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PREFACE

This is the final report on the reduction and analysis of data obtained from
particle detection equipment flown on the Explorer 34 (IMP F) and Explorer 41
(IMP G) spacecraft. The equipment on Explorer 34 successfully acquired data from
launch on 24 May 1967 until reentry in May 1969. The particle detection equipment
on Explorer 41 successfully acquired data from launch on 21 June 1969 until the end
of January 1970, after which time, due to a failure in a spacecraft power supply, the
high energy particle identifier modes in the equipment became inoperative. From
February 1970 to the present time this equipment has successfully acquired low
energy proton, alpha particle, and electron data in interplanetary space and in the
magnetosphere,

The data obtained from the equipment on both IMP satellites have been utilized
predominately for studies of solar flare particle composition and propagation and for
studies of particle penetration into the magnetosphere. Many of these analyses have
involved data correlations using data obtained from Bell Labs equipment on the
ATS-1 satellite and data from spacecraft experiments conducted by other groups.

In accordance with original plans, all scientifically significant information
derived to date 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, the latter of which are all included in this re-
port. It is expected that analysis work on the Explorer 34 and Explorer 41 data will
continue indefinitely under Bell System sponsorship. It is fully intended that future
results of scientific importance stemming from this work will be shared with the
scientific community at large.
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CHAPTER 1

A SATELLITE SOLAR COSMIC RAY SPECTROMETER WITH

ON-BOARD PARTICLE IDENTIFICATION

L 2
L. J. lanzerotti, H. P.'Lie and G. L. Miller

ABSTRACT

The design and calibration results of a
satellite based solar-cosmic ray particle identi-
fier system utilizing a field effect transistor
analog multiplier for the IMP F and G spacecraft
are described. A discussion is made of the effec-
tivenese of particle separation by such a particle
identifier used in on-board data processing.

INTRODUCT ION

The increasing number of energetic particle-
producing solar flares during the approaching
period of solar maximum provide more frequent
opportunities for the study of solar flare parti-
cles, their spectral distributions and isotopic
abundances, and their interplanetary propagation.
The experiments that were conceived and instru-
mented by Bell Telephone Laboratories for the
Interplanetary Monitoring Platforms (IMP) F and
G spacecraft were designed to provide fast (few,
minute or less) time resolution during a solar
particle event for the energy spectra of low
energy electrons, protons and alpha particles as
well as information on the possible presence of
deuterons, tritons and He3. 1In order to avoid
telemetering each event for subsequent analysis
on the ground, an on-board particle identifier
wvas used as a key element in the design. 1In
addition to providing fast time resolution, the
identifier also provides a means of improving the
statistics for the detection of rare particle
types.

EXPERIMENT

The identification of particle type and the
measurement of the particle energy spectrum is
performed in the IMP experimente using a four
element solid state detector telescope and the
associated electronics as shown in the block dia-
gram of Figure 1. The detector telescope is
axially symmetric with the symmetry axis perpen-
dicular to the spin axis of the satellite. The
first two detectors (active areas of 0.43 and
0.96 cm2, respectively) are totally depleted
n-on-p diffused silicon diodesl. The last two
detectors are lithium-drifted silicon detectors
(active areas of 0.96 cm® each) vacuum encepsu-
lated in a windowless package. A set of lithium
detectors similarly encapsulated and flown on the
ATS-1 and ATS-2 satellites have been previously
discussed?, :

*Bell Telephone taboratories, Incorporated,
Murray Hill, New Jersey

The detector'stack is preceded by a defin-
ing collimator of 20° half-angle, which gives an
effective geometrical solid angle of 0.37 ster.
Titanium and nickel foils in front of the first
detector serve as light shields and primarily
determine the lower limits on the heavy particle
energies that can be observed. The detector
stack and collimator are housed in an aluminum
shielding block that stops high-energy particles
incident from the rear or sides of the telescope.

The electronics of the experiment is built
up using hybrid tantalum thin-film microcircuit
modules previously described elsevhere3. Proton
and alpha particles up to an energy of approxi-
mately b meV/nucleon are distinguiehed by the
amount of energy deposited in stoppring in the
first two detectors of the telescope. Above this
energy perticle species other than electrons are
distinguished by the use of & pulse multiplier
as a particle species identifier. Electrons are
identified in the lithium detectors by their lack
of sufficient energy loss to produce a logic
pulse in the thin detector electronics (see
Table 1; in addition, Ref. L gives a detailed
summary of the electron characteristics of the
ATS experiments which are similar to the IMP
experiments).

Since the experiment was designed to mea-
sure the energy spectra of six different parti-
cle species, telemetry limitations required that
the experiment operate in a nmumber of sequential
modes. During each satellite telemetry sequence
(10.227 sec) a particular set of coincidence
requirements and pulse height and miltiplier
discrimination requirements is established for
the pulses from the various detectors. Each
time a particle event satisfying these condi-
tions occurs during & 9.28 sec counting inter-
val within the sequence period, the pulse heights
from the detectors in coincidence are summed and
analyzed in & five channel pulse height analyzer.
The digital data from the analyzer are read out
at the end of each counting interval. A list
of the modés of the experiment arnd their char-
acteristics are shown in Table 1.

THE MULTIPLIER
The purpose of the multiplier is to produce

electronically, from the detector signals, the
approximate relationship for particle energy loss,

P = RZ2, (1)

where M and Z are the mass and charge of the in-
cident particles, respectively, and R is an
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energy dependent factor. In the experiments,
Eq. (1) wvas achieved by forming the product

P = ARL(E-AE) + KA + Ky (2)
vhere E 18 the total energy of the incident parti-
cle and AE is the energy lost in a dE/dx detector.
As will be seen below and in Figure 5, proper
choices of K) and K2 made R vary by less than
$10% over the IMP F and G energy ranges.

Numbers of different schemes have been used
in the past to provide the function of analog

multiplication. These include the use of accur-
ate sguaring circuitsd together with the rglation
(a+b)2 - (a-b)2 = Lab, log-antilog systems®,

voltage controlied attenuators?, and field-effect-
transistor bridges®. Of these methods the field-
effect-transistor approach appeared to be the
most attractive one for satellite use from the
viewpoint of simplicity, speed, and power con-
sumption.

The basic scheme employed for the formation
of the product is shown in Figure 2. Here, one
input provides a symmetrical push-pull voltage sig-
nal to drive the FET gates, while the other input
provides a symmetrical push-pull current drive to
the channels. The use of & current drive to the
channels is important, as indicated in Ref. 8,
in providing automatic temperature compensation
for the multiplier bridge gain.

The field-effect transistors selected for
use in the bridge were Siliconix Type 2N2608.
These are P-channel junction devices having a
channel resistance at zero gate voltage of ~500 ()
and a pinch-off voltage of ~4 V.

High quality 10 mh 1:1 transformers were
available for use in the electronics of the experi-
ment, providing a simple means of realiziny the
required symmetrical driving and difference-taking
functions required in Figure 2.

The multiplier circuit is shown in detail in
Figure 3. Here the FET bridge Q4, Q5, Q6, Q7 is
driven from Tl and T2. The gate generator source
impedance is ~2.7K (small compared with the gate
impedance) while the channel source impedance is
the reflected collector impedance of Q2, (large
compared with the channel resistance). Finally
the FET bridge cutput sees the reflected input
impedance of the Al operational amplifier (1ow
compared to the bridge impedance) so the basic
bridge driving and receiving impedance conditions
are satisfied.

The single-clipped AE and (E-AE) input sig-
nals are differentiated by CiR; and CpRp respec-
tively, thereby providing double clipped current
drive to the virtual grounds at the emitters of
Q2 and Q3. (Double clipping is necessary to pre-
vent baseline shifts at the secondaries of the
transformers. )

. Some of the double clipped AE voltage signal
is used to drive the emitter follower Q1. A

moment 's inspection of the circuit shows that the
input to the Q3 emitter is of the form (E-AE) +
KjAE while a fraction K2 of the AE signal is
added directly to the multiplier bridge output
at the input to Al. The overall output signal

is therefore of the form

AFL(E-AE) + K,ARS + KAE

or

Vo = GAEL(E-AE) + K AE+KS (3)
vhere G 1s a constant representing the overall
multiplier gain.

In practice, as indicated in Table 1, dif-
ferent detectors were used to provide the AE and
(E-AE) signals in different dnodes of the experi-
ment. For this reason additional linear gating
was needed to provide alternative values for the
constants K; and Kp of Eq. (2).

Thie additional gating is shown in Figure k4,
Logic signals applied to the base of Q12 either
result in the saturation of Q8 and Q9 while turn-
ing off Q10 and Ql1, or else perform the converse
function. In this way the K factors of Eq. (2)
are either set by potentiometers Pl and P2 or
else by P3 and Pi depending on the experimental
mode.

For functional testing purposes it is pos-
sible to saturate all four transistors Q8 through
Qll simultaneously by suitably raising the poten-
tial at the "multiplier balance check’ imput.
Under these conditions the multiplier output is
given by AE(E-AE), with no additional factors,
and the bridge balance can then be checked by
driving each input in turn with the other input
short-circuited.

In operation the basic circuit of Figure 3
provides an cutput within ~1% of the calculated
output, in ~1 us, over a temperature range of
-10°C to +40°C. The pover consumption is ~12
mW. (The logical switching shown in Figure 4,
and the operational amplifier Al, consume addi-
tional power not included in this figure.)

FACTORS DETERMINING PARTICLE SEPARATION

In an experiment such as this in which the
munber of protons being detected is much larger
than the number of other particles being searched
for, it is important that the particle identifier
make a& few errors as possible in the mass analy-
sis. The prime sources of particle identifier
error are a)fluctuations due to noise in the
particle detection process, b) variation of the
multiplier output with particle energy, and
c) rate effects. The effects of particle chan-
neling and entrance angle on the size of the
AE pulse are not important sources of identi-
fier error in this experiment.

The signal-to-noise ratio in the particle
detection process is due primarily to noise from
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the dE/dx detector. This detector is usually
made as thin as possible so that it can be pene-
trated by low energy, heavy particles. However,
a8 the detector thickness is reduced, the detec-
tor capacitance increases, causing a correspond-
ing increase in the noise level. At the same
time, of course, the AE signal decreases. Thus,
the signal-to-noise ratio rapidly becomes worse
a6 the dE/dx detector is made thinner.

A more serious source of signal fluctuations
arises from the statistical nature of the amount ”
of energy lost by a particle in traversing the
dE/dx detector. For example, ~16 MeV protons,
which deposit ~250 keV in detector 1, exhibit
fluctuations in AE of ~60 keV FWHM. The elec-
tronic noise in this detector (with which a
field-effect preamplifier is used) is 35 keV
FWHM. Since the AE signal varies over a large
range (small for high energy protons and large
for low energy alphas) the accuracy of particle
identification is inherently energy and particle
dependent. Hence, the limits set on the thick-
ness of a dE/dx detector used as an input to a
particle multiplier must be chosen to be con-
sistent with the goals of a given experiment.

Even vwhen optimum values of Kj and Kp in
Eq. (2) are used for a given set of detectors in
coincidence, the multiplier output is energy de-
pendent (see Figure 5). This is due to the fact
that only an approximate calculation 1s used in
determining MZ=. This also limits the energy
range over which the multiplier output will be
unambiguous. A discussion has recently been
given of the above problems in connection with
& multiplier used for particle identification
on rocket experiments9.

Degradation with counting rate is perhaps
the most important factor influencing the quality
of particle separation. Both rulse-on-rulse
pileup, and pulse-on-tail pileup (baseline shift)
will cause an, otherwise perfect multiplier to
identify particles incorrectly. Pulse-on-pulse
plleup causes two particles to appear to be &
single particle of larger mass, whereas baseline
shift makes particles appear to have smaller
masses.

RESULT'S

Extensive checks and calibrations were per-
formed both on the multiplier and the experiments
as a whole. Values of V, as a function of energy,
using the actual circuit value parameters of K}
and Ko, were calculated for each species of parti-
cle using range-éneify relations for protons 0,11
and alpha particles in aluminum and adapting
them to silicon. The calculations were then com-
pared to the actual output of the multiplier
(measuring Vo, directly) due to accelerator-
produced protons, deuterons, and alpha particles
over a wide energy range.

The results of these comparisons for Modes D,
E,F,G,P are shown in Figure 5, vhere the theoreti-
cally calculated curves are plotted as solid lines

and the experimentslly determined points are
plotted as open circles. The upper and lower
1imit settings of the single channel analyzer at
the multiplier output for each particle species
are shown to the left of the curves. The agree-
ment between the caslculated curves and the experi-
mental values of the miltiplier performance is
quite good over the particle energy ranges mea-
sured. The proton points are observed to turn
up slightly at the higher energies. Similar
behavior might be expected in the deuteron and
alpha data at the higher energies as well.

The results of the measurements of the per-
formance of the IMP G experiment are shown in
Table 2, which lists the fraction of the inci-
dent particles which were incorrectly identified.
In general, Modes M, N and O exhibit cleaner
particle identification because the thicker
dE/dx detector used results in an improved
signal-to-noise ratio. The most striking dif-
ference occurs in the contamination of the
deuteron modes by high energy protons. Here
the contamination resulting from the use of
detector 2 as the dE/dx detector (Mode N) is
a factor of 6 less than when detector 1 is
used (Mode E).

As shown in Fig. 5 for Modes D,E,F,G and P
(the identifier windows are similar for Modes M,
N and 0) the particle identification windows are
set to minimize proton contamination of deuterons,
and to leave the proton and alpha windows wide
enough to accomodate small gain shifts, should
they occur. The effect of this can clearly be
seen in comparing the results of proton contami-
nation of deuterons with the deuteron contamina-
tion of protons in Table 2.

As Table 2 indicates, the contamination of
He3 by alphas is much worse than the contamination
of protons by deuterons. This arises from an un-
forseen effect of the detector-collimator ge-
ometry. The area of detector 1 was made less
than the area of the collimator and subsequent
detectors in order to reduce its capacitance,
and hence the resulting electronic noise.
However, this then allows particles to traverse
the edge of the active region of the detector,
producing an anomalously low AE signal. This
causes a low mass tail on the multiplier pulse
for all multiplier modes using detector 1.

Figure 6 shows the rate dependence of
particle separation expressed as ratios of the
deuteron mode rates to proton mode rates for
6 MeV incident protons. Although not shown in
the figure because of insufficient statistics
for the modes plotted, some degradation in
particle separation may be observed for rates
as low as 1000 counts/sec.

A pileup relector of the type which re-
Jects pulses having an improper shape was in-
corporated in each of the experiments to reduce
the effects of pileup. Unfortunately, these
particle calibrations of the experiments have
shown the pileup rejector to be relatively



ineffective, for reasons which are not yet clear.
However, since these particular experiments are
not expected to encounter particle rates much
exceeding 1000 counts/sec, the rate problem is
not considered serious.

The response of the detector telescope as a
function of angle of the incident protons and
alpha particles is shown in Figures Ta and 8a,
respectively., The contamination of protons in
the deuteron mode, Mode E, and of alphas in the
He3 mode, Mode G, asafunction of incident proton
and alpha angle is shown in part b of each of the
figures. The proton angle data and the alpha
angle data were obtained for incident particle
rates of ~3000 counts/sec.

Although the angle dats presented is for
only one energy of each particle type, similar
results are also obtained at other energies.

Even though the proton contamination of Mode E
may be slightly larger st an angle of 20° than

at an sngle of 5°, neither the proton contami-
nation of Mode E nor the alphe contamination of
Mode G became worse at the larger incident angles.

SPACE CHECKS AND PERFORMANCE

The complexity and precision required of the
experiment made extensive in-flight checks man-
datory. The spectrum of the multiplier output
is monitored by two modes in each data sequence.
In these modes (C and L, see Table 1) the output
of the multiplier is analyzed in the five channel
analyzer. The five channel levels are set to
monitor outputs corresponding to protons,
deuteron, tritons and elphas. In addition, one
channel monitors the valley between the proton
and deuteron channels in order to check the
width of the proton multiplier peak.

During s special calibration sequence,
occurring every six hours, two additional inter-
nal checks are made. First, the detectors are

-exposed to natural radioactive sources of alphas
and electrons. Second, a ramp pulser connected
to all detector preamplifiers causes counting in
all modes sufficlent to detect electronic drifts
on the order of one per cent.

An example of the space performance of the
IMP F experiment, which does not have as good
particle separation as the IMP G experiment, is
shown in Figure 9. The experiment was measuring
the flux of solar protons and slpha particles
emitted from the serles of three solar flares
on day 143 (May 23), 1967. The half hour average
of the D,E,F,G and P mode counting rates measured
on day 145 near the pesk of the fluxes are plotted
as open bars on the graph. A representative
12 MeV proton calibration result for the IMP F
experiment is normalized to ‘the D-Mode rate and
is plotted as darkened bars on the graph.

The data in Figure 9 certainly shows that
the experiment performs in space as it does on
the ground and that unambiguous separation of the
protons and alphas is obtained. Although it will
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not be discussed in this paper, it should be re-
marked that the precise interpretation of the
regponse of E, F and G modes must, of course,
consider the ground-based slpha calibration re-
sults and the calibration results over all ener-
gles a8 well as the results shown in Figure 9.

SUGGESTED IMPROVEMENTS

While the performance of the multiplier as
a space-borne particle identifier has proved ede-
quate for the experiments on the IMP F and G
spacecraft there are notable improvements that
could be incorporated into future versions of
such particle identification systems. The most
obvious of these would be the use of the newer
and enormously improved n-channel FET devices,
such as the 2N4L16, for the multiplier elements.
These would provéde higher bridge gain, shorter
"solution times"®, and less spurious feed-through
due to the reduced gete-channel capacitance.

Further advantages would accrue from the use
of an effective pulse-on-pulse pileup rejector
which would reduce incorrect particle identifi-
cation at high counting rates. Use of direct
coupling and d.c. restoration »13, should pro-
duce significant improvements in the effects of
pulse-on-tail pileup.

A very interesting possibility for substan-
tial improvement in the multiplier output vs.
energy curves has been suggested by Radekal5,
This depends on the observation that suitably
cascaded multipliers and adders can be employed
to epproximate power-series expansions. 1In this
way, very accurate "curve fitting" can be per-
formed to analyze the output signals of casceded
thick and thin detectors.

All of these approaches are viable schemes
vhich only require effort for their development.
Whether such effort would be justified depends on
overall judgments regarding the relative impor-

-tance of -on-board particle-identification,- to---

gether with its reduced telemetry bandwidth
requirements, vs. the simpler but possible less
statistically significant scheme of telemetering
all events and identifying the different parti-
cle types on the ground.
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TABIE 1

Approximate 5 Channel
Coincidence Identified Energy Energy
Mode Condition Particle Range MeV Spe¢trum Remarks
A 12-- Heavily 0.6 <p<1l.9 1
ionizing 1.7<a<9.0
B 123 - Heavily 1.9<p< k.0 142
ionizing g.0<a< 12
c 123154 1x(1+2+3) Multiplier
check-Modes
D,E,F,G,P
D 1235 P L.0<p<18.0 14243
E 123% a 5.0<a<20 14243
- Particle
F 123% t 5.5<t<25 14243 Identifying
- K 3 Modes
G 1235 Hed 1L < HeS ¢ T2 14243
P 123% a 16 <a< 8 14243
E -235% e 3<e<3
1 - -3k Lightly 2<e 3
ionizing B<yp
R — Singles check
K -23 Heavily 2.2<p<ko 2
ionizing 8.8<cag2
L .23h 2x(2+3) Multiplier
checke-Modes
M,N,0
M .23k P Lo<p<18
- Particle
" -234 a 5.0<4< 20 Identifying
- Modes
(] -23 4k t 55<t<25
TABLE II
Fraction of incldent particles incorrectly identified
in the other particle modes
Incident ]
particle Proton Deuteron Triton Helium 3 Alpha
.002 .001 ~.0002 ~.0001
Protons
.0002 .0002 ~.00002 ~ 00002
.04 .02 ~.0001 ~.00005
Deuterons
.01 .0005 ~,00002 ~.00002
.0002 .0004 .001 .02
Alphas
.0002 .0002 .01

The two numbers for each case are for the most favorable and
least favorable incident particle energles for incident rates
up to ~3000 counts/sec.
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CHAPTER 2

PENETRATION OF SOLAR PROTONS AND ALPHAS TO THE GEOMAGNETIC EQUATOR

L. J. Lanzerotti
Bell Telephone Laboratories, Murray Hill, New Jersey

Simultaneous spectral observations of low-energy solar particles in interplanetary
space and in the magnetosphere on the equator strongly imply that these particles have
essentially free access to the outer magnetosphere through a very effective diffusion
mechanism which preserves the spectral shapes and the flux magnitudes. These obser-
vations further imply that measurements of solar-particle arrival time over the polar
caps are not sufficient to distinguish between open or closed magnetosphere models.

A number of investigators making measure-
ments over the polar caps! have observed that
the low-energy solar protons have cutoff ener-
gies that depend on latitude in a manner that de-
parts significantly from the predictions of Stér-
mer’s theory? and subsequent modifications to
more realistic field models.® Recent measure-
ments of >40-MeV solar protons at the equator
at L <5RE were shown also to have cutoffs below
the classical St6rmer values.* Krimigis, Van
Allen, and Armstrong,® utilizing simultaneous
data from an interplanetary satellite and a low-
altitude, polar-orbiting satellite, have reported
evidence of “essentially immediate access” of
0.5- to 4.2-MeV solar protons to the earth’s po-
lar caps. They interpret these resuits as favor-
ing an “open” magnetosphere model® over a
more closed model with magnetic merging at
several A.U. in the magnetotail.”

Reported here are extensive simultaneous
spectral measurements of both low-energy solar
protons and alpha particles outside the magneto-
sphere on IMP F (Explorer 34) and inside the
magnetosphere on the equatorial satellite ATS-1
during both quiet and disturbed geomagnetic con-
ditions. The observed rapid penetration of both
enhanced solar protons and alphas to the equato-
rial region at 6.6Rg, the observed preservation
of the spectral shapes, and the observed diurnal
effects in the protons strongly suggest that there
is continuous diffusion of these interplanetary
particles across the magnetosphere boundary
and deep into the magnetosphere during all times
when a source of these particles is present in in-
terplanetary space. The diurnal effect also im-
plies that these solar particles are geomagnet-
ically trapped for several longitudinal drift peri-
ods. These observations of solar particle pene-
tration into the outer regions of the magneto-
sphere cast serious doubt on.the validity of inter-
preting polar-cap measurements of solar pro-
tons strictly in terms of open or closed magneto-

sphere models.

The ATS-1 satellite (launched 6 December
1966) is a geostationary, spin-stabilized satel-
lite (with the spin axis parallel to the local mag-
netic field) stationed at 150°W, 0°N and at a geo-
centric distance of 6.6Rg. The Bell Telephone
Laboratories (BTL) experiment {lown on ATS-1
consists of a six-element solid-state detector
telescope oriented perpendicular to the spin axis
of the satellite. By use of the particle dE/dX
characteristics and appropriate logic circuitry,
the experiment is capable of distinguishing be-
tween protons and alphas. The half-angle of the
detector telescope collimator is 20°; the flux
measured by the BTL experiment is the spin-
averaged flux of those particles with pitch angles
close to 90°.%3° ATS-1 local time is obtained by
subtracting 10 h from the universal time.

IMP F, launched 24 May 1967, is a spin-stabi-
lized (with the spin axis perpendicular to the
ecliptic plane) polar-orbit satellite with an apo-
gee of approximately 34Rg. The BTL experi-
ment consists of a four-element solid-state tele-
scope oriented perpendicular to the spin axis.
The half-angle of the detector telescope collima-
tor is also 20°; the flux measured by the experi-
ment is the spin-averaged flux of particles in the
ecliptic plane. Protons and alphas up to an ener-
gy of approximately 4 MeV/nucleon are distin-
guished by the energy deposited in the first two
detectors of the telescope and subsequently mea-
sured in a five-channel analyzer. Particle spe-
cies above this energy are distinguished by the
use of an on-board pulse multiplier.!°

z-h averages of the interplanetary (IMP, 1.2-
2.5 MeV) and magnetosphere (ATS, 1.9-2.8 MeV)
proton data for days 164-181, 1967, are plotted
in Fig. 1. The data for days 220-225, 1967, are
plotted in Fig. 2. The periods when the IMP sat-
ellite was within 10Rg of the earth are indicated.
The 6-h counting rates for time intervals cen-
tered about ATS local times of noon, 1800, mid-
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FIG. 1. Simultaneous interplanetary and equatorial
magnetosphere solar-proton data—June, 1967.

night, and 0600 are plotted immediately below
the 3-h averaged data in Fig. 1. Plotted at the
bottom of both figures are the 3-h-averaged K,
data indicating the geomagnetic activity in the
time intervals discussed.

The data plotted in Fig. 1 correspond to the 18-
d period between 13 June and 30 June which fol-
lowed the three solar-flare particle events on 23
and 25 May and 6 June 1967.!1!? The interplane-
tary flux of 1.2- to 2.5-MeV protons from day
164 to day 176 is larger than is normally ob-
served. From days 167 to 176 the interplanetary
proton fluxes decayed by approximately a factor
of 5. This same overall decay was also observed
in the proton fluxes inside the magnetosphere.

The 6-h ATS proton data in Fig. 1 show a diur-
nal variation during most of the rather quiet geo-
magnetic period up to day 176. During this en-

tire period a diurnal effect similar to that report-

ed previously,!! and opposite to these proton var-
iations, was observed in the electron data. The
maximum in the proton diurnal fluxes generally
occurred in the 6-h interval centered around
local midnight and the minimum generally oc-
curred in the 6-h interval centered around local
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FIG. 2. Simultaneous interplanetary and equatorial
magnetosphere solar-proton data—August, 1967,

noon. This is the same type of proton diurnal be-
havior observed during portions of the 25 Janu-
ary solar event.!3:! During the two geomagneti-
cally very quiet days 174 and 175, when the inter-
planetary fluxes were low, the diurnal effect

was reversed with more protons measured at lo-
cal noon than at local midnight.

Figures 3(a) and 3(b) show 6-h-averaged pro-
ton spectra from IMP and ATS centered about
1200 (noon) and 2400 (midnight) day 167, ATS lo-
cal time. The higher energy ATS proton fluxes
at both times are approximately equal to the in-
terplanetary fluxes; both spectra fall off at the
lower energies, with the largest falloff occur-
ring at local noon. The effective L value at the
ATS altitude during these two local time periods
is different because of the solar-wind distortion
of the magnetosphere.!® Since magnetic field
data from ATS were not yet available, the diur-
nal variations in the electron fluxes observed by
the BTL experiment® were used to estimate indi-
rectly the amount of magnetosphere distortion.
The electron diurnal variations during days 167
and 168 were compared with available simultane-
ous electron and magnetic-field data obtained
during the first two weeks of 1967. These com-
parisons were used with Roederer’s computa-
tions of a model magnetosphere!®!® and indicated
that on day 167 the magnetosphere boundary was
near 10.5Rp and that the ATS satellite was mea-
suring protons near L =6.0 at local noon and L
= 6.6 at local 2400(midnight).
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FIG, 3. Interplanetary (solid points) and equatorial
magnetosphere (open points) particle fluxes. Circles
correspond to protons; triangles correspond to alpha
particles, The data points in the inset in (b) are pro-
tons.

The inset in Fig. 3(b) shows the 1.9- to 2.8-
MeV ATS proton data plotted as a function of L
during day 167 ATS local time in order to indi-
cate the relationship of the ATS proton fluxes to

the same energy proton fluxes measured on IMP.

This plot suggests that the magnetosphere fluxes
and spectra at approximately L =7 would be
equal to the interplanetary fluxes and that the
proton Intensities decrease strongly below L~17.
The increase in the flux of interplanetary pro-
tons observed near the beginning of day 176
(Fig. 1) apparently resulted from the reappear-
ance after one solar rotation of the region asso-
ciated with the 28 May solar-flare event.}? At

the time of the flux increase IMP F was outbound
at a distance of ~30RE, an angle to the ecliptic
of ~23°, and a sun-earth-probe angle of ~80°
east, while ATS-1 was at approximately 1400 lo-
cal time.

The proton increase in interplanetary space
was accompanied within 2z h by an increase in the
proton fluxes measured at ATS. (The timing un-
certainties are not instrumental but statistical,
due to the gradual interplanetary increase.) The
drop in fluxes on day 179 also occurred simulta-
neously within z-1 h both outside and inside the
magnetosphere. Although there is not always a
one-to-one correspondence during the entire
event (the larger dip in the ATS flux during the
latter part of day 177 occurred at the time of the
second sudden commencement storm; a similar
dip was observed during the 28 May event'?), the
overall correspondence between the interplaneta-
ry flux increases and decreases and the simulta-
neous equatorial magnetosphere response is in-
deed striking.

The solar proton event shown in Fig. 2 occurred
during an August geomagnetically quiet day while
IMP F was inbound at a distance of 20Rg with an
ecliptic angle of 23° and an earth-sun-probe an-
gle of ~35° east. ATS-1 was approximately at lo-
cal 0800 at the time of the interplanetary proton
increases and observed the first flux increase
some six hours later, at approximately 1400.
Hence, during the geomagnetically quiet period
after the solar protons were initially observed in
interplanetary space there was an approximately
6-h time delay before the protons were seen in-
side the magnetosphere. However, within 3-4 h
after the protons were first observed on ATS-1
(while the geomagnetic disturbance was increas-
ing), the interplanetary and the magnetosphere
proton increases and decreases again had a
striking resemblance.

Proton and alpha spectra during a period of en-
hanced fluxes of both day 177 and day 222, 1967,
are shown in Figs. 3(c) and 3(d). During both
periods the proton and alpha fluxes inside and
outside the magnetosphere were approximately
equal. Both the proton and alpha spectral shapes
were very similar; there was no evidence of a
low-energy falloff.

The electron diurnal data observed by the BTL
experiment during days 164-175 imply that the
ATS experiment was measuring particles on
closed longitudinal drift shells. Hence the “in-
verse” diurnal variation in the quiet-time proton
data implies that the protons were stably trapped

2-3



_for a time period of the order of a few longitudi-
nal drift periods (7p~8 min for 1-MeV protons
at synchronous altitude) and that their source
was beyond L~7. The facts that no magneto-
sphere protons were observed when the inter-
planetary source was absent and that a proton
and alpha enhancement in the magnetosphere did
not persist after the source was absent also im-
ply that the protons and alphas are trapped for
only a few drift periods and certainly not for
more than a few hours. The fact of proton trap-
ping rules out the possibility that these protons
entered the magnetosphere by field-line connec-
tion either to the magnetotail” or to interplaneta-
ry space over the poles.® The rapid access of
the enhanced interplanetary particles to the
equatorial region further rules out access via
the geomagnetic tail where the merging in the
tail is believed to take place at several A.U.

The observed “inverse” diurnal effect and the
observed rapidity with which the equatorial re-
gions of the magnetosphere respond to an en-
hanced interplanetary flux of protons and alphas
strongly suggest that a diffusion mechanism is
continually operative in the outer magnetosphere
and not just at the times of magnetic sudden com-
mencements or sudden impulses.!” The inter-
planetary-magnetosphere response-time differ-
ence observed between quiet and disturbed geo-
magnetic times is indicative that the diffusion
mechanism is probably stronger during a more
disturbed condition. In addition, during a dis-
turbed geomagnetic condition, the magnetosphere

. boundary is_closer than during a more quiet per-. ..

iod. Furthermore, the similarity of the particle
spectra observed inside and outside the magneto-
sphere, particularly during the times of enhanced
fluxes, implies that the diffusion mechanism pre-
serves the spectral shapes of the interplanetary
protons and alphas. The similarity of the magni-
tude of the magnetosphere particle fluxes to the
enhanced interplanetary source fluxes over a
wide energy range suggests that the diffusion
mechanism violates the first adiabatic invariant.
During the geomagnetically quiet times, the
value of L near ATS local noon was ~6, corre-
sponding to a geomagnetic latitude of ~63° at the
surface of the earth. During geomagnetically ac-
tive times much higher flux values of protons
were observed at the ATS altitude and some pro-
tons were thus presumably seen at lower L val-
ues, corresponding to lower latitudes. It is pos-
sible that the latitude lowering for low-energy
solar particles observed on polar-orbiting satel-

lites during geomagnetically disturbed conditions
is simply a reflection of the fact that solar par-
ticles can diffuse faster and with more intensity
to lower equatorial altitudes during these times.
These protons are then rapidly pitch-angle scat-
tered so that they are seen at the lower altitudes

- over the polar caps and in the auroral zones.

The short trapping times attributed here to the’
equatorially mirroring particles could then be
due to a combination of particle loss due to pitch-
angle scattering and diffusion back out of the
magnetosphere.

In conclusion, the simultanecus solar proton
and alpha-particle observations discussed above
strongly imply that there is a very effective con-
tinuous diffusion of the interplanetary-source
particles into the outer equatorial magnetosphere.
The strength of the diffusion is strongly depen-
dent upon the intensity of the geomagnetic activi-
ty. The observations also imply that these par-
ticles are geomagnetically trapped for only a few
longitudinal drift periods. Finally, the existence
of a diffusion mechanism for producing rapid so-
lar-particle penetration into the outer regions of
the magnetosphere and the short trapping time
of these particles strongly imply that measure-
ments of the solar-particle arrival time in inter-
planetary space and over the polar caps are not
sufficient to distinguish between open or closed
models of the magnetosphere.
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CHAPTER 3

Penetration of Solar Particles to
lonospheric Heights at Low Latitudes

Ganguly and Rao recently presented evidence for the
possibility of the penetration of high energy solar particles
to ionospheric heights at the equator®. Their letter, based
on ionospheric absorption data obtained at Calcutta
(geomagnetic latitude 12° 15° N), together with optical
observations of solar flares and tabulated proton flux
data, is very interesting in the light of extensive work
recently on the penetration of solar particles to low
magnetospheric L-values (L ~4-7 Rg) at the equator?-7.
Because the observations of Ganguly and Rao would have
a profound and far-reaching impact on current ideas of
the mechanisms for the access of such solar particles to the
geomagnetic equator®*-+¢, the ionospheric and solar evid-
ence presented by the Calcutta group has been examined
carefully. We conclude that there is little basis for their
contention that solar particles can penetrate directly to
low altitudes and thus influence ionospheric absorption
at the equator.

