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Abstract. The ion flux spectra as observed by
AMPTE-CCE/CHEM have been averaged over more than
two years, and organized as a function of energy, L-shell,
magnetic local time and pitch angle. The obtained data set
has been best fit with an appropriate multi-parametric
function. This preliminary study deals with 90° pitch
angle proton distributions, during low geomagnetic
activity. The resulting model distributions are presented
and compared to the input distributions. The significance
of the model parameters with respect to the ring current
properties is discussed, with particular attention on the
ion flow pattern characteristics. © 1998 Elsevier Science
Ltd. All rights reserved.

1. Introduction

In the last years, many theoretical models were
developed aiming to properly rtepresent the inner
inagnetosphere configuration and dynamics: Usually, the
adopted equations are based on the standard radial
diffusion model, by assuming the conservation of the first
and second adiabatic invariants, by adopting disparate
magnetic and electric field models, and by considering
various loss/source mechanisms and boundary conditions
(e.g. Chen et al., 1994; Jordanova et al., 1994; Fok et al.,
1995; Wolf et al., 1997; Noél, 1997).

The AMPTE-CCE/CHEM energetic ion data collected
between 1985 and 1987 allowed the use of real data for
more sophisticated studies. Statistical studies, as well as
case studies, investigated the relation of storms/substorms
with the ion distribution/composition in the inner
magnetosphere (e.g., Gloeckler et al., 1985b; Daglis et al.,
1988; Hamilton et al., 1988; Daglis et al., 1990; Daglis et
al., 1991; Daglis et al., 1994; Daglis, 1997). Other studies
attempted to average all the available data under specific
geomagnetic activity conditions (Kistler et al., 1989;
Daglis et al., 1993; Sheldon and Hamilton, 1993; Orsini
et al., 1994; Fok et al., 1996; Jordanova et al., 1996).

Recently, a database of AMPTE-CCE/CHEM ion
distributions has been successfully used to simulate the
expected distributions of the energetic neutral atoms
(ENA) originating in the inner magnetosphere through
charge-exchange processes (Orsini et al., 1994; Milillo et
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al, 1996a, 1996b; Wilken et al, 1997). Appropriate ENA
simulations are crucial for the assessment of the potential
of the neutral atom imaging (NAI) technique. In the past
years, several papers speculated on the possibility that
NAI would allow remote sensing of plasma regimes, thus
contributing greatly to storm/substorm research (e.g.,
Roelof and Williams, 1988; Hesse et al., 1993; Daglis and
Livi, 1995). The ENA data collected by the CEPPAD/IPS
instrument on board the POLAR satellite are verifying
and in some cases are exceeding the predictions
(Henderson et al., 1997; Jorgensen et al., 1[997;
Henderson et al., 1997).

Up to now, the presentation of a general empirical
function able to describe the experimental ion
distributions in the inner magnetosphere is missing in the
literature. The analytical determination of this function
would be a useful tool for the study of the configuration
and the dynamics of this region. In fact, the experimental
data may have collection and/or storage problems, which
can be overcome when the same data are treated through
an empirical approximation. Furthermore, any ion
population may be described by specific parts of the
resulting function, thus allowing separate studies of each
ion component. Finally, the description of the ion
distributions originating ENA through an empirical
function would certainly improve the simulations as well
as the feed-back techniques like, for example, those
presented by Roelof et al. (1985; 1993), Chase and Roelof
(1995) and Milillo et al. (1996b). At any vantage point
located at a certain altitude above the Earth, the ENA
signal is the result of the charge exchange process acting
along a specific line of sight from the vantage point. This
integral information will be much more easily
deconvolved if the empirical function is expressed as a
function of spatial dimensions, and eventually of energy.

Within this frame, this preliminary work attempts to
settle, by using the AMPTE-CCE/CHEM data, a
functional form able to describe the equatorial ion fluxes
in a L-shell region included between 3 and 9.5, calculated
by using the International Geomagnetic Reference Field
(IGRF) model.
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2. Ion Data

The energetic ion measurements made by the AMPTE-
CCE/CHEM instrument (Gloeckler et al., 1985a) in the
equatorial inner magnetosphere, discriminated into 32
logarithmic equispaced energy channels (ranging between
1.5 and 316.2 keV) have been collected along the whole
mission time period (between 1985 and 1987). The
resulting data set (between L=3.0 and L=9.5, and at three
different geomagnetic activity levels) has been averaged
within bins of 0.25 (L) by 20° (pitch angle) by 1 hour
(MLT) (see Orsini et al., 1994, for details on the data
organization method). H' measurements at L<5 and E<30
keV are not guaranteed free from background noise, due
to contamination by the radiation belt high energy
ions/electrons. A background subtraction algorithm is
applied, but its reliability is best for L>5.

