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Abstract- In the ring current-plasmasphere region, two plasma populations
interact with each other via multiple processes, such as Coulomb collisions and wave-
particle interactions. In this paper, the consequences of coupling between ring current
ions and the plasmasphere through Coulomb collisions are examined. A kinetic Ring
Current-Atmosphere Interaction M odel (RAM) has been used to solve the temporal
evolution of the ring current ion distribution and obtain the instantaneous ring current
heating to the plasmasphere through Coulomb collisions. A buildup of low-energy
(< 1keV) ion population is found as a result of energy degradation of ring current ionsin
a background of thermal plasma. The "drift-holes" in the ring current ion energy spectra
are also somewhat smoothed out by Coulomb interactions. Energy transferred from ring
current ions to the plasmasphere is a source of plasma heating and results in enhanced
plasma temperatures at high altitudes. The ion temperatures calculated from the FLIP
(Field Line Interhemispheric Plasma) model, taking into account the additional heat
source from the ring current, appear to be consistent with the enhanced ion temperatures

observed in the high atitude regime.



Introduction

In the region of overlap between the ring current and the plasmasphere, two
plasma populations interact with each other via multiple processes, such as wave-particle
interactions and Coulomb collisions. Energy of the ring current ions is a source of free
energy to excite plasma waves. This energy, in turn, will be redistributed amongst the
thermal and energetic populations as the plasma waves undergo damping. Energy
contained in the ring current can also be transferred to the plasmasphere through
Coulomb callisions. Previous studies on the interactions between the ring current and the
plasmasphere and the effects on both plasma populations are summarized in the review of

Kozyra and Nagy [1991].

In this paper, results on the coupling between the ring current ions and the
plasmasphere through Coulomb collisions are presented. Hereafter, ring current ions are
designated as energetic plasma and the plasma (ions and electrons) in the plasmasphere
as thermal plasma. When energetic ions move through a background of thermal plasma
in the plasmasphere, they experience energy loss but very small angular deflection. Since
the energy transfer rate is maximum when the velocity of the energetic ions and that of
the thermal species are comparable (function G in Eg. (21) of Fok et al., 1993), most of
the energy received by the thermal plasma goes to the electrons. However the
conductivity of thermal ions is about one fortieth that of thermal electrons. A small
amount of heating from the ring current may produce enhanced ion temperatures
comparable to, or higher, than the electron temperatures in the plasmasphere.
Interactions with the plasmasphere also have a significant effect on the energetic

population as it undergoes energy degradation.



A previously established Ring current-Atmosphere interaction M odel (RAM)
[Fok et al., 1993, 1995] is used to study the coupling between ring current ions and the
plasmasphere. RAM isakinetic model solving the temporal evolution of ring current ion
phase space density, considering drift motion, charge exchange with the hydrogen
geocorona, and Coulomb interactions with the plasmasphere. The instantaneous heating
rate to the plasmasphere is also calculated. The response of the plasmasphere to the
additional heating by the ring current is investigated using the FLIP (Field Line
Interhemispheric Plasma) model [Richards and Torr, 1985; Torr et al., 1990]. For
comparison, plasmaspheric ion temperatures are calculated from FLIP, with and without

heating from the ring current.

The Modd: RAM

The temporal and spatial variations of the phase space density, fs of ring current
ion species, s, can be obtained by solving the following kinetic equation, considering drift

motion, charge exchange with the neutral hydrogen geocorona, and Coulomb collisions

with the plasmasphere
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where Ry is the radia distance at the equator, ¢ is the magnetic local time, M is the
magnetic moment, and f s is the average fs along the field line between mirror points.
Since the bounce period of ions in the ring current energy range is much shorter than the
decay lifetimes, fs is assumed to be constant along the field line and thus f s can be
replaced by the distribution function at the equator. < x> is the bounce-averaged value

of quantity x.



