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Abstract
Equatorial observations by the geostationary satellite

’ ATS-5 of the charged particles on auroral lines of force
. reveal the frequent injection of plasma clouds into the

| : magnetosphere. These intrusions of hot plasma are found
to have a one to one correspondence with magnetospheric
substorms. The clouds are dispersed by the earth's meg-

netic and electric fields in a fashion which generates

complicated energy structure.




Introduction

Previous equatorial observations of the magnetospheric plasma
(Gringauz, 1961; Frank, 1967 a, b, end c; Vasyliunas, 1968; Frank, 1970;
Frank and Owens, 1970) have been made from spacecraft which made rapid

but infrequent traversals of the .egion between 5 and 20 earth rad’i or

as in the case of the Vela spacecraft (Bame et al., 1967) remained at

great distances.,

These observaetions have shown the existence of a hot plasma which
exhibits considerable structure in its radial dependence and in the energy
spectra st each location. An excellent review of previous observations

has been given by Gringsuz (1969).

The ATS-5 data show a strong local time dependence and even more
structure in the energy spectra than previously suspected. Data being
presented here shows that this structure is s consequenée of the injection
of plasma in the vicinity of local midnight during magnetospheric sub-
storms and of the energy dependent dispersion of the plasma in the earth's
magnetic and electric fields. The injection and dispersion o? the high
energy tail of these plasma clouds have been previously reported by
Konradi (1967), Arnoldy and Chan (1969), Pfitzerva.nd Winckler (1969), and
by,Lezniz;k and Winckler (1970). |

The present paper is also intended to serve as an inircduction to

the date being obtained from_the University <f California, San Diego (ucsp)

plasma experiment on ATS-5 and to describe the general characteristics of

the particle populations it has encountered.
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Description of Experiment

The ATS-5 satellite was launched into synchronous orbit (6.6 Re)
in August 1969 and has’been kept near 105 degreces west longitude since
early Septembgr 1969. The orbital inclination is 2.30 degrees. Since the
satellite continues to spin with a period of 0.79 seconds, the booms
intended to provide gravity gradient orientation cannot be safely extended.
The spinning motion improves the plasma data in that it proviées ihe pos-
sibility of measuring important portions of the angular distribution. The
spin axis is oriented parallel to the earth's rotational exis.

B A number of particle and field experiments are ca;ried by the
ATS-5 satellite. The correlation of ﬁhe }ésults of these experiments is
expected £o be quite fruitful. However, the present'paper is béﬁed almost

entirely upon data from the UCSD plasma spectrometers. The only exception

15 the magnetometer date which has beenvkindly provided by T. Skillman of
the Goddard Space Flight Center. |
A complete description of the‘four spectrdmeters and associated
electrqnics in the UCSD experiment will be published in the near future.
Therefore only a short summary is given here. |
The four cylindrical plate spectrometers cdnsist of two pairs of
. ‘ electron and proton énalyzers directed parallel and perpendicular to the,

spin axis. The parallel analyzers point north end thus detect particles

. ‘ coning from the northern hem;sphere. The particies are detected with

Bendix type 4010-3 channel electron multipliers which have narrow angle §

cones that give a 3 mm diameter sensitive area. Biases of -2700 volts

T Rt T

are applied to the front of the'multipliers for post-analysis acceleration

of protons and + 500 volts for electrons. These biases result in a




constant high efficiency for the protons at all energies analyzed and for
electrons below one kev. The efficiency of éhannel multibliers decreases
at higher electron energies. This decrease haé been accurutely measured
(Archuleta and DeForest) and all of the data presented here have been
appropriately normalized to a constant effective efficiency. The potential
of a grid immediately in front of the sensors is held at zero in the pro-
ton analyzers and at - 30 volts in the electron ahalyzers to suppress
secondary electrons. All pulses greater than sbout 10-3 of the typical
pulse size are cnunted so there is little change in efficiency with large
chenges in the channel multiplication factor. During the first year of
continuous operation in orbit, no changes in efficiencies have been
discernible,

Three simltaneous accumulations 0.26 seconds long are taken every
0.32 seconds. Two analyzer outputs are selected by ground command to feed
two of the accumulators while the other two are alternately fed to the
third accumulator. Accumulation is stopped for 4 microseconds after each
pulse counted so that the émall afterpulses which can occur duriné the
first one or two microseconds after a particle is detected are not couﬁted.
Deadtimelcorrections are applied so that rates up to 106/sec are beliaved
to be measured accurately.

The analyzers have an energy resolution of about 13% and a geo-
metric factor such that dividing the counting rate by'h.3 b4 10'5 cm? sr
yields the differential energy flux in units of ev/cm? sec sr ev. . The

angular response to a uniform energy distribution extends over a rectangular

solid angle of about 5 by 8 degrees.
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The inner and outer plates of the analyzers are connected in par-

allel to two high voltage supplies which can be stepped through 62 ex- p
ponentially s;aced voltages 12% apart (with less than 0.1% accumlative
error) thus varying the energy analyzed from 50 ev to 50,000 ev. Two
zero voltage steps are also included to provide background measurements
(in practice the background is usually low and is not subtracted).

' The system can be commanded to cycle through all 6l steps each
20.48 seconds or in a number of other patterns., One frequentl& used
mode alternates between a 20.48 second scan of all 64 steps and a 61.4kL
second period in which'the analyzed energy is varied such that it tracks
a peak in the counting rate spectrum of the detector which has been

selected for the master channel. All of the data presented in this paper

were taken in this track-scan mode with the parallel proton detector in
the master channel, the perpendicular proton detector in the second
channel (labeled "mate") and the electron detectors sharing the third

subcommtated data channel.

Energy Spectra

The energy spectra observed by this experiment ofteﬁ contain a
surprising amount of structure. An example is shown in Figure 1. The

. same data are plotted in Figure 2 but with a linear scale for the flux.

