
ARTICLE IN PRESS
www.elsevier.com/locate/asr

Advances in Space Research xxx (2006) xxx–xxx
Inner radiation belt source of helium and heavy hydrogen isotopes
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Abstract

Nuclear interactions between inner zone protons and atoms in the upper atmosphere provide the main source of energetic H and He
isotopes nuclei in the radiation belt. This paper reports on the specified calculations of these isotope intensities using various inner zone
proton intensity models (AP-8 and SAMPEX/PET PSB97), the atmosphere drift-averaged composition and density model MSIS-90, and
cross-sections of the interaction processes from the GNASH nuclear model code. To calculate drift-averaged densities and energy losses
of secondaries, the particles were tracked in the geomagnetic field (modelled through IGRF-95) by integrating numerically the equation
of the motion. The calculations take into account the kinematics of nuclear interactions along the whole trajectory of trapped proton.
The comparison with new data obtained from the experiments on board RESURS-04 and MITA satellites and with data from SAMPEX
and CRRES satellites taken during different phases of solar activity shows that the upper atmosphere is a sufficient source for inner zone
helium and heavy hydrogen isotopes. The calculation results are energy spectra and angular distributions of light nuclear isotopes in the
inner radiation belt that may be used to develop helium inner radiation belt model and to evaluate their contribution to SEU (single
event upset) rates.
� 2006 Published by Elsevier Ltd on behalf of COSPAR.
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1. Introduction

The flux of energetic light ions at low altitude is both an
important input and output to self-consistent calculations
of albedo particles resulting from the interaction of trapped
and cosmic ray particles with the upper atmosphere. In
addition, data on the flux of light ions are needed to eval-
uate radiation damages on space-borne instruments and
space mission crew. The measurements and modelling of
the flux of energetic alpha-particles would help to assess
their direct or indirect contribution to SEU production in
sensitive electronic devices at low Earth orbit (Dodd and
Massengill, 2003).

As it is well known protons present the main inner radi-
ation belt component. The nuclear interaction of the
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trapped protons with the atoms of the upper atmosphere
is the source of H and He isotopes. If the pitch-angle of
a generated particle lies outside the loss cone on the given
geomagnetic shell this particle becomes trapped. It was
shown (Galper et al., 2003; Pugacheva et al., 1998; Sele-
snick and Mewaldt, 1996) that such processes provide the
main source of high-energy geomagnetically trapped 2H,
3H, 3He and 4He nuclei at L-shell < 1.3.

This paper reports on the improved calculations of
intensities of secondary light nuclei isotopes deduced from:
the inner zone proton intensity obtained out of empirical
models AP-8 and SAMPEX/PET PSB97; the atmosphere
drift-averaged composition and densities from dynamic
atmosphere model MSIS-90, and double-differential
cross-sections for the various nuclear interaction processes
extracted from GNASH nuclear model code. The calcula-
tion results are the energy spectra and angular distributions
of deuterium and helium-4 nuclei in the inner radiation belt
ion belt source of helium and heavy hydrogen isotopes, J. Adv.
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that may be used to develop helium inner radiation belt
model and to evaluate light nuclear contribution to SEU
rates.

2. Method of calculations

For L-shell less than 1.3 the atmospheric production of
energetic secondary nuclei is balanced only by ionization
energy loss in the atmosphere, as the radial diffusion is
not significant at this region (Pugacheva et al., 1998). The
intensity j of generated particles satisfies a continuity equa-
tion (Jentsch and Wibberenz, 1980):

1
v �

oj
ot ¼ S þ o

oE ðj� dE
dx

�� ��Þ,
where v is the nonrelativistic particle speed at time t and

kinetic energy E; the production rate is S (cm3 s sr MeV)�1.
In stationary case this equation has solution:

j ¼ 1
dE
dx

�� ��
Z 1

E
S dE: ð1Þ

During the longitude drift trapped proton performs great
number of oscillations between mirror points. Therefore,
if the drift-averaged atmospheric density ni of given type
target atoms is known as function of trapped particle guide
center location along the field line, then the expression for
production rate of secondary nuclei can be writing in the
following way (Galper et al., 2003; Selesnick and Mewaldt,
1996):

SðE; a;LÞ ¼
Z t0m

tm

dt
X

i

Z
dEp

Z
dXp½xðtÞ� � ni½xðtÞ� � jp

� d2ri
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The first integral covers the time interval ½tm; t0m� over which
the guiding center of trapped proton performs one oscilla-
tion between mirror points xm and x0m. The summation ex-
tends over all interactions that lead to a given type of
secondary particle and the following integrals cover the
ranges of the proton energies Ep and the solid angle Xp that
kinematically can produce secondaries with energy E,
equatorial pitch-angle a in a solid angle dXeq, and at given
L-shell. The proton intensity is jp, and the cross-section for
interaction i is ri. The values of cross-sections were defined
from nuclear model code GNASH (Young et al., 1992),
which includes the double-differential emission spectra in
the laboratory frame. Replacing first integral in Eq. (2)
by the sum over various regions of guide center trajectory
between the mirror points xm and x0m one can get (Galper
et al., 2003):

