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Introduction

This was a program to study the physical causes of ionospheric scintillation
and disturbance phenomena by performing coordinated observations of the ener-
getic particle inputs to the disturbance region and the resulting disturbance

phenomena as observed in the ionosphere.

An ONR funded instrument to measure energetic ions and electrons was launched

aboard the S3-3 Air Force satellite in July 1976 into an elliptical polar

orbit with apogee at 8050 km and perigee at 260 km. The instrument has pro-

vided excellent data since it was turned on four days after launch and is

still operating successfully. It measures the composition of ions in the mass

range from 1 to 150 a.m.u. over the energy range from 0.5 to 16 keV. Electrons ;

are measured over the range from 0.1 to 20 keV. Magnetospheric electric field

data obtained with an ONR sponsored experiment on the same satellite are being
acquired by the University of California (Dr. F. S. Mozer). Under this program
data from these S3~3 experiments coordinated with the WIDEBAND 1I experiment

;i and the Chatanika incoherent scatter radar facility have been acquired, and
data from the Lockheed experiment has been surveyed and analyzed. Coordinated
data have also been acquired with the ion and electron spectrometers in the
DARPA funded payload aboard the Air Force P72-1 satellite which is in a near
circular polar orbit at 750 km. Electrons are measured over the energy range
from 0.1 to 40 keV and ions over the range 15 to 1000 keV (without mass dis-
crimination) on this satellite.

Technical Activities

During the period of this contract we maintained contact with scientific
personnel at Stanford Research Institute (S.R.I.) and Physical Dynamics, Inc.
(p.D.)(Drs. R. Vondrack, C. Rino, O. de la Beaujardierre and E. Fremouw) in

Ty -

order to determine the relevant operational periods of the Chatanika radar

facility and the Wideband II satellite. We then provided technical planning
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and liaison with the Air Force Satellite Control Facility in order to maxi-
mize the S3-3 and P72-1 satellite data coverage at the times and locations
of coordination. From these and earlier coordinations we selected a list of
40 periods when data from one of the Lockheed experiments were acquired and
provided these to our colleagues at SRI and PD. A subset of 25 events was
selected on the basis of the availability of good Wideband and/or Chatanika
data and the data from these cases were surveyed to assess the quality,

quantity and usefulness of the data. In cooperation, primarily with Dr.

Vondrack of SRI, we then selected 6 cases for detailed quantitative analysis.

We computed energy spectra with 0.5 second time resolution and angular dis-
tributions with approximately 10 second time resolution for the invariant
latitude range 62° to 68° over Chatanika for these cases and provided these
data to Dr. Vondrack. The Berkeley experimenters have also provided the

electric field data for these cases.

RESULTS

An example of the combined data sets from one event is shown in Figures 1
and 2. Figure 1 provided by Dr. de la Beaujardierre shows the Wideband
scintillation data in the upper panel; the total electron content in the
central panel, and the Chatanika electron/density data in the lower panel.
The low latitude, high altitude enhancement in electron density in the
Chatanika data is a common feature which is generally associated with a
scintillation enhancement as observed by Wideband. (R. Vondrack, private
communication). In this case it appears to be spatially associa;ed with the
signature of the inner edge of the plasma sheet in the S3-3 electron data
shown in the bottom four panels of Figure 2. (A detailed description of the
quantities plotted in Figure 2 is contained in Sharp, et al.)* Note the

field aligned electrons seen in CMEB and CMEC at about 69° invariant latitude

(ILA). These are a low altitude signature of the high altitude auroral accel-

*J., Geophys. Res. 84, 480, 1979,
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eration events discovered by the S3-3 satellite and described in Sharp, et al
(1979).

The principle result of the coordinated study was the determination of the detailed
particle and field parameters associated with an auroral feature which may be

a precursor of some auroral substorms. These results are described in Appendix

A.

