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The consequences of the March 1991 storm on the Earth's radiation environment are now well known
through many in-situ magnetospheric observations. Measurement from the CRRES spacecraft show
the sudden formation of a new Helium ion structure deep within the magnetosphere. In that
event, two additional new radiation belts were created, one containing large uxes of 10 MeV
electrons, and the other forming a structure containing 30 MeV protons. These sudden space
weather phenomena appear to be due the conjunction of the two occurrences: (1) a solar energetic
particle (SEP) event arriving in the vicinity of the Earth, and (2) a very intense magnetic storm
within the Earth's magnetosphere. Attempts to reproduce the appearance of storm time helium belt
by computational modeling are made using a three-dimensional charged particle code (Salammbo
code) incorporating Helium ion charge exchange and post-event classical di�usion theory. We have
extended the capabilities of the code to Helium ions, and we show that these physical phenomena
can also lead to a build-up of a new Helium belt in the 30 MeV range. Detailed modeling predictions
of the location of this belt and computed ux levels will be presented and discussed in the context
of space weather phenomena in the Earth's magnetosphere.

I Introduction

The Earth's radiation belt region is a dynamic entity

that readily responds to changes in the solar energetic

particle environment. With the launch of many Earth

orbiting spacecraft with telescopes, one has the abil-

ity to measure and monitor the radiation belt region in

considerable details. Advances in numerical modeling

of this radiation environment has brought forth sim-

ulation and prediction capabilities of great utility for

eventual space weather forecast. In the early part of

the space era, the radiation belt modeling was carried

out by both experimental and theoretical means [1-5]

to understand the sources and losses of the great belt

uxes and the Space Weather Program ushered in a dy-

namical modeling of radiation belt. Two-dimensional

modeling of the radiation belt ux enhancement for en-

ergetic protons have been carried out with time variable

di�usive transport coeÆcients and time variable (but

�xed location) boundary conditions [6]. Variations in

the geomagnetic rigidity cut-o� locations with particle

energy and geomagnetic conditions, as well as the so-

lar energetic ux (SEP) intensity levels have not been

attempted until now. We attempt here more compre-

hensive modeling.

Modern observations have shown that there can

be large variations in the geomagnetically con�ned ra-

diation, even deep within the trapping region [7-9].

The physical consequences of the March 1991 magnetic

storm in the Earth's radiation environment are now

reasonably well known through many in-situ magne-

tospheric observations. Measurement made with the

CRRES spacecraft show a sudden formation of a new

geomagnetically con�ned energetic radiation structure

consisting of several di�erent charged particle species,

including a new Helium ion radiation belt, deep within

the Earth's magnetosphere, and in that event, several

additional new radiation belts were rather suddenly cre-

ated, one containing large uxes of 10 MeV electrons,

another containing 30 MeV protons.

These abrupt space weather storm-phenomena ap-

pear to be due to the conjunction of the two occur-

rences: (1) a solar energetic particle (SEP) event arriv-

ing in the vicinity of the Earth, and (2) a very intense

magnetic storm within the Earth's magnetosphere it-

self. In the Vacaresse et al. time dependent proton
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model 10, it was shown that with increased geomag-

netic turbulence and availability of enhanced particle

uxes impulsively formed proton radiation belts can be

modeled with location and intensity in good agreement

with measurements made by the CRRES satellite. Fur-

ther tests of this modeling must include other particle

species, and we here address the creation of an inner

radiation zone Helium ion belt.

II Processes included in model-

ing

The existing Salammbo code for 3-dimensional calcu-

lations of radiation belt proton distributions [11] was

extended to Helium ions by the inclusion of both the

ionic states and the coupling between them [12-14]. In

short, Helium ions can appear in two di�erent charge

states (He1+ and He2+) with charge exchange coupling

between the two species induced by collisional interac-

tions in the exospheric thermal neutral hydrogen en-

vironment. The natural radial transport of Helium is

thus occurring simultaneously with the collisional pro-

cesses. The di�usion equations governing these two

charge states of Helium are coupled. In phase space

spanned with the three adiabatic invariants, the two

coupled transport equations are written as:

c

@f++

@t
= L2 @

@L

�
DLL++

L2

@f++

@L

�
+

@

@M

 �
@M

@t

�
++

f++

!
+

@

@J

 �
@J

@t

�
++

f++

!
+

f+

�+=++
�

f++

�++=+
;

