAYCHHC HA IIPOTAKCHUI BCEII BOAHHI.

AN

& Rret, (16)

Ha pumc. 7 mokasama  yHKIus S(a) (16)  upu
A=1, M =103, u=1, ¢=1. Ha puc. 7 nynkrupHas n CrIAOIIHASA

KPUBBIC OTHOCATCA COOTBETCTBEHHO K R =2 u R=1.8.
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naBa 4. PelleHue ansi HU3KOOMHOIO NPOBOAA NePEeMEHHOro Toka

IToCKOABKY IOTOK 3HEPIMH K SHEPIUf CBA3AHBI COOTHOIIICHHEM
S=W-c, 1o m3 (15) MOKHO HAHUTH SHEPIHIO B EAHHHIIE AAUHEI
IIPOBOAA:

A

W=—"8,.Sm 17
1672' alfa™ int ( )

Kak caeayer m3 (7, 3.16), IAOTHOCTb IIOTOKA BSHEPIUH HA
OKPYKHOCTH AAHHOTO PAAHYCa OIIPEACAACTCH (DYHKIIIEH BHAA

S, = S, sin(2,b’(p). (18)
Ha puc. 8 mokazama dbyskmmsa (18) mpu s, =77 - cm. (10).

[Tokasaner ABe kpusele pu @ =1.4 n AByX 3HadeHmsax pasmyca: » =1
(roActas AMHUS) U ¥ =2 (TOHKas AUHUS).

.......... /\

Sminus Fig.9. (SSMB)
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maBa 4. PeweHue ansi HU3KOOMHOIoO NPOBOAA NePEeMEHHOro Toka

Ha puc. 9 nokazana pyukmus S (18) Ha Bcell mAOCKOCTH CedeHHSA

2a-2
npoBopa pu S, =7"“" m a =1.4. [Ipn 3TOM B BepXHEM OKHE IIOKA3aHA

Ta "actb rpadpuka pyuxmun S, rae S >0 - Splus, a B mHmkaem oxue

rokasana Ta 9acte rpadpuka pyuxkunun S, rae S <0 - Sminus, npuuem
9Ta YaCTb AASl HATAAAHOCTH IIOKa3aHA C OOparHbIM 3HakKoM. Ha stom
PHCYHKE BUAHO, 9TO

S = Splus + Sminus > 0,
T.e. CYMMapHBIH BEKTOP IIAOTHOCTH IIOTOKA HAIIPABACH B CTOPOHY
VBEAHYCHUSI Z - B CTOPOHY Harpy3kn. OAHAKO CYILECTBYIOT ABE
COCTABASIFOIIINE 9TOTO BEKTOpa: cocraBAsromas Splus, mampaBacHHas B

CTOpOHY HZIPPYSKI/I, 1 COCTAaBAAROIIIAA Sminus 5 HﬂHpﬁBAeHHaH B CTOpOHy
HCTOYHUKA TOKA. DTH COCTAaBASAIOINMIC IIOTOKA IIEPCHOCAT AKTHBHYIO I
PEAKTUBHYIO SHCPTUIO COOTBCTCTBCHHO. I/ITaK,
® JIAOTHOCTH IIOTOKA HCPAaBHOMCEPHO PaCIIPEACACHA ITIO CCYCHUIO
IIOTOKAa — CYIOCCIBYCT KAPTHHA PACIHPCEACACHUA ITAOTHOCTHU
IIOTOKA ITO CCUYCHHIO HpOBOAa;

® 5T2 KAPTUHA COXPAHAETCA IIPH ITIEPEMEITEHUN IO OCH OZ;

e porok sueprun (15), IPOXOAAIIHIT Yepe3 ITAOIIAAb CEIEHHA, HE
3aBUCHT OT f{, z M 9TO COOTBETCIBYET 3aKOHY COXPAHCHUSA

SHCPINH,

® JIOTOK BHCPFI/II/I HNMEECT ABE HpOTI/IBOHOAO}KHO HaHpaBACHHbIC

COCTABASIFOIIINIE, KOTOPBIEC IIEPEHOCAT AKTUBHYIO U PEAKTUBHYIO
SHEPIUH; TAKUM OOpPa3OM, OTCYTCTBYET HEOOXOAHUMOCTb B
IPEACTABACHIH MHUMOTO BekTopa | lofHTHHTA.

5. Tok ¥ IIOTOK 3HEPIUH B IIPOBOAE
MokHO cKa3arh, YTO IOTOK MACCOBBIX YaCTHI[ (MaCCOBBIM TOK)

" o M o
Hecen? IIOTOK KHHCTHYCCKOM SHCPI‘I/II/I, KOTOpa}I BBIACAACTCA HpI/I

- - " A
CTOAKHOBEHHU C IIPErpasoil. TOYHO TakixKe SACKTPUYIECKUIT TOK  HeCen!

IIOTOK 3ACKTPOMATHUTHOW 3HEPIUM, KOTOPAas BBIACAACTCA B HATPY3KE.
D10 yrBepiKACHHE OOCyKAaeTcAd u 00OCHOBEIBacTcA B [4-9]. Oramune
MEIKAY THMH ABYMS CAYYafMI COCTOUT B TOM, 9TO BEAHYHHA MACCOBOIO
TOKA IIOAHOCTBIO _OIPECACAACT BEAWYHHY KHHETUYCCKON SHEPIHM.
OAHaKO BO BTOPOM CAyYa€ BEAHYMHA JACKTpHYeckoro Ttoka HE
OLIPCACAACT ~ BEAUYHHY  9ACKTPOMATHHTHOH  OSHEPIHM,  KOTOpAsd
BoIACAACTCS B Harpyske. CACAOBATEABHO, IIEPCHOCHMAS BEAMYMHA
SACKTPOMATHUTHOM  9HEPIMH — IIOTOK SHEPIUH  OIIPEACAACTCH
CTPyKTypOii ToKa. [Tokazkem o10.
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naBa 4. PelleHue ansi HU3KOOMHOIO NPOBOAA NePEeMEHHOro Toka

Kax caeayer u3 (3.10), cpeaHee 3HaUYeHHE TAOTHOCTH AMIIAHTYABI
TOKa J, B IIPOBOAE C AAHHBEIM PaAnycom R 3aBuCHT OT ABYX ITapaMeTpoB:

o n A. Ilpu AaHHOI IIAOTHOCTH MOKHO HAHTH 3aBUCHMOCTb MEKAY
3THMU ITapaMeTpaMu, Kotopas caeayer us (3.10):

A= 2rala+1) 1)R"HJZ, . (1)
YED
2500
2000
1500
2
<
1000 crawweesgapannnge ki ks
500 /A
0 \/ \/ \/ : V \
1.5 2 25

1 3 3.5 4

Fig.10. (SSMB)
Kak caeayer u3 (4.16), maoTHOCTH IOTOKA 3HEpruu S BAOAB
IIPOBOAA TAKKE 3aBUCHT OT AByX mapamerpos: & u A. Ha puc. 10

rokasasbl 3asucumocty (1) m (4.16) mpu AaHHBIX J_z= 2, R=2.TIlpm

5TOM HpAMAA AHHHA H300paKaeT IIOCTOSHHYIO IIAOTHOCTh TOKa (B
macrrrade 1000), criaormrHas AMHHA — IAOTHOCTB ITOTOKA, IIYHKTHPHAA
AnHpst — mapamerp A (B mactrrabe 1000). 3aece 4 Boramcasiercst mo (1),
IIAOTHOCTBh OTOKA 9Hepruu S 1o (4.16) upu psarsom A . Buano, uro
IIPH_OAHOW ¥ TOH ’K€ IIAOTHOCTH TOKA IIAOTHOCTb IIOTOKA MOJKET
LPUHUMATD COBEPIIECHHO PA3AMYHBIC 3HAYCHUS.

Beiie n3 dopmya (4.7, 3.16) Obira HafiA€HA IIAOTHOCTH ITOTOKA
SHEPIUH HA OKPYKHOCTH AAHHOTO paAuyca B BuAe dpyukimn (cm. (4.18)):

S =s,sinQpp). ©
Anarormano n3  dopmya (3.5a, 3.16) moxer ObITh HaMAcHA
IIAOTHOCTB TOKA Ha OKPY/KHOCTH AAHHOI'O PAAHYCa B BUAE (DYHKIIHH

Jr=j. sin(Bp). 3)
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maBa 4. PeweHue ansi HU3KOOMHOIoO NPOBOAA NePEeMEHHOro Toka

®yukrusa (2) Opiaa moxaszana Ha puc. 9. Ha puc. 11 B AeBbIx OkHax

oBropensl rpadpuku a1oi pyHkEu S (2), 2 B IPABBIX OKHAX AAA
COITOCTABACHHA IIOKA3aHBI ITOCTPOEHHBIE AHAAOTMYIHBIM OOpPA3OM IIpH

A=1, a=14, f=1.6, R=19 rpacuxu pymxmm J . (3).

Ha puc. 11 BuAHO, 4TO B IIPOBOAE MOIYT CYIIECTBOBATH TOKH H
IIOTOKH JSHEPIUM, PASACACHHBIC HAa IIPOTHBOIIOAOKHO HAIIPABACHHBIC
"CprI/I".

il 4

P —
"

o0

0 ; 0
Sminus <20 -20 Jminus 200 20 Fig 11, (SSMB.92)

Splus  -20 20

0
dminus  -200 -20 Fig.13. (55MB.93)
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CyIIecTBYIOT TaKHE COYCTAHUSA MAPAMETPOB, IIPU  KOTOPBIX
CYMMApPHBIC TOKH IIPOTHBOIIOAOKHO HAITPABACHHBIX '"CTPYH" paBHBI 11O
aDCOAFOTHOH BEAMYUHE H, OAHOBPEMEHHO C 9THM, CYMMApPHBIC IIOTOKH
SHEPIUU IIPOTHBOIIOAOKHO HAIIPABACHHBIX 'CTPYH' TAaKKE PaBHBI 110
abcoarornoit Beamumne. Ha puc. 13 moxasam Tako# cAydgail: mpu

A=1, a=18, f=2, R=19 paBubl cACAyIOIIHE HHTEIPAABL  IIO

naormmaan cevenus () poBoAa (3Aeck BaxKHO, uT0 f KpaTHO 2):

J-Splus dQ = —j Sminus-dQ,
0 0

[ Jplus dQ = [ Jminus - dQ.
o 0

6. OGcy>xaeHHE

ITokazano, ¥TO B IIPOBOAE IEPEMEHHOIO TOKA PACIIPOCTPAHAETCA
9ACKTPOMATHUTHAA BOAHA, 4 MATEMATHYECKOE OIIMCAHHE 3TOH BOAHEBI
ABAACTCA pEIIeHne ypaBHeHNI MakcBeaaa.

DTO PpelreHre BO MHOIOM COBIAAAET C TEM, KOTOpPOE paHee
HAMAEHO AAfl 9AEKTPOMATHUTHOM BOAHBI, PAaCHPOCTPAHAIONIEICA B
BaKyyMe — CM. I'AaBy 1.

Oxa3aAoch, 9TO TOK PACIPOCTPAHACTCA B IIPOBOAE IO BHHTOBON
TPAGKTOPUH, 4 IIAr BHHTOBOM TPAECKTOPHUU 3aBHCHUT OT ITAOTHOCTH
ITOTOKA 3AEKTPOMATHHTHOHM SHEPIHH, IIEPEAABAEMON IIO IIPOBOAY B
HATPY3Ky, T.€. OT IlepeAaBaeMoii MomHocTh. [Ipu atom morTox sHeprun
paCIIpOCTpaHAETCA BAOAD H BHYTPH IIPOBOAA.

ITpuaosxenne 1.

Paccmarpusaerca permenne ypasuenuit (2.1-2.8) B Buae dyHKIumit
(2.13-2.18). Aasee mpomsBOAHBIE IO ¥ OYyAEM OOO3HAYATH IITPHXAMH.
[Tepermmmenm ypasuenus (2.1-2.8) ¢ yuerom (2.11, 2.12) B Buae

er(’”)+e;(r)_L(”a_;(-ez(r)=0, M
, r
_l.ez(r)a+e¢(r);(—ﬂh,=0, @
, c
&, el (r)+ 22, o, v
c
e‘ﬂ(r)_i_e;(r)_er(r)_a_;’_ﬂ_a)hz:0, (4)
V4 C
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h
hr—(r)+h;(r)+ﬂa+;(-hz(r)=o, )
r r
Loha-h(z-22e =0, ©
r C
—hr(r);(—h;(r)Jrﬂe =0, ™
20 4y + 10 (”) + 220 (=% j.r), ®
c c
VYmuoxnm (5) Ha [_ ,ua)j . Toraa moAy4mm:
X
h
_”_a’h(”)_/‘_wh() HO (r) “HO L y=0.  ©
cy r cy cy r

Cpasuusas (4) u (9), 3aMedaeM, 9TO OHH COBIIAAAFOT, ECAU

h #0

z

~EZh ) =e() o
X

-
He h, (r)z e,(r),
cx
HAM, ECAT
h, =0,

“—Z“’@(r) =e¢,() ©w)

M La)hr (r)z e,(r),
4

rae - M - xorcranTa. Aasee OYAEM ITOAB30BATHCA (POPMyAAMMU

w
2 (=) (10)
74
Mﬂhr(r): e,(r), an
cx
rae - M =1 aast cayuas (9a). [epermmem (2, 3, 6, 7) B BuAe:
e.(r)="re, (- 20 () 12
a a c
' w
e(r)=e, (r);( + ’uThq) (r), (13)
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hz(r)zghw(r)Jré?er(r)

() =—h, (g +=Ze, (r),

[Toacrasum (10, 11) B ypaBuenus (12, 13). Toraa moAyuamm:

e=(r-Z )L )-UDZ ),
e(r)= (z —%je, (=M= )ze )

IToacrasum (10, 11) B ypasuenus (14, 15). Toma ITOAYYIHM:

h.(r)= (1 MELLDN =
c cy

a 4
K (r) = ( yeME2E “’jh (r )_— 1> — Mepar 1, ().
c cy cy
Auddepenrupys (16) u cpapausad ¢ (17), HaxoAum:

S DZ( L)) == 1);te(r)

AN

(e, () = ae, ()
6, () -, ()= e, 0.

W3 (1, 16) maxoanm:

SO gD VD 27y ()=0
r r M o

W3 pusmaeckux COOOPaKEHUI CACAYET IPUHATD, 9TO
h(r)=0.
Toraa u3 (18) mHaxoanm:

(02;(2 — Msuw’ } 0

. @ -
;(:;(;JME,U, 7 ==l.
s (16, 25) maxoanm:
M-1) .
)= DL e ()=PD 52 firgn e ()
a M c a

AN

AN

AN

e.r)= 0 W)

ZZ  7* - Meue® b, (r),

14

15

(16)

an

(18)

19

(20)

23)

24

(25)

(252)
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[Ipu @ << c¢ wus3 (25) HaxoAUM, 9TO
7] <<1. 26)

Toraa B ypaBHeHHH (23) BEAHMYIHHON 7> MOxHO peHeopedsr u

HOAY‘II/ITI) ypaBHCHI/IC BHAQ

a-e,(r)y=e.(r)+r-e.(r). 27)
W3 (27, 20) B cHAY CHMMETPHUH HAXOAUM:

e.(r)=e,(r), 28)

a-e,(r)= e(p(r)—kr-e;(r). 29)
Pemrenne atoro ypaBHeHusa nMeeT BHA:

e,(r)=Ar"", (30)

YTO MOKHO IPpoBepuTh oAcTaHoBko (30) B (29). M3 (11, 25) Haxoanm

h.(r)= f(,/Miﬂ%(”), 31)

a u3 (10, 28) Haxoaum
h,(r)=—h.(r). (32)

Haxonen, us (8, 32) mHaxoanMm
jz<r)=4i( B gy 4 20D () %ez(r)j )

C yuerom (30,31) 3ameuaem, 4TO CyMMa IIEPBHIX TPEX CAAra€MbIX paBHA
HYAIO, I TOTAQ

) E®
J(r)=——e.(r). (34)
4
Mrtak, OKOHIATEABHO IIOAYIACM:
e,(r)=Ar"", (30)
e(r)=e (r) 28)
- (M -1) a)@ (r) 250)

e(r=y Tl

h.(r)= f(,/Miﬂeq,(r), 31)

hy(r) = =h,(r), 62)

h.(r)=0, 24)

5N =Le (r). (34)
47
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naBa 4. PelleHue ansi HU3KOOMHOIO NPOBOAA NePEeMEHHOro Toka

TouHoCTh pereHus
AAfl aHAAN32 TOYHOCTH PEIICHUA MOKHO IIPH AAHHBIX 3HAYCHUAX
BCEX KOHCTaHT HaWty HeBasku ypasHenmi (1-7). Ha puc. 0 moxasana
Aorapudma

3aBHCHMOCTDb

mapamerpa o - InN = f(a) upu A=1, ®=300, u=1, =1.

log(N(alfa))

-20

-25

-30

-35

-40

-45

Cp CAHECKB aAp ATUYHON  HEBA3KU N

/

AN

/

N

AN

5 6
Fig.0. (SSMB)

oT
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naBa 5. PeweHune ypaBHeHu MakcBenna aons npoBoAa NOCTOSAHHOIO TOKa

I'AaBa 5. Pertenne ypaBHEHUN
MakcBeAAa AAF TIPOBOAA
ITIOCTOSAHHOTO TOKA

OraaBAeHue
1. Beeaeuue
2. MaremaTnyeckas MOAEAD
3. IloToku sneprun
4. O0cyxaeHIE
[Tpraoxenne 1
[Tpuaoxenue 2
[Ipunoxenue 3
[Tpuaoxenue 4

1. Beeaenue

B [7, 9-11] 6bIAO ITOKa3aHO, YTO IIOCTOAHHBIM TOK B IIPOBOAE
HMEET CAOXKHYIO CTPYKTYPY, a IIOTOK 3AEKTPOMATHUTHOH SHEPIUU
pacripocrpaHfercd ~— BHYTpH  mposoAa.  IIpm  srom  morok
9AEKTPOMATHUTHOM 9HEPIHH

® HAIPaBAECH BAOAb OCH IIPOBOAQ,
®  PacHPOCTPAHAECTCHA BAOAD OCH IIPOBOAA,
®  PACIPOCTPAHAETCA BHYTPH IIPOBOAQ,

o KOMHCHCI/IPYCT TEIIAOBBIC HOTCPI/I oceBOU COCTﬁBAHIOLHGfI TOKa.

J

A B C

Puc. 1.
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MnaBa 5. PeweHune ypaBHeHun Makcsenna ans nposoga NOCTOAHHOIO Toka

B [9-11] Obira mpearOkeHA B PACCMATPUBAAACH MATEMATHYCCKASA
MOAEAD TOKA M IIOTOKA, ITOCTPOCHHAS HUCKAIOUYUTEABHO Ha YPABHEHHAX
Maxkcseasa. OcTaacs HEBBIACHEHHBIM CAEAYIOIIHE BOIIPOC — CM. puc. 1.
Daexrpudeckuii J TOK M IOTOK 3ACKTPOMATHUTHON 9HEPIHH S
pacrpocrtpanserca payrpu nmpososra ABCD u npoxoanT uepes Harpysky
Rn. B oroii mHarpyske pacxoayerca Hekotopad MomHOCTs P,
CaeaoBaTeAbHO, ITOTOK sHEpruu Ha ydactke AB AoAxen Obrth OOABIIIE
moroka sHepruu Ha yuactke CD. Tounee, Sab=Scd+P. Oanako cnaa
TOKA IIOCAE IIPOXOKACHHA HAIPY3KH HE H3MEHHAACh. Kak AoAKHA
U3MEHHUTECA CTPYKTYPA TOKA, YTOOBI YMEHBIITMAACH COOTBETCTBYFOIIIASA
EMY 3AEKTPOMATHUTHAA SHEPIHUA? DTOT BOIIPOC PaCCMATPHUBAACA B [7]

Hrxe paccmarpusaercsa 6oaee obmas (o cpasuenuro ¢ [7, 9-11])
MaTEeMATHIECKasd MOACAb. DTa MATEMATHYIECKAA MOAEAD TAKKE IIOCTPOCHA
HCKAIOYUTEABHO Ha ypaBHeHHAX Makcseara. B [12] ommceBaerca
SKCIIEPUMEHT, KOTOPBIH OBIA BBITOAHEH Ipymoi aBropos B 2008 r. B
[17] mokazaHO, 9YTO 9TOT O9KCIIEPHMEHT MOKET OBITh OOBACHEH HA
OCHOBaHUU HEANHEHHOW CTPYKTYPBI IOCTOAHHOIO TOKa B IIPOBOAE H
MOJKET CAYAKHTH 3KCIEPHUMEHTAABHBIM AOKA3aTEABCTBOM CYIIECTBOBAHHA
TaKOM CTPYKTYPBI.

2. Maremarndyeckasa MOAEAD

Vpasuenus MakcBeara AASl IIPOBOAQ ITOCTOSIHHOIO TOKA AQHBI B
raase "IlpeancaoBue” — cm. BapuasT 6:

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

3A€Ch B 9TH ypaBHEHUA AOOABACHA H3BECTHAS IIAOTHOCTD TOKA J
IIEPEAABAEMOTO 110 TIPOBOAY B Harpysky. lssecrno, wro H,=Jr.

[TOCKOABKY B OIPEACACHHE POTOPA BXOAUT mpomsBoamas OH/Or wu
0H, / or =J, 1o ypasuenue (b) yrporaercs, IIpHHUMAsT BUA

rot(H)—J =0. (b1)
Pemrenne ypasuenuii (a, bl, ¢, d) nmpunATO CYnTaTE pPaBHBIM HYATO.
OAHAKO HIKE IIOKa3bIBACTCA, UTO IIPH HAAUYHH TOKa J, AOAMKHO

CYIIIECTBOBATL HEHYAEBOE PEIICHNE 3TUX YPABHECHUIL.
[Ipm mMoAeAmpOBaHHH OYAEGM HCIOAB30BATH ITHAMHAPHYIECKHE
KOOPAUHATEL V', (), Z W PACCMATPUBATDH
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naBa 5. PeweHune ypaBHeHu MakcBenna aons npoBoAa NOCTOSAHHOIO TOKa

® OCHOBHOI1 TOK J, M BRI3BAHHYIO UM HanpsikenHocts H,,
® jonoannteapnsie Toxu J,, J , J_,
® MarHHTHBIE Haupsmxennoctn H,, H o> H_,

® SACKTPOCOIIPOTUBACHUE ,0

B pemennm HEOOXOAMMO HAHTH ITAOTHOCTH PACIPEACACHHA BCEX
HAIIPSIKEHHOCTEH M TOKOB. TOK B IIPOBOAE IIPUHATO PACCMATPHBATH KAK
VCPEAHECHHBIH IIOTOK 3ACKTPOHOB. MexaHHYeCKne B3aMMOACHCTBUA
5AEKTPOHOB C ATOMAMH CYUHTAFOTCHA 3KBUBAACHTHBIMH 3ACKTPHYECKOMY
conporusAeHnio. O4UeBUAHO,

E=p-J. )
Vpasaenuns (a-d) AA IEAMHAPHYIECKIX KOOPAMHAT HMEIOT BHA:

oH
H, 0H | oH, oH. "

r or r Op Oz

l.ai_qu’: r, ©)
r o0p Oz
OH. OH

ro_ z ] , 3
0z  Or ? ©
H,Z oOH
24 “’_l.%:Jz’ (4)
r or r Op

oJ
iJr%Jrl- "’+%=0, ®)
r or r O0p Oz
oJ

v Y, o
r 0p Oz
oJ, aJ,

- =0, )
oz or
J, dJ
_¢+_‘/’_l.%:0. ©)
r or r Op

MoAeAb OCHOBAHA HA TOM, YTO
1. ocHOBHasA 9AEKTpPHYCCKAA HANPAKEHHOCTh F HAIIPABACHA BAOAD

OCH IIPOBOAQ,
OHA CO3AAET OCHOBHOM TOK J, — BEPTHUKAABHBIN IIOTOK 32PSIAOB,

3. BEPTUKAABHBIH TOK J, (DOPMHPYET KOABIIEBOE MATHHTHOE IIOAE

C HAIIPAKEHHOCTBIO Hgo U paAMAABHOC MATHHUTHOC IIOAC Hr - CM.

@,
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MnaBa 5. PeweHune ypaBHeHun Makcsenna ans nposoga NOCTOAHHOIO Toka

4. wmar"gmTtHOEe 1oae H , OTKAOHACT CHAAMU AopeHna 3apAABI

BEPTHUKAABHOIO IIOTOKA B PAAMAABHOM HAIIPABACHHUH, CO3AABAA—
PAAHAABHBIN IIOTOK 3aPAAOB - PAAMAABHBIM TOK J,,

5. MarHuTHOE IIOAE H{/) OTKAOHACT CHAAME /\OpEHIIA 3aPAABL

PAAMAABHOTO IIOTOKA IIEPIEHAUKYAAPHO PAAHYCaM, CO3AABas
BEPTUKAABHBIN TOK J_ (AOIIOAHHTEABHO K TOKY J, ),

6. maramTHOE 1OAe H, oOTKAOHAET crHAaMH AOpPCHIIA 3aPSABI

BEPTHUKAABHOTO ITOTOKA IIEPIEHAMKYAAPHO PAAUYCAM, CO3AABAfA
KOABIIEBOM TOK J o>

7. MAargdmTHOE IIOAE Hr OTKAOHACT CHAAMHA AopeHua 321pH,A,bI

KOABIIEBOTO IIOTOKA BAOADB PAAHYCOB, CO3AABaA BEPTHKAABHBIIN
TOK J, (AOIIOAHHUTEABHO K TOKY J, ),

8. TOK J, dopMupyer BEPTHKAABHOE MarHHUTHOE IIOAe H. u

KOABLICBOE MATHUTHOE TI0AC H , - cM. (2),
9. 7toxk J, ¢dopMupyeT BEPTHKAABHOC MarHUTHOE IoAe H_  u

paAmaAbHOE MarHuTHOE 11oAe H | - em. (3).

Takum 00Opa3oM, OCHOBHOHM TOK J, CO3AA€T AOIIOAHHUTEABHEBIE
tokn J,, J,, J. m marammaeie noas H,, H,, H_. Oun AoAKHBL

VAOBAETBOPATH  ypaBHeHuaAM Maxcseara. Kpome Toro, morokm
SAEKTPOMATHUTHOH 9HEPIUU AOAMKHBI OBITH TAKHMU, YTOOBI

A. BepTHKAaABHBI IIOTOK SHEPrUM OBIA PaBEH IIEPEAABACMOIT
MOIITHOCTH,

B. Cymma Bcex IIOTOKOB 9SHEPIMHM  AOAXKHA  OBITB  paBHA
IIEPEAABAEMON MOIIHOCTH B CYMME C MOIIHOCTBIO TEITAOBBIX
IIOTEPD B IIPOBOAE.

Takum 0Opa3soM, TOKH M HAIIPSIKEHHOCTH AOAKHBI YAOBACTBOPATD
ypaBHeHnAM MakcBeara u ycaoBua A m B. Aad momcka perreHus Mbr
paso0beM 32Aa9y HA TPU CACAYIOIIHX 3aAa49M (YTO MOKHO CACAATH B
CHAY AMHEHHOCTH ypaBHeHHI MakcBeAAa):

a) mnownck pemnenns ypapHenuii (1-8) mpu orcyrcrsum ToKa J, ; 31O
pellleHne OKa3bIBACTCA MHOTO3HAYHbIM;

b) IOHCK AOIOAHHTEABPHBIX  OIPAHMYCHHM, HAAATACMBIX HA
IIEpBOHAYAABHOE  perleHue ycaoBusamMu A u  B;  3aecw
YIUTBIBACTCS TOK J, M CO3AaBACMAs UM HAIIPSUKCHHOCTD H .