The differential energy flux per unit energy is used for presentation of
the data since it is proportional to the counting rate and, more
importantly, it usually varies over a smaller range than the differential

number flux or differential number density. The differential number flux

can be quickly obtained from the differential energy flux by dividing by




the energy (in whatever units are desired since the energy per unit
energy is dimensionless).

In F%guru 1 a smooth curve is drawn through ecach data point which
is marked by error bars which extend over the middle 68 percent of the
probability distribution according to Poisson statistics. At high count-
ing rates this corresponds to plus and minus one standard deviation.

Another surprising charscteristic of the energy spectra is that
structure often persists and only slowly changes over a period of many
hours. Rather than making hundreds of individual plots to show fhe time
development of the cnergy spectra, it is more efficient to employ the
"sonagram" technique in which a function of two independent variables is
encoded into a range of grey levels going from black to white. 1In this
case, time is assigned to the horizontal axis, energy to the vertical
axis and the differential energy flux to & range of grey levels with white
representing the h;ghest flux expected and bléck t£e lowest.

| Figure 3 is a spectrogram of 24 hours of data from the parallel
proton’ detector which includes the spectrum shown in Fiéure 1. Energy is
plotted on a logarithmic scale with 50 ev.at the bottom and 50 kev at the
top. The time period starts at 2200 UT on January 5, 1970. Since the
satellife is near 105 degrees west, subtraction of 7 hours from the
universal time yields the local time (actually on this date it was nearing
the end of a period of eastward drift and was at about 103 degrees west).
The period thus begins and ends at 15 hours local time. Note that the
peaks at 48, 28, i8, 10, and 3 kev in Figure 1 (traces G, E, D, C, and B)

persisted for about 6, 8, 12, 18 and greater than 22 hours respectively.

Note also that all of the peaks move fairly uniformly toward lower energies.




The peak labeled B in the upper parc of Figure 3 which was at 3 kev in
Figure ). (1234 UT) began near 4O kev at 0000 UT on Janvary 6, 1970 and
reached 0.1 kev about 28 hours later. During this time, the angle between

the detector and the magnetic field varied between about 10 &nd 30 degrees.

Interpretation of Energy Structure

. Some progress ‘has been made in the interpretations of these energy

% versus time pattems by starting with the assumption that the pasrticles -are
following trajectories which conserve the first two adiabatic invariants
and then searching for electric field patterns which predict the observed
energy structure. A detailed presentation of these analyses is beyond the
scope of this paper. The preliminary conclusions, however, provide a

useful aid to the comprehension of the ATS-5 deta. They are therefore ‘

stated here but without derivation:

1. Magnetospheric substorms correspond to a sudden intensification
of the east-west electric fields in a narrow sector near midnight.
2. This electric field decréases wi%h time but may persist for many

hours.
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3. A cloud of hot plasma is moved deep into the magnetosphere from

et 5.

- regions of lower magnetic field which are presumably filled with

plasma from the magnetosheath. Magnetic field lines inside the

magnetopause are assumed to be closed. |

. k. The energetic particles in the cloud foilow fadically different
paths due to the magnetic field gradient and curvature contri-

butions to the drift velocity. In other words, enersgy, charge,

end pitch éngle dependent dispersion occurs.




5. The dc'rease in the east-west electric field with time leaves
many of the particles on trapped orbits where they remain
(unless r:moved by loss processes such as charge exchange or
pitch angle scattering into ‘he atmospherec) until the next
substorm during which they are either moved back out or accel-
erated further in depending on their local time. .
6. The radial component ¢f the electric Tield is such that the
ocal time average of the azimuthal drift velocity of zero
energy particles is close to the corotation velocity.
7. Thg azimithal drift velocity of zero energy particles is
slower and greater than the corotation velocity before and
after midnight, respectively.
Many of these conclusions are not new. The review by Axford (1969)
describes most of the previous work which has lead to similar conclusions.
On the basis of the above statements, Figure 3 is interpreted as

follows:

1. A plasma cloud (actually an overlapping roir of clouds) was

injected during the substorms which had onsets at about 2245 and

2325 UT on January 5, 1970 (according to the Abisko and Leirvogur
magnetometer records). No further injection events occurred
. until e pair of subetorms at 1130 and 1300 UT on January 6, 1970 ' i

(according to the College magnetogram). .

2. The 50 kev protons in the cloud gradient drifted west toward the

ATS-£ which was approaching dusk local time and arrived at the
satellite during a period of about 30 minutes beginning at about
2330 UT January 5. These protons form the beginning of the ‘

structure labeled "A" in the upper part of Figure 3.
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6. The radial component of the electric field is such that the
local time average of the azimuthal drift velocity of zero
energy particles is close to the corotation velocity.
7. Thg szimithal drift velocity of zero energy particles is
slower and greater than the corotation velocity before and
after midnight, respectively.
Many of these conclusions are not new. The review by Axford (1969)
describes most of the previous work which has lead to similar conclusions. é

On the basis of the above statements, Figure 3 is interpreted as

follows: - : F
1. A plasma cloud (actually an overlappying r™.ir of clouds) was 1
injected during the substorms which had onsets at about 2245 and ;
2325 UT on January 5, 1970 (according to the Abisko and Leirvogur
.nngnetometer records). No further injection events occurred
‘ until e pair of substorms at 1130 and 1300 UT on January 6, 1970 ' 'H

(according to the College magnetogram). .

2. The 50 kev protons in the cloud gradient drifted west toward the

ATS-% which was approaching dusk local time and arrived at the
satellite during a period of about 30 minutes beginning at about
2330 UT January 5. These protons form the beginning of the |

structure labeled "A" in the upper part of Figure 3.
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k.

Lover energy protons arrived at later times due to their smaller
gradient and curvature drift velocity components.

The lowest energy protons on the dusk side qf the cloud moved
slowly with respect to the corotating satellite and, therefore,
were encountered at about 0800 UT January 6.