SðE; a;LÞ ¼
X

j

X
i

Z
dEp

Z
dhXpij � hniij

� jpðap;Ep;LÞ � ðd2ri=dXdEÞ: ð3Þ

In Eq. (3), ÆXpæj-is the average solid angle of trapped
protons at jth region of the guide center trajectory corre-
Please cite this article in press as: Leonov, A.A. et al., Inner radiat
Space Res. (2006), doi:10.1016/j.asr.2006.09.009
sponding to the given equator pitch-angle ap; Æniæj is a
drift-averaged atomic concentration of ith atmospheric
constituent on the same trajectory region. Each jth region
is defined by range of a local proton pitch-angles a0p corre-
sponding to the fixed proton equatorial pitch-angle ap. By
this the calculations account for the nuclear interaction
kinematics along the whole trajectory of guide centre of
trapped proton between the mirror points. This allows cor-
rectly take into account the generation of secondary parti-
cles nearby the mirror points where the atmosphere density
is largest. This approach differs from that one used by Sel-
esnick and Mewaldt (1996), where ni was constant for the
chosen equator pitch-angle ap. The drift-averaged density
of atmosphere component i at the given trajectory region
j is:

hniij ¼
Z

tj

niða0pðtÞÞdt

,
inttDr

dt; ð4Þ

where tj – drift time at the given proton trajectory region j;
tDr – time of the total longitude proton drift.

To calculate the drift-averaged densities of different
atmosphere components the protons were traced in the
geomagnetic field as described by the IGRF-95 model
(Barton, 1996) by numerical solution of motion equation.
Atmospheric densities were defined from dynamic atmo-
sphere model MSIS-90 (Hedin, 1991) with input parame-
ters: AP = 4, F10.7 = 140. The values of these parameters
were obtained using the averaging over the time period of
NINA experiment. Similarly, to define the average energy
losses of secondary nuclei their trajectories in the geomag-
netic field were modelled.

Fig. 1 shows the dependence of the drift-averaged con-
centrations of the main atmospheric constituents from an
equator pitch-angle of trapped protons with energy
350 MeV (a) and the dependence of drift-averaged concen-
trations of the atmospheric helium from the local and
equator pitch-angle of trapped protons with energy
100 MeV (b) on L-shell 1.2 calculated using Eq. (4).

To define the production rate from Eq. (3) it is necessary
to know the proton intensity jp. At the present there are dif-
ferent estimations of this value. Fig. 2 shows the energetic
directional spectrum of trapped protons for solar minimum
at L-shell 1.2, derived from the different most known
trapped protons models: AP-8 (Gaffey and Bilitza, 1994)
and SAMPEX/PET PSB97 (Heynderickx et al., 1999). To
get the intensity of trapped protons from the omnidirec-
tional fluxes in AP-8 models the following transformation
was used (Selesnick and Mewaldt, 1996):

jp ¼
1

2p2

o2

oEox

Z x

0

J pðE; x0Þ
ðx� x0Þ1=2

dx0; ð5Þ

where x = B0/B (B0,B – magnetic field values at equator
and current point on the given force line correspondingly);
Jp is omnidirectional proton intensity. Fig. 2 also includes
the experimental data obtained in NINA and NINA-2
(Bidoli et al., 2002) experiments.
ion belt source of helium and heavy hydrogen isotopes, J. Adv.



66 68 70 72 74 76 78 80 82 84 86

103

104

105

106

107

108

666972757881848790 1x10 5

2x10 5

3x10 5

4x10 5

5x10 5

6x10 5

7x10 5

a

C
on

ce
nt

ra
tio

n,
 c

m
-3

Equator pitch-angle, deg.

L=1.2

 He

 O

 N

b
Concentration of 4He, cm-3

78

66

72

67

6971
73
76

65

85
82 80

87

Equator p
itc

h-angle, d
eg.Local pitch-angle, deg.

Fig. 1. Dependence of the drift-averaged concentrations of the main atmospheric constituents from an equator pitch-angle of trapped protons with energy
350 MeV (a). Dependence of the drift-averaged concentrations of atmospheric helium from the local and equator pitch-angle of trapped protons with
energy 100 MeV (b) on L-shell 1.2.
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Fig. 2. Energetic directional spectrum of trapped protons for solar minimum at L-shell 1.2, defined from the AP-8 (dashed line) and SAMPEX/PET
PSB97 (dotted line) models. Bottom figures also contain the experimental data obtained in RESURS-04/NINA and MITA/NINA-2 experiments.
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3. Results

Described method was used to calculate the intensities
of trapped high-energy 2H and 4He nuclei at L-shell < 1.3.
To compare with experimental results the calculations were
fulfilled for the values of equator pitch-angles, which
covered by the measurements in NINA and NINA-2
experiments.

