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ABSTRACT

Several recent observations of low-energy proton and electron
intensities within the energy range ~ 100 €V to 50 keV in the earth's
radiation zones with a sensitive array of electrostatic analyzers borne
on the earth-satellite 0G0 3 during mid-1966 are summarized.
Measurements of chérged.particles of the extraterrestrial ring current
during a moderate geomagnetic storm, of the low-energy proton and
electron distributions in the vicinity of the midnight 'trapping

boundary' near the magnetic equatorial plane, and of upper limits for
E
Q

inner radiation zone are presented together with several introductory

proton and ion (100 eV <=<50 keV) energy fluxes deep within the
comments concerning the morphology of the omnidirectional intensities
of energetic electrons (E > LO keV, > 250 keV and > 1.6 MeV) at the

magnetic equator in the outer radiation zone.



INTRODUCTION

A large colleétion of detailed observations of energetic
charged particles within the vast region encircling the earth which
is dominated by the geomagnetic field has been acquired since the
initial discovery of intense fluxes of energetic protons and electrons
in these regions, the inner and outer radiation zones, with earth-
satellite measurements in 1958. Current reviews concerning the
observations of electrons E > 10 keV and of protons E > 100 keV with
instrumentation borne on earth-orbiting satellites at low and high
altitudes, ~ several hundred kilometers to 30 RE (RE, earth radius),
have been published over the past several years [Van Allen, 1963;
O'Brien, 1964a; Frank and Van Allen, 1964; Shabansky, 1965; Hess, 1965;
Frank, 1965a). Although the major fraction of the literature has been
directed toward detailed studies of electron and proton intensities
in the above energy ranges within the earth's radiation zones, lower
energy charged particles with energies E < 10 keV dominate these
regions in terms of energy densities and number densities. For example,
the ratios of the number densities and energy densities of the often-~
observed electron (E > 1 MeV) intensities in the heart of the outer
radiation zone near the magnetic equatorial plane at 4.5 RE to the
corresponding number and energy densities of electrons (E < 10 keV) are

freguently ~ 3 X 10_6 and 2 X 10_5, respectively. Although these energetic



charged particle distributions have been and are presently being

thoroughly surveyed via in situ measurements, the observations of

lower energy charged particles are limited not through oversight of
the importance of their distributions throughout the magnetosphere

but due to the difficulties of designing instruments with sufficient
sensitivity, energy thresholds and immunity from background responses
attributable to penetrating, energetic charged particles and to
ultraviolet radiations. Recently observations of low-energy proton
and electron intensities over the energy range extending from ~ 100 eV
to 50 keV have been obtained in the earth's radiation zones near thé
magnetic equatorial plane with a sensitive array of electrostatic
analyzers borne on the satellite 0GO 3 [Frank 1967a, b, c; Frank and
Swisher, 1967]. These measurements and several unpublished, preliminary
results concerning the extraterrestrial ring current, the possible
existence of large energy fluxes of low-energy positive ions deep
within the earth's inner radiation zone, and the structure of the
"trapping” boundary at ~ 8 RE geocentric radial distance in

the midnight meridional plane together with several introductory
comments concerning the distributions of energetic electrons

(E > LO keV) in the outer radiation zone are presented herein as

a summary of initial, unique observations of the lOWLenergy

charged particle distributions within the earth's radiation zones.



SEVERAL COMMENTS ON THE DISTRIBUTIONS

OF ENERGETTIC ELECTRON INTENSITTIES IN THE OUTER RADTATION ZONE

"As was mentioned earlier the energetic charged particle
populations of the inner and outer radiation zones have been under
intensive examination during the past several years. Comprehensive
surveys with Geiger-Mueller tubes, scintillators, and solid-state
devices are avallable for regions near the magnetic equatorial plane
throughout the radiation zones, at low altitudes (~ 1000 km) from
equator to poles, and for the entire inner radiation zone within
the energy'ranges E > 100 keV for protons and E > 50 keV for electrons
[cf McIlwain, 1963; Frank, 1965a, Frank, Van Allen and Hills, 196kL;
Davis, 1965; Freden, Blake and Paulikas, 1965; Gabbe and Brown, 1966;
Vette, 1966]. One of the principal cobservational tasks is the
organization of a massive abundance of measurements into a coherent,
concise description of the complex species - and energy-dependent
morphology of the earth's radiation zones. An example of the
morphology of energetic electron intensities in the outer radiation
zone at the magnetic equator is shown in Figures 1 and 2 [Owens and
Frank, 1967] which summarize four months of observations of electron
(E > LO keV, > 230 keV and > 1.6 MeV) intensities with an array of
Geiger-Mueller tubes borne on Explorer 14 during the period beginning

at launch on 2 October 1962 through January 1963 (refer to Frank,



Van Allen and Hills [196L] for details concerning instrumentation and
orbital parameters). Of immediate interest are the orbital inclination
3%°, initial apogee geocentric radial distance 16.L4 Rp» initial perigee
altitude 281 kilometers and period 36.4 hours. Figures 1 and 2
sunmarize contours of constant omnidirectional intensities of electrons
with energies exceeding the above detector thresholds as functions of
L and time at the magnetic equator. The daily sum,Ki, ZKP’ has been
included at the bottom of each of these graphs in order to indicate
periods of relative magnetic activity. Several features of the
morphology of these energetic electron intensities are immediately
evident upon perusal of these graphic summaries: (1) the apparent
complexity of the temporal variations and the dependence of the gross
temporal behavior upon electron energy, (2) the increases of electron
intensities following the onset of a period of relative magnetic
disturbance (high ZK?) with peak values of omnidirectional intensities
occurring with increasing time delay after onset of the disturbance
with increasing electron energy (refer to the late December 1962
enhancements for a clear example), (3) the ebbing of the intensities

