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PREFACE

This is the last of two final reports on a program which was initiated in 1962
to design and fabricate particle detection equipment for the Explorer XV and
Explorer XXVI satellites and to provide data reduction and analysis services for
particle data obtained from the equipment. Explorer XV was lé,unched October 27,
1962 and acquired useful data for approximately one-hundred days. Explorer XXVI
successfully acquired useful data from December 21, 1964 when it was launched until
May 25, 1967 when it was turned off by NASA/GSFC. The preceding final report
entitled ""Final Report on Bell Telephone Laboratories Experiments on Explorer XV,
Project SERB, Study on the Enhanced Radiation Belts, Contract NAS5-3058," dated
June 30, 1964, was furnished to NASA/GSFC in July 1964.

The data reduction and analysis work carried out under this contract consisted
of two tasks. The first task involved a study of the angular diStF¥ibution and energy
spectra of electron and proton fluxes in the earth's radiation zones. Both Explorer
XV -and Explorer XXVI were involved in this task. However, Explorer XV placed
emphasis on studying the electrons artificially’introduced into the inner radiation zone
by high altitude nuclear explosions occurring in 1962, The second task, involving
only Explorer XV, was an investigation of radiation damage to solar cells due to the
exposure to charged particles in space.

Material presented in this report primarily concerns analysis of Explorer
XXVI data. However, some Explorer XV results are included that were not available
when the previous Explorer XV final report was prepared. Some of the results of
work on Telstar I data, not covered by this contract but considered to be relevant,
have also been included.

In accordance with original plans, all scientifically significant information
derived from the data reduction and analysis work has been disseminated. This has
been accomplished by means of talks at scientific meetings and articles presented
in scientific publications. This report contains all such Bell Laboratories presenta-
tions encompassed by this contract. The authors of the various chapters of this
report are Dr. W. L. Brown, Dr. C. S. Roberts, Dr. L. J. Lanzerotti, Dr. A.
Hasegawa, Miss C. G. Maclennan, and Dr. J. G. Gabbe, all of Bell Laboratories;

Dr. L. J. Cahill of the University of New Hampshire, Mr. L. R. Davis of NASA/
GFSC, Dr. C. E. Mcllwain of the University of California, and Dr. M. Schulz of the
Aerospace Corporation.
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CHAPTER 1 -

STUDIES OF TRAPPED RADIATION
BY THE TELSTAR I AND EXPLORER XV SATELLITES

N?!'So'g'

Bell Telephone Laboratories, Inc., Murray Hill, N.J.

1. Introduction

This paper on particles in the trapped radiation belts might seem to be out of place
at a conference on plasma space science. It does not deal at.all directly with the
structure of the solar wind or the boundary of the magnetosphere or with the aurora
or the ionosphere. On the other hand, plasmas interact extremely broadly with par-
ticles and fields and there are important connections between the natural plasmas in
space and the particles trapped within the magnetosphere. This paper will point to a
few specific cases of this kind in which present understanding is extremely primitive
if it exists at all. In addition this paper will deal with the consequences of the special
plasmas created by nuclear explosions in space. These sources of new particles,
controversial as they are in many respects, have provided some extremely interesting
geophysical information on trapping in the radiation belts.

All of the observations of the Telstar I and Explorer XV satellites with which this
paper is concerned have been made well within the magnetosphere at maximum
radial distances of about 4 earth radii and at latitudes of less than 50°. This is a region
in which the motion of charged particles is controlled by the magnetic field of the
earth. In order to organize data on these trapped particles McILwaIN (1961) devised
a coordinate system which in effect maps the stable but irregular magnetic field of the
earth on a dipole field with the same dipole moment, using the adiabatic invariants
of the particle motion. His B,L-coordinate system is illustrated in Figure 1. The mag-
netic field lines are labelled with L, a coordinate specifying the radial distance of the
crossing of the field line through the equatorial plane, and B, the magnetic field in-
tensity on a given L line, a minimum at the equator and increasing in magnitude
toward either pole. Position in the equivalent dipole space can be specified by B and
L or alternatively by R and A, the radial distance and dipole latitude as shown in the
figure. Results in an R-A representation are more easily visualized because of the
pseudogeographic character of these coordinates. In the R-4 space the surface of the
earth is extremely irregular since the magnetic field now serves as the frame of
reference.

Charged particles move in spiral paths around the magnetic field lines and bounce
between mirror points at magnetic field intensity B,,. In addition, the particles drift
in longitude as a result of the radial gradient of the magnetic field and the curvature
of the magnetic field lines. In this drift, particles stay on lines of constant L and fill
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Fig. 1. The B, L and R, A coordinate system of Mcllwain.
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Fig. 2. The cross-section of a silicon p-n junction particle detector as used in experiments on the
Telstar I and Explorer XV satellites.
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out a magnetic shell labelled with L. Positively charged particles drift to the west and
negatively charged particles to the east at a rate which depends upon the mass and
energy of the particles, but which in all cases is very slow in comparison with the
period of rotation of the particles around the magnetic field line and the bounce
period of the particles between their mirror points.

All of the experimental results from the Telstar 1 and Explorer XV satellites have
been obtained using semi-conductor p—n junction particle detectors. (Buck et al.,
1964 ; also BROWN et al., 1963). One of these devices is shown in Figure 2. The active
volume is a disc shaped space charge region about 2 mm in diameter and 0.4 mm
thick. This region contains a high electric field which separates holes and electrons
created in the silicon by an incident charged particle and produces a pulse which is
proportional to the amount of energy deposited by the particle in the active volume.
The proportional response of the device is important in distinguishing between protons
and electrons due to their very different rates of energy loss in material. By altering
the condition for pulse height discrimination in the detector, by changing the thickness
of the space charge region, and by varying the geometry of the shielding which
surrounds the detector it has been possible to study protons and electrons over a
relatively extensive energy region.

The results from these experiments have been treated in a variety of ways, one of
which is illustrated in Figure 3 and 4 (BROWN et al., 1963b). In Figure 3 an array of
points is shown in R-A space representing all points at which data was obtained from
an electron detector in Telstar I during a particular five day period in August, 1962.
These points trace out various classes of orbits of the satellite during this period and
they are spread in the magnetic coordinate space because of the irregularities of the

s0* 8o® 70° 60° 50° 4¢°

30°

20°

1.0 1.2 1.4 1.6 1.8 20Re

Fig. 3. Pointsin R-4space at which data from an electron detector on Telstar I was collected during a
five day interval. Individual orbits and sets of orbits are clearly visible.
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magnetic field. Figure 4 shows only those points from Figure 3 at which the counting
rate of the detector and hence the flux of the particles incident upon it fell within a
chosen range. Contours of equal flux have been drawn through successively selected
collections of points such as these to produce maps of the flux distribution. Exam ples
will be shown in following sections for both protons and electrons as measured by
Telstar I. We can of course also examine the time degendence of the flux in a par-

30°

1.0 1.2 1.4 1.6 1.8 2.0Re

Fig. 4. A. portion of the points in Figure 3 selected to fall in a particular counting rate range.

ticular region of space by sorting the data not on intensity as is the case in Figure 4,
but on B and L or R and 4 and displaying it against time. Examples of this sort will
also be illustrated in connection with electrons measured by the Telstar satellite.

2. Protons

Figure 5 is a set of flux contours for a detector on Telstar I measuring protons be-
tween 26 and 34 MeV (BROWN et al., 1963b). The contoures have been produced as
described in the preceding paragraph and are drawn five to a decade. The logarithm
of omni-directional proton flux is indicated on the contours, the highest corresponding
to a flux of approximately 2.5 x 10* protons/cm? sec. This value agrees quite well with
earlier measurements by VAN ALLEN (1959) and by McILWAIN (1963). The flux distri-
bution is characteristic of the inner Van Allen belt. It shows a single maximum at
approximately 1.6 earth radii and on the equator. The contours are limited at about
1.9 to 1.95 earth radii by the apogee of Telstar I’s orbit. “

Figure 6 compares the equatorial flux profile as determined by the 26-34 MeV
detector of Figure 5 with those from other proton detectors on Telstar I and Ex-
plorer XV. The very much higher apogee of Explorer XV is clearly evident. In all
cases there is a single equatorial maximum, but there is a systematic increase of both
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Fig. 5. Contours of equal flux of protor;s in the 26-34 MeV energy range as measured by Telstar 1.
_ The curves are labelled with the logarithm of the omnidirectional particle flux.
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maximum proton flux and the radial distance at which the maximum occurs with a
decrease in proton energy. This same trend continues to still lower energies as meas-
ured by DAvis and WILLIAMSON (1963). The distributions as determined by Telstar I
and Explorer XV were quite stable over periods of several months. They represent
thus an essentially steady state between particle source and loss mechanisms. There
seems to be no doubt that a major source for the higher energy protons is provided
by the decay of albedo neutrons produced by galactic cosmic rays and solar protons
reacting with the earth’s atmosphere (SINGER, 1960). There also seems to be no doubt
that the atmosphere serves as the dominant loss mechanism controlling the very rapid
fall off in the proton flux at low altitudes (RAY, 1960). The source for the low energy
protons, however, and the mechanism which controls the upper altitude fall off in
the flux are still uncertain. It has been suggested that the protons are lost above the
flux maximum by scattering with hydromagnetic waves in the plasma (DRAGT, 1961),
the waves perhaps arising at the magnetospheric boundary. It is also possible that
acceleration mechanisms exist as a result of magnetic field fluctuations associated
with boundary variations and that the lower energy protons of Figure 6 were once a

part of the low temperature plasma. The importance of unravelling the details of
such possibilities is quite evident.

3. Electrons

The distribution and stability of the electrons differ very markedly from the protons
discussed in Section 2. Telstar I was observing the particles starting almost immedi-
ately after the United States high altitude nuclear explosion of July 9, 1962, the
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Fig. 7. Contours of equal omnidirectional counting rate for electrons from Telstar T in the time

period from Day 193-197, 1962. The contours are two to a decade as follows: 2 — 6.6 %X 107/cm? sec;

3-2.1 7107;4 - 6.6 » 108, etc. The omnidirectional counting rate is related to the omnidirectional
flux of particles by the efficiency factor of the detector.
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Starfish event (Collected Papers, 1963). Explorer XV was launched just before the
second of the group of three Russian high altitude nuclear tests that took place in
October and November of 1962. A great many new electrons were added to the belts
in these events and possibly even a redistribution of already existing electrons took
place as well. Figure 7 is a flux map from Telstar I (BROWN et al., 1963b) for the
earliest time period in which there is sufficient data to construct a meaningful map.
Starfish occurred on Day 191 and Figure 7 spans the five day interval from Day 193
through 197. The contours were constructed in the way described in Section 1 from
data in this case obtained by a detector dominantly measuring electrons of about
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Fig. 8. Contours of equal omnidirectional counting rates for Days 203-207, 1962, The contour
labelling is the same as in Figure 7 except that Contour 1 with an omnidirectional counting rate of
1.5 X 108 is now in evidence. This contour is slightly out of the normal two-to-a-decade order.

0.5 MeV. The contours are two to a decade, the highest shown, Contour 2, corre-
sponding to an omnidirectional counting rate of approximately 7 x 107/cm? sec. The
labelling of the curves has reserved Contour I for a still higher flux region not evident
in this earliest case because of the orbit of the satellite. Notice that in Figure 7 there
is only one maximum in the electron distribution up to dipole latitudes of about 50°
and notice that Contour 2 crosses the R=1.8 earth radii line at about 18°.

Figure 8 shows the situation about two weeks after Starfish during Days 203 to
207. Contour 3 now crosses R= 1.8 earth radii at 18° instead of Contour 2. There has
thus been a decay in the observed particle flux in this region by about a factor of 3
in a ten-day period. A second maximum in the distribution is now evident as a result
of an even more substantial loss of particles in the 40° to 50° region. This secondary
maximum is the tip of the outer Van Allen belt, previously indistinguishable from
the inner belt because of particles substantially filling the intervening space. Contour 1
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is now observed at low latitudes, near crossings of the equator at both high and low
altitudes. The satellite orbit has not yet precessed sufficiently to complete the contour
as indicated by the dashed portions of the curve. Contour 1 has an omnidirectional
counting rate of 1.5x10® counts/cm? sec. Because of the detector sensitivity as a
function of electron energy the over-all efficiency of the detector in the presence of an
electron spectrum produced by nuclear fission is approximately 0.2. The highest flux
contour thus represents a total electron flux, if the spectrum is that of fission beta
particles, of approximately 8 x 10%/cm? sec.

Figure 9 shows the flux distribution in October Jjust before the first of the Russian
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Fig. 9. Contours of equal omnidirectional counting rate for Days 288-294, 1962. The contour
designations are as in Figures 7 and 8.

tests. The slot between the inner and outer belts is now extremely deep. The electron
flux has decreased by about a factor of 300 at the deepest point. The position of
Contour 2 at R=1.8 earth radii A=18° on Day 193-197 now falls between Contours
5 and 6 on Days 288-294, a decay of about a factor of 60.

Figure 10 shows the flux as a function of time in several small regions of space as
indicated by the B-L values on the figure. The clusters of points along the lines reflect
the times at which data was observed in each of these regions. On L =2.5 the decay

is fast and over-all very large as observed in connection with Figure 9. On L=1.7

the decay is slow and only amounts to about a factor of 2 over the three month period.
The decays are not exponential. If they were the curves would be straight lines on this
semilogarithmic plot and would approach a final steady state value with a rather
sharp corner. However, assuming the initial decay is approximately exponential, a
time constant has been associated with the initial slope of these curves and others like
them throughout the space in which Telstar | collected data. The time constants are
themselves plotted in R-A space in Figure 11. Notice that at the lowest altitudes the
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Fig. 10. The time dependence of the counting rate in several small regions of B, L space.

decay times are short as noted by VAN ALLEN et al. (1963). At intermediate altitudes
near the equator the decay time is relatively long and at the highest altitudes and in
the slot the time is once again short. The lightly dashed lines in the figure attempt to
connect regions of approximately equal decay time. The shape of these lines is very
roughly equivalent to the shape of the inner belt itself as seen in Figure 9. Clearly the
rates of decay of the_particles are closely related to the number of particles to be

90° 80° J0° 60° 50° 40°

30°
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Fig. 11. The initial time constants from data such as in Figure 10 displayed in R-A space. The
decay times are in days. The dashed lines connect regions of equal decay times as indicated by the

numbers in parentheses.
0
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found in different regions. This is to be expected in a steady state case and in a case
of a still decaying transient following a broad injection of new particles.

The question of the loss mechanism responsible for the results above is of very
substantial importance, because these same mechanisms will be operative with respect
to naturally occurring electrons as well as to electrons artificially introduced as in this
case. At low altitudes (on L lines below about 1.3 earth radii) there seems to be no
question but that loss is produced by interaction of the electrons with the earth’s
atmosphere (WELCH ef al., 1963; WALT et al., 1963). Walt is calculating these decays
in detail and is finding that his predictions agree quite well with the experimental
observations. This correspondence is much more completely displayed with Van
Allen’s results from the Injun satellite (VAN ALLEN and LN, 1964) than with results
from Telstar I because of Injun’s data coverage at low altitudes.

The atmospheric scattering process becomes less and less effective on higher alti-
tude L lines as a result of the decreasing atmospheric density. On the other hand,
Telstar 1 observations show the decay time becoming short again. Atmospheric
scattering is certainly not producing the decay times of the order of a week, in the
region of the slot. There has been considerable speculation concerning this process.
One suggestion is that a Saturn-like ring of dust exists in space in the region of the
slot and serves to remove electrons by scattering and energy loss. Such a dust ring
would be tremendously effective in removing protons of a few MeV. The fact that the
region of the slot is just where the maximum of the low energy proton distribution
occurs (Figure 6) makes such a proposal exceedingly unlikely. It seems much more
plausible that the loss is connected with some magnetic disturbance in this region of
space. DUNGEY (1963) has just proposed the possibility that whistlers, interacting
resonantly with the electrons in their cyclotron rotation around the magnetic field,
are responsible for the rapid loss in the slot region. Whistlers are circularly polarized
electromagnetic radiation produced by lightening discharges in the atmosphere.
Dungey’s proposal is an extremely interesting one which he will comment on in the
discussion to follow. If this mechanism is correct it depends on the properties of the
low energy plasma in the trapped particle space, because this plasma determines the
propagation characteristics of whistler radiation.

On October 22, 28 and November 1 the Soviet Union carried out three nuclear
tests which introduced new particles into the radiation belts in the region above
L=1.7. Because of the character of the new particle distributions and the more
extensive satellite instrumentation which was in space to observe them, these events
added significantly in support and extension of information gained from the Starfish
test. Figure 12 illustrates the observations of an instrument on the Explorer XV
Satellite which measures electrons above 0.5 MeV. The data are for October 28, the
day of the second Soviet test. The figure is a ¢, L plot of the equatorial omnidirectional
flux of particles, like Figure 6 for protons. The curve marked 1’ was obtained on the
second half of the first orbit of Explorer XV as the satellite returned in its highly
elliptical, nearly equatorial orbit from apogee at an L of approximately 4.4. This pass
crossed L=2 at 0407 on October 28. Curve 1’ clearly shows the inner side of the
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outer electron belt, the slot, and the rise toward the inner belt maximum. Curve 2 is
the outgoing half of the next orbit and the particle distribution has radically changed
with the addition of new electrons above L=1.8. This orbit crosses L=2 about one
hour after the orbit 1’. The initial transient of new particles is not yet complete at
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Fig. 12. The omnidirectional flux of electrons of > 0.5 MeV for Explorer XV for the early passes
on October 28, 1962. The satellite is nearly equatorial and the figure thus gives a nearly equatorial
trace through the particle distribution.

this time as evidenced by the further increases in flux seen on the returning half of
the second orbit some four hours later, curve 2’. The fortuitous observation of this
transient illustrates the longitudinal drift of the magnetically trapped particles men-
tioned in Section 1. At L=2 on orbit 2 the satellite is over the Atlantic and observing
electrons which have drifted eastward around the world from their injection by the
explosion over Asia. For 0.5 MeV electrons the drift rate on L=2 is approximately
5.7 degree/minute (WELSH and WHITAKER, 1959). For the 270° of longitudinal drift
required, the corresponding time is 47 minutes. On L =3 the drift rate is 3.8 deg/min.
During the time between its passage across L=2 and 3, the satellite is moving east-
ward at approximately 1 deg/min. On all of the significant L shells the particles are
thus drifting faster than the satellite and catching up with it on their first transit
around the earth. From the drift rates on different L shells it is possible to deduce
the time at which the injection of new particles took place to be consistent with the
observations. This time cannot be determined with great precision because of the
energy dependence of the drift rate, but it appears to have been 0440+ 10 minutes.
On orbit 2’ of Figure 12, the electrons have drifted at least five times around the
earth and the distribution in various L shells should be longitudinally uniform.
Figure 13 shows the early results for a second detector on Explorer XV, this time

“.
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measuring electrons above 1.9 MeV. On orbit 1’ in this case there are two small spikes
in electron intensity at about L=1.85 and 2.0. These seem to be the remnants from
the first Soviet test six days earlier. There is no question but what much of the flux
between L=2 and 3 is also left over from that earlier test since the slot region is not
nearly as deep as it was observed by Telstar I to be just before the Soviet test series,
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Fig. 13. The omnidirectional flux of electrons of > 1.9 MeV Explorer XV for the same period as
that in Figure 12.

(Figure 9). In orbit 2 on Figure 13 the new electrons of greater than 1.9 MeV have
clearly already arrived. In fact in comparison with orbit 2' there are more electrons
seen earlier than later. This does not seem to be a decay phenomena, but rather a
decrease in flux associated with the longitudinal dispersion of the originally rather
well clumped group of electrons. The drift rate for 1.9 MeV electrons on L=2 is
approximately 20 deg/min. These particles are probably being observed ou their
second transit around the earth. If they were in their first transit the injection time
would have to have been at about 0500, rather late for the lower energy particles
seen in Figure 12. The structure in the electron distribution as observed on orbits 2
and 2’ is quite complex and can in principle at least be related to the motion of the
radioactive fragments carried in the expanding plasma of the nuclear explosion.

In Figure 14, 15 and 16 results from three detectors measuring different energies
are shown together for the first passes of the satellite to illustrate the L variation in.
the energy spectrum along the equator. The vertical spacings between these curves on

the semilogarithmic plot give the relative spectral hardness of the electron distribution.

From Figure 14 for orbit 1’ the residue of the first Soviet explosion is seen at greater
than 1.9 and greater than 2.9 MeV, but is not distinguishable as sharp structure at
greater than 6.5 MeV. In the outer belt region the detectors indicate fluxes approxi-
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Fig. 14. The omnidirectional flux from three electron detectors on Explorer XV for the first re-
turning pass from apogee on October 28. The variation in the vertical spacing of the curves in the
semilogarithmic plot indicates the change in the spectral distribution of the electrons.
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’AF‘\ Fig. 15. The omnidirectional flux from the detectors of Figure 14 as for the second outgoing pass
s of Explorer XV. The time is very shortly after the second Soviet high altitude nuclear test.

mately in the ratio 1:0.1:0.01. In the bottom of the slot at about L =3 the ratios are
1:0.8:0.3 a very much harder spectrum. In Figure 15, orbit 2, the peak of the inner
belt is seen to have ratios 1:0.3:0.09. These are in quite good agreement with the
equilibrium spectrum of electrons created in fission beta decay. The electrons in the
g’“ inner belt peak are dominantly those produced by the U.S. Starfish test, and in the
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peak region they have not decayed very much between July and the end of October
as discussed in connection with Figure 11. Between L=1.8 and L~3 the spectra in
Figure 15 are confused by the transient of the newly added electrons in their drift
around the world immediately after the second test. Figure 16 shows the electron
distribution after it had time to disperse uniformly in longitude. Comparing these
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Fig. 16. The omnidirectional flux from the detectors of Figures 14 and 15 as for the second returning
pass of Explorer XV. The newly injected electrons have now had time to disperse uniformly in
longitude.

curves with those of Figure 14, it is clear that electrons of greater than 0.5 MeV have
been added out to as far as L=3.2 or 3.3 whereas no significant number of the higher
energy electrons has been added above L=3. This indication that the spectrum of
added electrons is not everywhere the same is born out by comparisons over the
whole L-region in which new particles have been added. Even at the maxima at
L=1.85 and 2.15 in Figure 16 the spectra are different and in neither case are they
what would be expected from f-decay of fission fragments. Somehow in the injection
process the electron energies are reduced, possibly by the mechanism of Fermi de-
celeration in collision with the walls of the expanding plasma from the explosion as
suggested by HEess (1963). Similar phenomena apparently occurred in Starfish as well,
and served to produce a much softer spectrum of electrons at large L values than at
small. Through such spectral differences and the difference in the detector response
characteristics it is possible to account in a qualitative way for the apparent dis-
crepancy between the Telstar | and Injun [ measurements of the Starfish electron
distribution in space (BROWN et al., 1963c).

Figure 17 shows the situation on November 3 following the third Soviet test on
November 1. The actual data are presented in the region between L=1.5 and 2 to
illustrate how narrow and well defined the spike of injection was at about L=1,78.
Unlike the earlier tests, the third test seems to have added no significant numbers of
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electrons outside of the single narrow spike. At L=1.85 and above the electrons from
the second test appear with decreased flux in comparison with Figure 16 because of
particle decay over the week since their introduction. The decay of particles in the
well-defined injection peaks from these two tests appears to occur by loss on the L
shell, not by diffusion between L shells. That is, the peaks do not broaden substantially
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Fig. 17. The omnidirectional flux of electrons from the detectors of Figures 14, 15,16 on Explorer XV
following the third Soviet test on November 1, 1962. The spike of newly added electrons at L = 1.75
is extremely narrow.

as they decrease in magnitude with time. This is to be expected by Dungey’s whistler
loss mechanism but perhaps not by a mechanism which produces a general mixing
of the different field lines due to broad magnetic disturbances.

In Figure 18 the electron distributions are shown as a function of B, along the
L=1.75 line for several intervals of time. The minimum value of B in the figure
corresponds to the equator on this field line. The orbit of November 3 in Figure 17
contributes one of the near equatorial points in Figure 18. The electron flux decreases
with increasing B in all cases in the figure. This is the same as saying the flux decreases
with increasing dipole latitude (Figure 2). It is also equivalent to saying that the
distribution of mirror points is peaked at the equator. The triangles in Figure 18
which fall in with the solid circles of the December 14-18 time interval are those
points measured before the third Soviet test. This region at L=1.75 has been essenti-
ally unaffected by the earlier tests so the triangles give enough data points to define
a “before” particle distribution on this field line rather well. The new particles added
on November | not only increase the equatorial flux as indicated in Figure 17 but also
drastically alter the distribution of electrons in B. The very flat uppermost distribution
that is produced, gradually loses its anomalous shape over the next few weeks and
reassumes the approximately linear dependence of log ¢ on log B it had before the
test. The whole distribution then decays together. More rapid disappearance of par-
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ticles at large values of B and the decay of the distribution as a whole at long times
are to be expected in processes controlled by diffusion of particle mirror points along
field lines with ultimate particle loss in the atmosphere.. This is the situation found
by Hess (WELCH et al., 1963) and by Walt (WALT ez al., 1963) for lower £ values
where the atmosphere controls the whole process. It should also be expected in the
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Fig. 18. The variation of the electron distribution along the L = 1.75 line as it changes with time.
The triangles are points occurring before the third Soviet test on November 1.

whistler controlled diffusion of DUNGEY (1963). The fact that the flux in January in
Figure 18 has dropped below the data of the triangles for late October is presumably
due to a continuing decay of electrons either from the Starfish test or from the first
Soviet test.

Figure 19 is analogous to Figure 18 but for L=2.0. There are now only two data
points (triangles) before the test on October 28. One of these corresponds to the out-
going, the other to the incoming pass of the first orbit of Explorer XV. The equatorial
point is that for orbit 1’ of Figure 14. The star marked “carliest point™, is for orbit 2,
at which time the high energy electrons had not dispersed in longitude. At L=2.0
the ¢, B variation shows a maximum off the equator, an even more anomalous
distribution than that on L=1.75. Such a distribution results from injection of new
particles far off the equator. This shape rapidly disappeared and the decay process
carries past the triangles of October 28 because of continuing decay of electrons from
the first Soviet test. Results for a third field line, L=2.4, are shown in Figure 20. On
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this line the injection is much less anomalous and a steady state linear dependence of
log ¢ on log B is rapidly reassumed. Comparisons of Figure 18, 19 and 20 show two
particular features. First, the decay is more rapid on the higher L lines. This is in
agreement with the results of Telstar 1 shown in Figure 10 and observed by Telstar I
for the Soviet tests as well. Second, the slope of the log ¢, log B lines decreases with
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Fig. 19. The variation of the electron distribution along the L = 2.0 line as it changes with time.
The triangles are the two points obtained before the second Soviet test on October 28. The star is
the earliest point following the shot as in Figure 15.

increasing L. This is qualitatively consistent with the diffusion mechanism of particle
loss because the ultimate sink for particles in the atmosphere is more remote for
higher L lines.

Almost all of the discussion of electrons up to this point has been concerned with
the distribution and the redistribution of the particles following artificially induced
transients. In conclusion we will consider results for a region in which artificial effects
have been unimportant in comparison with nature’s own activity. Figure 21 shows
the time record of greater than 0.5 MeV electrons from Explorer XV at L=4, in the
outer electron belt. The two sets of points divide the data into near equatorial and
off equitorial B-regions. There is very little B dependence as might be expected by
extension of the decrease of the ¢, B slope observed in Figure 18 through 20, for
increasing L. Notice that there is a very rapid electron flux decline shown by the
early data. It yields an approximately 5 day time constant. The two B-regions change
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Fig. 20. The variation of the electron distribution along the L = 2.4 line as it changes with time.
The triangles and the star have the same significance as in Figure 19.

together. Data is missing for about 12 days following day 314, but when the flux is
measured on day 327, it is high again. There is a second decline with a similar but
not identical decay time. Then on day 352, there is the start of a very large increase
which in two days amounts to more than an order of magnitude. This phenomena
occurs at the same time as SNYDER has reported observing very large disturbances in
the plasma on the Mariner Spacecraft and large fluctuations in magnetic field on the
earth (SNYDER et al., 1963). On day 354, the flux reaches a peak and once again begins
a rapid decline.

The situation for higher energy electrons is interesting in comparison. Figure 22
reproduces the curve drawn in Figure 2! to represent the shape of the 0.5 MeV data.
This curve is superimposed on the greater than 1.9 MeV results with a factor of 10
scale change to make comparisons easier. The features of the two sets of data are
similar, but note that the 1.9 MeV electrons rise before they decay in the approxi-
mately day 300 region and that the rise-at approximately day 327 is visible after the
data break whereas for the low energy electrons it was not. In the large rise on about
day 352 the 1.9 MeV electrons again lag behind. The 0.5 MeV electrons have started
to decline before the high energy electrons have reached their maximum. The increase
for the 1.9 MeV electrons is about a factor of 40. These effects are certainly associated
with plasma from the sun. Possibly magnetic disturbances initiated in interactions of
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the solar wind plasma with the earth’s field are responsible. It is tempting to believe
the observations are showing an acceleration mechanism in operation. It goes on for
several days, increasing the energy of very low energy electrons until they are measured
by the 0.5 MeV detector and then later by the 1.9 MeV detector. One might also
interpret the results as due to a time varying source of particles outside the magneto-
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Fig. 21. The fluctuations in the > 0.5 MeV electrons in the outer electron belt at L = 4.0 from
October 28, 1962 through January 4, 1963.

sphere, the source producing more high energy electrons later. There are difficulties
of course in carrying out injection of such electrons through the magnetospheric
boundary and there is no evidence for such energetic electrons from the sun. The
interpretation of these effects is presently unknown. It seems almost certain to require
a mechanism that involves the plasma from the sun in interaction with the earth’s
field, a topic that falls naturally into a symposium on plasma space science.

4. {Summary

In summary there is evidence that for both protons and electrons in the trapped
particle region around the earth, plasma, the low temperature plasma inside the mag-
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netosphere, the high temperature plasma arriving from the sun, and the manmade
plasma of nuclear explosions, is important in mechanisms of injection, acceleration,
and particle loss. A great many intriguing suggestions have been made as possible
interpretations of the observed phenomena but many, if not most, of the questions
that can be asked remain unanswered in any satisfactory detail. We should, however,
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Fig. 22. The fluctuations in the > 1.9 MeV electrons in the outer electron belts at L = 4.0 for
the same time period as Figure 21. The totally dashed curve in the figure is reproduced from Figure 21
with a change in vertical scale of a factor of 10.

expect major advances in our understanding in the next few years with the increasingly
sophisticated experiments that are being prepared and launched and with the theo-
retical effort that is examining these complicated geomagnetic effects.
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CHAPTER 2

SOME OBSERVATIONS
OF THE DISTRIBUTION OF ENERGETIC PROTONS
IN THE EARTH’S RADIATION BELTS BETWEEN

1962AND1{V?’1\ ~ 30551

J.D. GABBE and W.L. BROWN
Bell Telephone Laboratories, Inc., Murray Hill, New Jersey

Abstract. Flux distributions for protons with energies between 4 and 13 MeV, 18 and 27 Mev,
26 and 33 MeV, 50 and 135 MeV, and 49 and 145 MeV measured from July 1962 to September
1963 at geocentric distances in the range 1.01 to 3.4 earth radii are presented. Using data
extending to June 1964, secular temporal changes are discussed, some effects of the magnetic
storm of September 22, 1963 are described, and some aspects of the energy spectrum are noted.

1. Introduction

The purpose of this paper is to present several bodies of data on the proton
distribution. These data were gathered between 1962 and 1964 by means of
instruments on Telstar 1, Explorer XV, and Telstar 2.

Distributions in the form of log flux vs log B for various specified values of I,
are used to summarize the measurements. B is the magnetic induction in Gauss,
and L is the magnetic shell parameter (McILWAIN, 1961). These coordinates
and scales have been selected because they are well suited for making com-
parisons of flux values within and among the bodies of data in this paper and
also between these results and those of other experimenters.

Some portions of these data have been published previously (BROwN,
GABBE, and ROSENZWEIG, 1963; BROWN and GABBE, 1964; BROWN, 1965). This
article collects the various distributions in one place, supplements them with
previously unpublished information, and presents them all in the same coordi-
nate system and on the same scale.

Extensive analyses of the data from the varicus instruments have been
undertaken. During the course of this work, simple mathematical functions
which give convenient and statistically accurate descriptions of the proton
distributions have been evolved. Some of the analyses have been com-
pleted, others are still in progress. Because they are computationally so
convenient, the formulae describing the Telstar 1 data are included in this
article. The details of the completed analyses are in the process of publication
elsewhere.
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2. The Satellites

Information about the satellites is given in Table I, and the regions of R-4
(MclLwain, 1961) space accessible to the spacecraft are illustrated in Figure 1.
As may be seen in the figure, the larger region of space explored by Telstar 2
includes almost all the smaller portion of space covered by Telstar 1. Explorer

60° 45°

{

MAGNETIC °
DIPOLE 0
NORTH

15°

50 \ o
XIS >
SRR HH LN LN
' >
&

i
2

MAGNETIC
DIPOLE
EQUATOR

Fig. 1. The region. Of R-Aspace explored by Telstar 1 [1]; Telstar 2 [2]; and Explorer XV [15].

XV maps out higher altitude regions of space than the Telstar satellites, in
addition to overlapping the portions covered by the Telstars at lower altitudes
and latitudes. All the Explorer XV measurements were recorded during the
active life of Telstar 1, but measurements from the two Telstar satellites do not
overlap in time. The three vehicles were spin stabilized and all the detectors
were mounted so that their symmeiry axes lay in planes that were approximately
perpendicular to the spin axes of their respective satellites.

3. The Instruments

The detecting elements in all of the instruments were semiconductor diodes
made by diffusion of phosphorus into high resistivity p-type silicon. The sensitive
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TABLE I
Satellites, Orbits, and Detectors

e g e gl AR T

Period covered by data Orbit** Spin Rate RPM The detecrors discussed here
- . Perigee Apogee = Incl. . Energy range  Directional Counting

4 it oy -

S{ztellLte Jrom to inRe in Re deg. Max Min MeV Characteristics f interval sec
Telstar 1 7/10/62-2/21/63 1.15 1.90 45 180 85 50-135  Omnidirectional 87 11
1962 acl 26-33 Omnidirectional 1700 i5
Explorer XV 10/27/62-1/27/63 1.05 3.72 18 72 72 4-13 cone, 10° 4000 1.45
1962 g1 ' half-angle
Telstar 2 5/ 7/63— 5/7/65* 1.15 2.70 43 180 65 49-145  Omnidirectional 76 11
1963 13A 18-27 Omnidirectiopal 950 15

_ * Only data previous to 6/30/64 reported here.
¥* Re=1 earth radius =6371.2 km.




regions of these diodes were disk shaped, about 2.9 mm in diameter and 0.4 mm
in thickness at the nominal reverse bias voltage at which the diodes were
operated. These devices have been described by Buck et al. (1964) and the
complete detector assemblies by BROWN et al. (1963). The energy range of the
particles detected was determined by the shielding of the detector assemblies,
the pulse height level set by the associated electronics, and the operating bias
on the diodes. The conversion from the counting rate of the detectors to proton
flux was made by multiplying the counting rate by the factors fin Table L
These constants take into account the geometric factors and the average efficien-
cies of the detectors. For a differential power-law spectrum of the form

J(E)y~E™" (1)

where J(E) is the flux of particles with energies between E and E+dE, and the
stated energy intervals, the quantities f deviate less than 5 per cent from those
given in Table I for values of n between 0 and 7.5. Although the conversion
factors are almost independent of the energy spectrum, variations in the
conditions under which the detectors were made, assembled and operated lead
to uncertainties of about 50 per cent in the absolute values of these constants
for the several detectors.

4. The Data

The basic telemetered data are the number of counts recorded by a detector
during a counting interval. The counting intervals for the various detectors are
given in Table I. On the Telstar satellites the counting intervals occurred once
a minute for both the detectors considered here. On Explorer XV the counting
interval occurred approximately 5 times a minute. In all cases the date and
universal time at which the data were recorded were inserted by the ground
station. These times together with the ephemerides of the satellite allow one
to associate the geographic position of the satellite with the data. The magnetic
coordinates, B and L were calculated from the geographic position by means of
Mcllwain’s FORTRAN computer program INVAR using the JENSEN and CAIN
(1962) Epoch 1960 coefficients for the 48-term spherical-harmonic expansion
of the earth’s main magnetic field (McILWAIN, 1962). In addition, bias voltages,
satellite temperatures, and other housekeeping data appeared in the telemetry
and were associated with the appropriate counting-rate data.

The Telstar detectors are intrinsically omnidirectional and the analyses
performed have treated the data point by point. The Explorer XV detector is
directional, and the data have been interpolated to specific L shells and corrected
to equivalent omnidirectional flux using a method developed by ROBERTs (1965).
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5. The flux vs B Contours

Figures 2 through 6 are presentations of the various proton distributions in the
form of log J (where J is the omnidirectional flux) vs log B plots for selected L
shells. For reasons connected with the equipment or analysis these presentations
suffer from various small defects. Space does not allow a detailed discussion of
these anomalies, but the most significant of them are mentioned in the text.

The results of the analysis of the data on protons with energies between 50
and 135 MeV taken with Telstar 1 are shown in Figure 2. The lines were
produced from the equations and coefficients in Table 1I. The coefficients have

TABLE II
The Functional Fit to the 50-135 MeV Proton Data from Telstar 1

These expressions are valid only for 1.15<< L<C3.0, R<1.95 R¢*, and J> 5 proton/cm? sec.

_ Z2_x2 12 x\2728

CB,L) | =a2| 2 % 1—(~ ] ,x<Z

(B, L) [chl_xe)] [ \Z) x (@)
=0,x>2

where C=omnidirectional counting rate, countsfsec, of protons with energies above
between 50 and 135 MeV; B=magnetic induction, Gauss; L == magnetic shell parameter;

x="V1—Bo/B; Bo=0.311653/L.

_ A1 (L —Lo) L L>Lo Z'—‘—A/l——-(Q)a [4_:19—]—1/2
A Az 4 (L — Ag)4a L L
=0, L<Lo
and Q="Lo+ Ri(L— Lo)+ Re(L — Lg)® + Rs(L — Lg)3.
J(B, L)y~87C(B,L),J>5 (b)

where = J=omnidirectional flux, protons/cin? sec, of protons with energies between 50 and

135 MeV. oas
A [1 N <;> ] ©

22ZB(, 1+ 25)
where j is the equatorial unidirectional flux, protons/cm? sec ster, of protan with energies
between 50 and 135 MeV

J(u, LYy~ 387

U=Cos o
N a =equatorial pitch angle

and A (p, )= J wP=1(1 — w)¢-1dw is the beta function.

’ Lo= 1.132792  Ri= 0.2636094
A1=10.197 Rz = —0.6011559
A= 0.24662 Rs= 0.4746468
Az = 0.74397 S'= 0.32986
As= 5.3565

* 1 Re=6371.2 km
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Fig. 2. Flux vs B contours for constant L for the 50-135 MeV protons measured on Telstar 1
(July 1962-February 1963). Adjacent contours are slipped one decade in J; and each contour
rises from J = 1. The points are data points near the appropriate L. Data points representing
J=0(log J = — ) are plotted at J=1. The lines were generated from the model described
in Table II. Dashes indicate extrapolations beyond the region in which data were acquired.
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been determined by making a multidimensional least squares fit of the mathe-
matical model in Table II to the data (GABBE, WILK, and BROWN, 1966). The
model with the tabulated coefficients summarizes the distribution of these
protons to an extent reasonably approaching expected statistical fluctuations.
The points in Figure 2 are individual data points having L-values close to the
L-values of the lines. How close depends on the density of the data, but the
differences between the L-values of the points and that of the line is usually less
than 0.005. These results should not be extended to fluxes below 5 protons/cm?
sec, a value that approximately represents the lower limit of the sensitivity of
the detector. The actual data points associated with L-lines having values
greater than L=2.0, shown in section (c) of the figure, have been omitted.
This has been done because the overlap among observations belonging to
different L-lines that results from the statistical scatter at low counting rates
tends to confuse the presentation when the points are included. The quality
of the fit remains satisfactory.

The distribution of protons with energies between 26 and 33 MeV was also
measured on Telstar 1, and is shown in Figure 3. The model described in Table
III has been fitted to the 26-33 MeV measurements and the resultant coefficients
appear in the table. The geometric factor of the detector was quite small and the
instrument is effectively insensitive to fluxes below 100 protons/cm? sec.

Figure 4 is a presentation of the data on the 4-13 MeV protons measured
on Explorer XV, as reduced to omnidirectional flux. The lines are the result of
a preliminary least squares fit to the reduced data. They cannot realistically be
extrapolated to values of flux beyond the data points. The points plotted in
Figure 4 are only a representative sample of the existing data, but they cover
the full range of observations.

The data from Telstar 2 have been divided into two time periods. The
dividing line is the magnetic storm of September 22 (day 265) 1963, which
substantially affected the proton distribution for L22.2. The data preceding
this storm were acquired between days 127 and 265, 1963 and this time will be
referred to as “Summer 1963”. The period extending from day 265, 1963 to
day 182, 1964 (day 547, 1963) is “Winter 1964”°. Flux distributions from the
summer of 1963 are shown in Figure 5 for 49—-145 MeV protons and in Figure 6
for the 18-27 MeV protons. The points in Figures 5 and 6 are data which fall
within thin L slices, i.e. ranges of L defined by L+ AL, where L is the nominal
value for the measurements. The value of AL is usually 0.005. The curves for
the Telstar 2 data are not least squares fits, but are hand drawn through the ,
points. This procedure is somewhat uncertain at the high B end of the higher
L lines, where the points are scattered because the fluxes are too small to give
good counting statistics; and the detailed shape at this end of the line contains
this uncertainty.
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Fig. 3. Fluxvs B contours for constant L for the 26-33 MeV protons measured on Telstar 1.
The lines were generated with the model described in Table III. The remaining conditions in
the caption of Figure 2 apply.
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TABLE III
The functional fit to the 26-33 MeV proton data from Telstar 1

These expressions are valid only for 1.15<< L<3.00, R<<1.95 Re*,
J > 100 protons/cm? sec.

x \5/472N
=D2[1—(~) ] 'x<G (@)
C’(B, L) G

=0,x>G

where C’ = omnidirectional counting rate, counts/sec, of protons with energies between 26
and 33 MeV

B =magnetic induction, Gauss
L =magnetic shell parameter

x=V1—Bo/B
Bo=0.311653/L3
Di(L—Ly)

e U U > -
i (@ —L1)D3, L=L; D=0,L<L;

o= -G BT

and P=Li+Pi(L—Li)+Po(L— L1)>+ Ps(L— L1)°.

J'(B, LYy~ 1700 C’(B, L), J'> 100 (b)
where J’ = omnidirectional flux, protons/cm? sec, of protons with energies between 26 and
33 MeV.
Li= 1.1667423
D= 1.695
D= 0.14926°
D3= 2.5859
Pir= 0.0923283
Py=—0.278932
P3= 0.2655505
N= 0.62703

* 1 Re=6371.2 km

6. Equatorial Fluxes

Figure 7 summarizes the behavior of the omnidirectional flux J, as a function
of L on the magnetic equator. Equatorial values of J have been taken from
Figures 2 through 6. To these have been added the equatorial values of J for
the later (Winter 1964) measurements of 49-145 MeV protons and the 18-27
MeV protons made with Telstar 2. The Telstar 1 50-135 MeV proton curve has
been omitted from Figure 7 because it is virtually coincident with the Telstar 2
49-145 MeV proton curve for the summer of 1963 below L=1.95. The dashes
indicate extrapolation into regions where equatorial data are not available.
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Fig. 4. Flux vs B contours for constant L for the 4-13 MeV protons measured on Explorer

XV (November 1962 to January 1963). Each contour rises from J = 10. Only a representative

sample of the interpolated data points are plotted. The lines come from a lezst squares fit to
the data, and are extrapolated at the high-B end.

The substantial increase in equatorial flux as the energy of the protons
decreases, and the movement of the maximum in the equatorial flux to lower
values of L for the higher energy particles is observed in these results as in the
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results of previous experiments (DAvis and WILLIAMSON, 1962; and FiLrLius and
McILwaAIN, 1964). The effect of this behavior on the energy spectrum is treated
later.

MCcILWAIN (1963) observed a secondary maximum at the equator at L~2.2
in the 40-110 MeV proton distribution measured by him with Explorer XV in
late 1962. This secondary maximum was not observed by Telstar 1, whose
equatorial coverage reached only to L=1.95. The Telstar 2 measurements of
49-145 MeV protons (made subsequent to May 1963) show no secondary
maximum, although the Summer 1963 and Winter 1964 curves in Figure 7
display a well defined plateau near L =2.2. Apparently, the secondary maximum
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Fig. 5, Flux vs B contours for constant L for the 49-145 MeV protons measured on Telstar 2
from May to Septemter 1963. The representation is as in Figure 2. The lines were hand drawn
through the points.
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has decreased with time relative to the main part of the proton distribution.

