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Abstract

A comparison of low-energy charged particle intensi-
ties measured with the low-altitude satellite Injun 5 and a
ground-based observation of an auroral arc at Fort Churchill
on 21 December 1968 during late local evening has estab-
lished that an intense precipitation band of electron inten-
sities provides the primary energy influx for the auroral
light. This precipitation event was located poleward of
and adjacent to the trapping boundary for more energetic
electron (E > 45 keV) intensities. The peak energy fluxes
were ~ 10 ergs (cmz—sec—sr)_ directed along the local mag-
netic field direction into the earth's atmosphere. Proton
and electron intensities similar to those in the plasma
sheet in the magnetotail were observed in a substantially
less intense zone positioned equatorward of and adjacent to
the trapping boundary. Angular distributions of these par-
ticle intensities from the plasma sheet were peaked at pitch

angles perpendicular to the local magnetic field.

The intense precipitation band of electron intensities
poleward of the trapping boundary is interpreted as the sig-
nature of direct acceleration of magnetosheath electrons
into the earth's atmosphere. The plasma sheet proton and
electron intensities observed equatorward of the trapping
boundary are identified as the 'debris' from this intense

precipitation band located adjacent to the trapping boundary.




I. Introduction

Simultaneous observations of the auroral lights and
their association with precipitating electron and proton
intensities are essential for eventual delineation of the
mechanisms responsible for these phenomena. Low-altitude
rockets capable of comprehensive measurements of low-energy
charged particle intensities have been launched directly
into visibkle aurora [cf. Evans, 1969]. However, the spa-
tial coverage of these rocket trajectories appears to be
inadequate for determination of such features as the 'trap-
ping boundary' for energetic electrons, the proton ring
current, the plasma sheet and the high-latitude magnetotail
relative to the auroral light emissions. Coordinated ob-
servations of auroral emissions with photometers borne on
aircraft and of precipitating low-energy charged particles
on polar orbiting, low-altitude satellites also have been
reported [cf. Meyerott and Evans, 1969], but again these
results were insufficient f;r identifying the topological
features of the magnetospheric plasma distributions with
the low-altitude phenomena. Vasyliunas [1970] has been
able to identify auroral arcs in all-sky camera pictures
with the inner edge of the plasma sheet as measured with

a low-energy electron detector at higher altitudes with 0GO-1.




We report here comprehensive observations of low-
energy electron and priton intensities with the polar orbit-
ing, low-altitude satellite Injun 5 over a visual auroral
arc as recorded simultaneously by an all-sky camera at Fort
Churchill, Manitoba, Canada. The particle observations are
sufficient in energy range and temporal resolution for deter-
mination of the 'trapping boundary' for energetic electrons
and of the low-altitude signatures of the plasma sheet and
the proton ring current. One of the most interesting con-
clusions of this comparison of measurements is that the
magnetic field lines threading the visual auroral arc are
not topologically extended into the plasma sheet in the
distant magnetosphere. This result is in agreement with
interpretations of recent observations of plasmas in the
earth's distant polar magnetosphere and at low altitudes
over the auroral zones [Frank, 197la, b; Frank and Gurnett,
1971]. For a discussion of simultaneous measurements of
very-low-frequency radio noise. during the series of particle
observations reported here the reader is referred to the

companion paper by Mosier and Gurnett [1971].




II. Observations

Our measurements of the low-energy proton and electron
intensities over a visual auroral arc were obtained with an
array of electrostatic analyzers on the polar orbiting, low-
altitude satellite Injun 5. This satellite was magnetically
aligned and was injected into an orbit with initial apogee
and perigee altitudes 2528 and 677 km, respectively, and
inclination 81°. The altitude of the following observations
was ~ 2250 km and the corresponding magnetic local time was
~ 1930 (local evening). The instrumentation could be oper-
ated in a variety of modes controlled by ground command.

For the present series of observations the Low Energy Froton
and Electron Differential Energy Analyzers (LEPEDEA's) pro-
vided 117-point differential energy spectrums of trapped
and precipitated proton and electron intensities, simul-
taneously and separately, in a 970-millisecond sampling
interval once each two seconds. The corresponding proton
and electron energy ranges were 40 < E < 12,000 eV and

50 < E £ 15,000 eV, respectively, for this instrument oper-
ating mode. Directional, integral intensities of more ener-
getic electrons, E > 45 keV, were measured with an accom-
panying array of collimated, thin-windowed Geiger-Mueller

tubes. Further details concerning the satellite and




instrumentation have been given by Frank and Ackerson [1971].