For the collisional terms in (1), osis the cross section for charge exchange of
species s with neutral hydrogen, and ny is the hydrogen density. M istherate of change
of magnetic moment due to the Coulomb drag from the plasmasphere and it is
proportional to the background plasma density. A time-dependent, two-dimensional
plasmasphere model of Rasmussen et al. [1993] is used to calculate M . This is the
unique feature of RAM, which incorporates a time-dependent plasmasphere model to
calculate effects of Coulomb collisions between the energetic and the thermal population.
The instantaneous heating rate from the ring current to the plasmaspheric species p is

given by
Q=ry ( IAfSlnrw2d3v) )
At 2 2

where Afgis the change of fsin At due to Coulomb collisions with species p. More details

of RAM can be found in Fok et al. [1993, 1995].

Coulomb Collision Effects on the Energetics

As aresult of frictional forces exerted on the ring current ions by the background
plasma in the plasmasphere, the energy spectra of the energetic ions shift toward low
energies. This effect on the energetic ion distribution is clearly illustrated in Figure 1.
Given an initial H* (Figure 1a) and O* (Figure 1b) ion distribution, peaking at 10 keV
(top panel) and 40 keV (middle panel) in a background thermal (1 €V) plasma with
density of 2000 cm-3, the temporal evolution of these distributions is calculated taking
into account only Coulomb interactions. The variation in rate of energy loss as afunction
of ion energy (bottom panel) is provided as a convenient reference. Energy loss rate in
energy space peaks at 4 keV for H* (bottom panel, Figure 1a) and at 50 keV for O*
(bottom panel, Figure 1b). lonswill be removed rapidly from regions of peak energy loss

rate and will build up in regions of lower energy loss rate. The effect is dramatically



illustrated in the top panels of Figure 1a and 1b. A low-energy (< 1 keV) flux of H*
builds up after 12 hours as a result of energy loss by the "10-keV" H*. However, this
low-energy population diminishes after 2 days of interaction. Low-energy O* fluxes
build up more slowly. They only reach values comparable to the peak low-energy H*
fluxes after 2 days have elapsed. In contrast the peak low-energy H* fluxes appear after
1 day of decay. This buildup of low-energy ions is also predicted by the model of
Jordanova et al. [1994].

The buildup of low-energy ions from a 40-keV initial ion distribution is much less
dramatic (middle panels, Figures 1a and 1b). The 40-keV peak in the H* flux occursin a
region of increasing energy loss rate as ions degrade in energy. lons move from aregion
of slower to faster energy loss (toward the left in the middle panel, Figure 1a). Asa
consequence, the H* distribution is eroded, with only a weak buildup at the lowest
energies. The 40-keV peak in the OF flux (middle panel, Figure 1b), occursin aregion
of nearly constant energy loss rate. For this case, the O peak is convected in energy
space, amost without change in amplitude or shape, to lower energies. Eventualy, as

time increases beyond 2 days, a flux buildup at the low energiesis expected to occur.

The buildup of the low-energy ion population predicted above is reproduced when
calculating the whole phase space densities of ring current ions during the recovery of a
model storm of moderate intensity. The initial (when the recovery starts) conditions of
the model storm are taken from the average stormtime spectra reported by Kistler et al.
[1989]. The Kp value is assumed to be 6 initially and decreases at a constant rate in 15
hours to the post recovery value of 1 (top panel, Plate 1). The 10-500 eV fluxes derived
from the ring current H* and O* as a function of elapsed time are calculated. Plate 1
shows the initial fluxes, and the fluxes at 12 hours and 2 days after the main phase of the
storm. For both ions, the maximum fluxes are initially located in the region of L between

3—-4, at midnight local time (Plate 1a). Theinitia fluxes on the dayside are assumed to be



0. Twelve hours later (Plate 1b), fluxes of the same order of magnitude or higher than the
initial peak are found at a lower L shell (L ~ 2.5). Particles which have open drift paths
move toward the upper spatial boundary of the model and are lost. Therefore, the
longest-lived fluxes are confined to arange of L values from about 2.5 to 3.5, where drift

paths are closed.