@f+

@t
= L2 @

@L

�
DLL+

L2

@f+

@L

�
+

@

@M

 �
@M

@t

�
+

f+

!
+

@

@J

 �
@J

@t

�
+

f+

!
�

f+

�0=+
�

f+

�+=++
+

f++

�++=+
;

d

where f+ and f++ are respectively the distribution func-
tions (phase space densities) corresponding to the He1+
and He2+ populations, M, J, and L are respectively the
relativistic magnetic moment, the second adiabatic in-
variant and the McIlwain L-shell parameter. The DLL

coeÆcients are the radial di�usion coeÆcients, which
can be di�erent for the two ionic states of the same
elemental species due to the charge dependent drift ve-
locities.

Following the earlier success of the proton code in
3-D time dependent simulations [10], the Helium ion
radial di�usion coeÆcients were assumed to be mag-
netic activity dependent through the magnetic activity
index, Kp. We assumed the DLL-values to be propor-
tional to +exp(0.74�Kp), following the dependence de-
duced from measurements at synchronous orbit [15].

The coeÆcients, dM/dt and dJ/dt, are derived from
the e�ective Coulomb energy degradation rates, dE/dt,
due to non-charge-exchange interactions with the neu-
tral of the exosphere. Finally, the coupling coeÆcients
�o=+, �+=++ and �++=+ are relative to the charge ex-
change reactions. The charge exchange cross section
were derived from laboratory measurements [13].

In the present Helium ion simulation, no internal
radiation belt sources were considered, and the Helium
ion radiation belts are thought to be �lled by sources ex-
terior, either from the magnetotail (or direct entry from
the magnetosheath) or from the Earth's ionosphere via
high latitude processes. Globally, the process ow chart
of the trapped Helium population is exhibited in Fig.
1.
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Figure 1. Flow chart of the Helim trapped radiation model.

III Boundary conditions

The trapping region is limited to low altitudes by the
high atmosphere, with nominal 100 km height. This
limits the access of Helium ions to low L-shells, and it
also provides an e�ective boundary in pitch angle space
for higher L-shells. As in the earlier work, at high alti-
tudes, the nominal outer zone boundary was taken as L
= 7 for very quiet conditions, but we found it necessary
to modify this traditional boundary when signi�cant
events take place so that the e�ective outer boundary
adjusts according to variations in the geomagnetic �eld
topology. In this regard it was desirable to obtain He-
lium ion ux simulations of very energetic ions (up to
300 MeV), and it was necessary to include the magnetic
cut-o� of the Helium ions. This cut-o� is related to the
large Larmor radius of Helium ions compared to the
scale lengths of the gradients in the magnetic �eld.

As ions approach the Earth magnetic �eld from
interplanetary space, they deviate from their pre-
encounter trajectories. The minimum radial location
they can penetrate into the terrestrial magnetosphere
depends on the particle magnetic rigidity, a property
dependent on Helium ion energy and charge state as
well as the geomagnetic �eld encountered. We here as-
sume that the cut-o� energy Ecutoff on a geomagnetic
drift shell location de�ned by the L-parameter does not
depend on the Helium ion pitch angle, and can be ex-
pressed as: Ecutoff = exp (aL2 + bL + c) [in MeV],
with the coeÆcients a, b and c dependent on the spe-

ci�c ion species (Helium ion in our case) deduced from
the empirical information shown in Fig. 2.

Figure 2. Empirically modeled cut-o� energies versus the

geomagnetic L-shell parameter for the two charge states of

Helium. Comparison is also made with the same conditions

for protons.

At very high energies, because of their high mag-
netic rigidity, charged particles from the interplane-
tary medium have direct access to substantial portions
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of the internal magnetosphere, including the radiation
belt region. To establish the realistic magnetic cut-o�s
we used measurements of alpha particles (He2+) uxes
from the NOAA/GOES-6 geosynchronous satellite as
boundary conditions, and we assumed that the same
uxes would be present at lower L-shell down to the
rigidity cut-o� location. To establish a full spectrum,
we extended the empirical GOES-6 Helium spectra to-
wards lower energies. Boundary conditions were �xed
to zero during the whole period for He1+, assuming
that the sun predominantly supplies He2+ ions. In
analogy with the atomic Oxygen ion work of Spjeld-
vik and Fritz [13], this permits a parameterized under-
standing of the e�ect of the ionic charge exchange.