of electrons (E > 250 keV and > 1.6 MeV) during a sustained period of
relative magnetic quiescence beginning 23 December through 9 January,
(4) the sudden decreases of electron (in particular E > 1.6 MeV)
intensities concurrent with the onset of magnetic disturbance and (5)

the persistent occurrence of peak electron (E.E 250 keV and > 1.6 MeV)



omnidirectional intensities at L ~ 4.5 to 5.5 and of peak electron

(E > L0 keV) intensities over a relatively broad L-value range

L ~ 4 to 7. Many of these observations have been reported previously
[cf Frank, Van Allen and Hills, 1964; Frank, 1965a, b, c] but this
presentation provides the most comprehensive panorama of the Explorer
14 measurements presently available and offers rapid insight into the
complex temporal behavior of outer zone electron intensities. Although
several of the temporal variations in intensitles evident in Figures 1
and 2 may be at leést in part understood without knowledge of the
deminant lower energy particles (for example, inward radial diffusion
[Frank, 1965b] and adiabatic relocation and acceleration due to an
enhanced extraterrestrial ring current during magnetic storms
[McIlwain, 1966]), a complete theoretical investigation depends
heavily upon a thorough analysis of the low-energy particle
populations throughout these regions. Several initial observations

of these low-energy charged particle intensities are discussed in the

following summaries.



UPPER LIMITS FOR THE ENERGY FLUXES OF LOW-ENERGY

PROTONS AND IONS IN THE TNNER RADTATION ZONE

Barly low-altitude surveys of the energy fluxes of low-energy
protons or ions within the energy range extending from ~ 500 eV to
1 MeV with an array of CdS crystals borne on the low-altitude satellite
Injun 1 provided the remarkable result that large energy fluxes,
~ 50 ergs (cm?—sec—sr)_l, were present deep within the inner radiation
zone at 1.25 <L <1.70 [Freeman, 1962]. A summary of these observafions
in a B-L coordinate system is included in Figure 3. These measurements
implied a strong acceleration mechanism for protons or positive ions
within a region which is deeply imbedded within the earth's magneto-~
sphere, and hence presumably relatively remote from the outer magneto-
sphere where the solar wind 1s an able energy source for charged
particle acceleration. An order-of-magnitude estimate of the source
strength necessary to maintain these energy fluxes may be easily obtained
by assuming that (1) the charged particles are ~ 1 keV protons, (2) the
fluxes are confined to a volume bounded by the L-shells 1.25 and 1.70
and a spherical surface at ~ 1000 km altitude above the earth's
lsurface and (3) the principal loss mechanism is charge-exchange (although
Coulomb scattering is a loss mechanism of similar magnitude for protons
in this energy range) in the ambient terrestrial exosphere [Liemohn,

1961]. This estimate of the power required to maintain these energy



fluxes is 1018 ergs(sec)_l which is comparable to the average source
strength necessary for electron precipitation into the auroral regions
[cf Frank and Van Allen, 1964; O'Brien, 1964b].

Recently we have searched for these energy fluxes of low-energy
protons or ions with the array of sensitive electrostatic analyzers
which was included on the 0GO 3 spacecraft (launch date, 7 June 1966;
initial apogee and perigee 128,500 km and 6,700 km geocentric radial
distances; inclination, 31°) and were unable to discern any signature
of large positive or negative ion intensities within the energy range
100 eV 5-% < 50 keV in the region of the inner radiation zone surveyed
with Injun 1 [Frank and Swisher, 1967]. In fact the responses of the
electrostatic analyzers were ummodulated by the variations in curved-
plate potential and are background counting rates attributable to
penetrating, energetic protons and electrons. Hence only upper limits
for the energy fluxes of protons or positive ions (100 eV < %

were generously determined by assuming that these background responses

< 50 keV)

were wholly due to low-energy ion fluxes. The corresponding upper
limits for these energy fluxes are summarized in Figure 5 in order to

facilitate comparison of the two results. All measurements reported

o]

in the present discussion were obtained at local pitch angles & = 90°.

A cursory examination of Figure 3 shows that the 0G0 3 upper limits

for energy fluxes of protons or positive ions (100 ev < E-f 50 keV) are

)
less than the Injun 1 measurements by factors ~ 10 to 100. Upper

limits for negative-ion (100 eV < = < 50 keV) energy fluxes as derived

z
Q
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from the responses of companion electron electrostatic analyzers are
within a factor ~ 2 equal to the simultaneously measured upper limits
for positive-ion energy fluxes reported here. It is possible that the
energy fluxes observed with Injun 1 are predominantly shared by protons
with energies exceeding the energy range of the 0G0 3 electrostatic
analyzers, the energy range 50 keV < E <1 MeV. In order to investigate
this possibility we have examined Injun 4 (launch, 21 November 196k4;
initial apogee and perigee altitudes, 2502 km and 527 km; inclination,
81°) observations of energy fluxes of protons within the energy range
extending from ~ 30 keV to 4.2 MeV and have summarized the results in
Table TI. Again there is no evidence of a large energy flux,
~ 50 ergs (cmg—sec—sr)_l, of protons in this energy range.

