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A secondary proton radiation belt can be observed in the equatorial region between the upper atmosphere and
the interior edge of the main radiation belt. It is thought that the protons appear there in a result of ionization of
energetic neutral hydrogen atoms coming from the internal area of the traditional radiation belt where they were
born in charge exchange collisions of the trapped protons with the cold hydrogen of the gecorona. The process
of formation of this secondary belt is numerically simulated in this paper assuming this charge exafgange
ionization mechanism. Standard models of the trapped radiation, of the atmosphere and geocorona were used to
simulate the source and the exospheric media. Experimental data were used for charge transfer cross sections.
Result of simulation agrees very good with the experimental observation.

1 Introduction flux enhancements of up to three orders of magnitude lastin
for 1-3 days, and flux decreases of two orders of magnitud
An experiment APEX - Monitoring of Alpha, Proton and lasting a few monthes.
Electron fluxes in the inner magnetosphere is being devel-  The observations reported were performed at low alti-
oped for the French-Brazilian Microsatellite (FBM) to be tudes where geomagnetic drift shells are unclosed. Due t
deployed in 2003. The satellite orbit with an inclination of that we can formally regard the protons as quasi-trappec
6-10° and a height o&700km will permit continuous mon-  In reality their lifetime is determined by charge exchange
itoring of ion and electron fluxes essentially in the equatorial losses that is much shorter than the drift period. Due to tha
region of the innermost magnetosphere. The studies will bethe fact that the drift shells are unclosed does not affect th
focused on the dynamical phenomena like fast radial diffu- flux magnitude of the protons, which is determined essen
sion and precipitation of the fluxes and their dependence ontially by the same factors as inside the traditional radiatior
solar, magnetospheric and atmospheric conditions. belt at closed drift lines.

In the present work we consider the nature and character- ~ Simple solid state detectors used mainly for detection o
istic of energetic proton environment in the equatorial region the protons irkeV — MeV range in those experiments can
under the main radiation belt where the orbit of the FBM only measure a sum of neutral and re-ionized fluxes. The
will pass. These protons are considered now also as a usefuheutral/re-ionized flux ratio strongly depends on the ion en-
tool for observation of global magnetospheric dynamics.  ergy decreasing from10 at 10keV to ~0.1 at 100:eV. To

The presence of a secondary radiation belt consistingselect exactly neutrals one needs to eliminate proton bacl
of energetic protons and located in the interface region be-ground. Itis usually done with constant magnets (see for ex
neath the classic radiation belt and above the terrestrial at-ample [4] ), that permits latitude-longitude mapping of the
mosphere was established by Moritz [1] and Hovestadt [2]. proton source. Contrary to that the simple telescopes mes
They observed protons in the energy range of 0.25-1.65sure a quasi-trapped flux that reflects the neutral flux aver

MeV between the altitudes from 400 to 1000:. Miz- aged over a trajectory of Larmour rotation of the protons in
era and Blake [3] extended observation to lower energiesthe geomagnetic field.
measuring a spectrum of 12.5-588V" protons in the 400- A permanent, intense source needed to reproduce thi

470km altitude range. Low-altitude rocket [4] and satellite population is identified as a charge exchange process of pr¢
measurements [1] indicate that the protons are concentratedons captured in the radiation belt and ring current region [1]
at 90 pitch angle with a magnitude independent of altitudes as is illustrated in Fig. 1: Source trapped protétts con-
above~300 km. More recently, Guzik et al. [5] discov- fined in the magnetosphere undergoes a charge exchange
ered a strong altitude dependence in the flux of equatorialteraction with relatively cold~{ 1000° K) ambient neutral
protons with energies from 0.6 to® eV at lower altitudes  atom A’ e.g.Ht + A — H? + A* (reactionl in Fig. ). Af-
between 170 and 298m. We [6] examined the integral ter neutralization these protons appear as a fast non-therm
proton fluxes in the energy range 0.64-85V at L values hydrogen neutral atonts® of the same energy and with the
from 1.05 to 1.15 over a 3-year period and observed abruptsame velocity direction as those of a parent proton. Being
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neutral they are not affected or confined by the geomagnetictween velocity of the proton and geomagnetic line direc
field and can travel in any direction. If they head earthward, is sufficiently close to 90the proton can be trappedi.e. ¢
there is a chance that they will collide with atmospheric neu- perform geomagnetic drift along a line of the geomagn
tral atoms and lose the electron in reaction of re-ionization equator belonging to a definifeshell. (Geomagnetic equi
HO + A" — HT + A? + e~ (reaction2 in Fig. 1) appear- tor is defined as a plane crossing geomagnetic field line
ing now as positive ion oH™ i.e. proton. If the angle be- the point of minimum strength of the geomagnetic field.)
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Figure 1. A scheme of formation of quasi-trapped proton population beneath the radiation belt. The geomagnetic field is approxin
field of a tilt shifted dipole. Geomagnetic equator is defined as a plane crossing geomagnetic field lines in the point of minimum s
the geomagnetic field.