Ganguly and Rao present perhaps their most con-
clusive evidence in their Fig. 2. They plot, as a function
of time, the night-time absorption (for 4-7 MHz) and the
“proton flux (E>60 MeV) measured by Explorer 33"
for the period 1400 uT August 1 to 0300 UT August 2,
1967. Proton data (E ~ 60 MeV) measured by the Bell
Laboratories instrument on ATS-1 at the equator (150° W
geographic longitude) at synchronous altitude were exam-
ined for evidence of a solar‘particle enhancement occur-
ring around the time reported in ref. 1. No evidence for
such an enhancement was found.

The E>60 MeV proton data from the solar proton
monitoring experiment on Explorer 34, published routinely
in the ESSA bulletin Solar Geophysical Data®, were exam-
ined for a proton enhancement as presented by the Calcutta
group. During the time period discussed by Ganguly
and Rao, Explorer 34 was at perigee and thus measuring
the electron radiation belts by electron pile-up in the pro-
ton channels®. It was found that the E > 60 MeV data
presented by Ganguly and Rao were equal to the fluxes
reported by the Explorer 34 solar proton monitoring
experiment during its perigee-pass through the radiation
beits. Hence we conclude with respect to the ‘‘correla-
tion” presented in Fig. 2 of the letter by Ganguly and
Rao that : (1) ATS-1 data give no evidence of a solar
proton enhancement at high altitudes at the equator;
(2) Ganguly and Rao were evidently using Explorer 34
and not Explorer 33 data in their comparison; (3) the
data they plotted were the perigee-pass data when the
satellite detector was measuring the radiation belts.

We have examined the optical flare data and the solar
proton data from ATS-1 and Explorer 34 during the three
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periods of anomalous absorption presented in Fig. 1 of
Ganguly and Rao. The optical flare data which we used
were those in the master list of flares and subflares com-
piled by World Data Center A and published in Solar
Geophysical Data*. Although not stated explicitly in their
caption to Fig. 1, Rao informs us that the data were
plotted in Indian ‘Standard Time (ist=utr+5-6 h).

The flare that occurred between 0337 and 0352 vUT,
February 11, 1968, was classified a8 —N (ref. 10).. The
flare that occurred between 0416 and 0439 ur, February
14, 1968, was classifiod as 1B (ref. 10). No evidence of
high energy solar protons was observed at synchronous
altitude on ATS-1 at the time of either of the two absorp-
tion events which Ganguly and Rao associated with these
flares. Explorer 34, located in the magnetotail, also
measured no high energy solar protons. A small flux of
low energy (<5 MeV) solar protons was observed on both
ATS-1 and Explorer 34 throughout February 14. The
flare that Ganguly and Rao reported as ocourring between
0820-0840 vT, February 7, 1968, was classified as 1F in
the list of “Small or Unconfirmed’ flares!®. No solar
protons in any energy range were observed on either
satellite during this day.

We conclude with respect to the three February 1968
flare events in Fig. 1 of Ganguly and Rao that the solar
proton data do not support the authors’ contentions that
high energy protons contribute to low altitude equatorial
absorption at Calcutta. We. further note that the three
February 1968 flares used by Ganguly and Rao were
smaller than the flares that generally produce high energy
proton fluxes at the Earth.

In summary, we find the evidence for correlation of
proton events with low altitude equatorial absorption to
be invalid, and find the supporting flare data to be uncon-
vincing and unsupported by spacecraft measurements.

We thank Miss E. Ruth Hedemann of the McMath-
Hulbert Observatory, University of Michigan, for com-
ments on optical flare reporting and publication, and
Dr. M. Rao for comments on the first draft of this letter.
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CHAPTER 4

Penetration of Solar Protons into the
Magnetosphere and Magnetotail

L. J. LANZEROTTI

Bell Telephone Laboratories, Murray Hill, New Jersey 07974

M. D. MONTGOMERY AND S. SINGER

University of California, Los Alamos Scientific Laboratory,
Los Alamos, New Mezxico 87644

Three sets of satellite measurements are used to compare solar proton fluxes in the mag-
netotail, in the outer magnetosphere, at synchronous altitude, and in interplanetary space..
Comparisons of the interplanetary and magnetosphere proton fluxes show that outer mag-
netosphere disturbances play a strong role in the initial access of near-90° pitch angle
protons to synchronous altitude. One comparison of the magnetotail and synchronous al-
titude fluxes suggests that the synchronmous altitude fluxes may not always result from a
gcattering of the protons in from the tail. The interplanetary magnetotail proton com-
parisons further confirm the results of Montgomery and Singer (1969), who found that delays
in the proton access to the magnetotail were always present.

INTRODUCTION

One of the more current and important
studies in the analysis of solar particle data is
the attempt to understand the configuration
of the geomagnetic field by analyzing the
means or modes of access of the particles into
the magnetosphere and magnetotail [Krimigis
et al., 1967; Lin and Anderson, 1966; Williams
and Bostrom, 1967; Filius, 1968; Kane et al.,
1968; Konradi, 1968; Lanzerotti, 1968b; Blake
et al., 1968; Williams and Bostrom, 1969; Vam-
pola, 1969; Paulikas and Blake, 1969; Anderson
and Lin, 1969; Montgomery and Singer, 1969;
Hudson and Anderson, 1969; Evans and Stone,
1969; Bostrom, 1970; Lanzerotti, 1970; Paul-
tkas, 1970]. Generally, the studies have con-
cerned themselves with the access of low-energy
solar protons (~0.5-10 Mev), although Lin
and Anderson [1966] and Anderson and Lin
[1969] discussed electron access to the geo-
magnetic tail, Vampola [1969] discussed solar
electrons over the polar caps, and Lanzerotti
[1968b] discussed solar alpha particle access to
synchronous altitude. It now seems quite clear
that the question of access is very complicated
and that the use of particle data will not give

an answer as to whether the geomagnetic field
is ‘open’ or ‘closed’ far behind the earth.

A major difficulty arises when low-energy
solar particles are used as probes of the mag-
netosphere configuration because of the ques-
tion of whether the magnetosphere is truly
‘quiet’ when the first solar particles arrive at
the earth and are seen to penetrate into the
polar cap, the synchronous altitude, or the mag-
netotail. A second difficulty arises because the
small interplanetary proton enhancements often
used as ‘probes’ for observing access time de-
lays are frequently accompanied by solar wind
or interplanetary magnetic field changes which
could disturb the magnetosphere. The effects
of magnetosphere and magnetotail distur-
bances and distortions have seldom been con-
sidered quantitatively or qualitatively in the
analyses of proton access.

Instead of using the low-energy particle data
as ‘proof’ of a given static magnetospheric con-
figuration, it is more significant to use the
data comparisons to discuss fundamental physi-
cal processes operating in the magnetotail and.
magnetosphere. It seems quite likely that even
during moderately disturbed conditions there
may be sufficient electric and magnetic noise
in the outer magnetosphere, in the neutral
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point region, and in the tail to cause solar
particles to ‘diffuse’ (with greatly variable dif-
fusion coefficients) into the magnetotail and
magnetospkere. The conclusion of Montgomery
and Singer [1969] that both diffusion and di-
rect access of protons into the magnetotail ap-
pear to be effective at various times is a suc-
cinct summary of the present state of affairs.
It also appears that fairly rapid diffusion (such
as a few scatterings of the particle gyro radius)
across the magnetopause or through the tail and
then in the magnetosphere seems to be required
to bring solar particles to the synchronous orbit.
[Lanzerotti, 1968b, 1970; Paulikas and Blake,
1969].

This paper is an initial report on a current
study investigating the temporal structure of
solar protons detected on three satellites (in
the outer magnetosphere and interplanetary
space, at synchronous altitude, and in the mag-
netotail). These data ccmparisons (1) show
that the initial onset of the solar particle en-
hancements at synchronous altitude apparently
results from a large disturbance and/or noise
in the outer magnetosphere [Lanzerott:, 1970];
(2) indicate that the synchronous altitude pro-
ton fluxes may not always result from a scat-

tering of the particles in from the magnetotail;
(3) indicate that the proton fluxes in the mid-
latitude outer magnetosphere and the magnet-
otail are generally quite similar; and (4) con-
firm the results of Montgomery and Singer
[1969], who always found time delays for
proton penetration of the tail.

OBSERVATIONS

The proton particle instrumentation un Vela
4, ATS 1, and Explorer 34 (IMP F) (see
data plotted in Figure 1) were previcusly de-
scribed in the literature .[Singer et al., 1969;
Lanzerotti 1968a; and Lanzerotti et al., 1969].
The Vela 4A spacecraft traversed the tail re-
gion during 0600-2400 UT. At 0600 UT the
solar-magnetosphere latitude and longitude of
4A were ~9° and 184.2°, respectively; the co-
ordinates had changed to —40.9° and 230.9°,
respectively, by 2400 UT. The Explorer 34
satellite was in the magnetosphere from ~0500
UT until it entered the magnetosheath at
~1410 UT (D. H. Fairfield, private communi-
cation). Explorer 34 crossed the bow shock at
~1700 UT and had a solar-magnetosphere
longitude close to 0°. ATS 1 local time is UT
—10 hours; the ATS 1 local time orientation is
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Solar proton fluxes as measured by the Explorer 34, Vela 4A, and ATS 1 satellites

.

__

on September 18, 1967. The solar-magnetosphere location of Vela 4A, the perigee pass of
Explorer 34, and the temporal locations of ATS 1 are indicated. The Kp index is plotted to
give an indication of the magnetosphere disturbances.
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PENETRATION OF SOLAR PROTONS

shown schematically at the top of Figure 1. It
should be stressed that the ATS-1 instru-
ment, oriented perpendicular to the local mag-
netic field, measures particles that mirror near
the equator.

The particular time period of Figure 1 was
especially selected for this report because of
the relative locations of the satellites during
the solar particle enhancements and because of
the structure in the enhancements during the
last half of the day. During the September 18
perigee pass of the polar-orbiting Explorer 34
satellite, (he spacecraft traversed the outer re-
gion of the magnetosphere, with the¢perigee
occurring on the nightside of the earth.

Outer magnetosphere and magnetotail obser-
vations. It is evident (Figure 1) that during
the period from ~0500 until Explorer 34 was
at high latitudes over the south pole, the 5-min
average 0.6- to 1.2-Mev solar proton fluxes in
the outer region of the magnetosphere and the
the 0.7- to 0.95-Mev fluxes in the magnetotail
tracked one another in amplitude (on the aver-
age) quite well. Data were not acquired during
the Explorer 34 perigee from ~0930 to ~1015
UT.

From ~1030 to ~1245 UT the outer mag-
netosphere fluxes were generally larger than
the proton fluxes (0.7-0.95 Mev) observed in
the tail. An enhancement in the fluxes, centered
at ~1315 UT, was observed nearly simultane-
ously both in the magnetotail and in the outer
regions of the magnetosphere close to the
boundary. Just prior to the large flux en-
hancement at ~1430 UT, the Explorer 34 satel-
lite passed into the magnetosheath. The large
enhancement occurred ~24 min. later in the
magnetotail fluxes (0.7-095 Mev) with ap-
proximately the same flux width and magnitude
as that observed in the magnetosheath. This
enhancement was also in the higher energy
protons measured on Vela (4.6-6.3 Mev) and
on Explorer 34 (4.4-5.0 Mev), although these
data are not shown in Figure 1. The magnitude
of the higher energy enhancements was also
approximately equal at the two satellites and
showed a time delay between the magnetotail
and magnetosheath comparable to that observed
at lower energies.

Two subsequent enhancements were observed
by Explorer 34. The first, with the satellite in
the magnetosheath, peaked at ~1610 UT; the

second, with the satellite in interplanetary
space, peaked at ~1730 UT. These enhance-
ments were also subsequently seen in the Vela
magnetotail data (0.7-0.95 Mev). However, the
time delay in observing the last enhancement
was nearly an hour. In addition, the magneto-
tail intensities of each of these subsequent en-
hancements were progressively diminished, and
the distinguishing structures progressively ob-
literated. After ~1900 UT, the interplanetary
and magnetotail flux magnitudes tracked one
another quite well (on the average) for the
remainder of September 18.

The second interplanetary enhancement
(~1610 UT) was also measured delayed in
the higher energy proton channel (4.5-6.3
Mev) in the magnetotail. The third large en-
hancement was not seen in this proton chan-
nel. This is probably due both to the fact that
(1) the interplanetary enhancement above ~&
Mev as measured by Explorer 34 (not shown)
was reduced in magnitude compared with the
~0.6 Mev enhancement, and (2) the magne-
totail access mechanism produced a large flux
reduction from the interplanetary amplitude
observations.

Synchronous altitude observations. Lanze-
rotti [1970] attributes the usual rapid access
of interplanetary protons to synchronous
altitude to the existence of a generally dis-
turbed state of the outer magnetosphere. He
also indicates in a qualitative way that the elec-
tron fluxes at the synchronous altitude can be
used to indicate the general state of distur-
bance at 6.6 R The 2-min average electron
fluxes measured in two electron channels E >
0.4 and >1.9 Mev on ATS 1 on September 8
are plotted in Figure 2.

The relationship of the magnitude of the
synchronous altitude diurnal variation to
stormy magnetosphere conditions (as measured
by Kp) and the relationship of increases or
decreases in the electron fluxes to increases or
decreases in the local magnetic field intensity
are discussed by Lanzerotti et al. [1967], Brown
[1968], and Paulikas et al. [1968]. Whether the
electron fluxes increase or decrease compared to
increases or decreases of the local magnetic field
intensity depends, among other considerations,
on the local electron radial gradient as well as
the rapidity of the field changes. In general,
however, increases (decreases) in the local mag-
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Fig. 2. Two-minute average £ > 04 and E > 19 Mev electron rates measured on the
ATS 1 satellite on September 18, 1967. The data are used to indicate the local ATS 1 mag-
netosphere disturbances during the solar proton observations.

netic field intensity are accompanied by in-
creases (decreases) in the local electron fluxes.
This corresponding behavior of the electron
fluxes is often termed an ‘adiabatic’ change.
The ATS 1 satellite is beyond the maximum of
the outer electron belt. Generally, because of
the steeper radial gradient of the higher energy
electron fluxes, these fluxes undergo larger
changes than the lower energy fluxes for a given
local field intensity change.

Until the sharp decrease in the electron
fluxes at ~0915 UT, the interplanetary solar
proton enhancement was not observed at syn-
chronous altitude (for near-90° pitch angle par-
ticles). The inerease in flux intensity to be-
tween one quarter and one half the Explorer
34 intensities was quite sharp after the initial
onset (which corresponded in time to the ap-
parent decrease of the local field intensity).

No substorms were in progress at the time
of the ATS 1 flux onset. An inspection of
several high-latitude magnetograms (College,
Barrow, and Dixon Island) and the Honolulu
low-latitude magnetogram showed qualitatively
that an increase in the ‘noisiness’ of the mag-
netic field began at approximately the same
time as the particle onsets. These additional
disturbances are also reflected in the increase
in Kp during the 0900-1200 UT interval (Fig-
ure 1).

-It is also interesting that the proton flux en-
hancement in the magnetotail and outer mag-

netosphere at ~1315 UT occurred at the same
time and with essentially the same temporal
width at synchronous altitude. This increase
in the proton fluxes in three widely separated
places inside the magnetopause was accom-
panied by a small decrease in the local ATS 1
electron fluxes (small expansion of the local
field). The large interplanetary and magnetotail
flux enhancements at ~1730 were not observed
at the synchronous altitude.

DiscussioN aAND CONCLUSIONS

The excellent preservation in the magnetotail
of both the flux magnitude and temporal width
of the large 1430 UT interplanetary enhance-
ment argues for the non-diffusive penetration of
solar particles into the tail. The ~24-min time
delay implies an entry to the magnetotail ~0.05
AU behind the earth. The successively longer
time delays in the magnetotail appearance of
the next two interplanetary enhancements could
also be due to direct particle access into the
tail at larger distances (0.1 AU and 0.15 AU,
respectively). The reduced amplitudes of these
two enhancements could be due to dispersive
processes in the more distant magnetotail. Both
the longer delay times and the reduced ampli-
tudes, however, do not rule out the possibility
that these succeeding two magnetotail enhance-
ments could be attributed to a diffusion of the
solar particles across the tail.

Behannon and Ness [1966] show a correla-



tion between the magnetotail field intensity
and Kp. The successively longer time delays
for the appearance of the three interplanetary
disturbances between 1400 and 1800 UT in-
side the magnetotail could be due to a con-
tinued increase in the magnetotail field strength
as the general high level of magnetic activity
persisted. The increased field intensity could
cause the protons to either enter further and
further down the tail and/or cause the diffusion
time across the tail to increase.

Although Paulikas and Blake [1969] show
little correlation between the solar proton in-
tens'ties at synchronous altitude and the local
ATS field magnitude, it is nevertheless signifi-
cant that both the initial onset of protons
observed at ATS 1 and the general magneto-
sphere-wide enhancement at ~1315 were accom-
panied by changes in the synchronous altitude
electron fluxes (thus implying changes in the
local magnetic field intensity). Both of these
local changes were perhaps indicative of more
wide-spread magnetosphere disturbances, as
suggested by the noisiness of the ground mag-
netometer data.

The explanation of the peak in the ATS 1
proton fluxes, beginning at ~1915 UT, repre-
sents a real challenge. A temporary increase in
the accessibility of protons to synchronous

altitude at the time of the 1915 UT enhance-

ment seems the most plausible explanation.
Indeed, a gross magnetosphere field configura-
tion change is suggested by the increase in the
fluxes of high-energy electrons during the pro-
ton enhancement (Figure 2). This flux change,
however, suggests an increased field intensity,
which implies that ATS 1 was therefore deeper
inside the magnetosphere. Given the measured
proton spectrum, and if the proton radial gra-
dient was negative (as it should be due to the
interplanetary source, and as is suggested by
the flux decreases as the satellite moved toward
the noon side of the magnetosphere), then the
proton fluxes would tend to decrease rather
than increase.

The accessibility could also be enhanced by
an increase in the amount of electromagnetic
noise in the outer magnetosphere and near-
tail regions. The increased Kp value during
this time suggests an increased magnetosphere
disturbance. However, Kp is generally a rather
poor indicator of solar particle transmission to

synchronous altitude [Paulikas and Blake,
1969; Lanzerotti, 1970]. In addition, an ex-
amination of the high time resolution ATS 1
electron fluxes (not shown) does not indicate
an enhancement of outer-magnetosphere noise
at the ATS 1 location during the 1915 UT
flux increase.

There is another possible explanation for the
synchronous altitude flux increase if the large
ATS 1 enhancement at ~1915 UT is associated
with the third large interplanetary enhance-
ment (~1715 UT) because of the temporal,
somewhat broadened, shape of the former. If
this is a proper identification, then it seems
unlikely that in this case these protons re-
sulted from a scattering in of particles from
the tail, because the percentage synchronous
altitude increase is much larger than the third
magnetotail increase that allegedly produced
it. (The lack of a corresponding magnetotail
peak at ~1915 UT is real and is not produced
by differences in instrumental response.)

If the ATS 1 enhancement at ~1915 UT
did not result from an enhanced accessibility or
from scattering in from the tail, then it may
have resulted from other processes for which
no evidence exists in the data examined here.
One such possible process could be a very de-
layed access of the interplanetary particles
(~1715 UT) across the magnetopause and
deep into the magnetosphere.
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CHAPTER 5

ACCESS OF SOLAR PARTICLES TO
SYNCHRONOUS ALTITUDE

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

Abstract. When a source of solar-originated particles is present in interplanetary space, comparable
fluxes of these particles with similar spectral characteristics are usually observed inside the mag-
netosphere at synchronous altitudes. The temporal and spectral changes in the access of these solar
protons and « particles to synchronous altitude are discussed and reviewed. Possible consequences
of the presence of substantial fluxes of low energy solar protons deep inside the magnetosphere are
also discussed.

1. Introduction

A multitude of ground and satellite observations of solar proton fluxes at high lati-
tudes have provided much convincing evidence that these protons have access to
inner regions of the magnetosphere that would normally be prohibited by the Stérmer
theory (1955). These measurements and their relationship to theoretical particle tra-
jectory calculations in model magnetospheres have been reviewed recently by Bos-
trom (1970), Paulikas (1970), and Hofmann and Sauer (1968). '

Only recently have solar particle measurements been reported in the equatorial
regions of the magnetosphere. Filius (1968) reported the access of solar protons
(40-250 MeV) to 4 Ry at the equator and showed that the Stérmer theory could be
modified to agree with his observations. Lanzerotti (1968b) reported measurements
of solar proton and alpha particle fluxes (1-20 MeV/nucleon) at synchronous altitude
(6.6 Rg) and compared their temporal and spectral characteristics to simultaneous
measurements of the interplanetary fluxes. The significance of these measurements
was that substantial cutoff lowering was observed for ~1 MeV protons with near
90° pitch angles at the geomagnetic equator. Lanzerotti concluded that there must
exist an effective diffusion process operative in the outer regions of the magnetosphere
and/or the near regions of the geomagnetic tail that often preserves the spectral
character and magnitude of thé interplanetary fluxes after their penetration to the
synchronous altitude. Paulikas and Blake (1969) have also reported the omni-direc-
tional intensity of solar protons at the synchronous altitude during a solar event in
January, 1967. In addition to concluding that protons with energies greater than 21
MeV have essentially free access to synchronous altitude, they observed a diurnal
effect in the fluxes of 5-21 MeV solar protons, with more protons observed near
local midnight than near local noon. Lanzerotti (1968b) also observed such a diurnal
effect in the 2.4 MeV proton fluxes.

This paper presents extensive measurements of the proton environment at syn-
chronous altitudes. Most of the data are obtained from measurements made by the
Bell Laboratories experiment on the ATS-1 satellite during the last half of 1967.
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These measurements are compared to similar measurements obtained simultaneously
by an instrument on the Explorer 34 (IMP F) satellite in interplanetary space. Since
the ATS-1 satellite traverses all local times (solar-ecliptic longitudes) in a 24-hour
period, and since the number of 21 MeV protons at synchronous altitude when
interplanetary particles are not present is essentially zero, comparisons of the solar
fluxes at this equatorial location with the interplanetary fluxes allows systematic
investigations of the results of the particle access with other magnetosphere obser-
vations.

Due to the distortion of the magnetosphere by its interaction with the solar wind,
the ATS-1 satellite does not remain on a line of constant magnetic field intensity B
during its daily traversal of all local times. Rather the satellite is located on lines of
lower B intensity at local midnight than at local noon. This fact, together with the
observation that the satellite is always beyond the maximum of the outer electron
zone gives rise to the familiar diurnal effect observed in the relativistic electron in-
tensities (Lanzerotti et al., 1967; Paulikas et al., 1968). Also attributed to the dis-
tortion of the magnetosphere was the apparent diurnal effect (with the same sense as
the electron fluxes) reportedly observed in the 0.3 to 10 MeV outer zone trapped
proton fluxes by Armstrong and Krimigis (1968) using data from the elliptical
orbit satellite, Explorer 33.

2. Experiments

The ATS-I satellite (launched December 6, 1966) is a geostationary, spin-stabilized
satellite (with the spin axis parallel to the local magnetic field) stationed at 158°W,
0°N and at a geocentric distance of 6.6 Rg. The Bell Telephone Laboratories (BTL)
experiment flown on ATS-1 consists of a 6-element solid-state detector telescope
oriented perpendicular to the spin axis of the satellite. By use of the particle dE/dx
characteristics and appropriate logic circuitry, the experiment is capable of distin-
guishing between protons, «’s, and electrons. The half-angle of the detector tele-
scope collimator is 20°; the flux measured by the BTL experiment is the spin-averaged
flux of those particles with pitch angles close to 90° (Lanzerotti, 1968a). ATS-1 local
time is obtained by subtracting 10 hours from the universal time.

The IMP F satellite, launched May 24, 1967, is a spin-stabilized (with the spin axis
perpendicular to the ecliptic plane) polar-orbit satellite with an apogee of approxi-
mately 34 R;. The BTL experiment consists of a 4-element solid-state telescope
oriented perpendicular to the spin axis. The half-angle of the detector telescope
collimator is also 20°; the flux measured by the experiment is the spin-averaged flux
of particles in the ecliptic plane. Protons and «’s up to an energy of approximately
4 MeV/nucleon are distinguished by the energy deposited in the first two detectors
of the telescope and subsequently measured in a 5-channel analyzer. Particle species
above this energy are distinguished by the use of an on-board pulse multiplier. Elec-
trons 2 300 keV are detected by their d E/dx characteristics and the appropriate logic
circuitry (Lanzerotti et al., 1969a).
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3. Observations

The first figure contains the 1 hour average temporal history of 1.9 and 2.4 MeV
proton fluxes measured in interplanetary space and at synchronous altitudes, respec-
tively, from day 318 to day 360, 1967. Also plotted at the bottom of the figure are
the hourly average AE and Dst indices and the 3-hour average K, index. The dark
bars above the IMP data indicate periods when the Explorer 34 satellite was inside
the magnetopause (D. H. Fairfield, private communication).
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Fig. 1. 1-hour average Explorer 34 (IMP-F, interplanetary) and ATS-1 (synchronous altitude
magnetosphere) proton fluxes from day 318 through day 359, 1967. The bars above the interplanetary
data indicate periods when Explorer 34 was inside the magnetosphere.

This entire time period had appreciable fluxes of solar-origin interplanetary par-
ticles which are of interest in themselves. (In fact, the long period of interplanetary
enhancements began on day 300, but continuous ATS coverage was not available
during the entire period of day 300 to day 318.) This period was also moderately
active geomagnetically as evidenced by the AE and K, indices. However, although
there were two sudden commencements reported, there were no large geomagnetic
storms, the largest Dst negative excursion being less than 50 y.

The overall, quite striking, impression obtained from this figure is that whenever
there are interplanetary fluxes present, there are also proton enhancements inside
the magnetosphere at synchronous altitudes. The enhancements have approximately
the same temporal appearances and magnitudes as the interplanetary fluxes and do
not persist after the interplanetary fluxes are absent.

There are also gross differences between the interplanetary fluxes and the syn-
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chronous altitude fluxes which will be discussed in detail later. The most striking of
these are the decreases in the ATS fluxes that are often observed near local noon
(2200 UT). The decreases are especially noticeable on days 331, 337, 338, 350, 351,
355, and 356, for example. Often the temporal histories of the flux decreases resemble
PCA mid-day absorption recoveries (Leinbach, 1967).

A noticeable feature in the interplanetary data is the general absence of a modu-
lation of the measured solar proton fluxes as the IMP satellite crosses the magneto-
pause. This feature of proton access to the magnetosphere is also discussed briefly
later.

Expanded views of the 1-hour average ATS proton fluxes in several energy chan-
nels for a disturbed and a quiet geomagnetic period are plotted in Figures 2 and 3.
Plotted at the bottom of each figure are the AE, Dst, and K, indices. The open and
closed circles on each data plot indicate the ATS local noon and local midnight
locations, respectively.
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During the geomagnetically disturbed period, days 350-355 (Figure 2), the diurnal
variations in the proton fluxes were most pronounced at the lower energies. The
diurnal minimum on day 351 was quite symmetrical about local noon in the 2.4 MeV
proton channel, whereas both the symmetry and magnitude of the variations de-
crease at the higher energies.
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Fig. 3. 1-hour average ATS-1 proton fluxes from day 318 through day 325, 1967. The period
including days 321-324 was a geomagnetically quiet period.

The temporal variations of the ATS proton fluxes during a quiet geomagnetic
period, days 321-325 (Figure 3), were strikingly different than those observed in the
data of Figure 2. The 2.4 MeV data show no decrease in the proton fluxes near
local noon but rather small decreases near local evening on days 322-325. In con-
trast, the fluxes from the two higher energy proton channels plotted in the figure
show significant decreases near local noon.

The hourly average electron fluxes for the disturbed and quiet periods are plotted
in Figures 4 and 5. These data are shown in order to contrast the simultaneously meas-
ured electron diurnal variations (larger fluxes near local noon) with the proton diurnal
variations seen in Figures 2 and 3 (larger proton fluxes near local midnight in general).
It should be noted that even though no diurnal variations were observed in the
proton fluxes on days 352-354, nevertheless, the electron flux intensities continued



to reflect the distortion of the magnetosphere as the ATS satellite traversed all local
times.
4. Results

A. DAILY VARIATIONS — DISTURBED CONDITIONS

Of great interest is the accessibility of the solar protons to synchronous altitude and
the changes in the amount of accessibility with time, geomagnetic conditions, and
energy of the protons. That indeed there are temporal changes in the accessibility
was pointed out by Lanzerotti (1968b) and Paulikas and Blake (1969) and is seen
clearly in Figures 1-3.

Although both the ATS-1 and IMP experiments measure proton fiuxes in approxi-
mately the same energy ranges, the proton energy channels of the two experiments
do not have the same energy widths nor do they have the same central energy values.
In order to study the temporal variations of the ratio R of the synchronous altitude
fluxes to thé interplanetary fluxes for a common set of energies, the following proce-
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Fig. 5. 1-hour average data from two of the ATS-1 electron channels including the
geomagnetically quiet period, days 321-324, 1967.

dure was adopted. The differential-in-energy proton flux values at given energies for
each experiment were determined by linear interpolation between adjacent log(energy)
values of the hourly-averaged log(flux) values. These flux values were then used in
forming the ATS/IMP proton ratios.

It should be stressed that the ratio R does not necessarily measure the transmission
or accessibility of solar protons from the interplanetary source to the synchronous
altitude. There is a continued loss of the synchronous altitude protons as well during
the time the interplanetary source is present. Hence, R measures the result of the sum
of the transmission and loss processes present at synchronous altitude at any time.

Figure 6 contains five sets of equal energy ATS/IMP proton flux ratios for the
geomagnetically disturbed period, days 350-355. As stressed in the introduction, for
a symmetrically distorted dipole field, the ATS-1 satellite is effectively measuring
particles further out in the magnetosphere at local midnight than it is at local noon.
The effect of this distortion is seen on days 350-352 in the diurnal variation of R in
Figure 6. There are fewer protons at the ATS orbit at local noon than at local mid-
night. That is, there are fewer protons effectively further inside the magnetosphere.

The diurnal variation evident in Figure 6 is larger for the lowest energy protons.
The ratio R on day 351 is plotted in Figure 7 as a function of proton energy for ATS
local times of noon, morning, and midnight. The fluxes near local midnight are
essentially identical to the interplanetary fluxes at all energies. By local morning, the
ATS-measured fluxes at all energies have decreased. It is clear that there is an energy

9-7



dependence to the decrease in R at local noon; this energy dependence does not have
a sharp cutoff.

After approximately the middle of day 352 UT, the value of R remains nearly
constant at ~0.5 for all energies in Figure 6. This indicates very clearly that the
proton spectra both inside and outside the magnetosphere are essentially the same
at all local times (Lanzerotti, 1968b).

The access of solar protons from the interplanetary source region to the ATS orbit
could well be expected to have a dependence upon the plasma and field conditions
in the outer magnetosphere. Likewise, the proton loss mechanisms at the synchronous
altitude would also be expected to depend upon disturbances in the outer magneto-
sphere. Hence, the dependence of R upon K, (Paulikas and Blake, 1969) and Dst
were investigated. Since the AE index is perhaps a better indicator of disturbances
in the outer magnetosphere than K, the dependence of R upon AE was also studied.

It is quite clear from the data of Figure 2 that, due in particular to the large diurnal
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variations, R does not have a simple correlation with the indices measuring the
amount of geomagnetic disturbance. In Figures 8, 9, and 10a are the 2.5 MeV proton
ratios plotted as a function of K, AE, and Dst for days 350-354, 1969. The ratios
for several hours spanning local noon and local midnight on each day are denoted
by open and closed circles, respectively. For large values of either K, or AE, R is
generally large, as could well be expected. Most of the R-values 0.4 are observed
to occur for negative Dst values (Figure 10a). Other than these observations, R has
little dependence upon the magnitude of the indices.

VOO r—r— T T 1T 7T T T T 1
F ]
C . ]
- ° |
i . [o] ° .1b
- . . -
Y [ ]
o o o 4
L o o o
[ ]
[ ]
w -
% 100fo .
- o [} ) ° -
C S h
[~ ° -
f0©® o o 7
L. O -
Ep =2.5 Mev
| ° DAYS 350-354, 1967 |
[ ] [ ]
10 IR N S S U SO S S
0 0.2 0.4 0.6 08 10

R, ATS/IMP PROTONS

Fig. 9. R as a function of the hourly average AE for 2.5 MeV protons - days 350-354, 1967. The

open circles correspond to the hourly average R values for 3 hourly periods around ATS local

noon. The solid circles correspond to the hourly average R values for 3 hourly periods around ATS
local midnight.