In this preliminary work we have used the average H*
fluxes at 90° pitch angle. We selected eight distinct
hourly distributions at MLT equal to 00, 03, 06, 09, 12,
15, 19, 21. Data taken at 18 MLT have been excluded
due to poor quality. With the aim of analyzing those
activity conditions that are more frequently observed
during quiet times (like those considered for the adopted
data base), we have taken data at AE<100 nT. This
selection criterion is based on the assumption that, during
low solar activity periods, this AE range is the most
expectable. Although this assumption does not imply that
the selected data strictly refer to undisturbed
magnetospheric conditions, nevertheless it could provide
a more realistic picture of what kind of signal we could
expect. Furthermore, this criterion increases the statistical
significance of our data set with respect to more restricted
constraints.

In Plate 1, the H* distribution data for the considered
MLTs are shown.
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Fig. 1. The dots represent the H' jon data at E = 32.4 keV and
h = 00. Curve a, b, and ¢ represent the lorentzian, the gaussian
and the continuum, respectively. All the three curves are
weighted by a smoothed step function. Curve d reproduces the
whole best-fit function obtained after summing the three
described curves.

3. Best-Fit Function

In order to find an analytical function able to reproduce
the proton fluxes at any energy (E) and at any of the 8
selected MLT (h), we first analyzed each single
distribution vs. L-shell (r), at energy E; and MLT step A;.
Data clearly not pertaining to the inner magnetospheric
region have been excluded from our analysis.

Generally, we have found that, at energy lower than a
few tens keV, the H* distributions show a first narrow
peak positioned between L = 3 and 4.25, and a second
broader peak located between L = 4.25 and 8. Both the
two peaks seem to lay over a roughly step-shaped
continuum. As an example, in Fig. 1 the dots represent
the AMPTE-CCE/CHEM H" ion fluxes at E = 32.4 keV
and h=0.

The TableCurve software packages (by Jandel
Scientific, 1995) were used to obtain the best-fit functions
for each energy at h = 00. The two peaks (the first one is
approximated by a Lorentian, while the second one is
best-fitted by a Gaussian) are both characterized by
amplitude, location, and width (AL, PL, LL; AG, PG,
LG); the continuum is only characterized by an intensity
(CO). The two peaks and the continuum are weighted by
a smoothed step function characterized by step location,
and inclination (IG, GR). It follows that the best-fit
function depends on r, and on nine independent
parameters:

f(r, e, h=00) = (1)
AL(e; —PG(e;)?
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where ¢; = log E;.
This has been obtained by maximizing the following
expression:

2 < 2 /x 2 @
=1 Y -2 [ Se -0 )
j=1 Jj=1
where n is the number of points, z; is the data value, Z; is

the estimated value and 7 is the mean of the data value.

In Fig. 1, the curves correspond to the product between
the smoothed step function with the lorentzian (a), with
the gaussian (b), and with the continuum (c). The
resulting general function, as best-fitted at the sample
energy is represented by curve d.

When dealing with different MLTs we have found
similar trends; so that we were encouraged to apply the
same functional form to all the selected data. The whole
process has been performed by exploring the possible
energy and/or MLT dependence of the nine parameters.

The resulting general function is:
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When analyzing the parameter characteristics, we have
noticed that most of the parameters are dependent on both
energy and MLT, while the Lorentz function peak
position and width (PL and LL) are energy independent+
and do not show any particular trend versus MLT.
Moreover, the Lorentz peak disappears at higher energies
(above a few tens keV). These particular features could
suggest that the Lorentz function is mostly related to
some background contamination due to high-energy
particles (see Section 2.).

When even the energy dependency of the parameters
AL, AG, PG, LG, CO, GR, and IG is represented by
appropriate analytical functions, the resulting fluxes
(estimated for the eight MLTs) are shown in Plate 2. The
x” values, reported on Table 1, are always well above 0.8
for any of the eight distributions.

The general agreement between model and data can be
noticed even by visually comparing the corresponding
distributions shown in Plates | and 2.

n] ¢ | h| 2

00 | 9888 | 12 | 8634
03 | 9420 [ 15 | 8493
06 | 9446 | 19 | 9284
09 | 9271 | 21 | 9410

Table 1. % values of each best fit function as obtained at the
eight MLTs. Some data, clearly not pertaining to the inner
magnetospheric region, have been excluded.

By inspecting Plate I, we may notice that, at energies
lower than [0 keV, the second enhancement of the proton
distributions (clearly visible even in the sample shown in
Fig. 1) is constantly located in between L = 4 to 6
(depending on MLT). At higher energies (up to about 20
keV, depending on MLT) the peak almost disappears,
since the signal flattens over a wide range of L. Above
~20 keV the peak narrows again, clearly positioning at L-
shell values higher than 6 (depending on MLT). At higher
and higher energy, the gaussian peak position smoothly
moves back again to lower and lower L values. The
whole behavior described above reflects directly in the
trend of the Gauss part of function (3), so that a similar
configuration is reproduced in the panels of Plate 2. The
modeling approach smoothes down all those poradic
fluctuations of the experimental data, naturally occurring
when averaging events accumulated during very long
time periods. The physical interpretation of the effects
described in this and in the following paragraph will be
discussed in the next chapter.