The protons with energies of less than about 10 kev oﬁ the dawn
side of the cloud initially moved farther from the satellite

(the electric field part of the azimuthal drift velocity being

greater than tbe magnetic field gradient and curvature com-

poneats). As a consequence, the structure labeled "é" does not
décrease to less than 3 kev until after ATS-5 reaches dawn
(1300 hours UT). |

The deep minimum in the spectrum hetween "B" and "C" (located
at 5 kev in Figure 1) corresponds to the dividing line between

protons which have drifted to the east and to the west. We

~ believe that the intensities are low because these protons are

coming back out from inner regions gf the magnetosphefe vhere
the loss rates are high.

The trace of peaks labeled "C" corresponds to a second cloud of ’
ﬁrotons which was formed at the same time as the "A" and "B"
sets of particlés. ;ts origin is not un&erstood, but the energy
disperiion seems to be appropriate to an initial location on the
day side of the magnetosphere. One possibility is that it is

composed of that part of the previocusly trapped protons which

was not ejected by the substorm electric fields.




8. Trace "D" is formed by protons from the same cloud as traces "A"
and "B" but these protons have drifted westward all the way around
the earth. Trace "F" is believed to be formed by the protons in
this gloud which have made one udditional circuit of the earth.

9. Trace "E" is formed by protors from the same cloud as trace "C",
but these protons have also drifted around the earth. .

10, Traces "G" and "H" are formed by protons which have dispersed

about two-thirds of the way around the earth from clouds injectéd

during the 1130 and 1300 UT substorms. | ' ]

Injections During a Magnetic Storm

The time period of Figure 2 was relatively quiet: Kp = 3 for the
first 5 hours and Kb = 1 for the remainder of the time. When there are
greater magnetic disturbances, plasma is believed to be injected far
inside the synchronous orbit and the ATS-5 sétellite is presumably
sampling the middle and outer regions of plasma activity.

Spectrogranms of the data from.the electron and proton spectrom-
eter perpendicular to the épin axis during e relatively disturbed'period
are shown in Figure 4. The data from the parallel detectors for this '
pericd are shown in Figure 5. In these spectrograms the energy scalies
are proportional to (E + 3 kev)'l. The electron scale is inverted so .
that zero energy for both protons and electrons is loceted at the time
marks between the two spectrograms. Infinite energy on these scales is
located at the bottom time marks for protons and at the time marks above
the electron spectra for eiectrons. These peculiar energy scalés have

the property of straightening out many o® the energy dispersion traces

end perrits easy determination of injection times by extrapolation back

10




to the tire infinite energy particles would have arrived. The components , i

of the maynetic field perpendicular and parallel to the spin vector are
plotted along-with the spectrograms of the perpendicular analyzers. The
magnitudec of the field and the angle tv the spin vector are plotted along
with the npectrograms of the perallel analyzers. These magnetic field
date are not corrected for the changing spacecraft fields. For the meas-
urements of the perpendicular component of the mesgnetic field, only the
coarse (33 y step size) data was used causing an additional uncertainty
of about £ 10 y. A guide to the reading of these spectrograms is given
in Appendig A.

Figures 4 and 5 cover the time period from 1500 UT on January 1,

1970 to 2100 UT on January 2, 1970. The Kp values during this period

were 3, 3~, 2, 3-, 4+, 54, 4, 4, 4+, and 4. Low latitude magnetograms
exhibited 50 y decreases due to asymmetrical ring currents (see Solar-
Geophysical Data No. 311, Part 2, page 60).

Figure 6 shows traces of some of the spectral peaks exhibifed in
Figure 4 with labels for future reference.

Figure 7 is a set of five magnetograms for this time period which
have been replotted on a common scale (courtesy Dr. Syun Ak;sofu). The

"M"s mark the time of locel midnight at each observatory and the vertical

T lines labeled alphebetically indicate the onset times of the major sub-

storms at about 1620 and 2220 UT on January 1, 1970 and 0310, 0350, 0720,

bt N ey L s B R

1125, 1600, and 1830 UT on January 2, 1970.
The proton and electron curves laebeled "A" in Figure 6 are believed
to be due to the dispersion of a plasma cloud injected during the 1620 UT

substorm on January J, 1970 (also labeled "A" in Figure 7). Assuming that

11




the cloud was formed in the vicinity of locel midnight, both species have
traveled about half-wa& around the earth with the electrons taking an
eastward path ‘&nd the protons a westward patt. 'The }ow energy protons

and electrons in the dusk side of this cloud were apparently encountered
at about 0100 UT which corresponds to dusk local time. Since the initial
location of the dusk side of clouds rafely extends to local tiﬁes earlier
than 2100 UT, these low energy particles were preswnably convected 3 or

4 hours in iocal time to the west during the first 8 hours after injection.

It is believed each of the labeled curves in Figure 6 is produced
by a cibud injected during the subsnorm dééignated by the samé letter in
Figure 7.

- The dispersion curves for the "B" substorm are similar to those of
tﬁé "A" substorm except that the satellite was closer to the dusk side of
the cloud so that the low energy particles werc encbuntered only 4 hours
after injection began.

Event hc" a@ 0310 UT was precedéd by & precursor at 0249 UT and
was followed by the stronger event "D" at 0356 UT (before the arrival of |
low energy particles from the "C" event).

The western edge of the cloud injected during the "D" event was
initially quite close to the satellite so that low energy particles
arrived within minutes after the onset. The satellite was soon within the
main body of plasma being convected in from regions of smaller magnetic
field.

The ATS~-5 was near local.midnight at the time of event "E" so that

particles of all energies grrived with little delay.