WO T | D R B B S
- DAYS 350-354,1967 4 | DAYS 321-325, 1967 ]
g 08F (@ o ° Ep=25Mev | L () Ep=2.5MeV
= L . L N
e} °o .
€ osf o | 1t o
02. = o® ©° —~ - 0%
Y o L]
>‘\" 0-4 _. .0 .i. - o —
2] Je ©
= - . ° . - - o, =
< . . by
o« 02 ° 1 r %
5 ° < %’.‘ -1
oC,
o) [ S B | AL 1 S N T | | B
-40 -20 0 20 40 -40 -20 o] 20 40
Dst Dst

Fig. 10. R as a function of the hourly average Dst for 2.5 MeV protons. — (a) days 350-354, 1967. -

(b) days 321-324, 1967. The open circles correspond to the hourly average R values for 3 hourly

periods around ATS local noon. The solid circles correspond to the hourly average R values for
3 hourly periods around ATS local midnight.

5-10



B. DAILY VARIATIONS — QUIET CONDITIONS

The ratios, R, for 6 different proton energies for days 318-325, 1967, are plotted in
Figure 11. The ‘quiet-time’ (days 321-324) ratios show the opposite temporal changes
from the disturbed period ratios (Figure 6) in that a larger diurnal variation is gener-
ally observed at the higher energies.

The distortion of the magnetosphere during these quiet-days can be estimated from
the ATS magnetic field data, using the calculational results of Roederer (1969) for
particle drift motion in a Williams-Mead model geomagnetic field. Since the magnetic
field data were not available, estimates of the boundary stand-off distance and tail
field strength were made by comparing the smoothly varying electron flux variations
on day 321 (Figure 5) with similar electron daily variations in January, 1967, when
the field data were available. Although this provides only a rough estimate, it was
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Fig. 11. Temporal plot of the ratio R of the ATS-1 to Explorer 34 proton fluxes for a time period
including the geomagnetically quiet period, days 321-324, 1967.
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determined in this way that ATS was near L~6 at local noon and near L~6.6 at
local midnight.

Using these results, a plot of R as a function of L is given in Figure 12 for four
different proton energies. The radial gradient of the 2.5 MeV protons is constant
over this L range (as was evident from the data of Figures 3 and 11) while the fluxes
of higher energy protons all increase at higher L-values. The largest radial gradients
are observed in the highest energy fluxes. A similar result of a radial gradient in-
creasing with L was noted by Lanzerotti (1968b) for 2.4 MeV protons.

Plots of the ratio R as a function of K, for 2.5 and 8.0 MeV protons during this
period when K <1 show no significant dependence of R upon the value of K,
(Figure 13). However, a striking temporal resemblance between the 2.5 MeV proton
flux ratios and Dst during days 324-325 is observed in Figure 3. A plot of the quiet-
time 2.5 MeV proton ratios and Dst in Figure 10b indicates an approximate linear
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Fig. 12. Ratio R as a function of L for four different proton energies on the geomagnetically quiet
day, day 321, 1967.
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relationship between R and the magnitude of the Dst positive excursion, particularly
for the hours around local noon (open circles).

C. SOLAR PARTICLE ONSETS

It was quite evident from the data of Figure 1 that very frequently there is little or
no delay between the observation of ~2 MeV solar protons in interplanetary space
and their detection in the magnetosphere at synchronous altitude. Paulikas and
Blake (1969) have also demonstrated this result for higher energy protons. Figure 14,
taken from their paper, compares 21-70 MeV protons inside and outside the mag-
netosphere during the January, 1967, event.
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Fig. 14. 21-70 MeV protons observed at synchronous altitude and in interplanetary space on day
28, 1967. The Kp indices for the half-day were 2, 4-, 4~, and 3+. (From Paulikas and Blake, 1969.)

However, Lanzerotti (1968b) and Lanzerotti er al. (1970), also observed events
when there were substantial delays before the low energy interplanetary protons were
initially seen inside the magnetosphere. Figure 15, reproduced from Lanzerotti
(1968b) shows such a delay very clearly. Once the solar particles are finally observed
at synchronous altitudes, however, their intensities increase very rapidly to values
comparable to those of the interplanetary fluxes.

Figure 16 plots the onset times of the interplanetary and magnetosphere particles
as a function of proton energy for the event shown in Figure 15. The onset times were
determined using 10-minute average data and determining the first significant flux
increase above the background statistical fluctuations. There is approximately a
7-hour time delay between the onset of the 800 keV protons inside and outside
the magnetosphere. There also appears to be a small decrease of the access time delay
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for the higher energy particles inside the magnetosphere with the 2.4 MeV protons
being observed approximately 14 hours before the 800 keV protons.

Although ATS magnetic field data were not available for this period, the measured
ATS electron fluxes smoothly decreased in intensity during the first few hours of
day 222, indicating a decrease in the local magnetic field intensity. Just after the first
protons were observed, the electron fluxes decreased sharply, increased again, and
were disturbed for the next hour to hour and one-half. The nature of these fluctu-
ations in the electron flux intensities indicate fluctuations in the local magnetic field
intensity (see Lanzerotti ez al., 1968, for a discussion of simultaneous field and par-
ticle changes). These disturbances of the local electron measurements indicate that
. the proton onsets were probably due to the onset of magnetosphere-wide disturbances.
It is interesting to note, however, that the index AE had values of 350400 during
most of the first 4 hours of day 222 (when no solar particles were seen at ATS) and
decreased to ~25 at ~0600 UT (when approximately full intensity solar fluxes were
observed). '

An investigation of all ATS particle data for days 27 and 28 and days 221 and 222,
1967, showed that the electron count fluctuations on days 27 and 28 were much
more disturbed and had a much noisier character than did the electron fluxes on day
221 and the first few hours of day 222. This difference in the ‘noisiness’ of the electron
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fluxes undoubtedly reflects a basic difference in the intensity of disturbances in the
outer magnetosphere. Outer magnetosphere disturbances such as those that produced
the electron flux variations on days 27 and 28 undoubtedly control the initial and
continued access of solar protons to the ATS orbit.

The interplanetary and magnetosphere proton and « spectra measured between
0400-0500 UT on day 222 are shown in Figure 17. These ATS data were measured
only an hour after the first 800 keV protons were detected at synchronous altitudes.
The spectra in Figure 17 very graphically show that shortly after the first magneto-
sphere particle onsets. the particle spectra inside and outside the magnetosphere are
very similar.

5. Discussion

A. MAGNETOSPHERE SHIELDING

The foregoing observations and results, comparing near 90° pitch angle proton
fluxes at 6.6 Rg geocentric radius to simultaneous measurements of interplanetary
proton fluxes, indicate that solar protons generally have ready access to synchronous
altitude. However, Figure 15 indicates that at times at the beginning of an inter-
planetary solar flux enhancement, the earth’s magnetic field provides a very effective
shield for several hours against the observation of near 90° pitch angle solar particles
at the ATS altitude. Both of the 1967 solar enhancements in which significant syn-
chronous altitude shielding was observed occurred following rather long periods of
interplanetary quiet (Figure 15; Figure 19, below). Furthermore, as pointed out in
the previous section, the absence of ATS electron flux variations prior to the day 221
proton enhancement suggested an absence of significant outer magnetosphere dis-
turbances.

The extensive observations in Figure | indicate that there are at least moderately *
disturbed geomagnetic conditions during most of the time period accompanying the
low energy solar particle enhancements. The geomagnetic activity is undoubtedly
caused by the disturbed solar wind and interplanetary fields resulting from the ener-
getic particle-producing solar processes. The proton ‘shielding’ observations in Fig-
ures 15 and 9, together with the geomagnetic disturbance observations in Figure 1,
strongly suggest that the disturbances in the outer magnetosphere and/or the mag-
netotail provide the mechanisms for access of solar particles to synchronous altitude.

The ‘shielding’ observations at the onset of a solar particle enhancement which .
has occurred after a long period of interplanetary quiet suggest an important con-
Jjecture: there exists a ‘quiet’ state of the magnetosphere such that the trajectory
calculations performed in realistic model magnetosphere geometries (using external
fields as well as merely internal ones) in order to determine cutoffs for the low energy
protons at the equator are perhaps valid. However, as was discussed, the magneto-
sphere is often disturbed by interplanetary processes accompanying or following the
onset of solar flux enhancements. Thus, direct trajectory analyses that do not include
outer zone noise and/or disturbances are probably unable to treat properly the prob-
lem of low energy solar particle access.
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It is indeed interesting that during the ‘quiet’ geomagnetic period of days 321-324,
although the fluxes observed inside the magnetosphere were low, they were non-
zero. In fact, at the lowest energy, 2.5 McV, the data suggest that the protons were
stably trapped. The higher energy protons were also probably stably trapped (see
next section). It is possible that the diffusion processes that move the interplanetary
particles into the magnetosphere are still operative during a quiet period once pro-
tons have achieved access to the outer magnetosphere, Additionally, the proton loss
processes may tend to zero intensity during a quiet period. It should be noted, how-
ever, that the radial gradient distributions of the higher energy protons were still
opposite to those of the electrons, perhaps suggesting continued diffusion.

As has been pointed out by Lanzerotti (1968b), if solar protons can generally be
found at synchronous altitudes during solar events, then they might be expected to
be found everywhere in the outer magnetosphere, including the polar cap regions.
Such a comparison has not been made. An important test of this hypothesis would
be to compare polar cap and synchronous altitude data during a period when the
magnetosphere is acting as a shield against the enhanced solar fluxes — such as day
222 (Figure 15) or day 261 (Figure 19, below).

B. GEOMETRY OF ACCESS

Low energy protons mirroring near the equator at the ATS altitude are normally
stably trapped in a standard magnetosphere (stand-off boundary distance of 10 Rg;
tail field of 20 y). This can be seen from the results in Figure 18 (computer program
courtesy of J. G. Roederer). Plotted here are the tail field and boundary position
limits so that 70° and 90° pitch angle protons detected at 6.6 R altitude at local
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Fig. 18. Tail field (Bt) and stand-off boundary positions (Rs) as a function of proton energy and

equatorial pitch angle such that a proton observed at local midnight would find the distant edge of

its gyro-radius in the pseudo-trapping region. Magnetosphere parameters falling to the right and

below a curve describe a magnetosphere configuration such that a proton with the given energy and
pitch angle will complete a longitudinal drift period.
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midnight would find the distant edge of their cyclotron orbits (~0.5 R for a 1 MeV
proton in a 50 y field) entering the pseudo-trapping region. Magnetosphere para-
meters falling to the right and below a curve in Figure 18 indicate that a proton with
the given energy and pitch angle will complete a longitudinal drift period. If the
magnetosphere configuration has parameters falling above and to the left of a curve,
the proton will be lost out the dusk side of the magnetosphere.

The boundary and tail field limits on this plot seem merely to confirm the trajec-
tory calculation findings that protons do not normally have access to the equatorial
region of the magnetosphere at synchronous altitude. Some process must move their
guiding centers by one or several gyro-radiiin order that they be observed at the equator.

Theoretically, when the ATS satellite is at noon on the dayside, the cyclotron orbits
of the near 90° pitch angle protons will not intersect a pseudo-trapping region during
their longitudinal drifts. They will only become untrapped when the front boundary
moves as close as one proton gyro radius to the satellite.

Smart er al. (1969), have recently shown, via trajectory calculations, that the verti-
cally incident cut-off rigidities rapidly tend to zero for nightside latitudes in the
region of the ATS field line. However, to get particles to mirror near the equator in
order to be detected by the BTL ATS-1 experiment, scattering (or diffusion) of the
pitch angles of the protons must take place. The means for accomplishing this is
certainly not clear.

The question as to whether these solar particles are diffusing in everywhere across
the magnetopause and/or through the magnetotail has not been satisfactorily an-
swered yet, A recent paper by Williams and Bostrom (1969) suggested that the diffusion
to synchronous altitude was predominantly via the neutral sheet and cusp region.
This may indeed be a source for these particles. However, a recent data comparison
by Lanzerotti et al. (1970), using ATS, IMP, and Vela magnetotail data has been
made. Figure 19, taken from their paper, shows little relation between the Vela and
ATS fluxes. However, a flux enhancement beginning at ~ 1900 UT at ATS, approxi-
mately 2 hours following what appears to be the corresponding interplanetary
enhancement, is scarcely seen at all in the magnetotail (at ~ 1800 UT).

It was pointed out earlier that no modulations of the proton fluxes detected by the
experiment on IMP F were generally observed as the satellite crossed the magneto-
pause. Although this might be expected because of the relatively large proton gyro-
radius, it is interesting that in the boundary crossing example shown in Figure 20 no
diminution of the proton flux intensities is seen at ~ 3.5 Rg (2000 UT) inside the boun-
dary at mid-latitudes. (The boundary crossing occurred at ~1700-1710 UT.) In con-
trast, however, large, quasi-periodic fluctuations in the electron fluxes (E, >0.44 MeV)
are observed for a substantial distance inside the magnetosphere boundary. The
implications of these observations for particle access have not yet been fully ex-
plored. It should be pointed out, however, that the data of Lanzerotti er al. (1970),
Figure 19, show appreciable fluxes of solar protons in the outer regions of the mag-
netosphere long before there are any fluxes of near 90° pitch angle protons at syn-
chronous altitude.
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Data presented by Armstrong er al. (1969), was purported to show the exclusion
of 0.82-1.9 MeV solar protons from the ‘“‘ordered magnetic field of the near (<8 Rg)
magnetosphere” near the equator on July 13, 1966. Krimigis (1969) expanded on
this observation and stated that this apparent exclusion of 0.82 MeV protons from
the geomagnetic field close to the equator showed that the radiation belts could not
be directly populated via the infusion of particles of comparable energy from solar
particle events. Although it is difficult, from the data presented by Armstrong et al.
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to tell when the magnetosphere boundary and trapping regions were entered, the
data discussed here and presented by Lanzerotti (1968b) and Paulikas and Blake
(1969) show conclusively that solar particles do frequently penetrate as deep as 6.6 Rg
into the magnetosphere. In fact, as seen from the data of Figure 1, the exceptions are
quite infrequent. The qdestion of populating the radiation belts by these protons is
discussed briefly below. .

C. CONSEQUENCES OF SOLAR PARTICLES IN THE MAGNETOSPHERE

A recent paper by Lanzerotti er al. (1969b), described the observation of an occur-
rence of the drift mirror instability (Hasegawa, 1969) at synchronous altitude during
a time period of enhanced solar fluxes inside the magnetosphere (day 177, 1967). it
was suggested that substantial fluxes of 20-100 keV interplanetary protons having
access to the synchronous altitude contributed to the occurrence of the instability.
Figure 21, taken from their paper, shows electron and proton oscillations at syn-
chronous altitude and electron heating during the period of occurrence of the insta-
bility. Their detailed analyses indicated that the protons and electrons oscillated out
of phase and that the electrons oscillated in phase with the local ATS-1 magnetic
field intensity.

The most detailed considerations of data in conjunction with Hasegawa’s (1969)
theoretical treatment of the drift mirror instability was an analysis of the April 18,
1965, magnetic storm observations of Brown er al. (1968). Lanzerotti et al. (1969)
expressed the opinion that during this storm there was also evidence for enhanced
interplanetary fluxes and that some evidence even existed for the observation of these
protons at low latitudes in the magnetosphere.

There may be other significant consequences of the ready access of solar particles,
not only to the equatorial regions but also in the polar and auroral regions. A recent
paper by Haurwitz (1969) reported very sharp increases in AE at the time of large
SSC storms when a polar cap event was in progress. She speculated that the low
energy energetic storm particles that are present at the time of the SSC’s are directly
injected into the auroral zones via the magnetospheric tail and cause the bay activity.
There were no large energetic storm particle enhancements at the times of the two
sudden commencements of Figure 1. Furthermore, no large storm followed either
SC, so that Haurwitz’s conjectures could not be readily investigated.

One of the more interesting observations in the data of Figure 1 is that the syn-
chronous altitude particle enhancements do not persist after the interplanetary par-
ticle source is gone. Hence, it is difficult to define or discuss a ’life-time’ for these
protons and o’s in the outer zone. It was observed that during the ‘quiet period’, days
321-324 (Figures 3 and 11), the lowest energy protons appeared to have a diurnal distri-
bution similar to the electrons. This could indicate that the proton loss processes were
quite small. Lanzerotti (1968b) also noted a similar distribution for 2.4 MeV protons
during a quiet time in June, 1967. It appears, however, that generally the disturbances
in the outer magnetosphere are such as to cause continued losses of these protons
so that no appreciable fluxes are trapped for any substantial length of time (~ 1 day).
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The processes producing proton loss in the outer regions of the magnetosphere are
unknown. The absence of a build-up of flux levels greater than the interplanetary
fluxes at the ATS orbit suggests that there is a continual loss of protons back out
of the magnetosphere during the period of an interplanetary enhancement. There is
undoubtedly also a pitch angle scattering loss of these protons down the field lines.
The lack of persistence of the synchronous altitude fluxes when the interplanetary
source is gone suggests that ‘back-diffusion’ of the protons out of the magnetosphere
is the predominant loss mechanism.
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An interesting question that has not been answered yet concerns the possibility
of a further diffusion of a small percentage of these solar protons deeper into the
magnetosphere by the classic third-invariant violating diffusion mechanism first dis-
cussed by Kellog (1959). The population of the proton radiation belt by L-diffusion
of protons from the magnetosphere boundary (L=10 Rg) has been extensively dis-
cussed, for example, by Nakada er al. (1965), and Nakada and Mead (1965), and
reviewed by Hess (1968). For equatorial particles, the calculational results of Nakada
and Mead (1965) appear to be convincing that cross-L diffusion of solar wind protons
control the outer regions of the proton belt.

The possibility of partially populating the magnetosphere with these solar protons
is nevertheless interesting. The most recent model of the ‘inner belt” protons (Lavine
and Vette, 1969) indicates an omni-directional equatorial proton flux (E>4.0 MeV)
of ~4x10* protons-(cm? sec)™! at L =3. Conserving the first adiabatic invariant of
these equatorial particles dyields a proton energy of ~0.38 MeV at L=6.6 (and
~100 keV at L=10). (L=3 was selected here since the extrapolation of the fluxes
from the ATS-measured energy values to 0.38 MeV was not very large.)

It is quite reasonable to assume that 0.38 MeV pfotons had ready access to syn-
chronous altitude during the moderate solar event of Figures 15 and 17. Hence,
extrapolating the proton spectrum of Figure 17 to 0.38 MeV, assuming a uniform
proton spectrum over all pitch angles, and integrating yields a flux of ~6x 103
protons-(cm? sec)”! for energies >0.38 MeV. A power-law spectrum remains a
power-law with the same exponent during the L-drift. Thus, the proton fluxes from
this event are ~ 7 times less than the L =3 population. The fluxes from one moderate
event are obviously not enough to explain the entire L=3 population. However,
with a large number of events (as in Figure 1), a portion of the quite stable inner
proton belt population could be due to these solar energetic particles.

As pointed out by Brewer er al. (1969), the electron longitudinal dirft echoes ob-
served by Lanzerotti et al. (1967), on ATS-1 are indications of magnetosphere bounda-
ry motions. These same boundary motions could cause the further inward radial
diffusion of solar protons after their initial rapid entry to L ~6-7. Of course the same
process should act to diffuse the a-particles as well. The data have been searched, but
no evidence for the longitudinal bunching of these protons at synchronous altitude
during boundary disturbances have been observed. This negative result was also
reported by Paulikas and Blake (1969).

6. Summary

The existence of low energy (~1-20 MeV) solar protons in the outer regions of the
magnetosphere at synchronous altitude during interplanetary enhancements has been
discussed and reviewed. The fluxes of the magnetosphere particles often exhibit
diurnal variations, with fewer particles seen at local noon than at local midnight.
The access of these particles is only weakly correlated with such indices of geomag-
netic activity as AE, K, and Dst. Infrequently, large (several hour) time delays are
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measured between the onset of the interplanetary and synchronous altitude enhance-
ments. However, once access to 6.6 Rg has been achieved, the magnetosphere fluxes
increase rapidly to the interplanetary flux values. The access of the interplanetary
particles to the magnetosphere is probably due to a rapid diffusion (scattering) of the
protons across the magnetic field lines. The protons are probably incident both across
the magnetopause and through the geomagnetic tail. Two observations of a plasma
instability in the magnetosphere have been identified during periods of solar proton
enhancements. It was speculated that a fraction of the interplanetary particles would
be further diffused deeper into the magnetosphere to contribute to the trapped
radiation belt population.
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CHAPTER 6
RAPID:ACCESS OF SCLAR ELECTRONS TO THE POLAR CAPS
by

J. P. Turtle,l E. J. Oelbermann, Jr.,2 J. B. Blake,3

L. J. Lanzercﬁ:ti,l¥ A. L. Vampcla,3 and G. K. Yatesl

ABSTRACT

Simultaneous measurement of solar electrons and protons in
interplaneiary spéce and in the magnetotail were made during the on-
set of the 2 lNovember 1969 solar particle event. These particle
measurements, when compared with continuous trans;polar'VLF neasure-
ments on three propagation paths, indicate the solar elecirons have
access to the magnetotail.and north polar cap with a time delay 7

such that 0<T<1 min.
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Bedford, Massachusetts.

2 rdnance Research Laboratory, Pennsylvania State University,
University Park, Pennsylvania.

3Space Prysies Laboratory, Aerospace Corporation, El Segundo,
Califernia.
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Bell Laboratories, Murray Hill, New Jersay.
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INTRODUCTION
The measured characteristics of the access of solar electrons
to the magnetotail long have been attributed to direct coupling between
the magnetotail field lines and the interplanetary field lines. Lin |

and Anderson (1966) observed five impulsive solar electron events with-

in the magnetotail and compared their arrival times after the presumed
originating solar flares with'impuisive electron events observed outside
the magnetosphere. On a statistical bésis, they concluded-thaﬁ the
delay for access to the magnetotail could be no more than 10 minutes,
although it was consistent with zero. They placed an upper limit on

the point of field line interconnection in the tail at ~5000 RE.

¥Portions of the data contained in this paper were originally presented
by several of the authors individually at the COSPAR Symposium on the
2 November 1969 Solar Particle Event, Boston College, June, 1971.

lAir Force Cambridge Research Labordatories, L. G. Hanscom Field, .
Bedford, Massachusetts.

20rdnance Research Laboratory, Pennsylvania State University,
University Park, Pennsylvania.

3Space Physics Laboratory, Aerospace Corporation, El Segundo,
California.

uBell Laboratories, Murray Hill; New Jersey.
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Yen Allen (1970) observed an impulsive solar electron event on 14 August
1968 by instruments on two satellites, one outside the magnetosphere and
one deep in the tail. He concluded that,since the access delay measured
for the 50 keV electrons could not be more than 100 seconds, the inter-
connection éoint could not have been further than 900 RE behind the
earth. The studies of lunar sha&owing of streaming solar electron fluxes

in the magnetotail (Van Allen and Wess, 1969; Anderson and Lin, 1969)

also indicated that the field inter-connection point-wae probably beyond
the lunar orbit (~6k RE)'
Solar electrons have been measured over the polar caps and the lati-

tude cutoffs studied (Vamﬁola, 1969, 1971; McDiarmid and Burrows, 1970;

McDiarmid et al., 1971). Detailed examination of solar electron spectra

outside the magnetosphere and over the polar caps during the 12 April
1969 event indicated that uniform particle distributions were observed over
both polar caps and that there was good tracking of the fluxes and spectra

between the interplahetary region and both polar regions throughout the

event (West and Vampola, 1971). In addition, an interplanetary field
sector bdhndary croseing by the earth during the'event did not»produce

any change in the polar cap fluxes. While the good tracking of the inter- -
planetary and polar cap fluxes argue'for the direct connection model, the
fact that uhiform, equal electron fluxes were seen_at beth'pelar caps'and
during a sector crossing argue against such a hypothesis unless the addi-
tionei reqﬁirement ie made thaﬁ the interplanetary electron fluxes>be

P

isotropic.' The measurements described above do not require direct con-

nection, only rapid access.



Evidence for the occurrence of direct connection of the inter-
Planetary field to the polar cap field, using protons as test particles,

has been published by Van Allen et al., .(1971). They demonstrated that

Intensity differences in the solar proton fluxes between the two polar
caps during the solar particle event of 24 January 1969 can be related to
the direction of the interplanetary field and the interplanetary particle
anisotropies.

Further information on the arrival of solar particles to the
polar regions could be obtained from the direct measurement of a solar
event onset over the polar caps. As yet, a polar-orbiting satellite has
not been properly situated during an event onset. In this report,
trans-polar VLF signal changes during the onset of a solar event are
compared to the arrival times of solar electrons and protons in inter-
Planetary space and in the magnetotail. is comparison indicates that
solar electrons were observed in the magnetotail and in interplanetary
space at essentially the same time (within ~1 min.) as the onset of

disturbance of the polar VLF paths.
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RESULTS

(a) Interplanetary and Magnetotail Measurements

At the beginﬁing of the 2 November 1969 event, solar particles
were measured in the magnetotail and in interplanetary space by instru-
mentation carried on the Explorer 4l and OVS-6 (1969-L6B) satellites,
respecfively. The OV5-6 instruments relevant to this discussion were a
counter telescope sensitive to protons from 5.8 to 100 MeV and to |
electrons greater than 280-keV and two solar x-ray detectors. One
x-ray sensor was an EON 6213 geiger tube also sensitive to electrons
>45 keV ;nd protons >f00 keV; the other x-ray detector was a Nal scin-
tillator with severalAchannels of pulse height analysis. Of interest here
is the fact that the latter sensor also monitored the omnidirectional
fluxes of all protons >17 MeV. The BTT, instrumentation on Explorer 4l
measured spin-average proton fluxes from ~0.5 to ~20 MeV and electrons

>350, >600, and >1000 keV (Lanzerotti et 21., 1969). The locations of

the satellites at 1100 UT, projected upon the ecliptic and noon-midnight
meridian planes, are éhown in an inset to Fig. 1. Explorer 4l had
entered the distant magnetotail at ~0700 UT on a perigee pass which
occurred at ~2230 UT. 0VS5-6 was almost at apogee at the onéet of the
solar particles at the earth.

Figure 1 indicates that the first particles from the flare were
electrons (>45 keV) detécted by OV5-6 at 1031:30f ~1 minute. Solar
‘electrons ( > 350 keV) wéfe measured by Explorer 41l in the magnetotail at

103%:30 UT. E&ectrons_?600 keV and >1000 keV were not observed by
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Explorer 41 until ~1037 UT and ~10Ll UT, respectively. Due to the

2k calibration source in the OV5-6

background counts from a weak Am
" instrument énd the low sampling rate of ~once per U minutes,‘it is
more difficult to determine a precise onset time for the >280 keV solar
electrons in interplanetary space. However, Fig. 1 indicates that > 280 keV
solar electrons were definitely seen by 1038:30 UT. Réésonable extra-
polation of the enhanced fluxes measured by OV5-6 in Fig. 1 backwards
in time indicates that the >280 keV solar electrons were first present
in interplanetary space at ~1034+0001 UT. ‘The onset times of the solar
electrons as a function of particle energy are shown inAa second inset
to Fig. 1.

The profon data plotted in Fig. 1 indicate that 40-100 MeV
protons were first seen in interplanetary space by OV5-6 at 1052:10 UT.
Lover energy protons appeared later. The count rate of the x-ray scin-
tillation counter, ;ensitive to all protons >17 MEV, did not rise above
background until 1046 UT. Since this channel is also somewhat sensitive.
to relativistic electrons, it ié not possible to say wiph certainty that
the first protons arrived at 1046 UT; however, it can be stated definitely
tﬁat no pr&tons wefe present before 1046. Protons 17-20 MeV measured
in %he magnetotall by Explorer 41 were first observed at 1102 UT. The
jmplications of the proton observations of OVS5-6 and Explorer 41 for

proton access to the magnetotail will be discussed in a future publication.

(b) Polar Cap Observations

The phase and amplitude of two trans-polar VLF paths were being

mopitored at Payerne, Switzerland before and during the solar particle
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event: NPM (from Hawaii at 23.4 kHz) and NPG (from Seattle at 18.6 kHz).
In addition, the phase of the signal from NPM was being monitored at the

AFCRL Geopole Observatory at Thule, Greenland (Turtle and Oelbermann,

197L). The NPM-Thule path was in complete derkness at the time of the
solar flare at 0939 UT and the ensuing solar x-ray enhancement at 0945

UT (Buckman and Lincoln, 1971). The sun was more than 16° below the

horizon over the entire path length. At Payerne, Switzerland, the sun
was 259 above the horizon so that the two trans-polar paths were only
about 25% sunlit. In November the normal suﬁrise effects on the two
trans-polar paths do not begin until after 1100 UT. Hence, all three
paths. can be considered to have been under nighttime conditicns with the
upper boundary of the VLF waveguide at an altitude of 85-90 km.

Because the NPM - Thule path was in complete darkness,~no sudden phase
gnomaly (SPA) at the time of the flare was detected. In addition, the
two trans-polar paths showed no disturbance at this time, indicating
that they were not sufficiently sunlit to be affected by solar x-rays.
However, a typical SPA flare disturbance was recorded at 09460001 UT
on the sunlit VLF path from NAA (Cutler, Maine at 17.8 kHz) to Tananarive,

Malagasy (Reder and Westerlund, private communication, 1971).

The phase (in psec) and the amplitude (in dB) measurements from
the VLF paths discussed above are plotted in Fig. 2 for the period
0700-1400 UT. There clearly are no disturbanées cn the VLF paths from
the solar flare in the interval starting at 0945 UT. The first disfur-
bances on the VLF paths were recorded at 1032:30i30 sec when the ampli-

tudes on both transpolar paths showed abrupt attenuation. Theée amplitude
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effects were followed by sudden,phasé advances at 1034+30 sec UT on the
NPM-Payerne path, at 1036260 sec UT on the NPM-Thule path, and at
1039+30 sec UT on the NPG-Payerne path.

The VLF amplitude data for the interval 1020-1120 UT are showmn
on an expanded time scale in Fig. 3. Also indicated are the onset times
of three of the electron channels and the earliest possible proton onset.
The VLF disturbances were quite similar to those normally recorded at the
onset of particle precipitation aleng VLF paths (e.g., Oelbermann, 1970).
Protons can be ruled out as the cause of the VLF disturbances beginning
after 1032 UT as they were not present before 1046 UT, at the earliest.
X-iays could not have caused the VLF disturbances as lower latitude
sunlit paths showed no additional disturbances at this time. 1In additibn,
the three paths (and particularly the NPM-Thule path) were not suffi-
ciently sunlit to.be affected by solar x-rays.

The VLF effects observed and illustrated in Figs. 2 and 3 are
consistent with having been produced by the solar electrons detected by
OV5-6 outside the magnetosphere and by Explorer 4l in the magnetotail.
OV5-6 data show that electrons iq the 45-300 keV range were present at
1031:30il min. The VLF amplitude disturbances began at 1032:30+30 sec.
Both OV5-& and Explorer 41 report electrons >300 KeV at about 1034 uT.
Since 45 keV electrons produce theif maximum number of ion pairs/cm3 at
about 90 km (Rees, 1963), electrons in the 45-300 keV range are capable
of producing the observed VLF disturbances. The low counting rate and
uncertain particle geometric factor of the x-ray sensor which detected

the electrons with energies greater than 45 keV precludes making an
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estimate of the VLF effects of tﬁe >45 keV -electrons. However, such an
estimate can be made for the >300 electrons. ZExplorer 41 measurements
(Fig. 1) indicate that there were about 3015 electrons/(cm2 séc ster)
present in the magnetotail at 1034 UT. The nﬁmber of 300 kev electrons
required to produce a 1 psec phase advance on the NPM-Thule path is about
1-5 electrons/(cm2 sec ster) (Zmuda, 1966; Potemra et él., 1969).

In order to produce the VLF disturbances these electrons must
have been simgltaneously present at D-region altitudes over the polar
cap. Hence, within about one minute of their first observation, the inter-
planetary electrons had access to the magnetotail and to at least the
northern polar cap.

An estimate of the latitude extent of the northern hemisphere
electron precipitation at 1045 UT can be obtained by examining another low
latitude path. The great circle path NPG-Payerne goes to TOON geomagnetic
while the path from the Omega Station at Aldra, Norway (10.2 kHz and 13.6
¥XHz) to Deal, N. J., goes only to 69°N geomagnetic. The NPG path was
significantly disturbed at 1045 UT, while the Aldra path was not affected

until about 1100 UT (Reder and Westerlund, private communication, 1971).

It is evident that electrons must have been precipitating from a southern
boundary of about TOC geomagnetic well up towards the pole. This obser-
vation -was confirmed by measurements made eboard the polar satellite
OV1-19 (1969-26C) beginning at 2130 UT on 2 November. Solar electrons
were cut off at 70° or higher (depending upon local time); solar protons
precipitated at substantially lower latitudes. The Aldra-New Jeréey path

was first affected at 1100 UT when significant fluxes of protons were

beginnihg tc be observed in the magnetotail.
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DISCUSSION

The first particles from the 2 November 1969 flare observed in
interplanetary space near the earth were electrons and were recorded
at ~1032 UT. These particleé had access to the earth's magnetotail and
"porthern polar cap essentially_instantaneously; a maximum delay time of
~) min for access to the tail and polar cap could be extracted from the
set of particle and VLF observations. If it is assumed, as commonly is
done, that the solar electrons had access to the polar regions via the
tail, then a one-minute delay time would imply an access point into the
tail at ~600 RE behind the earth. The observations are consistent with
no délay for the northern polar cap access time implying possible direct
entry of the electrons other than by entry downstream in the tail.

Interplanetary field directicns near the earth are noﬁvavailable
at the onset of the event. Neither are southern polar cap VLF propa-
gation path data. However, polar cap electrdn and proton measurements
beginning at ~2130 UT indicate that equal fluxes of solar electrons were
observed over both rorthern and southern caps at that time while a large -
asymmetry was observed between the northern and southern polar cap porton

fluxes (more protons seen in the north than in the south, Blake et al.,

1970; Masley and Satterblom, 1970). The rgsults of electron access

presented here cannot argue definitively for the interconnection magneto—

sphere model but, taken together with the results of Blake et al., (1970)

and West and Vampola (1971), they indicate that solar electrons apparently
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have ready access to both bolar caps independently of the interplanetary
field configuration.

