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The Cleft Ion Fountain: A Two-Dimensional Kinetic Model
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The transport of jonospheric ions from a source in the polar cleft ionosphere through the polar
magnetosphere is investigated using a two-dimensional, kinetic, trajectory-based code. The transport
model includes the effects of gravitation, longitudinal magnetic gradient force, convection electric
fields, and parallel electric fields. Individual ion trajectories as well as distribution functions and
resulting bulk parameters of density, parallel average energy, and parallel flux for a presumed cleft
ionosphere source distribution are presented for various conditions to illustrate parametrically the
dependences on source energies, convection electric field strengths, ion masses, and parallel electric
field strengths, The essential features of the model are consistent with the concept of a cleft-based ion
fountain supplying ionospheric ions to the polar magnetosphere, and the resulting plasma distributions
and parameters are in general agreement with recent low-energy ion measurements from the DE 1

satellite.

1. INTRODUCTION

In recent years a principal focus of magnetospheric
research has been on the ionosphere as a source of plasmas
in the magnetosphere [e.g., Horwitz, 1982]. Currently,
there is particularly intense study on the varieties of up-
flowing ion distributions observed with Dynamics Explorer
(DE) as well as with other spacecraft. These new observa-
tions are being used to investigate conic and beam distri-
butions in the auroral ionosphere [e.g., Yau et al., 1984,
J. D. Winningham and J. L. Burch, unpublished manuscript,
1984], the occurrence of ions over the polar cap [Shelley
et al., 1982; Waite et al., 1985) and their possible polar
cusp or cleft ionospheric source region [e.g., Lockwood
et al, 1985; Moore et al., 1984; Peterson, 1985], and the
mass and energy separation of these upflowing ions due to
convection and energy/mass-dependent parallel motion
[e.s., Moore et .al., 1985; Lockwood et al, this issue;
Gurgiolo and Burch, 1982]. -

At the same time, observations within the high-altitude
magnetosphere itself have demonstrated that ions of iono-
spheric origin are an important component of the energetic
plasma populations in the ring current [e.g., Lennartson
et al, 1979, 1981; Balsiger et al., 1980; Lundin et al.,
19801, plasma sheet [e.g., Peterson et al.,, 1981; Sharp et
al, 1981], and plasma lobes and mantle [Sharp et al., 1981;
Lundin et al.,, 1982], and of course, plasma of ionospheric
origin dominates the very low-energy plasma seen in these
regions [e.g., Horwitz et al,, 1982; Nagai et al, 1983;
Sharp et al., 1981] and the plasmasphere [e.g., Horwitz
etal, 1984],

It is thus important and timely to develop models to
investigate the transport of the upflowing ionospheric
ions through the polar magnetosphere and into the high-
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altitude tail and equatorial magnetosphere. Recently,
Horwitz [1984] considered a simple two-dimensional
magnetospheric model and obtained ion trajectories in the
polar and tail magnetosphere for a range of injection
masses, energies, pitch angles, and locations, including the
effects of the convection electric fields, gravitation, and
the magnetic gradient force. These calculations were used
to illustrate the mass and energy separation of ions injected
at the polar cusp ionsophere that has been observed in DE 1
low-energy ion measurements poleward of the cusp/cleft
[Moore et al, 1985] and to suggest some interesting
further consequences of such transport. For example, there
were initial indications that the low-energy Ot from the
polar cleft ionsopheric injection site could be fed into the
nightside auroral acceleration regiont near ~1 Ry altitude
[e.g., Ghielmetti et al, 1978; Gorney et al., 1981]. Lock-
wood et al, [1985] have suggested that through such trans-
port, at least part of the energetic Ot observed to be
streaming out of the auroral acceleration region may have
started out in the polar cleft ionosphere. Horwitz [1984]
also illustrated how energetic ions injected from the polar
cleft ionosphere [e.g., Pererson, 1985], in undergoing the
mass and energy separation during transport into the
distant tail magnetosphere, can result in preferential
trapping of O relative to H' and He™ into the closed field
line region of the magnetotail plasma sheet, thereby leading
to a fractional dominance of energetic OT over the light
ions in the plasma sheet larger than that present in the
ionospheric source composition, in the case where all
ions come from the polar cleft ionosphere.

Horwitz [1984] also showed that if gravity dominates
the motion, characteristic ion trajectories can become
apparent at low-convection electric fields with certain
ranges of ion injection parameters. Two classes of such ion
trajectories for low-energy O* injected from the polar cleft
ionosphere were noted: (1) “parabolic” trajectories, in
which heavy ions injected nearly along the magnetic field
lines rise and then fall into the polar cap atmosphere, and
(2) “hopping” trajectories, in which heavy ions injected
at nearly perpendicular pitch angles in the polar cleft iono-
sphere reflect between the gravitational stopping location
and the magnetic mirror point as they convect at low to
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Fig. 1. Trajectories of four ion species injected at the cleft ion
fountain for two values of the ionospheric parallel electric field.
For this case, only the Ot trajectory is substantially affected by the
difference in E; between the top and bottom panels. The repre-
sentative magnetic field lines displayed are for foot point latitudes
spaced by 10° starting on the dayside at A = 50°,

intermediate altitudes across the polar cap. Ion trajec-
tories were also computed for the possible case of injec-
tion from the nightside auroral ionosphere during periods
when the interplanetary magnetic field has a northward
component and convection in the central polar cap can be
sunward [e.g., Maezawa, 1976; Horwitz and Akasofu, 1979,
Burke et al,, 1979]. Such conditions could lead to a pro-
nounced “spray” of ions, in which the injected ions would
appear in the dayside or nightside magnetosphere depend-
ing mainly on the ion mass and energy and the magnitude
of the dusk-dawn convection electric field.

