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THE ROLE OF FAST RADIAL DIFFUSION IN THE
FORMATION OF THE ENERGETIC ELECTRON POPULATION

OF THE INI\ER BELT

I. M. Martin, A. A. Gusev, G. I. Pugacheva & A. Turtelli Jr.

A largc flux ofgrcatcr than 100 lulel/ clectrons rvas rcgistcrcd in thc inncr bclt on lorv
altitudc satcllitcs. Thc origin of thc flux is discusscd. It appcars that slor.v radial
diffusion ( Do = l0-r3 s-r ) givcs a lor'v probability for pcnetration of thcsc elcctrons to
small /, from thc boundary of magnctosphcrc bccausc of synchrotron radiation energy
losses. It is found that they can entcr into thc inncr bclt rcgion r.vithout such losscs
alter great magnetic storms r.vhen fast radial diffusion sometimcs takes placc. Two
grcat storms on 8-9 Fcb., 1986 and March 24, l99l arc cxamples lvhen onc can
dircctly obscrvc a pcnctration of energetic clcctron fluxcs into magnctosphcrc. Thc
assumption about thcir Jovian origin is discusscd.

Key n'ords: Radiation inncr bclt; Elcctron flux; Radial diffusion; Synchrotron cncrgy

A IMPoRTÂNcn. DA RÁPIDA DIF.USÃO RADIAL NA F,oRMAÇÃo DA
POPULAÇÃO DE ELÉTRONS DE ALTA ENERGIA DO CINTURAO
INTERNO DE RADIAÇÃO - tlm grantlefluxo tte elétron.ç com energia superior a
100 luÍcV foi ob.servado a hordo de salélite dc órhila haixa no cinlurão inlerno cle

racliação. I origem cle ,'le fluxo é discutitlo. I)arece quc a difusão raclial cottt haixa
velociclatle ( D0 - t0-13 s'1 cta pouca possibilictacte para explicar a penclração desle.s
alólrons cm haixo.ç valores cle L, provenienlc cla .fi.onteira cla magneto.sfcra, isto por
causa cla perda de cnargia elos mesmos por radiação sincrolron. Supõe-sc que esles
elélron.s poetem ser injclaclos no cinlurão inlerno, nes.sa região, sem perder energia,
após grantles lentpestaclcs ntagnélicas oncle a difusão radial com alta velocidade é

ohservada alguntas vezes. I)ois grandes evenÍos, em 8-9 Fevcreiro 1986 e 24 Março
199 1, moslram "in silu" a penetração de elélrons de alta energia na ntagnctosfera. A
cotlr'¡deração de que e.sles elélrons tantbém podem ser originários da almosfera cle
.Iúpiler e aqui discuticla.

Palavras-chavc: Il.adiação do cinlurão inlcrno; lÌluxo cle elétrons; Difusão radial,
Ilnergia sincrolron.
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INTRODUCTION

During the last l0 ycars, nìany measuremcnts of thc
population of highlv rclativistic clectrons (20-1000

Itúel) trapped in thc Earth's magnetospherc wcrc mâdc

on board of lorv-altitudc satellites (Just ct al., 1983;

Galper et al., 1983; Voronov ct al., 198(r). At lcâst

somc of these electrons appear not to bc sccondary in
origin, but are accclerated by a magnctosphcric proccss.

In Fig. I one can sec the flux valucs measurcd on board

the "Intercosmos-17" satellitc (altitudc - -500 ktn,
inclination 82". 1977-'78) (Just ct al.. l9tì3). Ttvo
populations of clectrons arc cvident in Fig. l. Thc first
has If.¡, > 200 km (trapped clcctrons), tr4lile thc second

one lras II.¡n ( 200 km (albedo). II.¡, is thc minimunl
altitude of thc nirror points of clcctrons dritting aroulìd
thc Earth. Thc lluxes arc avcragcd ovcr ,/J valuc at a

givcn l.
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Thc frrst orlc supposcs th¿ìt they arc thc products of
rtuclcar interactions of rclativistic protons trappcd in the

inncr bclt rvitl-r rcsidual atmosphcre (Gtrsev et al., 1984).

It can cxplain thc shapc of thc spectntm and gives thc
flux valuc closc to thc measurcd onc. It predicts also the

chargc ratio (Nc*/À/e ) in thc fluxcs about 2.7. But thc
cxpcrimental value, mcasured rvith magnetic spectrome-

tcr, is (ly'e 
r/ 

Àrc ):0.3 (Voronov ct al., 198(>).