IIpexae Bcero, HEOOXOAUMO AOKA3aTh, YTO perreHue cucremsr (1-

8) cymectByer npu HenyAeBerx Tokax J,, J,, J..
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naBa 5. PeweHune ypaBHeHu MakcBenna aons npoBoAa NOCTOSAHHOIO TOKa

AASL COKpAIlleHHsl 3allMCH B AAABHCHIIEM OyACM IIPUMEHSTH
CACAYIOIIIHIE OOO3HAYCHHUS:

co=—cos(ap + yz), (10)
si =sin(ap + yz), (11)
TAC &, ) — HEKOTOpble KOHCTaHTHL B mpmaoxennn 1 mokasano, 9to

CYIIIECTBYET PEIICHHE, MMCIOITIEE CACAYFOIITUIT BUA!

J,.=j.(r)o, (12)
J = J,(r)si, (13)
J..= j.(r)si, (14)
H,.=h(r)o, (15)
H,.=h,(r)si, (16)
H_.=h_(r)si, (17)

rae j(r), h(r)- mekoropsie PyHKIIME KOOPAHHATEL 7.

MO:KHO ITOAAraTh, YTO CPEAHSAA CKOPOCTh SACKTPHYECKUX 3aPAAOB

HE 3aBHCUT OT HaIpPaBAEHHUA TOKa. B wactHOCTH, py (OHKCHPOBAHHOM

paAnyce MyTb, HIPOMAEHHBI B CAMHHILY BPEMEHH 3aPAAOM IO

OKPY/KHOCTH, U IIyTh, IIPOMACHHBIH HM IIO BEPTHKAAH, OYAYT PaBHBL
CAeAOBaTEABHO, ITPU (PUKCHPOBAHHOM PAAHYCE MOMKHO ITOAATATH, YTO

Ap=Az. (18)

Takum  00pa3oM, Ha LHAHHAPE IIOCTOSHHOTO — PaAHyca r

CYIIECTBYET TPaeKTOPHSA TOYKH, onuchBacMad popmyasamu (10, 11, 18).

Takaa TpaexTopus ABAAETCA BUHTOBON AmHHEH. C Apyroil CTOpOHEI, B

cootserctBru ¢ (12-17) ma 9TOI TpaeKTOpPUM BCE HAIPAKECHHOCTH U

ITAOTHOCTH TOKOB M3MEHAFOTCHA CHHYCOHMAAABHO B 3aBUCHMOCTH OT .

CAeAOBATEABHO,

AMHHA Ha IHAHTHAPE IIOCTOAHHOIO PaAHyca 7, IO KOTOPOM

TOYKA ABH/KETCA TaK, YTO BCE HAIPMKEHHOCTH H ITAOTHOCTH

TOKOB B HEW M3MEHAIOTCHA CHHYCOMAAABHO B 3aBUCHMOCTH OT @,

ABASETCSI BUHTOBOU AMHUEM.

Ha ocHOBe 3TOro IPEAIIOAOMKEHHA  MOKHO  IOCTPOUTH
TPACKTOPUIO ABIKEHHSA 3apsAra B coorsercrun ¢ dpynkuumamu (10, 11).
Ha puc. 2 noxasansl Tpu BuHTOBBIE AMHIH TP A@ = Az , onuceBaeMbIe

Pynkmmamu (10, 11) Toka: Toacras amama npu o =2, y = 0.8, cpeanss

amapg npu o = 0.5, y =2 urtoHkad amHuA 1pu o =2, y=1.6.
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MnaBa 5. PeweHune ypaBHeHun Makcsenna ans nposoga NOCTOAHHOIO Toka

0
Fig. 2 1A
g. 2. (TokPotok33.m)

B mpnaomenun 1 moxasano, uro y cucremnl (1-8) cymiecrsyer
perrerre. OHO NMEET CACAYVIOITHUIT BUA!

j,(n=kha, 7. r). 25)
jr(’”)z—(u(’”)ﬂ'j;(l’))/a, 26)
j.(na=r-j,mn%, @7
(04
h(r)=0, 28)
h,(r)==j. () 7. (29)
h(r)==j, ("] 1. (30)
E)TO pe]_HCHI/IC aHaAI/ISI/IpyeTCH AAAECE.
2 1000 1000
0 500 500
£ \ = %) I
-2 ) 0 0
4 -500 -500
0 0.05 0.1 0.05 0.1
10 200 0
100 -7 /
e =, o -500
- 0 ? \/
-100 -1000
0 0.05 0.1 0 0.05 0.1
1 400 5000
200 0
2O N, )
0 -5000
-1 -200 -10000
0 0.05 0.1 0 0.05 0.1 0 0.05 0.1

Fig.3.1. (fig-5-3-1.m)
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maBa 5. PeweHue ypaBHeHu MakcBenna ans nposoga NOCTOSIHHOIO TOKa

ITpumep 1. Ha puc. 3.1 mnoxasamer rpacdukn  yHKIHH
7.1y J, (1), j.(r), h.(r), h,(r), h.(r). D dbynxnum BeraucasroTes

npu aansbx o =1.5, y =50, z, =30, b =850 u paaumyce nposoaa
R =0.1 (mapamerpsr z,, b uyxubl AAst BeraucaeHus QyHKIuH (25) — M.

npuAokeHue  2). B mepBoil  KOAOHKE — mOKasaHbl  (DYHKIIUU

J.(r)s j,(r), j.(r), BO BTOpOIl KOAOHKE MOKa3ambl (hyHKIHI

h.(r), h,(r), h.(r),a dynxmmm, mokasaHHEE B TPEThEH KOAOHKE, GYAYT

PACCMOTPEHBI AAACE.
Ha puc. 3.2 nokasamer dyexnnn (12-14) npu  z =const. B
YETBEPTOM OKHE ITOKa3aHA (DYHKIIHA

Jp.(r,p) = {

J_(r, @), if J_(r,0) >0,
0, if J.(r,9) <0.

50 -850 50 50

0 50 fFg a2

Haiiaem 3HaYeHHE IAOTHOCTH TOKA B IIPOBOAE € paarycom R:

T = ([ Y do (1)
@

2
7R

C yuerom (14) maiiaem:

T ([ brdo= L fewalar

7R’ R’
C yuerom (11) matiaem:

R
J. = ! 3 Ijz (r{cos(2a7z + 2—wz) - COS(2_a) z))dr . (33)
ank” c c
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OTCcroAa CAGAYET, UTO CYMMAapHBIH TOK J, m3MeHseTcs B 3aBUCHMOCTH
OoT KOOpAMHATH Z . OAHAKO CYMMapHBIH 33AaHHBIH TOK C ITAOTHOCTBIO

J, ocraerca mHOCTOAHHBIM.

3. IToToku sHeprun

[IroTHOCTE  ITOTOKA 3AEKTPOMATHUTHOHM 3HEPIMH — BEKTOP
[NotinTaara onpeaessderca B 91oM caydae 1o hopmyae (1.4.3):
S=ExH, 1)

Toxkam COOTBCTCTBYIOT OAHOHNMCHHDBIC SACKTPI/I‘ICCKI/IG HaHpH)KCHHOCTI/I,
T.C.

E=p-J, @
rae O - saekrpoconporusaerue. Copmernad (1, 2), moayuaem:
S:,a]xH:EJxB. 3)
U

MaruuTtHas cuaa AopeHIa, ACHCTBYIOIIAS Ha BCE 3aPAABI IIPOBOAHHKA B
CAHHHYIHOM OOBbeMe, - OOBbeMHas IIAOTHOCTD CHABL AOpEHITa paBHA

F=JxB. )
W3 (3, 4) mHaxoanm:
F=uS/p. 5)

CAeAOBATEABHO, B IIPOBOAC C  TOCTOSIHHBIM _TOKOM _ITAOTHOCTB

MATHHUTHOH CHABL AOPEHIIA IPOIOPIIHOHAABHA BeKTOPY [loWHTHEHTA.
ITpumep 1. Aaf poBepku pacCMOTPUM PasMEPHOCTH BEAUYHH B

BBIIIEIPUBEACHHBIX (popmyAaax B cucteme CIH — cm. TabA. 1.

ITapamerp PaszmepHOCTB
ITaotHOCTE mOTOKA 3HEPTHN S Kr¢™
ITaoTHOCTD TOKA J A-M2
Nuayxkumst B Kr'c2-A
OO6bemHas TAOTHOCTD CHABL AopeHiia | [ H-m3=kr-¢3-m2
MarauTHaS IPOHUIIAEMOCTD H Kr'c 2 M- A2
VACABHOE COITPOTHBACHUE P Kr-c3-mM3>-A2
1/ p plp | em?

Urax, TOK ¢ TTAOTHOCTBIO J ¥ MATHHTHOE MOAE CO3AAFOT MOTOK
SHEPTUH C TAOTHOCTBIO O , KOTOPBIH TOKAECTBEHEH MATHHTHOM CHAE
Aopenra ¢ maotaocTEIO £ - oM. (5). DTa cmaa Aopentia AeficTByer Ha

3aPAABI, ABIKYTIHECA B TOke J , B HATIPABAEHUM, TTEPIIEHAMKYAAPHOM
sromy TOKy. (CAEAOBATEABHO, MOKHO YIBEPKAATH, YTO BEKTOP
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[TotirTHra CO3A2€T 3.A.C. B IIPOBOAHHKE. ODTOT BOIIPOC C APYIOH
CTOpPOHBI paccMOTpeH B [19], rae Takad 3.A.C. Ha3BaHA YETBEPTHIM BUAOM
9AEKTPOMATHUTHOHN MHAYKITUM.

B mmaAmpaApmueckux KoopAmHATaX ¥, (), Z HAOTHOCTb IIOTOKA

OACKTPOMATHHUTHOM 9Heprun (3) MMeeT TpH KOoMHOHeHTHl S,, S,, S,

HAIIPABAGHHBIE ~ BAOAb  PaAHyCa, II0  OKPY/KHOCTH, BAOAb OCH
COOTBETCTBEHHO.

3.1. B xa)KAOl TOYKE IIUMAMHAPHUYECKON ITOBEPXHOCTH CYILIECTBYET
ABa IIOTOKA 3AEKTPOMATHUTHOM SHEPIUHU, HAIIPABACHHBIX IT0 PAAHYCY, C
ITAOTHOCTAMU

Srl:ﬂ](sz’ SrZZ_NzH(p (6)

- om. puc 5. CymmapHas IIAOTHOCTH IIOTOKA B KAKAOW TOYKE
LIUAMHAPHYECKOH ITOBEPXHOCTH, HAIIPABACHHOIO ITO PAAUYCY,

Sr:Srl+Sr2:p(J¢HZ_JzH¢) )

Puc. 5.

3.2. B xa:KAOM TOYKE CEYEHHA ITMAMHAPA CYIIIECTBYET ABA ITOTOKA

SACKTpOMaFHI/ITHOfI SHCPFI/II/I, HaHpaBACHHbIX BCpTI/IKaAbHO, C
IIAOTHOCTAMMIN
S.=-pJ,H,., S,=pH, (8)

- CM. pI/IC 6. CYMMapHaH IIAOTHOCTH IIOTOKa B Ka)i(AOI;‘I TOYKE CCUYCHHA
L[I/IAI/IHApa, HAIIPaBACHHOTO IIO BCpTI/IKaAI/I,

S.=S.+S.,=pU,H,~J,H,) 0

H SZZ JW

4

Puc. 6.
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3.3. B kaxKAOM TOYKE CEYCHHA MUANHAPA CYIIECTBYET ABA IIOTOKA
9ACKTPOMATHUTHON SHEPIUM, HAIIPABACHHBIX II0 OKPYKHOCTH, C
IIAOTHOCTSIMI

S¢1:N2Hr’ SwZZ_Ner’ (10)

- om. puc 7. CymmapHasd IIAOTHOCTb IIOTOKA B KAKAOH TOYKE
IIATHAPHYECKOH ITOBEPXHOCTH, HAITPABAEHHOTIO 110 OKPY/KHOCTH,

S¢:S¢1+S¢)2:p(JzHr_Jer) (11)

P2 : ol

(]

C yd4erom BBIIIEH3AOKEHHOIO 3arHIIeM (HGOPMYAY ITAOTHOCTH
ITOTOKA 9AEKTPOMATHHTHOI SHEPIHH B IIPOBOAE IIOCTOSHHOIO TOKA!

z

J H
> >

Puc. 7.

S, JH.-J.H,-J H,,
S=|S,|=p(UxH)=p|J.H ~JH +JH, | (12)
S. J.H,~J,H +JH,

Tperbu caaraemere B (12) moABAAIOTCA B CBA3KM C TEM, YTO Ha IIOTOKH

SHEPIUH BAUSIOT TAKIKC ITAOTHOCTD TOKA Jo 1 HAIIPAKEHHOCTD

H,, =J,r 13)
-om. (2.4). U3 (2.12-2.17, 12, 13) caeayer, uTo
S, . —jzhw)si2 ~-Jr

S=|S, zpj” (jzh,, —jrhz)- si-co+J hsi  dr-de-dz. (14)
S, nE (]'rh(/, —j(/,hr)si-co +j.co-J,r
Ha puc. 3.1 B 1paBoii KOAOHKE ITOKa3aHBI (DYHKITHH
S.0)| [Gh. i,
$,0)|=| G.h, = Jjh.) | s)
s )| LGA,—ih)
Ha puc. 3.3 moxasanusl pyHKIIAHI
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S,¢.)| [Goh—jh, )si?
S_w(r’ @) = (izhr - thZ ). Si ’ CO : (153)
S_Z(,,,(D) (j,h(p - j(/,hr)si -CO
npu z = const . B gerBeprom okHe nmokazana yHKIUA
S.(r,p), if S_(r,p) >0,
Sp.(r.p)=q .
0, if S_(r,p)<0.

x10° ) x10°

50 50 Fig. 3.3

C yuerom oboznagennii (15) u Berpamenus (2.28) u3 (14) moaygaem:

S | S (r)-si = J2r
S=|S, =p”_[ S_w(r)si-co dr-do-dz . (16)
s.] _S_Z(r)- si-co+ jco-J,r
A
S_r(’”)_ [si Jr -1
S=p j S_(p(r)dr : ” si-co |depdz |+ p j 0 r | ” 0 |dedz |-07)
e

#| si-co "1jd,r 7%l co

5.6

B mpuaoxennn 4 mpHBEAEHBI OIIEHKH ABOIHBIX HHTEIPAAOB M3
dopmyasr  (17). IlpumeHHM HX U IIOAYYIUM AAA CAWHHIIBI AAHHBI

mposoaa z, = 1:
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S.(r) D, J2r _y
S=p [|S,6)r |- D, |+p ]| 0 10 ()
' S_Z(l") D2 " jr']()r Dl
TAC
v =[[dpdz =27z, =2z, (19)
(4

~ 1

D, ~ —, (20)
ay

~ 2 ~

D ~—=2D,, @
ay

D, %ﬂb—L=7Z'b—0.552, 22)

2oy

b — KOAMYECTBO BUTKOB BUHTOBOM TPAEKTOPUU HA EAMHUIIE
AAIHEBL.

O6beannss (18-22), OkOHIATEABHO ITOAyYaEM:

D,s,(r) — 2%
S=p|| [| D,S,()r |+| [|0 || @3)
’ EZSTZ(F) "|2D,J,j.r

AN

133'[5_;(;”)11’ - R*J}
S=p 52IS_¢(r)dr : @4

132j @(r)+ 2J0jrr)z'r

Bropoe caaraemoe B mepom uaeHe POpPMyAH (24) NMeEET BEAUIHHY
S, =—-paR’J’, (25

B TOYHOCTH paBHYIO MOIIHOCTH  TCIIAOBBIX HOTCPI) B HpOBOAC

eAMHITYHOI AAMHBL HO 110 cyIecTByrommm IIpeACTaBACHUAM B CAHHILY
AATHBI IIPOBOAA ITOCTYIAET BHEITHHI IIOTOK 3HEPIUH, HAIPABACHHBII
II0 PAaAMyCy K OCH IIPOBOAA M HMEIOIMMHA BeAmdmHy (25). 3Aech MBI
BHAHM, YTO 9TOT IIOTOK ABAAETCA BHYTPEHHHM.

Ouesnano, mpu Atobom Beibope Toukun z=0 ma ocu 0z stm
COOTHOIIEHHSA COXPAHACTCHL.
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WMrak, B mpoBoae HUPKyAHPYrOT IHOTOKH (23). OHm ABAArOTCA
BHyTpeHHIMH. OHH  TOPOKAAFOTCA ~ TOKAMH M MATHUTHBIMU
HAIIPSKEHHOCTAMH, CO3AABAEMBbIE STUMH TOKaMH. B cBOorO odepeap, atu
IIOTOKH BO30Y/KAAIOT TOKH, Kak CHABI Aopenna. [Ipu stom cymmapnas
3HEPTHUA 3TUX IIOTOKOB YACTHYHO PACXOAYETCA HA TEIAOBBIE IIOTEPH, HO
B OCHOBHOM IIEPEAAETCH B HATPY3KY.

ITpumep 3. Paccmorpum  caeayrommii  cayuaii. B rtaba. 1
IIPUBEACHBI MCXOAHBIE AQHHBIE M PE3YABTATHI BhramcAeHmi. Ha pmc. 8
ITOKA32aHBI 3aBUCUMOCTH (23) IIAOTHOCTH ITOTOKOB SHEPIHH OT PaAHyCa.
Tounee, B AEBBIX OKHAxX IIOKA32aHBI pyHKITII

Sr:S_r(r) Sf:S_w(r) Sz:S_Z(r), a B IIPaBbIX OKHAX IIOKA3aHBI
dysKIII

D[S (ir

Sr2 EZIS_(ﬂ(r)dr

2| p 26)
Szl |1 D, S ()
Sz2 r

52 J 2J,j.rdr

Ha ocHoBe s1HX (DYHKIIMIT PACCYUTHIBAIOTCA ITOAHBIE ITOTOKH SHEPIHH

(morrrocTH) Sr2full, Sf2full, Sz1full, Sz2full.

4

x 10
0
0
5 N\
) & -0.05 \
4 -0.1
0 0.05 0.1 0.05 0.1
x 10
6 ,
0.01
‘ |
» N
7] S S & 0005
0 0
0 0.05 0.1 0 0.05 0.1
x 10" x 10"
L2 = 2
g N
Q N
& 1 / @ /
- Qo
g 0
3 o
? 9 S » 0
0 0.05 0.1 0 0.05 0.1

Fig.8 (TokPotok33.m)

V aBTOpa B HACTOAIIEE BPEMA HET PEIYAAPHOTO METOAQ PACUETa.
IIpn omnpeAeACHHBIX KOHCTPYKTHBHBIX IapaMeTpax (CM. KOAOHKY
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"AaHO") AAf MOACAMPOBAHUS IIPUXOAUTCSH BAPHUPOBATH 3HAYCHUAMIN
mapamerpoB (cM. koAonky '"Haiiaeno"). Koneuno, mpu sroM MOKHO
TOABKO TIOKa3aTh, YTO IIPHEMACMOE PEIICHIE CYIIECTBYCT.

N3 TabA. 1 caeayer, ITO OTHOIIIEHHE IIEPEAABAEMON MOIIHOCTH K
MoOIHOCTH TenAoBhX moteppb Sz2full/ Sw = 10 Mrak, npm AauHOI
IIAOTHOCTH TOKa J, IIepeaaBaeMas MOIIHOCTb MOKET IIPHHHMATD
IIPAKTHYIECKH AFOOOE 3HAYECHHE B 3aBHCHMOCTH OT 3HAYEHHUH BEAHYUH
X, O, T.e. OT IAOTHOCTH BUHTOBOII TpaeKTOpuHu TOKa. CACAOBATEABHO,
OTPEOASEMASl  MOINHOCTh _HE  3aBUCHT _OT _BEAHYMHBI _TOKA, 2
OIIPEACAACTCA TIAOTHOCTBIO BUHTOBOW TPACKTOPUN TOKA.

Tabauma 1 (Vm=11, fig8=1)

AaHo Hariaeno Beruucaeno

R 1 MM (a}() 100 Mommocts Sw 0.22 Br
HOTEPD B
IIPOBOAE

b 100 a -1.6 St2full 5:10° Br

J, 2A\mm? | X -63 Sf2full 6-1010

Br
j;,(O) 2 Sz1full 4-10? Br

MormnocTs, Sz2full 2000 Br
HCpCAaBaCMaH
B HaI’PyBKY

4. OGcyxAeHmE
I/ITQ.K, IIOAHOC pe]lICHI/IC ypaBHCHI/IfI MaKCBCAAa AN HpOBOAa C
ITIOCTOAHHBIM TOKOM COCTOUT U3 ABYX t'I’élCTCI‘/‘II

1) mssecrnoro ypasuenns (3.13) suaa H,, =J,r u

2) moAy4YeHHBIX BbIe ypasHenni (2.10-2.17, 2.25-2.30).

[ToTok sHeprum BAOAB OCH IIPOBOAA S, CO3AACTCA TOKAMU W
HAIPAKEHHOCTAMH, HAIIPABACHHBIMH 110 PAAHyCy U OKPYAKHOCTH. DTOT
IIOTOK SHEPIHH PaBEH MOIIHOCTH, BBIACAAEMON B Harpyske R, u B

COHpOTI/IBACHI/II/I HPOBOAQ_. TOKI/I, TCKYIIIHIC BAOAD paAI/IYCEl "
OKP}DKHOCTI/I, TAKXKE CO3AAXOT TEIIAOBBIC HOTCPI/I. HMx MOIIHOCTDb paBHa

motokam sueprun S, S »» HATIPABAEHHBIM IO PAAHYCY H OKPY/KHOCTH.

Bommpoc o TOM, KakumM 00Opa3OM IIOTOK 3AEKTPOMATHUTHOI
SHEPIUU CO3AA€T IACKTPUYECKHI TOK, paccmarpubaercad B [19]. Tam
ITOKA3aHO, YTO CYIIECTBYET YEeTBEPTAA ISAEKTPOMATHUTHAA HHAYKIIUA,
CO3AaBaeMas M3MEHEHHEM IIOTOKA 3AEKTPOMATHHTHOI SHEPruu. 3arem
OIIPEACASCTCA 3aBUCUMOCTD 9.A.C. 9TOH MHAYKIIHH OT IIAOTHOCTH IIOTOKA
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3AEKTPOMATHHTHOH SHEPIMH U IIapaMeTpoB 1IpoBoAa. [FIsBecrenm
9KCHEPUMEHT,  KOTOPBI ~ MOKET  CAYKHUTb  OKCIEPHUMEHTAABHBIM
AOKA3aTEABCTBOM CYILIECTBOBAHUSA 9TOHM MHAYKIuHU [17].

IToxasaHo, YTO HOCTOAHHBIA TOK B IIPOBOAE HMEET CAOKHYIO
CIPYKTYPy M pacHpoCTpaHfeTcsi BHYTPH IIPOBOAA IIO BHHTOBOIT
TpaekTopun. IIpm ImOCTOAHHON BEAMYHMHE TOKA IAOTHOCTH BHHTOBOI
TPACKTOPUM  YMCHBINAETCA IIO MEPE YMEHBINEHHA  OCTaBIIErOCH
COIPOTUBACHHUA Harpy3ku. FImeercd ABE  COCTaBAfFOIIIHE — TOKA.
[TroTHOCTD IIEPBOM COCTaBAfFOINEM J, IOCTOAHHA HA BCEM CEYEHHH

1mpoBoAa. [TAoTHOCTE BTOPOI COCTABAAIOIIEH M3MEHACTCA IO CEYECHUIO
IIPOBOAQ TAKUM OOPA3OM, UTO TOK PACHPOCTPAHACTCA IO BHHTOBOI
TPAEKTOpUN. B HMAMHAPHUYECKMX KOOPAMHATAX F, (), Z 3Ta BTopasd

ITAOTHOCTh HMMEET TPH KOMIIOHeHTH J,, J . J,.. OHm HaliA€HBI Kak

perrenne ypaBHeHuE MakcBeaa.

Ilpr Hem3MEHHOH HAOTHOCTH OCHOBHOIO TOKA B IIPOBOAC
IepeAaBaeMas 110 HEMy MOIIHOCTD 3aBUCHT OT IIAPAMETPOB CTPYKTYPHI (
¢, ), KOTOPBIE BAHUAIOT HA ITAOTHOCTH BHTKOB BHHTOBOH TPaeKTOpUU
ToKa. Takum 0OpasoM, OAMH H TOT KE TOK B AAHHOM ITIPOBOAE MOKET
IIEPEAABATD PASAIIHYIO MOIIHOCTD (3aBUCHIIYIO OT HAIPY3KM).

CuoBa paccmorpum puc. 1. Ha yuacrke AB mo mposoay
MEPEAAETCA SHEPIUA HAIPY3KH P. Ei#i coorsercrsyer OIIPEAEAEHHOE
3HAYCHUE IIAPAMETPOB CTPYKTYPBI (&, ¥ ) H, KAK CACACTBHE, IIAOTHOCTb
BUTKOB BHHTOBOH TpaekTopun Toka. Ha yuacrke CD mo mposoay
IepeAacTcs He3HadHTeAbHas oHeprus. Eif  coorBercrByer maaas
IIAOTHOCTH BUTKOB BHHTOBOI TPAEKTOPUH TOKA.

EcrectBeHHO, HArpy3KkOH SABAAETCA H COIPOTUBACHHE CAMOIO
11poBoAa. CAEGAOBATEABHO, IIO MEPE IIPOXOMKACHHA TOKA IO IIPOBOAY
BHUHTOBAA TPACKTOPHA TOKA BBIIPAMAACTCA.

3aBUCHMOCTB  IIAOTHOCTEH TOKOB M  HAIPMKEHHOCTEH  OT
IIEPEMEHHON @  MOApoOHO  paccmorpena B [10].  BooOrme,
rpearoxkeHHYIO B [10] MareMaTH9IecKkyro MOAEAb MOMKHO pacCMaTpUBATh
KaK CAEACTBHE AAHHOM MoAeAn pu ¥ — 0.

TaxkuM 00pasoMm, IIOKA3aHO, YTO CYIIECTBYET TaKOE€ peIleHne
ypaBHeHHI MaKkcBeAAa AASl IIPOBOAA C IIOCTOAHHBIM TOKOM, KOTOPOMY
COOTBETCTBYET IIPEACTABACHHUE O

® 32KOHE COXPAHEHUA SHEPIUU,
® BUHTOBOIl TPAEKTOPHH IIOCTOAHHOIO TOKA B IIPOBOAE,

® 1IepeAade SHEPTHH BAOAB ¥ BHYTPH IIPOBOAA,
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MnaBa 5. PeweHune ypaBHeHun Makcsenna ans nposoga NOCTOAHHOIO Toka

® 3aBHCHMOCTH ITAOTHOCTH BHHTOBOH TPAGKTOPHH  OT
IIEPEAABAEMOIT MOIITHOCTH.

ITpuarosxenue 1.

Paccmarpusaercs perenne ypasuenuii (2.5-2.9) B Buae dyHKIumii
(2.10-2.17). Aasee mpous3BOAHBIE IO ¥ OYAEM OOO3HAYATH IIITPHXAMH.
[lepermmmmem ypasuenus (2.5-2.9) B Buae

](r)+ ()+J()a+;( Jj.(r)=0, 6
r
h(r)+h()+ )a+;( h(r)=0, ©
r
%-hma—h(,,(r)z:j,(r) o)
—h, )y = h.(r) = j, (), @
h
() +h, (1) + ()a—jz('”)=0, o)
% Ja—j, (=0, ©
— i -7 =0, @)

—J“’r(r) +jy )+ 220 ’r(r)- =0 ®

Vmuoxnwm (5) Ha (— ;() Toraa moAy4amm:

—w—z-h;(f’)—%’(r)-a+z-jz(f’)=0, )
Cpasuusas (1) u (9), 3amMedaem, 9TO OHH COBIIAAAIOT, €CAU

~h,("x =j,) (10)

—h( )=, (11)

BakHO OTMETHTB, YTO TAKOE CPAaBHEHME CIIPABEAAUBO TOABKO IIPU
J.(r)#0. Vpasuenus (10, 11) cosmapaaror ¢ (3, 4) upu h (r)=0.
Caeposareasso, npu j_(r)#0 u h (r)=0 ypasuenune (1) moxer Obrre

HCKAFOYEHO M crucTeMa ypaBHeHuH (1-5) yrrpormaercs u IpHHIMAET BUA

h"—(r)+ B (r )+ A", 0, (em. (2) (12)
r r

~h,(Nx =) (em. (10)) (13)

—h Gy =J,(r), (. (11)) (14

85
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( LA )+— h ()= j.(r). (e (5) =

PaCCMOTpHM Terepb  cAyuaii, koraa Jj_(r)=0. Ilpu sr1om

ypasHeHHsA (1-5) B MCXOAHOM CHCTEME IPUMYT BHA:

jr()+ ()+J¢() -0, (16)

U (V) D a5 n =0, an

;-hz(r)a—hw(r)z =, () a8

—h (W —h.(r) =, (), 19

h,(r) +h;,(r)+l'h,(7”)7 —0. (20)
14 r

[ToacraBum (18, 19) B (16). Toraa moayunm:
B )@= (4L R P K )7 0,6+ R ) E =0

AN

1 1 ,
r_z.hz(r)a—;-hw(r))(—h(p(r);(—hr(r)l—f=0 1)

HpI/I 9TOM AAfAd BBIYMMCACHUA TPCX HaHpHHCCHHOCTCI;‘I IIOAYYIHM TpI/I

ypasuerws (17, 20, 21). Uckarounm h, (r) w3 (20, 21):

L h(r)a—lh(r);(+( h(r)+h(r)—j;( h(r)— 0

AN
riz-hz(r)a - 0.

