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ABSTRACT

The access of 1.2-40 MeV protons and 0.4-1.0 MeV electrons from
interplanetary space to the polar cap regions has been investigated with

an experiment on board a low altitude, polar orbiting satellite (0G0-4).

A total of 333 quiet time observations of the electron polar cap
boundary give a mapping of the boundary between open and closed geomag-
netic field lines which is an order of magnitude more comprehensive than

previously available.

Persistent features (north/south asymmetries) in the polar cap pro-
ton flux, which are established as normal during solar proton events,
are shown to be associated with different flux levels on open geomagnetic
field lines than on closed field lines. The pole in which these persis-
tent features are observed is strongly correlated to the sector structure
of the interplanetary magnetic field and uncorrelated to the north/south
component of this field. The features were observed in the north (south)
pole during a negative (positive) sector 91% of the time, while the
solar field had a southward component only 54% of the time. In addition,
changes in the north/south component have no observable effect on the

persistent features.

Observations of events associated with co-rotating regions of en-

hanced proton flux in interplanetary space are used to establish the
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characteristics of the 1.2-40 MeV proton access windows: the access win-
dow for low polar latitudes is near the earth, that for one high polar
latitude region is 250 Rg behind the earth, while that for the other
high polar latitude region is ~1750 R0 behind the earth. Al11 of the
access windows are of approximately the same extent (~120 Re). The fol-
lowing phenomena contribute to persistent polar cap features: 1imited
interplanetary regions of enhanced flux propagating past the earth,
radial gradients in the interplanetary flux, and anisotropies in the

interplanetary flux.

These results are compared to the particle access predictions of
the distant geomagnetic tail configurations proposed by Michel and Dessler,
Dungey, and Frank. The data are consistent with neither the model of
Michel and Dessler nor that of Dungey. The model of Frank can yield a
consistent access window configuration provided the following constraints
are satisfied: the merging rate for open field lines at one polar neu-
tral point must be ~5 times that at the other polar neutral point, re-
lated to the solar magnetic field configuration in a consistent fashion,
the migration time for open field Tines to move across the polar cap
region must be the same in both poles, and the open field Tine merging
rate at one of the polar neutral points must be at least as large as
that required for almost all the open field lines to have merged in
o(one hour). The possibility of satisfying these constraints is investi-

gated in some detail.

The role played by interplanetary anisotropies in the observation
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of persistent polar cap features is discussed. Special emphasis is given
to the problem of non-adiabatic particle entry through regions where the
magnetic field is changing direction. The degree to which such particle
entry can be assumed to be nearly adiabatic is related to the particle
rigidity, the angle through which the field turns, and the rate at which
the field changes direction; this relationship is established for the

case of polar cap observations.



viii

TABLE OF CONTENTS

I. INTRODUCTION

II. INSTRUMENT
Vertical Telescope
Horizontal Telescope
Electronics and Data Formatting

Thresholds and Calibrations
III. SATELLITE
IV. DATA ANALYSIS

V. OBSERVATIONS
Electron Observations
Proton Observations
EDP Event of 1 December 1967
Solar Flare Event of 2 November 1967

Comparison of Electron and Proton Observations

VI. BACKGROUND
Interplanetary Environment

Geomagnetic Field and Magnetic Merging

1
14
17

30

33

47
a7
53
57
70
76

86
86
92



ix

VII. DISCUSSION

Electron Polar Cap

Access of 1.2-40 MeV Protons
EDP Events
Flare Events

Models of the Distant Geomagnetic Field Configuration
Closed Magnetospheric Configuration -- MODEL A
Magnetic Merging at the Sub-solar Point -- MODEL B
Magnetic Merging at the Polar Neutral Points -- MODEL C

Interplanetary Anisotropies
VIII. CONCLUSIONS
APPENDIX A: Additional Observations
APPENDIX B: Particle Trajectories in a Turning Magnetic Field

APPENDIX C: Magnetic Merging at the Polar Neutral Points
Assumptions
Assumption A
Assumption B
Assumption C
Derivation of Merging Rates -- General
Assumption A
Assumption B
Assumption C

Results

REFERENCES

104
105
107
114
120
122
123
129
132
143

149

154

192

207
209
216
219
220
221
228
235
240
244

256



I. INTRODUCTION

An investigation of the physical processes involved in the access
of low energy particles from interplanetary space into the interior of
the earth's magnetic field is of special significance to several geo-
physical and astrophysical questions. Such an investigation bears
directly on the question of the configuration of the distant geomagnetic
field and the relation between this field and the polar cap region. A
definition of this configuration is perhaps the only means available for
the determination of the degree to which magnetic field merging plays a
role in the interaction between solar and terrestrial plasmas and mag-
netic fields. Constraints placed on the extent of magnetic merging in
this interaction would have far-reaching implications for other phenomena
involving solar magnetic fields and for some phenomena involving galactic

magnetic fields.

Since the discovery, in 1964 [1], that the solar wind distorts the
geomagnetic field to the extent of forming a "tail" in the anti-solar
direction, there has been a good deal of speculation concerning the con-
figuration of the magnetic field in this tail at large distances from
the earth. The models which have been presented for this configuration
by Dungey (1961) [2], Dessler (1964) [3], and Frank (1971) [4] differ in
their estimates of the length of the tail by one or two orders of magni-

tude. As Dessler pointed out, charged particle observations in the polar



caps constitute one of the most efficient and appropriate means of deter-
mining the structure of the distant geomagnetic field, since it is not

practical to use satellite-born magnetometers to map this structure in

detail.

