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OBIITAA XAPAKTEPUCTUKA PABOTHI

KocMmuueckasi 1masma, IpejcTaBiisis coOOil JTOMUHUPYIONIYIO (POPMY BHIUMOIL
marepun Beesiennoit [1], onpejiesisier ycioBust paciipocTpaHensi 3J1eKTPOMarHu THbIX
BOJIH U UX B3aUMOJEHCTBUS C JaCTUIAMHU B KOCMUYIECKOM IIpocTpancTBe. Hekoropnie
CBOWCTBA KOCMWYECKOMN TJIa3Mbl MOTYT OBITH HUCCJIEIOBAHBI TPSIMBIMU W3MEPEHUSIMI
¢ UCIOJIb30BAHUEM KOCMUYECKUX allllapPaTOB, JPYIUe MOI'YT ObITh CMOJAEIUPOBAHBI U
U3ydeHbl B J1AOOPATOPHBIX dKCIIEpUMEHTaX. Kpome Toro, ncc/ieloBaHue mjia3Mbl MO-
YKeT MPOBOJUTHCS € MOMOIIHIO YUCJIEHHOTO MOjie/inpoBanusi. [l1a3MenHbIe mporeceo
B OKOJIO3EMHOM KOCMHYECKOM IIPOCTPAHCTBE PEryJIsAPHO IPOSIBJISIOT ¢ebsi, HallpuMep,
B BUJIE PEIUCTPUPYEMbBIX KOTEPEHTHBIX XOPOBBIX BOJIH, MTUPOKOIOJOCHOTO IMJIa3MO-
cepHOro Xmcca, a Takke MPUBOJAT K HAOJIOJACMBIM TOJISIPHBIM CUsTHUSIM [2]| B
norocdepe 3emin B 00J1aCTH aBpOpaaIbHOro oBasia. Ilocseane BhI3BaHbI B3AMMO,1€eii-
CTBUEM 3apPSXKEHHBIX YaCTHI] ¢ BEPXHUMHE CJ0sIMK aTMocdepbl. OTKpPBITHE BasKHOI
0COOEHHOCTH 3€MHOI MarHuTocdepbl — pajUallOHHbIX II0sICOB — CTaJI0 BO3MOK-
HBbIM OJ1aro/iapsi EePBbIM IPSIMbIM U3MEPEHUIM B KOCMOce. PajinannonHibie mosica —
9TO 00JIACTH, B KOTOPBIX MarHUTHOE I10JIe 3eMJIU YAEPXKUBACT BbICOKOSHEPIUIHbLIE
3apsIKEHHBIE YaCTHIII, B TIEPBYIO OUePeih JEKTPOHBI U MPOTOHBI. DTU 30HBI C 110~
BBIIIEHHOI PAJIMAIIOHHOM aKTHBHOCTBIO (MK WX MEPECeUeHNr) MOTYT OKA3bIBATDH
HETaTHBHOE BJIMSTHUE Ha, BCE >KMBOE W Ha, 000PYJIOBAaHNE KOCMUYIECKUX ATMTapaTOB.
[To cyTu, okoso3eMHOE KOCMHYECKOe TPOCTPAHCTBO MIPEJICTABISIET COOOM CIIOXKHYIO
JIMHAMUAYHYIO CUCTEMY, IJie B3auMojieiicTByoT nssydenue CoJiHIla, MeXKIJIaHeTHAs
cpejia, MarHUTHOE TOJIe 3eMJIM U BepxHue cion eé armocdepbl. ['enepupyeMbie B
KOCMMYECKOIl I1/1a3Me BO3MYIIEHUs U BOJIHBI MOI'YT BJIMSTH Ha pabOTy HA3EeMHBIX U
CITy THUKOBBIX CHCTEM CBsI31. [109TOMY MTOHUMaHUE TPOUCXOSIINX MJIa3MEHHbBIX TTPO-
IIECCOB MMeeT He TOJILKO (pyHIaMeHTaJIbHOe HaydHOe, HO ¥ BarKHeilee MPUKJIaTHOe
3HaYEHUe s obecredennsi 6e30MacHOCTH CITyTHUKOBBIX I'PYTITUPOBOK, MUJIOTHPYE-
MO# KOCMOHABTUKU U HA3EMHBIX TEXHOJOTHIECKUX CUCTEM.

OcHOBHOII HADOpP SKCIEPUMEHTAJbHLIX HAYYHBIX JIAHHBIX O MAIrHUTHOM IIOJIE,
napamMerpax KOCMHUYECKOW ILJIa3Mbl M MPOTEKAIOIUX BOJHOBbBIX Tporeccax B Col-
HewHOi cucreme (Bkiodast MmarauTocdepsl 3emin, FOnurepa, Carypra) ObLT m0JTY-
UEH B MHOI'OYUCJIEHHBIX KOCMUYECKUX MUCCHsX [3-6], Takux Kak ClyTHUKH cepuii
Cnyrauk, Explorer, Alouette, Kocmoc, Unrepkocmoc, annaparamu Jlyma, Pioneer,
Voyager, Araks, Juno, Cassini, Apex, Untepbos, Cluster, THEMIS, SWARM,
RBSP/Van Allen Probes, ERG/Arase, MMS, Nonocdepa-M u apyrux, a Takxke B
9KCIIepUMenTax Ha 0opTy opouTaabHBIX cTaHinii. Kocmuieckne Mucenn He TOJIHKO
PEOCTABISIOT OOTaThiil MaTepuaJl Jiisi UCCACOBAHUN, HO U CTUMYJIUPYIOT Jlajih-
Heiilee pa3BUTUE TEOPHUH, YUCJICHHBIX METOJIOB U SKCIEPUMEHTAJbHON TeXHUKH.

[Tnasmy Bo MHOrMX 0bJacTsax Maruutocdepbl 3emin u apyrux mianer Cosined-
HOI CHCTEMbI MOXKHO CUUTATh OECCTOJIKHOBUTEIbHONI MArHUTOAKTUBHOM cpeioit. Jlo-
BOJILHO 9aCTO TIJIa3My MOXKHO MPEJCTABUTH COCTOSIIEH U3 ABYX KOMIIOHEHT: OTHOCH-
TEJILHO TIOTHO# “X0J10/1HO#” (“hOHOBOI”) KOMIIOHEHTHI € TIJIOTHOCTHIO n'®, ompee-
JISIONIEii JIUCTIEPCHIO BOJIH, U “ropstueii” koMmmomenTsl Masoil mrornoctn n' | ompe-
JICJISTIOIIe 3aTyXaHue Ik YCUJICHUE BOJIH, HO MaJIO BJMSAIONIEH Ha ux jucnepceuio. B



OTCYTCTBUE TIOCJEIHETO TTPEANOIOKEHWS, NCCIe0BaAHNE JINCIIEPCUOHHBIX XapaKTe-
PUCTHK U MHKPEMEHTOB BOJIH SIBJIsIETCsI ropas3io Oojiee CJI0XKHOI 3ajaueil, KoTopast
JUTST 3JIEKTPOCTATHIECKIX DJIEKTPOHHO-IIMKJIOTPOHHBIX BOJIH JETAJbHO MCCJIEI0BAHA,
B paborax [7; 8]. Anasoruunast 3a/1a4a JiJist CBUCTOBBIX BOJIH, PACIPOCTPAHSIIOIIUXC ST
BJIOJIb BHEIITHEI'O0 MAaIrHUTHOI'O IOJIsI, PACCMOTPEHa BO BTOPOIi I'JIaBe JIUCCEPTAIIMH.

Kak m3BeCTHO, B XOJIOJ{HOW MarHMTOAKTUBHON IJIa3Me CYINEeCTBYET IsiTh BOJHO-
BBIX MOJI, JIJI KOTOPBIX TOIOJIOI'Ms IOKa3aTess IMpejoMyeHus N 3aBUCAT OT OT-
HOINIEHWSI 3JIEKTPOHHOM TJIA3MEHHOW YacTOThI Wy K JIEKTPOHHON I'MPOYACTOTE We.
[TocKOobKY MOHBI HE BJIMSIOT Ha JHUCIEPCHIO BOJH B YaCTOTHOM JIMAIa30HE MHOTO
BBINNE HUXKHETMOPUIHON YACTOTHI Wy, TO €CTh, TPU W > Wy, TO BOJHBI C TaKMu-
MU 9aCTOTAMKM HAa3bIBAIOTCS JIEKTPOHHBIMU BOJHaAMU. K HUM OTHOCATCS 4 MOJIbI:
CBHUCTOBasl, MeJljIeHHasl HeOObIKHOBEHHAasl, OOBIKHOBEHHAsI M ObICTpasi HEOOBIKHOBEH-
Hasl MOJIbI, KOTOPhIX M KaCAIOTCs WCCJIEIOBAHWUS JAHHOW JUCCEPTAIMU; TPU ITOM
pPEe30HAHCHOE B3aUMOJICHCTBHE pacCMATPUBAETCs TOJBKO JIJIsS CBUCTOB U MEJJIEHHBIX
HEOOBIKHOBEHHBIX BOJIH, JJIsi KOTOPbIX N > 1.

HuskouacToTHbIE 3JIEKTPOHHBIE BOJIHBI, PACIPOCTPAHSIONINECS B HOHOChEpe 1
Marautocdepe 3eMiIn U APYTUX TJIAHET, SIBJISTIOTCST PACTPOCTPAHEHHBIM BOJIHOBBIM
SIBJICHMEM B KOCMUYeCKOi 1iasme [9-13]. Bosubl ¢BUCTOBOM MOJIbI OKA3bIBAIOT 3a-
METHOE BJIMsIHAE Ha JUHAMHUKY KOCMHUYECKON IIJIa3Mbl, B TOM 4YHUCJIE, UIPAIT Cy-
IIECTBEHHYIO POJIb B MPOIECCax YCKOPEHWS 3apsiKEHHbIX YaCTHIl B PaJIHAIIMOHHBIX
nosicax |14-17]. Besesiersue sToro, mpobsiema HecsieloBatus CBUCTOBBIX BOJIH JI0 CHX
10p coxpansieT ¢Boro akryajbHocTh [18; 19]. TlockosibKy B Gosibleii YacTy m1a3Mo-
cdepbr 3eMTr TIa3Ma SBJISETCS TIOTHOM (3JIeKTPOHHAS [IIa3MEeHHAas 4aCTOTa MHOTO
OOJIBITIE TIMKJIOTPOHHON YaCTOTHI), TO OOJIBIMTMHCTBO PE3YJILTATOB M0 UCCJIEJI0BAHUIO
CBUCTOBOM MOJIbl LIOJIyYEHO JiJist CJLydasi IIOTHOM 11a3Mbl [9]; cpeji HUX: siBHbIE Bbi-
paxKeHusd JIJid [oKas3aTessl IIPeJOMJICHHs, 3aKOHA, JIUCIEPCUH, IIJIOTHOCTU SHEPIHH,
noJisipusaloHHbix Koadbduipenton, yriua Cropu (yria BosHOBOH HOpMmasu 6, co-
OTBETCTBYIOITEr0 MaKCUMAaJIbHOMY OTKJIOHEHHIO I'PYIIIOBOI CKOPOCTU HU3KOUACTOT-
HBIX CBUCTOB OT HallpaBJeHWsi BHEITHEr0 MaruuTHoro nojs By) [20], yria 2Kanp-
9Ha (HEHYJIEBOTO yTJyia BOJHOBOW HOPMAJM CBUCTOBBIX BOJIH, IPH KOTOPOM TDYIITIO-
Basi CKOPOCTh Hanpapyiena Biosb By) [21], siBienus HuKHernbpuHOro oTparkeHus,
MPUBOJIAIIETO K (POPMUPOBAHUIO MATHUTOCDEPHO-OTPAYKEHHBIX CBUCTOB [22].