Takum obpazom, u npu j_(r) =0 AOAKHO COOAFOAATBCS YCAOBHE
h_(r)=0. WNrak, cucrema ypasuenuii (12-15) Boioansiercs npu Arobom
J.(r) mupu stom

h.(r)=0. 22)

Wrax, ypasuenus (1-8) Moryr ObITh 3aMEHEHBI HA YPAaBHEHHSA BHAA

(22, 12-15, 6-8). Ilepenmimem ux AASl YAOOCTBA YHTATEAS:

h (r) = 0 (22)
h (r) + 1 (r )+ 23)
~ h,ﬂ "y = J,(r) (24)
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—h, =7, =
! ( L enr )+— h ()= j.(r). 0
%-J’z(r)a—jw(r)l -0, @
~J, = ji =0, 9
”T(r)+j;,(r)+jr7(r)~a=0- @)

IToacraBass (24, 25) B (29) 3amedaem, YTO IOAYIEHHOE YPaBHEHHE
coBrrapaer ¢ (23) u moatomy ypaBHeHHE (23) MOKET OBITh HCKAIOYEHO U3
AQHHOM CHCTEMBI YPABHEHUH.

W3 (1, 6) maxoaum:

YAGINETH >+a"”() —Z—zr'j¢(”)~ (5)
r (04
W3 (8) maxoamm:
J. @)= —l(iq,(f’)+ ) 66
()= ——(2J,p(”)+7” (). 67)

W3 (35, 36, 37) maxoaum:
__(JN) ()j__(2j(p(r)+r i (r))fa]“’() ~Er ). 69
al\ r @

Pemrenne m aHaAM3 3TOro ypaBHEHHsA AAHO B IIPHAOKEHUH 2.
[ToAyuenHoe Tam peIreHHe HE HMEET AHAAUTHYECKOIO BBIPAAKCHHUA.
Hasosem sto perenne dyHKIHEH

j, () =khle, 7, r), (39)
a ee IPOU3BOAHYIO — (pyHKIIHEH

Jor)=khlle, 7, r) (0)
W3 (6) caeayer

J)=rj,(n%. (@4
W3 (8) caeayer

. 1. s

5= (o) 47 7,r)). )
W3 (44, 45) caeayer

Jra =L G+ o)==z 4,0, o)
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uTO coBaaaer ¢ (7).

W3 (45) caeayer

Ji)= ——(21¢(V)+F Jo (). @)
Haxonen, us (24, 25) caeayer

hy(r)==j,C) 7. (48)

h(r)==j, ("] 1. 49)

WMrak, mpm IOAyYeHHOM pemreHuH Bce 8  ypaBHEHHIT
IIPEBPAIIAIOTCA B TOKAECTBO. TOYHOCTD BBIITOAHEHHSA TOKAECTBEHHOCTH
AHAAUBHPYETCA B IIPUAOKEHHUH 3.

ITpuaorxenue 2.

Paccmorpum ypasuenue (38) u3 npuaoxenns 1:
2

(i, 1g i)
—;(QT+]¢,(F)J—;(2]¢(7’)+r-jw(r))-f-ag”T2—;1’-](/1(1’). M
VYmporas ero, moAygaem:

(”( e >j Q)+ 7 ))+a”‘”() 1),

2

j¢,(’”)( Ly ] 3j,() - () =0 o
nAnu

Jle® =1k 220 )-3r- j () = () = 0. 5
BTO ypaBHCHI/IC MOXHO 3aMCHUTH Ha ABa ApyrI/IXZ

@ 1)) =3r-y'(r) = r"y"(r) = 0. @

2’ r’z(r)=3r-Z'(r)-r’z"(r)=0. (5)

rAe

Jo(r)=y(r)+z(r). ©)
Vpasuenne (4) mMeeT perreHne BUAA

y(r)y=b-r, 0

rae b— HEKOTOpasg KOHCTaHTa. AeHCTBHTEABHO, IIOCAE IIOACTAHOBKH (7) B
(4) moaygaem:

(:2 —1p-r =3rbla -1y —rbla -1 a -2 =0
AN

(az —1} a—-1)-(a- IXa - 2)= 0

AT
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(@+1)-3-(@-2)=0
nAu 0=0, 94T0 1 TPeOOBAAOCH AOKA3ATE.

Vpasrenue (5) He ©MeeT aHAAUTHYECKOTO perreHus. Paccmorprm
YHCAEHHOE PEIICHHE 3TOIO YPaBHEHHA, IIPEOOPA30OBaB €r0 K BUAY

200 = 7°2(1) =22 (1), ®

Permenne ypaBaenus (6) OyAeM 3aIIUCBIBATD B BHAEC (DYHKIIAN
Jor)=knle, z, 1) 2
Jjo(ry=khlle, z, r) (10)
Jo(r)= khz(a, 7 rJ (11)

ITpumep 1. Hatiaem z(r), kak perrenue ypasueHus (8) mpwu
x=50 ma paamyce R=0.1 w© ©Opm HAYAABHOM  3HAYCHUN
z,=z(00=-30, a sarem Berumcaum  Qysxknmo  (7)  opu
a=1.5, b=500. Ha puc. 1 nokasamer dyuxumn z, z', z", y n

cymmapHas (OYHKITHA (Z + y) - cm. (6).

5

x 10
2 !
:N —
-2 e —G
4
0 001 002 003 004 005 006 007 008 009 0.1
0
—\
~ -5000 NS
-10000
0 001 002 003 004 005 006 007 008 009 0.1
200 ) ) ) ) ) : ! ' '
> 0 s ; : . —
¥ — —
= 200
N
-400
0 001 002 003 004 005 006 007 008 009 0.1

Fig.13 (FforFig13.m)

ITpuaorxenue 3.

Aasee Hymeparma ypaBHEHHIH B3ATa U3 NPHAOKEHHA 1.
Paccmorpnm TouHOCTD perrenns cuctemsl ypasHeHuit (1-8). IToacTaBads
pyHKITHI (41-49) B YpaBHCHHA (1-8) MOKHO  HAHTH
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CPEAHEKBAAPATHYHYIO HEBA3Ky 3TmX ypasHeHmi. Ha pwmc. 14 mokaszam
rpaduK 3TON HEBA3KU IIPH (a =15, = SOJ Ha paanyce R=0.1.

Mo:KHO HAWTH CPEAHEKBAAPATHYHYIO HEBA3KY 3THUX YpPaBHEHUI,
KaK (PYHKITHIO Kakoro-AnOo mapamerpa. Ha pumc. 130 moxasan rpacuk
HEBA3KU B 3aBucHMOCTH OT @ upu y =50 mHa pasuyce R=0.1. 3aecs B
BEPXHEM OKHE ITOKA3aHO 3HAYCHHE HEBA3KM, a B HIDKHEM OKHE —
3HAYEHHE AOTApHU(Ma HEBAIKH.

x 107
1.2

08 1 .

0.4

0.2

0 LLW'\MV‘A'

0 0.01 0.02 0.03 004 005 0.06 0.07 008 009 0.1
Fig.14. (TokPotok33.m)

x10™"

N(alfa)
\

/

1 2 3 4 5 6 7 8 9 10
-20
-
30
s "
< 40 e
> /
o
- 50/
-60
1 2 3 4 5 6 7 8 9 10

Fig.130. (TokPotok33.m)

ITpusroxenue 4.
BHaque HaﬁACM CACAy}OH_[I/IC BCAMMYMHEBIL:

Z,

Alzj.cos %+;(z a’z:l “sin %4—;{2 =
z=0 2 VAES
| | ©)
=—| sin %+;(zo —sin| 2% | |= = cos %+zzo sin(yz, )
¥4 2 2 ¥4
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A,= fsin(agoa + 2;(2)912 :—L
2y

z=0

! cos(agoa + 2;ﬁ):
=0

Z:

@)
- _%(008(0«00 +22,)-cos(ap, )= ——sin(ag, + 22, Jsin(zz,)
X X
A4, = 'fcos(a(po + 2;(2)%2 =L ! sin(a% + 27(2):
=0 2% |0 ©)

B 2L (sin(ap, + 272, )-sin(ap, ))=—cos(ap, + 2z, Jsin(z,)
X X

Haitaem ABOIIHBIC HHTEIPAABIL:

(e Bl P
D, = j [ jcos(a¢+ Zz)ig)}dz =j [ (21 sin(ag + }ﬂ)jjdz =
220\ p=0 =0\ p=0\ 2%

ZD

_ iﬂ(zla(sm(a@, L ) sin(;(z))jdz =ij ((cos(“;’% , szsm("’;%mdz @

_ 2sinlag,2) (‘wﬁj - M(W}
a 2 2 a 2

z
“9

Z, [ 2
D, = .f [ I sin(Qag +2 ;[z)dgojdz = I [ (;1 cos(ap +2 Zz)]]dz =
220\ p=0 =0\ p=0\ =&

ZU

-] ( ;01( (cosCap, +22)- 008(212)))@’2 =;1 [ Gintag, + 272 in(ap, iz =

z=0

__sinlap,) T(sin(a(po 2 )M = 4,sin(ag,)
a

z=0 a

Z, Py Z, Po (0 1
D, = fo[ | Osinz(aco + ;ﬁ)dco]dz = I(L 0[5 o sinQap+ 27(2)de2 =

z=0 \_p= z= =
P _ 1 f((sin(Zagoo + ZZZ)— sin(Z;ﬁ)))iZ =

2 4a’, ©)

= % - i Z IO(COS(W/JO +2 2 )sin(ap, Mz =
_o, _sin(ap,) 5 Ve = o Assin(ag,)
"2 2a I . (coslarp, + 2724z =" 2a
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I1pu memsBectHBIX @, z, Haiipem onenkn Beanmunu C, D. M3 (1-

3) caeayer, 9YTO aOCOAIOTHBIE CPEAHHE BEAMYHH A HMEIOT CACAyIOIIIHE
3HAYCHU:

d~L )

4

W3 (4-7) maiiaem oneHkn BeamdnH D:

B~ 24, sin(agoo/Z)zi-

®)

o oy
p,~esinlep) L 0
o oy
B~ _Asinle) o, 1 "
2 2a 2 2oy
[Tycte
¢, =27, (1)
TAC b — KOAMYECTBO BUTKOB BUHTOBOM TpaCKTOpI/II/I. TOI“,A,a
133 ~ b — i : (12)
2ay
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I'AaBa 5a. Perrrenne ypaBHEHIN
MakcBeAAa AAF TIPOBOAA C
KOABIIEBBIM ITOCTOTHHBIM TOKOM

OraaBAenue
1. BeeacHue
2. MaremMaTu4aeckass MOAEAb
3. IloToku sueprun

1. BBeaAenue

B raase 5 paccmarpuBasock perrenue ypaBHeHHIT MakcBeAAa AAA
IIPOBOAA C IIOCTOSIHHBIM TOKOM, KOTOPBIH CO3AACTCH BHEIIHIM
ICTOYHUKOM M HAIIPABACH BAOAB IIPOBOAA. Himke MBI paccMoTpum
CAy4ai, KOTAZ CYILECTBYET CIIE ITOCTOSHHBIA TOK, TAKKE CO3AABACMBII
BHCIIIHIM HCTOYHHUKOM, HO HAIIPABACHHBIH IIO OKPYKHOCTH, T.H.
KOABIICBOH TOK. Harmpmmep, 0OMOTKY COACHOMAQ MOKHO IIPEACTABHUTH
KaK CIIAOIIHOH KOABILIEBOHM IMAHHAP, IIO OKPYKHOCTH KOTOPOIO TEYET
ITIOCTOSIHHBIN TOK. AaAee BBIBOABI 9TOH TAABBI OYAYT HMCIIOAB30OBAHBI AAS
oOpAcHeHNA (PYHKINOHUPOBAHHUA ABUrateAs Muaspos [14].

2. MaremarnuyeckKkasa MOAEADL
B raase 5 paccmarpuBasock pereHne ypapHeHHI MakcBeara AAf
IIPOBOAA C IIOCTOSHHBIM TOKOM € HAOTHOCTBIO J, . ITaoTHOCTB 9TOTO

TOKa OAMHAKOBa Ha BCEM CECUYCHUU HpOBOAa. ypaBHCHI/IH MakcBeara B
9TOM CAYYAC UMCIOT BHUA!

rot(J)=0, (@)
rot(H )-J =0, (b)
div(J)=0, ©
div(H )=0, @

a IIAOTHOCTD TOKa J,, HE BKAIOYCHA B yPaBHEHUA (a, d), IIOTOMY YTO BCE

HpOI/ISBOAHbIC 9TOIO TOKaA paBHbI HYAFO.

briro moxasano, uTo moAHOE perreHne ypaBHeHHE MakcBeaaa B
9TOM CAyYae COCTOUT U3 ABYX YACTEH:
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1) wm3BecTHOTO YypaBHEHHA BHAQ

H,, =J.r, )
2) IIOAYYEHHBIX B TAaBE 5 yPABHEHHH BHAA
co =—cos(ap + yz), ©
si =sin(ap+ yz), ?3)
J,.= j,(r)o, Q)
J .= Jj,(r)si, ©)
J,.= j.(r)si, ©)
H,.=h(r)o, 0
H,.=h,(r)si, 8)
H_.=h_(r)si, ©9)
j,(n=kha, 7. r). (10)
5 0= G0 ) o
JAna=rj,nZ, 12)
h.(r)=0, (13)
h,(r)=-}j, ) 7. (14)
h(r)==j,(r)/ 1. (15)

Toxn n HaprDKCHHOCTI/I, OHPCACA}ICMI)IC 9TUMH YpPaBHCHHAMH,
CbOpMaAbHO HC 3aBHUCAT OT 3AaAAHHOTIO TOKa Joz' Ho onu OIIPCACASIOT

ITOTOK 9HEPIUH, IIEPEAABAEMBIN IO IIPOBOAY, T.€. Ty MOIIHOCTb, KOTOpPas
BBIACAAICTCA TOKOM B HATPY3KE.

Hmxe MBI paccMOTPHM — CAyYal, KOTAA CYIIECTBYET  €Ille
ITOCTOAHHBIN TOK, HAIIPABACHHBIN IIO OKPY/KHOCTH, KOABIICBOM TOK.
Hamprumep, 0OMOTKY COAEHOMAA MOKHO IIPEACTABUTH KAK CITAOIITHOM
KOABIIEBOH ITMAHUHAP, IO OKPY?KHOCTH KOTOPOTO TE€YET IOCTOSHHBIH TOK.

Byaem 0603Ha9aTH IIAOTHOCTH 9TOrO 32AAHHOTO TOKA KaK Jw(r). Taxk

KE, KaK M B CAy49a€ 32AAHHOTIO TOKa J

»s» TOAHOC pEITICHUE YPAaBHEHUH
MakcBeAAa (a, d) B 9TOM CAy9ae COCTOUT U3 ABYX YaCTCH:
1) m3BecTHOrO ypaBHEHHUA BUAA
OH, OH.
- =J - (10)
Oz or

2) ypasHenwmii (2-15).

s (16), mockoapky J,, (r) HE 32BUCHT OT Z , CAEAYET, YTO
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H (r)= J, (r)dr (17)

AT
1 R
Hmv)=ngwvyh, 1)

TAE L, R - AATHA 1 paAI/IYC HpOBOAa COOTBETCTBECHHO.

B mpumaomenmn 1 raaser 5 mokasano, uro y cucremsr (2-15)
cymecrByeT perreane. OHO UMEET CACAYIOIITHIT BUA:

J,(r)= kh(a, 7, r), (25)
5,.0)==G,()+r o) Y e, 26)
j.(a=r- jw(r)f, @
h.(r)=0, (28)
h,(r)==j,0) 7. 29)
h(r)==j, ("] 1. (30)

3. IToroxu sHeprun
ITaoTHOCTE TOTOKA BAeKTpOMaFHI/ITHOfI SHCPIHUM OIIPCACAACTCA
TAKKe, KAK U TAaBe D, T.e.
s1 [U,+J, ) H.+H,)-J.(H,+H,
S=\S,|=p|JH -J (H +H,) . M)

S, J,(H¢+H¢O}(J¢+J¢0)’-l,.

MTtak, B IPOBOAE C KOABIIEBEIM TOKOM ITMPKYAHPYIOT moTOKH (1).
Onn saBafrorcs BHyTpeHHHMH. [Ipm aTOoM cymmapHas sHeprus 3THX
ITOTOKOB PACXOAYETCA Ha TEIIAOBBIE TIOTEPH.

DTH Pe3yAbTaThI OYAYT HMCIIOAB30OBAHBI AAACE AAA CAyYasd, KOTAA
IIPOBOA MMEET BO3MOKHOCTD BPAIIAThCA (ITO HAOAIOAACTCA B ABHIATEAE
Muawpos [14]). byaer mokazano, 910 HpH 3TOM KOABIIEBOM IIOTOK

SHCprI/II/I S‘ﬂ CO3AA€CT Bpama}ommﬁ MOMCEHT, a SHCPFI/IH paCXOAYCTCH Ha

BBIIIOAHCHIIE MEXAHITYIECCKOM pa6OTI)I.
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I'AaBa 6. Vizayaenune u riepeaada
SHEPIUU II0 OAHOMY IIPOBOAY

OraaBAaeHune
1. MIzaaygenne mpoBoaa
2. OAHOTIIPOBOAHAA TIEpEAAYa SHEPIUN
3. OOcyKACHHE SKCIIEPUMEHTOB

1. 13ayuyeHue rmpoBoaa

PaccmotpuM  cHOBa (Kak B TAaBe 2) HH3KOOMHBIH IIPOBOA
repemMeHHOro Toka. HecMoTps Ha OTCyTCTBHE TEIIAOBBIX IIOTEPB, B HEM
ecTb IoTepH Ha m3AydeHwne. Vzaydaer OOKOBasd ITOBEPXHOCTDH IIPOBOAA.
Bexrop maoTHOCTH IOTOKA SHEPIUU M3AYYCHHSA HAIIPABACH IIO PAAUYCY

IIPOBOAA ML IMEET BeAHdnHy S - cM. (2.4.4-2.4.0) B raase 2. MTak,
S, = ([ k. si* br-do. 0
re

rAe
s, = (%hz - ezhw) ©
HAH, € y9eTOM (POPMYA, IIPUBEACHHBIX B TaOA. 1 raaBer 2,

27R |& 2A° YR & 0,
s, =—e.(R)h,(R) === £ (R)=—=242 |ER2e2 g
a \u a y7,

rae R — paamyc nposoaa. byaem yunrtemats erme dpopmyay (cm. (32) B
puAoKeHHUHN 1 rAaBe 2)

= igqlg,u uAl Y = sign(;()-gwlgy ,tae sign(y) ==1. 4
c c
Orcroaa moaygaem:

2
s, = _Slgn(Z) . MRZa—l , (5)
ac

M3 (1, 5) moayuaem:
24’ we
ac

. 2
Sr = —Slgn(z) M
ac

RZ“"‘UJ.Sizd(/) =—sign(y)- R**'nx

4
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Vanresad eme (1.4.2), OkOHIaTEABHO ITOAYYaEM:
S, = —szgn(;() £ 98 prat, ©)
2a

O4YeBUAHO, 3Ta BEAWYMHA AOAMKHA OBITh IIOAOKUTEABHOI,
IIOCKOABKY H3AVYeHHe cyrectByer. Keratu rosops, 9101 hakr cAyxut

OIIPOBEPIKEHUEM HM3BECTHOM TEOPUH O TOM, YTO IIOTOK SHEPIHUH
PACIIPOCTpaHAETCA BHE IIPOBOAA M BXOAUT B IIDOBOA HM3-BHE.

[Tockoapky — Beamumua  (6) IOAOKHTEABHA, TO  AOAKHO
BBIITOAHATHCSH YCAOBHE

—sign(y)-sign(a) =1, @)

T.C. 3HAKW BCAUYHH Y, O/ _AOAXHBI OBITH IIPOTUBOITOAOKHBI. B cBasu ¢

9THM B AAABHEHIIIEM GYAEM IIOAB30BATHCA (DOPMYAOH BHAA
2
< A'we
S, =
%ef
Ora dHOopMyAa OIPEACASET BEAHYNHY IIOTOKA 3HEPIUH, H3AYIAEMON

IIPOBOAOM €AMHIYHOI AAHHEBL CorroctaBum o1y POpMyAy ¢ POPMyAOIT
(2.4.15) mAOTHOCTH ITOTOKA SHEPIUH BAOAB IIPOBOAA!

- c\/g/_y (- cos(4a7z))
> 87a2a 1)

CAEAOBATEABHO,

- S, _4n(a- NN
S.  c-(1-cos(dar))

Takum 0OpasoM, IPOBOA M3AYIAET YACTH IIPOAOABHOTO ITIOTOKA SHEPIHH,

PaBHYIO

R** ®)

O

(10)

S =4-S.. 11)
[lyctp B Hauane IPOBOAA IIOTOK sHeprum paseH S . [lorox

SHEPIUHU, KOTOPHI M3AYYIA€T IIPOBOA Ha AAHHE L, MOKeT ObITh HAHACH
IIO CAEAYIOIIIEH hopmyAe:

SIL =Szo(1_§)L‘ (12)
HpI/I 5TOM OCTABIIIHUICA B HpOBOAe IIOTOK BHCPFI/II/I
— = = = \
SzL :Szo_SrL :Szoﬁ_(l_é/)L)‘ (13)
OTCIOAa MOKHO HAWTH AAIHY HpOBOAa, Ha KOTOpOfI COXpaHI/IACH IIOTOK
=p-S,,. (14)

Dra AATHA OHPCACA}ICTCH Hu3 BI)IPEDKCHI/IH

p=0-(-¢))

97



naBa 6. ManyyeHue 1 nepegadya aHeprum nNo ogHoMy nposoay

T.C.
L=In(1-g)In(-¢). (15)
Hpumep 1. [lpn =12, ¢=1, u=1 umeem: ¢ ~10w/c. Ecan

®=3-10°. Toraa 4%3~10~103/3~1010 =10"°. Aawuma IIPOBOAA, B
KOHIIE KOTOPOro coxpaHuAcs 1% rmepBoHavYaAbHOIO IIOTOKA,

L=1n(1-0.01)In(l-¢)=9950 cwm.

2. OAHOIPOBOAHAA TIEPEAAYA IHEPTUH

CyrmectByeT pfAA OKCIEPUMEHTOB, KOTOPBIE, 0€3 COMHEHM,
ACMOHCTPHUPYIOT IIEPEAAYY SHEPTHH 110 OAHOMY IIPOBOAY.

1. B [29] amaamsupyercd Iniepesaroras aHTEHHA AAMHHBINA
ITPOBOAY, KoTOpas HCIIOAB3YETCS B PAAHOAIOOUTEABCKOM
KOPOTKOBOAHOBOI ~ CBA3H. ABTOp OTMEYACT, 3Ta aHTCHHA HMECT
"y0os.emsopumensyr Kpy2o8y duazpammy HanpasaeHHoIM, 0aruyI BOIMONCHOIY
Yemanasausams C6a3b noumu 60 6ex Hanpasaenusx", a B HAIIPABACHUH OCH
IPOBOAR "docmueaenica snauumensoe yeuaere, Komopoe YeeaunUsaentca no Mepe
yeeaudenus Oaunve armenrei... C ysequuenuem 0aumy anmenivl Hanpasaenie
OCHOBHO20 ~ J1eneciika — OuazpamMMel — HanpasaeHHocmy — 6ce  Goavute U Govule
npubauncaenca K ocu anmertivt. OOHOBPEMEHHO YBeAUUUBACHICA U UHINEHCUBHOCHIb
usIyueHuA 6 Hanpasaenuu ocnosrozo aenecmia." V13 toro dakra, 90 AAMHHBIHA
IIPOBOA HM3AyYaeT BO BCEX HAIIPABACHHAX, M H3 IIPEABIAYIIIETO PasAeAld
CAGAYET, YTO BAOAB IIPOBOAA PACHPOCTPAHACTCA IIOTOK SHEPIUU. DTOT
ITOTOK AOCTHIA€T KOHIIA IIPOBOAQ, TAE€ OH IIEPEXOAUT B H3AVYEHHE,
HAIIPABAEHHOE BAOAB OCH IIPOBOAA. BaKHO OTMETHTB, 9YTO IIOTOK
SHEPIUH CYIIECTBYET O€3 BHEIIHEIO JACKTPHYECKOTO HAIPSKEHHA Ha
KOHIIAX IIPOBOAQ.

2. UMssecrenm paBumE skcrepuvent C.B.  Aspamenko 1o
OAHOIIPOBOAHOM IIepeAade 3AEKTPOIHEPIMH — TAK Ha3blBaeMas BHAKA
Aspamenko. Omna Bruepssie onmcana B [30], a satem B [31] — cm. puc. 1.
Coobmaaoce [30], 9TO B 9KCHEPUMEHTAABHYIO YCTAHOBKY BXOAHA
MAIIIIHHBIN TeHeparop 2 momHocThio A0 100 xBr, remepmpyrormuit
HanpsmxeHue ¢ gactoTor 8 k', moaaBaemoe Ha Tparcdopmatop Tecaa.
OAHH KOHEIl BTOPUYHON OOMOTKH OBIA cBOOOAeH. Ko Bropomy koHITy
OBIAA  TIOACOCAMHEHA COOCTBEHHO “‘BHAKa ABpameHko’. Buaka
ABpaMeHKo IIPEACTABAAAL COOOI 3aMKHYTHIH KOHTYP, COACP/KAIINI AB2
IIOCAGAOBATEABHO COCAMHEHHBIX AMOAA 3 U 4, y KOTOPBIX OOIasd TOYKa
ITOACOEAMHAAACH K IIPOBOAY 1, M HArpysKy, ITapaAA€ABHO KOTOPOM OBIA
BKAIOYEH KOHAeHcaTop 5. Harpyskoil (B mepBoM BapHaHTE) CAYKHAT
HECKOABKO AAMITOYEK HAKAAUBAHUA — COIPOTUBACHHE 6 MAN (BO BTOPOM
BapuaHTe) paspAAHUK 7. [To 910i pasoMKkHyTON Henu ABPaMEHKO CMOT
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IIepeAATh OT TEHEPATOPA K HATPY3KE SIACKTPHIECKYIO MOIITHOCTD ITOPSAAKA
1300 Br. Daexkrpudeckue AaMIIOYKH APKO CBETHAHMCH. 1OK B IIPOBOAE
IMEA OYEHb MAAYIO BEAUYHHY, 2 TOHKHH BOAB(PAMOBEIN IIPOBOA B
amaun 1 Aaxe He rpeacd. VIMEHHO 3TO OOCTOATEABCTBO ITOCAYKHAO
IAABHOH IPHYHHON TPYAHOCTH OOBACHECHUSA PE3YABTATOB SKCIICPUMEHTA
ABpaMeHKO.

Puc. 1.

