
SPECIAL TOPICS ________________________________________________ __ 

EDMOND C. ROELOF and DONALD 1. WILLIAMS 

THE TERRESTRIAL RING CURRENT: FROM 
IN SITU MEASUREMENTS TO GLOBAL IMAGES 
USING ENERGETIC NEUTRAL ATOMS 

Electrical currents flowing in the equatorial magnetosphere, fIrst inferred from ground-based magnetic 
disturbances, are carried by trapped energetic ions. Spacecraft measurements have determined the spec
trum and composition of those currents, and the newly developed technique of energetic-neutral-atom 
imaging allows the global dynamics of that entire ion population to be viewed from a single spacecraft. 

INTRODUCTION 

Conceptually, the motion of a single charged particle 
constitutes an electric current. In reality, it is the collec
tive motion of many such particles that constitutes the 
more familiar macroscopic current systems encountered 
in nature. In the presence of a magnetic field, the in
dividual particle trajectories are curved, and the result
ing current density becomes geometrically complex, so 
that, except for a few important but restrictive cases, 
it is difficult to visualize. For a hot ionized gas (a plas
ma), the concept of individual trajectories must be re
placed by an even more complex collective description 
of the plasma as a whole. The generation and the be
havior of electric currents in a magnetic field are prob
lems of fundamental interest that bear directly on our 
understanding of numerous magnetized plasma environ
ments found throughout the cosmos in planetary mag
netospheres, the heliosphere, solar systems (during their 
formation), neutron stars, and entire galaxies. 

Current flow induces a secondary magnetic field (as 
described by Ampere's law) and distorts the ambient 
magnetic field over a wide range of spatial and temporal 
scales. To some extent the distortions may be used to 
infer the geometry of the current flow. 1 In the case of 
the earth, they also adversely affect numerous operation
al systems, such as communications and electric power 
systems, both in space and at the earth's surface. 2 Such 
effects underscore the importance of the high-altitude 
(space) boundary condition in earth environmental 
studies and add a pragmatic incentive to solve this sci
entific problem. 

The earth's geomagnetic field, considered along with 
the particles contained therein (i.e., the magnetosphere), 
is a good example of a dynamic astrophysical system that 
illustrates the development of currents from charged par
ticle distributions in magnetic fields. Figure 1 is a sim-
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plified schematic of the earth's magnetosphere. The mag
netosphere is confmed by the flowing solar-wind plasma 
to an altitude of approximately 10 ~ (Re = 6370 km, 
a mean value for the earth's radius) near local noon. 
On the nightside, the earth's magnetic field lines extend 
outward in the antisolar direction to form a magnetotail 
that is measurable to distances of several million kilom
eters. 

Numerous charged particle populations reside within 
the magnetospheric cavity (Fig. 1 a); they include a hot 
plasma sheet in the magnetotail consisting of ion and 
electron populations with temperatures of about 10 keY 
(l keY =:: 1.2 x 10 K), as well as the familiar trapped 
particle populations. Among this latter group resides the 
ring current, a population of trapped ions encircling the 
earth; it is responsible for the observed worldwide de
creases in the earth's surface magnetic field that are 
known as magnetic storms. Extending earthward from 
the ring current and merging with the ionosphere is the 
plasmasphere, a cold plasma (:$0.3 eY) that plays an 
active role in ring-current behavior. 

The recent energetic-ion measurements from the Ac
tive Magnetospheric Particle Tracer Explorers/ Charge 
Composition Explorer (AMPTE/CCE) spacecraft 3,4 

have established that the ring current consists of energet
ic (-1-200 keY) ions that are trapped in the earth's 
magnetic field on field lines crossing the equator at dis
tances between about 2.5 and 8 Re. Protons and singly 
charged oxygen ions (0 ) are the main constituents of 
the ring current, and protons of energy 20 to 200 ke V 
make up the bulk of the current system. 

Figures 1 b and 1 c also show the time evolution and 
global structure of the observed ground-level magnetic 
signatures of the storm-time ring-current system. The 
average hourly value of the magnetic disturbance at 
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Figure 1 - (a) Populations of energetic ions (approximately 100 keY) in the magnetosphere. The major constituents of the ring 
current are 20- to 200-keV singly charged hydrogen and oxygen ions. (b) Time evolution of the low-latitude surface perturbation 
of earth's magnetic field for the magnetic storm of 13 September 1957. Ring-current intensification occurs during the main phase 
and decay in the recovery phase. (c) Iso-intensity contours (nT) of worldwide magnetic perturbations during the great magnetic 
storm of 13 September 1957. Strong anisotropy, implying intense ring current west of local midnight at 1100 and 1200 UT (+ 
sign on figure), relaxes hours later in the recovery phase of storm. 

equatorial stations (Fig. 1 b) is called D st (for distur
bance, storm) and can exceed 200 nT in large storms 
(1 nT = 10 - 50). As mentioned above, the actual cur
rents produced by the ring-current ions are not easily 
visualized and must be calculated from observed ion 
fluxes. Within any given hour of a storm, contours of 
the reduction of the meridional (H) component of the 
surface magnetic field can be constructed at ground ob
servatories, as shown in Fig. lc. 

Note that observations of the magnetic perturbations 
made only at the earth's surface do not allow unique, 
accurate inferences about global ring-current characteris
tics. That is because the ring current lies outside the sur
face on which those measurements are made. 

The ring current provides an excellent case study of 
the problem of the generation and behavior of electric 
currents in a magnetized plasma. That problem has been 
apparently "solved" several times in the past-solved 
in the sense that the source, geometry, energy, and com
position of the ring current were considered to be un
derstood at the time. As new data became available, 
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however, the previous solutions were found lacking, and 
researchers approached the problem anew, armed with 
the results of past efforts. This process continues today. 
In situ satellite observations have located the ring-current 
ion population within the earth's magnetic field, estab
lished the particle energies and intensities involved, mea
sured the ion angular distributions on a given magnetic 
field line, and, most recently, determined the composi
tion of the ions responsible for the ring current. 

However, because the in situ measurements are local 
observations along a satellite orbit, little is known about 
the instantaneous global structure of ring-current ion 
fluxes and their evolution. As we have mentioned, an 
understanding of the dynamics and the calculation of 
the actual currents produced by the ring-current ions re
quire a global description of their flux distribution. Since 
we have not known the global structure of the ring
current ion fluxes, we have been unable to describe the 
global ring-current system accurately. 

The recently proven technique of energetic-neutral
atom (ENA) imaging, however, permits observation of 

145 



Roelof, Williams - ENA Imaging of the Terrestrial Ring Current 

the global structure and evolution of the ring-current ion 
population. Global images of the ion population will al
low the first accurate determination of the global cur
rent system that constitutes the ring current. Before de
scribing the new technique, we will first describe our 
present understanding of the ring current and its dy
namics. 