Temporal effects are also apparent in Figure 7. The equatorial flux of both
the 49-145 MeV and 18-27 MeV protons is higher for the Winter 1964 curves
than for the Summer 1963 curves for L less than about 2.2, while the inverse is
true for higher vaiues of L. These curves, however, are averages over several
months of measurement, and the data will be considered in more detail below

to see what underlies these changés.
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Fig. 6. Flux vs B contours for constant L for the 18-27 MeV protons measured on Telstar 2
from May to September 1963. The representation is as in Figure 2. The lines were hand drawn
through the points.
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Fig. 7. Flux vs L contours at the magnetic equator. Seasons are the approximate midpoints
of the time intervals during which the measurements were made. Dashes are extrapolations.

7. Temporal Effects

The character of the temporal effects in the 49-145 MeV protons on Telstar 2
is displayed in Figure 8, which is a plot of J vs time in days in the various B-L
cells indicated in the legend.

Figure 8a, for 1.85<L<1.90, is typical of the temporal behavior of the
Telstar 2 protons in both (18-27 MeV and 49-145 MeV) energy ranges for
L<2.2. The flux increases steadily with time, and the rate of increase appears
independent of B. A careful analysis of the Telstar 1 protons in the energy
ranges 26-33 MeV and 50-135 MeV shows no corresponding secular increase
between July 1962 and February 1963. The secular temporal effects observed
by Telstar 2 are surprisingly large and include at least some long term changes
i instrumental sensitivity. A more detailed examination of these effects, based
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on residuals from computer fits is planned in an attempt to separate out the
instrumental component.

Inthe more sophisticated analysis of the Telstar 2 data presently in progress,
a parametric expression of the form

y(x)=A[1 +K(t—265)][ (21 il )]”4[1—(5)2]8 )

where y =least-square prediction of ,/counts/sec, x=\/ 1—B,/B;
B, =(0.311653/L?); t=time in days in 1963; and 4, K, x,, and S are fitted
parameters, is fitted to the square root of the counting rate of data in narrow

TELSTAR 2 49-145 Mev

0.4 , -

0.3+ -

. ! _

K (PER CENT /DAY)

L

Fig. 9. The values of K, Equation (2), plotted against L. K is the time rate of change of the
square root of the flux of 49-145 MeV protons from May 1963 to June 1964. The bars are two
standard deviations. The per cent change in flux is ~ 2K,
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L-slices. The parameter K gives the time dependence of the data in the L-slice.
The time variation of the data shows no statistically significant dependence on x
(or thius B) within L-slices. The values of K from a few preliminary fits to the
49-145 MeV data are plotted against L in Figure 9. The per cent increase in

TELSTAR 2

100 T T T

7.5

A /counTs /sec
L4
(o]
1

e
o
T

Fig. 10. The value of the equatorial flux for 45-149 MeV protons on day 265, 1963 is given
by 76 A2. See Equations (2) and (3).

flux (flux~(\/counting rate)?) isa 2K, and is seen to be 0.7 per cent/day near
L =1.35, but to drop to 0.2 per cent/day near L=1.2 and L =2.2. The secular
behavior of the 18-27 MeV protons follows the same pattern. These changes
are quite large and are presently unexplained.

The values of 4 in Equation (2) which represent the square roots of the
prestorm equatorial counting rates corrected to day 265, 1963 are plotted
against L in Figure 10. The line in Figure 10 is given by the expression

7.07(L — 1.124) L —2.30\?
A(L) = - 1.49exp| — [-—=2 3
)= Gigs ¥ (L o3y " exp[ ( 0.313 )] )
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in which the values of the coefficients are the result of a least-squares fit to the
points.

For values of L22.2 the unusual effect of the magnetic storm of day 265,
1963 is superimposed on the secular effect. The Telstar observations of the
storm effect extend to higher equatorial altitudes than those of Relay 1, but
qualitative agreement between the Telstar 2 and Relay 1 measurements (Mc-
ILwWAIN, 1964) is good where the data overlap in space. The storm decreased the
number of trapped protons with energies between 49 and 145 MeV and between
18 and 27 MeV for L2 2.2, and the depletion was completed in less than a day.
The magnitude of the storm effect was heavily dependent on both B and L.
Although the B-L cells in Figure 8b do not have data immediately subsequent
to the storm, the B dependence of the depletion in the L range 2.30-2.35 for
the 49-145 MeV protons is apparent. The equatorial fluxes were not noticeably
affected, but there is a substantial decrease in flux at the higher B values. Some
recovery of the fluxes is also evident. That the effect of the storm was more
pronounced at higher values of L may be seen from Figure 7.

The reaction of the 18-27 MeV flux distribution to this storm was qualita-
tively very similar to that of the 49—-145 MeV distribution, although somewhat
less pronounced.

8. Energy Spectra

The equatorial flux values prior to the magnetic storm of day 265, 1963 have
been corrected to integral flux above the minimum energy of the detector. In the
higher energy detectors this has been done by making self-consistent determi-
nations of' M in an integral power law spectrum of the form

J(>E)~E™™ (4)

in the 18 to 145 MeV region. The 4-13 MeV points have been corrected to
integral flux above 4 MeV by extrapolating the power law spectrum for the
higher energy detectors down to 13 MeV and adding this contribution to the
4-13 MeV flux. The equatorial results for various vaiues of L are plotted as
J(>E) vs E on a log-log scale in Figure 11. To prevent overlap, each set of
points is slipped one decade to the right. The values of M(+ ~0.3) are given
on their respective curves. The equatorial spectrum in the energy range above
18 MeV is softest near L=1.9, hardens slightly with increasing L up to L=2.8,
and hardens notably with decreasing L between L=1.9 and 1.3.

The character of the spectral depéndence on B for fixed L may be seen in
Figure 12. The points in Figure 12 were derived from the flux maps in the same
manner as those in Figure 11. On a given L shell the spectrum hardens with
increasing B.
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It is clear from the plots that a simple power law is not in general sufficient
to describe the spectrum down to 4 MeV, although it.does reasonably represent
the higher energy data. These trends as well as the values of the slopes defining
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Fig. 11. Integral energy spectra on the magnetic equator.
the spectra are in very good agreement with the published results of other ; )
investigators (FiLLius and McILwAIN, 1964; and FREDEN et al., 1965) where o

the data overlap. The present results, however, extend to higher altitudes than
were accessible in the earlier experiments.

Various processes for introducing and removing protons from the radiation
belt and for influencing the spacial and energy distributions of those present are
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discussed at length in other papers in this symposium. However, the underlying
mechanisms are not yet sufficiently well understood to serve as a basis for a
quantitative explanation of the observed flux distributions and energy spectra
presented here,
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CHAPTER 3
OBSERVATIONS OF THE TRANSIENT BEHAVIOR OF
ELECTRONS IN THE ARTIFICIAL RADIATION BELTS

N71-30922

W. L. BROWN
Bell Telephone Laboratories, Inc.,
Murray Hill, New Jersey

1. Introduction

The sudden artificial alteration of the electron distribution in space by high
altitude nuclear tests has provided a unique opportunity to study the relaxation
processes or loss mechanisms that are effective in controlling the natural
particle distribution. Observations of the artificial belts of energetic elec-
trons and their transient decay following the U.S. and U.S.S.R. nuclear tests
of 1962 have been made by instruments on the Telstar I and 11, Relay I and
II, and Explorer XV and XXVI satellites. The most dramatic results from
these experiments have been obtained on Telstar I and Explorer XV which
were advantageously in orbit at times of major activity during the testing
period. Descriptions of their observations are contained in Sections 2 and
3 and comprise the primary part of this paper. Some observations made by
Relay II long after the creation of the artificial radiation belts will be discussed
in Section 4.

All the measurements described in this paper were made with the same type
of particle detector, a silicon diffused p-n junction device (BUCK et al., 1964)
with a sensitive volume about 2 millimeters in diameter and 0.4 millimeters in
thickness. The geometrical arrangement of the detector, its entrance aperture
and absorber, varied among the different experiments as did also the electronics
that processed the pulses produced in a proportional way by charged particles
in the sensitive volume. Because of the relatively small size of this sensitive
volume the measurement of high energy electrons required entrance absorbers
to remove the lower energy portion of the electron flux distribution. In the
Telstar I configuration with an open entrance aperture the detector had a prin-
ciple sensitivity to electrons of less than 1 MeV and primarily measured electrons
above about 0.5 MeV. In the Explorer XV experiments a series of detectors
were used with different entrance absorbers. Results from three of these devices
measuring electrons above 0.5 MeV, above 1.9 MeV, and above 2.9 MeV are
described in Section 3.



2. Telstar I, Starfish and the U.S.S.R. Tests

2.1 Electron distributions following the Starfish test

Telstar I was launched on June 10, 1962 (day 191), one day after the U.S.
high altitude nuclear test Starfish. The order of these events has clouded the
evaluation of the effect of the nuclear explosion because of the meager infor-
mation concerning the natural electron distribution present before the test in

Fig. 1. Contours of equal omnidirectional counting rate for electrons from Telstar I in the

time period from Day 193-197, 1962. The contours are two to a decade as follows: 2—6.6 x 107/

em?sec; 3-2.1 X 107;4-6.6 x 108, etc. The omnidirectional counting rate is related to the
omnidirectional flux of particles by the efficiency factor of the detector.

most of the region that Telstar I actively explored. The changes in the distri-
bution observed by Telstar subsequent to July 10 lead to the conclusion that
Starfish introduced a high flux of electrons over a very extensive region of space.
These electrons may have originated from fission beta decay (CARTER et al.,
1959) or alternatively they may have been thermal electrons heated by a shock
wave created by the explosion as discussed by COLGATE (1966).

The earliest electron distribution that could be well determined from Telstar I
data (BrRowN etal.,1963a; BROWN and GABBE, 1963) is shown in Figure 1, The plot
is in R-A space where the coordinates are derived from the Mcllwain parameter

L(McILwAIN, 1961) and from the magneticfield strength Bas given by the 48 term
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Jensen and Cain expansion for the earth’s field (MclLwain, 1962). The figure
spans a five-day time period starting on July 12 (day 193) three days after Starfish.
A period of five days was required to gather enough data to construct a satisfac-
tory contour plot. The distribution is changing radically in time as will be seen
in subsequent figures, and thus the contours of Figure 1 are averages over the
indicated time period. The contours are of equal omnidirecticnal counting rate
and were hand drawn through sets of measured points corresponding to a given

Fig. 2. Contours of equal omnidirectional counting rates for Days 203-207, 1962. The cont-

our labelling is the same as in Figure 7 except that Contour 1 with an omnidirectional coun-

ing rate of 1.5 X 108 is now in evidence. This contour is slightly out of the normal two-to-a-
decade order.

range of values of the omnidirectional counting rate (BROWN et al., 1963a). The
contours are two to a decade and are dashed where data is missing. Contour 1,
for the highest electron flux density measured, does not show in the distribution
of Figure 1 because of the satellite orbit. The contour number has been saved
for use on later figures. Contour 2, the highest in Figure 1, corresponds to an
omnidirectional counting rate of about 7 x 107 /cm? sec. Notice that the contours
of Figure 1 show only a single maximum in electron flux even up to latitudes
above 50 degrees where the outer electron belt would be expected to be seen.

Figure 2 illustrates the electron distribution about two weeks after Starfish
and 10 days later than Figure 1. Contour i is now observed at low latitudes,
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near the equator at both high and low altitudes. The satellite orbit has not yet
precessed sufficiently to complete the contour as indicated by the dashed portion
of the curve. Contour 1 has an omnidirectional counting rate of about 1.5 x 108
counts/cm? sec. Because of the detector sensitivity as a function of electron
energy, the overall efficiency of the detector in the presence of an electron spec-
trum produced by fission fragment beta decay is approximately 0.2 (BROWN et
al., 1963a). The highest flux contour thus represents a total electron flux for

Fig. 3. Contours of equal omnidirectional counting rates for Days 263-267, 1962. The con-
tour designations are the same as in Figures 1 and 2.

that assumed spectrum of approximately 8 x 108/cm? sec, If the spectrum is
substantially softer than a fission beta decay spectrum, as it probably is in much
of the figure, the total electron ﬂux'correspondi_ng to Contour 1 might decrease
by as much as a factor of 1.5. The contours in Figure 2 have changed very sub-
stantially in comparison with those in Figure 1. A second maximum in the
distribution now appears as a result of a decrease in the electron flux that is
particularly' pronounced in the region between 35 and 50 degrees latitude. This
second maximum is the tip of the outer belt which was indistinguishable from
the inner belt because of the anomalous population of electrons that had earlier
filled in “the slot” between the two. Notice also that where Contour 2 had
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crossed the R=1.8 earth radii line at about 1=18 degrees in Figure 1, Contour
3 occupies a similar position in Figure 2. There has been a general decay in the
electron population.

Decreases in the electron flux distribution over the whole region of Telstar
I’s orbit continued throughout the summer. The situation in mid-September is
showr in Figure 3. Contour 5 now crosses R=1.8 at 18 degrees, a decrease by
a factor of 30 compared with Figure 1. The slot between the inner and outer
belt has become very deep. The omnidirectional counting rate at R=1.6 and
A=40 degrees is given by Contour 11, 2 x 10*/cm? sec., a thousand times less
than the intensity at the same position in Figure 1.

2.2 Decay times for the Starfish electrons

Figure 4 shows the omnidirectional counting rate on several L lines as a function
of time between the launch of Telstar I and the day before the first of the
U.S.S.R. high altitude nuclear tests on October 22 (day 295). The figure shows
in a more continuous way the electron flux decay discussed in connection with

o
©
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~ OMNIDIRECTIONAL COUNTING RATE IN CM~-2SgC™!

190 210 230 250 270 290
DAY 1962 |

Fig. 4. The time dependence of the counting rate in narrow lamda r’ahges on several L lines.
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Fig. 5. The initial time constants from data such as in Figure 4 displayed in R, 4 space.
The decay times are in days. The dashed lines connect regions of equal decay times as indicated
by the numbers in parentheses. N

Figures 1 through 3. The points are taken in each case in a narrow range of A
on an individual L line. The A intervals are taken near the equator for L=1.7
and 1.9 and at increasingly large 4 values for larger values of L. The data points
*occur in clusters because of the precession of the satellite orbit. On L=2.5 the
decay is observed to be fast and, overall, very large. This region is in the heart
of the slot where the contour plots show the decay of a factor of about 1000.
On L=1.7 the decay is slow and only amounts to about a factor of two over
the three month period. There are indications that in the last month of the time
interval the electron flux on the higher L lines tends toward a steady-state. This
may quite possibly be at values determined by natural source and loss pro-
cesses.

The decay curves of Figure 4 are not exponential. If they were, the curves
would be straight lines on the semilogarithmic plot and would approach a
steady-state value with a rather sharp corner. However, assuming the initial
decay is approximately exponential, a time constant has been associated with
the initial slope of these curves and others like them throughout the space in
which Telstar I collected data. The time constants are themselves plotted in
R-A space in Figure 5. At the lowest altitudes the decay times are short as noted
by VAN ALLEN (1964). At intermediate altitudes near the equator the decay
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time is relatively long and at the highest altitudes and in the slot the time is once
again short. The lightly dashed lines in the figure attempt to connect regions of
approximately equal decay time. The shape of these lines is very roughly equiva-
lent to the shape of the inner belt itself as seen in Figure 3. Clearly the rates of
decay of the particles are closely related to the number of particles to be found
in different regions. This is to be expected in a steady-state case and in a case
of a still decaying transient following a broad injection of new particles. The
decay times over the slot region are the order of a week and vary very little with
L. Decay times of this same order are observed in the outer belt region after
natural increases in the normally unstable outer belt flux (BosTROM and WiL-
LIAMS, 1965).

The question of the loss mechanisms responsible for the results of Figure 5
is of evident importance. At low altitudes (on L lines below about 1.3 earth
radii) there seems to be no question but that loss is prcduced by interaction of
the electrons with the earth’s atmosphere. This correspondence is very beauti-
fully displayed in the results of VAN ALLEN (1964) from the Injun satellite and
the calculations that WALT (1964) has made of atmospheric scatterin g processes.
The Telstar results are entirely consistent with this work but are much less
extensive because of differences in the orbital properties of the Telstar and Injun
satellites. The lifetime for atmospheric scattering increases very rapidly with
increasing altitude and is incapable of explaining lifetimes the order of a year
between L=1.3 and 1.6, much less lifetimes the order of a week on still higher
L lines that fall in slot. It has been proposed by DUNGEY (1963) and by CORN-
WALL (1964) that resonant interaction of circularly polarized electromagnetic
whistlers with the high energy trapped electrons might provide the new loss
mechanism needed. Figure 6 shows lifetimes from Figure 5 replotted against
L and compared with Dungey’s initial calculations. Decay times measured by
Explorer XV for electrons with energy >1.9 MeV have been added to the
>0.5 MeV results of Telstar [ in the region between L =2.0 and 2.6. The higher
energy particles also have decay times in this region which are of the order of
one to two weeks. Figure 6 shows an extremely appealing correspondence with
the observed L dependence of 7 on the high altitude side of the inner belt. How-
ever, ROBERTS (1966) has shown in a more complete calculation of the whistler
model that there are very substantial failures of this model when an attempt is
made to explain the observations of the L, A, and energy dependence of the
electron decay times.

2.3 New particles from the U.S.S.R. tests

‘A series of three high altitude nuclear tests on October 22 (day 295), October

28 and November 1 again grossly disturbed the éléctrOn population in the region
of the slot and the high altitude side of the still slowly decaying Starfish belt.
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Fig. 6. The L dependence of ihe initial decay time for electrons compared with Whistler
, ‘ mode electron loss according to DUNGEY (1963).

No new electrons were detected on L lines below 1.7 in any of these three tests.
Because of the character of the new particle distributions and the more extensive
satellite instrumentation which was in space to observe them (McILWAIN, 1963,
1966 ; Katz, 1966; IMHOF and SMITH, 1965 and WEST, 1966) these events added ‘
~significantly in support and extension of information gained from the Starfish i
test. Telstar observations are shown in Figure 7 for three L lines in the slot
region. The figure shows the long period of decay following Starfish and the
sudden increase in flux on day 295, almost a factor of 100 on L=2.2. A rapid
decay (decay time of the order of three days on L =2.2) is observed immediately
afterward. It is followed by another upsurge in electron flux on day 301. The
decay following the second U.S.S.R. test is not quite so rapid as that following ‘
the first, but still the characteristic time constants are the order of a week or !
less. A third U.S.S.R. test on November 1 added no electrons to any of the L
lines shown in F igure 7. As will be seen in the results of Explorer XV, the third
test created a very narrow band of electrons on an L shell of approximately 1.76.
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3. Explorer XV, the U.S.S. R Tests

3. 1 New particles from the second and third U.S. S R tests

Explorer XV was launched into a low inclination orblt about five hours before
the second U.S.S.R. test on October 28. F ortuitously it was thus able to obtain
data on one complete orbit before new electrons were added to the distribution.
The data for the early orbits on October 28 are shown in Figure 8 for an electron
detector measuring electrons >0.5 MeV. Orbit 1’ is the nearly equatorial re-
turning half of the first orbit and shows the inner edge of the outer belt, the slot
and the rise toward the inner belt maximum. The slot is not as empty of elec-
trons as it was a week earlier because of particles added in the first U.S.S.R.
test (see Figure 7). At 0407 hours on October 28 the satellite crossed I, =2.0.
When it crossed outward bound about an hour later (0518) new particles had

~been added above L=1.8. The initial transient of particles in their longitudinal

dlstnbutxon around the earth is not yet complete at th1s tlme as ev1denced by
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equatorial trace through the particle distribution.

the further increases in flux seen on the returning half of the second orbit some
four hours later, curve 2'. By this time electrons with energies >0.5 MeV will
have drifted at least five times around the earth and the distribution in various
L 'shells should be longitudinally reasonably uniform. The observation of the
transient in longitude permits a rough determination of the initial time of in-
jection of new particles at 0440 110 minutes (BROWN, 1965).

i Figure 9 shows the early results of a second detector on Explorer XV which

measures electrons above 1.9 MeV. The two small spikes on orbit 1’ at L =1.85
anid 2.0 are probably remnants from the first U.S.S.R. test as is most of the flux
in'the slot region. In this higher energy detector a higher flux of electrons is
observed in orbit 2 at L~21.8 then in orbit 2’. This might indicate electron decay,
‘but it is more likely to be due to a clump of newly injected high energy electrons
_not yet dispersed in longitude on orbit 2. By orbit 2’ the clump will have dis-
‘appeared. The structure of the added electrons is quite complex as observed in

both the low ani high energy electron detectors. It is related in a complicated -
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way to the motion of the radioactive fragments carried in the expanding plasma
of the nuclear explosion and to the geometry of shock waves created by the
explosion. :

A qualitative picture of the spectral distribution of the electrons can be
obtained by combining the results from the 0.5 MeV and 1.9 MeV detectors
with results from a third detector measuring electrons with energies greater than
2.9 MeV. Figure 10 shows these three curves for orbit 1/, just before the second
U.S.S.R. test. The vertical spacings between these curves on the semilogarithmic
plot give the relative spectral hardness of the electron distribution. If the spec-

‘trum is that of equilibrium fission beta decay the ratios between the curves

should be 1:0.3:0.09. Such ratios are very nearly observed in the peak of the
inher belt (not shown in the figure) at an L value of about 1.4. It is clear from
Figure 10 that in the center of the slot the spectrum is much harder than a fission
beta spectrum; it is much softer in the outer belt, and it is substantially softer
on the high-L side of the inner belt. There is no partlcular reason why the spec-
trum of particles should be appropriate to fission beta decay in any of these
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Fig. 10. The omnidirectional flux from three electron detectors on Explorer XV for the first
returning pass from apogee on October 28. The variation in the vertical spacing of the curves
in the semilogarithmic plot indicates the change in the spectral distribution of the electrons.

regions. The outer belt is composed primarily of natural electrons. The slot
contains a residue of electrons from the first U.S.S.R. explosion degraded by
loss mechanisms over a period of six days. The high-L side of the inner belt
contains a substantial residue of electrons from the Starfish test as well as elec-
tfrons from the first U.S.S.R. test. The curve spacings of Figure 10 may now be
compared with those of Figure 11 which show the results for the same three
detectors for orbit 2, after the added electrons have had time to disperse longi-
tudinally. The spectrum in the slot is substantially softer than it was before at
L=3.0. A greater number of 0.5 MeV electrons have been added to the popu-
Jation in comparison to the higher energy electrons than would be the case if
§he added electrons had a fission spectrum. A similar thing is true to varying
degrees throughout the region affected by the second U.S.S.R. test. These spec-
tral characteristics are not understood. They either represent degradation of an
initial fission beta spectrum or they represent particles that are associated with
the explosion but do not originate from the fission beta process at all. Spectral
differences of this kind and the difference in the detector response characteris-
tics of the Telstar [ and In jun I detectors are doubtless responsible for the appar-
ent discrepancy between the Telstar [ and Injun [ pictures of the Starfish elec-
tron distribution in space (BROWN et al., 1963b). '
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Figure 12 shows the influence of the third U.S.S.R. test of November 1 as
observed on November ?, The only electrons added by this test are contained
in a narrow spike at an L value of about 1.76. The second peak at about 1.83
is one of the peaks created by the second U.S.S.R. test. The actual data points
are shown on the curves in the low L region to indicate the resolution of the
measurements which is important to determination of possible cross-L diffusion
of electrons from the new spike. (See Section 3.3.) The spectrum of added parti-
cles in this new spike is very nearly that appropriate to fission beta decay.

3.2 The transient flux distribution along field lines

The changes in the flux distribution along particular field lines during the gener-
al decay of the particle flux following a nuclear test has not been considered
explicitly in earlier sections of this paper. Three cases of this kind have been
selected from the >1.9 MeV data of Explorer XV, and are shown in Figures
13, 14, and 15. Figure 13 is for L=1.75. Each plotted value is obtained by inter-
polation between actual data points measured along an individual satellite pass.
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Fig. 13. The B-variation of the electron distribution along the L =1.75 line as it changes
with time. The triangles are points obtained before the third U.S.S.R. test on November 1.
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The triangles in the figure are points obtained prior to the third U.S.S.R. test.
There were no particles added at an L value as low as L=1.75 by the first or
second tests. The triangles define a reasonably straight line in this log flux-log
B plot. That is, the distribution is essentially an inverse power law in B, in this -
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Fig. 14. The B-variation of the electron distribution along the L ==2.0 as it changes with
time. The triangles are the two points obtained before the second U.S.S.R. test obtained on
October 28. The star is the earliest point follawing the shot as in Figure 9.

case with a power of approximately two. The lowest values of B in the figure
correspond to the equator on L =1.75, and the region of data coverage extends
out to approximately B/B,=~3, or 2= 30 degrees.

On November 1 the flux jumps up suddenly by a factor of about ﬁve at the
equator and a factor of about 20 at B~:0.2 gauss. The distribution is altered
drastically and is no longer nearly a simple power law in B. Over the next few
weeks the anomalous new shape of the distribution gradually disappears. By
the end of November the distribution is again nearly an inverse power law in
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B and at later times the shape is maintained while the distribution as a whole
decreases in intensity. More rapid disappearance of particles at large values of
B in an abnormal distribution along the field line, and the decay of the distribu-
tion as a whole at long times are to be expected in processes controlled by
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Fig. 15. The B-variation of the electron distribution along the . = 2.4 line as it changes with
time. The triangles and the star are the same as in Figure 14.

diffusion of particle mirror points along field lines with ultimate particle loss
in the atmosphere. This is a situation found by WELCH et al. (1963) and by
WALT (1964) for lower L values where the atmosphere controls the whole pro-
cess. It is also the situation discussed by ROBERTS (1966) for a general case of
pitch angle diffusion. The fact that the flux in January in Figure 13 has dropped

_below the data of the triangles for late October is presumably dueto a contmu-, .

ing high energy decay of electrons from the Starfish-test. T
Figure 14 is anologous to Figure 13 but for L=2.0, There are now only two.

data points (triangles) before the second U.S.S.R. test on October 28. One of

3-16

L

{

“‘\
-,




ittt

these corresponds to the outgoing, the other to the incoming pass of the first
orbit of Explorer XV. The equatorial point is that for orbit 1’ of Figure 9. The
star marked ‘‘earliest point” in Figure 14 is for orbit 2, at which time the high
energy electrons had not yet dispersed in longitude. At L=2.0 the flux-B vari-
ation shows a maximum off the equator, an even more anomalous distribution
than that seen on L=1.75. Such a new distribution results from injection of
new particles far off the equator (WEsT, 1966). This grossly distorted shape
rapidly disappears and the decay process carries past the triangles of October
28 because of continuing decay of electrons from the first U.S.S.R. test. The slope
of the power law distribution which characterizes the steady-state shape during
the later stages of decay has a value on L=2.0 of only approximately 1.35.

Results for a third field line L=2.4, are shown in Figure 15. On this field
line the shape of the electron distribution following injection is much less
anomalous and a steady-state power law dependence is rapidly reassumed. The
slope of this line is approximately 1.05.

The form of the decay illustrated in Figures 13, 14, and 15 is characteristic
of all the field lines examined. The decay is in essence by normal modes. Higher
modes, corresponding to more extreme deviations from the steady-state shape,
decay rapidly. However, there are systematic L dependent trends in the param-
eters of the system. First, the decay is more rapid going to higher L values from
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L=1.7. This is in reasonable quantitative agreement with the lower energy elec-
tron results of Telstar I following the Starfish test as shown in Figure 6. Second,
the steady-state shape of the log flux-log B distribution is progressively more
shallow on higher L shells. This feature is illustrated more completely in Figure
16 which shows the distributions on November 22 over a wide range of L values.
The curves in the figure have been shifted horizontally with respect to one an-
other to avoid overlapping. Since the observed particle loss rate increases in
going to L values greater than 1.7, and since the gradient of the distribution at
the same time decreases, then a pitch angle diffusion mechanism which may be
stirring up the particles on a given field line and bringing them at random into
the atmospheric loss cone, must operate with increasing effectiveness on higher
L lines. That is, the pitch angle diffusion coefficient must increase with L.

3.3 The width of the electron distribution from the third U.S.S.R. test — Cross-L
diffusion

As was observed in Figure 12, the U.S.S.R. test on November 1 introduced a
very narrow band of high energy electrons at L~ 1.76, below the electron distri-
butions added by the two earlier tests. The width of this band as a function of
time provides a sensitive measure of cross-L diffusion in this region of space.
Figure 17 shows snapshots of the >1.9 MeV electrons in this band observed

in four passes of Explorer XV during the three weeks following the creation of h

this new perturbation in the trapped particle distribution. A total of 18 such
passes have been examined in comparable detail. Each peak in Figure 17 is mar-
ked with the L value of the center of the peak and with it the corresponding
time and value of B. In each case examined the center falls at L=1.765 +0.010.
This variability is due to limitations in the calculated value of the L parameter
arising from uncertainties in the magnetic field. The flux observed in the peak
is a function of both B and time as noted in Figure 13. During November the
distribution is decaying toward the steady-state shape that characterizes its
lowest normal mode. In each part of Figure 17 the data shown include a portion
of the high-L side of the inner belt at L values below the new peak. The >1.9
MeV electrons in this region are those left from the Starfish test of July. They
are continuing to decay slowly. The passes also show fragments of the data at
L values above the new peak. These electrons were those created in the first and
second U.S.S.R. tests. They are decaying more rapidly than the Starfish elec-
trons at L=1.7 and below but not much more rapidly than the new peak itself.
There are breaks in the data which occur because of the time sharing mode in
which this part of the experiment in the satellite is being operated.

The full width at half maximum of each peak in Figure 17 is indicated. It
has been deduced assuming a Gaussian shape and is obtained by subtraction
of an extrapolated background of the Starfish electrons. The fit has made use
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of the high-L side of the peak only for determination of the peak’s center lo-
cation. The width has been determined from the low-L side where the back-
ground subtraction is more easily carried out. The widths observed are all quite
narrow, varying from 0.037 earth radii for part (a) to 0.052 for part (d) of the
figure. The electrons are thus Jocated in a shell about 250 kilometers thick, a
dimension still large compared with the approximately one kilometer radius of
the electron spiral in the magnetic field.

Figure 18 is a compilation of the line widths measured on 18 different satel-
lite passes. The square of the full width at half maximum is plotted against time.
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Fig. 18.  Compostte results of the peak width from 18 different passes of the satellite. The

four passes included in Figure 17 are shown as open circles.

The scatter of the determinations is rather large, due primarily to the difficulties
of peak fitting. The peak width nevertheless clearly increases with time. The
square of the width is satisfactorily represented as a linear function of time as
‘would be expected if the initially created width were broadening by diffusion.
The diffusion coefficient corresponding to the line drawn in the figure is
7% 107 5R?/day, a very small diffusion coefficient. There does not seem to be
any systematic shift in the peak position over the time of measurement. Cer-
tainly any such linear diffusion (FRANK, 1966) is less than 2 x 10~* R, /day.
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The broadening of the peak contributes very little to the decrease in the
electron flux trapped in it. In the B and time range of the measurements in Fig-
ure 17 the peak flux decreased by a factor of about four, much more than the
30 percent decrease that would be expected if the same electrons were simply
confined in a broader region of trapping.
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Fig. 19. The decay of electrons ~0.75 MeV as observed by Relay 1I during 1964.
The lines are exponentials, least square fit to the points.

4. Relay 11, the Artificial Radiation Belt at Long Times

Relay 1I has provided a measure of the continuing decay of the electron flux
in the higher altitude portions of the artificial belt during 1964 and 1965. The
detector in this case is counting electrons >0.75 MeV in the directional flux
perpendicular to the magnetic field. The results for near the magnetic equator

(x =\/ 1=B,/B<0.,lori<3 degrees) for a number of narrow L slices are shown-
“in Figure 19. The figure starts about a year and a half after the Starfish test.

The measured points are in clusters because of the precession of the satellite
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orbit. The lines are least square fits of exponentials to the data. They show
gradual particle decays over the year of measurement.

The values of the decay constants determined from fits of the kind shown in
Figure 19 have been plotted against L in Figure 20, not only for the near equa-
torial measurements, but also for three other regions in x further along the field
lines. The near equatorial values have vertical bars which indicate the confi-
dence limits of the fits. There seems to be a tendancy for decay constants at
higher values of x to be greater than the near equatorial values, but the tendency
is not far outside the accuracy of the determinations. The results also suggest
decay constants slightly higher between L=1.55 and 1.7 than between L=1.35
and 1.55, but this L variation of K is quite small. The decay constant definitely
decreases as one goes above L=1.7 and actually passes through zero at an L
of about 1.9. For still higher L values the negative values.of K imply small net
increases in the electron flux over the one year period.

, The results of Figure 20 are quite different from those determined from

measurements soon after the nuclear tests, for example as shown in Figure 6.
In Figure 6 the decay time is a maximum of about half a year between L=1.3
and 1.6 and decreases on higher L lines into the slot. However, in Figure 20

the decay constants, which are reciprocals of decay times, imply minimum

decay times of the order of a year between L=1.35 and 1.7 and longer decay
times at higher values of L. The two sets of results do not, however, seem to be
in essential conflict. It is only in those regions where the number of residual
excess electrons is large compared with the steady-state distribution of natural
particles that the fitted decay constants will be a simple measure of the decay
properties of the excess particles. In the region of L=1.7 or 1.8, if the measured
initial decay times, the order of 40 to 60 days, had persisted, a flux decrease of
between 10* and 10° would have been expected over the intervening two years.
Such a decrease would almost certainly have brought the >0.75 MeV electrons
to their steady-state distribution and a measurement of the decay constant
would yield a value of zero. In the region where substantial numbers of excess
particles still exist between L=1.35 and 1.7, decay processes with time con-
stants the order of one or two years are operating. For decay times this long,
particle loss might be proceeding by cross-L diffusion to regions where loss
processes are normally more active. '

Such diffusion could also account for the non-zero values of decay constant
observed on L-lines above L=1.7, since the central maximum in the particle
distribution could be feeding electrons onto these higher lines. However, if the
cross-L diﬁ‘usion coefficient discussed in Section 3.3 for L=1.76 is applicable

over the L=1.35 to L=1.7 region and at the different electron energy of the

two sets of measurements, it is too small to account for the Relay II observations.
This whole question deserve’s more detailed consideration.
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CHAPTER 4
ELECTRON LOSS FROM THE VAN ALLEN ZONES
DUE TO PITCH ANGLE SCATTERING BY
ELECTROMAGNETIC DISTURBANCES

-~ e
i N71-30923
. A A ™ CHARLES S. ROBERTS ;

Bell Telephone Laborarories, Inc., Murray' Hill, New Jersey

B

P~ Abstract. Experimental observations indicate that relativistic electrons in the Van Allen zones
are perturbed by physical processes that violate one or more adiabatic invariants of the elec-
tron’s motion. This paper discusses one such possibie process, that of pitch angle or mirror
point diffusion. A qualitative explanation of pitch angle diffusion and how this process can
lead to loss of trapped particles is presented, and then a Fokker-Planck type diffusion equation
is introduced to describe the process mathematically, This diffusion equation is used to treat
the loss of electrons from trapped orbits due to pitch angle diffusion that results from cyclo-
tron resonant scattering of electrons by whistlers. Predictions are compared with satellite data
on the loss from the Van Allen zones of electrons artificially injected by a nuclear explosion.
It is found that the data indicate that pitch angle diffusion does indeed play an important role
in the loss process, but the dominant mechanism producing the pitch angle scattering must
be something other than cyclotron resonant scattering by whistlers since this mechanism leads
to several predictions that are in disagreement with the data. These include prediction of the
electron pitch angle distribution, the variation of the pitch argle distribution with L-shell
and energy, the variation of the loss rate with energy, and the magnitude of the loss rate.
Further investigation reveals that a process that, unlike whistlers, scatters electrons more or
less uniformly along their spiral path would produce a pitch angle diffusion mechanism in
- much better accord with observation. Interaction with some type of wide band electromag-
netic noise is suggested as such a process which might be of importance.

1. Introduction

e
L

The simplest picture of charged particles trapped in the earth’s magnetic field
is provided by the adiabatic theory of charged particle motion (NORTHROP and
TELLER, 1960; NoRTHROP, 1963). In this picture a particle once trapped in the
geomagnetic field would remain so forever, since its motion is such as to
conserve the three adiabatic invariants. Since the time of the initial discovery
of the trapped radiation zones (VAN ALLEN et al., 1958) a wealth of experi-
mental evidence has been accumulated which indicates that such a picture is
- ‘ ~ inadequate to describe the behavior of the electrons trapped in the Van Allen
- zones (BROWN et al., 1963; BROWN, 1965; FRANK et al., 1964; FRANK, 1965;
MclLwaAlN, 1963; O’BRIEN, 1962, 1964 VAN ALLEN et al., 1959; VAN ALLEN, -
1964 ; WiLLIAMS and SMITH, 1965; also many of the papers in this Proceedings i
volume). These measurements all indicate that instead of being conserved one - G
or more of a trapped electron’s adiabatic invariants changes, even during

e




periods of low magnetic activity, by a significant amount in times of the order
of a few hours to a few years, depending upon the energy of the electron and
its location in the trapping region. One result of this is that electrons do not
remain trapped in the earth’s field forever, but instead are eventually lost due
to these nonadiabatic processes. This paper is concerned with such loss of
electrons from the Van Allen zones as a result of one particular type of non-
adiabatic process, that of pitch angle diffusion.

WALT and MAc DoNALD (1964) have shown that for L-shells (McILWAIN,
1961) below 1.25 small angle coulomb scattering of electrons by the atmos-
pheric constituents is the dominant loss mechanism. Above L=1.25 the
atmospheric scattering mechanism becomes too weak to be responsible for the
observed rates of electron loss. We are thus led to the hypothesis that above
L=1.25 the loss rate of electrons must be governed by electromagnetic dis-
turbances in the temperate, tenuous plasma which permeates this region. This
hypothesis must still be regarded as just an educated guess, however, since
experiments have yet to support its validity or to shed much light upon the
characteristics of electromagnetic disturbances which may actually exist.
DuNGEY (1964) has reviewed some possible effects of such disturbances upon
trapped particles and has concluded that cross L-shell diffusion, energy dif-
fusion, and pitch angle diffusion can all result. Thus a model of electron loss
based upon pitch angle diffusion alone cannot be expected to describe the
actual state of affairs in the Van Allen zones unless it is known beforehand
that cross L-shell diffusion and energy diffusion are negligible.

There is experimental evidence that in the region below about L=2.5 cross
L-shell diffusion is negligible compared with other processes, at least for
electrons above about 0.5 MeV in energy. In this region the observed rate of
cross. L-shell diffusion (FRANK, 1965) is too low to be of much importance in
times as short as the typical lifetimes for these electrons. Verification of this
fact was provided by electrons artificially injected into narrow L-ranges of the
trapping zone by nuclear detonations. These narrow shells of electrons created

by the Argus tests (VAN ALLEN ef al., 1959) and the Russian test of November 1, .

1962 (BROWN, 1965) were all lost with only a very minor amount of cross
L-shell movement or spreading. Thus if interest is confined to relativistic
electrons trapped below about L=2.5, the neglect of cross L-shell diffusion
processes seems justified. : :

The case for the neglect of processes which change electron energy is not

so clear cut however. Fluctuating electric fields produce changes in both energy
and pitch angle, Pure pitch angle diffusion with no energy diffusion can be
produced by perturbing electron orbits with magnetic fields, since a k_magnetic
field alone can never change the energy of a charged particle, But since Maxwell’s
equations require that any disturbance containing a fluctuating magnetic field
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must also contain a fluctuating electric field, it is clear that this electric field
will always cause some energy diffusion to accompany pitch angle diffusion.
The relative importance of the energy diffusion will depend upon E/B, the
ratio of the magnitude of the fluctuating electric field in the disturbance to
that of the fluctuating magnetic field, and also upon v/c, the ratio of the velocity
of the particles being diffused to that of light. The case of relativistic particles
being perturbed by a disturbance with £/B small is the one in which energy
diffusion would be expected to be negligible compared to pitch angle diffusion.
This is the case for the scattering of greater than 0.5 MeV electrons by dis-

" turbances propagating in the natural whistler mode, where E£/B=x0.1, a case

which we shall want to consider in detail later in this paper. The relative
importance of energy diffusion for the processes which actually affect electrons
in the Van Allen zones is, unfortunately, still unknown.

2. Qualitative Description of Pitch Angle Diffusion

- A charged particle trapped in the earth’s magnetic field moves in a spiral path

around a line of force between two conjugate mirror points. The location of
a mirror point on a line of force may be specified by any of several coordinates
such as B, the local magnetic field strength, or A, the magnetic latitude. How-
ever, for the considerations of this paper it is simpler to use the x coordinate
described by ROBERTS (1965), which equals zero at the minimum B point or
magnetic equator of the line of force and increases monotonically towards
unity as one moves along the line towards the earth. As an adiabatically trapped
particle travels betwees mirror points the value of its local pitch angle a, which
is the angle between the local magnetic field vector and the particle velocity
vector, oscillates between a minimum value ay and a maximum value 7 —a,
the extremum values ay and 7— o, being obtained as the particle crosses the
magnetic equator and the value 7n/2 being obtained at the mirror points. The
value of a particle’s pitch angle at some point along its orbit is directly related
to the position of its mirror points by the so called mirror equation

#2(x) = (x2 = x3)/(1 — x?) (1)

where u=cos a, x is the instantaneous position of the particle, and x,, is the
position of the mirror point. Thus specifying a pitch angle for a particle at a
given point is equivalent to specifying its mirror position and vice versa. Tn
particular, the particle’s pitch angle as it crosses the magnetic equator is related
to its mirror position by the simple relationship x,=u,, where uy=cos ay.

- Thus descriptions of a particle’s orbit in terms of the mirror point position or

the equatorial pitch angle are equivalent.
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Suppose now that instead of travelling adiabatically between mirror points,
the trapped particle interacts with some electromagnetic disturbance along its
orbit, which changes the direction of its velocity vector by a small amount.
Another way of describing this is to say that the pitch angle of the particle has
undergone a scattering by the disturbance. Since such a change in local pitch
angle must according to (1) result in a corresponding change in mirror point
position, we see that a pitch angle scattering is equivalent to a mirror point
scattering, and vice versa. Similarly, since x,=u, a scattering of the mirror
point must be related to a corresponding scattering of the particle’s equatorial
pitch angle. Relating all scatterings occurring anywhere along a particle’s orbit
to the corresponding change in the equatorial pitch angle is a very convenient
way to keep track of the effects of many small scatterings and is the technique
which will be used in this paper.

If a population of many trapped particles is subjected to a series of small
pitch angle scatterings that are random in both direction and size, the individual
particles of the population will undergo a sort of random walk in their equa-
torial pitch angle, and a diffusion process in equatorial pitch angle space
results. Such a diffusion process will result in loss of trapped particles because
of the exponentially increasing atmospheric density near the earth and the fact

that diffusion of pitch angles also means diffusion of mirror positions. The

presence of the atmosphere creates a ““loss cone” for particle pitch angles since
particles having pitch angles smaller than some critical value will have mirror
positions close enough to the earth so that it becomes overwhelmingly probable
that loss by interaction with the atmospheric constituents will occur. Thus
particles whose pitch angles diffuse into the loss cone will be removed from the
trapped particle population. It is interesting that even for pitch angle scattering,
a so called nonatmospheric loss mechanism, it is the atmosphere which is
responsible for the actual loss of the particles.

3. Fokker-Planck Equafion for Pitch Angle Diffusion

MAc DoNALD and WALT (1961) used a FOkker-P‘ianck equation to treat the

simultaneous pitch angle and energy diffusion of a population of trapped
particles caused by interactions with the atmospheric constituents. The Fokker-
Planck equation for pure pitch angle diffusion can be obtained from their

equation by setting the energy diffusion coefficients equal to zero. Doing this,

‘we obtain

0f (Hort) 0 Y ; L o 2 \
T —- — al—of <(A,“o)>‘ ‘+§ mf (4po)*> fQ(#o) | (2)

Here ¢ is the time, yo=cos ay is the cosine of the particle’s equatorial pitch
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angle, and f'(uo, ) is the Mac DONALD and WALT (1961) distribution function
for the particles under consideration, which will be of a specified kinetic energy
and type. If, for example, we are considering electrons with energies lyi ig in
a small energy interval centered around 0.5 MeV, f(uo,f) duy d4, would
represent the number of these particles which would cross the equator with
pitch angle cosine between u, and y,+d y, trapped at time ¢ in a tube of force
of equatorial cross sectional area d4,. The distribution function f is related to
the equatorial unidirectional flux by the expression

J(tos t) = f (to, t)/4mitoty, ' (3)

where ¢, is the time for the trapped particle to travel from one mirror point to
the other. In (2) the term Q(u,) is a source term, and Q(u,) duo d4, equals
the number of particles per unit time injected into a tube of force of equatorial
cross sectional area d4, with equatorial pitch angle cosines between u, and
fo +d . The diffusion coefficients {(4u,)> and {(4uo)*> in (2) depend on the
nature of the process producing the pitch angle diffusion and represent the
average, over all scatterings, of (4u,) and (4y,)* multiplied by the scattering
frequency. The quantity (4u,) represents the change in one scattering of u,.
It should be noted that for scatterings which occur off the magnetic equator
the change (4y,) in equatorial pitch angle cosine must be computed from the
change in local pitch angle cosine with the formula

> 4

The second. term on the right hand side of (4) is necessary since the Fokker-
Planck formalism is one in which all second order terms are retained. The
derivatives in (4) are computed by differentiating the mirror equation,

(4no) = (4p) (%) + %(A#)z (‘:: L

ua = (1 — x?) + x? (5)

holding the value of x constant. It is apparent from (4) that even if the average
of (4u) taken over all scatterings is zero, the average of (4u,) can be nonzero.