DTa KOHCTPYKIIUA AEMOHCTPHPYET, C OAHOI CTOPOHBI, BECbMa
IIPUBACKATEABHBII CIIOCOO IIEPEAAYH IAEKTPOIHEPIUH, HO, C APYIOi
CTOPOHHI, - KAKyIIleecs HAPYIIIEHNE 3aKOHOB dAeKTpoTexHuKH. C Tex 1mop
MHOTHE aBTOPBI 3KCIIEPUMEHTHPOBAAM C 3TOM KOHCTPYKIHEH U
IIPEAAATAAH TEOPHUH, OODBACHAIOIIHE HAOAIOAAEMBIE (DEHOMEHBI — CM.,
Hanpumep, [32-34]. OaHAKO 1OKAa He HAWACHA OOINEIIPUHATAA TEOPHAL.
3AECh TaKKe ITOTOK S3HEPIHH CYIIECTBYET O€3 BHEITHEIO SAECKTPHIECKOIO
HAIIPAKEHHUA HA KOHIIAX IIPOBOAA.

3. B ar1OT K€ mepedeHb CAEGAYET BKAIOYHTH AA3€PHBIA AYH.
OdeBHUAHO, UTO Aa3ep IIEPEAAET IIOTOK SHEPIHH B AA3CPHBIA Ayd. DTa
SHEPIUA MOKET OBITh BECbMA 3HAYHTEABHOM, IIEPEAACTCA 110 AA3EPHOMY
AYYY IPAKTHYECKH Oe3 IIOTEPh U IIPeoOPa3yerca B TEIIAOBYIO SHEPIHIO
Ha BBIXOAE U3 AyYa.

4. WMssecrus oskcrepumentsl Kocmuosa [35], B KOTOpBIX
AEMOHCTPHUPOBAAOCH CBEYEHHE IIEPETOPEBIIMX AAMII HAKAAUBAHHAL
Ormeganocs, ato "vae 6ceco samnsr Hakasusanus nepecopani 8 08yx u Gosee
Mecmax,  npudeM  nepecopasa te mOAGKO  CHUPAAb, 1O U 10KON00800AH e
nposodruxy emnympu aamnst. Llpu smom nocre nepsoco paspwiéa yenu saamnw
npodoscant Hekomopoe spema ceemums daxce bosee APKo, e 00 nepecoparus.
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Aamna  céemunace do mex nop, noxa e nepezopan Opyeoll yuacmox yent.
Brympernnas yens 00noi snamner 6 namem sxcnepumerme nepecopesa 6 uemsipex:
mecmax! Llpu smom cnupany nepecopesa 6 08yx Mecmax u, Kpome cnupasi,
nepezopesn 0ba nodsodamux 3.aekmpoda euympu aamnst. Aamna nozacia moavko
nocae  mepecoparus  uemeepmoz0  yuacmka yenu — 34eKnpodd, Hda  KOmOopoM
saxkpensena cnupass." 3AeCh TAKKE IIOTOK SHEPIHM CYILECTByeT Oe3
BHEIITHETO 3JACKTPHYECKOIO HAIPMKECHHA Ha KOHIIAX IIPOBOAA. Baxkmo
OTMETHUTD €ITE, YTO AAMITA IIOCAE IIEPETOPAHHA ITOTPEOASET erre OOAbITe
SHEPTUH, M 3TOM SHEPIUU AOCTATOYHO AAA IIEPETOPAHHUA CAEAYFOIIEIO
y9aCTKa CIIUPAAH.

PaccmarpuBas ypaBHEHHA 3AEKTPOMATHUTHOI BOAHBI B IIPOBOAE,
HEBO3MOJKHO BBIABUTH (DU3HYECKYIO IIPUYHHY CYILIECTBOBAHHUA BOAHBL
AFODasg KOMIIOHEHTa HAIPMKEHHOCTH, TOKA M IIAOTHOCTH IIOTOKA
SHEPIMH MOIYT PACCMATPHBATHCHA, KAK BHEIIHHE BO3ACHCTBHUA, OT
KOTOPBIX 3aBHCAT BCE OCTaAbHBIC. [IpHHATO CYHTATH, YTO BHEIIHUM
BOBACHCTBHEM ABASCTCA IIPOAOABHASl 9ACKTPHYECKAs HAIIPAKEHHOCTb.
Vkazaunuple Bpirie (PAKTBI CBHACTEABCTBYIOT O TOM, YTO MOIYT OBITH
HCKAFOYEHHUA — BHEIITHHM BO3AEHCTBHUEM ABAACTCA ITOTOK 3HEPIMH Ha
BxOAe mpooaa. B [19, 17] mokazamo, 9TO IIOTOK 3SHEPIHH MOMKET
paccMaTpPHUBATHCA KAK YCTBEPTAS IACKTPOMATHUTHAS MHAYKIIHIA.

Mrak, BXOAHOH IOTOK 3HEPIUH PACHPOCTPAHAECTCHA IO IIPOBOAY U
MOKET (IPAKTUYECKH, O3 IOTEPh - CM. BBIIIE ILIL. 2, 3, 4) AOCTHraTh
APYIOTO KOHIIA IIPOBOAA. Bmecrte ¢ IIOTOKOM 9SHEPIHH  MOMKET
pacrpoctpasaTecsa Tok. Ho Takas B3amMOCBA3b MOKET U OTCYTCTBOBATH
(em. Bprme 1. 2, 3). BamaO OoTMeTHTH, YTO BEIXOAHOM IOTOK 3HEPIUM
MOJKET OBITh 3HAYUTEABHBIM U HCIIOAB30BAThCA B Harpyske. OrcyrcrBue
B3aMMOCBAI3U MEKAY ITOTOKOM SHEPIHMH M TOKOM YK€ OOCYHKAAAOCH U
0OOCHOBBIBAAOCH B pazaeAe 2.5.

3. O6cyxAeHHIE SKCIIEPUMEHTOB
Bepnemcsa caoBa K aHTEHHE CAAMHHEBIN IIPOBOAY. OHA U3AYYAET BO

Bce croponsl. Kak caeayer u pasaeaa 1, msaygaemsrii moTok sHeprua S,

ABAACTCA 9aCTBIO IIPOAOABHOrO mortoka sHeprum S, — com. (1.11).
Koadpdummenr nponopunoHasbHOCTH §  MEKAY HHMH, B CBOIO
OYEPEAD, 3aBUCHT OT YACTOTH @ - cM. npumep 1. CaeaoBaTeABHO, IIPH
VMCHBIIICHUN  YaCTOTBI (0  H3AYYACMBIH  IIOTOK  oHepruu S,

YMCHBIIIACTCA.

B pasaeae 2.5 paccmarpmBaAmCh M COIOCTABAAUCH TOKH U
IIOTOKH 3HEPIUM B IPOBOAE. [lOKasBIBAAOCH, 9TO, KaK IIPABHAO, B
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IIPOBOAE CYIIECTBYEOT TOKA U IIOTOKA SHEPIHH, PA3ACACHHBIC HA
IIPOTHBOIIOAOKHO  HAIIPaBACHHBIC 'CTpyH''. ODTO  COOTBETCTBYET
CYIIECTBOBAHHIO ITOTOKOB AKTUBHOM 1 PEAKTHBHOMN HEPTHIL.

MOKHO IPEAIIOAOKHUTE, YTO B "AAHMHHOM IIPOBOAE'" 0OpasyroTcs
takne "crpyn". Ecan "AAMHHBIA IPOBOA" HM3AYYAET BCIO ITOCTYIIAFOIIYEO
B HEIO SHEPIHIO, TO IPEBAAUPYET OAUH M3 3THX IIOTOKOB (IIOTOK
AKTUBHOH MOIIHOCTH) M ICHEPATOP PACXOAYET OSHEPIHIO HA €ro
moaaepikanne. Ecanm "aamuvbimi nposoA" HE wumsaywaer, to morok
SHEPIUU IIPOXOAUT B OAHOM HAIPABACHUU M BO3BPAILACTCSH B APYIOM —
reaeparop HE pacxoayer sHepruro (LUPKYAHPYET IIOTOK PEAKTUBHOI
MOIIHOCTH), 4 TOK B IIPOBOAE OTCYTCTBYeT. CyIIECTBYIOT, €CTECTBEHHO, U
IIPOMEKYTOUHBIC CAYYaH, KOTAA AAMHHBIA IIPOBOA'" H3AyYaeT HE BCHO
HIOCTYIAFOIIYFO B HEI'O 9HEPIHIO.

Sminus Fig.9. (SSMB)

CyImecTtByroT H TaKHE COYETAHHA IIAPAMETPOB, IIPU KOTOPHIX
CYMMApHbIE TOKH IIPOTHBOIIOAOKHO HAITPABACHHBIX '"CTPYH" paBHBI 11O
aOCOAIOTHOI BEAHMYHHE U, OAHOBPEMEHHO C 9THM, CYMMApHBIE ITOTOKH
DHEPIUU IIPOTHBOIIOAOKHO HAIIPABACHHBIX ''CTPYH' TAKXKE PaBHBEI IIO
abcoAroTHOH BeamduHe. Beirmie (AAS yAOOCTBa YHTATEAS) IIOBTOPEH PHLC.
9 m3 raaser 4. Ha mem wum300paxeHBI (PYHKIIHH IIPOTHBOIIOAOMKHO
HAIIPABAECHHBIX CTPYI:

Splus - crpys moroka sHepruM, HAUPABACHHAS OT HCTOYHHKA
SHEPIUH,

Sminus - crpys IOTOKA SHEPIUH, HAIPABACHHASA K HCTOYHUKY
SHEpIHH,
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I'padpuxnr OyHKIIMIA AAS HATASAHOCTH ITOKA32aHBI C OOPATHBIM 3HAKOM.
3A€Ch COOAFOAQFOTCA CACAVIOIIHE COOTHOINEHHUS MEKAY HHTEIPAAAMH
110 rAoraan cedeHus J mpoBoAa:

J. Splus dQ = — J. Sminus - dQ,
0 0
_[ Jplus dQ = —'[ Jminus-dQ.
0 0

BosmorkeH, Kak CAGAYET M3 9KCIIEPUMEHTOB (PaCCMOTPEHHBIX
IIOAPOOHEE AaA€e) CAy4ail, KOrAA TOKM M IIOTOKH 3aMBIKAFOTCA Ha
OOpEBIBE TIPOBOAA — CM. pHC. 3, rae 1 — IpoBOA, 2 — mpsmas "crpys', 3 —
obparras "crpya", 4 — TOK 3aMBIKAHHA. B 3TOM CAy9ae IIPEKAE BCErO
BO3HHKACT BOIIPOC O IIPHPOAC 9.AC., 3ACTABASIIOLICH TOK IIPEOAOACBATDH
nckposoii npomexyrok. B [19, 17] moxazano, 4To 1IOTOK 9HEPIHH MOMKET
PACCMATPUBATHCS KAK YCTBEPTAS SACKTPOMATHUTHAS HHAYKIIHS.

Puc. 3.

Paccmorpum a1 sxcriepumenTsr. SIpkue sxcneprmentsr Kocurosa
[35] ABHBIM OOpPa3OM IIOATBEPIKAAIOT IIPEAAOKEHHYIO IHIIOTE3Y: AyTa,
BO3HHKAIOIas HA OOpPBIBE CIIMPAAH, AOAKHA HMETh HAYAAO M KOHEIL
MexAy HEMI AOAKHA OBITH IIPHAOKEHA 9.A.C. Koraa ayra, pacrmupsscs,
AOCTHTA€T CAEAVIOIIErO YYaCTKAa CIHPAAH, ITOT Y9aCTOK BMECTe C
COCAMHAIIEH AYTOM BKAIOYACTCA B AAMHHYIO AMHHIO U T.A. KocumHOB
HAOAIOAQA 8 TAKHX YYaCTKOB

Buaxa ABpameHKO IPEACTaBASET COOOH KOHTYP, COACPIKAIIIUI ABA
ITOCAGAOBATEABHO COCAMHEHHBIX AMOAA M HAIPY3Ky — CM. pHC. 1. DTOT
KOHTYP CO3AA€T Ty AyIYy, KOTOpasd m300paxeHa Ha puc. 3. Harpyskoi
MOJKET OBITh BO3AYIIIHBIN IIPOMEKYTOK Pa3pAAHHKA 7, 9TO S9KBHBAACHTHO
Ayre B skcrrepumMenTax Kocunosa. Harpysko mouker ObITh pesuctop 6 -
IIPUEMHUK 9HEPIUN B CHCTEME OAHOIIPOBOAHON IIEPEAAYN SHEPIHML
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nasa 6. ManyyeHune 1 nepegaya aHepruv no ogHOMy Nposoay

[IpoBoA 1 B 3TOH KOHCTPYKIIMH MOKHO OTOMKACCTBHTH C ''AAMHHBIM
HpOBOAOM". B aamnOM cayuae (mpm Huskon gacrote 8 kl'm) mposoa 1 e
n3AygaeT. CAGAOBATEABHO, B HEM CYIIECTBYIOT ABa IIPOTHBOIIOAOMKHO
HAIIPABACHHBIX IIOTOKA 9HEPTHH U OTCYTCTBYET TOK.

Takum 00Opasom, IepeAada SHEPIHH II0 OAHOMY IIPOBOAY HE
IIPOTHUBOPEYHT ypaBHEHNAM MakcBeAAa, a, HAIIPOTUB, CACAYET U3 HUX.
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MaBa 7. PeweHue ana KOHAeHCcaTopa B uenun noCToAHHOIo ToKa

I'AaBa 7. Pemrenne ypaBHEHIN
MaxkcBeara AASL KOHAEHCATOPA B
LIEIIN IIOCTOAHHOIO TOKa. [Ipupoaa
IIOTEHIIUAABHOU SHEPIUU
KOHACHCATOPA.

OraaBaeHHE
1. BBeaenue
2. Pemmenwne ypaBuennii Makcseana
3. HanpskeHHOCTH U IIOTOKH 9HEPTUU

4.06cyxAeHmE

1. BBepaeHnue

B raaBe 2 paccmarpmBaerc  3AEKTPOMATHHTHOE  ITOAE
KOHAGHCATOPA B IEMH IIEPEMEHHOIO TOKA. 3AECh PaCCMATPUBACTCA
SAEKTPOMATHUTHOE IIOAEC B 3aPAKAEMOM KOHACHCATOPE M TO TIIOAE,
KOTOPOE IIPOAOAKACT CYIIIECTBOBATD B 3aPAKEHHOM KOHAECHCATOPE.

3aecy paccmatpuBaroTcs ypasHeHna Makcseasa B cucreme CI'C
CAEAYIOIIIETO BUAA C OTAHYHBIMU OT CAMHHIIBI BEAUYUHAMH &, A :

rot(E)+ £ _, (@)
c ot
& 8E

rot(H )- ,

(H)-=="= )
div(E)=0(), ©
div(H)=0, @

TAC
H 5 E - TOK, MATrHUTHAA n SACKTpI/I‘ICCKaH HaHp}DKCHHOCTI/I
COOTBCTCTBCHHO,
g, U - AI/IS/\CKTpI/I"IecKaH HpOHI/II_IaCMOCTb, MarHUTHaA
HpOHI/II_[aeMOCTb,
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MaBa 7. PeweHue ansa KOHAeHCcaTopa B uenu NnoCToOAHHOIo TokKka

t) - 3apsA Ha O6KA2.AK€ KOHACHCATOPA, KOTOPBIM IOABASCTCA U
ol

BO3PACTACT B IIPOIIECCE 3APAAA.
DTa cuCTeMa YpaBHEHHH B YACTHBEIX ITPOM3BOAHBIX HMEET PEIICHHE,
KOTOPOE ABAICTCA CYMMOM YaCTHOIO PEIEHHUA 3TOH CUCTEMBI U OOIIIEro
peIeHns  COOTBETCTBYIOIIEH  OAHOPOAHOH — CHCTEMBI  YPaBHEHUIL.
OAHOpPOAHAA CHCTEMA UMEET BHA

rot(E )+ %aa—i[ =0, M
rot(H —%2—?:0, 2)
div(E)=0, 3
div(H)=0, Q)

T.e. oramgaercs or cucremsl (a-d) ToAbKO OTcyrcTBHeM uAcHA (Q(f).
YacTHOe pelieHre IPH AAHHOM ! SIBASCTCS PEILCHHEM, CBA3BIBAFOILICM
SACKTPUYECKYIO HAIPHKEHHOCTh E_(f) B 3a30pe KOHACHCATOPA M 3aPAA
O(t). Ecan E_(f) meHsleTcst BO BPEMEHH, TO AOAKHO CYIIECTBOBATbH
perenne cucremsl ypasaeruit (1-4) mpu aamnom E_ (7). Vmenno srto
pereHne Mbl OYAEM HCKATH AAACE.

[MoxaseBaercs, 97O B 3aPMKACMOM KOHACHCATOPE
PACIIPOCTPAHACTCS  SACKTPOMATHUTHAS BOAHZ, 4 MaTEMAaTHYECKOE
OIIMCAHME 3TOH BOAHBI ABASICTCA pereHueM ypaBHeHnii Makcseana (1-
4). IlokaseiBaercd, YTO B 3aPAKEHHOM KOHAEGHCATOPE CYIIECTBYET
CTALIMOHAPHBIA IIOTOK SACKTPOMATHUTHOH OSHEPIHH, 4 Ta SHEPIUf,
KOTOPas COACP/KHUTCS B KOHACHCATOPE U KOTOPYIO IIPUHATO CUUTATDH
SAEKTPUYIECKOM IOTCHITNAABHOM SHEPIHUEH, ABASCTCS
9ACKTPOMATHUTHON 9HEPIUCH, XPAHAIIEHCA B KOHACHCATOPE B BHAC
CTALIMOHAPHOIO ITOTOKA.

2. Pentenue cucreMsl ypaBHEHUN
CHOBa PACCMOTPHM pEIIICHUE CHCTEMBbI ypaBHeHHMI MakcBeaaa
(1.1-1.4). B cucreme IIMAMHAPHYECKUX KOOPAHMHAT F, (), Z OTH

YPABHEHUA UMEIOT BHA!

E OE 1 0E, OE
+ +—- +

£ =0, 1
r or r Op Oz
OF
l . aEZ — 4 =V dH’ N (2)
r 0p Oz dt
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MaBa 7. PeweHue ana KOHAeHCcaTopa B uenun noCToAHHOIo ToKa

OE. OF, dH ,
- =V , €)
oz or dt
E, OE, 1 ©E, dH
— 4+ — . =v ,
r or r O dt
H, oH, 1 0H, &H.
+ +—- +
r or r Op Oz
1 oH, OH dE.
. z _ P _ q 7 (())
r op oz dt

oH, oH. dE,

)

=0, ®)

ro_ z — , 7
oz o a @

H, 0H, 1 ¢H, dE
—£+ -t =q— ®)

r or r O dt

TAC

v=—ufc, ©
q=¢lc, (10)

® SAEKTPHYECKHE HAIIPSKEHHOCTH E | E(D, E_,

® mvarauTHbIC Hanpszkennoctu H,, H , H .

Pemenne AOAKHO OBITH HAUAEHO upu HEHVAEBOU

HanpskeHsoctu E_.

AAf COKpaIeHus 3aliCH B AAABHEHIIEM OYAEM IIPHUMEHATH
CACAYIOIIIHIE OOO3HAYCHHUS:

co=cos(ap+ yz), 11)

si =sin(ap + yz), (12)

TAC &, Y, WO — HCKOTOPI)I@ KOHCTAHTHI. HPCACTQBHM HEMU3BCCTHBIC
(PYHKIIHH B CACAYIOIIIEM BHAE!

H,.=h (r)xo-(exp(wt)—1), (13)

H,.=h,(r)si-(exp(at)-1), (14)

H..=h_(r)si-(exp(at) 1), (15)

E.=e, (r)si . (1 - exp(a)t)), (16)

E,=e,(r)co- (1 - exp(a)t)), (17)

E_.=e (r)co- (1 - exp(a)t)), (18)

rae h(r), e(r)- mekoropeie yHKIHE KOOPAUHATHEL r. [Ipu aTOM TOK

CMCIICHMA
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MaBa 7. PeweHue ansa KOHAeHCcaTopa B uenu NnoCToOAHHOIo TokKka

J. = %Ez =-w-e_(r)co-exp(wr) (19)

Ha pI/IC. 1 mmokasambr st HCpCMCHHbIe, Kak q)YHKHHH BpCMeHI/I, nu

UX IPOU3BOAHEBIE 110 Bpemenu npu @ =—300: H_ - craomiHbeie AMHHEH,

E_ - nyokrupuele ananm, J, - TodewHas AmpuA. Moxbo yOeAnThCd,

z

4uTo B cucreme ypasHeHHH (1-8) aMIIAMTYABI BCeX HAIIPAKEHHOCTEH IIpH
[ = 00 OAHOBPEMEHHO CTPEMATCA K IIOCTOSHHOMY 3HAYEHHIO, 2
AMITAHTYAQ TOKA CTPEMHUTCA K HYAIO. DTO COOTBETCTBYET 3apAAY
KOHACHCATOPA Y€Pe3 ITOCTOAHHOE COITPOTUBACHHE.

W
-----..‘-.| pumEEuNEBREEN
YL
an®

ez(t), hz(t), jz(t)
o

}

-
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

400

W
200t g

ez1(t), hz1(t)

-200

-400 i
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

Fig.1. (SSMB6.1)
ITocae 3apsaa koHAEHCATOpa TOK mpekparmaercd. OAHAKO, Kak
ITOKA3bIBAETCA HUKE, CTALIMOHAPHBIN MOTOK 9AEKTPOMATHUTHOM SHEPIHH

COXpaHAETCH.
HemocpeAcTBeHHOIT  ITOACTAHOBKOH — MOMKHO — YOEAHTBCA, €TO

dyuxunn (13-18) mpeobpasyror cucremy ypasaenuii (1-8) ¢ uersipbms
ApryMEHTAMH 7, @, z, | B CHCTEMY YPABHCHUI C OAHHM apPIyMEHTOM F

u "HensBectHbiMu dyHkuamu A(r), e(r).

D712 crcTeMa YPAaBHEHUI HMEET BUA!

er(r)+e;(r)—L(”a—l'€Z(V):Oa (21)
7 r

Learemz-£2n o, @2
7 C
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MaBa 7. PeweHue ana KOHAeHCcaTopa B uenun noCToAHHOIo ToKa

e, () e+ £2h, =0, >

_ew @, e, (r) - —e" ©). a+th, =0, S
C

h(”) @y =0, @)

l-hz(r)a—hq,(l’)}[_—a)er :0, (26)

7 C

(Y= H )+ e, =0, (27>

h

() i)+ 10 (r) + %0 (1) =0. @

C

Omna IMOAHOCTBIO COBITAAQET C AaHAAOTHYIHOM CHCTEMOM ypPaBHEHUI
AASl KOHAEHCATOPA B IIEIH IIEPEMEHHOIO TOKAa — CM. rAaBy 2. Permrenune
9TOH CHCTEMBI TAKXKE IOAHOCTBIO COBIIAAACT C IIOAYICHHBIM B rAaBe 2 U
HMEET CACAYVIOIINH BHA!

e(p(r) = kh(a, 7 rJ, (30)
e (r)= é(e(p (r)+r- e;,(r)), (31)
e.(n=re,, (2
h()———e()— (33)
h(r)=22 == r)— (34)
h(r)=0. g (35)
rac Kh() — dymxums, onpeacacrsas B raase 2,
z(l_/’gf’z} (36)
x

Takum  oOpasom, pemreHme  ypaBHeHHEH — MakcBeara — AAA
3apMKAEMOIO  KOHAEGHCATOPA M AAS  KOHAEHCATOpa B IEIH
CHHYCOMAAABHOTO TOK4 OTAMYAFOTCA TOABKO TEM, YTO B IIEPBOM CAydYae
IIPUCYTCTBYFOT 3KCIIOHEHIIHAABHBIE (DYHKITHH BPEMEHH, a BO BTOPOM -
CHHYCOMAAABHEBIE,
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-6

x 10 3
0 x 10
5000 2
£ 05 \ 5 0 —/ » 0 —W
-1 -5000 -
0 , 005 0.1 0 0.05 0.1 0 0.05 0.1
x 10 3
10 x 10
/ 2000 l 0
£ 5 1000 & -1
-5 0 -2
0 0.05 0.1 0 0.05 0.1 0 0.05 0.1
x 10°
1 2000 | 4 ,
N0 5 1000 N2
-1 0 0
0 0.05 0.1 0 0.05 0.1 0 0.05 0.1

Fig.1. (SSB6(3).m)

3. HarpsaskeHHOCTH U IIOTOKU 3HEPIUH
Tame, KaK M B TAaBC 2, IIAOTHOCTH IIOTOKOB DJSHCPTHH IIO
KOOPAHHATAM OIIPEACAAIOTCA IO popmyAe

S_r s, - Si°

S= S_(p :77” S, si-co|dr-dg. 1)
S, “ls_-si-co

NS

s, = (e(phz - ezhw)

S(p = (ezhr - erhz )’ (2)

s, = (erh(p - e(phr)

n=clir. 3)

Pacemorpum JyHKIIN 2) u e.(r), e,(r), e.(r),

h.(r), h,(r), h.(r). Ha puc. 1 mokasamei, manpumep, rpacdpuku ormx
dbyuxumit ipun A=1, a =55, u=1, £=2, y=50, ©=300.

VcaoBus sroro HpI/IMCpa OTAHYAFOTCA OT }TCAOBI/II;‘I AHAAOTHUYIHOTIO
IpuMEpa B rAaBe 2 AASL KOHACHCATOPA B IICITH IICPEMEHHOTO TOKA TOABKO
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MaBa 7. PeweHue ana KOHAeHCcaTopa B uenun noCToAHHOIo ToKa

snagenuem mapamerpa @ =-300 (8 raase 2 @ =300). Buano, aro atm
(PYHKIIM OTAMHYAIOTCH TOABKO 3HAKAME.

Ere pas HaAO HOAYEPKHYTH, ITO 5TH (DYHKIIUH HE PABHBI HYAIO B
AIODOI  MOMEHT — BPEMCHH, T.€. IIOCAC 3apPSAA  KOHACHCATOPA
SACKTPHYECKAE M MATHHUTHBIC HAIPSKEHHOCTH OCTAIOTCS, ITPUHHEMAs
CTAIIMOHAPHOE, HO OTAMYHOE OT HyAs 3HadecHHE. [lOCTOSHHO paBHA
HYAIO TOABKO MarHuTHas Haupsokennocts H_(r)=0, a mocae 3apsaa

KOHACHCATOPA IPEKPAIIAETCA TOK CMEITICHHA.

Ocraerca Takke CTAIIMOHAPHBIM IIOTOK  9AEKTPOMATHHUTHOM
sHeprun. CyIIecTBOBAHHE CTAIIMOHAPHOIO IIOTOKA HE IIPOTUBOPEYUUT
cymecTByrorum  pusugeckum  npeacrasaeHusM 3], CyrrecrBoBanme
TaKOI'O IOTOKAa B CTATHYECKOM cmcreme paccmarpusaeT Pertaman B [13].
OH IpUBOAUT IIPUMEpP ITOTOKA SHEPTHH B CUCTEME, COAEPIKAIIEH TOABKO
SAEKTPUYECKHH 3aPAA U ITIOCTOSHHBI MATHHUT, ITOKOAIIIIECA PAAOM.

