Pe30HaHCHOE B3aMMOJICHCTBUE DHEPTUYHBIX SJICKTPOHOB
C MOHOXPOMAaTHYECKOW CBUCTOBOM BOJIHOM,
PACIIPOCTPAHSIONIECHCS BJIOJIb BHEIITHETO MArHUTHOIO TTOJIA
B HEOJHOPOAHOM IL1a3Me (MarHuTocdepe)
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Panuaimmonnrie mosgca 3eMin

Kaprunka n3 arepHera



1. CBUCTbl - BOJIHbBI OHY awmanasoHa (1-30 klfu) B
MarHurtocdogepe

JNeKTpoHHaa rupoYactota fy B nnasmocdepe (L <
(2 — 4))meHsieTcs or 1000 klu Ao 15 klu, a naa3meH-
HaA 3NEeKTPOHHAaA 4acToTa fp, KAK NpaBnno, BbiWe fu. TaKMM
obpazom, OHY aAnvana3oH NonagaeT B MHTEpBan

fui < F <
rae fu; - NOHHAs rMPOYACTOTa, YTO COOTEETCTBYET CBMCTOBLIM
BOJIHAM.

Hu»xHaa rubpuwaHas YacToTa

i fj:ng& . 1 __Me Mo

Mepr (243" Megp  me Sicma
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fin =
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FOE e, Me - 32PA4A M MACCa DNEKTPOHA, Mg, Mo - TO XKE 419 NOHOB
copTa a.



2. AncnepCUOHHOE COOTHOLLUEeHMe n nonsapu3auns CBACTOB

P 2 k? > K kifk=
W =Wy == + w
p B R TR
(1)
_ wih w2C0s20
T 1442k (143D
rae
k% = K f+kf; 0=cos ik /k); q=uwp/c?
N3 (1) cneayeT
wiacos20 > w? — wiy , (2)

TaK 4TO ANA w > w| H, YFroN BONHOBOW HOpManun @ HE MOXXET NpU-
6nvxKaTbCA K m/2. PaBeHCTBO B COOTHOWeEHMK (2) onpeaensier
PE30HAHCHbIA KOHYC ANS BOJH C w > w H NPV KOTOPOM k — oo.



MNpn w < w H Yron BOJHOBOW HOPMann MOXXET NPOXOoAUTb Yepes
00°, 4TO BeaeT K WM3MEHEHWHK) 3HakKa npoaonbHOW rpynnoBOW
CKOPOCT K.

MNpy w? > wEH, ANCNepcrnoHHOe ypaBHeHne (1) ceBoauMTCH
K M3BECTHOMY BblpParKeHuno

L2

q

KOTOPOEe COOTEBETCTBYET NOKA3dTEJIKD MNMpenoMieHmnA

P . (@)
T w? w(wy|cos 8| — w)

B cny4Yae npoaosibHOrO pacnpoCTpPaHEHW S
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3. NMonapu3aunsa CBMCTOBOW BOMHbLI

B nnockon BonHe

B = Re{B} = Re{be’* Tt} : £ = Re{E} = Re{ac’* Tt} . (5)
np4yem

b=Slkxal. (6)
)

Npn w? > Wiy n wi > w? NONSPU3auMOHHbIE KO3MMULUMEHTI
UMET BUA
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Onsi MarHWTHOIO NONSA, B YacTHocTK, mmeem b L k, v

by = Nsign(cos 8)

(ibz)? + (ib2)? = b
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29,752 LAUBEN ET AL.: OBLIQUE WHISTLER ELECTRON PRECIPITATION

Oblique Wave / Energetic Particle Interaction

electron wavenormals (k-vectors)
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Plate 1. Lightning-induced electron precipitation (LEP) from oblidue wave/energetic particle scattering along
a particular magnetic field line. The lightning discharge leads to oblique mode propagation throughout the
magnetosphere so that particles along field lines both inside and beyond the field line shown are also affected.

