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OB30PbI AKTYAJIBHBIX ITPOBJIEM

Pammonyabcapbl — yike nSIThAECHAT JieT!

B.C. Beckun

Ipowino yace 50 aem nociae omKpoimusa paouony abcapos, 0OHAKO Hawie NOHUMAHUE NPUPOObI AKIUSHOCHIU IIMUX
YOUBUMEALHBIX 00BEKMO08 HEeAb3A HA36AMb YO084emeopumevivim. Hecmompsa na 3navumeavHwlil npozpecc,
00CMUSHY MBI 8 NOHUMAHUU OCHOBHBIX CBOLCINE PAOUONYAbCAPO8, COAACUA 8 OMHOUEHUU MAKUX KAIOUeEblX
80MPOCOB, KAK NPUPOOA KO2EPEHMHO20 PAOUOUAYYUCHUA UAU HCE MEXAHUZM NPEOOPAZ08AHUA INCKMPOMALHUMHOT
9HepeUl NYALCAPHO20 6empa 8 IHepauio wacmuy, noka Hem. Ilpedcmasiena nonvimka u3A034CUMs 0CHOGHBIC
pe3yavmamol, NOAYUEHHbIE 8 004ACU MeopUU MazHumocgepsl HeUMponHsLX 36¢30. Kpome mozo, cgpopmy.aupo-
8aMbl, KA3AA0CH Obl, DOCMAMOUHO NPOCHIbIE BONPOCHI, OCAIOWUECA, OOHAKO, OMKPLIMbIMU PAKMULECKU ¢ CAMO20
Hauala uccae008anus paouonyabcapos. besz ux peuteHus, noxoxice, HUKAKoe 0gudiceHue gnepéo Heeo3MONCHO.
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1. Ilyabcapublie XPOHUKH

1.1. JApeBunii mup (10 1967 r.)

O BO3MOXHOM CYIIIECTBOBAHUM HEHTPOHHBIX 3BE3N (IIpHU
Macce TopsiaKa cojHeuHoit M ~ My = 1,99 x 10’ 1 onn
umeroT paauyc R juib 10— 15 kM) ObLIO U3BECTHO 3200JIT0
IO OTKPBITHsI PaauomnyibcapoB. OHU ObLIM MpeACcKa3aHbl

B.C. Becknn. ®usnueckuii uactutyT um. [1.H. JlebeneBa PAH,
Jlenunckuit mpoc. 53, 119991 Mocksa, Poccuiickas ®enepanus
MOCKOBCKHIi (PU3UKO-TEXHUYECKHIA MHCTUTYT

(rocy1apcTBEHHBI YHUBEPCUTET),

Wucruryrckuii nep. 9, 141700 Josronpyaueiii, MockoBckast 00.I.,
Poccuiickas denepanus

Teun. (499) 132-65 95

E-mail: beskin@]lpi.ru

Cmamvs nocmynuaa 31 uroas 2017 2.,
nocae oopadomku 3 okmsaopa 2017 2.

3VOH, 1. 188, Ne 4

B. Baage u ®. Lipukku [1] emé B cepeaune 1930-x romos .
OnHako u3-3a MX YPEe3BBIYAHO MAaJIOTO pa3Mepa [I0Jroe
BpEMsI CUATAJIOCH, YTO OOHAPYXHUTH OJUHOYHBIC HEHTPOH-
Hble 3BE31bI OyAeT oueHb TpyaHo. JIumb OykBajbHO 3a
HECKOJIbKO MECSAIIEB 0 OTKPBITHS MybcapoB @. [Taunnu [4]
JIoTaaJIcs, YTO TaKue 3BE3/IbI TIOJDKHBI UMETh OUYeHb MaJlble
neproAsl BpamieHusi P ~ 1 ¢ U CBepXCHJIbHbIE MAarHUTHBIE
noist By ~ 10'? I'c 1, 3HAYAT, GBITH MOIIHBIMI ACTOYHHKAME
SHEPrUU; BIPOYEM, O HPEACKA3aHWH, YTO HEHTpPOHHBIE
3BE3MIbI JOJDKHBI OBITh SPKMMHU KOCMHUYECKUMM HCTOYHH-
KaM# B paauoauana3oHe, 3eCb Peuu, KOHEYHO K€, HE ILIJIO
[5]. TIo sTOW mpUYMHE HUKAKUX TMOMCKOBBIX HAOJIFOJIECHUI
OPraHU30BaHO HE ObLIO, U PAAUOMYIbCAPHI OBLIN CIYYaiiHO
obHapyxkeHsl B 1967 r. [Ix. beyut u A. XbrouieM B paMKax
Npyroi HaOJroaaTeIbHON nporpammel [6]. Hanmomuum, uyto
BO3MOXHOCTb 3aPETUCTPUPOBATH TEIJIOBOE PEHTI€HOBCKOE
U3JIydeHNe OT aKKPEUUPYIOIUX HEUTPOHHBIX 3BE3]1 B TECHBIX
JIBOMHBIX cCUCTeMaX ObLI0 4€TKO chopmynmpoBano [7—9], u
PEHTTEHOBCKUE ITyJIbCapbl ObLIH 0OHAPYKEHBI TOCTIE 3aMyCcKa
TIEPBOTO ke KOCMHYECKOT0 PeHTIeHOBCKOTro Testeckona [10].

1.2. Dumaga (1968 —-1973 rr.)

Ilepuon 1968 — 1973 rr. — 3ameuaTeabHas 3MOXa MPOCTHIX U
HATJISTHBIX 00pa30B, KOTOpbIE, TEM HE MeHee, MO3BOJISIN
WHTYUTUBHO TOHATH MPHUPOAY HPOMCXOISIIUX IPOIECCOB.
Kazanoch Obl, YTO MOXET OBITH MPOIE HAMATHHYCHHOTO
mapa, Bpamaromerocs B Bakyyme? OqHako Takoil mpocTon
MOJEJIA 0Ka3aJIOCh IOCTATOYHO, YTOOBI ONUCATH OCHOBHBIC
cBolicTBa paauomnyiabcapoB [11]. Tak, oueHb OBICTPO CTAJIO
SICHO, YTO UMEHHO BpallleHNe HEWTPOHHO! 3BE3/bI SIBJISIETCS
MPUYUHON YPEe3BBIYAHON CTAOMILHOCTH CJICTIOBAHUS M-
nyiabcoB [12, 13] u 4TO MMEHHO KMHETHUYEeCKas dHEePrus

! Ussectnast pabora JI.JI. Jlanmay [2], B KOTOpOi#l paccMaTpuBasiach
BO3MOXHOCTb CYIIECTBOBAHUSI 3BE3bI C SIACPHOIl IIOTHOCTHIO, ObLIa
OITyOJINKOBAHA 32 HECKOJIbKO MECSIIIEB O OTKPBITHS HEUTpoHa [3].
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BpALIEHUS ABJIAETCA TEM PE3epPBYapoM, OTKY[a 4epHaeTcs  POHHO-TIO3UTPOHHBIE HAPBI:
AKTHBHOCTD PaJHOMYJIbCAPOB. L

OIHOBPEMEHHO, KaK yKE TOBOPHUIIOCH, ObLTA CHOPMY.IH- v+ (B)—e +e +(B). (4)

pOBaHA M OCHOBHAsI Hjesl, COTJACHO KOTOPOH MeXaHH3M
SHEPrOBBIICIICHUS JOJKEH ObITh CBS3aH C AJIEKTPOIMHAMHU-
yeckuMu Tporeccamu [4]. o cux TOp XpecToMaTHitHOe
BBIPAXKEHHE JJIsl MATHUTOIMIIONBHBIX IOTEPh

_ 1 BjQ*RS

- 1
TR =T

Wt((?? = sin® y ~ 10*2B% P~* apr ¢~

(1)

(By — MarHuTHOE ToJIe Ha moJioce, I, ~ MR? — MOMeHT
WHEPUUHU 3BE31bl, y — YIOJ HakKJOHAa OCH MAarHUTHOTO
JTUTIOJISE K OCH BPAILICHHUSI) HCIOJIb3YETCsI [IJIsl OLEHKH JHEpTe-
THYECKHUX MOTEPb PAAUOIYJIbCAPOB. 3/eCh U J1ajiee B MO400-
HBIX opmynax By = By/(102 T'c), P_j5 = P/107", a me-
puoa P = 21t/Q usmepsietcs B cekynaax. Obpaiiasi COOTHO-
menue (1), moay4aeM o4eHb MPOCTOE BEIPAXKEHUE TSI OLICHKU
MAarHuTHOTO TIOJIS:

By~ (PP_y5)'2. (2)

Hanomuum, 4TO MOMEHT UCTHHBI OBLI CBSI3aH UMEHHO C
cooTHotreHueM (1), TOCKOJIbKY MOCJIe OTKPBITHUS TIyJibcapa
B KpaGosumnoit tymamnoctu (P~ 33 mc, P_;s~ 420)2
JIBE YK€ U3BECTHBIX K TOMY BPEMCHH BEJIMYMHBI, & UMEH-
HO ToJIHOE 3Heprosuiaesienne KpaboBuaHoW TyMaHHOCTH
5% 10% spr ¢! (3Ty 3Hepruro HYXKHO OBUIO MOCTOSHHO
WHXEKTUPOBATh B TYMaHHOCTh, 4YTOOBI oOecneuuTh eé
ONTHYECKOEe HM3JIyUCHHE 3a CUET CHHXPOTPOHHBIX MOTEPH)
W TAK HA3LIBAEMBIHl IMHAMHIYECKHi BO3pacT tp = P/2P ~
~ 1000 sieT, COOTBETCTBYIOIIMN UCTOPUUECKON CBEPXHOBOM
1054AD, Hanum cBO€ eCTeCTBEHHOE OOBSICHCHIUE.

Kcratu, 31a nmpocrass Moaesb MO3BOJIMIIA CACTATH TEp-
BBIf IIar ¥ B MOHMMAHUH TOTO, YTO PATUOINYJIbCAPEI MOTYT
OBITH HCTOYHMKAMH KOCMUYECKUX Jyueil. [lesgo B TOM, 4TO
JUTSE MUJUTACEKYH/THBIX PaJTAOITYJIbCAPOB (& CAMBIA OBICTPBIN
3 60s1ee yem 2600 U3BECTHBIX HA CEr'OJHSIIHUN JICHb IMYJIb-
capoB JeUCTBUTENIbHO uMeeT nepuon P~ 1,39 mc) u s
JIOCTATOYHO OOJIBIIMX MATHUTHBIX mosiel By ~ 1013 Tc
Pa3HOCTh MOTEHIIMAIOB MEX/TY MOJIOCOM U 3KBATOPOM Bpa-
IIaroIeiics 3aMaramIeHHON chephl,

QR
AV ~ == ByR, (3)
C

nocturaet 10%° B, T.e. MakCHMaJIbHOM 3HepTiH, HaOIFO1ae-
Mol B kocMmueckux Jydax. [lomoOHast ke oueHka Oblia
cnenana u k. Octpatikepom u [Ix. [amnom [14] s
SHEPI'UU YaCTHL, YCKOPSEMBIX B 3JIEKTPOMArHUTHOM BOJIHE,
yXOSIIel OT Bpalllarolleiicss HeUTpOHHO# 3Be3/bl. Ecin Obl
BCE PATUOMYJIbCAPbl POXIAINACH C TOCTATOYHO MAJTBIMHU
neprogaMu (ceifuac yxe OKOHYATEIbHO SICHO, YTO ITO He
Tak [15]), TO BOIPOC O MPOUCXOXKACHUH KOCMUYECKHX JIyden
MoT ObI OBbITh peméH [16, 17].

OnHako yxe yepe3 HECKOJIbKO JIET CTaJIo SICHO, 4YTO
3aMarHMYeHHbIA IIap, BPAIAIOLIUNACS B BaKyyMme, BCE XKe
cIMIKoM Jaieék ot peanpbHocTU. Kak mokazan I1. Crappok
B 1971 r. [18], B cBEpXCHJILHOM MArHUTHOM IIOJIE PagHO-
MyJIbCAPOB KJIFOUEBYIO POJIb JIOJDKEH UTPATh MPOIECC OJHO-
(DOTOHHON KOHBEpPCHU KECTKUX TaMMa-KBAaHTOB B JJIEKT-

2 Teneps P =~ 34 mc.

B pe3synbrate mMarHutocdepa HEHTpPOHHOH 3Be31bl Oyaer
OUYeHb OBICTPO 3ANOJHATHCS 3aPSUKEHHBIMU YACTHUIIAMU, YTO
Hen30eKHO JTOJDKHO MPUBECTH K MOJHOM MEpecTpoike TMHA-
MUKU TOPMOKEHHS PAIUOITYJIbCAPOB.

JeiicTBUTEIbHO, BpALLIEHUE 3aMar HUYEHHON HEUTPOHHOMN
3Be31bl B BaKyyMe HEM30€KHO NPUBOAUT K IOSIBJICHUIO 3a
IpelesiamMy IyJibcapa MPOJOJbHOIO 3JIEKTPUYECKOTO IOJIS
Ej ~ (QR/c)B. JTlrobas neppuvHas YaCTUIIA, TIONABIIAs B 3TY
00J1aCcTh, OYJIET YCKOPEHA 10 YJIbTPAPEIITUBUCTCKUX JHEP-
ruit £ > mec?. Ilpu 3TOM, BCJIEACTBHE HCKIIOMHTENLHOM
MAaJIOCTU BPEMEHH CHHXPOTPOHHOTO BBICBEUMBAHUS, KOTO-
poe IpU MarHUTHLIX HOJIsIX By ~ 10'2 T'c a1 571eKTpoHOB (1
MO3UTPOHOB) COCTABJISIET JIUILID

1 ¢

Tg ™~ —

~10"5¢, (5)
Wp Wpre

(wp = eB/m,c — THPOHUACTOTA, I = €2 /mec’ — Kiaccuye-
CKHil pagMyC 3JIEKTPOHA), JBMXKEHHE YACTUIl CTAHOBUTCS
BO3MOYHBIM JIMIIb BOJIb MATHATHBIX CUJIOBBIX JIMHHH. A
HOCKOJIbKY MATHUTHBIE CHJIOBBIE JIMHMU HCKPHBJIEHBI, HEP-
BUYHBIE YACTUILI OyIyT M3Jy4aTh KECTKME FTAMMA-KBAHTHI C
XapaKTEPHOU 4acTOTOM (Tak Ha3biBaeMoe "M3ruGHOE U3ITy-
venue' [19])

c E. 3
Wcur ™~ E (mecz) ) (6)

rae R, — paauyc KpUBHU3HbBI MATHUTHOW CUJIOBOU JIMHUU.
[Tpu 5TOM UMEHHO M3TMOHBIE TOTEPH OyAyT OrPAHUYUBATH
sHepruro vactul . JeHCTBUTENbHO, 3alUCaB ypaBHEHHE
SHEPIUH B BUAE

dé. 202 (& \*
—C—eE - — = 7
ar ~ Al 3R (mec2 ’ @

nojydyaeM IJisd MaKCUMAaJIbHOM OHCPIUU NEPBUYHBIX YaCTHI]

RXEN'*
5max~( c “) mee® ~ (107 —10%) MoB. (8)
e

Hanee, m3rubHble raMMa-KBAaHTBI, PAaCIPOCTPAHSISACH
MPAKTUYECKU MPSIMOJIMHEHHO B UCKPUBJIEHHOM MATHUTHOM
1oJjie, HAYMHAIOT IBHUTATLCS IO BCE OOJBIIUMH U OOJIb-
mUMHA yriaaMu O, K MAaTHITHOMY TIOJTEO, TIOKA B KOHIIE KOH-
IIOB HE NMPEBPATATCS BO BTOPUYHBIC 3JIEKTPOHHO-TIO3UTPOH-
HbIE Mapbl (CHHXPOTPOHHBIE (POTOHBI, U3JIydaeMble BTOPUY-
HbIMH YaCTHUIIAMHU IPU UX Hepexo/e Ha HUKHHUE YPOBHHU
Jlannay, mpu 9TOM TakXXe BCTYNAIOT B UTPY). DTO CBI3AHO C
TEM, YTO BEPOSTHOCTH OJHO(OTOHHOH KoHBepcuu (4) do-
TOHa ¢ 2Heprueii £y, PACIPOCTPAHSIOILET OCs 101 YTIoM Oy, K
MarHUTHOMY TIOJIIO B, Baam oT nopora Epy = 2mec* umeeT

Buj [20]
3v3 e3Bsin6, 8 By mec?
= pPl—5——1. 9)
3 BsinO, Epp

T 16v2  fimec? X

w

31ech BeIUYMHA

2.3
:}’)’le(,

- ~4.4x 108 e
eh

(10)
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COOTBETCTBYET KPUTHYECKOMY MArHUTHOMY MOJIIO, MPHU
KOTOPOM JHEPreTHUYECKas IIeIb MEXIY ABYMs OJMKaii-
UMK YpOBHAME JIaHIay CTAHOBHUTCS TOPSAKA SHEPTHH
HOKOS 2JIeKTpOHa: fiwp = mec>. COOTBETCTBEHHO, AJIA HE
CJIMIIKOM OOJBIMX JaMH npobera (poToHOB /, < R mOIy-
4aeM MPOCTYIO OIEHKY

8 B mec?

h=gg Rz

(11)

r71e JorapuMmdeckuil paxTop IS XapaKTEePHBIX MapaMeT-
POB BOJIM3M IOBEPXHOCTU HEUTPOHHOI! 3BE3 /bl

e2 wgR. [ By 2 Mec? 2
fic ¢ (B > ( Eph )

HanomHuM, 4TO, B OTJHYHE OT JICKTPUYECKOTO TOJIS,
MAarHuTHOE IOJIE HE MOXKET POXKAATh 4acTUIbl. OQHAKO OHO
MOET UT'PATh POJIb KATAJIN3aTOPA, MO3BOJISIOIIETO BBIMOJ-
HUTb 3aKOHBI COXPAHEHUS! DHEPTUM M HMMITYJIbCa IJISl pac-
CMaTpHBAEMOT O 3/1ech nporecca. IMEeHHO mo3ToMy poxie-
HHUE Mapbl HEBO3MOXHO, KOTJa (POTOH PACHPOCTPAHSETCS
BJI0JIb MAarHUTHBIX CHJIOBBIX JIMHUN: BEPOSTHOCTH POXKIE-
Hus (9) B 3TOM Cilyuae paBHA HYJIIO.

B pesynbTate mporecc poXAEHUS BTOPUYHBIX YACTHIL
OyJeT CTPEeMHTEJIbHO HApacTaTh OJiarogapsi YCKOPEHUIO
BTOPUYHBIX YACTHII, U3JTYICHUIO UMH U3THOHBIX (DOTOHOB U
T.0. DTOT mpoiiecc OyIeT OCTAHOBJICH, JIMIIIh KOTJIa BTOPWY-
Hasl 3JIEKTPOHHO-TIO3UTPOHHAS TIa3Ma OyAeT 9KpAaHUPOBATH
HPOIO0JILHOE dJIEKTpHYIecKoe moJie £). Keratu, 370 03HavaeT,
YTO PaJUOIYIbCAPbl HOJLKHBI OBITh U UCTOYHUKAMH TO3H-
TPOHOB, OJTHAKO FOPA3/10 MEHBIIINX JHEPTUIA, YeM CIIEAYET U3
oneHkH (3).

TakuMm 00pa3oM, CTAJIO SCHO, YTO MarHuTochepa myib-
capa JOJDKHA OBITH 3amoJIHEHa 3JIEKTPOHHO-TIO3UTPOHHON
ma3moi. [Toatomy ¢ Havana 1970-x romoB Bcé valie craja
paccMaTpuBaThest 0ojiee peasTMCTUYHASI MOJETh MarHUTO-
cdepsl, B KOTOPOIl IPOAOIBHOE IEKTPUIECKOE TOJIe OBLIO
TIOJTHOCTBIO 3a3kpaHupoBano (E| = 0). [leficrBurensHo,
HOSIBJIEHUE MPOJOJILHOIO 3JIEKTPUYECKOTO IMOJSI B HEKOTO-
poii 00J1aCTH HEMEeIJIEHHO TPUBEJIO Obl K Pe3KOMY YCKOpe-
HUIO IUTa3Mbl U, KaK CJIEACTBHE, K B3PLIBHOMY DOXICHHUIO
BTOPUYHBIX YACTHII.

C Ipyro# CTOpOHBI, XOPOIIIO U3BECTHO, YTO MPH HOJHOM
9KPaHUPOBAHUYU IPOJOJILHOIO MOJIS MJIa3Ma HaYMHAET Bpa-
IAThCS BMECTE CO 3BE3/1011 Kak TBEPIOE TEJI0, ITOT NMPOIIECC
nMmeeT Mecto B MarHutocdepax 3emumn u FOmwmrtepa [21].
HIMeHHO 3TO CBOWCTBO M AAJI0 KJIFOY K IMOHMMAHUIO TPH-
POJIBI AKTUBHOCTH PaIUOIYJIbCAPOB.

IIpexme Bcero, TBEPIOTEIBHOE BPAICHUE CTAHOBUTCS
HEBO3MOXHBIM Ha JOCTATOYHO OOJIBIIIOM PACCTOSIHUM OT
ocH BpalleHus r; > Ry, TIe CKOPOCTb BpAIEHUS! CPABHS-
J1ack OBI cO CKOPOCThIO cBeTa (puc. 1). 3aech

A~1In

Q

20. (12)

Ry =0 (13)

— TaK Ha3bIBa€MBIX paauyc CBETOBOTO HMiIMHApa. s
OOBIYHBIX paJMOIYJIbcapoB ¢ nepuogamu 0,1 —1 ¢ moayyaem
Ry ~ 10°—10' cm, T.e. cBEeTOBOW MMIMHIP HAXOAWTCS HA
PACCTOSIHUSX, B THICAYM pa3 MPEBOCXOISIIUX pa3Mep HEeUT-
poHHOI1 3Be3/bl. Jlajiee, JIETKO OIIGHUTh pa3Mep TakK Ha3bl-
BAaE€MOMU MOJISAPHOM WanKu: Reap =~ Ro, rae

QR\ /2
r= (%) k.

- (14)

3*

Juarpamma
HaIpaBIeHHOCTH

Hcrekaromas
mia3sma

OTKpBITBIE
CHJIOBBIE

', CHJIOBBIC
\JIMHUHA

R CaetoBoit
L
\ | mamEAp

Puc. 1. OcHOBHbIE 371eMEHTHI MarHUTOC(hEepsl Mysibcapa U reoMeTpuye-
ckast Mozieib "mosioro konyca". [lajgenne noTeHnuMana BOJIN3M MATHAT-
HBIX MOJIFOCOB TIPUBOIUT K JOMOJHATEIBHOMY BPAICHHAIO HCTEKAOIIEH
M1a3Mbl BOKPYI MAarHUTHOW OCH. 3[€Ch M JiaJiee IUTFOCHI M MUHYCHI
MOKa3bIBAOT 3HAK IJIOTHOCTH 3apsia.

T.e. obOJlacTl BOJM3M MArHUTHBIX IOJIFOCOB HEWTPOHHOU
3Be3/Ibl, U3 KOTOPON MarHUTHBIE CUJIOBBIE JIMHUHM YXOMIST 3a
Ipe/esbl CBETOBOTO MMIMHAPA. {11 OOBIYHBIX paTuoIyIb-
capoB pa3Mep MOJISIPHON IIANKU COCTABJISIET BCErO He-
CKOJIBKO cOT MeTpoB. COOTBETCTBEHHO, IUIOMIAb IOJISIP-
HOI IIanKu y106HO 3amucath B Buje s = f,mRE, rae fo ~ 1.

BaxHOCTH MOJISIPHBIX MIAIIOK COCTOUT B TOM, YTO 3apsi-
JKEHHbIC YACTHIIbI, BUTASICh BJOJb MATHUTHBIX CHJIOBBIX
JIMHUHM, MOTYT MOKMHYTh MarHuTocdepy HEHTPOHHOU 3Be3-
npl. Kak yxe oTMedasioch, Takoe IBM)KEHHE BO3HHMKAET HE
TOJBKO OJaromaps MajlocTH JIADMOPOBCKOTO paimyca IO
CPaBHEHUIO C JIPYIMMHU XapaKTepHBIMH pa3dMepamu, HO H
BCJIC/ICTBHE HUCKJIFOUUTEILHON MajlOCTH BPEMEHU CHUHXPO-
TPOHHOT'O BBICBEUMBAHMS. B pesynbrate B MarHutochepe
BO3HMKAIOT /IBA CEMENCTBA CHJIOBBIX JUHUAN. OTKPBITHIE CH-
JIOBbIE JIMHWUM, BBIXOISILIUE M3 MOJISAPHBIX IIAMOK, Hepece-
KaroT CBETOBOW HWJIMHIP W YXOIAT 3a MPEAesbl MarHUTO-
chepbl, TOrAa KaK OCTaJIbHbIE CUIIOBBIE JIMHUHM 3aMBIKAFOTCS
B Ipezesiax cBeroBoro muiauHapa. [lnazma, Haxoasmascs B
3aMKHYTOM 00JIaCTH, OKa3bIBACTCSI 3aXBAYEHHOM’, B TO BPEMSI
KaK YaCTHIIbI, HAXO/ISIINECS HA OTKPBITHIX CUJIOBBIX JIMHUSIX,
MOTYT IOKHHYTh Marautocdepy.

Ve Takas mpocTasi MOeIb MarHUTOC(hEps! MO3BOJIMIA
B. Paagxakpumnany u 1. Koky [22] (a mo3xe JI. Octepy u
B. 3ubepy [23]) chopMyaMpoBaTh Tak Ha3bIBAEMYIO ""MOIEH
0JIOro KoHyca'", KoTopast 3aMevaTeIbHbLIM 00pa3oM 00bsc-
HUJIA BCE OCHOBHBIE MOP(HOJIOTHYECKUE CBOMCTBA N3TyYESHUS
pamuornyibcapoB. JeHCTBUTENbHO, TeHepanus BTOPHYHON
3JIEKTPOHHO-TIO3UTPOHHONW IJIa3Mbl JIOXKHA OBITH TOJIAB-
JieHa BOJIM3M MArHUTHBIX MOJIFOCOB, TJe OJjarogaps MouTH
MPSIMOJIMHEIHBIM MATHUTHBIM CUJIOBBIM JIMHUSIM MHTEHCUB-
HOCTb M3TMOHOTO M3JIyYeHHUs TAKXKE CYHIECTBEHHO MOHMXKa-
€TCs U, KpOME TOT'0, M3rMOHbIe TaMMa-KBaHTHI, UCITYIIICHHBIE
PESITUBUCTCKUMU YACTUIIAMH, PACIIPOCTPAHSIOTCS IO Ma-
JILIMA YIJIAMH K MarHUTHOMY TOJIFO, YTO TaKXE CHIDKACT
BEPOSITHOCTH POXXACHUS BTOPUYHBIX Map.

B pesynbTraTe, kak moka3zaHo Ha puC. 1, MOXHO Tpe.-
MOJIOKHUTH, YTO B HEHTPAJIBHOW YACTH OTKPBITBHIX CHIIOBBIX
JIMHAN TUTOTHOCTh UCTEKAIOIIEH TUIa3Mbl OyIET CHIIBHO TO-
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nasieHa. Eciam Temepb chenaTh JOCTaTOYHO pPa3yMHOE
TIPEATIOJIOKEHNE, YTO PAIMOU3IYUYCHUE HANIPSIMYIO CBA3AHO
C UCTEKAFOLLIEH PEeJIITUBUCTCKOM INIA3MOM, TO B ICHTPAJIbHONU
YAaCTH IMarpaMMbl HAIIPABJIEHHOCTH MOXHO OXHUAATh CYIIIe-
CTBEHHOT'O MOHVXEHHSI MHTEHCUBHOCTH pajuoun3iiyyenus. B
pe3yJibTaTe Npu GOKOBOM MEPECEUSHUH AUAarpaMMBbl HATIPAB-
JICHHOCTH CJIE/TyeT OKUIATh OJJHOTOPOBIN CpeTHUI poduib,
TOrJa Kak NpU LEHTPaJbHOM IPOXOXIEHHH — JIBOMHOM.
Ecam He morpyxaTtbcs B 1€TaJIM, IMEHHO TaKasl CATYaIus U
AMEET MECTO B IECHCTUTEILHOCTH [24].

B 3TH xe nepBble TOIbI UCCIIEOBAHUS PAIMOIYJIbCAPOB
OBLIM BBIACJICHBI TPH OCHOBBIX MapaMeTpa, ONpPeIesSIFOLIIX
KJIFOUEBBIE JJIEKTPOAMHAMMYECKUE TMpolecchl. [lepBoiil u3
HUX — IUIOTHOCTB 3JIEKTPUUECKOTO 3apsifa, KoTopas HeoO-
X0JIMMa, YTOOBI SKPAHUPOBATH NMPOJIOJIBLHOE JIEKTPHUYECKOE
1oJie; BOJIM3U MOBEPXHOCTU HEUTPOHHOM 3BE3/1bI

QB
2ne

PGy = — (15)
Ora BenmunHa, BBeA¢HHas [1. [Nonmpmaiixom u I[1. [Ixymmanom
B 1969 r. [25], onpenensieT XapakKTEepHYIO KOHLEHTPAILUIO
waACTHIL Gy = |pgy|/|e| (mopsaxa 10" cm—3 okono mosepxHo-
CTH 3Be3[Ibl), a TAKXKE, 4YTO TOpa3ao boJiee BaXHO, XapakTep-
HYIO IUNIOTHOCTb TOKA jGj = ¢pgy- Kak Mbl yBUIUM, UMEHHO
MPOJOJIbHBINA 3JIEKTPUUYECKHUI TOK, MUPKYJIUPYIOLIUN B Mar-
HuTOoC(hepe, OyIeT UrpaTh KIFOYEBYIO POJIb.

BTopbiM mapamMeTpoM SIBJISIETCSI MHOXKECTBEHHOCTh POX-
JIEHHUS YaCTHIl A,

= (16)

KOTOPBII MOKa3bIBAET, HACKOJIBKO KOHIEHTPAIMS YACTHUIL
BTOPHUYHOM ILJIa3MBbI MPEBBLIIIAET KPUTHYECKYIO KOHIIEHTpA-
umio ngy. Hakownen, Tpetuii mapaMeTp — Tak Ha3bIBA€MBIi
napaMeTp 3aMarHIYeHHOCTH O\,
1 eByQ’R? 17

oM =5 (17)

BBe/IEHHBINA B ToM ke 1969 r. @.K. Maiikenem [26]. OH paBeH
MaKCHMAaJIbHO BO3MOXHOMY 3Ha4YCHHUIO JIOpPEHI-(pakTopa
YACTHII },,,,, KOTOPBII JOCTUrACTCS, €M BCs SHEPrust Wi
(1) 6yner nepegana TuAPOIUTHAMUYECKOMY TEUSHUIO TACTHUI]
Nnmiec?T'. 3nech

mect

N= )LKR()Z}’ZGJC

(18)

— CKOPOCTb 3XKEKIMH 3JICKTPOHHO-TIO3UTPOHHOM IIa3MBbl, &
BeJIMUMHOM [” MBI B IajibHelIIeM OyaeM 0003HaYaTh TUAPO-
JMHAMUWYECKUN JIOPEHI-(h)aKTOp UCTEKArollel miaa3mbl. B
BuIpaxceauu (17) Mbl i scHocTd 100aBuid uHAeKe "M",
MOCKOJIbKY CeHvac sl ¢ MCIOJIb3YETCs Jpyras BeJIMYUHA
6 =0Mm/I' = Wem/Wpart, @ IMEHHO, OTHOIICHHE MOTOKA
SHEPTUHU 3JEKTPOMATHUTHOTO MOJIA K MOTOKY 3HEPTUHU
vyactuil. Mcnosbs3yst cootHomeHue (1), MOXHO TepenucaThb
onpeneinenne (17) B coBceM npoctom Buje [27]:

oM = ! <Wt°t) v .
A\ Wa
3nech Wa =m2cd/e? ~ 10" spr ¢! — muHEManbHOE
SHEproBblIeieHre "IeHTPaIbHON MaIuHBL", TIPH KOTOPOM
CTAHOBHUTCSI BO3MOKHBIM YCKOPEHHE YACTHIL 10 PEJISITUBUCT-
ckux sHepruit (o ~ lupu A = 1u Wig, = Wa).

Takum 06pa3oMm, 3a HEepBbIC HECKOJBKO JIET MOCIE OT-
KPBITHUS PAINOIYIHCAPOB OBLITH MOJIYYeHBI OTBETHI HA 0OJIb-

(19)

IIMHCTBO KJIFOUEBBIX BOIPOCOB (MEPUOIUNIHOCTD UMITYJIbCOB
CBSI3aHA C BpAIIICHUEM, SHEPreTUYECKUI UCTOYHUK — 3TO
KMHETHYECKasi SHEPrusi BPAIICHUS, MEXaHHM3M BBIJCJICHUS
3HEPIUU — 3JIEKTPOAMHAMMUYECKHI). EAMHCTBEHHO, YTO OCTa-
BaJIOCh BBISICHUTB, KaK 3TO BCE-Taku paboraer... JleicTBH-
TEJIbHO, HEOOXOIMMO OBbLIO MOHSTh, KAK 3HEPTUS] YHOCUTCS
OT BpalllarollIeicsi HEHTPOHHOW 3Be3/Ibl Ha OECKOHEYHOCTh,
KaKOB DHEPTreTUYECKUN CIIEKTP UCTEKAIOIIeH MIa3Mbl U, KO-
HEYHO e, KAKOB MEXaHM3M HaOJIr0/1aeMOT0 KOT€PEHTHOTO
panuon3iryueHus (a ITOT MEXaHU3M JEUCTBUTEIHLHO TOJKEH
OBITh KOTEPEHTHBIM, IOCKOJIbKY SIDKOCTHasl TeMIepaTtypa
cocTaBiseT 00bMHO Ty ~ 10°8 K [15], a B OTAEIBHBIX TH-
FaHTCKUX MMITyJIbCaX MOXeT JOCTHraTh ¥ BenmumH 10°% K
[28]). do cux mop oTBETHI HA OOJTBIIMHCTBO U3 ITUX BOIPOCOB
HAM HEU3BECTHBL...