After 2 days of recovery (Plate 1c), there is an order of magnitude decrease in the
maximum H* flux. The maximum flux at this time has moved outward to L ~ 4. The
temporal history of the low-energy O* flux is much different than that of the low-energy
H* ions. The maximum O flux in the energy range 10-500 eV is located at L ~ 2.75,
but does not appear until 2 days into the recovery phase. The different times for buildup
and disappearance of each ion species in this energy range (10-500 €V) are consistent
with the simulations shown in Figure 1 and can be explained by their different rates of
energy loss to the plasmasphere. After the low-energy H* is built up, it will be lost by
energy degradation in afew hours. It takes about 1 day for low-energy O* to be formed
from high-energy particles, as a result of its comparatively long Coulomb lifetime;
therefore, it lasts for afew days.

The other effect on the energetic ions due to Coulomb collisions with the
plasmasphere is the shallower minimum in the energy distribution. Dips or sharp drop-
offsin the ion energy spectrafor 1 < E < 10 keV are consistent features in observations
[Mcllwain, 1972; Lennartsson et al., 1981; Kistler et al., 1989]. Corotation dominates
the motion of low-energy ions, whereas high-energy ions drift westward due to the
gradient and curvature in the magnetic field. lons of intermediate energies experience
eastward and westward drifts that are similar in magnitude, resulting in very slow drift
velocity. The hole in the energy spectra corresponds to particles at these energies which
have either not yet reached the observation point or which have experienced significant
losses during their slow drift to the observation point. Cornwall [1972] and Spjeldvik

[1977] found that Coulomb collisions with the plasmasphere made the dips caused by



drift motion shallower when they calculated the equilibrium density structure of the
magnetosphere ions.

In order to see the effect of Coulomb drag on the shape of the "drift hole", ion
energy spectra are calculated for different cases: (1) considering only drift motion, (2)
drifts plus charge exchange loss, and (3) same as (2) except Coulomb collisions are also
included. Figure 2 shows these test results of H* at two locations. At L = 2.5 (Figure
24), the inclusion of Coulomb collisions results in a slight reduction of the distribution
function at high energies (> 50 keV). However, alow-energy (< 1 keV) ion population is
formed by the energy degradation of high-energy ions. Coulomb collisions also make the
dip caused by drift motion shallower. At L values outside the plasmapause (L = 4, Figure
2b) the Coulomb collision effects are much weaker. However, the partial filling-in of the
drift hole is still observed. Kistler et al. [1989] only considered drifts and charge
exchange loss of ring current ions. They found that at low energies, the observed fluxes
were higher than predicted and that the dipsin some of their modeled spectra were deeper
than the measurements. The inclusion of Coulomb collisions in our model leads to a
better agreement with observations, especially at low energies. Coulomb collisions aso

have pronounced effects on the low-energy distribution of ring current He* and Ot ions.

Ring Current Heating of the Plasmasphere

Under the assumptions of uniform plasmasphere density along field lines and
constant phase space density between mirror points for the ring current ions, RAM is able
to calculate the instantaneous volume heating rate (at a given local time, latitude, and
atitude) to the plasmasphere that is a consequence of collisions between thermal ions and
ring current ions. Only heating to the thermal ions is discussed in thiswork. In order to
see what ring current species and energies contribute to the heating of thermal ions, the

rate of change of the energy of energetic ions moving through a background thermal ion



gasis calculated and plotted in Figure 3 as a function of the energy of the incoming ions.
As shown in the figure, low-energy (< 10 keV) Ot is the main source of heating to the
thermal ions via Coulomb interactions, unless the ring current is overwhelmingly
dominated by H*. The energy transfer rates are fairly constant over a wide range of
thermal ion temperature observed in the plasmasphere (0.2-2 eV) [Comfort et al., 1988].
In contrast, the efficiency of energy transfer to the thermal electrons is sensitive to the

thermal electron temperature.