Since the fundamental theoretical difference between the three
models of the distant geomagnetic field is the assumption made about the
extent and/or mechanism by which the solar and terrestrial fields merge,
a resolution of questions concerning the configuration of the distant
field can have a direct bearing, through these models, on the gquestion
of whether magnetic field merging is a significant process in the inter-
action between the solar wind and the geomagnetic field. Since it has
been suggested that magnetic field merging may play an important role in,
for instance, the generation of solar [5] and/or galactic [6] flares, a
determination of the possibility or impossibility of magnetic merging in
astrophysical plasmas, even over a limited range of plasma parameters,
would be quite significant. The interaction between the solar wind
plasma and the geomagnetic field is the only readily available system

for which this can be determined.

Although charged particle measurements cannot determine the extent
of magnetic merging directly, they can lead to the establishment of con-
straints to be placed on magnetospheric models. Several studies have
been conducted with this goal in mind. Observations of >50 keV and
>20 keV electrons in the magnetotail have been interpreted by Van Allen
[7,8] and Anderson and Lin [9] as evidence that these electrons gain

access to the magnetotail along geomagnetic field lines which are



connected to the interplanetary field. These results have, however, been
interpreted differently by Michel and Dessler [10], who have modified the
closed field configuration model (e.g. no merging) to account for these
electron observations. In any case, the mode of access for >1 MeV pro-
tons may be quite different than that for >50 keV electrons, owing to the
large differences in magnetic rigidity (~0.05 MV for the electrons vs.
~100 MV for the protons) and velocity (0.43c (electrons) vs. 0.046¢c (pro-
tons)). The observation by Evans and Stone [11] of a large north/south
difference in the proton polar cap flux lasting for more than twenty

hours showed that the question of proton access was still unresolved.

Prior to the observations reported by Evans and Stone [11], some
evidence of structure in observed polar cap proton fluxes was available
[12-21], but the observations were too sparse to lead to comprehensive
analysis. Since this preliminary report, several observations of per-
sistent north/south asymmetries have been reported [22-26], and several
of the most recent (Englemann, et al. [24], Van Allen, et al. [25], and
Morfill and Quenby [26]) have been interpreted in the context of the
Dungey open field configuration, relating the north/south polar cap flux
differences to interplanetary flux anisotropies. Van Allen, et al. [25],
for instance, report observations which seem to follow this relationship
closely, but only for a period of about six hours during one solar flare
event. This emphasizes a lTimitation which is common to all the previous
observations cited above: none of these studies deal with observations
from more than two events. Results obtained from the analysis of only

one or two flare events are subject to the severe limitation that the



solar and interplanetary parameters which determine the behavior of the
particle flux near the earth can vary significantly from one solar flare
event to the next. Thus, although it is now well established that large
scale structure in the polar cap flux of low energy protons is not un-
common, aside from the indications that interplanetary flux anisotropies
play a role in the observations of north/south asymmetries, the relation-
ship between polar cap fluxes and interplanetary particle fluxes is still

unresolved.

The high time, energy, and flux resolution of the data presented
in this thesis make them particularly appropriate to an investigation of
low energy charged particle access to the polar caps. As suggested by
Vampola [27], low rigidity electron observations can be used to map the
geomagnetic tail field lines onto the polar caps in order to determine
the polar cap boundary between open and closed geomagnetic field Tines;
the 333 observations of this boundary reported here will result in a
much more comprehensive mapping than the 25 such observations previously
available [27]. The proton observations reported herein differ from the
observations cited above in at least two important aspects: (1) the avail-
ability of data throughout an eighteen month period has resulted in the
compilation and analysis of fifty-four solar proton events rather than
one or two, and (2) some of these events represent the first polar cap
observations of fluxes associated with regions of enhanced flux in
interplanetary space which are co-rotating past the earth. These obser-
vations will be interpreted in terms of the locations of the access

windows for 1.2-40 MeV protons for the different regions of the polar



caps. The configuration of these access windows will then be related to
the magnetospheric models mentioned above, and hence to the question of

magnetic field merging.



IT. INSTRUMENT

The detector system used in this study consists of two independent
particle telescopes, each designed (a) to optimize charge and energy
resolution within a range of incident particle energies, and (b) to be
senéitive and operable over a wide range of incident particle fluxes.
Because of their orientations on the spacecraft (see Section III), these
telescopes are referred to as the vertical telescope and the horizontal
telescope. Measurements consist of the counting rates, energy loss, and

range of incident particles [28].

The rapid motion of a polar orbiting satellite with respect to the
geomagnetic field subjects a detector system on board to rapid fluctua-
tions in incident fluxes, due to changing geomagnetic cutoffs and trapped
particles. This tends to place an upper 1limit on the sampling period for
the various rates monitored by the system. In order to obtain adequate
resolution of these fluctuations, the rates for this experiment were
averaged over a maximum of 288 msec, during which time the spacecraft
will have moved, typically, 1.1 minutes in latitude. Although this
averaging rate represents the situation for the bulk of the data re-
ported here (data which were collected on the on-board tape recorder),
when the spacecraft telemetry was in the real time mode the averaging
time is either 72 msec or 18 msec, depending on the exact telemetry con-

figuration. Data collected in the real time mode are particularly



suitable to the study of phenomena closely related to the geomagnetic

field, such as cutoffs.

