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Abstract

Recent observations of the direct entry of magneto-
sheath plasma into the sunlit hemisphere of the distant
polar magnetosphere via the polar cusps have provided
further motivation for in situ examination of plasmas
throughout the distant magnetosphere in order to determine
decisively the relationship of the polar magnetosphere
with the plasma sheet. Both high- and low-altitude meas-
urements are used to establish the salient features of
the three regions presently thought to be the best candi-
dates for the entry of magnetosheath plasma into the
magnetospheré, and hence the primal sources of charged
particles for the plasma-sheet and its earthward termination
in the ring current. These three regions are (1) the polar
cusps and their extensions into the nighttime magnetosphere,
(2) the downstream flanks of éhe magnetosphere at geocentric
radial distances ~ 10 to 50 earth radii along the plasma
sheet-magnetosheath interface, and (3) the distant magneto-
tail at radial distances » 50 earth radii. Present obser-
vational knowledge of each of these regions is discussed
critically as to evidences for charged particle entry into
the magnetosphere from the magnetosheath. The poséibility
that all three of these magnetospheric domains share an

intimate topological relationship is also examined.



In situ observations of the direct entry of solar wind
plasma into the earth's magnetosphere at the magnetopause
remain by and large incomplete. It is true that, from the
viewpoint of energetics, recent global low-altitude auroral
measurements and the responses of the magnetosphere to
changes in the solar wind plasma and magnetic fields,
the solar wind remains the most apparent primal source for
the charged particle populations of the plasma sheet and
its earthward termination in the ring current and of the
relatively intense auroral precipitation at low-altitudes.
On the other hand, it is also true that direct measurements
of the entry of solar wind plasma into the earth's magneto-
sphere have eluded us, with one important exception. This
exception is the recent observation of the direct entry of
magnetosheath proton and electron intensities through the
'polar cusps' in the dayside polar magnetosphere [Frank,
1971a].

Although frequent, and hopefully not just fashionable,
interpretations of low-altitude and magnetospheric measure-
ments invoke the injection of solar wind plasmas into the
earth's magnetotail, there are presently no direct observa-

tions of such entry at the magnetopause, or magnetotail-



magnetosheath interface, known to this author. With the

exception of the dayside polar cusps, the changes in gross
charged-particle character as encountered by a spacecraft
moving outward from the earth through the magnetopause may
be described as a more-or-less discontinuous change from

a relatively hot, low-density isotropic plasma (within the
magnetosphere) to the cooler, higher density magnetosheath
plasmas flowing around the magnetosphere. If the spacecraft
manages to penetrate the distant magnetopause at higher
magnetic latitudes at the magnetotail-magnetosheath surface
this discontinuity in plasma character is even greater

since densities in the region of the high-latitude magnetotail
are sufficiently low that no decisive determination of this
charged-particle population, which should also include that
of the polar wind, has been possible to this date.

In the simplest interpretation this well-defined dis-
similarity of the two plasma regimes, magnetospheric and
magnetosheath, at the magnetopause would appear to provide
substantial grounds for dismissing the possibility of the
direct entry of magnetosheath plasma into the magnetotail.
(See also the brief discussion by Vasyliunas [1971].) On
the other hand, it is difficult to ignore the evidences
that such entry does occur when low-altitude measurements

such as those of auroral-ion compositions [Whalen and



McDiarmid, 1972] and of convection electric fields and auroral
plasmas [Gurnett and Frank, 1972a] are examined. More appro-

priately, in view of our present large body of observational

knowledge such qguestions as follows should be carefully
considered. Are the magnetosheath protons and electrons
accelerated on geomagnetic field lines threading the
vicinity of the magnetopause concurrently with their entry
into the magnetotail? 1Is it possible that the region of
direct access has been not yet surveyed with suitable
instrumentation? Can reinterpretation of several of our
present observations in the magnetotail provide further
insight into the mechanism for entry? Are there other
rlasma domains within the magnetotail than the plasma-
barren, high-latitude magnetotail and the vast reservoir
of the plasma sheet? It should not be difficult for the
reader to follow these rather obvious queries with more
penetrating assaults on this puzzling, critical problem of
the magnetosphere.

