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ABSTRACT
ORIGIN AND DYNAMICS OF THE PLASMA SHEET
Thomas w. Hill
The plasma sheet is a region of hot (kev) plasma extend¬
ing several earth radii on either side of the neutral sheet
in the geomagnetic tail, its existence as a permanent
feature of the magnetosphere has been well established
observationally but has not been understood theoretically.
A model is presented here that accounts qualitatively for
both the origin and the dynamics of the plasma sheet. While
several quantitative details remain to be worked out, the
model can account for most of the observed features and
behavior of the plasma sheet. The source of plasma-sheet
particles in this model is the post-shock solar wind which
injects particles into the magnetosphere principally through
the demarcation lines on the magnetopause that separate
closed (low-latitude) field lines from open (polar-cap)
field lines. The particles drift longitudinally in pseudotrapped orbits and the higher-energy particles reach open
field lines on the nightside and diffuse down the tail,
forming the plasma sheet. The latitude of the demarcation
lines determines the sharp high-latitude boundary of the
plasma sheet, and the energy-dependent longitudinal drift
accounts qualitatively for the energy spectrum of plasmasheet particles. The plasma-sheet particles escape down¬
stream from the earth at a rate that is probably controlled
by wave-particle scattering in the tail magnetic field, and
drift into the neutral sheet at a rate controlled by the
local cross-tail electric field. The plasma-sheet number
density is governed by the balance between downstream loss
and entry at the demarcation lines. When the loss rate
exceeds the input rate, the resultant depletion of the

near-earth plasma sheet may account for the enhanced rate
of neutral-sheet merging responsible for the onset of
magnetospheric substorms.

IV

PREFACE
A large part of the research reported in this thesis
has already been presented in "Plasma-sheet Structure and
the Onset of Magnetospheric Substorms," by T. W. Hill and
A. J. Dessler, a paper submitted for publication in
Planetary and Space Science in April, 1971.

For the sake

of brevity, this paper is not referenced below, but is
instead listed here as a general reference for sections
4 - 6 of the thesis.
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1.

INTRODUCTION

The geomagnetic field is distorted by interaction
with the solar wind to form a magnetosphere, or geomagneticfield cavity. The deformation of the field is highly
asymmetric; on the dayside the field is compressed by
solar-wind pressure and confined to within about ten
th radii (R^,) at the subsolar point; on the nightside
the field is stretched out to form a long magnetospheric
tail, extending more than 100 R_ in the antisolar direction
ear

(see figure 1).
This asymmetric distortion and confinement of the
geomagnetic field by the solar wind was anticipated
theoretically. For example, Chapman and Ferraro [1931]
considered the geomagnetic effects of a transient burst
of solar plasma streaming past the earth, and concluded
that the resultant distortion of the geomagnetic field
could explain the geomagnetic-storm phenomenon.

Parker

[1958] argued that the geomagnetic field should be perma¬
nently distorted by the continuous supersonic expansion of
the solar corona past the earth (the solar wind).

Parker

[1958] and Piddington [1960] predicted the existence of a
long magnetospheric tail stretching downstream in the solar
wind behind the earth. Johnson [1960] presented a model
of the magnetosphere in which the geomagnetic field would
extend tens of earth radii behind the earth in an elongated
dipole-type configuration, but suggested that hydromagnetic
wave pressure could act to increase the length of the tail
by blowing open the dipolar field lines.

Based on this

suggestion, Dessler [1964] predicted that the magnetospheric
tail should extend several astronomical units behind the
earth, with a roughly cylindrical shape containing solardirected field lines in the northern half and anti-solar
directed field lines in the southern half, with a neutral
sheet separating the oppositely-directed fields, as shown
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FIGURE 1
Illustration of the magnetosphere, showing the
asymmetric distortion of the geomagnetic field by the solar
wind.

The figure is a cross section in the noon-midnight

meridian plane, with the sun to the left of the figure.
The standing bow shock diverts the supersonic solar-wind
flow around the magnetospheric cavity. The magnetosheath
is the region of post-shock solar-wind flow past the mag¬
netosphere.

The magnetopause is the boundary between the

post-shock solar-wind plasma and the geomagnetic field.
The geomagnetic tail can be divided into three regions
of distinct plasma/magnetic-field character, in the highlatitude tail, magnetic-field pressure dominates plasma
pressure; in the plasma sheet, the two pressures are
comparable,

in the neutral sheet, where the field reverses

direction, the plasma pressure dominates.

H
J*:

c

H
c

I—
UJ

e

MAGNETOPAUSE

H
c

t

I

oo

CD X
CO

1

1

3

in figure 1.

The existence of an elongated geomagnetic

tail having the above geometry has been verified by
spacecraft measurements fHeppner et al., 1963; Ness, 1965] .
The nature of the interaction responsible for tailformation is still not well understood. It has been
proposed that tangential stresses at the magnetosphere
boundary (the magnetopause) may drag the geomagnetic field
along with the solar wind behind the earth. This tangen¬
tial stress may be provided by a viscous interaction
fAxford and Hines, 1961; Piddington, 1963], or by merging
(i.e., direct reconnection) of geomagnetic and interplane¬
tary magnetic fields [Dungey, 1961; Levy et al., 1964].
It has also been argued that internal pressure may over¬
come the magnetic stress tending to close the tail, and
blow the tail open. Two possible sources of this internal
pressure are plasma pressure and hydromagnetic-wave pressure.
Dessler [1964] has argued that hydromagnetic-wave pressure
alone is sufficient to blow open the tail.
While the interaction responsible for tail-formation
is not well established, it is generally recognized that
kinetic energy of the solar-wind flow is partially converted
through this interaction into magnetic-field energy which
is stored in the tail. The magnetospheric substorm (see
section 6 below) is thought to represent the release of
part of this stored field-energy into the inner magnetosphere.
While the discovery of the magnetospheric tail was
anticipated, the discovery of the plasma sheet imbedded in
the tail [Bame et al., 1966] was not predicted, and its
origin and behavior have yet to be explained theoretically.
The tail neutral sheet is a narrow region (~10-^ R
£

thick) in which the field reverses direction fSpeiser and
Ness, 1967] from solar-directed in the northern half of the
tail to antisolar-directed in the southern half, while the
plasma sheet is a much broader region of hot (kev-energy)
plasma extending several R on either side of the neutral
hi
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sheet fBame et al., 1967].

Thus the tail is divided into

three regions of distinct plasma / magnetic-field character
as illustrated in figure 1. These are (1.) the neutral
sheet, where particle pressure nkT dominates the magnetic2
field pressure B /2|iQ; (2.) The plasma sheet, in which the
two pressures are comparable; and (3.) the high-latitude
tail, in which magnetic-field pressure dominates particle
pressure.
The purpose of this thesis is to present a model for
the origin of the plasma sheet, to deduce from this model a
few observable average parameters of the plasma sheet, and
to discuss, within the framework of the model, the time
variations of these parameters, particularly in connection
with the onset of magnetospheric substorms.
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2.

SURVEY OF OBSERVED PLASMA-SIIEET PARAMETERS

Plasma-sheet observations are described most naturally
in the geocentric solar-magnetospheric coordinate system,
with x-axis pointing toward the sun along the earth-sun line,
z-axis lying in the plane defined by the earth-sun line and
the geomagnetic dipole axis, and perpendicular to the
x-axis in the northward sense, and y-axis completing a
right-handed orthogonal coordinate system, i.e. pointing
dawn-to-dusk.
2.1

Average Characteristics.

The plasma sheet in the tail is defined observationally as a persistent region of enhanced flux of low-energy
2 4
(~10 _ io ev) electrons and protons, extending typically
about 3 - 6 R on both sides of the neutral sheet and
E
across the tail from the dawn to the dusk magnetopause.
The plasma-sheet fluxes have been measured as far as 40 R£
down the tail with the imp 3 satellite rMeng and Anderson,
1971], have been observed extensively by the vela satellites
in the region -15 R£ >- xgM s -20 R£ f Bame et al., 1966, 1967;
Hones, 1968a, 1968b, 1969, 1970; Hones et al., 1967, 1968,
1970], and terminate abruptly at an inner boundary which
lies typically at a geocentric distance of about 10 RE
behind the earth in the dusk-to-midnight quadrant, according
to OGO satellite measurements rvasyliunas, 1968].

This

inner boundary is called the Alfven layer; see section 3.2
below. The Alfven layer is not symmetric in longitude,
but the plasma sheet apparently encircles the earth at a
distance of 5-12 R_ in the equatorial plane (see figure 2).
The high-latitude boundary or plasma-sheet "envelope"
(see figure 2) is likewise sharply defined in terms of
observed particle flux, and lies roughly parallel to the
neutral sheet in the tail. The envelope and the Alfven
layer converge at the earthward end to form a pair of
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FIGURE 2
Illustration of average position and geometry of the
plasma sheet. The three projections are (a.) noon-midnight
meridian cross section (solar-magnetospheric x-z plane);
(b.) equatorial cross section (solar-magnetospheric x-y
plane); and (c.) tail cross section in a plane XgM = constant
~ -20 R_. The dawn-dusk asymmetry of the Alfven layer is
shown schematically in (b.), and of the envelope, in (c.).
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"horns" extending down to the ionosphere in the neighbor¬
hood of the auroral oval (see figure 2). This average
geometry of the plasma sheet is based principally upon
electron observations in the earthward end of the tail
(15-20 RE geocentric distance) by the vela satellites
[cf. Bame et al., 1967], observations near the Alfven
layer by the OGO I satellite [vasyliunas, 1968], and
observations in the "horns" by the Mars i rGringauz et al.,
1964] and Electron 2 (Gringauz et al., 1966] satellites.
The principal dawn-dusk asymmetry of the near-earth
plasma sheet is in the structure of the inner edge. The
electron plasma-sheet flux is most intense in the dawn and
predawn hours (local time), and intense plasma-sheet
electron fluxes may extend inward as far as the plasmapause
at geocentric distance of about 5-6 Rg. The proton flux
varies in the opposite manner: the most intense fluxes and
those closest to the earth are observed on the evening side
rvasyliunas, 1970b]. The dawn-dusk asymmetry is also
observed farther down the tail, where the electron compo¬
nent of the plasma sheet appears to be hotter and thicker
toward the dawn side, and just the opposite for the proton
component rBame et al., 1967] (see figure 2).
Plasma-sheet electrons are characterized by a quasithermal energy spectrum, with mean energy of the order of
7 9 electrons
1 kev,
and with spectral intensity ~ 10-10
// cm 2 -second-steradian-kev, near the peak energy. Plasmasheet protons also appear quasi-thermal, but with a mean
energy of order 1-5 kev, and intensity roughly two
orders of magnitude below that of the electrons. The
velocity distribution of plasma-sheet electrons often appears
isotropic, but has also been observed to be anisotropic
by a factor of two or more, with peak velocity component
alligned with the local magnetic field rHones et al., 1970].
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These flux measurements give a number density for
electrons and protons typically in the range n = n =
e
3
P
0.1 - 1 /cm , and electron and ion "temperatures" typically
T = 7x10^ °K and T = 3x10^ °K.
Thus the plasma energy
^
P
_Q
O
density is of the order of 10
erg/cm , which is comparable
to the magnetic-field energy density in the tail.