VIF propagation techniques provide a continuous ground-based
monitor of D-region disturbances and as such can be used as a sensitive
means of studying the question of the access of solar particles to high _
latitudes. To obtain more precise results than those presented here,
interplanetary solar electrcn date are needed together with nighttime

high latitude, trans-polar VLF paths with better time resolution.
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Fig. 1.

Pig. 2.

Fig.'3.‘

FIGURE CAPTIONS

Solar flare particles measured in interplanetary
space on OV5-6 and in the magnetotail on Explorer
41 during the onset of the 2 November 1969 event.
Intensity vs. time curves are given for elgctrons
and protoﬁs and the electron onset time as a
function of energy. The positions of the OV5-6

and Explorer 41 spacecraft at 1100 UT on Day 306,
1969 are shown. Gaps in the lines connecting points

are due to missing data.

Real time VLF phase and amplitude records with
disturbance and particle onset times, 2 November

1969.

Expanded VLF amplitude records from Switzerlaﬁd
with particle onset times from OV5-6 and Explorer
43 data. The sharp break in the VLF curves at
-91032:30 UT indicates the onset of the VLF |

attenuation, 2 November 1969.
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CHAPTER 17

Low-Energy Solar Protons and Alphas as Probes of the
Interplanetary Medium: The May 28, 1967,
Solar Event

L. J. LANZEROTTI

Bell Telephone Laboratories
Murray Hill, New Jersey 07974

The low-energy solar protons and alpha particles detected during the May 28 (day 148),
1967, solar flare are used as ‘probes’ to investigate the properties of the interplanetary medium
during the course of the event. The lower energy fluxes exhibit characteristics of particle
storage either at the sun or in interplanetary space. The higher energy particle fluxes exhibit
‘classical’ west limb flare profiles and are fit both to a simple isotropic diffusion-with-boundary
model and to a radial dependent scattering center model. The diffusion coefficient model of
Jokipii is used with the results of a fit to the exponential decay of the event to predict an f°
dependence of the power spectral density of the interplanetary magnetic field fluctuations
(assuming a boundary location independent of rigidity). The ratio of particle fluxes before
and after a sudden, discontinuous flux decrease (attributed to a sector boundary) is found to
be ~R?® for protons and ~R°® for alphas for particles with rigidities < 200 Myv. Significant
velocity dispersions are discovered in three of the flux modulations during the onset stage of
the event. The velocity dispersions in one of these modulations could be interpreted as due
to a modulating region located ~003 AU from the earth. It is speculated that this region was

responsible for an sc at the earth some two hours later.

INTRODUCTION

Although many higher energy solar pro-
ton events can be described by invoking
various diffusion models for the transport of
these particles through interplanetary space
[see, e.g., Webber, 1964; Krimigis, 1965;
Burlaga, 1967] many events exhibit time varia-
tions that are quite complicated and are clearly
not pure diffusion [see, e.g., Bryant et al., 1963,
1965]. In particular, measurements of the fluxes
of solar protons with energies > 0.5 Mev have
shown the existence of temporal structures that
are indeed very complex [Fan et al.,, 19665]. In
the past, the discussions of solar particle diffu-
sion have usually involved the correlation of a
large number of high-energy observations re-
sulting from different solar events [Burlaga,
19671 or the discussion of a single event for
several different proton energies >20-30 Mev
[Krimigis, 1965]. No detailed studies have yet
been reported on the characteristics of alpha
particle propagation. Clearly, it is desirable to
extend the investigations of solar particle propa-
gation to lower energies and to study simul-
taneous proton and alpha observations in in-
dividual events.

The purpose of this paper is to examine the
proton and alpha particle temporal develop-
ment of the May 28 (day 148), 1967, west limb
solar flare event as observed by the BTL ex-
periment on the Explorer 34 (IMP F) satellite.
The fluxes of higher energy particles from this
flare exibit ‘classical’ west limb temporal profiles.
However, the lower energy particle fluxes de-
viate appreciably from this classical behavior.
The relatively high energy resolution and the
unambiguous mass definition of the BTL Ex-
plorer 34 experiment permit a detailed discus-
sion of the propagation of both protons and
alphas from this flare. In addition, the fast time
resolution of the experiment permits a more
detailed examination of the temporal structure
present in the lower energy channels.

The event, considered in its entirety, is dis-
cussed in the context of two simple particle
diffusion models. The diffusion coefficient calcu-
lation of Jokipii [1966] is used in conjunction
with the proton and alpha results to give a
prediction of the frequency dependence of the
power spectrum of the interplanetary field
fluctuations encountered by the diffusing par-
ticles.



The rigidity dependence of proton and alpha
diffusion across a corotation region boundary
is investigated. The fine time structure features
observed during both the onset and the decay
of the event are discussed in terms of inter-
planetary plasma clouds or shock waves from
the day 148 and earlier flares.

The day 148 3B flare (maximum intensity at
0545; class 4B at maximum) occurred in Me-
Math plague region 8818 at heliographic latitude
N28 and longitude W33. McMath region 8818
had been quite active from its first appearance
on the east limb; a series of three east limb
flares (27°-30°N, 25°-28°E) on' May 23 pro-
duced the largest particle fluxes observed at
earth (May 25) during the passage of the region
[Lanzerotti, 1969]. The May 23 flare is believed
to be the largest solar X-ray emitter yet ob-
served [Van Allen, 1968] as well as one of the
largest radio burst producers [Castelli et dl.,
1968]. A detailed compilation of geophysical,
solar, and some satellite measurements made
during the May 23-30, 1967, period has been
given by Lindgren [1968]. Riometer measure-
ments made during the same time interval have
been published by Goedeke and Masley [1969].

EXPERIMENT
The Explorer 34 satellite, launched May 24,
1967, is a spin-stabilized (with spin axis per-
pendicular to the ecliptic plane) polar-orbiting

satellite with an apogee of approximately 34 K.
The BTL experiment consists of a four-element
axially symmetric solid-state detector telescope
(oriented perpendicular to the spin axis) and
the associated electronics shown in block dia-
gram in Figure 1.

The detector telescope is preceded by a de-
fining collimator of 20° half-angle, which gives
an effective geometrical solid angle of 0.37 ster.
Titanium and nickel foils in front of the first
detector serve as light shields and primarily
determine the lower limits on the heavy particle
energies that can be observed. The detector
stack and collimator are housed in an aluminum
shielding block that stops high-energy particles
incident from the rear or sides of the telescope.

Protons and alphas up to an energy of ap-
proximately 4 Mev/nucleon are distinguished by
the amount of energy deposited in the first two
detectors of the telescope; heavy particle species
above this energy are distinguished by the use
of an on-board pulse muitiplier. During each
satellite telemetry sequence (10.227 sec) a par-
ticular set of coincidence requirements and pulse
height and multiplier discrimination require-
ments is established among the pulses from the
various detectors. If a particle event satisfying

.these conditions occurs during a 9.28-sec count-

ing interval within the sequence period, the
pulse heights from the detectors in coincidence
are summed and analyzed in a five-channel

Jumear |
IAMPLIFIER| LINEAR
[UNEAR || |JGATES
|aMPLIFIER] I [
DETECTOR
_|ASSEMBLY
N 1 LINEAR
GATES
INCIDENT ANALOG SINGLE 5 |- OUTPUT
i CHANNEL [+fLoGICH] cHANNEL [~ TO
mamus'_ JANALYZERFENCODER
U
o]
LINEAR
AMPLIFIER]
DETECTOR  THICKNESS
@ 50 MU CONTROL 3] LEAST SIG. BITS
@ —— 100 MU LOGIC 2| FROM SEQ. CLOCK
@ — 2MM
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Fig. 1. Block diagram of the detector telescope and the electronics of the BTL Explorer 34
experiment.
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pulse height analyzer. The digital data from
the analyzer are read out at the end of each
counting interval.

A list of the particle energy channels, their
energy widths, and their average velocities for
the particle modes discussed in this paper are
given in Table 1. Further details on the experi-
ment, its on-board particle identifier, and a dis-
cussion of the modes for counting other particle
types are given in Lanzerotti et al. [1969]. The
location of Explorer 34 with respect to the
earth during the time periods discussed here
are shown in perspective view in Figure 2.

ResuLrs

The over-all characteristics of the May 28
solar particle event as observed at 1 AU can
best be discussed by considering the half-hour
averaged proton and alpha data obtained from
the -experiment and plotted in Figures 3a, b,
and 4. Plotted at the bottom of each figure are
the hourly neutron monitor counts from
Alert (vertical cutoff = 0.00 Gv, atmospheric
cutoff =~ 1 Gv), the 30-MHz Shepherd Bay
riometer absorption (A. J. Masley, personal
communication), and Kp. The riometer absorp-
tion, for a falling spectrum, is most sensitive
to protons in the 10-25 Mev range [Adams and
Masley, 1966]. Both the riometer data and the
higher energy proton data show the temporal
characteristics of particles emitted from a west

TABLE 1
Lower Upper Mean
Energy, Energy, Velocity,
Mode Mev Mev AU/hr
Protons
Al 0.56 0.60 0.25
A2 0.60 1.18 0.31
A3 1.18 2.45 0.45
B3 2.45 4.3 0.61
D1 4.3 5.0 0.72
D2 5.0 9.4 0.89
D3 9.4 17.3 1.22
D4 17.3 18.9 1.39
Alphas
A4 4.05 6.6 0.38
A5 6.6 8.8 0.47
B5 8.8 11.4 0.54
P3 16.3 24.0 0.74
P4 24.0 45.9 0.99
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Fig. 2. Orbital locations of Explorer 34 (per-
spective view) during the periods of observation
of the day 148, 1967, flare particles and their 27-
day reappearance.

limb flare: a rapid rise to a maximum and then
a steady decay (approximately exponential in
this case for the particles}). Owing to poorer
statistics, this temporal history is more difficult
to see in the alpha data.

In the lower energy proton and alpha chan-
nels the times of the peak fluxes after the par-
ticle onsets are much less well defined because
of the considerable structure in the fluxes for
almost half a day after the initial particle ob-
servations. In addition, rather than decaying,
the protons in the lowest energy channels, Fig-
ure 3a, are observed to steadily increase through-
out almost the entire event. After approximately
the beginning of day 149 the proton spectrum
becomes softer with time both because of the
faster decay of the higher energy particles and
because of the continued increase in the num-
ber of lower energy protons being observed.

An approximate anticorrelation between the
lowest energy proton flux measurements and the
Alert neutron monitor counts during the last
quarter of day 148 and the first half of day
149 is observed in the data plotted in Figure 3a.
The Alert neutron monitor rate (which is slowly
recovering from a large Forbush decrease on
day 145) is seen to decrease at the time of the
large, low-energy proton fluxes during the latter
part of day 148. During the first half of day
149, as the proton fluxes decrease, the neutron
monitor rate increases sharply and then de-
creases again.

Both the neutron monitor rate and lowest
energy proton fluxes continue to increase in
intensity until approximately 0300 UT, day

*150, when the proton fluxes begin to decrease.

However, the neutron monitor counts continue
to increase until approximately the time of the
sudden commencement at 1426 UT day 150.
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the radial dependent mode! and the diffusion-
with-boundary model, respectively, to the data.

During the latter part of day 150, beginning
at approximately 1700 UT, the proton and
alpha fluxes are observed to decrease sharply
over a time period of three to four hours. The
decrease is much larger for the lowest energy
particles than for the highest energy particles.
During the four hours before the day 150 flux
cutoff, at the approximate time of the sc¢ and
the neutron monitor count decrease, several

large peaks are observed in the lowest energy
channels (Figures 3a, b, and 4). :

The gross temporal behavior of the Alert
neutron monitor rate and the lower energy
particle fluxes during the last half of day 148
and the first part of day 149 suggest that the
lower energy particles from the 3B flare are
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more easily confined behind or within an out-
ward propagating shock or disturbance than the
higher energy particles. This enhanced plasma
cloud probably resulted from a flare on May 25
that occurred at approximately 1130 UT. Such
enhancements of low-energy solar cosmic rays at
the times of geomagnetic storms have -been
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Fig. 4. Half-hour averaged alpha particle data
from channels A4, A5, B5, P3, and P4 (see Table
1) during days 148-151, 1967. The solid lines and
the dashed lines through each set of data points
are the fits of the radial dependent model and
the diffusion-with-boundary model, respectively,
to the data.

reported by a number of observers [e.g., Azford
and Reid, 1962, 1963; Bryant et al., 1962] and
have been discussed most recently in a review
by Obayashi [1967].

Hence, during the latter half of day 148, as
the interplanetary disturbance reaches the earth,
it produces a sudden commencement storm and
a decrease in the fluxes of very high energy
galactic cosmic rays measured by the neutron
monitor. The enhanced fluxes of lower energy
solar particles, predominately confined behind or
within the enhanced plasma cloud, is then
observed.

As can be seen from Figures 3a, b, and 4,
the higher energy solar particles are relatively
unaffected by their passage through the inter-
planetary disturbance. As the disturbance passes
beyond the earth, both the neutron monitor
counts and the lower energy particle intensities
increase. The flux of high energy galactic cosmic
rays, measured by the neutron monitor, in-
creases to a flux level greater than that observed
before the day 148 decrease.

The large over-all drops in both the neutron
counts and the flare particle intensities during
the latter part of day 150 were probably not
due solely to a plasma cloud disturbance from
the day 148 flare reaching the earth. Rather,
the data in Figures 3a, b, and 4 as well as the
observed 27-day reappearance of the lower
energy particles (as discussed more thoroughly
in a following section), strongly suggest that
an interplanetary magnetic field reversal moved
past the earth; ie., a solar sector boundary, in-
side which predominantly the lower energy pro-
tons were confined, rotated past the earth.

DiscussioN

Particle onsets. The fast time resolution pro-
ton data measured in five representative pro-
ton channels during the onset at the earth of
the solar flare-produced fluxes is shown in Fig-
ure 5. Plotted in the figure is each individual
data point measured in the five channels during
0000 to 2000 UT, day 148. The modulations
seen in the fluxes, particularly at the lower en-
ergies, will be discussed in detdil in the next
section.

By using all of the fast time resolution pro-
ton and alpha data the solar particle transit
time from the day 148 maximum (0545 UT)
as a function of energy/mucleon (or velocity)
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Fig. 5. Fast time resolution proton data from channels A1, A2, A3, D2, and D3 for hours

0000-2000 UT, day 148, 1967. Each data point corresponds to one 9.28-sec counting interval of
the experiment. The small arrows indicate the time, to, of the first observation of the flare-
enhanced fluxes. The time of observation of the 3B flare is noted at the top. The time of

the maximum of the flare is denoted by the vertical line at 0545 UT.

is plotted in Figure 6. The solid lines are the
predicted arrival time as a function of velocity
for particles with pitch angles of 0° traveling
along a spiral field trajectory for solar wind
velocities of 250 km/sec and 500 km/sec and
for rectilinear travel. A numerical integration
of the transit time for 10-Mev particles with
an initial pitch angle of 45° shows essentially
no difference in the time of arrival at 1 AU of
these particles and those of initial 0° pitch angle
[Winge and Coleman, 1968]. The observed on-
set time of the absorption measured by the
30-MHz Shepherd Bay riometer is also shown
in Figure 6 (A. J. Masley, personal communi-
cation).

The measured arrival times tend to agree
better with the predictions for a 250-km/sec
solar wind than for a 500-km/sec solar wind.
However, solar wind velocities as small as this
are only infrequently observed [Coon, 1968].
A mean velocity of 420 km/sec and a most
probable velocity of 325 km/sec was observed
in 1964-1965, near the minimum of the solar
cycle [Coon, 1968]. During a more active part
of the solar cycle in 1962, Neugebauer and
Snyder [1966] measured a mean solar wind ve-
locity of 504 km/sec. :

These observations suggest that some type
of confinement of these particles is occurring
near the sun. However, due to the probably
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disturbed nature of the interplanetary medium
at least until day 149, it would be exceedingly
difficult at this stage of understanding to defin-
itively unravel any confinement by an out-
ward-propagating --interplanetary disturbance
(as discussed in the previous section) from a
confinement closer to the sun.

Particle modulations. A close inspection of
the fast time resolution proton data, both those
channels shown in Figure 5 and those energy
channels not shown, reveals that a significant
velocity dispersion exists in the time of occur-
rence of several of the modulations during the
particle flux onsets. A cross-correlation analysis
was performed on a number of pairs of proton
energy channels to investigate the velocity dis-
persion in detail. The time leads (or lags) re-
sulting from such an analysis between energy
channels D2-A2 and D3-A3 for each half-hour
interval of data between 0800 and 2000 UT are
shown in Figure 7. .

The time lag point for the 1230-1300 UT
interval in Figure 7 results from the fact that
the A2 counting rate was increasing sharply
while the D2 rate was decreasing slightly dur-
ing the interval. Neglecting this point, Figure 7
indicates that significant velocity dispersions
were observed in the modulations during parts
of hour 10 and during the period 1730-1800
UT. Cross-correlation analyses showed little or
no velocity dispersions during 1000-1030 UT

between most pairs of proton channels. This,
together with the small time values shown in
Figure 8, is interpreted as due to a modulating
source very close to the satellite. No dispersion
was observed between channels D3-A3 between
1730 and 1800 UT because almost no modula-
tion was measured in the D3 fluxes (Figure 5).

The large flux increases and decreases before
and after hour 1100 were investigated in detail
by taking the cross correlation between six
different pairs of energy channels from 1040 to
1105 UT. The results, shown in Figure 8, dem-
onstrate that there is a shift of the correlation
peaks to larger lead times for larger energy dif-
ferences between the paired channels. Figure 9
is a summary plot of the Figure 8 peak posi-
tions plotted as a function of the velocity dif-
ference between the average velocity of each
channel of the paired channels. A possible in-
terpretation of the slope of the line, drawn
visually through the points and zero, is that
the region producing the modulation is located
approximately 0.03 AU from the earth at this
time. Note that no disturbance is seen in the
lowest, Al, energy channel (Figure 5), pre-
sumably because these energy flare particles
have not yet had sufficient time to travel from
the sun to the modulating region (Figure 6).

It is interesting to speculate that the disturb-
ance that caused the sharp particle decreases at
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Fig. 7. Results of cross-correlation analyses on
the channel pairs D2-A2 and D3-A3 for each half
hour of fast time resolution data (see Figure 5)
from 0800-2000 UT. The errors on all of the points
lying alopg the abscissa are =+1 min.
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~1050 UT is also associated with the shock
that produced the sc observed on earth at
1302 UT. If this is indeed the case, then the
velocity of the shock, taking its distance at
1050 UT to be ~0.03 AU would be ~500-600
km/sec. This is not an unreasonable velocity
for the solar wind flow during a period of solar
activity.

The interplanetary particle fluxes are not
significantly perturbed at the time of the
1302 UT sc although the lower energy fluxes do
tend to steadily decrease during the remainder
of hour 13 (Figure 5). Hence, if the disturbance

[+4 0.2 [+ 2] 0.6 08 1.0
au.
Ay, hr

Fig. 9. The peak positions from the data of
Figure 8 plotted as a function of the velocity
difference between the channels (Table 1). The
line is drawn visually through the points and the
origin.

20

that perturbed the particles between 1040 and
1105 UT developed momentarily in a region of
larger solar wind density or momentum flux,
it may no longer have existed at the time of the
s¢, even though the enhanced momentum flux
would still exist and produce the sc. These ob-
servations strongly suggest, therefore, that a
disturbance that modulated the lower energy
particle fluxes developed in the enhanced solar
wind flux quite close to the earth. The shock
region in which the disturbance occurred propa-
gated at 500-600 km/sec past the earth, pro-
ducing an sc at 1302 UT.

Much broader cross-correlation results, shown
in Figure 10, are obtained when the modula-
tions between 1600 and 1815 UT are investi-
gated. Essentially no velocity dispersions are ob-
served in the 1600-1700 UT interval, whereas
very broad ‘peaks’ are obtained from correla-
tions over the entire 1600-1815 UT interval.
Plotted in Figure 11 are the peak positions re-
sulting from the cross-correlation analyses of
six different energy channel pairs for the 1700~
1815 UT time interval (the middle correlations
in Figure 10 are two examples of these). Again
a line was drawn visually through the data
points and zero. The slope of this line implies
that the disturbance producing the modulation
is ~0.12 AU from the earth.

Although there is no doubt as to the actual
existence of velocity dispersions in the modula-
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Results of cross-correlation analyses on two different pairs of proton channels for

the intervals 1600-1700 UT, 1700-1815 UT, and 1600-1815 UT, day 148.

tions, a completely unambiguous interpretation
of these dispersions may be clouded somewhat
by the proximity of Explorer 34 to the mag-
netopause. The satellite was ~17.5 Ry from
the center of the earth at the time of the large
1050 UT modulations and was ~10 R from
the center of the earth at the time of the 1700~
1815 UT modulations. It is difficult to conceive
of a particle-boundary interaction mechanism
that could produce the type of time dispersions
summarized in Figures 9 and 11. Nevertheless,
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Fig. 11. The peak positions from the results of
cross-correlation analyses on six different pairs of
proton channels for the interval 1700-1815 UT
plotted as a function of the velocity differences
between the channels. The line is drawn visually
through the points and the origin.
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the proximity of the satellite to the magneto-
pause must be kept in mind, particularly when
the hour 1700 modulations are being considered.

Particle diffusion. The rise and subsequent
approximately exponential decay of the proton
intensities observed in the five highest energy
proton channels (Figures 3a, b) and several of
the alpha channels (Figure 4) suggest that sim-
ple isotropic diffusion theory might give a use-
ful quantitative determination of the similarities
and differences of the proton and alpha particle
interplanetary propagation characteristics. This
simple theory was thus used to make clearer
the alpha and proton fluxes temporal develop-
ment and to make more striking the deviations
from the simple theory, particularly at the low-
est energies.

Accordingly, the half-hour average solar flare
particle data of Figures 3 and 4 were fit assum-
ing a model of isotropic diffusion into a uniform
scattering medium with a boundary [Parker,
1963]

F(r, t) = 27I;N > nsin (n___rr)

s T am1 Ty

2 2
—n'm Dt
o (Z252)

where r, is the boundary radius and D is the
diffusion coefficient. This diffusion model im-
mediately yields an exponential decay for ¢ >
ry’/D. The proton and alpha data in each chan-
nel were fit, varying r, and D, from the onset
time of each channel (as determined from the
fast time resolution data, Figure 5) to hour
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Fig. 12. Values of the diffusion coeflicient, Dy,
and the ratio Dy/r:® obtained from the diffusion-
with-boundary model and an exponential fit to the
decay data plotted as a function of the particle
energy/nucleon,

1100 day 148 and from day 149 to day 150.5.
Omitted was the approximately half-day of
data during the most severe modulations. The
results of the diffusion with boundary fits are
shown superimposed upon the data (dashed
lines) in Figures 3a, b, and 4; the values of D
obtained from the boundary fit are shown in
Figure 12. No satisfactory fit was obtained for
the P4 alpha particle channel (Figure 4). The
variation of the boundary distance, r», result-
ing from the fit of equation 1 to the data in
Figures 3a, b, and 4 is shown in Figure 13.

The data from day 149.0 to day 150.5 was
also fit to an exponential decay to give an in-
dependent determination of the ratio D/r,".
This ratio is also plotted in Figure 12.

A fit was also made to the data of Figures
3a, b, and 4 using a model with a radial spatial
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Fig. 13. Plot of the boundary distance, r», ob-
tained from the diffusion-with-boundary model.
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Fig. 14. Values of the diffusion coefficient, Dy,
resulting from fits of the radial dependent model

.to the data.

dependence in the diffusion coefficient [Parker,
1963; Krimigis, 1965]. That is

D=gf )

Following Krimigis [1965], a fit to the data,
varying @ and B, was made assuming diffusion
from a point source into three-dimensional
space; the results of these fits are also shown
superimposed upon the data of Figures 3a, b,
and 4 (solid lines). The values of D at the earth
obtained from the fits are shown in Figure 14.
The values of B obtained from the fits are
shown in Figure 15.

The diffusion coefficients for the highest en-
ergy protons from both types of fits in Figures
12 and 14 are approximately a factor of 2
lower than the results Krimigis obtained for
E, > 40 Mev using the radial dependent dif-
fusion model in an analysis of the September 28,
1961, solar event [Krimigis, 1965].

Neither of the two models fit the data of Fig-
ures 3 and 4 particularly well during the onset
of the event at the earth. This is perhaps due
in large measure to the anisotropy of the par-
ticle fluxes that was observed to exist during
the onset stage [Palmeira et al., 1968]. Much
better fits were obtained to the onset data when
the time of the beginning of the event, &, was
allowed to vary in addition to D and r» or Q
and B. However, the values of £, obtained in
this manner were generally unreasonable, as
often t, occurred before or at approximately
the same time as, the day 148 flare.

As is clear from Figure 3b, the decay phase
of the highest energy proton data fits the dif-
fusion-with-boundary model much better than
the radial dependence model. In faet, it was
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Fig. 15. Values of the diffusion coefficient radial

dependence power, 8, resulting from fits of the
radial dependent model to the data.

essentially impossible to obtain reasonable fits
of the radial dependence model to the higher
energy proton data. However, for the lower
energy/nucleon protons and alphas, either fit
appears to be a reasonable representation of
the particle flux temporal behavior.

Although the two models used here do demon-
strate the over-all temporal characteristics of
the particle fluxes, McCracken et al. [1967]
and Fisk and Azford [1968] have pointed out
that the values of the diffusion coefficients or
mean free paths obtained from such models
could be grossly incorrect due to persistent
anisotropies in the fluxes. The anisotropic be-
havior of an event must be considered as well
as the intensity-time variations [Fisk and Az-
ford, 1968].

Since the diffusion-with-boundary model fit
the data over the largest energy range, the val-
ues of D/r,* obtained from the exponential de-
cay fit to the data were used to further investi-
gate the particle diffusion processes. The mean
collision time, T, can be written as a function
of D as

T « D/y (30)

or

T/ Ty D/ (027'»2) (3b)

Figure 16 contains the rigidity (R) dependence
of T/ry’ for protons and alpha particles in in-
terplanetary space during the event. The lines
proportional to R~ are separated by factors of
2 and 4 to examine the dependence of the pro-
ton and alpha data on A/Z or (A/Z)
Jokipii [1966] has calculated a diffusion co-

efficient for cosmic-ray propagation in random
magnetic fields. In the addendum to his paper,
he has published an alternative expression for
the diffusion coefficient that avoids a problem
of a divergence in D, if the power spectrum
of the interplanetary field falls off as fast as
f* at large f. Using his expression for D,

n=3[GRa] o

where v is the particle velocity and the argu-
ment of the integral is the particle pitch-angle
diffusion coefficient, the mean collision time,
equation 3, can be written as

e[ [@DL]T

Using Jokipii’s derived expression for the
argument of equation 5 and a power spectrum
P..(f) ~ 8/f", equation 5 was integrated over
» to yield

A4 1
Ty « _Z BT (6)

If the boundary distance, r,, has a rigidity
dependence such that r, < R™, then

Z’_g_ A R—2m—n+l (7)

o —

Ts VA
The proton data in Figure 16, with an approxi-
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Fig. 16. Results for T/r' obtained from ex-
ponential fits to the decay phase of the protor
and alpha temporal observations.

7-11



mately R~ dependency, implies that 2m -+
n = 3 (interpreting the results as Ty/r)°). If
the boundary distance were essentially constant,
independent of rigidity as in Figure 13, then
the results in Figure 16 imply that the power
spectrum of the transverse fluctuations in the
interplanetary field during much of the event
varied as f* between the frequencies of ~7 X
10" 10 ~2 X 107 sec™ (assuming V, ~ 500
km/sec and B, = 5 y). This is a more rapid
falloff with f than has been observed by Cole-
man [1966] on Mariner 2 (~f?) or deduced
by Nathan and Van Allen [1968] from 1965
solar electron and proton data (~f%).

The power spectrum of the transverse field
fluctuations would vary as f* if r, « R. How-
ever, there is no a priori reason to believe that
an f* power spectrum need exist during a solar
disturbed period. It is probably to be expected
that the power spectrum during a disturbed
period should differ from the essentially aver-
age spectrum Coleman reported observing in

1962. In addition, as Jokipii [1968] has pointed
out in a discussion of the Nathan and Van
Allen results, a steeper frequency spectrum
could also be a manifestation of the breakdown
of the theory at these low rigidities.

The alpha and proton data plotted in Fig-
ure 16, particularly at the higher rigidities,
would appear to be better represented by an
{A4/Z)* = 4 dependence rather than the 4/Z =
2 dependence predicted by equations 6 and 7.

Particle confinement. Two proton channels
are plotted on a fast time scale in Figure 17
to depict the particle fluxes before and after
the large rate decreases on day 150. Three very
distinet peaks plus several other smaller struc-
tures are seen within 4 hours of the flux de-
creases. Two of the peaks have a half-width of
approximately 20 minutes and the other about
15 minutes. There is no dispersion between dif-
ferent energy channels in the time of occurrence
of the peaks. Figure 18 contains the one-half
hour averaged proton spectrum observed at
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tained at 1200-1230 UT and 1400-1430 UT, day
150.

1200 UT and at the time of the peak intensity
during hour 14. The proton spectrum softened
sharply from ~E™ to ~E™ at the time of the
largest peak.

The sharp particle flux drops observed after
the large flux increase on day 150 have a strong
rigidity dependence (Figures 3¢, b, 4, and 17).
The ratio between the actual fluxes observed be-
tween 2000-2030 UT day 150 (approximately
the minimum of the large drop) and the fluxes
predicted by the exponential decay fit (extrapo-
lated to 2015 UT) are plotted in Figure 19. The

proton ratios have an ~R® dependence, and
the alpha particle ratios have an ~R° de-
pendence. Furthermore, both the proton and
alpha ratios ~1 at R =~200 Mv.

The characteristic of the sharp flux decreases
observed on day 150 was also observed at the
end of the flux enhancement caused by the
27-day reappearance of the day 148 flare region.
The half-hour averaged interplanetary proton
data for E, = 1.80 Mev, the hourly Alert neu-
tron monitor counting rate, and Kp for days
175-181, 1967, are shown in Figure 20. This in-
terval spans a time period of 27-33 days after
the day 148 flare (27-day corotational features
have been described previously by, e.g., Fan
et al. [1966, 1968] and Bryant et al. [1965]).
The onset of the flux enhancements on day 176
was more gradual than the sharp drop in the
fluxes on day 179 (characteristic of the flux
drop on day 150). This observation implies that
the leading edge of the corotating region was
less well defined than the trailing edge.

Figures 21a, b contain half-hour average pro-
ton and alpha spectra from 1530-1600 day 149
and 1200-1230, day 177, respectively. The pro-
ton spectrum has softened appreciably from the
time of observation of the diffusing flare par-
ticles to the time of observation of the corotat-
ing ‘region. The continued large enhancement of
the lowest energy proton fluxes could be due
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Fig. 19. Ratio of the actual fluxes observed
during 2000-2030 UT, day 150, to the fluxes pre-
dicted by the decay phase of the diffusion-with-
boundary model fits.
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to a number of physical processes, among them
(@) more rapid diffusion of the higher energy
particles both along the field lines (Figures 12
and 14) and across the sharp flux boundary
(Figure 19) and (b) more continued accelera-
tion of the lower energy particles near the sun
[Fan et al., 1966a]. Continued emission of lower
energy particles from an active region is also
consistent with the lowest energy fluxes ob-
served after the day 148 flare. As was noted
previously, the fluxes in these energy channels
deviated most severely from a classical west
limb flare profile and, in fact, continued to in-
crease during most of the event.

Although there is a strong possibility a shock
from the day 148 flare was associated with the
large, low-energy particle intensity peaks ob-
served on day 150, the rigidity dependent flux
decreases on day 150 were probably not caused
solely by this mechanism, as has been suggested
by Lindgren [1968]. Rather the rigidity de-
pendence of the decreases (Figure 19), the
reappearance of the sharp flux cutoffs in the
27-day corotation data (Figure 20), and the evi-
dence that there were interplanetary field tan-
gential discontinuities at this time on day 150
[Arens et al., 1968] suggest that the day 150
flux decreases were due to the passage of an
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interplanetary magnetic field structure past the
earth. The rigidity dependences of proton and
alpha particle transmission or diffusion across
such a structure is given in Figure 19. In addi-
tion, it is not totally improbable, since the same
structure was observed approximately 27 days
later, that it was a magnetic field sector bound-
ary that moved past the earth on day 150, pro-
ducing the observed particle decreases and par-
ticle confinement on the eastward side of the
sector boundary.

Perhaps, in addition to an association of the
low-energy particle peaks with the day 148 flare
plasma cloud, some of this structure could be
due to the plasma cloud or shock interacting
with and being reflected from, the fields com-
prising the sector boundary region. Both the
deduced (from the occurrence of the se) en-
hanced plasma density and the observed en-
hanced neutron monitor rates (Figures 3 and
4) before the boundary are also generally con-
sistent with Wilcoz’s [1968] summary of obser-
vations of enhanced particle counts at the edge
of an interplanetary field sector boundary. How-

ever, the effects observed here on day 150 are
greatly complicated by the existent solar flare-
produced conditions.