The mechanism described above provides a direct linking fluxes exceedeth* 1/cm? s sr in energy range 0.64-3
between the radiation belt and the upper atmosphere at midM eV .
latitudes and low-latitudes. Because of their origin the char-  The goal of the present work is simulation of quz

acteristics of the neutral and quasi-trapped proton fluxes argrapped proton fluxes in the assumption that they are

closely related with those of the radiation belt proton popu- dyced in charge exchangee-ionization process using tt

lation. It permits permanent monitoring the general dynam- standard model of radiation belt. It will permit both to che

ics of the ring current region and traditional proton radiation the hypothesis of their origin and the radiation belt mode

belt[6,7] where direct measurements are still fragmental andself, Until now no comparison of the physical model

rather complicated due to presence of intensive destructiveexperimenta| results has been done. This work is a pa

radiation. the project of experimental study of energetic proton pc
A noticeable variations of neutral and/or quasi-trapped lation in the innermost region of the magnetosphere (AP

fluxes correlated with geomagnetic storms were reportedwhich will be performed on board a French-Brazilian sa

by Moritz [1], Mizera and Blake [3], Voss et al.[4], and lite.

Greenspan et al. [7]. Orsini et al. [8] simulated hy-

drogen and oxygen neutral fluxes basing on the data of

AMPTEE/CCE measurements [9] and found that the neutral

flux magnitude depends on the level of geomagnetic activity. 2 ~ Parameters of the model

The transport of the neutral particles between the inner

radiation belt and the upper atmosphere through the chargdh the present work we only consider neutrals born with
exchange and the following free flight across geomagnetic!ocity vectors placed in the plane of the geomagnetic equ
field lines was used for explanation of the observation of and directed to the center of the Earth. It means that we
mid and low latitude precipitations [10-13]. Some estima- Sider only the neutrals born by the trapped protons at the
tions result to a flux of precipitating neutral hydrogen of 10 of @ geomagnetic field line with velocity vector placed in'
keV energy up t@ - 10° 1/em?s sr keV during magnetic meridian plane perpendicular to field line i.e. possessi
storm [14]. The penetrating neutral particles deposit consid- Pitch angle of 90.

erable energy to the thermosphere heating the atmosphere. The balance between sources and losses of the flt
Intensive precipitation of H ions df/ eV energy range were  the neutralsFy (E, z) of energyE in the point located a
observed by Gusev et al. [6] when magnitude of precipitat- the distance: from the Earth is described as
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dFy(E, z)

g = jrp(E,2)P(E,z) — Fn(E,z)D(E, x)

1)

77

We take into account atomic and molecular hydrogen,
helium, nitrogen and oxygen as main species constituting
the atmosphere and exosphere.

To calculate a flux of energetic neutrals in a point of ob-

The first term in the right part of the equation describes seryation one needs to integrate the equation 1 along a pa
production of the neutrals in the charge exchange reactiongs yiew from the outer magnetospheric boundary to the poin

of trapped protons with exospheric cold atoms:

e jrp(FE,x) is adirected flux of the trapped protons in

1/em?2s sr MeV,

P(E,z) = Zago(E)ni(x) 1/em,

aiy(E) cm? is a cross section of electron capture
from a cold neutral speci¢ of the exosphere or at-
mosphere by energetic proton of eneiigy

e ni(z) 1/cn? is a density of neutral atoms of specie

of observation.

Figure 2 presents the intensity of the source protor
fluxes trapped in the plane of the geomagnetic equator. Th
unidirected flux magnitudes were derived from the standarc
model of the trapped radiation AP8 (see Acknowledgement
describing distribution of global (i.e. coming from all the
direction of the 4 solid angle) energetic proton fluxes in
the magnetosphere of the Earth. The model contents a :
dimensional table of magnitudes of the integral global fluxes
J(> E,L,Bp/By)in1/cm? secin points characterized by
proton energy¥, L-shell number (i.e. distance from the ge-
omagnetic dipole center of the top of the geomagnetic fielc

The second term describes the losses of the energetigine passing through the point ) and a raig / B, of mag-

neutrals:

D(E,z) = Zaél(E)nz(r) 1/em,

ol (E)n® cm? is a cross section of loss of electron by
energetic neutral in collision with a neutral atom of
speciei of the exosphere or the upper atmosphere.

a
B

B2 Bo

) By

ji(> E,L,B,/Bo) = 27r2/
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|

0.01
0.05
7 0.10

0.16

0.25

04

06

0.9

Unidirected proton flux in 1/em? sec MeV sr

5 50\ \33 \21 \14
10 T T T T T T T 1
6

3 4 5
L-shell parameter, Earth's radius

Figure 2. Intensity of the unidirected differential proton fluxes
jrp(E, L) trapped in the equatorial plane. The numbers next to
the curves mark proton energy eV .

netic field strengthBp in the given point to magnetic field
strengthB, at the top of the same field line. One more part
of the model is a FORTRAN code for access and interpo-
lation of the data of the table. To convert global fluxes to
unidirected oneg, ((> E, L, Bp/By) perpendicular to the
magnetic field line in the point with magnetic strendgh a
following expression from Roederer [15] was used

J(> E, L, B,/By) dB

By (B - Bp)'/?

Integration is performed along the magnetic field line
from the pointB, to the pointB,. A problem of a sin-
gularity in the pointB = B, was resolved by decreasing
the integration step in the singularity vicinity until reaching
a desirable convergence.

The procedure was performed for the each point of the
APS8 table and a global flux value in the point was substi-
tuted with a value of the related unidirected flux. It permits
to implement the same FORTRAN code of access and intel
polation both for extracting and interpolation the global and
the unidirected fluxes. Thus this new table can be considere
as a model of the unidirected trapped proton fluxes.

Figure 3 demonstrates altitude dependences of densitie
of the most abundant atmospheric species. The data b
neath 1000km were taken from MSIS-E-90 atmospheric
model [16]. The population of the neutral hydrogen above
1000 km for the temperature df024° K was simulated by
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Figure 3. Atmospheric and exospheric densities according MSISE-90 model and Chamberlen geocoronal model.
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Figure 4. Charge transfer cross section for hydrogen ions according to Allison, [1858}.charge exchange cross section i.e. tha
electron capture by energetic protemny; - ionization cross section i.e. that of loss of electron by an energetic neutral.

Rairden et al. [17] according a spherically symmetric geo- rapidly decreases with the energy for proton energy exc
coronal model of Chamberlen [18]. (Geocorona is a tenuousing 10 keV. Due to that the resulting spectrum of the n
cloud of exospheric neutral hydrogen enveloping the Earth.trals is significantly steeper than the parent trapped pr
It can be observed as a faint glow around our planet, pro-spectrum.
duced in resonant scattering of solar Lyman alpha radiation.) ) o
. After a free flight across the geomagnetic field an el
Figure 4 shows energy dependences of charge transfer .. . LS ,
. . . . _getic neutral produced with a velocity directed to the E:
cross section for the most important atomic atmospheric : .
. . . reaches the residual atmosphere. It can be re-ionized thi
constituents measured by Allison [19]. To obtain the molec-

. . . collision with atomic constituents of the upper atmosph
ular cross sections for the energied keV the atomic ones Being charaed the re-ionized proton becomes to be
must be multiplied by the factor of 2 [20]. 9 9 P

tured again by the geomagnetic field and drifts along

The only neutral specie present in significant numbers geomagnetic equator line of the samehell at which they
in the Earth's magnetosphere at the altitudes of the confineyere produced in the re-ionization collision. The altitude
ment region is atomic hydrogen. Due to that the readtion the geomagnetic equator line, along which the proton d
+H? — H? + H" is considered as a main source of ener- yaries because of shift of the geomagnetic dipole. As ¢
geticH®. On the other hand, the same mechanism of chargegyit the innermost geomagnetic equator lines are not cl
exchange is an important mechanism of losses of ions con g they partially pass through the denser atmospheric
stituting the classical radiation belt (see for example [21]). ers beneath- 100 km. Descending down to these altitud

One can see that charge exchange cross seetipn the protons die due to Coulomb scattering and neutra
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tion. No new protons are produced there because the parerEarth and the geomagnetic dipoleL = 5102/ Rggip =

neutral flux is exhausted after passage through the above at5-10%/6371.2 ~ 0.08. Because a drift period is proportional

mospheric matter. The other part of the re-ionized protonsto 1/L andAL is sufficiently small a corresponding relative

trapped at higheL-shell can perform noticeable number of drift period range is less than 0.08 fér> 1, i.e. does not

turns around the Earth until loss their energy in Coulomb practically differ from those shown at Fig. 5.