All-sky camera pictures of the auroral arc taken at
Fort Churchill on 21 December 1968 are presented in Figure 1.
Due to the low contrast of the original photographs these
observations have been reproduced by line drawings [Mosier
and Gurnett, 1971]. The magnetic field line passing through
the satellite position has been traced down to an altitude
of 100 km for each all-sky camera frame. This intersection
of the field line with the surface at 100 km altitude is
indicated by the dots near the western limb of each line
drawing in Figure 1. The satellite clearly passed over a
single, well-defined auroral arc. Further discussion of
these all-sky camera observations is given by Mosier and
Gurnett [1971]. The magnetic index Kp was 0 for the three-
hour period (2100 to 2400 U.T.) preceding this pass and 3
for the period during the observations.

Corresponding observations of the precipitated elec-
tron intensities over the energy range 50 to 15,000 eV are
displayed in the color-coded, energy-time (E-t) spectrogram
in Plate la. The ordinate scale is electron energy in units
of eV and the abscissa is Universal Time [Frank and Ackerson,
1971]1. The detector response is color coded from blue to
red (low to high responses) at each point in the E~t plane.
A color calibration strip for the loglo of the detector

response in counts (second)"l is provided at the
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right-hand side of the graph. Magnetic invariant latitude
(A), magnetic field magnitude (B) at the satellite position
and corresponding magnetic local time (MLT) are givén at
the bottom of Plate la.

Examination of the electron precipitation pattern
shown in Plate la reveals a single intense event over the
time period 0152:32 to 0153:00 U.T. and an adjacent eguator-
ward band of substantially lesser intensities at 0153:00 to
0153:45 U.T. The intense event is of the type designated
as 'inverted V' precipitation bands as described by Frank
and Ackerson [1971]. These precipitation events are usually
characterized by electron average energies which increase
to a maximum energy and subsequently decrease as the satel~
lite passes through these regions. The angular distributions
are often highly anisotropic favoring small pitch angles
directed into the atmosphere; and peak directional inten-
sities are typically > 109 electrons (cm2--sr:ac--sr)’l [Frank
and Gurnett, 1971; Frank and Ackerson, 1971]. For the
low-energy 'inverted V' event of Plate la the average elec-
tron energy ranged from ~ 100 eV to 670 eV, the peak direc-
tional intensities were 4 x lO9 (cm2—sec—sr)—l and the peak
number density was 4.5 (cm3—sr)_l.

Several selected differential energy spectrums for

this intense precipitation band are shown in Figure 2.




Trapped and precipitated electron intensities, measured
simultaneously, are compared. As Universal Time increases,
the satellite is moving equatorward and the corresponding
angular distributions are highly anisotropic near the pole-
ward edge of the event and progress toward isotropy as the
satellite approaches the equatorward boundary.

The intense 'inverted V' precipitation band of Plate
la coincides with the passage of the satellite over the
visual auroral arc shown in Figure 1 within the temporal
accuracy of the combined observations. The trapped and
precipitated electron energy fluxes displayed in the bottom
half of Figure 3 provide a further basis of comparison and
summarize the pitch angle anisotropies for this series of
measurements. Note that at 0152:41 U.T., the electron
energy fluxes parallel to the local magnetic field (pre-
cipitated) exceeded those for electrons with perpendicular
pitch angles (trapped) by factors ~ 50. During this time
period the aurora brightened beneath the satellite (see
Figure 1).

The gross character of the relatively weak electron
precipitation band adjacent to and equatorward of the main
precipitation event will be of interest to us in later
discussion (see Plate la at ~ 0153:00 to 0153:45 U.T.).

The angular distributions are peaked at pitch angles




perpendicular to the magnetic field, trapped energy fluxes

2 erg (cm2—sec—sr)—l, and corresponding precip-

are ~ 7 x 10~
. -2 2 -1
itated electron energy fluxes are ~ 10 erg (cm -sec-sr)
Average electron energies range from ~ 150 to 350 eV and
number densities for the trapped electron intensities are

2 (cm3—sr)_l. These energy fluxes, average energies

~ 2 x 10
and number densities for the trapped electron intensities
in this lesser precipitation zone are not largely dissimilar

to those reported for soft electron spectrums in the plasma

sheet at 18 R_ (R

B earth radius) by Hones et al [19717.