In addition to the analysis of the coordinated observations we have also per-
formed a limited statistical study on a number of the high altitude accelera-
tion events mentioned in connection with Figure 1 in order to try to advance
our understanding of the physical mechanisms responsible for auroral ionos-
pheric disturbance phenomena. Upflowing ion events (UFI) were selected from
a year's data (July 1976 to July 1977) which give complete coverage of lati-
tude and local time. In order to reduce possible variations related to alti-
tude or magnetic local time only those events were considered which occurred
between 1800 and 2400 magnetic local time and above 6000 km. Since most of
the events occur in this region, the data base was still substantial. Some
of the events were observed for too short a time to give confidence that the
electron measurements were of the pitch angle distributions associated with
the ions and not temporal or spacial variations. In order to avoid possible
confusing data all events were rejected which did not last for at least four
spins, about 75 seconds. Events were also rejected if they were badly con-

taminated by telemetry noise. After this, 44 events remained.

For each spin the upflowing ions, precipitating electrons with pitch angles
between 0° and 20° and trapped electrons with pitch angles between 80° and
100° were separated out. Only protons and singly charged oxygen ions were
considered in view of the comparative rarity of upflowing helium ions. For
both electrons and ions the following parameters were computed; number flux,
energy flux, number density; all three integrated over energy, and average
energy. The contribution of the electrons to the upward current was also

found.
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All these parameters were then plotted against each other and correlation
coefficients and regression lines evaluated in an attempt to detect relation-
ships between them. All the initial plots showed very considerable scatter
and a number of selection procedures allowed the relationships to show more

clearly.

On many of the spins the number of counts recorded by the ion mass spectro-
meters was low, so in order to limit the uncertainties due to counting stat-
istics only those spins wereAaccepted for which the number of counts exceeded
a minimum. Values of minimum were chosen to give a substantial reduction in
scatter while still not unreasonably reducing the number of data points.

For protons the minimum count used was 10 and for oxygen ioms, 5.

Since in one spin, measurements of the ion flux were made at only three ener-
gies and the ion energy spectra were peaked, the estimates of integrated flux
and mean energy were poor, especially in cases where the width at half maximum
of the energy spectrum was less than 75% of its mean energy. In these cases,
the spectrum is too narrow for more than one ion mass spectrometer to detect
ions. This measurement is unlikely to be near the peak of the spectrum,

which makes it useless as a measure of flux, although it still gives a rough
indication of energy. A much better estimate could have been made by using

all the twelve energy settings of the ion mass spectrometers. However, this
would have taken four spins to complete, and the ion or electron characteristics

usually changed substantially during that time.

The Aerospace experiment on S3-3 was able to obtain detailed ion energy spectra
with better time resolution but without mass separation. Their measurements

of upflowing ion energy spectra indicate that the widths of the spectra are
usually about the same as their mean energies. Such a width would allow at
least two of the spectrometers to obtain data, and this was taken as a minimum
requirement which would select the better measurements without leaving a data
set which was untypical of the general population. With this restriction it

was estimated that the errors introduced by the measurement system would not

LOCKHEED PALO ALTO RESEARCH LABORATORY
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exceed 30%Z of the ion energy or 507 for the fluxes, and in most cases would
be better than this.

The results of the study are as follows. Proton number fluxes ranged from

the threshold of the instrument, about 2.106 cm-2 st:r“1 s—l, to a maximum of
5.108 while the flux of oxygen ions only reached a tenth of this. In both
cases the frequency of occurrence fell rapidly with increasing flux, indicating
that upflowing ions most commonly have fluxes near or below 106. Although
proton fluxes were on the average larger than fluxes of oxygen ions, in indi-
vidual cases the fluxes appeared to be quite independent of each other. This

would be consistent with independent source plasmas.

Ions were observed with energies throughout the range of the instrument.
Figure 3 shows the distribution of frequency occurrence of energies. The
response of the instrument combined with the selection criteria distorts the
distribution to some extent but not sufficiently to change their general char-
acter, which show the oxygen ions to be more energetic than the protons.