scattering or suffer neutralization collisions in the residual Thus the quasi-trapped proton lifetime is determined ex:

atmosphere. But there they can not be distinguished fromclusively by the lifetime until charge exchange i.e. neu-

the parent protons of the radiation belt. tralization. In this case the number of emerging protons
The magnitude of the re-ionized proton flux during the Fy(E,z) x D(E,x) is equal to the number of the pro-

geomagnetic capture is determined by the balance betweerons vanishing due to neutralizatidiy (E, z) x P(E,z) :

the source (i.e. ionization of the neutral flux) and losses due Fy (E, z) D(E, z) = Fp(E,z)P(E, z). As a result

to neutralization and Coulomb scattering. Fig. 5 demon-

strate mean characteristic times of the processes involved. Fp(B,x) = Fx(E,2)D(E,z)/P(E, z) @

Depending on the energy the/P ratio can be both less
and more than 1. Due to that the trapped proton flux can b
both higher and lower in comparison with the parent neutra
flux. TheD/P ratio is also shown in the Figure 4. For the
energies higher than 64&V the re-ionized flux is at least
1000 times higher than the neutral one i.e. the summarize
flux of neutral and positive H ions consists practically only
of re-ionized protons. That was experimentally confirmed
by the measurements on board the OHZORA satellite [6].

Ep=50 keV T

—— ionization |

charge /
™ exchange
- -~ drift 1
ener H B
— energy 3 Results
100 1000 10000 1000 10000 1000 10000 . _ . -
Altitude, km Differential equation (1) describing the charge

Figure 5. Character times of the processes involved in formation exghangere-ionizatign process With the pgrameters de-

of the neutral and quasi-trapped proton fluxes: re-ionization (ion- scribed above was simulated numerically using the Runge

ization), neutralization (charge exchange), Coulomb scattering (en-Kutta method of the fourth order.

ergy losses). Lifetime until Coulomb scattering is defined as time Figure 6 presents the radial dependence of the neutr:
: . - : _

until fosses of 30% of the initial energy of the proton. fluxes for various energies of atoms. One can see that th

o ) i flux saturates after thé ~ 2, remaining constant down to
One can see that lifetime until Coulomb scattering ex- at |eastZ, ~ 1.05 and after that rapidly decreases due to

ceeds that until neutralization by about one order of mag- |psses in the upper atmosphere. This result is in qualitativ

nitude at practically all the altitudes. However a real life- agreement with the observed altitude dependence of the flL
time can be different because the altitude of the geomag-5¢ |ow altitudes [5].

netic equator along which the proton drifts also varies. If
the proton drifts sufficiently rapid its lifetime will be deter- _ |
mined by the losses at the smallest altitude of the geomag-2 10°F
netic equator, where the atmospheric density is higher. Onz 18; I —]
the unclosed drift trajectories i.e. on those with the mini- « (o2 |

mal altitude< 100 km, the proton lifetime is determined < 10:: i
by the time which the proton spends at higher altitudes. It o |
10 1000

O,

4 ]
150
500

is approximately equal to the proton drift period around the
Earth shown also in Fig. 5. Itis also one order of magnitude

ydrogen flux,1
5,0050005

higher compared to the neutralization lifetime for the alti- —
tudes< 1000 km. At higher altitudes the drift motion does £ O:‘zj
not result to particle losses because of small exospheric den-g 107
sity. Due to that the corresponding lifetime is also incom- 2 1g::
paratively higher than those of the other processes. It means g
that a quasi-trapped proton dies close to the point where it

was produced in re-ionization collision.

3000

1.02 1.63 1.64 1.05 é é 4 5 é 7
Distance from the center of the Earth, Earth radii (L)

Figure 6. Radial dependence of the flux of the neutrals generate

. In reality the .dnft period is determined not by a local by the protons of the radiation belt. Numbers next the curves mark
altitude as the Fig. 5 shows, but by @rshell crossing a  gnergy of neutrals itte V.