CyImecTByrOT U APYTHE 3KCIIEPUMEHTEI, ACMOHCTPHPYIOIIHE TOT 7Ke
scpdexr [38]. Ha puc. 2 mokasan sAEKTPOMATHHUT, COXPAHAIOIIUI CHAY
IPUTSKEHUA ITOCAE OTKAOUEHHsA ToKa. lIpeAmosararor, urto Takmmum
SACKTPOMATHUTAMH IOAB30BAACH DA AECACKAAHNH IIPH CTPOHTEABCTBE
sgameHnToro Kopaaosoro samxa — com. puc. 3 [38]. B Taxmx
KOHCTPYKITUAX B MOMEHT OTKAFOYCHHUA TOK SACKTPOMATHUTHAA SHEPIUA
HMEEeT HEKOTOPOE 3HAYEHME. DTa IHEPIHA MOKET PACCEAThCA ITyTeM
U3AYYEHHA M TEHAOBBIX IOTepb. OAHAKoO, ecAHm 3T (PAKTOPHI He
CYIIECTBEHHBI (IO KpailHEll  Mepe, B  HAYAABHBIH  IIEPHOA)
SAEKTPOMATHUTHAA OSHEPIHA AOAKHA COXpaHATbCA. [lpm Hasmamm
9AEKTPOMATHUTHBIX KOAeOAHUIT AOAMKEH BO3HHUKHYTH u
PACIIPOCTPAHATBCA IOTOK  dAEKTpoMarHuTHON sHeprun BHVYTPH
koHCTpyKImu. [IpeppBaHme 3TOro IOTOKA MOMKET OBITH AOCTHUTHYTO
paspyIleHreM KOHCTPyKImu. IIpum 3TOM B CHAY 3aKOHA COXpaHEHHA
SHEPTHH AOAKHA OBITH COBEpIEHAa paOOTa, OSKBUBAACHTHAS TOM
SAEKTPOMATHUTHOM 9SHEPIHH, KOTOpas MCYE3aeT IIPU Pa3PYILICHHH
KOHCTPYKIIUH. DTO O3HAYACT, YTO ''PA3PYIIUTEAIO" HYKHO IIPEOAOACTB
HEKOTOPYIO cuAy. VIMEHHO 3TO M AEMOHCTPHPYETCS B YKA3aHHBIX
skcrrepumenTax. B [39] paccmaTpuBaroTcs MaTEeMaTHYECKHE MOAEAH
TAKUX KOHCTPYKIIMH, ITOCTPOEHHBIE HAa OCHOBE ypaBHeHHM MakcBeaaa.
BriBasroTcss  ycaoBmA,  TpH  COOAFOAGHHH  KOTOPBIX  ITOTOK
3AEKTPOMATHUTHON SHEPIUU COXPAHACTCHA CKOAB YTOAHO AOATO.

110



MaBa 7. PeweHue ansa KOHAeHCcaTopa B uenu NnoCToOAHHOIo TokKka

Puc. 2. Puc. 3.

WMrax, B xoHaeHcaTope OpMHUpPYETCA CTAIMOHAPHBIN ITOTOK
SAEKTPOMATHUTHON 3HEPIHH. PaccMOTPHM IIOAPOOHEE CTPYKTYPY 3TOTO
nortoka. M3 (2.11, 2.12, 3.1) caeayer, 9TO B KaiKAOI TOYKE AUIACKTPUKA
ITPOEKIINN IIOTOKOB SHEPIHH OIIPEACAAFOTCA ITO POPMYAE:

S | |s,-si® s, -sin’(ap + yz)
S=|S,|=|s,si-co|=|s, 0.5sinQ(ap+ ). @
S s, -Si-co s.-0.5 sin(2(a(p+;(z))

z

TAe, Kak caeayeT u3 (2.30-2.35, 3.2),

s, = (— ezh(/,): %‘;—i)r e, (r)-e, (r)

EW
s,=(e.n)=L2r () ©)
a yc

&0 ( 5 2 ]
s, = (erh¢ —e,h, ): ——(er )+ e, (r)
Xc
PaccmortpuM, Hampumep, PasBepPTKy LHUAHHAPA C  AAHHBIM
paanycom r. Ha oxpyxHOCTH 3TOrO paamyca Bektop S, HAIPaBACH
BCETAA B CTOPOHY YBEANYCHHS PAANYCA U KOACOACTCH 10 BEAUHUNHE, KAK
sin*(a@+ yz). Cymmapssiii BekTOp (S¢ + SZ) HAKAOHEH K AWHUH
PAAHyCa BCETAA IIOA YIAOM arctg(sz /s, ), a BEAHYMHA 9TOIO BEKTOPA
KOoAeOACTCS Kak sin(Z(a(p+ ZZ)) Ha puc. 4 mokasaHo BeKTOpHOE IOAE

(S,p + SZ) mpu a =135, y=50. 3aecp ropmsoHTaAP U BEPTHUKAAD

COOTBETCTBYIOT KOOPAUHATAM Q, Z.
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Fig4. (SSMB.88)

4. OGcyrxaeHmE

ITokasano, 4TO B 32PAKAEMOM KOHAEHCATOPE PACHPOCTPAHACTCH
SAEKTPOMATHATHAA BOAHA, 4 MATEMATHYECKOE OIIMCAHHE 3TOH BOAHBI
ABAfeTCA perreHne ypasHeHmd Makcseana. [lpm stom B Teae

AMSAEKTPHKA (T.€. TaM, TA€ CYIIECTBYET HAIPAKEHHOCTD €,) CYIIECTBYFOT

SACKTpI/I"ICCKI/IC 1 MATHUTHBIC HAIIPAOKEHHOCTH. CYH_[CCTBYIOT TaKKE

® KpyroBoil mOTOK sHepruxm S p> ~MCHAIOIIMI 3HAK B

3aBUCHUMOCTH OT @,

®  BCPTUKAABHBIM IIOTOK OSHEPrHH S, MCHAIOIIMHI 3HAK B

3aBUCHUMOCTH OT @,

®  DAAMAABHBIN ITOTOK SHEPIUM S,, BCETAA HAIIPABACHHBIH OT

IICHTPa; 3TO O3HAYACT, YTO 3aPAKCHHBIN _KOHACHCATOP
HM3AYYAET Uepe3 OOKOBYIO OBEPXHOCTD.

ITorok sHEprHum HIPOAOAKAET CYIIECTBOBATH M B 3aPMKEHHOM
KOHACHCATOPE KAK CTAIIMOHAPHBIN ITOTOK 9AEKTPOMATHUTHON 3HEPTHUM.
VMmeHHO B 3TOM TIOTOKE ITHPKYAHPYET SACKTPOMATHHTHAA SHEPIHA,
sarmaceHHaA B KoHAeHcaTope. (CAEAOBATEABHO, Ta 32HEPIHUA, KOTOpPAA
COAEPKUTCA B KOHACHCATOPE M KOTOPYIO IPHHATO  CYHTATD
9AECKTPUYICCKON ITOTEHITNAABHOM 9HEPTHUEH, ABAACTCA IACKTPOMATHUTHOMN
SHepruen, XPaHAIIENcsa B KOHACHCATOPE B BUAE CTAIMOHAPHOIO IIOTOKA.
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VI3sBecTHBI 9KCIIEPUMEHTHI 110 OOHAPYKEHHUIO MATHHUTHOIO ITOAS
MEKAY OOKAAAKAMU 3aPA/KEHHOIO KOHAEHCATOPA C ITOMOIIBIO KOMITACA
[49, 50]. B coorBerctBUM € HM3AOKEHHBIM B KPYIAOM KOHAEGHCATOPE
AOAJKHO HAOAFOAATBCH TOABKO PACIIOAOKCHHE CTPEAKH —KOMITACA
IIEPIICHAUKYASIPHO PAAMYyCy KPYTAOTO KOHAeHcatopa. Habaroaaemoe
OTKAOHEHHE CTPEAKH OT OCH KOHAGCHCATOPAa MOKHO OOBACHUTH
HEPABHOMEPHOCTBIO PACIIPEACACHISA 3aPAAA ITO KBAAPATHOM ITAACTHHE.
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MaBa 7a. PeweHue ans oKPecTHOCTM TOpLa MarHuTa

I'AaBa 7a. Perrrenue ypaBHEHIN
MakcBeAAa AAL OKPECTHOCTH
TOPIIA MATHUTA

Boire  OBIA  PACCMOTPEH  3aPSIKCHHBI  KOHACHCATOP, MEKAY
OOKAQAKAMI KOTOPOTO CYIIECTBYET DACKTPUYCCKAA HALIPAKCHHOCTb.

PaccmorpuM  Temeph 3430p B KOABLIEBOM MarHuTe. MexKAy
IIAOCKOCTSIMH, OIPAHUYHMBAIOIIIMU 9TOT 3a30p, CYLIECTBYET MATHUTHAs
HAIIPAKEHHOCTD.

B cuay cummerpun ypasaenumii MaxcBeara B "sazope" Taxoro
MATHHT2 AOAKHO CYIIECTBOBATH ACKTPOMATHUTHOE IIOAE, AHAAOTHYHOE
IIOAFO B 3a30p€ 3aPSHKEHHOIO KOHAeHCATOpa. OTAMYME MEXKAY 3TUMA
IIOASIMU 3aKAFOYAETCS B TOM, YTO B YPABHEHUSX ITOASl 9ACKTPHYECKUE 1

MAarduTHBIC HaHpFDKGHHOCTI/I MEHAIOTCS MecTamu. B YaCTHOCTH, B
SapH)KCHHOM KpyrAomMm KOHACH caTope CyIIeCTByCT IACKTPHUYICCKAA
HAIIPSKEHHOCTD (E 2 * 0) 1 OTCYTCTBYCT MArHHTHAs HAIIPA)KCHHOCTDH

(Hz = O) B HCSQ.I:)H)KCHHOM prrAOM KOHACHCZ{TOPC C MarHuToM
CyIIeCTByCT MarHuTHas HaHp}DKCHHOCTb (H 2 * 0) 1 OTCYyICIBYCT

AAEKTPUYECKAS HAIIPKEHHOCTD (EZ = 0).
ITo amanorum c (7.2.30-7.2.35) moaygaem:

h,(r) =khie, 7. r), ()
1 ,
h(r)= ;(h¢(r) B (), )
h(r)y=r-h()L, 3)
(04
e, () =21 ()L, @
c X
1
e (r)= 'u—a)hw(r)—, ®)
c X
e.(r)=0. ©)

3A€Ch, TaKKe, KaK M B KOHACHCATOPE, BEAHYHHA () BXOAUT B
[TOKA3aTEADb CTEIICHU 3KCIIOHEHTHl €XP(WF), XapaKTepU3YIOIICH IIPOLIeCC
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MaBa 7a. PeweHune gns oKPecTHOCTU TOpLa MarHuTa

HAMATHIYHBAHUA IIOCTOSHHOTO MArHHTA B IIPOLIECCE €ro o0pasoBaHUs
("3apsAAKH" — IO AHAAOTHH C KOHACHCATOPOM)

TakuM o00Opasom, B 3a30pe HAIIETO MarHuTa (T.€. TaM, TIAE
CYLLECTBYET —HANPSIKEHHOCTH /)  CYLIECTBYIOT OACKTPHYCCKHC U
MATHUTHBIC HAIPS/KCHHOCTH.

[pu cymiectBOBaHNM STHX HAIPAKEHHOCTEH B 3a30pe HAIIIErO
MaranTa (POPMUPYETCA  CTAIMOHAPHBIN ITOTOK 9AEKTPOMATHHTHOM
saeprun. Hamomunm dopmyay (7.3.4), koTOpad B AAHHOM CAydae
OIIPEACASICT IIPOCKIIMH IIOTOKOB 9HEPIUHU OIPEACAAIOTCA IO (DOPMYAE:

S s -si® s, -sin’(a@ + yz)

”

S=|S,|=|s, si-co|= s(p~0.55in(2(a(p+;(z)). @)

4

S s, +Si-co s, -0.5 sin(Z(a(o + ;(z))

z

rAe, Kax caeayer u3 (1-6, 7.3.2),
q Ko
s,=\he, )=——r-h,(r)-h(r
<) L0 1)

s,=Ceh)=LE ) ®
a yc

. _ :_,U_CU 2 2
s. =k, —e,h) . (26 )+ ()

OTCcroAa CAGAYET, 9TO CYIIECTBYFOT

L4 prrOBOﬁ IIOTOK SHEPIrum SW , MCHHIOH_[I/Iﬁ 3HaAK B

3aBICHMOCTH OT @,
®  BCPIUKAABHBIA IIOTOK OHEPIHHM S, , MCHAIOIUN 3HAK B

3aBUCHUMOCTH OT @,

®  PAAMAABHBIM IIOTOK SHEPIUN Sr, BCErAa HAIIPABACHHBIM OT

LIEHTPA.

Kak mokaszano B pasaeae 1.5, BMecTe ¢ TaKHMU IIOTOKAMH SHEPIHH
B 9ACKIPOMATHHTHOH  BOAHE  CYIIECTBYIOT  TAKXKE  HMIIYABCHI,
HAIIPABACHHBIC ~BAOAB  PAaAHyCd, IO OKPY/KHOCTH, BAOAB  OCH.
CyImecTByIOT —TaKKe MOMEHTBI HMIYABCA OTHOCHTEABHO AFOOOTO
paAmyca, AFOOOI OKPYAKHOCTH U OTHOCHTEABHO OCH.
OueBHAHO, BCE O9TH BBIBOABI HE 3aBHCAT OT AAHHBEL 3230pa.
CAeAOBATEABHO, MOKHO YTBEP/KAATH, YTO
ITIOTOKH SHEPIHUH, IMIIYABCH I MOMECHTHI HMITYABCOB CYIIIECTBYIOT
B OKPECTHOCTH TOPIIA MATHHTA.
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MaBa 7a. PeweHue ans oKPecTHOCTM TOpLa MarHuTa

Kak moxasano B (1.5.6), MOMEHT HMIIyABCA OTHOCHTEABHO OCH

MATHHTA B AAHHOH TOUKe "3a30pa” (r, 0,z

L.(r,p,z)=8.r/c )

nuAn, ¢ yaerom (7, 8),

L (”a (P,Z)= S, g = FZSCZ -sin(2(ago + ;(z)):
, (10)
= O i )

rae  h, (r), h,(r) omnpeaeasrorca mo (1, 2). Cymmapmeiii MomeHT

HUMITyAbCAa Ha BceH OKPYKHOCTH AAHHOTO paAnuyca MW Ha AAHHOM
paccTossHuH OT TOpIA

2
Lzr‘ = _[LZ (l", ¢’ Z)j¢ =-
0

3aech  BCe mapaMerpsl  MOIYT OBITh  HAHAEHBI B PE3yAbTATE
9KCIIEPHMEHTOB M B HACTOAINEE BpeMsA HemsBeCTHE. OAHAKO MOMKHO

y 10

e E O+ 1)) sinClap+ 22)ip 1)

CKa3aTh, 9YTO IIPH HCIICAOM O BCEraa CyIIECTBYCT BCAMTYHHA Lzr #0.

ITpuaroxenue

CyImecTBOBaHHE MOMEHTA HUMIIYABCA B MATHHTE MOXKHO OBIAO OBI
IIPOBEPHTH KcIepuMeHTaAbHO. Ho y aBTOpa HET Taknx BO3MOKHOCTEH.
[Tosromy  mpeasaraerc — PacCMOTPETh  OKCIIEPUMEHTEI,  KOTOPBIE
(BepoATHO!)  AEGMOHCTPHUPYIOT  CYIIECTBOBAHHE TAaKOIO  MOMEHTA
HIMITYABCA B MATHHTE.

1. Dxcrrepument, usBectusiii 1o Murepuery, mokasan ma puc. 1,
TAC

e M - marHHT ¢ HHAYKIHEH B,

e K - KeAe3HOE KOABIIO C 3230poM V (KOTOPBII HYKEH AASl TOTO,

YTOOBI IIPH ITOUCKE OOBACHEHUA HE IPEAIIOAATATH, YTO IO
KOABITY HAET TOK),

e N — HUTbD,

e [.D, A, C,d- pasmepsr

I1pu omyckaHHM KOABLIA OHO B HEKOTOPOM ITOAOKCHHH HAYHNHACT
OBICTPO BpaIlaThCAd M Bparmaercad HekoTopoe Bpema T, a 3atem
OCTAHABAMBAETCA U HAYMHACT BPAIIATBECA B  IIPOTUBOIOAOKHYIO
CTOpPOHY. DTO BpallieHHe AAUThCA B Tedenne Bpemenn t<<T. [Tpomeccs
IIEPEMEHHOIO II0 HAIPABACHUIO BpAIeHHA IHOBTOpsrorTca 3-5 pas u
3ATUXAIOT.

ABTOD HOBTOPHUA 3TOT IKCIIEPUMEHT B CACAVIOITIEM BUAC:
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MaBa 7a. PeweHune gns oKPecTHOCTU TOpLa MarHuTa

BapuanT 1: B =1 Tesla, T = 30 sec,

L, D, A, C, d)=(200, 15, 10, 15, d) mm,;
BapuanT 2: B =1 Tesla, T = 20 sec,

L, D, A, C, d)=(200, 20, 05, 15, d) mm.

DTOT  9KCHEPHUMEHT  MOKHO  OOBACHHUTH  CYILIECTBOBAHHIEM
BPAILAIOIIET0  MOMEHTA, KOTOPBIH B  YCTAaHOBUBILEMCA PEKUME
VPABHOBEIIIUBACTCA ~ KPyTAILMM  MOMEHTOM Hurta. Fmage oror
SKCIIEPUMEHT OOBACHAIOT H3MEHEHHEM KPYTAIIIEIO MOMEHTA HUTH, KOTAd
oHa HaTArmBacTcAd npurmxeHnem koapma Kk maramry M. Takoe
OODBACHCHHE  KAKETCA  HEYOCAUTEABHBIM, KOIAA  ACAQCIIb  3TOT
SKCIIEPUMEHT COOCTBEHHBIMU PYKAMHU.

i
N L
v
)
K A% D
Y
A
d A
v
A
M C
v
Puc. 1.

2. B Murepuere [46] mokaszaH ApPyroi 9KCIEPHMEHT — CM. pHUC. 2,
rAe

e M - maruwur,

e K — MarHHT B BHAE JKEAC3HOTO KOABIIA,

® S — ACPEBAHHBIH CTEP/KEHD,

® S - AepiKaTeADb CTEPKHA S.

117
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Koapno K yaepsxmBaercss Ha HEKOTOPOM PacCTOSHHM OT TOPIA
marauTa M m Bpammaerca Ha AepeBAHHOM crepikHe S. Maea storo
SKCIIEPUMEHTA MOKET OBITD HCIIOAB30BAHA AAST CTPOTOH
SKCIIEPUMEHTAABHON IIPOBEPKH CYIIECTBOBAHMA MOMEHTA HMITyAbCA
BOKPYT' OCH MaTHHUTA.

Puc. 2.

3. B Murepuere [47] mokasaH eIre OAUH 9KCIEPHUMEHT, KOTOPBIN
AETKO ITOBTOPHTE. ABa KOABIIEBBIX MArHHTAa ITOABEIIHUBAFOTCA KPIOUKOM
HA AAMHHOH HHTKe — cMm. puc. 3.1. B mepsBom caydae marHnTe!
CIIEIAAIOTCA ITAOCKOCTAMH KOAEIT (CM. pHC. 3.2), a BO BTOPOM — KacaroTcsA
BHEIIIHUMH IIUAMHAPHYECKUMHU ITOBepxHOCTAMU (cM. puc. 3.3). B
IIEPBOM CAYYa€ KOHCTPYKIIHSA BHCHT CIIOKOHHO, 2 BO BTOPOM —
Bparaerca. [TOCKOABKY BeC KOHCTPYKIIMM HE MEHACTCA, TO BAHUSHIE
HUTKH HCKAIOYCHO.

Puc. 3.3.
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MaBa 7a. PeweHune gns oKPecTHOCTU TOpLa MarHuTa

4. VIzBecTeH IO HMHTEPHETY TAK/KE SKCIECPHMEHT, AHAAOTMYHBIN
SKCIIEPUMEHTY 3, TA€ HIDKHUNM KOABIICBOM MATHUT OBIA 3aMEHEH Ha
CIIAOIITHOM IPAMOYTOABHBIM MATHHT — CM. PHC. 4, TA€ HCIIOAB30OBAHBI
obosuauenus u3 puc. 1. KoHcrpykinsa Bpamasach Tak Ke, KaK U B
skcriepumernte 3 [48]. OOBsACHEHHEM MOKET CAYKUTH CYILECTBOBAHIE
MOMEHTA UMITyAbCA BOKPYT OCH MAarHHTA.

L
N L
A
.
K D
A
.
M C
A
Puc. 4.

,A,Ba KOABIICBBIX MAarHHTA B SKCHCPI/IMCHTC 3 MOXKHO paCCManI/IBaTB
KaK AB€ COBMECIIICHHBIX KOHCprKL[I/II/I us3 pI/IC. 4.
L HIDKHCEC KOABITO B POAH MAarHuTa AAfl BEPXHCETO KOABIIA,
° BCpXHCC KOABIIO B pOAI/I MaTHHUTA AAA HIDKHETO KOADBIIA,
HpI/I sTOM BCe 4 SKCIICPHUMCHTA OOBACHATOTCA CyIIIECTBOBAHMEM MOMCHTA
HUMITyAbCa B MarHHTC.

DkcrrepumeHTsl 1,3, 4 MOKHO IPEACTABHTH OOIIEH CXEMOI — CM.
puc. 5. Maraur M cospaer marHHTHBIH 1mOoTOK Bl, HampaBAeHHBIN B
koApnio K. (Apyryto gacts moroxk maraumTa M MBI HE pacCMaTpHUBAEM).
DTOT HOTOK pasaBanBaercs B KoAblie K Ha ABa motoka B2. Aaaee moroku
B2 samprkarorcs morokom B3 BHyTpm KoAbma n morokom B4 BHE KOABIIA.
Taxum oOpasom,

B1=2*B2 - B3, B4=2*B2 - B3, B1=B4,

T.e. BCcerAa cymectsyeT motok B3>0. DroT moTOK, KaK ITOKAa3aHO BBHIIIIE,

119



MaBa 7a. PeweHue ans oKPecTHOCTM TOpLa MarHuTa

O6AaAaCT MOMCHTOM HMITYABCA.

M
B4
Ve
K
Puc. 5.
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nmaBa 8. PeweHune ans ccpepryeckoro KoHgeHcaTopa

I'AaBa 8. Pemrenue ypapHeHUI
MakcBeAAa AAS ccpequCCKoro
KOHAEHCATOPA

OraaBaeHune

1. Beeaenune

2. VpaBuenusa MakcBeara B cpepryaecknx KOOPAUHATAX

3. Perrenne ypasuennii MakcBeAAa AASL BAaKyyMa

4. DACKTPHYECKHE H MATHUTHBIC HAITPAKEHHOCTH

5. IloToxu sHeprun

0. DAEKTPOMATHUTHAA BOAHA B 3aPMAKEHHOM CEPUIECKOM
KOHAEHCATOpE

7. DAEKTPOMArHUTHASA BOAHA B OKPECTHOCTH CHEPUUECKOrO
3apsaa

ITpuaoxenne 1. Permrenne ypasHeruit MakcBeAAa AAS CPEABI

[Ipunroxenne 2. Pemenme ypaBHeHmi MakcBeara AAdA
3AEKTPOIIPOBOAHOTO AHMIACKTPHKA

1. BBepaenue

B raaBax 2 m 7 paccMOTpPEHA DSACKTPOMATHHTHAA BOAHA B
KOHACHCATOPE, KOTOPBIA BKAIOYCH B IICIIb IIEPEMEHHOIO HAN
TOCTOSIHHOIO TOKa. Himke paccmarpuBaetcs cpeprdeckuili KOHACHCATOP
B IICIH CHHYCOHAAABHOIO TOKA HMAHM IIOCTOAHHOTO TOKa. OOKAaAKaMI
TAKOTO KOHACHCATOPA ABAAIOTCA ABE Cepbl € OOIIUM IEHTPOM W
pasuycamu R, > R, .

2. YpaBHeHma MakcBeara B cdepHUECKHX

KOOPAMHATAX

Brawane paccmorpum  cdepruueckuii  KOHAGHCATOP B LEHH
cuayconaasbHoro Toka. Ha pmc. 1 mokasama cucrema cdpepudaeckux
KoOpAHHAT (P, 9,(0). B taba. 1 mpuBeAeHBI BBIpa)KEHUA AASl POTOpA U

AuBeprennun sexkropa E B a1ux koopamnarax [4]. 3aech n aanee
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naBa 8. PewieHue ansa cpepuyeckoro KoHgeHcaTopa

E - manpsxenrocTs aAekTpIYIECKOTO TTOAS,
H - manpsxernocts MaranTHOTO MOAS,
M - aDCOAFOTHAS MATHUTHAA IIPOHUIIAEMOCTb,

&£ - abcoArOTHASA AI/IBACKTPI/I‘ICCKEUI HpOHI/ILIaCMOCTI).

— ——

| NS

</ D
/ VA .T((o,})\
J p |\‘
/ / 8/ ! \

'
'
!
!
|

\ | ‘ |
\ \ / /
Puc. 1 (Sferal55.vsd).
Tabauma 1.
1 2 3
1 rotp(E) E, N OE, ___OE,
ptg(0) o6  psin(@pe
2| rot,(E) oE, E, ©OE,

psin@Pep  p  op
3| rot,(E) | E, | 0, OF,
p_Op pop
41 div(E) | E, .\ O0E, E OE, OE

+—C 4+ + £
p__op pegl0) pod  psin(@Pe

VpaBuennsa MaxkcBeara B cepHYECKHMX KOOPAMHATAX IIPH

OTCYTCTBHH 3apAAOB U TOKOB MEXKAY OOKAAAKAMH CPepHUIeCcKOro
KOHAEHCATOPA UMEIOT BHA, IIPUBEACHHBIN B TA0A. 2.
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TabAuma 2.
1 2
1 OF
rotpH—i £ =0
c Ot
2
ot,H — 2%, _ 0
c Ot
3 OFE
rot(pH—£ 2 =0
c Ot
4. OH
rot E + K% _
c t
5.
rot,E +ﬁaH‘9 =0
c Ot
6. OH
rot £ + K _ 0
c Ot
7.| div(E)=0
div(H)=0

Aaree Mbl Oyaem wnckath perrenHue B Buae ymkumit E, H,

IIPEACTABACHHBIX B TaOA. 3, tAe yHkium Bmaa F (pp(p) ITPEACTOUT
BEIIHCAUTE. ACCH BAKHO OTMETHTD, YTO

® S5TU q)YHKLII/II/I HC 3aBHCAT OT apryMeHTa (1

o 1pu E(0)=sin(8) swipaxenne

E OFE
—— + = =2¢c0s(0).
tg(9)+ v cos(9) (1)

TabaAuria 3.

1 2

E, = Epp(p)cos(ﬁ)sin(a)t)
E, =E, (p)sin(6 )sin(cot)
E,=E, (p)sin(6)sin(er)
H,=H,, ()cos(@)cos(wr)
H,=H,, (p )sin (8 )cos(ar)
H,=H, (0 )sin (8 )cos(r)
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[Moacrasum dyukimn E, H w3z taba. 3 B 126A. 1 11 yurem (11).

Toraa moAy4aum TabA.

TaoAma 4.

4.

1 2

1| rot (E)

2 cos(6) sin(wt)

2| rot,(E) _(E

4@

Yo,

OF ] . .
sin(d) sin(awt)
op

3| ot (E) (ﬁ

P

+ %j sin(@) sin(wt)
op

Yo,

4| div(E) E, . OE,
op

2E, .
j + —”J cos(6) sin(wr)
Yo,

Brrpaxennsa

AAL poTOpa

U AUBEPIEHIIUN

dbyuxkpn H

OTAMYAFOTCA OT IIOKA3aHHBIX B TaDA. 4 TOABKO TEM, HYTO BMECTO

MHOMKUTEAEN

sin(at)

CTOAT

MHOXHUTECAH

TToAcTaBAss

BBIPAKEHHUA AASl POTOPOB U AMBEPreHINI B ypaBHeHusA MakcBeasa (cMm.
TadA. 2), AupdEpEHITHPYS 110 BPEMEHN U COKPAIas OOIINE MHOKUTEAH,
IoAy4daeM HOBYIO popMmy ypaBHeHHI MakcBeaaa — cM. TabA. 5.