Vertical Telescope

Figure II-1 shows a schematic cross sectional view of the vertical
telescope, which consists of a stack of circular detectors and absorbers.
From top to bottom, they are: a gold-silicon surface barrier detector,
an aluminum absorber, aﬁother gold-silicon surface barrier detec-
tor, and a copper absorber. Such solid state detectors measure the
energy lost by a charged particle passing through the sensitive region
of the detector; the physical characteristics of these detectors and
absorbers are given in table II-1. The detector stack is completely
surrounded, except for the entrance aperture, by a cylindrical plastic
scintillator cup, which serves to (1) collimate the response of the
telescope, (2) help discriminate against side showers and nuclear inter-
actions within the stack, and (3) determine the high energy analysis
1imit (~40 MeV/nucleon) for the system. The entrance aperture is
covered by a 3/4 mil (0.00075 in) aluminized mylar 1ight baffle; the
tﬁickness of this baffle contributes significantly to the low energy

threshold (1.21 MeV/nucleon) of the telescope.

Incident particles are analyzed only if not registered in the anti-
coincidence detector Dy. The number of particles with energy losses
above an electronically determined threshold in D; and D, are recorded,

along with the number of DD, coincidences. In addition, the energy



Figure II-1

Schematic cross section of vertical telescope.
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Table II-]

Physical Properties of Detectors and Absorbers

in the Vertical and Horizontal Telescopes

Detector/Absorber

Window (Vertical)

(Total)

Dy (Depletion region)

Absorber

(Total)
(Depletion region)

D,
Absorber
Inner housing

D3

Window (Horizontal)

(Total)

Hy (Depletion region)

Material Thickness
(mg/cm?)
Mylar 2.6 £ 0.2
— 106 + 2
3111con 56 + 5
Aluminum 36 + 4
oy 133  (nom.
Silicon 56 (est.
Copper 1790 + 45
Magnesium 138 + 9
Plastic 505 + 27
Scintillator
Mylar 1.22 (nom.
_ 11.7 (nom.
Silicon 5.8 (nom.

Nt S

—?

Sensitive
Area
(cm2)

2.4 (nom.)

3.5 (nom.)

0.079 (nom.)
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lost in Dy is measured for one event during each sample period. The
number of particles measured by D3 are also recorded. The electronic
configuration and the geometrical factors for the various rates are dis-

cussed in more detail below.

As noted in table II-1, the detectors used in this experiment are
not fully depleted; fully depleted detectors with such large sensitive
areas were not available when this experiment was designed. As will be
noted below, the non-uniformity of the depletion depth over the sensi-
tive area of the detector was one of the principle factors which Timited

the resolution of the pulse height analysis of the output from D,.

Horizontal Telescope

A schematic cross section of the horizontal telescope is shown in
figure II-2. This telescope, which is considerably smaller than the
vertical telescope, consists of a single gold-silicon surface barrier
detector completely surrounded, except for the entrance aperture, by a
magnesium shield. As in the vertical telescope, the entrance aperture
is covered by a 0.00035 in. aluminumized mylar light baffle. The physi-
cal characteristics of the horizontal detector and window are included
in table II-1. It should be noted that the collimation for this tele-
scope is passive, in contrast to the active collimator available for the
vertical telescope. The effect of this difference on the response of
these two telescopes is indicated below in connection with the energy

dependent geometrical factors. A1l charged particles losing more energy
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Figure II-2

Schematic cross section of horizontal telescope. Note that the scale

used here is different than that used in figure II-1.
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in the sensitive region of the detector than the electronically deter-

mined threshold are counted.

Electronics and Data Formatting

The block diagram in figure II-3 illustrates the logic configuration
of the electronics system associated with the two charged particle tele-
scopes and the format in which the data are stored in the spacecraft.
The details of the electronic components are similar to those for Exper-
iment F-20 on 0GO-6 which were specified in a paper presented to the
Fourteenth Nuclear Science Symposium of the IEEE in 1967 [29]. As indi-
cated on this figure, the following information is stored by this exper-
iment: |

1. The 29, 2%, and 22 bits of the recycling scalars corresponding
to the number of counts from the following four logic configu-
rations: V,V3, V,V3, V1V,V3, and Hy (V1=Dy, Vo=Dy, V3=Ds3).

2. The 2%, 25, and 2% bits of a recycling scalar associated with
the number of V; couﬁts.

3. A 256-channel pulse height anaiysis of the amount of energy
deposited in D;. Only one such analysis can be stored; the
contents of word 17 are erased prior to storing a new event
analysis. Tﬁus only the last event analyzed before each read-
out is available.

4. Flags indicating whether the pulse height analyzed event is a
new event (since the last telemetry readout) and whether the

threshold of D, was exceeded on the event analyzed.
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Figure II-3

Functional block diagram of electronics system.
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5. A digitization of an analog rate meter connected to the output
of the V3 discriminator.

The spacecraft telemetry will be discussed in Section III.

Thresholds and Calibrations

The electronic thresholds associated with the discriminators of the
four detectors were set so as to minimize the contamination due to back-
ground noise. The values of these thresholds in terms of detector out-
put and of incident particle energy were determined by electronic and
particle calibrations. The electronic calibrations give a precise deter-
mination of the discriminator thresholds and pulse height analyzer re-
sponse as a function of charge at the input to the charge sensitive pre-
amplifier, while the particle calibrations enable a determination of the

response and resolution of the detectors.