1.3. Pum (1973-1983 rr.)
B 5Ty 3moxy 0wt chopMyITMpPOBAHBI MEPBBIE CTPOTHUE
3aKOHBI, KACAIOIINECs] BCEX OCHOBHBIX HANPABJICHUN HCCIe-
MIOBAHUN, TaKMX KaK MPOIECCHI POXJICHWUS BTOPHYHON
IUIa3Mbl, MYJbCAPHOW MarHuTochepsl M MyIbLCAPHOTO
BeTpa. IIpexnae Bcero, ObUIM NMPEIJIOXEHBI [1BE IETaJIbHbIE
MOJEJIN POXKACHUS 3JEKTPOHHO-TO3ZUTPOHHON TMJIa3MBbI
BOJIN3M TOBEPXHOCTH HEHTPOHHOI 3Be3/Ibl. DTOT MpPOIECC
CTAHOBUTCS BO3MOXHBIM OJlarogapsi HEMPEepbIBHOMY OT-
TOKY IJIA3MBbI BJIOJIb OTKPBITHIX CHJIOBBIX JIMHUI, U3-32 YeTro
B pailoHe MAarHUTHBIX MOJIFOCOB 00pasyercsa obactsb (""gap"
— 3a30p) € NPOAOJIBbHBIM 3JIEKTPUYECKUM MoJieM. Hinke Mbl
OyZeM Ha3blBaTh €ro BHYTPEHHHM 3a30pOM, YTOOBI OTJIU-
4aTh OT JAPYrux obGjacteit B Maruutocdepe, riae MOryT
BO3HHMKATh NPOAOJIbHBIE 3JIeKTpHUYeckue moJis. [Ipm atom
BBICOTA 3a30pa OINPEACIISIeTCS MEXaHU3MOM POXJIECHUS BTO-
puuHbIX yacTull. Kak cuuTanoch B TO BpeMsi, OOJBITMHCTBO
BTOPUYHBIX YACTHUIl OYAYT POXIAATLCS BHE 00JIACTH YCKOPe-
HHUSl MEPBUYHBIX YACTUI], TJ€ HPOJIOJIBHOE JJIEKTPHUUECKOE
moJie y’Ke Majd, TaKk YTO BTOPUYHAS IJIa3Ma MOXET CBO-
0OJTHO MMOKUHYTh MAarHUTOC(hEepy HEUTPOHHOI 3BE3/IBI.
IMepBas Mmoaenb ObuIa peasioxkena B 1975 r. M. Pynep-
manoM u I1. Cazepaennom [29], a Takxke rpynmnoit B. Diij-
maHa [30]. B aToii Mojenu mpeanoaraaioch, YTO 3KEKIUS
YACTHI C TIOBEPXHOCTHU 3BE3bl HE MI'PAET 3aMETHOU POJIH,
MIOCKOJIbKY B TO BpeMs cuuTaioch [31—35], uto pabora BbI-
XOJa YACTHUI[ C IMOBEPXHOCTH HEUTPOHHOU 3BE3ABI Ay ~
~ 1—35 k3B, Bxoasmas, HampuMep, B BbIpaXEHUE ST TOKa
X0JIOAHO# amuccuu [36, 37]

€3B()

(8meA3) 12
8n2he (2meAy)"?

JE) = ek

Eexp {— } , (20)

J0CTaTouHO BemukaS. COOTBETCTBEHHO, HE YYUTHIBANACH U
tepmoamuccus [39] (o Heill MBI MOroBOpHM MOJApPOOHEEe B
pasznesne 2.1.2). B pe3ynbrarte, aHaau3upys Beipaxenus (6) u
(9)—(11), merko moJIyYnTH ONEHKY IJIs TAJICHUS TOTEHINAA,
HEOOXOAMMOTO JIJISl POKJIEHUSI BTOPUYHOH IL1a3MBI [29]:

W Nmecz i _3/7R4/7R—1/7 ﬁ _1/7N
RS e Mec c L Bcr

~6x 102 B, PRI B.

(1)

3 OrnMyme B NPEAIKCIIOHCHIMATILHOM MHOXHTENE OT KIJIACCHYECKOM
dopmynbr Daynepa—Hopaxaiima [38] cBSI3aHO ¢ KBAaHTYIOIIUM JCH-
CTBHEM MAaTrHUTHOTO IOJISl, H3MEHSIOIIM IJIOTHOCTh COCTOSIHUH 3JIeKT-
POHOB B KOpe HEHTPOHHOM 3BE3/IbI.
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11
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21 Ll Lol Ll Ll 1
103 10~2 10-1 10° 10!
lg P
Puc. 2. "Jlnnns cveptn" Ha qmarpamme nepuop P — mpoussosHas
nepuona P, coorBeTcTByromas monenn Pynepmana—Casepienaa [29].
SNR — mynbcapbl B ocTraTkax CBepXHOBBIX, AXP — aHOMaJbHBIE

PEHTICHOBCKUE ITyJIBCAPBI, SGR — wucrounukn MOBTOPAIOIINUXCS PEHT-
T€HOBCKHUX BCIIJIECKOB.

3neck R7 = R./(107 cM). COOTBETCTBEHHO, JUIS BBICOTHI
3a30pa MoJIy4aeM

3 2/7R2/7R3/7 By —4/7~
mec ¢ "L \B,

10* B, PR em.

Hgs

Q

%

(22)

HanomMHIM, YTO UIMEHHO YCIOBHUE Ypg = Y. (MIIH, UTO TO
xe camoe, Hrs = Ry), rae

2
l//max = l (Q_CR> RB, (23)

2
— MAakCHMaJIbHO BO3MOXHOE NaJIeHHe MoTeHuana B ooa-
CTU BHYTPEHHErO 3a30pa, U €CTh MAaTeMaTHYECKOe OIpe/e-
gerne "ymnun cMepTH" Ha muarpamme P— P (puc. 2), HiKe
KOTOPOI pOKIEHNE BTOPUYHOM IJIa3MBbI (4 3HAYUT, U paboTta
HEUTPOHHOUN 3BE3/IbI B PEXHMME paNONyJibcapa) HEBO3-
MOXHO.

OnmHako mo3xe, koraa 6oJiee TOYHbIE PacyEThl OKA3aJIN
[40—43], uro paboTa BBIXOAA 3JCKTPOHOB HA TOPSIOK
MEHbIIIe, YeM Tpeanoaraiocs panee (4y ~ 100 3B), rpyn-
moit [Ix. ApoHca ObLiTa BBIIBUHYTA aJIbTePHATUBHAS MOJIEITH
[44 —46], B xOTOpO¥ NaIeHNe TOTEHITAAIA OBLIO YXKe 3aMETHO
MEHBIIIE,

‘//AN<QR>I/2
‘//RSN ¢ .

MMeHHO 3Ta MOJesb €O CBOOOITHBIM BBIXOJOM YacTHUIl U
paccMaTpuBajiach B IMOCJEAYIOLIHE TPUAIATH JET Kak
HauboJiee aleKBaTHAsI MOJIeJIb, HECMOTPSI HAa TO YTO M OHA
cojepkalia HECOMHEHHBIE TPo0IeMbl (HanpuMep, B e€ mep-
BOHAYAJILHOM BEPCUH POKACHUE YACTHIL IIPOUCXOIIIIO JIUITH
Ha O0OpaméHHol K OJImKaiieMy MOJIIOCY MOJIOBHHE MOJISIP-
HOU IIIATIKH).

BaxxHOCTB 3THX MO/EIIel 3aKIF0YaIach B TOM, YTO ObLIH
BUYEpPHE ONPEAESICHbI MHOXXECTBEHHOCTD POXKJICHHS BTOPUY-
HBIX YacTHMIlI A W WX 3HEpPreTU4eckuit crextp. Haumuas c
nepBbIX padot Jx. Jayreptn u A. Xapaunr B 1982 1. [47]

(24)

CTaJIO ICHO, YTO MHOXECTBEHHOCTb HE MOYET MPEBBIIIATh
3Havenuit 10*—10°. B wacTHOCTH, 3TO 03HAYAJIO, YTO KOH-
HEHTpAIMs YACTHUIl OKOJO IMOBEPXHOCTH 3BE3MBI ANGy ~
~ 10'% cM~3 commkoM Mana, 9To6BI MOKHO GBLIO 3aperu-
CTPUPOBATh AaHHUTWISSIUOHHYIO JimHIIO 511 K39B. CooTBeT-
CTBEHHO, AapaMeTP 3aMarHUYCHHOCTH 0 TaKXe He MPEBbI-
maet 3Havenuit 103 —10* 171 GONBIIMHCTBA TMYyJILCAPOB U
MOXeT NOCTUTHYTD 3HadeHmit 10° IuIIb 11 MOJOIBIX MC-
tounukoB (Crab, Vela).

OTMeTHM, 4YTO 3HA4YCHUS A U Oy, YKa3aHHbIC BBIIIIE,
MOTYT OBITh JIETKO OIICHEHBI U3 CJICAYIOIIUX MPOCTBIX CO-
oOpaxeHuil. AHanu3 ypaBHeHus (7) MOKa3bIBaeT, YTO 4ac-
THIBl BO BHYTPEHHEM 3a30pe ACHCTBUTENBHO JTOCTUTAFOT
9HEPruil, CPAaBHUMBIX C MAKCUMAaJIbHOU 3Hepruedt Emax (8).
DTO O3HAYAeT, YTO FHEPIHs, NepelaHHass U3TUOHBIM (HOTO-
HaM, Takxke OyIeT mopsiaka Emax. TOrAa MHOKECTBEHHOCTD /,
MOXET OBITh OLICHEHA KaK

Em
if\/ mch’

min

(25)

rae Emin — MUHAMAJIbHAS 3HEPT s (POTOHA, IIPU KOTOPOIA OH
eIé MOXET HPEBPATUTHCS B IJICKTPOHHO-TO3UTPOHHYIO
napy. A 3Ta BeJMYMHA JIETKO MOXET OBITh MOJIydeHa W3
cootHomeHns (11), ecan monoxuth /, = R, TOCKOJIBKY IpU
GosbIX AauHaX npodera GoToHOB /, > R MarHUTHOE 10JIe
HEHTPOHHOI 3Be31bl BJOJL TPACKTOPHH TaMMa-KBaHTa
HAYMHACT OBICTPO YMEHBINAThCA. B mTore mosyyaem st
OOBIYHBIX IMYJILCAPOB

Be: R,
Emin = Tcé ﬁ n’leL‘2 ~ 10? Ms3B, (26)
YTO U JaET
o~ 10°-10°. 27)

sl olleHKHM K€ oy HaM Temepb JOCTATOYHO BOCIOJIBb30-
BaTbhcs cooTHoIeHNeM (19), oTkyna nosydaem

oM R Emin <W‘°t> " ~ 10%.

28
gmax WA ( )

IMoauepkHEM, uTO 3HEPrHUst POTOHOB Epnin, BOOOIIE TOBO-
ps, HE COBIAJIaeT C XapaKTEepHOW IHEprueil Makcumyma B
9HEPreTUYECKOM CIIEKTPE BTOPUYHBIX YACTHIL. DTO CBSA3AHO C
YK€ YIIOMMHABIIIMMUCS BBILIE CUHXPOTPOHHBIMU MOTEPSIMH,
Oiaromapsi KOTOPBIM BTOPHUYHBIE YacTUIBI Cpa3y Iocie
POXIEHHS MOTYT TOTEPSITh 3HAYMTEIbHYIO 4acTh CBOEH
sHepruu. [lepexoss B cucteMy OTCYETA, B KOTOPOH (HOTOH
pacmpoCTpaHsieTCsl MEePNEHANKYJSIPHO BHEITHEMY MATHUT-
HOMY IMOJIFO, MOXHO II0Ka3aTh, YTO IIOCJIE IEpexoja Ha
HWDKHUE ypoBHU Jlanaay sHeprus BTOPUYHBIX YacTUll OyneT
COCTaBJISITh

R,
Ee ~ R mec2 s (29)

4TO, BIIPOYEM, JUIs MATHMTHBIX mojeit B ~ 102 T'c maro
otyimuaercs ot (26).

Kax mbl BuuMm, u oneHka (26), u onenka (29) mokasbl-
BAIOT, YTO HEPTETHYECKHI CIIEKTP BTOPHYHBIX YACTHI[ CYy-
IIECTBEHHO 3aBHUCHUT OT KPHUBU3HBI MAarHUTHBIX CHJIOBBIX
JHAHA. [ AUIOJIBHOTO MAarHUTHOTO IOJIS, IPH KOTOPOM
XapaKTepHBIN paguyc KPUBU3HBI B PaifOHE MOJISIPHON IIATIKH
Re ~ R(QR/c)™"* ~ 107 — 108 cm, noayuaem mwis xapaxtep-
HOTO JIOpeHI-(haKTOpa 4acTUl Y, ~ 100. MIMeHHO Taxue
3HAYEHHS JJI1 MAaKCHMyMa B SHEPIeTHYECKOM CIEKTpE BTO-
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PUYHBIX YaCTHI] MOJIY4aJIUCh KaK B MHOHEpCKoW paborte [47],
Tak W BO BCeX Mocjeayroumx paborax [48 —51], mocBsIgn-
HBIX OIPENIEIEHNIO YHEPTETUUECKOTO CIEKTPa MCTEKAIoIIel
ma3Mbl. Ecii ske IpeIIoIoXuTh, KaK 3TO 4acTo JeIaeTCs B
nocyietHee Bpemst [52, 53], 4TO y MOBEpXHOCTH HEUTPOHHOMH
3Be31bl UIOJIbHOE MAarHUTHOE MOJIE UCKaXXEHO MYJIbTH-
MOJIbHBIMUA KOMITIOHEHTAaMH, CYIIIECTBEHHO MOHMKAIOLIIMH
pamuyc KpuBH3HBI R. (a 3TO HYXHO, 4TOOBI M B MOJIEJH
Aponca "nmuaus cmeptu" He TpoTHBOpedmsia HabIrOIIE-
HUSM), TO B 3TOM CJIy4yae MAKCHMyM B 3HEPreTHYECKOM
CIEKTPE BTOPUYHBIX YACTHIL MOXKET U3MEHHUTHCS J0 3Haue-
HUH Vi ~ 3—10.

[TosyyeHHbIe BbIIIE BLIPAXKEHUS TTO3BOJISIFOT TAKXKe Olle-
HHUTD TEMII 3XeKIHH 3JIeKTPOHHO-TIO3UTPOHHOI I1a3Mbl N 1
TIOJIHOE KOJIMYECTBO YacTul N = jN dz 3a BCE BpeMs aKTUB-
HOU >)KHU3HM paInONyJIbcapa:

. ByQ*R3
N~ 067 3x10% P 2B ¢!, (30)
e
Mc?
N~ ) ~ 100 B,
e¢BoR 12

(31)

ITockonbKy MOJIHOE YKCTIO HEUTPOHHBIX 3BE3N B ['ajakTuke
ge npesbimaer 10° [15], MOXHO 3aKIIOYUTB, YTO pauO-
MyJIbCAphl HE MOTYT OBITH OCHOBHBIMH MCTOYHHKAMH KOC-
MHYECKHUX TO3UTPOHOB.

C apyroit CTOpOHBI, B HACTOSIIEE BPpEeMsI HMEIOTCS JI0-
CTATOYHO HAAEKHBIE (XOTS, K COKAJIEHUIO, BCE-TAKU KOCBEH-
Hble) HaOJIrOAAaTeNbHbIE MOATBEPXKIACHUSI TOrO, YTO PaaO-
MyJbCApbl AEHCTBUTENLHO SIBJISIFOTCS MCTOYHUKAMH JJIEKT-
POHHO-TIO3UTPOHHOH I1a3Mebl. Tak, ananms uznyyenus: Kpa-
OOBHIHOM TYMaHHOCTH, CBSI3AHHOTO C ITYJIbCAPHBIM BETPOM,
OPUBOJUT K 3HAYCHUSIM MHOXKECTBEHHOCTH POXICHUS OT
2~ 100 [54] no 4 ~ 107 [55]; nna mymbcapa PSR B0833—45
(Vela) mogo6Has onenka maét A ~ 10° [56]. CooTBeTCTBEHHO,
B MOJEJIA CHHXPOTPOHHOTO TIOTJIONIECHUS H3JTYUSHUS B ITyJIb-
CapHOM BETpE B JBOMHOHN CHCTEME, COAEPXKAIIEH paauo-
nysscap PSR J0737—-3039, Gbiia mostyvena omenka A ~ 10°
[57]. HakoHen, kak 3TO cefiuac mpoko 00CyKIaeTCsl, pauo-
MyJIbCapbl MOTJIM Obl OOBSICHUTH M3OBITOK MO3UTPOHOB B
muana3one sHepruii 1—100 I'sB, 3apeructpupoBaHHBI B
akciepumente PAMELA [58, 59].

Baxmweiiime pe3yabTaThl OBUIH MOJIyYEHBI TAKKE B TEO-
puM nyJibcapHbIX MaruuTocdep u myjabcapHoro serpa. Ipe-
e Bcero, JI. Mecrten [60], @.K. Maiikens [61], 1. OkamoTo
[62] u mHOTHE Mpyrue (cM., HanpuMmep, [63, 64]) chopmyu-
pOBAIM OCECUMMETPHYHOE OeccriioBoe "mylibcapHoe ypas-
Henue" IS MATHATHOTO mOoToKa P (r 1, 2):

Q22 2aqf l6n? dI
— 1_L 2y - ==
( c? )V r, or, c? d'I/+
dQr
dy

—%(V‘I’) QF —~ =0, (32)

rnae noyublit Tok /() u yrnosast ckopocts Qp (V) 3aBuCT
JIMIIb OT MATrHUTHOTO moToka Y. DTo HeJMHEeWHOoe ypaB-
HEHHE ¢ 0OCOOCHHOCTBIO HA CBETOBOM LMJIMH/PE IO3BOJISLIO
OTIPEIENTATE CTPYKTYPY MArHUTHOTO TOJISA, Tak Kak By =
= [V¥ X e,]/(2nr, ). HeynuBuTEILHO O3TOMY, UTO OHO Ha
MHOTI'O JIET CTaJ0 OCHOBHBIM MHCTPYMEHTOM B TEOpETHYe-
CKMX MCCIIE/IOBAHUSIX PAIMOIYIHCAPOB Y.

4Vpasuenue (32) — 3T0 peJIATUBUCTCKOE 000011IeHNE ypaBHenust [ pana —
IMadpanosa [65] 11t city4yast XOJIOTHOM MIA3MBI.

B 4acTHOCTH, OJTHO M3 AHAJIUTHYECKUX PEIICHUH, KOTO-
pble MOXHO OBLIO MOJIyYUTH JIMIIB JJI1 OYE€Hb OrpPaHUYEH-
Horo kyacca Gynkuuii /(¥) u Qp(¥), onpenesonmx mioT-
HOCTb MOJIOUAILHOTO ToKa j, = [VI X €,]/(2nry) u 5ekt-
puueckoe mose E = —Qp/(2nc¢) V¥, mokazano, 4To s
TOJIbAPANXOBCKOTO TOKA jj| = jGj MOKHO TOCTPOUTH MOHO-
HOJIbHOE PEIIEeHNE, B KOTOPOM 3JIEKTPHUECKOE 110JIE MEHBIIIE
MAarHuTHOTO BILIOTH A0 OeckoHeuHoctu (D.K. Maiikessb,

[66]):

R?
By=BL %, (33)
QR{ .
B, =Ey=—B. —Lsin0. (34)
cr
3nech By = By(QR/c)’ — MarmuTHOE TOJE HA CBETOBOM

OUJIMHAPE, ¥ Mbl IPUBOJUM pEIICHUE B BEpXHEH MOJIYILIO-
ckoctu. Ilpu 3TOM NMpOAOJIBHBIA TOK B TOYHOCTH COOTBET-
CTBYET YHUCTO PAJAMAIBHOMY IBIKCHHIO 0€3MaCCOBBIX
YACTHI] CO CKOPOCTBIO CBETA:

QBL RL lcosd].

Kak moka3zaHo Ha puc. 3, B 3TOM PpEIICHUH NPOJIOJIbHBIC
3JIEKTPUYECKUAE TOKU (KOHTYPHBIE CTPEJIKH) T€HEPHUPYIOT
TOPOHAAIIbHOE MAarHUTHOE IoJie B,, KOTOpOe BMeCTe C
HABOJUMBIM 3a CYET BpAICHHSI HHAYKIIMOHHBIM JJIEKTpUUe-
ckuM 1oJieM Ey GOpMUpPYET paJMalIbHBIA TOTOK 3JIEKTPO-
MarHuTHOU 3Hepruu (Bektopa [loliHTuHra) S,

Jr = pgyc = (35)

BIQ?R}

. 2
dnerz O 9,

S, = (36)

Puc. 3. MononosbHOe pereHne Maiikesst [66], B KOTOPOM 3HEPTOBbIe-
JICHAE CBSI3aHO C NOTOKOM 3JIKTPOMArHHTHOIl 3HEPruM Ha HyJIEBOM
4acTOTe (KUPHBIE CTPesiKK). KOHTYpHBIE CTPEJIKM MOKA3bIBAIOT HAIIPAB-
JICHUS! JIEKTPHIECKUX TOKOB.
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1 = 60° 0 02 04 06 08 10
7 =90°

Puc. 4. CTpykTypa MarHUTHBIX CHJIOBBIX JIMHUH [JIs1 HAKJIOHHOTO pOTa-
TOpa C HyJIEBBIM IPOJOJILHBIM TOKOM IS YIJIOB = 60° (ILIOCKOCTD Xz)
(a) [67] u x = 90° (Tu1oCcKOCTh XY) (0) [68].

KOTOPBIA W YHOCHT JHEPTHIO OT HEWTPOHHOU 3Be3bl. Tem
caMbIM ObLIa MPOJAEMOHCTPHPOBAHA CaMa BO3MOXHOCTb
MAarHuTOTUAPOIMHAMUYECKOTO BETPA, MPUBOASIIETO K TOP-
MO>KEHUIO HEUTPOHHOMU 3BE3/IbI.

IMoauepkHEM, YTO B TAKOM OCECHMMETPHYHOM (M CTa-
IMOHAPHOM) OECCHJIOBOM pEIIICHUU BCE MOTEPU SHEPTUU
CBsI3aHBI ¢ MOTOKOM Bektopa [loiiHTHHTa. OmHAKO, B OT-
JITYUE OT MarHATO/IMITOILHON BOJIHBI, IOTOK SHEPTUU peaii-
3yeTrcs Ha HyJieBoi yacTtoTe. KoHeuHo, mpucyTCTBHE SKBATO-
pUATILHOTO TOKOBOTO CJIOS, PAa3ACSIOIIErO BXOISIIUE U
BBIXO/ISIIIIME TIOTOKM MArHUTHOTO TIOJIs, TIEPBOE BpeMsl Ka-
3aJ10Ch JOBOJIbHO HMCKYCCTBEHHBIM. OIHAKO, KaK MBI yBH-
UM, 3TO PEIICHUE ChIrpajio (QYHIAMEHTAIBHYIO pOJb B
JAJIbHEHIITNX UCCIICTIOBAHUSX.

C npyroit croponsl, Hama komanaa (B.C. Beckun,
A.B. T'ypeuu u SI.H. UctromuHn, ganee BI'U [67]) monyuunna
AHAJIMTHYECKOE PEIIeHIE /I HAKIIOHHOTO POTATOPa, HO JUIS
HYJIEBOTO MPOJIOIBHOTO JIEKTPUYECKOTO TOKA B MAarHUTO-
cepe HeTpOHHOH 3Be3/bI (prc. 4a). bblo oKa3aHo, YTO B
3TOM CJIy4ae IOTEPH SHEPTUHM OKA3BbIBAIOTCS PABHBIMU HYJIIO
I71s1 1000TO0 yriia j, MOCKOJIbKY IPH HYJIEBOM MIPOJIOJIBEHOM
TOKE HA CBETOBOM LMJIMHIPE [OJDKHO OBITH BBITIOJHEHO
yCJI0BUE B(p(RL, z) = 0 HE3aBUCUMO OT YIjIa HAKJIOHA OCeHl.
10T 3 dexT, moaTBepxkAEHHBIN MO3aHee Tpynmoi JI. Mec-
Tenis [68], 00yCIOBIIeH TeM, UTO TIa3Ma, 3aIOJIHSFOIIAS Mar-
HUTOC(hEPY paTuoNyJibcapa, MOJHOCTHIO IKPAHUPYET Mar-
HUTOAMIIOJBHOE U3JIyYeHHUE IIEHTpaIbHOM 3Be31bl. CrienoBa-
TeJbHO, BCE MOTEPU OHEPIHU MOJDKHBI OBITH CBSI3AHBI C
TOPMO3SIIIAM MOMeHTOM K, BO3HUKarommM B pe3ysibTaTe
JIEACTBHUS MPOJOJLHBIX TOKOB B MAarHATOC(EPE paInOIyJib-
capos.

ITpu nanbHeleM o0Cy)IeHUN HaAM OyeT yaoOHO pa3-
JIOXKHTH TOPMO3smii MOMeHT K Ha 1Be KOMIIOHEHTHI, Ta-
paJUIebHYIO U NEPIeHINKYIISIPHYIO HATIPABJICHUIO MATHAT-
HOTO AunoJjs m. MBI Takxke BBeIEéM Oe3pa3sMepHYIO ILIOT-
HOCTb MPOJIOJIBHOTO TOKA i = j| /jG1, PA3JIOKUB €€ Ha CUM-
METPUYHYIO U AaHTUCUMMETPHYHYIO COCTABIISIFOLINE is U iy, B
3aBUCHMOCTH OT TOT'0, UMEET JIU COOTBETCTBYIOIASI KOMIIO-
HEHTa OJIMHAKOBBIE WJIN Pa3HbIEC 3HAKU B CEBEPHOI U I0XKHON
4acTAX MOJIpHOU manku. Kax yerko npoeputsh, K| o< is u
K, «xi,. 30ecp M HIKE HOPMHUPOBKA MPOUCXOIUT Ha
"jokasbHyo" MmWIoTHOCTL TOKa I osbapaiixa—JKyiuaHa
Jjcy = |QB|/2n. B wactHOCTH, TIpsIMOE ACHCTBUE HA 3BE3IY
cuiet Amnepa K = [[r x [Js x B]/c] ds, cBsi3anHOE ¢ TOBEpX-
HOCTHBIMH TOKaMH Js, 3aMBIKAIOIIUMU OOBEMHBIE TIPOJI0JTh-

HbIEe TOKH, TEKYIIUEe B MarHuTochepe, MOKET ObITh 3AMUCAHO
B BH/IE [69]

i B2Q3RS
KH““ R —| 0~ — o s, (37)
B2Q3R® QR
K"~ —cp . (38)
C- C

3neck kospdunuenTer ¢ ~ 1 u ¢, ~ 1 (KOTOpHIE MBI B
JaJbHeeM o0CyXIaTh He OyAeM) 3aBHUCAT OT PeajbHOTO
pacrpezesieHust TOKOB B 00BEME OTKPBITHIX CUJIOBBIX JIMHUIA.
IIpu stom mas "nokaiabHOro" rojbapaiiXxoBCKOTrO TOKa
(is = iy, = 1) cooTHOIICHKE (38) MPUBOIUT K BHIPAKCHUIO

QR
ur cur
K~ = K

(39)

Bo3Bpatasce teneps k Bonpocy o0 3BOJIIOLUH YIJIOBOM
ckopocTd €2 W yrja HakJOHAa OCeH y, MOXKHO 3amucaThb
ypaBHEHHUsI IBIKEHUSI B 0011IeM Buze [69, 70]:

LQ= KI/\% + (KD — KHA) sin® (40)
LQj = (K — K[*)singcos z, (41)
rie BHOBB I, ~ MR?> — MOMEHT WHEPIUH HEHTPOHHOI

3BE3/Ibl U MBI MOJOKWIA K| = KHA cosy m K, = Kf sin y.
ITockoyibKy, Kak MbI BHJHM, 004 BBIPAXKEHUS COICPKAT
MHoxutenb (K — K‘f\), yros y GyIeT 3BOJIOLHOHUPOBATh
Kk 90° (counter-alignment), ecjiu TOJIHbIE TOTEPU SHEPTUU
YMEHBINAIOTCS TpH OOJBINIUX yrjaXx HAKJIOHA, U K HYJIIO
(alignment) B mpoTuBHOM ciryuae. Hanpumep, 11st JIOKaJIb-
HOTO rosibapaiixosckoro Toka (ir = i = 1), xak a10 Upes-
nosarajock B Monenu BI'U [69], yros y moykeH yBenndu-

BATbCs CO BpDEMCHEM!

f2() BiQ*R®

Wt<oBtGI) = isA (‘Qa BO) 4 c3 cos %, (42)
"2 ( BZQ2R6
7 (BGD — iSA(Q, By) fﬁty) 072 siny cosy. (43)
¢ c

3neck Oe3pasmepnast BenuunHa 1,59 < f,(y) < 1,96 ompene-
JISIeT MJIOIIA (b HOJISIPHOM HIarnku s(y),

s(x) = f-(0)mR; - (44)
Uto xe KacaeTcss Ge3pasMepHbix TokoB i(Q,By) u
i2(Q, By), TO MBI TIOZPOOHO PACCMOTPUM 3TOT BONPOC B
pasmenmax 2.2.1m 3.1.1.

Kak MbI BUAMM, yX€ B IEPBbIE T'OJbI OBLIM HMOHSATHI
OCHOBHBIC TIPOIIECCHI, OTBETCTBEHHBIE 32 IBOJIIOLUIO PAINO-
MyJ1bCAPOB, U CHOPMYJIHPOBAHBI OCHOBHBIC 3aKOHBI, OTUCHI-
Barollue ux MarHuTocdepbl. bosiee TOoro, OBLIO MOJIyYEHO
HECKOJIbKO aHAJIMTUYECKHUX PEIICHUI, TO3BOJIUBIIUX CCIATh
TepBble OCTOPOXHBIE Hpesickazanus. Kasanocs ObI, BCkope
JTOJDKHA Obljla HACTYMHTh MOJIHAS SICHOCTh B MIOHUMAHUH U
BCEX OCTAJIbHBIX BOIIPOCOB.

K coxanenuto, aToro e npousonuio. B pesynbrare nz-3a
OTCYTCTBHUS 3aMETHOTO MPO/BIDKCHUS B PEIICHUM HEJIMHEH-
HBIX ypaBHEHHII, ONMHICHIBAIOIINX ITyJIbCAPHYIO MarHUTOC(he-
py (AaHATUTHYECKUE PEIICHUS] MOXHO OBLIO MOJYYUTh JIMIIb
B HECKOJIbKMX MOJICIbHBIX CIyYasiX, a YUCJICHHBbIC METOJIbI
Torja emé He ObLIM JTOCTATOYHO Pa3BUTHI), PE3KO COKPATH-
JIOCh YHUCJIO acTPO(PHU3UKOB, AKTUBHO PAaOOTAIOIIUX B 3TOU
ob6nactu. Hactynmm Tspkénbple BpeMeHa. ..
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1.4. CpenneBexoBbe (1983 —-1999 rr.)

DT0 ObLIM ACUCTBUTENIHLHO TSDKEBIC BpeMEHA, 0COOCHHO IS
TeOopuu Marautocdep paguonyibcapoB. Ha nepBblii B3TJIsII,
3a 15 ymetr He OBLIO MOJIYYEHO HHW OJHOTO 3HAYUMOTO
pe3yJibTaTa, MOCBAMIEHHOTO 3TON TeMatmke. OgHAKO Mead-
JICHHO, 11aT 3a I1aroM, Hallle HOHUMAaHUE MPOIECCOB, MPOUC-
XOJISIIIIUX B MarHutocdepe HEUTPOHHOW 3BE3/Ibl, CTAHOBH-
JIoch BeE GoJiee u 6oJiee SICHBIM.

ITpexme Bcero BaKHbIC PE3yJIbTATHI OBLIM TOJIyYCHBI B
TEOPUU CHJILHO 3aMarHMYeHHBIX BeTpoB. HamomHHM, 4TO
6eccuiioBoe NpubIMKeHue (T.e. IPUOJIDKEHUE, B KOTOPOM
MOCTYJIMPYETCS PABEHCTBO HYJIFO JIMIIb 3JIEKTPOMATHUTHOMN
CHJIbI) HUYETO HE TOBOPUT 00 3HEPT MU MCTEKAFOIIEH TJIa3MBbl,
MOCKOJIbKY TaKo€ MPUOJIMKEHIE PABHOCIIIBHO MPEIITOIO0KE-
HUIO O HyJIeBON Macce dacTull. [103TOMy B yKa3aHHBIN Tie-
pUOII aKTHBHO pa3BUBajach mosiHas MI'Jl-Teopus peiis-
THBUCTCKMX W HEPEJITUBUCTCKUX Te4yeHui [71—76], koto-
pasi, B YaCTHOCTH, MOKAa3aJjia, YTO B KBA3UC(PEPUIECKOM 3a-
MarHMYeHHOM BETPE YCKOPEHHUE YACTHIL IOJKHO OBITH CHJIb-
Ho mtonasJyieHo. Kak 6nut0 mokazano A. Tomumary B 1994 1.
[77], Ha GonpIux paccTosHUSAX (60JIEe TOYHO, 3a MpeeIaMu
6bICT£)OI71 MarHiuTO3BYKOBOU MOBEPXHOCTHU I > Fp, TJI€ I ~
Nal\l,l/ RL)I SHEPrusl YacTHI[ HE MOXET IMPEeBBINIATh 3HA-
YeHU U 0M/3mec2 ~ 1—10 I'sB, Tak 4TO OTHOIIEHHE ITOTO-
Ka 3JIEKTPOMArHUTHOM 3HEPTMM K MOTOKY 3HEPTHU YACTHIL
0 = Wem/ Wpart IOTKHO OBITH BEJUKO: 0~ 05~ > 1.

OJTHOBpEMEHHO OBLIO OCO3HAHO, YTO IIOTHOCTBH IPO-
JOJIHOTO 3JIEKTPUYECKOTO TOKA jj, KAK M TEMI aKKPELMH B
pemiernun Bouau, He sBisieTCs CBOOOJHBIM MapaMeTpoM, a
(uKkCcUpyeTCs KPUTHUYSCKUMHU YCJIOBUSIMU HA OBICTPOH Mar-
HUTO3BYKOBO# MOBEPXHOCTHU. [IpH 3TOM B pEIATUBHCTCKOM
cirydyae IJI0OTHOCTh NMPOJOJILHOTO TOKA JOJDKHA OBITH OJIM3Ka
K IJIOTHOCTH TOJIbIPARXOBCKOTO TOKA jGj.

Ewmé onun mar Brepén CBsI3aH C TeM, YTO ObLIA MOHSITA
3HAYUTEJIbHAS POJIb, KOTOPYIO B MPOIECCEe POXKIACHUS Yac-
THI[ BOJIN3U MArHUTHBIX MOJIEOCOB MOTYT UTpaTh 3(PPeKTh
o0IIell TEeOpUH OTHOCHUTENBHOCTH. MaTeMaTHYeCKH OHU
00YCJIOBJICHBI JOTIOJTHUTEIBHBIM YJICHOM, MOSIBJISIOIIAM-
Csl B BBIPAXXEHUU JJIs1 TOJIbJIPARXOBCKOU MJIOTHOCTH 3apsi-
Ia pgy ~ —(Q — w)B/2nc, CBI3aHHOI C YIII0BON CKOPOCTHIO
Jlenze — Tuppunra o,

2GI;
W~

c2r3 !

(45)
CoriacHO O0IIIel TeOpUH OTHOCHTEJIBHOCTH, C TAKOW YIJI0-
BOii ckopocThio Oy et "yBiekaThes" caMo IPOCTPAHCTBO HA
PAacCTOSIHUM 1 OT JIFOOOTO Bpalnarorierocs teia. HecMoTpst
Ha MAaJIOCTh ITOH BEJIMYMHBI, €€ MPOCTPAHCTBEHHAS MPO-
M3BOJHAS MOXET OBITh IOCTaTOYHO Beauka. Kak ObLIO
noka3ano B 1990 r. B pabore [78] (a moTom u B padoTax [79,
80]), B pamkax mMojaennm ApoHca POXIACHUE BTOPUIHOM
MJIa3Mbl CTAHOBUTCSI BO3MOXHBIM B IIpeJesiax Bcel moJsip-
HOH HIankuM MMeHHO 3a cuéT 3¢pdexToB o0lIel Teopuu
OTHOCUTEJIbHOCTH.