The

diamagnetic effect of this plasma pressure has been detected
in the form of a region of depressed field strength coin¬
cident with the plasma sheet rLazarus et al.. 1968;
Behannon, 1968, 1970; Mihalov et al.. 1970].

2.2

Time variations.
Aside from rather large, apparently random fluctua¬

tions in the above plasma-sheet parameters, there have been
observed some interesting, systematic time variations in
the plasma sheet associated,
spheric substorms.
envelope

in particular, with magneto-

Both the Alfven layer and the outer

appear to have characteristic motions associated

with substorms.
The

Alfven layer

has been observed to approach the

earth, in the evening quadrant,

from a quiet-time distance

of about 10 - 12 RE to a distance of around 5 - 8 RE during
a magnetospheric substorm rFreeman and Maguire, 1967;
yasyliunas, 1968, 1970a; Schield and Frank. 1970].

The

plasmapause [the outer boundary of the plasmasphere, a
region of cold ( <£! 1 ev) plasma extending to L = 4 or 5
in the equatorial plane]

also moves inward during a magneto-

spheric substorm rCarpenter. 1966], but not so much as
the plasma sheet, so that the separation between the plasmasphere and the plasma sheet decreases during a substorm,
sometimes to a separation of 1 Rg or less fyasyliunas. 1970b]
The

earthward motion of the Alfven layer

appears

to begin somewhat after the onset of the polar magnetic
substorra as determined from surface magnetograms ryasyliunas.
1968] .
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The plasma-sheet envelope has been studied more
extensively than the Alfvfen layer, using the vela satellites
at distances of 15-20 R^, in the tail [Hones, 1968a, 1968b,
1969, 1970; Hones et al., 1967, 1968, 1970]. Plasmasheet electron fluxes typically begin to decrease onehalf to one hour before the onset of the polar magnetic
substorm as determined from surface magnetograms, and
usually begin to recover, sometimes abruptly, at or
following the peak of the magnetic bay. This phenomenon
has been termed "thinning" or "contraction" of the plasma
sheet followed by "expansion" fHones et al., 1967] .
However, simultaneous measurements by two Vela satellites
in the plasma sheet have shown that the plasma is not
heated during this process, but in fact is slightly cooled
near the neutral sheet during the plasma-sheet "dropout" a
few earth radii outside the neutral sheet. Thus the disappear¬
ance and reappearance of the plasma indicates not a com¬
pression and subsequent expansion of a permanent population
of particles, but rather the escape of particles from the
plasma sheet followed by the appearance of newly-injected
particles fHones et al., 1970].
While the observations have not established the direc¬
tion in which particles escape during the pre-substorm
"dropout," the recovery later in the substorm appears to
be caused by a flow of newly-injected hot plasma flowing
downstream from a source earthward of the vela orbit,
moving tailward with speeds > 40 km/sec fHones et al.,
1967, 1968, 1970]. The apparent motions of the inner and
high-latitude boundaries during substorms are illustrated
in figure 3.
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FIGURE 3
Illustration of the apparent motions of the plasmasheet boundaries during a magnetospheric substorra. The
quiet-time or pre-substorm configuration is shown in (a.).
As shown in (b.), the plasma sheet appears to thin just
before the substorm onset, with the envelope approaching
the neutral sheet from both sides, followed by earthward
motion of the Alfven layer. Following the substorm onset
(c.) the plasma sheet expands, sometimes exceeding its
pre-substorm dimensions, and the Alfven layer recedes away
from the earth. As discussed in the text, the motions of
the envelope are only apparent, and are probably caused
by an escape of plasma-sheet particles followed by injection
of new particles, rather than compression and expansion of
the same particle population.

(a.)

QUIET TIME

(b.)
PREONSET
"DROPOUT"

(c.)

POST¬
ONSET
"RECOVERY"

FIGURE 3
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3.

THEORETICAL REVIEW

3.1

Source of plasma-sheet particles.
The particles which make up the plasma sheet must
have either a terrestrial or a solar origin.
If the origin
is terrestrial, then the plasma sheet could be considered
an extension of the "polar wind," ie., the escape of ionized
hydrogen (and possibly helium) from the polar ionosphere.
Although the polar-wind source may be adequate to account
for the particle concentration in the plasma sheet, there
is no apparent mechanism for heating the "cold” exospheric
hydrogen (T ~ 10^ °K) to provide the hot (T ~ 10^ °K)
plasma observed in the plasma sheet in the near-earth
tail [see Dessler and Michel, 1966] .
On the other hand, the post-shock solar wind provides
a continuous source of particles with energy of 1 kev and
above.

While the magnetosheath temperature is about an

order of magnitude less than the plasma-sheet temperature,
there are enough particles in the high-energy tail of the
magnetosheath spectrum (i.e., with energies greater than
about 1 kev) to populate the plasma sheet (see figure 8).
Thus if the plasma-sheet particles have a solar-wind
origin, a heating mechanism is not required; what is
required instead is an energy-dependent injection process
which favors the access of particles with energy greater
than about .5-1 kev to the plasma-sheet region. The
injection process must be energy dependent because, as
seen in figure 8, the plasma-sheet energy spectrum repre¬
sents only the high-energy tail of the magnetosheath spectrum.
There are two modes of access for solar-wind particles
that have been proposed. The first of these is injection
at a neutral point in the tail, where merging or recon¬
nection of geomagnetic and interplanetary field lines
causes solar-wind plasma to become trapped in the reconnec¬
ted geomagnetic-field configuration and convected toward
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the earth to fill the plasma sheet.

This injection process

follows the "reconnection" model of the magnetosphere, in
which the dominant solar-wind/magnetosphere interaction
is direct reconnection of geomagnetic and interplanetary
magnetic fields at two neutral points, one on the dayside
magnetopause and the other in the tail. This model was
introduced by Dungey [1961] and elaborated by Levy et al.
[1964], and is illustrated in figure 4 (after [Axford,
1969] ) .
In the above model, the higher mean energy of plasmasheet particles as compared to magnetosheath particles
(see, for example, figure 8) is attributed to compression
of the plasma as it is convected towards the earth with the
reconnected field lines, as illustrated in figure 4 rAxford.
1969]. However, it is difficult to see how a "compression"
process could lead to an increase in average energy by a
factor of five, and at the same time a decrease in number
density by an order of magnitude, it appears that what is
needed is not a heating mechanism such as compression, but
rather an injection mechanism which favors the injection
of higher-energy particles.
As shown in figure 4, the high-latitude plasma-sheet
boundary in the above model would coincide with the highestlatitude field line on the nightside which has both ends
attached to the earth. Thus the entire plasma sheet would
be magnetically confined within the closed geomagnetic
field.
The other suggested mode of solar-wind particle entry
is the one proposed in this model: direct penetration of
the post-shock solar wind through the magnetopause at the
two demarcation lines that separate open and closed field
lines. This idea was suggested by Frank [1971] on the
basis of satellite observations, and is developed in
section 4.1 below.
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FIGURE 4
The reconnection model of the magnetosphere, after
Axford [1969]. Geomagnetic field lines in this model are
severed at a neutral point on the dayside magnetopause
(position 1), and connected with interplanetary field lines.
The connected geomagnetic and interplanetary field lines
are swept over the polar caps by the solar wind (positions
2-5), and disconnected at another neutral point in the tail
(position 6). The reconnected geomagnetic field lines are
then convected back towards and around the earth (positions
7-10). The plasma sheet in this model represents solarwind plasma that is trapped within the reconnected field
lines at position 6 and convected towards the earth. Note
that the plasma-sheet envelope in this model coincides
with the highest-latitude closed field line on the nightside.

FIGURE
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3.2

Spatial Topology.

Other theoretical considerations relevant to the plasma
sheet have centered on the nature of the Alfven layer
(see figure 2). This work has been based to a large extent
on the work of Alfven [1939], who demonstrated the exis¬
tence of forbidden regions for plasma drift surrounding a
magnetic dipole with an electric field lying in the equa¬
torial plane of the dipole. As plasma-sheet particles
drift toward the earth under the influence of a cross-tail
electric field

they move to regions of greater field

strength B and gain kinetic energy of cyclotron motion W
through the betatron acceleration process (conservation
of the first adiabatic invariant p = W^/B with a slowlyincreasing field). Thus the gradient drift, which depends
linearly on particle energy, increases relative to the
convective (ExB) drift, which is independent of energy,
and the plasma flowing towards the earth will be deflected
around the earth, forming a forbidden region which particle
trajectories cannot penetrate [see for example Kavana gh
et al., 1968; Schield et al., 1969; Karlson, 1970; Wolf,
1970]. For example, if the magnetic field is dipolar
3
[equatorial field strength B = B (R_/R) ] then the ratio
O

ill

of gradient (pVB/eB) to convective (E/B) drift is
v

grad/vExB

where

=

(ta7B/eB)

/(E/0)

=

3W^/eER

=

=

(Wj/eE) (VB/B)

3pBQRE3/eER4

e = electronic charge, E = equatorial electric

field, and R = geocentric distance. Four important
generalizations can be drawn from this simple example:
(1.) For given p, the boundary layer (transition from
earthward [convective] drift to azimuthal [gradient] drift)
is a sharp boundary because of the (1/R4) dependence of
the ratio of the two drifts. This boundary layer was first
studied by Alfv4n [1939], and will be called an Alfven
layer, after Schield et al.[1969] .
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(2.)