PARTICLE DISTRIBUTIONS 
AND CURRENTS 

The idea that electric currents flowing in space might 
be responsible for auroral phenomena and magnetic field 
variations observed at the earth's surface dates back to 
the 19th century and the pioneering research of Karl 
Friedrich Gauss. 5 The work of Kristian Birkeland and 
Carl StOrmer in Norway led to the concept that charged 
particles emitted from the sun had access via the earth's 
magnetic field to the high-latitude (auroral) regions above 
the earth's atmosphere and could be responsible for the 
observed magnetic variations. However, StOrmer's calcu
lations showed that charged particles incident on the 
earth's dipole field from great distances could not gain 
access to certain "forbidden" regions: closed volumes 
that were near the earth and encompassed the magnetic 
equatorial regions. In spite of that result, which seem
ingly ruled out an equatorial current system close to the 
earth, StOrmer postulated the existence of a distant par
tial ring of current in the equatorial plane (but outside 
the forbidden region) to explain the movement of the 
aurora equatorward during strong magnetic storms. 
Adolph Schmidt6 extended the concept of the equatori
al current, calling it the' 'Birkeland-StOrmersche ring," 
and attempted an explanation of the evolution of mag
netic storms reported worldwide by observatories in near
equatorial regions. Many of these ideas came to frui- · 
tion in the early 1930s when Chapman and Ferraro per
formed detailed calculations of the effects and the sta
bility of an electrically neutral stream of ionized parti
cles from the sun impinging on the earth's magnetic 
field. 7 Although they were unable to account satisfac
torily in the model for the formation of the ring current 
itself, they were able to account for the storm's sudden 
commencement. They then simply assumed the existence 
of a ring current once the storm had begun, and inves
tigated its properties. 

Since those early pioneering studies, many theories and 
experiments have made it possible to identify the particle 
population making up the ring current and to establish 
its general location in the magnetosphere. 8-19 In the fol
lowing we summarize our theoretical and observational 
understanding of the earth's ring-current system. 

THEORETICAL CONCEPTS 

We begin by deriving a simple relationship between 
the total energy of the ions making up the ring current 
and the reduction in the magnetic field that they produce 
at the earth's surface. 

The orbit of a trapped ion in a dipole-like magnetic 
field 11 is a complex spiral about the field line plus an 
average drift motion across the field. In a steady-state 
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(or sufficiently slowly varying) magnetic field, there is 
a cross-field (E x B) drift caused by an electric field (E), 
in addition to drifts caused by inhomogeneities in the 
magnetic field (gradient and curvature drifts). Since the 
E x B drift affects all charged particles in the same way 
(regardless of mass and total charge), it does not, in it
self, generate an electric current in a collisionless plasma. 
The inhomogeneity drifts, on the other hand, are propor
tional to energy E per charge (E/q) and depend on the 
particle's pitch angle ex (where ex is the instantaneous an
gle between the particle's velocity vector and the local 
magnetic field vector). The drift velocity is then 

VD = (E/qB) B 

The sense of this motion is shown in Fig. 2. The first 
term of Eq. 1 gives the gradient drift, and the second 
gives the curvature drift (B . V B is the curvature vec
tor for a magnetic field line whose direction is given by 
the unit vector B = BIB). 

For our first example of ring-current effects, we take 
the simplest orbit, one where the particle mirrors near 
the magnetic equator (ex = 90°). The center of its gyra
tion drifts westward (i.e., opposite the sense of the 
earth's rotation) at constant radius around the earth with 
velocity 

(2) 

where M is the earth's dipole moment, so that, in the 
equatorial plane, B = JloM I41rr3. By Ampere's law, 
the magnetic field perturbation produced at the center 
of the earth by the drift current qVD /27rr of this single 
particle is 

The field produced at the surface of the earth is not 
much different from the field at the earth's center if the 
particle gyrocenter lies several earth radii out. The minus 
sign indicates that oBI reduces the dipole field at the 
surface. This is not the only reduction, because the gy
ration motion also produces a current that has a mag-

Figure 2 - The earth 's dipole field. Field line direction and pro
ton gyration and drift are indicated. See the sect ion on theo
retical concepts for discussion. 
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netic dipole field with moment /-t = E/ B. The contribu
tion that this small dipole makes at the earth's center is 

Thus, the total field perturbation at the origin caused 
by the drift and gyration of a single particle at the equa
tor is 

(5) 

If we express oB as the fractional change in the sur
face field Bs , we find a very simple relationship for the 
magnetic perturbation at the center of the earth caused 
by a single trapped particle at the magnetic equator: 

oB/Bs = -2E/3U, (6) 

where U is the total energy in the dipole field exterior 
to earth's surface, and U = 47rMBs/3/-to. This result, 
known as the Dessler-Parker ll relation, has been 
shown to hold for any distribution of stably trapped par
ticles in the earth's magnetic field;2°-23 E then becomes 
the total energy of all the ring-current particles. When 
the particle kinetic energy density is comparable to or 
greater than the local magnetic field energy density, the 
accuracy of this relation deteriorates by about a factor 
of 2 (because the dipole field is distorted by the ring cur
rent itself). For reference, it requires 4 x 10 13 J of par
ticle kinetic energy to produce a surface magnetic field 
depression of 1 nT. In a large geomagnetic storm (Figs. 
1b and Ie), the depression can exceed 250 nT (about 10/0 
of the equatorial surface field), so the energy in the 
storm-time ring current can exceed 1016 J. 

Let us now turn to the electrical current produced by 
the ring-current particles. The foregoing procedure im
plies that we can add up the contributions of each gyrat
ing and drifting particle to get the effect of the entire 
ring current. This can be done, but the procedure is rath
er delicate because the varying particle density makes it 
difficult to calculate properly the contributions from in
dividual orbits. These effects are illustrated in Fig. 3. 
First, consider particles gyrating in a uniform magnetic 
field (Fig. 3a) with the particle density and pressure in
creasing to the right (as indicated by the relative thick
ness of the orbits). The net effect at the tangency of their 
orbits is to produce a current toward the top of the page. 
Thus, a pressure gradient produces a particle current, 
even if the magnetic field is homogeneous. If, . on the 
other hand, the field is nonhomogeneous (Fig. 3b), then 
not only are there gradient and curvature drifts (since 
gradient and curvature always occur together in the ab
sence of a local current), but the orbits bunch together 
on the concave sides of the field lines, modifying those 
currents. 

There is a more straightforward way to arrive at the 
current, based on a simple physical argument. Any as
semblage of particles exerts a pressure, represented in 
general by a pressure tensor P. The total force required 
to confine the particles is - V . P. In a steady-state col
lisionless plasma, this confinement force is provided by 
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Figure 3 - (a) How current is produced by the particle pres· 
sure gradient. Particle intensity is indicated by the darkness of 
the gyration circles. A positive gradient (intensity increaSing 
away from the earth) leads to an eastward current. (b) The east
ward current between the two curved field lines is produced 
by the crowding of gyro orbits on the concave side of the lines. 

the Lorentz force I x B (where lis the electrical current 
density in amperes per square meter), which may be cal
culated from 

IxB=-V·P. (7) 

Figure 4 illustrates the concept. 
The pressure tensor for a magnetized gyrotropic plas

ma is diagonal, with scalar pressures P 1. and P II (per
pendicular and parallel to the field lines, respectively), 
calculated from 

P L = )f(V)ESin'''' d'v (8) 

and 

P, = 2 ) f( v) E cos'", d'v , (9) 

where a again is the particle pitch angle defined in Eq. 
1, v is the velocity, and f( v) is the phase-space density 
for the particles. If several particle species are present, 
the contribution of each species to P II and P 1. must be 
calculated separately and then summed to give the total 
pressure tensor. Likewise, Tis the total electrical current 
density caused by all charged species. 