The purpose of this paper is to investigate further the
transport of such ions on the basis of the framework
introduced by Horwitz [1984]. In the present work we
include a distribution of small parallel electric fields to
simulate approximately the effects of an ambipolar type of
parallel electric field on the ion transport. Further, we
calculate distribution functions and the resulting spatial
distribution in the polar magnetosphere of selected bulk
plasma parameters arising from source distributions iden-
tified with the polar cleft ionospheric upflowing ions
[Moore et al,, 1984]. These are displayed as contour maps
of these bulk parameters for various conditions to illustrate
several interesting effects of varying source distributions,
convection and parallel electric field strengths, and ion
masses on the spatial distributions of the plasma in the
polar magnetosphere.
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2. CALCULATION TECHNIQUES AND ASSUMPTIONS

The calculation of ion trajectories in this paper is essen-
tially as described by Horwitz [1984] except that we
further include a model distribution of parallel electric
fields (see below). As in the work of Horwitz [1984],
these are two-dimensional trajectories appropriate to
plasma convection in the noon-midnight meridian. The
magnetospheric magnetic field model used here is again
that suggested by Luhmann and Friesen [1979], which
consists of a dipole and a thin current sheet (with dawn-
to-dusk current flow), located at the magnetic equator.
This simple magnetic field model reproduces remarkably
well such features as the polar cusp and the basic tail
geometry. The only transverse velocity considered in this
paper is the convection velocity, v| = E x B/Bz, the gra-
dient and curvature velocities being totally unimportant
for the energies of interest here. The spatial electric field
distribution is obtained by specifying the dawn-dusk
electric field strength at 300-km altitude at the ionospheric
pole and then mapping the electric field as BY elsewhere
as an approximation to the convention of assuming equi-
potential electric field lines, This approximation is equal to
within 1-2% of the exact mapping factors for a dipole
magnetic field for the latitude and geocentric distance
ranges (<5 Rp) considered for the polar magnetosphere
studied here and is certainly within the range of other
uncertainties involved (associated with magnetic field
geometry, assumption of equipotential field lines, etc.)
for the tail (~25 Rp) considerations that we envision later,
where no analytic mapping factor is available for even the
simple magnetic field model used here. The inStantaneous
parallel velocity is obtained by integrating the parallel force
equation, which for this report includes the parallel mag-
netic gradient force, gravitation, and a parallel electric
field (see below), and assuming conservation of the first
adiabatic invarient, along the computed ion trajectory,
starting from initial ion parameters of ion mass, energy,
pitch angle, and location. Integrating the parallel and
transverse velocities with time yields the ion trajectory
paths in space.

For this report we will simulate the effects of parallel
electric fields on the ion trajectories by specifying E | at
the ionosphere, as with the convection field, and allowing
the parallel electric field to have an inverse square depend-
ence on geocentric distance as is the case with the gravi-
tational field. Thus we assume

Roy2 . .
E\r=E|; { +) (+tg:b) 1)

where g and b are the unit vectors in the directions of the
gravitational and magnetic fields and E ; is the specified
value at Ry in the ionosphere (i.e., 300-km altitude), The
plausibility argument for taking the form for the parallel
electric field given in (1) can be seen by noting that in an
ionosphere in hydrostatic equilibrium, to maintain quasi-
neutrality in the presence of gravity and pressure gradient
forces between the ions and light electrons, an ambipolar
parallel electric field directed upward is required:

E _ M G 2)
las: 2e gle
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Fig. 2. Trajectories of H* with very low source energies for two
ionospheric parallel electric fields. The Ey; = 0.5 UV m1 acceler-
ates the H* upward and confines these ions to magnetic field lines
near their source.