I will not attempt here in this brief survey to review
all pertinent literature, which would require no less than
a good-sized volume, but will concentrate primarily on
several recent observational results concerning plasma
entry into the magnetosphere. Another liberty is taken

here in presenting these measurements in terms of only one



magnetoépheric model, since it currently provides a rela-
tively self-consistent description for both high- and low-
altitude surveys. Needless to say, the model is our own
conjecture.

Our only presently decisive observations of the direct
entry of magnetosheath plasma into the magnetosphere are
those for the dayside polar cusp in the distant polar
magnetosphere; The overall topology of the polar cusp as
determined with the eccentric-orbiting satellite IMP-5 is
summarized in Figure 1. As shown by the dashed lines the
inbound segments of the orbits were ideally suited for
penetrating the polar cusp at high and intermediate altitudes.
Several important features of the polar cusp are its rela-~
tively well-defined poleward and equatorward boundaries,
its position poleward of and adjacent to the trapping
boundary for energetic electrons with E > 45 keVv, and the
bulk flow of magnetosheath plasma in the high-altitude polar

cusp within several R (RE, earth radii) of the magnetopause

E
[Frank, 1971a]. Simultaneous measurements of the polar mag-
netic fields with IMP-5 have been presented by Fairfield and

Ness [1972]. A cursory examination of the literature shows

that the polar cusp has been detected on only one other occasion
with another satellite, 0GO-5 [Russell et al., 1971]. The

polar cusp was encountered during every inbound orbit
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through the dayside polar magnetosphere with IMP-5, a fact
which attests to the permanence of this region.

Magnetosheath plasma does not appear to penetrate to
ionospheric altitudes in a simple manner. At intermediate
altitudes, ~ 4 to 6 RE' often two sheets comprise the polar
cusp, one sheet dominated by magnetosheath electrons and the
other by ions. An example of this phenomenon is shown by
the shaded areas in Figure 2 [Frank, 1972a]. The proton
sheet is positioned poleward of the electron sheet since the
latitude of the satellite position is increasing with de-
creasing radial distance (see also Figure l). Simultaneous
magnetic field observations also support the presence of
current sheets in the polar cusp [Fairfield and Ness, 1972].
The energetic electron intensities of the outer radiation
zone (top panel of Figure 2) equatorward of the polar cusp
and the polar cap 'void' with no measurable proton or
electron intensities poleward of the polar cusp are two
further persistent features of the high-latitude magne-
tosphere.

At low altitudes, ~ 1000 kilometers, the spatial
signature of the dayside polar cusp significantly differs
from either of those typically seen at intermediate and
high altitudes. This behavior of the plasma as a function

of altitude within the polar cusp presumably reflects
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the existence of an acceleration mechanism, as yet unresolved,
for both electroné and ions and also undoubtedly has hindered
the identification of this region with polar-orbiting, low-
altitude satellites until the last several years. Two
examples of such polar-cusp crossings are shown in Figure 3
[Gurnett and Frank, 1972a]. The trapping boundary for
electron intensities with E > 45 keV is indicated by the
vertical dashed lines. This boundary is defined as coinci-
dent with the high-latitude termination of measurable
intensities of these higher energy electrons (see bottom
panels of Figure 3). Two zones of relatively strong con-
vection (top panels) separated by a pronounced electric

field reversal at or very near the trapping boundary are
characteristic of observations in the local-day sector of

the auroral zones. The high-latitude convection zone is
identified with the polar cusp and the lower-latitude electric
fields below the reversal are associated with plasma con-
vection in the outer magnetosphere. It is often difficult

to employ plasma measurements alone to properly identify

the polar cusp (shaded areas) at low altitudes (see middie
panels of Figure 3). This is easily noted with an examina-
tion of the traversal near local noon during orbit 7561
(left-hand side of Figure 3); both low-energy proton and

electron intensities are found poleward and equatorward of
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the electric field reversal. Substantial evidences that
the electric field reversal is located on geomagnetic field
lines along and near the distant magnetopause have already
been offered [Frank and Gurnett, 1971; Gurnett and Frank,
1972a, bl. This difficulty in correctly identifying the
polar-cusp signature solely with low-energy, charged par-
ticle measurements may account for the relatively large
- latitudinal widths of this region, ~ 5°, as reported by
Heikkila and Winningham [1971] (also see similar conclusion
of McDiarmid et al., [1972]). The polar-cusp widths as
shown in Figure 3 are 2° or 3° [cf. Frank, 197la; Gurnett
and Frank, 1972a]. In general the spatial configuration
of the polar cusp at auroral altitudes is one or more
relatively narrow and intense electron bands embedded in a
latitudinally wider, low-energy proton zone. Commonly a single
intense electron band is positioned at the electric field
reversal. Infrequently the polar cusp at low altitudes
comprises two well-defined sheets dominated by proton and
electron intensities, respectively, in the configuration
observed at mid-latitudes, ~ 4 to 6 RE [Gurnett and Frank,
1972b] .