The force - V . P can be calculated using Maxwell's 
equations, V . B = 0 and V x B = /-to 7. Taking the 
cross product of V . P with B in Eq. 7, we obtain the 
electrical current perpendicular to the field from the iden
tity B x (I x B) = B211. : 

11. = B x [V P 1. + (oP/B)B . V B]/B2 , (10) 

where OP = P II - P 1. • Parker9 obtained this result by 
summing the contributions of individual particle motions 
over the entire particle distribution. From Maxwell's 
equation, V x B = /-to T, it is possible to express 11. in
dependently of particle pressure terms and solely in terms 
of the transverse components of both the field curva
ture (B . V B) and gradient (V B). Applying cross prod
ucts with B twice to I (as above) and using the identity 
BvB = B x (V x B) + B . vB, we have 
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Figure 4 - The magnetic confinement of a hot plasma. The 
pressure force - v· P must be balanced by the Lorentz force 
J x B, so electric current must flow. 

= -Ex (E X V X E) 

= 13 X (E . V E) - E X VB. (11) 

Using Eq. 11, we can replace the curvature term in 
Eq. 10 with a term involving vB and 11. . Thus, when
ever the curvature vector is difficult to estimate quan
titatively (for example, from equatorial single spacecraft 
observations), an alternative expression given by 
Vasyliunas 24 in which only vB appears can be used: 

(12) 

There is no information in the force-balance relation 
(Eq. 7) about the field-aligned component of the cur
rent ~I = in E. That must be obtained from Kirchhoffs 
law, V . 1 = 0 (assuming no charge accumulation in 
a quasi-steady state). Since V . (To) = 13 . V (i . / B), 
we obtain a differential equation for iu: 

( a / as) (i I / B) = - ( 1/ B) V . 11.' (13) 

which may be integrated with respect to s, the distance 
along a field line. 

Because of charge neutrality, the ion species dominate 
the pressure tensor when the electrons are "colder" than 
the ions. Thus, the ion population drives 11. in the 
inner magnetosphere. On the other hand, the higher mo
bility of the electrons makes them the prime candidates 
for carrying the field-aligned currents, To. One might 
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therefore think that both electron and ion populations 
would have to be measured to understand the dynamics 
of the full set of electrical currents. Equations 10 or 11 
and 13 reveal, however, that both 11. and To are deter
mined by the ion pressure tensor (assuming that the ac
tual magnetic field is known to sufficient approxima
tion). As we shall see, the pressure tensor can be derived 
globally from ENA images, which is why ENA imaging 
offers such a powerful tool for research into magneto
spheric dynamics. 

IN SITU MEASUREMENTS OF 
THE RING CURRENT 

Early Measurements 
Since Eq. 6 shows that the magnetic field perturbation 

at the earth's surface is proportional to the total kinetic 
energy of the particle population, it is appropriate to con
sider the ring current in the perspective of energy density. 
Figure 5a shows plots of ring-current energy density ver
sus altitude obtained from NASA's Explorer 45 satel
lite during the 17 December 1971 magnetic storm. I7 

The energy density calculation assumes that the measured 
ions are protons and has been carried out over the energy 
range of 1 to 138 ke V. Orbit 97 shows prestorm levels, 
orbit 101 shows the asymmetric main-phase develop
ment, and orbits 102 and 103 show the storm recovery 
phase. The data are plotted as a function of L value, 
where L is the radial distance (in earth radii) to the 
equatorial crossing point of the magnetic field line 
through the spacecraft. 

Of interest in Fig. 5a are the pressure gradients during 
the storm. The steep decrease at low altitudes represents 
an eastward current (see Fig. 4), which is opposite to 
the westward current required for the observed magnetic 
field decrease at the earth's surface shown in Fig. lb. 
The steady decrease toward high altitudes, however, gives 
a westward current and, since the pressure gradient term 
is weighted by B - 1 oc R3 (Eq. 10), it is this portion of 
the particle distribution that will provide the current caus
ing the observed surface field depression. Note that the 
longitudinal asymmetry indicated during the main phase 
of the storm (orbit 101 in Fig. 5a) will give rise to a radial 
current system (Eq. 10), which, for strong asymmetries, 
may play an important role in ring-current dynamics. 
Such radial currents generally have been overlooked in 
the literature and are only now being studied in de
tail. 25 ,26 

For the same magnetic storm, Fig. 5b shows the mea
sured differential energy density of the ring current. The 
solid data points (orbit 102) were obtained in the storm 
recovery phase and at the altitude (approximately 
3.6 ~) of maximum ring-current intensity. A prestorm 
plot of the quiet-time energy density (orbit 97) is shown 
for comparison. Similar results both in relative changes 
during the storm and in absolute energy densities ob
served have been reported for a magnetic storm in No
vember 1977. 27 Figure 5b indicates that the main injec
tion of ring-current particles is at energies $ 200 ke V, 
whereas particles at energies ~ 200 ke V show a decrease 
in intensity. This result is because of an adiabatic re-
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Figure 5 - (a) Proton energy-density radial profiles as measured for the magnetic storm of 17 December 1971 by Explorer 45 (S3-A) 
during the prestorm quiet (orbit 97), main-phase injection (orbit 101), and recovery phase (orbits 102 and 103),17 (b) Ion energy
density spectra (protons assumed) measured by Explorer 45 during prestorm quiet (orbit 97) and recovery phase (orbit 102) for 
the 17 December 1971 magnetic stormY (c) The accumulated percentage of ring-current energy density versus energy calculat
ed from data in Fig. 5b for prestorm quiet period. Energy ranges of the then-available direct composition measurements19,28 are 
indicated. (d) Same as Fig. 5c, for the recovery phase. The solid curve assumes all ions are protons; the dashed curve assumes 
all ions are 0 + below 50 keV and all are protons above 50 keV. 

sponse of the energetic particles to the new magnetic field 
configuration caused by the low-energy particle injection 
(the ring current). 

Integration of the curves of Fig. 5b over energy yields 
the results shown in Figs. 5c and 5d,19,28 where the ac
cumulated percentage of ring-current energy density is 
plotted against energy. Quiet time and recovery phase 
are shown. The recovery-phase solid curve assumes the 
ring-current particles are all protons; the dashed curve 
assumes all 0 + ions below 50 ke V and all protons 
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above 50 keY. Assuming protons, the median energy in 
the integral energy-density curve is approximately 85 
ke V. Energies for which composition measurements have 
been made in the magnetosphere (before observations 
made by the recent APL CCE)6 are indicated by the 
lines at approximately 17 and 550 keY. 

Figures 5c and 5d show that, although we have known 
the energy range of the ring-current particles for many 
years, we have not had composition observations for the 
bulk (80 to 90070) of these particles before the CCE ob-
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servations. This has effectively prevented us from iden
tifying the source of the ring-current particles. The low
energy tail (=:; 20 ke V) of the ring-current distribution 
has been thought to have an ionospheric origin, whereas 
the high-energy tail (;;::: 6(X) ke V) has been thought to have 
a solar-wind origin. How, or if, these two sources mix 
to produce the bulk ring current was unknown. 

