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|_. ABSTRACT
II

Imaging of the terrestrial magnetosphere can be performed by detection of low energy neutral atoms
(LENAs) that are produced by charge exchange between magnetospheric plasma ions and cold neutral
atoms of the Earth's geocorona. As a result of recent instrumentation advancesl-5 it is now feasible to
make energy-resolved measurements of LENAs from less than 1 keV to greater than 30 keV. To model
expected LENA fluxes at a spacecraft, we initially used a simplistic, spherically symmetric
magnetospheric plasma model.6 We now present improved calculations of both hydrogen and oxygen
line-of-sight LENA fluxes expected on orbit for various plasma regimes as predicted by the Rice
University Magnetospheric Specification Model. We also estimate expected image count rates based on
realistic instrument geometric factors, energy passbands, and image accumulation intervals. The results
indicate that presently proposed LENA instruments are capable of imaging of storm time ring current
and potentially even quiet time ring current fluxes, and that phenomena such as ion injections fi'om the
tail and subsequent drifts toward the dayside magnetopause may also be deduced.

1. INTRODUCTION

Energetic neutral atoms (ENAs) and low energy neutral atoms (LENAs) are produced by charge
exchange of magnetospheric plasma with cold neutral atoms (predominantly hydrogen) of the Earth's
geocorona. ENAs can be used to globally image the Earth's ring current at energies greater than
approximately 30 keV. 7-11 The high energy ring current, however, is only one component in the
complicated terrestrial magnetospheric plasma environment. The majority of magnetospheric plasma is
less energetic. Recently repotted instrumentation advances 1-5 provide techniques for LENA imaging in
the energy range of <1 keV to >30 keV. These energies are characteristic of plasma populations such as
the low energy ring current and the plasma sheet. Here we investigate the feasibility of LENA imaging
the low energy ring curre,at during different geomagnetic conditions.

i! We previously reported6 results from a numerical model, patterned after the pioneering work of

Roelof 7, which calculates line of sight LENA fluxes expected on orbit for various plasma regimes
according to:

;i_ fi (E)= gilI _1 Ji(£'E'O0 nil(g-)di. (1)

Using only the dominant geocoronal species, H, the LENA flux fi (E) (in units of [crn2 s sr keV] -1) of

atomic species i is a function of the energy-dependent charge exchange cross section O'iH for the

interaction i+ + H _ i + H+ ( in the magnetosphere, i is dominantly either H. or O+); the



magnetospheric ion flux Ji(LE,ct) (units of [cm 2 s sr keV] -1) as a function of location r in the

magnetosphere, ion energy E, and pitch angle ct relative to the local magnetic field; and the geocoronal

neutral hydrogen number density nH(.C)(units of cm-3). The integral is performed over the entire line of
sight path 1.

Encouraged by our preliminary modeling results 6, we have extended our original numerical code.
The model neutral _eocoronal hydrogen number density remains a spherically symmetric isothermal
Chamberlain model 13 fit to ultraviolet imaging photometer data from Dynamics Explorer 1, with 1050°
K temperature, a 500 km exobase, an exobase density of 4.4 x 104 cm -3, and a satellite critical level of

3.0 times the exobase radius. 14 The charge exchange cross sections CiH are now based on Chebyshev

polynomial fits to available cross section data. 15, 16 For H+ + H --) H + H+, the cross section (in cm 2)
at energy E (in keV) is given by:

CrHH= 10 A, where A = -2.384x10 "6E3 + 3.121x10 "4 E2 - 0.03507 E - 14.77 (2)

while for 0 ++H_O+H +,

crOH = l0 B , where B =-2.275x10 -6 E3 + 3.070x10 -4 E2 - 0.01630 E - 14.98 (3)

These cross sections are plotted in Figure 1.
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Figure 1. - Model charge exchange cross sections.