The event sequence 1-4 is discussed in the text.



Resonant electron interaction with ducted whistler-mode wave
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Pe30oHaHCHOE B3aUMOJIEMCTBUEC SHEPTUUHBIX
3JIEKTPOHOB CO CBUCTOBOM BOJIHOM B ClIy4ae €€
NTAKTUPOBAHHOI'O PACIIPOCTPAHEHHUSA BAOJIb

r€OMAarHUTHOI'O MOJs B MarHUTOC(hEpe



OcCHOBHas cncrema ypasHeHUA M Nnoaxonbl K ee peLueH o
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rae
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IDNEeKTPOMArHMTHOE NOoNe CBUCTOBOW BOJIHbI, PAacnpocCTpaHsH-
LerHca BACAb BHEWHEro HEOAHOPOAHONO MAarHUTHOMC NONA:

Er = —Ecos g, By = Esin £, Bx = —Bsin ¢, By = —BcCos &;
(7)
z k
g:/ k(zNdz' —wt; B= CE
w
MN3MeHeHne KWHETUYECKOW SHEeprumM Yactuubl w
dw
W = _evE, 8
= ev (8)
rAe v - CKOPOCTb 3N1eKTpOoHa. Beoas v u ¢
vy =v)COS¢; vy =1v]5iNn ¢y, (9)
n yauTtbeiBas (7), (9) nony4um:
d
d—T =eBv,Ccos(; (= fz k(zNdz' —wt+ ¢, (10)

NPUYem, B OTCYTCTBUE BOJNHbI dp/dt = wH.



I3MeHeHne 3Heprun Hambonee CYLWECTBEHHO ONA PE30HAHCHbIX
4acTuu, ANs KOTOPbIX v 6/1M3Ka K PE30OHAHCHOMY 3HAYEHUIO

w —wy(z)

11
NOCKONbKY ONS Takux 4acTuy nonHas das3a B BbipakeHnu (10)
MEHAETCHA MeONNEeHHO:

ve(z) =

%zk(v”—vg) ~0. (12)
M3MEeHEeHWe MNONepeyHOro aanMabaTUYeCKOro WHBapuaHTa p =
mv? /2wy CBA3AHO C W3MEHEHNEM KMHETUYECKOW 3HEprnn w Co-
OTHOLUEeHWEM.

2
TMUE

%) . (13)

Hann4me naTerpana asuxeHns (13) Nno3BOASET CBECTH 3a4a4y O
ABUXKEHUW 3AEKTPOHAa B NoJe BOJIHbI M BHELHEM HEeOAHOPOAHOM

MArHUTHOM MoAe K O4HOMEDPHOM.

w—wp=C2=const. (C?%>



Odnsi pe30HAHCHBIX YacTwuy, ypaBHeHune ansa pasbl ¢ MMeeT BuAa:
&L __
dt2 12
NPY 3TOM HEeNnWHelHoe BpemMsa T W napamMeTp HeoAHOPOAHOCTU «
onpedenAardTCA Bblpad>XeHWAMW .

Cos ©— &, (14)

1 k {dvZ v, dwy
o : —ae i AR ' 15
T2 TR @ 2 ( dz T wH dz ) (15)
roe
B 2
h=—., vig= ged ( Cz—vg). (16)
Bo WH — W \'m

YpaeHeHne (14) onucbiBaeT ABMXXEHWE 4acTul B 3 ek TBHOM
noTeHynane

P=a(——=sin(. (17)
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Effective potential u

Effective potential u

Weak inhomogeneity; presence of trapping
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Phase trajectories for resonant particles
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Momentum w

Phase trajectories of resonant particles in the case of weak inhomogeneity
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MpubGnuxXeHne 3agaHHOro nons

i 3 (18)

rae v — MHKpPeMeHT (MNu AEKPEMEHT) BOJIHbI.