TabAmura 5.
2
1| 2F
—W—%przo
yo, c
2 %ﬂaE_w a2 g
p Op c
N (Ea, O ) _onyy,
D op c
4 ((Epp+8Eppj+2E9p]:O
p  Op p
5| 2H,, we
W__Eppzo
Yo, c
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1 %JFGH_W _®%E _p
Yol op c 7

T (Hy  OHy ) 02
p 8,0 c op

8 ((HPP+GHW]+2H0” o
P Op p

3. Pemenue ypaBHeHHM MakcBeara Aad

BaKyyMa

Bragare paccMOTpHUM 9TH YPaBHEHHUS AASl BAKYYMa, TAC B CHCTEME
CI'C umeem: &= =1.Tlpu 5TOM TabA. 5 IPUHUMAET CACAYIOIIUI BUA;

TabAmira 5a.
2

1] 2E

pWP_qupZO

2 E_ ©OE

_( wp+_¢’ﬂj_qup:O
p  Op

3| (E, OF
(ﬂ+_9pj_q]—](pp=
p  Op

4 ((Epp+8Eppj+2Egpj_
p  Op p

50 2H
W_Eppzo

Yo,

6 H,_ 0H

_( (2 ij_qup_O
p  Op

7\ (H, ©oH
(i+_@’J_qE¢p_0
p  Op

8 ((HPP+GHW]+2H0” o
P Op p
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rAe
@
qg=—- (12)
c
Toraa ypaBaeHus MakcBeAAa CTAHOBATCA ITOAHOCTBIO CHMMETPHUIHBIMI
orHOCcuTeABHO HanpssxeHHocTed E um H. Caoxum momapHo ypaBHeHUA

(1-4) m (5-8). Toraa moAyamm:

2W
-qW,, =0, (13)
Yo
w,, oW,
. SNSRI .4 +qW,, =0, (14)
p  Op
w, oW,
i+—9pJ—qW¢p=0, (15)
p  Op
w ow 2w,
(pp+ p”j+ “’”J—o, (16)
P Op p
TAE
W=E+H. 17)

Cucrema 4-x ypasuennii (13-16) ompeaeaser 3 HEHM3BECTHBIX
yHKIIIH — 9Ta CHUCTEMA ABAACTCA IEPEONPEACACHHON. MBI ITOKaKeM,
YTO CYIIECTBYET PEIIECHHUE, YAOBACTBOPAIOIIIEE BCEM 4-M YPABHEHHSAM.

HemocpeAcTBeHHOIT  TTOACTAHOBKOM — MOKHO — YOGAHTBCH, dTO
ypasaenus (14, 15) mmeror caeayroree perenue:

W, = A'%exp(iq(p—f’?)+ B). (s)
1 :
w,, = —A-;exp(zq(p—R)+ B), (19)
e 4, R, o, B, ¢ —xoucranrs. W3 (13, 18) maxoanm:
2w 24 .
W,, =—2= =S expliglo—R)+ ), 0)
p @ qp
P 22 Jowolato- 1)) e
op qp° P

[ToacraBasga  (19-21) B (16) ybOemaaemcsa, uro ypasuenue (16)
npesparmnaerca B ToxAaectBo 0=0. CaeaoBaresbno, pu dpynknun (18-20)
yaoBAeTBOPsIOT 4-M ypaBHeHuAM (13-16), 410 u TpeOOBAAOCH ITOKA3ATh.

Permrenne me mamenursces, ecan BMecto (17) Oyaer HCIIOAB30BAHO
yCAOBHE
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W = (E+H)(—) (22)

Aanee OyAEM HCKaTh PEIIeHNE, IIPH KOTOPOM

E=iH. (23)
W3 (76, 77) HaxoanM:
2
W=(1+i)H-—=2H
(+i)H ) @4
NN
H=W]2. (25)
W3z (77, 79) maxoanm:
E=Wi/2. (26)
W3z (18-20, 79, 80) maxoanm:
_ A / .
H,, = 2—plexp(lq(p—R)+ ). 27)
_A .
H, = Zexp(lq(p -R)+f). (28)
H,, =— ~R)+ ), 9)
A .
Ey, = —expliglp=R)+ B). (30)
0
E,, = z—lexp(lq(p—R)+ B). 31
P
E, =— —R)+p). (32)

HaiiaenHoe perrenme ABAfETCS KOMIAEKCHBIM. VIsBecTHO, €TO
peaAbHAs 9aCTh KOMIIACKCHOTO PECIINEHUA TAKKE ABAACTCHA PEIICHUIEM.
CAeAOBaTEABHO, B Ka4eCTBE perneHus BMecTo pyHKInH (27-32) MOMKHO
IIPUHATH UX PEAABHBIE YaCTH:

H,, = ipsin(q(p ~R)+p), (33)
4

H, = 2—008(9(,0 ~R)+ ), (34)
Yo,

~R)+ B), (35)
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A

E, = ——cos(g(p—R)+ B), (36)
2p
A4 .

E, = zsm(q(p ~R)M+p), (37)

E, = Az sin(g(p - R)+ B), (38)
ap
AAA IIPOBEPKU 3TOrO PEIEeHUA MOKHO IIOACTABUTH ITH (DYHKIIHH B
ypaBHEeHHA TaOA. 5 1 yOGANTCA, YTO OHH IIPEBPAIIAIOTCA B TOKACCTBA.
Wrak, pemenne ypaBHeHmii MakcBeara AAfd  cdepHuEcKOro
KOHACHCATOPA B BAKyyMe UMeeT BUA ypasHeHnH (33-38).
AAA HaXOMACHUA 3TUX (PYHKIIUH AOCTATOYHO 3HATH 3HAYCHHSA

koucraut A, R, o, [, c¢. IloAyuennoe perieHne O3HAYACT, YTO B

cheprueckoM  KOHAEHCATOPE, KOTOPBLIM BKAIOYEH B II€Ob
CHHYCOHMAAABHOHI'O TOK4, CYIIIECTBYET SIACKTPOMArHUTHAA BOAHA.
Permenme ypasnenmii MakcBeAAa AAA CAydYas, KOTAA AMUIAEKTPHUK
He ABAAETCA BaKyyMOM, AaHO B llpmaomenmm 1, a AAA cAywad, Koraa
AMIAEKTPHUK UMEET HEKOTOPYIO IAEKTPOIIPOBOAHOCTE — B [IpuAokenumn 2.

4. DAeKTpHUECKHE U MATHUTHBIE HAIIPAKEHHOCTHU
Paccmorpum Ha cdepe pasumyca p Touky T ¢ KOOpAHHATAMEI

u H,, wmcxoasrmme w3 osroit Toukm, Aemar B

@, 0. Bexropsr H,
naockoctu P, kacareapnoit k atoit cdepe B 10it Touke T @, 9) - CM.
puc. 2. DTH BEKTOPHI IEPIEHAUKYAAPHBI APYT ApyTy. CAeAOBaTEABHO, B
KaKAOH Touke @, 6 | cymmapHbLil BekTOp

H(/)H :H(/,'I'He (39)
AEGKUT B IIAOCKOCTH P 1 HAIpaBAEH OA YTAOM ¥/ K AMHHH IIapaAAEAH.

Kak caeayer us (33, 34) u TabA. 3, Bexrop H 0 » HE 3ABUCAIINIT OT P,

MOAYAb 3TOTO BEKTOPA ‘H (p@‘ U JTOA Y/ OHPEAEAAIOTCA CAEAYIOIIUMH

dopmyramm:

H, = ‘H ¢0‘ sin(@)cos(a)t), (39a)
A
| = 2 (40)
Hg . w
cos(y )= —2 = sm[—(p ~R)+ ﬁ’)
|H w9| c
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AN
Y/ ()]
y="-—(-R)-5. 1)
2 ¢
¢‘

Puc. 2 (Sferal10.vsd).

[ToAoOHBIE COOTHOIIIEHUS CYIIECTBYFOT H AAA BEKTOPOB E o U Eg.

B kaxxaoit Touke (@, 9) CYMMAapHBII BEKTOP
E,=E,+E, (42)
AXKHT B TIAOCKOCTH P 1t HAITPABACH ITOA YTAOM ¥/, K AUHHH ITAPAAACAH.

Kak caeayer m3 (36, 37) n TabA. 3, MOAYAB 3TOrO BEKTOpa U YIOA Y/,

OIIPEACASFOTCA CACAYFOITIMI (DOPMYAAMHE:

Y|
ool = 2 “3)
E,, ®
cos(y, )= =cos| —(p—R)+ 3
‘E(pg‘ c
A
v, =%(p—R)—ﬁ (44)
AN
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T

=——y. 45
Ve=>—V ()

Vroa MEKAY BCEKTOpaMH H(p@ " E(pg B IIAOCKOCTHU P ABAACTCA

HPAMBIM.
CaepoBateAbHO, B CHEPUUECKOM  KOHACHCATOPE  MOMKHO
paccMaTpUBATh TOABKO OAHMH BEKTOP SAEKTPHYECKOM HAIPMKEHHOCTU

E o0 I TOABKO OAHH BEKTOP MAarHUTHOW HanpsukeHHoctn H of -

ITockoABKY 9TH BEKTOPBI AcxkaT Ha cdepe, OYAEM HA3BIBATH HX
cdhepUYeCcKUMU.
u

s Al
72
i 4
I u
| Foo
| 72
| 72
u
7(p, ) > H,,
Puc. 3 (Sfera3a.vsd).
Ha pwuc. 3 mnokasamer sextoper H,, wm E ), Aexamme ma

maockoctn P, msexroper H ) u E |, aexarmue ma paamyce.

3aMeTnM, 9TO CyIIECTBYET MHOMKECTBO PEIIEHUH, OTAHMYAFOIIUXCH
sHadeHueM uwmcaa f. Dror dakr orpaxaer IPOH3BOA B BbIOOpE
MaTEMaTUIECKHX OCEH KOOPAHMHAT.

Vroa ¥ (30) ABASieTCA ITOCTOAHHBIM AAfl BCEX BEKTOPOB H o0 TIPH
AAHHOM papdyce Q. DTO O3HadaeT, 4To Ha cdepe C pPasruycom O
HarrpaBAaeHus Beex BekropoB H , cocraasior co Bcemu mapasseasmu
OAMH H TOT € YTOA ¥/ . DTO O3HAYAET, B CBOIO OYEPEAD, UTO CYIIIECTBYET

Mar"gumTHaA SKBATOPHMAABHAA ITIAOCKOCTb, HAKAOHECHHAA K MATEMATHIECKOM
3KB3TOpPI8.AbHOfI IIAOCKOCTH Ha YIOA l//, MArHUTHAaA OChb, MArHUTHBIC

IIOAFOCA ¥ MATrHUTHBIC MEPUAMAHBIL, ITO KOTOprM HaHpaBACHbI BCKTOpr
H,,

MCpI/IAI/I OHaAbHaA CE€TKa, TOACTBIMI AMTHHUAMI — MarHUTHaA

- CM. pHcC. 4, TA€ TOHKUMU AWHHUAMI 0003HAYEHA MATEMATUYECKAS
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MCpI/IAI/IOHaABHa}I CETKA, ITIOKAa3aHbl MaTeMaTHUYEeCKad 777777 , MarHUTHAA dd
U SACKTpHYCCKas bb ocu. Baxno OTMETUThb, YTO MarHuTHad dd Hu

saektpuueckas  bb  ocm  m, BooGme, Bektopsr E uH,

[
HepHeHAI/IKyAHprI.

@ <
I[Tpu —= 0 m =0 marHuTHAs OCh COBIAAAET C MATEMATHIECKOM.
C

n.[/./im

Puc. 4 (Sferal33.vsd).

Ccpepnqecxne BEKTOPHI 3aBUCAT OT Sin(H). PasmasbpHBIE BEKTOPEI

3aBUCAT OT COS(@) - cMm. TaOA. 3. [Toatomy B TOUKAX, TAe ceprueckue

HAIIPAKEHHOCTH  PaBHBI  HYAIO, CYIIECTBYFOT TOABKO PAaAHMAABHBEIC
HAIIPSAKEHHOCTH.

5. IToToku aneprun

Taxxe, Kak U B raase 1, IAOTHOCTB ITOTOKA 9ACKTPOMATHUTHON SHEPIun
— sexrop [lotrTrara

S=nExH, M
TACE
n=cldr. 2)

B cdepuueckux koopamHarax @, €, p IIAOTHOCTb IIOTOKA

SAEKTPOMATHUTHOH 9SHEPIHMHM HMEET TPH KOMIIOHEHTH I, 2 S, S >
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HAIIPABACHHBIC ~ BAOAB  PaAHyCa, IIO0  OKPY/KHOCTH, BAOAb  OCH
cootBercTBeHHO. OHH OIpeACAAIOTCA IO POpMyAE

S, E,H,-E,H,
S=|S, |=n(ExH)=n|E,H,-E,H, |. O
S, E,H,-E,H,

Orcropa u us Ta6A 3 caeayer, 9TO

E, sm(@)sm(a)t)H cos(@)cos(ar)
-E, cos(H)sm(a)t)H sm(@)cos(a)t)]
E, cos(@)sm(wt)H sin(@)cos(or)
-E, s1n(9)51n(wt)H o cos(@)cos(a)t)J
E, sin(&)sin(a)t)H sin(@)cos(a)t)
-E, s1n(9)s1n(a)t)H s1n(«9)cos(a)t)J

nAn
(Egp H,)-E, ng)sin(@)cos(@)sin(a)t)cos(a)t)_
S=n\E ( oo —E,, pp)sm(ﬁ)cos(ﬁ)sm(a)t)cos(a)t)
_( ooy —EgH (pp)sm (49)sm(a)t)cos(a)t)
AN
(Egp pp) Eppng)sm(H)cos(Q)
S =nsin(at)cos(wt)| (E ( oo —E,, pp)sm(ﬁ)cos(ﬂ)
( wp 9p 6’,0 ¢p¥m2(‘9)
A
E H, Eppng kin(26)
S=Zsm(20)l‘) ( ool —Eyp W}ln(Z@) ()
2(Erﬂp 6’0 6’p wp )sz(e)
O603H2YNM

y=((p—R)+p). ©)

[Toacrasassa (3.33-3.38, 6) B (5), HaxoAHM:

(cosz(y) sinz(y))sin(ze)

( cos(y)sin(y) +cos(y) s1n(7/))s1n(26’)
2(sm () +cos (}/))smz(e)

§=-"Tsi
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HAH
S, ) —sin(20)
S=|S, |= Tsin(2at)| 0 ) @)
S w 2sin*(0)
P
CaepoBateapHO, B cEpHIECKOM  KOHAEHCATOpE  IIpH

CHHYCOMAAABHOM HAIIPSIKEHUU CYIIECTBYIOT ABAa ITOTOKA 3HEPIHHU —
MEPHUANOHAABHBIN U PAAUAABHBIN C TAOTHOCTAMH COOTBETCTBEHHO

4

—nd® . .
S, =——sin(2at) sm(29), (8)
8qp

P

2
s - -sin(2at)sin’(0). )
4qp

6. DAEKTPOMAarHUTHAA BOAHA B 3aPA>KEHHOM

cpepraecKkoM KOHACHCATOPE

Pemerme ypaBrenmit MakcBeAAa AAfl 3aPAKAEMOTO  ITAOCKOTO
KOHAEGHCATOpa (CM. TAaBY 7) SABACTCA CACACTBHEM pEIIEHHUA ITHX
YPaBHEHNH AASl IIAOCKOTO KOHAEHCATOPA B IIEITH CHHYCOMAAABHOTO TOKA
(cm. TAaBY 3). 3A€CH MBI BOCIIOAB3YEMCH METOAOM, U3AOKEHHBIM B I'AQBE
7, Tpm  pemeHMH  ypaBHEHHH  MakcBeAra  AAA 3aPAKAEMOTO
chepugecKoro KOHAEHCATOPA.

[TokaspiBaercd, 910 B 3apmKacMOM C(PEPHIECKOM KOHACHCATOPE
PACIIPOCTPAHACTCA  JAEKTPOMATHHTHAA BOAHA, a4 MaTEMaTHYECKOE
OIIMCaHUE 3TOM BOAHBI ABASETCA PEIIEHMEM YpaBHEHHH Makcpeaaa.
IToxaseiBaercs, YTO B 3aPAKEHHOM KOHAEHCATOPE  CYIIECTBYET
CTAIIMOHAPHBIM TIOTOK 3AEKTPOMATHHTHOHM 3HEPIMM, a Ta 3SHEPIHA,
KOTOpasg COAEPKHTCA B KOHACHCATOPE M KOTOPYIO IPHHATO CUHTATh
9ACKTPHUIECKOMN OTCHITHAABHOM 9HEPTHUEH, ABASICTCSH
3AEKTPOMATHUTHOM 3HEPIUEN, XPaHAIIEHCA B KOHAEHCATOPE B BHAE
CTAIIMOHAPHOTO ITOTOKA.

AAd 3apmKaeMOro  cpepUYecKOro  KOHAGHCATOPA — CHCTEMA
ypaBHeHHH MakcBeAAa, IIPEACTABACHHAA B TaOA. 2, AOAKHA OBITH
M3MEHEHa, a HMEHHO, BMecTo ypaBHeHHA (7) AOAKHO OBITH
HCITOAB30BAHO YPAaBHEHHE BUAA

div(E)=0(), (@)
rae O(f) - 3apsA Ha OOKAAAKE KOHACHCATOPA, KOTOPBIA ITOABASETCH U
BO3pacraeT B mporecce 3apAsa. [loaydeHnHas Takum 0Opasom cmcrema
YPaBHEHUN B YACTHBIX IIPOM3BOAHBEIX UMEET PEIICHIE, KOTOPOE ABAACTCA
CYMMON YACTHOIO pEIIEeHHA ITOW CHCTEMBI U OOINEro perreHus
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COOTBETCTBYFOIIIEH OAHOPOAHOHM CHCTEMBI ypaBHeHHH. OAHOpPOAHAA
CHCTEMA IIPEACTABACHA B TaOA. 2, T.€. OTAHYACTCA OT BHOBb IIOAYIEHHOMN
cucreMbl TOABKO orcyrcrBueM daeHa ((t). YacrHoe perenue npu
AAHHOM [  ABASECTCA  PEIICHHEM, CBA3BIBAFOIIEM  SAEKTPHYECKYFO

manpsxennocts E () B 3a3ope womaencatopa m 3apsa Q(f). Ecam
E () mensiercs BO BPEMEHHM, TO AOAZKHO CYITIECTBOBATH PEITICHHE

cuCTeMBbl ypaBHeHHH u3 TabA. 2 mpm aanHoM E (f). Mmenno sro

perreHne Mbl OYACM HCKATDH AAAEE.

Taoamnma 6.
1 2

E,=E,, ()cos(@ X1 —exp(ar))
E,= Egp(p)sin(HXI —exp(at))
E,=E, (0 )sin(0 X1 - exp(ar))
H, = pr(p)cos(HXexp(a)t) ~1)
H,=H,,(p)sin(@ Yexp(wt)-1)
H,=H W(p)sin(HXexp(a)t) -1)

TeaRERY
pupmdmEREE
sannm
paut®

yon”

-
. .ot
Ry

05 .\\.5~.-
— 1

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

Er(t), Hr(t), Hr(t)
o

"
L
...

l....

-200 / o

-400

EF(t), Hr(t)

i
0 0001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
Fig.6. (SSMB6.1)
PaccMOTpHM HAIIPS/KEHHOCTH B BUAE (PYHKITHIL, ITPEACTABACHHBIX
B TaOA. 6. OTH (DYHKIIUH OTAUYAIOTCA OT IIPUBEACHHBIX B TAOA. 3 TOABKO
BHAOM 3aBHCHMOCTH OT BPEMCHH: B TaOA. 3 9TH 3aBHCUMOCTH Y (PYHKIIAI
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E, H wumeer Bup dyuximii sin(a@r), cos(@t) coorsercrsenHo, a B

T1a0A. 6 51H 3aBucuMoctd v dveknmil £, H wnmeer Bua dbyHKIHI

(1 — exp(a)t)), (exp(a)t) — 1) cooTBeTCTBeHHO. HecMoTps Ha yKazaHHYIO

3aMCHYy, IIpHX 3TOM pPCIICHHC ypaBHCHI/II;I MaxkcBeara  ocraercs

HEHU3MEHHBIM.
Tok cMmerreHus
d
J, = o E,=-0F,, (0)cos(8)exp(ar) (40)

Ha puc. 6 moxasaHbl HAIPSKEHHOCTH M WX IIPOH3BOAHBIC IIO
BPEMEHM, a TaKKe TOK CMEIICHHA, KaK (DYHKIHH BPEMEHH, IIPH

®=-300: H, - curommuse aunny, E - nynkruprsie ananm, J, -

ToueyHas AMHHA. MOKHO  yOEAHTBCA, YTO  AMIIAHTYABI — BCEX
HAIPSKEHHOCTEH IIPH f => 00 OAHOBPEMEHHO CTPEMATCA K ITOCTOSHHOMY
3HAYCHHIO, 2 AMIIAHTYAA TOKA CTPEMHUTCH K HYAIO. DTO COOTBETCTBYET
3apAAY KOHACHCATOPA YepPe3 ITIOCTOAHHOE COIPOTHBACHHE.

ITo amanorum c (39a, 40, 41) zanumrem OPMYABI AASL BEKTOpPa

H(pg , MOAYASl TOI'O BEKTOPA ‘H(pﬁ‘ U yraa Y :
H,,= ‘H W‘sm(HXexp(a)t) -1), 47)
A
ool = 9)
p
T W
v=2-2-R)-p. @)
2 ¢
rae A, R, o, ,B, C — KOHCTAaHTBI, KOTOPBIE MOIYT OBITD OIIPEAEAEHBI
SKCIEPUMEHTAABHO, R - paamyc BHeIIHEH cepsl KOHACHCATOPA.
1
Koncranra W=——, TAC€ T - IIOCTOsSHHAA BpEMCHH B IICIIN 3apfAAa
T
KOHACHCATOPA.

CprKTypa BACKTpOMaFHHTHOﬁ BOAHBI OCTAa€TCA HpeH(HCﬁ — CM.
pasaea 3. Kak nmoxkazauo TaM, B CCl)CPI/I"ICCKOM KOHACHCATOPE CYILECCTBYCT
SACKTPOMATrHUTHAA BOAHA, Y KOTOpOfI CYIIIECTBYIOT TOABKO cdpepnqecm/le

E

00> Hyg 1 paamansunie E , H & sexropsr.

Takum  0OpasoM, MOMKHO TIOBOPHTb, dYTO  CEPUIECKUI
KOHACHCATOP IIPEACTABAAET COOOI YCTPOMCTBO, SKBUBAACHTHOE MATHHTY
1, OAHOBPEMEHHO, SACKTPETY, OCH KOTOPBIX IIEPIICHANKYASAPHBL
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PaccmoTpuM  ITOTOKH  3HEprum B 3apmKacMOM  CcpepHyIecKOM
koHAeHcaTope. 1o amasornm ¢ pasaeAom 5 HAAEM ITAOTHOCTH ITOTOKOB

S, E,H,-E,H,
S=|S, |=n(ExH)=n|E,H,-E,H, |. (50)
S, E,H,-E,H,

Orcropa u us Ta6A 6 cAeAyer, 9TO

E,, sin(@ X1 —exp(wt) )H op cos(@ Nexp(ar)—1)-
-E, cos(@ X1 - exp(a)t))ng sin(@ Xexp(ar) — 1)]
E,, cos(@ X1 - exp(a)t))HW sin(@ Xexp(wt) —1)—
—E,,sin(0 )l —exp(wr) )H ,, cos(0 Nexp(et) - I)J '
E, sin(@ (1 - exp(a)t))ng sin(@ Xexp(wt) —1)—
— E,, sin(0X1-exp(at))H ,, sin(6 Xexp(er) - 1)}

AN
(Eep H,)-E, H, );m(@)cos(@)
S =-n(1—exp(ar)) (Epprp E,H, )31n(9)cos(9)
(Epr op Hp op )sz (9)
AN

(Et?p pp EppHﬁp}in(ze)
s=1 (1 exp(a)t))2 (EppH E, pp)sm(ZH) 1)

20E,, W)smz(@)

O1croaa IO aHAAOTHH C PA3ACAOM 5 HAXOANM:

S, —sin(26)
S=[S,|= (1 exp(at) J| 0 . (52)
S, 2sin*(0)

CAepoBaTEABHO, B 3apMKacMOM CEPUIECKOM KOHAEHCATOPE
CYIIIECTBYIOT ABA ITOTOKA 9HEPTUH — MEPUAMOHAABHEIN U PAAHAABHEIN C
ITAOTHOCTAMH COOTBETCTBEHHO

S, ="

4

(53)

(549
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[Tocae 3apaaa  kKoHAeHCAaTOpa TOK mpekpamaerca.  OaHako
CTAIIHOHAPHBIE ITOTOKU 9AEKTPOMATHHTHOI SHeprun coxpansrorca. [1pu
t=o u3 (53, 54) caeayer, YTO B 3APAKEHHOM CHEPHIECKOM
KOHAEHCATOPE CYIIECTBYIOT ABA IIOTOKA SHEPIHH — MEPHAHOHAABHBIN 1
PAAMAABHBIN C IIAOTHOCTAMHI COOTBETCTBCHHO

-nA> .
S =—"——sin(26
=20 sin(26), (55)
2
S, = ﬂ?sin2 ©®). (56)
qap

Takum  oOpasom, perreHue  ypaBHeHHH — MakcBeara — AAA
3apMKAEMOIO  KOHAEHCATOpAa W AAA  KOHAEHCATOpa B IIEIH
CHHYCOHAAABHOIO TOKA OTAHMYAFOTCS TOABKO TEM, YTO B IIEPBOM CAydYac
IIPUCYTCTBYIOT 3KCIIOHCHIIMAABHBIC (DYHKIIMH BPEMCHH, 4 BO BTOPOM -
CHHYCOHAAABHEIC.

7. DAEKTPOMAarHUTHAA BOAHA B OKPECTHOCTH

cpepudeckoro 3apsaaa

OAMHOYHBIN cpepudecKnii 3apfAA MOKHO PacCMaTPHBATh KAk
chepudecknii  KOHAGHCATOP € OECKOHEYHO OOABIIAM  PAAHYCOM
BHeIIHe oOoaoukm. Ilpm sTOM BCe cBOMicTBa  3apAKEHHOIrO
cheprUIeCcKOTO KOHACHCATOPA OKA3BIBAIOTCA CIIPABEAAUBBIMU AAf TAKOIO
3apapa. CACAOBATEABHO, MOKHO VTBEP/KAATb, 9YTO B OKPECTHOCTH
OAMHOYHOTIO C(DEPUIECKOTO 3aPAAA CYIIIECTBYIOT

® CTAaIHOHAPHOE KYAOHOBCKOE SAEKTPHIECKOE IIOAE,

® SACKTPOMATHUTHOC M IIPAKTHYCCKH CTAIITMOHAPHOC ITOAC - CM.

(6.47-6.48),

® ITOTOKH 3AEKTPOMATHHTHOM OSHEPIMH — MEPHAMOHAABHBIN W
PaAMaABHBIN ¢ TAOTHOCTAME BHAA (6.55, 6.56) cCOOTBETCTBEHHO.