IV Di�usive transport modeling

We have built a numerical model to solve the coupled
governing transport equations for energetic Helium ions
with two built-in algorithms: (1) A direct iterative equi-
librium state seeker with test routines to insure that
equilibrium was indeed attained; and (2) A forward
time-stepper to simulate time progression during events
of interest, either starting from an arbitrary initial state
or from the computed equilibrium con�guration. This
model has been used to gain detailed knowledge of the
dynamical evolution of the Helium radiation belt struc-
ture.

To gain insight into the coupled processes in the 3-
D radiation belt con�nement region, we wanted to see
clearly the time variable e�ects of di�erent processes
(ionic charge exchange, Coulomb energy degradation,
cross-L transport, and the e�ect of a Solar Energetic
Particle Event). We here report results from some of
these simulations where we used as initial conditions an
otherwise empty magnetosphere and let it be �lled by
cross-�eld transport from an outer edge source speci�ed
as a boundary condition.

With this starting point attained we proceeded to
model the transport of particles during the great March
1991 storm. Numerical computations were made simu-
lating the structure of the Helium uxes for the period
between 23 March and 2 April, 1991. To insure real-
ism we used the corresponding Kp values and GOES-6
alpha particle measurements (Fig. 3) to mimic the ge-
omagnetic response to the solar-induced disturbances.
This we did with both DLL-values Kp-dependent and
the geomagnetic cut-o� energy (and thus the corre-
sponding cut-o� location for a given energy). It should
be noticed that the interesting Solar Energetic Particle
Event begin on 23 March at round 10:00 am while the
storm, seen with the Kp index, begins on 24 March at
around 3:00 am, nearly one day later.

Figure 3. Time dependent input parameters applied for the

numerical model run. From bottom to top: (1) the geo-

magnetic index Kp; (2) alpha particle measurements with

the GOES-6 satellite in three di�erent energy channels; (3)

modeled Kp-dependent radial di�usion coeÆcients versus

time at L = 4 for 1.35 MeV He particles in either charge

state.

V Results of the numerical sim-

ulations

The results of the numerical simulations are illustrated
in Fig. 4 which depicts the Helium ion ux distribu-
tions for He1+ and He2+ presented as omni-directional
uxes versus time (abscissa axis) and geomagnetic L-
shell parameter (ordinate axis). Regarding the He2+
ions, we can understand this result in terms of lower
energy, particles continuously injected from the geo-
magnetic tail, and so made available to the outer edge
of the stable con�nement region at a nominal location
of L = 7. In the present model, these Helium ions are
transported to lower L shells by time dependent radial
di�usion.

Let us �rst consider the range of moderate Helium
ion energies, in the tens and hundred of keV range.
When the availability of Helium ions in the outer zone
is substantial and the Kp index is high (i.e., the Earth's
magnetosphere is strongly disturbed), radial transport
is very eÆcient, particularly in the outer parts of the
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trapping region, so that the He ux seen at L = 4
growths rapidly. When Kp decreases, this transport
process slows down, and the in-situ charge exchange
from He2+ to He1+ becomes a very eÆcient loss for
the originally injected He2+ particles. Thus the He2+
ux decreases rapidly while the ux of He1+ ions in-
creases. Further charge exchange from He1+ to neutral

energetic Helium acts to untrap the particles, and these
are then lost almost instantaneously from the radiation
belts. Some energetic Helium disappear to outer space
while others precipitate into the atmosphere where sec-
ondary collisional reactions take place.

Figure 4. Results of the numerical simulations for both species in terms of equatorial omnidirectional ux in a L (ordinate)

versus time (abscissa) plot for three representative energies (100 keV, 1 MeV and 10 MeV).