This is true in individual cases as well as statistically as can be seen in
Figure 4 where proton energy is plotted against the energy of oxygen ions,
each point representing an individual spin. This indicates that the oxygen
energy almost always exceeds that of the protons and is usually twice as great.
Although the correlation is statistically significant (at 1%) there is still
considerable scatter. A computer simulation of the energy estimation system
suggested that over half of the scatter can be attributed to the inaccuracies
in the estimation of energy. Had all the scatter been attributable to this
cause it would be reasonable to conclude that both species of ions gained
their energy from the same, or closely related, mechanisms. However, the
data seem to allow the possibility of a separate mechanism which acts pre-

dominantly on one species.

Both trapped and precipitating electrons were examined when upflowing protons
and oxygen ions were present. Their energies and fluxes are displayed in
Figures 5 and 6. In most cases the electrons are isotropic within a factor

of two, although some cases are markedly anisotropic. The flux maximizes
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along the field lines in some instances and perpendicular to them in others.
The correspondence between the energies of precipitating and trapped electrons
is even more marked than the isotropy which strongly suggests that they are
from the same population. This conclusion is supported by the relationships
between the ions and electrons which were the same for both precipitating and

trapped electrons.

The degree of isotropy is similar to the results obtained by Paschmann, et al%*
for the general auroral electron population. However, the range of flux in

upflowing ion events is much more limited than is usual for auroral electrons.
T em © etr | 5 T aud did ot fall below 3.10

although the dynamic range of the instrument was 105 to 1011 and in the absence

They reached a maximum of about 10 ¢

of upflowing ions the electron fluxes ranged down to 106 and Paschmann recorded
fluxes between 109 and 5.106, the threshold of his instrument, for more general

auroral conditions.

The present study has not revealed any way in which the integrated electron
flux is related to the ions except for the limit on its range. However, the
average electron energy is well correlated with the average ion energy. Figure
7 shows a loose linear relationship between the energies of oxygen ions and of
trapped electrons. On the average, the ions and electrons have the same energy,
although, in individual spins, there is as much as a factor of two between them.
Since the electron measurements are relatively good most of the scatter repre-
sents real variability. Similar relationships were found for both species of

ion and both trapped and precipitating electrons.

If the ions and electrons are both accelerated by an electrostatic field, which
extends above and below the satellite, then the linear relationship between ion
and electron energies is not what would be expected if the field region was of
limited extent. In such circumstances the proportions of the potential above

and below the satellite, and so the ratio of the clectron and ion energies,

*J. Geophys. Res. 77, 6111, 1972.
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will depend on the altitude of the satellite and will tend to produce an
inverse relationship between the electron and ion energies. This is not
what is observed, and moreover, there is no evidence of any variation of the
relationship with satellite altitude over the range of 6000 km to 8000 km
which leads to the tentative conclusion that the extent of the field region
must be large compared with the 2000 km variation of the altitude of these
observations. Further work will be required to sulbstantiate this conclusion

and to determine other properties of the auroral acceleration mechanism.

CONCLUSIONS

The observations from the S3-3 satellite have produced a major breakthrough in
our knowledge of fundamental plasma processes by discovering a number of impor-
tant hot plasma phenomena whose existence had previously been unknown. These
phenomena have no known counterparts at low latitudes. They are directly
relevant to DNA's interests in ionospheric instabilities which can cause
irregularities leading to the disruptions of radar and communications systems.
The newly discovered ionospheric acceleration mechanisms are also directlv
relevant to the transport,energy transfer, and dispersal of debris in a

weapons environment.

LOCKHEED PALO ALTO RESEARCH LABORATORY
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Introduction

Measurements of the ionospheric plasma by the incoherent-scatter
radar at Chatanika, Alaska have identified a transient phenomenon that
may be a precursor of some auroral substorms. At times a narrow pillar
(or wall) of ionization forms in the quiet auroral ionosphere. This
feature, a flux tube of enhanced ionization extending from the E-region
into the F-region, may persist for tens of minutes and move slowly in
latitude. The altitude profile of icnization in such a structure is
unlike that found in the diffuse or discrete aurora. The pillar coincides
with a latitudinal reversal in the east-west electric field, and the
pillar formation may result from the accumulation of ionization at the
reversal. With time the profile steepens with increased ionization at
lower altitudes, and an auroral substorm may develop.