Recent Measurements 
The situation regarding observations of ring-current 

composition has changed. The CCE was launched in Au
gust 1984 as part of the joint three-satellite AMPTE pro
gram conducted by the United States, the Federal Repub
lic of Germany, and the United Kingdom. A major ob
jective of the AMPTE program was the release of gases 
into the solar wind and distant geomagnetic tail, and the 
observation of the entry and transport of the resulting 
ions to the lower magnetosphere. To perform the latter 
observations, the CCE was placed in an elliptical, near
ly equatorial orbit with an apogee of 8.8 ~ and a peri
od of 15.7 h. It carried into space the fIrst comprehen
sive set of composition and charge-state instrumentation 
that could span the entire ring-current energy range. Ini
tial CCE ring-current results for the 4 September 1984 
magnetic storm were recently published in a set of sev
en papers. 4 Although these results are preliminary and 
pertain to just one magnetic storm, they are exciting and 
hold high promise for solving several long-standing ring
current problems. A more thorough analysis of the CCE 
observations of the ring current in this storm, as well 
as in another storm (18-20 September 1984), has recently 
been published by Lui et al. 29 Three points are worth 
noting: neither storm was large (Ds! > -120 nT and 
D s! > - 60 nT, respectively); in both storms the CCE 
orbit lay mainly in the early afternoon sector; and the 
observations occurred at solar minimum. Evidence is ac
cumulating, primarily from ENA observations (see the 
ENA section below), that in large storms nearer solar 
maximum the largest ion fluxes appear in the midnight 
sector. Also, in situ measurements by Young et al. 30 

have established that 0 + has a higher abundance (rela
tive to H +) in the magnetosphere at solar maximum. 
Bearing these points in mind, we briefly highlight the 
CCE results in the following paragraphs. 

Figure 6 shows measured oxygen charge states 
summed over an inbound pass on 5 September 1984 dur
ing the magnetic storm. 31 The two source regions are 
identified by the two charge-state groups; high charge 
states are associated with the solar wind, low charge 
states with the ionosphere. Whereas Fig. 6 shows a dom
inant ionospheric oxygen source as summed over L 
values of 8.6 to 2.3 Re , Fig. 7 shows that protons 
dominated the ring-current energy density at all altitudes 
over the energy-per-charge range of 5.2 to 315 keY / q. 
It can also be seen that the relative strength of the iono
spheric source decreases (with respect to the solar-wind 
source) with increasing altitude. 

One of the main results from the 4 September 1984 
storm was the observation that protons were the domi
nant ions throughout the bulk of the ring current. A 
combination of all CCE particle data 32 shows that (1) 
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Figure 6 - Charge-state histogram of approximately 1 to 
300 keV/q oxygen in the earth's ri ng current during the geomag
net ic storm of 4-7 September 1984. Contributions from the ion
osphere (0 + 1,2), the solar wind (0 + 6,7), and from charge 
exchange (0 + 3,4,5) are evident. 31 

the prestorm ring current consisted primarily of protons 
and was peaked in energy at approximately 200 keY (as 
indicated in Fig. 5); (2) the main ring-current intensity 
enhancement occurred in the approximately 20- to 200-
ke V range; and (3) protons with energies ;;::: 50 ke V domi
nated the storm-time ring-current energy density, with 
oxygen ions contributing approximately 27010 . These last 
two results are summarized in Fig. 8, where we show 
the accumulated percentage of total ring-current energy 
density as a function of energy obtained at L = 3.9 of 
the radial proflles shown in Fig. 7. The data for the ar
ious species are as presented by Studemann et al.; 33 we 
have added a curve summing the contributions of all 
ions. Note that a logarithmic scale is used below 1010 in 
Fig. 8 to highlight the contributions of He + , He2 

, 

and 0 2+ . Both the curve for all ions in Fig. 8 and the 
S3 energy density curve in Fig. 5d show the same gener
al result: that from the perspective of energy density, 
the ring-current mean energy is several tens of kiloelec-
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Figure 7 - Radial profiles of (a) the number density and (b) the 
energy density during the inbound pass on 5 September 1984. 
The e-folding values for the number (energy) densities between 
L = 4 and 6.5 Re are 3.3 (1 .5), 1.7 (1.3), 1.2(1.0), and 2.0(1.5) for 
5 to 31 keV/q H + , 0 + , 0 + + , and He + , respectively.31 

tronvolts (approximately 85 keY) and that the bulk (ap
proximately 900/0) of the ring current is contained in the 
15- to 250-keV energy range. 

Locating the Currents 
To locate the region of the main current flow, Lui 

et al. 29 used the data of McEntire et al. 34 to calculate 
the magnitude of the ring current as a function of radial 
distance, according to Eq. 10. The data used are for total 
ions with energies ;;::: 25 ke V; it has been assumed that 
protons constitute the primary contributor to the pres
sure terms at those energies. The results are shown in 
Fig. 9. In the upper panel, P 1. is shown as a function 
of radial distance for both a prestorm pass and the 
storm-time pass occurring on 4-5 September 1985. The 
bottom panel shows the resulting total current for the 
two passes, as well as the current caused by the pressure 
anisotropy term in Eq. 10. We see that the total current 
is dominated by the pressure gradient term, resulting in 
an eastward current at the inner edge of the ring-current 
distribution and an extended westward current caused 
by the pressure gradient at altitudes higher than the pres
sure peak. Integrating the current in Fig. 9 over radial 
distance, estimating a latitudinal ring-current thickness 
from pitch-angle observations, and assuming a symmet
ric ring-current model yields an expected D st value in 
agreement with that which occurred during the time of 

Johns Hopkins A PL Technical Digest, Volume 9, Number 2 (1988) 

Roelof, Williams - ENA Imaging of the Terrestrial Ring Current 

100~---------r----------.-----~~-' 

"0 
Cl) 

c.. 

80 

E 60 
ttl 
(J) 

~ .v; 

a5 40 
"0 

> 
C"l 
OJ 
a5 20 

a 
E 
~ 0.1 
OJ 

Q.. 

0.01 '--____ ---""'-----'---'-______ ...L..L.._---' __ ---' 

1 10 100 1000 
Energy (keV) 

Figure 8 - The accumulated percentage of ring-current ener
gy density versus energy, adapted from data presented in Ref. 
33 obtained at L = 3.9 Re during the 5 September 1984 eeE 
pass shown in Fig. 7. A logarithmic scale is used below the 
1 % level. The total energy density curve (all ions) is similar to 
that of the December 1971 storm (Fig. 5d). 

the pass (approximately - 60 nT). That may be only a 
fortuitous agreement, since a local measurement of the 
ring-current particle population tells little about the glob
al distribution of the current. For example, the assump
tion of a symmetric ring current implies that there are 
no radial currents. As we have discussed, radial currents 
may be important in the dynamics of the ring-current 
system. 

Composition: The Solar Wind and 
Ionosphere as Sources 

Ionosphere and solar-wind source mixing is another 
example of a problem that is being studied with the CCE 
data. The ion charge-state measurements should uniquely 
identify the source regions and their relative strengths. 
For example, we show in Fig. 10 a sample of results ob
tained from initial studies of charge-state distribu
tions. 35

,36 The figure shows observed oxygen charge 
states for three separate altitude ranges during two time 
periods representing different local times. Similar data 
were also obtained for the charge states of carbon. Since 
the instrument geometric factor has not been folded into 
the data of Fig. 10, those data show only relative charge
state changes with altitude. The data are from periods 
of low to moderate magnetic activity. 

