doi: 10.22564/rbgf.v13i1.117

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

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

A large flux of greater than 100 AMel” clectrons was registered in the inner belt on low
altitude satellites. The origin of the flux is discussed. It appecars that slow radial
diffusion ( Do = 10™% s™") gives a low probability for penctration of these electrons to
small 7, from the boundary of magnctosphere because of synchrotron radiation cnergy
losses. It is found that they can cnter into the inner belt region without such losses
after great magnetic storms when fast radial diffusion sometimes takes place. Two
grcat storms on 8-9 Fcb., 1986 and March 24, 1991 arc cxamples when onc can
dircctly obscrve a penctration of energetic clectron fluxes into magnetosphere. The
assumption about their Jovian origin is discusscd.
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A IMPORTANCIA DA RAPIDA DIFUSAO RADIAL NA FORMACAO DA
POPULACAO DE ELETRONS DE ALTA ENERGIA DO CINTURAO
INTERNO DE RADIACAO - Um grande fluxo de elétrons com energia superior a
100 MeV foi observado a bordo de satélite de drbita baixa no cinturdo interno de
radiagdo. A origem deste fluxo é discutida. Parece que a difusdo radial com baixa
velocidade (Do = 1077 s") dé pouca possibilidade para explicar a penetragdo destes
elétrons em baixos valores de I, proveniente da fronteira da magnelosfera, isto por
causa da perda de energia dos mesmos por radiag@o sincrotron. Supde-se que estes
elétrons podem ser injetados no cinturdo interno, nessa regido, sem perder energia,
apos grandes tempestades magnéticas onde a difusdo radial com alta velocidade ¢é
observada algumas vezes. Dois grandes eventos, em 8-9 I'everciro 1986 e 24 Margo
1991, mostram “in situ” a penetragdo de elétrons de alla energia na magnetosfera. A
consideragdo de que estes elétrons também podem ser origindrios da atmosfera de
Jupiter é aqui discutida.

Palavras-chave: Radiagdo do cinturdo interno; Fluxo de elétrons, Difusdo radial;
Inergia sincrotron.
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INTRODUCTION

During the last 10 years, many measurements of the
population of highly relativistic clectrons (20-1000
MeV) trapped in the Earth’s magnetospherc werc made
on board of low-altitude satellitcs (Just ct al., 1983;
Galper ct al., 1983; Voronov ct al., 1986). At lcast
some of these eleclrons appear not 1o be sccondary in
origin, but are accelerated by a magnctospheric process.
In Fig. 1 one can see the flux values measurcd on board
the “Intercosmos-17” satcllitc (altitude - 500 km,
inclination 82°, 1977-78) (Just ct al.. 1983). Two
populations of clectrons arc cvident in Fig. 1. The first
has H,.;,, > 200 km (trapped clectrons), while the second
one has 7,,;, <200 km (albedo). /1,,;, is thc minimum
altitude of the mirror points of clectrons drifting around
the Earth. The fluxes arc averaged over 3 valuc at a
given L.
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Figure 1. - The L - dependence of trapped (circles) and
albedo (lriangles) fluxes of clectrons of > 100 Afel,
measurcd at 500 km altitude.

Figura 1 - A dependéncia L dos [fluxos de elétrons
aprisionados (circilos) ¢ albedo (iridngulos) de > 100
MeV, medidos a uma altitude de 500 km.

Just ct al. (1983) were the first to point out that
trapped electrons can rcach so high cnergics as > 100
Mel in the inner belt. The pitch-angle and /.-distribu-
tion of these highly cnergelic clectrons arc presented in
Galper ct al., 1983, Voronov ct al., 1986 and Dmitrcnko
ctal., 1987.

These clectrons may well be the most cnergelic
magnetospheric particles which are accelerated in the
magnelosphere. The most intriguing questions concer-
ning Lhese clectrons arc about their acceleration mecha-
nism and the ultimate origin in the magncstosphere.
Therc arc two hypotheses of origin of these clectrons in
the low L region.
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The first onc supposcs that they are the products of
nuclcar interactions of rclativistic protons trapped in the
inner belt with residual atmosphere (Gusev et al., 1984).
It can explain the shape of the spectrum and gives the
flux value closc to the measurcd onc. It predicts also the
charge ratio (Me'/Ne') in the [luxes about 2.7. But the
experimental value, measured with magnelic spectrome-
ter, is (Ne'/ Ne™) = 0.3 (Voronov ct al., 1986).