Fig. 3 represents data from RESURS-04/NINA experi-
ment (Bakaldin et al., 2002) jointly with the intensity values
of trapped 2H (a) and 4He (b) at L-shell 1.2 calculated
using the AP-8 max proton fluxes (solid lines) and
SAMPEX/PET PSB97 proton fluxes (dashed lines). Upper
and lower curves correspond to equator pitch-angle 72�
Please cite this article in press as: Leonov, A.A. et al., Inner radiat
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and 66�, respectively. Equator pitch-angle distributions
obtained in RESURS-04/NINA and MITA/NINA-2
experiments at L-shell 1.2 for trapped H (a) and He (b)
are framing. More than 60% of events detected by NINA
instrument have equator pitch-angles in the range from
66� to 72�, and the pitch-angles of more than 60% of events
from NINA-2 experiment lie in the range from 64� to 70�.

Fig. 4 shows the contributions of the different atmo-
spheric components (He, N and O) in the generation of
high-energy trapped deuterium from SAMPEX/PET
PSB97 proton fluxes for different equator pitch-angle
values (a), (b) and (c) at L-shell 1.2. Total calculated
deuterium intensities and data from RESURS-04/NINA
(Bakaldin et al., 2002), MITA/NINA-2 and SAMPEX/
ion belt source of helium and heavy hydrogen isotopes, J. Adv.



Fig. 3. The values of the intensity of trapped 2H (a) and 4He (b) at L-shell 1.2 calculated using the AP-8 max proton fluxes (solid lines) and SAMPEX/PET
PSB97 proton fluxes (dashed lines). Upper and lower curves correspond to the equator pitch-angle 72� and 66� accordingly. Data from RESURS-04/
NINA experiment are also shown. The distributions of equator pitch-angles obtained in RESURS-04/NINA and MITA/NINA-2 experiments at L-shell
1.2 for trapped H (a) and He (b) are framing. More than 60% of events detected by NINA instrument have equator pitch-angles in the range from 66� to
72�.
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Fig. 4. The contributions of different atmospheric components (He, N and O) in the generation of high-energy trapped deuterium from SAMPEX/PET
PSB97 proton fluxes for different equator pitch-angle values (a), (b), and (c) at L-shell 1.2. Total calculated deuterium intensities and data from the
RESURS-04/NINA, MITA/NINA-2 and SAMPEX/PET experiments are also displayed (d).
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PET (Selesnick and Mewaldt, 1996) experiments are also
displayed (d).

The same results are shown in the Fig. 5 but for high-
energy helium (4He).Total calculated helium intensities
and data from the RESURS-04/NINA (Bakaldin et al.,
2002), MITA/NINA-2, SAMPEX/MAST (Selesnick and
Please cite this article in press as: Leonov, A.A. et al., Inner radiat
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Mewaldt, 1996) and CRRES/ONR-604 (Chen et al.,
1996) experiments are presented in Fig. 5(d). The difference
of the experimental values for CRRES/ONR-604 and
analytical curves could be due to the influence of radial dif-
fusion near L � 1.3 which has to be taken into account in
the calculations (Pugacheva et al., 1998). Besides, the
ion belt source of helium and heavy hydrogen isotopes, J. Adv.
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A.A. Leonov et al. / Advances in Space Research xxx (2006) xxx–xxx 5

ARTICLE IN PRESS
average value of the equator pitch-angle of trapped parti-
cles registered in CRRES experiment is higher �90� then
one used in the presented calculations.

The uncertainty involved in the calculations of produc-
tion rate of secondary nuclei from Eq. (3) depends on uncer-
tainties of the cross-sections (�10%), of the trapped proton
fluxes model (�50%), of the averaged density of MSIS-90
model atmosphere (�15%) and of the numerical error of
integration along the proton trajectory in Eq. (3) (�20%).
Thus, a general uncertainty of source flux is �60%.

In the original work Selesnick and Mewaldt, 1996 the
forward production of secondaries on the oxygen target
was assumed. As a result, the difference with the calcula-
tions, reported above, becomes more than 100% at L-shell
�1.2. Furthermore, they did not present the calculations
of oxygen nuclear reactions for pitch-angles less than 80�
at L-shell �1.2.

The comparison of calculated and experimental data
taken during different solar activity phases reveals accept-
able agreement and shows that the upper atmosphere is a
sufficient source for the inner zone helium and heavy
hydrogen isotopes. The best agreement between the calcu-
lations and experimental data comes if the SAMPEX/PET
PSB97 model is used to evaluate the flux of trapped pro-
tons. However the worst case is the comparison of the
He4 flux at high energy with the CRRES data. One possi-
ble explanation could be concerning with the fact, that for
higher L-shells the radial diffusion becomes the significant
source of trapped particles in this energy range and has
to be taken into account. The calculation results are energy
spectra and angular distributions of light nuclear isotopes
in the inner radiation belt that may be used to develop
Please cite this article in press as: Leonov, A.A. et al., Inner radiat
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helium inner radiation belt model and to evaluate their
contribution to SEU rates. To calculate the fluxes at higher
L-shell the additional study of diffusion processes is needed
(Pugacheva et al., 1998). Although AP-8 and SAMPEX/
PSB97 may be publicly accessed through the SPENVIS,
they exhibit an order of magnitude difference in low alti-
tude proton fluxes (Heynderickx et al., 1999). So, to
improve the accuracy of the calculations the more precise
proton model is also claimed.
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