The position of the Alfven layer is strongly

energy-dependent (e£. for the dipole case, the ratio
v

grad^VExB ~ ^ ^or ^ — [3w^/eE]. so that a 500 ev proton,
for example, will penetrate twice as close to the earth as
a 1 kev proton.
(3.)

The Alfven layer is asymmetric because of the

charge-dependence of the gradient drift.

Thus electrons

should penetrate closer to the earth on the dawn side,
and protons on the dusk side.
(4.) The location of the Alfven layer for given n
is also weakly dependent on the cross-tail electric field
(R * E

^

for the dipole case).

Thus one can understand

qualitatively the inward motion of the Alfven layer during
substorms, when the electric field increases substantially,
[see, for example, Roederer and Hones,' 1970]
The non-coincidence of the Alfven layers for electrons and
protons (point 3 above) will result in a charge separation
in the equatorial plane. The charge separation drives a
current, and since the Hall and Pederson conductivities
are much higher in the ionosphere than in the magnetos

?here_' these currents flow along field lines (Birkeland
currents) and close in the ionosphere [Birkeland. 1913;
Alfven, 1939; Cloutier et al.. 1970; Armstrong and zmuda.
1970]. The effect of these Birkeland currents on the
geometry of the Alfven layer has been considered by Schield
al. [ 1969] , vasyliunas [1970b] , and Wolf [1970] . it
appears that the Alfven-layer concept can account ade¬
quately for the existence and behavior of the earthward
plasma-sheet boundary, with small corrections required
to allow for precipitation outside the Alfven layer owing
to strong pitch-angle scattering.
While the high-latitude boundary has been studied
experimentally much more extensively than the Alfven layer,
it has hardly been considered theoretically.
in the first
model described above for the source of plasma-sheet
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particles fAxford, 1969],

in which the particles are

injected from the solar wind at a distant neutral point,
the high-latitude boundary would presumably be defined by
the geomagnetic field lines leading to the neutral point,
or equivalently, the last closed field lines on the night
side (see figure 4). This question has not been discussed
in the literature, to the author's knowledge.

As discussed

in section 5 below, there is reason to believe that the
plasma sheet is not magnetically confined, so that the highlatitude boundary is not necessarily defined by the field
geometry, as is commonly assumed. Thus the boundary may
not be defined by specifying simply the geomagnetic latitude;
for this reason, the term "plasma-sheet envelope"

is

used here instead of "high-latitude boundary."

3.3

Other Theoretical Questions.
Apart from the particle source and the spatial topo¬

logy, there are at least four important points to which a
plasma-sheet model should address itself. These are
(1.) the energy spectrum of plasma-sheet particles;
(2.) the mechanisms of particle loss from the plasma sheet;
(3.) cause-and-effeet relationships between the plasma sheet
and other magnetospheric populations of low-energy particles,
eg, the neutral sheet, the high-latitude magnetotail,
the trapped-radiation belts, the plasmasphere, and the iono¬
sphere; and, in particular, (4.) the time variations
associated with geomagnetic activity. These questions have
received little attention in the theoretical literature.
The present model is largely qualitative and does not
treat any of the above questions in great detail. Never¬
theless, an attempt is made to confront each of the questions
qualitatively in order to test the applicability of the
model.
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3.4

Brief Outline of the Model.
The source of plasma-sheet particles in this model
is direct penetration of magnetosheath plasma through the

demarcation lines that separate open (tail) from closed
(dipolar) field lines on the dayside magnetopause. The
injected plasma drifts longitudinally in quasi-trapped
orbits and some of it is released on the nightside to open
field lines. The geomagnetic latitude of the demarcation
lines corresponds roughly to the latitude of the plasmasheet envelope. The energy-dependent longitudinal drift
(chiefly gradient drift) gives the plasma-sheet particles
an energy spectrum which peaks at higher energy than does
the spectrum of the entering magnetosheath particles.
The plasma-sheet particles, beginning near the Alfven
layer, diffuse downstream into the tail at a rate which is
probably controlled by wave-particle scattering, but the
plasma sheet is not magnetically confined within a closed
field configuration.
The cross-tail electric field, which is assumed to
arise, at least in part, from neutral-sheet merging, drives
plasma-sheet particles into the neutral sheet. Thus the
plasma-sheet concentration, and the length of the plasma
sheet, are affected by the strength of the cross-tail elec¬
tric field, the strength of wave particle scattering, and
the rate of injection of magnetosheath particles on the
dayside. The concentration is governed by the balance
between dayside injection and downstream escape.

The

depletion of the near-earth plasma sheet preceding a
substorm onset can be accounted for in terms of enhanced
downstream loss.
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4.
4.1

ORIGIN OF THE PLASMA SHEET

Entry of Solar-Wind particles at Demarcation Lines.
The primary source of plasma-sheet particles in this

model is direct penetration of the dayside magnetopause
by magnetosheath particles, at the demarcation lines that
separate closed (dipole) field lines from open (tail)
field lines at the front and sides of the magnetopause.
The geometry of the magnetopause surface, showing the
demarcation lines,
Walters [ 1966] ) .

is illustrated in figure 5 (after

The intersection of the demarcation lines with the
solar-magnetospheric xz plane (the noon-midnight meridian
plane) will be two magnetic neutral points. These are Ytype neutral points, or magnetic "cusps." as distinct from
the X-type neutral point which appears at the nose of the
magnetopause if the interplanetary magnetic field is
southward fDungey, 1961]. Segments of these demarcation
lines within a few hours' longitude of noon have been
referred to as the "dayside magnetospheric cusps" by
Heikkila and Winningham [1971] , and as the "Polar cusps"
by Frank [1971] .
Walters [1966] predicted the existence of two standing
shocks attached to the magnetopause upstream from the
demarcation lines as illustrated in figure 6 (after
Walters [1966]). Since the demarcation lines lie upstream
from the sonic lines where magnetosheath flow becomes
supersonic, these standing shocks are necessary to deviate
the flow around the magnetospheric bulge downstream from
the demarcation lines. The standing shocks will thermalize
the magnetosheath, flow approaching the demarcation lines
and facilitate plasma entry through the cusp configuration.
(Dryer [1966] has suggested that these shocks would form
even if there were no demarcation-line bulge.)
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FIGURE 5

External view of the magnetopause surface, after
Walters [19661 .

The demarcation lines separate the region

of closed (dipole-like) field lines from the region of
open (magnetotail) field lines.

FIGURE 6

Noon-midnight meridian cross section, after waiters
[1966], showing the magnetopause, the bow shock, and the

proposed demarcation-line shocks [Walters, 1966]. The
post-shock solar wind is subsonic in the nose region
(region 1),' but expands to supersonic flow in region 2.
The sonic line lies upstream of the demarcation lines, so
that a second standing shock is required to divert the
flow around the demarcation-line bulge (region 3). The
neutral point is the intersection of the demarcation line
with the noon-midnight meridian plane.

o
FIGURE

FIGURE 6
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Furthermore it is quite possible that the bulk of
the particle entry is provided by scattering at the lines
where these shocks are attached to the magnetopause.
The structure of this shock, and the nature of particle
scattering where the shock connects to the magnetopause,
are not well-understood, but it is expected that strong
scattering of particles from this shock-magnetopause
interface will populate geomagnetic field lines just inside
the magnetopause with magnetosheath particles.
Mishin et al. [ 1970] studied the distribution patterns
of auroral-particle precipitation and geomagnetic activity,
and interpreted these patterns as indicating neutralpoint injection of particles through the dayside magneto¬
pause.

Satellite observations demonstrating the penetra¬

tion of magnetosheath plasma through the demarcation lines
were first reported by Heikkila and Winningham [ 1971] and
by Frank [1971]. These measurements support the idea that
the access region in each hemisphere is extended several
hours in longitude, _be. , it corresponds to a demarcation
‘'line" rather than a neutral "point." Heikkila and Winningham [1970], for example, report, for the access region,
a longitudinal extent of about 8 hours (centered around
noon), a latitudinal extent of about 4° (from 75° to 79°
geomagnetic latitude), and a typical total flux of 10^
2

8

2

electrons/cm -sec and 10 protons/cm -sec. These numbers
27
25
give the particle input rate as ~ 10
electrons (or 10
protons) per second, for particles with energies between
10 ev and 10 kev.
[Charge neutrality is probably main¬
tained by an outward flow of "cold" electrons (energy of
1 eV or less) from the ionosphere.] We adopt here the
number 10^ /sec to represent a conservative order-ofmagnitude estimate of the input rate of magnetosheath
particles to the dayside magnetosphere.
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Frank [1971] has also suggested, on the basis of
satellite observations, that the plasma sheet is populated
by particles entering through the "polar cusps" on the
dayside magnetopause.

