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ABSTRACT

Analysis of data from the HPCE experiment on the
AMPTE/CCE satellite established probability distributions for
trapped ions and electrons. Trapped 150 eV electrons occurred
primarily in the dawn to noon local time sector, centered at L= 6.
Trapped 50-150 eV ion distributions show strong L versus local
time dependence, but are primarily found on the dayside (the
dusk sector was not sampled for ions in this survey). This local
time dependence appears to reflect the L versus local time
dependance of the plasmapause. The regions of peak occurrence
probability for trapped ions were mutually exclusive with the
high probability regions of trapped electrons. This offset in the
location of trapped plasma species was seen frequently on a daily
basis as well as in the statistical survey.
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I. INTRODUCTION

Equatorially trapped plasmas are ion and electron distributions trapped within a
few degrees of the Earth's magnetic equator. These trapped plasma distributions
were defined by the initial observations by Olsen (1981). Ion and electron
distributions with highly anisotropic pitch angle distributions, peaked at 90° pitch
angle, were observed at energies from a few eV to hundreds of eV, near
geosynchronous orbit. These trapped distributions are of interest as indications of
basic wave particle interactions, and as an intermediate process in plasmasphere
filling.

The energy - pitch angle distribution indicates the wave particle interaction
aspect of these plasmas. This is indicative of perpendicular acceleration (T, >
T...). and quasi-linear diffusion (flat diffusion at low energy). Though not yet
proven, there are indications of a correspondence between equatorially trapped
plasmas and Bernstein mode waves (equatorial noise) and electron cyclotron
harmonics (Gurnett, 1976 and Kurth er al.. 1979).

The plasmasphere filling role is indicated by the correspondence between the
plasmapause region and the location of equatorially trapped ion distributions
(Horwitz et al., 1981). The vanation in pitch angle structure with latitude also
suggests this role (Olsen et al.. 1987).

There have been previous surveys of equatorially trapped plasmas. Olsen et al.
(1987) surveyed DE 1/RIMS (ion) data for O - 100 eV. Sagawa et al (1987)
surveyed the DE 1/EICS (ion) data for 0 - 1 keV. Both surveys of equatorially
trapped plasma were limited in altitude by the DE 1 orbit, which had apogee at L =

4.7. Both of these surveys also lacked complementary electron data.




In this work. ion and electron data for AMPTE/CCE will be surveyed out to 8.8
R;. Additionally, this data will be surveyed in stages of increasingly more stringent
selection criteria for the equatorially trapped plasmas. This will show if the location
of the trapped plasma distribution is affected by the criteria used to define it. This

will provide a more complete look at the trapped ion distribution and a first survey
of trapped electrons.




II. BACKGROUND

A. THE PLASMASPHERE

A magnetosphere is the region around a magnetized planetary body in which
that body's magnetic field plays the dominant role in defining the behavior of
charged particles. It's outer boundary, the magnetopause, occurs where the solar
wind, and the magnetic field in the solar wind, become dominant. This bour. “ary
occurs, in the Earth's magnetic plane on the sunward side, at approximately 10 Earth
radii (roughly 63,750 km). The location of this boundary is determined by a balance
between the pressure exerted by the solar wind and the obstacle formed by the
Earth's magnetic field. During active times, the magnetopause has been observed as
close as 5 geocentric Earth radii (R;). The inner boundary of the magnetosphere
occurs atthe top of the ionosphere. This boundary can be taken as occurring at an
altitude of 1000 km or 1.16 R,. (Parks. p.7)

As can be seen in Figure 1. the Earth's magnetosphere is highly asymmetric.
While the sunward boundary is located at approximately 10 R,. the Earth’'s magnetic
tail has been seen to extena beyond 200 R, on the nightside. The length and shape
of the magnetic tail again depends on the interaction between the geomagnetic field
and the solar wind. (Parks. pp. 7-8)

For our purposes. the major components of the magnetosphere are the
plasmasphere. the plasmasheet. and the plasmapause. The plasmasphere is the
region of the magnetosphere that is closest to the Earth. It begins just above the
ionosphere. at low to mid-latitudes. The plasmasphere extends in altitude to

between 3 and 5 R. in the equatorial plane. and between * 60° magnetic latitude.
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Figure 1. The Earth's Magnetosphere