It is possible that (1) the large energy fluxes of positive
ions are present only near local midnight where all Injun 1 measure-
ments were obtained [Freeman, 1962] and hence that the 0G0 3
observations during local day simply imply that these low-energy
positive ilons are confined to a restricted local-time range centered
near local midnight (the Tnjun 4 measurements were also acquired near
local midnight) or (2) these low-energy positive ions have disappeared
via an occasional loss mechanism over the period extending from mid-
1961 (Injun 1) to mid-1966 (0G0 3). However, on the basis of the above

findings of firm upper limits for these energy fluxes which are less
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TABLE I

SEVERAL UPPER LIMITS FOR ENERGY FLUXES %
OF PROTONS IN THE EARTH'S INNER RADIATION ZONE

INJUN L
January 1965
Energy Flux' (upper limits),
L, B, erg(cmg—sec-sr)—l
earth radii gauss
protons protons
E > 30 KeV 0.5 <E < L.2 Mev
‘ . o
1.35 0.151 2.5 5 %X 10
1.49 0.182 0.2 6 x 107
1.50 0.167 1.5 - - -
1.51 0.170 1.0 2.6 X ;Lo‘LL
-2
1.55 0.179 0.7 1.k x 10

*
See also Frank and Swisher [1967].
"At local pitch angle a = 90°.
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by factors of 10 to 100 when compared with the energy fluxes reported
by Freeman over a large region of the inner zone, we conclude that
most probably energy fluxes of protons or ions (500 eV <E<1 MeV),

~ 50 ergs (cm?—sec—sr)_l, are not a feature of the inner radiation

zZone. -



13

FIRST OBSERVATIONS OF CHARGED PARTICLES OF THE EXTRATERRESTRIAL

RING CURRENT DURING GEOMAGNETIC STORMS

"The search for a large ring current of charged particles
encircling the earth, which was early postulated as the phenomenon
responsible for the sporadic occurrences of rapld world-wide decreases
of the magnetic field intensity over low and middle latitudes at the
earth's surface [Chapman and Ferraro, 1932], has continued since the
discovery of the earth's radiation zones. Recently the magnetic
"signature' of this extraterrestrial ring current in the outer

radiation zone has decisively been discerned with in situ measurements

of the vector magnetic field via a satellite-borne magnetometer
[Cahill 1966]; these measurements positioned the center of this ring
current near 3.5 RE in the magnetic equatorial plane during a great
magnetic storm. The direct detection of the charged particles of the
extraterrestrial ring current has been obstructed until recently due
to rigorous requirements upon detector energy thresholds, sensitivities
and immunity to a variety of background responses. Several principal
results of the first observations of the charged particle distributions
within the extraterrestrial ring current during a moderate geomagnetic
storm [Frank, 1967c] are summarized in the following discussion.

The hourly DST(H) values for a moderate (~ -507) geomagnetic

storm during early-July 1966 and corresponding perigee passages
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designated as 'P', during which ‘snapshots’ of the radial profiles of
charged particle intensities over similar low-latitude traverses of

the radiation zones with 0GO 3 are available, have been summarized in
Figure 4. The corresponding four 'snapshots' of the proton (31 < E <
4G keV) directional intensities as functions of L during pre-storm

(7 July), main phase (9 July), recovery (11 July) and post-storm

(13 July) conditions are plotted in Figure 5 with equal ordinate

scales in order té facilitate comparison of intensities; at a given
L-value there is no significant difference in latitude of the space-
craft position or directions of the fields of view of the electrosﬁatic
analyzers for these four passes. Hence all variations in intensities
at a given L-value as displayed in Figure 5 are temporal and directly
correlated with the magnitude of DST(H). Tt is of interest to note
that the maximum proton (31 < E < L9 keV) intensity observed during

the main phase of this moderate magnetic storm is 7.4 X 107

(cm?-sec—sr)-l and is located at L = 3.6 in gross agreement with the

position of the center of the ring current as inferred from in situ

magnetic field measurements during another geomagnetic storm [Cahill,
1966].

In order to establish that the proton (200 eV < E < 50 keV)
intensities are indeed the predominant contributors to the extra-
terrestrial ring current, it is not only necessary to demonstrate the
above positive correlation of their intensities with the magnitude

of the depression of the field intensity at the surface of the earth,
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DST(H), but also to show that the energy reservoir of this population
of charged particles in the outer radiation zone is of sufficient
magnitude to account for the observed.DST(H). Toward the goal of cal-
culating the total energy of low-energy protons and electrons in the
outer radiation zone we have computed the energy densities of
protons and electrons (200 eV < E < 50 keV) as functions of shell-
parameter I observed over the low-latitude (lxml < 20°) traversal of
0GO 3 through the‘radiation zones during the main phase of the geo-
magnetic storm on 9 July and have displayed these results in Figure 6
accompanied with the magnetic energy density, B2/8ﬂ, as calculated |
by invoking a magnetic field model derived from surface measurements
of the terrestrial magnetic field [Jensen and Cain, 1962]}. TNote that
the peak proton (200 &V <E <50 keV) energy density exceeds the peak
electron (200 eV <E <50 keV) energy density by a factor ~ 7 and that
the sharp onset of the near-earth decline of proton (200 &V <E <50 keV)
energy densities at I = 3.2 ig deeper within the outer radiation zone
than the corresponding decrease in electron (200 eV <E <50 keV)
energy densities at I = 4.0. Both of these observations should eventually
be significant in delineating the principal acceleratlion mechanism for
the large enhancements of these low-energy charged particles.