The sccond hypothesis (Dmitrenko ct al., 1987)
supposcs that (rapped high cnergy clectrons come {rom
outside of magnetosphere due Lo the process ol common
radial diffusion caused by positive fluctuations of the
gcomagnetic field. The particle energy in this casc
increascs duc to conservation of its magnetic moment.
However the authors did not take into account that this
process is very slow and takes dozen years. During this
period the clectrons must losc their energy by synchro-
tron radiation.

Let us calculate the value of synchrotron losses of
clectrons diffusing into the magnetosphere. The
synchro-tron cnergy losscs arc given by the cquation
(Ginzburg, 1987):

dIi; 1 dt =38-10°B* L, GeV - s, (1)
where B is the magnctic ficld in gauss. For the cquator
we lake B=0.312/1.° .

Taking into account that during radial diffusion the
clectron energy changes as £ and (he ratc of motion
across L duc (o radial diffusion is dL/dt = 12D,L° s
(Tverskoy, 1968), we obtain the next cquation of
changing of clectron cnergy versus L:

di/dlL =15/ L+31.10° L/ D, ()

where the first term of the right hand describes the
incrcasc of clectron cnergy during radial diffusion and
the second onc describes (he decrcase of electron cnergy
duc (o synchrotron losscs.

The solution of the cquation is (scc Fig. 2):

Figure 2 - Change of clectron cnergy duc to radial
diffusion and synchrotron cnergy loss.

Figura 2 - Mudanga da energia de elétrons devido a
difusdo radial e perda de energia sincrotron.
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Here I, L, arc respectively the initial energy and
L-shell, from which the process of diffusion starts.

According to Eq. 3, particle cnergy on a given L-
shell is limited for any i, by I = 5.10°D,L' GEV, for
commonly used D,=10"" s B = 1 Mel” at L=1.2.
However, the measured flux of trapped electrons of
I£>100 Ael” here is about 100 times higher than the
albedo flux (Just ct al., 1983).

So high cnergy clectrons have low probability to
populate the inner belt by radial diffusion process with
De~10"2 5" and we need to research il a faster process
can do it. The cxamples of such cvenls arc presented
below.

FEBRUARY MAGNETIC STORM

The injection of subrclativistic clectrons at .=3.05
was obscrved on board the “Cosmos - 1686 satellite
(altitude 350 km, inclination 51.6°) during the February
1986 storm with Dy=-312 n7 (Fig. 3). The scnsor is a
dE/dx-E tclescope wilh collimator opening angle 20°.
oriented to accept particles with pitch-angle ~90°. The
time intervals were sclected when the satellite crosscd
the geodetic cquator necar the samc longitude 47°W.
Onc can thercforc scc the time cvolution of spacc
distribution of clectron fluxes. Strong peak of clectron
Muxes in the encrgy range (0.1 - 2 Afe)) appeared in the
gap belween radiation belts at 2=3.03 in Fcbruary 8.
They created something like a new trapped clectron belt
there. Before Feb. 8 (Feb. 1., sec Fig. 3) therc were no
trapped clectrons in this region.

The injection of encrgetic clectrons occurred until 5
hours before the storm maximum. The L into which
clectrons have been injecled is in agrcement with
Tverskaja (1980):

Dy =27500/1" n. )

Dq here corresponds (o the storm maximum. It was
not clear why this rclationship works when the storm
maximum is not rcached. But now aflcr analysis ol the
phenomenon of the March 21, 1991 great particle
injection (Blake ct al., 1992) it is obvious that the {irst
rcason of injection of particles is an appearancc of
posilive impulsc of magnetic field belorc magnctic
storm. The impulsc results [rom the interaction of bow
shock with the Earth’s magnetosphere afler solar flarc.
It mecans that thc magnitude of the posilive impulsc
must bc proportional to the D, valuc. But this
suggcestion must be checked.
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Figure 3 - The /-dependence of trapped clectron fluxes
in (he range 0.6 - 0.9 Afel” in Fcbruary 19806.