Thc sccond hypothesis (Dmitrenko et al., 1987)

supposcs that trapped high cnergv electrons come from
outsidc of magnctosphcrc due to thc process of conmon
radial diffusion causcd by positivc lluctuatiotls of thc
gcomagnctic field. Thc particlc energy in this casc

incrcascs duc to conservation of its magnetic rtìotrrent.

Horvcvcr thc authors did not takc into account that this
proccss is vcry slo'u' and takcs dozen ycars. During this
pcriod thc clectrons must losc thcir cnergy by synchro-
tron radiation.

Lct us calculatc thc valuc of synchrotrou losses of
clcctrons diffusing into thc magnctosphcrc. Tltc
synchro-tron cnergy losscs arc given by thc equation
(Ginzburg, 1987):

tlli I dt = 3.8. 10-6 82Ii2 ,GeV . ,c t , (l)
rvhcrc B is thc magnctic ficld in gauss. For thc cquator
rvc takc IJ -- 0.31211,3 .

Taking into account that during radial diffusion thc
clcctron cnergy changcs trs L,-3'2 and thc ratc of motiou
across I duc to radial difft¡sion is ctt,lclt : ]2DoI'e s-t

(Tvcrskoy, l9(>8), rvc obtain thc next cquatiotl of
changing of clectron cnergy versus .I-:

dE I dl, = -1.58 I L+3.1.10-' li:2|;ts I D,,, (2)

Ir4rcrc thc first tcrm of thc right hand describes thc
incrcasc ol elcctron cncrgy during radial diffusion aud
thc sccond onc dcscribcs thc dccrcasc of clsctron cncrgy
duc to synchrotron losscs.

Thc solution of thc cquatior-r is (scc Fig. 2)'.

L

Figure 2 - Changc of clcctron cnergy duc to radial
diffusion and synchrotron cncrgy loss.

Figura 2 - Alrtclança cla energia cla clélrons cleviclo à
tli./irsão rodiol a perda tle cncrgio ,rincrr¡!ron.

Figurc 1. - Thc I - depcndencc of trapped (circlcs) artd

albcdo (trianglcs) lluxcs of clcctrons of > 100 i/cl',
lleasnrcd at -500 km altitudc.
Figura I - tl deputclência L dos .fluxo,c dc c.létrotts

aprisionaclo,s (cir"culo,s) c olbc¿lo (lriôngulo's) dc > 100

A.IaI'', nrcdidos o una all¡lude dc -J00 kut.

Just ct al. (1983) rvcrc thc first to point ouL that

trapped electrons can rcach so high cnergics as > 100

A,lc.t,' in thc inncr bclt. Thc pitch-anglc and l-distribu-
tion of thcse highly cnergetic clcctrous arc prcscntcd in
Galper ct al., l9ll3. Voronov ct al.. 1986 and Dnitrcnko
ct al., 1987.

Thcse clccl"rons trray rvcll bc tlìc nìost cncrgctic
rnagnctospheric particlcs rvhich arc accclcratcd in thc
magnetospl-tcrc. Thc most ir-rtrigring qucstions conccr-
ning thcsc electrons arc about thcir accclcration mecha-
nism and thc ultimatc origir-r in thc magncstosphcrc.
Therc arc trvo þpothcscs of origin of thcsc electrons in
thc lorv 1- region.

lle¡'ista BrasiIeiru tle(icrlli.ticu, I"bl. I3(I), I995
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Here /", I,, arc respectivcly the initial cnergy and
l-shcll, from rvhich thc process ofdiffusion starts.

According to Eq. 3, particlc cnergy on a givcn .1,-

shell is limited for any l'.u b)' .1ju"* : 5.108D,,LÌ ' GIiI', lor
conrnronly used 1),,:10-13 s-I, .1r,un, = I t\lel/ at L:1.2.
Horvcvcr. thc mcasurcd flux of trappcd electrons of
Þ100 t\'IcI1 here is about 100 times higher than thc
albedo flux (Just ct al.. 1983).

So high cnergy electrons havc lorv probability to
populatc thc inncr bclt by radial diffusion proccss rvith
D,,-10-ll ,s-l ancl rvc need to research if a faster process

can do it. The cxamples of sucl-r events arc presented

belorv.