The decrease of the terrestrial magnetic field intensity on the
geomagnetic equator at the earth's surface, AB(o), is proportional to

the total energy of these low-energy charged particles [Dessler and
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Parker, 1959] or, explicitly, in the linear theory

AB(o) = - 2.6 X 107t e gammas

where € is the total energy of the charged-particle population in units
of ergs [Sckopke, 1966]. In order to evaluate the total energy of the
low-energy proton and electron distributions it is necessary to expand
the 'snapshots' of Figure 6 into meridional cross-sections of the
energy density coﬁtours in a R—hm coordinate system by approximating
the latitude dependence of the energy demsities, W, via ubtilization of
‘simultaneous observations of the directional intensities at two pitch

angles at a given L-value with the power law

-n

W(L, B) = K(L) C%—) erg(cm)_5

0

where n is n(L) and typically 1(* 0.5). The reader is referred to a
detailed discussion given by Frank [1967c] for observational Justification
Qf this approximation. An example of the contours of constant energy
densities of protons (200 eV < E < 50 keV) during the main phase of the
moderate geomagnetic storm of early-July is presented in Figure 7.
The total energy of low-energy protons, €P, within the earth's
radiation zones over L = 1 to 8 and under the assumption that the ring
current is symmetric [cf Akasofu and Chapmen, 196L; Cahill, 1966]

becomes

8 A
6p = 3.24 x 10°7 f I “k(1) L2(00s6n * 7&) (-3 coszk)—n/2 dLAA ergs
lo



N

where K(L) is the equatorial energy density at L in erg(cm)_B,
n = n(L) is the exponent of the latitude dependence
of Wb above,

A denotes magnetic latitude,

1/2
‘N = Arccos (é) /
c L

T, is in units of earth radii.

and

Attention is drawn upon the fact that the B-L coordinate system

derived from a magnetic field model based upon surface measurements of
the terrestrial magnetic field is used as a reference coordinate system
throughout the above presentations and calculations. Clearly the
observed relatively highzenergy densities of charged particles reported
here will significantly distort the geomagnetic field especially at

the position of the ring current. A tabular comparison of the calculated
and the observed decreases, AB(o) and DST(H), respectively, of the magnetic
field intensity at the earth's surface near the equator, neglecting

the diamagnetism of the earth, for the main phases of two moderate
magnetic storms and a typical gquiescent period is provided in Table II.
The calculated charged-particle total energies, and hence the calculated
AB(0), are judged to be accurate to within X 50% (refer to Frank [1967c]).
Inspection of the calculated and observed magnitudes of the decreases

of field intensities at the earth's surface shown in Table II firmly
establishes that (1) protons (200 eV < E < 50 keV) are the principal

contributors to the storm-time extraterrestrial ring current and
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TABLE IT

THE EARTH'S RADIATION ZONES™

REPRESENTATIVE TOTAL PROTON (200 eV < E < 50 keV)
AND ELECTRON (200 eV < E < 50 keV) ENERGIES WITHIN

Date Charged Charged Particle AB(o) DST(H)
Particles Total Energy Calculated
Obgerved
: 1<L<8 (gammas)
e (gammas )
(ergs)
21 .
23 June 1966 Protons 4.8 x 10 -12 Quiescent
(200 eV < E < 50 keV)
25 June 1966 Protons 1.4 x 1052 -36 -30(+10)
(200 €V < E < 50 keV)
22
9 July 1966 Protons 2.1 x 10 -55
(200 eV < E < 50 keV)
-50(%10)
Electrons 5.3 X lO21 -1h

(200

eV < E < 50 keV)

*See also Frank [1967c].
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(2) electrons (200 eV < E < 50 keV) are substantial, though lesser,
contributors, ~ 20% of the total ring current, a result which is in
qualitative agreement with earlier measurements with CdS crystals borne

on Explorer 12 [Frank, 1966Db].
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ON THE DISTRIBUTIONS OF LOW-ENERGY PROTONS AND
ELECTRONS IN THE VICINITY OF THE 'TRAPPTNG BOUNDARY'
NEAR THE MAGNETIC EQUATOR

betailed.observations of the electric fields, magnetic fields
and charged particle distributions within the earth's magnetosphere
are necessary in order to delineate the predominant acceleration
mechanism(s) providing the large intensities of low-energy protons
~and electrons which populate the radiation zones and their environs.-
A host of possible mechanisms and reasonable models have been proposed
(ef Axford and Hines, 1961; Alfvén and Félthammar, 1963; Dessler,
Hanson and iﬁarker, 1961; Block, 1G66; Kennel and Petschek, 1966;
Taylor and Hones, 1965]; several initial observations of low-energy
protons and electrons which are pertinent to the phenomenon of local
acceleration of charged particles within the outer magnetosphere are
presented here.

OQur first efforts toward developing a description of the
morphology of the low-energy proton and electron (200 eV <E <50 keV)
distributions within the outer magnetosphere as measured with the
0G0 3 electrostatic analyzer array have established several salient
features of the intensity distributions at the 'trapping boundary' at
local midnight near the magnetic equatorial plane. A typical set of

profiles of low-energy electron intensities as functions of shell-
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parameter L, again calculated with Jensen and Cain [1962] coefficients
for the geomagnetic field, are displayed in Figure 8 during an inbound
pass through the outer magnetosphere at low magnetic latitudes near
the midnight meridional plane (@SM = 180°). These profiles of the
directional intensities of electrons (650‘f E <1100 eV, 1.5 <E <
2.7 keV, 6.8 <E <12 keV, 27 < E < U7 keV and E > 45 keV) are
remarkably dissimilar with the exception of the region below L ~ 5 in
the outer radiatio# zone and are typical of the observed distributions
of intensities in this region. The position of the sharp decrease

in electron (E > 45 keV) intensities with increasing L at L ~ 7.0

hags often been termed the 'trapping boundary' [ef Frank l965a;

Craven 1966] in the local-night hemisphere of the magnetosphere at
high énd low magnetic latitudes; whether or not it is in fact the
outermost limit of durable trapping within the earth's magnetosphere
as suggested by the above designation is a problem which remains
unresolved. Inspection of Figure 8 reveals the distributions of lower
energy electron intensities are positioned with respect to the
'trapping boundary' via a complex and energy-dependent relationship
for L > 5: (1) only a small variation of electron (27 < E < U7 keV)
intensities occurs at the “trapping boundary! coincideﬁt with the
onset of & large decrease in electron (6.8 < E < 12 keV) intensities
with decreasing L, (2) a rapid decrease of intensities of electrons