where <M;> is the weighted ion mass and e is the electronic
charge. This is for the simplest case of equal and uniform
ion and electron temperatures. If the weighted ion mass
is further assumed constant, then the gravitational l/r2
dependence is also appropriate to the ambipolar electric
field. Of course, it is expected that in the real polar iono-
sphere/magnetosphere, £ will vary with both latitude
and altitude, owing to the obvious departures from the
hydrostatic case, spatial variations in <M;>, T}, T,, and
the effects of auroral particles and the polar rain. However,
at this stage. it is difficult and beyond the scope of the
present report to include these effects self-consistently in
such a two-dimensional kinetic model of the transport.
Instead, our philosophy in this report is to employ the
simple and somewhat plausible form of (1) to study para-
metrically the ion trajectories and distributions for
different values of F I ;- We note that the basic, large-
scale electric potential dependence seen in the one-dimen-
sional study by Barakat and Schunk [1983] is roughly in
accord with the potential which would result from (1).
However, as will be shown in this report and the compan-
ion paper by Lockwood et al. [this issue], it appears that
the two-dimensional transport from a narrow cleft source
of heated ionospheric ions embodies the most important
effects that can be observed in the DE 1 low-energy ion
data, and hence our model makes a major new contribu-
tion even though the parallel electric field is not included
self-consistently here. Indeed, there are some indjcations
that the parallel electric field effects are small and second-
ary to these two-dimensional effects. For example, Lock-
wood et al. [this issue] show for one event that the
estimated F i is ~0.1 uV m-1, corresponding to a total
potentigl drop (below about 3 Rp or so in geocentric
distance) of just 0.6 V. Also, the Ht flow energies of
Nagai et al. [1984] are of the order of 2-4 eV at ~4 Rp
geocentric distance, which might indicate a potential drop
of only ~3 V below this location. These indicated electric
fields and potential drops are within the ranges used in
this report and are small enough to suggest that they do
not dominate the transport to the extent of invalidating
our approach. It should be noted, however, that these
potential drop estimates are smaller than those potential
drops estimated from photoelectron measurements by
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Winningham and Gurgiolo [1982]. Possibly, these discre-
pancies can be reconciled if these large potential drops
occur at high altitudes, above the &5 Rp region con-
sidered in the results presented here.

A chief focus of this paper is to illustrate the plasma
distributions in the polar magnetosphere resulting from
ion injection in the polar cleft ionosphere. The form for
the initial ion distribution functions in the polar cleft
ionosphere is here taken to be the upgoing half of a bi-
Maxwellian (i.e., for the northern hemisphere):

1,019 P = 2ngmj2mi)*? Ty T )

* exp (-mv12/2kTJ_s -my ||2/2kT||) 4l <0
3)
fs(vl,v||)=0 v||>0

or, in tesms of the kinetic energy e and pitch angle «,

m \3/2 1 - sinZa
fi(e0) = 2ns(—) (————) . expl——
2nk T, T!Isl 2 KT,

_G cos2a *

o
R, a>90

“4)
fle,)=0

where k7], and kTs are the initial perpendicular and
parallel thermal energies, n; is the source density, and m is
the particle mass. In this report we will be considering
various perpendicular and parallel thermal energies for our
parametric illustrations of the effects on the resulting dis-
tributions in the polar magnetosphere,

We take these types of distributions to represent the
“source” distributions at specified altitudes and ranges of
latitudes, which can be varied. For the calculations in this
report, we have taken the geocentric distance of injection
to be 1.4 Rg and the latitudinal range to be either 70°-73°
or 70°-80° on the dayside. This altitude is consistent
generally with the source altitudes of Lockwood et al,
[1985], as is the 70°~73° latitude range; the source latitude
range of 70°-80° is somewhat broader than is usually indi-
cated in the DE data at these altitudes, but it is chosen
to allow use of a somewhat coarser (and thus less time
consuming) spatial grid resolution in those calculations and
contour plots of bulk parameters yet still illustrate the
important effects of a relatively narrow cleft fountain.,

The evaluation of the distribution functions in the mag-
netosphere regions is based on Liouville’s theorem and the
ion trajectory code. To calculate the distribution function
at a given location r in the magnetosphere, we specify an
array of energies and pitch angles as €;, o; with 1=1 to N
and j = 1 to Ny that defines the phase space in which we
wish to determine the distribution function f(r, €, oz]-).
For each €;, o; at this location r, we integrate the ion
trajectory backward in time, If the trajectory never inter-
sects the source location in the specified altitude and
latitude range, then the distribution function for that
energy and pitch angle at r is zero:

fr,€,4)=0
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Fig. 3. Parabolic (upper panels) and hopping (lower panels) trajectories for various source energies at fixed E|| j (left
column) and various E | ; for fixed source energies (right column),

if there is no intersection of the backward trajectory with
the presumed source.

The distribution f(r, €;, o;) is also set to zero if, during
the backward trajectory prior to intersection of the source
region, the ion is under 640 km, where atmospheric loss is
considered to take place. This is obviously an oversimpli-
fication to the collisional and charge exchange effects on
the ions as they move in the lower-altitude regions of the
polar magnetosphere, If the trajectory does intersect the
source location without having gone below the loss altitude,
then the distribution function at r (in the E x B drift
rest frame) is

r, ¢, aj) = fs(ei,map’ °’7‘,map)

In the above, € map> % map ar¢ the energy and pitch angle
of the particle at the point of intersection of the source
19cation T and f5(€; map, % map) is tl¥e source distribu.-
tion, which is taken here to be the upgoing half of the bi-
Maxwellian form as given in (4).

Having computed the distribution function array at loca-
tion r, f(r, € a]-), we use moment integrations of the
distribution function to obtain various bulk parameters
of interest, The three such parameters we consider here
are the density, average parallel energy, and parallel flux,
defined by

Density:

3/2
n(r)=ffﬂr,e,a)(25)/ 7 €112 sin a da de (5a)

Parallel average energy:

3/2
ell(r)=fff(r,e,a)(rz—n)/ 7 €32 cos? asin o da de
(5b)

Parallel flux:

2
F||(r)=fff(r,e,a)(25) T € cos o sin a da de (5¢)

These calculations of distribution functions and the
associated bulk parameters are performed at a series of
regularly spaced locations as an array of grid points on a
two-dimensional noon-midnight cross section of the polar
magnetosphere. In each of the runs presented in this report,
about 10° -ion trajectories were integrated, which generally
consumed about 30-40 hours of CPU time on a VAX
11/780.