12
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By the time of the "F" event, the satellite was approaching lawn
so that the energetic electrons with their eastward directed gradient
drift velociﬁy‘component arrived first but were quickly followed by low
energy particles (being rapidly convcéted to the east) and eventually by
protons with energies up to 20 kev which were also moving eastward but
at a lower rate due to their opposing gradient Arift veiocity component .
As in event "A", the protons on the dusk side of the cloud drifted
vestward and were detected along the second "F"‘trace in the,}owerlhalf

of Figuré 6. | ' <

Energy Spectra During the Storm

In addition to the structuce produced by energy dispersion, a

number of other types of peculiarities in the energy spectra are observed

dﬁring magnetic storms. To exhibit some of these features better, the
middle part of the time period in Figures 4 and 5 is replotted in Figures
8 and 9 with the time'scale expanded by a factor of two end with logarith-
mic energy scales.

Nine sets of spectra are plotted in Figures 10 through 18 to
permit a more detalled study‘of the spectral features. The electron '
spectra are plotted on the left half and the proton spectra on the right

half of these figures. The spectra of the electron spectrometer directed

parallel to the spin is shifted down by a factor of 160 and the perpendic-

ular proton date is gshifted up by a factor of 160 solthat both upper curves
correspond to the perpendicular. detectors. The error bars again. correspond
to the middle 68 percent of the Poisson distribution. Points at which

zero counts were obtained are indicated by upward pointing triengles.




Fleapes 15 and 16 contain points at which no data was available so that
€4i|{er data was used, This substitution of earlier data is indicated by
Aiyard pointing triangles. The lines below the "BKGD"s represent the ‘
Letlinyyed background for each of the¢ four detectors. Note that care must
Lt ¢yercised in refe;ring to the background levels since the background

Yor tne upper curves frequently falls in the vicinity of the lower curves.
K tiigee complete description of' these plots is given in Appendix B.

Before proceeding, note that spurious energy structure cen be
Etugated in at least two ways. One is that any spin modulation can "beat"
With the energy sampl;ng. The long-time averages used in the present plots
teny ‘o minimize this ~!fect. The other one is that the detectcrs sharing
th wybcommutated data channel have only every other energy stép sampled
d“”“hg each scan. The peak tracking system is such that on subsequent
ECanii; the other half of the steps may be sampled, but, in the meantime, the
8P4 lirym may have changed. During the period now being considered the
eleclipon detectors were sharing the subcommutated channél 80 their spectra
frequiently show a "ripple" due to spectral.changes between the times of the
interliaced scans. This effect is also the cause of horizontailbars in the
eleclypon porticn of the spectrograms during rapid time changes.

figure 10 shows the spectra obtained at the beginning of the time
periog covered by Figure 4. The structure can be shown to be caused by
the diygpersion of clouds injected at earlier times.

Figure 11 taken 2 hours later at 1715 UT on January 1, 1970 shows
how a}j) of the fluxes below 1 kev were reduced following the "A" event at

1620 Uyp, These fluxes had, in fact, already made changes by 1600 UT indi-

catings; the possibility thet the electric fields in the dayside magnetosphere

1k




may be modified well in sdvance of the sudden substorm enhancements in
the vicinity of midnight.

Figure 12 shows spectra in which the electrons measured parallel .
to the spin vé;tor are almost 100 times greater than perpendicular fluxes
in the energy region around 300 ev. Simultaneously, the low energy
perpendicular proton fluxes are about twice as high as the parallel proton
fluxes. Comparison of Figures 4 and 5 reveals that this phenomenon per-
sisted for a period of over 4 hours. Perhaps the extra parallel electrons
were brought into this region of space to compensate for the excess ‘
positive charge arriving in the form of energetic protons,frgm the cloud |
injected by event "A", o

Figure 13 shows the spectre after the arrival of the low energy

electrons from the "B" event. Note the sharpness of the dividing line at
1 kev between these electrons and those'betweeh 1.2 and 6 kev which were
probably injected during much earlier events And therefore had more time
to decay. | |

. Figure 14 shows the spectra after the arrival of the energetic
electrons from event "DﬁZ‘ Between 5 and 50 kev, the electron spectra
are very similar to a Maxwellian distribufion with.a temperature of 6 kev.
The low énergy portion of the parallel electron spe:trum will be dis-

* ' } cussed below. , >

Figure 15 sbows the spectra just before event "E" while the mag-
netic field was near its minimum value of about 60 y. Both dashed lines .§

correspond to an isotropic Maxwellian distribution with a temperature of

2.46 kev and a density of 5.5 electrons/cms. The meesured spectra match % .

i
i
¥
¥
i

this fit to within % 30% over the range from 0.8 to 24 kev, but they are -
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about & factor of 5 higher a’: 80 ev and remain constant above 30 kev
instead of rapidly decreasing. .

Figure 16 sh;ws the spectra just after event "E" while the mag- ;
netic field was near 150 7. First, note the depletion of the parallel
electrons which begins sharply at 1000 ev. A similar sharp decrease at
150 ev can be seen in Figure l4. Step-like spectral features such as
these are referred to as "precipices". Figures 5 and 9 show that this
phenomenon persisted for about 1-1/2 hours after event "D" and for about
9-1/2 hours after event "E". The fluxes below the precipicé_encrgy are ' 4
not reduced to background, and they often contain nearly monenergetic
peaks which move in unison with changes in the precipice energy. Examina-
tion of the perpendicular proton and electron data for this and other

periods has yet to reveal any peculiarities directly associated with the

‘éccurrence of parallel electron precipices. The parailel proton datea,
however, invariaebly exhibits extreme modulation at the spin frequency at
all energies less than about twice the electron precipice energy. S.ince

it is believed that the ¢etecto£ look direction is gligned within 3 degrees
of the spin axis, these modulations, which can be as great as 50 to 1,
cannot be due to structure in the pitch angle distribution unless the
proton trajectories are perturbed in the near vicinity of the spacecraft.
It is not yet known whether these effects in the parallel detectors

could be caused by surface charges on the cylinder of solar cells which
extend beyond the aperture of these detectors. 1In any case, it seems

possible that these effects are at least indirecily caused by an

%
i

interesting feature of the ambient plasma such as field aligned currents.