(1.5 <E < 2.7 keV) with decreasing L-value at L = 6.0 inside the
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"trapping boundary' and (3) a small maximum of electron (630 < E < 1100
eV) intensities inside the 'trapping boundary'. We shall direct our
attention herein primarily to the positions of the onset of the near-
earth decreases of eiectron intensities and designate these positions
as LD(E). A series of observations over similar traversals of this
region are displayed in Figures 9, 10 and 11. For a given L-value the
coordinates o (eqpatorial pitch angle), Py (solar magnetospheric
longitude) and Lm (geomagnetic latitude) during this period do not
largely differ from those plotted in Figure 8 since the orbital period
' of the spacecraft is 48.6 hours (2.03 days). A striking feature of the

observations during these four passes is the persistent deeper

penetration of maximum electron (1.5 < E < 2.7 keV) intensities when
compared to the corresponding near-earth onset of decreasing intensities
of electrons (3.8 <E < 6.8 keV), or in our notation Ly (1.5 <E<2a.7
keV) < Ly (3.8 <E < 6.8 keV). A definite position of the onset of

a sharp decrease in electron (14 < E < 24 keV) intensities is not
usually cognizable but is positioned at LD(lM < E < 2k keV)

> LD(3'8-5 E < 6.8 keV) when a decrease is apparent (cf Figure 10). The
persistent occurrence of greater values of LD(E) with increasing
electron energy within the energy range ~ 1 to 10 keV is demonstrated
by the summary offered in Table IIT which includes KP for the period

of observation of L. and the corresponding daily sum K?, ZK@ [Lincoln,

D

1966]. The values of L, vary by several earth radii within the series
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of observations reported here and display no obvious correlation with
K or X, but the difference L(3.8 < E < 6.8 keV) - L(1.5 < E < 2.7 keV)
is usually ~ 0.5 RE. During the main phase of the moderafte geomagnetic
storm during 9 JUly'LD(l.5 < E < 2.7 keV) was located deep within the
outer zone at L ~ 4.0 (cf Figure 6). It is of further interest to
note that the maximum intensities of electrons (1 < E < 10 keV) can
be located inside the 'trapping boundary' (Figure 9), outside the
Ytrapping boundary} (Figure 11), or may straddle this position of
the termination of‘relatively high electron (E > 45 keV) intensities
(Figure]iﬁ near local midnight in the vicinity of the magnetic
equatorial plane.

Simultaneous observations of proton (3.0 f E < 4.8 kev,
12 < FE <19 keV, and 31 <E < 49 keV) intensities during the ihbound
pass on 1 July (see Figure 10 for corresponding measurements of
electron intensities) are presented in Figure 12. Of primary interest
1s the occurrence of enhanced intensities of protons (E > 10 keV) when
compared to the intensities of protons E < 5 keV inside the 'trapping
boundary! designated by the dashed line at I = 8.5. An example of

low-energy proton distribubtions observed during local evening has been

given previously by Frank [196Tb] and is reproduced here in Figure 133
several useful coordinates for this outbound pass are presented in
Figure 1hk. Note that higher energy protons (E > 3 keV) have maximum

intensities at L < 10 and lower energy protons (E < 2 keV) have
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pronounced maximum intensities at L > 10. This gross feature of the
proton distributions is typical of many of the sets of intensity
profiles cobserved in the evening-midnight quadrant of the earth's
magnetosphere.

Several of the principal results of our inltial survey of the
low-energy charged particle distributions within the earth's outer
magnetosphere have been summarized above. We note that the observations
reported here of génerally lower energy electrons and higher energy
protons with decreasing radlal distance over 5 <L <10 in the
evening-midnight quadrant of the magnetosphere near the equatorial
plane are in substantial qualitative agreement with calculations of
the adiabatic motion of solar wind electrons and protons in a current
model of the geoelectric and geomagnetic fields [Hones, 1963;

Taylor and Hones, 1965; Taylor 1966]. Although we are continuing this
investigation with a considerably larger body of‘observations,
delineation of a single acceleration mechanism or magnetospheric
model is obviated by the present unavailability of simultaneous

measurements of electric and magnetic fields.
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FIGURE CAPTIONS

Figure 1. Contours of constant omnidirectional intensities of
electrons (E > 4O keV, E > 230 keV and E > 1.6 MeV) in
the outer radiation zone at the magnetic equabtor observed
with an array of G.M. tubes borne on Explorer 14 during
Octdbe? through November 1962. Daily sum,Kp, ZK?, is
also shown in order to indicate periods of relative
geomagnetic activity (after Owens and Frank [1967]).

FigureVQ. Continuation of Figure 1 for the period December 1962

" through January 1963 (after Owens and Frank [1967]).

Figure 3. Comparison of Injun 1 observations of large energy fluxes
of protons or ions (500 eV < E < 1 MeV) [Freeman, 1962]
and. OGO 3 measurements of the upper limits for energy

fluxes of positive ions (100 f;% < 50 keV) in the earth's

inner radiation zone (after Frank and Swisher
[19671).

Figure 4. Hourly DST(H) values for the period covering the geomagnetic
storm during early July 1966 (after Frank [1967c]).

Figure 5. Directional intensities of protons (31 < E < 49 keV) as
functions of L at low magnetic latitudes during the
pre-storm, main phase, recovery phase and post-storm

periods of the early-July geomagnetic storm (after Frank

[1967c]).
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Figure 6. Electron (200 eV < E < 50 keV) and proton
(200 eV <E <50 kev) energy densities as functions
of I at low magnetic latitudes during.the main phase of
the early-July storm (after Frank [1967cl).

Figure 7. Contours of constant proton (200 eV < E <50 keV) energy
densities in a R—km coordinate system on Y July 1966
(after Frank [1967c]).