The present model differs from this

suggestion, however, on at least three points:
(1.) We propose that particle entry takes place in the
absence of merging between geomagnetic and interplanetary
fields at the demarcation lines. Any merging that may
occur at the demarcation lines will undoubtedly affect
the rate of particle entry, but we consider this effect
to be small compared to the total influx that occurs in
the absence of merging. This statement is supported by
the fact that the estimate of Willis [1969] , in which the
interplanetary field is ignored, gives the sane influx as
the estimate obtained above from the measurements of
Heikkila and Winningham [1971] . Frank [1971] assumes that
such merging is necessary for direct particle entry.
(2.) in the present model, magnetosheath field lines
are not carried with the particles into the plasma sheet,
as suggested by Frank [1971] . The magnetosheath magnetic
field in the neighborhood of the demarcation lines is
probably quite disordered, particularly in view of the
presence of the standing attached shock discussed above.
Thus the (thermalized) flow in the neighborhood of the
demarcation lines does not necessarily preserve the adia¬
batic condition whereby the field is "frozen-in" and must
follow the flow of plasma.
(3.) Frank [1971] accounts for population of the plasma
sheet by convection of plasma (and field lines) from the
"polar cusps" to the plasma sheet. The actual particle
drift, even if it is adiabatic, will involve a combination
of gradient, curvature, and convection (ExB) drifts. The
relative importance of these three terms will depend upon
several factors, including the particle's energy and pitch-

22

angle, as well as geomagnetic and electric-field configura¬
tions.

For kev particles, we expect the gradient drift to

be the important factor for transport of magnetosheath
particles into the plasma sheet.
discussed in the next section.

The reasons for this are
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4.2 pseudo-trapped Longitudinal Drift to the Nightside.
In principle, one could predict the fate of a given
particle injected into the magnetosphere at a given point,
if one had sufficient knowledge of the magnetospheric
electric and magnetic fields as functions of location and
time. Unfortunately, rather little is known about the
geomagnetic-field configuration near the magnetopause,
and even less about the magnetospheric electric-field confi
guration.
in the absence of such knowledge, one relies on
a physically reasonable and mathematically tractable model
in order to obtain some insight into the nature of particle
motion in the magnetosphere.
Roederer [1967] computed the trajectories of energetic
particles for adiabatic motion in the model magnetosphere
provided by Mead [1964].
"Energetic" in this sense means
that the particles have sufficient energy that magnetic
(gradient and/or curvature) drifts will prevail over convec
tive (gxg) drift. We have seen (section 3.2 above) that
plasma-sheet particles do not necessarily satisfy this
criterion at a distance of around 10 R„. Thus we utilize
Roederer's results with caution, remembering that the
results apply only to those particles for which magnetic
drifts dominate the electric-field drift.
Roederer [1967] demonstrated that particle driftorbits in the model magnetosphere can be classified as
trapped or "pseudo-trapped." A "pseudo-trapped" orbit
is one in which a particle mirrors in the distorted dipole
geomagnetic field but cannot execute a full 360° longitu¬
dinal drift, because the drift shell intersects either the
magnetopause or the region of open (tail) field lines.
(This phenomenon results from the noon-midnight asymmetry
in the geomagnetic field.)

If a particle mirrors in the

pseudo-trapping region, it will be lost from the closed
magnetosphere before completing a 180° longitudinal drift.
In particular, particles mirroring at high latitudes on the
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day side will be released onto open (tail) field lines
before reaching the midnight meridian.
Figure 7, reproduced from [Roederer, 1967], shows the
geometry of the pseudo-trapping regions in the noon-midnight meridian plane.

Note that the pseudo-trapping region

is everywhere adjacent to the demarcation surface, that is,
the surface separating closed and open field lines.

(The

demarcation lines on the magnetopause are just the inter¬
section of the demarcation surface with the magnetopause.)
Thus we conclude that, of the particles injected at the
demarcation lines, those which are "energetic” in the above
sense will become "pseudo-trapped," will drift longitu¬
dinally around to the nightside, and will be released onto
open (tail) field lines. Thus the plasma sheet represents
just the "sink" for particles which have been injected
on the dayside and have drifted longitudinally partway
around to midnight.
The above process gives a simple interpretation of the
observed high-latitude envelope of the plasma sheet. The
demarcation surface represents the high-latitude limit of
pseudo-trapping orbits; the geomagnetic latitude of this
surface in the noon meridian is » 32°[Mead, 1964] , and in
the midnight meridian, « 78° [Schield, 1969] , which is very
close to the geomagnetic latitude of the plasma-sheet
envelope.
As noted above, the pseudo-trapping orbits [Roederer,
1967] apply only to those particles for which magnetic
drifts dominate the convective (ExB) drift. This fact may
be important in determining the local-time evolution of
the energy spectrum of particles as they drift from dayside
entry to nightside release to the plasma sheet. The relative
importance of the magnetic and convective drifts will deter¬
mine whether or not a given particle entering the magneto¬
sphere on the dayside will eventually populate the plasma sheet.
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FIGURE 7
Location of the regions of pseudo-trapped orbits,
after Roederer [1967]. Note that the pseudo-trapping
regions are everywhere adjacent to the demarcation surfaces
separating open and closed field lines,

particles injected

into the dayside pseudo-trapping region will be lost to
open field lines in the tail before completing a 180°
longitudinal drift..
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The convective drift speed is independent of particle
energy W and pitch angle a, whereas the magnetic-field
2
drifts are not (gradient drift is proportional to Wsin a,
2

and curvature drift, to Wcos a).

Thus the combination of

convection and magnetic-field drifts may act as an energyselection process in transporting plasma from the dayside
magnetopause to the plasma sheet.
For example, a typical convection speed near the
magnetopause, if E is of the order of 0.1 mvolt/m, and
B of the order of 30 gammas, would be E/B = 3 km/sec.
In the dipole approximation, the gradient and curvature
drifts in the equatorial plane are
v

grad

=

3Wsin2

/eBR

'

v

CUrv

=

4wcos2

/eBR

where R = geocentric distance. Taking R = 10 R_ and B
as above, the magnetic-field drift would be
v B = v,
grad + vcurv = (2 km/sec)•(W in kev).
Thus it is not obvious that either the convective or the
magnetic drift will dominate for particles of kev energy.
It may be that incoming magnetosheath particles will drift
longitudinally to the plasma sheet if they have energy
greater than about 1 kev, but are convected to the inner
magnetosphere or the high-latitude magnetotail if their
energy is less than about 1 kev. This may produce the higherenergy spectra of plasma-sheet particles as compared to
magnetosheath spectra; indeed, the plasma-sheet spectrum
may represent just the high-energy tail of the magneto¬
sheath spectrum. Typical magnetosheath and plasma-sheet
energy spectra are compared in Figure 8 (after Frank [1971]).
Note that the plasma-sheet spectrum resembles very closely
the high energy (W ^ 1 kev) tail of the magnetosheath
spectrum, and that the spectrum observed in the "polar
cusp” is intermediate between the two.
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FIGURE 8
Comparison of directional differential proton energy
spectra measured in the magnetosheath, the mid-altitude
"polar cusp", and the plasma sheet, from [Frank, 1971] .
The comparison of these energy spectra suggests, not an
acceleration of magnetosheath particles, but rather an
energy selection process whereby the higher-energy
(higher than about 1 kev) protons gain access to the
plasma sheet through the "polar cusp."

FIGURE 8
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Heikkila and Winningham [1971] observe a local-time
evolution of energy spectra in the "cusp" region that is
consistent with the above ideas. They note that protons
with W « 2 kev precipitating at 0500 local magnetic time
(LMT) have a spectrum slightly harder than that of the
"cusp" fluxes observed between 0800 and 1600 LMT, and that
this hardening may be due to the energy-dependent westward
gradient drift of these protons.
In summary, we propose that the source of plasma-sheet
particles is direct access of magnetosheath plasma to the
dayside magnetosphere near the demarcation lines (enhanced
by the presence of a stationary shock wave attached to the
magnetopause just upstream from these lines), and subse¬
quent quasi-trapped drift around the earth to field lines
entering the plasma sheet (dominated by gradient drift for
particles of energy > 1 kev). This process is illustrated
in figure 9.
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FIGURE 9
Illustration of the proposed model of the plasma sheet.
The position of the demarcation-line shocks predicted by
Walters [1966] is shown. Magnetosheath particles gain
access to the magnetosphere through the demarcation lines,
marked "source", and drift longitudinally around the earth,
the higher-energy particles reaching the nightside to popu¬
late the plasma sheet, particles are lost from the plasma
sheet by ExB-drifting into the neutral sheet and by
escape downstream. Thus the plasma sheet is understood as
a channelled flow of solar-wind particles through the
magnetosphere.
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5.
5 1

STRUCTURE OF THE PLASMA SHEET

Configuration of the plasma-sheet Magnetic Field,
The magnetotail field topology is that of a long double

solenoid.

The source of the tail field is a current

system consisting of a sheet current flowing dawn-to-dusk
in the neutral sheet, and return surface currents flowing
axially around the magnetopause from dusk to dawn
This
current system is sketched in figure 10 (after Axford et al.
[1965]). Thus the zero-order field configuration in the
plasma sheet consists of two regions of oppositely-aligned
field (solar-directed in the northern half and antisolardirected in the southern half) separated by a neutral sheet
in which the field reverses direction over a distance of
approximately one ion-cyclotron diameter.
(For a typical
tail-field strength of 15y and a typical plasma-sheet ion
energy of W ~ 3 kev, the ion-cyclotron diameter is
1
(SiripW^ ) 1/2
' /eB ~ 3
10 km, which is about the observed thick¬
ness of the neutral sheet rSpeiser and Ness, 1967].)
The neutral-sheet current required to maintain this
field configuration may be estimated straightforwardly from
Maxwell's equation:
vx

£ = v + (i/c2) 9E/at .

2
The displacement-current term (1/c )dE/dt may safely be
neglected for our purposes.
(To justify this statement,
let l - |B|/|7XB| ~ the neutral-sheet thickness, and T =
|E|/13E/511 ~ the characteristic "lifetime" of the electric
field. Then | (l'c2) dE/9t|/| VXB| ~ E^c^T ~ 3X10~7/T ( sec) ,
for typical values of B ^ 10 v, E < 0.3 mvolts/m, and & ~
3
...
10 km.. Thus the displacement-current term is negligible
unless the lifetime of the electric field is < 1 micro¬
second [!].) Therefore we estimate the required neutralsheet current density by = VXB. or applying Gauss'
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FIGURE 10
Cross section of the magnetotail as seen from the earth,
after Axford et al. [1965], showing the current system
responsible for the tail field configuration. A sheet
current flows from dawn to dusk through the neutral sheet,
and the return current flows around the magnetopause.

