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' The results of the research performed under NASA
Grant NGR-39-005-105 consist of two publications in
scientific journals, and a doctoral thesis.

Dr. Erling Nielsen completed his thesis entitled
"Propogation of Low Energy Solar Cosmic Rays in the
Interplanetary and Geomagnetic Field" during the period
of this gramt, Dr. Nielsen completed his work at the
Bartol Research Foundation in September, 1974, and
accepted an appointment at the Max Plank Institut fur
Aeronomie, Lindau, Gerﬁany.

Preprints of the publications entitled "Access
of Solar Electroms to the Polar Regions' and "Angular
Distributions of Solar Protons and Electrons' are
appended; both papers have been accepted for publica-
tion in Planetary and Space Science. Copies of the
doctoral thesis are available from the Bartol Research

Foundation.
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_Acgess of Selar Electrons to the Polar Regiens,

E. Nielsen and M.A. Pomerantz.

Bartol Research Foundation of The Franklin Institute
Swarthmore, Pennsylivania 19081

Abstract — The interactien between the geomagnetic and interplan-
etary magnetic fields ¥s studied through its effects upen thelin~
tensities ef salar:eléctrans reaching the polar caps during timgs-
of strongly anisetropic electron fiuxes in the magnetosheath.
Buring the particle event of November 18, 1968, electrens of
se]ar,ar{gih wére ebserved outside the magnetopause with detecters
aboard:@GQ-S,:'This is the enly case en recerd for which high rese-
1u£1en difectiané1_Fde,ebservations are avaflable fer determining
iﬁ detail the é1ectron angutar distributfon, and thus the electren
#ensity in the magnetbsheath. | |
Cerrelative studies af these satelliite observations and gon-
current measurements by riometers and fonespheric forward scatter
systems-fn”both polar regiens have revealed that the initial stage
of Fhe associéted Polar Cap Abserption event is attributable tqg
the prompt arrival of selar electrens. The g¢lectron flux precip-
‘itaﬁing ﬁntgwthe seuth pelar regien was equal to or larger than
the mean directional flux in interplanetary épace, whereas ever
.the nerth pole it was €qual te er less than the backscattered
fluX, This evidence of a north-south asymmetry in the solar elec-
tren flux at a time when tha 1nterpianetary‘magnetic field vecter.
was nearly paraliel with the ecliptic plane supports an open mag-
netospheric model. The ratie of particle intensities in the.

*Present address: ax Planci Inscitut flir feroncmie, Lindau,
Germany. ' =



High Polar Latitude and Low Polar Latitude regions fn the
southern hemisphere is consistent with that determined at times
when the interplanetary electron fluxes were isotropic, The
analysis indicates that an énisotropﬁc electron flux may be
isotropized at the‘magnetopause before propagating into the

polar regions.



1. Introduction

The common feature of ail so-caliled open magnetospheric
models is that the gecmagnetic field lines anchored at high
-~ polar latitudes are divectly connected to the interplanetary
magnetic field (imf) lines, thereby providing a direct path
for low rigidity solar particles into the polar fonosphere |
(Dungey, 1961, 1965; Axford et a1nf 1965; Morfill and Quenby,
1971; Morfill and Scholer, 1972). The intensity of partic1es-
precipitating at each pole is reTaﬁed to the particle flux
along the respective field lines in interp1anetary.space,lahd
when this flux is énisotropﬁc, iaén, when the intensities of
particles propagating tqward and away from the sun are uﬁequal,
these models predict correspondingly differentiﬁntensities in
the two polar caps. |

Anisotropic solar proton fluxes have been used as tools
in the investigation of the earth's magnetic environment (Van
Allen et al., 1971; Domingo and Page, 1971). However, similar.
observations during periods when the interpianetary electron
flux .is anisotropic have never been obtained. This is a conse-
quence of the relatively short duration (one to twouhours)-of
appreciable anisotropy of solar electrons (Allum et al., 1971)
which precludes carrying out the required measurements of the
electron fluxes over both polar caps with a polar orbiting
satellite prior to the decay of the anisotropy. It is of con-

siderable interest to make simultaneous. observations over the



polar caps because the magnetic field configuratfon in the open-:
magnetospheric models that have been proposed allow adiabatic
access of the low rigidity electrons, i.e.; these particles

are "good" tracers of magnetic field lines. Thus, at Jeast

in principle, such cbservations of access to the magnetosphere
of anisotropic electron fluxes in the magnetosheath could pro-
vide -a definitive test of the validity of the open models,

As emphasized by Paulikas (1974), observations of solar-
particie fluxes in the magnetosphere indicate that the real
magnetosphere is more complex than the models imply. In par-
ticular, 1t appears that the solar particles have different
modes of access to two regfons of the polar cap, one charac-
terized by open field lines ["High.Po]ar Latitudes" (HPL)],
the other by closed field 1ines ["Low Polar Latitudes" (LPL)].