The most significant change in the simulation is in the calculation of the plasma ion flux Ji(r,E,o0 in
(1). For the preliminary model 6, we used a simple and computationally efficient empirical model of the

magnetosphere to calculate Ji(Y.,E,ot).We have replaced this simple magnetospheric model with the
much more sophisticated but more computationally intensive Rice University Magnetospheric
Specification Model (MSM). 12 This change allows us to estimate LENA signatures associated with a
much wider variety of magnetospheric conditions than was previously possible. In particular, realistic
LENA fluxes and corresponding instrument count rates resulting from changes in the ring current and
near-Earth plasma sheet as a function of storm and substorm phases can be calculated.

The MSM predicts Ji(/;,E,_) by determining the flux in the equatorial plane at the point that is
magnetically linked (using the MSM model magnetic field) to each point in space, r. The fluxes are

assumed to be isotropic, removing the pitch angle dependency or.Thus, the ion flux is constant along the
model magnetic field lines (not shown). Under these approximations, it is sufficient to display 2-
dimensional equatorial ion flux maps rather than 3-dimensional ion flux surfaces. MSM plasma fluxes
are available for protons and O+ io_s at several different times during the geomagnetic storm period of
21-23 April 1988. This period included a major geomagnetic storm and at least one magnetic substorm.
We display MSM 3 keV equatorial proton fluxes for three selected but physically unrelated times in
Figure 2. From top to bottom, the panels represent magnetospheric conditions during quiet time,
substorm expansion phase onset, and post main phase of a geomagnetic storm. The modeled region
extends to 9 RE (90% of the nominal magnetopause standoff distance) on the dayside, 14 RE on the
flanks, and 20 RE down the tail. The irregular boundary is an artifact of the routine used to create the
plots and has no physical significance.

Enhanced proton fluxes seen as darkened regions in the nightside of the middle and bottom panels
of Figure 2 are due primarily to injection of plasma sheet ions into the low energy ring current. These 3
keV ions drift both eastward and westward as they move toward the dayside. At higher energies, ion
drifts become predominantly westward. Figure 3 displays MSM equatorial fluxes for 14 keV protons.

The O+ number density in the magnetosphere can vary by an order of magnitude during magnetic
storms. 17 The 14 keV MSM equatorial O+ fluxes shown in Figure 4 are plotted on the same scale as
Figures 2 and 3 and clearly show how O+ ions injected from the near tail drift sunward to populate the
ring current during this storm period. Finer temporal resolution (not shown) also reveals that the O+
ions likewise drift in the same westward sense as the 14 keV protons of Figure 3.

A LENA imager at a given energy does not provide equatorial ion flux maps as shown in Figures 2-4
but instead measures the convolution of the 3-dimensional ion flux and the neutral geocorona, integrated
along the line of sight, as indicated by (1). Two important questions for LENA imaging that we can
address using our updated model are:
(1) are the count rates for a realizable instrument based on these predicted fluxes significant ?
(2) are magnetospheric phenomena such as ion injections, ring current enhancements, and ion drifts
observable with a LENA imager?
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Figure 2. - MSM equatorial fluxes of 3 keV protons.
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Figure 3. - MSM equatorial fluxes of 14 keV protons.
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Figure 4. - MSM equatorial fluxes of 14 keV O+ ions.



2. MODEL RESULTS

The output of the LENA simulation is an array of neutral particle fluxes as a function of look
direction. The polar angle is measured relative to the local (spacecraft) Z direction and the azimuthal
angle is measured relative to the local X axis (positive toward the Y axis). The local X axis always
points directly away from the Earth and the local Z axis is in the plane containing the spacecraft location
and the magnetic dipole axis. The result is that the Earth always appears at a polar angle of 900 and an
azimuthal angle of 180 ° in these plots.

The model outputs can be plotted as images in polar and azimuthal angle space, with a coded llux
color or grayscale. Images with 40 x 40 resolution for 3 keV hydrogen at a spacecraft position of 9 RE
directly above the Earth's north pole at the same three times as Figure 2 are shown in Figure 5.
Comparison of Figures 5 and 2 reveals that, despite the effects oi" line-of-sight integration and
convolution with the geocorona, LENA signatures of the injection of protons from the trill and the
sunward drifting of these protons to fill the ring current are significant.