Figure 8. Directional intensities of electrons (630 < E < 1100 eV,
1.5 <E<2.7 keV, 6.8 <E <12 keV, 27 < E < U7 keV and
E > 45 keV) observed during an inbound pass through the '
outer magnetosphere near the midnight meridional plane
on 22-23 June 1966. Several useful coordinates for
these observations are included (see text).

Figure 9. Continuation of Figure 8Vfor directional intensities of
electrons (1.5 < E < 2.7 keV, 3.8 <E < 6.8 keV,
14 < E < 24 keV, and E > L5 keV) on 27 June 1966.

Figure 10. Continuvation of Figure 9 for 1 July.

Figure 11. Continuation of Figure 9 for 3 July.

Figure 12. Simultaneous observations of directional intensities of
protons (3.0 S E < 4.8 keV, 12 < E < 19 keV, and
31 <EX< L9 keV) as functions of shell-parameter L for
the inbound pass on 1 July. The measurements are obtained
at ldentical pitch angles and simultaneously with the
observations of low-energy electron intensities displayed

in Figure 10.



Figure 13.

Figure 1L.
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Directional intensities of protons within six energy
bandpasses as funétions of L, for an outbound pass near the
evening meridional plane on 11 June 1966 (after Frank
[196T0]) .

Several useful coordinates for the satellite position

during the series of observations displayed in

Filgure 135: geomagnetic latitude, xm; solar magnetospheric
latitude, eSM; gsolar ecliptic latitude and longitude,

eSE and Po (after Frank [1967b]).



HIBAIAON
[0 Se o2 sl

380400
Gl

NN T 'SNOMLO3T3

Ol
0z g
(O}

$02-499

Figure 1



€961 "AYVNNYP
€2 18 sl e

4393030

118 62 2 Ge €&

I 62 L2 G2
T T “,_

I

A OH I 'SNOYLO313

ABMO0L2< 3 "SNOY L33

0

AN 91 23 'SNOYLD3 T3

4

\

N

\Il{/\/
35-M0) ON\A

/
s

26 L S 9 1 & L G ¢ |
[

® N~ W

® N~ W

112-499

Figure 2



|B|, GAUSS

0.22

0.21

0.20

0.19

0.18

O.17

0.16

0.15

G67-608

;7

’_\\ / EQUATOR
— \

*(0.9) *(0.2)

V30—4O

UNITS ARE

ERG (CM2 SEC-SR)=

AT a =90°

*(].8)
'(L?).(L5)

50-70
/_

MAGNETIC *(0.6)

INJUN I (1961)
PROTONS OR POSITIVE IONS
500eV <EZ | MeV
FREEMAN [1962]

¢ (UPPER LIMIT) OGO 3(i966)
PF\’OTONS OR POSITIVE IONS

1

\ (2.2 jo0evs £ <50 KeV
EERNEEREEREAEE 1{
1.2 1.3 1.4 |5 |.7
L, EARTH RADI |

Figure 3



G66-88|

A BEBARARNRARARE

‘ ‘ ‘ i
P:0GO 3
AT PERIGEE
DST(H)
40y
o]
o e 8 9 (@) I 12 I3 |4
JULY 1966




J. PROTONS (CM2-SEC-SR)!

O — — N D W O =
O »n O »v O v O O o0 o

20
1.5
10

03

G67-13

Flgure

P

| T T T T T T
—'l'l‘l'l’l'l'Hllll!— '——TO
(XI107) xioh) _|"
| 7 JULY 1966 ]
9 JULY 6.5

__(PRE-STORM) .
| ! B (MAIN PHASEY .
—X00 m 2.3
B 0GO 3 (INBOUND) 50
- 15 pA '
___ PROTONS 45
B 3I<E<40keV :
B « INTENSITY 40
B > UPPER LIMIT
__ 1 JULY 39
B (RECOVERY) 20
&wo; 25
X0 20
— 13 JULY 15
— (POST-STORM)
L Xeo)
- y r”‘ I LA | j —05

1110&“ 1"1]1 | bead lli'l‘ilfo
| 2 3 4 5 6 7 81 2 3 4 5 6 7 8

L

J.PROTONS (CM2-SEC-SR)”!



ENERGY DENSITY. ERG (CM)=2

1076

10~

S
0]

S
©

IO_‘O

G6e7-15

— | I I I | R I I | I I I f—

SARARARPA AR RARREN R PP E=
— \/877 | -
— 0G0 3 | ]
— 9 JULY 1966 \ I
|__(INBOUND) \ |
— \, |
— \ I
| I
| | 5
| I
— F
= :
1 ; PROTONS ]
il | 200 eV <E <50 keV

R,
EiY 8 | =
= I « ENERGY DENSITY =
— ELECTRONS | o UPPER LIMIT —
| 2006V <E <50 keV | ]
I’I|I|I|III!IlIIIlI'IIIII'I
| 2 34 56 7 | 2 3 4 5 6 7 8

L L

Figure 6



AMOG> 3>/AP002 SNOLOYd
996! XN 6 o
¢ 090 °

9.-299

Figure 7



G67-319

_tﬁmm-omm;NEQszomhomqm

_ _-Em.omm-mzovmzoﬁoud & € £
O o o o

o, S238288%8as

IR __:_:__ NERILIR n [ | ‘ | |
m b_ w T[T E
R 0T T T = - ]
7w b ________ w: s 1w _ _ EER _ _ L] ‘ _ Ll
T 6__:____ I __::__ | ____:__ | M_ 4____:_ | ____:: d_ ef| I _=:___ [ ___:_: _::: =i
R =il = L . _ T
- ou28g ¢ -
L OO0k < ]