The nonuniform character of the spatial distributions

of polar-cusp plasmas at high altitudes and of the convection

electric fields and the low-energy charged particles at
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low altitudes with respect to the polar cap have led us to
adopt a magnetospheric model which employs Dungey's [1961]
concept of merging of geomagnetic field lines with those of
the interplanetary medium but which also invokes nonuniform
convection for polar-cap magnetic field lines. Several of
the main elements of this magnetospheric model are depicted
in Figure 4 [Frank, 1971a, b; Gurnett and Frank, 1972b].
Merging of geomagnetic field lines with those of the inter-
planetary medium in the magnetosheath along the sunlit face
of the magnetopause form the 'open' field lines, B and b,
of the polar cusp, which are in turn convected into the mag-
netotail, B' and b', in a zone poleward of and adjacent to
that of the 'closed' field lines (A') at lower latitudes.
Reconnection of field lines, B' and b', which thread the
downstream magnetosheath forms closed field lines, A, in
the plasma sheet which convect sunward, A', towards the sunlit
magnetopause. The injection of magnetosheath plasma into
the plasma sheet would be concurrent with the reconnection
process. A possible steady-state convection pattern for
the relatively weak convection in the polar cap (field lines
not shown in Figure 4) has been discussed by Frank [1971a, b].
Global surveys of the convection electric fields and
the plasmas at low altitudes and in all local-time sectors

héve been reported recently [Cauffman and Gurnett, 1972;
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Frank and Ackerson, 1972]. An interpreti§e diagram
summarizing the average configuration of plasma convection
and charged-particle phenomena is shown in Figure 5. All
geomagnetic field lines above the trapping boundary for
energetic electrons are open and thread two regions, the
polar cusp with its extension into the nighttime magneto-
sphere (shaded) and the polar cap. The average pattern

for convection electric fields as determined with a double-
probe DC electric-field instrument on Injun 5 [Cauffman

and Gurnett, 1972] is shown in the upper right-hand panel
of Figure 5. The convection is anti-sunward on open
magnetic field lines in a zone poleward of and adjacent to
the electric field reversal located at the trapping boundary.
Equatorward of the electric field reversal the convection
is sunward on closed magnetic field lines threading the
outer magnetosphere. Convection electric fields over the
polar cap are often relatively weak.

On an orbit-to-orbit comparison of electric-field
measurements over the auroral zones and polar caps, the
convection patterns appear to be gquite variable with
examples of uniform anti-sunward flow over the polar cap,
of the displacement of the polar cap toward dawn or dusk
and of dramatic asymmetries in the magnitudes of convection

favoring either dawn or dusk now available in the literature
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[cf. Cauffman and Gurnett, 1972; Frank and Gurnett, 1971].
Heppner [1972] has recently established a strong correlation
of these electric-field configurations with the direction

of the interplanetary magnetic field.

The plasma regimes of the distant magnetosphere
corresponding to these convection zones as identified with
simultaneous plasma obéervations at low altitudes are
indicated in the lower left-hand panel of Figure 5 [Frank
and Ackerson, 1972]. These plasma zones are reasonably
self-explanatory with the use of the magnetospheric sketch

of Figure 4. With these low-altitude observations the most

promising location for the entry of magnetosheath plasma into
the magnetosphere is along the line of reconnection, the field
reversal in the nighttime auroral zone. If our plasma-
region identification is correct the corresponding positions
in the magnetosphere for plasma entry would be along the
downstream flanks of the magnetosphere along the magneto-
pause and in the distant magnetotail. However, these
measurements are still no more direct with regard to plasma
entry than those of the plasma sheet near the equator and
within the magnetosbhere (cf. Frank, 1967; DeForest and
McIlwain, 1971). Unfortunately, direct in-situ observations
of magnetosheath-plasma entry in these regions can be easily