B’
The simultaneous observations of electron E > 45 keV
intensities provide further evidences as to the relationship
of these low-energy electron zones to the distant magneto-
sphere. Trapped and precipitated electron intensities are
gsummarized in the upper half of Figure 3. The 'trapping
boundary' for energetic electrons is encountered at 0153:00
(£ 10 seconds).’ This trapping boundary has been previously
interpreted by Frank and Gurnett [1971] as delineating the
position of the last closed field line, i.e., all field
lines above this 'trapping boundary', as viewed with a
detector with generous geometric factor, are open to the
interplanetary medium. The intense inverted 'V' precipi-

tation band is located poleward and adjacent to the trap-

ping boundary and the less intense zone of lower energy




electrons is positioned equatorward of this boundary (com-
pare Figure 3 with Plate la). Measurable intensities of
higher energy electrons E > 45 keV precipitated into the
atmosphere are observed within this less intense zone.

Thus far our presentation strongly favors identifying
the lower-intensity electron band encountered over 0153:00
to 0153:45 U.T. in Plate la with the plasma sheet in the
magnetotail. Simultaneous observations of proton intensities
over the energy range 40 < E < 12,000 eV confirms this iden-
tification. An E-t spectrogram for trapped proton intensi-
ties is shown in Plate 1lb. The proton intensities are low,
but the location of measurable intensities is readily dis-
cernible. Proton intensities above the instrument mode
threshold are encountered over 0153:00 to ~ 0154:10 U.T.
The average proton energy increases as the satellite moves
equatorward. This proton zone is bounded on the poleward
side by the trapping boundary and extends equatorward of
the lower intensity electron band which we have identified
with plasma sheet electron intensities. The proton intensi-

7 2 -]
(cm”~sec—-sx) ., are

ties at the equatorward boundary, ~ 10
similar to those for the quiet-time ring current at the
magnetic equator [c¢f. Frank, 1967]. We identify this pro-

ton band as the low altitude signature of the plasma sheet

and ring current proton intensities. In fact the poleward




termination of plasma sheet electron intensities relative to
that of the proton intensities is a direct signature of their
spatial relationship as measured at the magnetic eqﬁat@r in
this local time sector during relative magnetic guiescence

[Frank, 1971lc].
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III. Discussion

Our comparison of low-energy charged particle inten-
sities measured with the low-altitude satellite Injun 5 and
a ground-based observation of an auroral arc has clearly
established that an ‘'inverted V' precipitation band of elec~-
tron intensities of the type previously described by Frank
and Ackerson [1971] provides the primary energy influx for
the auroral light. This electron precipitation band at late
local evening was ~ 110 km in latitudinal width and was
positioned poleward of and adjacent to the 'trapping bound-
ary' for more energetic electron (E > 45 keV) intensities.

A considerably less intense band of electron inten-
gsities was located equatorward of and adjacent to the ener-
getic electron trapping boundary. The energy fluxes, aver-
age energies and intensities of protons and electrons in
this region were not largely dissimilar to those observed
in the plasma sheet [cf. Eather and Mende, 1971]. No meas-
urable intensities of protons were observed in the intense
'inverted V' precipitation band located poleward of the
trapping boundary. Peak energy fluxes above and below the
trapping boundary were ~ 10 and 0.1 erg (cmz—sec—sr)_l,
respectively. Large field-aligned electron intensities

were observed above the trapping boundary whereas electron
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intensities were peaked at pitch angles perpendicular to the
local magnetic field for lower latitudes. 1In view of all
these evidences we identify the relatively weak proﬁon and
electron bands spanning 0153:00 to ~ 0154:10 U.T. of Plates
la and 1b as the low-altitude signature of the plasma sheet
and ring current at the magnetic equator.

Recently we have presented further evidences that
the trapping boundary for energetic electrons as ocbserved
here with a detector of generous geometric factor is coin-
cident with the boundary between magnetic field lines closed
within the magnetosphere and open field lines to the inter-
planetary medium [Frank, 197la, b; Frank and Gurnett, 1971].
Hence field lines threading the intense electron precipita-~
tion band during 0152-32 to 0153-:00 of Plate la are con-
nected to interplanetary magnetic field lines. More specif-
ically these field lines are mapped into the downstream
magnetosheath adjoining the plasma sheet [Frank, 1971la:
Frank and Gurnett 1971]. The number densities, 2 toc 4
(cm3—sr)-l, and directional intensities, ~ 4 x lO9 (cm2~sec
-sr)—l, are similar to those typically observed in the mag-
netosheath. We have previously reported and interpreted
simultaneous observations of convection electric fields,
'inverted V' precipitation events, very-low-frequency elec-