Jokipii and Parker [1968], interpreting some
solar active region proton data that were ob-
served to extend over a broad (~180°) longi-
tude spread [Fan et al., 1968] suggest that the
interplanetary magnetic field lines random walk
at the sun, producing strong diffusion across the
average magnetic field in interplanetary space.
They conclude, by retaining the P,.(0) de-
pendence in Jokipii’s caleulation of D, [Jokipii,
1966], that for protons of ~10 Mev, D, ~ D,.
From the data presented here for day 150 (Fig-
ures 3¢, b, 4, and 17) and day 179 (Figure 20),
the conclusion can be drawn that although low-
energy solar cosmic ray particles may readily
diffuse transverse to the average interplanetary
magnetic field as suggested by Jokipii and
Parker, nevertheless they are also apparently
strongly confined by interplanetary field discon-
tinuities or sector boundaries (Figure 19).

A very thorough correlation and analysis of
interplanetary and ground-based data during
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Fig. 21. (a) Hali-hour average proton and alpha spectra from 1530-1600 UT, day 149; (b)
half-hour average proton and alpha spectra from 1200-1230 UT, day 177.
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the time interval after the July 7, 1966, solar
flare has recently been published by Swvestka
[1968]. He concludes that solar proton storage
(for protons up to ~20 Mev) occurred behind
a sector boundary observed on July 8, 1966, and
that particle transmission through the sector
boundary was less and less likely for the lower
rigidity particles (<100 Mv). The conclusions
from the correlative study of Svestka are quite
consistent with the observations and conclusions
drawn from the Explorer 34 proton and alpha
data observed on day 150 and day 179, 1967.

SuMMARY

The onset times at the earth of the lower
energy solar particles were observed to deviate
appreciably from the prediction of direct prop-
agation along a spiral interplanetary field line
carried by a 500 km/sec solar wind. It was sug-
gested that this deviation was due either to
storage closer to the sun or by an interplane-
tary plasma cloud, or both. However, the low-
est energy proton channel was apparently not
affected by the disturbance at ~1050 UT, day
148, that caused the 1302 UT sc at the earth.
This fact implies that 0.6 Mev protons had not
yet arrived at ~0.97 AU (since the disturbance
was deduced to be ~0.03 AU from the earth)
and therefore particle storage at the sun may
have predominated in the determination of the
particle arrival time. It must be emphasized,
however, that the probable disturbed condition
of the interplanetary medium <1 AU during
day 148 makes an unambiguous determination
of storage mechanisms impossible.

Significant velocity dispersions were discov-
ered in the flux modulations during the onset
at the earth of the flare-produced particles.
Cross-correlation of pairs of different energy
channels were performed at two different times.
The cross-correlation analysis for the latter part
of hour 1000, day 148, suggested that the dis-
turbance that caused the particle modulation
was located at ~0.03 AU from the earth. By
attributing the sc at the earth approximately
two hours later to this disturbance, a velocity of
propagation of ~500-600 km/sec was deduced
for the disturbance, a velocity that is not un-
reasonable for the solar wind during a disturbed
period. A broad, less conclusive cross correla-
tion was obtained between pairs of energy chan-
nels for the period 1700-1815 UT, day 148.

The peaks of these correlations suggested that
the modulating region was located ~0.12 AU
from the earth. This is believed to be the first
time such time dispersions in modulating phe-
nomena have been observed in interplanetary
space.

The half-hour averaged solar proton and
alpha particle data resulting from the day 148
solar flare were fit with an exponential decay,
an isotropic diffusion-with-boundary model, and
a radial-dependent scattering center model. Us-
ing the R* dependence of T/r,’ resulting from
the exponential decay fit, together with Jokipii’s
diffusion coefficient model, a power spectral
density varying as f~ was deduced for the fluc-
tuations in the interplanetary field (assuming
the boundary distance, 7, had no rigidity de-
pendence). The Jokipii model predicts an (4/Z)
dependence for the relaxation time, T'. The data
from the exponential decay fit suggested that an
(A/Z)* dependence would be a better repre-
sentation of the results.

Proton and alpha transmission across an in-
terplanetary magnetic structure (perhaps a sec-
tor boundary) was observed to be strongly
rigidity dependent. For particles with B ~ 33-
200 Myv, the proton transmission was observed
to be ~R® and the alpha transmission ~R°.
Above R ~ 200 Mv, both species of particles
were apparently little affected by such a strue-
ture.

This analysis of a ‘classical’ west limb flare
has shown that many qualitative and quanti-
tative results can be obtained using the rela-
tively high-energy resolution and the fast time
resolution of the fluxes of two distinct species
of different particles acting as probes in the
medium. Present plans call for a continued in-
vestigation of other classic low-energy events
that may perhaps exhibit different rise and de-
cay shapes. In addition, the investigation will
be extended to flares whose particle propagation
characteristics are more complex; for example,
it has been preliminarily noted [Lanzerotti,
1969] that in some of these the proton/alpha
ratio often changes over the course of a few
tens of minutes when an abrupt particle change
is detected in interplanetary space.
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CHAPTER 8

DISCUSSION OF PAPER,
‘A COMPARISON OF ENERGETIC STORM PROTONS
TO HALO PROTONS’

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

In a recent paper Kahler (1969) presented solar particle data for time periods spanning
a number of different storm sudden commencement (SSC) events as seen on the earth.
In addition to arguing that the energetic storm particles and solar proton ‘halo’
particles had similar origins, he presented a model for the origin and propagation of
energetic storm particles and halo protons. This note makes use of newly published
low energy solar particle data from an experiment on Explorer 34 for two of the May
1967 events discussed by Kahler. (Data from the earlier 1967 and the 1966 events
discussed by Kahler were not available since Explorer 34 was launched on May 24,
1967.) These data suggest for these two events, that although the energetic storm
particles were originally particles emitted from the sun, other processes were sub-
sequently operative on these particles in their travel to the earth (Parker, 1965; Rao
et al., 1967). These solar-originated particles were ‘accelerated’ or ‘confined’ in inter-
planetary disturbances, becoming ‘energetic storm particles’, so that they cannot be
uniquely identified as ‘halo’-type particles as Kahler does.

The half-hour averaged proton data in Figure 1, taken from Lanzerotti (1969a),
were measured in four of the proton channels in the Bell Laboratories experiment
on Explorer 34. These proton data at the lower energies have a radically different
temporal appearance around the time of the 'May 24 SC than do the data from a
similar time period in Figure 1 of Kahler. The proton fluxes between the two SSC’s
do not have the characteristic halo structure (Lin et al., 1968) as Kahler maintains.
Furthermore, the first SSC (May 24) occurs near the peak of a large enhancement in
the lower energy proton fluxes (the energetic storm particles) and not merely during
a rise in the fluxes as shown by the data of Kahler and required by his propagation
model.

A recent analysis of the solar alpha to solar proton flux ratios during this event
suggested that the solar particle fluxes following the May 24 SSC were due to a series
of three east limb flares on May 23 while the solar particles observed prior to and
during the May 24 SSC were due to a large flare on May 21 (Lanzerotti and Robbins,
1969). If this ‘source effect’ in the particle fluxes did exist on May 24, then there
should indeed be no halo effects seen between the two SSC’s as the data in Figure 1
show. '
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The low energy solar proton data during the May 30, 1967, SSC published by
Lanzerotti (1969b) is also quite different than the data contained in Figure 3 of
Kabhler for the same event. No energetic particle enhancement is seen in Kahler’s
data at the time of the SSC whereas Lanzerotti has shown a narrow spike in the
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Fig. 1. Solar proton fluxes measured in four proton detection channels during May 24-26, 1967,
At the bottom of the figure is plotted the Alert neutron monitor hourly counting rate.

fluxes that is as much as four times as intense (at E,~600 keV) as any of the fluxes
measured prior to the energetic particle enhancement. Although proton fiuxes that
had a ‘halo’-like appearance preceded the energetic particle spike in Lanzerotti’s
lowest energy data by several hours, nevertheless the flux values in the intensity spike
were much larger than the halo fluxes. Furthermore, the energetic particle enhance-
ment spike was also seen with diminishing intensities in higher energy fluxes that had
a ‘diffusive’ temporal appearance (rather than a ‘halo’ appearance) for a day and
one-half prior to the SSC (Lanzerotti, 1969b).

In summary, it is believed that the data discussed above show that two of the
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events described by Kahler do not fit his contention that energetic storm particles
and ‘halo’ particles have ‘similar origins’ except, of course, that both sets of particles
originally eminated from the sun. Although this author believes there are inter-
planetary processes operative on these solar particles to produce the energetic storm
particles the understanding of these processes is still at a rudimentary stage.
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CHAPTER 9

SOLAR FLARE ALPHA TO PROTON RATIO CHANGES
FOLLOWING INTERPLANETARY DISTURBANCES

L.J.LLANZEROTTI and M. F. ROBBINS
Bell Telephone Laboratories, Murray Hill, N.J., U.S.A.

Abstract. A discussion is presented on the half hour averaged low energy solar alpha to solar proton
flux ratios observed following the three large solar flares of May 23, 1967. One of the large changes
observed in the particle ratios (following a sudden commencement (SC) storm observed on the earth)
is interpreted as due to a source effect. The second large change, again observed following an SC,
is observed in the equal velocity and equal rigidity ratios and not in the equal energy/charge ratios.
This observation suggests that electric fields in an interplanetary disturbance may be the cause of
the modulations.

This note presents a discussion on the detailed temporal behavior of the low energy
(2.5-8.0 MeV/nucleon) alpha to proton ratios observed at | AU by an experiment on
the Explorer 34 satellite after the series of three east limb solar flares (plague region
8818; 27°-30°N, 25°-28°E) on May 23, 1967. The first detailed temporal study
of the alpha to proton ratio during a solar event was published by Biswas and
Fichtel (1963) using rocket flight particle data >30 MeV/nucleon obtained during
November 12-18, 1960. They reported that, in addition to the fact that the alpha to
proton ratio varied greatly from event to event, the ratio varied by as much as a
factor of 5 during the November event. Fichtel and McDonald (1967) have stated
that a part of these variations are presumably due to ‘propagation effects’. Armstrong
et al. (1969) published the first low energy/nucleon (0.5-4.0 MeV/nucleon) proton
to alpha ratio results using three hour average data obtained during the July, 1966,
solar flare event.

Alpha 1o proton ratio data are presented in this note for particles compared as to
equal velocities (equal energy/nucleon), equal rigidities (equal kinetic energy), and
equal energy/charge. The data show that: (1) the alpha to proton ratios during this
solar event vary greatly in magnitude and temporal characteristics according to the
energy frame of reference in which the data are plotted; (2) two of the largest changes
in the alpha to proton ratios for particles of equal energies and rigidities occur after
interplanetary disturbances resulting in sudden commencement (SC) storms as scen
on the earth; and (3) no significant changes are observed in the equal energy per
charge ratios at the time of the second SC. These observations suggest that: (1) the
ratio changes following the first SC may be due to a source effect, and (2) the equal
velocity and equal rigidity ratio changes following the second SC may perhaps be due
to interplanetary electric fields modulating the particle fluxes.

The Explorer 34 satellite was launched into a highly eccentric polar orbit at approxi-
mately 1420 UT May 24, during the onset of the solar flare particle observations at the
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earth. Explorer 34 is a spin stabilized (with spin axis perpendicular to the ecliptic
plane) satellite with an apogee of approximately 34 R;. The Bell Laboratories experi-
ment consists of a four element solid state detector telescope oriented perpendicular to
the spin axis. The half angle of the detector telescope defining collimator is 20°; the
flux measured by the experiment is the spin averaged flux of particles in the ecliptic
plane. Protons and alphas up to an energy of approximately 4 MeV/nucleon are dis-
tinguished by the energy deposited in the first two detectors of the telescope and
subsequently measured in a five channel pulse height analyzer. Particle species above
this energy are distinguished by the use of an on-board pulse multiplier (Lanzerotti
etal., 1969).

A number of published articles have dealt with the particle, X-ray, and radio
emissions from this series of flares (Castelli es al., 1968; Smith and Webber, 1968;
Van Allen, 1968; Goedeke and Masley, 1969; Lincoln, 1969). Lanzerotti (1969) has
reported detailed half hour averaged proton and alpha particle flux observations made
during the event by the experiment on Explorer 34. Plots of the particle fluxes in three
proton and two alpha energy channels during May 24-27, 1967 (taken from the
report) appear as Figures 1a and 1b, together with the Alert neutron monitor counting
rate. As is evident from the data in this figure, the alpha and proton energy channels
of the experiment do not have the same energy widths, nor do they have the same cen-
tral energy values. A simple power law was only indicative of the particle flux spectral
dependence during the event (Lanzerotti, 1969).
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Fig. 1. (a) Proton fluxes in three energy channels for May 24-27, 1967. - (b) Alpha particle fluxes
in two energy channels for May 24-27, 1967.

9-2



In order to study the temporal variations of the alpha to proton ratios for a com-
mon set of velocities for the two particles the following procedure was adopted. The
alpha and proton differential flux values at the given velocities were determined by
linear interpolations between adjacent log (velocity) values of the half-hour averaged
proton and alpha log (flux) values. Figure 2 contains six sets of equal velocity alpha to
proton ratios using these interpolated fluxes. '

Approximately two hours after the May 24 sudden commencement, the ratios for
the lowest velocities increase. These initial increases correspond in time to the larger
decreases in the lower encrgy proton fluxes and no similar decreases in the alpha
fluxes following the appearance of energetic storm particles around the SC (Figure 1;
Lanzerotti, 1969). The enhancement of the alpha to proton ratios following the SC
can be noted in all of the MeV/nucleon time plots of Figure 2, although the magnitude
of the increase diminishes at the highest velocities. At ~0800 UT a decrease is ob-
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served in the three lowest velocity data plots. Another decrease, observed to some
degree in all of the energy/nucleon ratios, occurs at the time of the May 25 SC. The
alpha to proton ratios remain fairly steady during the remainder of the time period
except for small decreases and the subsequent recoveries at the time of the large May
25 Forbush decrease at ~2000-2100 UT (Figure 1).

The alpha to proton ratios for particles of equal energy (rigidity) are plotted in
Figure 3. (These ratios were also obtained using the half-hour averaged alpha and
proton fluxes differential in energy as discussed above.) Again the ratios tend to
increase following the May 24 SC. However, in these ratio comparisons, the largest
increases are observed for the highest rigidity particles rather than the lowest velocity
particles as in Figure 2. The ratios continue a general increase during the first half of
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May 25. At the time of the May 25 SC, there is a sudden increase in the ratios ob-
served in all of the energy channels. Although the magnitude of the increase is approxi-
mately the same in all of the energy channels (4[o/p] ~0.05), the percentage increase in
the lowest energy channel is the largest (~ [00%). After the May 25 SC the enhanced
alpha to proton ratios decrease only slightly until large decreases are observed in the
ratios at the higher rigidities at approximately the time of the large Forbush decrease
(Figure 1). After recovery from these decreases, the ratios remain fairly steady during
the remainder of May 26. .

The alpha to proton ratios for particles compared as to equal energy/charge are
plotted in Figure 4. (These ratios again were obtained using the half-hour averaged
particle fluxes differential in energy/charge as discussed earlier.) Following the May 24
SC the ratios again increased. Both the magnitude of the increases and the values of
the ratios after the increases are nearly the same for all energy/charge ratios. These
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observations are in distinct contrast to the rigidity and velocity dependent ratio
increases and ratio magnitudes observed for the data in Figures 2 and 3. Moreover,
although all of the equal energy/charge ratios decrease slowly during May 25-26, no -
significant modulation is observed at the time of the May 25 SC. Ratio decreases and
recoveries are again observed at the time of the Forbush decrease.

The alpha to proton ratios as a function of energy/nucleon and total particle
energy are plotted in Figures 5a and 5b, respectively, for five different hourly fiux
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Fig. 5. (a) Hourly average alpha to proton ratios as a function of energy/nucleon for five different
hours, May 24-25, 1967. — (b) Hourly average alpha to proton ratios as a function of energy for
five different hours, May 24-25, 1967.

averages during the event. These plots are to emphasize the results obtained from
Figures 2 and 3: the alpha to proton ratios during this solar event vary greatly in
temporal characteristics and magnitudes according to whether the data is expressed
in terms of rigidity or velocity. However, after the approximately equal increases
following the May 24 SC, the equal energy/charge ratios remained approximately
constant, with equal magnitudes, for all the energy/charge data.

Since post-May 24 SC increases are observed in all of the alpha to proton ratios for
particles compared as to equal velocity, equal rigidity, and equal energy/charge, it is
tempting to interpret these increases as due to a source difference in the production of
energetic alphas and protons. This is an even more tempting interpretation if the
disturbance producing the May 24 SC is attributed to the extreme east limb solar
event at ~ 1900 UT on May 21 (plague region 8818; Castelli ef al., 1968). If this were
indeed the case, then the low energy particle population prior to the May 24 SC
(largely unmeasured by Explorer 34) might be due predominately to the May 21 solar
event, whereas the particle population after the May 24 SC might be due predomi-
nately to the May 23 flares.
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The lack of modulation in the equal/energy charge ratios together with the large
modulations in the equal velocity and rigidity ratios at the time of the May 25 flux
decreases and SC suggest'that the particle modulating mechanism in the interplane-
tary disturbance may be electric fields. The approximately constant and equal ratios
(energy/charge) during May 25-26 suggest that electric fields may have played an
important role in the initial acceleration and/or the interplanetary propagation of
these particles.

Until the present measurements, no continuous temporal observations of the alpha
to proton ratios at a number of different energies had been made during any solar
event. In addition, the rocket and satellite data on solar proton and alpha observa-
tions had been discussed only for particles compared as to equal energy/nucleon or
equal rigidity (see, e.g., Biswas and Fichtel, 1965). It is clear from the above discus-
sions that changes observed in the alpha to proton ratios may not be due solely to
propagation effects and that in order to unravel the source and propagation effects
the particle fluxes should also be compared as to equal energy/charge. By using
these three methods of comparison it may be possible to eliminate propagation effects
and then study only the source changes for a number of different flares.

Large enhancements of alpha particles and a corresponding increase in the equal
rigidity alpha to proton ratios, may well be a common occurrence in interplanetary
disturbances. Similar enhancements in the ratio may commonly exist for energies
as low as the solar wind particles. An observation of an enhanced alpha to proton
ratio in the solar wind was reported by Gosling er al. (1967), during the main phase
of a large 1965 geomagnetic storm. In addition, Ogilvie er al. (1968), observed a seven
fold increase in the solar wind alpha to proton ratio approximately five hours follow-
ing the May 30, 1968, SC..
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CHAPTER 10 NI L/ EYY

RELATIVE IMPORTANCE OF SOLAR ELECTRONS, PROTONS, AND ALPHAS
IN THE NOVEMBER 1969 PCA EVENT

by
L. J. Lanzerottl and C. G. Maclennan

Bell Laboratoriles
Murray Hill, New Jersey, U.S.A.

ABSTRACT

_ The fluxes of electrons (E > 0.35, > 0.6, and
> 1.1 MeV), protons (0.47-19.7 MeV in ten differential
channels), and alpha particles (1.0-21.4 MeV/nucleon in six
differential channels) produced by the 2 November 1969 west
1limb flare were heasured in 1nterpianetary space by a
semiconductor particle telescope on the Explorer 41 satellite.
Intense fluxes of electrons arrive at the earth -1 hour after
the flare and prior to the arrival of the higher energy
protons. Calculations indicate that these electrons produce
approximately fifty percent of the intense (~14 dB) riometer
absorption observed near the beginning of the event. The
calculated electron and proton total riometer absorption
agrees well throughout most of the event with that measured
at 30 MHz at McMurdo, Antarctica. The alpha-to-proton ratios
are presented for several different values of particle energy-
per-nucleon. These ratlos are quite low and indicate that
the alphas were relatively insignificant contributors to the

ionization of the PCA event.

COSPAR Symposium on November 1969 Solar Particle Event,
16-18 June, 1971
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INTRODUCTION

Beglnning with the lonospheric effects observed
during the great solar cosmic ray event of 23 February 1956
(Bailex, 1957), polar cap absorption events (PCA events)
have been studied extensively in recent years both as
distinct ionospheric phenomena and as dlagnostic tools for
solar-magnetospheric processes (see,_g;g;, reviews by Reld,
1970a,b). In recent years, with the advent of satellite
measurements with good time-resolutlion and spectral informa-
tion on the solar proton fluxes, satisfactory agreement has
frequently been achieved in calculating the expected excess
riometer cosmic noise absorption due to the stopping of these
solar protons in the high-latitude terrestrial atmosphere

(Potemra et al., 1967, 1969, 1970; Potemra and Lanzerotti,
1971).

Although alpha particles and electrons are also
constituents of the solar flare-produced cosmic rays,
quantitative examination of thelr relative contributions to
the PCA lonization has not previously been reported (Reid,
1970b). Hakura (1967) originally suggested that electrons
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may play a role in the 1nitial stages of a PCA event. Masley

and Goedeke (1969) qualitatively attributed a part of the

absorption during the July 1966 event to solar electrons.

Thls paper demonstrates quantitatively that intense fluxes

of high energy solar electrons incident on the polar lonosphere
contributed approximately fifty percent of riometer abosrption
in the southern polar cap for the first several hours of the

2 November 1969 PCA event. 1In contrast, it 1s concluded that
alpha particles contributed only a few percent to the total
absorption measured in the southern polar cap.

In this paper, a discusslon 1ls first
presented of the solar particle fluxes measured durlng the
PCA event. The data are then used to compute the expected
riometer absorption due to the assumed incldence of these
particles on the polar lonosphere. This predicted absorption
is then compared with actual absorption measurements made
during the event at McMurdo, Antarctica.

The solar particle data used .in this study were
bbtained by the Bell Laboratoriles particle telescope on the
Explorer 41 (IMP-G) spacecraft. The details of the solid
state telescope and assoclated electronics, which consist of
coincidence circultry and a particle identifier to separate
protons, alpha particles, and electrons, have been described

previously (Lanzerotti, et al., 1969). The 30 MHz riometer

data was obtained by the McDonnell-Douglas observatory at
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McMurdo (79°S, 294.9°E geomagnetic; L ~32).

have been reported by Masley et al. (1970).
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OBSERVATIONS

Solar Particle Fluxes

The fluxes of solar protons, alpha particles, and
electrons measured on Explorer 41 during the November 1969
PCA event are presented in Fig. 1. PFigure la contains a
plot of the one-half hour average fluxes in eight of the ten
differential energy channels of the experiment. These protons
were apparently produced by a solar flare behind the west

limb of the sun (Thomas, 1970; Masley et al., 1970). The

lower energy proton fluxes 1ncrease slowly to a peak intensity
which does not occur until approximately one day after the
initlal particle onsets., 1In contrast, the higher energy
protons increase more rapidly to a peak intensity (the exact
time and intensity of which 1s somewhat uncertaln due to a
perigee pass of the satellite). The proton decay at the lower
energles 1s approximately exponentlal; the decay appears

more llike a power-law 1n tlme at the higher energies.

Plotted in Fig. 1b are the one-half hour average
alpha particle fluxes measured 1in the six differentlal alpha
channels of the experiment. The overall temporal appearance
of the alpha fluxes resembles that of the proton fluxes in
Fig. la. The lower energy fluxes increase more slowly to a
peak Intensity and have an approximately exponential decay.

At higher energies, the peak 1Intensities are reached within
several hours of the first particle observations. The high

energy alpha fluxes decay wlth a power-law time dependence.
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The one-half hour averaged electron fluxes measured
in three integral channels are plotted 1in Fig. 1lc. The
temporal proflles of the electron fluxes resemble those of
the highest energy alphas and protons. The electron fluxes
increase rapidly to a peak intensity soon after the first
particles are observed and then exhibit a predominantly
power-law decay in time. The electron fluxes were qulte

4

intense during the onset of the event with 10" electrons
(cm2 sec ster)'l'of energy > 350 keV measured at the peak of
the event.

Particle Onsets

During the onset of the solar particle event, the
IMP-G satelllite was approaching the perigee of 1its orbit.
The satellite entered the high latitude magnetosphere at
~0700 UT 2 November and remalned within the magnetosphere
until ~1300 UT on 3 November (D. H. Fairfield, private
communication). The period when the satellite was within
10 earth radii (10 Rg) of the center of the earth is indicated
on Flgs. la-c by the heavy bars. At1ll00 UT on 2 November
(shortly after the particle onsets), the satellite was located
~18 RE from the earth at a solar-magnetosphere latitude of
~45° and longitude of ~125°. Hence, during the solar particle
onset, the satellite was entering perigee ~35° behind the dawn

meridian at high latitudes in the northern hemisphere.
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Although the solar flare thaﬁ produced the PCA
event occurred behind the west limb and thus could not be
optically classified, 1ts onset time could nevertheless be
estimated from optical, radio, and X-ray measurements (Thomas,
1970; Castelli, 1970). Evidence of the flare was first observed
on November 2 optically at 0943 UT and in the 10 cm band at
0944 UT (Thomas, 1970). An X-ray burst was reported by
Vela 3 beginning at 0934 UT (Thomas, 1970).

The solar particle enhancements at 1 a.u. occurred
quite late after the flare with the first electrons not
observed on Explorer 41 until ~1037 UT. The energetic protons
began arriving even later. These time relationships are seen
in Flg. 2 where high time resolution counting rates in two
of the 1ntegral electron channels, and two of the dilfferential
proton channels are plotted for 0900-1400 UT on 2 November.
Each data point represents a 9.28 second spin-averaged count-
ing rate. An electron channel sample 1s made approximately
once each 1.2 mins. The hilgher energy proton channel plotted
in Fig. 2 1is sampled as frequently as the electron channel.
The lower energy proton channel 1s sampled once every ~5 mins.

The slow ﬁroton onsets measured by Explorer 41 at
the beginning of the event, and the proton veloclity disper-
sions seen in Fig. 2 could be due to proton delays 1n entering
the distant magnetosphere from interplanetary space. Such
delays would be compatible with the Vela satellite measurements

of solar particles made 1in the magnetotail by Montgomery and
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Singer (1969). 1In addition, there 1is evidence that the
interplanetary proton fluxes increased more rapidly in
intensity than did the proton fluxes measured by Explorer 41
(J. B. Blake, private communication).

In contrast to the proton measurements, the sharp
onset proflle of the electron fluxes suggest rapild access
of these solar particles to the satelllte location. Such a
rapid access would be compatible with the observatlons Qf
lower energy electrons (> 40 keV) rapldly entering the

magnetotail (Lin and Anderson, 1966). The importance of these

proton and electron measurements for studying solar particle
access to the magnetosphere will be dilscussed 1n a future
paper.

The relativistic electrons measured by Explorer 41
arrived essentlially at the time of the first reported observa-
tions of riometer absorptlon between 1045-1055 at McMurdo

(Masley et al., 1970) and at 1048 UT at both Thule (the

magnetic pole) and Godhaven (L ~ 20.5) (Cormier, 1970).
Excess cosmic nolse absorption was observed to begin somewhat
later, ~1100 UT, in the auroral zone at Churchill (L ~ 8.6;
Cormier, 1970). It is clear from the quoted riometer onsets
that the solar electrons played a major role in

producing significant enhancements of polar cap ilonization
during the onset of the PCA event.

Alpha-to-Proton Ratilos

The half-hour averaged alpha particle-to-proton

ratios for four different values of equal particle energy
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per nucleon are plotted in Filg. 3. 1Initially, the ratlios are
largest at the lowest energles. For example, at the beginning
of 3 November, the ratio is ~0.13 for 2 MeV/nucleon particles
and ~0,04 for 12 MeV/nucleon particles. ILate in the event
the ratios for all energles are approximately the same, equal
to about 2% of the proton fluxes.

The alpha-to-proton fluxes plotted in Fig. 3 eﬁhibit
a distinctly different temporal structure than the same ratilos
measured following the west-1limb flare of 18 November 1968

(Lanzerotti, 1970). This 1s due to the fact that, unlike the

1968 event; the solar cosmic rays from the 1969 event appar-
ently propagated to the earth unaccompanied by a flare-
produced shock wave. Such a shock disturbance apparently
affects differently the propagation characteristics of alphas
and protons of equal energy per nucleon. Thils effect was

first noted by Lanzerotti and Robbins (1969) and Lanzerotti

and Graedel (1970) and is currently being studied further.

The dally-averaged alpha-to—broton ratio measured
during November 2-5 are plotted in Fig, 4 as a function of
particle energy per nucleon. This flgure clearly shows the
relatlve enhancement of alphas at low energies early in the
event. During the last two days plotted, the alpha-to-proton
ratlio is ~0.02 at all energles measured.

Particle Spectra

Half-hour average proton, alpha partiéle, and

electron spectra are plotted in Fig. 5 for three different
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periods during the PCA event. On November 3 and 4 both
the proton and the alpha particle spectra had approximately
power-law spectral dependences, particularly at the higher
energles. However, the spectra of November 2 indlcate a
positive energy slope (in the case of the alphas) and
definite evidence of a spectral turnover with a peak at
~7.5 MeV (in the case of protons). A turnover in both the
alpha particle and proton spectra 1is observed until ~1100 UT
November 3,

The gradual change with time of the proton spectra
and the peak in intensity during November 3 1s shown 1n
Fig. 6 where six one-half hour average spectra are plotted.
Another unusual aspect of these proton spectra is that not
only 1s a peak (which shifts to lower energies in time)
observed, but the spectra also turns upward at the lowest energy
measured, (This increase in the proton spectra at ~500 keV has
also been observed 1n the solar particles measured over the
polar caps during this event; J. B. Blake, private communi-
cation). These spectra are currently belng studied in terms
of partilcle access to the magnetosphere as well as propaga-
tion mechanlisms at the sun and in interplanetary space.

The three-point electron spectra measured by
Explorer 41 during the event could be well represented by an

exponential spectral representation

J(>E) = J (E,)exp(-E/E ) (cn’ sec ster)™ (1)
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over the energy range measured (242; Fig. 5). The spectra
were quite hard early in the event (EO ~ 0.5 MeV) and
softened during the later days of the event (Eo ~ 0.3 MeV).
For the riometer calculations considered in the following
sectlion, 1t was assumed that exponential electron spectra
such as those of Fig. 5 could be extrapolated to zero energy.

Solar electrons of relativistic energles (g 1 MeV)
have been commonly represented quite well by power law

spectral shapes (Cline and McDonald, 1968; Simnett, 1971).

However, when electron fluxes from some events have been
plotted for particle energies $ 1 MeV, the spectra appear

to change slope and have less steep energy dependencies
(Simnett, 1971). Hence, the measured electron spectra in this
event may be more like exponential distributions than power

law dlstributions at the lower energiles.
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CALCULATED RIOMETER RESPONSE

Electrons
It was assumed that the measured solar electrons
had unimpeded access to the earth's polar reglons. From the

work of Vampola (1971) and West and Vampola (1971) it would

seem that this 1s a valid assumption, at least for solar
electrons of energles as low as ~70 keV (the lowest energles
measured and reported to date).

The expected riometer absorptlon due to these
electrons was then determined from the daytime vertical-
incidence 30 MHz absorptilon calculation results presented by
Bailey (1968). Bailley calculated the expected absorption for
auroral electrons assuming exponentlal energy spectra for
the preclpitating particles. As such, he presented results
for relatively soft electron spectra (Ej £ 150 keV). However,

since his results showed that the absorption A(dB) could be
given by

A(aB) = B,/TE 1) (2)

where B 1s a proportionality factor dependent upon Emin’
it is possilble tovextend Balley's work to the hard spectrum
solar electrons discussed here.

The proportionality factor B for electrons 1n
Eq. (2) can be obtained from Bailey's absorption calculation

results which are plotted as a functlion of incident particle

flux (for values of E, = 20, 40, 60, 100 and 150 keV). The
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relationship between the particle flux required to produce
0.1 dB absorption and the e-folding spectral energy Eo was
determined from Balley's results to be given by a power-law

expression

8

aoTw -2.
J(.1 dB,E)) ~ 1.5:10'E (3)

where J(.1 dB,EO) has dimensions of electrons (cm2 sec ster)'l
and Eo is 1n keV., Using thls relationship, the expected

riometer absorption in Eq. (2) can be written as

0.01 Jo

where Jo 1s the measured electron flux extrapolated to E = O

and

1
B(E > 0) = 2.6’10'5Ei'u db(cm2 sec ster)?® .

The values of Eo and Jo were determined from the
measured half-hour averaged electron spectra durlng the
first five hours of the event. After that time, the hourly-
averaged spectra were used. The estimates of the expected
riometer absorption using Egs. (3) and (4) and the measured
(extrapolated) values of E (%Q were multiplied by 1.6 in
order to obtain the approximate absorption that would be

observed by a broad-beam riometer such as that at McMurdo
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(Bailey, 1968). These results are plotted as open circles
in Fig. 7a.

The calculations show that the measured integral
electron fluxes are expected to produce significant absorption
(~1 dB) during the period 1030-1100 UT. The calculated solar
electron-produced absorption increases to a peak value of
~10 dB between 1230-1300 UT and then decreases durilng the
remainder of the event.

Protons and Alphas

As indicated in the introduction, good agreement
has been achleved recently between the observed riometer
absorptlion and that calculated due to solar protons using
magnetolonic theory and an appropriate ionosphere model

(Potemra et al., 1967, 1969, 1970). In addition, in the

past a number of workers have lnvestigated an emplrical
-relationship of the form of Eq. (2) between the measured
solar proton fluxes and the measured absorption (Fichtel

et al,, 1963; Van Allen et al., 1964; Juday and Adams, 1969;

Reid, 1969, 1970a). Potemra and Lanzerottl (1971) were able
- to determine the proportionality factor B in Eq. (2) for
seven values of E_,. (5, 10, 15, 20, 25, 30, and 50 MeV).
They found Eq. (2) to give an excellent fit to the data for
all values of Emin and concluded that this was due to the
fact that the proton spectrum did not change apprecilably
during the event they analyzed.