disposed of here. There are no such decisive measurements;
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the magnetotail is truly a region where much more observa-

tional knowledge of its basic mechanics needs to be gained.
Of course, there are major uncertainties in mapping

the auroral plasma distributions into the distant magneto-

sphere. An obvious obstacle in successfully accomplishing

this goal would be any acceleration mechanism operative

between the two regions, which would significantly alter

the character of the plasma. We already know this to be

the case for the polar cusp. A simplified, but gualitatively

valid, description of the gross spatial distributions of

low-energy proton and electron intensities observed over

the earth's auroral zones and polar caps is given in the

lower right-hand panel of Figure 5. Briefly, inverted "V"

electron precipitation bands are observed poleward of and

at the energetic electron (E » 40 kevV) trépping boundary

(and the electric field reversal) in all local-time sectors.

These inverted "V" bands are observationally identified by

increasing average electron energies to a maximum energy

with a subsééuent decrease in éverage energy as the satellite

passes through these precipitation events [Frank and Ackerson,

1971]. These inverted "V" events are typically more energetic

and of greater latitudinal width in the evening and midnight

sectors relative to their'counterparts in the noon and

morning sectors. Frank and Gurnett [1971] have presented

arguments in favor of identifying the inverted "V" electron
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intensities with magnetosheath electrons which have been ac-
celerated in passage from magnetosheath to ionosphere. Equa-
torward of the trapping boundary the electron energy influxes
are dominated by plasma-sheet electron intensities in the mid-
night and early morning sectors [cf. Hoffman, 1972]. Pre-
cipitation of ring-current proton intensities is most
frequently observed in the late-evening sector and equator-
ward of the major regions of electron influx.

In general the main contributors to the electron
energy influx into the earth's atmosphere over the auroral
zones during relative magnetic quiescence are the electron
inverted "V" precipitation poleward of the trapping boundary
in}late evening, the plasma-sheet electron intensities
equatorward of this boundary in early morning and both types
of these precipitation events near local midnight. It
should be noted, howevér, that although precipitation in
the late-evening sector is often dominated by inverted "V"
events, there are frequently sufficient energy influxes from
the plasma sheet at lower latitudes to produce visible arcs.
These two types of precipitation would probably excite
auroral arcs that are visually indistinguishable, thereby
causing difficulties in comparing other measurements such

as those with Barium cloud releases for which direct
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determination of the electron precipitation was not available.
The above overall picture of the earth's magnetosphere
gives rise to several well-deserved criticisms in the light
of present observational knowledge. The author judges that
the most serious of these is the implied existence of two
separate plasma domains (excluding that of the polar cap)
within the magnetotail, primarily via the supposition of
the convection of open polar-cusp magnetic field lines into
the magnetotail and the finding of two types of auroral
precipitation in the midnight sector (cf. Figures 4 and 5).
The conclusions concerning plasma-sheet structure from in-
tensive examination of Vela plasma measurements at ~ 16 R in
the earth's magnetotail certainly give the impression of
the existence of a single region of measurable low-energy
proton and electron intensities centered on the magnetic
neutral sheet and bounded at higher latitudes by the plasma-
barren, high-latitude magnetotail [cf, Hones et al, 1971, and
references therein]. This point may be more sharply brought
into focus with a typical energy-time (E-t) spectrogram of
electron intensities at low altitudes in the midnight sector.
The detector responses to precipitating electrons are grey-
coded and plotted as a function of energy and time in Figure
6. The grey bar at the right-hand side of the spectrogram

is the calibration strip for the 1oglo of the detector
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count-rate (white, low count-rates, to black at high count-
rates). The trapping boundary was encountered at ~ 0624:30
UT. The plasma-sheet electron intensities comprise the broad
diffuse zone at ~ 0624:30 to 0627:30 UT equatorward of the
trapping boundary. The structured, intense precipitation
above the trapping boundary at ~ 0622:50 to 0624:30 UT is
identified as inverted "V" events (more easily seen in the
full-color spectrograms of the same observations [Frank and
Ackerson, 1972]}). With what magnetotail phenomena or plasma
domain, then, .are the inverted "V" precipitation events as-
sociated? A proper observational. treatment of this problem
may lead directly to clues concerning the method of entry of
magnetosheath plasma into the magnetotail.