In.-the 1ight of observations of proton fluxes.in the HPL
regions during times of interplanetary proton anisotropies, one
would expect toc observe higher electron intensities in the HPL
region over that pole which in an open magnetospheric model is
magnetically connecfed to the sun, and lower intensities over
the other pole during times of interplanetary eleétron ani-
sotropies, giving rise to-a north-south (NS) asymmetry.

The interaction between the incoming particles and the
earth's atmosphere has the effect of enhancing the electron
density in the. ionosphere, which causes an increase in the at-
tenuation of HF-radio waves propagating through the ionosphere,

If the intensities of particles precipitating inte the two HPL



regions differ, different attenuations result, all other factors
being equal, hence observations of radio wave absorption pro-
vide a direct measure of the intensities. However, if the spec-
tra over the two HPL regions differ, or if one region is sunlit
and the other is not, it is necessary to resort to calculations
in order to extract information about the intensities from the
absorption observations.

The solar flare of November 18, 1968, produced-a particle
event characterized by very large field aligned electron ani-
sotropies, as observed with a satellite beyond-the magnetopause
(Nielsen et al., 1974). The direction of the imf was near the
ecliptic plane and pointing away from the sun so that the higher
electron intensity was expected over the southern HPL region.

In the present paper, radio wave absorption measurements at

high polar Tatitudes in the two hemispheres, obtained with
riometer and ionospheric forward scatter apparatus, are com-
pared with absorption calculations based upon the electron en-
ergy spectra derived from satellite observationﬁ'in the magneto-
sheath primarily to determine whether or not a NS-asymmetry in.

the solar electron flux occurred during this event.

2. Sateliite Observations

The earth-orbiting satellite 0G0-5 was located in the
magnetosheath at a distance of 23.3 Ry from the earth at 1100
UT on November 18, 1968. The Lawrence Livermore Laboratory

electron and proton spectrometers (West et al., 1969, 1973)



-6-
on bﬁard this satellite detected the onset of the electron
event at 1045+05 UT, whereas 6 MeV protons first arrived bé-.
tween 1105-1145 UT (Nielsen et al., 1974). Thus the solar
efectrons arrived at the earth prior to these protons.

Early in the event, even after proton onset, the elec-
“tron flux was much larger than the proton flux. In any event,
“precipitation of the higher enerdgy protons that first reach
~the.earth will not give rise to appreciable electron density
fhcreasés in the ionosphere because most of -their energy is
‘lost by ionijzation deep in the atmosphere (<50 km), where
the lifetime of free electrons is short. Several authors
(Van Allen et al., 19643 Juday and Adams, 1969; Reid, 1969)
~have used the empirical relation: +F = R « A, to relate the

integral fluxes F of protons above some energy E to the

min
riometer absorption A at a given frequency. R is a con-.

stant, dependent only upon E Potemra and Lanzerotti

min®
(1971), using solar proton data from the synchronous equa-

torial ATS-1 sate?Iite, deduced R as a function of E from

min
the 30 MHz riometer absorption observed at Byrd during the.

January 28, 1967 event. At the time of interest during the
November 18, 1968 event (1110 UT) a minimum value of the en-
ergy of protons which have arrived at the earth is Emin = 46 MeV.
The corresponding R-value from Potemra and Lanzerotti (1971}

is R % 5.5. At this time the 46 MeV proton flux is <0.05
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proton/cmz—secistr—MeV, and with a typical value of 3 of-

the exponent in a power energy spectrum of differential in--
‘tensities, we find that the proton induced riometer absorp--
tion at 30 MHz is-A < .0.2 .dB, which is the same order of mag-
nitude as the uncertainty of riometer absorption measurements,
and. an order of magnitude less than the observed absorption
at 1110 UT.