Tem He MeHee, TaKxKe CYIIECTBYIOT 00JIaCTH MarHUTOC(EPbI 3eMJId, HalpUMED,
aBpopaJibHasi 00JIaCTb, I/l IJIa3Ma, SIBJISETCS PA3PEXKEHHOMN, T.€. TJIe JIEKTPOHHAs
IJIA3MEHHAas JacTOTa MEHbIIe IMUKJIOTpoHHOI. [logobHast cuTyalusi MOXKeT peaJiu-
30BaThCsd My JApyrux ianer. Tak, 1no janubiv muccuiit Voyager 1 u 2 [3] rakast
obsacTb Oblia obHapykeHa y FOmurepa na paccrogumsx 18.5R,, < R < 22.5R,.
CoBpeMeHnHbIe JaHHbIe, MOJIYIEeHHbIE KOCMUIECKIMHU MUCCUSIMEU JUNO B MarauTocde-
pe FOmurepa [23; 24| u Cassini B maraurocdepe Carypna [25], moarBepKIaoT Cy-
IIIeCTBOBaHUWE TaKuxX obJiacTeil. 1o, Halpumep, JoObl MarauTogucka HOmurepa u
aBpOpaJibHbIe 00JIACTH, TJIe PUCYTCTBYIOT CHJIbHBbIE MarHuTHbie 1mojs FOnurepa n
Carypsa, B TO BpeMs KaK ILIOTHOCTH ILIa3Mbl JOCTATOYHO MaJja. Takum obpas3om,
M3ydeHrne BOJIH B Pa3pPEKEHHON IJ1a3Me, TTOMUMO YUCTO TEOPETUIECKOI0 MWHTEepeca,
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MOXKET UMETh U CBOU MPAKTUIECKHE TTPUJIOKEHNST K BOJHOBBIM IIPOIECCAM B KOCMU-
weckoii miasme [16], BKITIOUAsT OKOJIO3eMHOE TPOCTPAHCTBO. B manHoil aucceprannu
TaKKe YJIeJSeTCs BHIMAHUE U3y IeHNI0 3TOTO BOIIPOCA.

[ToMrMO CBHUCTOBBIX BOJIH 3HaYUTE/IbHAs YaCTh JUCCEPTALMU IIOCBSIIEHA, UCCIIe-
noBanmnio Meienunix HeobbiknoBennpix (MH) Boan. MH Bosmbr Bkiouaior Bepx-
HErnOPUIHBIE BOJHDBI, KOTOPBIE SIBJISIOTCsS OJIHUM M3 HauboJiee 4acTo HADJII0IaeMbIX
BOJTHOBBIX siBJieHU# B MarauTocdepe Semin [26; 27|. Bepxuerubpuiibie BOJHBI Ha-
Osttoj1a0TCst TakKe B Maraurocdepax Apyrux maner [28; 29]. Mexanusmbl renepa-
IUY BEPXHETUOPHTHOTO U3JIYUCHUS JI0 CUX TIOD SIBJISTFOTCSI IIPEMETOM UCCIEIOBAHMIA.

3aMeTHyI0 9acTh HACTOSIIEH TrCccepTalii COCTaBISET UCCIe0BaHNe Pe30HAHC-
HOI'O B3aMMOJICHCTBUS BOJIH U YaCTHUI — OJIHOIO U3 (PyHJaMEHTaJbHbIX IIPOIECCOB B
KOCMHIYECKOil mrasMe (cM. [18| u mmeronimecss TaM CCbIKM). YTIOMSHEM HEKOTOPBIE
KJIIOUYEBbIE MOMEHTBI B PA3BUTHUK IPEJICTABICHUI O PE30HAHCHOM B3aMMOJEHCTBUN
BOJTH M YaCTHI[ B IUIa3Me, HadWHas ¢ Kiaaccmaeckux pabor [30; 31|, mocBsaméHnbx
JIEHIMIOPOBCKUM BoJsiHaM. CucreMa ypaBHEHUH, BKJIIOYAIONAT KUHETHIECKOE YPaB-
Henne bombmmana — BiracoBa ¢ camocorsiacoBaHHBIM IOJIeM U ypaBHeHns Makcpes-
Ja, stejisiercsi Hesimueiinoit. Oaako B pabore [31] cucrema ypashenuit perajach B
JITHEHHOM IpUOJIM>KEeHUU 110 10J110. [IpeiioxKeHubiit auHefinbiit 101x0/1, ObLI HO3/1-
Hee 0DOOIIEH U IIPUMEHEH K BOJHOBBIM MOJIaM B MarHUTOAKTHUBHOI IIJIa3Me, B TOM
qucsie, K cBUCTOBbIM BoJiHaM [32]. BoJsiee Toro, BaxKHe#uM pesyibraroM JlaibHedi-
X UCCTEOBAHUI CTaJI0 OOHApYyKeHne KUHETUIECKUX HEyCTOWIMBOCTEH B ciydae
HEPABHOBECHOT'O PaCIpe/leJIeHUsT 3aPsi2KeHHbBIX JaCTHUIL I1JIA3MbI 110 CKOPOCTSIM.

B obriem ciaydae pe3oHaHCHBIE YCJIOBUS MOXKHO 3aIlUCATh B CJIEIYIONIEM BHJIE:
v = (W —nwe/7) [ky, rje vy — napajiesbHas COCTaBISIONAs CKOPOCTH JIEKTPOHA,
Y — PENATUBUCTCKUN (DAaKTOP, k| — HPOJOJbHAS COCTABJISIONIAS BOJHOBOIO BEKTO-
pa k, n — HOMep IUKJOTPOHHOI'O pe30HaHca. M3 jjaHHOIrO BbIparKEHHsSI BHJHO, UTO
PE30HAHCHBIE CKOPOCTH MOI'YT ObITh 3HAUUTE/ILHO MEHbIIE CKOPOCTH CBETa ¢, KOIJa
N = ke/w > 1. B pesysnbrare, B 9T0M CIydae peajgusyiorcs 6osee O1aronpusTHbie
YCJOBUsL JIJIsi PE30HAHCHOI'O B3aMMOJIEHCTBUs, TaK KaK 9eM MEHbIe Pe30HaHCHBIE
CKOPOCTH, TeM OOJIBIINM OKAXKETCsl KOJTUIECTBO PE30HAHCHBIX YACTHUIL (XOTS B CJIy-
yae HeyCTOMUMBBIX Pacipejie/ieHril B HeKOTopoil obJiact (ha30BOro MpoOCTPAHCTBA
MOYKET Peain30BaThCsl MPOTUBOMOJNOXKHAS CUTYaIys). [Ipy 4acTorax HAMHOTO BbI-
1€ HU>KHErnOPUJIHOM 9acTOThI CYIIECTBYIOT JIBE BOJHOBbBIE MOJIbI, JIJIs KOTOPBIX MO-
JKEeT BBIMOJHSATHCA yeaoBue N > 1: ¢cBUCTOBast MOJIa M MeJIJIeHHAsT HEOObIKHOBEHHAST
(MH) mosa, KOTOpyto BO MHOTHX ITyOJIMKAIMSIX HA3BIBAIOT Z-MOJIOiL.

UcciiejoBanunio pe3oHaHCHOIO B3aUMOJIEHCTBISI CBUCTOBBIX BOJIH U YaCTHI] B KOC-
MUYIECKOI IJIa3Me MOCBSIEHO OOJIbIIoe UNCI0 paboT. YKaxKeM 371eCh JBe 0030pHbIe
crarbu [33; 34|, rje MOXKHO, B TOM 4uCJie, HAWTH CCHLIKM HA MHOIHE OPUIMHAJb-
Hple nccaegopanns. PesonancuniM adpdextam st MH-Monb1 Tak:Ke TOCBSIIEHO J10-
CTATOTHO OOJIBIIOE KOJUICCTBO paboT (cM., Hampumep, [35-37| u umeromuecs tam
cebiki). Ormernm crarbio [38], rie aHasusupyercst yeroiiunBoCTh KOJIBIEBOIO pac-
IpeJIe/IeHNs 9JIEKTPOHOB 110 OTHOIIEHUTO K BO3OY K ICHUIO KBA3UAJIEKTPOCTATUICCKUX
BEPXHEI'MOPHUIHBIX BOJIH, & TAKXKE CBUCTOBBIX BOJIH BOJIU3H 3JIEKTPOHHON ITUKJIOTPOH-
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HO¥ yacToThl. B JlaHHO# jJinccepTaliuy IPU UCCIICJIOBAHIT KBA3UJIEKTPOCTATUICCKUX
MH BoJIH BMECTO KOJIBIIEBOTO PaCIpeieIeHIsT UCTIOJb3YeTCsT (DYHKINSA pacipeiese-
HUsI BUJIa Kala-QyHKIIMU ¢ KOHYCOM T10Teph. B citydae, Korja BoJiHa BO30YXK 1aeTcst
B pe3yJibTare B3auMOJENCTBUs ¢ YaCTUIAMU Ha OJIHOM U3 HUKJIOTPOHHBIX PE3OHAH-
COB, a JaCTOTa BOJIHBI COBIAIAET ¢ YACTOTON BEPXHEr0 IrMOPUTHOIO Pe30HAHC A, TOBO-
pSAT O JIBOMHOM T1j1a3MeHHOM pe3oHance. [1oj100HbIi ciiydaii ToXKe paccMaTpuBaeTCst
B HACTOLAINECH JUCCEPTAIINN.

Takum o0Opa3oM, NPUBEJEHHBIN BbIllle KPATKUI aHaJU3 COBPEMEHHOI'O COCTO-
dHUS TPOOJeM, 3aTparMBaeMbIX B HACTOSINIEH JIUCCEPTAINM, CBHUICTETHCTBYET,
YTO TEOPETUYECKHEe W HKCIEePUMEHTAJIbHbIE HCCIE0BAHUS B3aUMOJICHCTBIUI BOJIH
M YaCTHUIl 11O3BOJIMJIM JIOCTUYb 3HAYUTE/bHBIX YCIEXOB B NOHUMaHUU JIMHAMUKU
Marautocdepnoil mira3mel. Tem He MeHee, PsiJi BOIPOCOB OCTaBaJCdA He JIO KOHIA
HPOSICHEHHBIM, HAITPUMED, BOIIPOCHI, CBSI3aHHbIE C U3YUEHUEM CBOMCTB pas3pexKeHHOi
IJIa3MBl, ¢ TTPOOJIEeMaMi HEJIMHEHHOTO Pe30HAHCHOTO B3aUMOJIEHCTBUS 3aPsKEeHHbIX
YACTUIL U Pa3JINYHBIX TUIIOB BOJIH, & TaK»Ke I'eHepallieil BOJIH B YCJIOBUSAX HEOJHO-
POJTHOI MarHuTocgepHoil mmasmbl. HekoTopble n3 9THX BOMPOCOB aHAJTUIUPYIOTCS
B JAHHOW JaUCCEepPTAINN.

AKTyaJIbHOCTb T€MbI MCCJIeI0BAHMUS

Teopernueckue HUCCACTOBAHKUS IIPOIECCOB PACHPOCTPAHEHUS W PE30HAHCHOIO
B3AMMOJICHCTBUS ¢ SHEPIUIHBIMI YACTUIIAMI JIEKTPOMATrHUTHBIX BOJIH B HOHOCKhEpPE
u mMarauTocdepe 3emun u pyrux 1aHer COJHEYHONR CHUCTEeMbl MOJIYYUIN HOBBIHA
UMITYJILC B CBSI3W C JAHHBIME, MOJYIEHHBLIMA TAKAMU CIIYTHHKOBLIMU MUCCHSIMIE,
kak Muarepbos, Cluster, THEMIS, Van Allen Probes, Arase, MMS u npyrue. B
psijie yKa3aHHbIX 9KCIEPUMEHTOB IIPOBOAMIMCH U IPOBOJIATCH MHOIOKOMIIOHEHTHBIE
BOJTHOBBIE M3MEPEHHs B IIMPOKOM JIHAIA30HE TACTOT, a TaKyKe M3MepeHus -
depeHnmabHbIX IOTOKOB 3apsi)KEHHBIX YaCTHI] B IIHPOKOM JIMAIA30HE SHEPIHii,
¢ yIETOM 3aBHCHMOCTH 3THX I[IOTOKOB OT MUTY-yIVIa JacTUIl. BoJHOBLIE IaHHBIE
¢ BBICOKMM BPEMEHHBIM pas3pelieHrueM, a TakKxKe jaHHble 1m0 auddepeHnnaabHbIM
IIOTOKAM YACTHUI[ ¢ BBICOKIM Pa3peIleHreM 10 SHePIUd U MUTY YIJIy CTAJIU JOCTYII-
HbI JIAIIL B mociaenane jecaruinerust. [Ipoekr Van Allen Probes Onin nampasien
HEIIOCPEeJCTBEHHO Ha MCCIEJOBAHNAE paJUAllMOHHBIX ITOSICOB 3EMJIH, B SBOJIOIIN
KOTOPBLIX PAa3JINUHBIE BOJIHBI UI'PAIOT BayKHYIO poJib, a mnpoekT MMS nampasien
Ha M3YyUYEHUE IPOIECCOB, MPOTEKAIMNX B XBocre MaruuTocdepbl. Kocmuuecknmu
MHUCCHSIME TaKXKe IPOBOJMJINCL H3MEPEHHsI B MEXKILJIAHETHOM I[POCTPAHCTBE N
maruurocdepax jpyrux mianer CosHewHod cucrembl, Bkioudas HOmurep (Muccun
Voyager, Juno, Cassini) u Carypu (Mmuccun Voyager, Cassini). Takum obpaszom,
MMEIOTCS JTAaHHBIE M3MEPEHUN B PA3JIMIHBIX 00JIACTIX KOCMUYECKOTO TPOCTPAHCTBA.
OTH U3MEPEeHNsT MOKA3LIBAIOT, UTO MApaMETPDLI IJIa3Mbl, B YaCTHOCTH, OTHOIIEHHE
IJIa3MEHHO 9acTOThl K IUKJOTPOHHON YacToTe, MEHSIOTCSI B OYEHb IIHPOKOM
JIMaIa30He, 9T0 TpedyeT aJleKBATHONO TEOPEeTHYECKOIO OMMCAHUsT IPOTEKAIOMINX
TaM IIPOIECCOB, B TO BpPEMs KaK BBIINOJHEHHBLIE U IJIAHKPYEMbIE KOCMHUUIECKHE
KCIIEPUMEHTBI [PEJIOCTABIISIIOT BO3MOXKHOCTD JIJIsI COIOCTABJICHUST TTPOBEIEHHDBIX
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pacyéroB C JAHHBIMM H3MEPEHUi Ha KOCMUYECKUX almaparax. lakuMm obpa3om,
TeMa JIUccepTaluu, KOoTopasd BKJIIOYAET aHaJU3 BOJHOBLIX MPOIECCOB B IJa3Me
MMPON3BOJIHLHON TIJIOTHOCTH, ABJIACTCS aKTYaJbHON JIJIsT COBPEMEHHBIX MCCIEIOBAHUI
BOJIHOBBIX $IBJICHU B KOCMUYECKON I1JIa3Me.