It can be seen in Figure 16 that there is, in fact, a large flux of

16
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electrons which begins sharply at 1000 ev. A similar sharp decrease at
150 ev can be seen in Figure 14, Step-like spectral features such as
these are referred to as "precipices". Figures 5 and 9 show that this
phenomenon persisted for about 1-1/2 hours after event "D" and for about
9-1/2 hours after event "E". The fluxes below the precipice enu:rgy are ‘ ‘
not reduced to background, and they often contain nearly monenergetic
peaks which move in unison with changes in the precipice energy. Examina-
tion of the perpendicular proton and electron data for this and other
periods has yet to reveal any peculiarities directly associated with the
dccurrence of parallel electron precipices. The parallel proton data,
however, invariably exhibits ectreme modulation at the spin frequency at
all energies less than about twice the electron precipice energy. Since
it is believed that the detectof look direction is ;1igned within 3 degrees
of the spin axis, these modulations, which can be as great as 50 to 1, i
cannot be due to structure in the pitch angle distribution unless the
proton trajectories are perturbed in the near vicinity of the spacecraft. i
It is not yet known whether these effects in the parallel detectors

could be caused by surface charges on the cylinder of solar cells which

extend beyond the aperture of these detectors. In any case, it seems

possible that these effects are at least 1nd1rec£1y caused by an
interesting feature of the ambient plasma such as field aligned currerts. \

It can be seen in Figure 16 that there is, in fact, a large flux of

16




protons in the region of 1.5 to 3.0 kev which has no counterpart in the
perpendicular spectrum, Figure 9 shows, however, that this feature wa.s
intense for less than one hour.

Still another interesting energy structure in Figure 16 is the
sharp peak in both proton spectra at 70 ev. Peaks of this character
would be produced if the satellite werc forced to attain a potential
of =70 volts with respect to the plasma in order to maintain a zero
flux of charge. If this interpretation is correct, it indicates that
very few cold lons of ionospheric origin were present.

Figure 17 shows the spectra 2 hours after the "F" event when
the satellite was ﬁear dawn local time. The parallel electron spectrum
exhibits a precipice at about 500 ev accompanied by a nearly mono-

energetic peak at 350 ev. It is believed that the protons with energies

greater than 10 kev have traveled around the dayside of the earth and
that the lower energy protons and all of the electrons have been con-
vected directly from the region near midnight local time.

Figure 18 shows the spectra about 4-1/2 hours after the "F"

ol

event. The parallel électron precipice has moved down to 150 ev and
the dividing line between eastward and westward drifting protons has

moved to about 5 kev.

s in o)

Integrals Over the Spectra

Pour different integrals for each of the four spectra in Figures
10 through 18 are given at the top of each plot. The units and other
details of these integrals are described in Appendix B.
In Figure 19, running 5.5-minute averages of 10 of the integrals | ;  '

are plotted for the entire timé period covered by Figures 4 and 5. The
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integrals are computed only for the measured part of the distributions
with no extrapolations to higher or lower energies. The densities per
unit solid angle have been multiplied by 4 m to permit quick estimates
of the total number densities. |
The electron energy fluxes observed during the storm were quite
adequate to produce bright auroral light emissions. The perpendicular
and parallel electron energy fluxes were typically above 10 and 6
ergs/cm? sec sr and had maxima at about 30 and 1k ergs/cm? sec sr,
respectively.
The integrals can be seen to have large long-term variations
but to have few short-term varigtions'larger thﬁn a f;ctér of three.
The auroral emissions during the storm presumably exhibited ‘the usual
sharp spacial features such as arcs and rays and also sﬁrong short-ternm
variations. If these auroral features have noﬁdirect counterpart in the
eéuatorial plasma, they must be due to differences in precipitation
rates and other .phenomena such as field aligned currents. Unfortunately,
as yet it is not accurately known what parts of the auroral regions are
on fhe magnetié field lines encountered By the ATS-5 satellite. .
The particle pressure is usually'dominantly due to protons, 5ut
the electrons often make an important contribution. Occasionally the
electron pressure'is over twice the proton pressure as it was, for .
. example, at 1200 UT Japuery 2, 1970.
The perpendicular‘parmicle pressure and the magnetic field
pressure exhibit no simple dependence upon each other, and both positive
and negative correlations are observed. This may indicate the presence

of strong external forces. The presence of external forces may also be
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indicated by ‘! relative stability of the plasma even though the
particle pres:: ire exceeded the magnetic field pressure for many hours
during the s*.-wm. In particular, during the 20 minutes preceding event
"E" (at 0725 ™ ) the particle pressure was over 3 times that of the
magnetic fiel.:.

The de»-.tiled energy structure encountered by the ATS-5 satellite
varies radica.. ;) from day to day since it depends upon the time and
intensity of z.. of the substorms during at least the preceding 2i hours.
The integrals -'* the spectra at any particular local time are much more
consistent, hesvzver.s To illustrate this, the integrals from the perpen-
dicular detec~>'ss have been examined during 29 days in January 1970 to
obtein minimun, maximum, and "typical" values at six different local
times. The resilts, along with velues for the ratio of pressures, are
. given in Table ~-.

The nustwer densities of electrons and protons are rarely equal,
althcugh they ~ften differ by less than 15%. In the local time‘region
within about £ - hours of dusk, the satellite is'.probably often within
the plasmasphers 50 that the cold plasme of ionospheric origin (which
is not being mnasured) dcﬁinates the number Jdensities. At other local
times it is belleved that the missing charge is frequently to be found
in hot plasma ~~mponents outside the energy range of 50 ¢v to 50 kev.

In particular, Z% is believed that protons in the io to 50 ev and 50 to

100 kev often rma4e important contributions to the total density.
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Summary
Analysis of the data obtained by the UCSD experiment on the ATS-5

satellite has yiclded the following conclusions: '

1. A hot cloud of plasms is injected into the midnight sector
of the magnetosphere during cach substorm.

2. PEnergy and pitch angle dependent dlspersion produces:
¢.. sharp and long lived energy structure, and
b. large energy dependent pitich angle anisotropies.