On the other hand, the electrons which govern the elec-
tron induced absorption during this event {~300 keV) ionize
profusely at higher altitudes (~70 km) where relatively high
electron densities can be maintained, owing to the decreased
probability for a free electron to be attached to a neutral
molecule or to recombine with a positive ion. Thus, at early
times following onset, we expect the electron density in the
ionosphere to be governed by the influx of‘solarlelectrons;'

Comparison between measurements of -isotropic interplane-

tary electrons with electrons in the HPL regions have revealed

that they were jdentical with respect to both intensity and the

_form of the energy spectrum (West and Vampola, 1871). This in-_

dicates that a solar electron propagating into the polar caps

suffers neither energy gain nor loss. For the calculations



of HF-radio wave absorption that will be compared with the ob-
servations, we will assume that the energy spectra J{E) of the
electrons precipitating over the south pole are those deter-
mined for the mean directional fluxes in the magnetosheath
(curves A in Figure 1), while we assume that over the north
pole the electron energy spectra are determined by the mean of
the directional fluxes of particles which have been backscat-
tered beyond the -orbit of the earth and propagate toward the
sun (curves B in Figure 1). Since energy channels in the elec-
tron spectrometer are narrow, the channel center energies have

'been used in determining the spectra.

3. Radio Wave Absorption Observations.

Ground-based observations of ionospheric absorption of
radio waves during the November 18, 1968 particle event were
obtained with Bartol's network of forward scatter systems, lo-
cated at high latitudes. However, the only forward scatter
Tink operating in the northern hemisphere at the time was suf-
fering transmitter probﬁems. ~ Fortunately, the combination of-
forward scatter and riometer data have made it possible to
carry out this analysis, nevertheless. Some aspects of the
absorption experiments that are relevant to the present in-

vestigation are summarized in Table 1.

Forward Scatterfi-A forward scatter system comprises
two stations separated by a distance of, typically, 1000 km.

Identical highly directional -antennas at each site are aimed



at a point in the D-layer, midway between the transmitter and
receiver, where the transmitted signal suffers scattering
against electron -density fluctuations, as a consequence of which
a-small fraction of the energy reaches the receiver. The scat-
tering efficiency is proportional to the logarithm of the am-
bfent electron density at the scattering stratum, which during
daylight at high Tatitudes is at an altitude of .75¢2 km (Bailey
et al., 1970), hence an increase -in the electron density in this
height interval leads to an enhancement in the received forward
scatter signal. On the other hand, any increase in the ioniza-
tion below the scattering stratum Teads to greater absorption

of the electromagnetic wave than that suffered during quiet
times.

Thus, during a typical solar particie event, the received
power is determined by the difference between an -enhancement
effect caused by the electron density increase at an altitude
of ~75 km and an absorption effect resulting from the increase
in ionization below that altitude.

The forward scatter records from Byrd-McMurdo (BM); repre-
sentative of conditions in the Antarctic HPL-region, is repro-
duced in Figure 2a. The absorption started at ~1050 UT, and
continued to increase until 1170 UT. The received signal in-
tensity thenAreﬁained‘nearly constant for about 5 minutes, until
1115 UT when a second onset, which is attributable to the arrival
of solar protons, occurred. Thus, the absorption before 1115 UT
was governed by solar electron precipitation. The absorption

betweer 1110 UT and 1115 UT was 26.5 dB; the uncertainty. in es-
{



timating the .signal .enhancement .together with the Timited ac-
curacy in determining the signal levgi-from-the records com-
bine to produce an .uncertainty in the absorption observation
of +2 dB.

The forward scatter absorption in the LPL-region is
represented by Figure 2b, which shows the signal intensity in
Byrd-South Pole.iink. The absorption in the above mentioned
time interval was 14.5:2 dB. During times of isotropic .inter-
planetary fluxes the intensity of electrons precipitating into
the LPL regfon has been found to be a function of magnetic
Tocal time (Vampoia; 1971). We note for later -use that the
~above absorption measurements were made at ~0600 magnetic lo-

cal time.

Riometer.  {(a)  Antarctic measurements: The cosmic nofse
decrease produced by solar x-rays conmenced at 1026 UT, reached
a maximum at .1050..UT and ended at 1220 UT (Lincoln, 1970).
Figure 3a shows the absorption measured at- McMurdo, which is
Tocated in the HPL region. Since the absorption measured prior
to the time of the solar radio frequency burst is induced solely
by Xx-rays, as represented .by .the dashed Tine in Figure 3a, the
contribution must be subtracted to determine the absofption
produced by charged particles only. Between 1110 UT and 1120 uT,
the absorption induced by precipitating solar eTectroﬁs,was 2 dB.,
Thereafter, the absorption increased -rapidly owing to the ar-
rival of low energy solar protons.

- {b) . Arctic measurements: Figure 3b shows the record ob-
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tained with the 30 MHz riometer at Shepherd Bay. Ciearly, the
absorption at this station before 1130 UT was.<0.2 dB. The

30 MHz riometer observations at Thule indicate onset at 1055 uT,
0.720.1 dB absorption at 1120 .UT and 0.2 dB at 1300 UT (Ray
Cormier, private communication), i.e., before-proton onset

the upper limit of the absorption at Thule and Shepherd Bay,
both located inside the polar piateau, was 0.2 dB.