Such a sequence of events was observed on the night of 1 March 1977.
Fortunately, the S3-3 satellite passed near Chatanika during the growth
of the ionization pillar, approximately 15 minutes prior to the substorm
onset. The region of the ionization pillar (< 1° of latitude) was found
to be the only high-latitude location in which keV electron precipitation
was observed by the S3-3 charged particle detectors. The satellite
measurements of charged-particle fluxes and electric fields can be combined
with the radar measurements to obtain a detailed description of this
auroral feature.

Chatanika Radar Measurements

During the night of 1 March 1977 the Chatanika radar was operated
in an elevation-scan mode to map the two-dimensional (altitude, latitude)
spatial variation of ionization and other electrical parameters in the
auroral ionosphere., A region of approximately 600 km horizontal extent
was surveyed with a spatial resolution of about 10 km and a temporal
resolution of approximately 12 minutes.

The ionization pillar observed on 1 March 1977 is shown in Figures
1 to 6. These measurements were made during a one-hour period around local
midnight (1000 UT). Prior to these measurements little ionization, visual
aurora, or magnetic activity were evident at Chatanika.

In Figure 1 is shown the initial appearance of the ionization pillar
about 250 km north of Chatanika. The measured ionization differs from
that seen in either the diffuse aurora or _discrete arcs because of the
high altitude of the E-region maximum (10%/cm> at 140 km) and_the extent
of substantial electron density into the F-region (8 x 10%/cm® at 240 km).

In the next scan (Figure 2) the pillar has moved southwards. A
remarkable feature of the ionization pillar is that it appears to cecincide
with a latitudinal reversal of the east-west electric field. The horiz-
ontal component of the line-of-sight velocity measured during this scan
is shown in Figure 3. On both sides of the pillar the direction of
ionospheric drift is such as to drive the ambient ionization into the
pillar.
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The following scans (Figures 4-6) show the development of the
pillar into a dynamic active aurora. During the pillar development
magnetic conditions were very quiet. A large negative bay appeared
at the time the pillar changed into a dynamic aurora. The all-sky
camera photographs showed no visual aurora during the time the pillar
was present. Dynamic auroral arcs appeared suddenly at 1030 UT.

S3-3 Satellite Measurements

The S3-3 groundtrack over Alaska during orbit 1900 on 1 March 1977
is shown in Figure 7. The satellite crossed the latitude of Chatanika
at approximately 1013 UT at an altitude of about 1600 km. In Figure 7
the latitudinal extent of Chatanika E-region measurements at an altitude
of 100 km are indicated by the solid line.

A summary of some of the S3-3 satellite data is shown in Figure 8.
The bottom panel shows the electron energy-time spectrogram from the
Aerospace detector. The spectrogram shows that significant fluxes of
auroral keV electrons were detected in only a very narrow latitudinal
region. This region was at the same geomagnetic latitude as the ioniza-
tion pillar that was located approximately 150 km west of the satellite
groundtrack. Although low-energy electrons (< 500 eV) were detected
north of this feature, the ionization pillar was the only region in which
keV electron precipitation was observed.

Measurcments of AC electric fields by the Berkeley S3-3 instrumentation
are shown in the upper panel of Figure 8. There was a marked reduction in
AC noise over the electron precipitation region; north of it there was a
broad region of VLF hiss., Preliminary data from the Berkeley DC electric
field probes indicate that the meridional electric field was southward and
small (~ 20 mV/m) in this region.

The final measurement shown in Figure 8 is the flux of 235 keV
electrons (center plot). It can be seen that the trapping boundary of
energetic electrons is at the equatorward edge of the ionization pillar.