The data in Fig. 10 indicate, in a qualitative sense, 
that the relative strengths of the ionospheric and solar
wind sources change with radial distance in the manner 
expected, with the solar-wind source increasing in 
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Figure 9 - Calculation of (a) perpendicular pressure P .i and 
(b) resulting current i .i for the total ion distribution (assumed 
protons) above 25 keV for the magnetic storm of 4-5 Septem
ber 1984 (see Eq. 10). The dashed line shows a prestorm CCE 
pass and the solid line shows a storm-time pass. Currents are 
localized where the pressure gradient is large. 

strength as radius increases. This trend seems clear dur
ing both time periods if we identify the low charge states 
(0 +, 0 2 +) with an ionospheric source and the high 
charge states (05+, 0 6+, 0 7+) with a solar-wind 
source. The very existence of such high and low charge
state peaks, and their spatial evolution (also observed 
in carbon data) clearly show, however, both a solar-wind 
and an ionospheric component to the magnetospheric 
particle population. To quantify the absolute charge-state 
intensities and assign them to a source population will 
require an accounting of charge exchange, diffusion, and 
drift trajectory effects. For example, in Fig. 10, the lack 
of significant high charge-state intensities at low altitudes 
does not necessarily indicate the absence of solar-wind 
particles, but instead may indicate that solar-wind oxygen 
has reached an equilibrium charge distribution in which 
no high charge states remain. 37 These factors and the 
large intensity variations between the two time periods 
in Fig. 10 show that we should not expect the same ion
osphere/solar-wind mixing ratio through the magneto
sphere for all magnetic storms. It would change from 
storm to storm, depending on the past history of mag
netospheric activity. 

Measurements of molecular ions in the magnetosphere 
provide a new tool with which to study the acceleration 
of ionospheric plasma. Up flowing fluxes of N2 + , NO + , 

and O2+ up to energies of 20 e V have been measured 
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at radial distances of approximately 1.1 to 2.5 Re over 
the polar caps during a magnetic storm. 38 Energetic (80 
to 230 ke V) O2 and NO were observed in the outer 
ring current (6.6 :$ L :$ 8.3) during the 4 September 
1984 geomagnetic storm. 39 These observations, showing 
the large intrinsic accelerating capabilities of the mag
netosphere, should provide an important additional key 
to help unravel the various ring-current generation pro
cesses described below. 

Although many more magnetic storms must be ana
lyzed before a comprehensive picture of ring-current 
sources, energization, and generation will emerge, the 
early CCE results presented here demonstrate a new ca
pacity for solving these long-standing space plasma phys
ics problems connected with ring-current formation. 

RING-CURRENT GENERATION 

We now briefly discuss arious ring-current generation 
mechanisms that have been advanced over the years and 
try to interrelate them within a unified picture of the 
generation process. 

Earthward Convection of the Plasma Sheet 
In this case, an enhanced dawn-dusk electric field 

quickly convects the plasma sheet particles toward the 
earth on the nightside hemisphere via E x 13 drifts. The 
convected particles experience betatron and Fermi ac
celerations as they are transported to small radial dis
tances (approximately 2.5 to 4.0 R e) by the enhanced 
field to form the ring current (see, for example, the dis
cussions by Frank 16 and Axford 40). 

Acceleration of Ionospheric Ions by Electric 
Fields Parallel to Auroral Field Lines 

Since the time when energetic (:$ 10 ke V) ion beams 
were first observed streaming out of the ionosphere in 
auroral regions, 41 it has beel} attractive to consider such 
particles as a source for the ring current. Additional 
mechanisms are required to form the normally observed 
equatorial pitch-angle distributions (sinna, n ~ 0), 
which would then be displaced to low altitude by an en
hanced dawn-dusk electric field and accelerated to ring
current energies by betatron and Fermi processes. 

Acceleration at a Source Boundary 
To explain the complex energy-time signature dis

played by energetic (:$ 30 ke V) particles at geostationary 
orbit, McIlwain 42 suggested that enhanced electric fields 
cause the appearance of fresh energetic particles at loca
tions outside a sharp, well-defmed boundary in the night
side hemisphere. After the transient, enhanced electric 
field, the particles move in the ambient, quiescent mag
netic-electric field configuration. Using a realistic mag
netic field and an electric field model inferred from par
ticle data, McIlwain was able to explain many of the par
ticle energy-time signatures observed at geostationary al
titudes. His hypothesis has been successfully tested. 43-45 
Particle observations in the dusk -midnight sector also are 
consistent with particle motion in the existing magnetic 
and electric field configuration.46-48 Midnight-dawn sec
tor observations and observations of zones apparently in-
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Figure 10 - Charge-state distributions of oxygen for three ranges of L and two different local times: a, b, and c, 1300 LT; d, e, 
and f, 0300 LT. Characteristic error bars are plotted on the right side of each panel. The numbers in parentheses represent the 
accumulation times for the data. Identifying the high charge-state peak with a solar-wind source and the low charge-state peak 
with an ionospheric wind source reveals how these two sources mix as a function of altitude.35 

accessible to particles offer further evidence supporting 
the source boundary concept. 49,50 

Inward Motion of the Outer 
Radiation Zone 

The enhanced electric field responsible for rapid con
vection of the plasma sheet toward the earth will also 
cause an inward motion of previously trapped particles 
in the earth's outer radiation zone. Lyons and 
Williams 51 quantitatively tested this concept using data 
from two main-phase magnetic storms in 1971 and 1972. 
They found that the main-phase ring current could be 
accounted for by the inward motion of trapped parti
cles from the prestorm outer zone. In their model the 
outer zone was populated by continuing injection events. 
The appearance of both ions and electrons in the ring 
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current is consistent with this hypothesis. The same 
mechanism was invoked successfully to explain energetic 
(> 137 ke V) oxygen increases in the 4-5 September 1985 
storm-time ring current. 52 

The interrelated mechanisms discussed above can be 
unified by considering a two-step process for ring-current 
formation. The basic idea is as discussed above 51 and 
recently considered in more detail by Mauk and 
Meng: 53 (1) the outer radiation belt regions (~5 Re) are 
kept populated by a continuing series of injection events 
and (2) the storm-time ring current (approximately 2.5 
to 5 Re) is formed by enhanced dawn-dusk electric 
fields convecting the outer trapped particle pppulations 
inward. Thus, the first three mechanisms discussed in 
this section can keep the outer zone populated and the 
fourth can form the ring current. Mauk and Meng 53 
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argue for this two-step process and use the third mech
anism as the source of the injection events, observed at 
geostationary altitudes, that keep the outer radiation belts 
populated. Diffusion across magnetic field lines then 
populates the inner trapping regions, and enhanced 
dawn-dusk electric fields form the storm-time ring cur
rent. 