In order to interpret these calibrations in terms of the response
of the telescope, interpolations were made in the range-energy loss
tables given by Janni [30] wherever necessary. These tables were gen-
erated by integrating a semi-empirical expression for the energy loss of
a charged particle passing through a homogeneous material. The cali-
brations are described in more detail in a Space Radiation Laboratory

Internal Report [31].

The results of the electronic calibrations of the detector thres-

holds are given in table II-2.
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Table II-2

Energy loss thresholds for 0G0-4 detectors

Detector Threshold Temperature
(25 °C) Coefficient
D, 424+22 keV 0.0 kev/°C
D, 253+23 keV 0.3 keV/°C
Dj 53t3 mvV -0.1 mv/°C

Hy 377+14 keV 0.6 keV/°C
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By using the range-energy loss tables mentioned above, the corre-
spondence between the pulse height analyzer channel thresholds and inci-
dent proton energy can be determined. This is shown in figure II-4. An
important facet of the correspondence shown in this figure is that for
channel numbers greater than 29 (and less than 72) two incident proton
energies can be associated with each channel threshold. Below channel
29, the availability of the range information provided by D, makes the
association between incident proton energy and channel threshold unique.
The effect of these double-valued pulse height analyzer channels on the

analysis of the data will be discussed in Section IV.

The proton response of the vertical telescope was determined by ex-
posing the assembled telescope to a series of proton beams using the

Caltech Tandem Van de Graff accelerator [31].

The electron response of the detectors in the vertical telescope
was determined by exposing nearly identical detectors to the beam of a
magnetic spectrometer [32]. Electron geometrical factors as a function
of energy for D; and D, determined in this manner are given in figure
II-5. It is clear from these results that the electron sensitivity of
the V,V,V3 rate is negligible. The thin depletion depth and high elec-
tronic threshold of the H; detector insure that the electron sensitivity

of the H; rate is < 107% [33].

The incident energy ranges corresponding to the rates measured by
this experiment are summarized in table II-3. In addition to the aver-

age geometrical factors included in table II-3, energy dependent proton
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Figure II-4

Correspondence between pulse height analyzer channel thresholds and inci-
dent proton energy (incident in mylar window). The D; discriminator

level is indicated, along with the energies corresponding to the trigger-
ing of D, and D3. The alpha particle response is also shown. Note the
set of channels for which there is no one-to-one correspondence between
channel threshold and incident proton energy. These channels are referred

to as double-valued.
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Figure II-5

Electron geometrical factors for V,V; and V,V; rates.
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Table II-3

Incident Energy Ranges Corresponding to
Electronic Rate Configurations

Rate Incident Energy Range Approximate
Configuration Geometrical Factors (AQ)
Electrons Nuclei (cm?-sr)
(MeV) (MeV/nucleon) Electrons Nuclei
VIVE' 0.45-1.8 1.24-40.4 0.08 1.06
VZV;' 0.67-2.5 9.3-40.4 0.36 1.42
ViVoVs 0.67-1.8 9.3-40.4 1073 1.16
Hq —— 0.88-4.5 1074 0.013

Vs 0.53 37. ? ?
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geometrical factors have been calculated for all rates but V3 using a
Monte Carlo technique. These are shown in figures II-6 and II-7. Com-
paring these two figures, the effect of the passive collimation in the

horizontal telescope is clear: the high energy response of the H, rate

is quite complex.
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Figure II-6

Energy dependent geometrical factors for the V,V5, V,V3, and V,V,V; rates.
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Figure II-7

Energy dependent geometrical factor for the H; rate.
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111. SATELLITE

0G0-4 is the fourth in the series of six Orbiting Geophysical
Observatory satellites sponsored by the National Aeronautics and Space
Administration. This satellite was Taunched from the Pacific Missle
Range on 28 July 1967 into an orbit with an initial inclination of 86°,
apogee of 908 kilometers, perigee of 412 kilometers, and orbital period

of 98 minutes [34].

The instrument described in Section II was mounted on the space-
craft so that only particles incident on the vertical telescope from
directions within 30° of the zenith do not trigger the anti-coincidence
counter, D3, prior to passing through the solid state detectors, D,
and D, (see figure II-1). Similarly, the horizontal telescope was
mounted so that collimated particles represent particles incident from

directions nearly perpendicular to the zenith.

Because of a need to time-share the spacecraft telemetry facilities
between two sets of experiments, the data collected by this experiment
were only available about 50% of the time: often in two day periods
separated by two day gaps in the data. The effect of this telemetry con-
figuration on the data from this experiment is illustrated in the 0G0-4

Data Coverage Plots [35]; figure III-1 is a typical example of these
plots.
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Figure III-1

A typical example of the 0GO-4 Data Coverage Plots. An explanation
of the information displayed on this figure is given by Evans [35],
where a complete set of these plots covering the entire period

during which at least one of the 0G0O-4 tape recorders was operable
will also be found. These plots are designed to fulfill the dual
purpose of indicating the availability of the data from this experi-
ment and of comparing these data to other geophysical, interplanetary,

and solar data of interest.
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0GO-4 DATA COVERAGE AND AVERAGE POLAR RATES (as of 28 Feb 1971)
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The spacecraft was deactivated on 23 October 1969, but the failure
of the second of the two on-board tape recorders on 19 January 1969
represented, at least for this study, the practical 1imit of the period

for which useful data are available.

