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Abstract. A study of geomagnetically confined helium
ions in the range 0.52-8.2 MeV ion kinetic energy was
made with the CAMMICE Heavy Ion Telescope (HIT)
during April-October 1996. Much of the year 1996 was
remarkably geomagnetically quiescent with absence of
major magnetic storms, large shock transits through
the magnetosphere, or penetration injection events. In-
deed, between two minor magnetic “storms” on January
13 (Dgr minimum ~ -88 nT) and October 23 (Dgr
minimum ~ -110 nT) 1996 there was a long geomag-
netically relatively undisturbed time period with Dgr
excursions in the few tens of nT at most. Using the
POLAR ephemeris data, it was found that the nomi-
nal L-parameter location of the radial peaks in helium
ion fluxes varied considerably with azimuthal location
around the Earth, i.e., with magnetic local time (MLT),
to be observed at L=2.7-2.6 respectively in the dawn
sector (near MLT~5 hr) and typically a nominal L-
parameter farther out in the dusk sector (near MLT~17
hr). The empirical helium ion anisotropy could be rea-
sonably approximated by an unambiguous sin™ ag de-
pendence (where aq is equatorial pitch angle) only fairly
close to the geomagnetic equator, at equatorial pitch
angles ag > 45°. For smaller equatorial pitch angles,
the distribution was often seen to be flatter than de-
scribable by this relation alone. There may be several
interacting causes of these observed features, including
(1) effects of differences between the real geomagnetic
field and the model field (IGRF 95) used in the PO-
LAR ephemeris, (2) consequences of coupling between
ion transport dynamics, spectra and exospheric interac-
tions, and (3) possibly also real physical effects of the
azimuthally asymmetric geoelectric field in conjunction
with large gradients in the helium ion distribution func-
tion. Further work is needed to delineate the relative
importance of these influences on the structure of radi-
ation belt helium ions.

Correspondence to: W. N. Spjeldvik

1 Introduction

Over the preceding decades there have been several stud-
ies of geomagnetically trapped energetic helium ions (e.g.
Chen et al., 1994, 1996; Cornwall, 1972; Fritz and Sp-
jeldvik, 1978, 1979, 1982; Krimigis and Van Allen, 1976;
Lemaire, 1996; Panasyuk and Vlasova, 1981; Pugacheva
et al., 1996; Reeves, 1996; Sheldon and Hamilton, 1993;
Spjeldvik and Fritz, 1978, 1981, 1983; Tverskoy, 1971,
and others). From these works we have obtained valu-
able data on the radial structure and spectral charac-
teristics on MeV helium ions, and there have been the-
oretical and experimental summaries (e.g., Schulz and
Lanzerotti, 1974; Spjeldvik, 1979; Spjeldvik and Roth-
well, 1985). For radiation belt protons, there exist em-
pirical models compiled by NASA as well as a survey of
proton pitch angle anisotropies with local time, energy
and L-shell (e.g., Garcia and Spjeldvik, 1985). But for
radiation belt helium ions, detailed data to carry out a
local time variation assessment have until now not been
available.

As a part of the International Solar Terrestrial Physics
(ISTP) and Global Geophysics Study (GGS) Programs,
the POLAR spacecraft was launched on February 24,
1996 from Vandenberg Air Force Base in California and
achieved a polar orbit with perigee below 2 earth radii
over the Earth’s south pole and apogee above 8 earth
radii over the north pole. The spacecraft spins on a
time scale of six seconds with a spacecraft spin axis ori-
entation such that instruments with pointing direction
perpendicular to the spin axis nominally samples all di-
rections to the geomagnetic field in each spin as POLAR
crosses the geomagnetic equatorial plane.

Amongst the extensive instrumentation on the PO-
LAR spacecraft is the CAMMICE instrument package
which contains the Heavy Ion Telescope (HIT) consist-
ing of a stack of solid state detectors. It is mounted
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Table 1. CAMMICE/HIT Helium Ion Channels