3/1ech HeJIb3sl He OTMETHTh U paboThI [§1—83], B KOTOPBIX
OBLIIO MOKA3aHO, YTO 3aMETHYIO POJIb B MPOIIECCe POKIACHHS
YACTHI[ BO BHYTPEHHEM 3a30pe JOJDKEH WIpaTh IMPOIIecC
00paTHOTO KOMIITOHOBCKOT'O PacCesHHsI TEIUIOBBIX (POTO-
HOB, M3JIyYaeMBbIX MMOBEPXHOCTLIO HEWTPOHHOW 3BE3.bI, Ha
PENSITUBUCTCKUX 3JIEKTPOHAX U NMO3UTPOHAX, YCKOPSIEMBIX B
3a3ope. JXKécTkue raMma-KBaHTEI, POXK/IaeMble B 3TOM TIPO-
necce, TakXKe JOJDKHBI MPUBOIUTH K OJHO(POTOHHOMY POX-
JIEHUIO 3JIEKTPOHHO-TIO3UTPOHHBIX Nap. B HacTosimee Bpems

Puc. 5. Mozens "mosocatoro" (striped) mysibcapHoro BeTpa ¢ BOJHOO6-
Pa3HBIM TOKOBBIM CJIOEM, Pa3/IENISIOUIUM B 9KBATOPHAILHON 00JIaCTH
IIPOTUBOIIOJIOKHO HAIIPABJIEHHbIE MATHUTHBIE TOTOKY [84].

9TOT MPOIECC YIUTHIBACTCS B OOJBIIMHCTBE paboT, MOCBS-
IMEHHBIX POXICHUIO YACTHUI[ Y TOBEPXHOCTH MyJIbcapa.

Hasnee, BaxXHbIE pe3yJIbTaThl ObUIN NOJIYYEHBI U B TEOPUU
mynbcapaoro Betpa. IIpexnae Bcero, ®. Koponutu [84] u
®.K. Maiikensb [85] npuBjekIM BHUMAaHUAE K BOJHOOOpa3-
HOMY > TOKOBOMY CJIOI0, KOTOPbIil HEM30EKHO JOIKEH BO3-
HUKATh B CHJILHO 3aMarHMYeHHOM BETpe HAKJIOHHOTO POTa-
TOpa, pa3fesiss BXOISIIMKA U BBIXOISALINI MarHUTHBIE MO-
TOKH (pHC. 5).

IMozxe Y. Keanen u ®. Koponutu [86, 87], ananuzupys
B3aUMOJICHCTHE MyJIbcapHOTo BeTpa ¢ KpaboBuaHOM TyMaH-
HOCTBIO, PHUIILIA K 3aKJTFOYECHUIO, YTO Ha OOJIBIIUX PACCTOSI-
HUSIX OT MyJIbCapa, CPABHUMBIX C PA3MEPOM CaMOU TyMaHHO-
CTH, 3aMarHUYEHHOCTh BETPa JOJDKHA OBITH YK€ OYEeHb Clia-
60it: ¢ ~ 1072. DTOT pe3ynbTaT ObLT YK€ B MPAMOM TIPO-
THBOPEYNH C IPEICKA3aHUSMU TEOPUH ITYJIbCAPHOTO BETPA, O
KOTOpPBIX TOBOpHJIOCh Bhiie. C Tex mop "o-npobiema", T.e.
HEBO3MOXHOCTb JIOCTATOYHO 3(p(HEKTUBHO YCKOPSThH YaCTH-
bl JJ1s1 KBa3uChepHUECKUX TEUEHUH, CTAHOBUTCS OJJHUM U3
OCHOBHBIX BOIIPOCOB TEOPHH PATUOINYJIbCAPOB. Bo BCIKOM
ciydae, B pamkax MI'[I-moaxoma e€ perieHue m0 CHUX HOP
HaliT! He yaaércs.

Kak oObIYHO ObIBaeT B TPYy/IHBIC BPEMEHA, [IJIsl PEIICHUS
HAKOMMBIIUXCS HPOOJeM ObUIM TNPEISIOKEHbl HECKOJIbKO
"6e3ymubix" uaei (puc. 6, 7). Bo-niepeoix, ®.K. Maiikens u
Jx. Kpays-IToabcaopdd [88] paccmoTpenu Tak HaszbiBae-
myro "disk-dome"-cTpykTypy MarauTocepnl 0CECHMMET-
PUYHOTO IMyJIbCapa, B KOTOPOW MOJIOKHUTEIbHbIE U OTPHIIA-
TeJIbHBIE 3aPs/Ibl 3aXBATHIBAIOTCS B PA3JIMYHBIX YACTSAX Mar-
HUTOC(HEPbl HEHUTPOHHOW 3Be3/bl, pPa3/IEJIEHHBIX BAKYYM-
HeIMH 06j1acTsaMu ®. Ha mepBblii B3ruisi, GbLIO COBEPIIEHHO
HETIOHSITHO, KaK Takasl CTPYKTypa MOXeT OBITh yCTOHYMBA
mpu yu4€Te BO3MOXHOTO POXAECHHUS BTOPHYHBIX YACTHIIL.
OmHako BIOCJEICTBUM, KAK MBI YBUJIUM, Takasi CTPYKTypa
JIEHCTBUTEILHO ObLIa BOCIPOM3BEIECHA MPH YUCICHHOM
MOJIEJIMPOBAHUM.

Kpowme Toro, Hama rpymmna paccMoTpesia cirydai, korjaa
HPOJIOJILHBIA TOK jj OKAa3bIBAETCS IOCTATOYHO MaJI, TAK 4TO
OH He MoXxeT mnoanepxuBatb MI/[-TeueHune BIIIOTH 110

5 B aHIIOS3BIYHON JHMTEpaType HCIONb3yeTcs TepMuH striped —
"mosocateiit".

6 KauecTBeHHO Takas CTPYKTypa oOCyxmaiach paHee B paboTax
1O. Prinosa [89] u E. Txxexcona [90].
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Puc. 6. [Tepsas "6e3ymuasn" uyes [88]: "disk-dome"-mozmens ocecummer-
puyHOit MarauTocdepbl. CIUIOIIHbIE JTMHAM MOKA3bIBAIOT MOBEPXHOCTH
PABHOTO 3JIEKTPMYECKOTO NMOTEHIMAIA, TTYHKTUPHbIE IMHUM — MaTHHUT-
HbIE TOBEPXHOCTH.

l
_—CsetoBas
MMOBEPXHOCTH
)

OTKpBITBIE
!

CHJIOBBIC
JIMHUU #
|©\‘¥

AMKHYThIE
. CHJIOBBIE d
\JIMHUAA | CBeToBOIt
! e p
R

Puc. 7. Bropas "Gesymmas" wumes [69]: Momenb MarHuToCchephl CO
CBETOBOH MOBEPXHOCTBIO, BOJIM3M KOTOPOHl B TOHKOM cioe ~ Ry /2
npoucxouT 3GQGEeKTHBHOE YCKOpeHHe 4YacTul. KOHTypHBIE CTpelKu
MOKA3BIBAIOT HATPABJICHAE DJIEKTPHIECKAX TOKOB, ILUTFOCHI M MUHYCBI —
3HAK IUIOTHOCTHU 3JICKTPHYECKOTO 3apsizia.

6eckoneunoctu [69]. B aToit Mmomem, nokazanHoi Ha puc. 7,
Maraurocdepa paaronyibcapa J0JKHa UMETh "ecTecTBEH-
HYIO TpaHuiy" — CBETOBYIO MOBEPXHOCTb, Ha KOTOPOI
9JIEKTPUYECKOE TOJIe CPAaBHUBAETCS C MAarHUTHBIM. biaro-
J1apsi 3TOMY CTAHOBHUTCSI BO3MOXXHBIM 3((EKTUBHOE YCKOPE-
HHe YACTHI[ BIUIOTb OO JHEpruit & ~ oymec’? (IpH ITOM
perraercst U g-podseMal); Kak Mbl YBUJIUM, U 9TOT BBIBO/T
HAIIEJ BIOCJICICTBUY CBOE, XOTS U KOCBEHHOE, TIOITBEPIK/IC-
HIE.

IMoauepkHEM, 4TO TaKasi CTPYKTypa HEM30EXKHO TOJDKHA
ObLTa BOBHUKHYTb B MOJEJIM ApOHCA, B KOTOPOH MOCTYJIH-
poBaJicst "JTOKabHBIA" TOJIbAPARXOBCKHI POJOJIBHbINA TOK

Jj| = ¢pgy = QBcos y/2m, T.e. NPOIOJILHBIA TOK, HEMOCTA-
TOYHBIA ISl IOANEPKAHUS MyJIbCapHOTO BeTpa. JledcTBu-
TEJIbHO, KaK yke 00cyxaanochk B pazzaeine 1.3 (cMm. puc. 3), B
MI'/I-BeTpe TOponIaabHOE MarHMUTHOE IMOJie B, HA CBETO-
BOM LMJIMHJAPE JTOJDKHO CPaBHSTHCS C AjleKTpuueckum. Ho
JJIsl HAKJIOHHOTO pOTaTopa JIOKAJbHBIM ToJbapaiXoBCKUI
MPOJOJIBHBIA TOK CIUIIKOM MalJl, YTOOBI CO37aTh HEOOXO-
IUMOe TOpPOHMJAIIbHOE MarHuTHOe moJie. B pesyiabrate B
pamkax Mognean BI'M crnabGo3amarHuveHHBIH BeTep, T.€.
TeUeHHE C MaJION BEJMYUHOW 0, JOJDKEH (HOpMUPOBATHCS
y>ke BOJIM3U CBETOBOTO LUJIMHIPA.

1.5. Peneccanc (1999 -2006 rr.)

Omnoxa Peneccanca Havajach ¢ IByX paboT, OIMyOJIMKOBAH-
HBIX B 1999 1., 1 cBsI3aHA C OCO3HAHWEM MPABUILHOCTH MPO-
CTBIX MOJICJICH, KOTOPBIE YKE MPETaraiuch 1Jist 0O bSICHEHU S
IPOLIECCOB, MPOMCXOISAIIUX B MarHuTochepe paauomnyJsib-
capoB. B mepBoii pabore M. Konrtonynoc, [I. Kazanac u
X. ®enar [91] HAKOHEN-TO YUCIIEHHO PEIIMJIA OECCHIIOBOE
"nynbcapuoe ypasuenue" (32) miis 0CECAMMETPUIHON Mar-
HUTOChEpHI (puC. 8). DTO CTA’IO0 BO3MOXKHBIM OJlarogapsi
UTEPAaLMOHHOH NPpoIeype, TO3BOJIUBILIEH U30ekKaTh 0OCOOEH-
HOCTM Ha CBETOBOM LMJIMHIPE, KOTOPBIH, KakK yxe ObLIO
MOTYEPKHYTO, SBJISIETCSI 0COOOW MOBEPXHOCTBIO MYJIbCAp-
HOTO YpaBHEHHUSI.

B pe3ynbTarte, 10100HO MOHOIIOJIBHOMY pellieHnto Mai-
KeJisl, Ha OOJIBIIIUX PACCTOSIHUSIX I' > Ry peIleHne CoAepKaio
9KBATOPHUAJIbHBIA TOKOBBIA cii0i. OJIHAKO BO BHYTPEHHUX
00J1acTsIX pelleHne, eCTeCTBEHHO, MPUIINBAIOCH K TUIOJIb-
HOMY MarHUTHOMY TIOJIFO HEHTPOHHOI 3Be311bl. B mocieqyro-
IIFe HECKOJIBKO JIET 3TO pellleHre OBbLIIO BOCIPOU3BEIEHO BO
MHOTHUX paboTax [92—99]7, 4To BHOBb IPHUBJIEKJIO BHIMAHKE
K TeopHH MyJbcapHbIX Maruutochep. KoneuHo, Bce 3tm
peIIeHUsI COOTBETCTBOBAJIM OCECUMMETPHUYHOMY CIIy4aro,

3,0

o S S

0 0,5 1,0 1,5 2,0 2,5 3,0
rl/RL
Puc. 8. OcecummeTpuuHOe OECCUIIOBOE pEIlICHHE, HAMIEHHOE YHCICHHO B
pabote [91]; KOHTYpHBIE CTPEJIKU MOKA3BIBAIOT HANIPABJICHHUE 3JIEKTPHYE-
CKHX TOKOB.

7 Cpenn aBTOPOB 9TUX PabOT IOJOBHHY COCTABJISUIH PYCCKOSI3bIYHBIE
acTpo(U3HUKN...



386 B.C. BECKMH

Y®H 2018

Puc. 9. CrpykTypa aHaJIMTHYECKOro pelienust Borosasnosa s "Ha-
KJIOHHOTO Bparuatomierocss monomnoss" [100] u ¢popma TokoBOro ciosi,
BocnpousBeEHHas Ha 3D-npuHTEpE.

4TO eIé He MO3BOJISIO MOJIYIUTh UCUEPIIBIBAFOILYEO HHPOP-
MaIHIO O PEATIbHON MarHUTOC(EPE PaIUOIYIHCAPOB.

B Tom xe 1999 r. C. borogaios [100] Hamén anaymTuye-
CKOE€ peLIICHHME JIJIs TAK HAa3bIBAEMOT'0 "HAKJIOHHOI O BpaIllaro-
erocst Monomnous" (puc. 9):

2

R{ .
B, =By TZL Sign (), (46)

2

QR{ . .
B,=Ey=—-BL L sin 0 Sign (D).
cr

(47)

B sToMm pemienun BOJIM3M HEHTPOHHOU 3BE3/bl TOKOBBIN
CJIOH, pa3feNstomuid paauaibHble MAarHUTHBIE TIOTOKHU, HE
OPTOrOHAJIEH OCH BpalleHUs. 3/1eCh BEJIMYMHA

. . Qr

® = cos ) cos y — sin 0'sin y cos (@—Qt—kT) (48)
Kak pa3 ompenessieT GopMy TOKOBOTO cyiosi. B pesymnbrate
BOJIN3M HEUTPOHHOU 3B€3/1bI MATHUTHOE TOJIE MO-TIPEKHEMY
HAMEJIO He JAMIOJIbHBIN, a MOHOIOJIbHBIN XapakTep. OHAKO
JUISl IYJIbCAPHOTO BeTpa MOJIydeHHe TaKoro MpoCTOro aHa-
JIMTUYECKOTO PELICHUs] NMeJIO OYeHb OOJbIIoe 3HaUeHne. B
TAKOM pEIIeHUH B KOHycax 0 < /2 —yun—0<m/2—y
OKOJIO OCH BpAlIECHUS 3JICKTPOMArHUTHBIE [10JIs1 OCTABAJIUCh
HE3aBUCHUMBIMH OT BPEMEHH M COBNAJAlId C pElICHUEM
Maiikess, kKoTopoe nmoka3ano Ha puc. 3. C Apyroii CTOpOHbI,
B DKBATOPHAJIBHON 00JIACTH BCE KOMIIOHEHTHI 3JIEKTpOMar-
HUTHBIX [TOJIEH, KaK 3TO U IIPEIIO0JIarajioch paHee (CM. puc. 5),
CKaYKOM MEHSUIM 3HaK B MOMEHT IEePECeUeHUs] TOKOBBIM
CJI0€M JITaHHOM TOYKH; BCE OCTAJILHOE BpeMs IOJISI OCTaBa-
JINCh TOCTOSHHLIME .

OtmeruMm, uto ycioBue @ =0 mis GOpMBI TOKOBOTO
CJI0SI UMEET YUCTO KNHEMATHUYECKYIO IPUPOAY. DTO CBSIZAHO
C TeM, 4TO B OECCHJIOBOM ClIydae YaCTHIbI, KaK M caM TO-
KOBBIH CJION, ABMXXYTCSl paJMaIbHO CO CKOPOCTBIO cBeTa. B
pe3yibpTaTe B aCUMITOTHKE I — 0O TpPH JHOOOU CTPYKTYype

8 Ve MOITOMY TAKOE pELIeHHEe HE COIEPKAIO MATHHTOIUIOJBHYIO
BOJIHY.

BETpPa IOJIKHO BBIONHSITECS cooTHOIIeHne Ey(0) = B, ()
[pY IPOU3BOJIHLHOM 3aBUCHMOCTH OT yrja 0; Takoe CTaIuo-
HApHOE aCUMIITOTUYECKOE PELICHHE 115 "yILCapHOro ypas-
nenus" Obu10 mostyyeno P. Marpaxamom emé B 1973 1. [101].
HeyuBHUTEILHO MO3TOMY, YTO MOAOOHASI CTPYKTYpa TOKO-
BOTO CJIOSl BIIOCJCACTBHU IOCTOSIHHO BOCIPOHM3BOINIIACH
[PU YUCIICHHOM MO/ICTUPOBAHHH.

Takum 00pa3oM, B paccMaTPUBAEMBIE TOIbI ObLT JOCTHUT -
HYT HECOMHEHHBIIT mporpecc. I1pexe Bcero, ObuIa OCO3HAHA
BaXHasi POJb TOKOBOTO CJIOSI B JWHAMUKE IYJIbCAPHOTO
BeTpa. [103TOMY HCCIeIOBAHUE TPOIECCOB, MPOUCKOISIIIX
BHYTPH TOKOBOTO CJIOSI, CTAJIO OJTHUM U3 BaXXHBIX HAIIPABJIC-
HUH NPU U3YUYEHUH paaroNyibcapoB. B uactuocty, FO. JTro-
Gapckuit m Jx. Kupk [102] oT™MeTHIN BaXXHYIO pOJIb Mar-
HUTHOT'O MEPECOSIUHEHUS, YTO TAKXKe JaJI0 HAYAJI0O MHOTO-
YHCJICHHBIM UCCIIeTOBaHUsAM. HakoHeI, mpakTHYeCKU BO BCEX
paboTax, MOCBSIIEHHBIX OCECHMMETPUYHOI MarHutocgepe,
MOITBEPXKICHA CTPYKTypa Marutochepsl, MOTydeHHAsl B
pabote [91], Tak 4TO MOXHO OBLIO C YBEPEHHOCTHIO TOBO-
PUTB O HAJIMYUH HEKOTOporo "yHuBepcaibHOro" penieHus.

Ho, mo-BunuMoMy, rJIaBHbIA MOMEHT ObLIT CBSI3aH C U3-
MEHEHHMEM CaMOT0 B3IJIs1Ia Ha IPUPOY IPOIOJIBHOTO TOKA,
quKynH%)ymmero B MarauToctepe. Ternepb UMEHHO BeJU-
YMHA jH(us , oTIpeieTIsieMasi w3 "yHIBepcaTbHOTO penternns', a
HE 3a/1aBaeMasi IPOIECCOM POXKICHUS YaCTHUIl BOJIM3HM Mar-
HUTHBIX IOJIFOCOB, IPUHUMAJIACH 38 MCTHHHYIO IJIOTHOCTH
MPOIOJILHOTO JIEKTPHUYECKOTO TOKa. MHBIMU cii0BamMu, pu
BCEX JAJIbHEHMIINX YMCIICHHBIX pacuéTax HUKAKUX OTrpaHHYe-
HUIl Ha BEJIMYUHY HPOAOJBHOIO TOKA HE HAKJIAIbIBAJIOCH.
Ecnu xe B MI'JI-ioaxo/1e IJIOTHOCTD YACTHII B KAKOH-I00
00JIaCTH CTAHOBUJIACH CIIMIIIKOM MAJIOH, TO IJIa3Ma MHKEK-
THPOBAJIACh B 3Ty 00J1aCTh UCKYCCTBeHHO. HeymmBUTEIBHO
MO3TOMY, YTO BCE MOJIYYCHHBbIE TAKHM CIOCOOOM peEIIeHHS
YZAOBJIETBOPSLIN HE TOJILKO YCIIOBUIO P, = Py, HO ¥ YCIIOBHIO
Ji :j\\us :

C npyro#f CTOPOHBI, MOSIBUJIACH M HOBBIC BOIPOCHI.
IIpexnae Bcero, MpOCTPAHCTBEHHOE paclpeiesieHue Mmpo-
J0JILHOTO TOKA jj|, KOTOPOE ClIeN0BAJIO 13 ""YHUBEPCATILHOTO
petennst", 3aMETHO OTJIMYAIIOCH OT JIOKAJILHOTO TOJIbApaii-
XOBCKOT'O TOKa, KOTOPBIHA, KaK CICIHAIbHO OTMEYasioch,
mpezcKas3biBalicst B moaenu Aponca. He coBmanasio 3To pac-
MpeJieJieHre U ¢ TOKOM BpPAaIarolerocs MOHomoJis. B wact-
HOCTH, KaK IIOKa3aHo Ha pHC. 8, "yHuBepcabHOe pelnenue”,
HOJIYYCHHOE JIJIs1 OCECHMMETPUYHOI MarHuTocdepsl, Tpedo-
BaJIO, YTOOBI OOpPATHBIA TOK MPOTEKal HE TOJBKO BIOJb
cernapaTpUcChl, Pa3feisolell 3aMKHYThIE U PAa30MKHYTHIC
CHJTOBBIC JIMHUM, HO U B 3HAYUTEJIbHONW 0OBEMHOIM obsacTu
BHE e€. A 3TO yXe HaxOJIUJIOCh B PSIMOM MPOTHBOPEYUH CO
BCEMH MOJICJISIMA POXKICHHUS YACTHIl BOJIM3M MATHATHBIX
HOJIFOCOB TOT'O BPEMEHH, IIOCKOJIBKY JUIsl 3TOTO Ciy4asi 3HaK
nmajieHusl MOTCHIMAA, a 3HAYUT, ¥ HAMPaBJICHUE HCTCKAO-
IIEr0 TOKAa, MOJDKHBI ObUIM OBITH OJMHAKOBBIMH HA BCE
MMOBEPXHOCTH TOJISIPHOIA IIanku. XOTsi 00 3TOU TPYIHOCTH B
TO BpeMsl €Il¢ He TOBOPUJIOCH OTKPBITO, TEPBbIC MOMBITKA
PEIIUTD 3TY IPOOJIeMy, TEM He MeHee, ObLIU PeANPUHSTHL. B
yactHoctH, L. MIubGara [103], a motom u A. Beinobopoaos
[104] moka3anu, 4TO AJ1s1 CBOOOTHOTO BBIXOJA YACTHIl POXK-
JICHUE BTOPUYHOHU ILIA3MBI IS JOCTATOYHO MAJOro Ipo-
JOJILHOTO TOKA j| < jGj /MOJKHO OBITH CYIIECTBEHHO TIO-
JaBJIEHO° .

93T10 YTBEPXKACHUE, BIPOYEM, KaCaJIOCh TOJIBKO MOJIesie co CBO60[[HI)IM
BBIXOIOM YaCTHUI C TOBEPXHOCTU HeﬁTpOHHOﬁ 3BE3/bI.
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1.6. Unaycrpnanshas pesosonust (2006 —2014 rr.)
WNunyctpuanbHas peBOJIONUS B TEOPUH DPAJAMOMYILCAPOB
ObLTa CBsI3aHA C TOSIBUBILIEHCS BO3MOXHOCTBIO MIPOBOANUTH
TpEXMEpHbIE BPEMEHHEBIC PACUETHI; KAK U BCAKAS PEBOJTIONNS,
OHA pa3pellmia HaKOMUBINHUECS BHYTPEHHHE MPOOJIEMBbI
YUCTO TEXHUYECKMM CIIOCOOOM. DTa 3moxa Hadajach C
pabotsl A. CriutkoBckoTo [105], KOTOPBIH IEPBBIM TOJTY AT
YUCJIEHHOE pelleHue ajIs1 OecCHUIOBOH MarHuTochepsl
HAKJIOHHOTO POTATOpa. DTO PEIIeHNE ObLIO MEPBBIM TPEX-
MEPHBIM pelIeHNEeM, COAEpXKalluM IYyJIbCapHBIl BeTep,
yxomsumii Ha O6eckoHeuHOCTh. Kak mokazano Ha puc. 10,
HECMOTPSl HAa OTHOCHUTEJIbHYIO MAaJOCTh BBIYHCIHTEIbHON
obJtacTu, 3TO pelleHne NOATBEPANIIO CYIIECTBOBAHIE TOKO-
BOTO CJIOSL.

Kak w3BeCTHO, WHIYCTpHAJIbHAS DPEBOJIONUS HEBO3-
MO’Ha B OJHON OTHEJIbHO B3siTOH cTpane. ITocie paboTsl
CHUTKOBCKOTO BO MHOTHX Hay4yHbIX HEHTpax ObUIM IpOBe-
JIeHbl TOAOOHBIE PACUYETHI, MPUUEM HE TOJBKO B paMKax
O6eccuiioBoro, HO u Oosiee mosHOoro MIJI-nipubkeHus
[106—111]. B pe3ynbraTe ObUIO HalineHo "yHUBEpcalbHOE
perende" U U1 HAKJIOHHOTO POTATOPA, MOATBEPIUBIIIEE, B
YaCTHOCTH, BBIpa)keHHe, nojyuyeHHoe CIUTKOBCKUM IS

HOJHBLIX MoTeps sHeprun 0

204 p6
up) _ 1 ByQ"R |+ sin?
~—-——— (1 +sm .
tot 4 C3 ( X)
Kax Mbl BUauM, "yHHBEpPCATIBLHOE pellleHne" COOTBETCTBYET
YBEJIMYCHHUIO TOTEPh ¢ pocToM yria y. CiemoBaTeibHO,
COTJIACHO 00111eMy COOTHOIIeHHIO (41), yroj HaKJIoHa ocel
JTOJDKEH YMEHbBIIATHCS C TCUCHUEM BPEMEHU:
202p6
7/ (MHD) 1 BfQ°R
: 41,  ¢?

(49)

siny cos y (50)
(3TOT pe3yabTaT OBLI MOJIYYeH HECKOJIBKO TI03XKeE).

C 1pyroi CTOpOHBI, ObLIO MOKa3aHO, YTO "yHUBEpCaAIlb-
HOe perieHne" 3aMEeTHO OTJIMYAETCS OT MOHOIOJILHOTO pe-
meHust Maiikesist — borosasoBa (47). B wacTtHocTH, npu J0-
CTAaTOYHO OOJBIINX yriax y > 30° paanajabHOE MarHUTHOE
TIOJIE YK€ HE SIBJISTIOCH OJTHOPOJIHBIM, A 0Ka3aJI0Ch CKOHIICHT-
PUPOBAaHHBIM BOJIM3M SKBATOPUAJILHOW IJIOCKOCTH. [lpm
3TOM YCPEAHEHHBIE MO YIITy () 3HAYCHUS MTOJICH NMMEITH BUJT

R2
(By), ~ BL r—; sin 0 Sign (P) , (51)

QR . 5,
(By), = (Eo), ~ —BuL —, sin 0Sign (®), (52)
BIQ’R}
(Sr), ~ W in*0, (53)

TOorna Kak B perreHun Maiikens—BorosaioBa paauanbHOe
maruuTHoe nose Bp(R?/r?)Sign (@) (47) ue 3aBuCHT OT
yraa 0.

IMomuepxuéM, uTo B cooTHomeHus1xX (51)—(53) naHbl BbI-
paXkeHusl, yCPEAHEHHBIE 10 YTy (. B IefiCTBUTEILHOCTH XKe,
KaK TOKa3aHo Ha puc. 11, mMeeT MecTo 3aMeTHast KOHIIEHT-
parsi CHJIOBBIX JIMHAH (2 3HAYMT, U TOTOKA 3JICKTPOMATHUT-
HOIi SHEPrUK) B HALIPABJICHUH, CABUHYTOM MO TOJITOTE IPH-
MepHO Ha 30° OTHOCHTEIHLHO MATHUTHOW OCH (KOHTYpHAas
3Be3aa) [107, 112]. Takum oOGpa3omM, MarHUTHOE TOJIE HE
SIBJIICTCS TOCTOSIHHBIM MEXIy MOMEHTaMH HepeceucHHUs

10 Bosiee TOYHO, MHTEPIIOJISANMS YUCIECHHBIX PE3YJIbTATOB HAET Wio o
o ki + ky sin? wmroek ~1,0+£0,1uk, ~ 1,1 +0,1.

2RLC

_2RLC _RLC 0 RLC 2RLC

Puc. 10. CtpykTypa MarHUTHBIX CUJIOBBIX JIMHUI B OECCHIIOBOM PELLICHUH
CrutkoBekoro [105] mist HakiaoHHOTrO poraropa (y = 60°) B IIOCKOCTH
xz.

B?/maxB?

Puc. 11. MI'd-pemenwue [112], neMOHCTpupyroliee KOHICHTPAIMIO Mar-
HUTHBIX CHJIOBBIX JIMHUI (IpH r = 6RL) B HAIpaBJICHUH, CABUHYTOM IO
JIOJITOTE Ha yroJi nopsiika 30° oT MarHUTHOM ocH (KOHTYpHAs 3Be371a).

JIAaHHOM TOYKH TOKOBBIM cJI0eM. BoJee Toro, mpu GoJbIInX
YIJIaX 7 TOKOBBIH CJIOH CTAHOBUTCS BCE MEHee M MEHee BbI-
PaKEHHBIM, TaK YTO JJIsi OPTOTOHAIBHOIO POTATOPA C XO-
polleil TOYHOCTBIO MOXHO ANIPOKCHMUPOBATH pEIICHHUE
kak !

R} . Q
B,zBLr—;schos <(p—Qt+?r+(po), (54)
2

QR? . Q
B, =Ey~ —Bg crL sin” 0 cos ((p —Qt + TV + <p0> (55)

(o = 30°). B 3TOM cocTOUT em OJHO CYILIECTBEHHOE
oTjiuue oT mMopeau Maiikensi—BborosasioBa, B KOTOpOH,
KaK BUJHO U3 COOTHOLIEHUS (47), 3JIeKTpOMArHUTHBIE MOJIs
TOCTOSIHHBI BHE TOKOBOTO ciiost. B pazgene 2.3.1 mMbl noa-
pobHO 00CcyauM TpUPOAY TAKOTO MYyJIbCAPHOTO BETpA,
CZIeJIaB aKIEeHT IMEHHO HA €r0 MIePEeMEHHOCTH.

Kak yxe oTMedanoCch, aCHMITOTHYECKHE PEIICHHS C
IPOU3BOJIBHOM 3aBUCHUMOCTBIO OT yrija  ObLIH U3BECTHHI C

1 JInst coryiacoBaHusi MOJIHBIX TIOTEPH C BhIpaXeHHeM (49) 371€Ch HYKHO
nonoxuts B = \/15/8 (QR/c)* B.
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1970-x rogoB. Y IMBUTEIBbHBIM, OJHAKO, OBLTIO TO, YTO TAKHE
MPOCThIC peIIeHUs] ObLIM BOCIHPOM3BEJICHBI B TPEXMEPHBIX
BpeMeHHBIX MT ' [I-pacuérax. B yacTHOCTH, ¢ XOpOIIel TOY-
HOCTBIO OKa3bIBACTCS BBIMOJHEHBIM U OOIIIEe COOTHOIIICHHE
MEXIy YCPEeOHEHHBIMH IO YIJIy () MOTOKOM JHEPTHU U pa-
JIMAaJIbHBIM MarHUTHBIM IOJIEM:

S,(0) oc B2(0) sin” 0 (56)
(ero Jerko MOXHO TOJIyYUTh, WCIOJIb3Ys OIpPEICIICHHS
noJiet E u B).

Kpowme Toro, ananus mory4eHHbIX PElIeHU TOKa3bIBAET,
4TO Oe3pa3MepHbIil AHTUCUMMETPUYHBIN MPOAOJIbHBIA TOK
CYIIECTBEHHO MPEBBIAET JIOKAJIBHBIA TOJIbIPAiiXOBCKHN
ToK: it ~ (S?R/c)fl/2 > 1 (mompobuee cm. pazgen 2.2.1).
buarogapst BBeIEHHON BbIIIE HOPMHUPOBKE, 3TO O3HAYAET,
4TO MOJIHBINA TOK, IUPKYJUPYIOLIHHA B MarHUTOChEpe OpTO-
TOHAJIBHOTO POTATOPA, OJIM30K K MMOJTHOMY TOKY, TEKYLIEMY
B OCECUMMETPUYHOM MarHuTocdepe. Tak U JOJDKHO OBITH,
MOCKOJIbKY, HE3aBHCHUMO OT yIJia ), JJIsl CYIIeCTBOBAHUS
MTI'I-BeTpa, yXoasmero Ha OECKOHEYHOCTh, HEOOXOIMO,
4TOOBI TOPOUAATIHLHOE MATHUTHOE 110JI€ Ha CBETOBOM LIUJIMH-
ape B, (Ry) Ob110 6JIM3KO K HOJOUIAIBLHOMY MO0 By (RL).
A 5TO ¥ 03HAYAET, YTO IOJIHBIN TOK / OJIKEH ¢j1ab0 3aBUCETH
OT yrJia .

C apyroit CTOpOHBI, HEOOXOAUMO TOTIEPKHYTh, YTO Be-
JINYAHA 3TOTO TOKA HEJOCTATOYHA, YTOOBI OOBSICHUTD MOTE-
pu sHeprun "yHuBepcaibHOro pemenus" (49) npu y =~ 90°
TOJIBKO 3a CUET ACUCTBUS OOBEMHBIX TOKOB, IUPKYJIHPYIO-
mux B MarHutocdepe. JeiicTBUTEILHO, COTJIACHO BBIpae-
Huto (38), I 3TOTO HEOOXOAUMO, YTOOBI AHTUCHUMMET PHY-
HbIl TOK ObLT GBI ropazmo Gosbiue: i ~ (QR/¢)™". Ko-
HEYHO, HE HYXKHO 3a0bIBaTh, YTO BO BCEX UYHCJCHHBIX pac-
4yéTax pa3Mep HeHTPOHHOI 3Be3/1bI cocTaBIsLI He MeHee 10 %
OT pa3Mepa CBETOBOTO IMJIMHApA (I OOBIYHBIX pPAIHO-
MyJIbCAPOB, HATIOMHHM, 3Ta BEJIMYMHA COCTABIISET COTHIC
o nponenTta). [Ipu 3TOM, OIHAKO, 3aMETHON 3aBUCHMO-
CTH IIApaMeTPOB IIyJILCAPHOTO BEeTpa OT pa3Mepa 3Be3[bl
HaiigeHo He Obuto. Tak WM MHAyYe, BOIPOC O MEXaHU3ME
TOPMOXEHHS PAIUOIYJIbCAPOB MO-MIPEKHEMY OCTABAJICS OT-
KPBITBIM.

Bmecte ¢ TeM, HOBBI# B3IJIS] HA POJIb "YHUBEPCAIBLHOTO
toka" no3soymt A. Tumoxuny [113] (a mo3xe A. Tumoxuny u
JIx. Aponcy [114]) uncieHHO cCMOAEIMPOBATH MPOIIECC POK-
JIeHMSI YaCTHIL BOJIM3K MAarHUTHBIX HOJIFOCOB, BIIEPBBIE BKIIO-
4B B PACCMOTPEHNE BO3ZMOXHYIO HECTAIIMOHAPHOCTD 3TOTO
npouecca. ITpi 5ToM IPONOIBHBII TOK ") paccmaTpuBa-
Csl KaK BHEITHWI MOCTOSIHHBINA mapaMeTp. Bputo mokasaHo,
YTO POXCHUE Map JEHCTBUTEIHLHO BO3MOXHO ISl JJOCTa-
TOYHO GOJILIIOTO IPOAOJBLHOIO TOKA j| > jGy M, KaK YKe
6b110 oJtyyeHo panee [103, 104], HEeBO3ZMOXHO ISl MEHBIITUX
TOKOB. bosee Toro, ObUIO MOKa3aHO, YTO POXKACHUE YACTHII
AMEET MECTO W B O0JACTH OOBEMHOTO OOPATHOTO TOKA Y
OCHOBAHUWS MAaTHUTHBIX CUJIOBBIX JIMHWI BOJIM3W cemapar-
PHCBHI; B 3TOM Cllyyae B 00JIACTH TE€HEpaIUH IJIa3Mbl MJI0T-
HOCTb 3apsja JAOJDKHA ObITh HE MEHbINE, a OOJIbIIIE TOJIb-
paiXOBCKOHM IUIOTHOCTU. A 3TO CTAHOBHUTCS BO3MOXHBIM
AMEHHO OJyiarofapsi TOMY, 4TO TPOIECC POXKIACHUSI YACTHIL
OKa3bIBAETCS CYIIECTBEHHO HECTAIIMOHAPHBIM.