VimeHHO B 5TOM IIOTOKE ITUPKYAUPYET SAEKTPOMATHUTHAS SHEPIHA,
KOTOpOH 0OAaAaeT 3apAA. CAGAOBATEABHO, 2HEPIUA 3apAAd, KOTOPYIO
IPUHATO CYUTATh SAEKTPUYECKOU IOTEHIIMAABHOII SHEPIHEH, ABAAETCH
SAEKTPOMATHUTHON JHEPIrUel, XPAHAIIENCS B OKPECTHOCTU 3apsAd B
BHACE CTAIIMOHAPHOTIO ITOTOKA.
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naBa 8. PewwieHue ansa cepuyeckoro kKoHgeHcaTopa

IIpusoxenne 1. Pemenue ypaBHeHUi

MaxkcBeara AAFL CPEABI
Bslrtte OBIAO PACCMOTPEHO PEIIICHUE YPABHEHUN AAS BAKYyMa, TAC
B cucreme CI'C, €=pu=1. 3aece Mb paccmorpum Goaee oOmmit

CAy4Yail, TAC € # U.
Paccmorpum cHOBa Ta0A. 5. O603HAYHM

E=gE' (60)
g= 2 (61)
&

Toraa Taba. 5 mpumer BuA TabA. 7. BelmoAnmM  mpoctsie
IIpeoOpPa3oBaHUA B TAOA. 7 M IIOAYIHM CHOBa TaOA. Sa:

e B crpokax 1, 2, 3, 4 ypaBHEHHUA ACAATCA HA g,

e 1pu 3TOM B cTpoKax 1, 2, 3 mepea mepemennoi H rmosBasercs

koapdurmeHT
[0) [0
:;ll gZF\/,Ué‘, (622)

e B crpokax 5, 6, 7 koapduIMEHT IepeA IIepPEeMEHHOI E'

3aMCHACTCA Ha

WE @
q =Tg 2:\//15- (62)

CAeAOBaTEABHO, M B 3TOM CAy4ae pereHme mmeer BHA (33-38).
OtAmgme cOCTOUT TOABKO B 3HaueHHHN koadpdunnenta g - cpapau (12)

u (62). Aaree 1o (60) ompeaeastrores nanpsikennoctu . Takum
obpasom, ypasHeHnA (33-38) B AAHHOM CAydae IPHHUMAIOT BHA:

4 .
H, =2—Sln(Q(p—R)+ A), (63)
Yo,
4
H, =2—COS(61(/J—R)+ A), (64)
Yol
4
H,, =——cos(glo—R)+p), 65)
ap
E,, — 22 cos(qlo-R)+ ). (66)
2p
Ao .
EW =£sm(q(p—R)+ ,B) (67)
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Ag .
E, = q/;gz sin(g(p— R)+ ). ©8)
Tabaumna 7.
1 2
I % _% =0
D c P
2 _ E;p+aE<;p _a)ﬂH —0
p  Op c 7
3| (B, 0Fy), o, _,
D op c 7
4 [( E,, , 9E, j L 25, ]g —o
p Op p
| M 02 o
D c P
0 _(H,, 0H ,, _gE,gZO
Yo, op c 7
T (H OoH
( % +—9p)—“’€E;pg =0
yo, op c
8 ((pr N apr} 2H9pj:0
p  Op p

ITpusoxenne 2. Pemenme  ypaBHeHUH
MaxkcBeaaa AAS 3AEKTPOIIPOBOAHOIO

AHAIACKTPUKA

B mpuaoxennnl OBIAO PacCMOTPEHO PpEIICHUE YPABHEHHIT AAA
AUSAEKTPHKA, Y KOTOPOro & # . Aaree IIPEATIOAOKHM €INe, YTO
AMSAEKTPUK HMEET HEKOTOPYIO 3AEKTPOIIPOBOAHOCTE O . B aTOM cayuae
ypaBHEHIE BHAQ

e ok
rotH ———=0 71)
c Ot

3aMCHACTCA HA ypaBHCHI/IC BHIAQ
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(72)

& OF
rot ———-oF =0
c ot
Bmecro TabA. 3 B aTOoM cAydae OyaeM MCIIOAb30BaTh TabA. 9, rac @ -
yroa  caBura a3 MEKAY ~ MAHUTHOM U 3AEKTPHYECKOMH
HAIIPSKEHHOCTAMU — cM. puc. 11.
H=J= cos(a)t)
A
AE—)cos(a)t) if (¢—>0, G—)ooJ
'
L
0
. E =cos(wt — @)
E, = cos(awt )cos(¢) N ¢
[]
! . . T
] ........-VEasm(at) 1f[¢45, a»oj
E,, =sin (ot )sin (p) Sin(a)t)

Puc. 11 (Sharl.vsd)

TabAnma 9.
1 2

E =E, (p)cos(@Xsin(gzﬁ) sin(wt) + o cos(9) cos(a)t))
E,=E,, (p)sin(é’Xsin(¢) sin(at) + o cos(g) cos(a)t))
E,=E, (p)sin(HXsin(¢) sin(awt) + o cos(¢) cos(a)t))

H,=H, p(p)cos(ﬁ)cos(a)t)
H,=H gp(p)sin(ﬁ)cos(a)t)
H,=H, (0 Jsin(8 )cos(wr)

IIpu sTom cucremy ypapHeHHII MakcBeaAa MOXKHO 3aMEHHUTH Ha

ABE HE3aBHCHMBIX CHCTEMbI YPABHCHUIT: B LEPBON M3 HUX HCIIOAB3YETCS
caaraemoe  sin(@)sin(wf) wus rtaba. 9, a BO BIOPOH - cAaraemoe

ocos(@g)cos(ar) uz Taba. 9. Ilocae permrenus sTHX cucreM oOIIEe
pEIlICHHE OIIPEACAACTCA KAK CyMMa HAHACHHBIX pEIIeHHI (B CHAY
AMHEHHOCTH cucTeMm). PerreHnme TepBOM CHCTEMBI IIPUBEACHO B
puAoKeHuu 1.
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TabA. 5 Arsl BTOPOH CHCTEMBI IIPHHUMAECT BHA TaOA. 10 (M3mMeHeHBI
dopmyasr (5-7)). Aasee OYAeM pacCy:KAaTh TaKiKe, KAK U B puAoxKeHun 1.
Ob6o3naunm

E=gFE". (73)

_ H
£ \ &-0-cos(g) 7

Toraa TabA. 10 mnpmmer Bma TabA. 11, Bemoanumm mpoctsie
peoOpasoBanus B Ta0A. 11 (amarormuHele IPEOOPa3OBAaHUAM B TAOA. 7)
U IIOAYYHM CHOBa TaOA. 5a:

TAC

e B crpokax 1, 2, 3, 4 ypaBHEHUA ACAATCA HA g,
e 1pu 3TOM B cTpoKax 1, 2, 3 mepea mepemenno M mosBAsercs
koappurmeHT
a, 0
q:,u/ :—w/uga-cosiq‘).), (75)
c c

e B crpokax 5, 6, 7 koadpdunmeHTr ImepeA IIEPEMEHHON E'

3aMCHACTCA HA

g=0- COS(¢)' g= Qﬂ[uEG' COSI¢ ) (76)
c

CAeAoBaTEABHO, M B 3TOM CAy4ae perreHue nmveer BHA (33-38).
OrAmdne cOCTOUT TOABKO B 3HadeHHHU koo dunnenta g - cpasuu (12)

u (75). Aaree mo (73) ompeaeasirorcs HanpsmkeHHoctH . Takum

0oOpa3oM, M B AAHHOM CAy49ae MBI IHOAydaeMm ypasHeHus (63-68).
OrAmdne cOCTOUT TOABKO B 3HaYeHHH Koaddurmenra g - cpapau (61)
u (74).

OOvpeaunsa  perneHus AAA  IIEPBOH M BTOPOH  CHCTEM
OKOHYATEABHO ITOAYYAEM:

Ag .
gz sm(q(p—R)+ ﬂ). a7
qp

Hep=%(sm@l(p—mesin<q2<p—R)+ﬂ2», %)

H,,,p=z—j(cos(%(p—zowoﬂos(qz(p—R)+/s2», 79

H, =;—f(icos<ql<p—R>+ f)+ - cos(a,(p- R)+ m], &0
q9,

1

Epp =
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E, =%(gl cos(q, (p— R+ )+ g, coslg, (o— R)+ ). (81

5 =§<gl sin(g,(p— R)+ B+ g, sin(g, (o~ R)+ ). (82)

Epp = iz(Wl Sin(‘]l (/0 - R)+ B )+ w, Sin(%(p - R)+ B ))’ (83
Y2,

TAC
)
q, :;\/ﬂg, (84)
W
q, :—«/,uga-cosigz ) (85)
c
g ==, (56
&
7,
= |[———= 87
82 \/5 o -cos(g)’ 7
\f / L, "
g2 — ,uga cos(¢ (89)
E-0- cos " weo- cos(¢)
Ta6awnra 10.
2
1 2E¢p o,
p c 7
: ( ) “’”H , =0
s J Fi
4 ( aE 2E J 0
5| 2H
o =0
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P

H oH
- {—"’p +— ] -c cos(¢)E,9p =0
op

2,

o

OH

+ —6;p j - acos(¢)E¢p =0

[(HW Lo, j L ] o
p  Op P

Tabauma 11.
1 2
D c P
2 _(Ewp_'_@Erpp]g a)ﬂH -0
o
p 0Op g
(B, ), _ony
p) op c ”
4
(Epp+6EppJ+2E9pjg _
p  Op p

Hy, —acos(¢)Eppg =0
P

6 H OoH
- (—‘”p +—% j -0 cos(¢)E9pg =0
p  Op

7| (H OoH
[i + —g”) - acos(¢)E¢pg =0
p  Op

8 ([pr +aprj+ 2ng]=0
p Op p
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masa 9. Npupoga 3eMHOro MarHeTnama

I'aaBa 9. I Ipupoaa semHOIO
MATHETHU3MA

MsBectHO,  9TO  DAEKTPHUYECKOE  TOAE€  3EMAH  MOKHO
paccMaTpuBaTh, KaK IIOAE  "MEKAY OOKAAAKAMH  C(HEPHUIECKOTO
konAeHcaTopa" [51]. DMy 0OKAAAKAME SABAAIOTCA ITOBEPXHOCTD 3EMAN
3apMKEHHASA OTPHUIIATEABHO, H HOHOCEPA, 3apAKEHHAA ITOAOKHTEABHO.
3apAA  9THX  ODOAOYEK ITOAACPIKHBACTCA ITOCTOAHHBIM —I'PO30BOM
AEATEABHOCTBIO aTMOCEPHI

M3sBecTtHO TaKiKE O CYIIECTBOBAHUHM MATHHTHOIO IIOAfl 3EMAW.
OAHAKO B 3TOM CAyYa€ OTCYICTBYET OOINEIPHUHATOE OODbACHEHHE
HNCTOYHHUKA 9TOro IOAf. '"[lpobAeMa IIPOMCXOKACHHSA H COXPAHECHUA
IIOASl HE peIreHa 1o ceii Aeup” [52].

Aasee MBI PaCCMOTPHM THIIOTE3y O TOM, YTO MATHUTHOE IIOAE
3eMAU ABASETCA CACACTBUE CYILNECTBOBAHUA IACKTPUYECKOIO IOAA
3eman.

B raaBe 8 ObIAO 1OKA3aHO, YTO CYIIECTBYET MATHUTHAs
9KBATOPUAABHAA IIAOCKOCTb, MATHHUTHAf OCb, MATHHUTHBIC IIOAIOCA U

MAargmTHBIC MCPUAMAHBI, ITO KOTOprM HaHpaBACHI)I BeKTOpI)I H(p@ - CM.

puc. 4 B raase 8. YTOoA MEKAYy MArHUTHOI OCBIO M MaTEMATHYECKOI
OCBIO MOAEAH HE MOJKET OBITH OIIPEACACH M3 MATEMATHYECKON MOAECAM.
Tem GoAee, HE OIPEAECAEH YTOA MEKAY MATHUTHOH OCBIO B (PU3HYECKOM
OCBIO BpaIreHus 3eMAH.

Cdpeprgeckre BEKTOPBI 3aBUCHT OT sin(@). PaAmasbHEIEC BEKTOPBI
3aBUCAT OT COS(@) - cM. TabA. 6 B TAaBe 8. [lostomy B TOUKax, rAe
cheprudeckne HANPMKEHHOCTH PAaBHBL HYAIO, CYIIECTBYIOT TOABKO
paAnaspHble HanpspkeHHOCTH. Hatiaem yroa Hakaonenus ¢ . 13 taba. 6

u dpopmya (47-49) B raase 8 caeayer, 4TO

y
M| 2psm( ) _w-p-1g(0)
g¢)=1-7 = = (50)
‘ P‘ 2005(9)
wp

V13 BBIIIICH3AOKEHHOIO CACAYET, YTO MATHUTHOE moAe 3eMAHu
ABAAETCA CAEACTBUE CYILECTBOBAHNA IAEKTPUUECKOIO IIOAA 3EMAH.
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Mnasa 9. MNpupoaa 3eMHOro MarHeTnsma

Paccmorpum 3TOT BOIIpOC MoApoOHee.
Ha puc. 8 noxasano sexropmoe moae H , B Amamerpaspnoi
IIAOCKOCTH, TIPOXOAAIIEH dYepe3 MarHUTHy(O ocb. [lpm  stom

‘H¢€‘=0.7; p=1.Ha pnc. 9 mnoxasamo sextopmoe more H, B
AMAMETPAABHOM ITAOCKOCTH, IIPOXOAAINEH Yepe3 MarHUTHYIO och. [lpm

3TOM ‘H p‘ =0.4; p=1. Hakonen, ua puc. 10 mokasaHo BeKTOpHOE IIOAE
H=H oo T H , B AMAMCTPAABHOM IIAOCKOCTH, IIPOXOAAIICH —vepe3

H,|=02 p=1.

MATHUTHYIO OCb. [Ipn sTOM ‘HW‘ =0.3;

15

T T
' v
' '
' '
' '
' '
'

FIG. 8 (Sfera 88)
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FIG. 10. (S&ra.88)

AHAAOTIYHO MOJKHO OIIHCATh 9ACKTPHYECKOE OAE 3eMAn. BaxHo
OTMETHTb, YTO IAEKTPHUYECKOE IIOAE HIEPIEHAMKYAAPHO MATHUTHOMY
ITOATO.

Ere pas moadepkHeM, 9TO CaMO CYIIECTBOBAHHE SACKTPHYECKOIO
IIOAfl HE BBI3BIBACT COMHCHUf, a 3apsiA ' CHEPHIECKOIO KOHACHCATOPA
3eMAn" TOAAEPIKUBACTCA TPO3OBOH ACATEABHOCTBIO [51].

PaccmoTpuM  erme  CpaBHHTEABHBIE KOAWYECTBEHHBIE OILEHKHU

MATHUTHOM M 3AEKTPUYECKOM HAIIPAKEHHOCTEN HOAL 3emam.
B Bakyyme, rac € = =1, u B cucreme CI'C MeXAy MATHUTHOH H

SAEKTPHYECKON HAIIPMKEHHOCTBIO B AFOOOM HAIIPABACHHH CYILECTBYET
COOTHOITICHUE BUAA

E=H. ©9)
DTO  COOTHOIICHHA  CIPABEAAHBO, €CAH  9TH  HAIPSKEHHOCTH
m3mepsarorcsas B cucreMe CI'C B AaHHOI TOYKE B OAHOM H TOM K
HanpaBAeHuU. Aas repexoaa B cuctemy CH Hapo yaects, 9410

and H: 1 CI'C =80 A/m

arg E: 1 CI'C = 30000 B\m

Takmm obpasom, cucreme CH Boipazkenne (9) mpuHuMaeT BUA:

3000E =80H (10)
A

E=0.03H. (11)
A

H=30FE-tg(p). (12)
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AOIIOAHHTEABHBIM ~ aPIYMEHTOM B IIOAB3Y  CYILECTBOBAHES
SAEKTPHYECKOIO IIOAfl YKA3AaHHON CTPYKIYPBI ABAACTCH CYIIECTBOBAHIIE
TeAAypraeckux TOKOB [53]. OrcyTcTByeT OOIIEIpHIHATOE OOBACHEHNE X
npuauHbL VICXOAS M3 BBIIIICH3AOKCHHOIO, CACAYET IIOAAraTh, YTO 3TH
TOKH AOAYKHBI IMETh MAKCHMYM B HAIIPABACHIH ITAPAAACACH.

Bosmoixno, sAekTpugeckoe moAe 3EMAH MOKET OBITH OOHAPYKEHO
C IIOMOIIBIO CBOOOAHO IIOABEIIICHHOIO 9ACKTPUYECKOTO AMITOAS,
BBIIOAHCHHOTO B BHAC AAHMHHOIO H30AHPOBAHHOIO CTEP/KHA C
METAAAMYECKAMH IIIAPAMH HA KOHIIAX. BO3MOXKHO TaKKe, YTO IIPH
HU3KOH YacTOTe H3MEHEHHA 3aPAAOB AHIIOAA OYAYT 3a(PUKCHPOBAHEL
KOACOAHUSA CTEPIKHA.

McxoAst U3 IIPEAAOIKEHHOM THITOTE3Hl, MOKHO IIPEAITOAOKHUTD, 9TO
MArHUTHOE IIOA€ AOAKHO HADAFOAQTBCS y  IIAAHET, HMEFOIINX
armocdpepy. AeHCTBHTEABHO, MarHHTHOE IIOAE€ OTCYTCTBYeT y AVHBI H
Mapca, anmensbsix armocdepsr. OAHAKO MATHUTHOE ITIOAE OTCYTCTBYET U
y Beneprsr. BosmoxkuO, 9T0 OOBACHACTCA BBICOKOW IIAOTHOCTBIO U
IIPOBOAUMOCTBIO  atMocdeper  —  atmocdepy  Bemepsr  HeAbss
paccMaTpUBaTh Kak U30AHPYIOIINHA CAOH C(DEPUYECKOTO KOHACHCATOPA.
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I'aaBa 10. Permreane YpaBHEHUU
MakcBeAaAa AAS IITAPOBOM MOAHUU

OraaBAeHue

—_

. Beeaenue

. Pemmenme ypaBuenuii MakcBeana B cdpepryaecknx
KOOPAHMHATAX

. DHeprus

. IloTox smeprun

. O6 ycToiunBOCTH MIAPOBOM MOAHUU

. O cBedeHHN MIAPOBON MOAHIH

. O BpeMeHH CyIIeCcTBOBAHUSA IAPOBOH MOAHHH

\S)

o0 1N Ul A~ W

. O BO3MOKHOM MEXAHU3ME O6paSOBaHI/IH LHZIPOBOI:I
MOAHUH

1. BBeaenue

Beuckasannvie  cunomeser o npupode  wmaposoir  mosnun
HenpuemMaeMol, maK Kax OHU NPpOmusopedarn’ 3aKomny coxparerus
IHepeut. Dmo  npoucxooum nomoMmy, umo ceeueriue waposol
MOAHUY  00BIUHO  OMIHOCAN 34 CUenm SHepeutl, 6b10e/9eMOl 1npu
KakoM-1ub0 MONCK)IAPHOM UAU  XUMUYECKOM Npespayerits, U
mMaKuM 06pasom npeonosazaron, 4mo UcmounUK Hepeut, 3a cuem
KOmOpO20 CEemumecs maposas MOAHUT, Haxo0umia 6 et camotl.

Karmma IT.A. 1955 [41]

Dr1o yrBEpKACHHE (HACKOABKO M3BECTHO aBTOPY) CIIPABEAAHBO U
ceropaa. OHO yCHAMBAETCA €IIle U TEM, YTO II0 COBPEMEHHBIM OIIECHKAM,
TUIIAYHAA II1APOBasg MOAHHA COACPKHT ACCATKH KHAOAMOYAeH [42],
BBICBOOOKAAFOIIINXCSA IIPU €€ B3PHIBE.

OOmenpusHano, d9ro IMapoBasg MOAHHA Kak-TO CBA3aHA C
SAEKTPOMATHUTHBIMU ABACHUAMH, OAHAKO HET CTPOTOrO OIIMCAHHA THX
IIPOIIECCOB.

B [56] ma ocHoBe ypaBHeHmE MakcBeAAa OBbIAA IIPEAAONKECHA
MaTEMATHYECKas MOAEADb IIAPOBOM MOAHHH, KOTOpPas ITO3BOAMAR
OOBACHUTH MHOTHE CBOICTBA ITAPOBOM MOAHHH. DTa MOAEAB OKA32AAChH
CAOKHOH B MAaTEeMaTHYECKOM ommcaHud. Aasee OBIAA IIPEAAOKEHA
Apyrasg — MaTEMATHYECKas  MOAEAb  ITAPOBOM  MOAHHH,  Ooaece
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MagBa 10. PeweHue gnsa wapoBOoW MOJTHUN

OOOCHOBAHHAA U IIO3BOAfIIOINAA  IIOAYYHUTH  MEHEE  CAOKHOE
MarematTmdeckoe onmcanue [56]. Kpome Toro, at1a MOAEAB coraacyercs c
MOAEABIO C(DEPHIECKOTO KOHAEHCATOPA — CM. TAABY 8.

[Ipu mocTpoeHHN MATEMATHYECKOH MOAEGAM MBI OYAEGM IIOAAraTh,
YTO IAPOBAS MOAHHSA IIPEACTABASCT COOOI ITAa3My - a3 3apsKCHHBIX
YACTHI] - SACKTPOHOB U IIOAOKHTEABHO 3aPAKCHHBIX HOHOB, 4 AOAA
HEHTPAABHBIX ATOMOB B HEH IIPEHEOPEKMMO MaAd, TO €CThb IIAA3Ma
IIApOBOIl ~ MOAHHH  IIOAHOCTBIO  HMOHH30BaHa. Kpome  Toro,
IIPEAIIOAAraEM, YTO B 9TOM IIAA3ME YHCAO IOAOKHUTEABHBIX 3aPAAOB
pPaBHO YHCAYy OTPHUIATEABHBIX U B IIEAOM OSAEKTPHUICCKHE 3apsA
IIAPOBOIl MOAHHH paBEH HYAIO. B I1Aasme HpHHATO paccMaTpuBaTh
CPEAHHE IO HEKOTOPOMY 9AEMEHTAPHOMY OOBEMY ITAOTHOCTH 3aPAAd U
TOKA. DACKTPUYECKHE W MATHHUTHBIE IIOAfl, CO3AABAEMBIC «CPEAHEID
IIAOTHOCTBIO 3apAAd U «CPEAHHM» TOKOM B IIAa3M€, IOAYMHAFOTCA
ypaBHeHnAM MaxkcBeara [62]. DdderT CTOAKHOBEHHI HYACTHIL ITAA3MBI
OOBIYHO OIIMCBHIBAIOT IIPH HOMOIIN (DYHKITUH PACIIPEACACHUA YACTHII B
maasme. Hroke mer ot apdextsr OyAeM yIHTBHIBATD B YPaBHEHHUAX
MakcBeAAa, TOAAras, 9To IAa3Ma OOAAAAET HEKOTOPBIM SAEKTPHICCKIM
COIIPOTUBAECHUEM HAU IIPOBOAUMOCTBIO.

Mrak, nasee Ha OCHOBe ypaBHeHHHA MaKcBeAAd W IIPEACTABACHUSA
00  DAEKTPOIIPOBOAHOCTH  TE€Ad  IMAPOBOH  MOAHHH  CTPOHTCA
MaTeMaTUYIeCKasd MOAEAB IIAPOBON MOAHHH, ITOKA3BIBAETCA CTPYKIypa
SAEKTPOMATHUTHOTO IIOAf U SAEKTPOTOKOB B HEM. Aasee ITOKasbIBaeTCA
(KaKk CAGACTBHE OSTOH MOAEAM), 9YTO B IINAPOBOH MOAHHH MOKET
LUPKYAHPOBATh IIOTOK 9ACKTPOMATHHUTHOH SHEPTHU U TAKHM OOpPasoM
MOZKET COXPAHATHCA SHEPTHA, IOAYIECHHAA ITAPOBOM MOAHHEH IIpH ee
BO3HUKHOBeHHH. KpaTko paccMaTpHBAIOTCA TaKKe YCTOHYIHBOCTD,
CBEYECHHE, 3aPAA, BPEMS CYIIIECTBOBAHUA, MEXAHU3M OOPa30BAHUS.

2. Pemenme ypaBHeHuii MaxkcBeara B

cpepudecKknx KOOPAMHATAX

Ha puc. 1 nokasana cucrema cepudeckux koopausatr (0,60,9).
B T126A. 1 mpuBeAeHBI BEIpaKeHUA AAA POTOPA M AUBEPIEHIINH BEKTOPA
E's stux xoopanHatax [4]. 3aeck 1 Aanee

E - manpsxenrocts sAekTpIYecKoro moas,

H - manpsxernocTs MarHHTHOTO TOAS,

J - IAOTHOCTB TOKa,

M - aDCOAIOTHAS MarHUTHASA IIPOHUIIAEMOCTb,

& - aOCOAIOTHAS AUIACKTPUYECKASA IIPOHUIIAEMOCTD,

O = 9ACKTPOIIPOBOAHOCTb.
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C [
v‘\\ / /
Puc. 1.
TaoAumna 1.
1 2 3
1| rot p(E ) E OE OFE,

0"
pig(0) po6  psin(0pe
2| rot,(E) OE, E, OF

psin@Pe  p  op

3| rot,(E) | E, | OB, OF,

p__Op pop

4| div(E) | E, OE, E O, OE

P4 p

+—2 <+ + “
p op pg®) pod  psin(@Pe

Vpasuenna MakcBeasa B chepUYIECKHX KOOPAHMHATAX B CHCTEME
CI'C mpu OTCYTCTBHH HECKOMIIEHCHPOBAHHBIX 3aPAAOB IIOKA3aHEI B TaOA. 2.

TabAuna 2.
1 2
. rot H—gaEp—J =0
P ot P
2. OE

rot, H—-e—%—J,=0
0 at 9

8E¢
roth—g Py —Jq, =0
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ot g u e g
rot \E — =
"
5. OH
rot, F — £=0
o —H o
6. £ OH,, N
rot E — =
"
div(E)=0
div(H)=0
H=J= cos(a)t)

‘E—)cos(wt) if (¢—>O, cr—)ooJ

E= cos(wt — @)

E =cos (a)t )COS(¢)

___?_-y E —>sin(er) if (¢—>§, a—>o)

: > .
E,, =sin (@t )sin (p) Sm(a’t )
Puc. 2 (Sharl.vsd)

Aasee MBI OyAGM HCKAThb MOHOXPOMATHYECKOE PEIICHHE JTHX
ypaBHeHHH. AAA 9TOr0 BO BpeMeHHOI 00AACTH IPEACTaBUM (DYHKITHH

E, H, J B caeayromem Buae:
H=H, cos(a)t)

E = E, (sin (et )sin(g )+ cos(et Jcos(s))

J = E, o cos(at )cos(¢)
rme ¢ - yroa casura a3 MEKAY OACKTPUYCCKOH M MATHHTHOM
HAIIPHKEHHOCTAMH - M. pHuC. 2. C y4eTOM 9TOro OYAEM HCKATh PEIICHIE
ypasuenuit Makcseana B Buae pyukuuit £, H, J, npeacraBacHHBIX B
TabA. 3, rAe dymHkumm Bmaa E op (p) IIPEACTOUT BBIYUCAHTB. 3AECh

Ba/KHO OTMETHUTD, YTO 3TH (DYHKIINN HE 3aBUCAT OT apIyMeHTa (.
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TabAuna 3.
1 2

E,=E, (p)cos(HXsin(¢) sin(wt) + o cos(¢) cos(a)t))
E,=E,, (p)sin(@Xsin@) sin(at) + o cos(g) cos(a)t))
E,=E, (p)sin(HXsin(¢) sin(awt) + o cos(¢) cos(a)t))
H, = pr(p)cos(ﬁ)cos(a)t)
H,=H gp(p)sin(e)cos(a)t)
H,=H W(p)sin(@)cos(a)t)

B raase 8 moxasano, 9T0 Takoe pereHne CyInecTByeT IpHu

H@p=%(Sin(qlco—R)+ﬂ1)+sin(qz(p—R)+ﬁz)), m

HW=2—;1(008(%(,0—R)+ﬂ1)+008(qz(p—R)+ﬁz)), @

-4

", F(QLCOS(%CO—R)+ﬂ1)+qLCOS(q2(P—R)+ﬁz)],(

1 2

S

)
EE’p = %(gl COS(‘]l(/) _R)+ By )+ &> COS(%(IO_R)+ B, )), “4)

Egop = %(gl Sin(%(p _R)+ B )+ &> Sin(‘]z(p - R)+ B ))’ Q)

=)

E, - §<wl sin(g,(p— R+ 4, )+ w,sin(g, (o - R)+ 5,)). )

TAE

q, :%\/E, @)
q, = %\/uw-COS(cé). ®)

& = ﬁ’
&

_ H
&= \ &0 -cos(p)’ 10
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, (11)

%

>~ weo- cos(p)’ (12

A, B, B, - HEKOTOpBIE KOHCTAHTHL.