SOLAR

FIGURE 10
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theorem, the sheet-current density J (integrated over the
neutral-sheet thickness, expressed in ampere/m) = 2BT/bQ,
where Bm = the tail-field strength on either side of the
^
-8
2
neutral sheet. Taking B,p « 15y = 1.5x10
weber/m , the
sheet-current must be J « 25 milliamp/m. Dividing the sheet0
current density by the neutral-sheet thickness « 10 m and
the electronic charge « 1.6x10 -19 coulomb gives the required
charged-particle flux F « (2.5X10 ^amp/m)/(10^m)(1.6x10 ^
coulomb/particle) ~ 2x10 11 particles/m 2 -sec.
The point of the above discussion is that the very
existence of a geomagnetic tail requires the presence of
charged particles in the neutral sheet in sufficient quantity
11 2
to provide a unidirectional flux ~ 2x10 /m -sec. provided
that such particles are present, the required current will
be carried by particles oscillating in the field reversal.
Figure 11 (after Dessler [1971]) illustrates the oscillating
trajectory of a charged particle in the neutral sheet? this
type of trajectory carries protons in the y
(dawn-dusk)
direction and electrons in the -yCM (dusk-dawn) direction,
giving a current in the +yg^ direction. The net chargedparticle velocity in the yg^ direction is of the order of
the two-dimensional thermal velocity (2W /m)*-^.
[For
a trajectory made up of alternating semicircles, the y^M
velocity is just 2/TT times the thermal velocity? for the
general type of trajectory illustrated in figure 10, the
ratio of ygM velocity to thermal velocity is between 2/TT
and 1.]
The field configuration itself gives rise to the
charged-particle trajectories which provide the current
to maintain that field configuration, i.e. the field
configuration is self-perpetuating, provided that the
required number of charged particles is available.
No mention was made of the cross-tail electric field
in the above argument? the required current would flow
even if the electric field were zero. The cross-tail
electric field may be required to supply the charged
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FIGURE 11
Cross section of the tail as seen from the earth, after
Dessler r19711.

The dawn-dusk electric field is indicated,

and the resultant plasma drift vD = EXB/B , which carries
plasma-sheet particles into the neutral sheet. Thus the
plasma sheet furnishes the charged particles necessary to
carry the current J to maintain the tail field. The
trajectory of a current-carrying proton is indicated
schematically.

NEUTRAL MAGNETOPAUSE

FIGURE 11
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particles to the neutral sheet, but there is no Ohm's-law
relationship between the electric-field strength and the
magnitude of the current density.
it is meaningless to
speak in terms of "conductivity” or "resistivity” in the
neutral sheet; there is a well-defined current-density
(given by 2BT/p.Q) which is driven by the magnetic-field
configuration and is not related to the electric-field
strength, except insofar as the electric field determines
the availability of charged particles to the neutral sheet.
The concepts of "conductivity" and"resistivity” are defined
in terms of charged-particle mobility, which is itself
not defined in the neutral sheet because the charged parti¬
cles oscillate non-adiabatically in an abrupt field-reversal.
Likewise, any discussion of fluid (plasma)

instabilities

in the neutral sheet has questionable value, because
neutral-sheet electrons and protons do not have fluid
properties. in light of the above discussion, neutral-sheet
instability may be defined simply as the lack of a suffi¬
ciently high charged-particle flux to satisfy Maxwell's
curl B equation with a static field configuration.
There are two possible sources for the current-carrying
particles in the neutral sheet. The post-shock solar wind
has a charged-particle flux well in excess of the required
11 2
2X10 /m -sec estimated above. However. Dessler [1968]
has argued that, since the magnetosheath flow is supersonic
behind the earth, there will be a void region behind the
earth where the magnetosheath particles do not enter the
neutral sheet. Based on Lees' [1964] analysis of magneto¬
sheath flow, Dessler [1968] estimated this plasma-void
region to extend roughly 30 R behind the earth. Thus the
stability of the neutral sheet can be maintained by solarwind particles beyond about 30 R_ in the tail, but not for
distances ^ 30 Rg.
In the near-earth portion of the tail,
the neutral-sheet current requires an additional source
of charged particles.

if there were no such source, the
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neutral sheet would collapse and the oppositely-directed
fields would annihilate (magnetic merging or field-line
reconnection), returning to a dipole configuration.
The plasma sheet furnishes the only source of currentcarrying neutral-sheet particles in the near-earth portion
of the tail (-10 R > x__. > -30 R_) . The cross-tail electric
E
SM E'
field will drive plasma-sheet particles into the neutral
sheet by EXB drift (see figure 11). However, the plasmasheet particle flux is highly variable, as discussed in
section 2.2 above, so that the neutral-sheet current in
the near-earth portion of the tail may also be variable.
The solar-wind source operating beyond 30 R is, by contrast,
E

not so variable, and is not likely to fall below the required
112
2x10
particles/m -sec required for neutral-sheet stabi¬
lity. Thus we expect (following Dessler f19681) that
neutral-sheet instability (magnetic merging) is most likely
to occur in the near-earth portion of the tail, and should
be associated with a rapid reduction in the plasma-sheet
particle flux.
Siscoe and Cummings [1969] also concluded that the
merging region must lie in the near-earth portion of the
tail. This conclusion was based on an analysis of stresses
exerted on the tail by the inner magnetosphere atd by the
solar wind.
There is some experimental evidence for a near-earth
merging region. Laird [1969] reported the measurement of
a large persistent southward component of magnetic field
near the solar-magnetospheric equatorial plane at a distance
of about 13 RE at the time of a substorm onset. Since the
Z

SM comPonent °f field should be negative (southward) near the
neutral sheet on the far side of the neutral line and positive
(northward) on the earthward side (see figure 9), this
measurement may be interpreted as indicating neutral-line
merging nearer the earth than 13 R„ during the substorm onset.
E
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Camidge and Rostoker [1970] examined magnetic-field
fluctuations in the tail during substorms and concluded
that the large excursions of the ZgM component near 25-30 Rg
indicate substorm merging at that distance.

Hones et al.

[1968] studied electron bursts in the tail associated with
substorms and concluded that the acceleration process must
occur closer to the earth than 17 R_ (the distance of the
Vela orbit) .
Some spacecraft magnetometer measurements have been
interpreted as indicating that the neutral line (merging
region) lies normally beyond 60 R£ [Speiser and Ness, 1967;
Mihalov et al. , 1968; Behannon. 1970; Fairfield and Ness,
1970]. These measurements indicate that the ZgM component
of magnetic field measured in the plasma sheet tends to be
positive (northward) more often than negative (southward)
when measured in the range of ~30-60 R in the tail. By
the same line of reasoning indicated above, this would
indicate that the neutral line tends to be located at
distances > 60 Rg. However, these studies were based upon
time-averaged data obtained within several earth radii of
the neutral sheet, and may not indicate the true polarity
of the neutral-sheet field. Dessler and Hill [1970] have
argued that the time averages may have been dominated by
a net northward component that exists in the plasma sheet
regardless of the neutral-line location, as the result of
a gradient of plasma-sheet diamagnetism and a geometrical
flattening of the plasma sheet with increasing geocentric
distance.
This uncertainty in interpretation of the time-averaged
ZgM component should not, however, affect the conclusion
of camidge and Rostoker [1970] cited above, because their
conclusion is based, not on the time-averaged Zg^ component,
but rather on net changes in this component during substorm
onset. We therefore assume, for the purposes of this model,
that substorm merging occurs principally within 30 R„.
hi
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5.2

Loss of particles from the Plasma Sheet.
The plasma sheet is about 5-10 R„ thick at a distance
E
of 30 R_,
and
the
depressed-field
region
associated with
hj
the plasma sheet may extend as far as about 50 Rfi down the
tail rMihalov et al. , 1971]. Thus a near-earth merging
region would place the neutral line well within the plasma
sheet, as shown in Figure 12. This configuration is in
contrast to the one in which the plasma sheet is confined
by "closed" magnetic field lines, i.e. distorted dipolar
field lines that have both ends attached to the earth, as
in Figure 4.

If this latter picture is true, then the length

of the plasma sheet is determined by the geocentric distance
of the neutral line.
The near-earth location for the neutral line has an
important consequence for plasma-sheet structure. A major
part of the observed plasma sheet is not confined within
closed field lines, as in Figure 4, but is subject to escape
downstream from the earth along open field lines, as in
Figure 9. The distribution of particles in the plasma sheet
will thus be determined by the balance between the particle
input rate near the earth, and the rate of particle escape
downstream. This escape corresponds to a negative gradient
in plasma-sheet pressure with increasing geocentric distance.
(During substorms, particle precipitation into the iono¬
sphere may also be an important loss mechanism, but during
quiet times such precipitation is assumed to be negligible
compared to downstream escape, although some precipitation
is probably present at all times.)
This downstream loss should not be confused with the
earthward convective drift of the near-earth plasma sheet
that follows a substorm onset, causing the inward motion
of the Alfven layer discussed in sections 2.2 and 3.2 above.
The downstream flow in this model occurs during geomagnetically quiet times and just preceding substorm onset, and
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FIGURE 12
Magnetic-field topology in the plasma sheet.
If the
neutral line is located relatively near the earth, as
pictured here, then at least part of the observed plasma
sheet resides on open field lines, and is able to escape
downstream. Note that the plasma-sheet envelope does not
necessarily follow the magnetic field geometry, as the result
of downstream escape combined with ExB drift toward the
neutral sheet

r

FIGURE 12
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only along open field lines, that is, field lines which
do not close across the neutral sheet earthward of the neutral
line. The earthward motion of the plasma sheet occurs after
the substorm onset fyasyliunas, 1968] . and can be under¬
stood as EXB^ drift, following neutral-sheet merging,
where E is the cross-tail electric field and B is the
northward component of field perpendicular to the neutral
sheet, on the earthward side of the merging region.
If the plasma-sheet magnetic field were uniform and
constant in time, then the escape of particles down the
tail along open field lines would be limited only by the
local magnetoacoustic velocity vma ~ 1000 km/sec.
In this
case the velocity distribution of the plasma-sheet particles
would be highly peaked in the antisolar direction, and
the particle concentration would be very small and would
have little or no geocentric gradient. For example, if
the rate of particle injection were R ~ 10
particles/sec
(see section 4.1 above), and if the cross-sectional area of
the plasma sheet were A ~ 10 20 cm 2 , then the number-density
would be
n ~ R/Av