It should be noted that the displays of the bulk parame-
ters and distribution functions are only for those ions
transported from the cleft ionosphere, These presumably
should be superposed on those of the polar cap ionosphere
produced by local photoionization and other effects.

3. ION TRAJECTORIES IN THE POLAR MAGNETOSPHERE:
EFFECT OF AMBIPOLAR PARALLEL ELECTRIC FIELD

As has been noted above, Horwitz [1984] modeled the
ion trajectories under the influence of gravity, magnetic
mirror force, and convection, but no parallel electric field
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effects were included following injection. In this section we
will illustrate some characteristic ion trajectories in which
such effects are included. In Figure 1 we have injected low-
energy ionospheric ions of four different species (H+,
Het, 0%, and O5%) at 3 eV and 180° pitch angle (i.e.,
directly up the magnetic field line in the northern hemi-
sphere) at a representative cleft injection latitude (75° on
the dayside) and geocentric distance (1.3 Rg). All of these
ionospheric ions have been observed to be injected from
the cleft region, with H+, Het, and O reported by Moore
et al. [1985], and recently Craven et al. [1985] measured
the molecular ions Ny%, 02, and NO* flowing up into the
polar magnetosphere from the vicinity of the cleft.
(Further, in the companion paper by Lockwood et al
[this issue], the cleft origin N7 and O are also reported
within the polar magnetosphere.) The convection electric
field at the ionospheric pole is specified with a nominal
value of 50 mV m-! in Figure 1. The only difference
between the upper and lower halves of Figure 1 is the value
of E) ; in the ionosphere, which is 0.0 and 0.5 uV m'l,
respectively. For this particular set of ion injection parame-
ters, the species trajectory which seems most qualitatively
sensitive to the difference in the E ; is O*. In the absence
of E| j (top panel), the 3-eV Ot executes a clear parabolic
traJectory and falls into the polar cap atmosphere near
70° on the nightside. The inclusion of an Ej ;= 0.5 uV m" -1
for the bottom panel eliminates most of *he downward
feature of the OF trajectory until the ion is well into the
nightside region. It is interesting to note that in the tra-
jectories of the other ions, both lighter and heavier ions
appear to be only marginally affected by the F (K2 In the
case of the O,™, this is because the ratio of the gravitational
to parallel electric-field-associated acceleration is signific-
antly greater than unity for these ions even with F i =
0.5 uV m-l, so that this £ ; introduces a relatively minor
perturbatlon on these molécular ions. In the case of the
light ions, the E [; vields a net wupward acceleration,
especially for Ht But the important consideration here is
that for these parncular energies and convection electric
field value, the time scales for parallel and convection-
associated motion are such that the light ions do not
convect very far antisunward from the field line of initial
injection and are confined mainly to the dayside (up to the
5 R geocentric distance range displayed) even without the
inclusion of a nonzero E||, Hence the importance of the
E| ; to the nature of the i ion trajectory depends both on the
ratio of the gravitational to parallel electric field and on the
time scales for the parallel and convection motion,
Obviously, however, the inclusion of a parallel electric
field can make a substantial difference in the light ion
trajectories of low enough initial energies. For example,
Figure 2 displays four H* trajectories for the pairs of initial
energies 0.3 and 0.5 eV and E|; of 0.0 and 0.5 uV mL,
These may be considered “polar wind” injection energies
generally consistent with observations at slightly lower
altitudes by Hoffman and Dodson [1980]. It should be
stressed that although in Figure 2 these HT ions are injected
at the cleft latitudes, we are not suggesting that the major
source of light ions at very low energies is restricted to this
region, as appears to be the case for O% and other heavy
ions [Lockwood et al, this issue]. In this -case, in the
absence of a parallel electric field, there is strong anti-
sunward transport within the <5 Rpg region displayed,
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and there is also a fairly significant separation between the
0.3 and 0.5-eV H' ion trajectories. The effect of including
an E|; = 0.5 uV m-1 is to accelerate jons of both initial
energles rapidly up the magnetic field lines so that they are
confined to the dayside in this case for the region
displayed, and there is little remaining separation between
the trajectories.