One should not be too hasty in denying the existence
of two significant and distinct plasma regions in the
magnetotail, one corresponding to the plasma sheet on closed
field lines and the other associated with inverted 'V'
electron precipitation bands on open field lines to the
downstream magnetosheath. 1In fact it has been known for
some time now that there are two types of proton spectrums
observed within the magnetotail [Frank, 1970]. Examples
of these differential energy spectrums of proton intensities
are shown in Figure 7. The broader spectrum of proton

intensities with average energies ~ 5 to 10 keV (open circles)
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is interpreted as a typical plasma-sheet proton spectrum
by means of its energy density, position, near-isotropy.
associated electron spectrum, etc. The existence of a
lower-energy proton spectrum (solid circles) at greater
distances from the neutral sheet, ZSM= 5.7 RE, was
previously noted, but presented difficulties in interpreta-
tion of its appearance within the magnetotail;

The recent availability of the proton spectrums within
the polar cusps has provided further motivation toward
attempting to understand the significance of these lower-
energy proton spectrums in the magnetotail. These proton
spectrums were found to be similar to those of the mid-
altitude polar cusp in the dayside polar magnetosphere,
but with lesser intensities by one or usually two orders of
magnitude. A comparison of these proton spectfums is shown
in Figure 8 (Frank, 1971a]. This finding provides consider-
able support, but not complete verification, for the convec-
tion of polar-cusp magnetic field lines into the magnetotail.

Satellite studies of the auroral zones and of the distant
magnetosphere have almost always yielded unexpected surprises.
These regions of low-energy proton intensities within the magneto-
tail are not an exception. Recently measurements with electro-
static analyzers with sufficient sensitivity and angular coverage

have shown that the angular distributions of these proton
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intensities are often highly anisotropic relative to the
near-isotropy of the intensities of the usually more-ener-
getic protons of the plasma sheet. An example of the highly
anisotropic angular distributions of these proton intensities
in the magnetotail is shown in Figure 9 [Frank, 1972). The
directional intensities are plotted as a function of the
satellite-centered, solar ecliptic longitude of the detector's
field of view. This wide beam of 3.5-keV proton intensities,
~ 120°, is directed toward the earth along the field lines
of the magnetotail. Intensities of low-energy protons moving
in the solar direction are larger by factors of at least 10
than intensities in the antisolar direction corresponding to
propagation down the magnetotail away from the earth. These
events are of sufficient duration, a few minutes to an hour,
to insure that these protons have adequate time to reach
their magnetic mirror point nearer to the earth and return

to the satellite.

It is an exciting observational fact that these protons
are not mirroring and returning to the satellite. At a geo-
centric radial distance of 32 RE the atmospheric loss cone is
only € 1° and certainly cannot account for the anisotropy
shown in Figure 9. A straightforward conclusion is that these
protons have lost their energy along the magnetic field lines
between the spacecraft and the earth by some yet undetected

wave~particle interaction transferring the directed proton
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energy fluxes into plasma waves and to the ambient electrons.
Of course, the above supposition is conjectural in nature but
it is interesting to note that these proton energy fluxes as
projected to ionospheric altitudes are tens of ergs (cm2-
sec—sr)—1 and are sufficient to account for the energy fluxes
of electrons within the intense inverted "V" precipitation
bands (no such proton intensities are observed within these
electron bands). Our initial studies of these directed
beams of low-energy proton intensities in the magnetotail
also show several further important features. First, these
proton beams are often associated with the energetic
electron 'islands' extensively studied by Anderson [1965].
Second.the angular distributions range from near-isotropy
to highly anisotropic favoring the earthward direction by
one or more orders of magnitude in intensities. And third,
these low-energy proton beams are encountered in the magnetb—
tail at least as frequently as the more-energetic, near-
isotropic proton intensities of the plasma sheet proper
with a highly eccentric orbiting observatory such as IMP-6.
This new phenomenon of magnetotail proton beams should
prove to be an exciting and rewarding addition to our know-
ledge of the magnetotail. Whether or not it is the final

important key necessary to unravel the basic mechanics of



magnetosheath-plasma entry into the plasma sheet can only

be left here as a stepping stone for future study.
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