ITla

3.
~ 10 “"3
particles/cm

However, the magnetosphere is characterized by spatial
field-irregularities and hydromagnetic waves fScarf et al.,
1970? Kennel et al., 1970], and any such disorder in the
tail field will retard the downstream flow. particles
encountering a field irregularity or wave crest will
scatter perpendicularly to the field and thus lose some or
all of their field-aligned momentum.
(Fennell [1970] has
noted that wave-particle scattering may be necessary to
account for the observed angular distribution of energetic
[ ^0.32 Mev] proton bursts in the tail.)
if such scattering
centers are present, then the downstream escape of plasmasheet particles can be considered a one-dimensional diffu¬
sion in the direction defined by the local magnetic field,
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and the particle escape will be limited by the diffusion
velocity if it is less than the magnetoacoustic velocity,
5.3

Distribution of particles in the plasma Sheet.
Without specifying exactly the scattering mechanism,

we investigate here the effect of a general particle¬
scattering process on the distribution of particles in the
plasma sheet. A 180° pitch-angle deflection, whether due
to a few strong-scattering encounters (eg. cyclotronresonance interaction), or to many weak-scattering encounters,
can be represented statistically by a single step of a one¬
dimensional random walk? the step interval corresponds to
the mean free path for 180° pitch-angle scattering.
If the step interval is & and if particles are injected
at x = 0, t = 0 with velocity v in the ± x direction then
the mean-square displacement after x encounters is given by
x2 = X*2.
The time required for x encounters is simply

(1)

t = xVv.
(2)
Combining (1) and (2) gives the mean-square displacement
as a function of time:
x2 = ivt.
(3)
The resulting one-dimensional particle distribution is a
time-decaying gaussian:
2
2
n(x,t) - n(0,t)exp(-x /2x ) =

2
n(0,t)exp(-x /2 Ivt) .

The normalization condition is
J n(x,t) dx
o

= n(0, t)

2

(TTX /2)

^2

= N

where N is the total number of particles injected.

Thus

n(x,t) = (2/TTj£vt) ^'//2Nexp(—X2/2Avt) .
for an instantaneous injection of N particles at x=0, t=0.
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To obtain the distribution from a continuous injection
at a rate dN/dt = R, we replace N by Rdt in equation 4 and
integrate over the time of injection T:

o

error function. The quantity A in expressions (5) and (5a)
represents the cross-sectional area of the plasma sheet and
is introduced to convert the one-dimensional particle
distribution into a volume number density. For purposes
of this discussion, A is taken to be constant; i.e. the
slight geometrical flattening of the plasma sheet with
increasing distance will be assumed to have no firstorder effect on the particle concentration.
On the right-hand side of equation (5a), the exponential
term dominates for T ^ x /2£v; thus the steady-state value
of n ("steady-state" means T ^ 1 hr; see below) may be
estimated near the source by
nQ(T) ~ (R/A)

1/2

(8T/TTAV)

(6)

However, to find the gradient of n with x, or to consider
the time development of the distribution, it is necessary
to retain both terns in (5a) or to integrate numerically
expression (5). The integral form of expression (5) shows
more clearly the time development of the distribution.
The evaluation of plasma-sheet particle distributions
according to equation (5) depends upon the choices of the
five parameters R, A, i. v, and T. Of these, the plasmasheet cross-sectional area A is well approximated by
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A « 6R& X40R ~ 1020 cm2.
The one-dimensional random velocity for an isotropic
electron-proton gas can be obtained by setting
(mp + me)v2/2 = (Wp + We)/3,
where m

and W
are the proton and electron mass and
P;e
p,e
*
kinetic energy respectively. For Wp = 5 kev and WQ =
1 kev, this gives v « 630 km/sec.
The time of integration

T

is a number determined by

the plasma-sheet boundary conditions.
if loss mechanisms
other than downstream escape are important, then a particle
cannot diffuse downstream any longer than its lifetine
against other losses.
In particular, under the influence
of a cross-tail electric field pointing from dawn to dusk.
particles will drift from the plasma sheet into the neutral
sheet (section 5.1 above).
If a particle is injected at
a distance z above or below the neutral sheet, and drifts
toward the neutral sheet with speed v^ = E/B

then it will

be lost from the plasma sheet after a time

= zB/E. and

this represents an upper limit to the diffusion time T.
For quiet-time values of E ~ 0.05 mvolts/m [see, for example,
Roederer and Hones, 19701 * B ~ 15y , and z ~ 4 R_,
E the
lifetime is
~ 2 hours. Thus in the integral of equation
(5) a steady-state distribution is reached after T ~ 2
hours, after which the plasma sheet is in diffusive equil¬
ibrium, with the injection rate in the near-earth portion
of the plasma sheet balanced by the loss of plasma-sheet
particles to the neutral sheet. For a substorm value of
E ~ 0.2 mvolts/m, the plasma-sheet particle lifetime is
T ~ 1/2 hour.
The other two parameters in equation (5) that need to
be specified are the input rate R and the scattering length
1. Since neither of these is known with any certainty,
expression (5) has been computed for various values of R
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and 1, and the resulting number-density distributions have
been compared with the observed number density ~ 0.1 to
3
l/cm in the near-earth portion of the plasma sheet.
Figure 13 shows sample solutions of equation 5. As seen
in the figure, for reasonable values of E < 0.3 mvolt/m,
the observed number density can be produced by taking H
ftp

ftp

in the range of 1-10 R„ and R in the range 10^ -1C) /sec.
These values for R are in good agreement with the theoretical
estimate of Willis [1969] , and with the estimate obtained
above from the measurements of Heikkila and Winningham
[1971] .
The scattering length may be compared with the distance
travelled in the x-direction by a proton during one
cyclotron period.
In a 15y field the proton-cyclotron
period is « 4 sec; if the one-dimensional random velocity
is ~ 500 km^sec a proton will travel a distance < 1/3 Rg
during one cyclotron period. Thus, for & in the range
of 1-10 Rg/ the characteristic scattering time is at least
several times the proton-cyclotron period (and several
thousand times the electron-cyclotron period).
It may be expected that the scattering length i will
depend upon the distance from the source; for example,
it might be argued that, since the field strength decreases
with increasing geocentric distance, the strength of waveparticle scattering will also decrease, so that the
scattering length l is an increasing function of x, the
distance from the source. This possibility was investi¬
gated and it was found that the resulting density-distri¬
butions are not sensitive to the variation of H with x.
For example, solutions of equation 5 for 4(x) = Aq(1 + x/10Rg)
and for i(x) = St, [1 + (x/10R ) ] are plotted in figure 14;
notice that these solutions yeild distributions very similar
to the simpler solutions for l = 1 = constant (compare
figures 13 and 14). The number density, and the geocentric
gradient in number density, are sensitive to the value A

44

FIGURE 13

Plasma-sheet concentration as a function of geocentric
distance,

evaluated from equation 5.

equation 5)

The source

is placed at xgM = -15 R^,.

(x=0 in

The curves are

evaluated for A (cross-sectional area of the plasma sheet)
= 10

20

cm

2

and v (mean thermal speed)

the input rate

= 630 km/sec.

R is

(determined by entry of magnetosheath plasma

through the dayside demarcation lines),

A is the scattering

length (determined by wave-particle scattering in the tail
field),

and T

is the diffusion time

(determined by the

cross-tail electric field E).
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Same as figure 13,

except that the scattering length

A is allowed to vary with geocentric distance.
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of the scattering length near the source, but rather
insensitive to the way in which Z varies with x.
The choice of R controls (linearly) the magnitude of
the number density; the choice of Z determines the geocen¬
tric gradient in number density. As seen in Figure 12,
smaller values of Z (strong scattering) result in a steeper
gradient of plasma-sheet number density, and larger values
of Z (weak scattering) result in a flatter distribution with
fewer particles accumulating near the source and more
particles diffusing downstream before being lost to the
neutral sheet. Specifically, for a given Z and T, the
distribution is largely confined to within a distance
x rms ~ {v ZvT)^^
'

=

v(

o B_/E)
T' '

JJVZ

from the source, where zo is the half-thickness of the
plasma sheet ~ 5 Rg, BT is the average plasma-sheet field
magnitude ~ 15y/ and E is the cross-tail electric field
<0.3 mvolt/m. Thus the length of the plasma sheet is
sensitive to changes in Z and E, both of which can probably
vary with time by an order of magnitude.

For a reasonable

range of values for Z and E (see figure 13), the e-folding
length of the plasma sheet is seen to vary from ~ 20 Rg
to ^ 100 R_. Placing the source near the Alfven layer
at x_ ~ -(10-15) R„, this means that the bulk of the plasma
sheet would be confined within the orbit of the moon for

Z < 10 RE .

Thus we would expect the plasma-sheet number
density at the lunar distance during geomagnetically
quiet times to be less than one-half of its value at distances
< 30 RE>
We note that the above picture wherein plasma-sheet
particles are lost by downstream diffusion together with
EXB drift into the neutral sheet, gives a number-density
gradient not only in the xgM direction but also in the zgM
direction (perpendicular to the neutral sheet).

Thus
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we expect the plasma pressure to decrease as one moves
away from the earth in the-xgM direction or away from the
neutral sheet in the ± zgM direction.

This is in agree¬

ment with the vela observations reported by Hones [1969] .

47

6.