Before working with (2) it is convenient to make a few mathematical sub-
stitutions. We let : S

Do) = 1<(Aue)?>, D' (o) = 1 {(Ato)’> — o {(die)> ,
li)=DID  (©)

W (Hos 1) = D (o) f (o, t)r/Snuoch' P (7)‘ ,



where L is Mcllwain’s (1961) parameter for the shell of interest and r, is the
average radius of the earth=6371 km. Using (6) and (7), Equation (2) now
becomes

1 8w_1 0
D(uo) 0t po Opo

[7' (o)W + po g/%] + 5 (o) G (o) )

where §(u,) is the average over the particle’s spiral path of the source strength
in particles/cm? sec ster, and 2Lr.s(y,) is the distance along the spiral path
between mirror points. Evaluation of integrals over a particle’s spiral path,
such as ¢(u,) and s(u,), have been previously discussed by LENCHEK et al.
(1961) and LeNcHEK and SINGER (1963) as well as by several other authors.
For a dipole magnetic field LENCHEK et al. (1961) give the approximation for
s(#o)

s(uo) = 1.38 — 0.32[(1 — p)'/* + (1 — )] )

In terms of w(u,, t), the equatorial unidirectional flux is
J (ko5 1) = vw (o, 1)/ D (10) s (o) , (10)

4. Normal Mode Solution of the Fokker-Planck Equation

Equation (8) is a partial differential equation in two variables, the solutions of
which give the behavior of a population of particles undergoing pitch angle
diffusion. As discussed in Section 2, the presence of the earth’s atmosphere
produces a loss cone for particle pitch angles, and therefore to account for
this (8) must be solved subject to the boundary condition w(u,, t)=0, where
HUco is the cosine of the equatorial loss cone angle. Equation (8) is a separable
partial differential equation, and its general solution may be written

ot 1) = w4 (h0) + 3, i) exp (— I an

where w,(u,) satisfies the equation
— —I:rwe +u0——5]=— sq (12

The w,(1,) are the eigenfunctions and k, the eigenvalues of the equation '

Ho dpo

1 d Cdw] Kk e
e L R ()

gf




subject to the boundary condition w;(#.,)=0. Equation (11) is called the
normal mode solution and the w;(x,) the normal modes of the diffusion
equation in analogy to the similar type of general solution that occurs in the

{ theory of vibrating strings.
g
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or EXPLORER XX
¢k  DECAY OF >1.9 MeV ELECTRONS
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Fig. 1. Counting rate of the Bell Telephone Laboratories > 1.9 MeV electron detector a-

‘board Explorer XV after the U.S.S.R. nuclear detonation of October 28 (day 301), 1962. The

data points and associated curves show the omnidirectional counting rate on L ==1.9 plotted

as a function of position on the L-shell measured with the x-coordinate. The various curves

~and data point symbols are for the different time periods indicated (in days of 1962). The

sequence of curves shows how a severely perturbed particle distribution decays back to the
“normal shape”, as represented by the data after about day 330.

Several interesting properties of a population of particles undergoing pitch
~ angle diffusion can be understood from the normal mode solution. First, there
will be a smallest eigenvalue, k,, for Equation (13), which in practice usually
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turns out to be about a factor of 3-6 smaller than k,. This means that after
a sufficiently long time the />2 terms in the summation of (11) will become
negligible compared to the /=1 term, and the time dependence will thereafter
be a simple exponential decay. Thus the decay of an artificially injected popu-
lation of particles via pitch angle diffusion can be divided into an initial stage,
where the time dependence of the flux is not exponential and the pitch angle
distribution changes with time, and a later stage, where (w—w.)~w, (o) exp
(—k1). Second, Equations (12) and (13) differ only in the term on the right
hand side of the equal sign, and it turns out that the solutions for w,(x,) and
wy (4o) are rather insensitive to the y, dependence of this term. This results
in the following interesting features. The u, dependence of w,(,) is insensitive
to the o, dependence of (o), and thus one can tell almost nothing about the
pitch angle dependence of the source by looking at the equilibrium pitch angle
distribution. Also, both w,(u,) and w,(u,) will have very nearly the same
dependence so that in the later stage of the decay, where /> 2 terms in (11) can
be neglected, w(uo,t)~w (1) [1+ Cexp (—kyt)], where C is some constant,
and the pitch angle dependence remains approximately constant with time.
Thus if one plots flux of particles on a logarithmic scale versus y, at various
times during this later stage of decay, the shape of the curves will remain
approximately constant.

Data showing the decay of electrons artificially injected into the trapping
region by the U.S. high altitude nuclear test, Starfish, of July 9, 1962 and the
U.S.S.R. tests of October 22, October 28, and November 1, 1962 seem to be
in accord with the idea that pitch angle diffusion plays an important part in
the loss mechanism for these electrons. An illustration of this is shown in
Figure 1, which shows the decay of >1.9 MeV electrons following the second
U.S.S.R. test. The data points were obtained by the Bell Telephone Labora-
tories’ experiment aboard the Explorer XV satellite, and the omnidirectional
counting rate of the electron detector is plotted versus the x coordinate at
various times after the nuclear burst. The omnidirectional counting rate of the
detector is proportional to J, the omnidirectional flux of electrons >1.9 MeV,
and the function J(x,/) is in turn related to j(uo,) and w( o, ) by an integral
transformation (RoBERTS, 1965). The curves show that up until around day

320-330, the dependence of the counting rate upon x changes with time, while

after that the main change is a downward displacement of the same shape curve.
The rate of this downward displacement can be seen in Figure 2 where the
equatorial counting rate of the Explorer XV electron detectors is plotted versus

time. The points for the >1.9 MeV electrons show nearly exponential decay

“between about day 320 and day 360. It thus appears that the period before day

320-330 can be identified with the initial stage of the decay, discussed in !
connection with the normal mode solution (11), while the period from day
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330-360 can be identified as the later stage of the decay where only the /=1
term in (11) need be considered. The deviations of the data from this simple
picture may be attributable to several things. First, the solution (11) gives the
flux of electrons at one particular kinetic energy, while the electron detector
counts electrons greater than 1.9 MeV. Since k; may be a strong function of
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Fig. 2. Counting rate of the Bell Telephone Laboratories’ electron detectors aboard Explo-

rer XV for the near equatorial region, x < 0.25, on L =1.9. The omnidirectional counting

rate is plotted versus time, and the times of the second and third U.S.S.R. nuclear tests on
October 28 (day 301) and November 1 (day 305) are marked with vertical lines,

electron energy one would really like to compare with the counting rate of a
detector measuring electrons in a narrow energy range. Secondly, energy

“diffusion may be of some importance, and therefore a treatment based upon

pure pitch angle diffusion would be incomplete. Finally, the diffusion coef-
ficients D(u,) and D'(u,), which depend upon the number of electromagnetic

- 4-9



disturbances present, are probably not really independent of time. Instead their
value is probably correlated with magnetic activity (McILWAIN, 1963). Despite
these complications, the overall behavior of the data obtained after ai::icial
injection of electrons is in general accord with the idea that pitch angle diffusion
plays at least an important role in the subsequent loss of these electrons. The
paper by West in this Proceedings volume contains further experimental verifi-
cation of this. :

5. Loss of Electrons Due to Interaction with Whistlers

DuUNGEY (1963a) and CorNwALL (1964) have suggested that pitch angle
scattering due to cyclotron resonant interactions with whisilers might be
responsible for the loss of electrons from the Van Allen zones above L=~1.7.
Equation (8) will now be used to compute the properties of such a process,
and these will then be compared with existing experimental know'»dge con-
cerning electrons in this region.

In order to apply (8) to the scattering of electrons by whistlers the diffusion
coefficients D(u,) and D'(u,), defined in (6), must be evaluated on the basis
of the dynamics of the electron-whistler interaction. Although specific formulas
and details will be left for another paper (ROBERTS, 1969), a sketch of the
important ideas involved will be given here. This should suffice to enable the
reader to understand physically the qualitative results which ensue.

Computation of the diffusion coefficients involves determining the points
at which cyclotron resonance occurs between a whistler and an electron. A
whistler is a type of disturbance that has its crigin in the electromagnetic energy
released in a lightning bolt discharge below the ionosphere (HELLIWELL, 1965),
and for our purposes here it may be thought of as an electromagnetic wave
whose frequency at a given point in space decreases with time. For simplicity,
we take the direction of the whistler propagation vector k to be parallel to the
earth’s magnetic field. The condition for cyclotron resonance is

(0 +koy —Q)=0 (14)
where /27 is the frequency of the whistler, v, the electron’s velocity com-

ponent parallel to the earth’s field, 2n/k the wavelength of the whistler, and
Q/27 the electron cyclotron frequency. Equation (14) simply states that reso-

nance occurs when the instantaneous frequency of the whistler doppler shifted

by the electron’s motion is equal to the local electron cyclotron frequency.
Since the quantities in (14) all change with time as the electron travels along
its orbit, it is clear that cyclotron resonance can only be achieved instantane-

ously, unless very fortuitous conditions are obtained. Using the fact that the
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cyclotron frequency of a relativistic electron varies inversely as the total energy
of the electron, (14) can be rewritten

T,

r

=T A D+ b) (1)

where Q,/27 is the cyclotron frequency for a nonrelativistic electron, T, is the
rest energy of an electron=0.51 MeV, T is the kinetic energy of the electron,
n=ck/w is the index of refraction for whistler mode propagation at frequency
w, p=cos a=v, /v, and f=v/c. Equation (15) shows how the whistler frequency
necessary to resonate with an electron varies with local magnetic field intensity,

100 ' -
L1 WHISTLER FREQUENCY = ASSUMED WHISTLER
e TO RESONATE WITH - SPECTRUM
ELECTRON AT EQUATOR f > 10 KC/SEC
= Nb2 ~f -2

L f < 10 KC/SEC
Nb®~ f4% exp(-09 )

f (kc/sec)

ot 1 1 ] | 1

L 1
o 0.2 0.4 0.6 0.8 .10 0.00 0. 1.0 10

Mo =COS(Xo) Nb? (GAMMAZ pay™1)

Fig. 3. Whistler frequency needed to produce cyclotron resonance with an electron crossing
~‘the magnetic equator plotted versus uo for various L-shells and electron energies. The right
‘graph shows the whistler power spectrum that was assumed in computing the diffusion coef-

ficients for pitch angle scattering by whistlers. Comparison of the left and rlght graphs gives

an estimate of the relative amount of pitch angle scattering that will occur at arious energles,;
L-shells, and equatorial pltch angles.
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electron energy, and electron pitch angle, and this is displayed graphically on
the left side of Figure 3, which shows the whistler frequency necessary to
resonate with an electron passing through the magnetic equator plotied as a
function of the cosine of its equatorial pitch angle. Curves are drawn for several
L values and electron cnergies so that one may also sce the dependence upon
these factors. Resonance, is of course, possible off the magnetic equator, and
similar curves could be drawn for those cases. Such curves would necessarily
lie above the corresponding equatorial curves since as (15) will verify an
electron resonates with the lowest possible frequency when it crosses the
equator.

For each resonant whistler-electron interaction it is necessary to compute
the perturbation produced in the electron’s local pitch angle by the fields of the
whistler wave. The motion of an electron in resonance with a circularly polarized
wave has been solved exactly (ROBERTS and BucHSBAUM, 1964), but the pertur-
bation technique of integrating over the zero order helix of the electron
(DuNGEY, 1963b) is sufficient to yield (4u), the change in local pitch angle
cosine as a result of the interaction. The value of (du) is of course dependent
upon the strength of the whistler at the frequency necessary to produce cyclotron
resonance, and thus the diffusion coefficients D(u,) and D’ (1) turn out to be
dependent upon the whistler frequency spectrum. It is most convenient to
express this spectrum in terms of Nb?(w), which is the average sum at the
frequency w over all whistlers per day of 62, the square of the whistler magnetic
field intensity. ‘
Unfortunately, few if any experimental measurements are yet available on the
spectrum of whistlers above the ionosphere above about 10 kc/sec. However
measurements have been made of the spectrum of lightning discharges which
produce whistlers (HELLIWELL, 1965; HORNER, 1961). These indicate that h*
peaks around a frequency of 5 kc/sec and drops about a factor of 4 at 2 kc/sec
and 10 kc/sec, and that above 10 kc/sec, b* decreases approximately as the
inverse square of the frequency. Since the spectrum of whistlers should resemble
the spectrum of the lightning which produces them, a hypothetical- whistler
spectrum based upon the preceding facts was constructed and used to compute
the diffusion coefficients. This spectrum is shown in the right hand graph of
Figure 3. The value at the peak of 10 gamma?/day seems to be a reasonable
guess based upon satellite measurements below 10 kc/sec (CAIN et al., 1961 ;
GURNETT and O’BRIEN, 1964).

Simultaneous examination of the two graphs of Figure 3, shows that the

rate of pitch angle diffusion should be highly dependent upon L, energy, and

pitch angle. Scattering will be greatest when the resonance can occur with a

whistler frequency of about 5 kc/sec, the frequency at whiCh the whistler -

spectrum peaks, Scattering of electrons which mirror near the equator, j,~0,
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will be small since whistlers have only a small amount of energy at the high
frequencies necessary to rescnant with these electrons. Typical results of these
effects can be seen in Figure 4 which shows the diffusion coefficient D(y,) as
computed for diffusion by whistlers on L=1.9. The curves are for electron
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Fig. 4. Some results of the calculation of electron pitch angle diffusion on L =1.9 produced
by cyclotron resonant scattering of the electrons by whistlers. The diffusion coefficient D(uo),
defined by Equation (6), and the equatorial unidirectional flux given by the /=1 solution of
Equation (13) are plotted as a function of uo = ¢os ap for 0.5, 2.0, and 3.0 MeV electrons.

energies 0.5, 2.0, and 3.0 MeV, and the /=1 eigenmode unidirectional flux j( )
as calculated with (13) and (10) is also shown. The large peaks in D(u,)are
typical of the whistler mechanism, and result from the peak in the whistler
spectrum. S , ' , ;
When the results of this pitch angle diffusion calculation are compared with
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expreriment, severe discrepancies are found to exist. The /=1 eigenmode
solution of (13) and equilibrium solution of (12) with any reasonable source
d(uo) both have about the same u, dependence, as previously pointed out in
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Fig.'5.  Omnidirectional flux J of electrons on L =1.9, as predicted by the whistler pitch

angle diffusion mechanism, plotted versus the x-coordinate. The theoretical J(x) curves for

the 0.5, 2.0 and 3.0 MeV electrons were computed from the corresponding equatorial uni-

directional fluxes j(uo) shown in Figure 4, and all the J(x) curves may be displaced vertically

on the log scale by an arbitrary amount. The shapes of the theoretical curves are in severe

disagreement with the shapes of the sets of data shown, thus indicating that something other
than whistlers is responsible for the pitch angle diffusion of these electrons.

Section 4, and they both predict a unidirectional flux j(uo) that disagrees
violently with that observed experimentally. An example of this is given in
Figure 5, which shows the dependence of the omnidirectional counting rate
upon the x coordinate for >0.5, >1.9, and >2.9 MeV electrons on L=1.9.
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The data were obtained by the Bell Telephone Laboratories’ experiments
aboard the Explorer XV and Telstar I satellites, 25 marked, and the x dependence
of the data points shown is typical for periods when the x dependence does not
vary with time. The solid curves in Figure 5 show th: omnidirectional flux J(x)
as computed from the theoretical /=1 eigenmode j(,) shown in Figure 4.
These J(x) curves may be displaced vertically by any desired amount, since an
eigenmode may always be multiplied by an arbitrary consiant. The point
however is that the x dependence of the computed curves is in violent dis-
agreement with the x dependence of the data, i.e. the shapes are different This
failure of the whistler mechanism to predict correct x or yu, dependences
applies also to other L values and energies. The computed pitch angle distri-
butions typically have a large peak at u, =0, due to the relatively small amount

of whistler energy present at the high frequencies necessary to resonate with

electrons mirroring near the equator, and also display bumps and dips whose
position varies with energy and L. None of these features are in agreement with
observation since time independent pitch angle distributions for electrons of
any energy above a few hundred keV are generally qualitatively similar to those
represented by the data points in Figure 5.

The failure of the whistler mechanism to predict correct pitch angle distri-
butions does not depend critically upon the details of the whistler spectrum
that was assumed. Rather it depends only on the fact that the spectrum falls
rapidly above 10 kc/sec and that a maximum exists at some frequency below
10 kc/sec. On the basis of the information already presented about the spectrum
of lightning that causes whistlers, it is difficult to see how the actual whistler
spectrum could fail to possess these features. The true whistler spectrum
should actually fall even more rapidly above 10 kc/sec than the lightning spec-
trum in Figure 3, since higher frequencies are attenuated more in passing through
the ionosphere. ‘ ' ’

Another prediction of the whistler mechanism that disagrees with obser-
vation is the dependence of the loss rate on electron energy. For instance on
L=1.9, the decay constant k, associated with the /=1 eigenmodes shown in
Figure 4 are 0.65x 1073, 2.6 x 1073, and 3.0 x 1073 day ™! respectively for 0.5,
2.0, and 3.0 MeV electrons. Thus the whistler mechanism predicts that 3 MeV
electrons should decay more rapidly than 2 MeV electrons. Experimentally, the
Bell Telephone Laboratories’ experiment aboard Explorer XV measured decay
rates for 1.9 MeV electrons which were higher than those for 2.9 MeV electrons,
as is evident in Figure 2, in disagreement with the whistler predictions. Similar
disagreements exist at other energies and L values, and are particularly serious
if one considers electrons of about 0.25 MeV. Since the frequencies necessary
to resonate with these electrons on L=1.9 would lie in the very weak portion
of the whistler spectrum, their loss rate would be expected to be very low.
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Instead. Telstar I observed loss rates for such electrons comparable to those :
for 0.5 MeV electrons. Finally, one should note that the absolute value of the ;
decay rates as predicted by whistlers are generally too low. For instance on v
L=1.9, the decay constants given above for 0.5, 2.0, and 3.0 MeV electrons Bt
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Fig. 6. Results on L = 1.9 for a pitch angle diffusion process that has () =0, (du)? -~

constant, where u is the cosine of the local pitch angle, The equilibrium curves come from

the solution of Equation (12) with a constant source term §. The first Eig. j(u) comes from
the /= | solution of Equation (13),

“are a factor of 30, 10, and 5 lower respectively than the decay constants measured \*»«} ‘
by Explorer XV. This disagreement in absolute value is, however, directly '

dependent upon the value of 10 gamma?/day taken as the peak of whistler

frequency spectrum in Figure 3. Since this number is apt to be in error, either

~high-or low, one should attach minimum significance to absolute values of
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predicted decay rates. However, on the basis of the qualitative disagreements
one must conclude that resonant pitch angle scattering of electrons by whistlers
is not the dominant mechanism responsible for loss of electrons in the Van Allen
zones.

6. Pitch Angle Diffusion with Constant {(4u)*>

In order to get a feel for what type of a pitch angle scattering process would
predict unidirectional flux functions j(u,) that agree with experiment, a
scattering process for which {(4x)>=0and {(4u)*> = constant was investigated.
The quantity {(4p)) is the average of the change in local pitch angle cosine,
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Fig. 7. The omnidirectional flux functioh J(x) corresponding to the first Eig. J(ito) shown in

~ Figure 6. The curve may be displaced vertically on the log scale by an arbitrary amount. The

data shown is the same data shown in Figure 5 with the J(x) results based on the whistler
mechanism. The shape of the J(x) curve in Figure 7 clearly resembles the shapes of the sets
of data better than do the J(x) curves in Figure 5, indicating that the pitch angle diffusion
mechanism represented by Figures 6 and 7 must be closer to the truth.
: than the whistler mechanism,
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and {(4u)*) is the average of the square of this quantity. Physically, this would
correspond to a scattering process which produces perturbations in local pitch
angle cosine that are random in direction and independent of where along the
particle’s spiral path the scattering occurs. Figures 6 and 7 show the results of
the diffusion calculation for such a process operating on L=1.9. In Figure 7
the predicted omnidirectional flux for the /=1 eigenmode is plotted along with
the data previously shown in Figure 5. The curve in Figure 7 can be displaced
vertically by any desired amount, corresponding again to the multiplication
of an eigenmode by an arbitrary constant. However, unlike the whistler case
shown in Figure 5, there is general agreement between the shape of the predicted
curve in Figure 7 and the shape of the data. Thus pitch angle scattering by a
process which operates more or less uniformly along the electron’s spiral path
yields a physical model which is in much better agreement with observation
than pitch angle scattering by whistlers. Scattering by whistlers does not of
course operate uniformly along the spiral path since the whistler frequency
necessary to produce resonance changes along the spiral path, and the spectrum
of whistlers varies with frequency. Instead, one would guess that pitch angle
scattering produced by interaction with some sort of wide band noise would
yield a mechanism that operates more or less uniformly along the electron’s
spiral path. The wide band noise need not be whistler mode noise; it could be
noise propagating in any of the other possible plasma modes including the
longitudinal modes. It appears that electromagnetic noise sources and their
possible effects on trapped electrons is a subject worthy of future investigation,
both experimental and theoretical. ‘

7. Conclusion

It seems likely that pitch angle diffusion is at least an important part of the loss
mechanism for relativistic electrons in the Van Allen zones in the region L~1.7
to 2.5 and possibly also elsewhere. On the basis of pitch angle diffusion one can
explain several of the features of the loss of electrons artificially injected into
the trapping region by nuclear explosion. Among these are the fact that the
electrons move only a very small amount in L during their lifetime, that the
- rate of loss is faster when the shape of the electron pitch angle distribution is

- perturbed severely from its normal or equilibrium shape, that a “shape inde- -

pendent”’ stage exists in the decay when the shape of the pitch angle distribution
on a log scale no longer changes much with time and the flux at all pitch angles
decreases with time approximately as ~ exp(—k¢), and that the pitch angle
distribution seems finally to settle down after a severe perturbation to a shape
which is very similar to that during the shape independent stage of the decay.
What remains unanswered, however, is the key question: what physical process
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is responsible for producing the electron pitch angle diffusion? Pitch angle
diffusion produced by cyclotron resonant interactions between electrons and
whistlers leads to several predictions that disagree with chservations, and so

this mechanism is ruled cut as the dominant one. Some other physical process

that scatters the local pitch angle more or less uniformly all along the electron’s
spiral path would lead to better agreement with the data. It is not yet clear,
however, just what the nature of such a process might be. Interaction between
electrons and some kind of wide band electromagnetic noise seems at present
to be a likely possibility.
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CHAPTER 5

CYCLOTRON- AND BOUNCE-RESONANCE SCATTERING
OF ELECTRONS TRAPPED IN THE
EARTH’S MAGNETIC FIELD
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CHARLES S. ROBERTS

Bell Telephone Laboratories, Inc.,
Murray Hill, N.J., U.S.A.

Abstract. Pitch-angle diffusion into the loss cone is an important loss mechanism for radiation-zone
electrons trapped in the magnetosphere. This paper examines two wave-particle interactions which
are likely to be important for producing pitch-angle scattering. These are cyclotron-resonance scat-
,r 5 tering by whistler-mode disturbances and bounce-resonance scattering by disturbances having
‘} electric- or magnetic-field components parallel to the earth’s magnetic field. Both mechanisms can
operate effectively not only with sinusoidally varying disturbance fields but also with irregular, noise-
like field fluctuations. The latter have rather wide-band power-spectral-density functions, and the
strength of the scattering is proportional to the power present at the frequency appropriate to produce
either cyclotron or bounce resonance. Irregular whistler-mode disturbances with r.m.s. magnetic-field
fluctuations of order 10-3y or higher are significant in producing rates of pitch-angle diffusion in
agreement with observed electron lifetimes in the slot and outer electron zone. If the whistler-mode
power-spectral-density function decreases rapidly with increasing frequency, then this mechanism
may have difficulty in explaining the pitch-angle scattering of nearly equatorially mirroring electrons.
. Contributions from bounce-resonance scattering can also be significant for the pitch-angle diffusion
of relativistic electrons. This requires irregular parallel electric-field fluctuations of order 0.01-0.1 V/
km r.m.s. or magnetic-intensity fluctuations of order 10-5-10-4 r.m.s. of the earth’s magnetic intensity
at the equator of the line of force of interest. The experimentally observed loss of radiation-zone
electrons may actually be due to a combination of the two mechanisms, bounce resonance being
more important for electrons mirroring near the magnetic equator and cyclotron resonance being
dominant for electrons mirroring sufficiently far off the magnetic equator.

1. Introduction

Particles trapped in the earth’s radiation zones are subject to many physical processes
which violate one or more of the three adiabatic invariants of the motion. MCILWAIN
(1967) has reviewed the physical processes which act upon trapped electrons and has
attempted to categorize them phenomenologically. One type of process which operates
he terms ‘persistent decay’, which basically means that a group of trapped electrons
will not remain trapped forever, but instead will gradually be lost from the trapping
region or suffer energy degradation until their energy is below some threshold of
interest. The effect of this process upon electrons has now been observed experi-
mentally many times, both after natural and artificial injection of electronsinto the
radiation belts. Studies of such data during periods when the time decay of the trapped
electron flux is approximately exponential and when contributions from natural elec-
tron sources can be neglected have yielded valuable information on the decay time,
or lifetime, which characterizes this loss process (see, e.g., BROWN (1966), MCILWAIN
(1966, 1968), VAN ALLEN (1966), and the references cited therein). These studies show
that this decay time is a-strong function of the line of force or L-shell on which the
electrons are trapped. Figure 1 shows some typical decay time vs. L results for some
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measurements made on >0.5 MeV electrons with several different satellite experi-
ments. While WALT and MAcDoONALD (1964) have shown that Coulomb scattering
off the residual atmosphere can account for the observed decay time below L=1.25,
a complete and satisfactory explanation of the portion of the curve in Figure 1 above
L =1.25 has not yet been presented.
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Fig. 1. Lifetime vs. L for radiation-zone electrons,

Several features of the mechanism responsible for electron loss in the region above
'L =1.25now seem clear, however. By process of elimination, the loss mechanism must
involve interaction of the electrons with fluctuating electric or magnetic fields (turbu-
lence) present in the magnetospheric plasma. Such an interaction, or scattering, must
lead to a violation of M (the magnetic moment or first adiabatic invariant), of J (the
second adiabatic invariant), or of both in order to account for the observed loss.
‘Strong experimental evidence supports the idea that pitch-angle diffusion into the loss
cone plays a very important role in the electron loss process (see among others:
BRrROWN, 1966; ROBERTS, 1966; WEST, 1966). The extent to which energy change is
involved is not yet so clear. A
In this paper we shall explore two of the many wave-particle interactions which
- may be important for electrons in the magnetosphere and which can produce pitch-
angle diffusion. The first of these, cyclotron resonance with fluctuations in the whistler
mode, causes a breakdown of both M and J. Various'aspect's of this loss mechanism
have been discussed previously by other authors (DUNGEY, 1963, 1964; CORNWALL,
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1964 ; KENNEL and PETSCHEK, 1966 ; ROBERTS, 1966). This paper will emphasize inter-
action of electrons with whistler-mode fluctuations having a rather broad-band power
spectral density. In other words, one will consider interaction with whistler-mode
noise rather than with discrete whistler-mode emissions or signals. The second inter-
action to be considered will be bounce-frequency resonance of electrons with fluctu-
ations in the compressional-Alfvén and ion-acoustic modes. Some aspects of the
effects of bounce resonance on electrons has been considered by DUNGEY (1964) and
CORNWALL (1966). This mechanism is one in which M is conserved and J is violated.
Again, the emphasis will be upon interactions with broad-band disturbances rather
than with regularly oscillating signals.

Throughout this paper the author has chosen to adopt a particular philosophy
with regard to the relationship between the trapped particles and the waves or turbu-
lence in the plasma acting upon them to produce scattering and, ultimately, loss. The
view will be taken that the turbulence is present a priori in the magnetospheric plasma,
and no attempt will be made to explain or understand the origin of the turbulence.
Thus, all results to be derived for the scattering of trapped particles by field fluctuations
will contain the power-spectral-density function of the field fluctuations as an unknown.
Before any computations can be made to compare with trapped particle experiments,
an independent determination of the power spectral density must be made. This may
be done from actual data on field fluctuations in the magnetosphere, or possibly from
theoretical arguments in cases where the applicable theory is well enough known.

In one respect this viewpoint of treating the origin of plasma turbulence and the
effect of plasma turbulence upon particles as two separate problems is unrealistic.
Tt is ultimately found that particles themselves must be the source of the waves which
comprise the plasma turbulence. The influence of these waves on the particles alters,
in turn, the source of the turbulence, and so the complete problem is inherently
nonlinear. Treatment of the complete problem therefore involves considering not only
the scattering of the particles by the waves but also the production of waves by the
particles and the coupling between the two processes. Although the difficulty of this
problem is such that it taxes the capabilities of present day plasma theory, progress
has been made by several authors in understanding some different aspécts of the
problem (CHAMBERLAIN, 1963; CHANG and PEARLSTEIN, 1965; KENNEL and PETSCHEK,
1966; CORNWALL, 1966 ; EVIATAR, 1966). It is felt by this author, however, that where
the physics of the problem permits, as in the case of weak diffusion of electrons into
the loss cone, there is a real advantage in separating the problem into two parts with
the power-spectral-density function providing the interface. In this way determinations
of the power spectral density by experiments designed to measure electric and magnetic
fields will allow one to evaluate particle-scattering mechanisms and turbulence-
generating mechanisms independently. Hopefully; one can then better determine which
parts of the theory are good and which parts are poor approximations to the actual
situation in the magnetosphere. Such a determination seems absolutely necessary in
view of the many complications and approximations involved in present-day plasma-
turbulence theory. '
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2. Cyclotron-Resonance Scattering

A. FREQUENCY TO RESONATE WITH AN ELECTRON

Signals propagating in the whistler mode are in the correct frequency range to produce
cyclotron resonance with trapped electrons. The exact whistler frequency needed to
resonate with a given electron depends upon several parameters. If we consider a plane
whistler wave with angular frequency w and propagation vector k then the condition
for cyclotron resonance with an electron is

Here v and k are the components parallel to the earth’s magnetic field of the electron
velocity vector and wave propagation vector respectively. The quantity Q is the
relativistic electron cyclotron frequency. If w, is the non-relativistic electron cyclotron
frequency and if the electron energy is determined by y =m/mq=(1— 2)~*/2, where
B =v/c, then one obtains

Q=o,(1- )" =aly. @

The relativistic electron cyclotron frequency is always less than the non-relativistic.
The phase velocity of the whistler wave is w/k =c/n where n, the index of refraction
for whistler-mode propagation, depends on the frequency w. In Equation (1) the
plus sign is the physically important choice since the whistler frequency of interest is
usually lower than @, and therefore it requires an upward Doppler shift. If the angle
between k and the earth’s magnetic field is denoted by 0, then cos@=k/k and
Equation (1) can be rewritten

(1l + kv cosO/w) = o, [y. 3

Since v = fcu, where p=v)/v=cosa is the cosine of the electron’s local pitch angle,
Equation (3) can be rearranged to read

a)C
©= y(1 + npucosf)’

4)

Equation (4) gives the frequency necessary to produce cyclotron resonance with a

given electron, and this frequency is a function of several important parameters. It is

a strong function of position in the magnetosphere, since w,. and n vary with position.
It is a function of electron energy through y and B; for relativistic electrons the main
dependence is through y. For example, one has y ~2 for a 0.5 MeV electron and Y5
for a 2 MeV electron. And finally the resonant frequency is a function of U, the

electron’s pitch-angle cosine, since this determines the fraction of the electron’s velocity. -
which can be used to produce Doppler shift. Since # is generally between 5 and 100

for the whistler mode in the magnetosphere, the Doppler-shift term is very important

and the dependence upon u is strong. el
We shall show in this paper that the scattering of a given electron by a whistler-

mode disturbance is proportional to the power in the disturbance at the resonant
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frequency given by Equation (4). If electrons are scattered by disturbances which are
not rather wide band disturbances, i.e., if the power-spectral-density function of the
disturbance is a strong function of frequency, then the varying amount of power
present at different frequencies will cause the strength of the scattering to be a function
of the parameters which affect the resonance frequency. Thus, rapidly decreasing or
peaked power-spectral-density functions will produce electron scattering which is a
strong function of electron pitch angle and kinetic energy if scattering by whistler-
mode disturbances is the only scattering mechanism operative. Experimental evidence
indicates, however, that for relativistic electrons pitch-angle diffusion is not a very
strong function of either electron pitch angle or energy. This fact has been previously
pointed out by RoBERTS (1966) in arguing against the idea that lightning-bolit-
produced whistlers are the dominant scatterers of radiation-zone electrons. For the
lightning-bolt whistler case the power spectral density is strongly peaked between
2 and 10 kHz, and 0.5 MeV electrons mirroring near the magnetic equator on L-shells
below approximately 3.5 are unable to resonate with this fiequency range. This leads
to serious disagreements between the observed and the theoretically predicted electron
pitch-angle distribution for such a scattering process. Clearly, analogous arguments
will also apply to other types of whistler-mode disturbances having power spectral
density functions strongly dependent upon frequency.

B. PITCH-ANGLE DIFFUSION COEFFICIENT

The approximate effect upon trapped electrons of interactions with whistler-mode
disturbances can be calculated in an elementary way. The whistler mode is basically
a circularly polarized mode, the waves having exact circular polarization when their
direction of propagation is parallel to the earth’s magnetic field. Calculation of the
effects of whistlers is simplified if one assumes only parallel propagation, and we shall
make that approximation in this paper. An exact solution to the motion of an electron
in a whistler wave propagating parallel to the earth’s field has been given (ROBERTS
and BucHSBAUM, 1964), but one can also compute the effects on the electron in an
approximate way which is sufficient for our purposes. We consider the interaction of
an electron with a single-frequency whistler-mode wave whose frequency is given by
Equation (4), so that we have the case of exact cyclotron resonance. Let the angle
between v, the component of the electron’s velocity perpendicular to the earth’s field,
and b, the rotating magnetic field vector of the whistler wave, be given by ¢. We wish
to consider relativistic electrons, and since n is rather large (n~10) for the whistler
mode in the magnetosphere, we neglect the force on the electron due to the electric
field of the whistler and retain only the force resulting from b. In this approximation,
the energy of the electron remains unchanged, and the only effect of the whistier is
to change the direction of the electron’s velocity vector, i.e., its pitch angle. The main
effect of b is to exert an additional force on the electron parallel to the earth’s field,
and by application of the Lorentz force formula one obtains

dp"/dt = e¢bv; sin <p/c, : ‘ &)
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where p is the electron’s momentum and e its charge. We have assumed exact cyclotron
resonance, and we consider only sufficiently small values of b so that the angie ¢ does
not change significantly over many cyclotron periods. Integrating Equation (5), we
find that the change in Py produced by the wave after time ¢ is given by

Ap) = ebv,tsing/c. {6)
Since u=p,/p, the corresponding change in the electron’s local pitch-angle cosine is
Ap=Apy[p = (e[mc) (1 — p?)* btsine. | @)

To treat the effect of pitch-angle diffusion on a population of electrons trapped in
the magnetosphere the Fokker-Planck equation may be used (WENTWORTH, 1963;
MacDoNALD and WALT, 1961). Using the electron equatorial pitch-angle cosine, u,,
as the variable in which to describe the diffusion, the two Fokker-Planck diffusion
coefficients are related to {(4u)*)/t, the mean square change in local pitch-angle
cosine per unit time (ROBERTS, 1966). Since the phase ¢ is random for the electron-
whistler wave interaction, one obtains from Equation (7) the relation:

(A >/t = $(e/me)* (1 — u?) b?t. (8)

Equation (8), derived for the case of resonance with a pure plane wave, may now
be taken over to the case of interaction with a broad-band disturbance. The average

over time of the square of one component of the wave magnetic field is %/2 in the

plane-wave case, and in the broad-band case this quantity must be replaced by the
product of a power-spectral-density function evaluated at the resonance frequency and
an effective bandwidth for the resonance. In the Appendix, we show that after inter-
action for a time ¢, the effective bandwidth 4 f of the whistler resonance is given by
t ™ [1+vy/v,(wo)] ™", where v, =dw/dk is the whistler-mode group velocity. Denoting
the power-spectral-density function of one component of the fluctuating disturbance
field as #.(f), the replacement

3% > B (fo) 17 [1 + vyfv,(w0)] " | ©)

wilI make Equation (8) valid for interaction with broad-band disturbances. The final
result is: ‘

R = (efmef (L= k) [L+ oyl (0] 4,(f).  (10)

Equation (10) can be used to obtain some order-of-magniiude values for whistler-

mode diffusion. The lifetime for electrons is approximately the reciprocal of D(u,) ="

{(4po)?)/t, the Fokker-Planck diffusion coefficient. We approximate D(j,) as

D(po) = (efme)* #.(fo), ~oan

where the factor of 1 has been putinasa guess for the discarded and negléctéd factors

and effects that would enter into the correct expression for D(u,). If A (fo)=

107'°y?/Hz (1 =10"° Gauss), Equation (11) gives D(uy)~107° sec™ !, which corre-

sponds to an electron lifetime of approximately 10 days. Thus, broad-band whistler-
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mode disturbances with power spectral densities of approximately 1071° y2/Hz are
capable of accounting for the observed lifetime of radiation zone electrons. If the
total bandwidth of the disturbance is taken to be ~10*Hz, the r.m.s. field fluctyations
in such disturbances would be of the order of one milligamma. GURNETT (1968) has
observed that in the frequency range 0.2-7.0 kHz noise of at least this intensity is a
very common occurrence in the 50° to 70° magnetic-invariant-latitude region at alti-
tudes up to 2700 km. These measurements strongly suggest that scattering by whistler-
mode noise plays an important role in determining the lifetime of radiation zone
electrons. Measurements must be made in the equatorial region on the relevant lines
of force and also to higher frequencies, however, before a more definitive statement
can be made. For example, to scatter 0.5 MeV electrons mirroring near the magnetic
equator on L =2 would require that the power spectral density at the magnetic equator
be broad-band up to approximately 55 kHz and on L=3 up to 16 kHz. Diffusion of
electrons mirroring near the magnetic equator on a line of force seems to be one of
the most difficult features for the whistler-mode mechanism to explain.

3. Bounce-Resonance Scattering

A. PARALLEL EQUATION OF MOTION

A trapped particle in the magnetosphere has three basic periodicities associated with
the three adiabatic invariants of its motion, and one ‘would expect to find resonant
wave-particle interactions associated with each of these periodicities. The previous
section of this paper considered perturbations in an electron’s orbit produced by
interaction with signals at the electron’s cyclotron frequency. Strong perturbations
also occur due to electric and magnetic fluctuations having power at the particle’s
drift frequency (FALTHAMMAR, 1965, 1966). In this section we show that, as expected,
a resonant interaction also occurs when a particle is subjected to field fluctuations
having power at the particle’s bounce frequency. Such a process violates J, the adiabatic
invariant associated with the bounce frequency, but conserves M, the particle’s mag-
netic moment. This is because the bounce frequency is so much lower than the cyclo-
tron frequency for particles trapped in the magnetosphere. Like cyclotron resonance,
bounce-resonance interaction can change a particle’s pitch angle and thus lead to
trapped-particle loss through pitch-angle diffusion into the loss cone.

To treat bounce resonance quantitatively we use the parallel equation of motion
for a particle trapped in a magnetic field (NORTHROP, 1963). We shall treat the motion
non-relativistically, since it considerably simplifies the problem to do so. If s is the
distance from the magnetic equator measured along the line of force of interest, the
parallel equation of motion is ‘

| d%s . 8B
‘mdt2 =qE”_M'6s' » ; (12) |
Here m and g are the mass and charge of the particle being considered, M its conserved
magnetic moment, and £ and B are the fields that act on the particie as it moves from

L



mirror point to mirror point. The total magnetic field B consists of two parts

B(S: t) = Bearth (S) + blkl (S, t) (13)

where b(s, ¢) is the fluctuating part of the magnetic field due to any disturbances which
may be present. We consider only small disturbances such that 5/B,,,; <1. Assuming
the earth’s field to be a dipole field, B.,.,(s) may be expanded around s=0 (the
magnetic equator) as follows:

B.,n(s) = Bo (1 + 9s*2*RE +---). (14)

The next term in the expansion would be proportional to s*. In Equation (14), Ry is
the radius of the earth, L is the geocentric distance, measured in earth radii, to the
equator on the line of force of interest, and B, is the field magnitude at the equator.
The two terms of the expansion given in Equation (14) are a good approximation to
the field magnitude for latitudes up to approximately 20°. The neglected terms, con-
taining higher powers of s, will cause the bounce of particles mirroring at latitudes
above approximately 20° to be anharmonic. This anharmonicity serves only to compli-
cate the Equation of motion (12) since it is not really vital to the physical mechanism
involved in bounce resonance. Using the two terms in Equation (14), the parallel
equation of motion (12) can be written

d*s/dt* + wis = F(t)[m, (15)

where F(t) is the force parallel to the earth’s field which acts on the particle due to
fluctuating electric and magnetic fields.

F(t)=qEy — M(0b,/ds). | (16)

The constant w, in Equation (15) is 2n times the bounce frequency of a particle that
mirrors near the magnetic equator:

wo = 3(MB,y/m)'*|LRg. %))

Remembering that M =4mv? /B, =%mcf? sina,/B,, where oy is the particle’s equa-
torial pitch angle, Equation (17) can be written:

, B sinay '
Wof27 <2n\/2RE>< > ( a)’

=15.9 ('B SIE a0> sec™! | (18b)

Equation (15), which describes the motion of the trapped particle parallel to the
earth’s field, is the equation of a forced harmonic oscillator. The forcing term, F(t)/m,
comes from any electric and magnetic disturbances present. If no disturbances are
present ‘the right-hand side of Equation (15) is zero, and its general solution is
s ()=—s, cos(wet + V), 5(t) = =0y sin(wp? + V), where s, is the distance along the line
of force to the particle’s mirror point, ¥ is an arbitrary phase constant, and v, =w,s,,.




Using this solution, we find that the particle’s second invariant, J, is simply related
to its parallel energy at the magnetic equator.
2n/wo 2n/wo
J= $ pds = f pyvydt = mojo j sin? (wot + V) dt
4] ]

L

(19)

2
J= nmvuo/wo = W]loTb.

Here 1,=2n/w, is the bounce period, and W”0=%mvﬁo is the particle’s equatorial
parallel energy. When disturbances are present so that the right-hand side of Equa-
tion (15) is nonzero, then W, and consequently J also, is no longer a constant of
the motion.

B. FREQUENCIES AND PLASMA MODES OF INTEREST

Figure 2 shows the approximate value at the magnetic equator of some critical
frequencies in the magnetosphere plotted vs. L. The bounce-frequency values shown
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in Figure 2 were obtained from Equation (18b) with «y=n/2. The bounce frequency
of trapped particles is actually not a very strong function of mirror point position
even when the anharmonic terms are included in Equation (14). This can be seen in
Figure 3, which shows as a function of equatorial pitch angle the bounce frequency
of a particle on any line of force in a dipole field. The bounce frequency is expressed )

1.0

.9 i
- ‘
3 - 3
'.'..D Pyl
=
A -
-
.6 I
_5‘ i 1 i { i 1 | | .
o. 10 20 30 40 50 60 70 80 90
a - EQUATORIAL PITCH ANGLE (DEGREES)
Fig. 3. Bounce frequency vs. pitch angle for a constant-energy particle trapped on a dipole line
of force.
in units of the bounce frequency for a particle of the same energy having «y=m/2.
From Figure 3 we see that the variation in bounce frequency is less than a factor of 2,
no matter where the location of the particle’s mirror point.
We require field fluctuations having power at the bounce frequency to produce
X
. -
t .k
: e
-
b
] C)
j > —» Z =
- ,
BO

y

Fig. 4. - Geometry of the fluctuating fields in a plahe torsional Alfvén wave.
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bounce-resonance scattering of particles, and from Figure 2 we see that this frequency
is below the proton plasma and proton cyclotron frequencies almost everywhere in
the magnetosphere. In this frequency range there are three plasma modes in which
wave propagation is possible. These are the ion-acoustic, torsional Alfvén and com-
pressional Alfvén modes, although other terminology for the three modes isin common
use. The ion-acoustic mode is basically an electrostatic mode, and it will contribute
to the scattering force F(t) in Equation (16) through E;. The field geometry in the
torsional Alfvén wave is shown in Figure 4, and since it has no field components
parallel to B, it does not contribute to F(z). The compressional Alfvén wave, shown
in Figure 5, has a fluctuating magnetic-field component parallel to B, provided that
k is not exactly parallel to B,. Thus ion-acoustic and compressional Alfvén-mode
disturbances will be important for bounce-resonance scattering.

=

o

y

Fig. 5. Geometry of the fluctuating fields in a plane compressional Alfvén wave.

C. DIFFUSION COEFFICIENT FOR BOUNCE-RESONANCE SCATTERING BY NOISE

When F(t) is non-zero, the general solution to Equation (15) can be written

t

© s(t) =— s, cos (wot + ) + m:o fdtzF (t3) sinwg (t — t,) (20a)
$(t) = oS,y sin(wot + Y) + i I dt,F (1,) cos wg (8 — 1,). (20b)-

Multiplying Equyation (15) by ms(t) gives the oscillator energy equation:

;lt [%m.s"‘2 + %niw%sz] = s(t) F (t) w (2-1)
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The quantity in the brackets in Equation (21) is just W0, the particle’s equatorial
parallel energy. Integrating Equation (21) uver a time interval ¢ gives

t

AW,o = f 4,8 () F (1), (22)

Suppose now that the particle is subject to random electric- or magnetic-field
fluctuations so that F(¢) is a rather irregular function of time. While we have no way
of knowing exactly how the function F(¢) behaves with time, we can define an ensemble
of possible functions F(¢). Figure 6 shows some possible members of the ensemble for
the type of F(t) we are considering. All physical effects pro iuced by such an ensemble
must depend on certain awwrages taken over all possible members of the ensemble.