The plasmasphere corotates with the Earth and particles in this region are affected by
the Earth's corotational Electric field. (Parks, pp. 11 and 73)

This region contains plasma. ionized atoms and electrons, with densities of 10 >
10+ cm3 Characteristic 10n and electron energies are on the order of 1 eV at 4.5 R;.
The density of the plasmasphere decreases with altitude. In general, density in this
region experiences a gradual drop proportional to the fourth power of the Mcllwain
L parameter (a measure of altitude based on magnetic field lines that will be
discused later). This is illustrated in Figure 2. (Chappell ez al., 1970)

At approximately 3 to 5 Earth radii, again depending on the magnetic activity
history, the plasmapause is encountered. This is a transition region for the plasma in
which plasma energies sharply increase (Parks, pp. 231 and 502). There is also a
drop in density, which generally is very sharp, that is used to define the inner
boundary of the plasmapause (figure 3) (Harns ez al., 1970).

The above aspects of the plasmasphere can be further illustrated using
(relatively) more modern data from ISEE 1 total electron density measurements
obtained from observations of plasma waves. Figure 4a shows density versus L,
with a solid line at 100 x (L/4.5) * superimposed. The plasmapause is at L= 4.8,
1700 local time. The plasma density outside the plasmapause continues to drop as
L+ This characteristic of the plasma density profile can more easily be seen if the
data are normalized by L*, as in Figure 4b. (Olsen, 1992)

The plasmasphere density is dependent on magnetic activity. A large magnetic
storm can effectively push the plasmapause in to less than 3 R;. Figure 3 shows the
effects of magnetic activity on density and location of the plasmapause. Magnetic
intensity increases from a low in the upper left panel in the figure to a maximum in

the lower right hand panel. (Hammis et al., 1970)
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The storm-time electric field strips away the plasma at higher altitudes, as the
plasma is convected to the magnetosphere. This region is then refilled from the
ionosphere after the storm-time field relaxes. The process, termed the polar wind, is
driven by ambipolar diffusion after the electric field relaxes back to a steady state
value of = 1 mV/m. This diffusion process calls for electrons to leave the upper
ionosphere, probably driven by photoemission, and move along the geomagnetic
field lines. The resulting ambipolar electric field, caused by the displacement
between the electrons and O in the upper atmosphere, causes lighter ions, such as
H*and He", to be dragged up the field lines after the electrons. This 'polar wind'
results in a refilling rate of 1 to 10 ions/cnt’ per day. (Horwitz, 1983)

On the nightside the plasmasphere is bounded by plasma sheet, a region of low
density. hot plasma ( with densities on the order of 1 cm™ and characteristic energies
of 1-10 keV). The corresponding plasmapause for this region is very distinct and
the transition from plasmasphere to plasmasheet takes place rather quickly. This is
not the case for the region that extends from just before dawn until just after dusk
local time. on the dayside. (Parks, pp. 231 and 502)

On the sunward side of the Earth, the plasmapause is a region that can be as
much as | R, in width. Additionally, there is usually no sharp distinction
corresponding to its inner and outer boundanes during this local time period (Parks,
p.- 231). Therefore. it is usually a matter of judgement as to which region you are
studying.

The region between the dayside plasmapause and the magnetopause is also ill
defined. It is not clear whether the plasmasheet encircles the Earth and occupies this
region. While there is no known reason why this should not be the case, the plasma

observed in this region does not display the characteristics of that which is found in




the mightside plasmasheet. This has led to questions concerning the plasma filling
mechanism for this region as well as to questions of where the plasmain this region
comes from.