3nech, mpaBa, HYy)KHO OTMETUTh, YTO B 3THUX pacuérax
TEeYEHUE IJIA3Mbl IPEAIO0Iaragoch OJHOMEPHBIM, a 3TO HE
MO3BOJISLTIO OBITH YBEPEHHBIM B TOM, YTO BCE CYIIECTBEHHBIE
MOMEHTHI NMPHUHAMAJINCH, BO BHHUMaHue. Hampumep, 3aBe-
JIOMO He YYHTHIBAJIOCh N3MEHEHNE TOPOUIATLHOTO MAarHUT-

HOT'O TOJIsl, KOTOPOE, KaK OBLIO IMOKa3aHO elé OYeHb JaBHO
[36], MOXeT CyIIECTBEHHO OBJIUSATH HA TUHAMUKY POXKICHHS
mia3Mbl (CM. mpuiioxkeHue). TeM He MeHee 3TH PabOThI
BHeCITH OOJIBbIION BKJIAJI B MOHMMAaHWE CAMOIl BO3MOXHO-
CTH TeHepaIuy HeoOX0ANMOT O IPOAOJIBHOTO TOKA, CYIIecT-
BEHHO OTJIMYAFOIIETOCS OT JIOKAJILHOT'O T'OJIbIPAHXOBCKOTO.
ITpu 3TOM (akTHUeCKH TPOU30IIENT BO3BpAT K Mojaenu Py-
nepmana — CasepJiienna [115], mOckoJibKy, HECMOTpPSI Ha CBO-
OOIHBII BBIXO/ YACTHI] C TOBEPXHOCTH, MAACHHE JIIEKTPHYE-
CKOTO TIOTEHIMAIA B 00JIACTH POXKICHUSI YaCTHUI] OKa3bIBa-
JIOCh TOPa3ao OoJIbIIe, YeM B MOJIeIA ApOHCa.

CyMMEpYSsI CKa3aHHOE, MOXHO C/ETAaTh BBIBOJ, UTO "UH-
JlyCTpUajbHast PeBOJIOIMs" IOMOIJIA CIEJIaTh 3aMETHBIM
mar BhepéJ B MOHMMAHUU CTPYKTYPBI U OCHOBHBIX IPO-
[IECCOB, MIPOUCXOSIINX B MarHUToc(hepe paauonyIbcapoB.
OueHb BaXXHO, YTO OOJIBITUHCTBO PE3YJbTATOB OBLIO MO-
TBEPXK/ICHO PA3JIMYHBIMU T'PYNIAMU HcclienoBatesiei. Tem
HE MEHee OTBETHI HAa HEKOTOPbIE KJIIOUEBbIE BOIMPOCH! BCE
em€ He ObLIM MOJTyueHBl. VI 0THUM U3 TJIaBHBIX BONPOCOB
OBLT BONIPOC O TOM, EHCTBUTEIBLHO JIM MPOIECCHl POXKIe-
HUS YaCTHUI] TO3BOJSIFOT O0ECHeYUTH HEOOXOIMMBIA MpPO-
JTOJTbHBIN TOKjH(us) , OTIpeesIsieMblil u3 "YHUBEPCATBHOTO pe-
miernst". Hanpumep, [J1s1 OpTOrOHAJIBHOTO poTaTopa (U st
nepuona P~ 1 ¢) mpoJOJIbHBIA TOK J0JDKEH OBITH B
(QR/C)”/ 2 ~ 100 pa3 Goblie, YeM JIOKAIbHBLA TOIbAPAii-
XOBCKHI TOK; IS TAKOTO IapaMeTpa YUCICHHOEe MOJCITUPO-
BaHUE eIlI¢ He IPOBOIUIIOCK. ..

1.7. HoBoe Bpems (nociae 2014 r.)

dopMaIbHO 3TO MPOCTO CIEAYIOIIUN 3TAl YHCJIEHHOTO
MOJEJINPOBAHMUSI, CBSI3AHHBIA C HMCIOJIB30BAHUEM METOA
yacTun B siueiike (particle-in-cell, PIC). Ho ¢akTnieckn
MPOM3OIIENT KAYeCTBEHHBIH IIIar BIEPE, MOCKOJIbKY TOJIbKO
KMHETHYECKOE PACCMOTPEHHE, B OTJIMYME OT OJTHOXUIKOCT-
Horo MI'Jl u tem OoJiee GecCHIIOBOTO cily4as, TIO3BOJISLIO
CaMOCOTJIACOBAHHO BKJIFOYATH B MOJIEJIMPOBAHUE IMPOIIECC
POXJIEHUST YACTHI], T.€. TMOCIEAOBATEIbHO OMUCHIBATH HE
TOJBKO caMy 00JacTh C MPOJOJLHBIM 3JIEKTPHYECKUM
10JieM £, HO M MHKEKLMIO YACTHIL B PACUETHYIO 00J1aCTh. A
TakXe, KCTATH, TO3BOJISIIO ONHMCHIBATH U MPOIIECC YCKOPEHUS
YacTHUI] 3a MpeAeslaMH CBETOBOTO IIMHAPA (BO BpeMeHa
"uHycTpraibHOM peBosrormu” 3TH 3G HEKTH MOAEUPOBa-
JIMCh BBeJieHUEeM 3¢ (GeKTUBHOTO conpoTuienus [116, 117]).
WNubiMu croBamu, B pamkax PIC-cumyssinum, no kpaitHen
Mepe B IPUHIIKIIE, MOXHO OBLIIO TPOBOAUTH PACUETHI ab initio
[118].

Koneuno, ¢aktuueckn 3Ta 3MOXa TOJBKO HAvyajlach, W
MO3TOMY HE BCE PE3YJIbTAThI, O KOTOPBIX YIIOMSIHYTO HHXKE,
OBbLTH MPOBEPEHBI HE3aBUCUMBIMHU UCCIICTOBAHUSIMHA. TeM He
MeHee, HECMOTPSI Ha (€CTECTBEHHBIE B 3TOM cityyae) " meTckue
6oJ1e3HK", HOBBIE BO3MOXKHOCTH 9TOTO METOIA YIKE IaJIH PSIT
OYEeHb WHTEPECHBIX PE3yIbTaTOB 2.

WccnenoBanus B 3TOi 00JIACTH HAYAIUCH C IBYX paboT:
A. OumummoBa n A. CrnutkoBckoro [119] m A. Uena u
A. Beno6opososa [120] (cMm. Takxke [121]), KoTOpbIe pexie
BCErO MPOBEPUIIU, YTO IPU OTCYTCTBUHU POXKACHUS YACTHUIl B
MarHutocdepe (T.e. JIHUIIb PU CBOOOTHOM IIKEKIIUN YACTHII C
TOBEPXHOCTH HEWTPOHHOW 3Be3/Ibl) 3aMarHMYCHHBINA I1YJIb-
capHblit BeTep He 00pasyeTcs, a Bo3HUKaeT cTpykrypa "disk-
dome", o xoTopoii yxe ropopusiocs B pasaeie 1.4 (puc. 12).
BeccunoBoe pelienue, conepikaliee myJibcapHblil BeTep, BO3-

12 OnsiTh IPUMEPHO TIOJIOBHHA HCCIIEI0OBATENEH, AKTHBHO PAOOTAIOLINX B
9TOHI 00JIaCTH, TOBOPHT MO-PYCCKI. ..
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Puc. 12. Ocecummerprynasi Marautocepa 0e3 yuéra a¢dekToB ob1eit
TEOpUH OTHOCHUTENIbHOCTH [119].

HUKAJIO JIIIb B TOM CJIyYae, eCJIM POXKICHUE YACTHIL TPOUC-
XOJIAJIO BO BCEM 00BEME MAarHUTOCHEPHI.

Hanee, A. ®ununmos, A. CriutkoBckuii u b. Uepyrtu [122],
UCTIOJIB3YSl YKe OoJiee PeasMCTUYHYIO MOJEIb POXACHUS
JaCTHUI, BOCIPOM3BEIN CTPYKTYPY, MOJIYYEHHYIO B PaMKax
MTI d-cumynsmuu. B wacTtHOCTH, Kak moka3ano Ha puc. 13,
OHM TOJTBEPMJIA CYIECTBOBAHHE TOKOBOTO CJIos. Tem
CaMbIM OBLIO MOATBEPXKIEHO M CYILECTBOBaHME "yHUBED-
canpHoro perenus'". Kpome Toro, 6blia IpoaeMOHCTPUPO-
BaHa BO3MOXHOCTh 3(P(QEKTUBHOTO YCKOpPEHHS YaCTHIl 3a
npe/eslaMid CBETOBOTO NUJIMHIPA BIUIOTH JO MaKCHMAaJIb-
HBIX 3Hepruit y ~ oy [123, 124]. Takoit npouecc cTaHOBUTCS
BO3MOXHBIM MMEHHO OJlaromapsi MOsIBJCHUIO oOjacTei, B
KOTOPBIX 3JIEKTPUUYECKOE I10JIE MPEBLIIIAET MAarHUTHOE (YTO
CBSI32HO C YMEHbBIIIEHMEM MAaTHUTHOTO MOJIs BHYTPH 9KBATO-
puanbHOro TOKOBOTO CciNosl). Emié oiHa npuyunna, 61aroaaps
KOTOpO# yCKOpEHHE YACTHIl OKa3bIBAETCSl TIOCTATOYHO (-
(beKTUBHBIM, CBSI3aHA C MATHUTHBIM Tepe3aMbIKAHHEM, TO-
CKOJIbKY MOSIBJISIFOLLIEECS IIPU 3TOM 3JIEKTPUUECKOE MOJIE MPH-
BOAMT K JIpeiidy yacTuI| o HampaBJICHUIO K TOKOBOMY CJIOO.

B pe3ynbraTe, COrIaCHO yTBEPKACHUIO ABTOPOB PAOOTHI
[122], yxe Ha HEOOJBIINX PACCTOSHUSX I' < SR OT CBETO-
Boro muuHapa 10 30 % moIHOM 3JIeKTPOMAarHuTHOM JHEP-
ruu BeTpa nepenaércs uvactunam. [IpaBma, ceifuac emé
TPYIHO CKa3aTh, pellaeT JIM 3TOT Mpolecc g-mpodiiemy,
OJIHAKO OMPENESIEHHBIN LIaT BHEepEN, HECOMHEHHO, CIEJIaH.
Bo BcskoMm ciiydae, mogooHoe 3¢ (eKTUBHOE YCKOpEHUE
YACTHI[ 3aBEIOMO JOJDKHO MOMOYb B OOBSICHEHUU BBICOKO-
SHEPTMYHOTO W3JIyYeHUs, 3a(UuKCHpoBaHHOTO 00CepBaTO-
pueit Fermi [125].

C npyrodl CTOpOHBI, KMHETUYECKUE pacu€Thl, CKOpee,
TOCTABWJIM HOBBLIE BONPOCHI, & HE MO3BOJIMIN MOJIYYUTh OT-
BeThl. JIefiCTBUTENBHO, yKe MEePBbIe Pe3yJIbTATHI, MOJTYYeH-
Hble B paboTtax [119, 120] anst ocecuMMeTpUYHONR MarHUTO-
cepbl, HEOKUIAHHO TTOKA3aIM OTCYTCTBUE POXKICHU S YACTHII
B pailoHe MAarHUTHBIX TMOJIFOCOB. BMecTo 3TOro0, Kak moka-
3aHO Ha puc. 12, mpu cBOOOJHON KEKIUU YACTHI] C TIO-
BEPXHOCTH HEUTPOHHOI 3Be3/bl (He 3a0bIBaeM 3TO 00CTOSI-
TEJIBCTBO, KOTOPOE MOCTYJIMPOBATIOCH B pacuérax!) BMeCTo

x/Ric

Puc. 13. Pesynbratsl nepBbix PIC-pacuéToB: CTpyKTypa MAarHUTHBIX
CHJIOBBIX JIMHUIA JJ1s1 HAKJIOHHOTO poTtatopa [122].

"yHUBepCaIbHOTO pelieHus" BHOBb H BHOBb (JOPMHUPOBAJIACH
ynomsiayTas Boeiue crpykrypa "disk-dome". ITozxe ObL1O
MOKA3aHO, YTO MOJOOHOE PEIICHIE BOSHUKAET U JIJISl HE OYEHb
6oubImx yriaoB y < 30°. DTOT 3pdeKT HANPSIMYIO CBSI3aH C
TEM, UTO HEOOXOAMMBIH NPOOJIBLHEI TOK j " okasbiBancs
MEHBIIIE jGJ; KaK YIIOMHHATIOCH B paszerne 1.4, B 3ToM cirydae
POXJICHHsI YACTHIL HE TIPOUCKOJIUT.

K cuacTpro, oueHb CKOpo 3Ta mpobiieMa ObLIa Oy1aromno-
nyuno paspemiena [118]. Oka3zanoch, 4To 3¢ dekTsr olei
TEOPUH OTHOCHUTEJILHOCTH (KOTOPBIE, KaK MBI 3HAEM, H3Me-
HSFOT BEJIMYMHY TOJILAPARXOBCKOM ILIOTHOCTH) TPHUBENA K
H3MCHCHHUIO HEPaBeHCTBA Ha 0OpaTHOE ( jH(us) > jG1), 9TO U
MO3BOJIMJIO 3AIyCTUTh MPOIECC POXIEHHUS 4acTuil. B pe-
3yJIbTaTe, KaK MOKa3aHo Ha puc. 13, yaaioch B IEJIOM BOC-
npousBecTd "yHUBEpcasibHOE pelneHre” W B pamMKax 3TOro
HOJXOMA.

Bropasi, 6osee cepbé3nasi, mpobiemMa oka3aaach CBA3aH-
HOU ¢ ¢dopmupoBanueM oOpaTHOro Toka. K Hacrosiiemy
BPEMEHU 3TO YIAJOCH CIEIATh JIMIIb [JI1 CAMBIX OBICTPBIX
PaanoIyJILCAPOB, Y KOTOPBIX 3JEKTPOMArHUTHBIE IMOJIS U
IJIOTHOCTH YaCTHI] BOJIN3U CBETOBOTO MUJIAHAPA JOCTATOY-
HO BEJIMKH, TAK YTO TaM TAK)XE CTAHOBUTCS BO3MOKHBIM
POX/IEHHE BTOPUYHOM 3JIEKTPOHHO-TIO3UTPOHHON ILTA3MBI.
WHBIME CITOBaMH, B HACTOSIIIEE BpeMsI HE YIAaETCS 3aMKHY Th
TOK (1, 3HA4UT, 00ecneunTsh "yHuBepcaabHoe pemenne") 6e3
JTOTIOJIHUTEJILHOTO POXKIICHUSI YaCTHIL 32 TPE/IEIaMHU CBETO-
BOTO IWJIKHIIPA; B 3TOM CJIyYae, Kak TaKkKe OBbLIO IOKA3aHO B
paborax [119, 120], o6pa3syetcst crpykTypa, 6su3kas x "disk-
dome".

Tax WM HHAYE, UCCIIEIOBAHKSI B OTON 00JIACTH AKTUBHO
[POJIOJDKAIOTCS, ¥ MOXHO HAJIEAThCs, YTO B Oimkaiiiiee
BpPEMsI MHOTHUE MOMEHTBI Oy IyT MPOSACHEHDI.

2. HeckoJIbKO HeY/100HBIX BONPOCOB

2.1. Crapsle 3a0bIThbIC...

yCHeXI/I, JOCTUTHYTBIE B HCCIICJOBAHUU MaFHI/ITOC(bep
panuoNyabcapoB 3a MOCICIHHE HECKOJIBKO JIeT, ICeHCTBU-
TEJILHO BIICUATJISAIOT. TeM He MeHee He Hag0 3a6LIB3.Tb, 4To
Ipu IIPOBEACHUU YUCICHHOTO MOICIIUPOBAHUS OBLIO cac-
JIJAHO OJOCTATOYHO MHOIO SBHBIX W HCIABHBIX MPEANOJIONXKE-



390 B.C. BECKMH

Y®H 2018

HUH, KOTOpHIe, 0€3yCIOBHO, HE MOIJIM HE CKa3aTbCs Ha
OOIITHOCTU TMOJYyYEeHHBIX pe3yjbTaToB. OCOOEHHO 3TO
KacaeTcsl JaHHbBIX, NMOJyYeHHbIX B pamkax PIC-cumyssuun,
MOCKOJIbKY pabOThI B 3TOM HAIPABJICHUU, KaK yXKe TOBOPH-
JIOCh, (PAKTHIECKH TOJHKO HAYMHAFOTCSI.

C Ipyroit CTOpOHBI, €CTh HECKOJILKO BOIIPOCOB, KOTOPBIE
s XOpOIIO MOMHIO emé ¢ cepenunsl 1970-x ronoB u Ha
KOTOpBIE 10 CUX TIOP HET BPa3yMUTENbHBIX OTBETOB. K HUM,
KOHEYHO e, OTHOCHTCS OJIMH M3 OCHOBHBIX BOIIPOCOB TE€O-
PUM PaHOIYJICAPOB — BONPOC O IPUPOJE KOTEPEHTHOIO
panuoussyueHusi. 3a HEMMEHHEM MeCTa Mbl 3/1eCh 3TOT
BOIIPOC paccMaTpuBaTh He OyaeM. Ho 1 He OTMeTUTD ero B
Py IPYTUX HEPEIIEHHBIX BOIPOCOB OBLIIO OB HEBO3MOXKHO.

K coxanennro, MHOTHE M3 3THX BOIPOCOB B HACTOSIIIEE
BpeMsl MPAKTHYECKH HE OOCYXKITAIOTCS, XOTS MPOBEIICHHE
COOTBETCTBYIOIIHUX UCCICIOBAHUN, KAK TEOPETUICCKUX, TAK
1 HaOJIIoAaTesIbHbIX, O3BOJIMIIO Obl, HA MO B3IJISIA, CyLIe-
CTBEHHO MPOJIBUHYTHCS B TOHUMAHUH IPUPO/IbI AKTUBHOCTH
paauonysibcapoB. Eig k OoJiblieMy coxajieHuto, Ha0J1r0,1a-
TeJIM, 3aHUMAIOIUECS UCCIIEIOBAHUEM PaJUOIYJIbCAPOB, HE
CKJIOHHBI TIPOBOJIUTH TECTOBBIE MCCIIEOBAHMSI, HATPABIICH-
HbIE Ha IPOBEPKY NMpeACKa3aHuil Teopuu.

2.1.1. Opuentamus oceii. Eciu MbI 3aryistHeM TpaKTUIECKH B
JIF0O00W KaTajior, MOCBSIICHHBIN OMPEIESICHUIO YTJIOB ¥
MEXIy MarHUTHOW OCBIO M OChIO BparmeHus [24, 126 —128],
TO YBUAMM, YTO 3TH YIJIBI JIeXaT B npeaesax oT 0 mo 90°.
Koneuno xe, 3T0 He 03HAYAET, YTO TEM CAMBIM YCTAHOBJIEHO
OTCYTCTBHUE PAJAMOIYJIbCAPOB, Y KOTOPBIX YroJ ) JISKUT B
nmuanaszone 90°—180°. TIpocTo GOJIBIIMHCTBO CYIIECTBYIO-
IIUX METOJUK OIpee/IeHHs YTJIOB HAKJIOHA Ocell He pa3Ju-
yaroT yroi y ot yria 180°—y. Jlumb Gimaromapst JOMOJTHU-
TeJIbHOW MH(OpMaIuy, OJIy4eHHOU, HAIPUMED, METOIaMHU
PEHTTeHOBCKOH 1 raMMa-aCTPOHOMMUHU, CTAHOBUTCS BO3MOX-
HBbIM OIEHUBATH YIJIBI HAKJIOHA BO BCEM MANA30HE YIJIOB
[129-133].

C nmpyro#t cTOpoHbI, ¢ GU3HIECKON TOUKU 3PEHUST OCTPhIE
W TYIbIE YIJIbI MEX/y OCSMH COOTBETCTBYIOT JIBYM IPUHIIH-
MHAJIbHO PA3HBIM YCIOBUSIM, IOCKOJIbKY IIPU MAJIBIX yIjax )
HCTEKAIOLINI C MOBEPXHOCTH HOJISIPHBIX IIAMOK MPOIO0JIb-
HBII TOK (€ro 3HaK OMpPEeIesIseTCs] 3HAKOM T'OJIbAPAiXOBCKOU
IUIOTHOCTU pg; = —QB/27¢) COOTBETCTBYET OTpHIATENb-
HBIM 3apsiiaM, TOTJa Kak mpH yriax y, Oosbmmx 90° —
MOJIOKUTEJIBHBIM. VM COBEpIIEHHO $ICHO, YTO B MOJEJISIX
POXJICHUS BTOPUYHON IJIa3MBbl, B KOTOPBIX CYIIECTBEHHYIO
pOJIb UTPAET MKEKIHUSI YACTHI] C TOBEPXHOCTU HEUTPOHHOU
3Be3/bl, 3TO OYAYT IBA MPUHIUIHAAILHO Pa3JIMYHBIX CITydasi,
X0Ts1 OBl TOTOMY, UTO paboTa BBIXO/A MOJIOKUTEIBHBIX Yac-
THII, O€3YCIIOBHO, OJDKHA OTJIMYATHCS OT pabOThI BhIXOAA
3JIEKTPOHOB. JIefCTBUTENBHO, peub 31eCh JIOJDKHA MITH 00
KEKIUH MOHOB, 4 HE MO3UTPOHOB, KOTOPBIX HET B KOpE
HEUTPOHHOU 3Be3Abpl. Kak MBI BHIENH, 3TO MPEXKIE BCETO
kacaercss Moaenm ApoHca; B momeian Pymepmana—Casep-
JIEHA POKJCHHUE YACTHUIl HE 3aBUCUT OT OPUEHTAIIUH OCEH.

[TosTOMy OOHUM W3 MHTEPECHEMIMX BOMPOCOB, Ha ca-
MOM JieJie CTOSIIMX Iepes] TEOpHed pPaauoIyIbcapoB, SB-
JISETCSl BBISICHEHHUE TOTO, JIIOOBbIE JM YIJIbl HAKJIOHA BO3-
MOXHBI I HEOOXOTUMON TeHepaluy BTOPHUYHON IJIEKT-
POHHO-TIO3UTPOHHON M1a3Mel. Ecim okaxercs, kKak 3TO
ObLIO TMOKa3aHO HeaaBHO B pabote [133] Ha masolt cratu-
CTHKE 26 MyJIbCAPOB, YTO YUCJIO PAJUOIYJILCAPOB C YIIIAMHU
HakJoHa ¥ < 90° mIpUMEPHO PaBHO YHCIy PaJUOILYIbCAPOB C
yIJIOM HakjoHa y > 90° (a kak MBI 3HaeM, CBOHCTBA PaJuo-
W3JIy4€HUs] HUKAKOr'O JIeJICHWS Ha JBe I'DYNIbI HE MOKa3bl-

BaIOT), TO, HABEPHO, MOXHO OYAET CHIejaThb BBIBOJ, YTO
KEKIUST YaCTUI] BPSAJ JIM UTPaeT 3aMETHYIO POJIb IPHU re-
HEpAIMI BTOPHYHOMN 3JIeKTPOHHO-TIO3UTPOHHO# TITa3MEI 3.

Kak momuépkHyTO B pasmene 1.7, Bce BBINOJIHEHHbIE B
TOCJIC/THUE TObI YACIICHHBIC PACYETHI, ITOCBSIEHHBIC MATrHU-
Tocdepe paguonyIbcapoB, MPEAoIarain CBOOOHBIA BbI-
XOJI 4aCTHIl, T.€. JOCTATOYHO MAJIyIO BEJIMYUHY PaOOTHI BbI-
xona Ay. OgHako Ha caMoOM JeJsie U 3TOT BOMPOC BCE ermé
OUeHb JAJIEK OT CBOETo pemeHus. U neo 31ech He TOJIBKO B
TOM, YTO TOYHOCTb ONpeeicHUss pabOThI BhIXOAA €IE He-
nmocratouHo Besuka [134, 135]. Oka3zanoch, YTO HEM3BECTCH
JTa)kKe XUMHUYECKUM COCTAaB MOBEPXHOCTHBIX CIIOEB HEUTPOH-
HOI1 3B€3/bI — OHU MOTYT U HE COCTOSTH U3 ATOMOB XeJle3a,
KaK 9TO MPEAIojarajioch B 0OJBIITHCTBE paboT.

Hdeno B TOM, YTO XHMHYECKHA COCTAB MOBEPXHOCTHBIX
CJI0€B MOJISIPHBIX MAMOK MOYKET CYIIIECTBEHHO H3MEHHUTHCSI 32
cuéT uXx 60MOAPIUPOBKU SHEPTUYHBIMU YACTHLAMHM, YCKO-
PSEMBIMHU TIPOJOJBHBIM JJIEKTPUYECKUM TIOJIEM B 3a30De.
Kpome Ttoro, coriacHo pabote [136], aTombl xkee3a (Ko-
TOpble, HECOMHEHHO, 00pa3yroTCsl B HAHOOJIBIIIEM KOJIYe-
CTBe Kak HamboJiee YCTOMYMBBIC SIIpa) B TEPBbIE HECKOJIBKO
JIeT ocjie 00pa30BaHUsI HEUTPOHHOM 3B€3/1bI, KOTJa MTOBEPX-
HOCTb, HECOMHEHHO, He ObLi1a TBEP 10, MOrJi Obl "yTOHYTBH"
Mmoj AEHCTBHEM TIPaBUTANMOHHOTO mmojs. He uckiroueHo
MO3TOMY, YTO B ACHCTBUTEILHOCTH TOBEPXHOCTHBIE CJIOU
HEWTPOHHBIX 3BE3]I COCTOSAT HE W3 Xeje3a, a U3 Tropasnio
0oJiee JIETKUX aTOMOB — BOJIOPOJA U Teyiusl. A TOCKOJIBKY
TeMIepaTypa IUIaBJieHus], Tpy0o oleHuBaemas o GpopmyJie
[137]

T ~ 3,4 x 10725/ p, (57)
(pg — TIJIOTHOCTb HMOBEPXHOCTHBIX CJIOEB B €IMHHIAX
108 r cM™3, Zy = Z/26), 3aBUCHT OT aTOMHOro umcia Z,
MOBEPXHOCTh HEUTPOHHOU 3BE31bl MpU TeMIEpaType
~ 10% K, xapakTepHO#l [T OGBIYHBIX PaJHOMYJILCAPOB,
JTOJDKHA OBITH XXUAKOW M, BO BCIKOM CIIydyae, He MPETsITCTBO-
BaTh CBOOOJHOMY BBIXOHY 4YacTui. Ha ocHOBe Takoi
KapTUHBI U CTPOSITCSI COBPEMEHHBIE MOJEIU TEIJIOBOIO
W3JIy4eHus paauonyiabcapos [138, 139].

2.1.2. Harpe noBepxHoctu. [IpoOyieMa HarpeBa MOBEPXHO-
CTH — 3TO TOXE eI€ OJUH CTapbhlii U OYCHb WHTEPECHBIN
Bonpoc. Eciu B 1960-e roapl, Kak yxke 0TMeYajaoch, MaJIOCTh
pasMepa HEUTPOHHBIX 3BE3J OblLIa OJIHOW U3 OCHOBHBIX
MIPUYMH, TI0 KOTOPOU He OBLIM OPraHU30BaHbI UX TIOUCKH, TO
K HACTOSIIIEMY BPEMEHH 4YYBCTBHTEIHbHOCTH KOCMHYECKUX
PEHTIC€HOBCKUX TEJIECKOIIOB TO3BOJISIET YBEPEHHO HAOIIIO-
JIaTh HE TOJBKO AKKPEIUPYIOIINEe PEHTTCHOBCKHUE MYJIb-
capbl, HO U COOCTBEHHOE TEIJIOBOE M3JIydeHUe OJIMKaWIINX
OJIMHOYHBIX HEUTPOHHBIX 3BE3A. [Ipu aTOM peructpupyercs
U3IIyYeHUE HE TOJILKO OT "melicTByromumx" paauonyibcapos,
HO W OT HEWTPOHHBIX 3BE3M, Y KOTOPBHIX MO Pa3HBIM
npuYrHAM He HaOrogaeTces paanonsiayuenue [140—142].

He ocranaBnuBasich Ha mpoOJieMax, CBSI3aHHBIX C HHTEP-
IpeTanuedl CueKTpoB (CBEPXCUIIbHOE MATHUTHOE MOJIE 3a-
METHO MEHSIET CBOWCTBa aTMoOcC(epbl U MOBEPXHOCTHBIX
CI0€B HEHTPOHHOW 3BE3MbI, YTO CYIIECTBEHHO HMCKaXXaeT
TEIJIOBOM criekTp m3jydenus [139]), o6cymum 3/1ech BOTIPOC

13 KoHe4HOo, He UCKIIFOYEHO, YTO TIPU CAMOM 00pa30BAHUY PAJIUOINYIbCA-
POB YroJl HAKJIOHA MOKET MPMHUMATH JIUIIb OMPEIENEHHbIE 3HAYECHHS.
OIHAKO CKOJIb-TNO0 YBEPEHHBIE YTBEP/KAECHNS HA 3TOT CUET B HACTOSIIEE
BpEMs OTCYTCTBYIOT.
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0 MOJIHOM TEIUIOBOM S3HeprombiaeieHun. Okaszajaoch, YTO
OOJIBIIMHCTBO PAAMONYJIBCAPOB, Y KOTOPBIX HAOIIOJAETCS
TEIJIOBOE PEHTICHOBCKOE H3JIyYeHHE, UMEIOT JOCTATOYHO
Manble nepuoasl. [Ipn ymenbieHnn nepuopa myjibcapa P
OTHOCHTEJIbHBIA BKJIAJ PEHTTC€HOBCKOTO HM3JIydeHust Lx 10
OTHOUIEHHWIO K HOJHBIM mNoTepsM Wi, B LIeJJIOM YMEHb-
1I1aeTcs, ¥ Ipu nepuojaax BpaiueHus P ~ 0,3 ¢ oTHoleHHe
Lx/Wiot COCTABIISIET JIMILIb AOJIM MpoleHTa. Takas 3aBUCH-
MOCTb, KCTATH, IOJHOCTBIO ITPOTUBOIIOJIOKHA CIIyYar0 TaM-
Ma-u3JydeHus (1151 OBICTPBIX PaAMOIyJIbCAPOB raMMa-CBe-
THUMOCTb L, 6JIM3Ka K IIOJTHOMY SHEPrOBBIJEJICHHIO HEHTPOH-
HbIX 3BE311). Bmpouem, Takoe TOBEJACHUE HMMEET BIIOJIHE
MPOCTOE OOBSICHEHHE.

JeicTBUTEIbHO, OYEBH/IHBIM HUCTOYHHMKOM HarpeBa IO-
JISIPHBIX IIANOK (2 3HAYUT, U BCEl HEHTPOHHOI 3BE3/IbI)
SIBJISICTCS] IOTOK BTOPUYHBIX YaCTHII, YCKOPEHHBIX BO BHYT-
pEHHEM 3a30pe IO HaNpaBJIeHUIO K 3Be3ne. VX mnosHas
9HepreTuka OyaeT MPOMOPIMOHATbHA TPOU3BEACHUIO Maie-
HUS IOTEHIUAJIA Y/ HA TIOJIHBINA MPOTEKAIOUN TOK I, Toraa
KakK MOJIHBbIE TOTEPH Wiy, CBSI3aHHBIE C TOKOBBIMU OTEPSIMH,
paBHBI Tpon3BeneHuro iy, ... Kak MBI Bumein, oTHOIIEHNE
W /W yax, HE3ABUCHMO OT MOJIENIHN POXKICHUS YACTHUII, YMEHb-
IIaeTCs C POCTOM YIJIOBOM ckopoctu 3Be3anl . Takum
o0Opa3om, yMmeHblileHue oTHoueHus Lx/Wi, ¢ poctoMm Q
MOXHO paccMaTpUBaTh KaK IOJITBEPXKIACHHE MEXaHHM3Ma
HarpeBa, CBSI3aHHOTO C OOpaTHBIM HOTOKOM uactuil. Bo
BCSIKOM CJlydae, TEIJIOBOE H3JIyUYeHUE HEUTPOHHBIX 3BE3T
MAET YETKYIO OLIEHKY CBEPXY JJIs1 BEIMUMHBI 3TOT0 MOTOKA.

I1pu 3TOM HarpeB NOJISIPHOMN IIATTKA MOXKET CYIIECTBEHHO
TIOBJIUSITh HA CKOPOCTh KEKUUH YACTHUIl C IOBEPXHOCTHU
HEHTPOHHOM 3Be31bl. Tak, B paboTax, B KOTOPBIX MPEIIoJIa-
TaeTcs BBIXOJ IMOJIOXKUTEJIbHBIX YACTHIl, T.e. IJIs YIJIOB
% > 90° (cm., Hanpumep, [143, 144]), oObIYHO HCTIOJIB3YETCS
cJIeTyollee BbIpaKeHue sl TepMoToKa [39]:

. . A B .
J(T) = jasexp <3° B 73) Tos PB Zas A py, (58)

rae Agp — DHEPrus CBS3M MOHOB C aTOMHBIM HOMEpOM A H
3apsiaomM Z, a p, — IUIOTHOCTh MOBEPXHOCTHBIX CIIOEB B
emmamnax 10% r cM~3; KoHeYHO %e, 3Toi HOPMYIIOH MOKHO
nojp3oBaThes Jumb 15 j(T) < jgy. Kak Mbl BuanM,
HeJIMHEWHAsl SKCIOHEHIUATbHAST 3aBUCHMOCTb TEPMOTOKA j
OT TeMmIepaTypsl 7 MOXET CYIIECTBEHHO IOBJIHMSTH Ha
CKOPOCTBb POXKJICHUS YaCTHII.

AHaIM3UPYs TENePhb PA3JIMYHbIC MOICTH POXKICHUS BTO-
PHUYHOI ITa3Mbl BO BHYTPEHHEM 33a30p€, MOKHO OTMETHTb,
YTO TEPBOHAYATLHAS MOJIEIb POXKIACHUS BTOPUYHOW IJIa3-
MBI, npemioxeHnass Pygepmanom u CasepiieHIOM, B KO-
TOPOl MPOAOIBHBIA TOK PaBeH TOJbAPANXOBCKOMY TOKY
(Jj = Jjcy), a majeHue MOTEHIMANA B 3a30pe Y ~ g (21),
0e3yCJIOBHO, MPOTHUBOPEUUT HAOJIIOAEMOMY HArpeBy IIO-
BEPXHOCTH, MOCKOJIbKY B 3TOW MOJMEIU MOTOK OOpAaTHBIX
YACTHI[ CPABHAM C TOTOKOM YACTHII, UCTECKAFOIINX U3 Mar-
HuTocheps! myabcapa. C Apyroit cTopoHsl, Mojeb ApoHca
[46], B xOTOpOI1 OOpATHBIN MOTOK YACTHI]

. 1/2

Jonck (@) (59)
JGJ 4

U TajJieHue noTeHnuana (24) cocTaBistOT JIMIIb JTOJH TPO-

IIEHTA OT BEJIMYMH, BO3HUKAIOIIUX B Mojeiu Pynepmana—

Ca3zepiieHa, poOJieMy HarpeBa MOBEPXHOCTH, Ka3ajloCh

OBI, YCIIENIHO pelliajia; OJHAKO, KaK ObLIO MOMYEPKHYTO B

pasgenax 1.5 u 1.6, oT 3Toi MOAEIM NPUIIOCh OTKA3aThCs
10 IPYTUM MPUYMHAM.