tromagnetic noise and the energetic trapping boundary in




terms of an auroral acceleration mechanism operative at
altitudes ~ 1 to 5 RE within the 'inverted V' electron
precipitation bands [Frank and Ackerson, 1971: Frank and
Gurnett, 1971; Gurnett and Frank, 1971]. Hence we again
interpret our observations of this intense precipitation
band as the signature of direct acceleration of magneto-
sheath electrons into the earth's atmosphere via a dynamo
driven by the flow of magnetosheath plasma past the earth.
The plasma sheet in the earth's magnetotail is
characterized by electrons with higher average energy and
considerably less density relative to those of the magneto-
sheath surrounding the plasma sheet. Vasyliunas [1971]
has stressed that an understanding of the origins of the
plasma sheet rests importantly on a proper interpretation
of the differences of the electron populations in these two
plasma regions. Returning to Plate la we assume that recon-
nection of magnetic field lines is occurring in the vicinity
of the trapping boundary at 0153:00 U.T. [Frank, 1971al and
note that (1) the average electron energies just above and
below the trapping boundary are similar, (2) the directional
intensities range up to two orders of magnitude higher above
the trapping boundary relative to those equatorward of the
boundary, (3) the angular distributions are field-aligned

poleward of the trapping boundary, approximately isctropic
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near the boundary (over the upward hemisphere of pitch
angles) and peaked perpendicular to the magnetic field
below the trapping boundary, and (4) measurable proton
intensities are observed only equatorward of the trapping

boundary. Then we can only reasonably conclude that the

intense electron precipitation event associated with the

visible arc is not the product of an acceleration mechanism

within the plasma sheet but that the plasma sheet proton

and electron intensities are the debris which has been

trapped on newly reconnected field lines from 'inverted V'

events located adjacent to the trapping boundary.

It is of interest to note here the results of our re-
cent preliminary inspection of extended series of E-t spec-
trograms of auroral precipitation patterns in search of
events which could be attributed primarily to an influx of
plasma sheet electrons. These events do occur and appear
to be related to magnetospheric substorms. An example of
such an event is given in Plate 4b in the paper by Frank
and Ackerson [1971]. The electron precipitation pattern
is broad in latitudinal width, relatively structureless,
and located equatorward of the trapping boundary.

For some electron precipitation patterns, the 'trap-
ping boundary' for electrons E > 45 keV, which we utilize
as a natural coordinate for most of our low-altitude ob-

servations at high latitudes, is not readily determined
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when the 'inverted V' electron bands rise in average energy
to » 10 keV. This difficulty was not encountered for the
E-t spectrogram shown in Plate la since the average electron
energies are less than 1 keV. For precipitation patterns
with clearly definable trapping boundaries the 'inverted V'
electron bands, single or multiple, are positioned poleward
of the trapping boundary. Often one of these bands is lo-
cated adjacent to the trapping boundary. However, for the
'inverted V' event shown in Plate 5a of Frank and Ackerson
[1971] with peak energy fluxes ~ 80 ergs (cmz—sec—sr)m
during a magnetic storm, large intensities of electrons

6 (cmz—sec—sr)_l, were produced by the

E > 45 kev, 25 x 10
acceleration mechanism. The angular distributions of these
more energetic electron intensities approached isotropy.
Hence it appears that 'inverted V' electron events can also
provide large increases of electron intensities with ener-
gies above the thresholds of commonly flown thin-windowed
G. M. tubes during periods of relative magnetic disturbance.
These acceleration events could provide the rapid and dra-
matic increases of outer zone electron (E > 40 keV) inten-

sities observed during these magnetic conditions [cf. Owens

and Frank, 1968].
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Plate la.

Plate 1b.

Figure 1.
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Figure Captions

A color-coded energy-time (E-t) spectrogram
for precipitated electron intensities over
Fort Churchill, Canada, on 21 December 1968.
The abscissa and ordinate are Universal Time
and electron energy, respectively. The de-
tector responses are coded via a curve in the
color solid, i.e., blue (low electron inten-
sities) through red (high electron intensities) .
Continuation of Plate la for simultaneous
measurements of low-energy trapped proton in-
tensities.

Line reproductions of all-sky camera photo-~
graphs at Fort Churchill, Manitoba, Canada on
21 December 1968. The solid circles accompanied
by arrows indicate the intersections of the
magnetic field lines passing through the in-
stantaneous satellite positions with a sur-
face at an altitude of 100 kilometers (after
Mosier and Gurnett [1971]).

Several directional, differential energy spec-
trums for trapped and precipitated electron
intensities observed on 21 December 1968 (szee

Plate la).
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Figure 3. Directional intensities of electrons E > 45 keV
(top panel) and of directional energy fluxes
of lower energy electrons 50 < E < 15,000 eV
(bottom panel) for a segment of the time period

covered by Plates la and 1lb.
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