OS5 MmOL

|.|O3er,_._m vi _]
- ¥=@s - ¥ ol ]
RN - N -
ML b b ______ _lg___: L b _EL __ e b oo |
Q 6@ S 4@ "5 ™o S “5 e o) D 5@

15

13

3 5 7 9 1

13 15

|

3 5 7 9

e 8

Figur



T o % © o %
8 _|IHHH | ‘HIHI! 1 r;:ml ' ‘lllllll z WH I lu.llt_l_i__
5 P 3 —
© = ol _ ]
= )
3 ]
is) > ]
zZ 2 %
= © x —
- y N~ —]
n L8 v N —
Z n o Lt vi —
—J
8 T J vi L\l;{ I
= ®© _
o5 S5 o l 0 ~
owg>[ l ]
SRNRREN o o bl bt b dun
[ Jin g '|i||l|| l "mmi | 1“”‘! W I i ]
| °,
— & : —3
== : 2
- l_::' -4 o
2o ]
i
— £5 < —
B ‘. o %) g ———-W
L . Vi |
Ll
¥ 4
— & TR At
LI \HHIII l ,HIIIH | ‘HHIII | lllll i ‘HHHI
G%Q KEQ <%2 N%D PED q%)

‘_( d5-03S -2NO ) SNOYLO313

Figure ©

112

5 6 7 8 9 10

10;

5 6 7 8 9



G 67-615

0GO 3
ELECTRONS

© " % o o %

T T T [ l ‘ I, T [T T i
a > ]
% © o ]
00 ]
B © N ]
< M vi —
< < L\l,'i . L ]
w * Vi ]
o8 % P -
ERaBi _
L T

S WL T el [ L L
[T T T nn‘ T T T L. I

3
. % —
= > N ]
—_%j 2 < T
R N —
£ & S —
- ZD ]
T8 b s tlml me w1 T
“ ‘@ Yo "o o ‘@

l-(HS -035-5,IND) SNOY.LO3Td

Figure 10

o2

5 6.7 8 9 10

10

5 6 7.8 9



G 67-616

ELECTRONS

0GO 3

%© o % S o %
T ]numi l T T I
- ]
= %5 E? ]
D 3 —_]
o pos M~ |
m . ol
Zz “51 Vi B
< o o v
A8 0 2 7
z > 0 —
Zz 3 ]
e | | T
T oo e ooy o Do b b
LI A L R LA R 0
IEN. ~_, (;
N ]
— S _
_—m p—
=z _
- |
____Eggt * EE ]
77 S
L ] [o] > N
B 2 vl —
— 0 T —
| 3{ Q? _ |
— - | -
T e e b bed b b
o ‘2 Yo "o Y~ O

._(HS -03S -ZV\ID) SNOY193713

Figure 11

12

5 6 7 8 9 10

I

10

5 6 7 8 9



PROTONS (CMZ— SEC-SR )—'

G 67-764

l HHH!E | HHIH’

i L

T

3l <E<49KeV

[o]

o

Illlliﬂl

L

| HHHIl

12 <E<|9 KeV
- 0G0 3 —]

° PROTONS

CHANNELS ‘A’
I | JULY 1966 (INBOUND) -
— [30sEs4 =
3 4 5 6 7 8 9 10
L, EARTH RADII

Figure 12



G66-727

'B' CHANNELS

|1 JUNE 1966 (OUTBOUND)

0GO 3

I

Figure 13

RN ‘HHIH | ]HIIHL_HIH l IIHHH | IHHHL
- . 1 g “_
N ~ 13 ]
. B I ]
- Vi 1w ]
L ud
- M B -
[ v & e
U T L R e et
fe “o o Mo “o Yo
LT T T T L T LT T T T & T L
I N % i R
B 13 ]
___ x TV ]
L Vi I A V/ |
[ w0 ]
| N < -
|\ 0 U S —
R IR R
BT % %o Mo % “o
RN Igﬂll__llll! LT e T L
. B ]
| . é e
- 3 ___‘f;v‘j ]
B x 1T =z N
I l\_‘/_; N S -]
UL ‘HH]H lQlHIHH Wi 'HHH] ; ilHllH
o “© v Mo “© o
(MS—03S—_IND) SNOLONd

12

7 8 9 10

o it 12 13

9

12 13

IO

7 8 9



S6
o000l

oGO |

3S
Ol | ?

oG 1|

—0¢|

Oow.mm_ OO_Nm_ Oow.mv__\,_xooﬂmv_ g

9¢:60' 08:80 G0:80! 1N ¥e:L0

Ot

. °0% wis
— ANNOE.LNO g O
996! 3NN |1
¢ 000 T %

—gz Wy
T O,

924-999

Figure 14



UNCLASSIFIED

Security Classification
DOCUMENT CONTROL DATA - R&D
(Security classification ol title. body of abstract and indexing annotation must be entered when the overall repost is classified)
11 ORIGINATIN G ACTIVITY (Corporate author) ]25. REPORT SECURITY C LASSIFICATION
University of Iowa | UNCLASSIFIED

Department of Physics and Astronomy 2b croue

Nl e

REPORT TITLE

e————
w

Recent Observations Of LOWhEnergy'Charged Particles In The Earth's Magnetosphere.

4. DESCRIPTIVE NOTES (Type of report and inclusive dates)

Progress July 1967
| 5. AUTHOR(S) (Last name, first name, initial)
FRANK, L. A.
6. REPORT DATE 7a8. TOTAL NO. OF PAGES 7b. NO. OF REFS
July 1967 48 L1
8a. CONTRACT OR GRANT NO. 9a. ORIGINATOR'S REPORT NUMBER(S)
NONr-1509(06)
b. PROJECT NO. U. of Iowa 67-36
c. 9b. OTHER REPORT NO(S) (4ny other numbers that may be assigned
this report) .
d.