F(t)

Fig. 6. Ensemble of rando«n force vs. time functions.

Denoting ensemble average by { >, we demand that (E(t)y =0, since the force should
not be preferentially in one direction. The ensemble average (F(t,) F(t,)> is called

the ‘autocovariance function’ of the force: (MIDDLETON 1960), which we denote by
Ke(ty—1,). The autocovariance is a function only of the time difference (¢, —1,) since
we insist that the ensemble be stationary, i.e., the origin of time is unimportant.

Equation (22) can now be used to calculate the average change in parallel energy
due to some F(t) ensemble, Usmg Equatlon (20b) in Equation (22) and performmg
the ensemble average gives:

o b= 12




ke

9

t 1

1
(AW o) = '};fdh J dt, coswg (1, — t5) <F(t;) F(t,)). (23)
0 0

The quantity {(F(t,) F(t,)) is the autocovariance Kg(¢, —t,). Transforming the double
integral by letting A=¢, —¢, and t=t¢, +1¢, allows Equation (23) to be written in the

form .

AWy = — J dA(L — 4/t) K¢ (2) cos wol. (24)

As t— o0, the contribution of the — A/t term to the integral in Equation (24) becomes
vanishingly small. This occurs because K(4)—0 very rapidly for large 1. Remembering
that the power-spectral-density function is 4 times the Fourier cosine transform of the
autocovariance (MIDDLETON, 1960), we find for the average change in parallel energy
per unit time

(AW o) [t = F (fo)l4m, (25)

where F (f) is the power-spectral-density function of the force, F(z).

It is interesting to note that Equation (25) could have been derived in a more
elementary manner by solving Equation (15) for a sinusoidal force and then passing
over the broad-band case by replacing the average ‘pawer’ by the power-spectral-
density function times a bandwidth. This was the technique used in Section 2 of this
paper to derive the diffusion coefficient due to scattering by a broad-band whistler-
mode disturbance. If we take F(¢)=d cos(wot+ ¢) in Equation (15) we find that after
averaging over ¢,

(AW o)/t = d*t/8m. (26)

The average ‘power’ in d cos(wqt+ ¢) is d?, and the bandwidth of the resonance after
interaction for time ¢ is just 1/¢. Thus, replacing 3d? by % ( f,)/t in Equation (26) gives
the same result as Equation (25), which was derived using the autocovariance.

We now relate the force power-spectral-density function & (f) to the power-
spectral-density function of the fluctuating electric and magnetic fields producing the
scattering. For the electric-field case, this is trivial since, according to Equation (16),
F(t)=qE, (t) Thus B

5‘”(f)=quf’u(f) cat @7

where & “( f) is the power-spectral-density of the parallel electric-field component.
The compressional Alfvén-wave case is slightly more difficult. Referring again to
Figure 5, we find b =bsinf sin(wt —ks cos0 + ¢) for a single wave component, and
we assume out of ignorance that all directions of propagation are equa]ly likely. Thus,

B averagmg over sohd angle and time gives

A 1
b=
>

oy

d(pjd() b*sin®@=1b%. (29)
A B



According to Equation (16), the force due to this single wave is Mbk sin@ cosf
cos(wt—ks cosO+ ¢). Again averaging over all solid angle and time we obtain

F? = {eM?k*b* = tM?K*b3 . (29)
Since F2={%df #(f) and b2 ={%df #,(f) we must have
Il I
F(f)=+M°k* %) (f), (30)

where ¢ (f) is the power-spectral-density function of by (). If v, is the Alfvén speed,
then in Equation (30)

k=2nflv,. (31)
D. APPROXIMATE LIFETIMES

In order to evaluate the importance of bounce-resonance scattering for particles in
the magnetosphere we compute the time to move a particle’s mirror point from the
magnetic equator to a point L earth radii down the line of force, i.e., 5,=LRg. We
call this time the ‘particle’s lifetime’, since the 1/e decay time of a population of
particles trapped on the line of force should also be of this approximate magnitude.
When s,,=LRg, then we find W), =tmwds; =imwlL*RE, and we take for the life-

time
T & smoiCPRE[AW o>/t] ™" 32)

Using Equation (25) for the quantity in brackets in Equation (32) and Equation (17)

for wy we get
T2 Im*d o[ F (1), (33)

Considering first bounce-resonance scattering by parallel electric fields, we use
Equation (27) in Equation (33) to obtain

TR 9'"2010/42511 (fo) ' (34)

for the approximate lifetime due to parallel electric fields. For electrons, Equation (34)
can be rewritten

TR 3Osec(vl0/c) 16, (fo) (335)

where in Equatlon (35) &) is in units of (V/km)?/Hz. If € (fo) 23 x 1073 (V/km)?/Hz,
then Equation (35) gives a lifetime of approximately 10° sec ~10 days for relativistic
electrons. If the total bandwidth of the noise is approximately 30 Hz, then this corre-
sponds to (4E I )r.m.s. ©0.03 V/km electric-field fluctuations. Even smaller electric-field
fluctuations would be significant for lower-energy electrons for which (v lO/c) <1.

For the bounce-resonance scattering by magnetic-field compressions, b, we use
Equation (30) for #(f) in Equatlon (33) to obtain

TR ASmPl /MK B B(fo), o (36)

“which can be wrltten using Equatlon (31) as '
18007 o
; (37)

Ulowo [”4 I (f o)/ Bo]
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The Alfvén speed v, at the magnetic equator is given approximately by (v,/c)* &
5%107*L"3, and using Equation (18b) for w,, we get finally:

x 107°L™! sec
" (D_LO/C)4 ['@ll (fo)/Bé] .

For relativistic electrons, % (f,)/B5~10"''/Hz would give a 10-day lifetime.
Assuming =10 Hz bandwidth for the noise, this corresponds approximately to
(4b)e.ms./Bo~1077, ie., small, irregular, 1 part in 10° compressions of the earth’s
magnetic field are significant for scattering relativistic electrons! The importance of
this magnetic scattering drops off rapidly with decreasing electron energy, however,
due to the (v o/c)* term which enters the denominator of Equation (38).

(38)

E. EFFECT OF SPATIAL VARIATIONS OF THE FIELDS

In Equation (16) defining the force function F(¢), the fields are to be evaluated at the
particle’s instantaneous position at time t. For example, if the electric field is a function
of both time 7 and position on the line of force s, we may denote the parallel component
of the electric field as £, (s, ¢). If this E is sufficiently small so that the particle’s
mirror position does not change significantly over many bounce periods, then the

bounce motion of the particle may be represented by s(¢)= —s,, cos(wot+y). The

function F(¢) due to this electric field would then be given approximately by
F(t)=qEy(s(t), t) = gE| (— s,y cos (ot + ¥), 1). 39)

Similarly, all the power spectral density functions used in this section refer to the
power spectral density as seen in the frame of reference of the bouncing particle. This
may be very different from the power-spectral-density-function observed at one par-
ticular point in space. |

Let us define an approximate field correlation distance, s,, to be the average
distance over which E (or db)/ds if we are considering magnetic scattering) changes
sign. If 5,,>5, we might expect &(f), the power-spectral density observed in the
particle’s frame of reference, to be very different from the power-spectral-density
observed at one point in space. The wavelength in the magnetosphere of compressional
Alfvén waves of frequency near the relativistic electron bounce frequency is approxi-
mately 0.1 Rg. The wavelength of ion-acoustic waves of this frequency is likely to be

~ even smaller since the proton thermal speed is probably smaller than the Alfvén speed.

Thus for disturbances composed of these waves, s,,> s, for all particles except those
which mirror very near the magnetic equator. Since when s,,>s, the particle will
experience a great number of sign reversals of the field during one bounce period,
the power in these disturbances in the particle’s frame of reference will appear at
frequencies much higher than the bbunce frequency. Such disturbances may therefore

be orders of magnitude less effective in producing bounce resonance scattering than
the formulas of this section would predict with & (f) and 9?,( f) nalvely taken to

be the power spectral density observed at one point in space.
If the situation described i in the preceding paragraph is a good description of the
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actual situation for trapped electrons in the magnetosphere, then the importance of
bounce-resonance scattering will decrease with s,,, the distance of the electron’s mirror
point from the magnetic equator. On the other hand, whistler-mode scattering, de-
scribed in Section 2 of this paper, will be effective for electrons mirroring off the
magnetic equator. The true importance of bounce-resonance scattering may then be
as a feeder mechanism for whistler mode scattering. Electron loss could then be
accounted for by a combination of the two processes producing pitch-angle diffusion
into the loss cone. Figure 7 shows how this would work. If an electron suffered only
bounce-resonance scattering, then it would maintain a constant equatorial perpen-
dicular energy, W,,, and it would diffuse aloag a line parallel to the dashed line in
Figure 7 labeled ‘Pure Bounce Diffusion’. If whistier-mode scattering were all that
occurred, the electron’s total energy would remain approximately constant, and dif-
fusion would be along a line parallel to the dashed line labeled ‘Constant Energy Line’.
With bounce resonance dominating the scattering for near-equatorial mirroring elec-
trons and whistler mode scattering dominating elsewhere, diffusion into the loss cone
would be along a path similar to that labeled, ‘Electron Diffusion Line’ in Figure 7.

- BOUNCE CYCLOTRON

. RESONANCE RESONANCE

: DIFFUSION
REGION

UR{ BOUNCET DIFFUSION
————— e e

PERPENDICULAR ENERGY AT EQUATOR

, 7
LOSS CONE

///////////
PARALLEL ENERGY AT EQUATOR wa

Fig. 7. Diffusion path for electrons into the loss cone due to a combination of bounce-resonance
and cyclotron-resonance scattering. Bounce resonance is dominant when the electron mirrors near
: the magnetic equator; cyclotron resonance is dominant elsewhere.
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4. Conclusions

Both cyclotron-resonance scattering due to whistler-mode disturbances and bounce-
resonance scattering due to ion-acoustic or compressional Alfvén-mode disturbances
are likely to be important in producing loss of radiation zone electrons through
pitch-angle diffusion into the loss cone. The relative importance of the two mechanisms
and the ability of either to account for the observed electron decay rates depends upon
the power-spectral-density of the magnetic and electric fields in the scattering dis-
turbances. Both mechanisms operate effectively with wide-band disturbances, the
power at the applicable resonance frequency being selected out in either case.

In the whistler-mode mechanism, the exact frequency needed to resonate with an
electron depends upon the electron’s local pitch angle and energy and on the position
in the magnetosphere where the interaction occurs. Therefore, to produce a rather
uniform scattering of relativistic electrons having a wide range of energies and pitch
angles requires whistler-mode disturbances with rather uniform power over a broad
frequency range. The average power-spectral-density for the fluctnating magnetic field
in the whistler-mode disturbances must be of the order of 1071° y2/Hz to account
for an observed electron lifetime of approximately 10 days. This corresponds to
r.m.s. field fluctuations with magnitudes of the order of milligammas. If the average
power-spectral-density function of the whistier-mode disturbances in the equaiorial
region is not broad-band up to approximately 0.5-0.6 of the equatorial electron
gyrofrequency, then this mechanism will have difficulty in accounting for the scattering
of relativistic electrons with nearly 90° equatorial pitch angles. Sufficient data have not
yet been published on whistler-mode signals observed near the magnetic equator to
allow a definitive statement to be made about the importance of cyclotron resonance
scattering in accounting for electron pitch- angle scattering. Measurements made over
alimited frequency range at high latitudes on the relevant lines of force (GURNETT, 1968)

~indicate that this mechanism is at least an important one for electrons with high-

latitude mirror points.

In the bounce-resonance scattering mechanism, fluctuating electric or magnetic
fields having components parallel to the earth’s magnetic field alter the equatorial
parallel energy and consequently the second adiabatic invariant J of the particle. The
particle’s equatorial perpendicular energy, and therefore its magnetic moment M,
remain unchanged in this mechanism. A change in J with M constant means that the
particle’s equatorial pitch ang’= must change, and so this mechanism can contribute
to particle loss via pitch- -angle diffusion into the loss cone. The rate of scattering is
proportional to the value at the particle’s bounce frequency of the power-spectral-
den51ty of the fluctuating fields as seen in the frame of reference of the bouncing
partncle

For radiation-zone electrons the bo 1nce fxequency is in the 1-10 Hz region. If
parallel electric-field fluctuations in this frequency range are present, then power
spectral densities of 10%-10~5 (V/km)?/Hz are sufficient to make bounce-resonance

~ scattering an important contributor to pitch- -angle diffusion having approximately a
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10-day lifetime. The r.m.s. parallel electric-field fluctuations for such disturbances
would be of the order of 0.01-0.1 V/km. While no measurements of parallel electric-
field fluctuations in the magnetosphere are presently available, several authors have
given arguments for their existence (CHAMBERLAIN, 1963; BostrOM, 1967). From
knowledge of ionospheric current systems and also from direct measurements with
plasma clouds (HAERENDEL et al., 1967) it is known that perpendicular electric fields
of the order of several V/km do exist in the magnetosphere.

Bounce-resonance scattering can also be important for relativistic electrons due
to small fluctuations in the local magnetic-field intensity. Such fluctuations would be
produced by small-amplitude compressional Alfvén waves propagating in directions
other than exactly parallel to the earth’s field. This interaction operates through what
may be termed Fermi acceleration, and PARKER (1961) has considered a version of
this mechanism which does not emphasize its resonant nature at the bounce frequency.
If #, (/o) is the power-spectral density at the bounce frequency of the magnetic-
intensity fluctuations observed in the electron’s frame of reference, then Z)( fo)/Ba~
107 '°-107**/Hz is sufficient to contribute to the pitch-angle diffusion of relativistic
electrons having lifetimes of approximately 10 days. Here B, is the magnitude of the
earth’s field at the equator of the line of force of interest. Such disturbances need
contain r.m.s. field fluctuations of the order of only 107%~1075 of B,. Preliminary
studies (HOLZER et al., 1966) of experimental data on magnetic-field fluctuations in
the magnetosphere indicate that the power spectral density in the 1-10 Hz region is
large enough to be important for bounce-resonance scattering of trapped relativistic
electrons.

In bounce-resonance scattering by either parallel electric- or mag’netic-ﬁeld‘ﬂuctu— ;

ations, the strength of the mechanism is proportional to the value at the bounce
frequency of the fluctuation power-spectral-density function in the frame of reference
of the bouncing particle. If the disturbances producing the scattering have many
spatial variations in the distance from the magnetic equator to the particle’s mirror
point, then the power spectral density in the particle’s frame of reference may be very
different from the power-spectral density at one point in space. This effect tends to
make the importance of bounce-resonance scattering diminish rapidly as the particle’s
mirror point moves away from the magnetic equator. For relativistic electrons, thlS
could mean that the main importance of bounce-resonance scattering is to move
electron mirror points sufficiently far off the magnetic equator that cyclotron-resonance

- scattering by whistler-mode disturbances can operate effectwe]y on them.

While this paper has examined two of the possible wave-pa1tlcle interactions that

‘ray be important for trapped particlesin the ma gnetosphere, there remains a multitude
‘of other possible mechanisms which may or may not be lmportant Some of these have

been considered ¢lsewhere, e.g., the scattering of radiation zone electrons by electron
plasma oscillations (EVIATAR, 1966). Others perhaps destined to emerge in the near
future may be presently tucked away in the subconscious realm of assorted theonsts
Better and more extensive experimental measurements of the electric- and magnetic-

field ﬂuctuatlons which actually occur in the magnetosphere are necessary in order to
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permit definitive evaluations to be made on the importance of present-day and future
mechanisms.

@ Appendix: Bandwidth for Resonant Interaction with Whistler-Mode Disturbances
g

If an electron interacts with a whistler-mode disturbance for only a finite length of
time, then effective cyclotron resonance may be accomplished not only by the exact
resonant frequency, w,, but by a band of frequencies of width 4w. To see how this
comes about and to evaluate 4w we remember that when an electron interacts with
a single whistler component propagating parallel to the earth’s field, the force on the
electron at any time is proportional to cos @(w) and/or sin®(w), where

( } . P (w) =[w + vk (0) — Q]t. (40)

Since @, is the exact resonance frequency, ®(w,)=0 by the resonance condition,
Equation (1). To evaluate ¢ (w) for a frequency w,+%+4w close to w,, we can expand
k(o) '

k(o + $dw) = k(w,) + 3w (dk/do), (a1)

where the derivative (dk/dw) is evaluated at w,. Since dw/dk is the whistler-mode
group velocity, v,(»), we may write
(o + 34w) =+ 24w [1 + v /v, (wo)]t. 42)

Until |®(w)| becomes larger than some critical value, the effects of the electron-wave
interaction must be the same for a wave at the exact resonance frequency w, as for a
wave at some frequency very close to wy. A more sophisticated analysis reveals that
this critical value is 7, so that setting ‘ 4

1Al + vyjv,(we)] t = = 43)

g1 gives us the bandwidth of the resonance after time ¢. Since w=2nf, one finds

wi : . .

i 1 |

Af = Adowf2n = ——— . ; ’ (44)
? ' t(l +'U“/Ug) : )
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. :  CHAPTER 6

Acceleration of Trapped Particles during 2 Magnetic Storm on
o April 18, 1965

- W. L. Brown,* L. J. Canmmn? L. R. Davis;? C. E. McIuwain,® anp C. S. RoBErTS!?

This paper describes a polar substorm-particle event observed with the magnetic field and
trapped particle detectors on Explorer 26 during the worldwide magnetic storm of April 17-18,
1965. The event occurred between 0600 and 0830 UT on April 18 within the main phase of
the magnetic storm. During this time the satellite was near apogee (L = 5) and at a local
time of ~1300 hours. Nearly coincident with the polar substorm, the satellite records show
that the local magnetic field decreased by about 40 v, while the proton flux (100-345 kev)
increased by more than a factor of 10. About twenty minutes later the electron flux (10-1000
kev) started to increase. Both the field and particles show large fluctuations that are inveresly
correlated. Some of the possible explanations of the event and the limitations imposed by
the observations are discussed. - :

~ Maryland 20771. A ,
. 4University  of California at San Diego, La.

INTRODUCTION

The magnetosphere is a complex dynamic
system. Energetic particles are trapped on
the framework provided by the geomagnetic
field. The field 'is subjected to compressional
stresses -by the solar wind pushing on its
outer boundary as well as to internal stresses
due to plasma within. Fluctuations in the solar
wind, or in the interplanetary magnetic field it
carries, cause magnetic fluctuations within the
magnetosphere, changes in the fluxes of ener-
getic trapped particles, and changes in the
energy density of the lower energy particles
of the plasma. The most spectacular changes
occur during great magnetic storms when large,
abrupt increases in energetic particle flux,
auioral displays, and violent polar substorms
give evidence of dynamic processes occurring
in the outer or auroral regions of the magneto-
sphere, This is also the time when the inner
magnetosphere is inflated by the lower energy
‘ring current’ particles. It is apparent thai the
polar substorms play a key role in the physics

of magnetic storms and of particle acceleration. -

The present paper is an account of a polar sub-
storm-particle acceleration event that took

*Bell Telephone Laboratories, Murray Hill,
New Jersey 07971. '

2 University of New Hampshire, Durham, New
Hampshire 03824. ,

3 Goddard Space Flight -Center, Greenbelt,

Jolla, California 90237,

place in an interval of a few hours during the
great magnetic storm of April 17-18, 1965.
Acceleration of energetic particles during
magnetically disturbed periods has been noted
earlier [Frank, 1965]. A preliminary account
of this April 1965 event has been reported by
Davis and Williamson [1966]. The effects of
the magnetosphere inflation on high-energy pro-
tons in the inner belt during the April storm
have been discussed by Mcllwain [1966b], and
a description of the inflation has been presented
by Cahill [1966]. Recent reviews have out-
lined the general status of studies of the mag-
netosphere and of several theories that have

‘been proposed to account for some of the mag-

netosphere phenomena [Hess, 1962; Parker,
1962; Akasofu, 1963; Dungey, 1965; Cole,

-1966].

The Explorer 26 scientific payload and its

orbit are well-suited to the studies of the inner

magnetosphere. Listed in Table 1 is the com-
plement of energetic particle detectors and mag-
netic field sensors that are considered in this
paper. The orbit lies close to the equatorial
plane, and the satellite is between 2 and 5 Ry
for 80% of the time. Orbital parameters are
listed in Table 2.

The interval to be discussed in this paper
(0600-0830 UT, April 18) was within the main
phase of a magnetic storm that commenced on
April 17. A large polar substorm producing
worldwide magnetic disturbance was in progress
during -this interval. Figure 1 summarizes geo-
Physical parameters of interest during a 10-day

a1 ;



TABLE 2. Orbital Parameters

TABLE 1. Explorer 26 Experiments
Range
Organization Instrument of Operation
GSFC  Jon-electron Protons of energies

from 100 kev to
10 Meyv, in eight
levels and energy
flux of 10-100
kev electrons.

detector

UCSD Electrons of ener-
gies greater than
0.5 Mev and
greater than (.9

Mev.

BTL Electron detectors Electrons of ener-
gies greater than
0.3 Mev to great-
er than 3.7 Mev
in six detectors.
Two of these give
both directional
and  spin-aver-
aged flux.

Directional elec-
tron detectors

UNH Two-axis fluxgate Sensors parallel to
magnetometer and perpendicu-
’ lar to the satel-
lite s#pin  axis.
#2000 4 range
for each sensor.

period that includes the event Tvplcal exam-
ples of particle flux observations near 5 Ra
during the same 10-day period are also shown
~for comparison with the results to be presented
in the next section.— -

REsuLTs

The principal features of the event are shown
in Figure 2. First evidence of the storm, at 0612
UT, was an increase in the flux of protons
(energy >134 kev and pitch angle, «, 27.5°).
These particles were an order of magnitude
lower in flux than the high pitch-angle par-
ticles, @ = 87.5°, before 0610 UT. By 0618 the
two fluxes were equal, and an increase in the
high pitch-angle particles became apparent. The
high pitch-angle flux may have also increased

" before 0618, but an increase equal to that ob-

- served for the low pitch-angle particles would
be obscured by thé higher initial level of the

particles at @ =. 87.5°. By 0625 UT the proton
flux at all pitch angles had leveled off. Fluxes

Apogee 511 Rg
Perigee 1.05 Rg
Inclination . 20.1°
Period , 7 hr. 36 min.
Local time of apogee, April 18 1400
Latitude of apogee, April 18 +17°
600
Solte T T T T T T T T T
Flore 400 —
Index — -]
2001 -
0 k
— —
[ - =
KP 4+ -
g o e
Dst 0
=50+
=100
-150
-2001=
7.
Electrons 10
E>0.5Méy06|
10
10t
{L=5)
L £ v, ;- e ..’ L ». .. o
10° L:50 ,
. PYRL °:a (L=35)
Prolons : R [T
I L=35
ol N :
(L:5) ’
10
] ] | ! | ] | | |
April 13 14 15 16 17 18 19 20 21 22

Fig. 1. Record of ground-level and satellite ob-
servations for ten days, including substorm on April
18, 1965. The solar flare index was obtained from
the High Altitude Observatory, and Space Dis-
turbance Forecast Center, Boulder, Colorado; the
Kp index from -Lincoln [1966]1; Dst (in gammas)
was computed using Honolulu and San Juan
records provided by the U.S. Department of
Commerce, Environmental Science Services Ad-
ministration. The electron fluxes (£ > 0.5 Mev
at '= 5 and L = 4 in particles/em?* sec) were
obtained from the UCSD detectors, and the pro-
ton fluxes (F > 134 kevat I, = 5 and L =35 in
particles/em?® sec ster) were: obtalned from the
GSFC detectors :
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Fig. 2a. The College H magnetogram is plotied in gammas, and the predicted [Jensen
and Cain, 19621 and measured field at the satellite are shown in gammas. The proton fluxes
(protons/cm® sec ster) are plotted as the logarithm of flux at two pitch angles, 87.5° and 27.5°.

of protons with energies greater than 98 kev
and those greater than 180 kev, not shown, also
increased between 0612 and 0622 UT. No in-
crease in protons of energies above 845 kev and
above 513 kev was seen until 0625 UT [Davis
and Williamson, 1966]. Coincident with the rise
in proton flux (£ > 134 kev, @ = 87.5°), the

magnetic field magnitude at the satellite, already
depressed 20 y below the predicted value, began
a further 40-y decrease.

The College, Alaska, magnetogram, at the top
of Figure 2, shows a large, 2200-y, negative bay
decrease in H beginning at 0622 UT. College
was in the evening quadrant at this time, while

- o ; i
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- Fig. 2b. The L value of the satellite at the time of the measurements is shown at top (scale

- at right). Omnidirectional electron fluxes for energies > 550 kev and > 1000 kev are shown,

with linear scale on right in particles/em® sec. Directional flux for electrons of energy > 450

kev is shown in particles/cm?® sec ster, using scale on right. Omnidirectional flux of electrons,

- energy > 300 kev, is shown in particles/cm® sec with scale at left, and the omnidirectional
flux of electrons of energy > 10 kev is shown at top left with an arbitrary linear scale,



the satellite was near 1400 local time. The event
was seen, in some form, at all auroral stations,
but there was a wide spread, 0610-0630 UY,
in onsct times. The event was worldwide, and
evidence of the disturbance was seen at mag-
netic observatories as close to the equator as
Honolulu and Guam. The College record was
unique only in the magnitude of the bay; ap-
parently, College was close to an auroral elec-
trojet at this time. Less intense magnetic
activity in the auroral zone commenced as
early as 0100 UT, April 18, as the magnetic
storm main phase started to develop.

The high-energy electrons, £ > 300 kev, rise
above background after 0625 UT. Lower energy

electrons, B > 10 kev, start to decrease as the-

proton fluxes increase. The low-energy electrons
had displayed an increase in flux at 0440 UT,
when the satellite was near L = 3.7. The low-
energy electron fluxes are slowly rising by 0640

UT, however, and continue to rise until 0730

when the electron energy spectrum is much
flatter than before the event [Davis and Wil-
liamson, 1966].

The fluctuations in particle flux and field
magnitude are of interest. The most striking
correlation is between the field magnitude and
the low-energy (E > 134 kev, a« = 87.5°)
protons. In general, whenever the proton flux
rises, the field magnitude drops. A particularly
clear example is seen from 0633 to 0650 UT,
when there are three large positive pulses in
proton flux and three corresponding decreases
in field magnitude. The period of these fluctu-
ations is approximately 300 seconds. Thereafter,
the field magnitude usually goes down when
the proton flux goes up, but the pulses are
smaller and the time correlation less convine-
ing. The largest fluctuations in the high-energy
electron flux are between 0700 and 0800 UT.
At the beginning of this interval the 300-kev
fluctuations show correlation with the field
magnitude changes, and between 0740 and 0800
there are several large pulsations in electron
- flux, for all energies shown, that correspond to
~ decreases in field magnitude.

After 0800 UT the polar substorm subsides .

and the magnetic field observed at the satel-
lite shows less fluctuation (but continues to
drop further below the predicted field as the

inbound satellite goes deeper into the magneto-
sphere). The low-energy proton flux decreases

slowly, but the high-energy electrons continue
to rise, reaching a peak at 0900 UT, when the
satellite is near L = 4 (Mcllwain, 1966a].
Their flux drops abruptly between L = 3.5 and
L =2,

Discussion

1. Adiabatic changes. The loeng-term
changes in particle flux that are apparent in
Figure 1 will be discussed first, The proton and
electron fluxes shown there and those of par-
ticles of other energies, not shown, were steady
in' the region L = 2 to L == 6 until April 18.
For most particles, a decrease by a factor of
3-10 was noted in the early hours of April 18,
but the flux of 10- to 100-kev electrons showed
an increase. During this time the magnetic storm
main phase was developing; the surface field
was depressed by 50-100 y over much of the
earth [Cahill, 1966]. Mcllwain [1966b] has
shown that an adiabatic (for all three invari-
ants) decrease in flux occurred for 40- to 110-

- Mev protons at I, < 2.4, as the main phase of

the storm developed and the geomagnetic field
decreased. This decrease was followed by a
slow recovery to prestorm levels as the ring
current decayed and the geomagnetic field re-
turned to an unstressed condition. Some of the
particles described here have much longer drift

‘times (1.3 hours for 100-kev particles) than

the 40- to 110-Mev protons. The main-phase
field depression developed during a several-hour

- period, however, and an adiabatic decrease and

recovery of particle flux is expected for all pac-
ticles below L = 5 (except low-energy par-
ticles with drift period of several hours).

The initial adiabatic decrease expected is
apparent in Figure 1. Also discernible is a slow
recovery (except for the electrons at L = 4).
The recovery proceeds above the prestorm flux
to levels 50-100 times greater for the 0.5-Mev
electrons and a factor of 2 higher for the 134-
kev protons. High-energy protons (& > 345
kev) did not recover to prestorm values but
remained dopressed for at least ten days. Super-
imposed on the slow recovery, there is also a
brief, temporary inerease in protons and elec-
trons at L = 5, one of the main topies of this
paper. | ,

2. Nonadiebatic changes. The recovery of

most particles, at L =3 to L = 5, to a higher
flux level (not seen in the 40- to 110-Mev pro-
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tons below L = 2.4) cannot be explained as
due to adiabatic changes caused by the ring cur-
rent. Also, the high-energy protons (E > 345
kev), although depressed, regain a lower than
prestorm level as the ring decays. It appears
that the event 0600-0800 UT, April 18, is an
example .of nonadiabatic acceleration processes
with some particles enhanced and others de-
pleted. It is also a period of a large polar sub-
storm, widespread auroral displays, and rapid
growth of asymmetric inflation of the inner
magnetosphere. Thus attention is focused on
this brief interval as being of vital importance
in the dynamics of the magnetosphere.

Not all the available data are presented in
Figure 2, but the significant features are ade-
quately described. Although the satellite was in
a very advantageous position between L = 4.5
and L = 5 during this event, only a small seg-
ment of the L = 5 shell came under direct
observation as the satellite traveled in local time
from 1300 to 1445. This magnetic storm, as
apparent on both ground and satellite records,
was decidedly asymmetrical with the greatest
magnetosphere inflation somewhere between
1500 and 2400 local time in the early main phase
of the storm. Although worldwide, the auroral
event that started near 0620 UT produced the
greatest magnetic effects at College, Alaska
(near the 1900 local time meridian at the start
of the event). The satellite observations, there-
fore are not necessarily due to an axially sym-
metrlc trapped particle shell at L = 5. The
primary injection or acceleration processes may

- have been occurring to the east with the re-

sulting increased particle fluxes, after some
delay, drifting past the satellite. College lies
close to the ground-level trace of the L = 5
shell of the undisturbed field so that the satel-
lite was close to, but probably somewhat below,
the L shell of the greatest auroral effects. In
the following paragraphs we shall explore some
possible explanations of the particle event and
mention the limitations imposed by the ob-
servations.

3. Protons. The protons dominate the event
as observed at the satellite. They appear first,
the lowest energy protons (E = 100-200 kev)
rising by an order of magnitude several min-

~utes before the onset of the negative bay at
~College. The magnetic field at the satellite,

already lower than in the previous orbit, start..
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decreasing further as the 100-kev protons
(pitch angle 87.5°) rise above 2 X 10° em™ sec™
ster™, Davis [1966] has noted that the diamag-
netic field (not including drift and other ring
current contributions) produced by the pro-
tons [AB = —(4n/B)pE] is —20 y at
0622 UT, half of the observed change in |B].
Extrapolation of the observed proton spectrum
to 10 kev (with the same exponential decay
factor determined at energies in the vicinity of
100 kev) predicts sufficient proton flux to pro-
duce all of the observed change in |B]|.

A. Local acceleration. 'The protons may
have been introduced from higher or lower L
shells, or they may have been lower energy

particles, already at L = 5, that were rapldly
accelerated.

If the process was local acceleration at L = 5,
we must inquire if lower energy particles suffi-

- cient to produce the observed fluxes existed

before the event. We have no direct knowledge
of protons below 98 kev in energy, but com-
parisons of higher energy particles are possible.
Considering particles with 90° pitch angle, it
appears that almost enough protons, B > 98
kev, existed before 0615 UT to produce the
observed flux of protons, £ > 180 kev, at
0625. The enhancement of low pitch-angle par-
ticles is twice as great, however, and in this
case there are not sufficient 98-kev protons. For

‘the high pitch-angle protons an increase in

energy by a factor of 2 within a 5-mmute pe-
riod is required if the partlcles were locally

“accelerated at L = 5.

'B. Roadial drift. If the particles are intro-
duced from other regions, we can speculate as
to how this might have occurred. One possi-
bility is that the protons have moved up from
lower L shells by electric fields associated with
the main phase or with the substorm, or by out-
ward motion of field lines as the storm infla-
tion proceeds. This possibility appears unlikely
on consideration of the proton velocity distribu-
tion. Starting with the proton mapping just be-
fore the storm and assuming conservation of the
first two adiabatic invariants, the proton veloc-
ity distributions may be caleulated [Nakada et
al.,, 1965]. It appears that outward drift would
produce a decrease in proton intensity at L =
5. If the proton distribution below the satellite
has changed by 0600 UT because of the storm,

-then outward drift is still a possible cause, but



inward drift, from a higher L shell, remains
more promising. We will discuss this possi-
bility later.

C. Longitudinal drift. The protons may
have been introduced in the evening quadrant
and then drifted west to the satellite. In this
case a difference in arrival times for particles
of various energies is expected. Konradi [1967]
has observed, at higher L values, impulsive in-
creases in low-energy protons, with the highest
energy particles arriving first. In the present
event acceleration or introduction close to the
satellite in longitude appears to be recuired
because of the nearly simultaneous chservation
(within 1 minute) of high pitch-angle protons
with energies from 98 to 180 kev. (Small pitch-
angle fluxes from 98 to 345 kev rose together.)
The drift periods are 80 minutes for 100-kev
protons and 40 minutes for 200-kev protons.
Considering only V|B| drift, the particles must
have been introduced or accelerated together
within 10° east of the satellite. The presence
of electric fields would change the drift rates
and, if strong enough, they could dominate the
V|B| drift so that particles of 100- to 200-kev
energies would drift together. The electric field
required is greater than 15 mv/in, pointing
radially outward.

If they are due to drifting clumps of protons,
an even more stringent limitation is associated
with the pulsations in high pitch-angle protons
that commence at 0633 UT. Protons from 100
to 500 kev arrive within 2 minutes. Either we
are observing local injection or acceleration of
these protons, or they have been introduced
elsewhere, at L = 5, and moved to the satellite
by means other than V|B| drift. A radially out-
ward electric field seems plausible and is also
consistent with the negative bay at College and
Sitka (for electrojet current there controlled by
Hall conductivity and by northward electric
field). ,

D. Field fluctuations. The fluctuating de-
creases in field magnitude might be accounted
for by diamagnetism of the observed clumps of
protons moving past the satellite (with a rea-
sonable extrapolation to lower energiex). There
are also fluectuations in field direction, as much
as 10°, and before the initial drop in field at
0620 UT, there is an increase in declination of

‘the field. An increase in declination in the
northern hemisphere might indicate that the

field lines are being pushed ahead of plasma
advancing from the east. As the magnitude
drops, the inclination increases, indicating that
the field lines are heing stretched outward, in-
flated by the intruding charged particles.

4. Electrons. 'The increases in electron flux
are all delayed, and the 10-kev electrons initially
decrease as the protons rise. Such delay is in
disagreement with the movement of all particles
from the east by strong electric fields. If elec-
trons were accelerated with the protons, they
would drift west under the influence of suffi-
ciently strong electric fields and arrive with
the protons. Electrons from 10-550 kev have
started to rise by 0649 UT. The simultaneous
arrival of 98- and 180-kev protons and the
delay from 0620 to 0650 UT, between the first
peak in arrival of 100-kev protons and the first

peak in 300-kev electrons, could be explained

by proton and electron acceleration less than
10° east of the satellite, rapid proton arrival,
and delay in electron arrival because of a 30-
minute V|B| drift time around the earth. Un-
fortunately, peaks in arrival of 450- and 550-kev
electrons can be observed at about the same
time; they should occur earlier, corresponding
to a more rapid drift for these particles.

It may be that the acceleration of the 300-
kev electrons took place with the protons, and
the higher energy electrons followed somewhat
later. The flux of higher energy electrons
(I > 450 kev) continues to increase from 0700
to 0800 UT, suggesting a continuing electron
acceleration mechanism. After the three strong
pulsations in magnetic field and proton flux
between 0630 and 0650 UT, the correlation
between proton and field fluctuations is less
impressive, The field pulsations continue, some-
what lower in amplitude and with shorter pe-
riods, from 0650 to 0710 UT. In this interval
the electrons of energy greater than 300 kev
exhibit pulsations of the same type as the
protons in the preceding interval. When the
electron flux increases, |B| decreases. At this
time the electron flux (E > 800 kev) has in-
creased above 10° particles em™ sec™, but the
observed electron energy density is still not
sufficient to produce a significant portion of the
field decrease. Again, between 0740 and 0800
UT, there are large field pulsations, and this
time even the electrons J (>1000 kev) show

related large ﬁuctuatlons
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5. HM waves. We have attempted to ex-
plain the related particle and field fluctuations
in terms of diamagnetic field depression by
drifting clumps of protons or electrons. Waves
propagating along the field lines in the acoustic
mod= also show this inverse relation between
particle flux and field fluctuation [MacDonald,
1961; Judge and Coleman, 1962]. Both proton

~and electron increases would accompany field

decreases. These pulsations might be evidence
of a resonant oscillation, a standing P wave of
the type described by MacDonald. Although he
estimates the periods of such waves as many
hours, it may be that, during such a violent
substorm, physical properties of the magneto-
sphere are altered enough to shorten the period
considerably. »

Even if the fluctuations are not caused by
hydromagnetic wave propagation past the satel-
lite, they should be a source of HM waves with
pulsations of field magnitude and direction
propagating in various HM modes away from
the source. A wave propagating along the field
line, in the Alfvén or the acoustic mode, at
L = 5 (approximately 1400 local time and 0700
UT) should reach the earth in northern Russia
with little geometric or ionospheric attenuation.
At Yakutsk, the closest observatory for which
we have data, a 200-gamma positive bay in H
starts abruptly at 0635 and recovers at 0710
UT. Within this bay there are three irregular
pulsations of magnitude 30-40 v, but they do
not correspond in period or phase to those seen

- in the satellite record. The Yakutsk records and

those of other high-latitude stations frequently
register 10- to 20-y pulsations with periods of
3-6 minutes.

6. Convection. We have discarded the pos-

sibility of particle movement from lower levels

of the magnetosphere; movement of particles
from higher levels must be considered. The
convection models of Dungey [1961] and of

Azford and Hines [1961] describe motion of

low-energy plasma from the geomagnetic tail
to the outer layers of the inner magnetosphere.

As they move inward to regions of higher field

intensity, the convected particles are energized,
and, assuming a tail-field strength of 20 gammas,
they could gain a factor of 10 in energy in
moving to L = 5 where the field is 200 y. The
main convection pattern carries particles up
the tail near the midnight meridian and around

the earth on the dawn side. More energetic
particles may escape the convective flow by
V|B| drift as they move into regions of stronger
field, protons drifting west and electrons east.
The main-phase depression, developing since
0200 UT, could be due to this convection proc-
ess, with protons and electrons of lower energy
carried deeper into the magnetosphere. The
observed particles might be the high-energy
tail of the spectrum of convected, and ener-
gized, particles.

The sudden increase in protons and several
other factors of the particle event appear not
to fit this hypothesis. If the observed par-
ticles were part of the gradual inflation that
began near 0200 UT, then a gradual increase
in flux would be expected as the satellite moved
to higher L values. However, increases in the
polar-cap current system, as observed near 0620
UT, are often interpreted as evidence of en-
hancement of the magnetosphere convection
pattern. A sudden increase in particle flux might
be expected in this case. Proton drift west and
electron drift east from the midnight meridian
to the satellite would be indicated. Still present
are many of the problems discussed previously:
simultaneous arrival of protons with a range of
energies, late arrival of high-energy electrons, -
simultaneous peaks in proton and electron flux.
None of these features would result from V|B]
drift of particles from the midnight meridian.
It appears to us that a single, simple mechanism
cannot explain all of the features of this com-
plex event.

A final speculation is offered to resolve some
of the conflicts mentioned above. Convection of
particles into the inner magnetosphere is respon-
sible for the main phase inflation. Beginning at

© 0200 UT low-energy particles (E < 100 kev)

have been carried in to L = 3. The increase in
low-energy (10-100 kev) electrons at 0440 UT
(L = 3.7) is evidence of this econvection and
subsequent eastward electron drift. As Explorer
26 moved out to apogee, the low-energy protons
were approaching from the east. These newly
injected particles contained little or no measur-
able flux of energy greater than 100 kev at this
time. At 0612 UT an instability (perhaps an
interchange instability) developed in the drift-
ing ring current particles [Rosenbluth and

Longmire, 1957; Sonnerup and Lair., 1963].

The instability, or other effects related to it,
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eansed the substorm and also the acceleration
of hoth protons and electrons, but since the
satellite was on the western edge of the in-
stability, the accclerated protons appeared at
once, and the eleetrons (£ > 300 kev) ap-
peared after drifting eastward. Acceleration of
higher energy clectrons (£ > 450 kev) is
caused by a different mechanism and may be
related to the pulsations thatsstart after 0630
UT. Therefore, the fluxes of the higher energy
electrons continue to grow from 0640 to 0750
UT. The flucluations in particle flux and in
magnetic field may have been due to oscillations
in the instability. The event not only accel-
crated some of the newly injected protens but
caused a loss of some that were present before
the storm (the decrease of protons B > 345 kev
suggests this).

CoNCLUSIONS

Associated with the main and recovery phases
of the magnetic storm of April 17-18, 1965,
there is an adiabatic decrease and recovery of
proton fluxes of energies 100-180 kev and of
electrons of energies 300-500 kev in the region
L = 3 to 5. Within this adiahatic event there is,
in the interval 0600-0800 UT, a polar sub-
storm, auroral event that coincides with a large,
abrupt increase in fluxes of protons and elec-
trons in most energy ranges observed. We
identify this as an example of a nonadis’ atic
acceleration process that may be responzible
~ for previously observed large increases in fluxes
of outer-zone particles.

In any explanation of the event the following
features must be considered:

1. Near simultaneous increase in protons of
energies between 100 and 300 kev.

2. Delay before increase in 300-kev electrons.

3. Relation between increases in particle

flux and decreases in field magnitude.

4. Close time relation between the magnetic

bay at College, Alaska, and ‘the particle :

and field event at the satellite.

The most plausible explanaﬁon to us', is that
the particles responsible for the main- phase

were convected into the magnetosphere and.

were energized in the process. The growth of the
low-energy inflation caused adiabatic changes in
particle flux (E > 100 kev). An instability due

to the inflation was accompanied by a polar
substorm and acceleration of particles, causing
an inerease in electrons and in protons of ener-
gies between 100 and 300 kev. Since the satel-
lite was near the western edge of the event, the
accelerated protons in the above energy range
arrived together and almost immediately, while
electrons near 300 kev in energy drifted east
and arrived after a 30-minute delay. The higher
energy cleetrons were accelerated, and the
higher energy protons (B > 345 kev) were
lost by other mechanisms. Early in the event
the increased proton flux (£ > 100 kev) con-
tributed to a diamagnetic decrease in magnetic
field strength. Later, related fluctuations in
magnetic field and in both protons and elec-
trons may he evidence of a hydromagnetic
oscillation. The instability near the equator at
L = 5 is reflected at the feet of the lines of
force as a polar substorm.
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Comparison of the Electron Response in the Magnetosphere at L = 5 with the
Solar Wind during the April 17-18, 1965, Magnetic Storm
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Recently published data by Gosling et al.
[1967] show the temporal changes in the solar
wind parameters during the large magnetic
storm of April 17-18, 1965. Since the mecha-
nism for the coupling of the solar wind energy
to the particle population in the interior of the
magnetosphere is of interest, we believe a quali-
tative comparison of the temporal behavior of
the solar wind with the outer-belt electron re-
sponse of the magnetosphere during this mag-
netie storm period is of value.

The Explorer 26 satellite was fortuitously lo-

cated at its apogee of about 5 R; during the

‘initial period of large magnetospheric particle

increases on April 18. The local time at apogee
was 1340 hours. For the temporal comparisons
of the magnetosphere before and during the
storm, we will use the detector channel E;(E,
> 0.3 Mev) in the Bell Laboratories experiment
onboard Explorer 26. Data from this channel
at the beginning of the storm have been dis-
cussed previously elsewhere [Roberts and
Brown, 1966; Vette and Lucero, 1967].