RING-CURRENT DECAY 

Charge exchange has long been considered a major 
loss mechanism for ring-current particles. 11,54-56 The 
process is summarized in Fig. 11. The ring-current re
gion is permeated by a tenuous cloud of relatively cold 
(1000 K) hydrogen atoms. The atoms are the lightest con
stitutents of the outer atmosphere (the exosphere), and 
they boil off in ballistic orbits, some of which are con
verted to Keplerian trapped or escaping orbits by colli
sions with other H atoms. This outwardly decreasing 
cloud resonantly scatters solar Lyman-alpha photons, 

4 6 8 10 

producing a faint glow around the earth called the "geo
corona." The H atoms themselves are therefore called 
the hydrogen geocorona. Recently, Rairden et al. 57 

used their ultraviolet measurements from the DE 1 space
craft to deduce the hydrogen geocorona density from 
their Lyman-alpha measurements. The approximate 
radial dependence of the geocoronal H-atom density 
nH is shown in the upper left of Fig. 11. 

The energetic trapped ions in the ring-current region / 
will occasionally experience a charge-exchange collision 
with a cold geocoronal H atom in which the energetic 
ion acquires the electron of the H atom. Since most of 
the energetic ions in the storm-time ring current are singly 
charged (see the previous section on composition), they 
become energetic neutral atoms (ENA) after charge-ex
change, as shown in the lower right of Fig. 11. Because 
only a few electronvolts of energy are lost in the charge
exchange collision, the energetic ion, now transformed 
into an ENA, retains both the energy and direction it 
had at the moment of neutralization. With a velocity 

Trapped 
energetic ion 
(£-100 keV) 

Energetic 
neutral atom 

H atom 

Magnetic field 
line 

Figure 11 - The production of ENA in the magnetospheric regions depicted in Fig. 1a. Insert a: The radial dependence of ex
ospheric hydrogen atom density. Insert b: Charge-exchange collision with exospheric hydrogen atom that converts energet ic ions 
into ENA. 
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of several thousand kilometers per second, gravitational 
effects are negligible, and the ENA escapes the magne
tosphere along a straight line, in a manner similar to that 
of a photon. Such charge-exchange collisions are rare 
(about one every 7 hours for a 25-keV proton at an 
equatorial radius r of 3.5 Re ); the intensification of the 
ions during magnetic storms can produce ENA fluxes 
greater than 107/m2 ·s·sr·keV at these energies. 

Previously, the lack of ring-current composition data, 
together with uncertainty in the energy- and species
dependence of charge-exchange cross sections, hampered 
attempts to check quantitatively the role of charge
exchange in ring-current decay. Its importance as a ring
current loss mechanism has been inferred indirectly, 
however. For example, Smith et al. 58 performed a best
fit analysis of charge-exchange loss to the observed de
cay in low-energy ion population of the ring current. No 
direct composition measurements were available. The 
parameters extracted from the decay curves at various 
energies were the relative abundance and charge
exchange lifetimes of each ion species. The lifetimes ob
tained from this analysis were the charge-exchange life
times of H + , He + , and 0 + , which showed that a mul
tispecies ring current in a charge-exchange analysis could 
account for the total ion population decay times obtained 
from in situ measurements. 

But charge exchange is not the sole dissipative mech
anism operating on the ring current. Cornwall et al. 59 

predicted intense turbulence caused by ion cyclotron 
waves generated by the interaction of the ring-current 
particles with the cold plasma in the plasmasphere. The 
resulting pitch-angle diffusion into the atmosphere of the 
ring-current particles would represent a major loss pro
cess at the inner edge of the ring current. Williams and 
Lyons60,61 showed that the pitch-angle evolution of 
ring-current particles in the plasmapause region was con
sistent with the generation of ion cyclotron waves, al
though wave growth and resulting particle loss was not 
nearly as strong as predicted. 

Even though ring-current pitch-angle diffusion was 
weak instead of strong, sufficient energy may be lost 
from the ring current to cause observable atmospheric 
effects. By integrating the energy lost from the ring cur
rent as a result of changes in the pitch-angle distribu
tion observed in the plasmapause region, Williams et 
al. 62 estimated the energy deposition into the iono
sphere as a function of L value (the equatorial crossing 
distance of an earth dipole field line). A comparison of 
their results with double subauroral red arc structures 
that were simultaneously observed in the ionosphere 
showed that the energy lost from the ring current was 
sufficient to sustain the observed arcs, a result consis
tent with the theoretical prediction. 63 Further, the 
equatorial location of the two high-altitude peaks in the 
ring-current loss were consistent with the observed arc 
positions when the ring-current-inflated magnetic field 
was taken into account. 

We see, then, that ring-current decay is due primarily 
to charge exchange, but there is weak pitch-angle scat
tering occurring at the inner edge of the ring current, 
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as well. The pitch-angle scattering is sufficient to cause 
observable atmospheric effects. 

ENA: IMAGING THE RING CURRENT 
The very charge-exchange process that depletes the 

ring current of energetic ions also provides the means 
of imaging the ring current. As we mentioned earlier, 
the ENA fly off in straight lines, retaining the velocity 
that the energetic ion had just before the charge-exchange 
collision. The exact relation between the unidirectional 
differential fluxes of the ENA Uena) and the ions Uion) 
that produced them is given by a line integral along the 
line of sight from the detector to infinity: 

i= = u(E) r dl nH iioo (14) 

where aCE) is the charge-exchange cross section in square 
meters, dl is an increment of path length (in meters), 
nH is the geocoronal H-atom density, and lion is evalu
ated at the pitch angle corresponding to the line of sight 
directed toward the detector. The charge-exchange cross 
sections 64 for the two most populous ions in the storm
time ring current (H + and 0 +) are shown in Fig. 12, 
where one immediately sees that ENA measurements are 
significantly more sensitive to 0 + ions than to H + ions 
for energies greater than 50 ke V. 

To demonstrate the amount of global information 
contained in ENA images, we have formulated a model 
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Figure 12 - Energy dependence of the cross section for charge 
exchange of H + and 0 + energetic ions on H atoms.64 

155 



Roelof, Williams - ENA Imaging of the Terrestrial Ring Current 

approximating the two-stage injection! energizaiion pro
cess described in the preceding section on storm-time 
ring-current generation. Figures 13a through 13c illus
trate the evolution of the spatial distribution (in the mag
netic equatorial plane) of a given species of ring-current 
ions. In Fig. 13a the ions start at an injection boundary 
concentrated in the midnight sector at 5.5 to 6.0 Re. 
The enhanced cross-tail electric field then drives the in
jected population inward (Fig. 13b). Magnetic field gra
dient and curvature drifts cause the ions in this injec
tion population to follow trajectories through the eve
ning hours, past noon, and into the early morning hours, 
thereby finally establishing, as shown in Fig. 13c, an 
asymmetric, early-recovery-phase population with a weak 
(2: 1) midnight-to-noon asymmetry. An evolving pitch
angle distribution, chosen to represent an evolving ion 
pressure tensor, is shown in panels 13d to 13f for times 
t}, t2 , and t3 , corresponding to panels 13a to 13c. 