FBBRUARY MAGNETIC STORM

Thc intection of subrclativistic clcctrons at l=3.05
rvas obscrvcd on board thc "Cosmos - l(r8(r" satcllitc
(altitudc 350 km. inclination -51.(r") during thc Fcbruary
l9tì(r storm u,ith l)"t:-312 n'l' (Fig. 3). Thc scnsor is :t

dE/dx-E tclcscopc rvith collimator opcning anglc 20o.

oriented to âcccpt particles rvith pitch-anglc -90o. Thc
tine intervals \\¡crc sclected l4ren thc satcllitc crosscd
the geodetic cquator ncar thc samc longitudc 47'W.
Onc can thercforc scc tl.tc timc cvolution of spacc

distribution of clcctron fluxes. Strong pcak of clcctrou
Iltrxes ir"r thc cnergy rangc (0. | - 2 AIzI,) appcarcd in thc
gap bctrvccrl radiation bclts at ¿:3.0-5 in Fcbruan, ll.
Thcy crcated somcthing likc a nov trappcd clectron belt
thcrc. Beforc Fcb. tl (Fcb. 1.. scc Fig. 3) thcrc werc no

trappcd clectrons ir-r this rcgion.
The injcction of cncrgetic clcctrons occurrcd until -5

hours before thc storm maxiurum. Thc 1- into rvhich
clectrons havc been inicctcd is in agrcement rvith
Tvcrski¡ja (1986):

D,t= 2'75(l(llL'1 n'l', (4)

D., hcrc corrcspor.rds to thc storm maximun. It l,as
not clcar l4ry this rclationship works lvhclr thc storm
nraximnm is not rcached. But nol' aftcr analysis o[ thc
phcnomcnon of thc March 2l, l99l grcat particlc
injcction (Blakc ct al., 1992) it is obvior,rs that tltc first
rcâsoll of injcction of particlcs is an appearancc of
positivc impulsc of magnctic lield beforc nagnctic
storm. Thc impulsc rcsults from thc interaction of borv
shock rvith thc Earth's nagnetosphere after solar flarc.
It means tlìat thc magnitudc of the positivc inpulsc
must bc proportional to thc -/)., valuc. But this
suggcstion n-rust be checked.

llevilsla Ilrasileira tlc (|co/ìsica, I,'ol. 1 3(1 ), I 99-5

I. lvl .Mar1in, ¡\. A. Guser', G. L Pugacheva & A. 'lìtrtclli Jr 33

to3

tol
to3

lol
t03

tol

to3

tol

t03

tol
to3

tol

t03

tol

to3

tol

t03

lol

to3

tol r.o r.5 2.o 2.5 3.O 3.5

tr'igurc 3 - Thc l-dcpcndcncc of trapped clcctron fluxes
in Llrc rangc 0.(r - 0.9 Aleþ'in February 1986.
Figura 3 - .,1 clcpett¿lência L clos .flr.rxo.s de elétt"ons
aprisionoclo,s, ua.lhixa de 0,6 - 0,9 A'IeI¡, ent Li'et'ereiro
de 1986.

Thc injection movcs clcctrons only into thc middlc
magnetosphere, but could not transport it to I < 2: until
no$' L,,,¡,, = 3.0 rvas observcd (Tverska.ia, 1986). But
sometimes after a storm the conditions appear to allorv
morc rapid radial dilfrrsiou.

In thc samc Fig. 3 onc calì scc a phenomcnon of
fast pcnctration of inlcctcd clectrons into thc inner
rnagnetosphcrc during 9, 13, l-5. 20.21,23 of Feb. on
thc rccovcry phasc of thc stomr. During thosc 2 rvceks, a

flux of inicctcd clcctrons came into tl-rc inner belt region
and, as a rcsult, thc inner belt flux rvas increased by an
ordcr of nagnitudc in comparison tvith the one of Feb.

20 and occupied L: 1.2-2.2.
If rvc assumc that thc radial diffusiorl is tl-rc process

that rnovcs clcctrons into magnetosphere thcn, using thc
rcstrlts of Fig. 3 and rclationship /)1.¡. = DoLto, \ve can
gct avcragcs over 2 rvccks 1),r : l0-ll ,t-l . Thc ratc of
ditfusion is not constant and during some days the
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diffusion is morc rapid. Our rcsults shorv f.hat thc spccd
of thc diffusion is not dcpcndcnt on thc clcctron cnergy
it't thc rangc of 0.1 - I A'[eI/. Thc dcrivsd /),., is about
t'rvo orders of magnitudc highcr than thc commonly uscd
one (10-r3 s-r).