Passband | Energy Passband Particle
ID Range in MeV Species
HID-5 052 - 1.15 Helium + pile-up HT
HID-6 1.15 - 1.80 Helium
HID-7 1.80 - 240 Helium
HID-8 240 - 820 Helium

perpendicular to the spacecraft spin axis, and it is op-
erating with a temporal resolution of 16 sector samples
per spin period (i.e., with an angular sampling resolu-
tion of 22.5°) and an aperture opening angle of £8°.
‘We here report observations of geomagnetically trapped
helium ions in four energy ranges from 0.52-8.2 MeV.
These are specified in Table 1. The geometric factor of
the CAMMICE/HIT instrument is g = 9.1 x 10~ 3cm?sr
(Fritz et al., 1997). The coincidence channels, HID7
and HIDS, are largely free of background contamina-
tion. The HID5 channel will see pile-up protons in ad-
dition to helium ions. The threshold for that channel
requires that 0.52 MeV be deposited in the detector in
order to trigger the alpha 1 threshold. One can estimate
the pileup counts by determining the flux of 260 KeV
protons, apply the geometric factor to that flux, and
compute an equivalent counting rate, . The pile up
count rate for HID5 should be equal to 5 x 10~772. So if
r = 1000 proton counts/sec one should have about 0.5
counts/sec of background in that helium channel. Ef-
fects of particle penetration through the backside of the
detector would also require penetration through the en-
tire POLAR spacecraft and can reasonably be neglected.

2 HELIUM ION DATA BASE

The first half year of the POLAR spacecraft operations
afforded an extended period of geomagnetic calm that
lasted from the time of the spacecraft launch to October
23,1996 when a modest geomagnetic storm (as indicated
by the provisional Dgr-index depression to -110 nT) oc-
curred. We thus posses an extensive database on geo-
magnetically confined helium ions and other ion species
for the non-disturbed radiation belts during sunspot
minimum conditions. Figure 1 shows a typical trajec-
tory (on July 28, 1996) of the POLAR spacecraft through
the Earth’s magnetosphere. At that time the orbital
plane was close to the dawn-dusk plane, and the trajec-
tory also closely coincided with the nominal plane of the
geomagnetic field lines.

An example of the data from the four helium ion de-
tector passbands listed in Table 1 is shown in Figure
2. These data are from July 28, 1996 with the left side
panels depicting the observed distribution of the helium
ion flux with the L-parameter in the geomagnetic dusk
sector (MLT ~ 17 hr) and the right side panels showing
the corresponding data from the dawn sector (MLT ~

Z(SM)

[¢] 4 2 0
X(SM) Y(SM)

Fig. 1. Orbit of the POLAR spacecraft in Solar-Magnetospheric
(SM) coordinates during July 28 (day 210) 1996. Numbers on the
trajectory trace indicate hour of the day of the spacecraft location.

5 hr). In both cases, the regions of the peak ion fluxes
(L ~ 2.8 to 3.6) were sampled close to the geomagnetic
equator. Since the structures of the flux distributions
show significant dawn-dusk differences, it is worthwhile
to explore whether these are related to temporal varia-
tions, or to other more persistent causes in the heart of
the Earth’s radiation belts.

3 LONGITUDINAL QUIET TIME SURVEY

In order to make a comparison between POLAR space-
craft observations made in different magnetic local time
sectors, we map the locally observed ion fluxes to the
geomagnetic equatorial plane. Previous work suggests
that a mapping following an assumed relation:

Jj(ao) = j(an = 7/2) sin" oo (1)

— where j represents differential helium ion flux and
o is equatorial pitch angle — serves as an approximate
descriptor of geomagnetically trapped MeV helium ion
anisotropy in the interior of the trapping region. Here
the anisotropy parameter, n, is empirically determined
from the data set. Under this assumption the equato-
rially mirroring helium ion flux in our energy range is
given by:

jo(ao = 7/2) = j(a = 7/2)(B/Bo)™? (2)

where subscript-0 denotes equatorial quantities; j(a =
m/2) is the locally mirroring ion flux at the POLAR
spacecraft location where the magnetic induction value
is B; and By is the equatorial magnetic induction on the
same geomagnetic field line.

Since we cannot simultaneously measure both B and
By with one spacecraft, it is necessary to take the B/Bg-
ratio from a magnetic field model. Well within the inte-
rior of the radiation belts and for observations close to
the equatorial plane, we used the simple dipole ratio:

B/Bo = v/4 — 3cos? \/cos® A (3)
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POLAR CAMMICE/HIT July 28, 1996
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Fig. 2. Helium ion flux observed with POLAR in data channels
HID5-8 on July 28, 1996. Left panels: UT=14:45-16:30 (dawn
sector: MLT~5 hr); Right panels: UT=18:00-19:45 (dusk sector:
MLT~17 hr). The length of the vertical black bars indicate the
spacecraft spin induced variation in the pitch angles (essentially
full range) observed.

where A is the instantaneous geomagnetic latitude of
the spacecraft. Clearly, this should not be relied on
for L-parameters outside the geostationary orbit dis-
tance or for far off-equatorial locations. We proceeded
to determine the anisotropy n-values from least-mean-
square fits to the local pitch angle distributions. Since
the actual equatorial ion pitch angle distributions may
differ from the power-sinusoidal-type relationship, such
fits may well not be meaningful if the POLAR space-
craft is substantially away from the geomagnetic equa-
tor. Based on empirical information from the pitch an-
gle distribution shapes we concluded that the fits must
be limited to those near-equatorial POLAR orbital seg-
ments where B/Bj < 2.