Potemra (1971) has recently calculated, using the

results of Potemra et al. (1967, 1969), the proportionality
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factor B as a function of 5, the power-dependence 1n the
proton differential spectrum when expressed as a power-law

in energy

W« B (5)

He found that for a power-law proton spectrum, B was
essentially independent of spectral shape (independent of v)
for Em1n ~7 MeV. He found that

A(dB) = 0.083,/2mJ(E > 7 MeV) (6)

The relatlionship in Eq. (6) was used to calculate
the expected riometer absorption due to the solar protons
measured by Explorer 41 incident on the polar ilonosphere.
As 1In the case of the electrons, 1t .was assumed that these
solar protons had free access to the polar caps. This is
not always true, of course, as frequently substantial
asymmetrles between north and south polar fluxes and the
interplanetary fluxes are observed during an event (see,
e.g., recent reviews by Bostrom, 1970, and Paullkas et al.,

1970).

The differential proton fluxes from the Bell
Laboratories Explorer 41 experiment were used together with
the integral fluxes of protons > 30 MeV and > 60 MeV measured

by the monitoring experiment on the same satellite
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(Solar-Geophysical Data, 1970) to give proton spectra from

0.5 to 60 MeV. The hourly average integral proton spectra
for protons > 7 MeV were computed from these spectra. These
computed integral spectra were used together with Eq. (6)
to give the expected riometer absorption due to the protons.
These values of the absorption are plotted as solié points
in Fig. 7Ta.

It 1s seen from Flg. 7a that electrons
produce more absorptlon than the protons until hour 17 on
2 November. After that time, the protons are the dominant
producers of the excess ionosphere lonizatlon for the remain-
der of the event,

Equal fluxes of alpha particles and protons of the
same energy per nucleon will produce the same amount of

excess lonosphere absorption (e.g., Adams and Masley, 1966).

From the data of Figs. 3 and 4, it is clear that the integral
alpha intensitles for alphas of energy > 7 MeV/nucleon are
only a few percent of the proton Intensitles during this
event. Hence, the alphas contributed less than 1 dB to the
total absorption at the beginning of the event and substan-
tially less later.

Total Absorption

The sum of the calculated electron and proton
riometer absorptlion for the November 1969 event (Fig. 7a)
are plotted 1in Fig. 7b together with the absorption measured

at McMurdo. The most strikilng result in Fig. 7b, of course,
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i1s the fact that the peak absorption observed near the
beglinning of the event can only be accounted for by including
the substantlal fluxes of solar electrons. Substantial
deviation (~1l-4 dB) between the calculated and the observed
absorptlion 1s seen after the peak for the remainder of

2 November. However, for the duration of the event, beginning
~0600 on 3 November, the general agreement between the calcu-
lations and the observations 1s satisfactory with the calcu-
lated total absorption being somewhat higher than the observed

absorption.
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DISCUSSION

The most significant result of this study 1s the
conclusion that intense fluxes of solar electrons incident
oh the polar lonosphere early in the event provided approxi-
mately one-half the total measured polar cap absorption
during the first few hours of the event, The electrons appear
to have contributed a finite amount of ionization for produc-
ing the measured polar cap absorption throughout the event.

It should be stressed that the calculated electron
absorptlion 1n this paper was determined froﬁ the work of
Bailey (1968) rather than by use of an empirical relationship
between the measured absorption and electron precipitation

such as has been derived by Jelly et al, (1964), Parthasarathy

et al. (1966), or Hakura (1969). This was done because the
emplirical relationships iIn these references were obtained

for electrons of energy > 4O keV without reference to their
spectral e-folding energies E,- Bailey (1968) finds a strong
energy dependence to the proportionality constant B (Eq. 2),
with B approaching unity for fluxes > 40 keV and Eo ~ 300 keV
(in contrast to an empirical B ~ 107 for E_ ~ 10-100 keV as

determined by Jelly et al., 1964; Parthasarathy et al., 1966

and Hakura, 1969). All of the high-energy electron spectra
measured during this event had values of E, 2 250 keV.
From the measured alpha flux-to-proton flux ratlos,

it was concluded that the solar alpha particles never
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contributed more than a few percent to the total measured
absorption. Thils conclusion would hold for other PCA
events where alpha particle fluxes have been reported in

detail (e.g., Lanzerotti and Robbins, 1969; Lanzerotti, 1970).

The expected absorption was not calculated from
solar fluxes measured directly over the polar caps statlon. Hence,
it 1s reasonable that perfect agreement was not achieved
between the calculated and observed values. A large discrepancy
between the calculated and the measured absorption was obtailned
for about one-half day after the peak of the event. This 1s not
understood and could be due to one or more of the factors discussed

below.

a) The discrepancy was observed during part of the
perlod when a peak was observed 1in the proton spectra.
Hence, the discrepancy could be due to the use of Eq. (6)
(derived for pure power-law spectra) for computing the proton
absorptlion during this time. To investigate this possibility,
the absorption was computed from the integral proton intensi-
ties with Emin = 10 MeV and 15 MeV. Above both of these

E values the spectra were essentlially power-law dependent

min
in energy. The values of the Eq. (2) proportionality constant
B were obtained from Potemra (1971) for each value of v and

E The proton absorptlon values obtained in this way were

min-’
essentlally the same as those plotted in Flg. 7a.

b) Another possibility for the discrepancy could arise
from an invalidity of the extrapolation of the electron

spectra to zero energy. This extrapolation could also cause

10-19



the smaller deviatlions between the calculated and observed
absorption during the period from 1200 UT 3 November to

6 November. There 1s no way to definitely decide this ques-
tion without detailed electron spectral measurements at lower
energles. |

c) A substantlal part of the excess calculated absorp-
tion occurs durlng the perigee pass of the satellite when
the satellite is $ 10 Ry from the center of the earth and
probably close to, or within, the radiation belts. The
magnetosphere would tend to shield the satellite from the
solar fluxes and thus cause the calculated proton absorption
td be too low. However, a portion of the electron fluxes
measured near perigee could be due to the radiation belts
and thus cause too large a calculated electron abserption.
This latter possibility, although quite attractive as an
explanation for the excess calculated absorption, 1s impos-
sible to definitely confirm. All that can be concluded is
that both the solar electron rates outside the magnetosphere
and the electron rates durilng the perigee pass on 2 November
are comparable to trapped magnetosphere electron rates meas-
ured during non-solar event perigee passes.

d) A final possibility for the discrepancy could be
due to changes in the accesslbility of the solar electrons
and/or protons to the south polar region. 1In particular,
the fluxes of polar cap protons are frequently observed to

be less than those measured in interplanetary space (e.g.,
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Bostrom, 1970; Paulikas et al., 1970). If this were the
case in this event, then the proton absorption calculated
and plotted in Flg. 7a would be too large. There
is evidence, from a polar-orbiting satellite, of easler access
of the lower energy protons to the north polar region later
in 2 November (J. B. Blake, private communication). Such an
asymmetry might contribute to the discrepancy observed.

In conclusion, it should be stressed that 1t 1is
not possible to ignore the importance of hard-spectra solar
electrons for producing significant early PCA riometer absorp-
tion following some solar fluxes. It would be of great value
to study other PCA events that have occurred when the sun-
earth propagation path was such that the electrons arrived
appreciably prior to the protons. 1In addition to studylng
which flares produce coplous fluxes of relativistic electrons,
future investigations should consider the solar longitude of
the parent flare to determine which longltudes tend to gilve
rlse to the greatest time differences between the arrival of
the electrons and protons. |
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Fig. 1la

Fig. 1b

Fig. lc

Fig. 2

Fig. 3

Fig. 4

FIGURE CAPTIONS

One-half hour average proton fluxes measured on
Explorer 41 during the 2 November 1969 solar event.
The heavy lines on November 2-3 and 6 indicate the
intervals when the satellite was within 10 Ry of

the earth.

One-half hour average alpha particle fluxes measured
on Explorer 41 during the 2 November 1969 solar event.
The heavy lines on November 2-3 and 6 indicate the
intervals when the satellite was within 10 RE of the
earth.

One-half hour average electron fluxes measured on
Explorer 41 during the 2 November 1969 solar event.
The heavy lines on November 2-3 and 6 indicate the
intervals when the satellite was within 10 RE of.

the earth.

Particle onsets at the beginning of the event as
measured 1n two electron and two proton channels.

The data points in the two electron channels and

the higher energy proton channel represent 9.28 sec
averages taken approximately once a minute; the lower
energy proton points are 9.28 sec averages taken once
each five minutes.

One-half hour alpha flux-to-proton flux ratios for
the 2 November 1969 solar event,

Daily-average alpha flux-to-proton flux ratios as a

functlon of particle energy per nucleon.
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Fig.

Fig.

Flg.

Fig.

7a

7b

One-half hour average alpha, proton, and electron
spectra measured between 1230-1300 UT on November 2,

3, and 4.

Six one-half hour proton spectra measured during the
first half of 3 November showing the slow dlisappearance
of the peak in the proton spectra.

Riometer absorption calculated from the proton and
electron fluxes measured by Explorer 41 during the

2 November event,

Total calculated proton- and electron-produced riometer
absorption (from 7a) and the absorption observed at McMurdo
durling the event. The heavy llnes indicate the perilod

when the satellite was within 10 RE of the earth.
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CHAPTER 11

"Solar Protons and Alphas from the May 23, 1967 Solar Flares"
by
L. J. Lanzerotti

Bell Telephone Laboratories, Incorporated
Murray Hill, New Jersey

Introduction

The low energy protons and alpha particles emitted during a series of
three east limb solar flares (McMath plage region 8818; 27-30N, 25-28E) on
May 23, 1967, were measured in interplanetary space by the Bell Telephone
Laboratories experiment on board the earth orbiting Explorer 34 (IMP F)
satellite. This report describes the time history of the solar particle
observations made by the BTL experiment and discusses the particle fluxes
and spectra associated with the storm sudden commencements and the onset
of the large Forbush decrease observed on the earth. A number of observa-
tions of, and details concerning, this series of flares have previously been
published and they will not be reviewed in this report (Castelli, et al.,
1968; Masley and Goedeke, 1968; Smith and Webber, 1968; Van Allen, 1968).

The Explorer 34 satellite was launched into a highly eccentric polar
orbit at approximately 1420 UT May 24, during the onset of the solar flare
particle observations at the earth. Explorer 34 is a spin stabilized (with
spin axis perpendicular to the ecliptic plane) satellite with an apogee of
approximately 34 . The BTL experiment consists of a four element solid
state telescope oriented perpendicular to the spin axis. The half angle of
the detector telescope defining collimator is 20°; the flux measured by the
experiment is the spin averaged flux of particles in the ecliptic plane.
Protons and alphas up to an energy of approximately 4 MeV/nucleon are dis-
tinguished by the energy deposited in the first two detectors of the tele-
scope and subsequently measured in a five channel analyzer. Particle species
above this energy are distinguished by the use of an on-board pulse multiplier
(Lanzerotti, et al., 1969). The location of Explorer 34 in its first orbit
during the solar event is shown in Fig. 1.

Observations

The half-hour averaged solar proton fluxes measured in eight energy
channels during May 24-27, 1967, are shown in Fig. 2. The half-hour averaged
solar alpha particle fluxes measured in five energy channels for the same
time interval are shown in Fig. 3. Plotted at the bottom of each figure is
the super neutron monitor counting rate from Alert and the spectral index, n,
for the alpha and proton observations. The spectral index was .obtained for
each species of particle by least squares fitting a power law dependence on
the energy/nucleon to the half-hour averaged flux measurements.
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The temporal behavior of the solar proton fluxes in the approximately
10-25 MeV energy range prior to the launch of Explorer 34 can be inferred
from the riometer measurements published previously by Masley and Goedeke
(1968). From this riometer data and the data in Figs. 2 and 3 it is observed
that, after the occurrence of the flares in the 1800-1900 UT interval of
May 23, the solar particle fluxes observed at the orbit of the earth began
increasing slowly, typical of an east limb flare, until they reached their
peak measured values near 1200 UT on May 25.

The proton spectral index in Fig. 2 indicates that during the onset
stage of the event, except for the several hour interval around the time of
the sudden commencement (sc) at 1726 UT May 24, the spectrum was harder than
during the remainder of the event. The alpha spectral index of Fig. 3 also
suggests this behavior, although to a lesser extent. For a given energy/
nucleon, the ratio of the proton flux at approximately the time of the
May 24 sc to the proton flux at V2100 UT May 24 is larger tKan the corre-
sponding alpha flux ratio. However, the same flux ratios are found to be
approximately similar when the 1.3 MeV/nucleon (5.2 MeV) alpha and 4.7 MeV
proton channels are compared.

These observations imply that there is a rigidity dependence rather
than a velocity dependence to the particle storage or trapping mechanisms
behind or in the plasma cloud and shock wave associated with the May 24 sc.
The trapping of low energy solar cosmic rays in an expanding plasma cloud
has recently been discussed in a review by Obayashi (1967). [The plasma
cloud and shock wave associated with the May 24 sc were perhaps due to the
solar event that produced the large complex radio burst at 1922 UT on May 21
(Castelli, et al., 1968)].

The propagation characteristics of the low energy proton and alpha
particle diffusion from the east limb flare region through interplanetary
space to the earth also appears to be more dependent upon particle rigidity
than upon particle velocity. That is, particles with a higher rigidity are
observed at the earth first. This is demonstrated in Fig. 4 where the alpha/
proton ratio is plotted for alphas and protons of approximately equal energy/
nucleon (velocity). After the May 24 sc and until approximately 0800 UT on
May 25, the alpha flux increased more rapidly than the proton flux. However,
after. 0800 UT, the ratio dropped slightly due to an increased proton flux.

The rigidity dependence of the particle propagation during the onset
stage of the event is further demonstrated by the data in Fig. 5. Plotted
in this figure is the time history of the alpha/proton ratio for 5.3 MeV
alphas and 4.7 MeV protons (approximately equal rigidities). Note that the
ratio in Fig. 5 is taken between fluxes expressed as .(cm® sec ster Mev)™!
for both the protons and the alphas. The alpha/proton ratio is approximately
constant during the period of the May 24 sc, increases by approximately fifty
percent prior to May 25, and then remains quite constant as both particle
fluxes increase uniformly during the first half of May 25, prior to the 1235 UT
sudden commencement. The constancy of the alpha/proton ratio for equal rigidity
particles during the May 25 flux increases is in marked contrast to the more
rapid alpha particle increases when equal velocity particles were compared in
Fig. 4.
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1967. Plotted at the bottom of the
figure are the proton spectral index,
n, and the Alert neutron monitor
counting rate.
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Plotted at the bottom of the figure are the alpha
spectral index, n, and the Alert neutron monitor
counting rate.
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The two major proton and alpha particle flux decreases subsequent to the
May 25 sc were quite dissimilar with respect to the rigidity dependence of the
decreases. Both flux decreases were observed essentially simultaneously in all
energy channels, however. Figure 6 contains the ratios of the half-hour averaged
proton and alpha fluxes at 1600-1630 UT to the fluxes at 1230-1300 UT plotted as
a function of rigidity. The same flux ratios as a function of rigidity for the
large decreases beginning at V1900 UT are plotted in Fig. 7.

The initial flux decreases after the May 25 sc (Fig. 6) have a strong
rigidity dependence, the decreases being observed primarily in the higher energy
channels. These decreases are reflected in the softening of both the proton and
alpha spectra after the sc as indicated by the spectral indices in Figs. 2 and 3.
No large changes in the Alert neutron monitor rate were observed simultaneously
with these flux decreases.

As the data plotted in Fig. 7 indicates, the percentages of the flux de-
creases, beginning at V1900 UT, are approximately the same for all rigidities
and species of particles. Correspondingly, no significant changes in the
spectra of either the protons or alphas are observed subsequent to the decreases
(Figs. 2 and 3). Approximately one to two hours after the beginning of the solar
particle decreases, the Alert neutron monitor rate decreased V4% and eventually
decreased a total of V7% by the beginning of May 26.

The May 25 sc is probably the resultant of an interplanetary shock gener-
ated by the May 23 flares. However, the very high energy galactic cosmic rays
measured by the Alert neutron monitor were not strongly modulated by the en-
hanced plasma clouds presumably accompanying and following the shock until "8
hours- after the occurrence of the sc. The initial strong galactic cosmic ray
modulation also occurred V5 hours after the higher energy solar proton and alpha
particles had already once decreased significantly.

As has been seen, the solar particle flux decreases, their rigidity depend-
encies, and the subsequent galactic cosmic ray flux modulations after the May 25
sc are quite complex. A complete understanding of the fluxes' temporal develop-
ments will require a detailed correlation of other interplanetary and geophysical
observations made during this time interval with the proton and alpha particle
measurements presented in this report.

Solar flare proton and alpha spectra for four time intervals (denoted A-D
in Figs. 2 and 3) during the event are shown in Figs. 8 and 9. It can easily
be seen that each spectrum does not obey a single simple power law over the
entire energy range. Therefore the spectral indices in Figs. 2 and 3 are only
roughly indicative of the hardness or softness of the spectra.

Spectra A in Fig. 8 were observed during the flux enhancements coincident
with the May 24 sc. Spectra B in Fig. 8 were observed during the flux increases
prior to the May 25 sc and show distinct "bending-over' of the spectra at lower
energies. Spectra C, plotted in Fig. 9, show the soft spectra observed near the
time of the May 25 sc. Data on May 26, during a period after the large flux
decreases, are shown as Spectra D in Fig. 9.
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Summary

The observations of low energy solar particles from the east limb flares of
May 23, 1967, have been discussed. A distinct softening of the solar flare
proton and alpha particle spectra was observed at the times of the May 24 and
May 25 sudden commencements. The particle confinement within or behind the
shock that produced the May 24 sc was observed to be rigidity dependent rather
than velocity dependent. The particle propagation prior to the May 25 sc was
also observed to be rigidity dependent. The interplanetary solar particles
were observed to decrease twice prior to the sharp Forbush decrease at approx-
imately 2100 UT May 25. The percentage decreases in the first case were larger
for higher rigidity particles. In the second case, approximately one to two
hours prior to the Forbush decrease, the percentage decreases were approximately
independent of particle rigidity. The alpha to proton ratio, for the same rigid-
ity particles, varied from approximately 0.02 to 0.08 during the course of the
event.
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CHAPTER 12

"Interplanetary Protons and Alphas: Days 300-313, 1968"
by

L. J. Lanzerotti and C. M. Soltis
Bell Telephone Laboratories
Murray Hill, New Jersey

Introduction

The period in late October and early November, 1968, represented an interval of time when the
interplanetary medium was quite disturbed and heavily populated with low energy solar protons. The
solar flare-produced disturbances in the solar wind caused at least five large sudden commencements
(SC) to be recorded in the earth during the seven days from October 26 through November 1.

The interplanetary measurements reported here were made by the Bell Laboratories experiment on
the Explorer 34 (IMP F) satellite. Explorer 34 was a spin stabilized (with spin axis perpendicular
to the ecliptic plane) satellite with an apogee of approximately 34 R,. The BTL experiment consisted
of a four element solid state telescope oriented perpendicular to the spin axis. The half angle of
the detector telescope defining collimator was 20°; the flux measured by the experiment was the spin
averaged flux of particles in the ecliptic plane. Protons and alphas up to an energy of approximately
4 Mev/nucleon were distinguished by the energy deposited in the first two detectors of the telescope
and subsequently measured in a five channel analyzer. Particle species above this energy were dis-
tinguished by the use of an on-board pulse multiplier [Lanzerotti, Lie, and Miller, 1969].

Interplanetary Observations - Protons

The interplanetary proton fluxes measured in four of the seven energy channels from day 300 to
day 313 are plotted in Figure 1 together with the Alert neutron monitor counting rate. The time of
the five sudden commencements (observed by more than 10 stations) are shown by inverted triangles
on the neutron monitor plot [Solar-Geophysical Data, 1969a].

The data in Figure 1 suggest that the time interval shown could be characterized as consisting
of four major solar flare enhancements. The first enhancement, beginning on October 26, extended
through October 29; the second occurred almost entirely on October 30. The third enhancement,
beginning on October 31, persisted for several days and decayed away until the sharp onset of the
fourth on November 4., The initial two enhancements have quite soft spectra in comparison to the
third enhancement. :

. A small cosmic ray decrease at the time of the SC on October 26 was measured by the Alert neutron
monitor. The two low energy enhancements on October 29 were probably energetic storm particles
associated with the interplanetary disturbances producing the SC's on October 28 and 29. The large
Forbush decrease began within an hour or two of the SC on October 29. A decrease in the lowest
energy solar proton fluxes was also observed at approximately the time of the SC and the beginning

of the Forbush decrease.

The third interplanetary proton enhancement occurred during the large Forbush decrease and vas
characterized by extremely large modulations of the low energy particles. The contrast in the teme
poral development between the 0.56-0.60 Mev fluxes and the 1.2-2.4 Mev fluxes, for example, is
quite striking. After the large energetic storm particle enhancement accompanying the SC on October
31, the proton fluxes (0.56-0.60 Mev) remained depressed for several, hours while the proton fluxes
(1.2-2.4 Mev) decreased in intensity for only approximately one-half hour before increasing again.

The proton flux enhancement beginning on November 4 has a temporal profile typical of a west
1limb flare; this is particularly true for the higher energy fluxes (Figure 1). McMath plage region
9740, on the extreme west limb of the sun, was quite active on November 4, A 1B flare (S15°, W90°)
beginning at 0520 and having a maximum at 0527 [Solar-Geophysical Data, 1969b] was perhaps the
source of the protons.

The time interval between the flare maximum and the initial observation of proton increases
on November 4 are plotted in Figure 2 as a function of energy. Also shown in the figure are the
predicted arrival times at the earth assuming the protons were injected into a 500 km/sec solar
wvind at the flare maximum with either a 0° or a 90° pitch angle [Winge and Coleman, 1968; C. R.
Winge, Jr., private communication). The data in the two lowest -energy channels have two successive
increases and, hence, a point is plotted for the beginning of each increase. The first flux increases
in the two lowest energy proton channels appear to have occurred prior to the time expected if they
resulted from the 0520 UT flare. Hence, it is possible that these initial increases could have been
due to an earlier 1B flare that lasted from 0202 to 0334 UT [Solar-Geophysical Data, 1969b].
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Interplanetary Observations ~ Alpha Particles

Composition studies of solar cosmic rays are potentially powerful-tools in unraveling source
and propagation effects. The series of solar events in late October and early November were inter-
-esting in the fact that only the event commencing on October 31 contained appreciable fluxes of low
energy/nucleon alpha particles. Alpha particle fluxes measured in two of the five experimental
alpha channels are shown in Figure 3 for the period including the enhancement. The basic temporal
history of the alpha particle fluxes during this time resembles that of the proton fluxes with the

same energy/nucleon (Figure 1).

Energetic Storm Particles

Although much interesting temporal structure is seen in the data of Figure 1, there were no
sharp, intense, less than one hour duration flux spikes at the time of the SC's as are sometimes
seen in the low energy solar data [see, e.g., Lanzerotti, 1969). The proton and electron count-
ing rates measured during two time periods around the SC's on October 31 and November 1 are shown
in Figures 4 and 5. Each data point corresponds to a 9.28 second counting average.

The data in Figure 4 show that a small enhancement in the lowest energy proton channel was
observed approximately one minute prior to the October 31 SC at 0859 UT [Solar-Geophysical Data,
1969a). No disturbances were seen in either the higher energy proton.data or the electron data.

The data in Figure 5 show the proton and electron fluxes for the time period prior to and
following the SC at 0916 UT on November 1 [Solar-Geophysical Data, 1969al. Again the lowest energy
fluxes increased in intensity prior to the SC. The higher energy proton fluxes and electron fluxes
were unaffected by the interplanetary disturbance. An enhancement was observed in the proton fluxes
beginning at ~1200 UT and extending to V1240 UT. The flux enhancement was larger for the higher
energy fluxes (as can be seen from the data in Figure 1). Almost one hour after the proton decrease

at 1240, the electron fluxes increased in intensity.
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CHAPTER 13 N /4" Q/;yy

"Protons, Alpha Particles, and Electrons Resulting from the 18 November 1968 Solar Flare"

by

L. J. Lanzerotti
Bell Telephone Laboratories
Murray Hill, New Jersey
This report presents the data on the solar proton, alpha particles, and electron fluxes meas-

ured by an instrument on the Explorer 34 (IMP F) satellite following the extreme west hemisphere
(N21 W87) 1B solar flare of November 18, 1968. The Bell Telephone Laboratories instrument on Ex-
plorer 34 has been previously reported in the literature [Lanzerotti et al., 1969]. The data
measurements will be described below; a more complete discussion of the observations and their im-
plications for solar particle propagation is in preparation [Lanzerotti and Graedel, to be pub-
lished].

Proton Observations

Figure 1 contains the hourly average solar proton fluxes measured in the ‘eight energy chan-
nels of the experiment. Plotted at the bottom of the figure are the hourly counting rates of the
Alert neutron monitor. The ground level high energy particle enhancement from the flare is clear-
ly observed. Also indicated in the neutron monitor plot is the time of the sudden commencement
magnetic storm at 0904 UT on November 20.
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The fast time resolution data (not shown) indicates that all of the proton energy channel
counting rates increased at approximately the same time (+~10 minutes). The counting rates in-
creased rapidly to a peak and then decreased to a minimum approximately seven to eight hours after
the onset. The fluxes in the higher energy channels increased after the initial peak and then de-
creased steadily while the fluxes in the lower energy channel continued to increase steadily until
the time of the sudden commencement. It is interesting to note that an initial peak in the proton
fluxes after the particle onset was also observed after another extreme wast hemisphere solar flare
on 10 September 1961 [Bryant et al., 1965].

After the sudden commencement the fluxes in all proton channels decreased. Two subsequent
enhancements were seen prior to a rather steady, expomential decay of the fluxes. The time con-
stant of this decay, beginning at approximately 1200 UT on November 21, was approximately #ndepend-
ent of proton energy [Lanzerotti and Graedel, to be published].
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Fig. 2. Alpha particle data following the 18 November 1968 solar flare.
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Alpha Particle Observations

The hourly average alpha particle fluxes measured following the 18 November flare are plotted
in the Figure 2. The onset times of the alpha particles were also approximately energy independ-
ent and equal to the prcton onset times. With the major exception that the initial particle peak
following the onset appears narrower for the alphas than for the protons, the general flux-time
profiles for the alphas and the protons are similar. The approximately exponential decay times
beginning on 21 November were approximately energy independent and equal to the proton decay times
[Lanzerotti and Graedel, to be published].

The alpha to proton ratios for particles compared as to equal energy (equal rigidity), equal
energy per charge (Eg = 2E,) and equal energy per nucleon are plotted in Figure 3. For protons
and alphas of equal energy, the alpha to proton ratios increase steadily to the time of the sudden
commencement. Following two subsequent enhancements of the ratios, corresponding to the two flux
enhancements observed in all energy channels on November 20 and 21, the equal energy ratios re-
mained approximately constant, indicative of the energy-independent decay times beginning on 21

November.

The constant energy per nucleon alpha to proton ratios (v = Vv ) decreased steadily from the
flux peaks following the particle onsets to the time of the sudden tommencement. After an initial
enhancement in the ratios following the particle onsets, the constant energy per charge alpha to
proton ratios were essentially constant during the entire period when the particles were observed

at the earth.

The alpha to proton ratio data of Figure 3 suggests that the initial enhanced spike of par-
ticle fluxes following the particle onsets at the earth was enriched with alpha particles from the
flare. Following this enhancement, however, the three sets of alpha to proton ratios had time be-
haviors quite similar to those observed following the east hemisphere solar event of 23 May 1967
[Lanzerotti and Robbins, 1969]. These similarities and their implications for solar particle
propagation are included in a paper in preparation [Lanzerotti and Graedel, to be published].
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Electron Observations

The electron counting rates measured in three energy channels are plotted in Figure 4. The
background counts in each channel are equal to the rates measured during November 17. After sub-
tracting the backgrounds the integral electron fluxes in terms of electrons (em® see ster)-! can
be obtained approximately by multiplying the H1 rates by 57, the H2 rates by 7.2, and the H3 rates
by 7.2.

The electron rate onset times on November 18 were energy independent and approximately equal
to the proton and alpha particle onset times. The initial sharp enhancement after the electron
onsets was seen in all of the electron channels. The electron decay times beginning on November
21 were approximately energy independent and nearly equal to the proton and alpha decay times,

-Energetic_Storm Particles

The four lowest energy proton channels and the lowest energy alpha particle channel all show
approximately steady increases of the particle fluxes up to the time of the sudden commencement
(Figures 1 and 2). In particular, the two lowest energy proton channels show flux peaks of sev-
eral hours duration around the time of the sudden commencement. These energetic storm particle
enhancements have often been discussed previously [Axford and Reid, 1963; Rao et al., 1967].
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Plotted in Figure 5 is each 9.28 second average proton flux measured in five proton energy
channels for a three hour interval around the sudden commencement. Clearly observed in the two
lowest energy proton fluxes is a sharp, approximately ome minute wide peak at the time of the sud-
den commencement. This peak is not observed in the higher energy fluxes. Immediately following
the sudden commencement, a decrease of the proton fluxes is observed in all proton energy channels.

Although a similar narrow enhancement at the time of the sudden commencement was observed in
the lowest energy alpha channel, no enhancement was observed in the electron fluxes. The data of
Figure 4 indicates clearly that the electron fluxes appear to decrease prior to the sudden commence-
ment and then to increase in intensity after the interplanetary disturbance has passed.
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CHAPTER 14

Brief Reports

Interplanetary-Particle Associations with Type III Solar Bursts

T. E. GRAEDEL
Bell Telephone Laboratories, Whippany, New Jersey 07981

L. J. LANZEROTTI

Bell Telephone Laboratories, Murray Hill, New Jersey 07974

Interplanetary proton (E ~ 06 and E ~ 12 Mev) and electron (£ > 40 kev; E > 300
kev) data from May 28 to November 30, 1967, are used to study the association of particle
data with solar radio-burst data in the dekametric band from Ogo 3 and with data reported
in Solar Geophysical Data and the I.A.U. Quarterly Bulletin. By using reasonable particle-
and radio-burst association criteria, it is concluded that the observed associations during this
time period do not support the common belief that interplanetary-particle observations
confirm the association of electrons with type III radio bursts.

Beams of electrons moving at several tenths
of the speed of light have long been invoked
as the causative mechanism for type III solar
bursts [Wild et al., 1964; Kundu, 1965; Taka-
kura, 1967]. With the advent of charged-
particle detectors aboard interplanetary satel-
lites, it has become possible to attempt to
associate type III bursts with charged-particle
fluxes observed at 1 AU. Electrons having the
energies deemed appropriate (~45 kev; B =
(v/c¢) = 0.35) have indeed appeared to show
an association with type III radio bursts.

Previous associations of type IIT bursts with
interplanetary particles have involved the in-
termediate step of first associating the particles
with a given flare. This task is complicated by
uncertainties in modes of particle propagation
and diffusion in interplanetary space. Some
propagation models also propose particle stor-
age regions to explain the data [e.g., Lin and
Anderson, 1967; Simnett et al., 1969]. Such a
feature would further complicate the association
process.

Although the difficultics involved with asso-
ciating particles with a given flare have been
recognized to some degree by various authors
[e.g., McCracken et al., 1967; Lin, 1970a], the
associations between flares and particle observa-

tions have continued to be made [e.g., Mec-
Cracken et al., 1967; Masley and Goedeke,
1968; Fan et al., 1968; Lin and Anderson, 1967;
Lin, 1970a]. These associations generally show
a wide range.of particle transit times from the
chosen flare. For example, an association of
solar protons (E > 5 Mev) has been made with
flares occurring over a time interval of 22 min
to 2% hours {‘west longitude events') and of
‘a few hours’ to 24 hours (‘east longitude
events’) prior to the particle event [Masley
and Goedeke, 1968]. Associations of solar elec-
trons (E > 40 kev) have been made with flares
occurring over a time interval of 1.5 to 83 min
prior to the event [Lin and Anderson, 1967).
Apart from particle arrival variability arising
owing to flare location on the sun, the wide
range of transit times is partly due to the
tendency of experimenters to associate particle
events with the largest flare possible, even
though other less important flares may produce
less extreme values for a propagation time.
These tyvpes of associations might be suspect in
view of the fact that recent surveys [eg.,
Smart and Shea, 1970] indicate that little or
no correlation exists between flare importance
and the resulting particle flux near the earth.
The association of a radio-burst event with a
given particle event usuallv has been made by
using flare-associnted data like that cited above
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[e.g., Svestka, 1969]. Since the occurrence of
flares accompanied by type III radio bursts is
very high (indeed, sometimes it may be quasi-
continuous) [Fainberg and Stone, 1970¢], the
association of particle events with flares auto-
matically produces an association with type III
bursts.

This report bypasses the flare-association
step and attempts to associate particle events
directly with reported radio bursts by using
a stated time-correlation interval. This pro-
cedure inherently recognizes that type III solar
radio bursts often occur in conjunction with the
less well-reported subflares or flares of impor-
tance 1 [Graedel, 1970].

ParricLE AssociaTions WITH Type II1 BursTs

The solar-particle data considered in this re-
port consist of electron (£ > 03 Mev, 8 =
0.77) and proton (056 < E < 0.6 Mev,
B ~ 0.025; 06 < E < 12 Mev, 8 ~ 0.04)
information from an experiment on the Ex-
plorer 34 satellite [Lanzerott: et al., 1969].
Solar radio-burst data in the dekametric band
reported in Solar Geophysical Data [US. De-
partment of Commerce, 1968] and the JA.U
Quarterly Bulletin on Solar Activity [1968] are
used to establish possible radio-burst associa-
tions with the particle data. Radio-burst infor-
mation from Ogo 3 within the frequency band
4-2 MHz [Haddock and Graedel, 1970] is used
to obtain more complete solar radio-data cover-
age during the period from May 28 to September
30, 1967. (Satellite observations of radio bursts
are the only ones available from ~0700-1300
UT.) Finally, association criteria for radio bursts
are used with published solar-electron data
(E > 40 kev) [Lin, 1970a] to further study
associations of particles and type III bursts.