The sun was very quiet before April 16 (day
106) on which day the solar flare index in-
creased to a value of 450. The magnetic index K,
inereased suddenly to 4 on April 17 {day 107)
and further increased to 8" during the early part
of April 18. Figure 1 shows the 3-hour average
magnetic index Kp for days 104-110, 1965. Also
shown in the figure are the solar wind proton
velocity and temperature for this period as re-

ported by Gosling et al. from the Vela 2A Satel-

lite, Shown at the top of the figure is the median

counting rate in the BTL detcctor at L = § Rs.
From the figure it can be seen that after about

1200 hours on day 107, the Kp index increased

suddenly with the onset of the sudden com-
“mencement of the magnetic storm (1312 UT,

day 107). This increase in Kp is seen to corre-
late with the change in character of the solar

wind velocity and temperature as observed on
Vela 2A. The solar wind measurements indi-
cate that the proton velocity and temperature
reached a plateau around 2400 hours on day
107, at about the same time that Kp leveled
off and dropped to 2.

Kp again increased on day 108 and reached
its maximum value in the 3-hour interval be-
tween 0600 and 0900 hours. The solar wind
proton parameters, however, were just begin-
ning to show another increase in the 0900- to
1200-hour period. In both of these observed Kp
increases, Kp reached its maximum value before
the solar wind parameters reached their peak.

The outer-belt dayside Explorer 26 electrons
(E, > 0.3 Mev), as shown at the top of the
figure, do not respond to either the changed
solar wind conditions or the changed terrestrial
magnetic field conditions as expressed by Kp
until about 0630 on day 108. This is some 12
hours after the initial Kp increases and solar
wind changes, during a calm solar wind period.
The figure also shows that there was an order
of magnitude depopulation of the L = 5 elec-
trons observed at about 0600 hours on day 108
before the particle increase was seen, The satel-
lite was at L = 5 at 0054 hours on day 108 on
the previous orbit. The depopulation occurred
between these two observation times during
the morning hours. ,

The initial rapid particle increases at L = 5
were observed by Explorer 26. The counting rate
of approximately 5 X 10* electrons/1.43 sec-
onds at about 0630 on day 108 corresponds to

‘the median initial increased electron flux as
observed at L = 5 before the satellite began

its transit into perigee. =

The figure indicates that on the next orbit
the L = 5 electron rate was observed to be only
about 8 X 10° electrons/1.43 scconds. On suc-
cessive passes the electron flux slowly increased
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to a maximum during day 109. The flux then
began an approximate exponential decay last-
ing about one day. The flux again inereased and
began another decay during day 110.

The large electron flux changes that were ob-
served during the April storm at L = 5 appear
to have two separate features. First, the rapid
electron increase observed at about 0630 oc-
curred near the onset of an intense polar sub-
storm. This particle increase and magneto-
spheric activity began some 12 hours after
the initial solar wind changes and the magnetic
storm’s sudden commencement caused by the
interaction of the solar wind with the magneto-
sphere. These electrons observed during the
initial flux increase appear to have been lost
within about 4 hours. Second, the slower flux
increase during day 108 to the maximum on
day 109 is typical of outer-belt electron in-
creases during a magnetic storm. This type of
flux increase has been termed a ‘rapid nonadia-
batic aceceleration’ by Mcllwain [1966]. The
12-hour time delay between the solar-wind-
induced sudden commencement and the mag-
netospheric electron response is strikingly dif-
ferent from the time response of the electron
flux increases observed during the mangetic
storm accompanying the solar proton event of
February 5, 1965. The nonadiabatic acceleration
of L == 5 electrons in that storm was observed

‘to begin simultancously with the sudden com-

mencement [Lanzerotti, 1967].

Recent satellite measurements of the geomag-
netic tail field have shown that there is a posi-
tive correlation of an increased tail field strength
with Kp [Behannon and Ness, 1966]. The same
work interprets positive correlations of the tail
field strength with the worldwide horizontal

component of the surface field as being due to

a large-scale compression of the entire magneto-
sphere including the tail. Anticorrelation of the
same two phenomena is interpreted as being
due to an increased number of lines of force
being carried into the tail by an enhanced
plasma flow. e
Low-latitude, earth-based magnetometers
showed an increase in the H component of the
field at the sudden commencement of the April
1965 storm [Cahill, 1966]. These observations
correlate with the increase of Kp and suggest
a compression of the magnetosphere by the

solar wind plasma. During this initial compres-

sion stage no increase in the L = 5 electron
flux was observed. The main phase decrease in
field began during the early morning hours of
day 108, the same time interval that the de-
population at L = 5 occurred. This depopula-
tion could be interpreted as a loss of particles
to the tail as they longitudinally drifted around
the earth. Williams [1967] also obgerved this
type of depopulation at L = 5 at high latitudes
during this storm.

During the initial part of the main phase of
the storm, the H component of the field indi-
cates that more nightside field lines are drawn
out to the tail region. The initial rapid increase
in the L = 5 electron rate at 0630 could then
occur while the nightside L = 5 ficld lines were
drawn out to the tail. The rapid particle increase
could then be due to a nonadiabatic particle
injection process from the tail region. An in-
jection process would be in contradistinetion to
the nonadiabatic aceeleration process that acted
upon the electron population for about a day
during the storm main phase and the ring cur-
rent development.

Axford et al. [1965] have discussed an inter-
action between the solar wind and the magneto-
tail, resulting in an energy storage in the mag-
nctotail, The energy storage could take place
during the compression of the magnetosphere.
The L = 5 elcetron inercases obscrved during
this storm could then be due to a transfer of
the energy from the tail to the interior of the
magnetosphere, with a time constant of about
12 hours associated with the energy storage
and transfer mechanism. Any theory for the
coupling of the solar wind to the outer-belt
magnetosphere particles must concern itself with
the apparent 12-hour time delay between the
solar wind changes and the L = 5 electron
changes that were observed in this magnetie
storm. :
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CHAPTER 8

Outer-Zone Electrons and the Interplanetary Magnetic Fields During Two
Geomagnetic Stomm' N
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Many experimental correlation studies have
been conducted in an attempt to understand the
relationships between the interplanetary me-
dium and geophysical disturbances. These cor-
relations have been carried out in order to
understand the mechanisms by which the solar
wind plasma and magnetic fields couple with
the earth’s magnetosphere to produce the ob-
served variations in various geophysical indices,
both during quiet and storm times. The solar
wind plasma is probably the primary source of
energy that drives the processes producing the
geophysical disturbances. Among the first to
correlate the plasma particle properties with
geophysical disturbances were Snyder et al.
[1963], who found a correlation between the
solar wind velocity and the daily sum of Kp.

Recently, correlations between the interplane-

tary magnetic field and Kp have been discussed

in studies examining the coupling mechanisms

between the solar wind and the magnetosphere.

The strength of the measured interplanetary
field has been found to correlate with Kp by
Wilcor et al. [1967], and by Schatten and Wil-
cox [1967]. Wilcox et al. [1967] and Rostoker
and Fialthammar [1967] have also shown that
geomagnetic activity is stronger when there is
a southward component to the interplanetary
field. Fairfield [1967] has correlated IMP 2
magnetic field data with the auroral electrojet
index AE and also concludes that a southward
field is associated with disturbed geomagnetic
conditions. : »

Ballif et al. [1967], in examining the mag-
netic field data from the first months of flight
of Mariner 4, obtain a strong correlation be-

tween the fluctuations in the interplanetary field

in the plane normal to the earth-sun line and
variations in Kp. Ballif and Jones [1967] sub-

“sequentily discuss these observations in detail

for two sudden commencement (sc) storms on

January 20 (day 20), and February 6 (day 37),

1965, and construct a qualitative model of the
magnetic properties of solar streams. Their solar
stream model consists of a core of high, uniform
magnetic field surrounded by an asymmetric
region of fluctuating fields. This solar stream
model is used in discussing geomagnetic varia-
bility, in terms of Kp, as the earth passes
through such a solar stream.

It is extremely useful to investigate these
correlations between the interplanetary fields
and Kp, as this gives some measure of the
solar-wind-energy coupling necessary to drive
the ionospheric currents that produce the rela-
tively high latitude variations measured by Kp.
However, another manisfestation of geomagnetic
storm times is the sudden, nonadiabatic in-
creases in the electron population of the outer
radiation belt [Freeman, 1964; Frank et al.,
1964; Williams and Smith, 1965]. It is also, of
course, the coupling of the solar wind to the
magnetosphere during storm times that pro-
duces the sudden increases of these outer-zone
electrons. A rough correlation between the solar-
wind plasma and the L = 5 electron flux has
been discussed by Lanzerotti [1968a] for the
April 18, 1965, geomagnetic storm.

It is the purpose of this note to discuss the
connection between the interplanetary magnetic
field data of Ballif et al. [1967], and the outer-
zone electron flux changes during the January
20 and February 6 sudden commencement
storms. A correlation between the magnitude of
the southward interplanetary field component
and the observed time of the nonadiabatic elec-
tron increases after the sc is discussed. Also
evidenced is an apparent correlation between
the persistence of the large southward com-
ponent after the electron increases and the
strength of the geomagnetic storm. No- con-
sistent correlation is found between the outer- -
zone electron increases during the two storms



and the position of the earth in the solar stream
model constructed by Ballif and Jones.

INTERPLANETARY MAGNETIC FIELD AND
Ourer-ZoNE ELECTRON DATa

The electron data used in the following dis-
cussion were obtained form the Z, > 300-kev
clectron channel on board the near-equatorial
Explorer 26 satellite. The data that are pre-
sented during the storm times at L = 4.5 R,
and L = 5.0 Ry are the mean of the electron
data measured by the experiment as the satellite

passed through L = 0.05 Re. A further discus;

sion of the experiment is contained in Lanzerott:
[1968b].

The interplanctary magnetic field data are
those contained in Figure 1 of Ballif and Jones
[1967]. Here are plotted three components of
the magnetic field: Br being the interplanetary
field component parallel to the earth’s orbit; Bx
being the component parallel to the sun-satellite
line and positive outward; and By being the
component in the direction of B X T. The total
field strength B is also included. During the
two storms, the earth was between the sun and
Mariner 4, and the earth-sun-satellite angle was
less than 3°. The time lags between observa-
tions as seen at the earth and as seen at Mariner
4 have been discussed in Ballif et al. [1967], and
their time lags are used here for both storms.

The January 20, 1965, geomagnetic storm
sudden commencement occurred at 1612 UT
and was observed as an s¢ by 49 stations [Lin-
coln, 1965], The February 6, 1965, gecmagnetic
storm sudden commencement occurred at 1414
UT and was reported as an sc by 64 stations
[Lincoln, 19657, This Iatter storm was undoubt-
edly caused by the enhanced solar-wind plasma
accompanying the solar proton event observed
on February 5 from an importance 2 solar flare
[IQSY Notes, 1965; Krzngzs and Van Allen,
19671].

Figure 1 contains the time history of the

E, > 300-kev electron fluxes at L = 4.5 and
5.0 during the time of the January 20 sudden

commencement storm. Plotted in the center of
the figzure are the Kp index and D,, (M.
- Sugiura and S. Hendricks, personal 'com-
- munication, 1967) for this time period. At the
~ bottom of the figure is the interplanetary mag-
netic field data obtained from Figure 1 in
Ballif and Jones. The dates at the bottom of

DAY, 1965 U.T.
20 21 22. 23 24 ; 25
- i “.'...'o'.’o.’:
'S a8 . 4
8 107F . ° o E
» - e ©00°90 4 0 %00, o -
(%4 B =] ooo a
© 5 o
(7] = N -
NE ° |
K ;.0‘.' ot
* ®e ® e1L=50 |
4 - 3
g {0 . B
b - olL=4.5 3
.L_) - o . 0 ]
- - o o0 %0 7
w bo o N
° o
|°3 ' i 1 ) 1
20
= 0'/A\Ap\mdﬂﬂ~\ R AN zbadill
2 A VT
a' -20 h
-40 .
8
6
xo' 4q v
(2)— 1 1 ] 1 ..-..-rrrL |
20 21 22 23 24 25
JANUARY , 1965
sF T T T T T 3
at !
a M
Br _4_W\V UVUV\/J\JVV\JW‘V\
-8F 1
>
o b 1 She—2 a3 ——s]
a sl
w
> B 0 #N»WMNNVM”"
’°<_‘ N g V\/ W
i -8r
2
- &
ot 8
& 4 /\/w\ ]
W rl/ﬁh\;4(j ‘J\/N\l/1f\ A b nLosad]
= B o] Wy AN
Z TR 4t 1
-8
12} WV
sl »f
4 qmw
B 20 ﬂ

JANUARY I965

Fig. 1. Electron fluxes (E, > 3800 kev) at
L = 45 and 50, D¢, and Kp for the time period
around the January 20,-1965, sudden commence-
ment geomagnetic storm. Plotted at the bottom
of the figure is the interplanetary magnetic field

data as extracted from Figure 1 of Ballif and

Jones [1967]. The time delay between the earth-
based data and the Mariner 4 data is discussed
in Ballif et al. [1967].
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Fig. 2. Eleciron fluxes (F. > 300 kev) at
L = 45 and 50, D, and Kp for the time period
around the February 6, 1967, sudden commence-
ment. geomagnetic storm. Plotted at the bottom
of the figure is the interplanetary magnetic field
data as extracted from Figure 1 of Ballif and
Jones [1967]. The time delay between the earth-
based data and the Mariner 4 data is discussed
in Ballif et al. [1967].

the interplanetary field data are the dates the

data were recorded at the satellite. The data
are adjusted for the time delay, as discussed in

Ballif et al. [1967], in the comparison in Figure -

1 of this note. The intervals 1-3 on the magnetic

field plot are those ascribed by Ballif and Jones
to the passage of the earth through the increas-
ing and fluctuating field (interval 1, se¢ and high
Kp), passage through the high value but stable
interplanetary field (interval 2, low Kp), and
passage through the decreasing and large-ampli-
tude fluctuating interplanetary field (interval 3,
high and decreasing Kp).

From the Figure 1 plot of D,,, it can be secn
that although there was a dip in D,, on about
day 21.1, there was no long period of negative
D,, until after about day 22.25. This period of
negative, fluctuating D, could perhaps be due
to the development of a weak ring current.
However, it is obvious that the storm, as meas-
ured by the equatorial D,,, was not very large
and had almost no distinguishable main phase.

The nonadiabatic electron increases began at
about day 22.35 for both L values. This was
about 1.7 days after the sc and only about 0.1
day after the onset of the long period of slightly
negative D,, values and the second Kp peak at
about day 22.25. The electron fluxes at both L
values reached half their peak values on day
22.6, about 0.35 days after the beginning of the
negative D,, values. The nonadiabatic increases
in the electron fluxes and the weak ‘main phase’
occurred mnear the beginning of solar stream
period 3 as denoted by Ballif and Jones.

‘The electron data for the same L values for
the time period around the February 6 geo-
magnetic storm are shown in Figure 2, along
with D,;, Kp, and the interplanetary magnetic
field data. The breaks in the magnetic field
curves correspond to missing data. It is seen
that the main phase of the storm began about
0.5 days after the sc. Although the L = 5
electron data began to increase first, immedi-
ately after the sc, the electron fluxes at both L
values reached half their peak values at the
same time, about day 38.4 or 0.3 days after
the beginning of the main phase. The begin-
ning of the main phase and the particle in-
creases both occurred in solar stream interval 1
as denoted by Ballif and Jones.

The summary of the above electron time
observations for both of these storms is con-
tained in Table 1. During the larger (Feb-
ruary 6) storm, the nonadiabatic electron in-
creases occurred sooner. However, as stated
above, electron increases during the February 6
storm occurred during Ballif-Jones interval 1
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TABLE 1. Electron Response Times during
the Two Geomagnetic Storms

Time after se
for Electrons to
Max. Reach Half-Peals

Storm Dy, v Values, days
January 20, 1965 15 Y-
February 6, 1965 55 0.8 £0.05

and during the January 20 storm during inter-
val 3

DiscussionN

Close inspection of the data presented in Fig-
ures 1 and 2 shows that a correlation may be
observed betwecn the particle data and By.
The most intense southward By valuc observed
during each storm was about 10 y and was
measured at approximately the time when the
clectron fluxes in each storm reached about
half their ultimatle peak values (Figures 1 and
2). This value of By in each storm was 3-4 y
larger than any other value of By measured
during the storms.

A further interesting observation ecan be made
between the storm magnitude, as measured by
D,,, and the persistence of the large southward
field component. If a temporal point of refer-
ence is taken as the time of half-maximum of
the electron increases (corresponding to about
the time of maximum southward By), then
_Table 2 indicates that for a larger storm there
is a longer period of large southward mter-
planetary field component By. A large south-
ward interplanetary field By was defined arbi-
trarily as a field By > 8 vy from Figures 1 and
2. Perhaps this observation explains why almost
no main phase developed during the January

storm: By never became large enough to initiate

any substantial (as measured by the particle
~ fluxes and D,;) ‘reconnection’ to the magneto-
spheric field until long after the sudden com-
mencement. Furthermore, any reconnection at
the time of the electron increases was appar-
ently short-lived. Both of the above observa-
tions must be tempered by the fact that there
are gaps in the Februzu‘y interplanetary field
data.

As was discussed in the introduction, other

authors have investigated the correlation of a

southward component of the interplanetary field
with K. It appears from the observations noted
above that it is necessary to have a southward
mterplanetary field of sufficient magnitude (ap-
parently > 8 v in these two cases) to initiate the
solar-wind coupling necessary to produce the
nonadiabatic outer-zone electron increases. The
strength of the storm is then dependent upon
the persistence of this large southward value of
By. This eritical magnitude of By would prob-
ably be seasonally dependent upon the tilt of
the magnetic dipole of the earth and would be
an interesting quantity to investigate in further
field and electron data.

A recent theoretical study of the effects of the
interplanetary field on the energy of geomag-
netic - disturbances has been carried out by
Maguire and Carovillano [1968]. These authors
have concluded independently from their theo-
retical arguments that magnetosphere particle
energization is potentially the greatest when the
interplanetary field is southward-directed.

Figures 1 and 2 show that the electron in-
creases during each storm took place in a time
interval of fluctuating interplanetary Br, rather
than in the central interval of quiet but in-
tense interplanetary field: Other than this ob-
servation, there are no additional obvious time
correlations between the time intervals of the
Ballif-Jones solar stream model, based upon
fluctuations of Br, and the times or magnitudes
of the observed storm main phases and non-
adiabatic increases of the outer-zone electrons.

The solar stream model is based upon the ob-
served correlation of Kp with the fluctuations
in Byr. In these two storms the correlation of Kp
with the outer-zone electron population and
with D;, is not very good. Hence, it would be
expected that the electron and D,, observations

&

TABLE 2. Magnetic Storm Size as a Function
of the Large Southward Interplanetary Tield

Component
Days
after Electron
: - Max. Dy, " Inereases
Storm vy By > 8«
~ January 20,1965 15 0.1 % 0.05
February 6, 1965 55 0.440.1
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would not be related easily to the position of
the earth in the proposed solar stream model.
In conclusion, the relationship between the
nonadiabatie inercases of the outer-zone elee-
trons and the coupling of the interplanctary
magnetic field with the magnetosphere is ecer-
tainly very complex. The electron inereases ob-
served during the January 20 and February 6
storms had quite different time characteristics
and did not correlate with a fixed temporal posi-
tion of the earth in the solar stream model pro-
posed by Ballif and Jones. While no correla-
tions of the electron increases or the size of the
storm main phase were observed with By,
approximate correlations of the time of the
maximum southward By with the time of the
electron increases were observed. During these
two storms, the southward By field apparently
had to have a critical magnitude to produce the
coupling necessary to initiate the large non-
adiabatic storm-time electron increases. Also, it
was seen that the strength of the storm, meas-
ured by maximum D,,, was dependent on the
length of time that the southward By was large

after the electron increases and the main phase -

began.

Acknowledgment. The author wishes to thank
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CHAPTER 9
Outer zone electron fluxes

during the February 5, 1965, solar proton event

N

by L. J. LANZEROTTI,

Bell Telephone Laboratories, Incorporated,
Murray Hill, New Jersey.

ABSTRACT. — The solar wind plasina accompanying the solar proton event on Day 36, 1965, produced a sudden commencement
magnetic storm observed on earth on Day 37, 1965. The effects of the magnetic storm on the low latitude outer belt
electrons (E, > 0.3, > 0.45and > 1.0 MeV) as observed by the Explorer 26 satellite are studied at L = 4.0,4,5 and
5.0 Rg. . The time delay between the sudden commencement and the effects of the storm on:the magnetosphere electrons
is observed to be a function of both the electron L value and the electron energy. ~The storm is observed essentially simul-
taneously with the S.C. at L = 5.0 Ry for E, > 0.3 MeV, while there is about a 30 hours time lag between the S.C. and
the enhanced fluxes of electrons of E, > 1.0 MeV at L = 4.0 Rg. The time behaviour of the electron fluxes is correlated
with the magnetic field index K,, with the equatorial D ,, and with the auroral electrojet index Ag.  The électron accele-
ration mechanism and the electron time correlations with other storm-induced effects are discussed in relationship to
possible energy transfer mechanisms coupling the enhanced solar wind to the interior of the magnetosphere. -




INTRODUCTION

Many theories have been discussed and published
[e.g., AxFOrRD and HiNes, 1961 ; PARKER, 1962 ;
PIDDINGTON, 1966 ; DEessLER and WALTERS, 1964 ;
DeEssLer and MICHEL, 1966 ; AXFORD, et al., 1965 ;
CoLE, 1966] which attempt to understand and explain
terrestrial geomagnetic storms and their effects
on the particle populations in the earth’s radiation
belts. The direct cause of geomagnetic storms is
generally accepted to be the interaction of an enhanced
solar wind plasma cloud with the magnetosphere.
The process by which the energy in the solar wind
is- transferred to the magnetosphere plasma and
particle population is still incompletely understood.

The electron population in the outer radiation
belt often undergoes large flux changes on both
a long-term and short-term time scale. Some more
recent discussions of the outer belt electron popu-
lation have been presented by ARENs, 8 al., 1967;
LANZEROTTI, et al., 1967; WILLIAMS, 1966; FRANK,
1965 a, b; McILwWAIN, 1966; CRAVEN, 1966. The
experimental observations show that during large
geomagnetic storms the electron fluxes undergo
large, sudden increases. The terrestrial geomagnetic
storm produced by the enhanced solar wind resulting
from the February 5, 1965, importance 2 solar flare
was not unusual in most respects. However, it
appears that the outer belt electron time response
was qualitatively different in some aspects than the
electron response during a storm in April, 1965.
In order to obtain a better understanding of the
processes which are operative on outer belt electrons
during a magnetic storm, detailed studies of individual
storms are necessary. This paper attempts to corre-
late various terrestrial geophysical phenomena arising
from the solar flare with the changes observed by the
Explor:r 26 satellite in the magnetosphere outer-belt
near-equatorial electron ‘population.

EXPERIMENT

The Explorer 26 satellite was launched on Decem-
ber 21, 1964, with an inclination of 20°, an orbital
period of about 7-1/2 hours, an apogee of 26,000 km
and a perigee of 300 km. The satellite spin rate
during the period discussed in this paper was about
24 rpm.

The experiment that was flown on Explorer 26 was
~ designed to investigate the electron and proton
- particle populations in the trapped radiation belts.
The experiment consisted of six solid state partially
depleted p-n junction detectors [Buck,. et al., 1964].
By making use of the electron and proton energy
loss characteristics and by changing the thickness
of the detector active region by a change in detector
bias, it was possible to distinguish between electrons
and protons. . The detectors were encapsulated in

a nitrogen-oxygen environment at atmospheric pres-
sure and were covered by a 0.3 mil Kovar diaphragm.
Additional absorbers were used on individual detec-
tors to allow the detection of a wide range of particle
energies.

The three detectors whose electron flux observations
are considered in this paper were designated ES5,
E6 and El and had electron threshold energies
of 0.3 MeV, 0.45 MeV, and 1.0 MeV, respectively.
The E5 and E6 detectors were directional, were
perpendicular to the satellite spin axis, and were
operated in the high bias, or electron mode. The El
detector was omnidirectional, perpendicular to the
satellite spin axis, and was also operated in the
high bias mode. The contamination from protons,
except for a small pre-storm admixture in ES5 at
L = 4.0, was negligible. The geometrical factors
for ES, E6 and El were 1.5.10~3% cm? ster, 4.0.103
cm? ster, and 3.0.10~3 cm? ster, respectively.

The digital accumulation time for ome of the
detectors in its electron mode was 1.43 seconds.
Due to the spin rate of the satellite, the data from
E5 and E6 that is presented in the next section is
thus the spin-averaged electron flux from a direc-
tional detector. Since most of the ES and E6 data
points correspond to data taken with the . satellite
spin axis at an angle greater than 60° to the local
magnetic field, the spin averaged directional data is
equivalent to the omnidirectional flux to w1thm a
factor of approximately 1.5.

TIME HISTORY OF THE GEOMAGNETIC STORM

An importance 2 solar flare was observed in H,
to begin at 1750 U.T. and end about 2010 U.T.
on February 5, 1965. Polar cap absorption events
of small intensity were observed at some ground
stations beginning at various times after 1900 {IQSY
Notes, 1965]. The proton onset time for Ep>30 MeV
observed at Mariner IV (~3700 Rg from earth and
~9° from the antisolar direction) by KRIMIGIS and
VAN ALLEN [1967] was approximately 1840 U.T.
The three near-earth high latitude satellites 1963-38C
[BoSTROM, et al., 1967; WiLLiaMS and BOSTROM,
1967], 1964-45A [PAULIKAS, et al., 1966] and Injun 4
[KRIMIGIS and VAN ALLEN, 1967] were unable to
establish a precise onset time for protons in the
polar region. The first observation of protons
(E,~25 MeV) by 1963-38C was during a pass begin-
ning at 1914 U.T. February 5 [BosTROM, ef al., 1967].
A sudden commencement geomagnetic storm occur-
red some 20 hours after the flare, causing large
increases in the electron population observed by the
Explorer 26 satellite beyond L=40 Rg.

The spin-averaged electron fluxes (E.>0.3 MeV)
at L = 4.0, 4.5, and 5.0 Rg for the time period from
February 5, 1965 (Day 36), through February 11,
1965 (Day 42), are shown in Figure 1. Each data




DAY, 1965, U.T,

10.__3L137T39139]4o141]ﬁ__
ok .
‘I S:;ga‘:n :e;/ point corresponds to the median counting rate
2+ , ) . . observed by the E5 electron detector on Explorer 26
107 |- ' "t $ L=s0 — as the satellite made one pass through the region
ok o ] of space defined by L 4 0.05 Re. Multiple median
g, af- ¢ R data points at one time indicate that the data at that
&‘;’, 2k . 1z time was broken down into smaller averaging inter-
_ 00° L=45 2) vals. The data points correspond to Bo/B values
;\ ?10“: 050 ° JIR pu L - ranging from about 0.3 to 1.0. Except for the
E = e} I L = 4.0 pre-storm data, plots of the counting rate
a 4 « o Foqe versus Bo/B indicate a rate almost independent
B" 2+ . e of Bo/B. (The significance of this observation for
A S o8 the post-storm electron loss mechanism will be
é . e e Je - discussed elsewhere.) The pre-storm data for L = 4.0,
) 9 ¢ L o & L=40 s - E, > 0.3 MeV indicates that j(0.3 MeV, Bo/B) ~
{ : § A& an (Bo/B)®. All of the pre-storm L = 4.0 data has
L 5 2r- R . P been normalized to the equatorial L = 4.0 rates -
' d ok T etqes) (Bo/B=1).
e o oo a -6 Plotted below the electron data in Figure 1 are
_-J hd o 069,° 14 the hourly averaged D, values, the three hour avera-
2k : - ged magnetic index Kp, and the hourly averaged
05 - _ horizontal component magnetic field measured at
—AMAA ans’ . ground stations at College (64.87° N, 147.83° W)
\ °Fa a i and Honolulu (21.32° N, 158° W). The hourly
: averaged auroral electrojet index Ag is also shown
2L 4

for this time period {DAvis and SUGIURA, 1966;
104 i 1 L L 1 FAIRFIELD, . 1967] together with a gross time history
r of some of the solar flare induced phenomena.

— T T i { i i
% o A 7N The sudden commencement magnetic stormoccur-
;v'; -20} W . red at 1414 U.T., approximately 20 hours after the
-a0}- sc . solar flare was first observed. This time delay,
ol 1 _ together with the sun-earth distance, indicates a
N l _ solar wind velocity of about 2,000 km/sec. Kp showed

KP“WW an initial increase at the sudden commencement to

0 5~, a decrease to 2+ and a further increase beginning
after midnight, Day 38, U.T., to 6-. The immediate
\_M effect of the sudden commencement at College was

. P NN Abrd] a magnetic bay during the local morning hours of

I 507 AWA A Day 37. A large increase in the 4Ag index also occur-

1 HONOLULY, By , - red following the sudden commencement and slightly
before the College negative bay maximum. ’

The main phase: of the magnetic storm observed

IJ\\ =) A at Honolulu kzzan on Day 38, about the same time

1 , that College was observing a positive bay. A large

100 v COLLEGE, By negative bay at College began near 0700, while the
‘ Honolulu horizontal field was already near its mini-

mum value. - The initial time history of D, approxi-
1 I ' L. | L mately followed the Honolulu By trace. This was
1000 : : : | l 1 a moderate magnetic storm with a ring current Dy,
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began increasing about 0300 and reached its peak
value of 900y about 1300 U.T. on Day 38.

Plots of the data from the high latitude satellites
Injun 1V and 1963-38C [WiLLiaMs and BosTROM,
1967] show that after the initial peak in the low
energy solar flare proton rates, there were two broad
maxima. These maxima occurred temporally near
the sudden commencement increase in Kp and near
the second Kp increase on Day 38.

An importance 1 solar flare occurred at 1819 U.T.
on Day 38. No detectable increases in the solar
proton counting rates have been reported from this
flare. About 25 hours after the flare, Kp increased
sharply from 2° to 5° and D, showed an approxi-
mately 20y negative excursion. Coincident with
the Dy decrease was an increase in the A4y index.

The E,>0.3 MeV electron data in Figure | indi-
cates that an increase in the L = 5.0 electron flux was
first observed on Day 37.7. This increase in the
flux was during the first pass of Explorer 26 through
L = 5.0 after the sudden commencement. A process
to increase the electron flux had begun to act upon
the L = 5.0 electrons within about 2.5 hours after
the geomagnetic storm sudden commencement and
the initial increase in 4g. The E.>0.3 MeV electron

fluxes at L = 4.5 and 4.0 did not begin to increase
until after Days 37.8 and 38.2, respectively. Two
satellite passes of data are not available near the
beginning of Day 38, so a more precise onset time
cannot be placed on the increase of the L = 4.5
flux. It is noted from Figure 1 that the L = 4
electron flux underwent a small decrease on Day
38.2 before it began increasing and while the fluxes
at the other two L values were increasing.

The electron fluxes at the three L values reached
a temporary maxima at about Day 38.6. The
fluxes began to increase again on Day 39, but it will
be seen below that this increase was of a different
nature than that which occurred immediately after
ltI}e sudden commencement.

Median electron flux data for E,>0.45 MeV
and E,>1.0 MeV are shown in Figure 2. Only
the E,>0.45 MeV, L = 4.0 pre-storm data warrented
normalization to B,/B = 1. Again it can be seen
that the fluxes at L = 5.0 began to increase before
the L =4.5 or L =4.0 fluxes. There was also
a large (factor of 5) decrease in the L = 4.5, E,>1.0
MeV electron data before the flux increases. As
seen above for the E,>0.3 MeV data, the E,>0.45
MeV data also show temporary maxima in the elec-
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Electron fluxes for E,>045 MeV and E‘c>1.0 MeV during the period of February 5-11, 1965.
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tron rates for all L values at about Day 38.6. The
data for E,>1.0 MeV do not show this temporary
maximum as clearly for L = 4.0 and 4.5.

A pass-by-pass plot of the median data for E,>0.3

MeV during the time of the initial large flux increases
is shown in Figure 3. Also indicated in the figure

'°a__ T T T T- 7
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A Bo/B=t -
2l TIME PERIOD |

PASS DAYS

o
~

b o ®
T 17T
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Fie. 3

Pass-by-pass electron data (E,>0.3 MeV) during the period
of the large nonadiabatic flux increases. The arrows indicate
inbound and outbound passes of the satellite, The time
periods, in fractions of a day, indicate the time interval
taken to travel from L = 4to L =5 (outbound) or L= 135
to L = 4 (inbound).

is the time period encompassed by the individual
passes. - This Figure also confirms that the storm

effect was first observed at L =5 and observed

only later at the lower L values.

In order to obtain a better determination of the
outer belt electron response to the geomagnetic
storm - conditions, the response time delays after
the sudden commencement were plotted as functions
of L and E, in Figures 4 and 5, respectively. The
time delay in the figures is the time from the S.C.
to the time midway between the satellite pass that

84 37.77 -37827
2

3 37.64 -3769 -+

103} _ —

2 37.44-3749<«

.5 1 T T

e Ee > 0.3 MeVv
0 Ee > 0.45 Mev
4 Ea> 1.0 MeV

TIME AFTER S.C., DAYS
o
1
s —— )
1

Lod
(L]
T
]

0 | { : ]
4.0 4.5 5.0
L,Re '

Fi1G. 4

Magnetosphere electron time response after the sudden com-
mencement magnetic storm as a functxon of L.

first saw a flux increase and the immediately preceding
pass. The error bars correspond to one-half the
time interval between these two passes From
Figure 4, the relatlonshlp '

dL

tlg,
holds to a good approximation for the period after
the sudden commencement for all three energy
channels. Figure 5 indicates that the response
time after the sudden commencement versus electron
energy was observed to be

‘dE,

~ 1.5‘R5/da‘y

~ 2MeV/day

tip

. Hence, although the higher L values responded

to the storm first, the rate of acceleration of the
different energy electrons at each L appears to be
the same.

ADIABATIC EFFECTS

McILWAIN [1966], followmg a suggestlon by

 Desster and KARPLUS [1961], has shown with data

from Explorer 15 (L$4) that adiabatic acceleration
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mencement magnetic storm as a function of electron energy.

of electrons occurs via the betatron effect. The
electron flux changes observed following the Februa-
ry 6 magnetic storm were investigated following
Mcllwain’s treatment of his lower L value data.
Figure 6 shows the E.>0.3 MeV electron data for
L =40, 45 and 5.0. This is the same electron
data plotted in Figure 1, except that the exponential

electron flux decay following the storm induced
flux increases has been removed. Superimposed
upon the particle data is the D, data of Figure 1,
suitably normalized to the electron rates before
and after the large flux changes during Days 37
and 38. '

The exponential decay of the electron fluxes after
Day 39 was removed from the data in Figure 1 by
visually fitting a straight line to a semilog plot of the

. data versus time from about Day 39 to Day 54.

The time for these E,>0.3 MeV rates to decay by
1/e was determined to be 4.8 days, 5.2 days, and

. 6.1 days for L = 5.0, 4.5 and 4.0, respectively. These
measured lifetimes are comparable to the outerzone

decay rates measured at 1100 km (E,>0.280 MeV)
by WILLIAMS and SMITH [1965] during a magnetically
quiet period in October, 1964.

The changes that should be observed in the particle
intensities by the E5 detector due to ,quiet-day”’
ring currents (i.e., preceeding and following the
February 6 magnetic storm) were calculated following
McILwaIN [1966], with the exception that the B,/B
dependence of the electron rates was taken as a
power law rather than an exponential. However,
as pointed out above, the rates are approximately
independent of B,/B with the exception of the L = 4
pre-storm data. Figure 6 indicates, as Mcllwain
has shown with his data, that the temporal fluctuations
in the non-storm period electron rates correlate
closely with the changes in Dy, even on this more
expanded time scale. Note also that D, is plotted
on a linear scale while the electron fluxes are loga-
rithmic.

Figure 6 shows that the increases observed in
electron fluxes beginning with the Explorer 26 pass
on Day 39.2 are apparently caused by the recovery
of Dy, due to the decay of the storm-induced ring
current. ‘However, the solar wind from the Impt. 1
flare on Day 38 apparently induced another, smaller
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ring current (perhaps located beyond ~ 7Re) during
the end of Day 39. Unfortunately, no particle
observations are available during the onset of this
smaller ring current. However, the fluxes observed
during the pass on Day 40.2 and the following passes
follows the D,, recovery and subsequent fluctuations.
An examination of the other two electron energy
channels for these betatron acceleration effects
shows the same type of flux changes with D, as for
the £>-0.3 MeV electrons.

DiscussION

The outer belt electron data from Explorer 26
show that the effect of the solar flare induced geoma-
gnetic storm was first observed at L = 5, and only
later at lower L values. The large flux changes
caused by the storm are perhaps what MCcILWAIN
[1966] has termed ,,rapid nonadiabatic accelerations”’.

After removing the adiabatic effects and the persis-
tent decay from the data, as was done for the data
in Figure 6, it is seen that the nonadiabatic process
induced by the geomagnetic storm was observed
to end during the satellite pass on  approximately
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Duration of the nonadiabatic process as seen by E,>0 3MeV.
electrons, plotted as a function of L.

Day 38.6 for all three L values. The end of the
process as determined from the particle observations
corresponds very closely in time with the occurrence
of the seccnd peak observed in the College and
Honolulu magnetic field measurements and the
Ag index as observed on Day 38. The length. of
time that the nonadiabatic process acted at each
L value for the E,>0.3 MeV electrons is shown
in Figure 7. The error bars are essentially a measure
of the uncertainty in the onset time of the storm at
the given L value as discussed in connection with
Figures 4 and 5. It should be noted that this non-
adiabatic process ended about 1.5 hour before the
storm ring current, as measured by D, attained
its maximum value.

The nonadiabatic process was thus seen to begin

. essentially at, or close to, L =15 by the observed

increase in the E,>0.3 MeV electron fluxes. The
onset time for the process was approximately coinci-
dent with the sudden commencement magnetic
storm and large (500y) Ag increase and slightly
less than 1/2 day before the onset of the 60y decrease
in Dy. The process lasted for approximately 1.2
days and its effect was delayed by approximately 0.4
days and 0.7 days at L = 4.5 and 4.0, respectively.
A possible explanation of the observations is that
the nonadiabatic process was initiated by the sudden
commencement storm and was confined locally to
near I = 5 for about 1.2 days. The L = 5 electrons
then underwent an inward diffusion of about 1.5
Rg/day. FRrANK [1965 b] has reported observations
of inward diffusion of electrons (E.>1.6 MeV)
mainly for L<4.0. He found a diffusion rate of
~0.12 Rg/day for L = 4.0 and the rate ~L8 Cra-
VEN [1966] discusses inward radial diffusion of elec-
trons (E,>1.6 MeV) for low altitudes in the outer
radiation zone during the first half of 1963. He
finds a diffusion rate of ~0.2 Rg/day for L ~ 5Rg
and ~0.02 Rg/day for L ~ 4 Rg.

The rapidity, compared to Craven’s and Frank’s
diffusion rates, with which the storm was observed
at lower L’s after its first observation at L =5
appears to rule out the possibility that the electrons
were accelerated at L =5 and radially diffused to
the lower L values. In addition, if diffusion were
the predominate mechanism for the enhancement
of the lower L electron fluxes during the storm it
would be expected that the peak flux at lower L’s
would occur at later times, rather than approximately
simultaneously as they apparently did.

A more probable explanation of the process obser-
ved during the magnetic storm is that a nonadiabatic
mechanism 'was initiated by the geomagnetic storm
near L =15. The mechanism- was apparently an
acceleration process which ,diffused”’ to lower L
values at a rate of ~ 1.5 Rg/day. The acceleration
appears to have been turned off simultaneously
at all L values. Figure 7 appears to confirm this
in that an extrapolation of the data to lower L values
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would indicate that no disturbance should be observed
near L = 3.5. Indeed, an examination of the Explo-
rer 26 data at L = 3.5 shows no electron enhancement
above a temporally constant proton population
in the “slot’ region.

This nonadiabatic mechanism may also “diffuse”’
to higher L values, although the Explorer 26 orbit
did not allow higher L observations during this time
interval. However, a magnetic storm that occurred
on Day 63, 1965, was observed by Explorer 26 appa-
rently to increase primarily the L = 4.0 electron
flux, and was not seen as strongly at L =15, This
observation, if correct, would tend to indicate a
process ,,diffusing”’ to higher L values, also. The
time delays associated with the E,>0.45 MeV and
E,>1.0 MeV electrons (Fig. 5) is probably due to the
process requiring more time in order to accelerate
electrons to the higher energies, rather than an
inward diffusion of the higher energy electrons in
a fraction of a day.

The cause of the: initiation of the nonadiabatic
flux increasing process is unknown. The process
was observed to begin almost simultaneously with
the sudden commencement geomagnetic storm. This
is in contrast to the magnetic storm of April 18, 1965,
where it was observed that the first particle increases
were not seen until about 12 hours after the sudden
commencement [LANZEROTTI, 1967]. - The speculation
was made in connection with the April storm that
a time delay was needed between the interaction
of the solar wind with the magnetosphere and geoma-
gnetic tail before energy stored in the tail could be
transferred . to the interior of the magnetosphere
[AXFORD, et al., 1965]. . There was almost no time
delay in the magnetosphere response to the magnetic
storm associated with the Febrnary 5 solar proton
event. Perhaps the almost immediate access of the

higher energy solar protons. to the magnetosphere
at the time of the sudden commencement [as pointed
out above from the report of WiLLIAMS and BOSTROM,
1967] somehow initiated the immediate energy
release from the magnetotail to the interior of the
magnetosphere. KRIMIGIS, et al., [1967] have recently
shown conclusively that solar protons have full and
essentially immediate access from interplanetary
space to the polar cap.

The increase in Ag that occurred with the sudden
commencement on February 6 was about 2.3 times
larger than the sudden commencement Ag increase
observed on April 17, 1965, at the start of that magne-
tic storm. It is possible that the lower energy solar
protons, incident directly on the polar cap, signifi-
cantly contributed to increasing the intensity of the
polar currents. These intensified currents could
then cause or contribute to the almost immediate
energy release from the magnetotail region to the
interior of the magnetosphere.

As is clear from the above discussion, much more
study is needed on individual magnetic storms in
order to further illuminate the nonadiabatic mecha-
nisms that enhance the electron fluxes in the outer
radiation belt.
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CHAPTER 10

Observations of Trapped Electrons at Low and High Altitudes

D. J. WiLLiams, J. F. Arens? ON 7 1 3 O 9 2 9

Goddard Space Flight Center, Greenbelt, Maryland 2

A~ ™
L. J. LANZEROTTI

Bell Telephone Laboratories, Incorporated
Murray Hill, New Jersey 07904

Energetic (2280 kev, 2 1 Mev) trapped electron intensities have been simultane-
ously obtained &t ‘low and high altitudes for a 6-month period in 1965 by the satel-
lites 1963 38C and Explorer 26. The data show that the 2280-kev electron population
attains equilibrium within a flux tube after a magnetic storm significantly faster than
do the 21-Mev electrons.  Mechanisms leading to the equilibrium state are therefore
less effective at the higher energies, An example of this is given in terms of pitch-angle
scattering by whistler mode noise. The comparison of particle response characteristics
at low and high altitudes during a main phase storm also is used to obtain a rough
measure of field expansion in the storm. In addition energetic electrons associated
with main phase magnetic storms are observed to appear initially at L values well within
the trapping regions and subsequently diffuse to lower and higher altitudes. The region of
appearance of these electrons is strongly correlated with D,; magnitude. Preliminary results
indicate that the acceleration mechanisms responsible for the appearance of these energetic
electrons act on the high-altitude side of the whistler knee, The appearance of energetic
electrons in the trapping regions from the equator to low altitudes during the April 17, 1965,
storm also correlates very well spatially with an observed depletion of maximum ionospheric

electron density Nm F. [Bauer and Krishnamurthy, 1968b1.

INTR\ODUCTION

There have been a number of experimental
studies reported concerning the behavior of
energetic outer zone electrons at high altitudes

- (see, for example, Freeman [1964] and Frank

[1965a]) and at low altitudes (see, for exam-
ple, Forbush et al. [1962]; O’Brien [1963,
1964]; Rose [1966]; Williams [1966]). Such
studies have contributed to our understanding
of the electron spatial distributions and their
relation to the distorted geomagnetic field, to
the time behavior of these particles, and the
relation of this time behavior to magnetic
activity.

As these results emerged, efforts have turned

- toward studying -possible source, loss, and
transport mechanisms responsible for the ob- -

served trapped particle behavior [Nakada and
Mead, 1965; Roberts, 1966; Kennel and Pet-

~chek;, 1966; Twverskoy, 1964 Filthammar,

1 NASA-NAS Postdoctoral Resident Research'

Associate.

1965]. In general, simultaneous observations
from several locations within the magneto-
sphere are required to determine the problems
and obtain possible solutions.

Therefore, in an effort to obtain further
information concerning these mechanisms, we

present herein a comparison of the time be-

havior of electrons mirroring near the mag-

netic equator and those mirroring at low alti-

tudes. Energies >280 kev and >1 Mev are
considered over the L range 3 < L < 5.5. The
data were obtained from the low inclination,
high-altitude satellite Explorer 26 and the low-

altitude polar-orbiting satellite 1963 38C over

the time perlod January 1 1965, through June
the Apnl 17, 19657 magnetm storm were Te-
ported by Arens et al. [1967].