For thc first Limc thc phenomcnon of fast diffusiou
of clectrons to ¿=1.3 duc to magnctic disturbancc causcd
by a solar flarc rvas observcd by Plìtzer & Winkler
(1968) on OGO-3 satellitc. In Fig. 4 (Pfitzcr & Winklcr,
l9(r8) onc can see thc l-dcpcndencc of ().29-0.(>9 AIcI/
clectron fluxcs bcforc and after thc solar cvcnt of 2 Scpt.
19(16. Thc initial pcnetration of clcctron flux to ¿:2.2
took onc day, thc timc of pcnetral.ion to l=1.3 rvas about
30-40 days. Altcr this pcriod ncrv and stablc inner zonc
appeared. Thc pcnctration has bccn attributcd by Blakc
et al., (1992) to radial diffusion that rcsultcd from thc
iniections farthcr out. Altcr this obscrvation and until
thc magnctic storm cvcnt of tì Fcb. 198(r thc
plrenonrenon was rìot obsclcd and studicd dwing 22
years. Thc phenomcnon is important and of grcat
intcrcst for undcrstanding of radiation bclt origin,
bccausc it hints that all clcctron inncr belt population
(not only high cncrgy onc) is gcncratcd by thc dramatic
proccss of hst radial difftrsion.
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L

Figurc 4 - Thc l-dcpcndcncc of trappcd clcctron fluxes
in tlre range 0.29 - (1.69 ¡4e¡t' just beforc (25 Aug. 196(r)

ar,d just after (7 and 20 of Sept., 196(r) tltc solar cvcnt of
2 Sept., l9(r(> (Plìtzcr & Winkler, 1968).
Figuru .l - tl depertclência L clo,s .flt.rxos cle elélron,s
aprisionaclo,s, na ./itxio de 0,29 - 0,69 A,IeIt uilt pouco
ontes (25 cle tlgosto de 196(t) e imecliatontente após (7 c
20 de Setentbro, 1966) o evetlto soler cle 2 clc,Setembro
de 1966 (Pfitzer & Il/inkler, 1968).

Our obseryations havc an advantagc in comparison
u,ith thc OGO-1,3 data due [o a more detailcd timc
history of events that rcvcal thc dynamics of thc
phcrtomenon. During OGO-l,3 obscrvations the Starfish
clectron fluxes rvcrc significant and did not permit to
obscrvc thc inner belt dynamics so clearly as during thc
1986 storm cvcnt. In Fig. 3 it is also scen thc dynamics
of inncr belt fluxes during thc rccovcry phasc of thc
storm: tl.tc injectcd flux is moving to lorv L and the inner
Revista Brasileira de Geqfisica, l,bl. I 3(l ), I 995
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bclt flux is pushcd gradually to lorv L. The comprcssion
of thc magnctosphcrc shifts thc inncr belt flux
rnaximum from l-:1.7 at I Fcb. to ¿=1.5 at tì Fcb. At 9

Fcb. thc magnestosphcrc bccamc decomprcsscd and tltc
maxilnum of inner belt fluxcs u,as shiftcd in thc
oppositc dircction to t=l.tt. From 9 to 20 o[ Feb., inncr
bclt clcctrons diffusc to thc lorv L. At 2l Feb. thc old
inncr bclt flux disappcars, bcing throrvn dou,n to
atmosphcrc and at 23 Fcb. thc new clcctron population
of inncr bclt appcars. Thc samc history u'as obscrvcd for
clcctronsat0. I - lltlcll.

Thc cxamplc of Fcb. 8(r n¡cnt shorvs that cncrgctic
clcctrons can penctratc quickll, into thc inncr bclt region
altcr bcing injcctcd in thc bcginning of tltc storrn into
thc magnctosphcrc. As lar as thc lifctimc of rclativistic
clcctrons at altitudcs of scvcral hundrcd kilomcters is
about I I'car, ouc or t\\'o such cvents pcr ycar as ones of
fl Fcb. 1986 or 2 Scpt. 196(r (Pfitzcr & Winklcr, 1968)
would sLrppli, thc iuncr zonc rvith thc cnergctic
population. Probably, Lhc rvholc inner bclt clcctron
population is gcncratcd by dranatic proccsscs. but not
gradual oncs.
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Figurc 5 - Thc L-dcpcndcncc of trappcd clcctron flu-xes
rvitlr cncrgy > tl ÀIeI/ altcr thc March l99l cvent
(Ginzburg ct al., 1992).
Figura 5 - A dcpenclência L clo,s .flt.txo,s clc elélt"t¡ns
aprisiorraclos, cot,t cnergia >' 8 AlcI¡ dcpoi,s clo evento
de A{arço de 1991 (Ginzhurg et ol ., 1992).