We calculate the volume heating rate to the thermal ions in the plasmasphere
during the recovery phase of a modeled major storm similar to that which occurred in
early February 1986. The initial distribution of ring current ions (at the minimum Dst) is
taken from AMPTE/CCE spacecraft observations spanning the L value range L = 2.25 to
6.75. lon fluxes at energies of 10 eV to 1.52 keV, which is the lowest energy bin of CCE
measurement, are estimated by linear extrapolation. The simulated temporal evolution of
the ring current ions during the recovery of this storm is presented in Fok et al. [1995].
In general, the calculated ion fluxes are consistent with observations, except for H* fluxes
at tens of keV, which are always over-estimated. However this discrepancy has only a
small effect on the plasmaspheric heating rate because the main contribution of heating
comes from the ring current O* ions. Plate 2 shows the volume heating rate to the
thermal ions at the equator (left panels) and the noon-midnight meridian (right panels) at
(@ 2 and (b) 52 hours after the start of the recovery phase, together with the
corresponding Kp values. At 2 hours, the maximum heating rate is on the order of 1
evem-3s1 andislocated at L shell of 2to 2.5, with local time extending from midnight to
dawn. Theregion of high heating rate corresponds to the location of peak density of low-
energy (< 10 keV) ring current ions during the early recovery. This region of high
heating rate drifts eastward and reaches noon in the next few hours as the low-energy ring
current ions corotate. The isocontours of heating rate at L shells larger than 3 roughly

follow the thermal density calculated from the model of Rasmussen et al. [1993]. The



plasmasphere bulge located between noon and dusk during this active period can be
inferred in the equatorial view of Plate 2a. The meridian view shows that the heating rate
peaks at the equator near the inner edge of the ring current and is fairly uniform along
field lines at high L shells. The localized heating near the Earth is a consequence of ring
current ions which have an anisotropic pitch-angle distribution (peaks at 90°) caused by
strong charge exchange loss at low L shells. The distribution of the heating rate is a
result of the combined effect of the densities of the source (ring current ions with energy

less than 10 keV) and the sink (thermal ions).

In late recovery (Plate 2b), isocontours of heating rate expand and fall off with L
smoothly as a result of the refilling of the plasmasphere during the storm recovery. The
high heating rate (on the order of 1 eVem3s'1), whichisseenat L < 2.5 at 2 hours, is
diminished due to the charge exchange losses of low-energy (< 10 keV) ions at that
location. In contrast, the heating rates at high L's are higher at late recovery than at early
recovery. Inthe meridian view, the peak heating rate at the equator is more pronounced
and extends to higher L shells as a consequence of strong ring current pitch-angle

anisotropy during late recovery of the storm [Fok et al., 1995].

Plasmaspheric Response to the Heating from Ring Current

The energy loss of the ring current from Coulomb decay is small compared with
that of the charge exchange loss. However, this small amount of energy may be a
significant heat source to the thermal plasma in the plasmasphere . The energy received
by the thermal plasmain the plasmasphereis, in turn, conducted down along field linesto
the ionosphere and produces observable signatures. A number of works have shown that
the energy transferred to the plasmasphere through Coulomb collisions with the ring

current ions is responsible for the enhanced plasmaspheric temperature and resulting



ionospheric electron temperature peaks and associated stable auroral red (SAR) arc
emissions [Cole, 1965; Kozyra et al., 1987; Chandler et al., 1988; Fok et al., 1993].

In order to see the plasmaspheric response to the heating from the energetic ions,
the thermal ion temperatures are calculated using the RAM-generated heat source for the
February 1986 storm as input to the FLIP model. The volume heating rate calculated
from RAM is scaled by the ratio of plasmaspheric densities obtained from the model of
Rasmussen et al. [1993] and FLIP. We modified the standard FLIP model dlightly in
order to accommodate direct ion heating from the ring current source. Otherwise the
model is the same as described by Richards and Torr [1985], and Torr et al. [1990].
FLIP, as used here, solves the continuity, momentum, and energy equations along the
flux tube from 120 km in one hemisphere to 120 km in the conjugate hemisphere. All ion
species are assumed to have the same temperature, but are different from those of thermal
electrons. Since the ring current heating to the thermal electrons depends on the thermal
electron temperature, RAM and FLIP have to be run interactively in order to have
consistent results. Because of this, heating to the thermal electrons and the resulting
electron temperature enhancements are excluded in the present study. This problem will

be addressed in our future work.