B raase 8 mokasano, 4to BMecto mapsr Bekropos H o H H, moxmo
paccMaTpHUBATL OAMH CYMMAPHBIN BEKTOP

H,=H,+H,, (13)

KOTOPBIH AEKHT B IIAOCKOCTH, KACATEABHON K cdepe paAuycoM p, u

HaHpaBACH IIOA YTAOM ¥ K AMHUN HapaAACAI/I. MOAYAI) 9TOIO BCKTOpa nu

YIOA Y/ OIPEAEAAIOTCA CACAVIOIIUME (DOPMYAAMHE:

A
[Hoo| = 2, (14
T o
y="-—(p-R)-5. (15
2 ¢
rae R - paanyc mapau f = f, = f5,. V3 (14) u taba. 3 caeayer, 910
. A .

H,= ‘H we‘sm(@)cos(a)t) = gsm(é’)cos(wt) , (16)
AmarormaHbie COOTHOIIEHHA CymecTByIoT AAd Bekropos E, u E,, a
HUMEHHO:

A
\Ew\ =2, (17)

l//e:%(p_R)_lB (18)

Al
z 9
=——y. 1
Ve 5 4 19
W3 (17) n TabA. 3 caeayer, 91O
E,= %sin(&’Xsin(@ sin(@t) + o cos(@) cos(a)t)). (20)

Ha puc. 3 nokasamn sexroper H,, H,, E , E,, H ,, E,
HICXOAAIE H3 TOYKK 1 € KOOPAHHATAMH (go, 49). Vroa MexAy

BEKTOpaMH H¢9 %8 E(pg B ITIAOCKOCTH P}IBA}ICTCH TIPAMBIM.
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WMrak, B 1m1ape MOKHO pPacCMATPHUBATh TOABKO OAHMH BEKTOP
OAEKTPHYECKOH HAIIPSLKEHHOCTH E ) M TOAPKO OAMH BEKTOP MATHHTHOM
nanpsokennocta H ;. ITockoabky a1n BekTopsl Aekar Ha cepe, Hyaem

HA3BIBaTh HX cdepudecknMu. Takum oOpasom, B IIape CYIIECTBYIOT

E

ToApKO  cpepuueckne  H n  papmaspaeie  H u E »

00> @0 p

HaripsikenHoctd. Ha puc. 4 mokasamsr sextoper H , n E_,, aexarme

90>

Ha rmaockoctu P, u Bextopsr H p | E p > ACIKAIIIHE HA PAAHYCE.

A u

H H

1(/’ »0

®»

4
Puc. 3 (Steral10.vsd).
b,
H ?I 72
P
|I E,,
| g 772
| 72
T(Q, 0) ' H(/JE’

Puc. 4 (Sfera3a.vsd).
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HamromMumM, 9TO 3TO  peIlleHHE ITOAYYEHO IIPH  CACAYFOIIUX
IIPEAIIOAOKEHIAX: cepa IAEKTPOIIPOBOAHA U HEHTpaAbHA (HE HMEET
HECKOMIIEHCHPOBAHHEIX 3aPAAOB). DTO PEIIIEHHUE, OYEBUAHO, HE ABAACTCA
CGAMHCTBEHHBIM. Fro cymecTtBoBaHmE O0O3HAYAET TOABKO, YTO B
9ACKTPOIIPOBOAHOM M HEHTPAABHOI cdpepe MOMKET CyIIECTBOBATH
9ACKTPOMATHUTHAA BOAHA U IIUPKYAHPOBATDH TOKH.

3. Dneprus
M3 TabA. 3 caeayer, 9TO B IIAPOBOIT MOAHUN HMEIOTCH
e akruBHad OSHeprua morepb W, — cM. Bropoe caaraemoe
SAEKTPHYIECKON HAPAKECHHOCTH:
® peakTHBHAA dAEKTprdecKad sHeprus W, — cMm. mepBoe caaraemoe
3AEKTPHYECKON HAITPAKEHHOCTH,
° pCaKTI/IBHaH MarHuTHaAa 3HCPFI/IH Wh — CM. MAarHHUTHYIO

HaHpH)KCHHO CTbh.

3anumreM 5T BEATYHHEL:

(Epp (p) cos(H)) +
W= dpdf,
f (Gcos(¢) cos(a)t))z;[i sin2(9 X(Eap(p)) N (Ewp(p))) pd @, (21)

(Epp (p) cos(é’))Z +
W =(si . d 9,
e (sm(¢)sm(wt))2££ sin’ OWE,, () + E,,(0))) pio e

) ,,(p)cos@)) +
= Gostan [ i@, () + @ (0)) )

OueBHAHO, YTO aMIAHTYABI dHepruii W, u W, moryt Obrtp paBHBI

dpdf . (23)

IIpY  HEKOTOPBIX 3HadeHwsx koucraut A, S, f, - HekoTOpbe
koHCTaHTH — cM. (1-6). Ilpu atom smeprun W, u W, mpeobpasyrorcs
ADYT B APYI'a — CM. MHOKHTEAN (Sin(a)l‘))Z u (Cos(a)t))z B (popmyaax (22,

23). CaeaOBaTEABHO, B ITOAYICHHOM PEIICHUN BBIIOAHACTCA 33aKOH
COXPAHEHUS SHEPIUU AAS IITADOBOU MOAHHHU B IIEAOM.

Bmecte ¢ Tem u3 TaOA. 3 cACAyeT, YTO B KAKAOH TOUKE IIapa 9TOT
3akoH He BbIIOAHACTCA.  (CAEGAOBATEABHO, CYIIECTBYIOT —IIEPETOKH
9HEPTUN MEKAY TOUKaMH rapa. Himxe MBI AOKakeM 3TO cTporo.
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4. IToTrok sHeprumn

4.1. PaAnaAbHBIN IIOTOK 3HEPIUM.

B xaxao# TOuke cdpepbl CyIIECTBYET IIOTOK 3AEKTPOMATHHTHOM
SHEPIUH, HAIIPABACHHBIN IO paAnycy — cM. puc. 5. Bexrop maorHOCTH
3TOTO ITOTOKA PaBEH

S,=E_,xH

0o (24)

4y
!

%} o6

Puc. 5.

ITockoabky Bexropsr H 00> E oo TTEPIICHANKYAAPHEL, TO n3 (16, 20)

HaAXOAUM:

‘S p‘ = ‘E ¢‘,“H W‘ = 4A—22 (sin(@Xsin(q)) sin(ar) + o cos(¢) cos(a)t))Xsin(H)cos(a)t))
p

A2

4 p2

‘S p‘ = sin’ (ﬁ)cos(a)t)(sin(¢) sin(awt) + o cos(@) cos(a)t))

AN

2
‘Sp‘ = 4A 3 sinz(é’ié sin(¢@)sin(2at) + o cos(p) cosz(a)t)] (25)
0
B wacranoctn, npn 0 =0 nmeem: sin(@) =1 n
A . :
‘S =——sin’ (@)sin(2er) . 26)
8p

:

4.2. Cpepuueckuii IIOTOK SJHEPTHUU.

B kamkaoii TOuke cdepBl CYIIECTBYIOT TaKKE ABa IIOTOKA
SAEKTPOMATHUTHON 9HEPTHH, HAIIPABACHHBIX 110 KACATEABHOH K cpepe —
cM. puc. 6. Bektop MAOTHOCTH 3THX ITOTOKOB paBeH

S,=E,,xH, 27)
S,=H,,xE,. (28)
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A v /-
H Ep u
r S
u 2

@0

by

Vm,:

[

O
7(p, 6) 7(p, 0)

Puc. 6.
ITockoABKy yMHOXKaEMBIE BEKTOPHI TEPHEHAUKYAAPHBI, TO 13 (14, 16, 20)

1 TaDA. 3 HAXOAUM:

|Sl| = ‘EW“HP‘ = %sin(@Xsin(gb) sin(at) + o cos(4) cos(a)t))o

°H, (0 )cos(@ )cos(wr)

|S |=‘H ”E ‘=—sm(¢9)cos(a)t)o

o Epp(p)cos(HX51n(¢) sin(wt) + o cos(¢) cos(a)t))

AN

5 | H,,,(p)sin(0)eos(® )Cos(a)t)(sm(qj) sin(ar) + ]

o cos(@)cos(awr)
sin(¢)sin(wt) +
|S | (p)sm(@)cos(@)cos(a) )( o cos(g) cos(wr ))

HOCKOAbe 9T IIOTOKH HCPHCHAI/IKYAHPHBI, TO MOAYAb HX CYMMBI
onpeaeaferca 1o popmyae

A 2 2
E\/Q'I wo(p)+ E (/7))'

i i (29)
'sm(ﬁ)""s(9)Cos(wr>£:rf:)(2ifz<)a;)]

S, =[8,+S,|=

B uacraocrn, npu ¢ =0 nmeem: sin(¢@) =1 u
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|S +S |_ 2 \/(]—[ pp(p)—i-E Pp(p))
. sm(@)cos(&’)cos(a)t) sin(t)

AN

\/(H o(P)+ E2sp (,0))

1 =[S, +S,|=| 8p (30)
. s1n(2t9)sin(2a)t)

Vaureas (3, 6) npn ¢ =0, moaygaem:

A\/_

S, = g s1n(2t9)s1n(2wt) 31)

1

4.3. IToAHBII IIOTOK SHEPIHUU.
M3 (26, 30) mHalineM AMBEPIEHIIMIO IIOTOKA SAEKTPOMATHHUTHOI
SHCPF 1%8%8 HPI/I o = 0

dlv(S +S )— % =
op 00
2 2
= o)A > si 2(H)Sin(2a)z‘) +i A—g/asin(ZQ)sin(%ot) =
op\8p 00\ 8p7q,
- , (32)
= 24 sin” (@ )sin(2ar) + 24 \/_cos(2ﬁ)s1n(2a)t)_
89 80,
4 2 N< 2
(9) +1 sin (6’) sin(2at)
" 4p’
2
VaureBas (7), samedaem, aro — >> 1. Toraa us (32) maxoaum:
q,
dlv(S +S )— \/_ cos(2¢9)s1n(2a)t) 33)

1

DTa AUBEPTEHITNA CYMMAPHOIO ITOTOKA SACKTPOMATHUTHOM SHEPIHH
HE paBHA HYAIO BO MHOIMX TOYKAX INapa. DTO O3HAYAET, YTO IOTOK
SHEPTHUH, IIPOXOAAIIUIT Yepe3 TOUKY, HE PABEH HYAIO B OOIIEM CAYYAa€.
CAEAOBATEABHO, MEHKAY TOUYKAMH IIapa CYIIECTBYET OOMEH 3HEpPIrHEH.
OAHAKO AAS IITAPA B IIEAOM COOAFOAQETCA (KAK YKA3BIBAAOCH BBIIIIE) 3aKOH
COXpaHeHUA 9Heprun. Takum 0Opa3oM, B IIAPOBON MOAHHH
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° CO6AIOA2_€TCH 3aKOH COXpaHCHI/IH SHCpFI/H/I,

° CYILIECTBYCT IIOTOK SACKTpOMaFHHTHOfI SHCPIHUH.

5. O6 ycToiunBOCTH IIAPOBOM MOAHUM

Borpoc 006 ycToMYHMBOCTH TeA, B KOTOPBIX I[HPKYAHPYET ITOTOK
3AEKTPOMATHUTHON 3HEPTHUH, PACCMOTpPEH B [43].

3A€CH MBI PACCMOTPHM TOABKO CHAY, KOTOpas ACHCTBYET IIO
AMAMETPY W paspblBacT IIIAPOBYIO MOAHHIO II0 AHAMETPAABHOI
ITAOCKOCTH, IIEPIICHAUKYAPHOM 3TOMY AHMAMETPY. B IepBbIii MOMEHT
OHA AOAKHA COBEPIIIHTEH PabOTy

dR
A=F— 34
dt 34
Dra paboTa N3MEHAET BHYTPEHHIOIO SHEPTHIO IIIAPOBOI MOAHUH, T.€.
aw
A=—. 35
dt 35
Paccmarpusas (34, 35) coBMECTHO HAXOAUM:
dW |dR
F=—-/]—. 36
de | di o0
EcAn sHeprus mapoBoi MOAHUH IIPOIIOPIIHOHAABHA OOBEMY, T.€.
W =aR’. 37
rae d — k0o PUITHEHT IPOIOPIUOHAABHOCTH, TO
aw » dR
—=3aR"—. 38
di di Y
Toraa
dw |dR 3
F:—W —:3aR2:—W, (39)
dt | dt R

Takum 00pa3soM, BHYTPEHHAA 9HEPTUA IMAPOBOH MOAHUU
SKBUBAAECHTHA CUAE, CO3AAIOIIEN VCTOMYUBOCTD IIIAPOBOU MOAHIH.

6. O cBeyeHNH MMAPOBOM MOAHUM

Beime  3apaua Oblaa  pereHa € YYETOM  SAEKTPHYECKOIO
CONIPOTUBAEHHUSA IITAPOBON MOAHHH. EcTecTBeHHO, OHO HE PaBHO HYAIO U
IIpA IIPOTEKAHUN TOKOB ITO 3TOMY CONPOTHBACHHIO B HEM BBIACAACTCA
TEIIAOBAsA SHEPrusA. DTa TEIIAOBAA SHEPTHA HU3AVIACTCA, YTO U ABAACTCA
HPUIHHON CBEYECHHA IIIAPOBOI MOAHUM.
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7. O BpeMeHH CyIIeCTBOBAHHUA IIAPOBOM

MOAHHUHA
MoxHO 1IOAAraTh, YTO SHEPIUA ITAPOBOM MOAHHH paBHA
AMIIAMTYAHOMY 3HAYEHHIO SACKTPUYECKOM 9HEPIUH, T.€., KAK CACAYET U3

(22) >

(40)

(E,,(p)cos(O)) +
((15);!1 sz(e)((E,,p(p)) (Eq”’(p)})

MOoTTHOCTD TEITAOBBIX ITOTEPH PABHA IIPOU3BOAHON IO BPEMEHHU OT
SHEPTUH TEHAOBHIX IT0TEphb. B (23) moxasama MrHoBeHHas 3SHEprusd
TEIIAOBBIX ITOTeph. CAEAOBATEABHO,

(£, (p)cos(®)) +
pP=42 (ac08(¢))2££ s1n2(49X(Eep( p))+ (EW(P)})

BpeM;{ CyIICCTBOBAHHS H_IapOBOI/I MOAHHWH paBHO BpeMCHI/I
HpeO6pa30BaHI/IH 3ACKTPH‘-ICCKOI?I SHEPIrUM MOAHHH B TCIIAOBBIC IIOTCPH,
T.C.

dpd@ . (41)

T=—. 42
P 42)

W3 (40-42) Haxoanm:
__sin’(§) _1g (¢) )
(Jcos(gﬁ))Z V267

8. O BO3MOXHOM MexaHHU3Me O00pa3oBaHUA

IIIaPpOBOM MOAHUU

Amaep AMHEHHON MOAHHH, BCTpEYas KAaKOE-AMOO IIPEIATCTBHE,
MOKET HM3MEHHUTIb TPACKIOPHIO ABHKEHHA C IIPAMOAMHEHMHON Ha
KPYIOBYFO. DTO MOMKET CAYKHTb IPHYUHOH BO3HHUKHOBEHHA TEX
9AEKTPOMATHUTHBIX IIOACH U SAEKTPOTOKOB, KOTOPBIE OIIHCAHBI BBIIIIC.

Bort xak omuceiBaercs aToT mporiecc B [44]

Ouepeoroni  cunvretuutl  paspad MoaHul, 00HOBPEMEHHBIL ¢ ZPOXONIOM,
ocsenn 6c¢ mpocmparcmeo. A euncy, Kax Oaunneiil ocaenumensusiii Ay4 ysema
Conmya mpub.auNcaenIca Ko Me npamo 6 coaredroe cnaemerie. Koney ezo ocmpui,
uem danvute, mem moane, npumepro 0,5 mempa 6 oauny. Aasvue 7 e 6uncy,
HOMIOMY 4710 CMOIIPIO 1100 Y2/0M 6HUS3.

Menosenmnan — mvzens,  smo  woney. A cvompr, Kax  ocmpue  ayua
npubauncaencs. Bopye ono ocmanosunocy u mewcdy ocmpuem u meaom  Hawan
secnyxam wap, pasmepom ¢ boavuodl cpedngpym. Pasdasca xaomox, xax npu
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suraeme  npobku U3 Gymeraku  wamnarickozo. Ayy eaemen 6 wap. A euncy
OCACnUNIENbHO ADKUIL  wap, yeema COAHYA, KOniopwvill epawuaenica ¢ beuterion
cKopocmvto, nepemansisan ayy eiympu. Ho a e uyscmeyro nu npuxocrosenus, ru
mena.

Hlap nepemanvisan ayu u ysesuuusanca 6 pasmepax. ... Lllap e usdasan
nuxaxux 36yk06. CHavasa on 0via APKUM U HEHPOSPAUHBIM, a 3ameM Hadas
myekrems u A ysudes, umo orn nycm. Eeo oborouxa usmenuaace u on cman noxose
Ha  Mmoavtvid nysepe.  Obosouxa  epawfanace, Ho ee  Ouamemp — 0cmasancs
CIMAOUNBIHBIM, d NOBEPXHOCING OMMAUEANA MEMNANAOM.
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I'AaBa 11. OOI1mIme BBIBOABI

"AO HaCTOAIIErO BPEMEHH HE OBIAO OOHAPYKEHO HH OAHOIO
acpdexra, KOTOPBIH ITOTPEOOBAA OBl BHAOM3MECHEHUA YPABHECHIH
Maxceana" [36]. Tem He MeHee, B IIOCACAHEE BpEMA KPHTHKA
CIIPAaBEAAUBOCTH ypaBHEHUI MaKCBEAAA CABIIIIATCA CO BCEX CTOPOH. DTa
KPHTHKA OCHOBAHA, TAABHBIM OOPa30M, HA TOM, 9TO M3BECTHOE PEIIICHIE
ypaBHeHN MaKCBeAAa, OIHICHIBAIOIIEE SIACKTPOMATHUTHYIO BOAHY,

® HE YAOBAECTBOPAET 3aKOHY COXPAHEHHSA SHEPIHH, IIOCKOABKY

IIAOTHOCTh ITOTOKA YACKTPOMATHUTHON SHEPIHH HYABCHPYET
IO TAPMOHUYECKOMY 3aKOHY,

® AOKaspiBacT CHH(QA3ZHOCTh JACKTPHYECKONH M MATHUTHOMN
KOMITOHEHT HAIPSKEHHOCTEH B 9ACKTPOMATHHTHOW BOAHE; HO
3TO  IPOTUBOPEYUT  IIPEACTABACHHIO O  OECIpPephIBHOM
IPeOOPA3OBAHUH IAECKTPUYECKOM W MATHUTHOH KOMIIOHEHT
SHEPIUH B IAEKTPOMATHUTHOH BOAHE.
DTH CBOMCTBA M3BECTHOI'O PEIIEHUA XOPOIIIO BUAHEI Ha puc. 1.

Puc. 1.

Taxue pe3yAbTaTBI CAEAYVIOT M3 HU3BECTHOIO PEINECHUA YPaBHEHHI
Maxcseana. IToauepkHEM, OAHAKO, YTO 9TH COMHUTEABHBIC PE3YABTATHI
CAGAVIOT TOABKO M3 HaWAeHHOro pemenusa. Ho sto permenne moxer
OBITH MHBIM (YPABHEHHUA B YaCTHBIX ITPOM3BOAHBIX HMEFOT, KaK IIPABHAO,
HECKOABKO perreHunii). Beire BRIBOAUTCA APyroe pemieHue ypaBHEHUIT
MakcBeara.  DAEKTpUYECKHE M MAarHUTHBIE — HAIPAKEHHOCTH B
ACKAPTOBBIX KOOPAMHATAX, IIOAYYAEMBIE B PE3YABTATE ITOIO PEILICHHS,
ITOKA32aHBI Ha pHC. 2.
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\N

™~
200

Puc. 2.

IToaygenHOE perreHne OIUCHBAET BOAHY. Ero OCHOBHBIE OTAHYHA
OT U3BECTHOTO PEIIEHHA COCTOAT B CAEAYIOIIIEM:

1. MruOBeHHSBIH (a HE CPEAHHIT ITO HEKOTOPOMY IIEPHOAY) ITOTOK
SHEPINH HE HU3MEHACTCA BO BPEMEHH, YTO COOTBETCTBYET
3aKOHY COXPAaHEHUA JHEPIUM.

2. MarHuTHasg ¥ 3AEKTPUYECKA HAIPAKEHHOCTH HA HEKOTOPOM
OCH KOOPAHHAT CABUHYTHI 110 (pa3e Ha YETBEPTH IIEPUOAA.

3. Bekropel sAeKTpHYECKONH M MATHHUTHON HAIPAKECHHOCTEH
OPTOrOHAABHBL.

4. ITlorok sHeprum pacpocTpaHfAeTcs BAOAB BOAHBI (HE TOABKO
B BaKyyMe, HO 1 B IIPOBOAEC).

PaccmorprM erme sAeKTPOMATHHTHYIO BOAHY B IIpoBoAe. Ecam
ITOAAraTh, YTO IIPOBOA HMEET IIPEHEOPEKUMO MAAOE COIIPOTUBACHHE, TO
ypaBHeHnA MakcBeaaa AAf 3TOH BOAHBI OYKBAABHO COBITAAQIOT C
ypaBHeHuamMu ~MakcBeaAa AAA BOAHBI B Bakyyme. (OaHako B
SAEKTPOTEXHHUKE HE HCIIOAB3YETCA HM3BecTHOE perreHue. Flcmoawsyercsa

TOABKO  PEIIEHHE,  CBA3BIBAIOINEE  HAUPAKEHHOCT  KPYTOBOTO
MArHUTHOTO IIOASl C TOKOM B IIpoBoAe. Ho a1o permrenne mporusopednt
sKCIIepUMEHTAABHBIM haktam. Peup maer o cxkun-3pdexre. Permenne,
obpAcHAIOmMEe  CKUH-2(P@EKT, AOAKHO  COAEPHKATh HEAHMHEHHYIO
3aBHCHMOCTh ITAOTHOCTH TOKA (HAYILIETO BAOAB IIPOBOAQ) OT PaAHycCa.
Taxas 3aBHCHMOCTD B COOTBETCTBUU C ypaBHeHUAMN MakcBeAra AOAMKHA
COYETATBCA C CYIIECTBOBAHNEM PAAMAABHBEIX H KPYIOBBIX ACKTPHYCCKUX
Y MATHUTHBIX HAIIPSDKEHHOCTEH, HEAMHEHHO 3aBHCAIINX OT PaAHyCa.
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Ororo Her B aAekrporexHmdeckom  pernenun.  Ckun-addexr
oObsAcHACTCA ~ HA  OCHOBE  ypaBHEHHIH  MakcBeana, HO U3
SAEKTPOTEXHHYECKOTO PEIIECHUSA OH HE CACAYET. DTO U ITO3BOASET
VIBEPHKAATh, YTO IACKTPOTEXHHYECKOE pEIICHHE HE OOBACHAET
HU3BECTHBII SKCIIEPUMEHTAABHBIN (DAKT.

MssectHoe perieHHme HE HNPHUMEHHMO K IIpoBOAy. [Ipm stom
BO3HUKACT IIPEACTABACHHE O IIEPEAAYE SHEPTHH IIO IPOBOAY, KOTOPOE
COCTOUT B TOM, YTO HEPIUf KAKHUM-TO OOpPa3OM PAaCHpPOCTPAHACTCHA BHE
poBoAa [13]. Taxas Teopus Takke IPOTUBOPEUUT U 3aKOHY COXPAHECHUSA
sHepruu.  AEHCTBUTEABHO,  IIOTOK  SHEPIHH,  IyTCIINECTBYd B
IIPOCTPAHCTBE, AOAKEH TepATh JacTh dHepruu. OAHAKO 3TO HHKAK HE
OOHAPYKHBACTCA HH 3KCIEPHUMEHTAABHO, HH Teopermueckn. Ho,
I'AABHOE, 3Ta TEOPHA IIPOTUBOPEUHT CACAYFOIIIEMY akcrepumenty. Ilycrs
II0 IEHTPAABHOMY IIPOBOAY KOAKCHAABHOIO KaOEAA TEYET ITOCTOSAHHBIN
TOK. DTOT IPOBOA H30AHPOBAH OT BHEIITHEIO IMOTOKA dHepruu. OTkyAa
7K€ TTOABASCTCA IIOTOK HEPTHH, KOMICHCHPYIOIITUIT TEIIAOBBIE ITOTEPH B
nposoae? Ho, xpome morepsp B IPOBOAE, 9TOT IIOTOK H3-BHE AOAMKEH
IIPOHHUKHYTh B HAIPY3Ky, HAIIPUMEP, B OOMOTKH 3AEKTPOMOTOPOB,
32KPBITBIE CTAABHBIME KOMKYXAMH CTATOPa. DTOT BOIIPOC CYIHECTBYFOIIAs
Teopus He OOCYKAACT.

Haiiaennoe perrenmne ypaBHeHHH MakcBeAAa MOAEAHPYET TaKYEO
CTPYKTYPY 3ACKTPOMATHHUTHOM BOAHBI, B KOTOPOHM IPHUCYTCTBYET IOTOK
SAEKTPOMATHUTHON 3HEPIUH, PACIHPOCTPAHAFOIIUICA BHYTPH H BAOAD
ITIPOBOAA.

IToaydeHHOE perIeHne OMUCHIBAET SACKTPOMATHUTHYIO BOAHY
® B BaKyyMe,
® B IIPOBOAE C IIEPEMEHHBIM U IIOCTOAHHBIM TOKOM,
® B MATHUTHOII I[N IIEPEMEHHOTO TOKA,
® B 3aPMKAEMOM N 3aPAKEHHOM KOHACGHCATOPE — IIAOCKOM H
cpepugeckom,
® B IITAPOBOM MOAHHH,

® B OKpCCTHOCTI/I OAHMHOYHOTIO SACKTpI/I‘ICCKOFO SleHAa.

HOqueHHoe pEIIeHE MO3BOASCT OOBSICHUTD
® 3aKPYYEHHOCTDH CBETA,
® OAHOIIPOBOAHYIO IIEPEAATY SHEPIHUU,
® IOPUPOAY 3eMHOro MarHeTHU3Ma,

° HpI/IpOAy 3H€prI/II/I, 34IIACEHHOM B SQPHHCCHHOM KOHACHCB.TOPC,
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® IIPUPOAY SHEPIHH, 3aIITACEHHOH B IIAPOBOM MOAHHH, H
HEKOTOPEHIE €€ CBOMCTBA,

¢ (pyuKIIMOHHpOBAHNE ABHIaTEAd MHIABPOS.

[ToaydeHHOE peIlICHHE IIOKA3BIBACT, YTO TPACKTOPHUA TOYKH,
KOTOpas ABIKETCA IO IIMAHMHAPY AAHHOIO PAAMyCa TaK, ITO 3HAYCHHE
ATOOOM HATIPAIKEHHOCTH B 3TOM TOYKE M3MEHACTCA CHHYCOHAAABHO BO
BPEMEHH, ABAACTCA BUHTOBOM AMHHEH. DTO YIBEP/KACHUE CIIPABEAANBO
AASl 9AEKTPOMATHUTHON BOAHBI B IIPOBOAE, B AFOOOH CpeAe U B BAKyyMe
— oM puc. 4.

. -1 -
Fig. 4. ! (TokPotok33.m)

B kaAOl TOYKE, ABIIKYIIEHCA IIO AAHHOH BHHTOBOM AMHUH,
BEKTOPBI MATHUTHOM M SAECKTPHYIECKON HAITPAKEHHOCTEI
® CVINECTBYFOT TOABKO B IIAOCKOCTH, IIEPIIEHAHKYAAPHOH OCH
BUHTOBOM AMHHH, T.€. CYIIECTBYIOT TOABKO ABE HPOEKIIMHU ITHX
BEKTOPOB,
® I3MEHAOTCA CHHYCOHAAABHO,
® CABHHYTHI ITO (pa3e HA YETBEPTD IIEPHUOAA.
CymmapHBIE BEKTOPBI
® BpPAIIAFOTCA B 9TOI IIAOCKOCTH,
® IIMCIOT IIOCTOSIHHBIE MOAYAH,

® OPTOTOHAABHBEI APYT APYTY.
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