The e�ective transport time constant for the 1 MeV
Helium ions population is longer, so the Helium ion ux
grows more slowly at L=4. These uxes continue to in-
crease as long as the storm injection e�ects are present,
and it becomes almost constant afterwards due the to
lower rates of charge exchange losses than compared to
the lower energy Helium ions. These particles can be
trapped for long periods of time. The white colored
portion of the plot for L greater than 5 corresponds to
particles crossing the magnetosphere, because the geo-
magnetic rigidity cut-o� energy corresponds to 1 MeV
at L = 5 (Fig. 2). Beyond this cut-o�, the ux is below
the minimum of the scale, and is not seen in the �g-
ure. At higher energies (say, 10 MeV), the geomagnetic
rigidity cut-o� location is closer to the Earth (around
L = 3.8).

Particles from the Solar Energetic Particle Event
are seen between this cut-o� L-shell location and the
boundary, and the ux is taken to be constant between
these two L-values. Thus the time dependency of this
ux in this region follows the GOES-6 Helium ux mea-

surements, shown in Fig. 3. During the geomagnetic
storm, these Helium ions cross into the magnetosphere
and have free access to the trapping region due to the
time dependent rigidity cut-o� location, the time de-
pendence of this value being caused by the changing
geomagnetic �eld topology during the event. The com-
bined e�ect of (1) enhanced Helium ion ux availability
at the edge of the trapping region, (2) enhanced and
time variable cross-L transport, and (3) time variable
geomagnetic rigidity cut-o� location cause the forma-
tion of a new (and temporary) Helium ion radiation
belt at lower L-values (here around L = 3.6 at 1 MeV),
constituting a new He2+ belt.

In our model parameters, singly charged ions
(He1+) are formed only by charge exchange from He2+.
Because the charge exchange process is far more eÆ-
cient at lower Helium ion energy, the ux of this charge
species (He1+) is greater at 100 keV than at 1 MeV.
Computationally, they appear quasi instantaneously af-
ter the alpha particle uxes have entered. One should
also notice that the rigidity cut-o�s for He1+ ions are
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lower than the cut-o�s for alpha particles, and this im-
plies that it is practically impossible to see He1+ par-
ticles at higher L-shells beyond L = 5.8 for 100 keV.
According to this simulation, 1 MeV He1+ particles
are predominantly produced near L = 2.8.

The distributions (omnidirectional ux versus L) for
the two species are plotted at 1 MeV at the temporal
end of the simulation, and this is depicted in Fig. 5.
The radial pro�les of He1+ and He2+ are di�erent,
this being essentially an e�ect of the charge dependent
rigidity cut-o� of the two Helium ion charge states.

Figure 5. Distributions (equatorial omnidirectional di�er-

ential ux versus L-shell) of He1+ and He2+ at 1MeV at

the end of the simulation run.

The Helium ion ux distributions at di�erent peri-
ods in the simulation interval are plotted in Fig. 6 for
the 10 MeV particles. The geomagnetic rigidity cut-o�
for the particles is clearly seen in this �gure as the ux
then is constant in L (vertical stripes in this display)
between the energy-dependent rigidity cut-o� location
and our nominal boundary at L = 7. This ux of course
varies with time as the availability of outer edge uxes
vary (as seen with GOES-6), and the initial value at
this location is re-established when the Solar Energetic
Particle Event is over. At the end of the numerical sim-
ulation, the result is that a new "di�usively injected"
radiation belt was created by the conjunction between
the enhanced ux availability event and the intense ge-
omagnetic storm in the magnetosphere. The maximum
uxes of this additional radiation belt is modeled to be
located at L = 3.6 and the omni-directional ux there
reaches 400 MeV�1cm�2s�1.

Figure 6. Distribution of equatorial omni-directional He2+

particles at di�erent instants during the simulated event pe-

riod.

  

Figure 7. Omnidirectional di�erential ux (in units of: ions

MeV-1 cm-2 s-1) of 1 MeV He1+ and He2+ ions at the end

of the simulation time span. It can be seen that the alpha

particle (He2+) radiation belt generated in this particular

event also extends down to low altitudes along the same L

shell.