PLASMA-SHEET DYNAMICS AND
MAGNETOSPHERIC SUBSTORMS

It is commonly thought that the onset of a magnetospheric substorm occurs when the rate of magnetic merging
across the neutral sheet is suddenly (almost explosively)
enhanced, causing part of the magnetic energy stored in
the tail to be released into the inner magnetosphere
fAkasofu, 1968; Atkinson, 1966, 1967; Axford, 1967, 1969;
Siscoe and Cummings, 1969] . This energy release causes
injection of plasma into the inner magnetosphere, resulting
in enhancement of the ring current, high-latitude particle
precipitation, intensification and breakup of auroral arcs
(the auroral substorm), and magnetic bays on surface
magnetograms (the polar magnetic substorm). The term
"substorm" here refers to the large-scale magnetospheric
phenomenon by which tail energy is injected into the inner
magnetosphere, presumably through merging at the neutral
sheet, giving rise to the many observed terrestrial and
magnetospheric phenomena.
(For descriptions of these
phenomena see Akasofu [1968], Feldstein [1969], and
Hultqvist [1969] .)
As discussed in section 5.1 above, the stability of
the neutral sheet is governed by the availability of
charged particles to carry the current required to main¬
tain the neutral sheet. Thus it is the magnetospheric
boundary conditions rather than localized neutral-sheet
instabilities, that control the merging rate. As long as
the injection of magnetosheath particles in the near-earth
portion of the tail continues to replace the plasma-sheet
particles that are lost to downstream escape, then there
will be no large-scale change in plasma-sheet kinetic-energy
density. In this case, merging will proceed only slowly,
because there will be an approximate balance between
plasma pressure in the neutral sheet and magnetic-field
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pressure on either side of the sheet.

For example,

if

the particle pressure within the neutral sheet falls
2
slightly below the value (B /2Uq) required to prevent
merging, the field will begin to merge, but the magneticfield energy will be dissipated by heating the plasma in
the neutral sheet until the balance is restored between
magnetic and plasma pressures.

The cross-tail electric

field brings plasma to the neutral sheet at a speed con¬
trolled by the merging rate, which in turn is inhibited
by the plasma carried in to the neutral sheet.
If, however, the plasma sheet were to suddenly
disappear, the oppositely-directed fields would merge with
the speed of light since there would be no source of
charged particles to carry the current required to main¬
tain the field reversal (see section 5.1 above). The
substorm onset can thus be understood as the onset of
rapid merging following a depletion of the near-earth •
plasma sheet. The merging can be inhibited only as long
as the escape of plasma-sheet particles downstream is
balanced by the particle source in the near-earth part
of the tail.
As seen in section 5.3 above, there are three possible
causes in this model for a depletion of the near-earth
plasma sheet: (1) a decrease in the input rate R;
(2) an
increase in the scattering length A? and (3) an increase
in the cross-tail electric field E. This can be seen most
easily by setting T = ZQBt/E in equation (6), to obtain
the plasma-sheet number density near the source:
no(R, i,E)

« (8ZOBT/TTVA

o 2
i

)

i

1

R/£2E2

(6a)

The rate of merging in the neutral sheet is controlled by
the flux of these particles into the neutral sheet by means
of EXB drift:
F = n vD = nE/B

«

(8ZQ/TTVA

Till
Bt)2R E2/A8
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Thus an increase in E will cause a depletion of particles
in the plasma sheet but not in the neutral sheet itself.
On the other hand, an increase in

or a decrease in R

will lead to a depletion of particles in the plasma sheet
and a resultant depletion in the neutral sheet.

We

2
therefore conclude that the pressure imbalance (nkT ^ B /2\xQ)
in the neutral sheet, responsible for an enhanced merging
rate, may be the result of either a decrease in R or an
increase in 1.
The effect of these two parameters on the merging
rate can be estimated as follows.

The flux of magnetic-

field energy into the neutral sheet from both sides is
just the field energy density outside the sheet BT /2\xQ,
times the speed at which this energy is transported into
the sheet, given approximately by the drift velocity E/B^:
Fe « 2(BT2/2Uo) (E/Bt) = EB.J/M-O1

(7)

The cross-tail electric field in equation (7) cannot be
arbitrarily specified?

it is related to other plasma-sheet

parameters by equation (6a).

Furthermore, pessler [1971]

has shown that for the model used here in which the neutralsheet current is fed by plasma-sheet particles, the electric
field and the number density are inversely related:
E »

2

(BT /2Ho)

(1/dne)

(8)

where d = width of the tail and e = electronic charge.
(If the merging region does not extend across the entire
tail, then scale parameter d in equation (8) refers to the
width of the merging region,

rather than the width of the

tail, since the merging rate is related to the potential
drop Ed across the merging region rAlfven, 1968] .)

We

Note that, as pointed out by Michel [1968], this is a
special case of Poynting’s theorem, which requires that the
electromagnetic energy flux F£ = EXH = EXB/|iQ.
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combine (6a) and (8) to express E in terms of Z and R:
E » (TT/16no2e2)

(ABT3v/d)

( A/R2)

(9)

In equation 9, the first term in parentheses is a constant,
and the second term contains plasma-sheet parameters which
vary significantly only over long time scales compared
with the time scale of a few minutes involved in substorm
onset. Taking the same nominal values as above for these
parameters, we can estimate roughly the cross-tail electric
field as a function of Z and R:
,
4Q
2
E (mvolt/m) ~ 5x10
Z/R •
where Z is in R_
and R is in particles/sec. For example,
25 b
if R = 4x10 /sec and Z = 3 R , E ~ 0.1 mvolt/m, and if
25
“
R = 2x10 /sec and Z = 10 R„, E ~ 1 mvolt/m. The energy
ht
flux (7), using the electric field (9), is
Fe ~
or

(TT/16|io3e2)

• (ABT4v/d) • ( Z/R2)

(10)

Fe(joule/m2-sec) ~ 5xl04^ Z/R2.

To estimate the total power supplied in the merging
process, we must specify the area of the neutral sheet over
which the merging occurs. The ygM (East-West) dimension
of this region is difficult to specify; it is probably
much less than the width of the tail fCowley, 1971] .
Fortunately, however, the total power can be specified
without any knowledge of the width of the merging region,
since d appears in the denominator of the energy flux (10),
so that when the flux is multiplied by the area of the
merging region, the width d is eliminated. This is a
reasonable result, since the total power in the merging
process is proportional to the potential drop Ed across the
region but is independent of d. The total power does depend,
however, on the x„w dimension, since this dimension does
SM
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not affect the energy flux (10).

This dimension must be

< 20 R_ since, as discussed in section 5.1, the rapidE
merging process

is restricted to the solar-wind wake region

which extends only about 30 R£ behind the earth,
includes only » 20 R£ of the neutral sheet.
limit,

however,

to a region ^

and thus

Within this

the merging process can not be restricted

SL, since the scattering length SL is the

minimum distance over which the number density can vary
appreciably.

Thus we take the x^M dimension of the merging

region to be the smaller of [ &,

20 Rg] .

Multiplying the energy flux (10) by the area of the
merging region, we have the total power in the merging
process:
F *d*
e

P

SL

,

£J

F£ *d* 20 RE ,

or

for Ji < 20 R„
for Jt ^ 20 RE

2X1011 (

2

2

A /R )

,

SL < 20

RE

P(watts)

2X1011(20A/R2)>

ii 20 R.

E

SL is in R , and R is now expressed in units of

where

25
“
25
10 /sec.
Taking, as above, R ~ 4x10 /sec, we obtain,
for

10

12

1=2 R , P ~ 10^ watts; and for SL = 10 R_, P ~
E

watts

(= 1 TW).

E

This latter value compares favorably

with the estimated rate of energy injection into the
magnetosphere during substorms

(see,

for example, Oxford

[1967]).
We suggest that the scattering length

SL may be the

independent variable that triggers the substorm onset.
Figure 15 shows how the value of

SL affects the relative

magnitudes of kinetic and magnetic pressures in the plasma
sheet.

The typical magnetic-field pressure as a function

of distance (from fBehannon, 1970])

is shown, together with

two plasma-pressure distributions obtained from the

number-density distributions of figure 13, taking kT =
W + W = 6 kev per proton-electron pair.
The SL = 3 R„ curve
p
e
E
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FIGURE 15

A comparison of observed magnetic-field pressure with
plasma-sheet kinetic pressures deduced from this model,
2
as functions of geocentric distance in the tail. The B /2uo
curve was obtained from time-averaged magnetic-field
measurements reported by Behannon [1970]. The A = 3 RE
curve was obtained from the T = 1 hour distribution of
figure 13b, taking kT = 6 kev per proton-electron pair.
The A = 10 R_ curve was obtained in the same way from the
E
T = 1 hour curve of figure 13c, except that the two distri25 .
butions are normalized to a common value of R = 4x10 /sec
for the input rate.