e n 3agaum paboThI:

1. IToyauTh npubIMKEHHBIE aHAJUTHIECKHE BhIPAXKEHUsI JIJIsl ITOKa3aTes el mpe-
JIOMJICHWST 9JIEKTPOHHBIX BOJHOBBIX MOJI B MAIHUTOAKTUBHOM TJ1a3Me, CIIPABEITHBbHIE
B IIIUPOKOi 00JIACTU apaMeTPOB ILIa3MBbl.

2. B cayvae CBUCTOBO# BOJIHBI, PACTPOCTPAHSIOMENRCST BIOIbh MAarHUTHOTO TTOJIST,
BbIBECTH O0IIEe BbIPAXKEHUE JIJIsT JIMCIEPCUOHHOTO YPABHEHUST ¢ YIETOM PE30HAHCHbBIX
YaCTUIl, He OI'PAHMYCHHOE MaJIOCTHhIO0 HHKPEMEHTa BOJIHBI 110 CPABHEHUIO C YaCTOTOIA,
1 paszpaborarh YUCJEHHbIH METOJ Pacuéra MHKPEMEHTa HeyCTOHYMBOCTU 110 JKCIIe-
PUMEHTAJILHO U3MepsieMbIM JindepeHIua bHbIM T0TOKAM SHEPIUYHbIX YACTHUIL.

3. IlosiyanTh B sIBHOM BHJE JMCIEPCHOHHOE COOTHOIEHHWE JIJIsT 9acTOTHI BOJI-
HbI KaK (PYHKIIMU BOJHOBOI'O BEKTOpa U IIapaMeTPOB ILJIa3Mbl B JUAIIA30HE YACTOT
W K w <K We (KOTopoe OOBIUHO 3aJa6TCsI ypaBHEHHEM 4-10 MOPsIKa sl TOKa3a-
Tesst upesoMienns N ), a Julst cilydasi PaspesKeHHON IIa3Mbl W, < W, UCCIIE0BATD
BblparkeHus s yria 2Kanjpsna u yria Cropu.

4. ITosyunTh BhIpaXKeHUE JIjIsi KHKPEMEHTa MeJIJIEHHON HeOOBIKHOBEHHO# BOJIHBI,
PACIIPOCTPAHSAIONIEHCs B IIJIa3Me 0/ IPOU3BOJIbHBIM YIVIOM K BHEIITHEMY MarHUTHO-
My TI0JIIO, C YIETOM PEJATUBUCTCKUX 3PDEKTOB.

5. O0bsICHUTL OCOOEHHOCTH CIEKTPa BEPXHETMOPHUJIHBIX BOJIH, HAOJII0aeMbIX
Ha CIyTHWKaX B MarauTocdepe 3eMin, B YaCTHOCTH, 3aMETHOE BO3pacTaHWe WH-
TEHCUBHOCTU BEPXHEIMOPUJIHBIX BOJIH B OOJIACTSIX, [JIE€ YaCTOTa BEPXHEIHOPHUIHOIO
pe3oHaHnca KpaTHa JICKTPOHHON IMUKJIOTPOHHON YacTOTe.

Hayuynas HOBu3HA pabOTHI

Hay4nasi HoBU3HA MCCIIE/IOBAHNS CBsA3aHA C UCIOJIH30BAHNEM YHUKAJIbHDIX JIaH-
HBIX TI0 U3MEPEHUSM BOJIH ¥ Ju(DepeHITnalIbHbIX TTOTOKOB YaCTHI] B MHOTOCITY THHU-
KOBBIX Muccusix, Takux Kak Van Allen Probes [5] u MMS [6]. B pa6ore nostyuenb
CJIeJTYIOININE HOBBIE PE3YJIbTATHI:

1. Beimosinen pacdéT MHKpeMeHTa CBUCTOBBIX BOJIH Ha OCHOBe (PYHKITUN pacipe-
JIEJICHU ST, TIOJIyYEeHHBIX C TTOMOIIBIO CIIyTHUKOBBIX U3Mepenuit jud pepeninmnaabHbIx
MOTOKOB 3aps2KEHHBIX YaCTHI[ B ITUPOKOM JIMANa30He dHEpruil, 6e3 pasjesenns Ha
“X0JI0JIHYI0” U “TOPSYYI0’ KOMIIOHEHTHI T1J1a3Mbl, U HE OIPAHUYEHHbIH YCJIOBUEM Ma-
JIOCTH WHKPEMEHTa BOJIHBI 110 CPABHEHUIO C €€ YacTOTOM; OOHAPYKEHbI HOBBIE MOJIbI
KOJIEOAHWH NP MaJIbIX 3HAYEHUIX MJIOTHOCTH XOJOHBIX YaCTHII.

2. [Inga paspexkeHHO MIa3Mbl TTOJydeHa (popMyJia, onpejessionas yroa 2KaH-
npsna. Onpesesena 9acToTa BOJTHBI, OrpaHUInBaIoONas 00JIacTb CyIeCTBOBAHUS Ta-
KOI'O yTJIa.

3. Ha ocHoBe pacuéra MHKpeMeHTa KBa3W-3JIEKTPOCTATHIECKUX Me/JIEHHBIX
HEOOBIKHOBEHHBIX BOJIH B IJIa3Me C Kalllla-paclipejieJieHueM [P HaJuIuu KOHYCa
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1OTEPH BIIEPBbIE JJaHO 00bsiCHEHNE OCOOEHHOCTHU CIIEKTPa BEPXHErHOPHUJIHBIX BOJIH,
KOTOpas 3aKJTI0UaeTCS B PE3KOM BO3PACTAHWN WHTEHCUBHOCTH UBJIyUEHUs B CIyUae,
KOTJIa 9aCTOTa BOJIHBI OJIN3Ka K rapMOHWKAM I'MPOYaCTOThI.

4. Obmiasi gByMepHasi CUCTEMa yPABHEHUU JIBUXKEHUsI PEJIATUBUCTCKUX JJICK-
TPOHOB B TIOJIe MeJJIEHHON HEOOBIKHOBEHHOW BOJIHBI M BHEITHEM MArHUTHOM I10JIe
cBeJleHa B NPUOJIMXKEHUM HW30JIMPOBAHHBIX PE30HAHCOB K OJIHOMEDPHON cucreme
ypaBHEHWI, U MOJYIEHO BhIpayKeHUe JJIT NHKPEMEHTa Me/IJIEHHOW HeOOBIKHOBEHHO
BOJIHBI, PACIPOCTPAHSIONIEHCS 110/1 ITPOU3BOJILHBIM YTIJIOM K BHEITHEMY MarHUTHOMY
TOJTIO.

Teopernyeckas 1 npakKTuvieckas 3HAYNMOCTbD

Meroy pacuéra nHKpeMeHTa, IpeCTaBJIeHHbI BO BTOPO# I1aBe, IMeeT KaK Teo-
perudeckoe, Tak U PaKTUIECKOe 3HAUEHKE, IIOCKOJIbKY OH HE OI'PAHMYEH yCJIOBUEM
MaJIOCTH MHKPEMEHTa BOJIHBI 110 CPABHEHUIO ¢ YaCTOTON ¥ NPUMEHUM JIJIsi (DYHKIIM
pacipe/ieJieHusi, BOCCTaHABJIMBAEMbIX YUCIEHHO Ha, OCHOBE CIYTHUKOBBIX JIAHHBIX 110
nuddepennuajbHbIM TOTOKAM SHEPIUUHBIX dacTull. [losiyuennbie B paMKax Juccep-
TAI[MOHHOI'O UCCJIEIOBAHNS PE3YJILTAThI IEPBOM U TPEThel IJIaBbl, KACAIOIINECs JTUC-
LIEPCUOHHbBIX CBOMCTB I1J1a3Mbl, UMEIOT TEOPETUICCKOE U IIPAKTUIECKOE 3HAYCHUE J1JIsi
IIMPOKOTO KPYTa 3a]1a9, CBA3aHHBIX C BOJHOBBIMHU SBJICHUSIMHA B KOCMUIECKON I1/1a3-
Mme. B derBéproii 1rjiaBe Ha OCHOBE METOJI0OB I'aMUJIBTOHOBONW MEXaHMKU M3HAYAJIbHO
JIByMepHas CUCTeMa, ypaBHEHHI JIBUKEHNA PE30HAHCHBIX YaCTHI] B TTOJIe KBA3UMOHO-
XPOMaTHYECKOI BOJHBI M BHEIITHEM MarHUTHOM I10JI€ CBEJIeHa K OJIHOMEPHOI crucTeme
B IPUOJINKEHNN U30JIMPOBAHHBIX PE30OHAHCOB. DTO CYIIECTBEHHO YIIPOIIAET PellleHne
3a/a9M, YMEHbIAaeT 00bEM YUCIEHHBIX BBIUUCICHUN U TTO3BOJISIET CBECTH BbIUKMCJIE-
HUsl MHKPEMEHTA BOJIHbL K MCCJIEJ0BAHHbIM paHee ciydasim [39]. Ucnosb3oBanmbiii
I10JIXOJI MOXKET OBbITh NPUMEHEH IpPU PEIIeHUH Pa3/IMYHbIX 3aJiad, CBA3aHHBIX C pe-
30HAHCHBIM B3aMMOJICHCTBMEM BOJIH M YaCTUI] B MArHUTOAKTUBHOM 1a3me. [Isras
IJIaBa, IPeJICTaB/IsieT coDOI HelTOCPECTBEHHOE ITPAKTUIECKOE IIPUJIOXKEHHE Pe3yJIbTa-
TOB YeTBEPTOI IVIaBbl K MHTEPIPETAINA MAKCUMYMOB CIIEKTPaJIbHOI HHTEHCUBHOCTH
BEPXHEIUOPUIHBIX BOJIH, OOHAPYKEHHBIX 110 CIIYTHUKOBBIM U3MEDPEHUSIM.