Figure 6 shows the LENA model predictions for 14 keV hydrogen that result ft'ore the proton llux
distributions shown in Figure 3. The vantage point and angular resolution are identical to Figure 5.
Again, the injection of protons from the plasma sheet into the ring current is visible in the. LENA flux.
Also note that the westward drift observed in the MSM fluxes of Figure 3 is also evident in the bottom
two LENA images of Figure 6.

The 14 keV oxygen fluxes resulting from O+ ions modeled in Figure 4 are displayed in Figure 7.
The neutral oxygen fluxes on day 113 are comparable to the neutral hydrogen fluxes at the same time,
and the westward drift of the O+ ions produces a similar signature in the neutral oxygen flux.



Figure 5. - Predicted line-of-sight 3 keV hydrogen LENA fluxes from 9 RE above the North Pole.
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Figure 6. - Predicted line-of-sight 14keV hydrogen LENA fluxes ft'ore 9 RE above the North Pole.
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Figure 7. - Predicted line-of-sight 14 keV oxygen LENA fluxes from 9 RE above the North Pole.



3. DISCUSSIQ._

We present results from an improved numerical model that calculates LENA fluxes expected at a
polar orbiting spacecraft. We have based our calculations on the Rice University MSM proton and O+
fluxes and have updated our charge exchange cross sections to produce the most accurate estimates of
LENA fluxes that can be made at the present time. The final step is to convert these neutral fluxes to
estimates of the actual instrument count rates.

The counts expected in each pixel of LENA images can be scaled from the fluxes presented in
Figures 5-7. The counts in a pixel are related to the LENA flux JLENA by the relation

C -- JLENA x E x G x At (4)

where G is the per pixel geometric factor [units of cm 2 sr eV/eV] and At is the observation interval.

Whole instrument geometric factors for small, simple LENA imagers are 0.()1-0.1 cm2 sr eV/eV while a
full scale imager such as that intended for NASA's Inner Magnetosphere lmager (IMI) mission could
achieve -1 crn2 sr eV/eV.2,3 The commensurate per pixel geometric factor is -0.02 crn2 sr eV/eV for a
10o x 10o pixel 3 or -0.003 cm 2 sr eV/eV for 40 x 4o pixels. The observation interval is based on the
total accumulation time, fraction of a spin that the instrument is looking in a given direction, and the
number of sequential energy bands to be sampled. For example, if these values are 5 minutes (300 s), 2
x 4o/360 ° = 0.022, and 1/4 = 0.25, respectively, then At = 1.67 s. Thus, for the 14 keV hydrogen image
(Figure 6), the counts per pixel would be 0.07 JLENA and the 1 count level would be approximately the
1.0 contour.

It is clear that it is desirable to develop LENA imagers with geometric factors as large as possible,
with potentially big scientific returns. Many important space physics issues will bc addressed by a global
LENA imager of sufficient resolution and sensitivity. Changes in ring current fluxes such as
enhancements during a magnetic storm, injections of plasma sheet ions, and global ion drift patterns as a
function of energy can be observed via LENA imaging on time scales as short as a few minutes.
Separate imaging of hydrogen and oxygen LENAs could quantify global compositional changes in the
ring current. Such global information on ring current fluxes and composition would be a valuable
addition to the existing body of space data.

The results of our modeling indicate that LENA imaging of the ring cun'ent is potentially feasible but
would rely on large instrument geometric factors. The scientific gains from such measurements would
be immediate and significant. More simulations are currently being performed to obtain basic
information necessary for LENA instrumentation and scientific development. In addition, we arc
continuing to investigate optimal orbit parameters for imaging other magnetospheric phenomena as well
as the viability of magnetospheric tomography using multiple spacecraft. Finally, we are exploring the
use of massively parallel computers to reduce the computational time per image to a sufficiently small
value for real time extraction of magnetospheric parameters from LENA images.
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