3. The main body of plasma may not directly reflect the 4
strong space and time variationc usually exhibited
by auroral precipitation patterns.

4. Increases in the electric field associated with a sub-

storm can further accelerate perts of the plasme previously

injected. It therefore seems probeble that these increases
not only provide an input, but also cause at least the
initial steps in the "radial diffusion” responsible

for the radiation belts.
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APPENDIX A
DESCRIPTION OF ATS-5 SPECTROGRAMS

Format -
The spcctrograms are produced in pairs: one showing the spectra
from the perpendicular proton and the perpendicular electron analyzers
. . and one showing the spectra from the parallel proton and =lectron
analyzers. They are labeled by a large 1 or ||-on the middle left side.
The proton part is always below the clectron part. The day of the year
(January 1 equals day 1) and year is given at the bottom. The month,
dﬁy in month, and year are also given at the left Jus£ above the ] or |]
label. The times at the beginnings and ends of the spectrograms can be

arbitrarily set, and can :over any desired time span. Time scales cover-

ing av little as 10 minutes and as great as 4 days have been used. When

more than one day is encompassed, either negative hours or hours greater

than 24 are used to prevent any ambiguity. Grey scales are located at

the right; Six different integralé are plotted in grey coded bands in

the upper part along with magnetic field'qnantities. At the very top ' .

are two data quality indicators.

Grey Scale Interpretation
. ' The primary value of spectrograms is their ability to reveal pat-

terns in the energy-time plane. The determination of actual flux levels
from them is of secondary importance. For this reason, and because of the

loss in time resolution,the option which produces a ccded pattern with

.
phicttidbecspriviminb 5

which accurate flux values can be obtained is now rarely used. Color

coding also permits accurate values to be obtained, but is more

& -
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expensive than grey cocding. In the present case, color is reserved for
adding au;ther dimension: by superimposing the perpendicular and
parallel spectrograms with color filters limiting each to one-half of
the visib%e spectrum, the energy and time dependence of the pitch angle
anisotropies are clearly displayed as patterns of different shades of
color,

Should one desire to estimate the flux at a'givcn point on a
spertrogram, first locate the corresponding level on the grey scale
at the lower right and determine the value of "G" on the scale markéd

0 to 3. Th: differential energy flux in ev/cm2 sec 8r ev is then given

by

(ac® - 1) 100 * 4.367

~ where b is given by "EL" in the lower left corner of the spectrogram

for the electron fluxes or "PR" for the proton fluxes. The value of
"ST" in the lower left corner gives the change in G between each of the
33 discrete grey levels availgble. '

One option evaeilable is to let the grey écale recycle repeatedly
instead of simply saturating. This option with a small value cf "ST"

is used to reveal small variations over a wide dynamic range of fluxes.

Energy Scales

The computer program which generates the sﬁectrogramm can vtilize .
any arbitrary function of energy for the eneigy séales for exhibiting

all or any part of the measured spectra. The entire range from 50 ev to

50 kev is usually plotted with one of the two types of scales:




l. logarithmic with 50 ev at the bottom for both protons
end electrons. ;
2. proportional to 1/(E + 3 kev) with the electron part
inverted and sharing the éame point with the protons at f
zero energy. The bias or 3 kev was arbitrarily chosen ;
to give a good presentation of the 50 ev to 50 kev energy
range. If the scale, S, is taken to be 0.0 at infinite
proton energy, 1.0 at zero electrcn and proton energy ,

and 2.0 at infinite electron energy, then

E(1-q) + 3 kev _
Qg r " "
S E o+ 3 ke where E is the particle energy in kev

q = + 1 depending on the sign of the particle's charge.

Note that at low energies, § ~ 1 + qE/3 kev. Time tic
marks are located at S = 0, 1, and 2. The extrapolatici
of dispersion curves back to the time marks (at 8 = O or 2)
yields the time infinite energy particles would have ar-
rived, and therefore, the time of the event resp&nsible
for the dispersing particles. The slopes of the ﬁigh
energy parts of dispersion curves give & measure of the
distance of the satellite from the regiéns in which the

particles were perturbed, but it is aprarently necessary

to include electric field effects to obtain useful

accuracy.

S NN i e 880 . v it e TR
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Subsidiary Data

A number of useful quantities are given in the lower left hand

corner. -

" channels are identified

The analyzers in the "master" and "mate
by numbers following "MASTR" and "MATE'" according to the scheme:
l. perpendicular electron analyzer
2. perpendicular rroton analyzer
3. parallel electron analyzer
4, parallel proton analyzer

C A

L]

averaging time for the spectra in minutes.

TS time between spectral averages in minutes.

L}

TM =’ averaging time for the magnetic data in minufes.

The seven bit commsnd word is given immediately below "COMMAND".
The first three bits give the channel assignments and are therefore
redundant to the master and mate identifications given above. Bits 4 and

5 specify the'operating mode according.to the scheme:

bit b 5 Mode
| | 0] 0 . irack-scan
| o 1l single step scan only
i o track only |
1l 1l double step scan only

Bits 6 and 7 not set to zero éorrespond to other modes which are rarely

used.

"sT", "EL", and "PR" are described above.

"PSNG" specifies the quanti.y being plotted in the spectrogram
according to the scheme:,hl - .

ol




-

l. differential energy flux
2. differential number flux
3. ratios of the flux averaged over "rs" minutes to
the flux averaged over the previous nppt o Mpgh
minutes,
%. ratios of adjacent energy steps.
Options other than the first are used only in special studies.
If the option to make the background black rather than white has been |
used, then "PSNG" will be negative. A black background is prefcrred for

slides that are to be projected.