Two association criteria are used to devise
the results for protons: (a) a proton event must
begin 4 = 1 hours after a type III burst, or
(b) a proton event must occur 5-8 hours after
a type III burst. The association criterion for
electrons is that the event must follow a type
III burst by 14 hour. (The first proton criterion
and the electron criterion are derived from
Archemedes’ spiral travel time for particles of
the energy involved; the second proton criterion
allows for moderate interplanetary diffusion and
the resulting time delay.) Association with any

one piece of radio datum constitutes a positive
result.

The proton and higher-energy electron events
from May 28 to November 30, 1967, are listed
in Tables 1 and 2. Their association with solar
radio-burst data is indicated in the appro-
priate criteria columns. For the three sources
of radio-burst data, the ‘Obs.’ columns in the
tables indicate whether or not observations were
being made.

Approximately 222 type III solar radio bursts
were recorded in all frequency bands during
the interval July 28 to August 4, 1967 [U.S.
Department of Commerce, 1968). This is an
average of well over 1 type III burst per hour
of observing time. These bursts have been at-
tributed to the large active region 8905 by Lin
[1970a, b, c]. In the following discussion, the
particle-burst associations during the passage of
region 8905 will be treated separately, because
of the large probability of associating any inter-
planetary particles with occurrences in such a
region.

A study of the associations in Tables 1 and 2
indicates the following:

1. Protons. Twenty-six of the twenty-seven
proton events had corresponding solar radio
coverage. Seventeen of the twenty-six events
(65%) had type III solar radio-burst associa-
tions, if the criteria established were used. If
the three events (July 29 and August 1 and'3)
that perhaps were produced by the solar active
region with McMath plage number 8905 are
excluded, then 14 of 23 events (619%) had type
IIT burst associations.

2. Electrons. Eleven of the eleven electron
events (>300 kev) had corresponding solar
radio coverage. Two of the eleven events (18%)
had type III solar radio-burst associations, if
the criteria established were used. If the two
events (July 30 and August 3) that perhaps
were produced by the McMath plage region
8905 are excluded, then 1 of the 9 events (119,)
had type III burst associations.

An example of the results stated above ic
illustrated in Figure 1, which demonstrates the
association situation for the period July 21-27,
between electrons, protons, and the Ogo 3 burst
data. The solar radio bursts of July 23 and 24
show definite association (if the criteria set
above are used) with the increase in proton
flux during the last half of July 24, whereas
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TABLE 1. Association of Explorer 34 Protor Events with Type III Dekametric Solar Radio

Bursts
0GO 3 SOLAR-GEOPHYSICAL I AU. QUARTERLY
0ATA BULLETIN
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$/28 1000 0500, 5/30 4880 X X X X X
6/3 1330 1600, 6/5 1960 X X
6/24 1900 1400, 6/20 820 X X X X X X- X X
7/11 1700 2200 290 X X X X
7/24 0000 2100, 7/25 24 X X X X X X X X
7/29 2100 1500, 7/30 49 X X X X X X
8/1 1100 0700, 8/2 65 X X X X X X
8/3 1630 0600, 8/4 110 X X X X X X
8/9 1700 0500, 8/11 19,600 X X x
8/15 2030 1000, 8/16 65 X X X X
8/24 0100 0200, 8/25 49 X X X
9/18 0000 1200, 4880 X X X X
9726 1000 X X X X
9/27 0700 0700 33 X X X X X X
10/3 0330 0700, 10/4 14 X X X X X X
10/8 0300 1730 10 X X X X
10/20 0100 1230 1.6 X X X
10727 0700 1300 73 X X X X X X
10/29 0700 . 1500 340 X X X X
10/30 0300 0530, 10/31 540 X X X X X X
1472 1100 0230,11/3 170 X X X X
11/4 1730 0730,11/5 28 X X
11710 1930 2130 4 X X X X
11713 0330 1100 46 X X X X
15715 1600 0100, 11716 160
11723 2315 1200,11/24 11 X X X X
11727 0830 1400, 11/28 400 X X X X X X

*PROTONS (cm2 sec ster Mev)™'

TABLE 2. Association of Explorer 34 Electron Events with Type III Dekametric Solar

Radio Bursts
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5728 0610 1140 X X X X
6/3 0630 1000 170 X . X X X X X
6/6 0620 1400 1140 X X
775 0900 1000 11 X X
7/30 0500 0800 47 X X X X
8/3 03930 1100 a6 X X
10/30 0030 0700 14 X X X X
1172 1015 1730 29 X X
1174 1215 1300 12 X X
11710 1930 2000 12 X X X X
11713 0330 1230 320 X X X X

* ELECTRONS (cm2sec ster)™’
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the electron channel shows only the radiation
belt enhancement during’ the satellite perigee
pass. The >40-kev electron data [Lin, 1970a]
and the >45-kev electron data [Van Allen and
Krimigis, 1968] for this time period were simi-
larly uneventful.

At least as surprising as the apparent asso-
ciation in Figure 1 of the type III bursts with
"protons rather than with electrons is the fre-
quent absence of particle events during periods
of high radio activity, or vice versa. Figure 2
illustrates the observed electron flux for the
period of May 29 to June 10, 1967. Several
large radio bursts left no corresponding particle
signature (May 29, 30, and June 2), whereas
two large particle events (June 3, 6) were not
reflected in the Ogo 3 radio-burst observations.
These two particle events (and no others) were

electrons; he is similarly unable to associate the
events with electron flares or radio bursts.

The Ogo 3 radiometer has a flux detection
lower limit of 1 X 10" watt em™ Hz™, which
has been shown to correspond roughly to 2* on
the radio-burst importance seale used in Solar
Geophysical Data [Haddock and Graedel, 1970].
The radio bursts indicated in Figures 1 and 2
are thus biased toward bursts of higher energy,
which presumably are also those which would
produce the highest particle fluxes. The non-
detection of particles for the times illustrated
are typical examples of the apparently anom-
alous behavior of the radio-burst-particle asso-
ciations.

During the same period studied above, Lin
[1970a] reported 35 electron events (>40 kev).
These events are listed in Table 3, except that

also observed by Lin [1970a] for >40-kev the 14 events apparently resulting from
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Fig. 1.

The association of Explorer 34 proton and electron half-hourly averaged data

with Ogo 3 type III solar radio bursts, July 21-27, 1967. The onset time and burst importance
[Haddock and Graedel, 1970] is indicated at the top of the figure. The radio bursts are
well-correlated with optical flares from McMath plage regions 8905 and 8907. Flare longi-
tudes are approximately 70°E on July 23, §5°E on July 24, and between 30°E and 00°E on

July 26-27.
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Fig. 2. The association of Explorer 34 hourly averaged electron data with Ogo 3 type III
solar radio bursts, May 29 to June 10, 1967. The small event on June 2 occurred entirely
during perigee passage of the spacecraft and is judged to be unrelated to solar electrons. The
Ogo 3 radio bursts illustrated have been correlated with McMath plage region 8818, which
was centered at approximately 45°W on May 29.

McMath plage 8905 are lumped together. Thirty-
three of the thirty-five events occurred during
periods of solar radio coverage. Eighteen of the
thirty-three events (55%) had type III solar
radio-burst associations, if criteria of an event
occurring either 14 or 1 hour before the re-
ported event onset were used. If the fourteen
events resulting from McMath region 8905 are
excluded, then only four of the remaining nine-
teen events (219%) had type III burst associa-
tions.

Discussion

The results presented in Tables 1-3 indicate
that both low-energy proton (~600 kev) and
low-energy electron (~40 kev) interplanetary
observations from June to November 1967 can
be associated with type III radio bursts by
using reasonable criteria for burst-particle asso-
ciations. This finding is perhaps not surprising
since type IIl radio bursts (as well as low-
energy solar electrons and protons) are quite
common occurrences. The higher-energy elec-
trons (E > 300 kev) do not seem to be well

associated with type III bursts. It may be that
the production mechanism for these higher-
energy electrons is more closely related to the
mechanism for producing the relatiyistic elec-
trons discussed by Cline and McDonald [1968]
than to the mechanism for producing the lower-
energy (~40 kev) electrons (although Lin
[1970a] suggests the possibility of similar be-
havior for the >40 and >300 kev electrons).
The belief that interplanetary electron observa-
tions firmly support the electron and type III
burst associations [e.g., Svestka, 1969; Lin,
1970a] must be regarded as unproven.

The appropriateness of utilizing a given spe-

- cific set of particle data for type III burst-

source studies is difficult to assess. Interferom-
eter measurements by Wild et al. [1959]
indicate that type III sources are in rapid mo-
tion through the corona with velocities ranging
from ~02 to ~0.8 ¢, which are much too fast
for excitation by the low-energy protons used for
the associations in Table 1, of course. However,
it must be stressed that one aspect of particle
excitation of plasma oscillations that has not
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been investigated in any detail is the manner
in which the energy spectra of the particles
might be expected to change with time as a
result of emergy lost to the plasma. Present
estimates of the energy in a particle stream
[Takakura, 1967] and the energy radiated in
the radio spectrum [Maxwell et al., 1964] sug-
gest that spectral changes should be insignifi-
cant. This conclusion, however, is strongly de-
pendent on the efficiency of the plasma wave
generation, a quantity that has not been deter-
mined. A recent model study of the intensity
profiles of type III bursts [Graedel, 1970b],
utilizing-the assumption of electron excitation,
has, in fact, concluded that the peak of the
electron energy spectrum moves from v ~ 0.5 ¢
to v ~ 0.3 ¢ as the beam propagates outward
from the sun. This result is consistent with

observations over a wide range of frequencies
[Kundu, 1965; Fainberg and Stome, 1970b].
The implication is that this spectral change is
due to selective energy loss by the higher-
velocity electrons. Extensive theoretical work
in this area, including proton as well as electron -
beams, is obviously needed.

In conclusion, the data considered here do
not lend credence to the common belief that
the interplanetary-particle data confirm the
association of electrons with type III radio
bursts. The theoretical suggestions of Kaplan
and Tsytovich [1968], Friedman and Ham-
berger [1969], and Smith [1970a, b] that proton .
beams may produce type III bursts should not
be ignored on the basis of the present state of
interplanetary-particle associations with radio
bursts. A disturbing result arising from the

TABLE 3. Association of >40-kev Electron Events [Lin, 1970a] with Type III Dekametric
Solar Radio Bursts
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5/28 0608 X x | x X
6/3 0623 | «x X
6/6 0600 | x X
7/5 0803 | X X
Ty28- t14 ELECTRON EVENTS ASSOCIATED WITH TYPE I SOLAR RADIO BURSTS )
9/11 1347 . X X X X
9/18 0415- x X X X
0550
1074 0847 X X
10/7  0215- x | x | x x | x| x :
. 0240
10/7 1702 X X X X X X
10/26 “0004- x x | x X
0014
10/26 0640 x | x| x x | x | x
10/27 1135 X X
10/30 2336 x | x| x x | x| x
10729~
0024
10730
1172 1017 X X
11/4 1215 X X
177 2247 X x | X X
/11 0224- X x | x x
0235
11730  0500- X x | x X
6540
11/30 0830- X X
0857
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above considerations is that it may be verv
difficult to definitively use much of the near-
earth low-energy interplanetary-particle data
to obtain significant information about char-
acteristics of the solar-source region.
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CHAPTER 15

ENHANCED ABUNDANCES OF LOW ENERGY HEAVY ELEMENTS IN SOLAR
COSMIC RAYS

L. J. Lanzerotti and C. G. Maclennan
Bell Telephone Laboratories
Murray Hill, New Jersey O7974
and
T. E. Graedel

Bell Telephone Laboratories
Whippany, New Jersey 07981

Measurements of solar cosmic ray O/He,
Si/He, and Fe/He ratios during the onset phase
of the 25 January 1971 flare event indicate a
subsﬁantial (20-40 times) enhancement of the ratios
above the solar photospheric abundances. It is
suggested that preferential acceleration of the
heavy elements within the solar flare region is

the most likely cause of the increased abundances.

This letter reports the results of an analysis of
low energy (~0.5-3 MeV/nucl.) solar flare proton and alpha
particle spectra during the onset stage of the 25 January 1971
solar event (1B flare at N19 W50 at ~2300 UT on 24 January).
These data, together with recently reported 0, Si, and Fe
fluxes obtained from a rocket measurement during the flare,

indicate that the ratios of the heavy element fluxes to the
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alpha fluxes were ~20-40 times larger than expected on the
basis of the solar photospheric abundances. These results
from a single flare event confirm the détection of an enhanced
solar flare Fe/He ratio which was reported from an analysis of
the two year exposure of the Surveyor-3 TV camera filter to solar
cosmic rays (Price et al., 1970). In addition, these results
indicate that the Fe/He ratios at low energies may vary from
event to event and are the first evidence that the solar flare
O0/He and Si/He ratios are also enhanced above the photospheric
values. The degree of enhancement for the O/He and Si/He
ratios is appréximately one-half the amount of the Fe/He ratios
in the particle energy range of 1.5-3.5 MeV/nucleon. These
low energy solar cosmic ray results are strikingly different
from those obtained for higher energy particles for which it
has been established that the solar particle compositions and:
photospheric compositions are essentially identical. (Price
et al., 1971; Durgaprasad et al., 1968; Biswas and Fichtel,
1965; Bertsch et al., 1969; 1972). A recent paper reports
enhancements relative to solar abundances of the Si/0 up to
(Cr-C_)/0 ratios in the energy range 14-61 MeV/nucleon
(Mogro-Campero and Simpson, 1972).

The proton and alpha particle fluxes were measured by
a four-element solid state detector telescope (half-angle ~20°)
flown on the IMP 5 satellite. Using particle'energy loss

characteristics and pulse height analysis, protons, alphas,
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and electrons were separately detected and energy analyzed.

The Bell Laboratories telescope sampled the spin-averaged
particle fluxes in the ecliptic plane approximately once

each minute (Lanzerotti et al., 1969). During 25-26 January
1971 the IMP 5 satellite was in the magnetotail at a-geocentric
distance of 30 earth radii (RE); it was approximately along
the earth-sun line with a solar-magnetospheric latitude of ~0°.
The 0, Si, and Fe measurements were obtained by particle
track-counting procedures from a stack of Lexan and cellulose
triacetate sheets flown on a rocket launched at 1519 UT on

25 January 1971 from Ft. Churchill (68.7°N, 322.8°E geomagnetic)
(Price and Sullivan, 1971).

The satellite-measured proton (1.1-1.5 MeV) and
alpha particle (1.5-2.1 MeV/nucl.) one-half-hour averaged
profiles measured during the first three days of the particle
event are shown in Fig. 1. Using the proton and alpha particle
energy spectral measurements, the alpha to proton (o/p) ratios
for these first days of the event were computed and are plotted
at the bottom of Fig. 1. The arrows on the figure indicate the
time of the rocket flight. The rocket payload obtained a
"snapshot" view of the flare particle composition during the
onset phase of the event when the o/p ratios were enhanced
relative to the ratios measured later in the event.

The O, Si, and Fe spectra obtained between 1520

and 1524 UT on 25 January and reported by Price and Sullivan
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are plotted in Fig. 2, together with the proton and alpha
particle_spectra measured on IMP 5 during the same time period.
Over the limited energy ranges shown, the alpha and proton
spectra appear to be somewhat harder than the heavy element
spectra. This spectral presentation implicitly assumes that

the particle fluxes over Ft. Churchill are directly comparable
with those measured in the magnetotail at .30 RE‘ No direct
supporting evidence for this assumption can be offered. We
note, however, that direct measurements during other particle
events have shown the alpha and proton fluxes in the magnetotail
to be comparable with those in interplanetary space (Montgomery
and Singer, 1969; Lanzerotti, et al., 1970), and that solar
particle fluxes observed in the region of the auroral zone have
also been measured to be comparable with interplanetary values
(e.g., Van Allen, et al., 1971; Lanzerotti, 1972). We therefore
feel that Fig. 2 probably constitutes a reasonable representation
of the interplanetary particle population.

The low energy solar cosmic ray compositions obtained
by linear interpolation and extrapolation from the spectral
measurements of Fig. 2 are tabulated relative to He in Table I.
Also tabulated, for comparison purposes, are the higher energy
(E > 25 MeV/nucl) solar cosmic ray abundances (Bertsch et al.,
1969; 1972) as well as reéent values of the photospheric
abundances (Hange and Engvold, 1970; Withbroe, 1971la). The

composition ratios measured here for 1,5-3.5 MeV/nucleon
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particles are ~20 (for O and Si) to 40 (for Fe) times higher
than the photospheric values and higher-energy solar cosmic
ray ratios. The Fe/He ratio is also somewhat higher than
that inferred from the two-year integrated Surveyor results
(Price et al., 1971). Within the uncertainties of the measure-
ments, these 0/He, Si/He, and Fe/He ratios appear to decrease
slightly with increasing energy (as noted above, this is also
apparent from the spectra of Fig. 2). This ratio decrease
is consistent with the report of the Surveyor results that
the Fe/He ratios appear to approach the energetic solar cosmic
ray ratios at ~25-30 MeV/nucleon. Some evidence, consistent
with the O/He ratio reported here, has been reported recently
for an enhancement of the Z > 3 to helium ratio for 300
keV/nucleon particles (Armstrong and Krimigis, 1971).

It does not seem likely that the low energy cosmic
ray and photospheric abundance differences reported herein
can be source-related; i.e., that they result from differences
in elemental abundances between flaring and non-flaring
regions. Flare optical spectra typically indicate enhanced
temperatures within the emitting region, but no evidence
for abundance differences has yet been found (Withbroe, 1971b).
A recent comparison of photospheric and coronal abundances has
indicated that no strong evidence exists for abundance dif-

ferences between these two levels of the solar atmosphere
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(Withbroe, 1971a). It seems reasonable, therefore, to ask
if acceleration or propagation effects would explain the
anomalous abundance ratios.

Little information or theory exists on possible
flare acceleration mechanisms. The commonly discussed Fermi
mechanism would not appear to be a cause of the preferential
acceleration of heavy elements to helium since the rate of
acceleration would be the same for equal velocity particles
of the same mass-to-charge (M/Z) ratio. The abundance
observations of low energy (<200 MeV/nucleon) Z > 2 galactic
cosmic rays have recently been shown to have some systematic
dependence upon the first ionization potential of the indi-
vidual elements (Havnes, 1971). Such a suggestion might also
well apply to the heavy solar cosmic rays discussed here,
where the emission of He could be envisioned as suppressed.
Such a suppression of the low energy He, together with the
more 'normal' heavy element/He ratios measured at the higher
energies, would probably require a two-stage flare acceleration
process with the first stage due to an electromagnetic ioniza-
tion and acceleration process. The second stage might be a
process such as the Fermi mechanism.

The enhancement of low energy iron to helium has

been related to a possible preferential emission of heavy
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elements from flare sites due to incompletely stripped nuclei

at the low energies. Price et al. (1971) suggested that the
effective charge Z¥ of the ionized particle could be given

by the expression Z*/Z = [1 - exp(-130 5/22/3)] where g = v/c.
Using the values of p(=~ 0.06-0.09) corresponding'to the particle
energies discussed here, it is easily seen that the low energy
abundance ratios listed in Table I are not consistent with

this suggestion.

Generally, low energy solar cosmic ray particles
measured during the first day or so of an event exhibit an
anisotropy direction approximately along the direction of
the mean interplanetary field suggesting a predominantly
diffusive propagation for the solar source (McCracken et al.,
1971). If such a circumstance describes the propagation
during 25 January, then it is difficult to see how inter-
planetary propagation effects would give rise to the heavy
element/He ratio differences relative to the photospheric
ratios observed for the equal M/Z (equal rigidities) He and
heavy nuclei measured on this day.

In summary, the results presented here confirm
the anomalously high Fe/He abundance in solar cosmic rays

(~1-4 MeV/nucleon) relative to the photospheric abundances.
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In addition, we find similar enhancements for the O/He and
Si/He ratios. Such enhancements could result from the flare
acceleration process. Measurements of other low energy
heavy ion solar cosmic ray abundances during a large fraction
of a solar cosmic ray event would be highly desirable in
further exploring and understanding solar flare phenomena.

We thank Drs. P. B, Price and J. D. Sullivan

for discussing their data with us.
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TABLE T

ABUNDANCE DETERMINATIONS BY VARIOUS TECHNIQUES

3.

Solar Cosmic Rays -

H H 0 s1
This paper
a) 1.5 MeV/nucl. 9.7 1 .15 .012
b) 2.5 MeV/nuecl. 11 1 .13 . 0083
c) 3.5 MeV/nucl. 17 1 .11 . 006
Photospherel>? 10 1 .0068 .00035
1

.01 . 00028

lHa.nge and Engvold (1970).
®Withbroe (1971a).
3Bertsch et al. (1969; 1972).
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Fig. 1.

Fig. 2.

FIGURE CAPTIONS

One-half hour averaged solar flare protons and
alpha particles, together with the 2.5 MeV/nucleon
alpha-to-proton ratios measured on IMP 5 during
the 25 January 1971 event. The arrows indicate
the time of the heavy element measurement.

Solar cosmic ray spectra measured by satellite

and rocket experiments at 1520-1524 UT

25 January 1971.
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CHAPTER 16

Solar Proton Radiation Damage of
Solar Cells at Synchronous Altitudes

L. J. LaNzEROTTI*
Bell Telephone Laboratories, Murray Hill, N. J.

JYHE synchronous altitude radiation environment is of
great interest for the design of solar cell power sources for
the large number of spacecraft (experimental, communication,
meteorological, manned, and military) that will be flown at
this altitude in the future. The purpose of this Note is to
point out that recent experimental measurements of low-
energy (E = 1.0-20 Mev/nucleon) solar protons and alpha
particles at the synchronous orbit show that the fluxes and
spectra of these particles are in general quite similar to the
solar particle observations made simultaneously in inter-
planetary space.! There are usually only very short time
delays before the interplanetary particles are detected inside
the magnetosphere at synchronous altitudes.
Although the mechanisms responsible for the rapid appear-
ance of these particles into the outer magnetosphere is not
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Fig.1 The simultaneous interplanetary and synchronous
altitude half-hour averaged solar proton environment as
measured in one proton detection channel on each of the
ATS-1 and Explorer 34 satellites in June 1967. The hori-
zontal bars indicate the periods when the Explorer 34
satellite was within the outer magnetosphere. ATS-1
local time (LT) is equal to universal time (UT) minus 10
hr.

yet understood, the mere presence at synchronous altitude of
a moderate flux of 1-Mev protons for several days can be the
dominate damage mechanism for unshielded solar cells.
These particle observations also explain the abnormal dam-
age to unshielded solar cells discovered by the solar cell ex-
periment on ATS-1.2

The comparison of the interplanetary and synchronous
altitude protons and alphas in Ref. 1 was made during two
moderate solar particle enhancements and a relatively long
period of steady interplanetary intensities. It was concluded
that whenever there were solar particles present in interplane-

Received June 30, 1969. The author thanks W. L.Brown for a
discussion of these results.
* Member of Technical Staff.

tary space, these particles were seen at synchronous altitude;
the synchronous altitude proton fluxes did not persist
after the interplanetary enhancement was gone. During
certain periods when the earth’s geomagnetic activity was low
a diurnal variation was also noted in the fluxes, with more
protons seen on the night side of the earth than on the day
side.t-34

Figure 1, adapted from Ref. 1, shows the half-hour averaged
interplanetary and synchronous altitude proton fluxes for the
time period around the flux enhancement of June 25~-28, 1967.
These data were obtained from Bell Laboratories particle
experiments flown on the synchronous orbit ATS-1 and the
interplanetary orbit Explorer 34 satellites. This moderate
enhancement has been identified as probably due to the 27-day
recurrence of the disturbed solar region which produced the
large flares of May 21-23 and May 28, 1967.! Figure 1 shows
very graphically that the solar particle fluxes inside and out-
side the magnetosphere have quite similar temporal appear-
ance and magnitudes.

A comparison of the interplanetary and magnetosphere
fluxes and spectra for a half-hour interval on June 26 is shown
in Fig. 2a. In Fig. 2b is plotted the spectra observed during
another solar particle enhancement in August 1967.! The
fluxes of this Auguest event, which persisted at these magni-
tudes for more than one day, were approximately ten times
the intensities of the June enhancement. These two enhance-
ments, selected from the data of the past two years, are cer-
tainly not the largest solar events observed during this time
period. Rather, these enhancements were selected to show
the significance of even moderate solar fluxes at synchronous
altitudes for radiation damage considerations.

The proton spectrum plotted in Fig. 2a was used to estab-
lish the bulk damage effects in a 1 Q-cm n-on-p type solar
cell. The effects of the alpha particles were neglected. It
was assumed that the cell had infinite shielding on its rear
contact. The proton equivalent 1 Mev electron flux curves
given in Ref. 5 for the bulk damage effects were used.

A typical day side integral electron spectrum as observed
at synthronous altitude® [F(E. > E) = 103E~? electrons cm™2
sec ™! sterad ~1] was used in comparing the damage due to the
normal electron environment and the damage due to the
low-energy solar protons. The synchronous altitude electron
spectrum has diurnal as well as shorter-term changes,®? but
the spectrum used here is a good, conservative estimate of the
electron environment for assessing maximum damage. The
appropriate electron bulk damage curves, also contained in
Ref. 5, were used.

The results of these damage calculations for June 26 are
shown in Table 1 for the case of no solar cell shielding and for
cases of shield thicknesses of 0.05 gm/cm? (~7.5 mil quartz)
and 0.1 gm/cm? (~15 mil quartz). It is quite clear from the

Table 1 Solar cell radiation damage

Bulk equivalent 1 Mev electrons, (cm? day)~!

0.05 gm/ 0.1 gm/
No cm? cm?
Particle shielding  shielding  shielding
Protons (£ >1.0 Mev) 1.9X1012 3.4X10° 8.2X 108
Electrons (E >0.5Mev) 1.5X 10® 1.4X10° 1.2 X 10
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Fig. 2 Interplanetary (solid points) and synchronous
altitude (open points) particle fluxes for two solar particle
enhancements in 1967. Circles correspond to protons;
triangles correspond to alpha particles.

results of Table 1 that an unshielded solar cell during a low-
intensity solar enhancement like that of June 26, will suffer
damage at a rate ~10? times the damage rate produced by the
normal electron environment at synchronous altitude. How-
ever, the proton and electron damage rates would be approxi-
mately equal with an ~0.03 gm/cm? front shield; with a
shield thickness of 8.05 gm/cm? the proton damage rate would
be four times less than the electron damage rate. It is inter-
esting, however, that the proton bulk damage rate to 7 mil
shielded cells during the August 1967 event would be a factor
of ~2 more than the electron damage rate and that therefore
a large solar flare event (having the same or smaller power law
dependence) could cause substantial damage to the satellite
solar cells.

A degradation larger than expected was observed in the ex-
perimental solar cells in the damage experiment on ATS-1.2
It was reported that, unexpectedly, a shield thickness of 6 mils
offered greater power protection than either thinner (1 mil)
or thicker (15, 30, and 60 mil) shielding. Although the
thicker shielding result has not been satisfactorily explained,?
it is likely that it is due to a decrease in the light trans-
mission as the shield thickness is increased. It was also re-
ported that the unshielded cells appeared to degrade by a series
of steps, approximately in correlation with solar events.?

The results contained here in Table 1 are completely con-
sistent with this last reported experimental ohservation.
Since very many low-intensity, low-energy solar enhancements
with soft spectra (as on June 26) have been measured at syn-
chronous altitude, it is clear that a solar cell shield of ~7 mil
thickness will largely eliminate the damage from such en-
hancements. With this thickness shield, only the protons
from very high intensity, harder spectra solar flare events will
dominate the electron environment in producing radiation
damage effects in such shielded solar cells.
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CHAPTER 17

SOLAR FLARE PARTICLE RADIATION*

by
L. J. Lanzerottil

Bell Telephone Laboratories
Murray Hill, New Jersey OT974

ABSTRACT

A review of the solar flare particle time dependence,
composition, spectra, and propagation characteristics as observed
at the earth 1ls presented iIn thls paper. Representative
examples of ground and spacecraft observations of flare
protons, alphas, and electrons are dlscussed. Differences
In the time dependences of these particle fluxes after a
flare as a function of particle energy and flare location r
are indicated. At very low energies (~1-~10 MeV), the effecﬁg
of convection by the solar wind apparently produce an approxi-
mately energy-independent decay fime for post-flare particle
fluxes that exhlbit a diffusive temporal profile. Effects of
solar flare particles at the earth 1n producing polar cap
riometer absorption and 1n produclng spacecraft solar cell

damage at the synchronous altitude are also briefly outlined.

*Review presented at the National Symposium on Natural and
Manmade Radiation in Space, 1-4 March 1971.
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I. INTRODUCTION

The sun is a source of copious fluxes of charged
particles which escape into interplanetary space. These
particles range in energy from the few keV solar wind particles
to the several hundreds of MeV particles produced by the larger
solar flare. There is even growing evidence that the sun
may be a nearly continual emitter of low energy (several
tens of keV) protons. This review is limited in that it
concerns itself essentially entirely with the characteristics
of the solar particles accelerated by solar flares and
subsequently observed near the orbit of the earth.

The number of solar flares and the fluxes of
energetic (2 20 MeV) solar particles observed at the earth
varies in a manner similar to that of the sunspot number
during the eleven-year solar cycle. This is illustrated by
the data of Fig. 1 where the smoothed sunspot numbers for
cycles of 19 and 20 are plotted as a function of time. Also
shown are histograms of the yearly integrated proton intensities
for protons 2 30 MeV for both solar cycles (A. J. Masley,

private communication). These particle fluxes are obtained
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from riometer measurements of solar proton-produced PCA
events 1n the polar-cap regions., The solar particle fluxes
peaked in total intensity a year or more after the sunspot
maximum during cycle 19. It remains to be seen if thils same
phenomenon holds during the current cycle.

This review discusses 1in ordér solar particle
intensity-time profiles, the composition and spectra of
solar flare events, and the propagation of solar particles
in interplanetary space. The last section, dealing with the
effects of solar partlicles at the earth, dlscusses riometer
observations of polar cap cosmic nolse absorption events
and the production of solar cell damage at synchronous alti-
tudes by solar protons.

IT. INTENSITY-TIME PROFILES

Detectablility Limilts

The first observation of energetic particles due
to solar production were the sea-level measurements of Lange

and Forbush (1942), and Forbush (1946). Using shielded

ionization chambers bullt to observe galactic cosmic rays,
large enhancements in the chamber counting rates on 28
February 1942 (~1 day prior to a large magnetic storm), on

7 March 1942, and 25 August 1946 were observed. The develop-
ment of the cosmic ray neutron monitor in the late 1940's

and the super neutron monitor in the late 1950's and early

1960's have enabled many more solar particle increases to
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be observed on the ground. The neutron multiplicity monitor

(Nobles et al., 1967) enables particle spectral information

to be obtalned from a single station.
Other pre-spacecraft observations of solar cosmic
rays were made during the IGY period by polar cap radio

absorption techniques (Bailey, 1957) and by balloon measure-

ments. The balloon observations of Anderson (1958) provided
the first direct identificatlion of solar protons.

The neutron monitor has continued to be a valuable
tool for the detectlon of energetlc solar particles. The
world-wide deployment of stations provide data for studying
both the direction of incidence of the primary particles as
well as thelr energy. An example of the difference in response
to an event by super neutron monitors at two different energy
(or rigidity) cut-off latitudes 1is shown in Fig. 2 for data
measured during the 28 January 1967 solar event (Bukata et
al., 1969). The vertical cut-off rigidity for the Churchill
station is 1.0 GV (determined essentially entirely by the
atmospheric cut-off) while that of Dallas, at'mid-latitudes
geomagnetically, 1s 4.35 @V.

The time-intensity profile of the Churchill monitor
response to the Jénuary 1967 event 1is quite typical of the
classical, diffusive-like profiles recorded by high energy
flare-particle detectors and will be discussed 1n more detall

in Section V. 1In general in diffusive-like events, a rapid
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rise to the peak particle intensity is followed by a slower,
exponentlal or power-law decay with time.

With the advent of instrumentation flown on space-
craft, the energy sensitivity threshold for the detection of
solar particles was dramatically reduced. Thls reduction in
the lower limit of the energy of particle detecta;ility has
continued until today measurements of 300-500 keV solar
protons are routinely carried out. Accompanyling this decrease
in the energy sensitivity of particles that can be measured
was an increase in the number of solar events that were
observed. Furthermore, at the lower energles measured, the
time histories of the events became complex with no simple
relationships often evident between events.

The data plotted in Fig. 3 1llustrates the enormous
differences in the description of the interplanetary particle
intensities that could be made during a one-month period
depending upon the energy sensitivity 1limits - avallable for
analysis. The data were obtained by the solar proton monitor-
ing experiment on the Explorer 41 satellite (C. O. Bostrom,
private communication). If only the higher energy channel
(E > 60 MeV) were available for analysis, only one large
event (March 27) and a small event (March 24) would have
been apparent., Although the decay times are longer, both
of these events had a diffusive temporal appearance similar

to the neutron monitor event of Fig. 2.
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As the particle energy threshold 1n Fig. 3 is
lowered, more solar events are detected. The event beginning
on March 6 (when viewed in the E > 10 MeV channel) no longer
has a diffusvie shape. The solar fluxes in the 1-10 MeV
channel of Fig. 3 are observed to remain above their back-
ground level throughout the entire 31-day period plotted.