given altitude that depends on a longitude. Thus some range
AL of L relates with a selected altitude. It is determined The minimal altitude of the geomagnetic equator line of
by a distance ok 5 - 10> km between the centers of the L ~ 2is about5- 10 km and the maximal one df ~ 1.05
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is~ 300 km. Thus the processes of accumulation and losses

of the neutral flux are very well separated spatially. Due to ,"“‘x\ 4 keV

that the equation (1) could be also separated for two different ;4 | ; ~ T 15(5)8 teY/

equation: the first describing neutral flux accumulation due 1 ; ,/"\"\_ . 1000 kZV
! PREPAR ——

to charge-exchange &t> 2 and the second one describing

_ x f oy W -.-.3000 keV
neutral flux losses at the altitudes300 km. = i DN
L P
5 i :
2 L
£ i 1.
10" 1 £ Pl
| S10°] ! fu
> 103 & ] ' ?
L0 1 iy
L 4 ! .
g 10' 1 1 u !:
4] 100 i . T T T T 1
= 1 2 3 4 5 6
L 10 1 L-shell, Earth's radii
r 1072 | Figure 8. Altitude dependence of relative input produced by
§ trapped proton fluxes of various energies.
= 10° 1
g 10* J Figure 9 shows a flux of the re-ionized hydrogen ic
© . calculated according to the equation 2. An abrupt chai
& 10 ) in the curves at the altitude of 10@@n is a result of to the
D qg° ] limitations of the atmospheric model used, which gives
o = gas concentrations only up to 108 (see Fig. 3). The
o 10 4 . . .
> geocorona model used for the higher altitudes contain
L 10°® 4 date for the elements heavier than hydrogen. Due to the
10° | result from 1000:m up to~ 4000 km is not quite correct.
0 : 1 : 2 3 10
10 10 10 10 |

e
o

Neutral hydrogen atom energy keV

0

107+
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Figure 7. The spectra of the hydrogen neutrals at various altitudes. « 10"
The numbers next to the curves marks the altitude above the Earth's § 102
surface in kilometers. [
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T
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Figure 7 shows spectra of the neutrals at various alti-
tudes. The results of the simulation above 1000 km is com-
pared with the simulation of Orsini et al [8] based on the
experimental data of the AMPTE/CCE CHEM experiment 107 e e e 30000 30000
[9]. For the energies: 50 keV the result of our simulation Altitude over the Earth’s surface, km
is significantly lower in comparison with that of Orsini. The  Figure 9. Dependence of the intensity of the re-ionized hydrc
reason of that is that the AMPTE/CCE CHEM experiment ions (i.e. protons) versus altitude. The numbers next to the ct

detected significantly higher fluxes of the50 keV” trapped fﬂafkls_thg ionf figggies; An abrgpé bound Ofl the Simul?tid flL
- _ the altitude o m is caused by incompleteness of the e;
protons than those constituting the AP-8 model. spheric model used for the altitudes exceeding 10@0

&
T

-
S,

T

Trapped proton flux, 1/
=)

-
S

Altitude dependences of relative input produced by the
trapped protons to the flux of the neutrals of various energies  One can see that the proton population originate
are shown in Fig. 8. Comparing it with the Fig. 2 one can neutralizatior-re-ionization process occupies a vast reg
note that the effectiveness of the trapped proton source forof the magnetosphere comparable with that populated
neutral production decreases with altitude due to decreasinghe traditional trapped protons brought to the magnetosp
density of the target exospheric hydrogen. Thus the neutralby radial diffusion. Thus it is not quite correct to spe
flux is mainly formatted by the protons of the more inner that the neutralizedre-ionized protons exist only benes
(L < 3) area of the magnetosphere. the traditional radiation belt. In reality they can only
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observed in that region where the intensity of the diffusive Acknowledgments

source of the inner radiation belt is already too low com-
pared to the neutralization losses.

The results of the simulation are compared with experi-
mental data in Fig. 10. The simulated flux agrees very well
with experimental results including Orsini et al., [8]. To get
the proton flux the neutral spectrum obtained in the latter in-
side the radiation belt was multiplied by the facfoy P for
the altitude of 100Qm.
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Figure 10. Comparison of the simulated result with experimental
data.

(12]

4 Conclusion [13]
We have numerically simulated the fluxes of the energetic
neutral hydrogen atoms and quasi-trapped protons assum[l4]
ing their origin in charge-transfer reactions of the protons of

the traditional radiation belt with constituencies of the exo- [15]
sphere and atmosphere. Standard models describing proton
fluxes of the radiation belts, the atmospheric composition [16]
and the geocorona were used. It is shown that these pro 17]
tons occupy a vast region of the magnetosphere comparable
with that populated with the protons of the traditional radia-

tion belt. The shape and the absolute values of the simulated™®]
quasi-trapped proton spectra agree well with all the set of the[19]
experimental results. That is one more confirmation of cor- [z
rectness of the hypothesis of their origin and adequateness
of the current atmospheric and magnetospheric models. Th%l]
results presented here indicate to a potential of the quasi-
trapped proton observations for monitoring global dynamics

of the inner atmosphere.
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