MARCH 1991STORM

Thc obsen'ations on board thc Meteor (altitudc 960
km, inclination 82") and CRRES satcllites during the
storm at 24 March l99l con[irmed thc assurr.rption that
altcr grcat storms high cnergv clectrons can pcnctratc
into the inncr bclt. Thc injcction ofclcctrons rvith E > 8
ÀIcl,'tvas observcd on board Mcteor at 24 March lggl at
L:2.5 - 2.6 (scc Fig. 5 kindly providcd to us by
Ginzburg ct al., 1992) and at high altitudcs on board
CRRES (Blakc ct al., 1992) at thc sanc 1,. At 3l
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March, one wcek after the storm maximum, a new high
energy electron belt occupied L--2.1 - 2.3. lf we try to
describc this penctration phenomenon as a magnetic
radial diffusion, then wc get thc cocfficicnt Do-!.7.10-tl
s-r. Up to 2l May, 1992, the new belt was seen at
I=1.85 and now thc year averaged diffusion coefficient
is equal to 1.3 . l0-r2 s-r. After 1.5 ycar thc clectron flux
of the ncw bclt cntcred into thc inncr bclt and occupied
a rcgion on l= 1.6 - 2.6 at an altitudc of 960 km.

Thc similar proccss was sccn at higher altitudcs
(ßo / ß =1.37) on board CRRES for clcctrons with
1t: l0 - 50 MeV (Blakc ct al., 1992). So onc can scc thc
pcnctration of high energy electrons into thc inner belt
in situ. It is intercsting to note (Fig. 2) that clectrons
injcctcd with the initial cncrgics I, 10, 100 MeV at
L=2.6 also havc limited cnergy at lowcr /, becausc of
synchrotron cncrgy losscs.

ENERGY BALANCE
ELECTRONS

AND ORIGIN OF'

Therc arc somc rcasons to supposc that relativistic
clcctrons arc injccted into thc magnctospherc from ncar
gcostationary l-shcll. In fact, duc to thc first invariant
conscrvation during injcction and radial diffusion
proccsscs, clcctron cncrgy is incrcascd as L-3/2. So if thc
clcctrons, which wc obscrvc at L=|.5 with / > 100 MeV,
wcrc injcctcd (and transportcd into thc inncr bclt) from
L=6.6, thcir initial cncrgy at initial l=(r.6 was about ll
MeV.

According to Bakcr ct al.(1986), largc, pcrsistent
incrcascs of high cnergy (3 - l0 MeI) clectron fluxcs
frcqucntly occur at gcostationary L ncar solar minimum.
So if thcy cxist on L--6.6 at thc moment of storm as it
occurred at [ì, 9 Fcb. 1986 (Bakcr ct al., 1986) thcy can
bc the sourcc ofthc elcctrons injectcd to low 1,.

Bakcr ct al. (1979) supposcd that l=shclls ncar
L=6.6 are populatcd partly with Jovian clcctrons, so

high cncrgy clcctrons injcctcd during grcat storms and
transportcd in thc inncr bclt can bc of Jovian origin too.
Thus, thc lvholc high cncrgy clcctron population in thc
magnetospherc, probably, havc onc sourcc, - Jovian
clectrons. It is a rather surprising hypothesis but it can
bc thc rcal onc. To chcck this assumption onc needs to
comparc thc magnitudcs and spcctra of thc injcctcd
clectron fluxcs with thosc at gcostationary orbit. Wc
can cxpcct that during injcction an clcctron spectrum
must kccp its slopc duc to conscrvation of magnctic
momcntum.

So lvc can concludc that thc cxplanation ofthe high
cncrgy clcctron origin in the inncr bclt by fast radial
diffusion aftcr grcat storms sccms to bc possiblc. For
proof wc nccd to accumulatcd statistics of magnctic
storms with clcctron injcctions and following
pcnctration into inncr magnetosphcrc to dccidc problcm
of balancc thc clcctron lifctimc and frcqucncy of
injcctions.
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