UccienoBanne B3anMOJIECTBUST 3aPSXKEHHBIX YaCTHI[ U BOJH IPEICTABJISET
OOJIBIION  TEOPEeTUUECKUil W NpaKTHUYecKuil uHTepec. JlaHHBIE BONPOCHI TECHO
CBdA3aHbI C IIPOOJIEMOil ompejiesieHus HauboJsiee BepoATHOH obJiacTu BO30OYK/1e-
HUsl BOJIH B Marmurocdepe, ¢ 1npodJeMoil paclipoCTpaHeHusi BOJIH, ¢ IIPOOJIeMOi
O0bsICHEHHSI OCODEHHOCTEil CIIeKTpOoB U T.II. TeoperndecKass ¥ IPaKTUIECKAs
3HAUYUMOCTh PE3YJIbTaTOB HACTOSAIIEH JUCCEPTAIMU OIPEJIEIsieTCs] BO3MOYKHOCTHIO
X HUCIOJb30BaHUS IMUPOKHM KPYroM CIENHAJHUCTOB, 3aHUMAIONUXCA M3yIeHUEM
dpu3nIeCcKrX CBOMCTB IJIa3Mbl, B TOM YKCJIe KOCMUUIecKoi. Pe3yibraTs! guccepranmm
MOTYT OBITh HUCIOJIL30BAHBI JIJI JTaJbHEHIIero pasBUTHS METOJI0B HCCJIEOBAHUSI
KOCMMYECKOIl I1J1a3Mbl, 0OPA0OTKU U MHTEPIIPETAIUN SKCIEPUMEHTAJbHBIX JIaHHbIX,
IIOJIy YEHHBIX KOCMUYECKUMU allllapaTaMu, IPOEKTUPOBAHMS OYIyIINX KOCMUYIECKHUX
9KCIIEPUMEHTOB.



MeToabl ncciieOBaHUsA U JOCTOBEPHOCTh PE3YJIHTATOB

PesynbraTsl, mosiydennbie B HACTOAIIEH TUCCEPTAINN, ONUPAIOTCA Ha PEITeHUs
dbyHIAMEHTANIbHBIX YPABHEHWH SJIEKTPOJMHAMUKN U (DUUKHK [1a3Mbl (KHHETHIe-
ckoro ypashenusi Bosbimana — Buiacoa u ypasuennii Maxcsesuia). Vecoepoanust
HOCAT IIPEUMYIIECTBEHHO TEOPETUICCKUN XapaKTep, IIPU 3TOM TaKKe HCIIOJIb3YeTC s
YUCJCHHOE MOJIeJIMPOBaHNUe, a Pe3yJbTaTbl COIOCTABIAIOTC C dKCIIEpUMEHTAIbHbI-
MU JIAHHBIME, TTOJTYIeHHBIMI W3 U3Mepennii Ha KOCMUIecKnX anmapatax. Jloctosep-
HOCTb TIPEJICTABJIEHHBIX TEOPETUUECKUX PE3YJIbTATOB 00€CIeunBaeTCsi KOPPEKTHHIM
perreHreM HCIOb3YeMbIX (DYyHIaMEeHTAJTbHBIX YPaBHEHUI B paMKax 0OOCHOBAHHBIX
pusrdecknx nNpubJIMKEHNI, & TaKyKe COOTBETCTBUEM TEOPETUYECKUX BBIBOJIOB MMe-
IOIIMMCs DKCIIEPUMEHTAJbHBIM JlaHHbIM. [ljis pelienust 1mocraBjieHHbIX 3a/ia4d 1pu-
MEHSIIOTCA Pa3JIUIHble METObI W MOJXOAbI. B 9acTHOCTH, BO BTOPOU IJIaBe MCIOJIb-
3YIOTCs METOJI, JIMHeApU3aluu KUHETUIECKOIo ypaBHeHus, 11peodpasoBatus Dypbe
— Jlamraca u MeTojibI Teopun (DYHKIMKA KOMILJIEKCHON TTepeMeHHON. AHAJIUTHIeCKOe
1poJioJizkeHne PyHKIUU, ONPEJIE/IsIoNnIel JIMCIIePCUOHHOE YPaBHEHNE, SABJISI€TCs 11EeH-
TpaJbHBIM MOMEHTOM B JaHHON IyiaBe; IIPU 3TOM MeTO/I aHAJIUTUIECKOI'O IIPOIOJIKE-
HUsi OCHOBAH Ha MPUHIUIIE HETPEPhIBHOCTH. B TpeTheil 1yiaBe 1mpu BBIBOJIE JIUCIIED-
CUOHHOI'O YPaBHEHUS JIJIsl HU3KOYACTOTHbBIX BOJIH UCIIOJIb3YETCs Pa3J/lioXKeHue 110 Ma-
JIOMY TTapaMeTpy: OTHOIIEHUIO YaCTOTHI K 3JIEKTPOHHON TUpodacToTe. B deTBEpTOit
rJjlaBe MCIHOJIb3YeTCs METOJ| YCPEeJHEeHUs 'aMUJIbTOHOBLIX YPaBHEHUHR, [PUBOJISAIINIA
K NPUOJUKEHUIO U30JUPOBAHHBIX PE30HAHCOB. DTO TO3BOJISAET MOHU3UTDH MOPSTIOK
perraeMoil CUCTEeMbl ypaBHEHUN JIBUXKCHUSI: HePeiTH OT JBYMEPHOU CUCTEMBbI K O/I-
HOMepHO. B 9eTBEpToil riaBe MCHONB3yeTCsd 3aKOH COXpaHEHUsT SHEPTUU W 3aKOH
coxpanenusi (HazoBoro 0bbéMa (Teopema JInyBUILIs) Uit BHIYUCICHUST HHKPEMEHTA.
Bo Bropom naparpade 4erBéproil 1yiaBbl 1IPU PElIeHUn KUHETUYECKOIO YpaBHEHUs!
HCIIOJIL3YETCs METO/ XapaKTEePUCTUK, YTO CBOAUTCHA K PEIICHUIO YPaBHEHUN JBUXKE-
HUsi YaCTUIl B 3aJIAHHOM I10JI€ BOJIHBI U BHEIIHEM MaruHuTHoM toJie. [Ipu srom wmc-
[I0JIL3YeTCs JUIIOJbHAs MOJEJb BHEIIHEI'0 MarHUTHOT'O II0JIsl, TUPOTPOIIHAA MOIE/b
IJIOTHOCTH XOJIOJIHBIX YACTHIl, & TaK»Ke MOJIeJMpoBaHue (DYHKIUKU PaCIpe/eeHUst
Kamnmna-pyHKIHell ¢ KOHycoM ToTepb. B moceayromux naparpadax 4eTBepToii riia-
BbI UCIIOJIL3YIOTCs O0IINE PEIATUBUCTCKIE YPAaBHEHUST JIBUXKEHUST SJICKTPOHA B 110J1€
MeJIJICHHON HeOOBIKHOBEHHOW BOJIHBI M MPUOJTMKEHNE 3aJJAHHOTO TOJIA JIIST PacuéTa
MHKPEMEHTa.

[Tpu nipoBejieHnN KOJIMUYECTBEHHBIX PACUYETOB B JIMCCEPTAIIMOHHOM UCCJIE/0BAHUY
ncnob3oBanbl nporpammunie cpeabl MATLAB u Wolfram Mathematica, ¢ momo-
L0 KOTOPBIX pean30BaHbl UCIOJIb3yeMble YUCJICHHbIE METO/IbI.

OcHoBHBIE ITIOJIO2KE€HN 4, BbIHOCHMBbIE€ Ha 3aIlllUTY:

1. ns caydasi ¢cBUCTOBOU BOJIHDBI, PACTIPOCTPAHSIONIENCS B MJIa3Me BJIOJb BHEIII-
HEro MarHuTHOTO TI0JIdA, BBIBEJIEHO KOMIIJIEKCHOE JUCIIEPCUOHHOE YpaBHEHUE, He
OTPaHUYEHHOE YCJOBHEM MaJIOCTU WHKPEMEHTA BOJIHBI TI0 CPABHEHUIO C €€ 4Ya-
cTOTO. BhINOJIHEH YUCCHHBIN PAcCUET MHKPEMEHTa CBUCTOBBIX BOJIH Ha OCHOBE



n3mepennii guddepennnaabHbIX TOTOKOB 3JIEKTPOHOB Ha ciyTHuKax Van Allen
Probe A u MMS, u npu MaJbIX 3HAYEHUAX IIOTHOCTH XOJIOJHBIX TACTUIL OOHA-
py’KeHa HEMOHOTOHHAs 3aBUCHMOCTH YaCTOTHI OT BOJTHOBOIO YUCJIA U CBSI3aHHAST
¢ Hell HeOJIHO3HAYHASI 3aBUCUMOCTb HHKPEMEHTa OT YaCTOTHI.

2. ITonyuenb! n npoaHaAJIM3UPOBAHbI JINCIIEPCUOHHOE COOTHOIIEHKE, TTOJISTPU3AINOH-
HbIC XaPAaKTEPUCTUKU U BbIPAXKEHUE JIJId [IJIOTHOCTU SHEPIUU HU3KOYACTOTHBIX
BOJIH (wLH w K cuc) JIJIsl IPOU3BOJILHOI'O COOTHOIIEHUS MEXKJLY Wy U We. s
CBUCTOBBIX BOJIH B Pa3pexKeHHON 1j1a3Me (wp < wc) [10JIYYEHO BbIparkKeHue JIJisd
yria 2Kanipana, onpejiesieHa MaKCUMaJibHas 9acTOTa BOJIHBI, JIJIS KOTOPOM Ta-
KOIi yI'OJI CYyIIECTBYET, a TaK>Ke NCCJIeOBAHO n3MeHeHue yriia, 2KaHapaHa u yria
CTopu B 3aBUCUMOCTH OT IIapaMeTPOB IJIa3MbI.

3. Tlostyueno obiiiee BbIpazkeHue JiJist JUHEHHOTO MHKPEMEHTa MeJIJIEHHbIX HEOObIK-
HOBEHHBIX BOJIH, ¢ YIETOM PENATHBUCTCKUX (PPEKTOB, CIIpaBelJInBoe Ha BCei
MJIOCKOCTH (4acToTa — yroJ BOJHOBOI HOpMasin), rje cyiiecrBytor MH BosiHbL.
BrInotHeHbl pacYéThl MHKPEMEHTa It (PYHKIIMN pacipeie/IeHus] SHePTrUuIHbIX
YaCTUIL B BUJIe K-PYHKIIMU C KOHYCOM 1oTeph. MaKkCMMyM MHKPEMEHTa OTBeYa-
er JacroraMm BOJIM3KU BepxXHEH I'MOpU/IHON 4acTOThl U yIJiaM BOJIHOBOW HOPMaJiu
BOsIM3H 7T /2.

4. Haburojiaemoe cyecTBeHHOe BO3PacTaHie CIEKTPaIbHOM HHTEHCUBHOCTH BEPX-
HeruOpHMIHBIX BOJIH B 00JIACTSX, [JI€ YacTOTa BEPXHEIHOPHUIHOTO pPE30HAHCA,
KpaTHa 3JEKTPOHHON IUKJIOTPOHHON dacToTe, 00bICHEHO BO30DYXKJIEHUEM 3TUX
BOJIH BCJIEJICTBHE Pa3BUTHUsI IUKJIOTPOHHON HEYCTOMIMBOCTU HA BBHICOKHMX IHUKJIO-
TPOHHBIX pe3onaHcax. QUKCHpyeMble Ha CIYTHUKE CIEKTPAJbHbBIE 0COOEHHOCTH
BEPXHEIUOPHUTHBIX BOJIH XOPOIIO COTJIACYIOTCS ¢ pacuéTaMu MHKPEMEHTa BJIOJIb
TPAEKTOPUN CITyTHUKOB.

AmnpobGarus pe3yJbTaToOB MCCJIETOBAHUS

OcHoBHBIE PE3YIbLTATHl PAOOTHI JIOKJIAJABIBAIUCH Ha HAYIHBIX CeMHHApax I10
pusrKe KOCMUIECKOH TIa3Mbl U Ha CJIEIYIOMNUX KOH(MEPEHIUIX:
- “@usuka mira3mbl B coHedHoi cucreme’, . Mocksa, UKW PAH, 2021-2026 rr.
- 46th Annual Seminar “Physics of Auroral Phenomena”, r. Anarurst, III'M, 2023 1.
- XXXVth URSI General Assembly and Scientific Symposium, Camnmnopo, Amnommust,
2023 r.
- XXIII kondepeHnuss MOJOABIX VUCHBIX “@yHJIaMeHTaJbHbIE M IPUKJIAIHBIE
Kocmuaeckue nccaenoanus’, . Mocksa, UKW PAH, 2026 r.