In the dusk region there is an additional asymmetry as seen in Figure 5. This
dusk bulge is the result of interaction between the corotational electric field of the
plasmasphere and the cross tail electric field induced by the solar wind. The
corotational field is the result of the charged particles rotating with the Earth while
trapped in its geomagnetic field and is directed radially inward toward the Earth.
The cross tail electric field is induced by the solar wind's interaction with the Earth's
magnetic field. This cross tail field is in the dawn-dusk direction in the equatorial
plane of the magnetotail. The sum of these two electric fields results in a series of

equipotential contours which mirror the dusk bulge (figure 6). (Parks, pp. 231-236)

B. THEORY

The force experienced by a charged particle in an electric and magnetic field is
given by Lorentz's law:
(1 F=q(E+vxB)

In the plasmasphere the contribution of the electric field is primarily to add a small
drift, which can be ignored in the context of our studies. Therefore, the force on the
particle depends only on its component of velocity that is perpendicular to the
magnetic field line, v,.,, and the magnitude of the magnetic field.

The magnitude of the Lorentz force is then given as:

(2) F=qV,, B
and its direction is always perpendicular to both the magnetic field line and the
particle's velocity vector. The Lorentz force does not affect the particle's velocity in

the direction parallel to the electric field, v,

10
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The particle’s speed remains unchanged by the Lorentz force, since the force is
perpendicular to the motion. hence it must move in a circle around the field line.

Therefore. equating equation 2 with the formula for uniform circular motion gives:

(3) r:ﬂﬂ

qB
where r. is the cyclotron radius. (Parks, pp. 86-87)
The Earth's magnetic field lines converge at both the north and south magnetic
poles, and the field strength increases with latitude. Because of this, there is an
additional force that acts upon the charged particle. This force can be expressed as:

M Vi

4 E=-uVB p= 4B

where p 1s the magnetic moment. Because the gradient in the magnetic field is
parallel to the direction of the field line it can be seen that this force is directed along
the field line. Since this force is directed parallel to the particle's parallel velocity
component, it will obviously affect the particle's velocity. From Lentz's law, it can
be shown that p is invariant. (Parks. pp. 89-90)

Since y is invariant, v,., must increase as B is increased. For this to happen v,,,
must decrease since V3., =V - V%, (from conservation of energy). Therefore.
givena large enough B. there will come a point where v,,, = 0. At this point v,
will equal v, and the particle will mirror back along the field line (figure 7)
(Glasstone, 1967). (Notice that the gyroradius also gets smaller as the particle
approaches the mirror point as a result of its v,.. dependance.)

For a particle that mirrors. equation 4 then leads to:

M Vi, MV

(5) 7B, = 7B,

where subscript o refers to values at the equator and m to those at the mirror point.
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Figure 7. Path of Mirroring Particle
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Rearranging equation 5 gives:

(6) & _ Vzpupo _ Vzperpo
Bm vzpcrpm V2o

Defining the pitch angle of a particle, &, to be the angle between velocity vector
of the particle and the magretic field line gives v,., = v sin a. Plugging this into

equation 6 gives:

(7 = sin?q,

which states that all particles with a pitch angle a, will mirror at the location defined
by B = B,. Particles with a > ¢, will mirror at lower latitudes. (Parks, pp. 111-
112)

The magnitude of the Earth's magnetic field is given according to:
B,. V4 -3cos? A
~ L’costA

(8) B

where B,, is the magnitude of the Earth's magnetic field on the Earth's surface at the
magnetic equator, A is the magnetic latitude, and L is the Mcllwain L parameter
(Parks, p. 54). The Mcllwain L parameter is a variable, given in units of Earth radii,
used to label magnetic field lines with relation to where they cross the plane of the
magnetic equator. Its value is given by

(9) L =r /cos2A

where r is the distance from the Earth's center, in Rg, to the field line at the magnetic
equator (Parks, p. 115).

Substituting equation 8 into equation 7 gives:
COS ¢ A,

4-3cos? A,

(10) sin2q, =

Therefore, by defining an equatorially trapped plasma to mirror at a magnetic

latitude of + 10° or less. this requires that a charged particle have a pitch angle




greater than 69°, at the equator, in order to be equatorially trapped (figure 8). It is
these trapped particles that will be investigated in this paper.