IMocneqaue xe paboThl o poxaeHuto yactuil [113, 114],
paccMOTpeHre B KOTOPBIX, KaK OTMEYaJIoCh, BO MHOI'OM
cxoxe ¢ Mopensto Pynepmana — CasepiieHna, BHOBb BBIBOIST
mpoOJieMy HarpeBa MOBEPXHOCTH HA TMEPEIHUIA IJIAH, TMO-
CKOJIbKY JJIsI ITyJIbCAPOB € 1OCTATOYHO MaJIbIMH NIEpUOAAMU
TeMIIepaTypa NOBEPXHOCTH JOJDKHA OblIa OBITH 3HAYUTEIb-
HO OOJIBIIE, YeM 5TO HAOJFOOAETCA B NENCTBUTEILHOCTH. B
HACTOsIIee BpeMsl YAOBJIETBOPHTEIHHOTO OTBETAa HAa 3TOT
BOIIPOC MBI HE UMEEM.

2.1.3. Yuér najaeHusi noTeHunana Bo "BHyTpeHHeM 3azope''.
Crenyromuii BOIpoc CBSI3aH C HEOOXOIUMOCThIO yuéTa
MaJICHUs] TOTEHINAA Yy BO BHYTPEHHEM 3a30pe Y IIOBEPXHO-
CTH HEUTPOHHOU 3Be31IbI B 00JIACTH MYJILCAPHOTO BETpa.
Hanomuum, uto B Haieit Mozenu (0 KOTOpoil HoMnET peub
B pazjiese 3) 3TOT NOTEHIMAJ UTPAeT ONPEACIISIONIYIO POJIb.
OaHaKo MpH YUCICHHOM MOJIEINPOBAHUH JOMOJTHUTEIbHBIN
MOTEHIUAT Y (32 HCKIIOYeHHEeM pa3Be 4To paboTtsl [113])
HUTJIe HEe YYUTBIBAJICSA. Be3ycloBHO, Ha TO OBLIW BIOJIHE
BECOMBIE OCHOBAHMS, MOCKOJIBKY JUISI OBICTpPOBpAIlaro-
IIUXCS MYJIbCAPOB, KOTOPbIe (PAKTUUECKH TOJILKO M PACCMAT-
pUBAUCh OO CHX HOp, NMaJeHue MOTeHIMAIa, HEOOX0AUMOe
IUIs POKICHHSI BTOPHYHOU MJIa3Mbl, BCeraa OBLJIO MHOTO
MeEHbIIIe MAaKCHMAJILHOTO 3HAYeHUS V.., JaBaemMoro Qop-
mysioit (23). Ho ans mynbcapoB, HaxoAsMXcsli B paiioHe
"jiuauu cmeptu", 3TO yXKe 3aBEIOMO HE TaK, M BIIUSHHE
NaJCHUS MOTEHINAA MOXET OBITh 3HAYUTEBHO.

W nelicTBUTENIbHO, Kak OBLIO TOKa3aHO eié B paboTe
[29], HeHyJIeBO OTEHIINAI Y B O0JIACTH OTKPBITHIX CUIIOBBIX
JINHWHA TPUBOJUT K JOTOJHUTEIHLHOMY BPAIICHUIO TIa3MBbl
BOKPYI' MATHUTHOU ocH (cM. puc. 1); [jisi HAKJIOHHOTO PO-
TaTOpa 3TO sIBJICHUE HAOJIFO1aeTCs Kak Jpeid cyOuMmyiLcoB
[145, 146]. B HacTosIee BpeMsl peryJIsipHbIi Apeid oOHapy-
XeH yxe y 97 panuonynbcapos [147], mpuuém y 53 u3 HuX
CYOMMITYJIBCHI IBMKYTCSI B OTPHIIATEIILHOM HATIPABJICHUH 110
OTHOIICHUIO K (pa3e umryJibca ¢, a y 44 — B MOJIOKUTEIIb-
HoM. IIpuMepHOe paBeHCTBO KaK pa3 U JOJKHO UMETh MECTO
MpU CIIyYaWHOW OpUEHTAIMU HAOJIFOIaTeNsi OTHOCUTEIBLHO
MAarHuTHOM ocH.

Besne amxe Mbr OyaemM paccMaTpuBaTh MOJETb UIeaTh-
HO MPOBOISIIETO Iapa, a 3TO 03HAYAET, YTO BHYTPH 3BE3/IbI
BBITNIOJIHEHO YCJIOBHE BMOPOXXEHHOCTH

Ein +Bg x B =0. (60)

31ech 1 asee Mo OnpeIeSICHUIO
Qxr
BR = .

4

(61)

C apyroii CTOpOHBI, B MPEANOJIOKCHAN KBA3UCTAIMOHAPHO-
¢t (KOT/1a KOPAMHATA ¢ U BPEMSI ¢ BXOJISIT BO BCE BBIPAKCHUS
JIMIIb B KOMOWHAIMK ¢ —Qf) ypaBHeHue MakcBesjia, cooT-
BeTcTBYOIIEe 3akoHy Papajes, MOXKET, KaK U3BECTHO, OBITh
sanmcaHo B Buzme V X [E + Br x B] = 0[60], uto maér

E+Bg xB=—Vy. (62)

Orcroza ciemnyeT, 4yTo moTeHnuan Y = 0 BHYTpH miapa, u
MO3TOMY HaJl BHYyTPEHHUM 3a30POM B OOJIACTU MCTEKAIOIIEH
IJ1a3Mbl HOTEHIMAN |y OyneT B TOYHOCTH PABEH IMAJCHUIO
MOTEHIIHAIa B caMOM 3a3ope. B aToit obsactu mpeamosia-
raeTcsl MOJHOE YKPAHUPOBAHME MPOAOJbHON KOMIIOHEHTHI
3JIEKTpUYECKOTO ToJs, Tak uTo 31mech EB = 0. [Toatomy
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cpasy moJjiydaeM, YMHOXas ckajsipHo Ha B, yto Viy B = 0,
T.e. IOTEHIMANT Yy OyIeT MOCTOSHHBIM BIOJIb MAarHUTHBIX
CHJIOBBIX JIMHUM.

ITpuBeném 3aech Ayl MIUTIOCTPAIMK JBA TPUMEpPaA, Ha-
TJISTHO TTOKa3bIBAIOIINE, K KAKMM CYIIIECTBEHHBIM HM3MEHE-
HUSIM B CTPYKTYPE IYJIbCAPHOT O BETPpa MOXKET IPUBECTH YUET
naJeHus MOTEeHNIMAala BO BHyTpeHHeM 3a3ope. [Ipexe Bcero
OTMETHUM, YTO HEHYJICBOW MOTEHINAI y N3MEHSIET BEJINUUHY
TOJIBAPARXOBCKOM MJIOTHOCTH (€CIHM MO Hel MO-TpeKHEMY
MOHMUMATh IUIOTHOCTDH 3apsifa, HEOOXOAUMYHO IS 3KpaHH-
pOBaHHUs IPOJOJIBLHOTO AJIeKTpryeckoro noJist). Ecim BBecTn
Oe3pa3MepHbIil moTeHmal [69]

[
Bo="—7"—, (63)
0 wmax
TO B 9TOM CJIy4ae BOJIM3HM MOBEPXHOCTH 3BE3/IbI
QB
~—(1-— —. 64
PGJ ( Bo) e (64)

Kax MbI BUAHM, y yJibcapoB BOm3u "uaun cmepTr', Koraa
By ~ 1, ronbapaiixoBckas INIOTHOCT (A 3HAYHUT, ¥ TOJIBAPAaii-
XOBCKHMIl TOK) 3aMeTHO yMeHblaeTcst. COOTBETCTBEHHO,
OyIeT yMEHbIIATHCS ¥ OTOK SHEPTHHU, YHOCUMBI 3JIEKTPO-
MATHUTHBIM T0JIeM. TaK, B 0CECHMMETPUYHOM ClIydyae

Wio = (1 — ﬂo)2 Wt(oot> ) (65)
HOCKOJIbKY M 3JIEKTPUYECKOE, U TOPOUAATHLHOE MATHHTHOE
noJjie 6yaet ymenbinathes B (1 — ff) pa3. C yu€rom ckasan-
HOTO BBIIIE HE CTOUT OOBSICHATH, HACKOJIBKO 3TOT MOMEHT
MOXET OKa3aThCs BAKHBIM B CBSI3H C TIPOOJIEMON TeHEpAIUn
IUIA3MBbI Y TOBEPXHOCTH HEUTPOHHOM 3BE3/IBI.

JpyruM IpUMEPOM MOXKET CIIYXKUTh 06OOIIIEHUE ACHMII-
TOTHYECKOTO BBIPaKeHHs (46) [Tl 3JIEKTPOMATHUTHBIX MO-
Jiell B KBa3MPaJUATbHOM IYJLCAPHOM BETPE OPTOTOHATb-
HOTO POTATOpA!

R2 Qr
B,zBLr—stin()cos <(p—Qt+71+<Po)7 (66)
1 oy
By =~ —
07 sin0 3¢’ (67)
QR? ., Qr 1 oy
B(/,N—BL7sm 0 cos (prl+7+(/)0 T 0
(68)
E =0, (69)
QR? Q 10
Eg ~ —B —LX sin 0 cos (p—Ql+—r+(po ——ij,
cr 1 r 00
(70)
1 oy
E( ~ — n _— . 1
? rsinf 0 )

3aech Y (0, p — Qt + Qr/c) — npousBosibHast GYyHKIUS ABYX
yKa3aHHBIX apryMeHToB. Omnpeenss Tenepb B KaueCTBE
npuMepa MOTOK 3JIEKTPOMArHUTHON SHEPTUM IS MOTEH-
nuana '

W = By max Sin 0 cos 0 cos ((p —Qr— il + (po> , (72)

c

14310 BBIpaX)EHHUE COOTBETCTBYET MPOCTEMIIIEH 3aBUCHMOCTH OT YIJIOB 0
7 ¢, IPaBIJIBHO BOCIPOU3BOJSINEH 3HAK Y HaJ 0OOMMH MAarHUTHBIMH
TIOJIFOCAMH.

Y®H 2018
HOJTy4aeM JIJIsl MaJbIX fi
3
W [ 1=/ 1560 | Wit - (73)

CienoBaTesbHO, W JAJsl OPTOTOHANBHOTO POTATOpa NpH
HEHYJICBOM IMOTEHIMANe Y HOTEPH JHEPrHu OymyT yMEHb-
maThest. OfHAKO B 3TOM CIIydae cama BEJIMIHHA i HE MOXeET
IIpeBBINIATE 3HaYeHUS (QR/ c)l/ MWmax (B < 1), Tax uto pois
JOTIOJTHATETBHOTO MOTECHIMANA OKa3bIBACTCS HE3HAUNTEIb-
HOIA.

2.1.4. OproronansHble myabcapbl. B 3akiroueHue cuenaem
emé O/IHO 3aMedyaHNe OTHOCHUTEILHO BO3MOXXHOTO HATIPAB-
Jtenust uccienopanuit. Cpenu 6osee yem 2600 M3BECTHBIX B
HACTOSIIIee BpeMsl PaIUoOINyJIbCapoB ecTh 0koyio 30 UCTOYU-
HUKOB, KOTOpbIE OJjlarogapsi HAJU4YMIO MHTEPUMIIYJIbCA
TOYHO TOCePeANHE MEXTy OCHOBHBIMHU UMITYJIbCAMH U3JTyYe-
HUSl MIPUYHCIISIIOT K OPTOTOHAJIBHBIM POTATOPAM; HAJIMYKE
MHTEPUMITYJIbCA B 3TOM CIIydae JIETKO OOBSCHSIETCS U3JIyde-
HUEM OT MPOTHBOIOJOXHOTO MArHUTHOTO ToJrroca. [1pu
9TOM MOYTH Bce MOPQOJIOTrHYecKre CBOMCTBA MHTEPUM-
MYJILCHBIX PaINOIYJIbCAPOB HEOTIMYMMBI OT CBOMCTB 00BIU-
HBIX MYJIbCAPOB. EAMHCTBEHHBIM UX OTIMYMTEIHLHBIM CBOW-
CTBOM SIBJISIFOTCSl TOCTATOYHO MaJible MEPHOAbI BPAIICHUS
P < 0,5 c. OnHako 3TO HEYOUBHUTEIBHO, MOCKOJbKY HpHU
yriax y, omuskux kK 90°, yciioBue TeHepalud IJIa3Mbl
Yrs() < ¥max(X) MOXKET OBITH BBINOJIHEHO TOJBKO MPH
JIOCTATOYHO MaJibIX iepuonax P (puc. 14).

[To HamreMy MHEHWIO, aHAJIN3 UHTEPUMITYJIbCHBIX ITyJIb-
capoB MOT OBl CYIIECTBEHHO NMOMOYb B IMOHUMAHUH IIPO-
[IECCOB, MPOUCXOMSIIMX B MarHUTochepax HEHTPOHHBIX
3B&31. JelicTBUTENbHO, CAMO CYIIECTBOBAHUE OPTOr OHAJb-
HBIX POTATOPOB, MOJISIPU3ALMOHHBIE U MHbIE CBOWCTBA pa-
JMOU3ITYYEHHS] KOTOPBIX HE OTJINYAIOTCS OT CBOWCTB OCTaJIb-
HBIX PaJINOIYJIbCAPOB, TOBOPUT O TOM, YTO MPOLECCHI POK-
JIEHUsI YACTHUIL Y HUX TPOUCXOAIT ""cTanmapTHeIM" 06pazom.
C napyroit CTOpPOHBI, aHAJIU3 MOJISPHU3AIMOHHBIX CBONCTB
U3JIyYEHUS TOKA3bIBAET, YTO JI TAKUX IyJIbCAPOB MOXKHO
YBEPEHHO OMpeAeaTh yribl y > 90° [148]. B pesynbrate
0Ka3aJI0Ch, YTO Y HEKOTOPBIX U3 HUX PaIUOU3IIYUCHHE CBSI-
3aHO C pa3HBIMH 00JIACTSIMU TeHEPAIIUHI BTOPUYHOH TIIA3MBI,
COOTBETCTBYIOIIUMU UCTEUSHUTO MTOJIOKHUTEILHBIX H OTPHIIA-
TEJIbHBIX 3apsA0B.

1,0

0,8

0,6

sin y

0,4

0,2

0k I I I
0 0,5 1,0 1,5 2,0
P, c

Puc. 14. "Jlunust cvepTu" B 3aBUCMMOCTH OT YIJIa ¥ JIJIs PA3HBIX 3HAYCHHUI
MarauTHoro nosist By [177]. [Toxa3aHbl Takke 9BOJIFOIUOHHBIE TPACKTO-
pun st "yuusepcanpuoir" MTI-monenmu u monenn BIU. Cepbim
[BETOM I1O0Ka3aHbI OOJIACTH BO3MOXHOI'O HAOIIFO/ICHHS HHTEPHMILYJIb-
COB ISl TIOYTU OPTOTOHAJIBHBIX (BEPXHss 00J1aCTh) M MOYTH COOCHBIX
(HIKHSIs 00J1ACTD) PAAMOMYJILCAPOB.
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2.2. ITpogoabHbIiH TOK

2.2.1. Tok "no Mecreso". OTMeTuM €€ pas, 4TO KJIFOYEBLIM
MOMEHTOM B BOIIPOCE O CTPYKTYpe MarHUTOC(HEPHI SIBJISIETCS
BEJIMYMHA MUPKYJUPYIOIIEro B HEH MPOTOIBHOTO TOKa.
ITosToMy HIXE MBI cejIaeM HECKOJIbKO 3aMeUaHHid, Kacaro-
LIUXCSI POy PhI ONIPeIeIeH S IPOJOJIbHOIO TOKA, IIUPKY-
JIMPYIOIIETO B MarHutocdepe.

Vke B camble TIepBBIE TOBI HCCIIETOBAHUS MarHUTOCheEp
PpaIuoIyIbCAPOB CTAJIO SICHO, YTO KITFOYEBYIO POJIb B JIBIIKE-
HUH YaCTHIL JIOJDKEH UTPATh 3JCKTPHIECKHA Tpeid, cBA3aH-
HBIA C 3JIEKTPHUYECKHM MOJIEM, KOTOPOE BO3HHMKAET BCJICH-
CTBUE BpAIICHUS] HEUTPOHHOMU 3B€3/bI; CKOPOCTh OCTATIbHBIX
npeitdoB oka3bIiBaeTcs npeHeOpexuMo Maioii. B pesynbrarte
IJIOTHOCTH MOMEPEYHOTO 3JIEKTPHYECKOTO TOKA j;, MOXKET
OBITH 3anucana B THApOAXHAMHYECKOM Bre Kak j, = p Uy,
rae Uy = ¢[E x B]/B? — ckopocTh 3/1eKTPHYECKOTo Apeii-
¢da. Takas mpocrasi 3aBUCUMOCTD CYLLIECTBEHHO YIpollaia
3a7a4y, MOCKOJIBbKY IOJHBINA TOK, TEKYLINA B MarHUTOCchepe,
MoOr OBITh 3amucan MpocTo Kak j = p Uq, + B, rie af —
ckasisspHast GyHKIUs. A ¢ yu€ToM cooTHoIreHus (62) (1 mpe-
HeOperasi MOTEHIHAJIOM i/!) moryyaeM OKOHYATEIBHO

)= pc[ﬂ X l‘} + lHB7 (74)
rfe i — emg ojHa ckansapHas QyHKuus.

Bocmosib30BaBIINCh TENEPh APYTHMM ypaBHEHHEM Makc-
BeJIJIA, 3alIMCAHHBIM B MPEJNOJIOKEHUN O KBa3HCTAI[HOHAD-
HoctH [60, 67],

4

V x [B_BRXE]:7(J_CpcBR)7 (75)
MBI Cpa3y MPUXOJMM K 3aKJIIOYEHHIO, YTO BEJIMYHHA i
JIOJKHA OBITH IOCTOSIHHA HA MATHUTHBIX CHJIOBBIX JIMHUSAX:

BVij=0. B pesynbraTe npu HyJIeBOM NOTEHUHANE Y
noygaem '°

V x [B+ P x [Bg x B]] =iB. (76)
DTO W ecThb Tak Ha3blBaemoe ypaBHeHue Mecrtens [60],
CIpaBe//INBOE, B OTJIMYKME OT MYJIbCAPHOTO ypaBHeHus (32),
TIpH JIFOOOM YTJIe ¥.

Bo Bpemena Diuraget m Puma (19681983 rr.) 3ammch
Toka (74) OblIa OYEHb MOMYJISIPHA, TOCKOJIBKY OHA MO3BO-
JIsJ1a ONPEAEIUTD MOJIHBIM TOK C TOMOIIBIO JIUIID €€ OJHON
ckassapHoii pynkuun i Tem Gosiee 4TO B OCECHMMETPHYHOM
ciydae 3To ObLia GyHKIUsS MarHUTHOro nmotoka V. Ipuro-
UIach OHA W TO3Xe, KOrJa pe3yJbTaTbl TPEXMEPHBIX
YHUCJICHHBIX PACYETOB HYXXHO OBLIO MPEACTABJISTHL B BUJE
JBYMEDPHBIX PUCYHKOB (BEJMYHHY i HA HUX OOBIMHO MOKA3bI-
BAIOT PAa3HBbIM I[BETOM).

Kcratu, iMeHHO Takasi 3alucCh MO3BOJIMJIA ONPEACTUTH
6e3pa3MepHBIil AaHTUCUMMETPUYHBINA TPO/I0JIbHBINA TOK iaA, o
KOTOPOM IIIJIa peub B paszaeiie 1.7, HOCKOIbKY MPOIOIbHBIN
TOK B acUMNTOTHYecKOM pererun (54), (55) npu r > Ry
MOXET JIETKO OBbITh ompenesi€éH. JIedCTBUTENIBHO, MOICTAB-
JIsIs IBHBIE BRIpaXKeHUs ToJiel (54), (55) 11 opTOTOHAIBHOTO
portaTtopa B cooTHoleHue (75), mojaydaem cpasy

i = -3 % cos 0. (77)

15 O600611enue ypasuenus (76) Ha ciydail f # 0 GbUIO MOJYYEHO €IUE B
pabote [67].
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CpaBHUBAS TeNeph MOJHBIE TOKH, TEKYIIINE Y€PE3 BEPXHIOIO
nojycdepy npu r > Rp ¥ 4epe3 CEeBEPHYIO YacTh MOJISIPHOU
IIATIKY HA TIOBEPXHOCTH 3BE3/IbI, MOTYYaeM OKOHYATEIbHO 10

. ) OR\ 12
laA ~f 1/2 (_> 7

78
g (78)
rJie, HAIOMHUM, f, ~ 1,96 — Ge3pa3MepHas wiomaab mo-
JIIPHOY MIATIKH (5 = j;nROZ) TS OPTOTOHAJTLHOTO POTATOPA

[69].

2.2.2. Tok "no I'pysunoBy". C 1pyroii cTOpOHBI, BEIPAKEHUE
(74) uMeso OIMH CYIIECTBEHHBIA HEIOCTATOK. B Heocecum-
METPUYHOM CJIydae OHO He ObLIO "JIoKaIbHBIM", TOCKOJIBKY
BEJIMMMHA i B IAHHOM TOYKE He BBIPAXKaJach Yepe3 3HAUCHMs
noJieil ¥ uxX MPOU3BOAHBLIX B 3TOH TOYKe. IIpU YHCIEHHOM
MO/ICITUPOBAHUY 3TO ObLI CYIECTBEHHBII MOMEHT, HE [T03BO-
JISIFOINUN OBICTPO MPOBOAMTH BBIYHCICHUS. YKA3aHHYIO
BBILIIE CJIOKHOCTH yAaj0ch mpeoaosetsh B 2005 r. A. I'py3u-
HOBY [94]. VYMHOXas ypaBHenme MaxkcBemna V x B =
= (1/¢)OE/0t + (4n/c) j cxaynsapHO Ha B, MOXHO NIOJIYYHTH
BBIPaXXEHHE ISl CKAJSIPHOTO Mpou3BeaeHus jB depes mpo-
U3BOJIHBIE OT TOJIel. BOCOIb30BaBIINCE TeNEph YCIOBUEM
skpanupoBku EB = 0, T.e. 3amenus BOE/0fr na —E0B/01,
MocJie HECJIOKHBIX MPeoOpa3OBAHUI MOJyYaeM OKOHYA-
TEJIbHO

(B[V x B]—E[V x E|)B + (VE)[E x B]
B2 ’

re IMIOTHOCTD 3apsia BBIpaXKeHa uepe3 ypaBHeHHe Maxc-
Beta VE = 4np,. OT1a dopma okazamace o4eHb yooOHOM
JUIS. YUCJICHHOTO MOJICJIMPOBAHUS, M MO3TOMY OHa TOBCE-
MECTHO HCIOJIb3YETCsSl B HACTOSIIEE BPEMsl; KOHEUHO, TPHU
OonpeAeNEHHBIX YCIOBUIX HHOT A ObIBaeT yAOOHO UCTIOIB30-
BaTh 1 "Kiaccuueckyro" 3amuck (74) (cM., Hanpumep, [149]).

JeiicTBATEILHO, €CITH Telepb BOCIOIb30BATbCS COOTHO-
menueM (62) (mpaBaa, onsiTh B MpeAnoaoxenuu Yy = 0), To
KBa3uCTallMOHApHOE ypaBHeHHe Makceiia (75) Oyner co-
JlepKaTh JIMILIb MarHUTHOE MOJIE:

V x [B‘i'ﬁRX[ﬁRXB]]:
47

- 7jG(*[ﬁR x B],B) + (V [Br x B]) Br.

i (E,B) = (79)

(80)

ITpu aTOoM, HanoMHUM, ypaBHeHue (80) ocTaéTcs cupaBean-
BBIM W U HAKJIOHHOTO poTaTopa. BmecTe ¢ ypaBHeHHEM
Maxkcsenna VB = 0 oHm 00pa3yroT 3aMKHYTYIO CHCTEMY,
coepXKaIIyIo JUIIb MarHuTHOe mojie. YpasHenue (80),
KOHEYHO, HE CTOJIb KOMNAKTHO, KaK ypaBHeHHe MecTes
(76), HO He cOAEpPXKUT BOOOIIE HUKAKUX CKAJISIPHBIX (YHK-
nuid. K coxanenutro, 1jisi HEHYJIEBOIO TOTEHIIMANA |/ CBOW-
CTBO JIOKAJIbHOCTU BHOBB TEPSIETCS, MOCKOJIbKY BEJIMIMHA
HE BBIPAXKAETCS JIOKAJIBbHO 4Yepe3 MPOU3BOJHBIE IMOJEH B
IOAHHOM TOYKE.

2.3. Tak Kak ke TOPMO3SATCSI paauonyJabcapbi?

2.3.1. Iocneannii pa3 mpo MarHMTOdUNOJbHbIe nmoTepu. Ha
HAII B3TJISI, B CBOEM U3HAYATILHOM BHJIE 3TOT BOIIPOC TABHO
TOJIYYWJI OJHO3HAYHBIA W OKOHYATENbHBI OTBET: B MarHu-
Tocdepe paaroNyIbCapOB MAarHUTOJMUIOJbHBIE MOTEPU

16 Tounoii sta Qopmysa OblIa ObI Ui KPYrOBOM (OPMBI TOJISAPHOI
IIATKA.
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OTCYTCTBYIOT. Tem He MeHee O MarHUTOAUIIOIbHBIX TOTEPSIX
MO-MIPEXXHEMY YaCTO TOBOPSIT B CBSI3H C OOCYXKACHHEM
MEXaHN3Ma JHEPTOBBIIEJICHNUS PaIUOIyIbcapoB. [eiicTBu-
TEJILHO, OCKOJIbKY ToTepH 3Hepruu (49) B "yHUBEpCaIbHOM
pemennn” 3aBHCAT OT yria y kak 1 +sin’ y u go6aBka K
eIMHUIIE UMEET TY e 3aBUCUMOCTb OT YIJa ), 4TO U Y
MAarHATOIUIIOJBHBIX MTOTEPb, 9TO KaK OYATO yKa3bIBaeT Ha
TO, YTO MATHUTOAWIIOJBHBIA BKJIAJ BCE K€ MOXET CyIIe-
CTBOBATb.

He BHeciM SICHOCTH B 3TOT BOIPOC M BBHITIOJHEHHBIC B
MOCJICTHUE JECATh JIET YHMCIICHHBbIE pacu€Thl. Jlesio B TOM,
4TO, KaK YX€ MOTUEPKUBAJIOCH, AHAJIUTHYECKOE PpeIleHHE
Maiikens — BoroBajioBa (47) 3aBeIOMO HE COJICPKUT MarHu-
TOJUIIOJLHOW BOJIHBI, TIOCKOJIBKY, 38 HCKIFOUEHHEM MOMEH-
Ta MPOXO0Ja TOKOBOTO CIIOS, 3JIEKTPOMATHUTHBIE TOJISI HE
3aBUCIAT OT BpemeHu. OJHAKO, KaKk ObLJIO MOKa3aHO Ha
puc. 11, 11 OpTOroHaJILHOTO POTATOPA UMEETCS 3aMETHAs
KOMIIOHEHTA, 3aBUCSIIAs OT BpeMeHH. COOTBETCTBEHHO, CY-
IIECTBEHHAS! 3aBUCHMOCTH OT BPEMEHH HMeeT MEeCTO U B
aHajmMTHYecKoM perieHuu (54), (55), ¢ xopoleit TOYHOCThIO
BOCIIPOU3BO/ISIIEM MYJIbCAPHBIA BETEp OT OPTOTOHAIBLHOTO
poTartopa.

ITo-BunuMomMy, TpaBWIBHBIA OTBET Ha 3TOT BOMPOC
MOXHO C(HOpMYJIUPOBATH CIIEAYOIMM 00pa3oM. Mbl Mo-
’KEeM TOBOPHUTH O MATHUTOUIIOIHHOM M3JIYyUe€HHUH, €CIIN BBI-
TIOJTHEHBI XPECTOMATHIHBIE YCIOBUSI MAJIOCTH pa3Mepa U3-
JIydaromei o0JIACTH MO CPaBHEHWIO C JJTMHOW BOJIHBI, T.C.
YCJIOBUE HAJIMYUSI BOJTHOBOM 30HBI. B mysbcapHOM BeTpe 3TO
YCJIOBHE 3aBEOMO HE BBIIIOJIHSETCS, TOCKOJIBKY U 3apsiabl, U
TOKH in Situ UTPAIOT OTMPEACIISIONIYIO POJIb B HOPMUPOBAHAN
CTPYKTYpHI BeTpa. [deiicTBUTEIbHO, HUKOMY HE MPUXOIUT B
TOJIOBY TOBOPUTH O MATHUTOIUIOJBLHOM H3JIyYCHUH IMPO-
BOJIa C MEPEMEHHBIM TOKOM, XOTS Iepelada JHEPruu BHE
MPOBOJIA OCYILECTBJISIETCS KaK pa3 3a CUET MOTOKA JIEKTPO-
MAarHuTHOM 3Hepruu. Be€ 310, 01HAKO, MPOUCXOAUT B OJINK-
Hell 30He, TaK YTO 3apsiibl M TOKM HAXONSATCS HA PACCTOSI-
HUSIX, CDABHUMBIX C JIJTHHON BOJIHBI.

Taxum oOpa3om, NyJIbCapHBI BETEpP CIEAYET paccMart-
pUBATh KaK IPUMEP PENSITUBUCTCKON MarHUTOTMAPOIUHA-
MUYECKOI BOJIHBI, IPO HEOOBIYHBIC CBOMCTBA KOTOPOM MBI
emé MaJjio 4yTo 3HaeM. Hampumep, Kak Mbl BUAEIH, YTIIOBOE
pacmpesieNieHne MOTOKA SHEPIHH MeHsieTcst oT sin” 0 y co-
OCHOro poTatopa 10 sin® 0 y oproronamsHoro. ¥Yxe B 5Tom
HPOSIBJISIETCS CYLIECTBEHHOE OTJIMYME OT MAarHUTOIUIIOJIb-
HBLIX TOTEPb, KOTOPBIE TIPONOPLIUOHATBLHBI 1 + cos? O [150].
OtcyrcrBue B "yHMBEPCAILHOM pelllcHUU" IIOTOKA SHEPrUU
BIIOJIb OCH BpateHus (T.e. mpu 0 = 0) aist yraa y = 60° yxe
oTMmeuasiock B pabdore [151], B KoTOpo#l ObLIM HANPSAMYIO
MPOAHAM3UPOBAHBI PE3YJIbTATHI YACICHHOTO MOJCIUPOBA-
HUSs1, BBIMIOJIHEHHOTO B paboTe [105].

2.3.2. /lonoJHUTEIbHBIi MOMEHT CHJI: Bpallalomuiicss 3amar-
HU4eHHbIi map. {1 Toro yToObl HAKOHEI pa300paThCs, KaK
MPOUCXOAUT TOPMOXKEHHUE PaJUOINyIbCapoB, BEPHEMCS K
Ka3aJ0ch Obl JABHO PEHIEHHOMY BOIPOCY O TOPMOXECHUU
OJTHOPOJIHO HAMATHUYEHHOTO Iapa, BPAIlAIoIIErocs B
BakyyMe. OTMETUM TPEX/Ie BCEro, YTO B JIAHHOU 3aj1a4ye Ha
BPAIAFOIIHANCS IIap MOTYT AEUCTBOBATH TOJBKO 3JIEKTPO-
MATHUTHBIE CUJIBI:

i x B]

dF = p EdV+—— dV+o.Eds+

[Js X B]
Cc c

ds, (81)

TJe TepBbIE ABAa CIAraeMbIX COOTBETCTBYIOT OOBEMHOMY
BKJIay, & BTOpble — NMOBepXHOCTHOMY. OHAKO €CJIU Mpe-

MOJIOXKHUTh, YTO B 00BEME IIapa CYIIECTBYIOT JIMIIb TOKHU
KOpOTanud j = cp Pr, TO, KaK JIETKO MPOBEPHUTH, OOBEMHAS
vyacThb cwibl (81) OyeT paBHA HYJIIO.

Bocnonb3oBasumcs teneps cooTHomeHusmu (60) u (62),
JIETKO yOemuTbcss B TOM, 4TO npu r = R+ 0 BekTop Vi
OPTOrOHAJIEH MOBEPXHOCTH LIapa. B pe3ynbrate Bkian Vi
B TIOTOK JJICKTPOMArHUTHON JHEPTUU 34ech OyIeT paBeH
HYJIIO, U MBI B HTOT€ MOJIy4aeM TOCJIe HECTIOXKHBIX Tpeodpa-
30BAHUNI

4

Wtot = E

jE[E x B]ds = —QK, (82)

rae

K:;aﬁ[an](Bn)ds (83)

o
— TOPMO3SILUNA MOMEHT, OOYCJIOBJICHHBIH, KaK MBI BUIUM,
JIUIIb MATHUTHBIM BKJIaA0M. [1pH 3TOM, KOHEYHO Xe, IepBast
ckoOxa B (83) COOTBETCTBYET IMOBEPXHOCTHOMY TOKY Jg, a
BTOpass — MArHUTHOMY IOJIFO B BBIPAXEHUU [JISI CHJIBI
Awmmnepa F = [J; x B]/c. Takum 06pazom, Bce motepu OyayT
JNEeHCTBUTEIBHO ONPEESIThCS JIUIIb MOBEPXHOCTHBIMHU
TOoKamMu Js.

VuBuTENBHO, HO JaXe B 9TOM, Ka3ajochb OBI, COBEp-
IIEHHO OYEBHUIHOM BOMPOCE €CTb OJUH MOMEHT, KOTOPBI,
BO3MOXHO, OKaXXeTCs HEOXHIAHHBIM sl yutatess. [lo-
HATHO, 4TO MOJHBIE ToTepH Wiy = —QK = (2/3)m*Q*/c?
3aBUCST JIUIIb OT BEJIMYMHBI MAarHUTHOIO MOMEHTA IyJIb-
capa m. OHAKO eCcJIM MBI CIPOCUM ceOsl, Kakue TOKH obec-
TIEYNBAIOT 3TH MOTEPH, TO OTBET OYAET CHJILHO 3aBUCETh OT
TOHKHUX JIeTajlell CTPYKTYPbl MATHUTHOT O MOJIsl HA TOBEPXHO-
CTH HEUTPOHHOM 3BE3/bI.

YToObI mOKa3aTh 3TO, 3aMETUM, YTO TOPMO3SIIMNA MO-
MeHT K mosmkeH ObITh MPONOPIMOHAJNIEH TPEThE CTENEeHU
yrioBoi ckopoctu (2. Boyee TOYHO, OH TOJIKEH COOTBET-
CTBOBATh TPEThEH CTENEHN PA3JIOKEHUS TMOJIeH, BXOASIINX B
Beipakenue (83) s K, mo manomy napamerpy ¢ = QR/c;
MOHSITHO, YTO €CJIM MBI TOACTaBUM B (hopmyy (83) BbIpaxke-
HUS Ul AMIIOJIBHOI'O MAarHUTHOTO IOJISl, TO MHTErpaj Io
MOBEPXHOCTH OyIeT paBeH Hymo. Kpome Toro, MoxHO
HOKa3aTh, 4TO WieHsl nepsoro nopsaka B() mo mapamerpy
& OKa3bIBAIOTCS paBHBIMHE HYJIIO [152]. B pe3ynbraTe obriee
BBIPAKEHHE JIJISI MOMEHTA 3aIUIIIETCS KaK

K = % j[;{[n x BY)(B"n) + n x BB m)} ds, (84)

rae uaAekcs (0) 1 (3) COOTBETCTBYIOT CTETICHSIM PA3JIOKECHUS
IO MaJIOMYy TTapaMeTpy &.