Figure 3 illustrates the deduced radial profiles of the
mapped equatorially mirroring fluxes of helium ion on
July 28, 1996. The left side panels show dawn sector
fluxes (MLT ~ 5 hr) in the four energy passbands, and
the right side panels show the dusk sector results (MLT
~ 17 hr). The data coverage extends from the lowest
IGRF 95 ephemeris L-parameter observed by POLAR
out to L=7. One notices that the radial profiles show
some apparent dawn-dusk asymmetry both in ion flux
magnitude and in the details of the radial structure.

For these two orbital cuts through the radiation belts
we also display how the anisotropy index, n, was found
to vary with the L-parameter. The left side panels in
Figure 4 show the dawn results and the right side values
are for the dusk sector. Again we notice a significant
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Fig. 3. Binned averages of POLAR observed local helium ion flux
(¢) and equatorially mapped flux (*) in helium channels HID5-8.
Shown are for UT=14:45-16:30 dusk sector, and for UT=18:00-
19:45 dawn sector passes. The bottom panels depict the B/Bp-
ratios of the orbital spacecraft location.

difference between the two local time sectors. In the
dawn sector one deduces anisotropy index values that
are largely monotonically increasing with decreasing L
in to L ~2.5 (the lowest L-parameter encountered in
that sector). However, in the dusk sector there are in-
dications of non-monotonic n-index radial profiles, such
that the helium ion pitch angle anisotropy appeared to
be largest at L ~5, at least for energies of typically
0.52-1.8 MeV.

These results are not limited to the particular day
(July 28, 1996) of the sample data. Similar results were
also found for other POLAR spacecraft orbits both dur-
ing the months preceding and the months following this
study. Since large magnetic local time variations at MeV
energies were not anticipated so deep within the trap-
ping region during extended geomagnetically quiescent
conditions, a more extensive survey of the helium ion az-
imuthal asymmetry features appeared warranted. The
quiet time study was then extended to 40 POLAR space-
craft close-equatorial trajectories during April through
October 1996 where the precession of the spacecraft or-
bital plane (in GSE-coordinates) permitted all magnetic
local times to be sampled.

It was first necessary to test whether or not there
might be temporal evolutionary trends in the helium
ion flux data. If present, such trends might obscure a
study of flux variations with magnetic local time based
on the slow precession of the POLAR spacecraft over
several months. Two characteristic features of the he-
lium ion flux distributions were selected for display: the
radial location of the observed helium ion flux peak (typ-
ically found near L ~3 in our energy range) and the flux
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Fig. 4. Binned averages of POLAR observed local helium ion
pitch angle anisotropy index, n, in POLAR data channels HID5—
8. For UT=14:45-16:30 a dusk sector pass is depicted, and for
UT=18:00-19:45 it is a dawn sector pass. The bottom panels
show the spacecraft’s proximity of the magnetic equator.

intensity magnitude of that peak. Figure 5 shows the
L-parameter location radiation belt peak fluxes versus
universal time (in decimal day of the year 1996) using
one sample data channel (HID7 at 1.8-2.4 MeV), and it
is found that there is only a very modest organization
of the data and exhibiting almost two L-units spread
when plotted versus universal time. Our other helium
ion data channels show the same features.
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Fig. 5. Binned averages of the radial location of the peak in
the helium ion differential flux intensity (using AL=0.25) plotted
versus universal time (decimal day of the year 1996) in POLAR
data channel HID7.

Figure 6 shows the corresponding result (also in data
channel HID7) for the flux intensities at the radial max-
ima. Diamonds depict the locally observed fluxes (on
orbit segments close to the geomagnetic equator), and

asterisks represent the equatorially mapped flux values.
Similar to the display in Figure 5, it is here seen that
there appears to be a rather limited organization of the
data, and we find a spread by about an order of mag-
nitude of the flux peak intensity when plotted versus
universal time.
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Fig. 6. Radial location of the peak in the helium ion differential
flux intensity plotted versus universal time (decimal day of the
year 1996) in POLAR data channel HID7. Diamonds depict the
observed fluxes and asterisks show the equatorially mapped flux
intensity.

The outstanding result of this exercise is clearly that
there is no systematic temporal trend in the data within
the sampling resolution, and we are not observing a he-
lium ion distribution with characteristics that change
significantly over the six month period of our data set.
Specifically, there is no observed long-term flux decay.
This apparent stability feature of the geomagnetically
trapped MeV helium ion fluxes permits further analysis
based on the overall steady state assumption.