A more detailed representation of the auroral electron fluxes is
shown in Figure 9. These data are from two channels of the Lockheed elec-
tron detectors that have an energy bandwidth of approximately 507 of the
indicated center energy. Because the satellite spin period is about 20
sec, a complete pitch-angle survey corresponds to about 50 km of ground-
track distance. The upper plot of Figure 9 indicates the pitch angle of
the detected electrons; a downward arrow indicates precipitating electronms.
The satellite data have been plotted versus geomagnetic latitude on a
scale corresponding to those used for the Chatanika data in Figures 1 to
6. For reference, the locations of the pillar and equatorward appendage
(toe) during the scan closest to the S3-3 pass (Figure 4) are also shown,
It can be seen that there is an excellent agreement between the location
of the ionization pillar observed with the Chatanika radar and the region
of 3.3 keV auroral electron fluxes., In the toe equatorward of the pillar
no significant electron fluxes were detected. The only exception was a

e "
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narrow beam of upward-moving 150 eV electrons detected equatorward of
the pillar.

The Aerospace measurements of ion fluxes are shown in Figure 10.
The pitch angle of the detected ions is indicated in a manner analogous
to Figure 9. In the pillar the Aerospace detectors were monitoring
upward moving ions; no significant fluxes were detected. Equatorward
of the pillar there were significant fluxes of 3.9 keV ions and a spectral
hardening of the precipitating ion energy distribution. Because no
precipitating electrons were found in this region by the Lockheed
detectors, these keV ions were the primary energy input into the ionosphere
in the toe equatorward of the pillar.

Discussion

The ionization pillar detected by the Chatanika radar is unusual
because of its narrow latitudinal extent and its possible role as a
precursor of an auroral substorm. It differs from the discrete arc that
brightens at the onset of a conventional auroral substorm in several
respects. The pillar is a subvisual feature not detectable on all-sky
camera photographs. Also, its formation is followed by dynamic auroral
activity (arcs and surges) that may not be as intense as that accompanying
a normal auroral substorm.

The preliminary analysis of the combined Chatanika radar and S3-3
satellite data from 1 March 1977 have identified the following charac-
teristics:

1. The pillar is narrow in latitude (< 1° or 100 km), but
extends in geomagnetic longitude over at least 150 km.
Therefore, it is really a wall of ionization rather than
8 pillar. It is located at the equatorward edge of the
auroral region and at the trapping boundary. It is the
only high-latitude location of keV electron precipitation.

2. The pillar coincides with a latitudinal reversal in the
east-west electric field. This ionospheric electric field
configuration causes ambient ionization to drift towards
the pillar flux tube, although the relative importance of
transport compared to local production by particle precip-
itation has not yet been evaluated.

3. Equatorward of the pillar significant fluxes of precipitating
keV ions are present. No precipitating electrons are present
there, although there may be significant fluxes of upward-
streaming, cold (100 eV), electroms.
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Some interesting questions regarding this feature have not yet
been answered. Why does keV electron precipitation occur over such
a narrow region and only at the equatorward edge of the auroral oval?
What is the relation of the pillar electrical configuration to auroral
acceleration processes? What role does the ionization pillar have in
the development of an auroral substorm?

It is expected that a more complete understanding of the relation
of this feature to auroral morphology and dynamics can be obtained by
a complete analysis of the combined radar and satellite data sets.
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Figure 1. Contour Map of electron number density made
from 0945:52 to 1000:04 UT on 1 March, 1977.
The radar scanned southward between the
indicated limits.
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Figure 2. Electron density measured during scan following
that shown in Figure 1.
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Electron density measured during scan following
that shown in Figure 2. Increased ionization
is evident in the E-region equatorward of the
pillar.
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Figure 5. Electron density measured during scan following
that shown in Figure 4.
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Figure 6. Electron density measured during scan following
that shown in Figure 5.
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Figure 7. S3-3 groundtrack on 1 March 1977. Also
indicated is the location of the ionization
; pillar (p) at approximately 1014 UT.
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Figure 8. Summary of $3-3 measurements of AC
electric fields, energetic (235 keV)

trapped electrons, and auroral
electrons (0.17-33keV).
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