Summary. On November 18, .1968, the ionospheric forward
scatter absorption in the BM-path before 1115 UT -and the riometer
absorption at McMurdo before 1120 UT reflect the intensity of
electrons precipitating -into the southern polar p]éteau, T.8.5
the HPL region‘in Antarctica which may be magnetically - 1inked
to interplanetary space. The difference between the above times
arises from the fact.that the forward scatter system 1is more
sensitive than the riometer (especially to the high energy pro-
tons, which arrive earliest}. Thus, at 1110 UT the forward-
scatter and riometer absorptions for Antarctica, which are rele-
vant for.an investigation of North-South asymmetry, were 26.5
dB énd 2.0 dB, respectively. In the corresponding region in

the northern.polar cap the riometer absorption was 0.2 dB. .

4. . Theoretical Model of Radio Wave Absorption

ETeCtron Density‘Profiieo. In order to determine the al-

titude profile of electron density ne(h) created by the solar
electrons, it is first necessary to.calculate the ionization

rate q(h) (number of electrons produced per cm3/sec) as a func-
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tion of altitude h.

Spencer's .(1959) tabulation of -the electron energy loss
by collisional ionization, in terms of the residual ranges of
the incident electrons, provides the basis for this calculation
(Nielsen, 1974). Both-nuclear elastic scattering and electron
slowing down due to collisions are taken into accoeunt. The ef-
fect of range straggling arising from large discrete energy
losses suffered in both radiative and inelastic coliisions is
considered to be negligible. The CIRA (1965) atmospheric model,
and collision frequencies Tisted by Bailey et al. (1970), were
adopted for carrying out the computations.

The electrons and-fons'proauced by the precipitating
solar electrons will seek équilfbkium with the medium in which
they are. produced. It is‘expediént t0 ignore the detailed
chemical reactions thét'take place between the constituents
of the atmosphere, and to treat the reactions collectively in
terms of -effective or macroscopic reactions represented by an
effective recombination coefficient Coff (LeLevier and Brans-
comb, 1968), defined under steady state conditions as:
cpp(h) = a(h)/nZ(h).

We reiterate here that the purpose of this study is to
establish whether or not there was a north-south asymmetry,
with the greater flux over the south pole. 1In order to answer
this question we wiil determine two extrema: (1) the minimum
f?ux.that_is consistent with the absorption measurements in

Antarctica, and (2) the maximum flux that is consistent with
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the absorption .recorded in the northern polar area. If (1)
exceeds {2}, an asymmetry occurred.

It is clear -that the minimum value of -« yields the

eff .

maximum value of n_, and hence the maximum calculated absorp-

e
tion. Thus, by adjusting the flux of precipitating electrons
so that the calculated and observed absorptions are equal,
we determine the minimum value of the flux. Conversely, the
upper 1imit on the flux corresponds to the upper Timit of.aeff.
Thus for calculations of absorptions in the southern and |
northern polar areas we will assume the Tower .and upper Timits
of-aeff, respectively. _

In the sunlit hemisphere (in this case Antarctica),
“where the solar ultraviolet radiation produces a high rate of
electron detachment from negative ions, the detachment rate is.
much higher than the ion-ion recombination rate, which implies
that, at any given altitude, Ggrg is a constant characterizing
the atmosphere independent of the positive ion density-n+.
Figure 4 shows two altitude proviles of the daytime effective
recombination coefficient. One-{Potemra et al., 1969) was de-
termined by comparing proton flux measurements in space with -
riometer and VLF observations of seven events. The other
(Bailey et al., 1970) was based upon auroral observations (al-
titudes above 83 km) and measured proton energy spectra during
the hard, early stages of a Polar Cap Absorption (PCA) event

(Tower altitudes) in conjunction with riometer observations.

In-the dark hemisphere (in this case the Arctic), the
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ion-ion recombination resuiting from an increase in the negative.
ion density cannot be neglected, and Gaff is a function of the
conCentration;oF‘posftive ions, i.e., it depends upon the_in—.
tensity -and energy spectrum of the precipitating solar flare
partfc]es@ If n, increases above the quiet time level, as it
does during a solar particle event; then Cgrg decreases, thereby.
increasing the equiTibrium‘eiectron-density above that correspond-
ing to va1ues‘of,aeffﬂrepresentat?ve-oFithe quiet jonosphere
(Figure 4). Zmuda and Potemra (1972) determined the nightﬁime
altitude profile of,aeff.for the event of February 25, 1969,
forAwhich the production rate at altitudes above 62 km is Targer
than that determined in the present study for the November 18,
1968, event. In light of the earlier comments, it now. follows
'that Gypp during the November 18, 1968 event must .have beéﬁ;1éssf
~ than, but perhaps close.to the values valid for the February 25
event for which the-corrgsponding aeff.aItitude profiie is

shown in Figure 4. in our estimate of flux over the northern
polar area we will use this U s profile for altitudes 262 km

and the Gofg representing the qﬁiet ionosphere below 62 km.