C. PREVIOUS OBSERVATIONS

Thermal plasma pitch angle distributions seem to have been first studied by
Horwitz and Chappell (1979) and Comfort and Horwitz (1980). These authors used
electrostatic analyzer data to study ion pitch angle distributions at geosynchronous
orbit, using ATS 6 data taken in 1974. The surveys dealt with data taken at 10.5°
off the magnetic equator.

Comfort and Horwitz (1980) observed two important aspects of ion pancake
distributions (peak flux near 90° pitch angle). The first was that the occurrence
probability for the pancake component of the ion distribution was local time and
energy dependant. The highest probability of occurrence occurred in the lowest
energy channel (20 - 40 eV) studied and for local times between 1400 and 1800.
Pancake distributions were seen 42% of the time in this sector for ions of that
energy.

The second was that Comfort and Horwitz observed that field aligned ions and
ions with 90° pitch angle seem to be anti-correlated. Figure 9 shows that there is a
decrease in the occurrence probability of field aligned ions when there is a peak in
the pancake occurrence probability.

Horwitz et al. (1981) studied pancake distributions in low energy (< 100 eV)
ion data obtained from the ISEE 1 mass spectrometer. These H” distributions were
often found in the vicinity of the plasmapause (figure 10), and usually just inside the
plasmapause. Horwitz et al. also observed that the pancake distribution was often

seen in the presence of colder, isotropic plasma.
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Olsen (1981) observed a thermal plasma population, trapped within a few
degrees of the magnetic equator, using electrostatic analyzer data from the SCATHA
satellite. Figure 11 shows the ion count rate, for various ion energies, as a function
of pitch angle. The data for this plot was taken atthe equator at approximately 1000
local time and 5.5 R;. This figure clearly shows a trapped distribution, centered at
90° and 270° pitch angle, for ions of energies 11 to 103 eV and, to a lesser extent,
for those at 523 e¢V. The 900 eV ions do not show evidence of a trapped
distribution. This figure also shows a well defined loss cone for the three highest
energies.

Olsen observed a like distribution in the electron data (figure 12). A source
cone, centered at 0° and 180° pitch angles, was seen in the 41 eV electron flux
concurrent with the trapped distribution at higher energies. This led to speculation
that the field aligned particles were the (ionospheric) plasma source, and these
particles were subsequently heated in the transverse direction. Note that the count
rates in the last two figures are scaled differently for different energy levels in order
to facilitate presentation of the data.

Figure 13, from Olsen (1981), shows a plot of count rate versus energy (ineV).
The trapped electron distribution is seen to exist in the 50 to 1000 eV range,
corresponding to temperatures of 100 - 200 eV and densities of 1 - 10 cm?. The
trapped ions show a peak in the 20 to 200 eV range. This corresponds to
temperatures of 20 to 50 eV and densities of 1 - 10 cm .

Sagawa et al. (1987) observed a local time dependence in the location of the
trapped ions in data from the Dynamics Explorer (DE) 1 satellite. Sagawa et al.

additionally saw that the trapped ions were composed primarily of H* ions and that
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these were in the lowest energy bin (0.01 - 1 keV) of the DE 1/EICS summary
plots. They reported that the Mcllwain L value was higher, for the peak ion
occurrence probability, in the local noon and dusk sectors than it was near local
midnight (figure 14). Olsen eral (1987) also saw this in their statistical survey.
Olsen et al. noted that the latitudinal extent of the high probability region is local
time dependant, ranging from £ 30° in the early afternoon region to + 10° in the
early dawn region.

Olsen et al. (1987) observed, from data collected by DE 1, that the trapped ion
distribution was composed primarily of H*, but that He* was seen to have a trapped
component, having 10% the density of the trapped H', approximately 40% of the
time. In one case, trapped O was seen with a relative density of 0.1% that of H*.
Additionally, the trapped distribution was observed to be very localized about the
equator. This is seen in the fact that the ions change from a field aligned distribution
to a trapped distribution and then back very quickly as the satellite transverses the
equatorial region. Figure 15 illustrates this aspect of the evolution in pitch angle
distributions.

Figures 15a, 15b, and 15¢ show plots of flux verses pitch angle for the
magnetic latitudes of -7.9°, -1.9° (approximately), and 3.6° respectively. In this
case, the