Figura 3 - A dependéncia I dos fluxos de elétrons
aprisionados, na faixa de 0,6 - 0,9 Mel', em I'evereiro
de 1986.

The injection moves clectrons only into the middle
magnetosphere, but could not transport it to L < 2: until
now Ly, = 3.0 was observed (Tverskaja, 1986). But
sometines alter a storm the conditions appear to allow
more rapid radial diflusion.

In the same Fig. 3 onc can scc a phenomenon of
fast penctration of injected clectrons into the inner
magnelosphere during 9, 13, 15, 20, 21, 23 of Feb. on
the recovery phasc of the storm. During those 2 weeks, a
flux of injected clectrons came into the inner belt region
and, as a result, the inner belt flux was increased by an
order of magnitude in comparison with the one of Feb.
20 and occupied L =1.2-2.2.

Il we assume that the radial diffusion is the process
that moves cleetrons into magnetosphere then, using the
resulls of Fig. 3 and relationship Dy, = Dol.'®, we can
gel averages over 2 weeks 1y = 107" &' The rate of
diffusion is not conslant and during some days (he
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dilfusion is more rapid. Our resulls show that the speed
of the diffusion is not dependent on the clectron cnergy
in the range of 0.1 - 1 Afe}”. The derived Dy is aboul
two orders of magnitudc higher than the commonly used
one (1073 s™).

For the first time the phenomenon of fast diffusion
of clectrons to 7.=1.3 duc 1o magnetic disturbance causcd
by a solar flarc was obscrved by Plitzer & Winkler
(1968) on OGO-3 satellite. In Fig. 4 (Pfitzer & Winkler,

1968) onc can scc (he L-dependence of 0.29-0.69 Afel”

clectron (luxes before and after the solar event of 2 Sept.
1966. The initial penetration of clectron flux to £=2.2
look onc day, the time of penctration (o L=1.3 was about
30-40 days. Afier this period ncw and stable inner zone
appeared. The penctration has been attributed by Blake
ct al., (1992) to radial diffusion that resultied from the
injections farther out. Aflter this obscrvation and until
the magnetic storm cvent of 8 Fcb. 1986 the
phenomenon was not obscrved and studicd during 22
years. The phenomenon is important and of great
interest for understanding of radiation belt origin,
because it hints that all clectron inner bell population
(not only high cnergy onc) is generated by the dramatic
process of [ast radial diffusion.
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Figure 4 - The /-dependence of trapped clectron fluxcs
in the range 0.29 - 0.69 Mel” just before (25 Aug. 1966)
and just after (7 and 20 of Sept., 1966) the solar event of
2 Sept., 1966 (Plitzer & Winkler, 1968).

Figura 4 - A dependéncia L dos fluxos de elétrons
aprisionados, na faxia de 0,29 - 0,69 MeV um pouco
antes (25 de Agosto de 1966) ¢ imediatamente apos (7 e
20 de Setembro, 1966) o evento solar de 2 de Setembro
de 1966 (Pfitzer & Winkler, 1968).

Our observations have an advantage in comparison
with the OGO-1,3 dala due to a more detailed time
history of events that revecal the dynamics of (he
phenomenon. During OGO-1,3 observations the Starfish
clectron fluxes were significant and did not permit to
obscrve the inner belt dynamics so clearly as during the
1986 storm event. In Fig. 3 it is also scen the dynamics
of inner belt fluxes during the recovery phase of the
storm: the injected flux is moving to low /. and the inner
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belt flux is pushed gradually to low L. The compression
of the magnetosphere shifts the inner belt [lux
maximum [rom L=1.7 at 1 Feb. to £=1.5 at 8 Fcb. ALY
Feb. the magnestosphere became decompressed and the
maximum of inncr belt fluxcs was shificd in the
opposile dircction to L=1.8. From 9 to 20 of Feb., inncr
belt clectrons diffuse to the low L. At 21 Feb. the old
inner belt flux disappears, being thrown down {o
atmosphere and at 23 Feb. (he new clectron population
ol inncr belt appears. The same history was obscrved for
clectrons at 0.1 - 1 Afel’,

The example of Feb. 86 cvent shows that cnergetic
clectrons can penetrate quickly into the inner belt region
aller being injected in the beginning of the storm into
the magnetosphere. As far as the lifetime of relativistic
clectrons at allitudes of scveral hundred kilometers is
about 1 ycar, onc or (wo such cvenls per year as ones of
8 Fcb. 1986 or 2 Scpt. 1966 (Plitzer & Winkler, 1968)
would supply thc inncr zonc with (he cnergetic
population. Probably, thc wholc inner belt clectron
population is generated by dramatic proccsscs, but not
gradual oncs.
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Figure S - The L-dcpendence of trapped clectron [lu-xes
with encrgy > 8 Afel” afler the March 1991 cvent
(Ginzburg ct al., 1992).