To further study systematic trends in the azimuthal
distribution of the helium ion fluxes around the Earth,
we plotted two parameters of the distribution, the ra-
dial location of the flux peak and the observed flux in-
tensity of that peak versus magnetic local time. The
results are depicted in Figure 7 and in Figure 8 using all
the four POLAR spacecraft helium ion energy channels
HID5-8. The vertical bars in Figure 7 indicate the L-
parameter range used to bin the data (AL=0.25). This
figure shows that there exist systematic asymmetries in
the energetic helium ion fluxes, and that these are in-
deed dawn-to-dusk asymmetries that are repeatedly ob-
served, at least when plotted versus the POLAR space-
craft ephemeris parameters. One can see that, com-
pared to an azimuthal average radial location, the MeV
helium ion flux peak location in L-parameter is shifted
inward (towards the Earth) by about half a unit in the
dawn sector (MLT~1-12 hr) and is shifted outward by
a similar amount in the dusk sector (MLT~13-24 hr),
leaving a dawn-dusk asymmetry of at least a full unit
L-parameter wide. This is true in all our four energy
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Fig. 7. Organization of the L-shell location of the radial peak in
the helium ion distribution observed by the POLAR spacecraft.
Binning into AL=0.25 bins was used, and the data are given for
channels HID5-8 versus magnetic local time during the geomag-
netically quiescent period April — October 1996.

channels.

The peak flux intensities at the radial maximum loca-
tion appears not to follow quite the same simple dawn-
dusk asymmetry pattern. The result in Figure 8 de-
picts a general increase in flux intensity from very early
dawn (MLT~1-6 hr) towards late dusk (MLT~18-24
hr). This trend is fairly clear in channels HID5-6 (E ~
0.52-1.8 MeV), is weaker in channel HID7 (E~1.8-2.4
MeV), but appears reversed in channel HID8 (E~2.4—
8.2 MeV). This trend reversal with helium ion energy
is suggestive of a possible azimuthal distribution depen-
dence related to distribution function gradients.

4 SUMMARY AND EVALUATION OF THE
FINDINGS

It has been found that with the POLAR spacecraft eph-
emeris computed from the IGRF 95 model magnetic
field, azimuthal asymmetries appear to be present in
quiet time, steady state helium ion distributions at 0.52—
8.2 MeV such that in the dawn sector the peak of the
radial profiles in MeV helium ion distributions is dis-
placed towards the Earth. The energetic helium ion
flux intensities are also higher in this local time sec-
tor at E~0.52-1.8 MeV and lower at E~2.4-8.2 MeV.
Although perfect azimuthal symmetry of geomagneti-
cally confined particles should not be expected around
the Earth, the finding that multi-MeV heavy ions seem
to exhibit substantial MLT-variations was not fully ex-
pected.

It is possible that some of the reported asymmetry
results could stem from differences between the real ge-
omagnetic field (as experienced by the trapped particle
populations) and the model magnetic field used to com-
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pute the L-parameter, magnetic latitude and longitude.
The internal contributions to the geomagnetic field in-
clude the effects of an offset dipole, quadrupole, octopole
and higher multipole contributions that increase in im-
portance closer to the Earth. Apparent asymmetries
resulting from this internal effect should correlate with
the planet’s rotation, and not predominantly with MLT.
Imperfections in the model geomagnetic field used to
compute the POLAR ephemeris may be a more signifi-
cant contributor to MLT asymmetries, and these aspects
warrant further exploration.

In addition to possible problems with the spacecraft
ephemeris determination, there may also be physical
causes of azimuthal asymmetries. The geoelectric field
is known to cause L-shell splitting effects (e.g., Kivelson
and Southwood, 1975a,b; Roederer, 1970; Roederer and
Schulz, 1971; Schulz, 1972; Stern, 1971), and the ob-
served azimuthal asymmetry of MeV helium ions may
in part be associated with the geoelectric field structure.
It is, of course, unlikely that the dawn-dusk electric po-
tential drop (of the order of 50 kV) would have bulk
effects on MeV ions. This notwithstanding, some of the
observed asymmetries could be the result of the large
spectral and spatial gradients found in the trapped ion
fluxes combined with the rather modest dawn-dusk geo-
electric field, so that even a small shift in the energy
spectrum may appear as a significant flux variation seen
with instruments of fixed thresholds for detection. Fu-
ture modeling of these aspects (with and without asym-
metric geomagnetic and geoelectric field topology) ap-
pears desirable to see if such an interpretation has any
merit.
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