Owing to the assumed 1/r2 form of the E distribution
(equation (1)), most of the net difference in ion energiza-
tion occurs over about 1 Rg when the injection is near the
ionosphere. Hence different combinations of the initial ion
energy and E||, can yield quite similar characteristic tra-
jectories. This pomt is ﬂlustrated in Figure 3. In the top
left panel of Figure 3, OF ions are injected at a = 180°
(i.e., field aligned) for a range of initial energies at a
constant E| ; of 0.5 uV m* -1 and a low-convection electric
field of 10 mV m-1 at the ionosphere, In this case the
characteristic parabolic trajectories occur for energies
below 3 eV, In the top right panel the initial energy is fixed
at 4 eV and trajectories are presented for a range of £ ;,
and here the parabolic trajectories occur for E| ; less than
about 0.3 uV m- -1, The “tradeoff” between lmectlon energy
and E|; can be seen in the similarity of trajectories for
these two top panels for different combinations of these
parameters. Indeed, the ot trajectories for 3 eV and 0.5
uV m-1 in the top left panel and for 4 eV and 0.2 uV m-1
in the top right panel are almost identical, In the bottom
two panels the same parameters were used, except that the
Ot jons for this case were injected with o = 100° (i.e.,
nearly perpendicular). As is indicated in these panels, for

low enough injection energy and/or E| s this leads to the
“hopping” trajectories described by “Horwitz [1984].

The same types of tradeoffs between initial injection
energies and E ||, are evident in these trajectories as for the
field-aligned mjectlon and parabolic trajectories in the
upper panels of Figure 3.

4. ION DISTRIBUTIONS IN THE POLAR MAGNETOSPHERE AS
SUPPLIED BY A CLEFT IONOSPHERE ION FOUNTAIN:
A TWO-DIMENSIONAL KINETIC MODEL

As was discussed in section 2, we use the ion trajectory
code to obtain distribution functions as supplied by a
source region which we ordinarily identify with the cleft
ionosphere. In this section our objective is primarily to
introduce this two-dimensional kinetic model and illustrate
some of the interesting effects by showing some results for
different source conditions. We anticipate that there will
be subsequent reports directed toward detailed investiga-
tion of some of the points touched on in this section, We
also intend to examine distributions of energetic ions in the
tail lobes as predicted by this model, somewhat along the
lines of the Pilipp and Morfill [1978] work, but for the
ionospheric ions supplied by the cleft as opposed to the
solar wind protons in the mantle as considered in that
work,

Figure 4q displays the contoured bulk parameters of
density, parallel average energy, and parallel fluxes within
the polar magnetosphere as supplied by the cleft ion
fountain for O for two different convection electric fields,
In the left-hand column are these contoured bulk parame-
ters for source conditions of an upgoing half of a bi-
Maxwellian with a density of 1000 o* ¢cm3 and perpen-
dicular and parallel ion thermal energies of 10 and 1 eV,
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Fig. 4a. Bulk parameters of O in the polar magnetosphere for two sets of conditions describing the characteristics of
the cleft ion fountain, Principal features illustratéd are the enhanced filling of the polar magnetosphere during increased
convection (contrasting the left and right top panels of density) and the corresponding energy dispersion with con-
vection seen in the contrast of the middle panels of these two columns.

respectively. This source distribution is considered to be
located at 1.4 Ry geocentric distance between 70° and
73° magnetic latitude on the dayside, and there is an
ionospheric parallel electric field of 0.5 uVvV m-1, The

convection electric field in the left column is 20 mV m'l,
whereas in the right columa it is 80 mV m-1 , with all other
parameters being the same. The source parameters are
essentially similar to the general distribution functions
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Fig. 4b. Similar to the left column of Figure 4a for lower source
energies and reversed temperature anisotropy. Note the evidence of
significant downward flows of O* when source energies are well
below escape energies. This is illustrated best in the flux plot in the
lower panel, where substantial downward (positive) fluxes are evi-
dent in the central polar cap low-altitude region.

reported for a cleft upwelling ion event by Moore et al.
[1984]. In Figure 4b the parameters are the same as for
the left-hand column of Figure 4a except that we have
lowered the source energies and reversed the temperature
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anisotropy so that the parallel and perpendicular thermal
energies are 3 and 0.5 eV, respectively.

The contrast between the left and right columns in
Figure 4a illustrates the effects of the convection electric
field on these OV distributions. For the 20 mV m-! low-
convection case illustrated in the left column, the density
contours are largely confined to the dayside, and indeed,
the principal density decline from the source region is
mainly due to the divergence of the magnetic field. The
parallel average energies in the left middle panel of Figure
4¢ also show confinement to the dayside part of the polar
magnetosphere, with the contours of 24 through 2 eV
being relatively closely bunched toward the field lines
threading the source region. As is indicated in the bottom
left panel of Figure 4a, the parallel fluxes for this case are
negative (upward) in this dayside region. Increasing the
convection electric field to 80 mV m'l, as in the right
column, causes the O to spread much farther into the
nightside polar magnetosphere, with significant densities
of the order of 10-40 O cm3 observed in the central
and nightside polar magnetosphere in the vicinity of ~2 Rp
altitude, There is significant energy dispersion now seen in
the right middle panel of Figure 44, and all energy contours
below 28 eV spread into the nightside polar magnetosphere,
especially those less than about 10 eV, and those below 8
eV reach latitudes typical of the nightside auroral oval.