JIm4aHbBI BKJIAA aBTOpPa

Bce pesyibrarbl, LpejCTaB/JCHHbIE B HACTOSIIEH JIMCCEPTAIUMU, I1OJIYYEeHbI
COMCKATEJIeM JINIHO, JITDO COBMECTHO ¢ COAaBTOpPaMU. ABTOpD yd4aCTBOBAJ B IIOCTa-
HOBKE U TEOPETHYECKON paspabOTKe HaydHbIX 3aJad, B HPOBEICHUN YUCICHHBIX
pacyéToB, B aHaJu3e M WHTEPIpPEeTAlNu IMOJYUYeHHbIX pPe3yJbTaToB, B HaIlWCAHUN



TekcTOoB nybsivKaiumii. B wacTtHocTH, B paMKax paboThl COBMECTHO C COaBTOpPaMu
OBLT TIPEJIJIOXKEH METOJ BBIYMCJICHUs WHKPEMEHTa CBUCTOBBIX BOJIH Ha OCHOBE
CIIyTHUKOBBIX M3MepeHuii 6e3 orpaHuveHusi MajoCTH WHKPEMEHTa 10 CPaBHEHUIO
C 4acTOTON BOJIHBI, pa3paboTaHbl HPOI'PAMMbl JIJisi BbIYUCJIEHUS WUHKPEMEHTORB
MeJIJIEHHBIX HEOOBIKHOBEHHBIX BOJIH, MPOAHAJM3UPOBAHBI JTUCIIEPCUOHHBIE XapaK-
TEPUCTUKU HU3KOYACTOTHLIX BOJIH B ILJIa3Me, a TakK»Ke O00bsiCHEHbl OCODEHHOCTHU
CIIEKTpa BEPXHETHOPUIHBIX BOJH. [lojIo2KeHUs, BRIHOCUMBIE Ha 3aIUTY, OCHOBAHBI
Ha paborax M3 crucka ybJMKalMii aBTopa 10 TeMme JiuccepTalnu. Pesysibrarhl,
MpeJICTaBIeHHbIe B INCCEPTAINN, COTJIACOBAHDBI C COABTOPAMH.

CrpyKTypa m 00bEM AuccepTanuu

Huccepranysa cCOCTOUT U3 BBeJICHUs, IATH IV1aB, 3aKJIIOUEHUT W CIHCKa JUTepa-
Typbl U3 165 nHanmenoauuii. [Tosinbiit 00bEM Jiuccepranuu cocrapisier 159 crpanuiy
MaIIIHOTUCHOTO TEKCTa, BKIOUasa 45 PUCYHKOB.

OCHOBHOE COOAEP2KAHUNE PABOTbI

Bo BBemeHUM 000CHOBBLIBAETCsI aKTyaJIbHOCTh TE€MbI UCCJI€IOBaHUI, (DOPMYIIn-
PYIOTCs 1EJIM U 3aJa49i pabOThl, U3J1araeTcs HaydHas HOBU3HA IPOBEJIEHHOIO UCCJIe-
JIOBAHWS, €10 TeopeTruYecKas W MPaKTUIeCKas 3HAYUMOCTD, YKAa3bIBAIOTCA METOJIbI
NCCIIEIOBAaHUS U JIOCTOBEPHOCTL PE3YJIBTATOB, MEPEUNCIAIOTCSA OCHOBHBIE TOJIOYKE-
HUsi, BBIHOCUMbIE Ha 3allUTy, [IPUBOJIATCA CBEJCHUS O IyOJUKAIUAX aBTOpPa M OIH-
ChIBAIOTCs CTPYKTYPa U O0'bEM JIMCCEPTAINU.

B rsnaBe 1 npuBojigaTCA CBeJIEHNSI, KOTOPbIE UCIOJIB3YIOTCA B MOCTETYIONMMUX TUTa-
Bax, B TOM YWCJ€, OCHOBHbIE yPaBHEHUS] U TEOPETUUECKHUE TOJXOJ/IbI, a TaKXKe OC-
HOBHBIE COOTHOIIICHHSI JIJISI BOJIH B XOJIOJHOM MArHUTOAKTUBHON OECCTOTKHOBUTE b
Hoit 1ia3me. Tak, B pa3aesie 1.1 npejcrapiieHa HeJMHEHAs cucTeMa yYpaBHEHUII,
BKJIIOUAIONIAasl KWHETHYECKOe ypaBHeHne bonbiiMana — BiacoBa ¢ camocoriacoBaH-
HBIM II0JieM ¥ ypaBHeHus Makcpesiia, JaéTcs HMOHATHE O CIIocobax JIMHeapu3alun
KUHETHYECKOTO ypaBHeHust (JInHeHOe npubJimKeHre u npubJIMzKeHre 33/JaHHOTO 110~
Jis1) IPU pacuére MHKPEMEHTa, a B pasaede 1.2 MaiTcs MOHATHS O BOJHOBBIX MO-
Jlax, 00JIaCTU MX CYIIECTBOBaHUSI, TTOJIPU3AIMOHHBIX XapaKTEPUCTUKAX, TIJIOTHOCTH
SHEPI'UH, MPUBOJISITCI JUCIEPCUOHHBIE CBOMCTBA XOJIOJHON MAarHMTOAKTUBHON Oec-
CTOJIKHOBUTEJILHOI 11a3Mbl. B pa3mese 1.3 npejjioykeHbl NpuOINKEHHBIE aHAJIN-
TUIECKNE BHIPAYKEHUS JIJTsI TOKa3aTeseil MpeJIOMIEHNS 3JeKTPOHHBIX BOJHOBBIX MOJT
B MarHuTOAKTUBHON TJIa3Me, KOTOPhIe He COJEPXKAT PAJUKAJJIOB, TPUMEHUMBI B TITH-
POKOM JIMalla30He 4aCToT, YIJIOB BOJHOBOM HOPMaJId U 1IaPaMEeTPOB IJIa3Mbl U MOT'Y'T
OBITb IOJIE3HBI JIJI OIEHOK U IPUOIUKEHHBIX PaCYETOB.

Bropas riaBa nocssiiiieHa KUHETUYECKOMY OINKMCAHUIO CBUCTOBON BOJIHbBI, pac-
MPOCTPAHAIONIEHCA B IJIa3Me BJIOJb BHEITHEr0 MarHUTHOIO moJjsd. B janHoil riase
UCCJIe/yeTcsl Pe30HAHCHOE B3aUMOJEHCTBAE BOJIHBI C SHEPIUIHBIMU IJIEKTPOHAMMU.
PazBuT mosixos, mpu KOTOPOM OJHOBPEMEHHO JCHCTBUTENbHAS M MHUMAs JacTh da-
CTOTBI MOXKET ObITh BBIYHCJIEHA TPU TPOM3BOJILHOM COOTHOIIEHIUI MEXK Ly HUMHU (BeK-
top k 3ajan). IIpu srom dyHKIMS pacipe/iesenns 3JeKTPOHOB He Pa3JIessieTcs Ha
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MJIOTHYO XOJIOJHYIO W Pa3PEKEHHYIO SHEPTUUHYIO COCTABJISIIOIINE 1 MOYXKET ObITh 3a-
JaHa YUCJCHHO, U3 CIIYTHUKOBBIX U3MepeHuil TuddepeHnraabHbIX TOTOKOB YaCTHII.
[Tpegmoykerrpiii MOIX0 MPUMEHEH K JAHHBIM M3MEPEHW TTOTOKOB 3JIEKTPOHOB Ha,
cinyraukax Van Allen Probe A u MMS. B paszaesie 2.1 npousBojiuTcst BbIBOJL, 3a-
MKHYTOW CHCTEMbl JIBYX ypaBHEHUI, TO3BOJISIONIEH CaMOCOTJIACOBAHHBIM 0Opa3oM
OIPEJIEJINTH JJIEKTPOMATHUTHOE 1OJIe BOJIHBI M BO3MYIIeHne (PYHKIIMN pacipeiesie-
nus. B pa3jesie 2.2, B pe3ysabraTe cBeJIeHUs N3HAYAIHHO JBYMEPHOI 3a1a91 K O]
HOMEPHOI, MOJIyIeHO JINCIEPCHORHOE ypaBHEHUE Jijisi CBUCTOBbIX BoH D(w; k) = 0
JIJIsT KOMILIEKCHOR 9aCTOThI w = a + tb KaX (DyHKIIMK BOJHOBOIO UnCaa k:

Fowd and [ Q)
D(w;k)=1- £ d
(w; k) 22 mid / v — (w—we)/k s

rie Q (vy) = dg/dvy — (we/k) fon,
g(vy) = W/oo v} folv,on)dvy , for(vy) =27 /OO vy fo(vy,vy)dv,
0 0

fo(vl, v”) — HEeBO3MYIIEHHAA (DYHKIIMA pacipejienenns. Vcnonmb3ys IpuHIUI Helrpe-
PBIBHOCTH JIJIsI QHAJUTHUECKOIO IIPOJIOJIKEHUST (DYHKIIMHU, [10JIyY€HO BhIPaXKeHue JIJisi
MHTEerpaJa, IPUMEHUMOE BO BCEll KOMILJIEKCHOM IIJIOCKOCTH M IPUTOHOE JIJId YUCICH-
HOI'O cUéra:

/OO Q(vi)dvy /@R—av /UR+A Q(vy)(vy — vy + ib/k)duy N

v = (w — We /k VR0V (UII - UR)2 + b2/k2
1

b
+2iQ(vy )arctg Tv + miQ | v +2’E 1 — sign Wik

vx = (a —w.) /k. B pazmene 2.3 pa3BuTblii M0/X0/] paciéra WHKPEMEHTa CBUCTO-
BBIX BOJIH IPOJIEMOHCTPUPOBAH Ha JBYX IPUMEpPax Ha OCHOBE JIAHHBIX CIIYTHUKOB
Van Allen Probe A (u3mepenusi mpoBOJMINCH B 9KBATOPUATBHON 00JIACTH BHY TPEH-
neii Maraurocdepbl Ha L = 3.21) u MMS (u3mepenvsi IpoOBOJMIIKCEH B XBOCTE MArHU-
Tocdepsr, Ha paccrosiaun ~ 17 R,). B mepBoM cirydae mpeJiioyKeHHBIH TOXOJT TA8T
PEe3YILTATHI, MOJ00HBIE TEM, KOTOPbIE TIOJYUalOTCs IPH BHIYUCICHIN WHKPEMEHTa, B
HPEJIIIOJIOXKEHU U XOJIO;LHOP'I” JIUCIIEPCUM U MaJIOr0 MHKpeMmeHTa. Bo BTopoMm ciyudae
PE3YJIBTAT CUJIBHO 3aBUCHUT OT IIJIOTHOCTH XOJIOJIHBIX TaCTHUIL (KOTOPast HE OTPeIeIsi-
ercst U3 JIaHHbIX). Tak, P MaJbiX 3HAYEHUSIX TIOTHOCTH “XOJIOHONH KOMIIOHEHTbI
IIJ1A3Mbl BO3HMKAET HEMOHOTOHHAsI 3aBUCHUMOCTb W OT K M CBsi3aHHasi C Hell Heo/I-
HO3HAYHAS 3aBUCHMOCTH JEKPEMEHTa OT W. DTO XOPOIIO BHAHO Ha Pucynkax 1 u
2, KOTOpbIe OTHOCATCS K pe3yJbTaraM pacuéTa JUCIEePCUOHHBIX XapaKTEePUCTHUK U
JIEKPEMEHTOB TIPU HYJIEBOH TIJIOTHOCTH XOJOAHBIX YacTull. C yBeJndeHreM duciia,
XOJIOJIHBIX YACTHI] KAPTUHA MU3MEHSIeTCsI: HaUMHAasl ¢ HEKOTOPOI'O 3HAYEHMSI IJIOTHO-
CTH XOJIOJIHOII KOMIIOHEHTBI BTOpas Mojia orcyTcrByeT. IIpu aToM peajibHasi dacThb

w ¥ k CTAHOBATCH B3aMMHO OJIHO3HAYHbIMU (DYHKIMSMU, B Pe3yJibTare UHKPEMEHT
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Pucynok 1 — Basucumocrtu acror obenx Berseii Kosebanuii (JeBblit rpaduk) u
JIEKPEMEHTOB (TpaBblil rpadK) 0T BOJHOBOIO BEKTOPA 110 JIAHHBIM CITy THUKA
MMS; HU3KOIACTOTHON W BHICOKOYACTOTHON BETBSIM OTBEYAIOT COOTBETCTBEHHO

CTLJIONTHAS W MITPUXOBAas JTUHUN
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-0.2

-0.4

-
———] —
I

\

-0.5

Pucynok 2 — JlekpeMeHTbI JIByX BOJIHOBBIX MOJI KaK (PYHKIMU YACTOTHI,
coorBeTcTByOINe PucyHky 1; HeopHO3HAUHAST 3aBUCHMOCTD 7y (w) Jyist 06emx
BeTBEil CBsI3aHa ¢ HEMOHOTOHHOW 3aBUCUMOCTHIO W (k)

CTAHOBUTCSI OJHO3HAUYHON (PYHKIEH 4acTOThl. Pe3ybraThl BIUUCICHUN JIJIsi OTHO-
IeHUf IOTHOCTH XOJIOJHBIX YACTHI[ K IJIOTHOCTH ropsiaux dacrur n'c) / n" =3 u
n(©) / n =5 IpUBeJIeHBI Ha PucyHKe 3 CIJIONTHOM M IITPUXOBOI JIMHUSIMHU, COOTBET-
crBenno. B pasgene 2.4 u3joxeHbl OCHOBHBIE BbIBOJIbI [J1aBhl 2.

