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The ratio of positron/electron uxes originated in nuclear spallation reactions in the Earth`s magne-
tosphere is considered. It is supposed that positrons as well as electrons are produced in the decay of
charged pions (�� ! �� ! e�) born in nuclear collisions of trapped relativistic inner zone protons
with the residual atmosphere. These positrons and electrons are captured in the magnetosphere
and create positron and electron radiation belts of nuclear origin. The positron/electron trapped
magnetospheric uxes formed with this mechanism are simulated and the resulting computed e+=e�

ux ratio � 4 appears in agreement with the recent observations. This ratio is signi�cantly di�erent
from the ratio �1 obtained from the primary cosmic ray source through the same mechanism.

I Introduction

In our recent papers [1,2] we showed that signi�cant

uxes of trapped anti-particles must exist in the in-

nermost magnetosphere of the Earth. However they

are not of that primordial nature of origin, which at-

tracts the general interest of astrophysics community,

but are born in a more trivial process, as secondaries

from nuclear spallation reactions of energetic trapped

protons and primary cosmic rays (CR) with the resid-

ual terrestrial (or other planet's, for example, Jovian)

atmosphere. These secondary particles being trapped

by the Earth's magnetic �eld can be accumulated there

and form more radiation belts, for example, anti-proton

and positron radiation belts, in addition to already ex-

isting ones i.e. those of protons, electrons and anoma-

lous CR nuclei. These trapped uxes of anti-protons

and positrons could be even greater than the secondary

interstellar uxes which are generated by CR on only 5

- 7 g.cm2 of interstellar matter. These uxes are pro-

duced on the 2-3 radiation lengths of electrons in the

air [3], that is � 36� 3 = 108 g/cm2. Thus, they could

be about 15-20 times greater than interstellar ones at

certain energies. During geomagnetic unstable periods

they could possibly precipitate into the atmosphere or

could leave the magnetosphere and appear in the inter-

planetary medium, causing new puzzles.

In the same spallation reactions the trapped en-

ergetic protons also produce the isotopes of light ele-

ments, like D, T, 3He [4,5]. The trapped deuterium

and 3He isotopes were actually observed recently by

SAMPEX and CRRES satellites [6,7]. This discovery

supports the idea that signi�cant uxes of trapped sec-

ondary positrons could be produced by the trapped pro-

tons on the rare�ed density of the residual atmosphere

at the altitudes of 300{1000 km.

Signi�cant trapped energetic positron uxes could

be observed according to this idea in the innerest part

of the geomagnetosphere where atmosphere is rare, but

still exists and where a suÆcient ux of energetic pro-

tons exists to sustain the positron population.

However, until last year there was no clear experi-

mental con�rmation of the existence of a positron radi-

ation belt. In the previous experiments with magnetic

spectrometer performed on board of the COSMOS-1669

and MIR station contradictory results were obtained.

It seems that the new generation of experiments �-

nally managed to prove the idea: In July's 1999 issue of

CERN Courier it was communicated that Alpha Mag-

netic Spectrometer (AMS) [8] observed high energy (>

200 MeV) positron ux in the equatorial region at the

altitude of 400 km with the intensity about 4 times

higher than the electron ux of the same energv. The

authors characterized the result as very surprising and

puzzling. However, we think that this observation is a

con�rmation of the above formulated mechanism which

has been developed since 1982 [3,9].

In this paper it will be demonstrated that the ob-

served positron excess is a crucial argument in favor of

our idea.
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II The source of positrons

From a theoretical point of view, the positron radiation

belt generation is a bit more complicated than the for-

mation of the isotope radiation belts. The geomagneti-

cally con�ned positrons do not appear as an immediate

direct product of a nuclear reaction. Rather, the basic

mechanism of positron and electron nuclear collision

generation is the muon-positron decay of charged pos-

itive pions and kaons, resulting from the same nuclear

reactions where deuterium, tritium and 3He secondary

nuclei are born. The other di�erence is that for pion

production, there exists an important minimum energy

threshold of 290 MeV per incident proton on an ex-

ospheric neutral. This large incident proton energy is

necessary for a proton to produce a pion in the reaction

with the atmospheric target nucleus.

To be speci�c, in nuclear spallation reactions both

negative and positive pions and kaons will be produced

along with the secondary nuclei. Once these short-lived

particles are born they decay into:

��;K� ) �� + � �� ) e� + ~� + � (1)

In fact, they are so short-lived that they decay prac-

tically at the same place in the magnetosphere where

they are born. Their short lifetime �0 is of 26 nanosec-

onds for charged pions and 2.197 �s for muons. They

could travel from the point of generation for only the

distance of about: �0v, here v-pion's, muon's velocity,

 is a particle Lorentz factor. For example, for 1000

MeV pion this travel distance is: 1000/139.57 * 2.610�8

s * 3105km/s = 56 m. For a 1000 MeV muon the travel

distance is: 1000/105.66 * 2.19710�6 s * 3.105km/s =

6.25 km. Thus, from the point of view of magneto-

spheric particle capture, it means that the positrons

are born and trapped in the same region of magne-

tosphere, where energetic trapped protons exist. The

con�nement area at L < 1:2 is concentrated in a very

restricted angle near the geomagnetic equatorial plane.

Due to that only the positrons born with velocity direc-

tion within this angle (i.e. near the plane of the parent

proton Larmour rotation) can be captured and will be

taken into account in the following consideration.

In Fig.1 we depict the location of > 400 MeV

trapped proton ux at the altitude of 400 km over at-

mosphere based on the AP-8 magnetospheric proton

model [10].