HanomHuM Tenepb, 4TO B TEOPUH MarHuTochepsl pajano-
MYyJIbCAPOB KPaeyrojbHbIM KaMHEM BCerja ObLIO pellieHue
Hotiua [153], mosyueHHOe I BPAILAKOIIETOCS B BaKyyMme
HaMarHUYEHHOTO IIapa; MPOCTHIE BEIPAKEHUs JIJIS TIOJIeH Ha
MMOBEPXHOCTH 3BE3/IbI MOXHO HailTw B pabdorte [154]. DTo
pelieHre ObLJIO TMOCTPOEHO B MPEINOJIOKEHUM, YTO HOP-
MaJjibHas KOMIOHEHTa MAarHUTHOTO IMOJISl B TOYHOCTH COB-
NajaeT C MOoJeM MarHUTHOTO JAUMOJISI (HOpMaJibHAs KOMIIO-
HEHTa TOJI1 Ha MOBEPXHOCTH M €CTh €IUHCTBEHHOE HE0O-
XOJIMMO€ TPAHUYHOE YCJIOBHE, IO3BOJISIONIEE MOCTPOUTH
OJHO3HAYHOE pereHne). [IoHSITHO, YTO B 3TOM CiIydYae Mo
nocTpoeHuto B, = 0, Tak YTO €IUHCTBEHHBIN BKJIaJ] B BbI-
paxenue (84) mist TOpMO3SIIEr0o MOMEHTA AaET MepBoe clia-
raemMoe.

OmHAaKO eCIM MBI TeTlepb BOCHOJIb3YeMCS! PEIIeHUeM st
BPAIIAIOIIETOCS] TOYETHOTO OPTOTOHAILHOTO JIUIOJIS, TIPH-
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BeJI€HHBIM B kHUre Teopus noasq JILA. Jlannay, E.M. Jlud-
mma [150, § 72] (em. Taxoke [155]):

Q Q
Bt :‘EJ sin 0 Re <2 —2i 7’) exp (i %—Fi(p —in) , (85)
p

m L Qr Q2
Bj—‘—JcosHRe<—1+1—r+ 2r>><
r c c

X

exp (i o +ip — iQt) , (86)
¢

Q%2 L Qr . .
—|exp (1 —+1ip —1Q¢ ),
¢ ¢

(87)

m| . Qr
BL—‘—Re S P
¢ 3 ( et

TO OOHApYXHM, UTO JIMIIb ABE TPETH MOTEph OymyT Io-
MIPEeXHEMY OIPENENISTHCS IEPBLIM cilaraeMbIM B (84), Toraa
KaK OJHA TPETh — YXe BTOPBIM. IIpH 3TOM Kak IOJIHbIC
MOTEPH, TaK U HAIPABJICHAE 3BOJIIOIMHU yIJIa ), OIpE/Ieisie-
MbIE COOTBETCTBEHHO IBYMSI KOMIIOHEHTAMH TOPMO3SIIETO
MoMmeHTa K. m K/, KOHEYHO Xe, OT BbIOOpa peIIeHus He
saucat (x’,y’,z/ — cucrema orcuéra, Bpalaromascs
BMeECTE CO 3BE3/10i1).

HaiiTu MCTOYHHMK Takoro pPacXOXXACHHs, BIPOYEM, CO-
BCEM HETPYIHO. JIefCTBUTENBHO, KAK JIEIKO MOJIyYUTh He-
MMOCPEACTBEHHO U3 BhIpaxeHuii (85)—(87), "pewenue Jlan-
nay—JIndrmna" comepKuT B TpeTbeM MOPSIKE MO Tapa-
MeTpY & He 3aBHCSIIee OT I MATHUTHOE II0JIe

2 jm| /QR\’
3) _
B(>—7§F(T> eyr‘

To ectb "pewenne Jlangay—Jludmuna" oTiuyaercs OT
pemenus Jloitya moGaBiieHUEM JOTOJHATEIBHOTO MATHUT-
Horo munosis Sm/|m| = (¢3/3)e,, KOTOPBIA BO3HUKAET U3-32
BpalieHus mapa. [ToHATHO, YTO Ha BEJUMYHHY JJIEKTpoMar-
HUTHBIX TOTEPh Takas Majlas J00aBKa HUKAKOTO BIIMSHUS
0Ka3aTh HE CMOXKET; COOTBETCTBYIOIUE MOTEPU OYyIAyT
ropas/io MeHbIIE J1axke JJIEKTPUUYECKHUX KBaJPYIOJIbHBIX
MOTEPh, CBA3AHHBIX C HEM3OEKHBIM IMEpepacrpeiecHueM
3apsA0B BHYTPH BpalIarollerocsi HaMarHMYeHHOTO Liapa.
OnHako, Kak Mbl BHAMM, caMa CTPYKTypa TOPMO3SIIHUX
TOKOB IIPH 3TOM KapaWHATIHHBIM 00pa3oM U3MEHSIETCSI.

3aMeTuM, KCTATH, UTO TAKHe OTepH He Oy Ty T 3aBUCETh U
OT TOTO, CKOHIICHTPUPOBAHBI JIM TOKH HYJIEBOTO MPUOJIHKE-
HUS Ha IOBEPXHOCTH 3B€3/1bI (MOJIEJIb OJHOPOJIHO HAMArHU-
YEHHOT'O 1Iapa) WJIK B €€ LHEeHTPe. DTO CBA3AHO C TeM, 4TO, KaK
" B BeIpaxkeHnuu (88), Topmo3zsiuit MomeHT K He 3aBUCUT OT
paauyca mapa R py JTaHHOM BeIMYNHE MATHUTHOTO JUIIOJNIS
m. [Ipu 3TOM HEOOXOIUMO MPHUHUMATHL BO BHAMAHHE BO3-
MYITIeHIe MAarHATHOTO IOJIS1 HaJl BCEl OBEPXHOCTHIO HEWT-
POHHOH 3Be3/bl, B TOM YHCJIE U B OOJACTH 3aKPBITHIX CH-
JIOBBIX JIMHUM.

31ech HEOOXOOMMO OTMETUTEL €IIé OJHO OOCTOATEID-
ctBo. [Toacrammsis cooTHoIeHne (62) IS JIEKTPAYECKOTO
1oJ1s1 (OTSITH MPH HYJICBOM MOTEHIUAJIE /) B BRIPAKEHHE TS
Bektopa IoitaTuara S(r, 0, ¢) = (¢/4n)[E x B], MbI Hemen-
JICHHO TIOJIy4aeM

Qr
4

(88)

_ : 2
S=—(—B,sinlB+ B-e,). (89)
Kazanoch Obl, BTOpoe cilaraeMoe B 3TOM BBIPAXXCHHU HE
MOXET BHOCHTDH BKJIAJ] B MOTEPH IHEPTHHU, MOCKOJILKY OHO
OPTOrOHAILHO BeKTOPY HopMasn. U, ciiemoBaTeIbHO, TOTOK
9HEPTUH TOJUKEH OBITh HAMPABIIEH TOJIBKO BIOJIb MATHWT-

HBIX CHUJIOBBIX JIMHUM. O,Z[HaKO, KakK IMOKa3aHO Ha puc. 15, B

4%

y/Ro

(=]
T

-2 -1 0 1 2
X/RL

Puc. 15. CTpykTypa MarHMTHBIX CHUJIOBBIX JIMHUH B 3KBATOPUAJIbHOMN
IJIOCKOCTH OPTOrOHAJIBHOrO potatopa (y = 90°) mpyu HEHyJIEBBIX IPO-
IOJIbHBIX ToKax. HecummerpuuHas ¢popma o0JacT 3aMKHYTON MarHu-
Tocdepsl (3AIITPUXOBAHA) MOTJIA ObI IPUBECTU K MOTOKY 3JIEKTPOMAr-
HUTHOM SHEPTUH B 00JIACTh OTKPBITHIX CUJIOBBIX JINHUI.

HEOCeCHMMETPHYHOM ciryuae (Ojaromapst BO3MOXHOHN pas-
HUIIEe B BEJIMYMHE MAaTHUTHOTO ToJisi B Ha pa3HbIX TpaHUIax
06J1acTu 3aMKHYTOI MarHuToc(hepsl) 3TO ClIaraeMoe MOTJIO
OBl OBITH OTBETCTBEHHO 34 CyMMAapHBIl IOTOK SHEPTHU U3
00J1aCTH 3aMKHYTOW MarHutochepbl B 00JaCTh OTKPBITHIX
CUJIOBBIX JIMHUH, BAOJb KOTOPBIX JHEPrUs 3aTeM OyIeT
MIEPEHOCUTRCS 32 MIPEIeNIbI CBETOBOTO IIIMHIIPA.

Taxum obOpazom, B 0OOIIEM Cilyduae IOMHUMO TOKOBBIX
HOTEPb, O KOTOPBIX TOBOPUIIOCH B paszeiie 1, TopMoxeHue
BpAIICHUS] 3BE3Jbl MOXET OBLITh CBS3aHO C BO3MYIIEHHEM
HOpPMaJIbHOM KOMIIOHEHTHI MaruutHoro mnojs B,. Takoi
JTOTIOJTHUTEITbHBIA BKJIA]T B TOPMO3SIIIANA MOMEHT K | MOXKET
OBITH OOYCJIOBJICH HAPYIIICHUEM TOYHOW KOMIICHCAIIMU Me-
K1y MAarHUTOJUIOJBHBIM H3JIy4eHUEM LEHTPAJIbHOM 3B€3/1bI
7 U3JIy4eHHNEeM MarHuTOoc(epbl, KOTOPOE UMEJIO MECTO IpHU
HYJIEBOM NPOJOJILHOM TOKE.

2.3.3. /lono/iHNTEIbHBIHi MOMEHT CHJI: CeNapaTpHCHbIe TOKH.
Yto0bl 00CYIUTH €1I€ OJIMH BO3MOXKHBIN JIOMOJTHUTEIbHBIN
MOMEHT CHJI, paccMOTpuM OoJjiee OAPOOHO TOPMOKEHUE
OPTOTOHAILHOT'O POTATOPA, CB3AHHOTO C TOBEPXHOCTHBIMHU
TOKaMH TOJISIPHBIX IIIATIOK, YTO COOTBETCTBYET IEPBOMY
ciaraeMomy B pazioxenun (84). st aToro mHam Oynet
yA0OHO MepenucaTtb TOPMO3SIIAA MOMEHT B HCXOJHOM

Buze !

M ds. (90)

K:2Jr><
c

COOTBETCTBEHHO, TOJIHBIE TIOTepH Wiy = —Q K 3ammmnyTcs
Kak
QR
Wiot :2—JJOBnds. 91)
¢
Anamu3upys Beipaxenue (90), MOXHO NMPUATH K OMHUOO0Y-

HOMY BBIBOJy [156], 4TO mpH JIOKaJIbHOM OOBEMHOM TOJIb-

JIPaiiXOBCKOM TOKE (iSA = z'aA = 1) TopMO3sIIUit MOMEHT He

17 He 3a6biBaem, 4TO y pauoIy ibcapa JBa moJroca!
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3aMKHYTBIE
CHJIOBBIE JIMHAU

PazomkHyTHIE
CHJIOBBIC JIMHUU

Puc. 16. CtpykTypa 00bEMHBIX (KOHTYpPHBIE CTPEJIKH), CenapaTpPUCHBIX
(KUpHBIE CTPEJIKH) M TIOBEPXHOCTHBIX (TOHKUE CTPEJIKH) TOKOB BOJIM3HU
TOJISIPHOM IANIKK OPTOTOHAJILHOTO poTaTtopa. [JomoIHUTENIbHBIN cena-
PATPUCHBINA TOK MOKA3aH IITPUXOBOI JIMHUEH.

JIOJDKEH CHJIBHO 3aBUCETh OT yriya y. JledCTBUTENbHO, Ipu
YBEJIMYSHUHN YIJIa )y TIOBEPXHOCTHBIA TOK Js, 3aMBIKAFOIIIHIA
00BEMHBIE TOKHM, TEKyIIMe B Maruutocdepe, OyneT yMeHb-
IaThCs Kak cos y. Ho xapakTepHOoe pacCTOSHUE I OT OCH 10
MOJISIPHOM IIAIIKU, HANPOTHUB, OYAET YBEJIUYMBATHCS Kak
sin .

OnHako, Kak MOKa3bIBAaeT TOYHBINA aHAN3 [69], B 3TOM, HA
TIEPBBIA B3TJISI, OUEBUIHOM PACCYXKICHUM HE YUTCHA Pealib-
Hasi CTPYKTypa MOBEPXHOCTHBIX TOKOB B 00JIACTH MOJISIPHOK
manku. Kak moka3zano Ha puc. 16, MOBEpXHOCTHBIE TOKH,
3aMBbIKaoIye 00bEMHBIE TOKH, JOJIKHBI OBITH YCTPOEHBI
Tak, YTOOBI yCPETHEHHBIN 110 TTOBEPXHOCTH TOK Jy paBHSICS
HyJIO (BeOb MMEHHO 3Ta KOMIIOHEHTA, KaK MBI BHIIEJIH,
ompeeNsieT MOTEPH JHEPTUM HEUTPOHHOH 3Be3/bl). [103TO-
My TpH ONpPENeSIeHUHA TOTEPh JHEPIruu HEOOXOIUMO OBLIO
yuuThIBaTh 3QQEeKThl 00Jee BBICOKOTO MOpsiAKa MO mapa-
MeTpy ¢ = QR/c.

Ho ecnu ycpennEHHBIN 11O MOJISIPHOH IIATIKE TOBEPXHOCT-
HBII TOK (Jy) paBeH HyJO, TO, Kak MOKa3aHO Ha puc. 16,
BJIOJIb CETApaTpUChl, pa3/esstomeid 001acTH OTKPBITBHIX U
3aMKHYTBIX CUJIOBBIX JIMHUHM, TOJDKEH TeUb MOBEPXHOCTHBIN
TOK, CPaBHUMBIH € MOJIHBIM TOKOM, TEKYIIMM B 00JacTu
OTKPBITHIX CHUJIOBBIX JIUHUU. Tak, Hampumep, AJIs KPYrJIon
MOJISIPHON IIANKA M 711 JIOKAJIBHOTO TOJIbAPAHXOBCKOTO
TOKa (KOrJa OTBET MOXET ObITh MOJYYEH AHAJIMTHYECKH)
0OpATHBIN TOK JOJDKEH COCTABJIATE 3/4 0T 00BEMHOrO TOKA
[157].

3nech, mpaBaa, CleAyeT CAENATb OJHO OYEHb BAXKHOE
3ameuanue. CHoOpMyITHMPOBAHHBINA BBIIIE BBIBOJ O MOTEPSIX
SHEPTUU OCHOBBLIBAJICSI HA MPEIOJIOKEHHSIX, YTO HE CYIIe-
CTBYET HUKAKNX OOBEMHBIX MPOJIOJIBHBIX TOKOB B 00JaCTH
3aMKHYTOW MArHUTOC(Eepbl M YTO TOBEPXHOCTHBIC TOKH,
3aMbIKaIoIIe 00BEMHBIC TOKH, CYIIECTBYIOT TOJBKO B 00-
JIACTHM TIOJISIPHOM IIIANIKU, HE BBIXOJS 3a e€ mpemensl [158].
Ecam He nenaTh TakMX HPEANOJIOXEHHUH, TO 3aja4a O TOp-
MOEHUU HEUTPOHHOH 3Be3[bl CTAHOBHUTCS HEOIpPENEEH-
HOH, NMOCKOJIbKY BEJIMYMHY JIOMOJHUTEIHLHOTO TOKA, IUPKY-
JIIPYIOLIETO B MarHuTocgepe, HO He BBIXOJSLIEr0 B 00JIACTh
MyJIbCAPHOTO BETPA, ONMPEAEIUTh HE MPEACTABISIETCS BO3-
MOXHBIM. [leficTBUTENbHO, KaK MOKa3aHo Ha puc. 16, qomo-
HUTEJIbHBIE CENapaTPUCHBbIE TOKH HEN30EKHO JOJIKHBI MPH-

BOJUTL K HEHYJICBOMY CPEIHEMY IOBEPXHOCTHOMY TOKY,
(Jp) # 0, HA TOJISIPHOM IIATIKE W, CJIEAOBATEIBHO, K TOTOJI-
HUTEJBHBIM TIOTEPSM SHEPTUH.

Takum 06pa3oM, OKOHYATEIBHOM SICHOCTH B TEOPETHYE-
CKOM aHaJiu3e 3J/IeCh JOCTHIHYTh HE yraajock. HexoTopoe
MPOSICHEHUE CTAJIO BO3MOYKHBIM JIUIIIb TIOCJIE TOTO, KaK OBLIN
MOJIYYEHBI PE3YJIbTATHI YUCICHHOTO MOJEIMPOBAHUS IS
MarHuTocdepsl HAKJIOHHOTO poTaTopa. B mrore GuuIO mMO-
Ka3aHO, YTO OOBEMHBIC TOKH B 3aMKHYTOU Marautochepe
JICUCTBUTEIBHO OTCYTCTBYIOT. 3aMeYaTeJIbHbIM COOBITHEM
CTaJIO TAKXKe U TO, YTO OOpATHBIE TOKU BIOJIb CEIAPATPUCHI
TakXe ObLIN TMOJIyYeHbI B YUCJICHHBIX pacuérax [159]. Tlpu
9TOM OOpaTHBIN TOK cocTaBisu b 20 % oT 06bEMHOTO
Toka. KOHe4YHO, TaKOe HECOBIAICHIE MOXKHO OBLIO OBl 00B-
SICHATh TEM, YTO B MPOBEIEHHBIX Pacy€éTax pajmyc 3Be3Ibl
JIMIIL B J1Ba-TPU pa3a OTJHMYAJICS OT Paauyca CBETOBOIO
mHApa. OIHAKO CYIIECTBEHHOE OTJIUYUE B OTUX BEIMUM-
HAX MOTJIO OBITH CBSI3AHO ¥ C JOTOJHHUTEIbLHBIME CEMapaT-
PUCHBIMH TOKaMM, HE YYTEHHBIMHU MPH MPEIBIIYIIEM aHa-
jaze. "TIpokisTas HeONpeaeaEHHOCTE" IPOI0JIKAIIACE.

2.3.4. Tlpsimoe ycmoTpenne uctunbl. Bo3Bpamasich tenepn K
00CYX/ICHHIO BONPOCA O IMOTEPSIX SHEPIHMM HEUTPOHHOI
3B€3/bl, HAIOMHHAM, YTO PACCMOTPEHHBIE BBIIIE MPSMbIE
TokoBbIe ToTepH (37), (38) COOTBETCTBYIOT JIMIIL MEPBOMY
cimaraeMomy B pasjioxeHu (84). Oau oOyCIIOBJIEHBI TOBEPX-
HOCTHBIMU TOKaMM, 3aMBIKAIOIIMUA OOBEMHBIE TOKH B
marautochepe. [TosTomy, KcTaTh, ASUCTBHE TAKOTO TOPMO-
35I1IEr0 MOMEHTA CKOHUEHTPUPOBAHO JHIIL B 00JIACTH
TOJISIPHOM IIATIKA. A MarHUTHOE IT0JIe 316Ch COOTBETCTBYET
MarHATHOMY IIOJIFO HYJIEBOTO MPHOJKEHHS (OUIIOJILHOMY
MarHdTHOMY TOJIIO, OJIM3KOMY K OJTHOPOJIHOMY B Mpe/esiax
noJisipHoit 1manku). [Ipu 3TOM, Kak MbI BHJIEJIH, MPSMbIE
TOKOBBIE TOTEPU HE MOTYT OOBSICHUTHL HEPrOBBIACIICHUE
th\:[ HD) (49) st "ynusepcanbroro pewenns'”.

C mpyro#t cTOpoHBI, KaKk MOKa3aHo B pazmenax 2.3.2 u
2.3.3, CymiecTBYIOT elI€ 1BE BO3MOXKHbBIE TPUYUHBI TOPMOXKE-
HUS paguonysibcapoB. [Ipexae Bcero, npuMep BaKyyMHBIX
HOTEPb IOKA3bIBAET, YTO B OOLIEM CiIyuae Hellb3s IpeHeope-
raTh ¥ BTOPBIM CJIaraeMbIM B pa3JioxkeHuu (84), B KOTOPOM B
BeIpakeHnn Jg X B moBepXHOCTHBIN TOK Js COOTBETCTBYET
TOKY HYJIEBOTO IPHOJIMDKEHHUSI, & MATHUTHOE TIOJIE CBSI3aHO C
HAaBOJUMEBIM 3a CYET BpAICHUST BO3MYIICHUEM TPETHETO
nopsiika (B 9ToM ciaydae OyneT paboTaTh BCSl HOBEPXHOCTh
HEUTPOHHOU 3Be3/bl). [pyras xe BO3MOXHAs MPUIMHA MO-
JKeT OBITh CBS3aHA C JOMOJHUTEIHHBIMH CENapaTPUCHBIMU
TOKAMHU, 3aMBIKAIOIIIMUCS IO TOBEPXHOCTH MOJISIPHOMN AT~
KW TOHSITHO, YTO OHH MO-TIPEXHEMY OYyT COOTBETCTBOBATh
TepBOMY cJIaraeMoMy B pasjioxeHuu (84).

Kak yxe oTmevasock, He TOJIbKO aHAJUTUYECKU BBIYUC-
JIUTh, HO JaXX€ U OLEHHUTL COOTBETCTBYIOIIME BKJIAJbI HE
MPENICTABIISIIOCh BO3MOXHBIM. [103TOMY HEyIWBUTEIBHO,
YTO paHee O MOJOOHBIX MOTEPSX OBLIO MPAKTHIECKH HUYETO
He u3BecTHO. OJTHAKO TeNnepb Mbl MOXEM TOJIYIUTh OTBET Ha
3TOT BOMPOC, HANIPSIMYIO aHATU3UPYST PE3YJIbTATHI YUCIICH-
HOT'O MOJAEIUPOBAHMUS.

Bropouem, mpex e 4eM OTKPBITh KapPThI, 3aIHILIEM JOTMOJ-
HUTEJBHBII TOPMO3SIIANA MOMEHT B OOIIIEM BHJIE KaK
B;Q3RC

KM= 4 ia (92)

o3
7 TOCTapaeMcsl OLEHUTH Oe3pa3sMepHYI0 KOHCTAHTY A u3
pPe3yIbTATOB YHUCIECHHOTO MOJEIMPOBAHUS s "yHUBED-
canmpHOTO pertenust”. Kak mokasano B pasmene 1.3, B 3ToM
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Puc. 17. TIoTOK 3JIeKTPOMArHUTHOM 2Hepruu S U3 00JaCTH 3aMKHYTBIX
(HYDKHSIST KpHBAsi) U OTKPBITHIX (CPEIHsIsSl KPHUBasl) CHJIOBBIX JIMHUN IS
yriia y = 60°. BepxHsisi KpuBasi COOTBETCTBYET IOJIHBIM MOTEPSIM DHEP-
run. Paguyc neitrponnoii 38e31b1 (50 equnui) B 10 pa3 MeHblie paanyca
CBETOBOTO IUIHHAPA. Sy — MOTOK IHEPTUH, COOTBETCTBYIOIINI TOTEPSIM
(MHD)
Wiet  (49).

ciyyae 6e3pa3sMepHbI aHTHCUMMETPHYHBINA MIPOIOJIbHBII
. ~1/2

TOK ONEHHBaeTCst Kak i ~ (QR/c) /2. mostomy Kko3pu-

IUEHT A 0Ka3bIBACTCS PABHBIM

(QR) 172
A~ |— .
¢

st Taxoit HeOOJIBITION BeTmunHbl 4 < 1 MOXHO ITpeHeOpeyb
BKJIaJI0M Marautochepsix norepb K8 (92) s jgokanb-
HOTO TOJIbAPAUXOBCKOTO TOKa z'aA ~ 1, uyto (akxTuvecku u
ObL10 caenano B pamkax moaenu BI'U (em. paznmen 3.1.1).

Hy a tenepb mpaBuiIbHBINA OTBET, OJIyUEHHBIN B Pe3yJIb-
TaTe 00pabOTKH JaHHBIX YUCJICHHOTO MoaesimpoBanus [160].
Ha pucynke 17 mokazana 3aBUCHMOCTD MIOTOKA 3JIEKTPOMATr-
HUTHOM BHEPIUH OT paamyca r s yria y = 60° u3 obiaactu
3aMKHYTBIX (HUXKHSISI KpHUBAsl) U OTKPBITHIX (CpEaHSIsI KpUBasi)
cuioBeIX JuHUK. Paszmep 3Be3anl cocraBisieT 50 equHUI, a
cBetoBoro muuHapa — 500 equnui (¢ = 0,1).

Kak MBI BHOMM, TPakTUYECKH BECh IMOTOK OSHEPIHU
COCPENIOTOUCH B 00JIACTH OTKPBITHIX CHJIOBBIX JIMHHIA. A 3TO
3HAYUT, YTO NPHU YUCJICHHOM MOJIEIUPOBAHUM, BOCIIPOU3BO-
JsieM "yHUBepcalbHOE pellieHue", pean3yeTcs IpeInoio-
JKEHHE O TOM, YTO TMOTEPH SHEPTHU HAKIOHHOTO POTATOpa
CBSI3aHBI C JIOTIOJIHUTEJIbHBIMU CEMapaTPUCHBIMUA TOKAMU.
Hukakoro motoka sHepruu U3 00JIaCTH 3aMKHYTONH MarHH-
TOoCchephl, KOTOPBIH TOJKEH ObLII OBl UMETh MECTO B IPYTOM
ciIydae, pelieHue He BOCIIpOU3BOAUT. He cTouT roBoputh 1 0
TOM, YTO MPHUBEAEHHBIC BBIIIE PE3yJIbTATHI HE OCTABISIOT
HUKAKOT'O MECTa U JIJI MATHUTOIANIOJIBHBIX TTIOTEPH (B 9TOM
clIydae TIOTOK PHEPTHUU TaKXe JOJKEeH ObLI ObIThH pacipeie-
JIEH TOCTATOYHO PABHOMEPHO, a He OBLI OBl COCPEOTOUYCH
TOJILKO B O0JIACTH OTKPBITHIX CHJIOBBIX JINHUIA).

Bocnosb3oBasimcek tenepb cooTHoIeHueM (91), MoxHO
MOJyYUTh BBIpAXEHHWE IJISl YCPEIHEHHOTO MO TOJSIPHOU
LIANKE NOBCPXHOCTHOIO TOKA (Jo), obecneunBaromero MI"JI-
noTepu Wt(ot HD), nmaBaemble popmysiolt (49). B wactHOCTH,
JUJIS OPTOTOHAJILHOTO POTATOPA MOJTydyaeM

QR\’
o) = g B (T) '

COOTBETCTBEHHO, YCPEOHEHHOE TOPOUIATHLHOE MArHUTHOE
none (B,) B mpemeirax OTKPBITHIX CHJIOBBIX JIMHUH Ha
paccTosiHuu r OyAeT paBHO

(B,) = 1 B, (QR)zR.

Cc r

(93)

(94)

(95)

Ero J1erko MO>HO MOJIYyYUTh, ONPEAEIIUB ITOTOK IIEKTPOMAr-
HUTHOW DJHEPIUH dUepe3 COOTBETCTBYIOLIYIO ILIOMIAAb
s(r) :f*n(Q/c)l/2r3/2. Kax Mbl BUIUM, BeIMuuHa B, BEAET
ce0st Tak XKe, KaK U B MATHUTO/TUITOJIbHO BostHe. OTIinme ke
COCTOHUT B TOM, YTO TaKO€ MOBEIACHUE MMEET MECTO B
mpenesiax CBETOBOrO LMJIMHAPA, a HE B BOJIHOBOW 30HE.
Haxonen, oTMeTHM, YTO IOJIHBIA TONOJIHUTEJIBHBIA cema-
paTpHUCHBII TOK TOJDKEH OBbITh B (QR/C)l/2 pa3 MeHblie
[IOJIHOTO TOKA, IUPKYJIMPYIOIIEro B MarHuTocdepe.

2.3.5. AHomaubHBIii MOMeHT. B 3axiroueHne 3Toro passeia
oTMeTUM elE oaHo 3abaBHOe 0OcTOATENBCTBO. I[ToMHMO
PAcCMOTPEHHOI' O BBbILLIE MOMEHTA CHJI, IPUBOJSIIEIO K
3aMEeJICHUIO BpAILEHUS! U 3BOJIFOIMH yIja jy, Ha Bpallaro-
LIMICS 3aMarHMYeHHBIN 1ap JeiicTByeT emié Tak Ha3bIBae-
MBI aHOMAaJIbHBIII MOMEHT, T.€. MOMEHT CHJI, HAIIPAaBJICH-
HBII BJIOJIb OCH ', HEPIEHAUKYISIPHON MIIOCKOCTH, COIEP-
JKaIe MarHUTHBIE MOMEHT m U och BpatueHus €. Taxoe
Ha3BaHHE CBA3AHO C T€M, YTO BEJIMUMHA ITOTO MOMEHTA

2 2
m- (QR .
K, =¢ ® (T) sin y cos y , (96)
rae £ — 4YHUCIIeHHBIA KO3(PQPUIMEHT mOopsaka eIUHUIIBI,

okaspiBaercss B (QR/c)”' pa3 Golblie, 4eM KOMIOHEHTHI
Topmo3zsmero MmomMenta K, u K... [Ipu 3ToM pa3Hblie
ABTOPBI TaBaJIM Pa3HbIC 3HAUCHUS BEJIMYUHBI &, & UMEHHO (B
nopsinke yosBanus) £ = 1[161, 162], ¢ =3/5[163], ¢ =2/5
[164], ¢ = 1/5[156, 165], ¢ = 0[166, 167].

[TousaTHO, YTO MOJOOHAS CUTYalUsl, KOTJA B dJIEMEHTAP-
HO¥1 Ha IePBBIN B3TJISAI 3a/1a49e He OBLJIO JOCTUTHYTO MOJHOTO
corJiacusi, He MOIJjla He BBI3BIBATH yIuBJIeHHs. HanmomHumMm,
YTO IpeLeccusi HeHTPOHHOM 3Be3/bl, BO3HUKArOIAs OJiaro-
Japs ACUCTBHIO aHOMAJIbHOTO MOMEHTA, HAKJIAAbIBASICh HA
BEKOBOE 3aMeE/JICHHE BPAILEHUS DPaAMONyJIbcapa, MOJDKHA
MPUBOJIUTEH K HAOJIOIaeEMOMY H3MEHEHHIO MapaMeTpa TOp-
MOXEHHUS Hpy = 99/92 [163, 168, 169]. Tak uto paccMaTpu-
BAEMBbIl BOIPOC MMEET HE TOJBKO TEOPETUYECKUI, HO U
YUCTO MPAKTUIECKUI MHTEPEC.

Amnanu3, npoBenéHHbIN B pabote [152], mokasan, uTo, B
OTJIMYKE OT PACCMOTPEHHOTO BBIIIE TOPMO3SILIETO MOMEHTA
CUJI, JJISl TIOCJIEHOBATEJILHOTO OIpPENIEIeHUs] aHOMAJIbHOTO
MOMEHTa HYXHO YYeCTb €HI€ He TOJIbKO BKJAJ 3JIEKTpHYe-
ckoit cuibl Eo), (6, — MOBEpXHOCTHAS IJIOTHOCTD 3aPsiIOB),
HO U MOMEHT UMIIYJIbCA 3JIEKTPOMArHUTHOTO TOJISI BHYTPHU
3Be34bl. B pe3yiapTaTe BeIMYMHA aHOMAJBLHOTO MOMEHTA
OyaeTr 3aBHCETh OT BHYTPEHHEH CTPYKTYpbl MAarHUTHOTO
TIOJIAL.

JeicTBUTEIbHO, NPAKTUYECKH BO BCEX paboTax, yKa3aH-
HBIX BBIIIE, AHOMAJIbHBIII MOMEHT BBIYMCIISIICS KaK MOTOK
(K;=— §a,—_,-kr,-Tk1 ds;) MOMeHTa TeH30pa HATSDKCHUI JJICKT-
pomMarHuTHOTO ToJis Ty 1o popmyie [65]

KM = 41—n {; ([r x B](Bds) + [r x E|(Eds)—

—% (B2 + BY)[n x ds]>‘ (97)
ITpu nHTErpUpOBaHNE IO chepe moTyIaemM
K) = % %([n x B],,(Bn) + [n x E| ,(En)) ds. (98)

Opnako ajs IIPABUJIBHOTO ONPEACTICHUA MOMCHTA CHJI,
HCﬁCTByIOIHCl"O Ha miap CO CTOPOHBI 3JICKTPOMATHUTHOT O
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MoJIsl, 3/ICh HEOOXOAMMO COOJTIOIATh OCTOPOXKHOCTD. JIeii-
CTBUTEJBHO, BOCIOJIB30BABIIKNCH OOIIAM COOTHOIICHHEM
(81) ¥ BBIpA3UB MOBEPXHOCTHBIC 3apsIbl U TOKU Yepe3 Co-
otsercTByronme ckaukd {E} u {B} anexrpuueckux u mar-
HUTHBIX MOJIEH, MTOJTyYaeM IS TIOJTHOTO MOMEHTA CHUIT

K :Jr x dF:% %([n x {B}](Bn) + n x E]({E} n) ) ds.
(99)

Ota Gopmysa oriamdaetcst oT (98) TeM, 4TO B HEH MPHUCYT-
CTYIOT CKaYKH 3JICKTPHYECKOTO W MATHUTHOTO TOJIeH Ha
MMOBEPXHOCTH IIapa, KaK pa3 ONpPEACIISIONINEe BEJIMYUHBI
TOBEPXHOCTHBIX 3apsiioB U TOKOB. Kak ObLIO MOKa3aHO B
pabote [152], UMEHHO 3TO BBIpa)KCHHE CJIEAYET HCIOJIb30-
BaTh MPU OMPEIESIEHNH MOMEHTA CHJI, JEHCTBYIOIIETO Ha
BpAILIAFOIIUICS 11ap.

Heno B TOM, 4TO MOTOK BEKTOpa YIJIOBOIO MOMEHTa
3JICKTPOMATHUTHOTO TOJISI CBSI3aH C YIJIOBBIM MOMEHTOM
CUJI, JCHCTBYIOIIMX HA BEILIECTBO Yepe3 3aKOH COXPAHCHUS
YIJIOBOTO MOMEHTA 3JIEKTPOMATHUTHOTO TOJIsI, KOTOPBI
AMEET BU/T

%+KM—|—J[er]dV:0. (100)
3nech
[r x [E x B]]
Lﬁeld—JT dv (101)

— MOMEHT MMIIYJIbCa 3JIEKTPOMATHUTHOTO TMOJISI B 00BEMeE
v, KM — norox YIJIOBOTO MOMEHTA UMITYJIbCa IOJISl Yepe3
MOBEPXHOCTh, OTPAHMYMBAIOIIYIO 3TOT 00BEM, a F =
= p.E +j x B/¢c — mnotHocTh cuitbl Jlopenna. ITocrnentee
cinaraemoe B ypaBHeHuu (100) urpaet posib HCTOYHHUKA WJIU
CTOKa W, TAKUM 00pa3oM, OTBEYAET 3a Iepe/lady YIrJIOBOTO
MOMEHTA OT 3JIEKTPOMATHUTHOIO TOJISI BELIECTBY,

dlgl‘;at = J [rx F]dV.

(102)

NmenHO 3TO cliaraeMoe MMEET CMBICI MOMEHTA CHII, Jeii-
CTBYIOILMX HA Bpalatoleecs Teo, a He KM, xak sto npen-
M0JIarajoch B OOJILIINHCTBE paboT.