This time-dependent and charge state coupled phys-
ical model is developed not only for equatorial particles,
but also outside the geomagnetic equator and includes
the full range of equatorial pitch angles for Helium ions
outside the atmospheric bounce loss cone. The entire
radiation belt created at 10 MeV at the end of the sim-
ulation can be seen in Fig. 7. This model thus provides
a quantitative explanation for the rapid formation of
new temporal radiation belts within the classical trap-
ping region.
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VI Discussion and Conclusion

With this simple model that employs a combination
of classical di�usion theory concepts (time variable ra-
dial transport, ionic charge exchange and Coulomb col-
lisional energy degradation) coupled with the idea of
time variable geomagnetic rigidity cut-o�s due to ge-
omagnetic topology variations, it was possible to cre-
ate an alpha particle radiation belt at L = 3.6 for 10
MeV and corresponding structures at di�erent energies.
The necessary conditions are a Solar Energetic Particle
Event, which brings these particles near the outer radi-
ation zone trapping boundary (e�ectively the geomag-
netic rigidity cut-o� location for a given energy) and
an intense geomagnetic storm, which transport these
particles in the trapping region down to lower L shells.

The �nal L-shell of the e�ective insertion of these
particles is a combination of the cut-o� (L =3.8 at 10
MeV) and the range of L-shells they can di�usively
cross once within the rigidity cut-o� L-value. These
co-occurrences depend on the intensity as well as the
duration of the storm. In fact, the L-shell range of the
di�usive process is here rather small (around delta L =
0.2), so the main "injector-mechanism" is the tempo-
ral variation of the geomagnetic rigidity cut-o� location
in the inner magnetosphere. Of course, in cases where
the duration and intensity of the geomagnetic storm are
large, e�ective L-shell crossing by di�usion can also be
important and an additional mechanism.

To emphasize the importance of the geomagnetic
topology variations during geomagnetic storms, we note
that the geomagnetic rigidity cut-o� is certainly sub-
stantially modi�ed during the progression of an intense
magnetic storm. In this paper we have provided the
�rst quantitative attempt at modeling using a Kp de-
pendent cut-o� condition with a Ecutoff -formula (and
thus equivalently a Lcutoff -location for a given energy)
derived from the empirical cut-o� versus L relation-
ship Ecutoff= exp (a L2 + bL + c)). In fact, in the
present numerical simulations we used only a normaliz-
ing factor for L in this equation, this factor being equal
to (3+4exp(-Kp/3.06))/3.78 [10], so that it is equal to
unity for Kp = 5. This means that energetic Helium
ions go inside the limit seen in Fig. 2 for even higher Kp
values, and lie outside for lower Kp values. With this
formula, the geomagnetic rigidity cut-o� for 10 MeV
alpha particles at Kp = 9 comes down as far as to L
= 3.2. The distribution of the 10 MeV alpha parti-
cles with this run is shown in Fig. 8 at the end of the
simulation.

It can be seen that the maximum omni-directional
ux of the newly formed belt in this second simulation
is found at L = 3.1, and is a little bit higher in ux
intensity, around 800 ions MeV�1cm�2s�1. It then ap-
pears that the maximum Helium ion ux intensity level
depends not only on the outer zone incident spectrum
of the event, but also on the location of the geomag-

netic rigidity cut-o� during the storm. The character-
istic width of the new Helium ion radiation belt also
signi�cantly depends on the e�ective radial di�usion
coeÆcients and on the temporal displacement history
of the magnetic rigidity cut-o�s during the storm.

Figure 8. Distribution of equatorial He2+ ions at the end

of the simulation, which uses a Kp dependent geomagnetic

rigidity cut-o�.

With the present numerical model, the impulsively
formed radiation belt is created over all the energies
where Helium ion ux during the Solar Energetic Parti-
cle Event is greater than the background due to cosmic
rays. Depending on the cut-o� locations and the inten-
sity of a particular storm, this new Helium ion radia-
tion belt structure can be e�ectively created well inside
the classical trapping region. This may well at times
come to broaden in geomagnetic invariant latitudes and
may possibly interfere with man-made structures and
operations in space, including the International Space
Station. Under worst case scenarios it is possible that
newly created radiation belts of electrons, protons, He-
lium ions and even heavier ion species may endanger
the health or life of astronauts, especially during Extra
Vehicular Activities.
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