MNpu a2 < 1 noteHuman P (17) vMeeT nOTEHUWANbHbIE
AMbBlI W, CnegoBaTeNbHO, CYLWECTBYHOT 3axBadeHHble no ¢as3e
YacTuubl. OnA Takux YacTuuy: ¢ - orpaHwdeHa, d¢/dt = 0 w,
cnenoBaTenbHO:

7| = vr(z) . (19)

CooTHoweHua (13) n (19) onpefensioT KNHETUYECKYH DHEPTrUIO
3axBAYeHHOW YacTuubl Kak hYHKUWKD KOOPAMHATBI U MHTErpana
ABWXKeHUA C? = const, a UMEHHO:

w mv z
wH(z) —w B
CKOPOCTb MU3MEHEHUS DHEPrMKN 3aXBaYeHHbIX YaCcTWL paBHA

dwr muw
—_— —, 21 ]
dt k2 =l
M MMEeeT 3HaK c.



HexkKoTopblie BCnoOmMoOratesibHblie COOTHOLUEeHWNS.

Onpegennmm 06nacTb 3axBaTa YCJIOBUEM:

ar? < 13 5 (22)
KBagpaTuM4yHasa annpokKCMMaUWsa rmpoYacToThl:
97 z \2
= 7 | — 23
LH WHeg [ + > (LRE) ] ( )

COOTHOLWEHWE MeXxX Oy SNEKTPOHHOW MNAa3MEHHOW W rmpo4acTo-
TOW:
g o iy, (0 Sngelf).

[MpK 3TOM YCNOBWE CYLWECTBOBAHWA 3axXBaYeHHbIX 4acTuu npu-
HMMaeT BMA:

2 hv | pwy(L 2
12| < 2m = Lg all RQE) ’ (24)
27 (vip +bvg) o
rae
3k
b= e _ o, (25)

WHeg — W



OrpaHm4eHnnsA Ha U3MEeHeHNne IHeprmn 3axsavdeHHbIX HYacTuy

VI3MEeHEHWEe 3HEepPruvK 3axBaYvdeHHOW YacTwuubl NpW ee LOBWXKe-

HWKW K 3KBaTOPY:

Awr = — = (;.LAwH = %Avg)

WHeg — W

=T Y (v3pe + b¥R )A“’“
?) WHeg — W Req Req WHeq

Mcnonb3ysa BbIPAaXKeHWUSA ONA wy W Zm NOAYHUM:
. - mo W i‘zz'tﬂfﬁa.uﬁ(LRE)2
2 wy —w ('u_QLR + bv2)

MNOTHOCTL 3axBa4YeHHbIX 4YacTUL.

€q

AT 1 4
T ~ Ng , AU”T — (A’U”T) —— et
vg 2 max TkT
M3meHeHne NAOTHOCTKM 3HEePrnn 3axBadeHHbIX YacTwuy:
Ian
AWt = ntAwr = —= Awr .

whkTug

(26)

(27)

(28)

(29)



CpaBHUM BeaWM4YKMHY AW+ C NNOTHOCTBKD IHEPrKvKM BONHbI U

_82 Ll

S8Twy — W
MCnonb3ysa 3HAYEHKWSA NAPaAMETPOB TUNWUYHbBIX aNnAa L = 4, a nmeH-
HO:

= (30)

WHeg = 8.5 - 10* rad/s ; wpey = 7.9 10° rad/s ;

ng = 0.2 cm > Y R =27 » 10° cm/s

4acTOTy BOAHbI w = 3.14 - 10% rad/s (f = 5kHz) wu amnauTyay
BONHbI B = 3 .10 “gauss (30 pT), Haxoanm:

= BT 10 S argfem®: AWr=23.10 " arglem? ,
NPM 3TOM MOAHAS MNOTHOCTbH SHEPrUM 3axXBayYeHHbIX 4YacTuu

Wy ~3.10712 erg/ecm33.