Note that for A - 3 R

(representing
2

an equilibrium or quiet-time distribution), nkT ~ B /2p
throughout the near-earth plasma sheet, while the A = 10
R curve shows nkT falling severely below B /2u near the
source, creating favorable conditions for magnetic merging
in the

near-earth portion of the neutral sheet.

in

UJ
tt
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2

represents a steady state in which nkT ~ B /2\i

throughout

the near-earth plasma sheet, so that magnetic merging
is retarded by the plasma pressure in the neutral sheet.
2

The 1 = 10 RE curve, by contrast, shows nkT < B /2\x in
the near-earth plasma, a condition leading to enhanced
merging rates. As n decreases, the merging speed increases
at least as 1/n [see pessler, 1971] .
If i is the controlling variable, the onset of a
substorm is caused by a near-earth depletion of the plasma
sheet owing to a reduction in scattering. This implies
that the scattering mechanism is a temporary rather than
a permanent feature of the field. For example, if waveparticle interaction is the scattering agent, the waves
may be damped by this interaction, so that the scattering
becomes weaker ( A increases) as more and more particles
are scattered.
As the scattering centers are removed (as l -* «>) >
an observer located near the source would see a slight,
temporary increase in particle flux, followed by a signi¬
ficant decrease in flux as the accumulated plasma escapes
downstream.
(This behavior is contained in equation 5
if 1 is an increasing function of time, and can be seen
by comparing the sequence of curves for different jl in
figure 13.) This accounts qualitatively for the pre-sub¬
storm disappearance of the near-earth plasma sheet (see
section 2.2 above).
Another observable result of this model should be
a temporary increase in particle flux at a distance far
downstream from the source as the escaping plasma flows
past the observer. Recent measurements obtained from the
Suprathermal ion Detector Experiment on the lunar surface
[see Freeman et al., 1970],

may in fact indicate the

downstream flow of plasma-sheet particles past the moon
preceding the onset of a magnetospheric substorm. These
data are reported in fGarrett et al., 1971], The plasma
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sheet is normally below the detector threshold of this
instrument, even if the plasma-sheet intensity is the same
at the moon's orbit as it is near the earth. During the
partial lunar eclipse of August 1970, however, there
appeared three intense bursts of kev-energy ions which
were clearly discernable above a quiet background counting
rate, in each case the burst lasted roughly one-half to
one hour, and was followed one-half to one hour later by
the sharp onset of a polar magnetic substorm as determined
from surface magnetograms in the evening sector. The event
is shown in figure 16 (after Garrett et al. [1971]).
The role of plasma-sheet dynamics in the post-onset
development of the substorm will not be investigated here
in any detail, one comment, however, can be made regarding
this development in the context of the present model.
The neutral-sheet instability responsible for the substorm
onset will create transverse disturbances in the field
that will propagate into the plasma sheet with the magneto¬
acoustic velocity.
in this way, the process of rapid
merging quickly restores the scattering centers which are
necessary to retard downstream loss, accounting for the
rapid recovery of the plasma sheet following the substorm
onset. Thus, even in the "explosive" event of a substorm
onset, the merging process is self-limiting.

Were it not

for this self-limiting nature of the merging process, the
entire tail, rather than just the near-earth portion,
would collapse during a substorm.
In summary, the adjustment of magnetic flux in the
tail is accomplished through magnetic merging in the neutral
sheet.

The merging rate is controlled by the concentra¬

tion of plasma-sheet particles in the near-earth portion
of the tail. When the near-earth plasma sheet is depleted
as the result either of a retarded input rate or of an
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FIGURE 16
Comparison of positive-ion measurements at the lunar
distance in the tail with ground magnetograms, after
Garrett et al. [1971]. Three sharp substorm onsets appear
in the ground magnetograms, occurring around 0340, 0540,
and 0840 U.T. Each substorm onset is preceded, by roughly
one-half to one hour, by a sharply-enhanced ion flux at the
lunar surface in the tail. These flux enhancements are
interpreted as an enhanced downstream escape of plasma
from the cislunar plasma sheet preceding substorm onset.

FIGURE 16

ions/cm -sec-ster
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enhanced rate of downstream loss, merging proceeds rapidly
in the near-earth end of the neutral sheet, restoring the
field-plasma equilibrium and injecting plasma-sheet
particles and energy into the inner magnetosphere.
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7.

DISCUSSION

7.1

Summary of the Model.
The model described above is based upon four major
premises. Of these four premises, the first two listed
below have some experimental justification as indicated;
the other two are hypotheses whose plausibility has not
been tested experimentally. They are:
(1.) Solar-wind particles gain access to the magneto¬
sphere at the demarcation lines separating open and closed
field lines at the front and sides of the magnetopause
fHeikkila and Winningham, 1971; Frank, 1971] .
(2.) The magnetospheric substorm phenomenon results
from energy injection from the tail by means of enhanced
magnetic merging in the near-earth neutral sheet [Laird,
1969; Camidge and Rostoker, 1970; Fairfield and Ness. 1970].
(3.) A scattering mechanism exists in the tail to
retard the downstream escape of plasma-sheet particles.
Wave-particle interaction is the most likely scattering
agent.
(4.)

The cross-tail electric field is primarily an

induction electric field generated by magnetic merging at
the neutral sheet.
Based on these premises, a self-consistent model
has been presented for the origin and structure of the
plasma sheet, and the role of plasma-sheet dynamics in
causing the onset of the magnetospheric substorm.

The

source of the plasma sheet in this model is magnetosheath
plasma penetrating the dayside magnetopause along the
demarcation lines. This magnetosheath plasma drifts
longitudinally in quasi-trapped orbits and is released to
plasma-sheet field lines, where it diffuses downstream
through the tail until it is lost to the neutral sheet.
Neutral-sheet losses are controlled primarily by the
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cross-tail electric field; during quiet times this field
is small and the plasma sheet probably extends ~ 100 R^,
in the antisolar direction. The plasma sheet is not
contained within a closed magnetic-field configuration
but is continually losing particles by escape downstream.
The rate of escape is controlled by scattering with waves
and irregularities in the tail field. When these scattering
centers become too weak or diffuse to contain the plasma
in the near-earth portion of the plasma sheet, a near¬
vacuum condition develops immediately behind the earth
wherein the plasma pressure is not sufficient to prevent
rapid magnetic merging. The rapid merging releases energy
stored in the tail field and accounts for the onset of
the magnetospheric substorm.
The major conclusions arising from this model are
summarized below?
(1.) The plasma sheet represents simply a deviated
flow through the magnetosphere of kev-energy solar-wind
particles. Average plasma-sheet parameters deduced from
the model (eg. particle number density, energy spectra,
and latitude profile) agree qualitatively with observa¬
tions.
(2.)

The onset of magnetospheric substorms can be

understood in terms of an enhanced rate of magnetic
merging in the near-earth neutral sheet, as the result of
a depletion of the near-earth plasma sheet.
(3.) Substorms should be preceded by an increased
downstream flow of plasma far down the tail (eg. at the
lunar orbital distance).
7.2

Experimental Tests.
It may be possible to detect the lunar shadowing of
plasma-sheet particles, using plasma-probes aboard a lunarorbiting satellite.

if so, this would offer a means of
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distinguishing between a cislunar and a far-downstream
source of these particles.
if the plasma sheet is confined
by the magnetic field earthward of a distant neutral line,
as pictured in figure 4, then the substorm "contraction"
would cause the plasma to move earthward during the early
stages of a substorm, and if the moon happens to be within
the plasma sheet, its shadowing effect might leave a detec¬
table plasma void on the earthward side of the moon (figure
17a). if, on the other hand, the plasma-sheet particles
are escaping downstream from the earth before a substorm
as pictured in figure 9, then the plasma void would be
on the far side of the moon, as in figure 17b. Similar
plasma voids would be expected in quiet times, but the void
would be much more difficult to detect.

(This lunar-

shadowing effect is the same as first described by Lin
[1968] in his investigation of lunar shadowing of solarflare electrons in the tail, except that the particles we
are considering have much lower energy.)
Another useful test would be a careful study of the
anisotropy of the plasma-sheet velocity distribution,
including the dependence of this anisotropy on geomagnetic
activity. This study has only recently begun, using
the Vela satellites [Hones, 1970].
Another very useful experiment would be the measure¬
ment of VLF and ELF electric fields in the tail, to assess
the plausibility of the wave-particle scattering referred
to above. This would involve an extension into the tail
of studies that have been conducted in the inner (closed)
magnetosphere [see, for example, Scarf et al., 1970;
Kennel et al., 1970].
7.3

Refinement of the Model.

The model described above is largely qualitative in
regard to the parameters which govern plasma-sheet dyna¬
mics. This is due in part to the incomplete status of
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FIGURE 17
Illustration of a proposed experimental test for the
plasma-sheet particle source.
(a.) if particles are in¬
jected through merging at a neutral line beyond the lunar
distance, then plasma flow would be earthward during substorm
onset, and the lunar shadowing effect might produce a plasma
void on the earthward side of the moon.
(b) if the plasmasheet particles have a cislunar source (e.g. the demarcation¬
line entry of megnetosheath plasma), then plasma flow will
be antisolar according to the model presented here, and a
plasma void will develop on the hidden side of the moon.

TO EARTH

(NEUTRAL LINE)

a. DISTANT SOURCE

TO EARTH

NEAR-EARTH SOURCE
(DEMARCATION LINES)

b.

CISLUNAR

SOURCE

FIGURE 17
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present observations of magnetospheric structure in
general.
in light of present knowledge, however, theore¬
tical refinement of certain features of the model seems
justified, as they

may relate not only to this model but

to our understanding of the magnetosphere in general.
For example, the entry of magnetosheath particles
through the demarcation lines should be considered in
more detail. The study of particle entry by Willis [1969]
is reasonably complete, but it applies to the case of an
axially-symmetric cusp configuration, whereas the measure¬
ments of Heikkila and Winningham [1971] and of Frank [1971]
indicate that the entry takes place over a region which
extends a few degrees in latitude and several hours in
longitude, so that the configuration cannot be approxi¬
mated by a small axially-symmetric cusp. Also, the effect
on particle entry of the interplanetary magnetic field, and
of the attached shocks upstream from the demarcation lines,
needs to be considered.
Roederer1s [1967] pseudo-trapped drift-orbit theory
could be applied to the motion of the incoming magneto¬
sheath particles, including the effect of magnetospheric
electric fields, to determine the efficiency of the pro¬
posed mechanism for input of particles to the plasma
sheet. The effect of different electric-field configura¬
tions on these quasi-trapped orbits may well be an impor¬
tant factor in the pre-substorm depletion of the nearearth plasma sheet.
The importance of wave-particle scattering in the
tail cannot really be estimated without satellite measure¬
ments of the hydromagnetic-wave spectrum in the tail (see
section 7.2 above). However, one or more specific mech¬
anisms for wave-particle scattering should be examined
in order to evaluate the applicability of this idea to the
problem of plasma-sheet particle escape, and in particular,
to try to understand the time-variations in wave-particle
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interaction that may be responsible for substorm onsets.
The implications of the model for the post-onset recovery
of the plasma sheet should also be studied, and in parti¬
cular any relationship that this recovery may have with
the terrestrial substorm development, eg. the poleward
expansion of the auroral oval.
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