10. AVAILABILITY/LIMITATION NOTICES

Distribution of this document is unlimited.

11. SUPPLEMENTARY NOTES ) 12. SPONSORING MILITARY ACTIVITY

Office of Naval Research

13. ABSTRACT

Several recent observations of low-energy proton and electron intensities
within the energy range ~ 100 eV to 50 keV in the earth'’s radiation zones with
a sensitive array of electrostatic analyzers borne on the earth-satellite
0G0 3 during mid-1966 are summarized. Measurements of charged particles of
the extraterrestrial ring current during a moderate. geomagnetic storm, of the
low-energy proton and electron distributions in the vicinity of the midnight
"trapping boundary' near the magnetic equatorial plane, and of upper limits
for proton and ion (100 eV.f‘%‘s 50 keV) energy fluxes deep within the inner
radiation zone are presented together with several introductory comments
concerning the morphology of the omnidirectional intensities of energetic
electrons (E > 40 keV, > 230 keV and > 1.6 MeV) at the magnetic equator in

the outer radiation zone.

DD .2 1473

—UNCLASCSTIFIED

Security Classification




UNCLASSIFIED -
Security Classification

E1a. LINK A LINK B LINK €
§' KEY WORDS ROLE wT ROLE wT ROLE wT
-
4
Geomagnetic Storm
Inner Radiation Zone
Quter Radiation Zone
Magnetosphere
INSTRUCTIONS
1. ORIGINATING ACTIVITY: Enter the name and address imposed by security classification, using standard statements
of the contractor, subcontractor, grantee, Department of De- such as: . .-
fense activity or other organization (corporate author) issuing ("1) “Distribu’cion of +this document is
the report. 2 ynlimited.”
2a. REPORT SECURITY CLASSIFICATION: Enter the over- (2) *“Foreign announcement and dissemination of this

all security classification of the report. Indicate whether

5 3 ”
‘‘Restricted Data’ is included. Marking is to be in accord- _ report by DDC is not authorized.

ance with appropriate security regulations. 3 . ';‘U S. Gov}i;l:nment agencies mgioy obtainatl:Qgiesglgc

2b. GROUP: Automatic downgrading is specified in DoD Di- ;sl:r;egﬁgtd;:ﬁgsyt ftr}::ul;}?c' ther qualified

rective 5200, 10 and Armed Forces Industrial Manual. Enter - v s

the group number. Also, when applicable, show that optional . O

ma.-kings have been used for Group 3 and Group 4'as author- 4 *“U. S, ‘i'tary agencies may obtain copies of this

ized. report direéctly from DDC. Other qualified users

3. REPORT TITLE: Enter the complete report title in all . shall réquest through

capital letters, Titles in all cases should be unclassified. : . RE

If a meaningful title cannot be selected without classifica- S - -

tion, show title classification in all capitals in parenthesis (5) ‘“All distribution of this report is controlled Qual-

immediately following the title, ified DDC users shall request through

4, DESCRIPTIVE NOTES: If appropriate, enter the type of 7

report, e.g., interim, progress, summary, annual, or final, If the report has been furnished to the Office of Technical

Give the inclusive dates when a specific reporting period is Services, Department of Commerce, for sale to the public, indi-

covered. cate this fact and enter the price, if known.

5. AUTHOR(S): Enter the name(s) of author(s) as shown on 11. SUPPLEMENTARY NOTES: Use for additional explana-

or in the report. Enter last name, first name, middle initial. tory notes.

If military, show rank and branch of service. The name of

the principal asuthor is an absolute minimum requirement. tll% dSPONSORU;‘G MILITA{?’Y AC’{‘IZITYt Enter the nax?e of

. -, e departmental project office or laboratory sponsoring (pay-

6. REPORT DATZ: Enter the date of the report as day, ing for) the research and development. Include address.

month, year; or month, year. If more than one date appears . .

on the report, use date of publication. 13. ABST?S}C’I;. Enter an :bstract gflv;xng a brief and ff;ctual
- . summary o e document indicative of the report, even though

7a. TOTAL NUMBER OF PAGES: The total page coun;:‘ it may also appear elsewhere in the body of the technicalre-

should follow normal p'ag.mat.xon proqedures, i.e., enter the port. If additional space is required, a continuation sheet shall

number of pages containing information. be attached.

7b. NUMBER OF. REFERENCES: Enter the total number of It is highly desirable that the abstract of classified reports

references cited in the report be unclassified. Each paragraph of the abstract shall end with

8a. CONTRACT OR GRANT NUMBER: If appropriate, enter an ind@cat@on of the military security classification of the in-

the applicable number of the contract or grant under which formation in the paragraph, represented as (TS), (S), (C), or (U).

the report was written. There is no limitation on the length of the abstract. How-

85, &, & 8d. PROJECT NUMBER: Enter the appropriate ever, the suggested length is from 150 to 225 words.

military department identification, such as project number,

subproject number, system numbers, task number, etc. 14. KEY WORDS: Key words are technically meaningful terms

or short phrases that characterize a report and may be used as

9a. ORIGINATOR’S REPORT NUMBER(S): Enter the offi- index entries for cataloging the report. Key words must be

cial report number by which the document will be identified selected so that no security classification is required. Identi-
and controlled by the originating activity. This number must fiers, such as equipment model designation, trade name, military
be unique to this report. project codg name, geographic location, may be used as key

9b. OTHER REPORT NUMBER(S): If the report has been words but will be followed by an indication of technical con-

assigned any other report numbers (either by the originator text. The assignment of links, rales, and weights is optional.

or by the sponsor), also enter this number(s).

10, AVAILABILITY/LIMITATION NOTICES: Enter any lim-
itations on further dissemination of the report, other than those

DD 7%, 1473 (BACK) UNCLASSTFIED

Security Classification