The equatorial ion temperatures calculated from FLIP for L = 2 and 4 as a
function of elapsed time from the beginning of the recovery phase are plotted in Figure 4.
Because the flux tube corotates, the local time changes with the elapsed time. Local time
is aso shown in Figure 4. The storm starts at 0 hour recovery time (RT) and decays to
quiet time rates at 60 hours RT. Theinsert in Plate 2 shows the Kp history. Results with
and without heating from ring current are displayed. As shown in Figure 4, at L = 2,
including the ring current heat source greatly increases the ion temperature from the
nightside to dawn but has almost no effect from noon to dusk. The local time asymmetry

of the magnetospheric heat source enhances the diurnal variation in the ion temperature
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and causes the daily minimum temperature to shift from the nightside to dusk. The
decrease in the ring current heating at dusk, at L = 2, isaresult of low-energy (< 10 keV)
ring current ions being significantly removed by charge exchange before reaching the
dusk side. The high heating rate at L = 2 fades away as the storm recovery proceeds
(Plate 2). The maximum ion temperature thus decreases in the same manner. At L = 4,
the effects of the ring current heating of the thermal ions are obvious at all local times
because the ring current is fairly constant with local time at this L value (Plate 2). Also
the ion temperature enhancement persists during the long recovery since the source
experiences few losses at L = 4 and low-energy ring current ions are continuously

replenished from the tail.

The altitude profiles of ion temperature at L = 2 and 4, on the morning and
evening side, at different elapsed times during the storm recovery as calculated from
FLIP are plotted in Figure 5. In all cases, heating from the ring current increases the ion
temperature at altitudes above the heat sink due to the neutral atmosphere, about 500 km.
Once again the temperature at L = 2, 0900 LT, increases rapidly during the early recovery
phase and then gradually returns to the quiet time level. On the other hand, Tiat L =4 is
increasing throughout the recovery until t ~ 50 hours after which it decreases. Thereisa
two- to five-fold increase in temperature compared with no heating from ring current
except at L = 2, 2200 LT, where the heating rate is low for this particular storm (Plate 2).
For comparison, the mean DE 1/RIMS H™* temperatures during October and November of
1981 [Comfort et al., 1988] are also shown. In general, heating from the ring current can
more than account for the ion temperature observed. In particular, the high temperature
(Ti ~ 14000 K) near dawn at L = 2 predicted by this study has not been observed. The
over-estimation of the low-energy (< 1.52 keV) ion fluxes by linear extrapolation may be
responsible for producing this high ion temperature. If the initial low-energy (< 1.52
keV) ion fluxes are set equal to the 1.52 keV flux measured by AMPTE/CCE, the

resulting heating rates to the thermal ions at L < 2.5 are approximately an order of
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magnitude lower than those presented in Plate 2. The corresponding equatorial ion
temperature near dawn at L = 2 only reaches a peak value of 4700 K during the early
recovery. Since the ring current ion energy spectra become flat in shape at low energies
for L > 3.5 (Figure 2, Fok et al., 1995), the way of extrapolating initial ion fluxes down to
10 eV does not much affect the plasmaspheric heating and the resulting ion temperature
for L > 3.5. Accurate modeling of the energy range below 1.52 keV will require

measurements in that energy range as initial conditions.

In contrast to the predicted high temperature on the dawn side at L = 2, the ion
temperature at L =2, 2200 LT increases by less than 1000 K with the heating from the
energetic ions (upper right panel, Figure 5). However, if the heating of plasmaspheric
electrons from the ring current is considered, the enhanced electron temperature is
expected to raise the ion temperature to a value closer to measurements. Although we are
comparing the simulated results with the observed temperature averaged over the period
of October to November 1981, in which geomagnetic activity did not reach a level as
high as the February 1986 storm, we have clearly shown that the enhanced ion
temperature in the plasmasphere can be explained with the heating from a
magnetospheric source. Moreover, the relationship between the ion temperature and
geomagnetic activity is surely not trivial. 1t may depend on the instantaneous activity
level, perhaps even the past history of geomagnetic activity, also on the phase of the

storm at which the measurements are made.