Three sample velocity distribution functions at different
locations appropriate to the conditions in the right column
of Figure 4a are contour plotted in Figure 5 in the E x
B/B2 reference frame. Essentially, the source distribution
function is displayed in the left panel of Figure 5; it is the
expected shape of the upgoing half of a bi-Maxwellian
except that the contours do not quite extend all the way to
the v| axis owing to a slight resolution coarseness in both
the velocity space grid and the contouring routine. In the
middle panel is shown the distribution at a somewhat
higher altitude, with reductions in density due to both
magnetic field divergence and strong convection of the
plasma away from the source region. A conical distribution
is clearly evident in this middle panel as the initial bi-
Maxwellian “folds” toward the magnetic field line direc-
tion, The right-hand panel shows the ot distribution func-
tion at 3 Rg directly over the geomagnetic pole and thus
fairly far away from the narrow cleft source region. The
interesting aspect of this distribution is that only a narrow
region of velocity space is occupied around a “centroid”
located at about v|| ~ 10 km 51 upward. We will comment
on this point in the discussion section. We intend to explore
much further the character of these predicted distribution
functions and compare them with measurements by DE 1
in subsequent investigations.

The effect of lowering the source energies is shown in
Figure 4b. The most conspicuous effect is the enhancement
of the plasma densities in the r < 2 Rp central polar cap,
as compared with the higher-energy source in the left-hand
column of Figure 4¢. This is mainly the result of the
parabolic flow of OT from the cleft source into this region.
In the bottom panel this relatively low altitude central
polar cap region is seen to contain relatively high down-
ward fluxes of O+, in some instances exceeding 107 ot
(cm? syl, Note also the distinct additional region of
downward flow near 2.5 Rf directly over the pole. These
regions of downward flow may be compared with the ot
trajectory plots in Figures 1 and 3, although those trajec-
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Fig. 5. Sample velocity distributions of O (in the E x B/B2 reference frame) appropriate to the source and field
conditions described for the right column of Figure 4a. From left to right, these distribution functions are from the
specified source region, somewhat above and antisunward of the source, and over the pole at moderately high altitudes

distant from the cleft source.

tories were for ionospheric convection electric fields of 50
and 10 mV m-] , respectively, as opposed to the 20 mV m-1
electric field in Figure 4b. Of course, there are also OF
downward flows in Figure 4a, but at smaller intensities in
these cases because, owing to the higher source energies,
a smaller fraction of the cleft source O} ions are gravita-
tionally bound than in Figure 45. In Figure 6 the parame-
ters are similar to those in Figure 49, except that the source
distribution has been widened and E| ; set to 0.0, which
enhances in particular the downward fluxes in the central
and nightside polar cap.

In Figure 7 we have reversed the temperature aniso-
tropy back so that kT| = 3 eV and kT = 0.5 eV and run
this case for two values of E|;, 0.5 and 0.0 uV ml,
Although the density and flux contours are rather complex
and dense for the nightside, r < 2.5 R, region in this case,
we wish to point out one new interesting effect, seen
reasonably well in the lower left panel of Figure 7, where
the parallel fluxes for the E|; = 0.5 uV m-1 case are
plotted. Examining the callouts to the fluxes, we see a
region above the source where the fluxes are negative or
upward, then a region over the pole where the fluxes are
downward, and finally, further into the nightside region, a
third region where the fluxes are again upward. This is
evidently a “hopping” flow of O ions from the cleft
source, consistent with the single-ion trajectories shown in
the bottom of Figure 3.

Although the major focus of this particular work is on
the features of the two-dimensional O% flow from a narrow,
cleft-associated source region, it is useful in this context
to indicate some of the possible features of low-energy light
ions that should emerge from a broader region of the polar
cap. Figure 8 displays two plots depicting the results of
assuming an HY source with the upgoing half of a bi-
Maxwellian form having a density of 1000 H' cm3 and
kT|| =1eV and kT| = 0.5 eV distributed between 70° on
the dayside to 80° on the nightside, under conditions of a
50 mV m1 convection electric field and 0.0 and 1 uv m-1
ionospheric parallel electric fields. In a very rough sense

this might contain some elements of the transport effects
on a classical polar wind source, but we feel that more
information on the detailed characteristics of the classical
polar wind should be obtained from the DE 1 observations
before a serious attempt is made to model its high-altitude
transport in detail using the present technique. Neverthe-
less, the cases depicted in Figure 8 should indicate the
general features of transport of such light ions from a broad
source region. Here the field divergence accounts for most
of the HY density decline from source, with the parallel
electric field in the right column further causing a decrease
with altitude. This latter effect arises because the fluxes are
nearly constant along a flux tube, so that as the accelerat-
ing parallel electric field increases the parallel velocity, the
density must correspondingly decrease to roughly conserve
flux in a magnetic flux tube, The effects of the accelerating
paralle]l electric field may be seen directly in the
pronounced enhancement of the parallel average energies
in the middle of the right column of Figure 8 as compared
with the left column, which had £ ; = 0.0.

5. DISCUSSION

The basic features of the present two-dimensional model
of the cleft ion fountain are consistent with the recent low-
energy ion observations by the DE 1 satellite. The observed
features include the following:

1. The Kp-dependent extension of measurable O
fluxes into the central and nightside polar magnetosphere
[Lockwood et al., this issue]. As depicted in the present
model, this observation is viewed as partly the result of the
increasing dawn-dusk convection electric field with Kp
“blowing” the OF from the cleft source into the polar mag-
netosphere, This is illustrated in the present work by the
comparison of the left and right columns of Figure 4a.