By looking at the data shown in Fig.1, it appears that a
step-like continuum signal stays below the two peaks
described above. By observing the yellow trace at the
highest L values in Plate 1, it is clear that the energy level
where this signal maximizes (in between 5 and 20 keV) is
not the same for each MLT case. A more detailed
inspection reveals indeed, that the energy level in the
dusk region is higher than in the dawn side. As shown in
Plate 2, even this background signal is well reproduced
by function (3): the dominant part is the weighted
continuum, rather than the Gaussian. In fact, as said
before, in this specific energy range the Gauss peak
flattens considerably, or alternatively it is present only in
the low L-shell range.
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Fig. 2. Plot of the location of PG on the Energy vs. L-shell plane
at five different MLTs in the equatorial night side. The solid line
shows the profile of the ion energy vs L under the first and
second adiabatic invariant conditions

4. Discussion and Conclusions

The reliability of function (3) has been extensively
demonstrated in previous chapter. Hence, we can now
disregard the data base, and attempt to explore some of
the physical features of the inner magnetospheric plasma
dynamics by looking at function (3) and at the nine
independent parameters. In this preliminary study, we
focus our attention on the gaussian peak location (PG), as
shown in Fig. 2 (for 5 different MLTs) on the energy vs.
L-shell plane, and on the plot vs. energy of the continuum
(CO) as taken at L=8 (Fig. 3).

By looking at Fig. 2, we notice that the trend of the
gaussian peak location PG, at any MLT, is characterized
by two different regimes, depending on the energy range.

Below E ~ 4-10 keV, the gaussian peak stays constantly
within L = 4 to 6, clearly indicating that the low energy
population in the equatorial inner magnetosphere
accumulate within this L range (e.g. Ejiri, 1978;
Takahashi and Iyemori, 1990). We could interpret this
effect as the result of one or of a combination of the
following processes. The low energy ions:

1. are due to the balance between corotation and
convection electric field drift, which indeed acts
primarily on low energy particles (e.g. Kilvelson and
Southwood, 1975; Cowley and Ashour-Abdalla, 1976;
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Ejiri, 1978; Takahashi and Iyemori, 1990; Sheldon and

Gaffey, 1993).

2. have a different origin, such as the ionosphere, so that
they are accelerated to the observed energies in the
inner magnetosphere (Gloeckler and Hamilton, 1987).

3. are the result of energy degradation of the higer
energy ions due to Coulomb collisions at high latitudes,
where the ions are transported inside the plasmasphere
(Fok et al., 1991).

At energies higher than ~20 keV, the trend of PG as
shown in Fig. 2 is consistent with the energization
process acting on ions when they are convected by the
dawn-dusk electric field towards lower L-shells (e.g.
Ejiri, 1978). In fact, the peak location, at any MLT,
moves to lower and lower L by increasing energy, due to
the conservation of the first and second adiabatic
invariant.

Concerning the intermediate energies, it can be
observed that around 10 keV (depending on MLT), the
peak apparently jumps up to higher L-shells. It has been
shown in previous chapter that between 4 and 20 keV the
peak location becomes uncertain, since the distribution
flattens considerably. For this reason, the continuum CO
becomes more appropriate for describing the plasma
dynamics in this energy range. For example, in Fig. 3, the
plot vs. energy of parameter CO at L = 8 is shown for
various MLTs in the night side. CO is nearly gaussian
when plotted vs. log(E), and its peak position depends
upon MLT: in the dawn region, the peak is located at
energies which are lower with respect to those observed
in the dusk region. The same trend is observed in the
AMPTE-CCE/CHEM flux spectra, as shown for example
by Sheldon and Hamilton (1993) and Milillo et al.
(1996a). This reveals that, by studying CO, we effectively
analyze the trend of the data. The energy of the gaussian
peaks shown in Fig.3 decreases towards dawn, and
conversely increases towards dusk. This is due to
adiabatic cooling/heating processes, occurring when the
ions move across the electric equipotential surfaces, as
suggested by Whipple (1978).
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Fig. 3. Plot vs. Energy of the continuum (CO) as taken at L=8
for five different MLTs in the equatorial night side.

The goal of our future work is the extension of the
model to multiple ion species, at any MLTs, pitch angle
and geomagnetic activity. We also plan to extend our
study by including other data bases, coming from
different missions (like POLAR and CRRES). By
applying the same investigation procedure, we hope to
validate our empirical model throughout the whole inner
magnetosphere.
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