The trajectories of 0GO-4 during several typical orbits mapped
onto a polar representation of geocentric latitude vs. geocentric
longitude are shown in figure III-2. As the plane of the satellite
orbit remains relatively stationary in space, the earth rotates under
the satellite, causing the apparent shift in the trajectories. Contours
of constant invariant latitude (A) [36] are also projected into this co-
ordinate system for reference; it should be noted that some of the orbits
reach a much lTower maximum invariant latitude than others, especially in

the south.

Since many of the charged particle effects which can be measured
by this experiment are closely related to the geomagnetic field and the
sun-earth-satellite orientation, the data observed with 0G0-4 can be
more efficiently organized in a coordinate system reflecting the position
of the satellite in the geomagnetic field and the sun-earth-satellite
orientation. Of several coordinate systems reflecting these parameters,
one of the most effective and widely used is that consisting of in-
variant geomagnetic latitude (A) vs. magnetic local time (MLT) [37]. The
trajectories shown in figure III-2, mapped into this system, are shown in
figure III-3. It is clear that in this coordinate system the effects of

the rotation of the earth are minimized, .and the differences in maximum
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Figure III-2

A projection of typical 0GO-4 trajectories onto a polar representation
of geocentric latitude vs. geocentric longitude. Projections of these
trajectories onto both geographic poles are shown for comparison, and

contours of constant invariant geomagnetic latitude (A) are indicated.
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Figure III-3

A projection of the same 0G0-4 trajectories shown in figure III-2 into
a geomagnetic coordinate system: invariant latitude (A) vs. magnetic

local time (MLT). The field coefficients given by Cain,et aZ. [38]

were used to calculate A.
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invariant latitude are depicted more explicitly.

Since for the bulk of the observations reported here a critical
distinction will be made between data collected at low and high polar
geomagnetic latitudes (see section V), the data collected during polar
passes such as 2039 and 2040 in the north and 2038, 2039 and 2040 in
the south may be seriously degraded due to the limited degree to which

the satellite penetrates to high geomagnetic latitudes.
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IV. DATA ANALYSIS

The processing scheme used for the data from this experiment is
illustrated by the block diagram shown in figure IV-1. The data came
to Caltech stored on two classes of magnetic tapes: experimenter tapes
and attitude-orbit tapes. The former contained the decommutated data
for this experiment, while the latter provided the position and orien-
tation of the spacecraft as a function of time (one point per minute)
calculated from data collected by tracking stations. The information
from these two classes of tapes was interleaved, time ordered and
stored on a third class of magnetic tape, referred to as an abstract
tape. The study being rehorted here has involved the processing of
data from a total of 931 magnetic tapes, representing almost 300,000
minutes (~ 62 x 10° read-outs) of playback data. The format of the

data on these tapes is described elsewhere [39].

A complete collection of plots showing the detector rates as a
function of time [28] serve as a catalogue of these data from which one
can evaluate the performance of the experiment and specify the periods
of data most suitable for a particular study. With this information any

of the other programs indicated on figure IV-1 can be employed.

The calculation of rates for the output of the solid state de-

tectors is complicated somewhat by the fact that only the 20, 2% and 2°
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Figure IV-1

Block diagram representation of the procedure developed to process 0G0-4

data at Caltech. The symbolism used is as follows:

magnetic tape

computer program (program names are given in capital
letters.)

branch (decision)

cards punched

10 00

results (only the resultant plots are shown on this
diagram; each program has the option of
tabulating results as well.)

The rate plots, which constitute the data catalogue, are discussed by

Evans, et al. [28].
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bits of the rate scalers are recorded. Figure IV-2 illustrates that
special care must be exercised in the calculation of rates in some
ranges, and that for detection rates above 500 counts per read-out
(~1740 counts per second for playback data) an unambiguous determina-

tion of these rates can be made only in special circumstances.

Using the accumulation of many pulse height analyzed events along
with the response curve shown in figure II-4 and the energy dependent
geometrical factor illustrated in figure II-6, differential flux spectra
can be calculated. However, as pointed out in connection with the D,
response curve (figure II-4), for a range of pulse height analyzer chan-
nels the correspondence between channel threshold and incident proton
energy is not one-to-one. As a consequence, the spectra presented in
Section V have been calculated using the iterative technique illustrated

in figure IV-3.
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Figure IV-2

Probabilities of a change occurring in the 2%, 2% and 2°-bits of a
detector scaler during one read-out as a function of the event rate

expressed in counts/read-out.
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Figure IV-3

Iterative technique used to calculate differential energy spectra.
A spectrum is first calculated in a straightforward manner, and standard
regression techniques are used to determine the "best" fit to

dJ _ pp-Y
r| AE

using only the points for which the energy identification is unique
(figure IV-3a). This function is then used to determine the proportion
of events in a double valued energy bin to be assigned to each energy
interval corresponding to the group of pulse height analyzer channels
involved. The flux for this group of channels is then recalculated.

The results of this procedure (figure IV-3b) are valid (for the affected
points) only to the extent that the actual spectrum agrees with the

function used to approximate it.
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V. OBSERVATIONS

Utilizing the data processing procedure outlined in Section IV,
many of the available data from 0GO-4 have been processed. The 0G0-4
Data Coverage Plots [35] indicate the periods during which data were
available, and also indicate for which of these periods the data have
been processed. These data are particularly appropriate to the study
of the entry of solar particles into the earth's magnetosphere, and
several periods have proven to be instructive. In addition to electron
observations, two examples of proton observations will be presented as
illustrative of the type of observations available. A more complete
compilation of pertinent data, including those events presented here,

is given in Appendix A.