Recognizing, however, the strong dynamics of the

electron radiation belt observed recently [11], the

positron belt spatial location may sometimes be dif-

ferent from that of the parent protons and the positron

uxes could even disappear from the area and appear

in the interplanetary medium as the result of high geo-

magnetic activity.

Figure 1. The space distribution of the > 400 MeV trapped
protons at the altitudes of 400 km according to AP-8 model
(Vette, 1991).

III The positron belt formation

To calculate the positron ux Fe+(E) we must integrate
the positron di�erential production spectrum Pe� (E

0)
(i.e. uxes generated in 1 g/cm2 of the air) along the
positron trajectory taking into account that a positron
of energy E was born with energy E0 at the distance of
X 0 g/cm2 from the point of observation. If the positron
energy losses are (dE=dX); it results in the relation-
ship: Fe�(E) =

R1
0

Pe�(E
0)(dE0=dE)dX 0 = Pe�(>

E)=(dE=dX) [2], i.e. the e+=e� ux ratio is propor-
tional to the ratio of their integral production spectra.

The mean fraction of energy carried away by a muon
in a pion's decay and by an electron in a muon decay is
typically equal to q1 = 0:80 and q2 = 0:33 respectively.
With this simpli�cation, we can relate the positron
(electron) Pe� and pion production spectra Q�� with
the following rather simple expression:

Pe�(E) =
1

q1q2
Q��(E=q1q2):

From this set of physical ideas and a modest math-
ematical construction one can rather transparently see
that positron/electron ux ratio at equal energies per
particle is proportional to the ratio of positive and neg-
ative integral pion production spectra Q��(> E) at the
l=qlq2 greater energies than electron ones:

Fe+(E)=Fe�(E) =
Q�+(> E=q1q2)

Q��(> E=q1q2)
:



592 Brazilian Journal of Physics, vol. 30, no. 3, September, 2000

The pion production spectra for �� pions were ear-
lier computed [1] for trapped proton uxes at L = 1:2.
These are presented in Table 1. From this one can see
that this source mechanism provides four times greater
positive pion uxes than negative pion uxes at pion en-
ergies of more than 600-800 MeV. Consequently, these
production spectra of secondary particle uxes can sup-
ply four times greater positron uxes than electron
uxes at energies more than 150 - 200 MeV on these
geomagnetic L-shells. Indeed, this is precisely the same
positron-to-electron ux ratio that was observed in the
AMS experiment noted above for positron/electron ux
ratio at energies of more than 200 MeV per particle.
We thus conclude that the puzzle appears resolved, and
that there exists a simple physical explanation based on
the knowledge of the nuclear collision reactions from
which most positive pions are born.

Table 1. The pion production spectra.

The geomagnetically trapped protons have rela-
tively low energies (from a nuclear interaction point of
view) and less than 1 secondary pion per reaction is
generated. Certainly they have positive (!) charge due
to the charge conservation law. In comparison, in the
case of positrons born by primary CR, having tens GeV
energies, a greater multiplicity of pions generated, and
the positron ux excess is negligible.

To theoretically search a positron ux from the CR
source, we used a version of a nuclear reaction computer
code SHIELD for Monte Carlo simulation of hadron
cascades in matter [12]. Using this code we computed
positive and negative pion production spectra from pro-
tons with various energies corresponding to the upper-
most range of trapped proton energies (500 MeV - 2
GeV) in the innermost parts of the magnetosphere and
to CR proton component (more than 8-10 GeV for the
magnetospheric equatorial region). The ratios of the
integral production spectra of positive and negative pi-
ons for various parent proton energies are plotted in
Fig. 2. As we mentioned above this ratio is the same
as e+=e� ux ratio. From this �gure one can immedi-
ately ascertain that the ratio of pion spectra from CR

source is less than from the trapped proton source and
equal �1 for more than 100 MeV positron energies.

Figure 2. Curve 1: The dependence of the e+=e�-ux ratio
on the parent proton energy; curves 2 - 7: The dependence
of the �+=�� integral production ux ratio and e+=e� ux
ratio on the � and e� energies, correspondingly.

In the innermost part of magnetosphere, at low L-
shells of L � 1:2 it is diÆcult to expect an existence
of hundreds MeV trapped electrons of di�usive origin.
As it was shown in [13,14] the electrons can not dif-
fuse there from the boundary of magnetosphere be-
cause they loss its energy due to synchrotron radiation
and undergo strong pitch-angle scattering with plasma
waves at the region of L � 3 on the way into inner mag-
netosphere. Thus, a di�usive electron component at
those energies does not decrease computed e+=e� ux
ratio obtained from nuclear source and in observations
in the innermost part of magnetosphere exactly e+=e�

ux ratio equal to � 4 is expected to be registered in
the case of nuclear reaction source of magnetospheric
positrons.

IV Conclusion

A mechanism for generation of the terrestrial positron
radiation belt due to nuclear reactions of trapped radi-
ation belt protons with the nuclei of the neutral atoms
in the upper atmosphere/exosphere region is consid-
ered. The ratio of positron/electron uxes computed
based on the in-situ collisional mechanism shows that
the positron ux is expected to exceed almost exactly
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four times the ambient electron ux in the equatorial
region for particles of more than 200 MeV. That is in
excellent agreement with the AMS-instrument observa-
tions reported in the literature. In contrast, the CR
source in this region provides a positron/electron ux
ratio about equal 1. The CR uxes are thus not respon-
sible for the observed innermost radiation belt positrons
and electrons. We believe that this physical consider-
ation will help to solve the puzzle of the unique AMS
positron belt observation.
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