We next compute the ENA image from Eq. 14, using 
the H-atom geocoronal density function obtained from 
the DE 1 spacecraft, as shown in Fig. 11. We place the 
simulated viewing point at 8 Re and 300 N geomagnetic 
latitude on the dusk meridian. Figures 14a to 14c present 
the ion-flux column intensities logarithmically (in false 
color), corresponding to the spatial distributions shown 
in Figs. 13a to 13c. A range of intensity spanning a fac
tor of 1000, normalized to the maximum intensity, is 
given in each panel. The ion-flux column intensities pro
vide a line-of-sight measure of the ring-current ions ob
tained by carrying out the integral in Eq. 14 without the 

factor nH under the integral or the multiplicative fac
tor <J(E). The pitch-angle dependence is therefore fold
ed into the integral. Contours of the inner and outer L
shells bounding the ion population (see Fig. 13) are 
shown in Figs. 14b and 14c. These contours are con
nected in the magnetic equatorial plane by lines of con
stant magnetic local time (ML T) drawn for every 3 
hours. The stof'ID-time magnetic field lines have been 
compressed on the dayside and extended on the night
side, as shown in Fig. 13. Figures 14d to 14f show the 
ENA fluxes as computed from Eq. 14, again normal
ized to the maximum flux in each panel. 

AN ENA IMAGE FROM ISEE-l 

The foregoing discussion is based on a semiquantita
tive model summarizing our ideas on the generation of 
the ring current as it might appear when viewed in ENA 
emission. Let us now turn to actual E A measurements 
of the storm-time ring current. Although observational 
constraints have not yet allowed us to construct a com
plete time history of a single stOf'ID, the ENA images ob
tained to date confirm the general concept of injection 
in the midnight sector and a nonaxisymmetric ring cur
rent during the main phase. 

ENA images have been obtained using the medium
energy particle instrument (MEP!) on the ISEE-l space
craft. 65 The MEPI contains a narrowly collimated (50 
half-angle) energetic-particle telescope with a set of solid
state detectors. A magnet focuses energetic electrons off
axis onto one set of detectors, while the more massive 

Equatorial ion injection pattern Equatorial pitch-angle distributions 

Figure 13 - Schematic of modeled 
ring~urrent injection·ion density evo· 
lution as a function of time: (a to c) 
equatorial spatial evolution; (d to f) 
ion pitch·angle distribution evolution. 
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ions of energies greater than 25 ke V impinge on a 
"straight-through" detector. A motor sweeps the tele
scope from ecliptic north to ecliptic south as the space
craft spins about a north-south axis in 3 s. It takes 12 
spins for the motor to scan north-to-south and another 
12 spins to scan south-to-north; thus, the MEPI scans 
the entire sky every 36 s. 

The MEPI will respond to energetic neutral atoms as 
well as ions with energies greater than 25 ke V. The ISEE-
1 orbit occasionally places the spacecraft on open, po
lar magnetic field lines as close as r = 2.6 Re at geo
magnetic latitudes above 50°. On open field lines, the 
trapped-ion fluxes drop to negligible levels, and if the 
ring current is energized by a magnetic stonn at the time, 
the MEPI can count ENA. Consequently, the MEPI, 
with its all-sky coverage, can synthesize an image of the 
singly charged energetic ions in the ring current, using 
the hydrogen geocorona as a converter. 

The fIrst application of this ENA technique by Roelof 
et al. 66 took hourly averages of all the ENA flux 
viewed from ISEE-l at 20 Re during the recovery phase 
of a small geomagnetic storm (17 December 1977). The 
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decay rate of the ENA flux was slower than that expected 
from hydrogen, so they concluded that the MEPI was 
responding mainly to oxygen atoms. Since the Dessler
Parker relation (Eq. 6) implies that the observed 
dDst / dt is proportional to the measured ENA flux, 
they could demonstrate that the dominant mechanism 
for the recovery of the storm was charge-exchange loss 
of 0 + ions from the ring current. Much better detailed 
imaging was possible during the main phase of a large 
geomagnetic storm on 29 September 1978; ISEE-l was 
at a high magnetic latitude (51.5°) near the dawn merid
ian (0730 MLT) at a radius of 2.6 Re. The spacecraft 
location relative to the ring-current population is shown 
in Fig. 15; the shaded area corresponds to 3 < L < 5. 
ISEE-l was outside the ring current (L = 6.7 Re) and 
hence the MEPI responded almost exclusively to ENA. 
When the 5-min ENA image was obtained (0955 to 1000 
UT), the average depression in the surface magnetic fIeld 
strength measured by equatorial observatories was - 241 
nT. 

The analysis of this ENA image by Roelof67 is sum
marized in Fig. 16. All panels are "fish-eye" projections 

Figure 14 - (a to c) False-color images of model ring-current ion intensity evolution. Color represents the column-integrated flux 
of ions whose instantaneous velocity vector points toward the viewing point. Panels correspond to injection times t1 to t3, mod
eled in Fig. 13. Closed contours indicate the equatorial crossing locus of the inner and outer L shells containing the model fluxes. 
Magnetic local time cuts at every 3 hours (45°) connect the equatorial loci, with 1800 MLT being the lower vertical line; the sun 
is to the left. The linear color bar runs from zero to the maximum (M). The viewing point is at a radius of 8 Re and 30° geomag
netic latitude in the dusk meridian plane. (d to f) False-color images of the ENA flux arising from the modeled interaction of the 
ions in a to c with the hydrogen geocorona. Same format as a to d. 
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Figure 15 - Position of the ISEE-1 
spacecraft relative to the ring-current 
ion population (3 < L < 5) at 1000 
UT, 29 September 1978, during a 
large geomagnetic storm. ISEE-1 was 
outside the ring-current region and 
hence could measure ENA. 

R = 2.6 Re -~~~:----=~ 
(L = 6.7) 

Dawn 0600 M L T 

of the earthward hemisphere of the sky. The earth disk 
and its terminator are outlined; circles in the magnetic 
equator at 3 and 5 Re are connected by radial lines ev
ery 3 hours of magnetic local time, including noon 
(which is to the right). Magnetic field lines for L = 3 
and 5 are drawn in the planes of magnetic noon, dusk, 
midnight (to the left), and dawn (toward the reader). A 
common linear color bar is used, and its maximum value 
is indicated in each panel. 

The ENA data are given in Fig. 16d. As described 
above, the MEPI on ISEE-l scans the entire sky in 12 
spins of the spacecraft. Data are grouped into 16 angu
lar sectors of 22.5 ° during each spin, so the ENA flux 
is binned into 192 "pixels," each 22.5° by 13.3°. The 
color code in Fig. 16d gives the average number of ENA 
counts each time a pixel is read out; for example, in the 
middle (green-yellow) range, there are 15 counts per ac
cumulation. The accumulation time is 3/ 16 s, which cor
responds to a rate of 80 ENAIs. The MEPI energy chan
nel used corresponds to 24 to 34 ke V for H and 60 to 
77 keY for O. 

The ENA image reveals the very dramatic midnight
noon asymmetry, and thus this single image immediately 
established that the storm-time ring current was certainly 
not axisymmetric, as had often been assumed in early 
studies. 

To extract the actual ion fluxes from the ENA image 
requires a computer simulation using a model ring
current ion distribution function. A single ENA image 
cannot be inverted directly, because the three-dimension
al ion distribution has been collapsed along the line of 
sight and weighted by the hydrogen geocoronal density 
(see Eq. 14). Consequently, the following procedure was 
used to extract the ion distribution: 

1. A model ion distribution function was chosen, 
specified by the smallest possible number of ad-

158 

0730 MLT 

Noon 
1200 MLT 

justable parameters that still allow a physically rea
sonable function. The column-integrated ion flux 
(as in Fig. 11) is shown in Fig. 16a for the 
parameters e entually selected. ote the strong ex
cess of ion flux in the midnight sector. 