Discussion and Summary

The observed temperature enhancements at high altitudes indicate the existence of
a magnetospheric heat source [Horwitz and Chappell, 1979; Farrugia et al., 1989;
Craven et al., 1991]. Previous studies [Chandler et al., 1988; Fok et al., 1993] and this

12



study suggest that energy transferred from the ring current ions to the plasmasphere via
Coulomb interactions is a significant heat source to power the plasmaspheric
temperatures to the observed levels and can produce significant diurnal variations in the
thermal plasma temperature. In the future, heating of thermal electrons in the
plasmasphere from ring current ions will also be considered in order to have a better
picture of plasmaspheric heating. Other mechanisms, such as wave-particle interactions,
may also contribute to the plasmaspheric heating. Various kinds of plasma waves have
been observed [cf., Korth et al., 1984; LaBelle et al., 1988] and theoretical studies
suggest that the unstable plasma waves heat the thermal population [Roth et al., 1990;
Gorbachev et al., 1992]. Although wave-particle interactions are presently not included
in RAM, RAM can serve as a baseline model to distinguish or separate the wave effects

on the plasmaspheric heating.

The role of Coulomb collisions on the ring current dynamics sometimes does not
receive much attention. However, we found that ring current Coulomb interactions with
the plasmasphere are important processes for both energetic and thermal populations.
The buildup of alow-energy ion population, predicted by RAM, may be a source of the
low-energy ions observed in the inner magnetosphere [Lennartsson and Sharp, 1982;

Shelley et al., 1985].

In summary, we found the following consequences of the ring current-
plasmasphere coupling through Coulomb collisions:
(1) A low-energy (<1 keV) ion population is formed as ring current ions degrade in
energy.
(2) Dips in ring current ion energy spectra caused by drift motion are somewhat
smoothed out by Coulomb drag.
(3) Energy transferred from ring current ions to the plasmasphere is a significant heat

source for the thermal plasma at high altitudes.
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Figure Captions

Figure 1. Time variations of (a) H* and (b) O* fluxes with initial energy peaking at 10
keV (top panel) and 40 keV (middle panel) in a background of thermal plasma
(1 eV, density = 2000 cm3). The rate of energy loss as a function of ion energy is
plotted in the bottom panel [taken from Fok et al., 1993].

Plate 1. Upper panel: Model decay of Kp after the main phase of a moderate storm.
Lower panels. 10-500 eV H* and O* fluxesin cm2s1 at different times during
the recovery phase of the storm: (a) O hour, (b) 12 hours, and (c) 2 days [taken
from Fok et al., 1993].

Figure 2. Phase space distribution functions of ring current H* at 12 hours after the model
moderate storm main phase. Dashed lines represent results when only drift is
considered. Dotted lines contain effects of drift and charge exchange, while solid
lines represent results under the same conditions except Coulomb collisions are
also included.

Figure 3. Rate of energy change of ring current ions moving through a background
thermal ion (1 eV H*) gas as afunction of the energy of the incoming ions.

Plate 2. Plasmaspheric ion volume heating rate at the equator (left) and the noon-
midnight meridian (right) at (a) 2 hours and (b) 52 hours after the main phase of
the model storm. The Kp values, for which the heating rates are shown, are

indicated by red dots.
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Figure 4. Simulated equatorial ion temperature for L = 2 (left) and L = 4 (right) as a
function of time from the start of the storm recovery (RT = 0) and local time (LT).
Results with and without heating from the ring current are shown in both panels.

Figure 5. Altitude profiles of ion temperatures for L =2 (upper panel) and L = 4 (lower
panel), morning (left) and evening(right) at different times relative to the start of
the recovery. The temperature profile at L=2, 2200 LT for 66 hours RT falls on
top of that with no ion heating. Mean DE 1/RIMS data in 1981 are shown with

the ¢ .
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