OTkyna ©OG6epercs Takol nNpupocT 3Hepruym 3axBadeH-
HbIX 4YacTwuy?
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Mi3aMmeHeHne 3Heprun nNponieTHbIX Yactuu

NHTerpan aHeprnu ypasHeHnsa ansa dasbl (

1 /d¢\2
= (E) +aC—T—25|n§. (31)

>

cnonb3ys dt=dC/\/2(e—a§+sinC/72). NONYHYUM W3MEHEHWE
SHEepruK NponeTHOW 4YacTuubl B BUOE:

v 2w
Awyt = WCD(E) )
(32)

¢r(e)  signa cos( d¢
P(e) = .
e f—af’o \/€—azC+SinC/"r2

rae To4ka oTpakeHnsa (r(e) yaOBNETBOPAET COOTHOLWEHUIO:

€ — alr +Sincr/1'2 =0



$d(e) - nepnoamnyeckas PYHKUNA € C Nnepuogom 27|ql:

®Sle) =bg+ Y b.n,cos% + cnsin% ; (33)
n=1 x
a4 2m|a rl€ '
= 1 f | Idefé() signa cos( d¢ . (34)
2r|al Ja —aoo [e — ¢ + sing /T2

BennynHa bg cCBA3aHa ¢ ¢a30oBbiMm 00BEMOM 3axBaYeHHbIX
yactuy (Mnm ¢ ap@HEKTUBHOW WWMPWHOK NO NPOAOJILHOA CKOPO-
CTW 06NacTW 3axBaYeHHbIX YAaCTWUL) COOTHOLWEHWEM:

V2bg = —signa ~T2QT/'27r = —signa -TQkA’U"T .
Takum oBpa3oM, cpedHee W3MEHEHWe DHEPrMM NPONETHbIX Ya-

CTWU PaBHO:
Awyt = —signa%.&vlh . (35)



MHKpPEMEHT BOJIHbI

Benn4yuHa ¥ onpeaenAerca W3 3aKOHa COXpPaHeHWsA 3SHep-

rMn B CNCTEME BOJIHA — PE3OHAHCHbLIE HYaCTUUb!.

dl’
== =<,
i ) < JrEk >

OTKyOa cneaver
1 dwR
— i — — frd )
i '2U< & V>
dna NnpoaeTHbIX YacTuy
fur = fol(w, M)w=mv%/2+pwc .

J1na 3aXBaYeHHbIX 4acTuu:

Y =

fT:fO(wO: ,LLO), w—wozw(,u—p,o):_

k2 Jzg

(36)

(37)

(38)

dz'

'UR(ZI) :
(39)

a(z")



3HaA BbipakeHns OnA DYHKUMKW pacnpeneneHns nNponeTHblx W
3axBaYeHHbIX 4YacTWU W M3MEHEHMA WX DHEPrMKW, W3 3aKOHa CO-
XPAHEHWSA DHEPIrMKM HAXOAMM WHKPEMEHT BOJHbI:

MWW

o [ du(For = Frda(z) Ay, (40)

Ana kopanHaT z Takux, 4TO (w — wg) Mano NO CPaBHEHWUIO C
TENNOBOW 3HEPrMeil pe30HAHCHbIX 4acTuu, Pa3HOCTb (OYHKLUWA
pacnpegeneHua MOXHO Pa3noXKWThk B pA4

"),’=

s = mo [ . gt
- — F’ . —— 4 '
Jur—Jr o(x) 12 zoa(z )'vR(z’)
(41)
OF) oL
Fy(p) = (a—°+wa—°) ;
' o w=mv%/2+pwc
HTO OaeT
_ TMWwwe ' % i e
y="00" [duFb(walz) Ay [ (). (42)



O6nhacTb NPUMMEHMMOCTI pe3y/ibTAaToB

BbipakeHue AOnAa WHKpeMeHTa MoKeT OblTb 3anwcaHo B
BUAE:

/
v (o [ a5 )

rae v. - JIMHEWHbIA MHKPEMEHT M < ... > O3HaYaeT yCpeaHeHue
NO g C BECOBOW OyHKUWMEN F(’)(p);;_ [Mpy 3TOM, YCNOBUSA NMpUMeE-
HUMOCTH NPpUBAN>XEeHKWA 3a0aHHOM0 NONSA NPUHUMAKOT BUA:

z dz! 1

/
T/ a(z) < ;

20 wr(z)  (m7)(aT?)