While such an approach is far from ideal, it
does offer the oppertunity of obtaining a fur-

ther insight into these various mechanisms by

observing the simultaneous behavior of par-
ticles trapped near the equator and at the end

of the field line.
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SATELLITES, INSTRUMENTATION, AND ORBITS

The Explorer 26 satellite was launched on
December 21, 1964, into an orbit having an
inclination of 20.1°, an orbital period of ~7.5
hours, an apogee of 26,000 km, and a perigee
of 200 km. The satellite was spin-oriented with
the angle between the spin vector and the local
magnetic field ranging from about 30° to 90°.
The satellite spin rate gradually and uniformly
slowed from about 32 rpm to about 9 rpm
during the period discussed in this paper.

The experiment flown by Bell Telephone
Laboratories on Explorer 26 was designed to
investigate the electron and proton particle
populat. as in the trapped radiation belts. ‘The
experiment consisted of six solid-state partially
depleted p-n junction detectors [Buck et al.,
1964]. By making use of the electron and
proton energy loss characteristics and by chang-
ing the thickness of the detector active region
by a change in detector bias, it was possible to
distinguish - between proton and electron re-
sponses in the data. The detectors were en-
capsulated in a nitrogen-oxygen mixture at
atmospheric pressure and covered by a 0.3 mil
Kovar diaphragm. Additional absorbers were
used in individual detectors to allow the de-
tection of a wide range of particle energies.

The three Explarer 26 detectors whose elec-
tron flux observations are discussed in this
paper were designated E5, E6, and E1 and had
electron - threshold energies of 0.3, 0.45, and
10 Mev, respectively. The E5 and E6 de-
tectors were directional, had look angles ori-
ented normal to the satellite spin axis, and
were operated in the high bias, or electron
mode. The El1 detector was omnidirectional,
its symmetry axis oriented perpendicular to the
satellite spin axis, and was also operated in the
high bias mode. The efficiency-geometrical
factors for E5, E6, and E1 were 1.5 X 10~ cm?*
ster, 40 X 10 cm® ster, and 3.0 X 10 em?
ster, respectively, o
A comparison of the high bias mode with
- the low bias mode of the experiment showed
- that at L = 45, 5.0, and 5.5, there was es-
sentially no contamination of the electron data
from i protons. At L = 3.0, 85, and 40 the
“high bias data consisted of an admixture of
~electrons and protons except for the times
when the fluxes were increased by magnetic

storms. At this time, the high bias-low bias
comparison indicated that the increased fluxes
were essentially all electrons.

Satellite 1963 38C was launched on Septem-
ber 28, 1963, into a nearly circular polar orbit
having a 1147-km apogee, a 1067-km perigee,
a 89.9° inclination and a 1%¥.4-minute period.
The detectors of interest on 1963 38C are two
1000-micron surface barrier solid-state detec-
tors measuring integral electron intensities at
E, > 280 kev and > 12 Mev. As the satel-
lite is magnetically aligned and the detectors
are oriented to look out normal to the align-
ment axis, trapped electron intensities are ob-
tained for those electrons mirroring at or very
near the point of observation. Further details
concerning the satellite and instrumentation
have been reported by Williams and Smith
[1965].

During the time period being considered
here, January 1, 1965, through June 29, 1965,
the apogee of Explorer 26 precessed through
the local-time interval of 1730 hours to 1117
hours. Similarly, the orientation of the orbital
plane of 1963 38C with respect to the earth-
sun line swept through all local times. This is
illustrated in Figure 1 where the projection of
the two orbits onto the ecliptic plane is shown
as viewed looking down from above the north
pole.

1200 HRS

JULY I
APRIL 18

EXPLORER 26

APRIL - 18
JAN | "
1800 HRS -—‘

JAN I, & JULY |
0600 HRS

1963 38C

--0000 HRS

Fig. 1. Projection onto ecliptic plane of Ex-

plorer 26-and 1963 38C orbits showing local-times

sampled by these satellites during the 6-month

- period of January-June 1965.
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The trapped electron intensities to be pre-
sented were monitored simultaneously by the
satellites Explorer 26 and 1963 38C throughout
the period January 1, 1965, through June 29,
1965. The electron energies sampled were E,
> 280 kev and > 1.2 Mev aboard 1963 38C
and E, > 300 kev, >450 kev, and >1.0 Mev
aboard Explorer 26.

Electron intensities through the outer zone
were obtained from the 1963 38C data by con-
structing five point averages at all desired L
shells. This process yielded an L spread of =0.04
at L = 3 and =01 at L = 5.5. The response
of an on-board proton spectrometer has shown
that proton contamination in these low-altitude
high-latitude regions is negligible [Williams
and Smith, 1965; Williams, 1966].

In the following data presentation, each data
point from the Explorer 26 satellite corre-
sponds to the median counting rate observed
by one of the electron detectors as the satellite
made one pass through the region of space
defined by L = 0.05 Ry. The data points cor-
respond .to B,/B values ranging from about
0.3 to 1.0. Plots of the counting rate versus
By/B for L = 4.5, 50, and 5.5 indicate that
the electron rates generally are essentially in-
dependent of B./B within the observed range.
Where this is not true, L = 3.0, 3.5, and 4.0,
the electron data have all been normalized to
the rates of B,/B = 1.

The digital accumulation tlme for one of
the Explorer 26 detectors in its electron mode
was 1.43 seconds. Owing to the spin rate of
the satellite, the dats from E5 and E6 that
are presented in the next section are thus the
spin-averaged electron flux from s directional
detector, Most of the E5 and E6 data points
correspond to data taken with the satellite spin
axis at an angle greater than 60° to the local
magnetic field, Thus the spin-averaged di-
rectional flux from day 1 to about day 120,
1965, is equivalent to the omnidirectional ﬁuw
to within a factor of 1.5. After approximately
day. 120, 1965, the spin rate of the satellite had
slowed sufficiently so that the experiment sam-

pled less than 180° in the 1.43-second counting

interval. An examination of the individual data
points at each L value revealed that the effect
of the slowing spin was observed mainly in the

proton background at L = 3.0 and 3.5. The
broad electron pitch-angle distributions ob-
scured any noticeable spin modulation in the
electron fluxes. No corrections to the data were
necessary for this spin effect.

All the data for the period of interest from
the >300-kev channel aboard Explorer 26 and
the >280-kev channel aboard 1963 38C are
shown in Figure 2 for the shells L = 3.0, 3.5,
40, 4.5, 50, and 5.5. Included in the figure
are plots of D,, (M. Sugiura and S. Hendricks,
personal communication) and Kp along with
a measure of the orientation of the orbital
plane of 1963 38C as viewed from above the
north pole. Figure 3 is a similar plot for the
data from the Explorer 26 > 1.0-Mev. channel
and the 1963 38C > 1.2-Mev channel.

Table 1 lists the conversion factors required
to convert the relative counts shown in Fig-
ures 2 and 3 to absolute flux values (particles/
cem® ster sec). The errors shown are mainly
due to spectral uncertainties.

The proton sensitivity of the Explorer 26
=>300-kev channel can be seen in Figure 2
to extend out to L = 4.0. However, the gen-
eral features of the trapped electron storm-
tim> behavior can be observed and compared
with the low-altitude data.

Figures 2 and 3 show that at L = 3, only
large, well-defined perturbations in the mag-
netic activity indices are associated with in-
tensity changes in the trapped electron popu-
lation. With increasing L, more and more in-
tensity fluctuations appear that can be asso-
ciated with a variety of magnetic perturbations.
Finally, at L = 5.5 shown in Figures 2 and 3, in-
tensity fluctuations appear that have no ob-
vious association with a D,, variation, This
lack of association is not surprising since the
high L shells are well removed from the near-
equatorial stations used to determine the D,,
values. However, it does emphasize the trend
that the trapped electron sensitivity to mag-
netic activity increases significantly with in-
creasing L, in agreement with previous 1963

~38C results [Williams and Smith, 1965 Arens

and Williams, 1967].

Figures 2 and 3 also show that the behawor
of ~300-kev electrons mirroring near the
equator and at low altitudes is very similar.
These >300-kev electron intensities at a given
L value are observed generally to come quxckly'
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Simultaneous electron data from the pdlar—orbiting satellite 1963 38C (E > 280 kev), denoted by [, and the near-equatorial satellite Explorer 26

(E>300 kev), denoted by X, for the period January 1, 1965, through June 29, 1965. The electron data at L = 3.0, 3.5, 4.0, 4.5, 5.0, and 5.5 are shown in

Fig. 2.
terms of counts for each of the experiments counting intervals. See Table 1 for the conversion factors to convert the data to fluxes. Below the electron data

are plotted the hourly average D,, and the 3-hour average Kp index for the 6-month period.
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k (E > 1.0 Mev), denoted by X, for the period January 1, 1965, through June 29, 1965. The electron data at L = 3.0, 3.5, 4.0, 4.5, 5.0, and 5.5 are shown

in terms of counts for each of the experiments counting intervals. See Table 1 for the conversion factors to convert the data to fluxes. Below the electron data

are plotted the hourly average D,, and the 3-hour average Kp index for the 6-month period.



TABLE 1. Conversion Factors for Flux Values

Multiply Counts by

Channel (cm™2 ster-? sec™1) Error
1963 38C
2280 kev 600 100
1963 38C
>1.2 Mev 1200 #4400
Explorer 26
2300 kev 900 =300
Explorer 26

2>1.0 Mev 1200 <400

to equilibrium. The important distinction be-
tween identical low-and high-altitude L values
(Figures 2 and 3) and a flux tube (line of
force) is discussed in later sections of this
paper. -

Exceptions to the above uniform behavior
occur near the beginning of magnetic storms
with the appearance of electrons new to these
regions of observation. The relative behavior
of equatorially mirroring and low-altitude mir-
roring >1-Mev electrons differs from the be-
havior at ~300 kev in that the >1-Mev elec-
trons do not come quickly to equilibrium after
a magnetic storm.

To illustrate these differences, Figures 4 and
5 show an expanded time scale of several days
of data taken around the geomagnetic storms
of March 2, 1965, and June 15, 1965. Included
in the plots are AF indices (D. H. Fairfield,
personal communication) along with the D,,
values.

First, it is noted that all along the field lme
‘the >300-kev electrons rise to their maximum
values much faster than do the >1-Mev elec-
trons. This was observed to hold for all the
major storms in the period under consideration
in agreement with earlier results [Freeman,
1964; Williams and Smith, 1965].

Second it appears that the >300-kev elec-
trons . reach equlhbnum within a given flux
tube» faster than do the >1-Mev electrons. In
Figures 4 and 5 it can be seen that the low-

~ kev reach their peak value soon after the equa-
torial intensities and then essentially follow the
behavior of the equatorial electron population.
In fact, increases in the equatorial to low-
“altitude intensity ratio are observed to occur

only during the 1-3 day period associated with
the storm main phase depression for the >280-
kev population. At these times field expansion
effects invalidate the concept of both low- and
high-altitude L values characterizing the same
line of force.

It can further be seen in Figures 4 and 5
that a similar relative behavior between equa-
torially mirroring and low-altitude mirroring
electrons is not observed at >1 Mev. Not only
do the low-altitude >1-Mev trapped electron
intensities generally reach peak values well after
the equatorial intensities, but in several in-

" stances they continue to increase in intensity

long after the equatorial intensities have begun
their decay (e.g., L = 4.5, Figure 4; L = 5.0,
Figure 5). In addition, variations in the equa-

torial to low-altitude intensity ratio are ob-

served to last generally for several days beyond
the main phase depression. Thus, the time to
attain equilibrium along & given L shell appears
significantly longer at >1 Mev than at >300
kev.

A detailed study of the data in Figures 2 and
3 reveals a wide variety of electron intensity
fluctuations that may be associated with various
geomagnetic perturbations. In this paper we
have chosen to study events characterized by
large intensity increases occurring throughout
the region of observation that could be asso-
ciated with a well-defined magnetic storm. This
study will thus emphasize the nonadiabatic ap-
pearance of new particles in the region of ob-
servation and the subsequent behavior of these
particles,

The storms studied are indicated by the
arrows in Figures 1 and 2 and are listed in
Table 2. The D,, zero crossing time is the time
at which the D,; values cross and remain below
the zero level as the initial phase of the storm
begins.

An important parameter in charactemzmg the
outer-zone electron response to major magnetic
perturbations is the arrival time of the bulk of
new particles within a flux tube. The accurate

. determination of the start of the particle in-
altitude trapped electron intensities at >280

crease associated with the initial phase of the
storm is complicated by several factors: (1)

adiabatic effects due to sudden commencement
‘compressions and ring current decompressions

of the maunetosphere before and during the
development of the storm, (2) the appearance
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Fig. 4. Simultaneous electron data from the polar-orbiting satellite 1963 38C (F > 280
key and E > 1.2 Mev) and the near-equatorial satellite Explorer 26 (E > 300 kevand E > 10
Mev) for March 1 through March 12, 1965. Electron data at L = 40, 4.5, and 5.0 are shown
during the period of the March 3 geomagnetic storm. Below the electron data are plotted

the AE index, D,s, and the Kp index.
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Fig. 5. Simultaneous electron data from i;he
polar-orbiting satellite 1963 38C (E > 280 kev

‘and E > 1.2 Mev) and the near-equatorial satel-

lite Explorer 26 (E > 300 kev and E > 1.0 Mev)
for June 13 through June 25, 1965. Electron data

at L = 35, 40, 4.5, 50, ard 5.5 are shown dur-

ing the period of the June 15 geomagnetic storm.
Below the electron data are plotted the AE
index, Dy, and the Kp index.

TABLE 2. Major Storms Studied in Period
January 1 to June 29, 1965

D,, Zero
Maximum  Crossing
Date s¢ D, v Time
Feb. 6 1414 hours —55 0130 hours,
~ Feb. 7
March 2 1349-1458 hours —68 1700 hours,
<10 stations March 3
reported sc
March 22 None —31 0330 hours,
March 23
April 17 1313 hours —137 0330 hours,
April 18
June 15 1100 hours —102 0400 hours,
June 16

of particles associated with polar substorm
events that may not be associated with the large
bulk increases of electron intensities during the
storm main phase, (3) the measurement by
an individual satellite of relative arrival times
of particles on various L shells has a resolution
governed by the satellite’s orbital motion and,
(4) the fact that all of the preceding effects
have strong spatial variations.

In an attempt to minimize these difficulties,
we have used the time for the electron intensity
increases to reach one-half of their maximum
value, tm.., as a measure of the arrival time on a
given L shell of energetic electrons associated
with a main phase geomagnetic storm. Gen-
erally, (see Figure 1) the larger intensity in-
creases are rapid enough so that t,. is quite
insensitive to the above effects. The time for
the observed intensity increases to attain full
peak values on a given L shell was not used
as a characteristic arrival time because it is
very sensitive to diffusion effects and is therefore
significantly less accurate than ... However,
as the time of maximum intensity increase may

_ frequently be very difficult to obtain, the in-

tensity at maximum can be measured quite
accurately, thus allowing a determination of
tmss t0 an accuracy not realized in finding the
time of maximum.

Some of these various problems are illustrated
by the data in Figures 6 and 7. Figure 6 shows
a sequence of low-altitude outer-zone profiles
along with D,, and AE plots just before and
during the initial phase of the February 5, 1965,
magnetic storm. Pass 1, occurring close to the

10-10




sudden commencement, displays no noticeable
effects, and is shown for orientation purposes.
Pass 2 is closely associated with the occurrence
of a polar substorm as indicated by the spike
in the AE indices and shows an intensity en-
hancement at high latitudes. Simultaneous data
obtained from the 1963 38C proton spectrom-
eter show that this enhancement was due to
electrons only [Bostrom et al., 1967]. Passes 3
and 4, obtained at the start of the initial phase,
show the subsequent loss of these high-latitude
electrons. Such a loss may be explained by a
combination of adiabatic effects and loss from
the trapping regions. Pass 5 shows the appear-
ance of large numbers of trapped >280 kev
electrons on the lower L shells. Pass 6 obtained
at the recovery of D,, to approximately pre-
storm values shows the additional appearance of
electrons at 5 < L < 9. This may be the com-
bined result of electrons injected at low . shells
diffusing outward and electrons injected near
the equator diffusing down the field line to these
low altitudes.

It is seen from Figure 6 that the bulk of the
electrons associated with this main phase storm
appear between passes 4 and 5. The appearance
of particles on high L shells during pass 2, which
are associated with a polar substorm, would yield
a false start time for the bulk of the particles
associated with the main phase D,; decrease.
The use of .. avoids the above difficulty.

Figure 7 again shows the February 5, 1965,
storm but from the perspective of a time history
of the comparison between the high-altitude
and low-altitude data. Explorer 26 and 1963
38C data are shown for E, > 300 kev for L =
4.0 and 5.0. D,, and AE values are also included.
The Explorer 26 data show the appearance of
electrons at L = 5.0 occurring significantly be-
fore L = 4.0 [Lanzerotti, 1968]. However, the
above arguments indicate that the two Ex-
plorer 26 points after the sudden commence-
ment at L = 5.0 may be associated with the
polar substorm occurring at that time and be-
fore the start of the storm main phase. The
1963 38C data shown at L = 5.0 also display
an increase at this time but the following data
point at the beginning of the storm initial phase
shows the decrease discussed in Figure 6 above.
It is possible that the Explorer 26 observations
at L = 50 simply missed this decrease due to

- sampling resolution. The rapid rise and the

4
O T T T 7T T T T
TRAPPED ELECTRONS,E, > 280 kev
1100 km

10° - -
[=]
4
g
w 0% -
z s ¢
w
o.
0 1
- o'} _
4
3 6789
© FEB 1965

10°}- -

=i | N SR WO AN WU U VR B 1
10 2 4 6 8 10

L(EARTH RADH)

Tig. 6. Sequence of low-altitude trapped elec-
tron outer-zone profiles obtained by satellite 1963
38C during the February 6, 1965, magnetic storm.
Numbered arrows in plot of D,: and AE values
indicate time sequence of respective numbered
passes. Note initial high-latitude appearance of
electrons associated with substorm during main
field compression, their subsequent loss to these
low-altitude regions, and the later arrival of the
bulk of energetic electrons associated with the
storm main phase.

magnitude of the main electron intensity in-
crease indicates again that ¢,, is not very
sensitive to the above effects,

Thus, from the above arguments we feel that
tmz IS a more accurate measure of the charac-
teristic time of arrival of energetic particles
associated with a main phase geomagnetic
storm than either the start of an intensity in-
crease or the time to the maximum increase.

REsvLTS
Figures 8-12 show plots of t.... as a function
of L value for low-altitude mirroring electrons
(B. > 280 kev and >1.2 Mev) and near equa-
torially mirroring electrons (B, > 300 kev and
=10 Mev) for the five magnetic storms being

studied. Also shown in Figures 8-12 are the
maximum intensities attained durmg the respec-

tive storms for the various energies and alti-

tudes observed.

These data show that there tends to exist

for both the low-altitude and hlgh-altltude data,
a range of L values, which is associated w1th

both a minimum in £, and a maximum in the
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Fig. 8. February 6, 1965, geomagnetic storm.
The maximum storm electron intensities and the
time required for the intensities to reach half
their pedk values (¢m/z) are plotted versus L for
the high~- and low-energy electrons observed on
1963 38C and Explorer 26. Explorer 26 >300 kev
and >10 Mev data have been multiplied by 0.1,
and 1963 38C >12 Mev data have been multi-
plied by 5. Using these factors, fluxes may be

- obtained from the conversion constants in Table
1.

number of newly observed electrons (see in par-
ticular Figures 11 and 12). This indicates that
energetic electrons may appear during a main
phase geomagnetic storm well within the stable

- trapping regions and subsequently diffuse both
in toward lower L shells and out toward higher
L shells. This observation is significant as it ,

(et

Fig. 7. Simultaneous electron data from 1963 . PN
38C (E > 280 kev) and Explorer 26 (E > 300 ' ¢ }
kev) during the February 6, 1965, geomagnetic
storm. Below the electron data are the AE and
Kp indices and the equatorial D,:. The equa-
torial electron data show the first particle in-
creases at L = 5, apparently correlated with the
AE spike at the time of the sudden commence-
ment. The low-altitude electron data also indi-

.. cate an increase at this time. However, a de-

~ crease oceurs after this substorm but before the
, s(xtormlmain phas;a and major electron increase
. L (see also Figure 6). Equatorial data are not avail-

- FEB.,1965 - 4 during this time interval. o

4 6 8 10
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Fig. 9. March 2, 1965, geomagnetic storm. The
maximum storm electron intensities and the time
required for the intensities to reach half their
peak values (fm/:) are plotted versus L for the
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Fig. 10. March 22, 1965, geomagnetic storm.
The maximum storm electron intensities and the
time required for the intensities to reach half
their peak values (¢mss) are plotted versus L for
the high- and low-energy electrons observed on
1963 38C and Explorer 26. Explorer 26 >300
kev data have been. multiplied by 0.1, and 1963
38C >1.2 Mev data have been multiplied by 10.

Using these factors, fluxes may be obtained from
the conversion constants in Table 1.

shows that the source of these outer zone elec-
trons is not necessarily the diffusion inward of a
low-energy electron population located at the
outer edge of the stable trapping region. In fact,
a distant lower energy electron population will
result from the outward diffusion of an energetic
electron population appearing initially at low
L shells. Before discussing our interpretation of
the significance of these results, we shall discuss
briefly the electron data for each of the storms
under consideration.

February 6, 1965. The data from this storm
are presented in Figure 8. The maximum in-
tensities observed at 1100 km occurred at L ~
4.5 for both the >280 kev and >12 Mev
electrons. The equatorial electrons show a
maximum intensity at L ~ 4.5 at >1.0 Mev
and L ~ 4.5-5.0 at >300 kev.

The data for t,.,.. are not as clear. The 1100-
km data indicate a minimum at L ~ 45 at
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Fig. 11. April 17, 1965, geomagnetic storm.
The maximum storm electron intensities and the
time required for the intensities to reach half
their peak values (tms) are plotted versus I for
the high- and low-energy electrons observed on
1963 38C -and Explorer 26. Explorer 26 >300
kev data have been multiplied by 0.1, ‘and 1963
38C >12 Mev data have been multiplied by 10.
Using these factors, fluxes may be obtained from
the conversion constants in Table 1. A possible
second appearance of electrons was observed in

“the region L = 45-55.

- 10-13



T N——T T
JUNE 15,1965 MAGNETIC STORM
2800 |- © 2 300 kev EXPLORER 26 0 21.0 MeV EXPLORER 26 _
| ® 2280 kev 1963 38C ® 212 MeV 1963 38C
b -
E
"
z
Ly
w -
x -l
w
Y -
[
<
-
w -{
-3
?"Q\\ =
/ -
/ \\a e
2
@
>
% -
=] N
- :
R\ \///,:—‘ T
= - P <" 4
° T s i S AL 0 1o 1 |
20 30 40 50 60 30 40 50 &0

L(EARTH RADII) L{EARTH RADII)

Fig. 12. June 15, 1965, geomagnetic storm.
The maximum storm electron intensities and the
time required for the intensities to reach half
their peak values (¢m/:) plotted versus L for the
high- and low-energy electrons observed on 1963
38C and Explorer 26. Explorer 26 >300 kev and
210 Mev data have been multiplied by 0.1. Us-
ing these factors, fluxes may be obtained from
the conversion constants in Table 1. A very broad
region (L = 3:5-50) of initial electron appear-
ance was observed.

>12 Mev and a broad minimum from L ~
3.5-5.5 for the >280-kev electrons. While the
>280-kev data may be fit with a curve yielding
a minimum ¢,,,, consistent with the >1.2-Mev
data, the difference in the width of the curves
may be due to the source being sufficiently

strong only at L ~ 4.5 to produce a mgmﬁcant ‘

number of >1.2-Mev electrons.

The equatorial data points for t.,. indicate
that both >300-kev and >1.0 Mev-electrons
initially arrive beyond the region of observation,
ie, L > 50.

‘March 2, 1965. The data for this storm,
given in Figure 9, show a maximum intensity
for all observed electrons at L =~ 4.5. This
agrees with the observed minimum shown
in tm;z for low-altitude mirroring electrons both
at >280 kev and >12 Mev. The equatorial

data are consistent with a minimum ¢,.,,, occur-

ring over a relatively broad region at L > 4.5

for the >300-kev electrons and beyond the

observation region, L > 5, for the >1.0-Mev
electrons.

The indication that the high-altitude mini-
mum ¢ may be displaced toward higher L
shells from the low-altitude minimum ¢, may
be simply due to the geomagnetic field expan-
sion during the storm main phase. '

March 22, 1965. The data for this storm are
shown in Figure 10. Maximum intensities are
observed in the vicinity of L ~ 5 for all elec-
trons.

The minimum ¢,,. shown by the lower energy
electrons matches the position of maximum in-
tensities for these particles. The low-altitude
>1.2-Mev data are not clear, and the equatorial
>1.0-Mev data show that if a minimum ¢,
exists it is at or beyond L = 5.5. The differing
characteristics of the >300 kev and >1.0 Mev
tme plots may be due to spatial variations in
the source.

Figure 13 shows diffusion rates obtained from
Figure 10, assuming that the apparent inward
motion of the near-equatorial >1-Mev electrons
is due solely to cross-L diffusion, The magnitude
of the diffusion rates shown in Figure 13 are of

T l T ¥ l
: dL
0.8 gL o |
8 TR L
| ns6 -
5 MARCH 22,1965
0.7 - MAGNETIC STORM|

o.s-—- | n=4 _
0.5 |- n=3 :
o.é'; /vn=2 _
0.3 |- ‘ ; —-

0.2 n | L 1 1 | ;

{EARTH RADH / DAY)

dL
at
¥

o
H
/]
o

L(EARTH RADII)

Fig. 13. Rate of apparent inward motion for
the equatorial £ > 1.0-Mev electrons plotted
versus L from the March 22, 1965, geomagnetic
storm (Figure 10). These data show the clearest
example of possible inward electron diffusion for
the storms examined. Plots of dL/dt = L" for
several values of n - are shown along with the

data.
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the same order as those reported by Frank
[1965b] for the L ~ 4.5 region. However, the
L~ dependence shown in Figure 13 is in marked
coutrast to the L™® diffusion rate dependence
observed by Frank [1965b]. This may be due
to the fact that the diffusion rates reported
here were obtained shortly after a magnetic
disturbance and may thus be related to trans-
ient activity associated with the storm. Frank’s
[1965b] observations were obtained over a sev-
eral-week period following an interval of en-
hanced magnetic activity and may thus repre-
sent more nearly quiescent magnetospheric
conditions. The situation with the low-altitude
>12-Mev electrons in Figure 10 is not clear
since these regions are affected by diffusion
down a flux tube as well as cross-L diffusion.

April 17, 1965. Figure 11 shows the electron
data for this storm. Here the low-altitude >280-
kev electrons displayed a maximum intensity at
L = 30-3.5 and the equatorial >300-kev
electrons peak at L = 3.5. Both the >1.2-Mev
electrons mirroring at 1100 km and the >1.0-
Mev electrons mirroring near the equator show
a major peak at L = 3.5.

All observed electrons display a well-defined
minimum ¢, at low L shells with the equatorial
values being displayed toward higher L shells
relative to the low-altitude values.

This storm shows a well-defined case of elec-
trons initially appearing well within the trap-
ping regions and subsequently diffusing in" to-
ward lower L shells and outward toward higher
L shells (see also Figure 12), Note that the
low-altitude >280 kev data show a much
steeper t,,. curve toward lower L values than
toward higher L values, in qualitative agree-
ment with diffusion theory under conservation
of the first two adiabatic invariants. A similar

~ observation was reported for the October 24,

1963, magnetic storm where the time interval
T» between peak magnetic activity and attain-
ment of peak >280-kev electron intensities was
measured as a function of L [Williams and

Smith, 1965]. It was found that T»b ~ 0.3 days:

at L = 3 increased to ~4.3 days.at L = 25
and also continuously increased to ~4 days as
L increased to ~9 Rj. : S Fo

Note also that all the data in Figure 11 show

a definite change in character in the region of

L = 45-55. The intensity plots either show a

secondary - maximum or a definite change of .

90°

2

@} DIPOLE

~——1Y MAIN PHASE
(/73 § EXPANSION

Fig. 14. Diagram, not to scale, qualitatively
showing the projection of a wide source region
in equatorial regions to a narrow latitude inter-
val at low altitudes. Projection during a main
phase field expansion shown as cross-hatched
section. Dipole projection shown as shaded sec-
tion for comparison.

slope. The t.,. curves show either a secondary
minimum or also a change of slope. We interpret
this as evidence for a secondary appearance of
electrons during this .storm, oceurring about
1.3 days after its start. Thus, Figure 11 shows
a major arrival of energetic electrons occurring
very shortly (<0.4 days) after the beginning of
the storm in the region L ~ 3-3.5 followed by
an apparent secondary appearance of energetic
electrons about one day later at L ~ 4.5-5.5.
The minimum ¢, values are not only dis-
placed toward higher L shells at the equator
but are also seen to have broader minima. This
is in general agreement with the mapping of a
flux tube from the equator to low altitudes

during a period of enhanced field expansion,-

Figure 14 qualitatively illustrates this effect.

June 15, 1967. The data for this storm are

shown in Figure 12. These data display broader

maximum intensities and minimum £, curves .

than generally shown by the previous storms.

In particular the t.. plots indicate the arrival -

of energetic electrons at the equator and at low

altitudes over a wide range of L values, but still
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within the trapping regions. The equatorial
values are again displaced toward higher L
shells for both the maximum intensity and
minimum ¢,.,.. Also, the L dependence of the
slope of the t.;. plot is in qualitative agreement
with cross-L diffusion theory, as in the April 18
storm (see Figure 11).

All storms. The energetic electron response
to these main phase storms varies systematically
with the size of the storm. To show this we have
obtained, from Figures 8-12, the L shell at
which the minimum ¢..,; and maximum intensity
occur. These L values (or their lower limits)
are shown in Figure 15 for all energies and alti-
tudes observed as a function of maximum D,,
occurring during the storm. These maximum
D, values are listed for each storm in Table 2.

It is seen that the L value associated with
the maximum intensity and earliest arrival of
new energetic particles decreases as the size of
the storm iricreases, in agreement with previous
low-altitude results [Arens and Williams, 1967].
In addition, the use of L as a parameter yields
an apparent indication of the distortion present
in the expanded field. The data associated with
minimum .. in Figure 15 falls into two groups,
the low-altitude and the near-equatorial trapped
electrons. Assuming that the energetic electrons
first observed at both low and high altitudes are
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MAXIMUM Dy (GAMMA)

Fig. 15. (a) The L value of maximum elec-
tron intensity plotted versus the peak D.s value
for the five geomagnetlc storms examined in Fig-
ures 8-12, Both energies at both low and high
altitudes are included. (b) The L value of the
earliest tm/» plotted versus the peak D, value for
the same five geomagnetic storms. A separation,
attributable to a measure of the magnetospheric

expansion, is observed. between the “high- and

low-alt;tude electron data.

within the same flux tube, the ¢..,. data indicate
that, for a storm of D,,™** ~ —140 v, an ex-
pansion of ~0.5 Rz occurs at an altitude of
~32 Ry while for a D,,™* of ~ —30 y an
expansion of ~0.2 R; oceurs at ~5.2 Ry. That
is, a field line crossing the equator at ~3.2 Ry
during quiescent conditions will cross the equa-
tor at ~3.7 Ry during a main phase storm
when D, ~ —140 v.

The expansion shown in Figure 13 for the
140 ¥ storm of April 17, 1965, agrees well with
the m01e accurate values of AR ~ 1 RzatR ~ 4
Ry and AR ~0.5 Rz at R ~ 3 Ry obtained by
L. R. Davis (personal communication), utilizing
field expansion data of Cahill [1966] obtained
during this storm. The expansion noted at ~5.2
E; for a 30-y storm is a lewer limit since equa-
tetial minimum ¢,.,. were not observed within
the region of observation.

The position of maximum mten51ty in Figure
15 does not display any readily discernable
expansion effect. This is because the position of
maximum intensity is strongly affected by diffu-
sion down a flux tube and cross-L diffusion.
The minimum ¢, values are not significantly
affected by these effects since they occur within
0.5 day of the beginning of the storm initial
phase and, thus, before significant diffusion
takes place,

Decay times. Figures 2 and 3 show a variety
of particle decreases including decay effects over
an extended time period. Since the decay time
measured by a threshold detector is affected in
a complex way by energy loss mechanisms as
well as particle transport processes, care has to
be exerted in the interpretation of such decay
times.

The hfetlmes, 7, for both the low-altitude
>280 kev electrons and the equatorial >300-
kev electrons are shown in Figure 16 for two
different time periods after the April 17, 1965,
magnetic storm, The lifetime measured is the
time for the electron intensities to reach e of
their initial value. ‘

The upper portion of Figure 16 shows a plot
of 7 versus L for the immediate post-storm
period, April 19-22.5, 1965. No points are shown

~for L > 4.5 since the intensities in these regions

never decdyed dur'ng the immediate post-storm
period. The bottom of Figure 16 shows = versus
L for the long-term post-storm period of April
22.5 to May 3, 1965. The error bars on the data
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Fig. 16. Lifetimes (time toc e of initial value)
for energetic electrons plotted versus L for two
periods after the April 17, 1965, geomagnetic
storm. (a) Lifetimes for the immediate post-storm
period, April 19-April 225, 1965. Data beyond

= 40 were not available because outward
electron diffusion was still operative during por-
tions of this time period. at the higher L values,
and no decay was observed. (b) Lifetimes for the
post-storm period April 22.5-May 3, 1965. The
decay rates at the low L values have increased
by a factor of about 2 over the rates in (a) at

= 2.6-3.5. At all L values, for both periods of
time, the decay rates observed for these energetic
electrons at high and low altitude are nearly
identieal.

points are not standard deviations but -are
upper and lower limits obtained by visually
fitting the data points with a straight line on a
logarithmic plot. :

Not only do the low-altitude and high-altitude
data display similar lifetimes for ~300-kev
electrons, but their immediate post-storm and
long-term post-storm behavior agree. It is seen:
that immediately after the storm the decay
times out to L = 3.5 are significantly shorter
than the long-term decay times. This effect is
difficult to observe at L = 4, and no compari-
sions can be made for L > 4.

This effect may be simply due to the fact
that energy loss and particle transport mecha-

nisms may be enhanced during the time when
the magnetosphere is perturbed by the storm,
and, as the storm subsides, the loss mechanisms
and subsequent decay approach a more normal
mode. The fact that Figure 16 shows this effect
in the region around L = 3 may be due to this
being the region of initial appearance of ener-
getic electrons during the storm and thus prob-
ably the region of greatest magnetoelectric
perturbations,

Discussion

Losses. As pointed out earlier, Figures 2-5
show that generally the ~300-kev electrons on
a given L shell rapidly (<1-2 days) come to
equilibrium after a large geomagnetic storm.

The differences in response on a particular L
shell of the low-altitude >280-kev electrons
and the equatorial >300-kev electrons at the
beginning of a storm may be due to (a) field
expansions that invalidate a constant L label
for an entire flux tube (Figure 15) and (b) the
appearance of new particles having an aniso-
tropic pitch-angle distribution,

A good example of pitch-angle effects during
the appearance of new particles ¢an be seen by
examining the unidirectional electron data ob-
tained by Explorer 26 at L = 5 R, during
the onset of the April 17 storm. Explorer 26
was at apogee during the onset of the storm and
measured the first two hours of electron flux
increases [Brown and Roberts, 1966]. In addi-
tion to tke omnidirectional measurements, the
>450-kev electron flux was also sampled
rapidly during one satellite rotation to give a
measure of the unidirectional counting rate.
This measured unidirectional data was reduced
to absolute unidirectional flux as a function of

the cosine of the electron pitch angle for each

complete set of measurements taken during a
satellite rotation.. :

Each set of unidirectional electron data was
then fit by least squares (using two independent

~ variables) to the function, flux = A[1 —
(,uo”/,ufo)]js, [Roberts, 1965] where p, = cos as,

a, = equatorial pitch angle, and ., is the loss
cone. The variable 4 is for normalization pur-
poses. Figure 17 contains a plot of the exponent
S versus time during the April 17 storm. The
behavior of 8 shows that the pitch-angle dis-
tribution was initially peaked toward cos @y, =
0 and changed to a rather uniform distribution
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Fig. 17. Plot of the value of the exponent s in the fit to the pitch-angle electron data
(E > 045 Mev) versus time during the onset of the April 18, 1965, geomagnetic storm near
L = 5 Re. The exponent s very rapidily tends toward the quiet time value after the L = 5
storm onset at about 0620. This indicates that an initial electron population, peaked in pitch-
angle distribution at the equator, rapidly changes to a rather uniform electron flux popula~

tion over all pitch angles.

over all pitch angles in less than two hours
certainly and possibly less than one hour.

- We thus conclude that equilibrium within a
given flur tube is attained rapidly for >300-
kev electrons (0.1 day) and that the longer
periods (~1-2 days) of nonuniform behavior
on a given L skell (Figure 2) for >300-kev
electrons are due to field expansion during the
storm (Figure 15). :

The uniform behavior of the ~300-kev elec-
tron population throughout a given flux tube
causes the long-term (>0.5 day) diffusion and
decay to appear to be independent of pitch-
angle at these energies. It was seen above that
the initial energization (injection) was pitch-
- angle dependent but rapidly ( <2 hours) reached
an equilibrium distribution. The simplest con-
clusion to be drawn from these facts appears
to be that the rapidity of the pitch-angle dif-
fusion mechanism causing electrons to diffuse
~down the line of force makes the slower proc-

esses (cross-L diffusion and decay) appear to he

- pitch-angle independent. , '

" The ~1-Mev electron population does not

display the same general appearance of pitch-
angle independence for diffusion and decay as
does the ~300-kev population. This can be
seen from Figures 2-5 where the ~1-Mev elec-
trons take significantly longer to attain equilib-

rium than do the ~300-kev electrons. In fact,

Figure 4 shows a case where all 300-kev elec-
trons are well into a decay mode along with
the equatorial ~1-Mev electrons. However, the
low-altitude ~1.2-Mev electrons continue to
increase.

The conclusion drawn here is that diffusion
effects and decay times show a strong pitch-
angle dependence for ~1-Mev electrons because
pitch-angle  diffusion mechanisms are not as
effective in moving ~1-Mev electrons down a
flux tube as they are for ~300-kev electrons.

Among possible pitch-angle diffusion mechan-
nisms, Roberts [1966, 1965] has discussed the
scattering of relativistic electrons along a flux

tube usihg cyclotron-resonance scattering by

whistler-mode disturbances and bounce-reson-
ance scattering by perturbations having electric
or magnetic field components  parallél to the

local field. In particular, Roberts has considered

these mechanisms operating with irregular,
wide-band noise-like field fluctuations. Irregular
whistler-mode disturbances with rms magnetic
field fluctuations of order >10" y or bounce
resonance scattering from irregular electric field
fluctuations of the order of >0.01 v/km rms or

magnetic intensity fluctuations of the order of

>10" rms of B,, yield pitch-angle diffusion
rates in rough agreement with observed outer-
zone electron lifetimes [Roberts, 1968]. How-
ever, the power spectral density functions that
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characterize the strength of the mechanism and
determine the diffusion coefficients are not yet

well known.

‘Beth bounce-resonance and cylotron-resonance
scattering may be important in pitch-angle
diffusion since there may not be enough power
available in the high-frequency whistler region
for the cyclotron-resonance interaction to effec-
tively move particles with a,, ~ 7/2 away
from the equator.

If the above mechanisms are of major im-
portance in pitch-angle diffusion along a flux
tube, then the fact that they apparently act
more effectively for ~300-kev electrons than
~1-Mev electrons yields information concern-
ing the respective power spectral density func-
tion.

We shall assume that these mechanisms are
the dominant ones causing pitch-angle diffusion
for relativistic electrons. The less effective
pitch-angle diffusion for ~1-Mev electrons may
be due to (@) a reduced effectiveness of the
bounce-resonance interaction in removing the
electrons away from a,, ~ 7/2 or (b) a reduced
efficiency for the whistler mode cyclotron-
resonance interaction in lowering pitch angles
ultimately into the loss cone. If case (a) pre-
vailed and eyclotron-resonance scattering re-
mained effective, then the low-altitude electron
intensities would closely follow equatorial inten-
sities, and there would be no buildup of electron

intensities at small pitch angles. This is not the

case for the ~1-Mev particles and thus, case
(b) seems applicable. Since the ~1-Mev elec-
trons can take several days to reach equilibrium
while the ~300-kev electrons take only a small
fraction of a day, it seems that the power
spectra density function for the wide band
whistler mode noise interaction during a mag-

netic storm decreases in magnitude as those -

frequencies are approached which are responsi-
ble for the scattering of ~1-Mev electrons.
While whistler mode scattering is a strong
function of cos a,,, the index of refraction, and
the propagation direction of the wave relative

to the local field direction, the following dis-

cussion may give certain limits concerning the
power spectral density. The electrons not being
scattered are ~1-Mev electrons mirroring at

~ low altitude, cos a,; ~ 1. Using cos e = 1, an
index of refraction n ~ 10, and assuming that'
- the irregular whistler waves propagate nearly

parallel to the field line, then the frequencies
responsible for scattering an ~1-Mev electron
in the cyclotron-resonance interaction are those
in the region of 1 kHz at L = 3 and 200 Hz at
L =5,

The power spectral density function for the
wide band whistler mode noise thus appears to
have significantly less power at o =~ 1 kHz
(corresponding to ~1-Mev electrons) than it
has at o = 2 kHz (corresponding to ~300-kev
electrons) at L = 3. The respective values at
L = 5 are ~200 Hz (1-Mev electrons) and
~500 Hz (~300-kev electrons). While spatial
dependencies in the power spectral density
function will be important in determining
equilibrium conditions over a wide range of
altitudes, the present results indicate that the
power spectral density function may decrease
significantly in the region <1 kHaz.

Figure 18 displays the measured decay times
for the equatorially mirroring electrons at
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Fig. 18. N'ear-equé}ltoria)‘. electron lifetimes for

“E > 300 kev, >450 kev, and >1.0 Mev plotted

versus L for the period April 22.5-May 3, 1965
(Figure 16b). The E > 10 Mev electrons dis-
play a longer lifetime in' the region L = 30—50
during this time perlod
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>300 kev, >450 kev, and >1 Mev after the
April 18, 1965, storm. The decays are measured
during the long-term post-storm period, April
22.5-May 3, 1965. It is seen that the >1-Mev
electrons display a longer lifetime throughout
the 3 < L < 5 region after this storm. In gen-
eral, it was found that, during the period under
study, January 1-June 29, 1965, whenever a
persistent long-term decay could be obtained
for both electron energies, the >1 Mev elec-
trons displayed the longer lifetime (e.g., Fig-
ure 4), The low-altitude >1.2 Mev decay times
are more difficult to obtain but where available
show slightly longer lifetimes than the >280-
kev electrons in the region 3 < L < 5. Similar
results have been observed for the period Octo-
ber 1-10, 1963 [Williams and Smith, 1965].

It thus appears that even during times well
removed from major storms loss mechanisms in
the 3 < L < 5 region are less effective when
operating on ~1-Mev electrons than on ~300-
kev electrons.

It should be noted that the data of Figure 18
along with the >450-kev electron pitch-angle
data, Figure 17, indicate that the transitional
energy region in the preceding discussions is
between 450 kev and 1 Mev. However, since we
only have low-altitude data at >280 kev and
>1.2 Mev, we shall continue to use >300 kev
and >1.0 Mev as our reference energies.

Sources. It has been suggested that a source
of energetic outer-zone electrons is the cross-L
diffusion, under conservation of the first two
adiabatic invariants, of a low-energy population
initially located at the magnetospheric boundary
[Parker, 1960; Tverskoy, 1964]. Such a process
has been effectively employed in an attempt to
arrive at an equilibrium outer-zone proton dis-
tribution [Nakada and Mead, 1965]. Observa-
tions indicating that such diffusion ocecurs for
outer-zone electrons have also been reported
[Frank, 1965b; Craven, 1966]. The initial ap-
pearance of energetic electrons well within the
trapping regions and their subsequent diffusion
toward lower and higher L shells shows that the

above cross-L diffusion process need not be the

major source of energetic electrons in the outer
zone. The position at which energetic electrons
are first seen within the trapping region and
the variation of this position with the size of
the storm (Figure 15) qualitatively can explain

the dependence of outer-zone electron intensity -

maxima on magnetic activity [McDiarmid and
Burrows, 1967]. In addition, the appearance
of 1-3 Mev electrons at L values of ~8 Ry
may be explained without requiring electrons of
a few hundred kilovolts at the boundary. These
high L energetic electrons could be due to the
outward diffusion of energetic electrons initially
appearing at lower L shells.

The source of the energetic electrons initially
appearing within the trapping region is un-
known. The possible sourcus are (1) accelera-
tion of the local plasma and (2) acceleration of
a - low-energy population, which is somehow
transported in from other regions (e.g., the
magnetotail ).

Carpenter [1963, 1966] has interpreted
ground-based whistler data as indicating the
existence of a sharp knee, the plasmapause, in
the radial profile of electron concentration. The
plasmapause, located at ~4 Ry during periods
of light magnetic activity, is thought to sepa-
rate an inner region of ~100 electrons/em’
from an outer region of ~1 electron/cm®.

In discussing the distribution of electric fields
in the magnetosphere, Block [1966] has re-
ported that space charge effects will develop a
central field free region within the magneto-
sphere and distribute the field toward the outer
regions. He identifies the field free region with
the above high-density region within the
plasmapause and considers that the possible
low-density region results from the -electric
fields in the outer magnetosphere sweeping away
the local thermal plasma.