Megnetic Field

Data from the ATS-5 magnetometer.have been kindly supplied by
T. Skillman of the Goddard Space Flight Center and are plotted above the
spectral date along with lines at O; 50, 100 and 150 gammas. The data
are not corrected for the effects of time changes in the spacecraft cur-
rent systems., These perturbations can be as large as 15 gammas. The
ebsolute value of the magﬁeﬁic field component parallel and perpéndicular
to the spin axis is given by'the darker and lighter points respectiveiy
(and usuelly the upper and lower respectively) with the spectrograms of
tlie perpendicular analyzers. The perpendicular component is obtained
‘ using only the coarse '(33 gammna step size) data and iﬁ thus uncertein
» by at least + 10 gammas. Most of the scatter iﬁ thié component is due to ;

using only the coarse data.

AT 7 SN

The magnitude of the field end the angle of the field to the spin I
axis are given by the lighter and darker points respectively (anq usually

the upper and lower respectively) with the spectrograms of the parallel
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analyzers. The angle to the spin axis is given in degrees. Both the

magnitude and.angle are subject to the additional uncertainties in the

perpendicular component.

s o e

Integralﬁ

Above and below the megnetometer data are six strips in which
various quantities are logarithmically encoded in a grey scale such
that a ratio of about 2000 to 1 is covered in going from black to white.
In the 1lst, 2nd, 3rd, and 5th strips, the following integrals
froﬁ the pérpendicular'and paraliel analyzers are plotted with perpendicu-

lar end parallel spectra respectively:

Label Quantity | Value at Midpoint of Grey Scale
PR N DEN proton number density 1.0 ﬁroton/cm3
EL N DEN ‘electron number density 1.0 glectfon/cm3
E E FLX electron energy flux , 1.0 erg/cm? sec sr
PR E FLX proton energy flux 1.0 erg/bm? sec sr
In the U4th strip labeled "PRESSURE", the total perpendicular
* electron plus proton pressure is plotted with the spectrogram of the - ;

8

perbendicular detectors with a midpoint value of 10~ dynes/cm?. In the

4th strip with the parallel data, the magnetic field pressure is plotted .
with a midpoint value of 2 x 1070 dynes/cm?.

In the 6th strip (near the top) labeled "PAR ﬁFLX" the parallel
electron number flux is plotted with the spectrqgramkof the perpendicular ' \
detectors with a midpoint value of-lO8 electron/cm? sec sr. In the top 7
strip with the parallel data, the parallel proton number flux is plotted

with a midpoint value of 107 protons/cm? sec sr.




Data Quality Indicators

At the very top of the spectrogram is a line which increases in
breadth with'&n increasing percentage of missihg data. In the track-scan
mode, about 73 percent of the potential data is usually "missing" since
75 percent of the time is spent tracking a peak in a narrow spectral
region. When data are not available,.previous data are used unless the
time gap is greater than 30 minutes in which case the spectrograms are
left blank. The top line, of course, goes to its maximum width during
gaps in the data. The magnetometer data is not plotted during such gﬁps.
Care hust be exercised to avoid false interpretations ofvspéctrograms
containiné data padded in from an earlier time.

Just below the missing data line is & liné which becomes darker

gnd thicker with increasing numbers of bad points. Often the quality of
data transmission is such that over one percent of the data points are
bad. Even the highest quality data being obtained are usually incorrect
more than O.i percent of the time. Tﬁis corresponds to over 800 bad
data points’per day ofvdata. A data editiné scheme has been devised
which eliminates approximately 99 percent-of the bad data and rarely
removes data later Jgdged to be good. Failure to remove bad points

usually occurs when the false data happen to form a self-consistent

" context. This type of failure to edit properly ‘is respbnsible for the
two white areas in the lower right of Figure 4. The bad data indicating
line reaches its maximum thickness when there are more than 10 bad

points in the four spectra measured during the time covered between

averages (equal to "TS").




APPENDIX B
DESCRIPTICN OF ATS~5 SPECTRAL-AVERAGE PLOTS

Format
The ¢pectra from the two electron and the iwo proton analyzers
are plotted in adjoining log-log plots with borders at.30 ev and 100 kev.
The rangc of the vertical scale is variable and depends upon whether the
differential energy flux or the diffciential number flux is being plotted.
The parallel electron spectrum is shifted down by a factor of 100 (i.e.
x 0.01) and the perpendicular proton spectrus is shifted up by a factor
of 100 (i.e. x 100). These shifts usually provide adequate separation
and place the perpendicular spectra above the parallel spectra in each
case., |
: Tﬁe universal time at the midpoint of the dats being averaged
over is given twice at the top of the plots. On the left hand (electron)

side, the time is given in hours, minutes, tenths of minute, month,‘day

of month, and year, and is followed by the aberaginé time in minutes. On

the right hand (proton) side, the time is given in nours (to thé nearest
one thousandth of an hour),'day of year (January 1 equals day 1), ana the
year. The local time in hours and minutes is sometimes added on the left
side.

Also given near the top are four different iﬁtegrals over each
of the four spectra. The integrals for the pefpendicular data are given
above the integrals for the parallel data. Following two of these sets
of integrals will be found the words "MASTER" and "MATE" to indicate

which analyzers are occupying the two non-subcommutated date channels.

28
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When in the track mode, the "master' analyzer controls the peak tracking '
system. The operating mode (for example the scan only or lrack-scan

modes) of the system is given on the right side.

. Error Bars

Vertical bars which encompass the middle 68.26 percent of the
Poisson distribution are given at each data point. At high rates, they
correspond to plus and minus one standard deviation. The appgoximation
N, = N % jN— (1.0 - 0,17/N) is used. where N is the total number of
counts accumulated at the point.

Whén in the track-scan mode, there are about four times the number

of accumlations at the points near the energy of the peak being tracked

tken at other energies. Also the spectra from the "Master and "Mate"
channels will have sbout twice the accumlation time as the other two
(subconmutated) spectra.