2. The model j ion fluxes were used in Eq. 14 to cal
culate model j ena fluxes using the geocoronal H
atom density curve of Rairden et al. 5 (Fig. 11). 
These ENA fluxes are shown in Fig. 16b and can 
be scaled by the one parameter remaining free, the 
maximum ion flux j max in the ring current. 

3. The model ENA flux was then passed through the 
MEPI "telescope" function, which degraded the 
angular resolution to ptxels 22.5° by 13.3°. The 
counts in these pixels yielded the simulated image 
shown in Fig. 16c. The model parameters for j ion 

were adjusted until the simulated E A image in 
Fig. 16c appeared similar to the observed ISEE-l 
ENA image (Fig. 16d). 

4. Once the relati e count contours agreed, the 
absolute brightness was adjusted using the one re
maining parameter, j rnax ' so that the number of 
counts in each pixel of the simulation agreed with 
those in the corresponding pixel of the observed 
image to the maximum extent possible. 

The model ring-current distribution fmally obtained 
for the ISEE-l image of 0955 to 1000 UT, 29 Septem
ber 1978, has the ions confmed to field lines of 3 < L 
< 5, and an exponential cosine-dependence on longitude 
with a 33: 1 midnight-to-noon ratio. An isotropic pres
sure tensor gave the best fit. Assuming the MEPI fluxes 
were dominated by 0 atoms, as is suggested by the shape 
of the ENA spectrum, the maximum ion flux in the ring 
current (at L = 4 at magnetic midnight) was 1 x 
10 IO 1m 2 • s· sr· ke V at 70 ke V. Although there ha e been 

Johns Hopkins APL Technical Digesc, Volume 9, umber 2 (19 J 



Roelof, Williams - ENA Imaging of the Terrestrial Ring Current 

(a) M (b) 

o 
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Figure 16 - Models, simulation, and measurement6? of an ENA image of the storm-time ring-current ion population, represented 
in the earthward hemisphere viewed from the ISEE-1 spacecraft: (a) COlumn-integrated ion differential flux from the model ring 
current. (b) ENA flux computed from the model ring-current ion distribution in Fig. 16a; color-bar saturated at low altitudes. (c) 
Simulated MEPI rates (average counts per pixel) computed from model ENA fluxes of Fig. 16b. (d) Actual MEPI image from 0955 
to 1000 UT, 29 September 1978. MAX values are color-bar maxima. 

no in situ composition measurements in the midnight 
sector during large storms, this flux appears reasonable 
when compared with the smaller in situ measurements 
obtained at other locations in other (and usually smaller) 
storms. 

A further check of consistency can be obtained from 
the Dessler-Parker relation given by Eq. 6. The total ener
gy in the model ring-current oxygen ions, with imax = 
1 x IO lO /m 2 ·s·sr·keV, is approximately 6.6 x 10 15 J. 
As noted earlier, it requires about 4 x 10 13 J in the ring 
current to produce a I-nT depression in the equatorial 
surface field. Thus, the oxygen component of the ring 
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current should have caused about a 160-nT effect. The 
total observed was Dst = - 241 nT. This would leave 
about 80 nT to be produced by the proton component. 
In smaller storms observed on the day side, the energy 
density of protons exceeded that of the oxygen. 32 As 
mentioned in the section on composition, however, the 
o + IH + ratio appears to increase with geomagnetic ac
tivity. Overall, the deductions of global morphology and 
intensity of the ring-current ions obtained from the global 
ENA images seem to be consistent with the in situ mea
surements, once the spatial dependence and storm size 
are taken into account. 
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THE FUTURE OF ENA OBSERVATIONS 
The ENA images were obtained from the MEPI ion 

telescope on ISEE-1, an instrument that certainly was 
not optimized for ENA observations. What might be 
done with an instrument specifically designed for ENA 
imaging? We gave our impression of the global infor
mation such an instrument could provide in the section 
on ENA imaging. Recently, we have presented concepts 
for the future generation of ENA images at a topical 
conference, and we refer the interested reader to the 
resulting publications. 68

-
71 Let us conclude with a com

puter simulation of what (:in idealized ENA imager with 
1 ° x 1 ° angular resolution might have obtained if it had 
viewed the storm of 29 September 1978 from different 
locations in the magnetosphere. 

We have chosen positions along a geographic polar 
orbit every 15° of (geographic) latitude from 60 0 N to 
75°S; the latter happens to be approximately over the 
south magnetic pole. The orbit drawn in Fig. 17 has an 
apogee of r = 9 Re and a perigee of 1000 km. The im
ages are computed from the model ring-current ion dis
tribution derived from the MEPI ENA observations of 
29 September 1978 and are shown in Figs. 18a through 
18i in the same format as Fig. 16b. To bring out the 
global morphology more definitively, however, a log
arithmic color bar is used, spanning a factor of 100 in 
intensity and normalized to the brightest part of the im
age. The maximum brightness is indicated by the number 
labeled "MAX." No attempt is made to model accurate
ly the complex interaction of ions and ENA with the 
exosphere below an altitude of 1000 km. 

We offer the following brief comments on each ENA 
image: 

Figure 18a: 45°N, r = 4.5 Re. The strong midnight
noon asymmetry is clearly evident. The southern low-al
titude emission comes into view, and the three-dimen
sional structure of the ring-current L-shells can be per
ceived. 

Figure 18b: 30 0 N, r = 3.3 Re. This is almost the 
same view as from ISEE-1 (see Fig. 16b), but in the dusk 
meridian. 

Figure 18c: 15°N, r = 2.5 Re. The midnight L-shells 
are seen nearly edge-on. 

Figure 18d: Geomagnetic equator, r = 2.0 Re. 
Figure 18e: 15°S, r = 1.7 Re. The northern low-al

titude emission region is nearly eclipsed. 
Figure 18f: 30 0 S, r = 1.5 Re. The southern subau

roral zone is in view. 
Figure 18g: 45°S, h = 2000 km. The spacecraft is ac

tually within the ring current, but the local production 
is too weak to register. The' distant "limb" of the L = 3 
shell is clearly delineated, however. 

Figure 18h: 60 0 S, h = 1400 km. The ring current is 
now viewed from below the L = 5 shell. A complex 
limb effect exists in the midnight sector. 

Figure 18i: 75°S, h = 1100 km. Viewed from near 
the south pole. The midnight-noon asymmetry is quite 
apparent, even at low altitude. 

A review of Figs. 18a to 18i shows that much valuable 
and quantitative global information on the structure of 
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Dawn 

L = 5 

Figure 17 - A hypothetical polar orbit for simulated viewing 
of ENA fluxes. Positions labeled with geog raphic latitude cor
respond to images in Fig. 18. 

the ring current can be obtained at a variety of orbital 
positions, such as polar latitudes at r = 6 Re, equatori
al latitudes at 2 to 3 "Re , and polar latitudes at WOO-Ian 
altitude. ENA imaging as a tool for understanding the 
morphology and dynamics of the global ring-current ion 
population is clearly just beginning to reveal its full 
potential. 
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