Electron Observations

Although the instrument described in Section II was not designed
primarily to detect electrons, several periods of high electron fluxes
were observed in the polar cap regions on board 0GO-4. Some of the
characteristics of electron polar cap observations have previously been
reported [27,40,41], but the data presented here provide, for the first
time, a comprehensive mapping of the boundary of the electron polar cap
region. As discussed in Section VII, this boundary represents the

boundary between open and closed geomagnetic field lines.
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As mentioned in Section II, the V,V; and V,V; rates are much less
sensitive to electrons than to protons. Although the contribution of
electrons to the observed rates varies considerably, it is typically <15%
for the V,V; rate and <35% for the V,V; rate. In addition, we recall
that the 0GO-4 anti-coincidence scintillator, V;, is sensitive to elec-
trons above a threshold energy of ~530 keV. Normally, then, electrons
constitute a rather minor constituent of the observed rates. There are
periods, however, when the electron flux is sufficiently high relative
to the proton flux that electrons become an identifiable constituent of
the V,V5, V,V; and V, rates. The identification of these periods and
the identification of the rates as predominantly due to electrons is il-
lustrated in figure V-1. The rates from this polar pass show a uniform
electron polar cap flux between 1750:40 UT and 1805:40 UT; beyond 1806:00
the spacecraft had moved to invariant latitudes where the electrons did
not have free access. That this enhancement can be associated strictly
with electrons can be seen clearly by comparing the V,V; rate (electrons
and protons) with the V,V,V5 rate (protons only). In order to improve the
precision with which the electron polar cap boundary could be specified,

the V5 rate was plotted on an expanded scale, shown in figure V-2a.

Figure V-2b illustrates that the edge of the electron polar cap
was normally associated with an electron spike near magnetic local
midnight (MLT = 2100-0211). Figure V-2c is an example of an electron
polar cap observation showing a particularly striking feature (i.e. the
sharp depression at 0233:40 UT). These features were rarely observed

and normally occurred only late during the recovery phase of a magnetic
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Figure V-1

Rates observed during a typical 0G0-4 polar pass (A250°) illustrating
an enhanced electron polar cap flux. These data are from the north

polar pass of Rev. 6291 on 26 September 1968.
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Figure V-2

High resolution plots of the V3 rate, showing characteristic electron

polar cap observations:

V-2a:
V-2b:

v

2C:

V3 rate shown in figure V-1.

An example of the type of electron spike associated with the
edge of the electron polar cap between MLT ~ 2100 and

MLT ~ 0200.

An example of a well-defined feature in the electron polar

cap flux. Such features were rarely observed.
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storm.

A total of 333 such observations were made during magnetically quiet
periods, and the resultant map of the electron polar cap boundary is
shown in figure V-3. Here the geomagnetic coordinates (invariant lat-
itude and magnetic local time) of each observation of the boundary are
indicated by a symbol. The apparent dependence on geomagnetic activity
will not be discussed here. The values reported by Vampola [27], which
he extrapolated to magnetically quiet conditions, are shown for compar-

ison.

We can now define the following terms with respect to the electron
results from this experiment: high polar latitudes (HPL) and low polar
latitudes (LPL). High polar latitudes will refer to the invariant
latitudes between the electron polar cap boundary and the geomagnetic
pole; Tow polar latitudes will refer to the invariant latitudes be-
tween geomagnetic cutoff for 1.2-40 MeV protons (below which polar
proton fluxes cannot be observed due to the Earth's magnetic field)
and the electron polar cap boundary. These definitions will be useful

in organizing the proton observations.

Proton Observations

Most of the data collected by this instrument are by design
dominated by proton fluxes. Since we are interested in studying those
periods during which the proton counting rate changes significantly

during a time scale of several hours, the proton data can be effectively
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Figure V-3

Observed electron polar cap boundary data in an invariant latitude-

magnetic local time coordinate system.
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displayed on a plot of proton counting rate (or flux) as a function of
time, which is referred to as a profile. In particular, we will be in-
terested in comparing the profiles of fluxes measured at Tow polar lat-
itudes and at high polar latitudes. As discussed in Section VII, the
north and south low polar latitude regions are most likely connected by
closed field Tines, while the north and south high polar latitudes are
not. Therefore, no distinction will be made between data collected in
the north and south low polar latitude regions, whereas the data from

the two high polar latitude regions will be kept separate.

The temporal variations observed in the proton flux can normally
be divided into two main types: those events associated with and having
the characteristics of solar flare events, and those events which have
been variously referred to as Energetic Storm Particles (Bryant, et al.
[42,43] and Rao, et al. [44]), Delayed Particle Events (Lin and Ander-
son [45]), and Protons Associated with Centers of Solar Activity (Fan,
et al. [46]). We will follow the lead of Anderson [47] and try to avoid
any semantics problem by referring to these events as EDP (Energetic
Delayed Particles) events. Although treated in more detail in Section VI,
a brief description of the essential differences between these two classes
of events may indicate why the distinction between them is made. Flare
events are characterized by impulsive ejection of particles by the sun
followed by their propagation through interplanetary space. This typi-
cally results in a rapid rise (~few hours) to a maximum proton flux,
followed by a long, nearly exponential decay with a time constant of about

one day. EDP events, on the other hand, are characterized by a region of
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limited radial extent and enhanced low energy particle flux being
convected outward by the solar wind plasma (expanding solar corona).
For our purposes here, EDP events are phenomenologically characterized
by the following (after Anderson [47]):
1. Fluxes occur predominately at low energies.
2. Profiles show much more rapid rise and fall than flare event
profiles and often exhibit large fluctuations during the event.
3. The duration of the event is normally between o(1 hour) and
0(1 day).
4. Events are often associated with a "weak depression" in the
sea level neutron monitor rates.
5. Events are sometimes associated with one or more geomagnetic

sudden commencements or sudden impulses.