MW SKBUBANEHTHO:

1
k21 (pr)(ar?)’
3,QECb npeanocnaraeTcAa, 4TO Bbipa>XeHUA, 3aBuUCALLKNE OT M, 3ad-
MEHEHbI X CpedHWMMW BHAYEHUAMN.

|fur — fr| < F§



BbiBOoAbl

PaccmaTpumeaeman CMCTema COCTOWMT M3 BONHbI (U), pe3oHaHc-
HbIX 3axBadYeHHbIX (W+) n nponeTHbix (WyTt) YacTmu. 3aKoH Co-
XpPaHEHWA dHeprumn TpebyeT:

AU 4+ AWr + AWyt = 0; (43)

J1BE BO3MOHOCTW:. BCE BENWYMHbI OOHOrO MOpPAAKa, WNW OAHA
MHOIO MEHbLLUE ABYX APYIrMX, KOTOPble BNKM3KKM N0 MOAYNHO U UMe-

KOT pPa3Hblé 3HAKW. HTO peanmn3yeTca B KOHKPETHOM Cay4ae?
OKa3blBaeTCH, 4TO

AU < AW+ : Wur, AWyt~ -AW+.

NpunoXxeHuns:

1. JnHaMKMKa SHEPrUYHbIX DNEKTPOHOB B paAnaLUMOHHbIX NOSACaX.
2. TpurrepHoe nany4yeHme, BO3HWMKaKLWee B pe3ynbTaTe PhOpMU-
pOBaHWA Ha (yHKUWKW pacnpegeneHms ‘nyHka’ waw “AblpkKn’’, B
3aBMCMMOCTKM OT 3HAKA HEeOAHOPOAHOCTM W BWAOQ HEBO3MYLLUEH-
HOW (OYHKUWKW pacnpeneneHns.



KBHBMMOHOXDOMETMHECKHFI nakeT NeHrMmopoBsCKMX BOJIH B

HEOJJ,HODOJJ,HOITI nnasme

BHEKTDMHGCKOE none ECJHbBI
£ = —Eo(x, t)cos( / ™ Bl — it

yDaBHEHMﬂ ABNXXEHWNA .
dx . dv _ efo(a,t)

o
T=v; 2= cos(/ k(az")da! — wt) .
EcTecTBeHHasA HOBas nepemMmeHHas - ¢a3a BONHbLI
(= /xk(m')dx’—wt

YpaBHeHe Ansa a3bl

d

d_i = k(x)v —w = k(z)[v—ve(2)]; w(z)= % ,
HoBasa CKOpPOCTL:

u = k(z)[v— vr(z)] .

(L.

(L.

(L.
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HoBasa He3aBuCMMas NepemeHHan, yoobHas AnAa pPe30HAHCHbIX
H4aCTKu:

~ [ k(z)d'
i= [ = (5)

NS pe30HaHCHbLIX YacTuu

—

dt ~ dt .

Toraa ypaBHeHWA ABUXXEHWSA A5 PEe30HAHCHBIX 4acTuul NPUHK-
MatoT BnAa (onyckas Tunbay):

d¢ du 1
— = = —C0Ss({ —a 6

dt dt 72 ¢ : (62
roe HeNMHENHOE BREeMSA T WU NapamMeTp HEOOQHOPOAHOCTKW o Onpe-

AENAHKTCA BbIpa>XeHUAMK:

1 ek w? dk
— = ; == —. g
T2 m = k2 dx (7)