2. The energy and mass dispersion of the ionospheric
ions injected from the cleft is such that the lowest-energy/
highest-mass ions extend farthest toward the nightside from
the cleft. This effect is evident in the ion spectrograms of
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Fig. 6. Distribution of O% bulk parameters in the polar magnetosphere for fountain characteristics similar to the case

in the right column of Fifme 4a, but with E);
ward fluxes exceeding 10

Moore et al. [1985] and compares well with the model,
for example, Figure 2 and the parallel average energy con-
tour plots in Figures 4, 6, 7, and 8,

3. Downward flow of very low-energy O ions in the
central polar cap has been observed by Lockwood et al.
[this issue]. This seems entirely consistent with the concept
of parabolic flow of gravitationally bound ot from the
cleft ionospheric source to the central and nightside polar

= 0.0 and the cleft source width expanded to 10°, Even greater down-
O* (cm2s)-! are evident in the nightside low-altitude polar cap.

cap, as depicted in some of the O trajectories in Figures 1
and 3, and parallel fluxes in the contour plots, particularly

. in the bottom of Figure 4b.

Recently, Gallagher et al. [1984] have reported out-
flowing O at high altitudes over the polar cap with densi-
ties of ~20 O cm-3 together with outflowing H* of about
10 H* cm3 and an Ht “isotropic background” of about
15-20 Ht cm‘3, for a total plasma density, measured inde-
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0.0 4V m-1, Although the flux and density contours are dense and complex for this case, note the upward, then down-
ward, then upward fluxes seen in the low to intermediate-altitude regions moving antisunward across the polar cap,

indicating a hopping flow of O*.

pendently using plasma wave observations, of about 50
cm3. These OY densities are consistent, within a factor of
2 or so, of the Ot density in the right column of
Figure 4a or Figure 4b, for example, while the HT densities
are similar to those in the right-hand column of Figure 8.

Assuming that the HT isotropic background was due to a
partial isotropizing mechanism (e.g., wave-particle inter-
actions) operating on the flowing H+, the combination of a
broad H' polar cap source region such as that depicted in
Figure 8 together with the narrow O™ ion fountain asso-



HORWITZ AND LOCKWOOD: CLEFT 10N FOUNTAIN: A 2-DKINETIC MODEL

ciated with the cleft is consistent with these data. A similar
suggestion has been made by Green and Waite [1985].

In this introductory paper we have not attempted to
address systematically the suggestion by Lockwood et al,
[1985] that this cleft source region could be a significant
“feeder” of O into the ~1-2 R, altitude nightside accel-
eration region, where energetic Ot jons are observed in
upflowing ion events [e.g., Gorney et al., 1981; Ghielmetti
et al, 1978]; however, we can make some general com-
ments. It is evident that the combination of convection
electric field and ion energy must be high enough and low
enough, respectively, so that an ion is not ejected onto too
high a trajectory such that it might “overshoot” the night-
side acceleration region. For instance, the light ions in
Figure 1 clearly will escape into the tail lobes and the
nightside region well above the acceleration location. On
the other hand, if the energies and convection are too low,
the downward flow into the polar cap atmosphere could
terminate any significant O% fluxes from reaching the
nightside acceleration region. However, two effects may
work against this last apparent consequence to assist more
of the low-energy cleft O% into the nightside auroral
acceleration region, One of these is the parallel electric
field, which will tend to “buoy” the O from falling into
the atmosphere and allow it to be transported further anti-
sunward. Indeed, if the parallel electric field were set to
precisely the value to compensate for the gravitational
force for a given ion such as O+, then even the lowest-
energy ions would be still transported onto nightside
auroral field lines above the source altitude. The other
effect that can assist the transport of the lower-energy
ions to the nightside without their falling down first is the
magnetic mirror force. This produces the ‘“hopping” ot
trajectories in Figure 3, so that ions whose energy would
lead them to fall and be lost in the polar cap atmosphere
will instead be reflected upward and allowed to be
transported further into the nightside. This can be seen to
some extent in the comparison of the O densities (top
panels) in the nightside » < 2.5 R regions of Figure 6 and
the right column of Figure 7, where the only difference in
the parameters for these two cases is in the direction of
source temperature anisotropy. We can see that the case
in the right column of Figure 7, whose source has k7| = 3
eV and kT = 0.5 eV, leads to larger densities, by factors of
4 or more, in this region than the case in Figure 6, which
has kT) = 0.5 eV and kT| = 3 ¢V. Hence the mirror force
seems to assist the low-energy ions onto the nightside

auroral field lines.
We can estimate the feasibility of the cleft fountain’s

supplying sufficient O™ fluxes for nightside energization by
evaluating the perpendicular or convected flux of OY ions
across an auroral L shell per unit length in the longitudinal
direction, integrating this flux with altitude up to the
altitude of observed energetic O"’, and dividing this
quantity by the width of an arc at this altitude. This gives
an estimate of the potential ot parallel flux which could
be emerging on the nightside auroral field lines as