Presented below are typical examples of the observations of both

of these classes of particle events.

EDP event of 1 December 1967

Figure V-4 shows the V,V; rate as a function of time for each
available polar pass from 1700 UT on 1 December 1967 to 0700 UT on
2 December. This figure illustrates the averaging intervals used to
obtain average counting rates for each of the polar cap regions (LPL
and HPL), and the relation between these averaging intervals and the
electron polar cap boundary data presented in figure V-3. The profiles

of the flux measured in the low polar latitude (LPL) region and in the
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Figure V-4

V,V5 counting rate (15 second averages) during all of the available
polar passes from 1700 on 1 December 1967 to 0700 on 2 December. The
averaging intervals used to obtain average rates for low polar latitude
( sossssssssms ) and high polar latitudes ( c—————— ) are shown and
compared to the approximate location of the electron polar cap boundary
(o) as shown in figure V-3. In addition to universal time, geomagnetic

coordinates (A and MLT) are also indicated.
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north and south high polar latitude (HPL) regions are in figure V-5.
A1l data points shown in this figure have errors comparable to those of
the four points with explicit error bars. The arrows near the top of
the figure indicate a gap in the data, which included both a south and
a north polar pass (see Section III). The time resolution of the LPL
profile is twice that of the other two profiles because the north and

south LPL regions are considered equivalent.

The identification of this event as an EDP event is supported by
the extremely fast "decay" of the flux, the predominantly low energy
nature of the event (see discussion of spectra below), and the presence
of a weak depression in the Alert Neutron Monitor [48]. In addition,
figure V-6 shows a direct comparison between the data in figure V-5 and
the interplanetary flux of 0.79-9.6 MeV protons and 0.17-1.00 MeV
electrons measured by the University of Chicago experiment on board IMP-F
[49]. The correlation between these interplanetary data and the LPL pro-

file is notable.

The most obvious features of these profiles are that (1) all three
profiles are different (a peak occurs first at LPL, next at northern HPL,
and last at southern HPL) and (2) only the LPL peak occurs at the same

time as the peak seen in the IMP-F data.

In order to determine the relationship among these peaks, spectra
were calculated at eight times during this event; the data for which
spectra were calculated are indicated by the circled points on figure V-5.

These spectra are shown in figure V-7. The data upon which the spectra
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Figure V-5

Flux profiles for EDP event of 1 December 1967. The profile for each
region is distinguished from the other profiles according to the
following code:

&——=@ low polar latitudes

@ ———@ north high polar latitudes

@@ south high polar Tatitudes
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Figure V-7

Differential energy spectra of the following fluxes calculated from
data collected during the 1 December 1967 EDP event:
V-7a: Low polar latitudes prior to the beginning of the event.
V-7b: Low polar latitude peak, northern high polar latitude peak,
and southern high polar latitude data from the same time.

v

7c: Flux from each of the three regions collected at or near
the southern high polar latitude peak.
V-7d: Low polar latitudes after the end of the event.

In all four cases, LPL data points are indicated by an open circle (o),

northern HPL by a closed circle (e) and southern HPL by a cross (x).
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in figure V-7b were based were collected during consecutive polar passes
in order to minimize any differences due to temporal effects; the same
is true of the data in figure V-7c. We note the striking interchange in

roles from figure V-7b to figure V-7c between the southern HPL region

and the LPL and northern HPL regions.

These eight spectra are summarized in table V-1, which gives the
coefficient and exponent of the best fit for each spectrum to an equation

of the form

49 = ae-

where J is the flux in particles/cm2-sec-sr, and y is referred to as the
spectral index. One standard deviation errors for A and y, as well as
the x2 "goodness of fit" parameter, are also indicated on this table.

The spectra observed at each of the peaks indicate the following:

(a) compared to the spectra observed before and after the event, each of
the peaks consisted of a larger proportion of low energy protons and ex-
hibited spectral indices typical of those observed for EDP events in inter-
planetary space [50], and (b) the spectral index of the flux was essenti-
ally the same at each peak. The first point supports the identification
of these peaks as due to EDP fluxes, while point (b) is consistent with
the interpretation that all of the peaks represent a sampling of the
same particle population. This interpretation is aided by the obser-
vations that the magnitude and spectrum of the ambient flux change very
little throughout the event and that the spectral indices for the peak

fluxes are significantly different than the index for the ambient flux.
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TABLE V-1