B TpeTbeii ry1aBe aHAIN3UPYIOTCA JUCTIEPCUOHHbBIC U TTOJIAPU3AITMOHHbBIE XapaK-
TEPUCTUKN HU3KOUACTOTHBIX SJIEKTPOHHBIX BOJIH B XOJIOJIHON OECCTOJIKHOBUTETLHO
MaIrHUTOAKTUBHOM ILJ1a3Me IIPOU3BOJIbHOM 110THOCTH. B pa3aesne 3.1 nupejcrasiie-
HO JIUCIIEPCUOHHOE ypaBHEHME B sIBHOM BHJIe JIJIsd W KakK GyHKIUU K 1 oTHOIIEHUs
P = Wp/we, ClpaBeyIuBoe 1pu JIIoO6oM p. DT0 BhIpaKenue umeer GhopMy OnkyoOuUe-
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Pucynok 3 — Yacrtora BosHbI Kak (DYHKINS BOJHOBOTO uncia (eBbiit Tpadnk) u
MHKPEMEHT Kak (DYHKIUS 9acTOThl (1IPaBblil rpaduK); CIUIOMIHA JTUHHAS OTBETAET
n(® /n) = 3, a wrpuxosas munus — ornomenuio nt® /nM =5

CKOTO ypaBHeHI/IH OTHOCUTEJIBHO YaCTOTHI BOJIHBI.
Fo(1 +p2)2 — [(1 +p2)2 +p*+2(q + @) (1+p°) + ap® (1 —i—pQ)] + F? x
X [(ql + @) + 0’0 (@ + @) + (@ + @) (1+20°) + ¢ +p2} — @ (q1 + @) =0,

rie F = w/w,, q@ = k1 ?/wy, g2 = kic®/w?. Tlpejcrasiien airoputm, m03BoJisiio-
Uit COOTHECTH 3 €ro pelieHus K COOTBETCTBYIOMINM BOJHOBLIM MojgaM. Jucnepcu-
OHHBIE XapaKTePUCTUKN HU3KOYACTOTHBLIX 3JCKTPOHHBLIX BOJIH MCCJELYIOTCA B pa3-
geJie 3.2, mpyu 5TOM 0COO0e BHUMAHUE YAEIACTCS CJAYYald PasperKeHHON IIa3Mbl
(wp < we). VccaenoBanbl MOJAApU3aIst SJ€KTPUUECKOTO U MAIHUTHOIO MOJIst, TJI0T-
HOCTL 3Hepruu. st CBUCTOBBLIX BOJIH MCCIEIO0BAHO M3MeHeHue yria 2Kamgpsna u
yriia CTOpu B 3aBUCHMOCTH OT IIAPAMETPOB ILIa3MblL. [loyd4eHo BblpakeHue Jjis
KBaJipaTa Kocunyca yria ZKanjpsna:

F2
(1+p°F?) (F2p2—p2+F4(1 +p2—p6)+F6p2(1+p2)3)

cos’ 0, = X

« [(1 +p?) (F2 (14 4p%) + 2F*p* + Fop* (14 p*)° — 2p2> _

—(1+20" = F2(2+3p" + ")) V(1 = F2) (0* +p") (1 + F2p? + F4p4)} :

Ha Pucynke 4 npejcrapiedbl 3aBUCUMOCTH COS 6, OT HOPMUPOBAHHOM! 4dacTOThl [
anist suadenwit p = 0.1,0.7 u 7 (T.e. u Jyisi paspeRKeHHON, W IJIOTHOM I7Ta3MBbl).
Acumnrornyaeckue 3apucuMoctu npu p K 1 n p > 1 u300parkeHbl COOTBETCTBEHHO
IITPUXOBOM ¥ IITPUXIYHKTUPHON JnHUAMU. VI3 rpaduka BUJIHO, UTO C YBEJIUICHNU-
eM BeJIMYMHBI P YMEHbIIAeTCss 00JaCTh 4aCTOT, IJle CYIIeCTByeT yroj 2KaHJIpIHa.
Haiinena npenenbHas 9acToTa CyIeCTBOBaHUS yTIuia 2KaHapIHa:

2 :4+3p2—p 8+5p2w2.
max = T (g g2 4 ph) P
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KocuHyc yrna XXanapaHa Kak yHKUUsS 4acToTbl

I . . . . I I . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
HopmupoBaHnHas yactota F = ,o/wp

Pucynok 4 — 3aBucuMocTn KocuHyca yria 2Kauapana oT 6e3pa3sMepHOil 9acTOThI
npu p = 0.1,0.7 u 7 mokaszanbl CIUIONIHBIMU JIMHUAMHA, 8 aCUMITOTUIECKHE
3aBUCUMOCTH JIJId caiydasd p << 1 u p > 1 u300parkeHbl COOTBETCTBEHHO TITPUXOBOI
U MITPUXTTYHKTUPHON JIMHUSIMU

Hammawe yria 2Kanjapsna — 370 He0OXOMMOE U JIOCTATOYHOE YCJIOBHE CYIIECTBO-
Barust yryia Cropu. BeiBojipl K 1iraBe ussaraiorcst B pasaeiie 3.3,

YHYeTBEépTad rjaBa TOCBAIMEHA TEOPETUUECCKOMY aHaJN3y IMPOIecca TeHepa-
UM MEJJIEHHBIX HEOOBIKHOBEHHBIX BOJIH B Maruutocdepe 3emin. B pasmesie
4.1 cymmupyiorcst ocHoBHble coiicrBa MH BosiH, Takume kKak 1oJisipu3alluOHHBIE
XapaKTepUCTUKNA W JTUCIEPCUOHHBIE CBONCTBA, BKJIOUas TPYIIOBYIO CKOPOCTH. B
pasgeiie 4.2 npoum3BOJUTCH BbIYUCIEHUE WHKPEMEHTAa HEYCTOWYMBOCTH KBa3W-
snexkTpoctaTndecknx MH BoJH B pelgITUBUCTCKOM CJydae ¢ yI6TOM HEOIHOPO/I-
HOCTH TIJIa3MbI U BHEITHETO MATHUTHOTO TIOJISI B TIPEJITOJIOKEHIH, ITO (DYHKITUS Pac-
npejiesIeHus] SHEPTUIHBIX 3JIEKTPOHOB, BbIPaXKeHHasl depe3 UHTEerpaJbl JBUKEHUS,
uMeeT BUJT K-PYHKIMKA ¢ KOHYCOM TOTeph. Bhluncienne MHKpeMeHTa ONupaeTcs Ha
3aKOH COXPAHEHUs SHEPIMU B CUCTEME BOJIHA — KUHETUYECKas SHEPIrUsl PE30OHAHCHBIX
9JIEKTPOHOB, & YHEPIrUs BOJIHBI BKJIOYAET KaK SHEPTUIO JIEKTPOMArHUTHOIO I0JI,
TaK 1 KOJeOATETbHYIO S9HEPIUI0 HEPE3OHAHCHBIX 3JIEKTPOHOB. B nipubsivkennn u3o-
JINPOBAHHBIX PE30HAHCOB BbIPaXKeHue JIJisi MHKPEMEHTa KBa3U-3JIeKTPOCTATUIECKOM
MH Bostabl umeer Bu (Y, = > Vi) -

72 (eEymw)? Neg Fk+1+1)
T = T R R2U (me)3PM, KIS2T(1+ DI (K — 1/2)%n
00 M -1 P2 M —(k+1+2)
= dP 2J2 rn 1 . n i
g /P Py w(p) 7 Pl X
NPwWeeq L+ P? A M,, I Av(k+1+1)M,,
wry K P? K+ M, ) M, KkM?
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2P (k+ 1+ 1M,y
Kk P? M,

Bnecs P =p/(mc), P.=p./(mc), M = jiweeq/ (ch) s My = pWeeq/ (ch) ,

2 M w2 1/2 2 2
p= Nsinf ikl ,,UJT:—pLT ,AzpéT—l,
WelWeeq 2mwceq D+
2 2
M,, = ,urnig ) Mrn(p) =-—— y Prn = ( c)’
mc mec ]{3||

rjie e — 3apsiji JIEeKTPoHa, M — ero mMacca, Fy — ammuryja Bosubl, ['(2) — Tamma-
dyukmus, J, — dynknusa Beccenst mepBoro posa mopsijaka 1, k£ — OCHOBHOM apaMeTrp
Kalllla-pacipeiesienns, [ — mapaMerp KOHyca IOTePh, P — PEISITUBUCTCKIAN UMITYJIBC,
Pr = Dir, PlrsPLr — COOTBETCTBYIOIINE XapaKTEpPHBbIC ‘TEIoBble’ 3HAUCHUS, (i —
MarHUTHBII MOMEHT, Weeq — 9KBATOPHUAJIbHAA IUKJIOTPOHHAA JaCTOTA, Ay OIHUCHIBACT
AHU30TPOINIO PACIPEJICJICHUS, Ny — IWIOTHOCTb YACTHIL HA 9KBaTOpE. BXojsdmiasn B
BLIpaXKEHUe JJIs 7Y, , IJIOTHOCTD SHeprun BOJHLI U ecThb

E? w3w?

= 14+ ——P €
81 i (W2 — w?)?

U

sin® @ + cos® 6

Ha Pucynke 5 mokazanbl pe3yabTarsl pacuéra nHKpeMenTa MH BoH m mpuBeeHbI

A=0%; o/o=3

A=30°; O©/0=17 A=45%; /0= 0.84

0 =198 kHz ; 0 =87.5°;

1957,  _35H
max

. o. v=529kHz ;0 =82°;
101 V=102kHz;0=84°; F

v =1.5e+02 Hz
‘max

20 520
. Ymax = 021 HZ -2
190 -

-1000
185 |

-1500

180 [

-2000
95 175

YacToTa BonHbl, [k

-2500
94

170

93 -3000
165

-160 . -
380 18
-180
L ___________ -18
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
0, [rpapycsi] 0, [rpapycsl] 0, [rpapycsi]

92

Pucynok 5 — 3apucumocth nakpementa MH BosiHBI OT 9acToThl 1 yriia
pacrpocrpanenns Ha L-oboJsiouke L = 3 ajs 3nadenuit mmporsl A = 0°, 30° u 45°