F 1,0t nightside =( n0+(S)V _L(S)d-i’)/ w(arc) (6)
where the integral is along a nightside arc L shell up to the
acceleration altitude, v) is the local convection velocity,
and w(arc) is the high-altitude latitudinal width of an arc
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in which these fluxes may be considered to emerge, Using
the results for the density and convection velocity for the
case of Figure 4b, integrating up to 7 = 2 Rg (1 Ry alti-
tude) at an L shell intersecting 70° invariant latitude, and
taking the width of an arc at this » = 2 R location to be
~400 km, we estimate a potential Ot number flux in such
a nightside arc to be of the order of 3 x 107 ot (cm2 s)'l.
In this connection, it is interesting to note that in the
observations of Collin et al. [1981] from the auroral accel-
eration region, the nightside auroral Ot fluxes were always
<5 x 107 OF (cm2s)! for energies above 0.5 keV, and
more recently, Yau et al. [1984] found that ot fluxes
for energies greater than 10 eV in the auroral zone rarely
exceeded 107 Ot (cm2 s)'l. Hence the cleft ion fountain
is at least a possible source for these energetic nightside
O* fluxes, The other potential source of these energetic
Ot fluxes is flow directly up along nightside auroral field
lines, Large upward O* flows (of the order of 10% ot
(cm? s)1) in the nightside auroral ionsophere have been
deduced from topside soundings near 600-km altitude by
Lockwood and Titheridge [1981]. However, the flows
reported by Lockwood and Titheridge [1981] were of
unheated ionsopheric OF, and without low-altitude accel-
eration, these ions would convect sunward over large
distances around the auroral oval before reaching the
acceleration altitude. Lockwood [1982] showed the low-
altitude O flows to occur mainly in the night and morning
local time sectors, and hence, allowing for the effect of
convection, a large part of this outflow could be entering
the cleft ion fountain before being returned to the night-
side over the polar cap: in effect, the O may move around
much of a convection .cell in attaining the altitude of accel-
eration on the nightside, It is interesting, therefore, to com-
pare the average total Ot outflow in the cleft ion fountain,
which has a minimum of 1023 ions s [Lockwood et al.,
1985], with the total OT outflow at ~600km altitude
similarly deduced from the results of Lockwood [1982],
which is about 2 x 1025 ions s-1 (M. Lockwood, unpub-
lished manuscript, 1985). This, therefore, may imply that
a significant fraction of the otis cycled through the cleft
ion fountain,

A final brief comment is in order with respect to the
character of the ion velocity distribution function, in
regions distant from the cleft source. We noted that the
ot distribution in the right side of Figure 5, at r =3 Rp
over the geomagnetic pole, occupies a relatively small
region of velocity space near ~10 km sl in the upward
field-aligned direction. A flowing Maxwellian distribution
“fit” to such types of distributions would often yield
supersonic characterizations of the distributions. Although
it is possible or perhaps likely that self-instabilities and/or
other effects in the- polar magnetospheric environment
would work to “isotropize” the distribution and wash out
the conical shape, such effects would probably leave a dis-
tribution with the basic character of a flowing Maxwellian
with substantial Mach number. What is interesting is that
the source distribution, apart from being highly anisotropic,
is characterized by a rather low Mach number, yet distant
from this source is found a high Mach number distribution.
This does not result from an acceleration due to the parallel
electric field because the net force on the ions resulting
from the gravitational and paralle!l electric fields is still
downward. Instead, the reason that only a small region of
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Fig. 8. Two cases of the bulk parameter distributions of H* for E||; = 0.0 uv m-1 and B = 1pV m-1 for a very low-
energy H* source broadly distributed across the polar cap ionosphere.

velocity space is occupied at this location is the natural
velocity filter effect of this system. That is, for the given
parameters, only ions in a small region of velocity space,
around essentially a parallel velocity which is consistent

with transport from the source region, can have access to
this region. In other words, the velocity filter effect in
conjunction with a narrow source region can lead to high
Mach number distributions distant from a low Mach
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number source region (J. H. Waite, Jr. and T. E. Moore,
private communication, 1984), This situation may have
been in fact present in an observation by Waite et al.
[1985]. These authors fitted a drifting Maxwellian to
measurements at 7 = 4.5 Rp in the nightside polar mag-
netosphere and obtained supersonic OY flows with kT ~
0.2 eV and parallel drift velocities of 11 km s™1. The dis-
cussion here does not prove that the source distribution at
lower altitudes was not supersonic for this event but does
indicate that it need not have been and that the distant
distribution observed could have been the natural result of
the aforementioned velocity filter effect.

In summary, in this report we have described a two-
dimensional kinetic model of a “cleft ion fountain” which
appears to be the major supplier of at least heavy ions to
the polar magnetosphere. As was noted earlier, the major
consequences of this model are observed in the low-energy
ion measurements by the DE 1 retarding ion mass spec-
trometer in the companion paper by Lockwood et al. [this
issue] and in studies by Lockwood et al. [1985], Waite et
al. [1985], and Moore et al. [1985]. It is clear both from
these observations and from the accompanying modeling
efforts that the polar magnetosphere is a far more interest-
ing environment for low-energy ions than had been realized
only a short time ago and that further investigations along
both modeling and observational avenues should lead to
results of significant importance in the near future.
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