Carpenter [1966] has further observed an

inward motion of the plasmapause during two

periods of enhanced magnetic activity in July
1963. At this time the quiescent location of the
whistler knee was at ~5-5.5 Rz. The plasma-
pause was observed to move to the region 2.8-
3.8 Ry during the magnetic activity present on

July 21, 22, and 30, 1963. The respective maxi-

mum D,, values were —23 y, —30 y, and —20 y
[Suguira and Hendricks, 1966]. The trapped
electron data in Figure 15 indicate that for
D, of —20 y to —30 ¥, energetic electrons
are first seen at L > 5 Rz. The appearance of

_energetic electrons during small magnetic dis-

turbances is thus seen to occur well above the

‘region to which the whistler knee is observed
to move. That is, the energetic electron popula-
tion is observed in the low-density region as
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discussed by Carpenter [1963] or, equivalently,
in the field region as described by Block [1966].

Bauer and Krishnamurthy [1968a] have sug-
gested an alternative explanation for the exist-
ence of a whistler cutoff, ie. plasmapause,
during magnetic storms. They argue that the
absence of whistler propagation above a certain
altitude (L shell) may be due to the absorption
of these waves via Landau damping by intense
energetic electron fluxes appearing within the
ring current region during a storm.

The present energetic electron observations
are consistent with this possibility in that for
the —20 y to —30 y storms reported [Car-
penter, 1966], the whistler knee was observed
to move to lower altitudes from an ambient
value that is coincident, within the allowable
errors, with ‘the initial appearance of energetic
electrons. The appearance of energetic elec-
trons may damp the waves and cause the ob-
served lowering of the knee.

If during quiet times, the ambient plasma
density on the high-altitude side of the plasma-
pause is ~1 em™ [Carpenter, 1963], then it is
not possible to obtain from the local plasma the
low-energy particle intensities thought to be
responsible for the ring current [Hoffman and
Bracken, 1965; Frank, 1967]. It is possible,
however, with these low plasma densities to
support the energetic (3280 kev) electron pop-
ulation found in these regions during storms.
Therefore, the primary acceleration mechanism
responsible for the freshly observed energetic
electrons during a main phase storm, which
seems to reside within the trapping regions but
above the whistler knee, can use both local
plasma and transported plasma as a major
source of particles.

The response of the topside ionosphere dur-
ing the April 17, 1965, magnetic storm has been
reported by Bauer and Krishnamurthy [1968b].
Both enhancements and depletions of topside
ionization were observed and were found to
depend on the phase of the storm. In particular,
a large depletion in the maximum electron den-
sity Nm F. was associated with the main phase
expansion of the field at the time of the sym-
metric phase of the ring current. The peak
depletion was observed to occur at L = 3, in
excellent agreement with the initial appearance
of energetic electrons at 1100 km and the loca-
tion of their maximum mtensnty (Flgure 11).

Bauer and Krishnamurthy [1968b] suggest that
this depletion represents an upward flux of
plasma caused by reduced plasma densities at
high altitudes due to either the main phase
field expansion or to the acceleration of the
local thermal plasma. The present results indi-
cate that a major acceleration mechanism ecan
operate within the stable trapping regions and
initially at high altitudes.

If the local plasma were energized, a local
low-energy depletion could result owing to the
energization and to field expansion caused by
the energized particles. This in turn could cause
an upward flow of ionospheric plasma to these
regions and yield the Nm F, depletions observed
in the ionosphere [Bauer and Krishnamurthy,
1968b]. The spatial correlation of the equatorial
and low-altitude energetic trapped electron re-
sults and the simultaneous Nm F. depletion
results during the April 17, 1965, magnetic
storm are consistent with such a process. The
equivalent low-altitude and equatorial regions
may be obtained roughly from Figures 11, 14,
and 15.

Thus the creation of intense energetic par-
ticle populations within the magnetosphere may
stem from a variety of sources (eg., local
plasma, a low-energy population from the mag-
netotail, or ionospheric effects). :

Many of these effects (decay, cross-L diffu-
sion, pitch-angle diffusion, acceleration, ete.)
may well be storm-dependent. The power spec-
tral density function, for example, may vary
from storm to storm and may also have a
different shape during quiet times. This would
have the effect of varying the energy at which
pitch-angle diffusion would become effective as
a function of some as yet unknown storm

- parameter. Simultaneous particle-wave-field ob-

servations over many storms are required in
order to identify the more significant sources
and losses throughout the outer zone. The diffi
culty of these identifications is emphasized by
the iterative nature of these mechanisms; ie.,
sufficient particle intensities and anisotropies
may trigger instabilities that produce the diffu-
sion leading to the loss of the initial partlcles

[Kennel and Petchek, 1966].

Similar partlcle-ﬁeld-wave-plasma - observa-
tions for a variety of storms will be invaluable
in furthering understanding of the relation be-
tween magnetospheric plasma and energetic
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particles associated with the stable trapping re-
gion.

SuMMaRY

Simultaneous data have been presented for
trapped electrons at energies >280 kev and
>1 Mev as observed throughout much of the
outer zone at 1100 km by the satellite 1963 38C
and in the near-equatorial regions by the Ex-
plorer 26 satellite. These observations were
obtained during the time period January 1
through June 29, 1965, for the L values 3.0,
35, 40, 45, 50, and 5.5 Re. The behavior of
the trapped electron intensities was studied and
discussed during five well-defined magnetic
storms, which were accompanied by electron
intensity increases throughout much of the re-
gion of observation. The following results and
conclusions were obtained:

(1) The >300-kev trapped electrons on a
given L shell (Figure 2) rapidly (1-2 days)

~ come to equilibrium after a large magnetic dis-

turbance, thereby causing the entire L shell to
behave uniformly over extended periods of time.

(2) Pitch-angle data for near equatorially
mirroring >450-kev electrons during the April
18, 1965, storm indicate that these electrons
rapidly (0.1 day) come to equilibrium within
a given flux tube.

(3) It is thus concluded that the >300-kev
electrons also come to equilibrium within a
given fluz tube within ~0.1 days and that the
longer {(~1-2 day) nonuniform behavior on a
given L shell (Figure 2) is due to field expan-
sion during the storm (see number 10 below).

(4) Tt is further concluded that the longer
term (many day) cross-L diffusion and decay
processes acting on >300-kev electrons appear
to be pitch-angle independent owing to the ra-
pidity of the pitch-angle diffusion mechanisms
that strongly couple >300-kev electron intensi-
ties all along the line of force.

(5) Such an apparent pitch-angle inde-
pendence for the long-term cross-L diffusion and
decay processes is not observed for the >1-Mev
electrons.

(6) It is thus concluded that pitch-angle
diffusion mechanisms are not ‘as effective in
lowering the mirror points of >1-Mev electrons
as they are for >300-kev electrons. It is this
energy dependence of the pitch-angle scattering

mechanisms that allows the observation of a
strong pitch-angle dependence for cross-L diffu-
sion and decay effects at >1 Mev.

(7) Using the cyclotron and bounce-reson-
ance interactions with wide band irregular field
fluctuations, as described by Roberts [1968], as
major loss mechanisms, it is found that the
power spectral density function characterizing
the cyclotron-resonance interaction may de-
crease significantly in magnitude as the fre-
quency is lowered from o ~1000-2000 Hz to
o ~ 200-1000 Hz.

(8) Longer lifetimes are observed for >1-
Mev electrons than for >300-kev electrons, in-
dicating that either cross-L diffusion or the
bounce-resonance interaction may be less effec-
tive at higher energies.

(9) Shorter lifetimes for both low- and high-
altitude trapped >300-kev electrons were ob-
served immediately (5 days) after the April
17 storm than during the long-term (5-16 days)
post-storm period (Figure 16). This effect was
seen in the region L ~ 3 Ry where the storm
produced its largest energetic particle effects.
The shorter lifetime in the immediate post-
storm period may be due to an enhancement of
loss processes during disturbed periods.

(10) Measuring the time required for the
electron intensities to reach one-half their maxi-
mum value, ¢, after the start of a storm has
led to the result that energetic (>300 kev,
=1 Mev) electrons associated with a main phase
magnetic disturbance may initially appear well
within the trapping regions and subsequently
diffuse both in toward lower L values and out
toward higher L values. A case of a possible
double appearance of energetic electrons was
found in the April 17, 1965, storm.

(11) - It was also observed that the minimum
tm;s and maximum intensity at both low and
high altitude occurred at lower L values as the
maximum D,, of the storm increased. This is in
agreement with previous low-altitude results
[Arens and Williams, 1967]. It was further
observed that the equatorial and low-altitude
minimum ¢.,. values fell on separate curves
(Figure 15) on an L versus D,;™* plot. This is
interpreted as a measure of field expansion dur-

ing the storm and yields AR > 02 Ry at R ~
5 RB‘ f_or D”mnx = —30 Y and AR ~ 0.5 RE at B

R ~ 32 R; for D,,™* = —140 y. The latter

value agrees well with the AR ~ 05 R, at
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R = 35 R; obtained by L. R. Davis (personal
communication) during the same April 17, 1965,
storm included in this study.

(12) The appearance of energetic electrons
within the trapping regions and its variation
with D,,™, erunled with the subsequent trans-
port of these eclectrons, can qualitatively ex-
plain the dependence of outer-zone electron
intensity maxima on magnetic activity (Mc-
Diarmid and Burrows, 1967]. These observa-
tions can also explain the appearance of
several Mev electrons at L values of ~8 R;
without requiring a several hundred kilovolt

population at the magnetospheric boundary.

(13) Preliminary evidence indicates that the
energetic electrons initially appear on the high-
altitude side of the whistler knee, i.e., on the
low density side of the plasmapause as dis-
cussed by Carpenter [1963]. The motion of the
whistler knee to lower altitudes during small
magnetic storms [Carpenter, 1963], coupled
with the region of appearance of energetic
(300 kev) electrons during similar size storms,
lends support to the suggestion of Bauer and
Krishnamurthy [1968a] that, during storms, the
whistler cutoff and the apparent motion of the
whistler knee is due to the appearance of ener-
getic electrons associated with the storm ring
current that absorbs the waves via Landau
damping. :

(14) The depletion in the topside ionosphere
maximum electron concentration, Nm F,, was
observed to peak at L = 3 during the April 17,
1965, magnetic storm [Bauer and Krishnamur-
thy, 1968b]. This region of peak Nm F. deple-
tion agrees very well with the region of mini-
mum tm;; and maximum intensity observed for
the low-altitude energetic electrons during this
same storm (Figure 11). The energetic electrons
during the April 17, 1965, magnetic storm

appeared initially well within the trapping re-

gions (L = 3 at 1100 km) and were thus pro-
duced by an acceleration mechanism acting in

‘these regions on either the local low-energy

population or on a low-energy populatxon trans-
ported in from elsewhere.
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CHAPTER 11

Drift Mirror Instability in the Magnetosphere: Particle
and Field Oscillations and Electron Heating

L. J. Lanzerorti, A. HAsEGAWA, AND C. G. MACLENNAN

Bell Telephone Laboratories, Murray Hill, New Jersey 07974

The published L = 5 equatorial magnetosphere particle and field data from the April 18,
1965, geomagnetic storm are reanalyzed in the context of the drift mirror instability theory
developed by Hasegawa. These data, together with previously unpublished electron pitch-
angle data, are shown to satisfy the requlrements and consequences of the instability. Addi-
tional particle data observed during a 1967 substorm by an experiment on ATS 1 are also
presented to show that the observation of the April 18 instability was not an isolated occur-
rence. in the magnetosphere. The data also contain evidence for electron heatmg during the

time of the instability.

I

INTRODUCTION

A number of papers have been published
describing and discussing the many geophysical
observations made during the time period in-
cluding the large April 17-18, 1965, geomag-
netic storm [Cahill, 1966; Houston and Ear-
hard, 1966; Gosling et al., 1967; Meng and
A/casofu 1967; Lanzerotti, 1968a Brown et al.,
1968; Hoﬁman and Cahill, 1968 Sonnerup
et al 1969]. In addition to the fact that this
was a large storm following a long period of
relatively quiet geomagnetic conditions, perhaps

“the most important feature of the event was

that the satellite Explorer 26 was fortuitously
located at apogee and remained at an essentially
stationary position in the magnetosphere long
enough to observe the beginning of large proton

and electron flux enhancements and modula-
tions at the start of a polar substorm on April

18. It has seemed likely that the particle and

-~ field observations made by Explorer 26 were
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indicative of a fundamental magnetosphere
Process.

Recently, a breakthrough in the theoretical
understanding of the April 18 satellite obser-
vations was mude possible by the development
of a new theory of the mirror instability by one
of the authors [Hasegawa, 1969a], hereafter de-
noted as paper 1. By extending the theory of
the mirror instability [Chandrasekhar et al.,
1958] to consider gradients in both the mag-
netic field B and the hot plasma density n, a
coexisting cold plasma, and the effect of finite
cyclotron radius, Hasegawa has observed that .
the particle and field phenomena seen by Ex-
plorer 26 at L = 5 on April 18 after the first
large proton enhancements can be explained

- by the occurrence of a mirror instability in the
magnetosphere. He has called this instability.

the drift mirror instability because of the cou-

pling with the drlft waves produced by VB

and vn.
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Fig. 1. Over-all plot of the magnetic field intensity and proton and electron observations
measured during the second Explorer 26 apogee pass of April 18, 1965 (taken from Figure 2

of Brown et al. [1968]).

In this paper the previously published data
from the April 17-18 storm period are re-
analyzed in the context of this theory to sub-
stantiate ‘the relevance of the mirror instability
to the proton and field oscillations observed by
Iixplorer 26. In addition, unpublished electron
~ pitch-angle data obtamed during the electron
flux enbancement are presented and shown to be
consistent with the consequences of the insta-
bility. To indicate that indeed such an insta-
bility is active during other substorms in the
magnetosphere, electron, and proton data during
a 1967 substorm observed by the BTL experl-
ment on ATS 1 are presented. Finally, it is
shown' from both the Explorer 26 and ATS 1
data that electron heating occurs in the mag-
netosphere during the time period following the
onset of instability. A possible heatmg mecha-
*_nism is presented.
The Explorer 26 experiment, consisting of

- six partially depleted, solid-state p-n junction

detectors, has been described previously [Brown
et al., 1968; Wiiliams et al., 1668]. Jn addition
to the spin-averaged flux data from the experi-
ment published in those papers, the E6 (E, >
450 kev) electron detector was also sampled
more frequently to give a pitch-angle distribu-
tion approximately once each twenty seconds.

The ATS 1 experiment, consisting of a six-
element solid-state' detestor telescope has also
been previously described in the literature
[Lanzerotti et al., 1967; Lanzerotti, 1968b].
This experiment measures the spin-averaged
flux of particles mirroring near the magnetic
equator at synchronous altltude (6.6 Rg, 150°W,
0°N).

Resurrs

E'q:plorer' 26 Observations

A composite view of the magnetic field ob-

servations and several proton and electron flux
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observations during the second Explorer 26
apogee pass on April 18 as presented by Brown
et al. [1968] is reproduced here as Figure 1.
During the 0600-0800 UT time interval, the
local time of the satellite changed from ~1250
to_~1440, and the geomagnetic latitude changed
from ~4.5° to ~8.3°. The general features of
the temporal observations have been well de-
scribed previously [Brown et al., 1968].
Important experimental observations from
Figure 1 that will be discussed in detail are
the sudden ‘kink’ in the increase (decrease) of
the proton fluxes (magnetic field intensity) at

~0622 and the general anticorrelation between -

the magnitude oscillations of the magnetic field

intensity and the proton flux intensity subse-

quent to this ‘kink.” In addition, the electron
flux variations are discussed in terms of the
observed acceleration and oscillations. It is
noted that the oscillations observed in ‘the two
electron flux channels are not well-correlated
with either the field or proton oscillations. The
lack of such correlations could be due to the
fact that all local pitch-angle electrons (from
~25° to 90°) were measured during each
sample period plotted in this figure. Between
0730 and 0800, however, saveral large pulsations
in both electron flux channels correspond to
decreases in the field magnitude.

An expanded view of the magnetic field fluc-
tuations from 0620 to 0650 UT is plotted in
Figure 2. This figure indicates very clearly the
anticorrelation between the field intensity and
the near-local 90° proton fluxes plotted from
three different energy channels at the time of
the three large field decreases.

The E, > 450-kev electron fluxes for two
separate pitch-angle intervals are also shown
in Figure 2. The time periods when the fluxes
were not a maximum at'a pitch angle near 90°
are indicated by shaded horizontal bars on the
data plot. Below the electron data are plotted
the fractional differences between the 90° and
non-90° electron fluxes compared with the 90°
fluxes. One-half the fractional differenses are
plotted for the first 10 minutes. The gups in

this pitch-angle data result from the motle se-

quencing of the experiment. P
From the data of Figure 2 it is clearly evi-
dent that, even though there are large simul-

taneous electron flux increases, at the time of

the magnetic field decreases the tendency is for
the local 90° pitch-angle electron fluxes to
decrease below the values of the fluxes at a
smaller local pitch angle. It should also be
pointed out that prior to the large field oscil-
lations, accompanied by the major electron
increases, an initial, smaller electron enhance-
ment was observed in the electron fluxes be-
tween 0620 and 0625. Between 0625 and 0630
the electron fluxes were highly anisotropic, with
the local pitch angle (LPA) distribution strongly
peaked near 90° [Brown and Roberts, 1966;
Williams et al., 1968].

ATS 1 Observations

The satellite ATS 1, being in a synchronous
circular orbit, is an experimental platform that
is always in a stationary observing position, as
Explorer 26 was during its apogee passes. A
particularly striking case of phenomena similar
to the April 18 observations in Figure 1 was
observed by ATS 1 during a magnetic storm
on June 26, 1967. Proton and electron data
from several channels of the BTL experiment
on ATS 1 during this time period are plotted
in Figure 3. The local time of these observations
spans 1800-1600. o

Unfortunately, neither proton nor electron
pitch-angle data were obtained here, nor were
protons of energies less than 600 kev measured.
Nevertheless, these data show clearly that after
the electron ‘wipeout’ during hour 2300 UT,
large electron oscillations (~4-min periods;
equatorial pitch angle near 90°) were super-
imposed upon the electron increases during hour
00 UT. Simultaneously with the electron oscilla-
tions, the proton fluxes oscillated out of phase
with the electrons during most of the two hours

“after the ‘wipeout” The auto- and -cross-

correlation analyses of the l-minute average
E > 400 kev electron channel and the 1-minute
average 06 < F < 10 Mev proton channel
shown in Figure 4 confirm this out-of-phase

_ relationship between the equatorial 90° pitch-
angle electron and proton fluxes. It has been

reported that during hour 00 large oscillations

of ~30 y amplitude were observed in the mag-

netic field intensity and that these oscillations
were in phase with the electron oscillations

[Barfield et al., 1968].
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Fig. 4, Curve A: Autocorrelation of the 1-
minute average £ > 400 kev electron fluxes.
Curve B: Autocorrelation of the 1-minute aver-
age 06 < E < 1.0 Mev proton fluxes. Curves C':
'Cross-correlation between these two particle fluxes.

Discussion

Proton Observations

‘As is shown in Figures 1 and 2, the proton
fluxes began to increase sharply and the mag-
netic field intensity began to decrease sharply
at approximately 0618 UT on April 18. After
the sharp ‘kink’ in the proton flux increase and
the magnetic field decrease at ~0622, the pro-
ton fluxes underwent small oscillations about
their enhanced values for approximately 10
minutes. The amplitudes of the small oscilla-
tions increased until three large oscillations
appeared in the fluxes, definitely out of phase
with correspondlng oscillations of the magnetic
field.

Sonnerup et al. [1969], comparing these oscil-
lations with four different models, concluded
that protons ‘sloshing back and forth in the
acoustic mode’ were the ‘most attractive’ ex-
planation for the observations. Although the
conclusions of this paper agree that the oscilla-
tions are caused by a wave phenomenon, it is
well known [Fried and Gould, 1961], and has
also been pointed out in paper 1, that the
acoustic mode is subject to heavy ion Landau
~damping if T, > T,, a condition which holds

cult to account for such shatp osmllatlons by
mvokmg the actmstm mbde '

To compare the proton observations made by
Davis on Explorer 26 [Soraas and Davis, 1968]
and reported by Brown et al. [1968], with the
theory of drift mirror instability, a functional
representation for the fluxes at a given pitch
angle 6 and above a given energy threshold E,
was assumed. This fit of an assumed function to
the data was necessary to obtain the hot proton
plasma density and average energy since proton
fluxes below 113 kev were not measured. The
theoretical representation was then fit to the
data kindly furnished to us by Dr. Leo Davis
(personal communication). Davis’ 10° interval
proton pitch-angle observations at four differ-
ent energies were fit to the function

!I(E > Ea) = 2.2'106'"4)E (

2E T)

-exp< 2EE >(sm § — sin® 6,)°

: I(s + 3/2)
2r(cos® 0)* ' T(M)T(s + 1)

-(em? ster sec)”’ (1a)
where a distribution function consisting of a

product of a pitch-angle function and a Boltz-
mann distribution function in velocity space

_ n,I'(s + 3/2)
0,0 = Gleod 0)* THIG T 1)

-(sin® & — sin® 0,)*(2r sin @ d0)

1 3 2
. [m] 4o dv exp <2”T2> (1b)

was assumed. In the above equations, 7, and B,
are the hot proton density (cm™) and the aver-
age energy (=(Y2)m.vs", ev), respectively, and
8, is the loss cone angle.

Assuming the separable function (equation
la), the fit of the pitch-angle distribution for
each energy was obtained. The average s value
obtained from these four pitch-angle fits for
each measurement interval was then used to
obtain 7, and Er from the energy fit. Three ex-
amples of these fits used to derive values of
ny; Er, and the asymmetry parameter s are

: olds  shown in Figute 5 fot three measurement inter-
for the magnetosphere plasmd. Thus, it is diffi-

vals around the protoii ‘kink’ To avoid con-
fusion only three differetit proton pitch-angle

intervals are shown in the figures. The broken -
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'LOG PROTON INTENSITY

lines correspond to the fit to the 45° pitch-
angle protons. The values of n,, Er, and s for
each set of data were obtained by averaging
the values obtained for all pitch-angle intervals.

These averaged values of the total energy,
density, and asymmetry parameter were then
used to derive parallel and perpendicular pro-
ton pressure representations (cf. paper 1)

1 ‘
Py = by m {2a)
, s+ 1
PL & "7/0E71 % + 3 (2b)

and were used to determine if the instability
criterion required by the theory was met. In
deriving equation 2, the loss cone angle 6, was
taken to be zero (a good approximation at
L = 5). It was shown in paper 1 that the re-
quirement for the instability to set in is that
the asymmetry parameter s satisfy the relation-
ship
B 3[2 28 + 3

$ 2 1 21Ems 25 + 2 (3

where By is the equatorial magnetic field in-

tensity in gammas.

o: 80°<08<90°

a: 60°<f< 70°

The parameters n,, E;, and s obtained from
the fits are shown in Figure 6, together with
the quantities p. and p,iderived from equation
2. The parameters plotted in Figure 6 were used
to evaluate the right-hand side of equation 3.
These results and the asymmetry parameter s
are plotted in Figure 7 for the 0610-0730 UT
time interval.

The parameters obtamed from the ﬁttlng
the procedure never satisfy the instability cri-
terion. For example, at the ‘kink’ in the proton
and field data just after the large proton in-
creases (~0622 UT, where it is presumed that
the instability first occurred) it is found that
My ~ 09,8 ~ 09, and Fr ~ 25 kev. Since B
is ~192 y, the right-hand side of equation 3
becomes 2.1, which is larger than s.

One of the more likely reasons for the failure
to satisfy the instability ecriterion is an in-
adequacy of the fitting procedure used to de-
termine 7, and Er. The measured proton fluxes,
all of energies >100 kev, are extrapolated to
lower energies to estimate n, and Ey (the latter
of which is ~25 kev). In addition, as indicated
in Figure 5, the fitting was done to data, log
J(E, > E,), which are of the order of 6 ~ 7.

A 109 evror in the experimental log(fluxes)

0: 30°<f0<40°

7.6 T Y | —— T T T T T
06202 UT 1 r

b OEg2Bakey N\ N\

T

T- ¥ L T T

0626.3UT - 1

¥ ¥ 1 H

0621.4 UT ]

~

: J f ET= 27.8 kev \‘\< L ET=24.O keV .
48 n,0.39cm3 84 L ng05lcm™ 1 F n,:0.83cm™3 \-
F s :0.75 ; E - g =0.9] 4 F. s:=0.8! : D -
: 4.4 L 1 I Lo 1 i 1 { t L 1 1 1 1 L1 L 1 1 1
.0 0.l 02 03 04 O 0.l 02 03 04 0 O.f 02 03 04

PROTON ENERGY, MeV

Fig. 5. I‘hree examples of the fits to the proton pitch-angle data using equation 1. The
, dotted lines correspond to the fits to LPA 45° protons
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Fig. 6. The magnetic field intensity and the

parameters no, Er, and s obtained from the fitting

procedure. Plotted at the bottom of the figure
are p: and py for protons obtamed from equation
2

could give rise to an error in log n, of ~ log

0.7, or an error in n, of a factor of 2 or more.

Two other aspects of the experimental meas-

_urements tend to give slightly lower than
- actual values to s and/or n, during periods of
- large flux pitch-angle asymmetries. The first

of ‘these is the fact that the average efficiency
“over the entlre detector openmg angle was used

in computing the particle fluxes. During the
period of large anisotropies, the fluxes near
LPA 90° would tend to be underestimated and
the fluxes near LPA 0° overestimated.

The second of these is due to the fact that
the satellite rotated through an angle of ap-
proximately 11° (also approximately the full
opening angle of the detector) during each
pitch-angle sample period. Because of the
orientation of the detector to the satellite spin
axis, this average over the spin (or detector)
was most severe for local pitch angles ~35°-
90°, where individual measurements were aver-
ages over ~15° in local pitch angles. Taken
together both of the above experimental meas-
urement effects amount to an approximately
109, increase in s and indicate that near 0622
UT, s ~ 1.0, and the right-hand side of equa-
tion 3 ~2.0.

To confirm that the estimates of the energy
density as obtained from the data are in fact
lower than the actual values, the proton energy
densities obtained from the fits were compared
with the energy density deduced by Hoffman
and Cahill [1968] from the magnetic field data
during the storm. They deduced the energy
density from magnetic field measurements made
during an Explorer 26 pass early on April 19,
during the symmetric phase of the event. Un-
fortunately, no similar determinations were
made during the more asymmetric period on
April 18.

Byt 2043

lel Epng 2842

\,/"*\/.\/'\ M ,\,\,\.r

N N
0 0620 ; 5760"

APﬁIL 18, I965 uT
Flg 7. Plot of the instability criterion and the

-pitch-angle asymmetrv parameter, s, as a func--
" tion of tlme
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- frequency, «*, where T
; = k_LKvlls;z/wci o (5

Using equation la an expression for the total
energy density of protons can be obtained in
terms of n, and Ey

E = 4.8-107"n,E, erg/cm® (4)

1f the fitted values of n, and Er at (5622 UT are
used, it is found that B ~ 8.7 X 10~ erg/cm?.
This is ~4 times smaller than the energy density
of 3.2 X 10~7 erg/cm? obtained by Hoffman and

. Cahill on April 19. However, judging frorz the

larger Dst depression on April 18 than on April 19,
it would certainly be expected that the energy
density on the 18 would be at least as large as
that on the 19 (implying a larger proton density
or average energy or both). If the energy density
that Hoffman and Cahill computed for April 19
held also on April 18, then the instability criter-
ion would easily have been met, given the fitted
s values.

In addition, the energy density of 8.7 x 107

erg/em’ is also ~3 times less than the actual
ring current proton energy density (~2.2 X
107" erg/cm®) measured at L = 5 by Frank
[1967] during a substantially smaller storm
period in 1966 (Dst maximum of ~40 y during
the 1966 storm compared with a maximum of
~150 y for the 1965 storm). Hence, although
the direct measurements made on Explorer 26
at the time do not demonstrate it, there is
strong evidence for helieving ‘the mirror in-
stability criterion is met at the ‘time of the

~0622 UT proton flux and magnetic field

‘kink’ and that the subsequently observed oscil-
lations are consequences of the instability.
The observed frequency of the three large
field and proton oscillations can be considered
in the context of the theoretical predictions.
As was shown in paper 1, the real part of the
angular frequency is given by the drift wave

0)*

In equation 5, k, is the perpendicular wave
number, « is a measure of the particle density
and magnetic field gradients, v, is the ion
(proton) parallel thermal velocity, and .. is
the proton cyclotron frequency. '

As is indicated in paper 1, &, can be taken

‘as ~1 over the proton cyclotron radius, This -

then allows the frequency to be written as

3

o* = s (f“) 2<2A),‘”  (60)

where A is a measure of the overshooting of
the instability condition and is expected to be
~0.1 (cf, paper 1), T, and T) are the perpen-
dicular and parallel proton temperatures, re-
spectively. Since x is found to be 3/R in a
dipole field varying as R it follows that

1/2 72 -
* = 0,098 (E"I‘J) <$j> (4)'*  (6b)

where B = LR; and E; (kev) is the average
proton kinetic energy in the parallel direction.
According to equation 6b, the condition T/T.
~ 05 at L = 5 yields o ~ 0.015 to ~0.04

rad/sec for A between 0.1 and 1, The observed

frequency during the April 18 storm was ~0.02
rad/sec, in good agreement with the theoretical
predictions.

For a given value of A, there is a one-to-one
correspondence between the maximum growth
rate of the instability and the real part of the
angular frequency, . As can be obtained from
paper 1, for B8, ~ 1, the growth rate can be
written as

Im () Nw*lj N& )
where p, is the ion (proton) gyroradius. For
the values of A taken above, Im(v) ~ o*.
This is of the order of the time period observed
from the instability onset to the large, periodic
oscillations (Figure 7).

The phase relationship of the proton and field
oscillations must also be considered. As is shown
in paper 1, the variation of the proton density

associated with the drift mirror instability can:

be written as

m _ Ba ( _ L)
No BzO 1 TII’ (8)
B, is the horizontal component of the magnetic
field and the subsecripts zero and 1 denote the
unperturbed and perturbed quantities, respec-
tively.
The variations in the empiriecally fitted den-
sity data plotted in Figure 6 indicate that the

oscillations are consistent with T, > T, if the ==
_,followmg relations derlved in. paper 1 are con-

sidered

"PL‘o ‘ ’B,. T,

| & « 2-11’;‘-(] _&) . ;(Qd)f ;
=0 ‘ B
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Fig. 8. A perspective graph of the fits to the
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Furthermore, not only do p, and p, oscillate out
of phase with the magnetic field (Figure 6) but
also the amplitude of the oscillations in p, are
predicted by equation 9 to be 2{1 + s) times
that of p,, which is in quantitative agreement
with the values of Figure 6, derived from the
fitted data.

As was noted in the previous section, the
proton oscillations measured by the ATS 1 ex-
periment on June 26 were observed to be out
of phase with the large magnetic field intensity
oscillations. However, owing to the lack of both
pitch angle information and lower energy meas-
urements, it is impossible to theoretically treat
these proton observations as the April 18 ob-
servations were treated above. Nevertheless, the
phase characteristics of the proton flux oscil-
lations and reported magnetic field oscillations,
as well as the electron observations discussed
below, strongly imply that the same instability
also existed in the magnetosphere during this
substorm. For this instability period an oscil-
“lation frequency ~0.023 rad/sec is observed
“at L = 6 '(Figure 3). This frequency also lies
~ in the theoretically predicted frequency range
as shown by equation (6¢).

s Electron Observations. .

’i 1. Oscillations. As 'was evident in Figures 1
and 2, large increases/in the electron population
~ were observed to (/;gECur at approximately ‘the

RN

same time as the onset of the largest magnetic
field oscillations during the April 18 storm
period. Any E, > 300 kev electron flux oscil-
lations superimposed upon the large increases
would tend to be obscured because the detector
measured LPA from ~25°-90° during one
sample period.

It has generally been observed in the E, >
450 kev electron pitch-angle data that during
the April 18 electron oscillations, the local elec-
tron pitch-angle distributions tend to be peaked
at an angle smaller than 90°. This is clearly
seen in Figure 2 for the period during the
electron increases. In addition, analytical fits
to the E, > 450 kev electron pitch-angle dis-
tributions during 0643-0650 are plotted in per-
spective view in Figure 8 to give a more graphic
display of some of the changes observed in the
pitch-angle distributions. The functional fit to
the data was an extension of the normal pitch-
angle distribution as in equation 1 [Roberts,
1965; Williams et al., 1968]

J(E>E) « [A+ Bz" — (A + B)z™)*

where z = (1 — B,/B)"*.
A functional form for the behavior of the
electron fluxes above a given threshold energy

(EB.) as a function of pitch angle can be
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fog | - ’ :
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y i MAGNETIC FIELD

bl
o z
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Fig. 9. Electron pitch-angle sketch showing the
relationship of the electron oscillation phase to
the magnetic field oscillation phase (equation 10).
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derived using the perturbed distribution fune-
tion obtained in paper 1 and transforming the
variables from (%, v,) to (v, 6)

dJi ) ®
o0t o [ty
—_ Bt ” 3
= —33 j; 41" fo,(v) dv

-sin” @(cot 6 + tan §) ~2—~ df“(o)

(10)
where Q is the solid angle, v is the electron
velocity, and 6 is the electron pitch angle.
Referring to the sketch in Figure 9, it is seen
that when the pitch-angle distribution has a
peak at other than 90°, df/df will be negative,
and an in-phase oscillation of the electrons with
the magnetic field will occur. This is exactly
the phenomena observed during the large elec-
tron increases shown in Figures 2 and 3. It
should be noted that electron and proton oscil-
lations that are out of phase cannot be ac-
counted for by an acoustic mode model of the
phenomena.

The electron oscillations observed on ATS 1
during the June 26, 1967, event were much
larger than those observed during the April
18, 1965, storm period (Figure 3). However,
as has been mentioned above, during both the
June 26 and April 18 events, the electron
oscillations were out of phase with the proton
oscillations and in phase with the reported
magnetic field oscillations [Barfield et al., 1968].

were observed to occur at approximately the
time of the largest proton oscillations (which
also rorresponded approximately to the time
of the largest field oscillations).

Electron Observations

2. Heating. The characteristic electron heat-
ing time, assuming an exponential increase,
during the first forty minutes of June 26 has
been plotted in Figure 10, together with data
from four electron energy channels (E, > 10
kev, > 300 kev, > 450 kev, and > 1000 kev)
from the April 18 storm. The heating would
appear to be slightly faster during the April
18 storm for the three ‘relativistic’ energy chan-
nels. Although the heating time as plotted in
this figure is more rapid for the 300-kev elec-
trons than for the 1.9-Mev electrons, the non-
relativistic 10-kev electron heating, taken from
data presented by Brown et al. [1968], is quite
slow.

Although a complete theoretical treatment
has not yet been carried out, the accelerations
during the oscillations can he attributed to
transit time damping, which heats the elec-
trons in the parallel direction. In this case,
for Ty > T. the in-phase relationship with the
magnetic fields is accounted for (cf. equation
9).

The rate of electron heating during the oscil-
lations may be roughly computed as follows.
The rate of change of the electron energy, W.,,
due to transit time damping can be expressed

Again large increases in the electron population as
20 ll T HL T LI I lll T Y T LS § 11‘11 H = ) T T ) N R S B |
sl L FLx ae'T i
16} » ‘o
14 f [ A
iz 12k [ i
-
2 10f { t { 4 i
2 .
¥ 8 ; : : .
iy { } | .
ar : ' « JUNE 26, 1967 7]
ek " o APRIL 18,1965 |
ol 1 vl 1 Loyl I Loy
ool ol . 1o 100
= _ S Ee,MeV :
{J_} B T "Fig.; 10. Plot of the rate of electron heating during the initial large heatings observed on

both Explorer 26 and ATS l Note the data point at 10 kev. . .
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Im (e,,) (11)

where F, is the electric field in the dircetion
normal to both the magnetic field and the wave
vector (denoted by the direction ). Im(e,,) is
the yy component of the imaginary part of
the equivalent dielectric constant. This term
of the dielectric constant has been given in
paper 1 as

— klzv.Lvancz Tla ’ < )
‘[m (ellll) - w2w¢¢2 Tua I Z L"v"e
(12)

where 7’ is the plasma dispersion function
[Fried and Conte, 1961]. In equation 12, w,,
and w,, are the electron plasma frequency and
cyclotron frequency, respectively; v,, and Vo
are the electron velocities in the perpendicular
and parallel dircctions (to the magnetic field),
respectively; and T,, and T, are the perpen-
dicular and parallel electron temperatures, re-
spectively.

Because of the nonuniformity of the mag-
netic field, either the wave or the electron may
be reflected (mirrored) at some local point
along the line of force. At the mirror point,
either &, or vy, will go to zero in the dispersion
relation - of cquation 12 (depending upon
whether the wave or the electron mirrored closer

to the equator) causing a resonant interaction

between the electron and wave.
In the case of the resonant interaction, Im Z
~ 1 because » ~ k. In the nonrelativistic
limit Wy, ~ 1/2 m,n.v,* and since B, = wB./
k., equation 11 can he expressed as

1AW, (5,_)2
WJ-,- at - Bl!l @ (13)

| e
W, ~ W, exp [(g’ )]{wtl

if it is assumed Wy, ~ W, ~ W,.

or

~ The rate of heating is thus equal to (B./
B.)%» in the nonrelativistie limit, where o is:

the wave frequency seen hy the electrons ;e

higher energy eclectrons see a higher frequency
wave because of the Doppler shift (a larger
drift velocity and opposite in dircetion to that
of the very nonrelativistic protons). For the
case of o ~ 0.02 rad/sec and (B./B.)* ~ (25/
200)* ~ 1/64, the heating time, ¢, is found to
be ~5 minutes for ~300 kev electrons (Doppler-
shifted wave o ~10 times that of the observed
), in good agreement with the obscrvations.

This prediction of a faster heating rate for
higher energy electrons appears to be horne out
in the Explorer 26 April 18 observations (Fig-
ure 10) where the 10-kev cleetrons (nonrela-
tivistic) have a slower heating rate than the
300-kev electrons (almost rvelativistic). It is
clear, however, that this nonrelativistic ealcula-
tion does not predict the heating rate for the
electron data plotted in Figure 10. For these rel-
ativistic electrons, the rate of heating hecomes
smaller for higher energy clectrons. The break-
down of the nonrelativistic estimate is probably
due to a combination of the increased synchro-
ton radiation energy loss and the increased mass
of the relativistic electrons.

Unsolved Problems

Although the above analyses and discussions
have shown quite conelusively that the drift
mirror instubility exists on oceasion in  the
magnetosphere and that electron heating ap-
parently accompanies the occurrence of the in-
stability, there remain a number of unsolved
problems concerning the ohservations in general

~and the April 18 storm in particular. The first

of these problems concerns the initial large
proton increases observed by Iixplorer 26 at

~00620 UT on April 18. Houston and Earhart

[1966] have reported that, after the peak of
solar activity on April 16, ‘1965 [Meng and
Alasofu, 19671, there was unusual riometer
absorption heginning at ~0604 and ~0612
recorded at Bedford, Massachusetts (L = 3. 1),
and Durham, New Hampslm‘e (L = 32), re-
spectively. Combining riometer measurements
and neutron monitor measurements, they con-
cluded that ‘the April 18 event must be at

least partially attributable to protons;

© Tt is possible that at least the higher energy

protons observed on Explorer 26 at ~0620

could result from the rapid penetration of solar
protons deep into the magnetosphere. 1t has

‘ hepn shown that, dnrmv the wveml d‘rye nrmmd
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the June 26 observations reported here, the
solar proton fluxes measured on ATS 1 and
outside the magnetosphere on Explorer 34 were
approximately the same and that both sets of
measurements had approximately the same
energy spectra to energies as low as ~600 kev
[Lanzerotti, 1968c].

Although, as has been seen, it is necessary for
the proton fluxes to be highly anisotropic as
well as to have an increased energy density for
the onset of instability, it is interesting that
these two distinet examples of the mirror in-
staobility occurred when there were enhanced
solar particle fluxes present in interplanetary
space. Since the mirror instability is not always
scen when an enhanced ring current is present
or when enhanced interplanetary fluxes are
present, there must exist some mechanism that
suddenly causes a large anisotropy in the fluxes
or that momentarily diffuses or accelerates the
protons in a preferentially perpendicular direc-
tion. One possible mechanism may be cyclotron
heating by the electromagnetic waves generated
at the magnetosheath and transmitted across
the magnetosphere [Hasegawa, 196957,

Another unsolved problem concerns the heat-
ing of the electrons. As is evident from Figure 2
of Brown et al. [1968] and has been explicitly
pointed out [Lanzerott:, 1968a], during the
third pass of Explorer 26 through L = 5
on April 18, the enhanced electron fluxes
were substantially depleted and did not in-
crease above the 0600-0900 UT values until
12-24 hours later. If the electrons heated
by the mirror instability decayed away, this
decay was much faster than the 5-6 day decay
normally associated with 450-kev electrons at
L = 5 [Williams et al., 1968; Roberts, 1969].

CoONCLUSIONS

It has been shown that the particle and field
oscillations that occasionally occur in the mag-
netosphere in the presence of enhanced proton
fluxes with strongly anisotropic pitch-angle dis-
tributions may be attributed to the drift mirror
instability model of Hasegawa [1969a]. In par-
ticular, the phenomena at L = 5 observed
during the April 18, 1965, storm and the par-
ticle measurements on June 26, 1967, at L ~ 6
both are consistent with the instability theory.
It has also been shown that electron flux deple-
tions and subsequent electron heating appar-
ently accompany the occurrence of the drift
mirror instability.
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This fact, and the fact that this type of rela- .

tivistic electron heating apparently has not been

observed on ATS 1 as frequently as the type
reported by Lanzerotti and Maclennan [1969]
suggest that heating associated with the mirror
instability, while being a fundamental magneto-
sphere process, does not contribute appreciably
to the energetic outer-zone electron population.

~During both. of these events the electron

population was severely depleted before the

.instability onset. It is possible to speculate that

the process that causes the proton pitch-angle
anisotropy, resulting in the instability, could
also cause the high-energy,electron losses.
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CHAPTER 12 e

Radial Diffusion of Outer-Zone Electrons: An Empirical
Approach to Third-Invariant Violation

L. J. LanzerorTI AND C. G. MACLENNAN

Bell Telephone Laboratories, Murray Hill, New Jersey 07974

MICHAEL SCHULZ

Space Physics Laboratory, Aerospace Corporation
El Segundo, California 90045

The near-equatorial fluxes of outer-zone electrons (E > 05 Mev and E > 19 Mev)
measured by an instrument on the satellite Explorer 15 following the geomagnetic storm
of December 17-18, 1962, are used to determine the electron radial diffusion coeflicients
and electron lifetimes as functions of L for selected values of the conserved first mmvariant
u. For each value of g, the diffusion coefficient is assumed to be time-independent and repre-
sentable in the form D = D.L™ The diffusion coefficients and lifetimes are then simultane-
ously obtained by requiring that the L-dependent reciprocal electron lifetime, as determined
from the Fokker-Planck equation, deviate minimally from a constant in time. Applied to the
data, these few assumptions yield a value of D that is smaller by approximately a factor
of 10 than the value recently found by Newkirk and Walt in a separate analysis of 1.6-Mev
electron data obtained during the same time period on another satellite. The electron life-
times are found to be strong functions of L, with 4- to 6-day lifetimes observed at the

0931

higher L values (4.6-4.8).

Of the dynamical processes that account for
sources and sinks of radiation belt particles in
the earth’s magnetosphere, one of the processes
most extensively studied at the theoretical level
is charged particle diffusion across L by viola-
tion of the third adiabatic invariant. Althcugh
the theoretical work has been quite extensive
[Kellogg, 1959; Parker, 1960; Davis and Chang,
1962; Twerskoy, 1964, 1965; Dungey, 1965
Nakada and Mead, 1965; Nakada et al., 1965;
Filthammar, 1965, 1966; Ershkovich et dl,

1967; Conrath, 1967; Newkirk and Walt, 1968a,

b; Schulz and Eviator, 1969; Filthammar and

‘Wait, 1969; Roederer and Schulz, 1969], com-

paratively little experimental information has
been obtained in the outer zone to conclusively
establish the role of radial diffusion as a com-
mon process applicable to a wide range of par-
ticle energies. (See, e.g., Newkirk and Walt
[1968a] and Farley [1969] for discussions of
inner-zone electron radial diffusion and the sup-
porting data.) ,

For many authors the study of radial diffu-
sion was originally motivated by the desire to

explain the source of outer-zone protons and
electrons. While radial diffusion of solar wind
particles by third-invariant violation seems sat-
isfactory to explain the presence of high-energy
outer-zone protons [Davis et al., 1964; Nakada
and Mead, 1965], the presence of high-energy
electrons at large L (~6-8) has proved a
stumbling block to the complete acceptance of
such a simple mechanism for electron transport
and energization.

Some recent outer-zone [Williams et al.,
1968] and inner-zone [Pfitzer and Winkler,
1968] studies strongly suggest that rather en-
ergetic electrons can be produced deep within
the trapping regions during magnetic storms,
probably by acceleration mechanisms that vio-
late two or more adiabatic invariants. These
electrons could subsequently diffuse radially in-
ward and outward from an intense high-energy
source nearby, rather than from the boundary.