Figura 5 - /A dependéncia L dos fluxos de eléirons
aprisionados, com energia > 8 MelV depois do evento
de Margo de 1991 (Ginzburg et al ., 1992).

MARCH 1991 STORM

The obscrvations on board the Meteor (altitude 960
km, inclination 82°) and CRRES satcllites during the
storm at 24 March 1991 confirmed the assumption that
after great storms high cnergy clectrons can penetrate
into the inner belt. The injection of clectrons with £ > 8
Mel” was obscrved on board Mcteor at 24 March 1991 at
[=25 - 2.6 (scc Fig. 5 kindly provided to us by
Ginzburg ct al., 1992) and at high altitudes on board
CRRES (Blake ct al,, 1992) at thc samc 7. Al 31
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March, onec week after the storm maximum, a new high
energy clectron belt occupicd 2=2.1 - 2.3, If we try to
describc this penctration phenomenon as a magnetic
radial diffusion, then we get the cocfficient Dp=1.7.10""
s'. Up to 21 May, 1992, the new belt was scen at
L=1.85 and now thc year averaged diffusion coefficient
is cqual to 1.3, 10" s™. After 1.5 year the clectron flux
of the new belt cntered into the inner belt and occupicd
a rcgion on 2=1.6 - 2.6 at an altitudc of 960 km.

The similar process was scen at higher altitudes
(Bo / B =1.37) on board CRRES for clcctrons with
I£=10 - 50 MeV (Blake ct al., 1992). So one can scc the
penetration of high cnergy clectrons into the inncr belt
in situ. 1t is intcresting to notc (Fig. 2) that clectrons
injected with the initial cncrgics 1, 10, 100 Mel at
L=2.6 also havc limited cnergy at lower L becausc of
synchrotron cnergy losscs.

ENERGY BALANCE AND ORIGIN OF
ELECTRONS

There arc somc rcasons (o supposc that rclativistic
clectrons arc injected into the magnctosphere from ncar
geostationary L-shell. In fact, duc to the first invariant
conscrvation during injection and radial diffusion
processes, clectron energy is increased as 2% So if the
clectrons, which we obscrve at 2=1.5 with £ > 100 MeV/,
were injected (and transported into the inner belt) from
L=6.6, their initial cnergy at initial 7=6.6 was about 11
MeV.

According to Baker ct al.(1986), large, persistent
incrcascs of high cnergy (3 - 10 Mel) clectron {luxes
frequently occur at geostationary Z ncar solar minimum.
So if they cxist on =0.6 at thc moment of storm as it
occurred at 8, 9 Feb. 1986 (Baker ct al., 1986) they can
be the source of the clectrons injected to low L.

Baker ct al. (1979) supposced that Z=shclls ncar
L=6.6 arc populated partly with Jovian clcctrons, so
high cnergy clectrons injecied during great storms and
transported in the inncr belt can be of Jovian origin too.
Thus, the whole high cncrgy clectron population in the
magnetosphere, probably, have onc sourcc, - Jovian
clectrons. It is a rather surprising hypothesis but it can
be the real one. To check this assumplion onc needs to
comparc thc magnitudes and spectra of the injected
clectron fluxcs with thosc at gcostationary orbit. We¢
can cxpect that during injection an clectron spectrum
must keep its slopc duc to conscrvation of magnclic
momentum.

So we can concludc that the explanation of the high
cnergy clectron origin in the inncr belt by fast radial
diffusion alter great storms scems to be possible. For
proof we nced to accumulated statistics of magnctic
storms with clectron injections and following
pencetration into inner magnctosphere to decide problem
of balancc thc clectron lifctime and frcquency of
injections.
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