Taxum oOpazom, JJ1s OIpe/IeICHUs BEJTMYNHBI AHOMAJIb-
HOr0O MOMeEHTa (T.e. BO BTOPOM TIOpPSIAKE MO MapaMeTpy
¢ = QR/c) NeCTBUTEILHO HEOOXOAMMO YUHTHIBATH MOMEHT
HMITYJIbCA BJIEK TPOMATHUTHOTO T10J1st. [1pH 3TOM 4acTh Hampsi-
JKEHUH, CBSI3aHHAS C 3JIEKTPOMATHUTHBIM II0JIEM, JTOJKHA
BO3/CCTBOBATh HA MOMEHT HUMIIyJbCA CaAMOTO TMOJs W
TOJILKO OCTajJbHasi €ro 4acTh — Ha B3aUMOJCHCTBHE C
BpamaromumMcst teaoM. CorjacHo ypasaeHuro (100) ato u
03HAYaeT, YTO JIS1 YIJIOBOIO MOMEHTA CHJI, MEHCTBYIOIIUX
Ha Iap, He0OX0IUMO MOJIBb30BATHCS BBIPAKEHUEM

dLmat _ —KM + dLﬁeld

K=
dt dt

(103)

IIpaBunbHOE (M HE 3aBHCHIIEE OT BHYTPEHHEH CTPYKTYpbI
nos1!) Beipaxenne 1t KM 6wuto Buepsble Haiineno A. Me-
JlaTocoMm B pabote [163]:

3m? (QR\” .
KM = (—) Sin y cos y .

X 1 (104)

Yro xe kacaercst BeamuuHbl dLgeq/d?, TO OHa, Kak yxe
TOBOPHJIOCH, OKA3aJIaCh 3aBUCSIIEH OT BHYTPEHHETO CTpOe-
HUS 3BE3/IbI.

B utore anoMaJIbHBIIT MOMEHT, MEHCTBYIOIIUN HA OTHO-
POAHO HAMArHUYEHHBIN 1Iap, OKa3aJICsl PaBEH

v (105)

2
K, :lmi QR
i 3 R3

2
) sin y cos y .

C npyroii CTOPOHBI, TS BpaIaroIIecst OoJIol chephl, Koraa
3apsabl U TOKM COCPEIOTOYEHBI JIMIIL B chepuueckoi
oboJ1ouke r = R, mojyuaem

2
3lm <QR (106)

2
= R > sin y cos y.

c
Haxonen, eciaym oJHOPOJHOE MarHUTHOE IIOJIE 3aHMMAET
JIMIIb BHYTPEHHUH IIap pagamyca Ri,, a npu R, <r < R (B
TOM YHCJIE U 34 IPeIeIaMU IIapa) MATHUTHOE T0JIE HYJIEBOTO
TOPAIKA €CTh OJI€ TOYETHOI'O JUMOJIS, TO B 9TOM CIIyvae

o, (8 LRYm QR
I\ 5w, B\ KOS L

Ilpn Ri, = R MBI BO3BpamaeMcss K CTapoMy 3HAYEHUIO
&E=1/3.

Uto xe kacaercs TOPMOXEHHS Iapa (T.e. TPETbEro
MmopsiiKa MO HmapaMerTpy €), TO B 3TOM CJIydyae MOMEHT UM-
11yJIbCA JIEKTPOMArHUTHOIO OJIs, KAK 0OKa3aJ0Ch, POJIA HE
urpaet. [Toaromy Beipaxenue (83) 11t MOMEHTA CHUJI, JICH-
CTBYIOIIIET'O Ha BPAIIAFOIIMIACS I1ap, OKa3bIBA€TCS BEPHBIM U
HE 3aBHUCSIINAM OT BHYTPEHHEH CTPYKTYPBI MOJISI.

(107)

3. Teopusi becknna — I'ypeBunua — cTomuna
TPHANATH JIET COYCTsI

ITonb3ysck ciryyaem, TpUBEAEM 311€Ch TOCTATOYHO TOIPOO-
HBI aHAJN3 TPEACKa3aHUN TEOPHUH MArHUTOCHEPhl paro-
MyJIbCAPOB M MX PaJUOU3ITYUYCHHUs, KOTOPBIE ObLIH CHOpMY-
JIMpOBaHbl B cepur padboT [67, 170—172], BBINOJHEHHBIX B
1980-x rogax u 3ateM coOpaHHBIX B MoHorpaduu [69];
HEKOTOPHIE CYIIECTBEHHbIE YTOUYHEHUs OBLIN CIEJIAHBI U B
moceayromme roast [151, 173—177].

3.1. Teopusi marautocgepnt

3.1.1. OcHoBHbIe no10xkenusi. OCHOBHBIE pe3yJIbTATHI TEOPUHI
BI'U, kacaroruecs cTpoeHust MarHUTOChepbl, MOXKHO chop-
MYJMPOBATh CIEAYIOIIUM 00pa3oM.

o [IpONOJIbHBIA TOK jj, MCTCKAIOMMA M3 MATHUTHBIX
MOJIFOCOB (TOYHEE, €ro CUMMETPHYHAS YacCTh js), HE TIPEBBI-
IIAET JIOKAJIbHBII FOJIbAPANXOBCKUIA TOK jGy ~ QB cos y/2m.

e BesmumHa mpoI0IbHOTO TOKA OIPEACIISIETCS TageHUEeM
9JIEKTPUIECKOTO MO TEHIINAIIA \/; IJTs1 AMILTUTYIbI Oe3pa3Mep-

HOT'O CUMMETPUYHOT O TOKaA iSA UMEEM

12
iAQ, By) ~ % (L> ,

l//max ( 108)

rJie OmATh Y, — MAKCHMajbHasi BEJIMYHHA PAa3HOCTH
MOTEHIHAJIOB (23).

e [ToTeHmas  onpeaesiseTcs MOIebio Pymepmana —
Caseprenna ygg (21).

e VYUTBIBACTCS 3aBUCHMOCTh OT YIJIa HAKJIOHA ) Kak
MaKCUMAJIBHOTO MaJeHUsT MOTeHIUANIA Yo = Wiy (0) cos ,
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TaK ¥ TOTEHIHaNa \pg; MPU AHAJIHU3E 3BOJIIONUU PaaUO-
MyJIbCAPOB YUYUTHIBAINACH 3aBUCHMOCTH OT yIrjia y U OT
noJtoxeHus "munuu cmepTr'.

e briarogaps oTHOCUTENbHO HEOOJIBIIONW BEJIMYMHE MIPO-
JIOJIbHOTO TOKA, 3a TpefeslaMH CBETOBOTO LMJIMHApPA CY-
ILIECTBYET CBETOBAsl MOBEPXHOCTh (CM. puC. 7), HA KOTOPOU
HCTeKarolas IUla3Ma YCKOPSETCsl O JHEPIUi mopsaka
o*Mmecz.

B pesynbprate xiroueByro posib B mojenn BI'U urpaer
OGe3pa3mepHblil mapameTp Q = i, KOTOPbII MOXET OBITh
3anmcad B Buae [170]

0,4

Q=2P"pP 7, (109)

uiu 6oJiee TOYHO € YYETOM yria y:

0 =P¥MB M cos2 2y (110)
rae d =~ 0,75. Tlpu atom yciaoBue Q = 1 a1 BbIpaKeHUS
(110) kax pa3 COOTBETCTBYET COOTHOLICHHUIO Y. (}) =
= Yrs(x), ompenensiromemy "mururo cmeptr'. [MosTomy y
MyJIbCapoB, sl KOTOpBIX onpenesienue (109) maér Q > 1,
MOXXHO OXHUJATh HEPETYJSIPHYIO T€HEPALMIO BTOPUYHOMN
9JIEKTPOHHO-TIO3UTPOHHOM IJIA3MBbI H, KaK CIIeICTBUE, 3aHH-
JKEHHYIO BeJMYMHY P. DTO M HPUBOIUT K HAGIIONAEMBIM
3HaueHusM Q > 1. [ToaTomy miist TAKMX MYJILCAPOB CIIEAYET
nojioxkuth Q = 1. YaobcrBo napamerpa Q COCTOUT B TOM,
YTO Yepe3 HEro BBIPAXKAIOTCS TaKUE KIIIOUEBBIE XapaKTepu-
CTHUKH, KaK, HAIPUMeED, MOJIHbIE TOTEPU SHEPTUU

BiQ*R®

Wit~ Q = cos” (111)

a TaKXe MOTOK 3HEPIUH, MEPEHOCUMBIH YacTUIIAMH B Mpe-
JIeJIaX CBETOBOIO IIMIMHAPA,

woi ~ Q2 Wiot.

tot (112)
ITocnennee BBIPAXXCHUE COBIMAAACT U C IOTOKOM OHCPIruun
YaCTHUL, ABMKYIIUXCA IO HAIIPABJICHUIO K 3BE31C BO BHYT-
pEHHEM 3a30pe:

Win

2
part ~ Q Wtot . (1 13)
HaHOMHI/IM, HAKOHCII, YTO B 3TOU MOJIEJIN YroJj y CTpEMUTCS

k 90°: Qsin y = const.

3.1.2. Crpykrypa marautocdepsl. OTHIM U3 TJIABHBIX OTJIU-
yuii Teopun BI'U 0T pe3ynibTaToB, MOJYYSHHBIX B TIOCTICTHIE
ro/1bl IPU YUCIIEHHOM MOJEIUPOBAHNY, SBJISETCS IPEANOIIO-
JKEHHE O TOM, YTO NMPOJOJIbHBIA TOK, TEKYIIUH B 00JIaCTH
OTKPBITHIX CHJIOBBIX JMHUH, ONpeNesieTcss CTPYKTYpOi
MarauTocdepsl B Ipeaesiax CBETOBOTO MUJIMHIPA, 4 He 3a e€
npengenamu. MIMeHHO cIIMBKAa pEIIEHW B 3aMKHYTOW M
Pa3OMKHYTOH 00JacTaX MarHuTochepbl U ompesessiia
"3akon Oma" i zpliéz, 3ajaBaeMblii popmystoin (108) u
JIexaluii B ocHoBe Teopuu [67]. Bbl1o Takxke moka3aHo, 4TO
MIHAMAJIBHON JHEPTUH COOTBETCTBYET pEIlleHHe, IIPU KOTO-
pOM HyJIeBasi TOUKA JIOKUT HA CBETOBOM IIMJIMHIIPE, & HE HA
MEHBIIHNX PACCTOSIHUSIX OT HEHTPOHHOI 3Be3/1bI [178].

IIpu 3TOM, IpaBAa, IPeAIoJarajoch, YTO MPOLOJIbHBIN
TOK | (32 WCKJIOYEHHEM, KOHEYHO XK€, OPTOTOHAIBHOTO
poTaTtopa) OCTaBayCs MPAKTUYECKH MOCTOSHHBIM BO BCEM
00BbEMeE OTKPBITHIX CUJIOBBIX JIMHHIA, & HE MEHSLJT 3HAK BOJIM3U

S (0)

0 30° 60° 90°
X
Puc. 18. 3aBucumocTs 6e3pa3MepHOIl IUIOIIAAN TOJISIPHOI anku £, ()
ot yriaa y [91]. C Tounoctbro nopsiaka 10 % oHa coBnagaeT ¢ pe3yjbTa-
TaMH YUCIIEHHOT 0 MoAdempoBanus [112].

CenapaTpuChl, Kak 3TOro TpeOyeT Teneph "YHUBEpCATIbHOE
peutenune". ITo, B YaCTHOCTH, IPUBOIUIIO K APYTOM TOMOJIO-
MM MAarHUTHBIX [MOBEPXHOCTEH BOJIM3M IepeceyeHHs IKBa-
TOpa ¥ CBETOBOTO IMJIMHpa (X-, a He Y-Touka). Bopouem (1
9TO 37IECh XOUEeTCSI OCOOCHHO MOAYEPKHYTH) Topasmo OoJee
CYIIECTBEHHBIM OTJIMYHEM OT PAacCMaTPUBAEMOTO ceivac B
KauecTBe 6a30BOM Momenu "YHHBEpCAJIBHOTO perieHus"
6pu10 cymiectBoBanue B Moaeaun BI'M cBeToBoii moBepxHO-
CTH, U3MEHSIOUICH BCIO CTPYKTYpPY TEYCHHUSI 32 CBETOBBIM
ITHHPOM.

Tem He MeHee MOJIyYEHHBIE OOJiee TPUANATH JIET HA3all
AHAJIMTUYECKUE pEeIleHns Ui HAKJIOHHOTO poTaTtopa B
pamkax teopun BI'M mo MHOrmM mapamMeTpam oKa3allich
YIUBHUTEJIBHO OJIM3KUMU K TEM XapaKTepUCTUKAM, KOTOPbIE
noJydarorcs ms "yausepcanbnoro pemrenus”. Tak, popma
3aMKHYTOW MarHutoc(epsl, MPEACTABICHHAS HA pHC. 4,
MPAKTUYECKH COBMAJACT C PE3yJIbTATOM, MOKAa3aHHBIM Ha
puc. 10. Bosee Toro, npusenéuHas emgé B MoHorpaduu [91]
3aBHCHMOCTh 0e3pa3MepHON IUIOIIAIN MOJSIPHON INATKH
f«(y) ot yraa y (puc. 18) ¢ TouHocThro nopsiaka 10 % cos-
nagaer ¢ 3aBucUMocThio £, (1) ~ (1 + 0,2 sin® ) £,(0), onpe-
JIeJIEHHON coBceM HeJaBHO B pabote [112]. D10 o3Hauaer,
YTO MPOIOJbHBIC TOKH, TEKYIIUE B MATHUTOC(EPE, HE CUITHHO
BO3MYILAIOT 00JIACTh 3aMKHYTHIX CHJIOBBIX JIMHUIA.

Yro xe kacaeTcs npeackazaHusi 00 3pPeKTUBHOM yCKO-
pEHUY HCTEKAIOIIeH MIa3Mbl B pallOHE CBETOBOU MOBEPXHO-
CTH, TO, KaK yXKe IO TYEPKUBATIOCEH, 3TOT BBIBOJI ITOKA HE Ha-
&N MOATBEPXKACHIS B YACIIEHHOM MojeaupoBannu. [1pas-
Jla, KaK OTMeYaJIoch B pasfelie 1.7, HeOOXOAMMOCTh POXK-
JICHUS] YaCTHIl 3a MpeJesiaMU CBETOBOTO IMJIMHIpA ceifyac
00CcyXkmaeTcsi JOCTATOYHO IMPOKo. boisiee Toro, Bcé varie
MOSIBJISIFOTCSI Y TBEPIKICHUS O CYIIECTBOBAHUH TaM O0JIacTel,
B KOTOPBIX IJIEKTPUUECKOE IOJIE MPEBBIIIAET MarHUTHOE.
OJ1HaKO MPU 3TOM OOBIYHO TOBOPUTCSI O TOKOBOM CJIOE, a HE
O MOBEPXHOCTH, MOKa3aHHO# Ha puc. 7. O cyliecTBOBAHUU
cBeroBoii moBepxuoctd |E| = |B| BOMM3M cBeTOBOrO Iu-
JIMHApa OBLIO cKasaHo U B pabote [179]. Oanako "apucro-
TenieB" moaX0, 00CYXIAaBINMIACS B 9TOU paboTe, HA CAMOM
JieJie OTpAaHUYMBAJI CBEPXY BEJIMYMHY MPOJIOJIBLHOTO TOKA, YTO
U TMPUBOJMIIO K 3aHWKCHUIO BEJMYHHBI TOPOUIATBLHOIO
MAarHUTHOTO MOJISL.

Tem He MeHee XOTeJIOCh Obl OOpATUTh BHUMAHUE Ha
paboty ®. ArapousHa, C. boroBajoa u [I. XaHrymisiHa
[180], B kOTOpO#, HA HAII B3IJIsAI, BCE K€ OBLIM HANICHBI
npsiMble HAaOJTIOIaTeNIbHBIE OATBEPXKICHUS 3(D(HEKTUBHOTO
YCKOPEHUS YacTHIl B palioHe cBeTOBOM moBepxHocTH. Kcra-
TH, 9Ta CTaTbs Tak U HasbiBaeTcs: "Pe3koe ycKopeHue Xo-
JIOMHOTO YJBTPAPEISITUBUCTCKOTO BETpa OT IyJbcapa B
KpaGosuanoit tymannoctu". Kak mokazano Ha puc. 19,
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Puc. 19. CBeToBast HOBEpXHOCTb BOJIN3U CBETOBOIO IILIHHAPA, IPEIJIO-
skeHHasl B pabore [180] miast 0ObsicHeHHs HAaOIIOMaeMOU NEePEeMEHHOCTH
nyJsibcapa B KpaboBuaHoit TymaHHOCTH B 00J1acTH 3HEpruii mopsiaka T3B.

TeOMETPUYECKH 3Ta MOJIENIb YAUBATEILHO TOYHO COBIAIAET
¢ Hareir Mojielibio (cM. puc. 7). I1pu atoM B padote [180], B
YaCTHOCTH, TOKA3aHO, YTO HabJIr01aeMast IEPEeMEHHOCTD IPU
sHeprusx nopsaka TaB [181] MoxeT ObITH OOBSICHEHA, €CIIn
Ha paccrosiHusIXx mopsigka 30 R OT HEUTPOHHOU 3BE3IbI
MPOUCXOAUT YCKOPEHHUE YACTHIL IO SHEPT U, COOTBETCTBYIO-
muX JopeHt-pakTopy y ~ 10°. Kak yxe oTMeuanock, BeJ-
4ypHa 7 ~ 10 B TounocTu coorsercTByeT onenke (19) mapa-
MeTpa 3aMarHMYeHHOCTH o) MarHuTocepsl myibcapa B
KpabGosunnoii tymanHoctu. Hakonen, macmtad 30 Ry 3a-
BEJIOMO MEHBIIIEC pajnyca ObICTPOW MArHMTO3BYKOBOMW TIO-
BepxHOCTH I'p ~ 100 R, ¥ TOATOMY MOET OBITH HCIIOJIH30-
BaH pacCMOTpeHHBIN B padoTtax [67, 182] mponecc yckopeHust
YaCTHIl, OCHOBAHHBIH Ha OECCHIIOBOM PEILIICHUY.

3.1.3. Ilapametrp Topmo:kenus. Kax xopomro m3BecTHO,
IPSIMYEO HHPOPMAIIUIO O MEXAHU3ME TOPMOXEHUS TOJDKEH
OBLI JaTh TaK Ha3bIBaeMblil "mapamerp TopmoxeHus"
(braking index) [183, 184]
QQ

.20

Q

Npr = (114)

OmHako, Kak TakXe XOPOIIO M3BECTHO, €ro, K COXAJICHHUIO,
HEJIb3sl HANPSIMYIO UCIIOJIb30BATh JUIsl aHAJIM3A IBOJIFOIIH
paauonyibcapoB. [eso B TOM, YTO Ha PeryJisipHOe 3aMeie-
HUE BPAIICHNUS HEHTPOHHBIX 3BE3[ HAKJIAABIBAIOTCS TOTOJI-
HUTEJIbHBIC (DIYKTyanmuum Ha macirabax BPeMEHH, MHOTO
MEHBIINX JUHAMHUYECKOTO BPEMEHH XH3HU IYJHCAPOB
tp ~ P/P. OHI IPHBOJAT K TOMY, 4TO 3HAYCHHS (2 yxKe He
ONpENeIISIFOT BEKOBOE 3aMeJICHUE paauomnyibcapoB. Kak
yke oTMedasloch B paszjeiie 2.3.5, Takue BO3MYIIEHUS,
CKOpee BCEero, MOTYT OBITh CBSI3aHBI C Mpeleccueil HeUTPOH-
HOMU 3Be3/1bl 3a cU€T e€ Hechepuueckoit Gopmbl (CM., HATIPH-
mep, [163, 169]). ITo aToit nmpuumHe 1Jisi OOJIBIIMHCTBA
MyJIbCapoB HAGIIOAEHUS AAIOT 3HAYEHUs np, = +(10%—107)
[169], xoTOpbIC HE UMEIOT OTHOIICHUS K MEXaHU3MY BEKO-
BOT'O 3aMe[JICHHs BpallleHHs. B pe3ynbTaTe TOJBKO s
HECKOJIBKHX OBICTPBIX MOJIOBIX IIyJIECAPOB HX MAPaMETPhI

TOPMOXEHHS MOTYT OBbITh HCHOJB30BAHBI JJIs aHAJIH3a
MeXaHu3Ma JHEPTOBBIIEICHUS; I OCTAJbHBIX XK€ paauo-
MyJILCAPOB IS ONPEAESICHUsT YCPEIHEHHOTO 3HAYEHUS Tapa-
MeTpa TOPMOXKEHHS HeOOXOJMMBbI OoJjiee IJIUTEJIbHBIC
HaOJIFONEHUS.

Kak mokazano B Tab6a. 1, A1 OOJILIIMHCTBA MOJIOJBIX
MyJILCAPOB HAOJIIOICHUSI TAFOT Ay, &2 3, YTO B HYJIEBOM IIPH-
OJIMKEHUH He TIPOTUBOPEYUT HU OHOU M3 TEOPUI TOPMOXKeE-
uus '8

néy):3+2cot2;{,

né?GI) ~ 1,934 1,5tan’y,
sin y cos?
(14sin®y)*

(MHD) _

niMP) 3 42 (117)

C apyroii CTOpOHBI, YTOOBI U3BJIEYb 3aKOH 3BOJIIOIMH W3
Ha0JIF0/IeHUH, HEOOXOIUMO, KaK MbI BHJIUM, OIPEAC/IUTH
nmapamMeTp TOPMOXEHUS My, 10 BTOPOHM 3HAvalei 1mudpsl,
BBIJICJISISI OTY BEJIMYUHY Ha (hOHE TOpas3ao OoIbIHX QIIyKTya-
muii. Ha maHHBIA MOMEHT cAedaTh 3TO, K COXaJICHUIO,
HEBO3MOXHO. TeM He MeHee OTMETUM, YTO ISl OOJIbIIMH-
CTBa MOJIOJIBIX MYJIbCAPOB Ny < 3. Kak MbI BUIUM, U 3/1€Ch
WMEETCSl XOpOIllee COrJiacue ¢ MpPeACKa3aHUsIMU TEOPUHU
BI'M. Yro xe xacaercs "yuusepcanbnoit MI'I-monemu",
JUTSL KOTOpoi 3 < nélrvm < 3,25, TO, KaK OBUIO TTOKA3aHO B
pa6ote [185], yu€T MOMOJHUTEIFHON MPEIeCCHU TO3BOJISIET
COTJIACOBATD U 3TY TEOPHUIO C JAHHBIMU HAOJIFOICHUIA.

3.1.4. DBoaronus yriaa HakjgoHa. KoHedHO ke, TeCTOBOi
MIPOBEPKOH TEOPHH TOPMOKEHUS CTAIO OBI IPSIMOE OIpe/ie-
JIEHVE HAIIpaBJICHHS SBOJIFOIUH yTJia ), T.€. 3HAKA MPOU3BO/-
Ho 7. K coxaneHuro, 10 CHX NOpP HUKAaKUX CKOJIb-JHOO
HaJAEXHBIX YTBEPXKIECHUNM OTHOCHUTENHHO 3HAKa 3TON BeJH-
YMHBI CEJIAaHO He ObLIO (CM., oAHAaKo, [187]). DTo cBsI3aHO
IJIaBHBIM 00pa30M C OTCYTCTBHEM KOJIMYECTBEHHOU TEOPHHU
PaIUOU3IIyUeHHUSI, YTO HE MO3BOJISET CBSI3aTh BEKOBOE U3Me-
HEHUE CpeJHUX MpOoQuIed ¢ opueHTaIell MAarHUTHOW OcH
OTHOCHUTEJILHO OCH BPAILCHUSI.

IIpaBna, HenaBHO B pabote [188] Ha ocHOBaHMM HAOJIFO-
neHuit myjabcapa B KpaOoBHAHOW TYMaHHOCTH B TEUCHHE
HECKOJIBKUX JIECSATKOB JIET YTBEP)KIAAJIOCh, YTO YIOJI ) 3BO-
JIFOIMOHUPYET B cTopony 90° (counter-alignment). OgHako B
9TOMI paboTe ObUI cAesaH P MOAEIbHBIX MPEANOJIOKEHUI
(Hampumep, yTo mpoduIL MMIyJIbca B raMma-Iuana3oHe
M3MEHSUICS CO BpeMEHEM TaK ke, KaK U B PaI0INaNa30He),
HE TIO3BOJISIFOLINX PACCMATPHUBATE 9TOT PE3YJIbTAT KAK OKOH-
YaTeJIbHBIN.

IIpennpuHAMATUCh TaKXe HEOJTHOKPATHBIC MOMBITKH
ONpeACUTh HANpaBJICHUE IBOJIIONMM yIrja ), aHAJIU3UPYS
pacnpeesieHus paIuoIyIbcapoB Kak IO cCaMOMYy YIJIy y, TakK
¥ 1O IIUpHUHE uX cpeaHux npoduieit [189—194]. TIpu stom
YacTO JAeJajicsl BBIBOJ, YTO YroJl )y CTPEMUTCS K HYJIIO
(alignment). OqHaKO, KaK yk€ MHOTO pa3 0TMEYaJioch (CM.,

8 311 popmysbl puBeeHbl Ge3 YYETa IBOJIONMU MATHUTHOTO IIOJIS,
KOTOpast MOXET CyIIECTBEHHO H3MEHUTD BEJINUHHY ;.

Tab6smna 1. [TapamMeTp TOPMOXKEHUS Ny = QQ/ Q7 s OBICTPBIX I1yJIbCApOB [186]

J1734+ 3333 B0833-45 J1833-1034 B0540-69 B0531+21 B1509-59 J1640-4631
Vela Crab
0,9(2) 1.4(2) 1,857(1) 2,14(1) 2,51(1) 2,839(1) 3,15(3)
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Hanpumep, [151]), mpu 3TOM He YYUTHIBAIACH 3aBUCUMOCTH
"jiuauu cmeptu" ot yria y. Kak nokasano Ha puc. 14, npu
JIOCTATOYHO OOJBIIMX TMepuoAax P poxaeHue IIa3Mbl
BO3MOXHO JIMIIb MPH MajbiX yriax y. COOTBETCTBEHHO,
HE3aBUCHUMO OT 3aKOHA 3BOJIIONNU WHIAWBUIYATbHBIX MYJIb-
capoB, CpeliHee 3HAYCHHE YIila HAKJIOHA ()) JOJDKHO YMEHb-
IAThCS C POCTOM NEPHO/Ia BPAIICHUSI.

[ToHATHO, YTO TOCIIEOOBATENBHBIN YYET 3aBUCHMOCTHU
"jiuHun cMepTH" OT yrila HAKJIOHA ¥ MOXET OBITh BBIOJIHEH
JIMIIb HA OCHOBE KMHETHYECKOTO IMOAX0Jd, MPU KOTOPOM
AHAJM3UPYIOTCS JIByXMapameTpuyeckue (MHOTOMapamMeTpH-
yeckue) pacrpenenenus. K coxanenuro, 0 CUX MOP B MO-
JIABJISIFOIIEM OOJIBIIMHCTBE PAOOT IBOJIIOIMS yIrjla HAKJIOHA
IIPM TAKOM aHaJIu3e He NMPUHUMAJIACh BO BHHUMaHue [195—
199]. JTumib B mocJjieiHee BpeMsi CTAJIH MOSIBIATHCS PAOOTHI, B
KOTOPBIX 3BOJIFOIUS YIJIa HAKJIOHA OCEH ) YYUTBHIBAJIACh
JIocTaToYHO nocieaoBaTeabHo [200—203]. OmHAaKO U B 9TUX
paboTax HUKAKHAX YBEPEHHBIX YTBEPKICHUNA OTHOCHUTEJILHO
HAIPaBJICHUS 3BOJIIONUY YTIila HAKJIOHA CIIEIaHO He OBLIO.

He mony4nnock gaTh OTBET HA 3TOT BONPOC U B HaIlei
HenmaBHel pabote [177], B koTOpoii ObLIa clejIaHa MOTMBITKA
chopMyIMPOBATH TECT 1O ONPEACJICHUIO HAIIPABJIEHUS 3BO-
JIIOLIMY yIJIa HakjioHa. Mes Oblia cBs3aHa ¢ aHAJIM30M OT-
HOCUTEJILHOTO KOJINUECTBA MHTEPHUMIIYJIbCHBIX ITyJIbCAPOB,
T.€. IIyJIbCAPOB, Y KOTOPBIX, IOMAMO OCHOBHOTO UMITYJIbCA,
HAOJII0IaeTCs eE OJIMH UMITYJIbC M3JIYYCHUs, PACIIOJIOKEH-
HBII TPUMEPHO TMOCEPEeINHEe MEXIY IMOCJIEI0BATEIbHBIMA
IJIaBHBIMM UMITyJIbCaMH (T.€. ipH (aze ¢ ~ 180°).

Kax nokazano Ha puc. 14, FHTEpUMITYJILC MOXET Ha0JIr0-
JIaThCs JIN0O y MyJIhCAPOB C YIJIOM HakjJIoHA ¥ =~ 90° (koraa
MHTEPUMITYJIbC CBSI3aH C U3Jy4eHHEM OT APYTOro MAarHWT-
HOT0 I10JIFoCa), JIN0O C yTJIOM HakJIoHA ¥ = () (Kor1a riiaBHbINA
AMIIYJIbC ¥ WHTEPUMITYJIbC CBSI3AHBI C JABYMS MPOXOXK/IE-
HUSIMM JIy4a 3pEHHs] 4yepe3 AuarpaMmy HalpaBJIeHHOCTH,
uMerontyro Bug "mojoro xonyca'). ITOHATHO, YTO YHUCIIO
myabcapoB ¢ ¥ =~ 0 u y ~ 90° cymecTBeHHO 3aBUCUT OT Ha-
MPpaBJICHAST IBOJIFOIMK Yyriia HakioHa. OIMHAKO 0Ka3ajoch,
YTO HAOJIOJaeMOe KOJIMYECTBO MHTEPUMITYJILCHBIX PaIno-
MYJILCAPOB MOXHO OOBSICHUTHL Kak B pamMkax mozaean BI'U
(counter-alignment), Tak u B pamkax MI'I-monenu (align-
ment). DTO CBSI3aHO CO 3HAYMTEJILHOW HEOTPEIEIEHHOCTBIO
HAYQJIBHOTO PACIPEIEICHUs] IIyJIbCAPOB 1O YIJIy ¥ W Iie-
puoay BpamieHus: mysbcapa P. Tax wim wHave, ObUIO TO-
Ka3aHo, YTO HaOJIroaeMoe paclpelesieHle MyJIbcapoB IO
yIily y He mpoTuBopeuuT Moaenu bI'N.

3.1.5. HarpeB noBepxHocTn. B 3akiroueHme 3Toro pasmeina
BepHEMCSI K mpolJieMe HarpeBa MOBEPXHOCTH HEUTPOHHOU
3BE3/Ibl, CBSI3aHHOU ¢ 0OpaTHBIM MMOTOKOM YACTHUIl B 00J1aCTH
POXICHUS TLIa3MBbI Wé‘;rt. Corunacho (113), B pamkax MoJieu
BI'U sHeprus Takux YaCTHI[ JOJIKHA ObITH B Q2 pa3 MeHbIIe
MOJIHBIX MOTeph dHepruu Wi, CiaenoBaTebHO, MOXHO
0XHJATDb, YTO U PEHTTEHOBCKAsl CBETUMOCTb Ly OyneT mo-
JIOOHBIM Xe 00pa30M 3aBHUCETh OT IMOJIHBIX MOTEPb 3HEPTUU
paauoINyJIbCapPOB.

Ha pucynke 20 moka3zaHa 3aBUCHMOCTb OTHOILICHUS
Lx /Wy ot mapamerpa Q (109). TemtoBasi CBETUMOCTD I10-
JISPHBIX IIIAIIOK B PEHTT€HOBCKOM rana3oHe Lx ObLia B3siTa
3 pabot [140—142]; onmOKu CBSI3aHBI KaK ¢ HETOYHOCTHIO
omnpeneienust paccrosiHuii (mysbcapsl PSR J0205+ 6449 u
J2021+3651), Tak U ¢ y4€TOM BCHBIIIEYHON AKTUBHOCTHU
(PSR J1119-6127 n J1846—0258), He 00yCIOBJICHHOMR HATrpe-
BOM HOJISIPHBIX IIAaHOK. JIMHUSA COOTBETCTBYET HakIoHY Q2.
Kak MbI BHTUM, TIPH CYIIECTBYIOIIEH TOYHOCTH OIIPEIeIEHIS

Ig (Lx/Wiot)

-5 -1,0 -0, g0

Puc. 20. 3aBucumocts oTHOLIeHUST Ly / Wio OT mapamerpa Q. Teriossie
CBETUMOCTH TIOJISIPHBIX IMANoOK Lx B3ATHI U3 pabot [140-—142], muHus
COOTBETCTBYET 3aBUCHUMOCTH Q2.

peHTFeHOBCKOﬁ CBETUMOCTH, CBSI3AaHHOW MMEHHO C TeIIo-
BbIM HAarp€BOM MNOJIAPHBIX IIAIIOK, Ha6.TII-OI[eHI/I$I " 34€Ch HE
IpoTUBOPEUAT MPEACKA3AHUAM TCOPUU.

3.2. Teopusi u3ayueHus

3.2.1. OcHoBHble n010:keHnsi. OCHOBHBIE TIOJIOKEHUSI TEOPUU
BI'U, cBsi3anHbIe C Teopuedl paaMOU3IYUCHUS, MOKHO
chopMyYIPOBATH CIIETYIOMMM 0b6pasoMm [69, 172].

e ba30Boif HEyCTONYMBOCTBIO, OIpEIessIoled Kore-
PEHTHOCTBH HAOJIFOIAeMOT0 PaTUOU3ITYUCHUS, SIBIISICTCS H3-
ruOHO-IIa3MEHHAs HeyCcTOoInBOCTEL "Moabt 4" (puc. 21).

e HachllieHre HEYCTOMYMBOCTH CBSI3aHO C TPEXBOJIHO-
BLIM pacnazgoM "moasl 4" B HeoObikHOBeHHYIO ("Moma 1",
wm X-Mona) u obbikHoBeHnyro ("moma 2", wim O-Mona)
BOJIHBI, CIOCOOHBIE MOKUHYTh MAarHuTochepy HEUTPOHHOMH
3BE3/IBI.

e [Ipu pacnpocTpaneHnH OOBIKHOBEHHAS! BOJIHA OTKJIO-
HSIETCSI OT MAarHUTHOM OCH, BHOCSI OCHOBHOHU BKJIAJ B (op-
MHpOBaHUE BHEITHeH (conal) KOMIIOHEHTHI TUATPaMMBbI Ha-
MPaBJICHHOCTH, TOT1a KaK HCOOBIKHOBEHHAS BOJIHA, PACIPO-
CTpaHSISICh 1O TPSMOM, co3daeT €€ BHYTPEHHIOIO (core)
KOMITOHCHTY.

e [TosHAsT paaMOCBETUMOCTH COCTABIISIET JIONIO o =
=10"*—10"> oT MOTOKAa PHEPrHH YACTHII, HCTEKAIOINX U3
MarHuTocepbl HEUTPOHHOI 3BE3/IbI.

n
Ap > 1 7 1/ cos by
3
w%e
/(5 g
1
1
) 2
P .
0* 0y

Puc. 21. HopMaiibHble MOJIbI ¢ KO PUIIMEHTAMU TIPEJIOMJICHUS 1 =~ 1,
PacIpOCTPAHSIOLIMECS] OT MOBEPXHOCTH HEHTPOHHOI 3BE3/bl, B 3aBH-
CHMOCTH OT yria O MeX1y BOJHOBBIM BEKTOPOM k U BHEIIIHIM MarHuT-
HBIM 110J1eM B. Bouts! / (HeoObikHOBeHHAS X-Mo1a) U 2 (OOBIKHOBEHHAS
O-Mo0/1a) MOTYT IOKHHYTh MarHuToCc(hepy paanomyibcapa.
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e PanonsyueHue uMeeT CTEMEHHOM CIEKTP CO CIEKT-
paTbHBIM MHAEKCOM OT —1 mo —3; B CHekTpe Ha 4acToTe
Vmax & 3P7V2T 170/5‘ I'Tu mMeercsi M3JIOM C H3MEHEHHEM
CIIEKTPAJIbHOIO MHJEKCA Ha BEJIMYKMHY 5/6, a Ha yacToTe

Vmin A~ 120P 7121 3/* B> MIy (118)
BO3HHKAaeT HU3KO4acTOTHBIN "3aBan". 3mecy I~ (y) —
XapaKTEepHBIA JIOPEHI-GAKTOP HUCTEKAIOMIeH IIa3MBbl,
T'o0 = I'/100.