When in the single step scan only qode, every other data point
in the subcommutated spectra will be missing. This under-sambling of
the spectra can lead to substential errors in the smooth line'drawn
through the data points since structure as sharp as the instrugents'.
regolution is frequently observed. |

* If zero counts are obtained, then the error bar is replaced by

a triangle pointing up to the line which is placed at one-half the
flux corresponding to one count being accumulated.
If no date are available for & point during the time period
| being averaged over, then the flux obtainéd during a preceding time
perio& is inserted. 1In this case; the error bar is replaced by a

trianele pointing down to the data point.

.
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Integrals Qver the Spectra

The four integrals giveA for each analyzer at the top of the
plots are of course intrinsically directional quantities, The parallel
cases correébond to pitch angles near o = the angle of the spin vector
to the magnetic ficld vector, and the perpendicular cescs correspond to
averages over the pitch angie range of 90 + o degrees. The integrals are
taken only over th- measured range of 50 ev to 50 kev and afe, therefore,
lower limits. '

The number densities in particles/cm3 are labeled "DEN" and
corgespond to 4 n times the directional number densities in
particles/cm3 8T,

The particle pressures in 10”2 dynes/cm® are labeled "PRES".

‘Théy correséond to 8 n/3 t;mes the directional eﬁergy densities in
ergs/cm3 sr. The multiplication by 8‘n/3 simplifies computation of the
total particle pressure perpendicular to thé magnetic field vector.
The.direcﬁional energy fluxes in efgs/cm? sec sr are labeled
"E FLX". “
The directional number fluxes in 196 particles/cm? séc sr are

labeled "N FLX".
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1.

3.

L.

-

Te

FIGURE CAPTIONS

Differential energy flux of protons near thc loss conc at
L = 6.8 earth radii averaged over a 10.9 minute period centered
on 1233.8 UT Jan. 6, 1970. The dashed line corrcsponds to a

differential number flux of 100 protons/cmg sec 8r ev.
Same as Figure 1 except with a linear flur scale.

A spectrogram of the proton differential encrgy flux duiing

Jan. 6, 1970, The upper half identifies some of the dispersion

curves.,

Spectrogram of the perpendicular proton and electron fluxee
(4.1 minute averages taken every 1.37 minutes) from 1500 UT
Jan. 1, 1970 to 2100 UT Jan. 2, 1970. The energy scales are
proportional to (E + 3 kev)'l. A description of this and the

following spectrograms is given in Apperndix A.

Same as Figure 4 but of the fluxes parallel to the spin axis

vhich is aligned with the earth's rotational axis.

Dispersion curves found in Figure U which are believed to be

associated with the substorms identified by the same letters -

in Figure 7.

TR "SR TR

Five magnetograms covering the same time period as Figures 4, 5,
and 6. The "M"s mark local midnight at each station and the

vertical lines mark the onset of 8 substorms.

%
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1.

2.

3.

b,

5.

Te

FIGURE CAPTIONS

Differential energy flux of protons near the loss cone at
L = 6.8 earth radij averaged over a 10.9 minute period centered
on 1233.8 UT Jan. 6, 1970. The dashed line corresponds to a

differential number flux of 100 protona/cm2 sec sr ev.
Same as Figure 1 except with a linear flur scale.

A spectrogram of the proton differential energy flux du:ing
Jan. 6, 1970. The upper half identifies some of the dispersion

curves.

Spectrogram of the perpendicular proton and electron fluxee
(4.1 minute averages taken every 1.37 minutes) from 1500 UT
Jan. 1, 1970 to 2100 UT Jan. 2, 1970. The energy scales are
proportional to (E + 3 kev)'l. A description of this and the

following spectrograms is given in Appenlix A.

Same as Figure 4 but of the fluxes para’lel to the spin axis
which is aligned with the earth's rotational axis.

DPispersion curves found in Figure 4 which are believed to be
associated with the substorms identified by the same letters

in Figure 7.

e S

Five magnetograms covering the same time period as Figures 4, 5,
and 6. The "M"s mark local midnight at each station and the

vertical lines mark the onset of 8 substorms.
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10,

11.

12.

13.

Spectrogram of the perpendicular fluxes (2,74 minutes averages
taken every 1.37 minutes).of the middle part of the time period

covered in Figure 4. Simple logarithmic energy scales are used.
Same a8 Figure 8 but of the parallel fluxes.

The four specira averaged over U,1 minutes showing the energy
structure found near the beginning of the time period covered
by Figures 4 and 5. Notie that the system is.in the track-scan
mode which performs only 3 scans in a 4.1 minute period. This

mecans that éxcept in the vicinity of the energy of the peak bein

- tracked, each energy step is sampled for only three 0.26 second

intervals during the 4.1 minutes. Furthermore, the electron data
are subhcommutated so that there are only three 0.26 sécpnd samples

taken for each pair of adjacent energy steps. Care must be

" exercised to associate the correct background ievel with the

proper spectrun.

The spectra after the depletion at lovw energies associated with

event "A".

Spectra showing high energy protons from event "A" and enhanced

low energy parailel electron fluxes.

Spectra after the encounter with low energ& electrons from

event "B".
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kL,

ls-

16,

17.

18.

190

Spectra after the arrival of electrons from event "D". The "ripple"
in the electron spectra is due to time changes betwe¢n the inter-

lacing scans.

x4

Spectra Jjust prior to event "E".

Spectra showing a "precipice' in the parallel electrons, a 3 kev
peak in the parallel protons, and sharp peaks in both the

parallel and perpendicular protons at 70 ev.
Spectra showing & 350 ev peak in the parallel electrons.

Spectra showing the parallel electron fluxes to be about a factor
of three less than the perpendicular fluxes and the 100 to 1000 ev
parallel proton fluxes about a factor of 3 greater than the

perpendicular proton fluxes.

5.46 minute averages computed each 2.3 minutes of four different

types of integrals over the 50 ev to 50 kev spectra.
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