3HAYEHNST JaCTOTHI U ), cooTBeTCTBYIOMKE MakcnmaabHoMy nakpementy MH Bosn
Ha Beeil mrockocTu (6, w), W BeJMIHHA 9TOTO MaKCUMyMa (B JaHHON Touke). [la-
JIee MCCIIe/IOBaHa 3aBUCHMOCTD TTOJIYYeHHOTO HHKPEMEHTa OT mapaMeTpoB (byHKINHT
pacmpeiesenns Topstanx dacTur miasMet (1, K, [, A;) 1 OT MIOTHOCTH XOJOTHBIX Ya-
crui. MakcuMyM MHKPEMEHTa JIOCTUTAeTCsT Ha 9acToTaX BOJM3M BEPXHETHOPUIHOI
4aCTOThI U 1IPU yIJyIaX BOJHOBOM HOpMaJiu, Osinzkux 90°. [TokazaHno, 4To 3aBUCUMOCTH
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Pucynok 6 — 3aBucuMocTh MakcuMasbHOro nukpementa MH BosH Ha sKkBaTOpe
(JleBast MKAJIA) U OTHOIIEHHUST YACTOTHI MAKCUMYMa HHKPEMEHTa K JIOKAJIbHOI
IUKJIOTPOHHOI YacToTe (mpaBas mKasia) or L s

l=1; A, =1; n =001-nY; T =25xB

utkpementa MH BoJiIH 0T OTHOCHTENBLHOR YaCTOThI W/W,. HOCUT HE MOHOTOHHbIH,
a KBa3UIIEPpUOIUICCKUN XapaKTep, NPUIEM MaKCHMyMbl MHKPEMEHTa HaOJIF0Ial0T-
¢s1 BOJIM3U TapPMOHUK 3JIEKTPOHHON NUKJIOTPOHHONR YACTOTHI W 2~ NW.. ITOT (DAKT
O0bSICHSIETCS TeM, UTO B JIAaHHOM CJIydae Pe30HAHCHBLINH MMIIYJIbC, OTBEYAOIINi n-
OMY HIHMKJOTPOHHOMY PE30HAHCY, UMeeT HauMeHbIIIee 10 MOJYJII0 3HadeHne. Tak Kak
K-paclpejiejienrie yObIBaeT ¢ yBeJHMUYeHHeM MIPOJOJLHOTO UMIIYJIbCa, TO UUCJIO pe-
30HAHCHBIX 3JIEKTPOHOB yBEJIUUNBAETCA C yMeEHbIIeHneM HMITYJbca. B pesynbrare
J100aBKa B MHKPEMEHT UMEHHO OT N-T'0 IUKJIOTPOHHOI'O PE30HAHCA IIPEBAJUPYET Hal
BKJIaJJaMHU OT JAPYIUX MUKJIOTPOHHBIX PE30HAHCOB. PucyHOK 6 jgeMOHCTpHpYeT, UTO
MakcuMmymbl uHkpemenTa MH Bosin Ha obosioukax L ~ 2,2.5,2.8 u jlajiee cBsA3aHbBI
C IUKJIOTPOHHBIME pe3oHaHcamMu n = 3,4, 5 u Tax jaJjee. Tak:ke obHapy»KeHa HEMO-
HOTOHHAsI 3aBUCUMOCTh MaKcuMaJjbHOro mHkpemenTa MH BosHBI 0T anmzorponun
dyHKIMU pacupejenenns. B mocienyoomux pasjensax JTaHHON TIJIaBbl M3JIaraeTcst
OoJiee obIuii 1moaxo K Bhraucjaennto mHkpementa MH Bonn. B pasmene 4.3 Bol-
BEJICHbI 1 1IPOAHAJIM3UPOBAHDI YPABHEHUS JIBUXKEHUS PEJISATUBUCTCKUX JIEKTPOHOB
B nosie MH BoJsiHbI, pacnpocTpaHgionieiics Mo, IpOU3BOJIbLHBIM YIJIOM K BHEITHe-
My MarHuTHOMY IOJIIO. B npubim>keHnn n30JMPOBAHHBIX PE30HAHCOB M3HAYAJIBHO
JIByMepHas CHCTeMa YpaBHEHMI CBeJIeHa K OJITHOMEPHOI:

d§,, du,, k22

% = Up, % - _%COS§R7 S:Sign (L—Z_ ‘/rn )
1 e|F|w kﬁcZ o NW, V| &9 ,
— = — 1 ‘/7”72 5 Vn = - Uz Jn - Jn ’
T2 MYy \ w2 c o+ vk c () c N2 —¢ ()

e &, — pe3oHaHcHas (pa3a, a, — Z-KOMIIOHEHTa BEKTOPa MOJISIPUBAIIIH, £1, 9 — KOM-
MOHEHTHI TEH30pa JAUIJIEKTPUIEcKoil mpoHuiaemoctu. VHgeke “rn” B BbIparkKeHUN
V.., O3HaYaeT, YTO BCe BXOIAIINE TY/a BeJIUUUHDI CJIe/lyeT 3aMEHITh Ha UX PE30HAHC-
Hble 3HaUeHust. JleTajbHblil aHAJIM3 PE3OHAHCHDBIX YCJIOBUI U MHTErPAJIOB JIBUXKEHUST
PE30HAHCHBIX YacTHI] IPOoBeJEH B pas3jesie 4.4. B pasznaese 4.5 onpenensdiorcs
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YCJIOBUS MPUMEHUMOCTHA OJHOMEPHON CUCTEeMbl YpPaBHEHUH, ITEePexo/; K KOTOPO OT
TOYHBIX YpaBHEHUI OBLT CJeaH Ha OCHOBE JIBYX IMPEJINOJJIOXKEHN: O TPUMEHIMOCTH
NPUOJIMYKEHUST U30JIMPOBAHHBIX PE30HAHCOB M O BO3MOXKHOCTH 3aMEHbI UMITYJIHCOB
B 1IPaBOWl YacTh ypaBHEHWS IS U, HA WX PE30HAHCHbIC 3HAUYEHUS. DTHU YCJIOBUS
NMEIOT BUJ:

rn = rn \kﬁcQ — Oﬂ‘l/? <1, nkaz\/ﬁ 211/2 Jrn <L 21 .
WeTn WeTo w V2w, ‘k”C — W | / (WTO)

B pa3geJie 4.6 npoBouTCs HEMOCPEICTBEHHOE BRIYUCIEHNE TUHEHHOTO MHKPEMEHTA,
MH BoJin ¢ yueroMm pessiTuBUCTCKIX 3(PPEKTOB. DTO BHIUNCIECHUE OCHOBAHO HA, BbI-
SIBJICHHOM T10JIOONN ypaBHEHUI JIBUXKEHUs PEJIATHBUCTCKUX 3JIEKTPOHOB B mojie MH
BOJIHBI B TIPUOJIMYKEHUU M30JIMPOBAHHBIX PE30HAHCOB U yPABHEHUN JIBUXKEHUS JJICK-
TPOHOB B IOJIE JEKTPOCTATUICCKON JJEHI'MIOPOBCKOI BOJHLI B M30TPOMHOM TIJ1a3Me.

m2e?| E|*mc? /p'"‘“’” dpyn2 V2 dfo
2wU ) e\ 0y Ipi

llmin yuil

Lin __
I =

(ITpesesibl METErPUPOBaHHST ONPEJICJICHBI B INCCEPTAINN B 3aBUCKMOCTH OT MapaMer-
POB BOJIHbBI, IAPAMETPOB IJIa3Mbl 1 HOMEPA PE30HAHCA.) DTO 1101001e HAPY AT s,
KOIJIa IIPOJIOJIbHAsl KOMIIOHEHTa BOJIHOBOI'O BeKTopa u dactora MH BoJsiHbI cBsA3aHBI
cooTHoleHueM kjc >~ w. B arom ciydae 3aja4a Tpedyer ocoboro paccmorpenus. B
pa3zeiie 4.7 conep>KaTcs BBIBOJIEI.

Uccneopanue maToil riaaBbl CPOKYCUPOBAHO Ha MHKPEMEHTE BEpXHErnOpU/i-
HBIX BOJIH, KOTOpPbIE OTHOCATCS K MeJJeHHO! HEeOOBIKHOBEHHON MOJIe, U OIUPAeTCsI
Ha SKCIepUMEHTaJbHbIE JaHHbIe, ToJaydernbie cnyTHrnkamu Van Allen Probes, mo
U3MEPEHUIO BOJIH U jauddepeHipaibHbIX IOTOKOB SHEPIUYHbIX dYacTull. B pa3aese
5.1 aHaM3UpyeTcs psiJi CIIEKTporpaMM, Kak, Harpumep, Ha Pucynke 7. OcobeHHOCTD
BEPXHEI'MOPU/IHBIX BOJIH 3aKJIIOUAETCS B TOM, YTO MX UHTEHCUBHOCTb 3HAUUTEJHbHO
BO3PACTAET, KOIJIa BEPXHErHOPHUHAS YaCTOTa PABHA IIEJIOMY KPATHOMY 3JIEKTPOHHOI
r'MpovacToThl. B pa3zmese 5.2 ucosb3yorcs TeopeTuieckue pesysibrarhl [iasb 4.
[Ipenmnonarast, 1To Bo30YKI€HUE BOJIH BOJIU3U BEPXHEIHOPUIHON 1aCTOTHI IIPOUCXO-
JIAT 38 CYET IUKJIOTPOHHOIO B3AUMOJICHCTBUS ¢ SHEPIUIHBIMY 3JICKTPOHAMU Ha, ITHK-
JIOTPOHHBIX PE30HAHCAX BBICOKOI'O IOPSIIKA, ObLI PACCUMTAH JIMHEHHBI NHKPEMEHT
9TUX BOJIH BJIOJIb Tpaekropuu ciuyTHuka Van Allen Probe. McnombpzoBanuch 3ape-
I'MCTPUPOBAHHBIE TAPAMETPbI 1JIA3Mbl U IIJIOTHOCTb SHEPIMUYHBIX JIEKTPOHOB, 110J1Y-
YeHHas U3 u3MepeHuil guddepennuabHbIX I0TOKOB. [IoMuMO mIoTHOCTH TOpstUeit
IJIa3MbI, UCIIOJIB3YIOTCS JIPyI'Ue MnapaMeTpbl MOJIC/bHONW (DYHKIMKU pacipejieseHus,
COBMECTHUMbIE ¢ I3MEPEHUIMU, HO He BBIBOJMMbIE HEIIOCPEICTBEHHO U3 HUX. BbLI pac-
cauTaH abCOIOTHRI MaKCUMYyM MHKPEMEHTa OTHOCHTEIHLHO W ¥ 6 B KaXKJ0# TOUYKe
opbutk! cuyTHuka. Kak BujaHo m3 Pucynka 8, ocobeHHOCTH pacCcUUTAHHOIO MHKpe-
MEHTa 3aKJIF0Yal0TCSI B TOM, UTO 3T MaKCUMYyMbl BCEIJIa JIOCTUIAIOTCS IPU TacTO-
Tax BOJIH, OJM3KUX K 9aCTOTE BEPXHErO M'MOPUJIHOTO Pe30HAHCA (9TO 1M0JIpasyMeBaer
YTOJT BOJTHOBOI HOpMAaJTH, OJIM3KU K 7/2), ¥ ITO BEJIMUUHBI STUX MAKCUMYMOB OUCHb
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, RBSP-B/EMFISIS HFR Spectra Data 30 November 2015
ot
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L 5.60 5.35 4.97 4.45 415

Pucynok 7 — YacToTHO-BpeMeHHasi CIEKTPOIPaMMa, JaHHbBIX BbICOKOYACTOTHOI'O
pUEMHKKA, BKJIOUas JUAIA30H BOJIM3U BEPXHETO TMOPUIHOIO PE30HAHCA.
CryTHUK nepeMernacs B CTOpOHYy HIKHUX L-obosiouek. Besbie jraun
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Pucynok 8 — (a) Hacrora, coorBeTcTBYIOMNAs aOCOJIOTHOMY MAKCHMYMY
MHKPEMEHTa OTHOCHTEIHHO JaCTOThl BOJHBI U yTJIa BOJHOBOM HOpMaJIH, KAk
byHKIHS BepXHETHOPHTHON 9aCTOTHI Vyy. (b) MakcuMmaibHblil HHKDEMEHT Ha
opOure CllyTHUKA, [1aPAMETPU30BAHHBIN BEJIMUUHON Vyy / Ve

CUJILHO BO3PACTAIOT, KOTJIa BEPXHErMOpuiHasi 4acToTa OJIU3Ka K 1EeJIOMy KPaTHOMY
9JEKTPOHHOI THpodacToThl. COOTBETCTBYIONIEE YBEJUUEHNE CIEeKTPAJIbHON MHTEH-
CUBHOCTH BEPXHEIHOPU/IHBIX BOJIH sIBJISIETCS XapaKTepHON 0COOEHHOCTHIO 0030PHBIX
crekTporpamm, HabJ o qaeMbix cuytaukamu Van Allen Probes. IIpsimast ¢Bsizb mexx-
Jly HaOJI0/IaeMbIM CIIEKTPOM U JIOKAJbHBIM MHKPEMEHTOM BOJIH C YUETOM HH3KOI
I'PYIIIOBOI CKOPOCTH KBa3UJIEKTPOCTATHICCKNX BEPXHEIMOPHUIHBIX BOJIH sIBJISIETCS
BECKHM apryMEHTOM B ITOJIb3Y MPEJJIOKEHHOTO MEeXaHU3Ma X TeHePaIuu.