Hwuxe MbI chopMyTHpyeM OCHOBHBIE CBOWCTBA 3THX MOJT
0oJiee mMoIpoOHO, a TaKkKe 0OCYAMM NPEICKa3aHUs TEOPUH U
CPaBHUM HX C JAHHBIMU HAOJIFOICHU.

3.2.2. Knaccnduxamns moa. Knaccupukanus paamoBoIH,
pacpoCTpaHsOIUXCs B MarHuTochepe paguomyibcapos,
JIETKO BBIMOJIHSETCS C IIOMOILBIO aHATIH3a TEH30Pa JAUIJICKT-
PHUYECKO IPOHUIIAEMOCTH B IIpeieiie OECKOHEYHOTO MarHUT-
HOTO I0JISI, KOTJa YaCTHUIBl MOTYT ABHIAThHCS JIUIb BIOJIb
MAaTrHATHBIX CHJIOBBIX JIMHUIA:

1 0 0
0 1 0
éij(w, k) = w? (119)
00 1- <7P2>
73 (0 —kv)
3mech wpe = (4nezne/me)1/ 2 — HepeNSTHBHCTCKAS JIIEKT-

pOHHAs IUIa3MEHHAs 4acTOTa, a YIJIOBbIE CKOOKM O3HAYAIOT
ycpeaHeHue 1o ¢GyHKmuMu pacnpeneienus. Okaszajioch, YTO
JTaXke Takas MpocTasi MOJEIb ITO3BOJISIET OOHAPYKUTH JOCTA-
TOYHO HEOXHJIAHHBIE CBOMCTBA. JeHCTBUTENBbHO, PACCMOT-
PYM TIpeNeIbHBIN citydai

(U2

Ap:w_pzc<y>>17

(120)
peanm3yeMblii Ha JOCTATOYHO MAJIBIX PACCTOSIHUSAX OT
HEUTPOHHOMU 3BE3/bI I' < Ia, TAC [69]
12 p gl /3 13 pl/3 —2/3 5 1/3
ra = 10°R /T g0 By vy P77 (121)
B aT0it 061acTH MapaMeTpoOB pellleHne COOTBETCTBYIOIIETO
JIACTIEPCUOHHOTO YPAaBHEHUSI IPUBOIUT K CJICTYIOIIIM BbIpa-
KEHUSIM JIJIST Y THIPEX HOPMAJIBHBIX MOJI IPH MAJIBIX yriiax 0y,

MEXJly BOJHOBBIM BEKTOPOM K M BHEIIHMM MarHUTHBIM
noJjieM B (cM. puc. 21)

m=1, (122)
02 @2 94\ 1/2
Ml — s b 123
mELty <<y3a)2 1) (123)
02 2 04 1/2
~l42 pe b 124
3 T <<y3cu2 *16 ’ (124)
92
ng =~ 1 +7b. (125)

OtmeTtumMm, 4To B pabote [204], B KOTOPO#l Takue BOJIHBI
HCCIIeIOBAIINCH BIepBhie, "Moma 2" 6buta nponymena. [Tpu
3ToM "0ObIKHOBEeHHOU" MOI0#l HasbBajack "Moma 4", xo-
TOpast IEUCTBUTEILHO COOTBETCTBYET OOBIKHOBEHHOM BOJIHE
npy Manbix yriax 0,. Y1 BIOCIEACTBHA €IIE JTOCTATOYHO
JIOJITO BO MHOTHX PaGoOTax, MOCBSIIEHHBIX TEOPHU PaIUO-
U3JTy9eHrs, TOBOPWIIOCH JIMIIL O TPEX THNAX PaJAUOBOJIH
[205-207].

OmHako, Kak Mbl BHIUM, IMPH BBIMOJHEHUM YCJIOBUS
Ay > 1(120) npu Goabiuux yriax 0, > 07, roe

2 1/4
- ()
7302 ’

JqdcrepcuonHas kpusas "Moel 4" 6iiM3Ka K IUCIEPCHOHHOM
KPUBOM PEJIITUBUCTCKON aJIbBEHOBCKOW BOJIHBI C IOKA3aTe-
JgeM npesnoMiieHuss n~ 1/cos, (w = kva = kccosp). A
5TO O3HAYAET, YTO NpH OoJbiuX yriax 0, "Momna 4" Gyaer
PACPOCTPAHSTHCS BIOJIb MATHUTHBIX CHJIOBBIX JIMHUM U HE
CMOJXET BBIUTH 3a mpeesibl MarHuTocepsl (Kak 3TO Crpa-
BEJIJIMBO OTMEYAJIOCh BO MHOTHX pabortax). [ToaTomy ecte-
CTBEHHO Ha3BaTh OOBIKHOBEHHON He "Mony 4", a "momy 2".
IMpu manwix yriaax O, "moma 2" — 310 mpogosbHas
MJIa3MeHHasi BOJIHA, PACHPOCTPAHSIONASACI B CHCTEME
MOKOS IJIa3Mbl 110 HANPABJICHUIO K HEHTPOHHOW 3BE3/e; B
1abOpaTOPHON CHUCTEME OHA, KOHEYHO XK€, JBUXKETCS B
MPOTUBOIIOJIOKHOM HampaiieHur. [1pu 00JIbIINX XKe yriax
0, OoHA TEPEeXOIUT B MONEPEYHYIO BOJHY € 1y ~ 1. UMeHHO
OTJIMYHE 1y OT CAUHMIBI IIPU MaJbIX yriax O, < 0% u npu-
BOJUT K TOMY, YTO OOBIKHOBEHHAsI BOJIHA OTKJIOHSICTCS OT
MAarHuTHOW ocu. JIMIIb B caMoOe MOCJIeJHEe BpeMsl CTaTyC
0OBIKHOBEHHOHM "Moapl 2" ObLI HAKOHEL-TO Hpu3HaH [135,
208].

OTMETHM TakXke, YTO pa3BUTAsI HAMH B TIOCJICTHHE TOIbI
TEOpHsl PACIPOCTPAHEHUS TOJSIPUIOBAHHOTO HU3JIyYCHUS
[175, 209] mo3BoJIsileT MO XapakTepy M3MEHEHUs MMO3UIIMOH-
HOTO yIJIa JUHEHHON mNoJspuU3alii U CTENeHH KPYroBOi
MOJISIPU3AIMA B 3aBUCHMOCTH OT (ha3bl HMITYJIbCA ¢ Ompe/ie-
JIATh, KaKas U3 MOJI, OOBIKHOBEHHASI UM HEOOBIKHOBEHHAS,
onpezaesseT GopMUPOBAHUE CPETHETO MPOQPUIIS PAUOUIITY-
YeHHs. 3a HEUMEHWEM MeCTa MbI He OyIeM 3/1eCh OCTaHAB-
JIUBATHCSI HA 3TOM BOIIPOCE.

(126)

3.2.3. 3aBucHMOCTb Pa/IMOCBETUMOCTH OT MEPHO/IA BPaLeHHs].
Kax ormeuasnocs B paznene 3.2.1, cormacuo teopun BI'
PaAMOCBETUMOCTD L,q COCTaBIISET AOJEO o ~ 1074 —1073 ot
MOJIHOTO MOTOKa 3Hepruu vactul. C npyroil CTopoHsl,
O6iarogapsi cootHomenuto (112) aHeprus, nepeHocumasi
YACTULAMH, ISl JOCTATOYHO OBICTPHIX MyJbcapoB (T.e.
nynbcapoB ¢ Q < 1) cocraBiser noJko 0?2 OT TOJHBIX
moteps sHeprun Wi, = —J,.Q2Q. CnegoBaTebHO, OTHOIIIE-
Hue Lyyq/Wioy As mysbcapoB ¢ Q < 1 H0JDKHO BecTH cebst
kak o Q2. Kak nokaszano Ha puc. 22, Takasi 3aBUCHMOCTb M
HaOJroaeTes B IeicTBUTEIbHOCTH (cM. Takxke [210]). TTpu
3TOM C XOPOIUEH TOYHOCTBIO C TEOPHUEH COrJIACYeTCsl Kak
HaKJIOH KpHBOH (mokazarenb cremnenu 2,1 £+ 0,1), tak u xo-
sbdurment Tpanchopmarmu o°® = (2,0 £0,2) x 107,

Kcratu, ecimm MbI BOCHOJIb3yeMCSl SIBHBIM BHJIOM BBIpa-
sxerust (109) niist Q, TO MOXHO TOJIYYUTD

Liag o P70’8P?Y125~ (127)
3aBHCHMOCTD Lyyq ox PP P4 MHOIOKPATHO aHAJIU3UPOBAJIACH.
Tax, B pabore [211] Ha craTucTuke 242 mynabcapoB ObLIN
nojydeHsl 3HaueHus p = —0,86 0,20 u g = 0,38 + 0,08.
CooTBeTcTBeHHO, B pabote [213] mpuBoAMTCS BeIUYMHA
p = —0,8=+0,2. Kak MBI BUANM, 3TH 3HAYCHUS HAXOISITCS B
xopomuiem cootBeTcTBuHU ¢ (127). Uto xe xacaercs paboThl
[214], B koTOpoli nmarorcst BeipaxeHus p = —1,39 + 0,09 u
q = 0,48 £ 0,04, TO 3TO OT/IMYUE MOKHO CBS3aTh C TEM, UYTO B
Hell aHAIM3UPOBAIach BCsI BELIOOPKA MyJIbCAPOB, & HE TOJIBKO
myabcapeic Q < 1.
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* Puc. 23. Paciipeienienue myJ1bcapos 1o BesmuuHe o [219], onpenensromeit
-0 & L= . . . . 3aBHCAMOCTh TIHPHHBI CPETHETO TPOGIIA OT ¥acTOTH v: W; oc vo.
-2,0 -1,5 -1,0 -0,5 120 0 BolmeneHHBI (parMeHT COOTBETCTBYET IIyJibcapam, y KOTOPBIX IIO

Puc. 22. 3aBUCUMOCTb OTHOWIECHUS Lyog/ Wior T mapamerpa Q (110) miast
paguomyibcapoB ¢ Q < 1. [lannsle B3sTHI n3 katajgora ATNF [212],
JIMHUS COOTBETCTBYET 3aBucumoctu (2,0 £ 0,2) x 1075 Q2101

3.2.4. 3aBucHMOCTD MIMPHHBI HIMITYJIbCA OT YacTOThI. Kak yxe
TOBOPUJIOCH, TJIABHOE OTJIMYHME JIBYX OPTOTOHAJBHBIX MO,
CIOCOOHBIX OKMHYTh MarHuTochepy HEHTPOHHOU 3BE3bI,
COCTOUT B TOM, 4YTO OOBIKHOBEHHAs BOJIHA, B OTJIMYUE OT
HEOOLIKHOBEHHOM, OTKJIOHSIETCS OT MATHHUTHOHW OCH.
IMpaBna, cormacuo (121), 3T0 MOXET MPOUCXOAUTH JIUIIIL HA
JIOCTATOYHO MAJIbIX PACCTOSHUSX OT HEUTPOHHOU 3BE3MbI
r <ra, rae B cuiy (120) Bemosneno yciosue A, > 1. Kak
MBI BUJUM, 00J1acTh I < rp NEPEKpPhIBAET 00JIACTh IeHepa-
UM PAJAUOU3IYUEHHS, W TO3TOMY IMpPEJIOMJICHHE OOBIKHO-
BEHHOH BOJIHBI HEOOXOAMMO YYMTHIBATH NMPHU aHaiuse Gop-
MEPOBaHUs CpeTHUX npoduieil panuonyibcapos. [Ipu aTom
KaK ypOBEHb I€HEepaIiH, TAK U BEJIMUYUHA I' < FA 3aBUCIT OT
YaCTOTHI BOJIHBI Vv, YTO U MPUBOIUT K YACTOTHOM 3aBUCHMO-
CTU LUMPUHBI AMAarpaMMbl HampasjieHHocTu W,. 3ameTum,
KCTaTH, YTO, HECMOTPSI HA TO YTO MPEJIOMIICHHIO OOBIKHO-
BEHHOU BOJIHBI B MarHuTocdepe HEHTPOHHOU 3BE3/bI TO-
CBSIIIEHO MHOTO JuTepatypsl [204, 215-218], B monenu
"mostoro komyca" 3(deKTH pacpoOCTPAHEHUS IO CHX IIOP
MIPAKTUYECKH HE YIUTHIBAFOTCSI.

Koneuno xe, MpHHA AUArPAMMBI HAIIPaBJIECHHOCTH W,
3aBHUCHUT HE TOJIBKO OT 3(h(pekTOB pacnpocTpaHeHus, HO U OT
YPOBHSI T€HEpAIlUU U3JIYUYEHUS Fryq. B pamkax momenn BI'U
(rme apdexTsl pacnpocTpaHeHHs MOCIEIOBATEILHO YUYUTHI-
BAJINCh) OBLIIO TIOKA3aHO, YTO U3JIyUeHUE HA TAHHOU YacToTe
v MOXET TeHepUPOBAThLCS B LIMPOKOH 00J1acTU BIJIOTH 10
paccrosiaus [172]

Frad ~ 3,5R Vi, P7O°T 60 (128)
3aBHUCSIIETO, KAK MbI BUJIAM, OT YaCTOTHI BOJIHBL. B pe3yiib-
TaTe ObLUIN MOJYYCHBI CJICTYIOIINE BBIPAXKECHUS TSI ITUPUHBI
uarpamMMbl HanpaBJeHHOCTU W ABYX HOPMAJIbHBIX BOJIH
(cy1abyro 3aBUCKMOCTb OT MHOXECTBEHHOCTH A, MATHUTHOTO
moyst By m xapakTepHoro JiopeHI-¢pakTopa I' ucTekaromen
MJIa3MBbI MBI 3]1eCh HE BBIITUCHIBAEM):

o p-043,,—0,14
7,8°P Vrro s

S
o
2

(129)
(130)
(131)
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3,6°P " vppy .

METO/IMKE, ONIMCaHHOM B pabote [175], cpequuii ummysbe GpopmMupyercs
OOBIKHOBEHHOI BOJIHOIA.

IIpu 5TOM nBa BBIpaXXEHUs ISl LIMPHUHBI JUATPAMMBbI
HampaBJICHHOCTH OOBIKHOBEHHOW BOJHBI COOTBETCTBYIOT
JIByM CJIy4asiM, KOT/1a OCHOBHOI BKJIAJ BHOCHT HamboJee u
HaWMeEHee ymaJIEHHAsi OT HEUTPOHHOHN 3Be31bl 00JIACTH
M3JIyYeHus; TouHOCTh Teopur BI'U, B KOTOpOii, HATOMHUM,
TeHepalys PaauoN3JIydeHHs! CBsI3aHa C TPEXBOJHOBBIM pac-
nagoM "Monsl 4", He 03BOJIAIa OTBETUTHL HA 3TOT BOIIPOC.
Taxum ob6pazom, teopusi BI'U npeacka3piBaeT CTENEHHYIO
3aBUCAMOCTD IIHUPUHBI CPETHETO MPOIIIS PATUOITyIbCAPOB
W.(v) < v® co cTemeHHEIME TlokazaTensmu 6 = —0,14 u
0 = —0,29 nnist oObIKHOBEHHOU U 0 = —0,5 111 HEOOBIKHO-
BEHHOI1 BOJIH.

Ha pucynke 23 moka3zaHo pacrnpenesieHne myJbcapoB IO
BeJIMYHMHE O, TOJyYeHHOE COBCEM HEIaBHO HA HOBOM TeJie-
ckole LOFAR [219]. BeineneHHbI# (parMeHT COOTBETCT-
BYET IyJibCapaM, y KOTOPBIX COIJIACHO METOJIUKE, OMUCAH-
HOU B Haeil padore [175], cpeaHuii uMmysibc GopmMupyercs
OOBIKHOBEHHOW BOJIHOM. Kak Mbl BUauM, pacnpeesicHue
MyJBCAPOB AEHCTBUTENBHO MMEET PE3KHH MAaKCHMYM IIpU
6 ~ —0,2. C apyroii croponsl, B paboTte [220] miis mysbcapa
PSR B0943+10, y KOTOpPOroO COTrJIACHO HAIlled METOJUKE
uzjtyyenue GopMupyeTcsi HEOObIKHOBEHHON BOJIHOM, IHOJIY-
4yeHo 3HaueHune 0 = —0,56. BuaHo, 4To npeacka3aHus TeOpun
BI'U u 30ech He MPOTUBOpEYAT HAOJIFOICHUSIM.

3.2.5. Hu3kouactoTHelii 3aBaj. Kak MbI BuaeM, TOYHOCTD
omnpeAeJieHusl CHeKTPaJIbHBIX MHAEKCOB B Mojeian bI'U
(xoTOpBIEC TOJIKHBI HAXOAUTHCSA B mpeneiaax or —1 go —3)
HE MO3BOJISIET MPOBECTH NMOAPOOHOE CpaBHEHHE HpeAcKa3a-
HUN TEOpUU C JaHHBIMU HaOJItoeHmiA. Bripouem, u HaOJTIO-
JIeHNs] He NAIOT TOYHBIX 3HAUYEHHWH CHEKTPAJBHBIX HHICK-
COB — O3TH BEJIMYMHBI JCHCTBUTEJHLHO paCIpe/eicHbl B
UpoKoi odyactu (cM., Harpumep, [220]).

C apyroil CTOpOHBI, 4YaCTOTa HU3KOYACTOTHOI'O 3aBaja
Vmin, daBaemasi popmyiioit (118), HAMPOTUB, XOPOIIIO OMpe-
JleJieHa ¥ MOXeT OBITh MCIOJIb30BaHa ISl CPaBHEHUSI TIPe/-
CKa3aHWiA TEOPUH C TaHHBIME HaOroneHuit. OTMETUM, 4TO B
teopur BI'Ml HM3KOYaCTOTHBIN 3aBajl CBA3aH C CAMHM Cy-
IIIECTBOBAHUEM OOBIKHOBEHHOM BOJIHBI C TIOKA3aTeJIeM Tpe-
JIOMJICHUS 117, 3aJ1aBaeMoi (popmyoit (123) — npu yactorax
v < vmin (118) 2Ta BONHA yXe He pacHpoCTpaHsieTcss OT
HEUTPOHHOM 3BE3/IbI.
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Puc. 24. 3aBUCHMOCTb YaCTOTBI HU3KOYACTOTHOT'O 3aBaJIad Vpyiy OT MEPHO-
na P. Jlanuele B3sTHI U3 0030poB [220, 221]. JIuHUS COOTBETCTBYET
npenackasanuio (118).
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Ha pucynke 24 moka3aHo cpaBHEHHUE MPEACKA3aHUN TEO-
PHH C TAHHBIMU HAOJIOICHUIA, B3SITHIMU U3 ABYX HOCIIETHIX
0030poB [220, 221]. JIuHUS COOTBETCTBYET MpEICKa3aHHUIO
BI'U1 (118). Kak Mbl BUOUM, U 3]IeCh UMEET MECTO J10CTa-
TOYHO XOPOIIIee CoTJIacue.

3.2.6. Cratuctuka O- n X-moa. HaxoHel, HeTaBHO BBIIIIEI-
mas ctaTtbs [222] mo3BOJIMJIA HA JOCTATOYHO OOJIBIION
CTATUCTHKE TPOBEPUTHh U MPEJICKA3aHUsI TEOPHHU, Kacaro-
muecst cratuctuku O- u X-moa. B aToit pabote mpejcra-
BJICH HaumOoJiee MOJHBIA B HACTOSIIEe BPEeMsl KaTajor
MOJISIpU3ALMOHHBIX cBOMcTB 600 paamomyibcapoB Ha
qactore 1,4 I'Tu. Cpenu 3Tux mysabcapoB y 170 Oblim
XOPOIIO ONpeAeseHbl X0 MO3UIMOHHOTO yIja JUHEHUHOU
MOJIApU3aluU p.a. W KPyropas moJisipu3anus (mapamerp
Croxkca V), 3TO TI03BOJIMJIO Y3HATh, KaKasi U3 MOJ OIpee-
JIsieT cpeiHui poduisib paguonsinyueHus. Okazaochk, YTO y
100 mynbcapoB cpemHUil Mpohmiib onpenestsuicss X-MoI0i
(onunaxosble 3Haku V u dp.a./d¢), a y 70 myabcapoB —
O-Mo01i (pa3Hble 3HAKU 3THUX BejwyuH). [Ipu 3TOM, Kak U
MpeJIcKa3biBajoch B pabote [175], y GoibIIMHCTBA MyJIbCa-
POB, IpoduIb KOTOPBIX ompeaessics X-Moaoi (86 u3z 100),
HaOJIIO1aJICs OMHOTOPOBINM CpeTHUN TPOPHUITH, a OOJIBIINH-
ctBo O-nynbcapoB (48 u3 70) mmelio IBYropOblit mpoduiis.
IIpu sToM u y X-, u y O-nyJabcapoB IIUPUHBI JBYTOPOBIX
npoduieil okasajguch B cpeHEM B IOJITOpa pasa OoJblie,
4YeM y 0JTHOTOpOBIX. Tak u 1I0JIKHO OBITh, TOCKOJIbKY B 000UX
ciIydasix OBYropOnle MpOo(UIN COOTBETCTBYIOT IEHTPAJIb-
HOMY, a OJHOTOpOble — TepupepuitHOMY MPOXOKICHUIO
JIy4a 3peHHsl 4epe3 TuarpaMmMy HalpaBJIeHHOCTH.

Boutee TOro, UMErOIIENCs] CTATUCTUKY OKAa3aJIOCh JOCTa-
TOYHO, YTOOBI C YBEPEHHOCTBIO yTBEPXKAATh, YTO U NpEa-
ckazanus (129)—(131), kacarommecs: IUPUHBI CPEAHETO TIPO-
¢uns W, nos 9TUX ABYX MO/, TakXKe HaXOASTCS B 3aMeda-
TEJIbHOM COTJIACHY C TaHHBIMU HaOJroAaeHnid. Ha pucynke 25
MOKa3aHbl TACTOTrpaMMBI pacnpenesienus: O- u X-myJibcapoB
o BemmuuHe W, P'/2. Kakx MBI BUIMM, 5TH paclpeiesIeHus
JIECTBUTEILHO CYIIIECTBEHHO CABUHYTHI APYT OTHOCUTENIBHO
apyra, nNpudéM MaKCUMYyMBbl paclpeiesieHUid B TOYHOCTH
cooTBeTCTBYIOT mnpeackazanusM (129)—(131). Uro xe xa-
CAeTCsI HAJIMUMS HICTOYHUKOB C 6OJIBIION BemanHoi W, P1/2,
TO OHO JIETKO OOBSICHSETCSl YIIUPEHHEM, CBSI3AHHBIM C He-
OPTOTrOHAIBHOCTBIO POTATOPOB (HabOMrOmaeMas IIMPUHA
umnyabca WO = W,/ sin y). Kax nokasauno B pa6ore [177],
npu Goubmmx WP nuddepeHunanbHOe pacipe/eneHue

T
JOJDKHO UMeTh B N(WO%) o (Wr‘)bs)73~

Puc. 25. Pacnipenesenus mwist 170 O- i X-myabcapos 1o esmuuse W, P12
(B rpaaycax), B3siTble U3 paboThI [222]. MakcuMyMBbI pacipelesieHuid B
TOYHOCTHU COOTBETCTBYIOT IpeackazanusM (129)—(131).

4. 3akouenne

Wrax, nponeresmme He3amMeTHO 50 JIeT mociie OTKPBITHS
paanoIyJIbcapOB OCTABJISIFOT YyBCTBO SIBHOW HE3aBEpIIEH-
HOCTH. be3ycioBHO, HY>KHO elI€ OYeHb U OUE€Hb IOTPYAUTHCS,
4TOOBI XOTsI OBl B IIEJIOM MOHATH (DPU3UUECKUE TPOIIECCHI,
MPOUCXOasIe B MarHutochepe HEHTpPOHHBIX 3BE3M. K
COXXAJIEHHIO, IMyJIbCapbl HE JAaIOT HAM YHCTOTO ONBITA, a
KOJIMYECTBEHHBIC TPEACKA3aHUsI YacTO TPYIHO MPOBEPHUTH
HaOJIFOICHUSIMH, KaK 3TO UMEET MECTO, HATIPUMED, C BOIIPO-
caMM O HaIpaBJIEHUH 9BOJIFOIMHU yTIjla HAKJIOHA 7 UJIH e 00
YCPETHEHHOM MapaMeTpe TOPMOKEHUS Hpy.

Hano cka3ats, uto xypHan Y@ H Bcerna onepaTuBHO
OTKJIMKAJICSI HA BCE BaXKHEHINne COOBITHS, CBsI3aHHBIE C (pr-
3UKOH paauonyiabcapoB. Yxe B 1969 r. Obu omy6smKo-
BaHbI IIEPBbIC PE3YJIbTAThI, MOCBSALIEHHBIE OTEUECTBEHHBIM
HaOJIIOJIGHUSIM TYJIbcapoB Kak B paauoauamnazone (Ily-
muHO) [223 —225], Tak u B ontuueckoM auana3one (KPAO)
[226, 227]. B Te ke TOIBI MO TOPSYAM CJedaM ObLIH
HaneyaTaHbl CTAThU NATPUAPXOB POCCUUCKON (COBETCKO)
acrpoduzuxu W.C. Mlkiosckoro [228, 229], B.JI. Tun36ypra
[230-232] u A.B. 3enpaoBuua [233], B KOTOPBIX ObLT JaH
TIEPBBI CephE3HBIN aHATIN3 (PU3MUYECKUX MPOIECCOB, MPOUC-
XOJIAIINX B MATHUTOC(Epe HeHTPOHHBIX 3BE3 . [TosiBUIIHCE 1
paboThl [234 —236], mOCBSIIIEHHBIE BO3MOXHOCTH HAOTIOIE-
HUS PaJMOIyJIbCAPOB B PA3JIMYHBIX AMANA30HAX 3JIEKTPO-
MAarHuTHOTO CIEKTpA.

U B nanpreliem B Y@ H ObLI IMPOKO NMPEACTABIICH BECh
CHEKTP MCCIIEAOBAHUN PaINOIyIbCAPOB, BKIFOUAIOIINN KaK
camu HaOmroneHus [237—240], Tak U TEOPUIO PATMOUBILY-
yeHus [241—243]. bt omy0smKoBaHBl 0030pBI M cOOOIIIE-
HUS ¢ KOH(PEPEHIUiT 0 BHYTPEHHEH CTPYKTYpe HEUTPOHHBIX
3BE31 [138, 139, 244 —249], ux ssosroruu [152, 250], Teopun
myabcapHblx Marautochep [151, 251—-253], addexktam 06-
et Teopun oTHOCUTEIbHOCTH [254 —258]. Kpome Toro, He
cienyet 3a0bIBaTh, YTO TJIABHBIN penakTop Y@ H B TeueHue
muorux Jiet b.b. Kamomues Hanucan xuury Ha nyavcape
[259].

Tax wim wHAYe, B HACTOSLIEE BpeMsl TEOPUSI MATHUTO-
c(epsl MyIbCapoB U MYJbCAPHOTO BETpa SIBJISIETCS OBICTPO
pas3BUBaroIeiicss 00JIaCTbIO, OOBEAMHUBIIEH B IOCIECIHHE
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TrOoJbl JECSITKU UccienoBaTesneid. Bl TOCTUTHYT peasibHBIM
TIPOTPECC, BKIIFOUYAST HEKOTOPbIE KOJMYECTBEHHBIE TTPOTHO3BI
(HammpuMep, BBIpAXEHUs 7151 IOTePb 9HEPT UM ), KOTOPBIE, KaK
MOJHO HaJesThCs, BCE e OyIyT HEmOCPeICTBEHHO IpOBe-
peHBbI B OumipKaiiieM Oy ayieM.

A YTO KacaeTcsl Halleil Teopuu, TO O CHUX IOp OHA
ocTaéTcss HeBOCTPEOOBAHHOM, XOTs, KaK OBLJIO MOKa3aHO
BBIIIIE, MHOTHE YTBEPXACHUS, KOTOPbIE ObUIM CHAEJIaHbI
OGoJilee TpuALATH JIET Ha3ald, BO BCIKOM CJIy4yae HE IpO-
THUBOpevaT HaOroieHusIM. BripoueMm, kak yxe roBOpujocCh,
NpsIMbIe TECTHI, KOTOPbIE MOTJIM OBl MPOJIUTH CBET Ha
MEXaHU3M BBIJICJICHUS] PHEPTHUH M KOTEPEHTHOTO H3JIyde-
HUS, B HACTOSILEE BpeMsl He TPOBOASTCS.

B 3akirouenune Beipaxaro 61aromapaocts . Bapcykosy,
A. Beno6oponosy, S1.H. Ucromuny, O. Kapramsiesy, I'. [Tas-
JoBy, A. TTotexuny u ocobenno A. dununmnosy 3a MI040-
TBOPHOE OOCYXJEHUE BOIIPOCOB, 3aTPOHYTHIX B HACTOSILLEM
0630pe. XoTesoch 6Bl TakKe mobnarogaputh A. Meccrepa n
K. TleTpu, BHUMATEIBLHO MPOYUTABIIUX TEKCT MOETO MOIIY-
JIIpHOTO JoKiafga Ha KoHpepeHimuun Gamma-2016 (Teii-
nenanbepr, 'epMaHusi) Ha OJIM3KYIO TEMY, YTO IMO3BOJIHIIO
cAeJIaTh PsiI BAXKHBIX YTOYHEHUH, a Taxoke JI. Ap3amacckoro,
A. TamumaukoBy, E. HoBocenoBa u M. Pamkosenkoro 3a
MIOMOIIb B IPOBEeHUH BhruncieHnii. OTaenpHas oarogap-
HOCTb PENEH3eHTY V@ H, Yb¥ MHOTOYHCJICHHBIE 3aMEYaHUs
TIO3BOJIMJIA CYIIECTBEHHO YJIYUIIUTh CTHIIb U3JI0KEHHUSI.

Pa6oTa BeInoJiHeHA 1pH (puHAHCOBOH noaepxkke PODU
(rpanT Ne 17-02-00788).

5. Ilpuiosxenue

Crenys pabote [36] (cM. Takxe [50]), HAMOMHHUM, KaK Y4€T
3aBHCHMOCTH TOPOUIAIBHOIO MAarHHUTHOTO MOJISI OT Bpe-
MEHH B 00JIaCTH BHYTPEHHETO 3a30Pa MOXET IOBJIHSTH Ha
JUHAMUKY POXICHHS I1a3Mbl. B OTJIM4ne 0T OJHOMEPHOIrO
ciaydasi, paccMOTpeHHOTO B pabotax [113, 114] (B pamkax
KOTOPOTO, KCTATH, 3TOT yUYET MPOBECTH HEBO3MOXHO) MBI
311ech BepHEMCs K Kiaccmdeckoil umee "paspsios” (sparks),
npemioxenHoi emi€é B 1975 r. Pynepmanom u Caszeples-
oM [29].

Wrtak, paccCMOTPHM CHJIBHO BBITSIHYTHIA KBAa3UIIMJIMH-
JIPIYECKUl pa3psi/l C MOMEPEYHBIM PATIYCOM F(, B KOTOPOM
TOK I 32 CU€T POXKICHUSI BTOPUYHBIX YACTHI] PACTET MO 3a-
kony I = Iyexp (/1). 3mecy 1 — XapakTepHOE BpeMsi BO3-
pacraHus TOKa, KOTOPOE MOXeT ObITh OIIEHeHO Kak T ~ H/c,
riae H — BepTUKaJIbHBIN pa3mep obiactu yckopenus. [1oj-
CTaBJIsIsl TEIEPh 3aBHUCSAIIEE OT BPEMEHH TOPOUIATIHHOE Mar-
HUTHOE Tone B, () = 2I(t)/(cr.) B ypaBHeHHe Makcpeia

¢V x E = —0B/0t, noty4aem [J1sl HABOJUMOIO 3JIEKTpUYe-
CKOT0 HOJIst
(1)

E ~—~. 132

L m (132)

EcrecTBeHHO, HampaBjeHHE 3TOrO IO0JI NPOTUBOIO-
JIO’)KHO HAamNpaBJIeHHIO ToJisl B 3a30pe Ers ~ 4npg;H. Ilo-
9TOMY HPU AOCTHXKEHUH TOKOM HEKOTOPOW BEJTHMYHHBI Iiax,
KOrJia 3JIEKTPUYECKOE TOJie B O0JIACTU YCKOpEHHsSI OyIeT
9KpaHUPOBAHO, NaJIbHEUIIEe POXKICHUE YACTHUI[ OKAXKETCS
HEBO3MOXHBIM. Takum 06pa3om, MbI IPUXOUM K 3aKJIFOYE-
HUIO, YTO NPOJOJIbHBINA TOK B OTAEIBLHOM pa3psiae He MOXET
MPEBBIIATH 3HAYEHUE [y A c2tERs:

cT

7 cp H? . (133)

Imax ~

OueHb BaXXHO, YTO, KaK Moka3aHo B pabore [36], Takoe
3JIEKTPUYECKOe ToJie Oy/leT CylIecTBOBaTh BILIOTH IO pac-
crostHuid r; ~ H ot ocu paspsiga. [Toatomy takoit apdekt
OBLT HA3BaH MIMHAMMWYECKON 3KPAHUPOBKOW 00JIACTH YCKOPE-
Hus. [TOCKOJIBKY B JAHHOM CJTy4ae MOJIHOE YUCIIO Pa3psaoB B
npejaeaax MOJIIPHOW IIAIKM MOJXHO OIIEHUTh Kak N ~
~ R§/H?, Mbl 10JIy9aeM 151 TIOJTHOT O 9JIEKTPUYECKOTO TOKA

CcT
Lot ~ = Iy - (134)

H

C yuérom oneHkH T~ H/c 3TO M O3HAYAET, YTO IOJIHBIN
NPOJOJIbHBIA TOK HE MOXET CYIIECTBEHHO IPEBBIIIATH
JIOKAJIbHBIN TOJIbAPARXOBCKUN TOK.
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Despite fifty years since the discovery of radio pulsars, there is still no satisfactory understanding of how these amazing objects operate.
While there has been significant progress in understanding the basic properties of radio pulsars, there is yet no consensus on key issues
such as the nature of coherent radio emission or the conversion mechanism of the electromagnetic energy of pulsar wind into particle
energy. This review attempts to present the main theoretical results on the magnetosphere of neutron stars. A number of questions are
formulated which, while seemingly fairly simple, have remained unanswered since the very beginning of the field and which should

necessarily be resolved before any further progress can be made.
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