Not all of the interplanetary particle enhancements
result from discrete flare events. In general, flare-
assoclated events occur in close assoclation with solar
X-ray and microwave emissions. Further, as noted above, the
time-intensity profiles of flare-assoclated events tend to
have a diffusive appearance. Three other types of particle
enhancements, in addition to the flare-associated events
considered in this paper, have been classified and discussed
extensively in the literature. These are:

a) Particles associated with active centers: The onsets
of these particles at the earth display no velocity
dispersion and appear to be corotating with solar-
active centers. Such enhancements have been observed
to occur each solar rotation for many successive

rotations (e.g., Fan et al., 1968; McDonald and

Desai, 1971).

b) Recurrent events: These particle increases occasion-
ally occur in the next solar rotation following a
flare. They appear to originate from the same actilve
region as that producing the flare (e.g., Bryant ét
al., 1965).
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c) Energetic storm particles: Enhancements of low
energy protons that appear for several hours around
the time of occurrence of interplanetary shock waves

(e.g., Axford and Reid, 1963; Bryant et al., 1965;

Rao et al., 1967). Proton enhancements lasting for

several minutes, apparently resulting from accelera-
tion at the shock front, have been reported (e.g.,

Singer, 1970; Lanzerotti, 1969a; Armstrong and

Krimigis, 1970; Oglivie and Arens, 1971).

Although the three solar particle enhancements
listed above are important for understanding solar processes
and interplanetary propagation, they will not be elaborated
upon here,

Data Organization

Although the intensity-time profiles of high energy
flare particles are similar in thelr overall diffusive appear-
ance, absolute differences as a functlon of particle energy

are common. Cline and McDonald (1968) have shown that the

time history of the high energy proton and electron fluxes
from the 7 July 1966 solar flare 1s dependent upon particle
velocity. This 1is evident in Fig. 4 where the observed-time
profiles for three proton and one electron channel are plotted
in Fig. 4a. In Fig. Ub, the four particle flux channels

have been normalized to thelr peak values and the abscissas
have been transformed to represent the distance traveled

from the flare occurrence.
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Although the higher energy particle fluxes from
this flare can be organized quite well by considerations of
velocity-dependent travel, Lin (1970a) has shown that when
electrons of energy > 45 keV from this event are included
in the analysis, they show a broader curve than those 1in
Fig. 4b. Furthermore, the E> 45 keV electrons appear to
arrive earlier than the protons and electrons considered by

Cline and McDonald (1968). Lin and Anderson (1967) and Lin

(1970a) have interpreted this earlier arrival to low energy
electron production eilther higher in the solar atmosphere

or prior to the proton production.

ITI., COMPOSITION

The most recent reviews of solar cosmic ray

composition are those of Biswas and Fichtel (1965) and

Fichtel (1970). They discuss in detall the several counter
and emulsion measurements made on balloons and rockets begin-
ning during the maximum of solar cycle 19, The discussion
here will be limited primarily to observations of solar alpha
particles and electrons. Observations of highef-z elements
will be briefly outlined.

Solar Alpha Particles

The primary characteristic arising from the
observations of solar alpha particles 1s that the ratio of
the fluxes of solar alphas to solar protons appears to vary

wldely between individual events and even within a single

17-8



event. Both of these characteristics can be seen from

Fig. 5 (Durgaprasad et al., 1967). Here are plotted the
proton to alpha ratios fof several different events as a
function of particle kinetic energy.

More recently, using satellite instrumentation,
the solar alpha measurements have been extended to lower
energles and the time resolution during a single event has

been substantially improved (Armstrong et al., 1969;

Lanzerotti and Robbins, 1970). A comparison of the intensity-

time profiles of solar protons and alphas from the series of

flares on 21 and 23 May 1967, 1s shown in Fig. 6 (Lanzerotti

and Robbins, 1970). The overall appearance of the intensity

profiles of the two species are simllar although differences
do exist. In particular, the energetic storm particle
enhancement at the time of the sudden commencement (SC) on
May 24 1is not strongly evident in the alpha fluxes.

The detailedlalpha to proton ratios throughout the
May 23 event are shown in Flg. 7. Large changes in the
ratlos are observed, particularly at the low energlies, for
protons and alphas when compared as to’equal energy and
equal energy per nucleon (equal velocity). However, the
central panel of Fig. 7 indicates that after the increases
in the ratios following the May 24 sudden commencement, the
ratios remain constant throughout the remainder of the event

for particles compared as to equal energy per charge,
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Lanzerotti and Robbins (1970) have interpreted the increases

in the alpha to proton ratios observed after the sudden com-
mencement on May 24 as a source effect. They suggest that

the solar particles observed prior to the SC were predominantly
from flares on May 21 whereas those particles observed after
the May 24 increase were from flares on May 23. Tﬁey also
suggested that the constancy of the ratios for equal energy
per charge may indicate an 1lmportant role for electric filelds
in low energy particle propagation and/or acceleration.

Similar behavior of the alpha to proton ratios following

other flare events have been noted (Lanzerotti, 1970a; Lanzerotti

and Graedel; 1970).

Heavy Nuclel

Heavy solar cosmic ray nuclel (Z 2 3) were first
detected 1in nuclear emulsion stacks flown on a rocket during

the 30 September 1960 event (Fichtel and Guss, 1961). The

evidence gained from a number of balloon, rocket, and satel-
lite experiments in the early 1960's indicates that the
spectral forms for solar heavy nuclel and solar alpha parti-
cles are the same 1n any one event for particles down to ~30
MeV/nucleon (Fichtel, 1970).

A statistical study usling satellite data has been
made of the ratio of solar alphas to Z 2 3 nuclei for a number
of events in 1967-1968. The study indicates that for

particles of E > 0.5 MeV/nucleon, the spectral behavior
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observed at the higher energies continues to .hold (Armstrong

and Krimigis, 1971). It was found that the event-integrated

alpha to heavy ratio was ~20 * 10 for most events, a value
substantially smaller than the ratio of 48 + 8 reported by

Durgaprasad et al. (1968) after the 2 September 1966 event

in the 12-35 MeV/nucleon range. It 1s also smaller than the
weighted mean of 58 + 5 determined from six large events in
1960-1969 (Fichtel, 1970).

Solar Electrons

The first direct observation of solar electrons
was made from data obtained on a balloon flight by Meyer
and Vogt (1962) three days after a large flare on 20 July
1959. They detected highly relativistic electrons of energy
100-1000 MeV. Nonrelativistic electrons (E > 45 keV) were

first measured in interplanetary space by Van Allen and

Krimigils (1968) using an instrument flown on Mariner IV.
Since that time, the time-intensity profiles of relativistic

solar electrons (e.g., Cline and McDonald, 1968; Simnett et -

al., 1969) and nonrelativistic solar electrons (Anderson and

Lin, 1966; Lin and Anderson, 1967; Anderson, 1969; Lin, 1970a,

1971) have been intensively studied.

The temporal characteristics of relativistic
electrons following the 6 July 1966 flares are shown in
relationship to the proton component in Fig. 4. It was

found that for this flare the electron and proton components
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could be organized in time by considerations of particle
velocities alone. However, it was noted that Lin (1970a)
showed that the low energy. (E > 45 keV) electrons apparently
arrived first, before the more energetic particles.

An example of a comparison of the electron
intensity-time profiles for a single event 1s shown in Fig. 8

(Lin, 1970b, private communication; Lanzerotti, 1970a).

These data, from a west limb flare, show rather similar time
profiles for a wilde range of electron energies. The similari-
tles 1In the temporal profiles are 1ln contrast to those
observed in the case of protons (345;’ Filg. 3; see also

Lanzerottl, 1970a, for proton temporal profiles measured

during the same period as the electron data of Fig. 8).
This could be due to a more direct propagation of electrons
to the earth with less interplanetary diffusion and scatter-
ing than in the case of protons.
IV, SPECTRA

As might be expected, solar flare particle spectra
have large variations in intensities and spectral shapes
both between individual events as well as within a single
event. Representative proton, alpha particle, and electron
solar flare particle spectra are discussed separately.

Proton Spectra

The solar proton spectra, particularly for higher

energlies, generally steepen with time after the flare., That
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is, as time progresses, relatively few higher energy particles
as compared to the lower energles are present. The proton
energy spectra measured 1n several of the large events durlng
the last decade were found to fit very well a spectral repre-
sentation with a riglidity dependence. This spectral shape

can be expressed as (Freier and Webber, 1963)

[}

J dJo
ar = q|_ o*P [-R/R_(t)]

where R = Mv/c is the proton regidity. It was found that
thls spectral representation was particularly applicable
during the decay phase of an event for protons of energies
R 20 MeV.

Six proton energy spectra obtalned during several
large events of the last solar cycle are plotted in Fig. 9.
These spectra exhibit the exponentlal-in-rigidity spectral

shape (Freler and Webber, 1963). Solar cosmic ray spectra

such as those of Flg. 9 are very steep compared to the galac-

tic cosmic ray spectra (e.g., Fichtel and McDonald, 1967).

Essentially all of the solar flare particle spectra
taken during the last solar cycle were obtained by rocket or
balloon-based instruments. Frequently, little o the time
history of an event was obtained. Hence, relatively greater
emphasis appears to have been placed on the spectra of the

different events. During the present solar cycle, with
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essentially continuous monitoring of an event's time profile
and with the measurement of lower energy particles, less
emphasis has been placed on the individual event spectra.
This neglect of spectral emphasls partly arises, of course,
because the spectra changes durlng an event, particularly
for the events which do not exhltit a diffusive temporal
profile at the lower energles (345;, several of the events
in Fig. 3). Hence, 1t 1s impossible to categorize an event
simply with only one or two spectra, However, unlike the
more energetic particles, and aé will be discussed in Section
V, the decay of low energy partlcles during events that do
hhve a diffusive character appears to be energy independent.
In this case, a single spectral shape would indeed describe
much of the event's spectral form,.

A single power-law in energy was fit by Lanzerottil

(1969c) to the half-hour averaged proton spectra (Ep = 0.58
to 18.1 MeV) measured during the event plotted in Fig. 6.
He found that the spectra hbecame signiflcantly softer during
the storm particle event on May 24 and for the next two and
one-half days following the SC on May 25. At both times
the exponent n changed from ~1.3 to ~2.0.

The low energy proton spectra measured by
Bell Laboratories' instruments on Explorers 34 and 41 near

the intensity maximum of several solar flare events in the

past several years are plotted in Flg. 10. The spectra are

17-14



plotted on log-log scales to emphasize deviations from simple
power-law relationships at these energies. In particular,
the spectrum from the 2 November 1969 flare has a pronounced
peak at E ~ 3.5 MeV which may signify particle propagation
delays from the flare region (on the extreme west 1imb).

A study of the response of the world-wlide network
of neutron monitors to the 28 January 1967 event (see Fig. 2)

has been made by Heristchi and Trottet (1971). They used

the global distribution of neutron monitors as an energy
spectrometer to determine a possible upper cutoff 1in the
energy spectrum of the flare-produced protons from this event,

They found an energy cutoff of 4,3 + 0.5 GeV. This energy

1s 102 - lO3 eV lower than that predicted by a flare accelera-

tion model of Friledman and Hamberger (1969).

Alpha Particle Spectra

High energy (E R 30 MeV/nucleon) alpha particles
were observed in a number of solar events to have spectra
similar to those of the protons. Frequently, differential
rigidity spectra (Eq. 1) were applicable to both particle
specles durlng an event, although the e-folding rigidity
value R, might at times be different for the two specles

(e.g., Biswas et al., 1963; Durgaprasad et al., 1968).

Solar alpha particles were studled over a very
wide energy range during the 12 November 1960 solar event.

The differential alpha fluxes measured between ~31 and ~100
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MeV/hucleon by several workers are presented 1n Fig. 11

(Biswas et al., 1962; Ney and Stein, 1962). Also shown are

two high energy alpha flux measurements from the work of
Yates (1964) during the same event.

The flux measurements of Yates (Fig. 11), if
expressed on an exponential-in-rigidity basis, would fall
considerably above what would be predicted by an extrapola-
tion of the lower energy data (Yates, 1964). Yates' measure-

ments were challenged by Waddington and Freier (1965) as

perhaps belng contaminated by the high fluxes of slow protons
present during the event, The controversy appears still to
be unresolved (Yates, 1965); very high energy measurements
of solar alpha particles need to be made during other large
events, |

As noted in Section III, recent years have seen an
increase in the time resolution of low énergy solar alpha
particle observations by satellite. Studles of the changes
in the alpha spectra during a single event have become
feasible, although 1little emphasls has been placed on this

aspect of the observations. Lanzerottl (1969c) studied the

power-law exponent of the alpha spectra for the May 1969
event (Fig. 6). He found that during the period between the
two sudden commencements (May 24 and May 25), the alpha par-
ticle spectra were somewhat harder than that for protons;

however, after the May 25 SC, both proton and alpha pafticle
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power law exponents in Eq.(2) were ~2. The low energy alpha
particle spectra measured by Bell Laboratories' instruments
on Explorer 34 and Explorer 41 near the maximum of several
solar events of the last several years are plotted in Fig.
12, These spectra glve a representative example of low
energy alpha spectral shapes and lntensities.

Electron Spectra

Since the number of published observations of solar
electrons 1s substantially less than for protons, detailed
information on electron spectra 1is less plentiful. Lin (1970a)
has compiled electron spectra from four solar events in 1967
as measured by instruments on Explorers 34 and 35. These
spectra are shown in Fig. 13. Lin finds that if he fits the
spectra to a power law (Eq. 2), the events in Fig. 13 have
exponents n ~ 2.,3-3,5,

V. PROPAGATION

After acceleration, the flare-produced solar
particles must escape from the active region and propagate
through interplanetary space to the earth. Interplanetary
space 18 permeated by the solar magnetic field. The nature
of this field cbnfiguration was predicted by Parker (1960)
to consist of spiral lines emanating from the sun. This
prediction was subsequently confirmed by extensive satellite

measurements (e.g., Ness et al., 1964). This spiral inter-

planetary magnetic field controls much of the propagation of
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the.flare particles. The gulding center of the solar
particles tend to follow the spiral nature of the fileld.
However, the small-scale irregularities in the field act as
scattering centers and perturb, or scatter, the particles,
moving them to other fleld lines. Extensive theoretical
work (not discussed here) has been carried out 1n recent
years in determining the solar particle diffusion coeffici-

ents due to these random scatterings (e.g., Jokipii, 1966,

1967, 1968; Rollof, 1966, 1968; Hasselmann and Wibberenz,

1968; Jokipii and Parker, 1969),

The propagation characteristics of solar particles

have been reviewed recently (Fichtel and McDonald, 1967;

Axford, 1970). The first considerations of a diffusion
model for solar particle propagation was that of Parker

(1956) and Meyer et al. (1956). The broad considerations

and the development of 1isotropilc diffusion theory for solar
particles, 1l.e., solutions to a diffusion equation of the

form

dn 2 o 2 9
R (3)
have been due to Parker (1963). 1In Eq.(3), n(r,t) is the

mean denslty of solar particles with velocity v and x =

% ver = % Av 1s the diffusion coefficient and is, most gener-
ally, a tensor quantity (Jokipii, 1966). < is the mean

particle "collision time" for interaction with the
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interplanetary magnetic irregularities and can be determined

from the interplanetary field fluctuations (Jokipii and

Coleman, 1968). Most commonly, solutions to Eq.(3) have
assumed x = KO(T)rB where T 18 the particle kinetlc energy
and B is time-independent.

Solutions to Eq.(3) have chiefly considered two
different boundary conditions. The first of these that has

been used has taken B = O and has assumed a perfectly absorb-

ing boundary (n = 0) at some r = r, > 1 a.,u. The solution
to Eq.(3) at times t >> r-b/'xo after the flare yleld an expo-

nentlal decay for the fluxes

2
- x_t
n(r,t) ~ % sin %E L———Eg—]
b ry

where the decay time is given as

This solution to the model has been utilized by Bryant et al.

(1962) and Hofmann and Winckler (1962) in analyzing solar

particle events. They found that the absorbing "boundary"

r, was at r ~ 2 a.u. Although the 2 a.u. boundary may indi-

cate that the hydromagnetic waves producing the interplanetary
irregularities are being damped out at this distance (Jokipii

and Davis, 1969), Axford (1970) has maintained that an expo-
nential decay of x with distance r will also produce the same

results.
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A number of solar events have been fit by Krimigils
(1965) using a solution of Eq.(3) assuming a radial dependence
to the diffusion coefficient (1.e., B # 0) and no boundary

ry (Parker, 1963). This solution can be expressed as

2(r,8) = 2(x,8,1) [1/CB] 7 exp |- (;2:; e ©)
- (o]

A plot of in[n(r,t)t3 (2-P)y versus t~! should yield a
stralght line for the proper choice of B(<2). Krimigis
found that for protons in the energy range 50-500 MeV, good
agreement with observations was obtained for B ~ 1 and

A~ 0.1 a,u.

Anisotropic Diffusion

The 1sotroplc solar particle diffusion model
discussed above 18 not able to explaln several important
characteristics of the solar particles observed at the earth.
One of these 1s the direction of the nonradial anisotropy of
the particles measured at the earth. The anisotropy at the
beginning of events 1s aligned along the spiral field direc-

tion, outward from the sun (McCracken, 1963; McCracken et al.,

1967)., (Later in the events the anisotropy becomes much
less and the direction changes to radial or nearly so

(McCracken et al., 1967; Rao et al., 1969). The second

problem with isotropic models i1s that they cannot treat the

observations that show that the particle fluxes arising from
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flares 1n the eastern hemisphere of the sun tend to 1increase
more slowly to maximum intensity than those that origilnate

from west hemisphere flares (e.g., Fichtel and McDonald,

1967; Burlaga, 1967).

Reid (1964) has considered a solution to th% east-
west effect by postulating a thin diffusing shell around
the sun. Particles originating from flares 1n the eastern
hemisphere would diffuse (isotropically) across the solar
surface to the spiral fleld lines connecting the sun to the
earth and then propagate along the fleld lines to the earth
(Fig. 14). Reid's model of diffusion across the solar surface
must be combined with an interplanetary propagation model to
provide a complete description of the particle event as seen
at the earth. Since incluslon of the solar-surface diffusion
increases the number of parameters that can be adjusted, it
is likely that most diffusive-type observations could be fit
with such a model. 1Indeed, a solar diffusing layer was one
of the features included 1n a recent computational model for
solar flare propagation (Englade, 1971).

The conslderation of an anlsotroplc diffusion
coefficlent to solve the east-west problem was first made by
Axford (1965), Burlaga (1967) solved the diffusion equation
considering particle diffusion transverse to the spiral inter-
planetary fileld as well as along 1t and neglected Reild's
diffuslon layer around the sun. Expressed in spherical

coordinates, Burlaga solved the equatlon
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= 6% Lch g’%] ()

where 1 = cos 6 and x”, X and x¢ are the components of the
diffusion tensor.

Burlaga (1967) took the parallel diffusion coeffici-
ent x” to be a constant, independent of the radial position,

the transverse coefficilent x proportional to the square of

L
the radial distance (n_L x re), and an absorbing boundary at

rp > 1 a.u. Solving Eq.(7) wifh the above boundary conditions

and assuming n to be independent of ¢, he thained qulte satis-
factory fits for a number of different flare events distributed

over the solar disk. The event decay time resulting from his

solution can be written as
rtz)

Eq.(8) 1is of the same form as the decay time derived for
isotropic diffusion (Eq. 5) with the isotropic diffusion
coefficient xo'replaced by X

Two examples of Burlaga's flts to particle fluxes
resulting from flares at two separate solar locations are
shown 1n Fig., 15. The angle 60 noted on the figure 1s the

angle, measured from the center of the sun, between the flare
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location and the location on the sun of the interplanetary
field line passing through the earth. Fits of the model to
both the neutron monitor observations of the 23 February

1956 event and the balloon observations of E > 80 MeV protons
from the 20 July 1961 event are seen to be gquite good.

Low Energy Propagation.

It 1s clear from data such as those of Flg. 3 that

at lower energies solar flare particles do not often have

diffusive intensity-time proflles. Substantial modulation

of these low energy particles by solar wind discontinulties,
shock waves, and magnetic fleld sector boundaries must be
occurring., Although there are events where the low energy
particles exhibit diffusive-type profilles, the applicability
of an anisotropic diffusion model such as Burlaga's to these
observations 1s highly suspect (Forman, 1970). Forman has
maintained that the "equilibrium" anisotropy present during

the decay phase of an event (McCracken et al., 1967) and the

evidence that the diffusion coefficlient becomes small at low

energies (Jokipii and Coleman, 1968) indicate that solar

wind convectlon, and the resulting particle energy loss, is

an important mode of low energy particle propagation. (The

anisotropic diffusion model of Burlaga (as well as the 1so-

tropic models) considers convection effects to be negligible
for the higher energy particles, and rightly so.) Forman

(1971) cites as further evidence for the importance of
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convectlion the fact that the reported decay times for both
protons and alphas were essentlally energy-independent for
1-20 MeV/nucleon particles after the 28 May 1967 flare
(Lanzerotti, 1969a).

Forman (1971) has solved the Fokker-Planck equation
first derived by Parker (1965) for particle transport includ-
ing convection and diffusion:

éﬁéﬁf&l + V. {ﬁ n - %‘é% (aTn)> - K-an = %-g%-é% (aTn)

Here V is the solar wind velocity, T 1s the particle kinetic
energy, and @ = (T42Mc2)/(T+Mc®). The diffusion models dis-
cussed above all neglected the terms in Eq.(9) containing
the solar wind velocity V. Forman obtained an analytic

solution to Eq.(9) assuming that K =K r2, K| = %7 and

1
that there was a diffusing boundary at r = r, . Forman's
model predicts very well the equilibrium residual anisotropy
durlng the decay phase of an event as observed by McCracken
et al. (1967) as well as the magnitude (~14-18 hours) of the
energy-independent decay time for both alphas and protons

as observed by Lanzerotti (1969a).

From her solution to Eq.(9) Forman (1971) has

shown that in the decay phase of the event

N(r,t) = f(@r(v/ "2 e (/ny)
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where the decay time TD is given as

Yr V/x br

D~V [Jn,l("/“z)r v &

In Eq.(11) 18 the first zero of the Bessel function of

In,1

order 7. Forman has found that for Ty

sentative value determined from the model fits of Burlaga,

= 2.3 a.u. (a repre-

1967), Ty has a broad maximum of ~15-17 hours for K| = XpT

200m2

between ~3-1019 and 3-10 sec™t (reasonable values for

x” as determined from the power spectra of the interplanetary
magnetic field near the earth by Jokipii and Coleman, 1968).

]
Forman's model has recently been applied successfully to the

low energy proton observations from the 7 June 1969 event

Murray et al., 1970).

The energy-independence of the decay times for
both protons and alpha particles during a diffusive-type
event 1s shown in Fig. 16 for the 13 April 1969 event
(Lanzerottl and Graedel, 1970)., The intensity-time profilles

of the proton fluxes in the 0.56 < E € 0.60 MeV channel 1s
shown as an 1insert 1n the figure. This event, probably
originating from a flare behind the east limb, demonstrated

a diffusive-type appearance even.in the loﬁest energy-channel
measured. This was quite unlike the 28 May 1967 diffusive
event where energetic storm particles greatly enhanced the

lower energy proton fluxes (Lanzerotti, 1969a). Also plotted
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in Fig. 16 are the decay times for E > 10, >30, and >60 MeV
protons measured by the solar particle monitoring experiment

on the same satellite (Solar Geophysical Data, 1969). The

decay time varied from ~28 hours at 0.58 MeV to ~19 hours
at 60 MeV. Over the range 0.58 MeV to 20 MeV, the decay
time decreased by only ~I hours.

VI. FLARE PARTICLE EFFECTS

Two consequences of solar flare particle effects
are discussed below. The first of these 1s the effect of
energetic flare particles 1n producing polar-cap cosmic
nolse absorptlion and the detectlon of this enhanced absorp-
tion by riometer techniques. The second 1s the effect of
solar particles, penetrating into the outer magnetosphere,
on satellite solar cell lifetimes,

Riometer Absorption

The first indication of the production of enhanced
ionosphere 1ionizatlon by solar flare particles was the strong
absorptlon of cosmic radlo noise in the polar cap regions
that Balley (1957) correlated with the flare of 23 February
1956. Since that time, enhanced riometer absorptions in the
auroral and polar cap regions durlng solar events have beeéen
studled as basic geophysical phenomena and as diagnostlc
tools for studyling solar and magnetospheric processes (g;g;,
Bailey, 1964; Reid, 1970). 1Indeed, the significance of

energetic storm particles was first outlined by Axford and

Reld (1963) using riometer data.
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Through the work of Potemra et al. (1967, 1969,

1970) good agreement has been achieved 1in calculating the
expected riometer response from a measured incldent solar
flux. Potemra and his collaborators have calculated the
expected total absorption A at a radlo wave angular frequency

w from the formula

n -0k (N
A(dB) =f1.16 x 10° ﬁ Cs /o (V:H dh

obtained from the theory of Sen and Wyller (1960). 1In

Eq. (12) wy 1s the angular gyro frequency, dh is the increment
of ionizatlion helght in 10-km units, 05/2 is an integral
function, ng is the electron density and Vm 1s the mean elec-
tron collision frequency. Uslng specific lonization rates

due to G. W, Adams and Adams and Masley (1965) and v, and

recombination coefficients deduced from the September 1966

event, Potemra et al. (1970) have predicted the observed

absorption for hlgh iatitude riometer observations during a
number of 1967 PCA events. Their calculations, using satel-
lite measurements of the solar proton fluxes over the polar
caps, are compared in Fig. 17 to the observed riometer day
and night absorption measurements following the 28 January
1967 solar event. The agreement 1s quife good for both the
day and night observations. (It is interesting to compare
these lower energy proton observations of Fig. 17 with the

neutron monitor profile for the same event in Fig. 2.)
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Several authors (Van Allen et al.,, 1964; Juday

and Adams, 1969; Reid, 1969, 1970) have used the empirical

relation

N~

(F)

=R X A

to relate the integral fluxes F of protons above some energy

Emin to the riometer absorption A at a glven frequency. In

Eq.(13), R is a constant, dependent only upon Emi . Potemra

n
and Lanzerotti (1971), using solar proton data from the syn-

chronous equatorial ATS-1 satelllite, deduced R as a function

of Em from the 30 MHz riometer absorption observed at Byrd

in
during the 28 January 1967 event. (Byrd (L ~7) 1s at nearly

the same latitude as ATS-1 (L ~6.4) but three hours earlier
in local time.) They found Eq.(13) to be an excellent fit

to the data, essentially independent of the value of Emin‘

The values of R(E ) they found for E 4, between 5 and 50

min i
MeV are plotted in Fig. 18 as a function of Emin' Such
R-values should be quite useful for the new solar proton

event classification scheme (Shea and Smart, 1970).

Solar Cell Damage

Solar protons appear to have ready access to the
outer regions of the magnetosphere other than through the
polar cap reglons. The solar particles at synchronour altil-
tude are observed to have essentlally the same intensities

and spectra as the particles in interplanetary space for
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protons as low as 1 MeV in energy (Lanzerotti, 1968, 1970b;

Paulikas and Blake, 1969). These low energy protons could

cause significant damage to unshlelded solar cells on a

synchronous satelllite. It was pointed out by Lanzerotti

(1969b) that the damage to unshielded cells from relatively
low intensity solar events could dominate the normal synchron-
ous altitudé radiation {predominantly electrons) in producing
damage. Indeed, anomalous, step-like changes in the short
circuit current of unshielded cells 1n the ATS-1 solar cell
damage experiment are observed in conjunction with solar
flare events (Waddel, 1968).

An example of the solar proton damage to an
unshielded solar cell on ATS-1 during the May 1967 events
(Flg. 6) 1s shown in Fig. 19. The two lower bar graphs show
the values of the short circuit current (in ma) measured
each day for two 10 Q-cm n-on-p type solar cells (R. C.
Waddel, private communication). One cell was unshielded
while the other had a 1 mil shield of 7740 glass. At the
top are plotted the dally average of the integral half-hour
average proton fluxes (E > 2.4 MeV) measured by the
Bell Laboratories experiment on ATS-1. (No data were
received on days 143, 144, and 147.)

Prior tb the major interplanetary enhancement on
day 145, the proton fluxes at ATS~1 were very low, The day

after the large ATS-1 enhancement on day 145 the short
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circuit current in the unshielded cell decreased sharply
whereas only a slight decrease in the current was observed
in the shielded cell.

Since a 1 mil shield will stop ~0.5 MeV protons,
the data of Fig. 19 are indicative that protons with energles
as low as thls were producing the most significant damage.
This could be due both to the penetration of 0.5 MeV solar
protons to the synchronous orblt as well as to the fact that
the magnetosphere boundary was pushed within the ATS-1 orbit
for periods of time on days 145 and 146,

Even 1f shlelds were provided for syncnronous
satellite solar cells, the fluxes of low energy (0.5-3 MeV)
solar protons penetrating to this altitude could still play
an important role in the damage considerations, This is
because 1n the manufacturing process the shields are often
not deposited uniformly over the cell surfaces, leaving a
small fraction of some cells uncovered (R, C. Waddel, private
communication). Such partially unshielded 2ells would then

be subjected to unexpected damage by the low energy protons.
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Fig. 1
Fig. 2
Fig. 3
Fig. 4
Fig. 5

FIGURE CAPTIONS

Plot of the smoothed sunspot numbers for solar
cycles 19 and 20 and histograms of the annual
fluxes of solar protons (E > 30 MeV) for solar
cycle 19 (shaded bars) and cycle 20 (dotted bars).
Figure courtesy of A. J..Masley.

Neutron monitor observations at Ft. Churchill and

‘Dallas of the 28 January 1967 solar event

(Bukata et. al., 1969).

Solar protons measured in interplanetary space by
the solar proton monitoring experiment on Explorer
41 during March 1970. At the bottom of the

figure are plotted the satellite distance from

the earth and the position of the sétellite
projected on the ecliptic plane. Data courtesy

of C. O. Bostrom.

(a) Profiles of the observed intensity of protons
(16-38 MeV, 38-59 MeV, and 59-80 MeV) and electrons
(>3 MeV) plotted versus time following the 7 July
1966 flare; (b) profiles of each particle channel
relative intensity (I/Imax) plotted as a function of
distance traveled (x = vt) where v is the mean velocity

for each particle channel (Cline and McDonald, 1968).

Ratio of protons to helium nuclei as a function of
kinetic energy per nucleon measured at different times
in several solar events. The events in which the

measurements were made are: A, B - 12 November 1960
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Fig. 6

Fig. 7

Fig. 8

Fig. 9

FPig. 10

Fig. 11

(Biswas et. al., 1962); C, D, E - 15 November 1960

(Biswas et. al., 1963); F - 3 September 1960

(Biswas and Fichtel, 1964); G - 16 March 1964 and

5 February 1965 (McDonald et. ai., 1965); P - 2

September 1966 (Durgaprased-ét; al., 1967). (From

Durgaprased et. al., 1967).

Alpha particle and proton fluxes measured following

the 21 and 23 May 1967 solar events. (Lanzerotti

and Robbins, 1969).

Alpha particle to proton flux ratios compared as to
equal particle energy, equal particle energy per
nucleon (equal velocities) and equal particle energy

per charge (Lanzerotti and Robbins, 1969).

Time variations oflthe 36laf electron fluxes meaéured
following the west limb evént on 18 November 1968.
The E > 45 keV data are from Lin (1970b; private
communication). The higher energy data are from

Lanzerotti (1970a).

Solar proton spectra measured in several solar events

(Freier and Webber, 1963).

Low energy solar protoh spéctra measured on Explorers ,
34 and 41 near the maximum of several solar events.
High energy solar alpha particle fluxes measured by
several observers followihg the 12 November 1960

solar event (from Yates, 1964).
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Fig.

Fig.

Pig.

Fig.

Fig.

Fig.

Fig.

12

13

Low energy solar alpha particle spectra measured

on Explorers 34 and 41 near the maximum of several
solar eventé.

Solar electron spectra measured during four events

in 1967 (Lin, 1970a).

Illustration depicting solar particle diffusion

across the solar surface to the interplanetary

flux tube linking the sun torthe earth (Reid, 1964).
Fit of the anisotropic diffusion-with-a-boundary

solar particle propagation model to an event measured
by a neutron monitor and an event measured by a
balloon-based detector (from Burlaga, 1967).

Proton and alpha particle decay times following the

13 April 1969 solar event. The intensity-time profile
for the 0.56 ¢ E £ 0.60 MeV proton channel is shown

as an inset to the figure (Lanzerotti and Graedel, 1970).

Comparison of observed day and night riometer absorption
and the calculated absorptions using polar cap-average
solar proton data from satellite 1963-38C during the

28 January 1967 event (Pbtemra et. al., 1970).

Factor R-empirically relating the riometer absorption

to the square root of the integral proton fluxes plotted
as a function of Eﬁin’ the lower energy limit on the
integral fluxes. R was determined from the 28 January

1967 event (Potemra and Lanzerotti, 1971).
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Fig.

19

Daily measurements of the short circuit current in

an unshielded and a shielded solar cell in the

solar cell damage experiment on ATS-1 (data courtesy
of R. C. Waddel). Plotted at the top are the daily
averagesof the integral half-hour average proton
fluxes (E > 2.4) measured on ATS-1 during the May 1967

solar events.
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INTEGRATED SOLAR PROTON INTENSITY DISTRIBUTION
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