3akJIroueHue
Hacrosimass paboTa MOCBSIEHa HCCASJOBAHAIO IPOIECCOB PACIPOCTPAHEHUS U
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PE30HAHCHOTO B3aMMOJIEHCTBHS ¢ SHEPIUIHBIMU YACTUIAMU JIEKTPOMATHUTHBIX
BOJIH B MArHUTOAKTUBHOI I1J1a3Me NMPOU3BOJILHON MJIOTHOCTH, B TOM YHUCJIE, B HOHO-
cepe n marnnrocdepe 3emin u pyrux miraner CoaHevdnoit cucrembl. B xoe nc-
CJAeJIOBAHMS OBbLIM II0JIYUEHbI CJIe/YIOIUe Pe3YIbTaThL:

1. [IpepyoxkeHbl TpUOIUKEHHBIC aHAJUTUICCKIE BbIPAXKEHUs JIJIsd [TOKa3aTe el
[PEJIOMJICHHUsT 3JIEKTPOHHBIX BOJIHOBBIX MOJI B MArHUTOAKTUBHOM ILJIa3Me, JOCTATOU-
HO XOPOIIIO AIIPOKCUMUPYIOIIHE JJaHHbIe BEJIMUMHBI B IIXPOKOM JIMalla30He YaCToT,
YIJIOB BOJIHOBOH HOPMAJIM ¥ ITAPAMETPOB ILJIa3Mbl.

2. Jlnst coiydast CBUCTOBOM BOJIHBI, PACIPOCTPAHSAMOINIEHCS B IJIa3Me BJOJIL Mar-
HUTHOTO TIOJIS, TIOJIYUEHO JUCIEPCHOHHOE YpaBHEHWE ¢ YIETOM BJIMSIHUST PE30HAHC-
HBIX YaCTHUILL, HE OPPAHMICHHOE YCJIOBUEM MAJIOCTH MHKPEMEHTA BOJIHBI [10 CPABHEHUIO
¢ yacroroii. Pazpaboran mMeTo)1 pacuéra HHKpPEMEHTa HeyCTORUNBOCTH JIJisi PYHKITHIA
pacipejiesieHus, Oy YeHHBIX YNCJIEHHO 10 CIIYTHUKOBBIM JAHHBIM; AHAJIATUICCKOE
poJioJizKeHne (PYHKIUN OCYITECTBJICHO € IIOMOIIbIO PUHITUIIA HellpepbIBHOCTH. Ha-
nucana nporpaMmma B cpejie MATLAB u Boinosinen 4ncieHHblii pacIéT HHKPEMEHTOB
(IeKpEeMEHTOB) CBUCTOBBIX BOJIH HA OCHOBE m3Mepenuii quddepeHmaibHbIX T0TOo-
KOB 9JIEKTPOHOB Ha criyTHrKax Van Allen Probe A u MMS. Obnapy»xena HeMOHOTOH-
Hasl 3aBUCHUMOCTb YaCTOThI OT BOJHOBOI'O YMCJIA, U, KAK CJIEJCTBUE, HEOJNHOZHATHAS
3aBUCUMOCTb HHKPEMEHTa (JEKPEMEHTa) OT YaCTOTHI MPH MAJIbIX 3HAYCHUAX IJIOT-
HOCTHU XOJIOJIHBIX YaCTHII.

3. BeiBejieHO U IpoaHaJM3UPOBAHO JIKCIIEPCHOHHOE COOTHOIIEHNE, KOTOPOE B SIB-
HOM BHJIE 33JIaéT J4acTOTY BOJIHBI KaK (DYHKI[MIO BOJHOBOI'O BEKTOPA U MAPAMETPOB
IJIa3Mbl B JIUAIla30HE HaCTOT Wy K W K We NIPU MPOU3BOJBHOM COOTHOIIEHUN Wy,
1 W.. B ciiyuae paspekeHnHoil miasMbl HCCJIEIOBAHbI TaKNE XapaKTEPUCTUKNA BOJIH,
KAK HOJISIPU3ALMS JIEKTPUICCKOIO ¥ MAIHUTHOI'O 1OJIst, IIJIOTHOCTH SHEPIUH, a JIJIsi
CBHUCTOBBIX BOJIH UCCJIEJIOBAHO u3MeHeHue yria 2Kanjpsna u yrya Cropu B 3aBUCH-
MOCTH OT [TaPaMETPOB ILJIa3MbI.

4. PaccunTal MHKPEMEHT MeJIJIeHHBIX HEOOBIKHOBEHHBIX BOJIH B ILJIa3Me C Kalllla-
pacipejiesieHueM pH HAJAIUMU KOHYCa MMOTePh U MCCJIEJ0BaHA er0 3aBUCHMOCTH OT
apaMeTpoB ILJIa3Mbl U HapaMeTpoB (YHKIUHU paciupepesnerus. OOHAPYXKEHO, UTO
MAKCUMyYM MHKDPEMEHTa JOCTUTAeTCsl Ha 9acToTaxX W IPHU yTjiaX BOJHOBOW HOpMa-
JI, OJIM3KUX K PE30HAHCHBIM 3HAUEHUSIM, B YaCTHOCTH, BOJU3M BepxHeil THOpUTHON
YaCTOThI M JIJI YIVIOB BOJIHOBOW HopMaJu, Oyim3kux 90°. ObHapy:KeHO, 4TO 3aBU-
CUMOCTb MHKPEMEHTa, OT OTHOCUTEJIbHON 4aCTOThI MMEET He MOHOTOHHbLIH, a KBa3u-
HePUOJIMIECKHil XapaKTep, NPpUIEM MaKCUMyMbl MHKPEMEHTA JOCTUIAlTCs BOJIU3U
rapMOHUK I'HPOYACTOTHI. DTO CBSI3aHO C TEM, UTO B 9TOM CJIydae PE3OHAHCHBLIA M-
yJIbC, COOTBETCTBYIOIINI N-OMYy IUKJIOTPOHHOMY PE30HAHCY, UMEeT MHUHUMAJIbHOEe
110 a0COJIIOTHON BeJIWYMHE 3HaUeHne, W BKJAJ B WHKPEMEHT OT 3TOr0 PE30HAHCA,
JIOMUHUADPYET HaJl BKJaJaM@ OT JIPDYTUX IUKJOTPOHHBIX pe3oHancoB. OOHapyKeHa
HEMOHOTOHHAs 3aBUCUMOCTb MaKCcUMaJibHOro nHKpemenTa MH BoJiHBI OT aHH30TPO-
[IUU PACIIPEJICIICHMSI.

5. BoiBejieHbl 0011ue ypaBHEHUS JBUXKEHUSA PEJISITUBUCTCKUX 3JIEKTPOHOB B II0JIE
MEJIJIEHHON HEOOBLIKHOBEHHOW BOJIHBI ¥ BHEIHEM MarHUTHOM I10JI€ W IPOaHAIU3H-
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POBAHbBI YCJIOBUS ITPUMEHUMOCTH PUOJIMYKEHUST N30JIMPOBAHHBIX PE3OHAHCOB B 3TOM
ciaydae. B sToMm npubsmkennn ypaBHeHHS JBUXKEHNS CBEJEHBI K OJITHOMEPHOI cucTe-
Me ypaBHEHWI, aHaJJIOTUIHON TOW, KOTOPast BO3HUKAET JIJIsI JIECHTMIOPOBCKUX BOJIH U
koppekTHo perménnoit O’Hutom. Tlosydeno BeipakeHue Jijisi MHKPEMEHTa Me/1JIeH-
HOJ HEOOBIKHOBEHHOI BOJIHBI, PaCIPOCTPAHAIOINIEHCs 110JI IPOU3BOJbHBIM YIJIOM K
BHEITHEMY MaIHUTHOMY 110JII0. BbIIOJIHEHHBIE PACUYETHI IPUMEHUMBbI JIJIsi BCEX 4aCTOT
1 yIJioB BoJiHOBO# HOpMaJs MH BotH, 3a MCK/IIOUeHneM ciiydasi, Korjaa w = kjc, Ko-
TOPBIt Tpebyer 0coDOr0 PACCMOTPEHMSI. DTO CBA3AHO C TE€M, UTO PEJATUBUCTCKUE
PE30HAHCHBIE YCJIOBUSI CBSI3BIBAIOT IMPOJOJBbHBIN HUMIYJILC YACTHILI P U PEJISITH-
BUCTCKUIT y-paKTOp ¢ rmapamMerpaMu BOJIHBL. [Ipu 3TOM CyIIecTByeT CBsI3b MEXLy
uU3MeHeHueM TUX BejimduH. [Ipu BbiojiHeHUU yCI0BUs w = k)¢ BEJIMUUHBL P U 7Y
U3MEHSIIOTCSA TaKUM 00pa30M, 4TO YaCTUIA “3acTpeBaer’ B pPe30HAaHCe.

6. O0bsicHeHBI OCOOEHHOCTH CIEKTPOB BEPXHEIMOPUIHBIX BOJIH, HAOJTIOAEMbIX Ha
CIIyTHHKAaX B Maraurocdepe 3eMJjid, B YaCTHOCTH, 3aMeTHOE BO3PaCcTaHue CIIEKTPaJIb-
HOW MHTEHCUBHOCTU BEPXHEIMOPUIHBIX BOJIH B 00JIaCTsX, TJle 9aCcTOTa BEpPXHEr'H-
OpMIHOIO pe30HaHCA KPaTHA 3JIEKTPOHHON IUKJIOTpOHHO# yacToTe. [Ipemsmaraemoe
Oo0'bsICHEHUME 3TUX HAOJIIOJICHNI OCHOBAHO Ha TPEJINOJIOXKEHUN, 9TO BEPXHETHOPH,I-
HbIE BOJIHBI BO30YKJIAIOTCS BCJIEJCTBUE PA3BUTUA HUKJIOTPOHHON HEYCTOWYUBOCTH
Ha BBICOKHUX IUKJIOTPOHHBIX PE30HAHCAX. BhIUnC/IeHHbII NHKPEMEHT BePXHErnOpu,i-
HbIX BOJIH BJIOJIb TPAEKTOPUU CIyTHUKA XOPOIIO COIVIACYETCs C OJIHOBPEMEHHBIMU
HAOJIIOJICHUSIME CIIEKTPA.

B pasbHeitineM mianupyercst bosiee 1mojipodHOe n3ydeHrne OIMUCAHHbBIX ITIPOIECCOB
¢ YIETOM BJIMSAHMS T€MIIEPATypPbl U HEOJTHOPOIHOCTH ILJIa3Mbl, UCCJIEIOBAHNE PACCes-
HUs BOJIH Ha, HEOJHOPOIHOCTSX IJIOTHOCTH U JinHeitnoit Tpancdopmannun MH Bosn B
JIDYI'HE BOJIHOBBIE MOJIbI B HEOJHOPOJIHOM IJIa3Me, a TaKXKe BOZMOXKHOE IIPUMEHEHUE
paspabOTaHHBIX METOJIOB K JIDYI'UM THIIAM BOJIH.

B 3akJirouenue aBrop BbipakaeT 6JiaroJlapHOCTb CBOEMY HAYUYHOMY PYKOBOJIUTE-
mo knsapy Hasuny PyBuMmoBudy 3a 1j10I0TBOPHYIO COBMECTHYIO pabOTy, IEHHbIE
COBETbI, KOHCTPYKTHUBHBIE 3aMEUaHUsi U BCECTOPOHHIOIO TIOJIJIEPYKKY Ha BCEX dTAllax
IPOBEJICHNsT HUCCIenoBanusa. ABTop Osarogapen corpynaukam Otrnena Gusukn
kocmudeckoit mnasmbl UKW PAH 3a nomiep:xky Bo Bpewmst pabOThl B OTleJIe U
BBICTYILICHUI Ha KOH(MEPEHINIX U CeMUHapax.
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OrJjiaBjicHHUE

OO6miags xapakTepucTuKa paboThl
AKTyaJIbHOCTH TEMbI UCCJIEIOBAHMUS
[esin u 3aj1a9u pabOTHI
Hayunasi HoBuzna paborbl
Teoperuueckasi U IpaKTUIECKasd 3HAUUMOCTH
Metojibl uccseloBaHus 1 JIOCTOBEPHOCTH PE3YJIbTATOR
OcHOBHBIE TIOJIOYKEHUSI, BLIHOCHMbIE Ha 3aIIUTY
Anpobannsi pe3ysbTaToB NCCIE0OBAHUST
JIuaHblil BKJIAJL aBTOPA,
Crpykrypa u 00bEM JiccepTalun

OcHoBHOe coziep2kaHue padbOThI
3akJjrodeHmne
IIy6bmukanmum aBTOpa MO TeMe JUCCEePTAINN

Criucok mrepaTyphbl
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