1 Dec. 1967 EDP Event Spectra (see figure V-7)

. dJ_,c-v
Best Fit to HE_AE

Relationship to Event Coefficient Spectral x2  P(>x?)
"A" Index -
(ecm?-sec-sr-MeV) ™! oy
Pre-event LPL 1.07 £ 0.18 2,31 + 0,23 9.33 0.316
LPL peak 9.90 = 0.15 3.52 £ 0.22 0.96 0.995
Northern HPL peak 10.90 = 0.11 3.67 & 0.17 2.52 0.961
Southern HPL at LPL peak 1.21 £ 0.21 258 & 0.29 1.47 0.983
LPL at Southern HPL peak 1.13 £ 0.19 2.66 = 0.24 2.19 0.974
North. HPL at S. HPL peak 1.10 + 0.23 2.52 £ 0.32 1.95 0.962
Southern HPL peak 4.43 + 0.26 3.62 + 0.41 1.28 0.989.
Post-event LPL 1.47 + 0.21 2.69 + 0.29 1.08 0.993



70

These observations lead to the following description of the 1 Decem-
ber 1967 event. The interplanetary region of enhanced flux arrives at
the earth and is observed almost simultaneously by IMP-F and at LPL.
About 1.2 hours later, by which time the LPL flux has decreased signif-
icantly, this flux is observed to reach a maximum at northern HPL.
Finally, after these two fluxes have definitely returned to ambient flux

levels, the EDP flux is observed at southern HPL.

Solar Flare Event of 2 November 1967

The second of the two classes of solar particle events of interest
here consists of those events associated with solar flares. As with EDP
events, we will compare the profiles of the flux at low polar latitudes
and the flux at north and south high polar latitudes. Many flare events
have been used in this study; most of these are subject to the Timitation
imposed by the time-sharing nature of the 0G0-4 telemetry: in general,
data are available for two day periods separated by two day gaps. This
limitation is more critical for flare events, which might last 6-8 days,
than for EDP events, which have typical durations between one hour and

one day.

Typical of the observations which, in spite of this Timitation,
have features of interest are the profiles of the 2 November 1967 flare
event in figure V-8. Preliminary results of the study of this event have
been previously reported [11]. Typical errors are indicated for arbitra-

rily selected data points.
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Figure V-8

Profiles of the 2 November 1967 solar flare event. The symbols in this
figure are explained in Appendix A (see table A-3). A 2B flare accurred
on the sun at 0852 UT on 2 November 1967, accompanied by 2-12 R X-ray
emission that peaked at 0858 UT.
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This is a particularly good example of a prolonged difference be-
tween the flux observed in one high polar latitude region and the flux
observed in the other two polar regions. The north high polar latitude
flux is consistently lower than the other two fluxes for a period of ~25
hours. This type of profile configuration, where one high polar lati-
tude profile is markedly different than the other high polar latitude

profile has been referred to as a North-South (N/S) asymmetry [11,25].

The appearance of such a N/S asymmetry during a single polar pass

is illustrated by figure V-9. This figure shows the V;V; rate for the
north and south polar passes of one orbit early during the 2 November

1967 event. Southern polar passes from later in the event show even less
structure. The ratio of the flux of 10-40 MeV protons to the flux of
1.6-40 MeV protons is an indication that the same ratio of minimum to
maximum flux occurred over the entire measured energy range from 1.2

to 40 MeV. As is discussed below, pulse height analysis gives the same
indication. Figure V-9 also contains the ratio of the vertically inci-
dent to the horizontally incident flux, normalized so that uhity cor-
responds to an isotropic flux. There is no evidence of a large anisotropy

in conjunction with the intensity variations, ruling out a pitch-angle

dependent cut-off effect.

The manner in which the feature in the north polar proton flux il-
lustrated in figure V-9 is repeated consistently for a long period as
shown in figure V-8 suggests the possibility of referring to these obser-
vations as persistent features. A feature in the proton polar cap flux

will be termed persistent if it is observed during two or more
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Figure V-9

Selected north and south polar passes observed early during the 2 No-
vember 1967 solar flare event. Isotropy is indicated by a vertical/
horizontal ratio of unity. Any spectral change would be indicated by
a change in the 10-40 MeV/1.6-40 MeV proton ratio, which has a statis-

tical error of <1%. Invariant latitude is included for reference.
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consecutive orbits (excluding orbits for which appropriate data are

unavailable).

The mapping of the regions of maximum and minimum intensity into the
invariant latitude-magnetic local time (A-MLT) coordinate system is shown
in figure V-10, along with the Tow latitude rigidity cutoff previously

determined for 1.5 MeV protons during a magnetically quiet period in

1961 [51].

Spectra were calculated throughout this event, and figure V-11
shows a typical example of the spectrum from the northern high polar
latitude region compared to the spectrum from the lTow polar latitude
region observed at the same time. The shapes of these spectra are re-
markably similar and differ only by a constant multiplicative factor.
Although there are some variations early in the event, as shown on figure

V-12, no prolonged energy dependent effects can be observed.

Comparison of Electron and Proton Observations

During the 28 September 1968 event, a comparison between electron
polar cap observations and the features which occur in the polar proton
intensities was possible, and it is shown in figure V-13. During this
event the persistent proton feature took the form of a depression. The
observations of the electron polar cap boundary are mapped into an invari-
ant latitude-magnetic local time coordinant system and represented by solid
circles; the high latitude limits of the enhanced flux region associated

with low polar latitudes appear as open circles. It is clear that the
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Figure V-10

A mapping of the north polar passes of 0GO-4 into invariant latitude-
magnetic local time coordinates for the period of the 2 November 1967
flare event. The locations of the regions of maximum and minimum
proton fluxes are shown. Observed geomagnetic cutoffs are indicated
and compared to cutoffs reported for a quiet geomagnetic field in
September, 1961 [51]. The extent of data coverage is indicated where

it is Tess than a complete polar pass.
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