An extremely simplified view of magneto-
spheric electron dynamics could consist of two
parts. First, during a magnetic storm, energetic
electrons would be produced within the trap-
ping regions by nonadiabatic processes. After
the storm, the subsequent time history of the
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fluxes would he determined by the third-in-
variant violating diffusion and first-invariant
violating loss processes. The spirit of this paper
is to treat observed post-storm electron fluxes
in the context of radial diffusion and to deter-
mine the diffusion coefficients and lifetimes that
would best summarize the observations.

The earliest experimental evidence that
cross-L diffusion might play a significant role
in the dynamics of outer-zone electrons was ob-
tained by Frank et al. [1965] from the time
dependence of the L profiles of 1.6-Mev elec-
tron fluxes, measured near the equator on Ex-
plorer 14 in December 1962 and January 1963.
These data, as well as the data from another
event in April-May 1963, were later examined
in more detail by Frank [1965]. In both of the
cases examined by Frank, the ‘leading edge’
of a flux profile was observed to move radially
inward with time. Craven [1966] studied high-
latitude electron data from Injun 3. Follow-
ing several storm periods, Craven examined the
position of the peak of the outer-zone electron
intensity (at 1.6 Mev) as this peak apparently
moved radially inward across L. By studying
this feature of an enhanced flux distribution,
he obtained a diffusion velocity an order of
magnitude lower than that of Frank [1965].

Paolini et al. [1968] discussed high-latitude
measurements of 1- to 4-Mev electrons - ob-
served during July And August 1963. Since their
data suggest an e-folding energy that is inde-
pendent of L, they concluded that during ‘quiet’
times the diffusion process is bimodal for L
> 4. Theodoridis [1968] and Theodoridis et al.
[1968] considered the implications of such a
diffusion process by constructing elaborate
computer models to predict electron distribu-
tions in the radiation belts. One of the big
disadvantages of these models is their neglect
of the finite electron loss cone.

Of published outer-belt electron data, Frank
et al. [1964] has certainly been the most widely
guoted evidence for radial diffusion in the outer
magnetosphere. Not until the quantitative anal-
ysis of these data by Newkirk and Walt
[1968b] (here denoted by NW), however, was

. it possible to positively state that the data in-

dicated a diffusive, rather than a convective,

inward movement. NW numerically solved the

one-dimensional Fokker-Planck diffusion equa-
tion given by Filthammar [1966] for appro-

priately selected boundary and spectral condi-
tions. By using a temporally constant lifetime
of 20 days at all L values and a temporally
constant diffusion coefficient D = 1 x 10® L*°
day™, they were able to obtain satisfactory
visual agreement with the data.

No comparable studies of electron radial dif-
fusion at low energy (e.g., 0.3-1.0 Mev) have
appeared in the literature. Because of the pos-
sible importance of outer-zone radial diffusion
and the perhaps unique set of geophysical con-
ditions producing the L profiles of Frank et al.
[1964], it is of interest to reexamine the outer-
zone electron fluxes of December 1962 and
January 1963. Near-equatorial fluxes of locally
mirroring electrons at energies £ > 0.5 Mev
and £ > 1.9 Mev, measured by a Bell Labora-
tories instrument package on Explorer 15, are
analyzed here, in an effort to evaluate the dif-
fusion coefficient and lifetimes of outer-zone
electrons.

The method of analysis requires no assump-
tions concerning either the L dependence or the
magnitude of the particle lifetime 7 against
pitch angle scattering. Since two energy chan-
nels are available, an electron energy spectrum
is obtainable by interpolation and need not be
postulated a priori. Equatorial fluxes are ob-
tained from off-equatorial measurements by
means of an observationally determined pitch-
angle distribution that is assumed to have a
time-independent functional form. The analysis
does not require that the differential diffusion
equation be solved, and thus no arbitrary con-
stants appear in the solution as boundary
conditions.

The diffusion coefficient is assumed to be
time-independent and representable in the form
D = D,L" Its optimum functional form and
magnitude are then determined from the ob-
servational data by requiring that the L-de-
pendent, reciprocal lifetime, as determined from
the Fokker-Planck equation, deviate minimally
from "a constant in time. This one major as-
sumption is compatible with the viewpoint that
the solution of a diffusion equation, with a
temporally constant diffusion coefficient and

hifetime function, should closely describe the

physical observations. The method of solution
circumvents several of the assumptions that
previous workers found necessary (see discus-

sion 'a,bove), In particular, the present approach

12-2




S

yields both a diffusion coefficient and an L-de-
pendent lifetime against pitch-angle scattering

INSTRUMENTATION

The data from the two electron energy chan-
nels discussed here were provided by two de-
tectors flown as part of a complement of six
on board the nearly equatorial satellite Ex-
plorer 15. Explorer 15 was launched October 27,
1962, into an elliptical orbit of 18° inclination
with an apogee of 17300 km, a perigee of 310
km, and an orbital period of 312 min. The
satellite spin rate was ~73 rpm.

The detectors were shielded p-n junction
semiconductor devices similar to those flown on
the Telstar satellite and developed by Buck
et al. [1964]. The low-energy electron detector
(E > 0.5 Mev) had a full aperture of 20°
and an effective geometrical factbr for electrons
of 65 X 10" ecm® ster. The high-energy elec-
tron detector (E > 19 Mev) had a full aper-
ture of 20° and an effective electron geometrical
factor of 55 X 10 em® ster. The count ac-
cumulation time was 1.46 sec, or slightly more
than one complete satellite spin period.

ANALyTICAL TECHNIQUE

The function F = L*®(L, t) satisfies. the dif-
fusion equation
oF _ D dF
T + L oL (L aL) (1)
given by Fdlthammar [1966], where & is the
differential - unidirectional flux at constant u,
and J = 0. (See appendix A for a proof for
~the case of relativistic electrons.) The tradi-
tional approach to third-invariant diffusion is
that equation 1 should be solved for F(L, t),
subject to certain assigned initial and boundary
conditions, under the assumptions that = is a
known function of L and a constant in time,
while D is a constant in time and a function of
L that can be represented as D,L". The values
of n and D, are then adjusted until the solu-

tion of (1) resembles the observed function -

F = L'®(L, t) in spatial structure and tem-
poral evolution. The result is called a deter-
mination of D.- "

Another procedure consists of treating (1) as

a differential equation for D. When the partial

derivatives (6F/dt) and (8F/8L) are deter-
~ mined from the observational data, D may be

expressed as a numerical quadrature involving a
single arbitrary constant. This constant can be
evaluated by requiring, for example, that D
approach zero for very small L. As in the tradi-
tional approach, r is specified as a known func-
tion of L that is constant in time and inde-
pendent of F.

Both of the above techniques are potentially
sensitive to choices of constants and functions
of L that are arbitrary in a mathematical sense.
No provision is made for an independent de-
termination of 7, so the resulting D is partially
determined by the specification of 7. In addi-
tion, if only one energy channel is available,
an energy spectrum must be introduced arbi-
trarily to permit the representation of ®(L, t)
for constant first invariant . Finally, the im-
position of boundary conditions that are not
easily verified by the physical measurements
may influence the determination of D.

The analytic approach used here involves a
significant departure from the above methods.
The spirit: of (1) is preserved by requiring that
the reciprocal lifetime function

19F L* 9 (. n 6F>
F6t+D"F8L(L oL
2
deviate minimally from a constant in time. This
constant, the temporal mean value of A.(L, t),
is denoted by (M. (L, t)) and depends on 7 and

D,. These are the variables with respect to
which the L-averaged variance

ML, ) =

GADQsé.[ O — OO dedl (3)

is to be minimized. Both n and D, are assumed
tc be constant in time, as in the other ap-
proaches to the problem. The validity of this
assumption is open to question; the same ques-
tion can be raised concerning the temporal con-
staney of 7(L) in (1). All methods of obtaining
time-independent transport coefficients for mag-
netospheric particles are equal]v deficient in this
respect,

The physical meaning of G is as follows. The
ternporal evolution of F is attributed to a com-
bination of diffusion across L and pitch-angle
scattering into the loss cone. To the extent that
radial diffusion is accounted for by properly

choosing a diffusion  coefficient, only the decay
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of F through pitch-angle scattering remains.
Thus, the function @ is a measure of the failure
to eliminate the time variations of F that are
attributable to radial diffusion; G would vanish
if D = D,L" were chosen so that F exactly
satisfied the diffusion equation. Since G never
vanishes in practice, the ‘best’ evaluation of D
can be achieved by minimizing the extent to
which D fails to account for all radial diffusion.

The function G is rather ad hoc, in the sense
that G cannot be derived from some set of
mathematical postulates. For example, the in-
tegration over L could be weighted by any
arbitrarily chosen function of L. The constant
weighting factor (unity) was chosen here for
lack of any compelling reason to do otherwise.
The need to integrate over L-at all arises from
the need to define a single function over the
entire L range being analyzed, since the result-
ing D, applies to this entire range.

The variational principle used here is more
closely related to the least-squares criterion
(weighted or unweighted) commonly used in
data analysis than to the variational principles
of Lagrangian or Hamiltonian mechanics. As
noted above, however, G,(D,) = 0 if and only
if F satisfies (1) for the correct choice of time-
independent transport coefficients. The possi-
bility remains that magnetospheric transport
coefficients fluctuate widely in time. For such
an eventuality an intractable problem, invalidat-
ing all current analyses of the data, would exist.
It is more optimistic to suppose that the evolu-
tion of particle fluxes in the radiation belts can
be described approzimately by assigning an
appropriate set of time-independent transport

coefficients. The present approach is one of

several designed to implement this optimistic
v1ewpomt

Initial minimization- of G, (D») is achleved by
requiring that

9G, _
4D,

2 f[( 6—5-—<>\>a<”>dtdp=o

for a fixed n. This linear equation for D, yields
a value of D, uniquely determlned by the data.
The result is :

(4)

B dInF L (aF>
D"“f{az [(" 27 \ar

n 2 n—~1
—I—L gF —AlnF<(n—2 L—*(?—E)

The integrals in equations 3-5 are definite and
extend over the range of L (L; up to L.) and

time (&, up to t.) covered by the data. The

difference in a quantity between times ¢, and
t, is denoted by A, and the angle brackets de-
note a time average over the interval ¢, < ¢t <
t.. The symmetric partial derivatives of F are
obtained from the data by a standard technique
of numerical analysis (first differences). The
integrals over time and L were computed by
means of the trapezoidal rule in the present
work. .

The procedure outhned above is repeated for
many value of n, e.g, n = 1, 2, 3, , 20. In-

sertion of the Gn -minimizing D,, called D,* in

(2) allows the decay constant A.(L) = (Au(L,
t)) to be determined. Plotting G..(D.*) against
n is a procedure that, at least in principle, allows
the hest-fitting functional form of D = D,*L"
to be identified. If G.(D.*) has a sharp mini-
mum for some n = N, then this identification
is virtually unique. In this case the lifetime
7(L) is identified as the reciprocal of Ay(L).

(BSERVATIONS

Electron profile at constant énérgy. Explorer
15 did not necessarily measure electrons at the
same magnetic field value on each pass through
a given L shell. Since the pitch-angle distri-
butions were anisotropie, it was necessary to

convert the raw data at each L to equivalent

equatorial data. The details of obtaining the
generally small corrections associated with this
conversion are given in appendix B. All data
treated in' this paper have been ‘corrected’ in

~ this manner. :
The corrected data are plotted in Figure 1 at
four L values for the outer zone electrons (&
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energy channels for the time period around

the magnetic storm of December 17-18, 1962. Large increases in the electron counting rates
were observed in both energy channels and at all L values following the storm. The 3-hour-
average Kp index and the hourly D, value are plotted at the bottom of the figure.

> 0.5 Mev and £ > 1.9 Mev) during 32 days
in 1962-1963. The D,, values and the 3-hour
averaged Kp indices are plotted at the bottom
of the figure. :

The data shown in the figure indicate that

s
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duced large increases in both the low-energy

and high-energy particle fluxes measured by

Explorer 15. After the storm, the lower energy

electrons on all L shells decayed steadily away,

but the higher energy fluxes at lower L did not

undergo discernable decay. Such  stormlike




enhancements and subsequent decays of electron
fluxes in the outer zone have been studied and
discussed by many people [e.g., Williams et al.,
1968].

After the decay of the storm-produced ring
current, only small geomagnetic disturbances
were observed during the remainder of the time
plotted in Figure 1. Although no new high-
energy electrons were introduced into the radia-
tion belts, the decaying fluxes underwent appar-
ent adiabatic changes [Mcllwain, 1966b] owing
to the enhanced ring current (as measured by
D..) on December 26 and 31 and January 4 and
7.

The median observed data values for both
energy channels on December 7, 20, 23, and 29
and January 8 are plotted as a function of L
in Figure 2. These are the same days for which
Frank et al. {1964] presented data points. The
L profiles of the electron data at 1.9 Mev in-
dicate very clearly the inward movement
of the front edge of the electron profile.
With the major exception of the data of
January 8 (excluded from the analysis of
NW) the 19-Mev electron profiles from
Explorer 15 are similar at the leading edge to
the 1.6-Mev electron flux profiles of Frank et al.
[1964] (see inset, Figure 2). It should be noted,
however, that the ratio between the maximum
and minimum electron count rates measured
by Explorer 15 after the storm is approxi-
mately 100 times the ratio meagured by Frank
et al. [1964].

A most striking feature of the lower energy

data plotted in Figure 2 is the absence of an -

inward-moving leading ecdge. Rather, the fluxes
appear to decay away rather steadily. It is in-
teresting to note that, if only these lower energy
data were available, discussions of radial diffu-
sion would probably not arise. It is important
to attempt to reconcile these two seemingly
dissimilar profiles with the concept of radial
diffusion.

- Electron profile at constant p. The diffusion

process considered by NW in their analysis of
the data of Frank et al. [1964] violates only
the third adiabatic invariant. In this case, the

first and second invariants, i and J, are con-.

served. Since the Explorer 15 instrument meas-
ured the electron fluxes in two energy channels,
" it is possible to obtain L profiles at various times

at constant u by interpolating to find electron -

energy spectra. For particles mirroring at the
equator it can easily be shown that

v =1+ 2uB/m (6)
and :

p = [2 + (B/mi))(E/2B) (7
where F and m,c’® are the electron kinetic energy
and rest energy respectively, B is the local
(equatorial) magnetic field intensity, and y is
the usual relativistic mass factor,

The daily median electron fluxes in the two
energy channels at each L value were used to
obtain power-law and exponential representa-
tions of the particle spectra. These spectra
were then used to construct flux versus time
plots of the electron data for selected values of
p (300, 550, 750, and 1000 Mev/gauss). The
flux versus time plots resulting from the ex-
ponential spectral representation for u = 300
and 750 Mev/gauss are shown in Figure 3,
beginning after the storm on December 20. The
e-folding energies as a function of time for L
= 3.6 and 4.0 are shown at the top of the figure.
The ordinate of each data plot is L*®, where ®

is the electron flux (em® sec ster Mev)™ cor-’
’

rected to the equator. The general decay char-
acteristics of the electron fluxes after the mag-
netic storm enhancement show up quite clearly,
as do the presumably adiabatic decreases in the
fluxes on December 26 and 31 and January 4
and 7.

The daily median electron fluxes from the
power-law spectral representation are not shown
but appear much as the data plotted in Figure
3. The results obtained in this paper were found
to be very similar for the two spectral represen-
tations, so they will be discussed interchange-
ably. : =
The median flux profiles of the constant
p. data using the power law spectral repre-
sentation - are shown in Figure 4 for the
same days as the data of Figure 2 and Frank

‘et al. [1964]. When viewed at constant u, the

data no longer exhibit a distinct leading edge
that moves radially inward. Rather, at g = 750
Mev/gauss, the fluxes at the higher values of L

- decay steadily away, while the fluxes at the

lower values of L (3.4 — 4.0) tend to increase.

This behavior suggests a widening of the elec-

tron spatial distribution, but since the complete
flux-versus L distribution was not accessible to
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Explorer 15, it 1s not possible to measure the
increasing half-width. (The widening of an ini-
tially narrow shell of enhanced electron fluxes
enabled Brown [1966] and NW to estimate the
radial diffusion coefficient for 1.9-Mev electrons
at L = 1.765.) Only at L = 3.4 was there a
hint of an increase in the fluxes at u = 300
Mev/gauss. At the higher values of L the fluxes
steadily decayed away.

One additional manipulation of the data
merits comment. Diffusion coefficients were de-
termined not only from constant-u data such as
those shown in Figure 3, but also from constant-
w data after removal of the presumed adiabatic
variations. The adiabatic variations were re-
moved by identifying several isolated days on
~which D,, =~ 0. The 5 days on which [D.,| <
'8 y were December 23, 25, and 30 and Janu-
ary 4 and 10. ‘Adiabatically corrected’ data
points for the intervening days of comparatively
~ large D,, were manufactured by fitting a cubic

~ polynomial in the time variable to the data
obtained on the 5 days during which ring cur-
rent, effects could not have been significant. The
data thus ‘smoothed’ for x = 300 and 750
Mev/gauss are plotted in Figure 5. Data points

for the 5 reference (D,, = 0) days are denoted
by crosses.

The adiabatic variations were not easily re-
moved by using ring current models. The
method of interpolation summarized in Figure
5 circumvents the need to assume a particular
model for the ring current. It seems, moreover,
that the variations in the 1.9-Mev electron fluxes

-apparently are not always purely adiabatie,

since the decreases are generally larger than
would be predicted by a reasonable ring cur-
rent model. This phenomenon was originally

" noted by Mcllwain [1966b].

- REsuLTs

Both the unsmoothed and the smoothed elec-

tron data for x = 300, 550, 750, and 1000 Mev/
gauss were analyzed by the technique outlined
carlier. The clectron lifetimes and diffusion co-
efficients were obtained for both the power-law
and exponential representations of the speetral
fit hetween the two energy channels. The re-
sults for both spectral representations were
very similar; only the power law results will
be graphically presented here.

Unsmoothed data. Plots of G.(D,*) as a
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function of the index n resulting from the anal-
ysis of the unsmoothed data are presented in
Figure 6. No minimum in G' with respect to »
is found for any u. Thus, the analytical tech-

“nique introduced here fails to uniquely define
an optimum value of n when applied to the

Explorer 15 data. Each value of m, however,

- vields a rather well-defined value of D,. This is
- evident from Figure 7, where G,(D;) is plotted

for n =6, 8, 10, and 12 with ,u = 750 Mev/
gauss. Similar results hold for the other p-values,
except that the minima of G.(D,) are broader
and the values of D,* are more poorly defined

for u = 300 Mev/gauss than for the three

higher values of u.

The appropriate electron lifetime r (equation
2) for each of several values of n and p is
plotted as a function of L in Figure 8. The
variation of = with the choice of index 7 is
generally small, particularly at the higher L
values. The lifetimes in Figure 8 vary from

- several tens of days at L = 3.4 to approximately

five days at L = 4.8.

The corresponding diffusion coefficients (equa-
tion 5) obtained s1multaneously as functions of
~L are shown (divided by L*) in Figure 9.
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Although the optimal values of n were not de-
termined by this analysis, there are valid theo-
retical reasons for believing that n should fall
roughly between 6 and 12 [Twerskoy, 1965;
Nakada and Mead, 1965; Falthammar, 1966].
Accordingly, the values of D,*L"™ for n = 6, 8,
10, and 12 are plotted for the four u values.
In each plot thé shaded region includes those
values of D/L™ that satisfy the requirement
6 < n < 12 and G < G . for some redsonably
chosen maximum value (see Figures 6 and 7).
The shaded area thus specifies the total limits
of uncertainty acknowledged in the present eval-
uation of D. The cross-hatching in Figure 9
indicates the corresponding result obtained by
NW from the electron data of Frank et al.
[1964]. The results obtained here are smaller
than those found by NW by approximately a
factor of 10. The scale at the top of each por-
tion of Figure. 9 indicates the variation of elec-
tron energy with L at constant . ‘
Smoothed data. To test the sensitivity of

“the analytical technique to adiabatic variations -

(which may well be coincident in time with
nonadiabatic effects), the procedure for caleu-
lating G, =, and D was repeated, using the
smoothed daily median data.

The values of G, (D,*) for the four u values
are plotted in Figure 10 as functions of n. The
values of G,.(D,) in Figure 10 are smaller than
those in Figure 6, as might have heen expected
from the lack of adiabatic scatter in the
smoothed data. Only a weak minimum is found
in G for the three higher p values; no minimum

~at all is found for w = 300 Mev/gauss. The

plot of G.(D,) versus D, that corresponds to
Figure 7 is not shown for the smoothed data

but does reveal well-defined minima for G

for the several values of 7,

"The values of 7 extracted from the smoothed
data are plotted in Figure 11 for the four pu -
values. The electron lifetimes are seen to be
similar to those obtained from the unsmoothed
data; again there is an inverse variation of 7

with L. g ;
The values of D,L"" obtained from the
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smoothed data are plotted in Figure 12 for the
same indices n as in Figure 9. The error esti-
mates are indicated by the shaded regions and
were made, as in Figure 9, by referring to Fig-
ure 10 and the appropriate plots of G.(D,)
versus D, (not shown). The value of a reason-
ably chosen Q.. is indicated on each plot. The
results for D/L™ are again well below those of
NW, also indicated in Figure 12.

DiscussioN

Electron measurements from two separate en-

ergy channels of an experiment on Explorer 15 -

have been used to obtain the equivalent fluxes

of equatorially mirroring electrons at constant
first-invariant p as a function of L and time,
following a magnetic storm on December 17-18,
1962. By using these fluxes at selected values
of u and a variational principle, the electron
lifetimes and radial diffusion coefficient were
obtained as functions of L.

The electron lifetimes show a strong depen-
dence on L. The L dependences and magnitudes
are in general agreement with 0.5-Mev electron
lifetime data compiled by Roberts [1969] and
ave In disagreement with the 20-day lifetime
postulated at all L values beyond L = 2.1 by
NW. Visually measured lifetimes in the outer
zone following the April 18, 1965, storm have
been published by Williams et al. [1968]. Their
lifetime values and L dependences are also in
general agreement with the results obtained
here.

The values of D published by NW and those
found here by using different data obtained
during the same time period are the only ones
in this energy range obtained from analytical
techniques based on a diffusion equation. (The
value of D obtained by Kavanagh [1968] for
50- to 100-kev electrons had a complicated L
dependence and was ~100 times larger than the
value obtained by NW at L =5.) The diffusion
coefficients obtained here are smaller by ap-
proximately a factor of 10 than those obtained
by NW. '

As is stated above, NW treated the diffusion
problem by assuming initial spectral conditions
and boundary conditions on the diffusion equa-

‘tion. They also assumed an electron lifetime

ndependent of L and substantially larger than.
the lifetimes found here for L > 4. Finally, NW
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obtained their mean values of D by a visual

comparison of their computer results with the
observations reported by Frank et al, [1964].

The present results are obtained without
recourse to the imposition of bhoundary condi-
tions, since the diffusion equation is exploited
in its differential form. This procedure is con-
sistent with the objective of placing maximum
significance on the observational data and mini-
mum reliance on assumptions not readily veri-
fied by physical measurements. The present
approach is so different in philosophy from the
methods employed by previous investigators
that a proper comparison may be difficult. It is
claimed here that, if the correct boundary con-
ditions can be found, the combination of D
and 7 obtained above will more nearly predict

the evolution of F' than any other combination”

‘of D = D,L" and r(L).
NW have stated that their results in the
region 4 < L < 5 were quite sensitive to their

-boundary conditions at L ~ 6 and to the source

spectrum, To insure that the results presented
here were not being unduly influenced by the
inclusion of the data at high L, the analysis

was repeated using only data up to and including

L = 4.4. Although the n dependence of G,(D.¥*)
changed somewhat for cach u, the values of D,¥*
were in general only ~5-109% larger.

The results presented above were obtained for
a 20-day time period after the large magnetic
storm. In Figure 13 we present values of D,
for n = 6, 8, 10, and 12 obtained from analyses
of 12- and 15-day segments of unsmoothed data
(power-law spectral interpolation) - after the
storm. The values of D for the segments in the
latter portion of the original 20-day period are
found to be approximately three times larger
than for the entire period. The values of D
obtained from the data in the initial part of
the period are approximately the same as those
found for the entire 20-day interval.

The results for D and 7 were found to be
relatively insensitive to several other modifica-
tions of the basie procedure. These modifica-

tions, which usually changed D by at most a

factor of 2 and left r virtually unchanged, in-
volved details of numerieal differentiation and
integration at the endpoints of the temporal and
spatial intervals, the replacement of all deriva-
tives in (5) by logarithmic derivatives (nu-
merical derivatives of In F), and the insertion
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during the same time peuod are so denoted in the figure.

of a weighting function proportional to L™ in
both numerator and denominator of (5).

The L dependence of D was not successfully
obtained by using the variational technique
employed here. This was a significant disappoint-
‘ment. No hint of an optimum value of # is
apparent in. Figure 6 (unsmoothed data). The
results for the smoothed data suggest that n
becomes larger as u increases, but no special
confidence should be placed in this interpreta-
tion. NW suggest that n = 10 # 1 is a good
represéntation of their results, although the
uncertainties in their value of D (see Figures

9 and 12) are often as large as those acknowl-
edged in this paper. -

The small range of L analyzed in this paper
could be one reason why n was so poorly
. ,determmed The L rancre of NW extended from

L = 26 to 5.0. It should be noted, however,
that the movement of the enhanced flux profiles
as presented by Frank et al. [1964] and as
preseated in this paper (Figure 2) did not
extend over such a large L range. In fact, when
Frank [1965] presented values of the diffusion
velocity for this data, he quoted values only
from L = 3.4t0 4.7.

The diffusion coefficient D = D L"‘can be

. written [Falthammar 1966 ; Schulz and Eviatar,
' 1969] as

D.L" ~ 3 X 10~ (w/b) S@L®  (8)

where b is the stand—off distance of the magneto—
pause, S(w) = d((Ab)2)/dw is a spectrum charac-
terizing the magnetospheric disturbance produc-
ing the diffusion, and &/2r is the mean longitu-
dinal drift frequency of an electron. For steplike
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disturbances that have a duration long compared
with 27/&, S(@) is inversely proportional to
w?, so the energy dependence in (8) disappears.
However, Falthammar [1966] has noted, for
example, that for impulses of duration less than
27/ the diffusion coefficient varies as u2LS in the

nonrelativistic limit. Thus, for actual geo-
magnetic conditions, the L dependence of the
diffusion coefficient might not be expected to be
precisely L'® nor independent of u. The results
presented in Figures 9 and 12 suggested a weakly
inverse variation of D with u, particularly at the
higher values of n. This behavior would corre-
spond to impulses that have a finite rise time on
the drift time scale.

The values of D derived in this paper are of the
same order at the higher L values as the diffusion
coefficient caused by pitch-angle scattering in the
presence of drift-shell splitting, as recently
calculated by Roederer and Schulz [1969] and by
Falthammar and Walt [1969]. Since this type of
radial diffusion probably occurs at constant
energy, it must be handled by an equation
[Falthammar and Walt, 1969] that differs some-
what from (1). A variational analysis of the
present data in the context of constant-energy
diffusion is currently in progress.

The diffusion results for » = 300 Mev/gauss
seem anomalous in that, for both the un-
smoothed and the smoothed data, @,(D.*)

increases steadily as n increases. Although this

may reflect an inadequacy of the analytical
procedure, it is noteworthy that the 0.5-Mev
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during the same time period are so denoted in the figure.

data (Figure 2) and the p = 300 Mev/gauss
data (Figure 4) seem to exhibit a straight decay
that apparently obscures any diffusive features
of the type evident at the larger values of E
and u. The reasons for the different temporal
evolution of weakly relativistic and extremely
relativistic electrons is not known but certainly
deserves further study before anyone can claim
that post-storm radiation-belt dynamics are well
understood.

Several past determinations by various ob-
servational methods of an outer-zone diffusion
coefficient are listed in Table 1. The results
reported by Tverskoy [1964, 1965] and Nakada
and Mead [1965] were obtained by using sud-
den commencement and sudden impulse data,
as recorded on ground-based magnetograms.
McDiarmid and Burrows [1967] obtained an

estimate of the diffusion coefficient from their
measurements by following the peak (crest)
of the electron outer belt, as did Craven [1966].
Frank [1965] and Vernov et al [1966, 1968]
measured the velocity of a ‘leading edge’ in a
single energy channel, but did not thereby
preserve the first invariant. This procedure leads
to a ‘diffusion velocity’ larger in magnitude than
the true (aD/dL),.

The results obtained here are intermediate
in magnitude between the estimates of Nakada
and Mead [1965] and the computations of NW.
Thus, the intensity and number of magnetic
perturbations required for the electron diffusion
are not as large as would be required by NW.

The spectral parameter E, (e-folding energy),
of which two time history plots are shown in
Figure 3, were plotted as a function of L for a
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Fig. 13. BElectron diffusion coefficients for u = 750 Mev/gauss obtained by processing
several subsets of the total 20-day period of unsmoothed data (power-law spectral repre-

sentation),

number of consecutive days following the De-
cember storm. During the entire post storm
period analyzed, it was found that (8E,/dL) <
0 from L ~ 3.8 to ~4.8. This negative radial
gradient of FE, suggests constant-p diffusion.
Paolini et al. [1968], apparently observing a
~ nearly vanishing derivative of E, with respect
to L after other storms, hypothesized a bimodal

~ diffusion mechanism to explain their results.

During the course of this study, a number of
intriguing possibilities for future investigations
of radial diffusion and other magnetospheric
‘processes have suggested themselves. In addition
to an investigation of the present data in the
" context of constant-energy diffusion, a study

is being made of ATS 1 electron longitudinal-
drift echoes [Lanzerotti et al., 1967; Brewer et al.,

1969] in an attempt to determine the power:

spectrum S(w) of the magnetic disturbances.
Another interesting possibility is a study of the
power spectra of several ground-based magneto-
grams during the time interval discussed here
in an attempt to determine S(®). Since 2r/& ~
10-30 min for electrons of these energies, the
2.5-min digitized data might well suffice for this
study. Finally, it seems highly important to
examine electron data (with perhaps better
spectral information) from other time periods

by using the variational technique introduced -

here. L

e




by the relation

TABLE 1. Outer-Zone Radial Diffusion Coefficients

Reference DL~ (day™1) L Range Constant Method Comments
Tverskoy [1964] 2-4 X 101 <7 b Magnetogram (sc)

Tverskoy [1965] 4-13 X 107° <7 m Magnetogram (se, si)

Nakada and Mead

[1965] 1-2 X 10710 <7 B Magnetogram (sc, si)

Vernov et al. : E > 2 Mev,

[1966] ~7 X 107 5.0-6.0 E Diffusion velocity 6 ~ 41° £+ 5°
Vernov et al.

[1968] 3-4 X 108 4.0-6.0 E Diffusion velocity E > 100 kev
Frank [1965] ~5 X 1077 3.4-4.7 E Diffusion velocity E ~ 1.6 Mev
Craven [1966) ~3 X 10-8 3.5-6.5 E Crest velocity E ~ 1.6 Mev
McDiarmid and

Burrows [1967] 5-8 X 107¢ 4.4-4.6 E Crest velocity E ~0.25, 3.9 Mev
Kavanagh [{1968] ~1 X 107¢ ~B © Quadrature for D E ~ 50, 100 kev
Newkirk and Wall

[{1968b] ~1 X 10~8 2.6-5.0 n Solution of (1) for ® E ~ 1,6 Mev
Present result 4-8 X 10710 3.4-4.8 U Variational principle E ~ 0.5, 1.9 Mev

APPENDIX A: the distribution funetion f(py, p. ;1) that satisfies

RevaTivisTic Dirruston EqQuation

By considering nonrelativistic particles mirror-
ing at and diffusing in the equatorial plane of
a magnetic dipole field, Nakada and Mead
[1965] and Fdlthammar [1966] have deduced
that the equation

ar _ aigwﬂ F
~6t_L6L L? 9L T ,(Al)

describes the evolution of the function F = L*®,
where ®-is the unidirectional particle flux per
unit energy, averaged over the azimuthal drift
path at constant p (first invariant) and J (sec-
ond invariant) in the limit J = 0. For the
present work it is essential to verify the validity
of (A-1) for relativistic particles; for other
applications [Schulz and Eviatar, 1969] it is
of interest to extend the relativistic result to

- the equatorial plane of a more general mag-

netic field.

“Since particles that mirror at the equator
follow paths of constant field intensity B under
adiabatic motion, it is convenient to define L

strength at the surface of the earth. This defini-
tion corresponds to that given by Mecllwain
[1966a] and Schulz and Eviatar [1969]. As' a

- general rule, the flux ®(p, a; 1) per unit energy
and sohd angle Q at pltch angle a is lelated to

= (B/B) (A-2)
where B; = 0.31 gauss is the equatorlal field

Liouville’s theorem By the relation

f ®(p, a; 1) dE dQ

= [[ s, pii 9@/ mig ap a2 (a-3)

where m = 4ym, is the relativistic mass. The total
energy mec? = E - mqc? is related to the scalar
momentum p by the equation

E 242 = 2 2 2 4

( +m(,c,) pc + moc (A—4)
— p”2c2 + p-LZCZ + m02c4

where py = p cos aand p; = p sin . From (A-4)

it follows that mdE = p dp. Since (A-3) applies

to any general domain of energy and pitch angle,

the integrands are necessarily equal, so that

®(p, ;1) = p*flpy, po;7, 6, N) (A-5)

This equation is specialized to the case of
equatorially mirroring particles by requiring
that py = 0, @ = #/2, and 0 = 7/2. The first
invariant is then given by - '

= p°/2m,B = p°L*/2m,B, (A-6)
and it follows that
2umoB,f(0, p.; 7, 1r/2 \)

| (A-7)

L*®(p, 7/2;1) =

‘ Slnce df/dt =0 aioncr any (Iynamlcal trajectory, ‘

B
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the detailed behavior of L'® is completely
deterministie. Diffusion oceurs only in the sense
that the phase variable ¢ of Brewer et dl.
[1969] (defined so that under adiabatic motion
a particle drifts at a constant rate in o) is
suppressed. Any particle detector having a non-
vanjshing drift-frequency bandwidth automatic-
ally averages over this phase in a temporally
asymptotic situation. Thus, diffusion is observed
to occur in the radial variable conjugate to ¢.
Since the drift-shell geometry is independent of
p 1n the absence of static electric fields, this
radial variable is a function only of L for a given
magnetic field configuration.

Because F' = L’® is related by the constant
factor 2pm,B. to the distribution function f
that satisfies Liouville’s theorem, this function
appears to the right of all differential opera-
tors in the diffusion equation. The remaining
structure of the diffusion equation depends on
the Jacobian of the transformation of variables
that relates (r, 6, A, p,, py) to (L, ¢, w, J).
Brewer et al. [1969] have shown that

rdr d\ = (cu/yoqB) dB dp (A-8)

= —(3cu/vdqL) dL dp

where @/ 2 is the drift frequency, ¢ is the charge,
and (u/gy®) depends only on L for J = 0.
In the present case it is possible to identify

2rpy dp, = 2rmyB dp = 2w m,B,L"* du
(A-9)
It thus remains tQ be shown that
rsin 6 d6 dpy = (4/7) dJ ~  (A-10)

at J = 0 without the assumption of a dipcle

field. This is done by representing the bounce:

motion as a harmonic oscillation of frequency
Q/2r, while noting that ds = r sin § do
- for the limiting case of equatorially mirroring
particles. ~Roederer and Schulz [1969] have
shown that, in this limit, J = (w/mQ)py,? =

TPy mSwl, where py,, is the equatorial value of

Py, and s, is the maximum excursion of the
guiding center from the equator. Since either

value can be positive or negative, it follows

that dpy = 2p,|, and that ds = 2Js,| for
‘particles with second invariants between zero
and dJ. In other words, it follows that dJ =
(m/4)dpyds = (x/4)r sin 6 df dp; in the limit

J = 0. The net result of (A-8) through (A-10) is
that

r*sin § dr d6 d\ 2rp, dp, dp,
= —(24ucmoBy/q)(1/vaL") dL dp du dJ
(A-11)
From this follows the diffusion equation

or .4 0 D OF

5o g (ady) oo
which reduces to (A-1) in the limit of a dipole
field and on inclusion of a phenomenological
loss term — F/r.

This loss term is a simplified representation of
the loss via pitch-angle diffusion of the set of
particles that have conserved u and J (=0).
This loss-term representation is valid in practice
only if the pitch-angle distribution at each L
is approximately constant in time and if shell-
splitting effects [Roederer, 1968; Roederer and
Schulz, 1969; Falthammar and Walt, 1969;
Pfitzer et al., 1969] are comparatively unime-
portant to the over-all picture.

It may be of interest to note that F = I3 & is
related to the function n*(u, L, J = 0; £), which
appears in the radial-diffusion analysis of
Schulz and Eviatar [1969], by the equation F =
(cq/24m)yaLin*. A universal formalism for the
construction of diffusion equations applicable

T
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Fig. 14. (a) Uncorrected L = 38 electron
data (B > 19 Mev) following the December
magnetic storm. (b) The same data after pitch-
angle correction to the equator.
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Fig. 15. Plot of the data of Figure 14 (L = 38, £ > 19 Mev) as a function of
(1 — 2*) on a logarithmic scale. The solid line indicates the = correction after removal of

the steady decay seen in Figure 14.

to more general dynamical processes has been
given by Haerendel [1968]. The equation derived
above constitutes a special case of the more
general equation.

ApPENDIX B:
Prrca-ANGLE CORRECTIONS

Since the analyses in the foregoing text have
been performed for electron fluxes corrected to
the equator, it is of interest to see how severe
the pitch-angle corrections were. Figure 14a
shows the counting rates at L = 3.8 for the 1.9-
Mev electron channel during the period of
analysis. Figure 14b shows the electron counts
versus time after they were pitch-angle cor-
rected to the equator. A small reduction in the
spread of the points is noted, as is a general
over-all increase in the average counting rate.

The pitch-angle corrections were made by
assuming that the pitch-angle distribution was
constant in time. The data points were then
least-squares fitted to the function

R = tlexp [2(t — t)]}(1 — 2°)*  (B-1)
where £, 7, and s are the constants to be deter-
mined from the fit, and the varlable

= (1 — By/B)"”
has been defined and discussed by Roberts

_’[1965] The constant » removes the steady
~decay (assumed exponential), and s deﬁnes the

pitch-angle distribution.
- In Figure 15, logarithmic data corrected only

for 5 are plotted as a functlon of (1 - x’) on

a logarithmic scale. The solid line in the figure
is the best fit to the data after removal of the
scatter attributable to the steady decay. The
maximum z correction, at z ~ 0.8, was ~229,
in this case (L = 3.8). The z correction ranged
from ~19 at the higher L values to ~20-25%

~at L = 3.6-3.8. At L = 3.4, the correction was

~T75% at x = 0.8,
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gf Chapter 13

PARTICLE DETECTION EQUIPMENT
- AND
PARTICLE DATA PROCESSING

»
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PARTICLE DETECTION EQUiPMENT

The particle detection equipment carried by Explorer XV and Explorer XXVI
was designed to measure the spatial and angular distributions and energy spectra of
electrons and protons in the radiation zones of the earth. The equipment for each
satellite consisted of six diffused silicon p-n junction particle detectors , 4 bias power
supply, and the associated electronics all packaged to form a flight unit. The flight
unit was mounted in the satellite so that the detectors were oriented perpendicular to
the satellite spin axis.

The six detectors permitted measurements to be made of the integral flux of
electrons and protons above energies established by a combination of absorbers and
pulse height discriminators. Each detector had two pulse height discrimination levels
which were provided by a single discriminator and a switched gain amplifier., In
each case, the lower pulse height level had a high efficiency for Counting both elec~
trons and protons; the higher pulse height level had a very low efficiency for counting
electrons but a high efficiency for counting protons. In this way, the proton contami-
nation of the lower pulse height level could be extracted. |

As an additional check on the separation of electrons and protons, the electrical
bias supplied to the detectors was reduced from 100 volts to 5 volts for approxi-
mately 100 seconds every 400 seconds (320 telemetry frames in each 1280). The bias
reduction reduced the active thickness of the detector by a factor of approximately
. four and reduced the efficiency of the detector for electrons by a factor of 50 to 100
‘ | without a correapondlng decrease in the efficiency for protons

Since the particle detectlon equ1pment for the two satellites was fabrlcated at
the same time, the descr1pt1on included in the final report on Explorer XV, dated
June 30, 1964, is largely apphcable to the Explorer XXVI equipment. However, the
equ1pment for Explorer XXVI was modified to broaden the scope of the exper1menta1
program started with Explorer XV. The mod1f1cat10n of the equipment allowed com-
'prehenswe studies to be made of protons 1n an energy range which fell between and
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joined the low energy measurements of L. R. Davis and the high energy measure-
ments of C. E. McIlwain,

The approximate energies and the angular aperture sizes of the six electron an
and proton detectors on Explorer XXVI are listed in Table I below in order of in-
creasing particle energy. All of the detectors accumulated data on a time-sharing
basis in the 18-bit scaler of the cosmic ray logic box provided in the satellite. The
accumulation was in each case 5 telemetry frames (approximately 1.6 seconds, and
comparable to the rotational period of the satellite). The read-out time for the
register was three telemetry frames, so a sequence of accumulation and read-out
occupied eight frames. Table I shows, in parenthesis, the time base on which each
discrimination level of each detector had access to the register,

Table I
DETECTOR CHARACTE RISTICS

Electron Proton Aperature
Detector Threshold , Threshold (Full Angles)

1 0.3 MeV 1.5 MeV 10°Cone
(8/128) (8/128)

2 0.45 MeV 5 MeV Ellipitcal 10° x 30°
(8/128) (8/128) .

3 1.0 MeV 10 MeV , Scatter Dome,
(8/64) (8/64) 20° Cone

4 1.7 MeV 16 MeV Elliptical 15° x 34°
(8/128) (8/128) |

5 2.5 MeV 21 MeV Scatter Dome,
(8/64) (8/64). 50° Cone

6 3.5 MeV 27 MeV Scatter Dome,

; (8/128) (8/128) 50° Cone

Detectors 2 and 4 not only added detail to the electron energy distribution but
also were designed to provide information on the angular distribution of the electrons
as viewed from the spinning satellite. The detectors fed pulses into log ratemeter
circuits in the cosmic-ray logic package. The sampling time was half a telemetry
frame (approximately 0.16 seconds). At a satellite spin rate of 25 rpm, this time
corresponded to a rotation of about 24 degrees. This angle limited the accuracy in
, defermining_ the angular distribution, but since the sampling time was not, in general,
commensurate with the rotational rate of the satellite, the measurements were over-

lapping and permitted determination of the distribution to a resolution of about 10 de-

grees. Each of the log rate meters were read in one analog word of the telemetry
“frame. ) o | " |
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The dynamic ranges of all the detectors were approximately as follows. In
each detector the maximum counting rate was at least 200 kilocycles. The minimum
counting rate was limited by the counting time. In the digital channels this corres-
ponds to 1 count in 1.6 seconds. In the analog channels this corresponds to 1 count
in ,16 seconds. This dynamic range was approximately 3 x 105 for the digital
channels and approximately 1.5 x 104 for the analog channels. The effective detector
area of each detector was approximately 3 x 10'2 cmz. The efficiency of Detector
(1) for counting electrons in the fission beta spectrum was approximately 0.4 for the
low discrimination level, and 0.2, 0.1, 0.06, 0.03, and 0.01 for the low discrimination

level of Detectors (2) through (6).

PARTICLE DATA PROCESSING

Computer programs were devised to reduce the particle data obtained from
the Bell Laboratories particle detection equipment on the Explorer satellites. The
process used to reduce the data is outlined below. Following the reduction, analysis
of the data was planned and performed along lines considered most effective for
extracting significant scientific information from the data. The preceding chapters
illustrate the approaches used in analyzing the data.

Data Reduction Process

Particle data originating in the Bell Laboratories particle detection equipment

~ on the satellite was telemetered to the ground and recorded on magnetic tape. These

"data tapes'' were sent by NASA/GSFC to Bell Laboratories, Murray Hill, New
Jersey for processing. NASA/GSFC also furnished orbital information on "master
orbit tapes' which provided pertinént orbital information and other information such
as temperature and voltages on the satellite, and spin rate and orientation of the de-
tectors in the earth's magnetic field. The data tapes and master orbit tapes were
put through a data reduction process as follows:

L. A blocked and packed orbit tape was produced from the master orbit tapes
furnished bv NASA/GSFC. To do this the NASA/GSFC master orbit tapes
(eight day hominal,l_ength) were reblocked on a 1460 computer and packed
into a compact digital form on a 7094 computer,

II. Data tapes (one orbit each) were copied from 556 bits/inch to 800 b1ts/ inch
for running in the high density mode on a 7094 computer. .

" III. With six of the data tapes (II above) and the appropriate orbit tapés (1
~ above) on a 7094 computer, the data was merged with the orbital informa-

_tion and processed through the initial stage of the data reduction program
‘which ylelded the followmg ~ , -
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A. Reduced data tapes.

B. Stromberg Carlson 4020 microfilm plots of the digital data as a function
of Satellite Position L by half crbits.

C. If desired, a complete print-out of the reduced data tapes in microtfilm ‘}
form,

D. A short diagnostic and bookkeeping print-out of the run.

IV. The reduced data tapes were reprocessed in the second stage of the data
reduction program to provide three highly compact digital library tapes.
Together, three such library tapes contained all of the significant reduced

data for a period of one-half month or approximately 45 orbits of the
satellite.
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