Figure 1 indicates that between 1170 UT and 1120 UT, the:
precipitating solar electron flux was only slowly varying,comF
pared to the <100 sec average Tifetime of the various species
of positive ions (Bailey et ai., 1970). It takes a certain time
for the jonosphere to reach equilibrium after exposure to a given .
ionizing‘agent,has represented by a time constant v = 1/(2 Gofy “e)?

Calculations of Ng during the early. stage of the event (Nielsen,
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1974), show that at night T = .1 sec, whereas. .t = 1 min during
the day. We consider this to be justification for the approx-
imation that between 1110 and 1120 UT ‘the ionosphere reached
equilibrium almost instantaneously after the influx of solar
electrons. Thus, in terms of the fonization rate and effective
recombination coefficient, the. equilibrium eiectron.density is
well determined by an expression that is valid under steady
state conditions.

Absorption. Radio wave absorption is computed using

the work.of Sen and Wyller (1960), who.calcutated the comp?éx_
refractive index of a weakly ionized gas in a steady magnetic
field. Their model takes into consideration the fact that the
collision frequency of electrons. with neutral particles is a
function of electron velocity. |

Since the magnetic field lines in the polar caps are
nearly vertical, the cosmic noise signal detected by a riometer
with an ideal vertical pencil beam antenna has propagated parallel
with the magnetic field, i.e. longitudinal propagation. 'Un‘thé
other hand, in the forward scatter‘sysféms;_the zenith angle of K
the signal paths is nearly 85°, hence propagatipn.is:essenﬁiélly
transverse. - | | -

The calculated absorption equals that which would have
been observed if the antennas had an ideal pencil beam ga1n-
pattern. A typicaT riogmeter has a broad-beam. antenna,,and th]S
leads to a further increase in the cbserved absorption above.

that which would have been expected for a pencil beam antenna.
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Assuming that the ionization is homogeneocus over the part of
the_ionoéphene which affects the riometer signal, Eklund and
Hargreaves (1968) found that:the'absorption increases by a
factor 1.4. Fufthermore, a riometer -antenna responds equa??y
well to the ordinary and extra@hdinawy components of the cosmic
noise signal, and Bai]ey (1968) showed that this further -in- |
creases the observed absorption by a factor 1, 11 |
In contrast with the riometer, thelgtometr1c‘properties
of ionosphérﬁc forward scattering (the scattering takes place -
in an effective region around the path;midpoinf with dimensions
of the order of 100 km), make it unnecessary to app?j any sub-
st@ntiai correction to -the calcu]afedrabsorption for a penci)
beam antenna (Bailey et .al., .1955). The correction ?6bfthé
ordinary compbnent'fs of the'order of 1 percent and hasfbeeﬂ
neg1éctedl(Bai1ey-et al., 1970). Consequently, noisubstantia1~
correction of the calculated absorption‘is required in this
case, and the calculated and observed absorptions-can be'cdm-

pared directly.

5. Comparison7of'0bseivedfand Phedictgd Absotgﬁﬁons

Observations in the LPL and HPL Regions jn the Southern.

Hemisphere. The absorption in-the Byrd-South Pole path AES

prior to the onset of proton induced absorption was“abbut~ha1f
of that in the Byrd-McMurdo path_ABMn, Corrections for differ-
ences in path length and radio wave frequency increase the

ratio AES/ABM to approximately 0.65. For a given form of the
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energy. spectrum the daytime absoﬁption_at;the high freguencies
utilized in this study is approximately.proportional to the
square root of the integrated flux. Assuming (1) that the
spectral shapes in the LPL region and . in the HPL region are the
same {as is the case when the interplanetary electron flux is
isotropic, Vampola, 1971) and (2) that the cutoff rigidity at
the midpoint of the Byrd-South Pole path is so low as to not
significantly influence the absorptién (the cutoff, 10 keV for
electrons, is ~10° V), then the integrated flux, and thus the
flux in a .given energy interval in the Byrd-South Pole path
(LPL-region) is about.(0565)2 or roughly 40% of that in the
Byrd-McMurdo path (HPL-region). This is in very good agree-
ment with measurements made during times of isotropic inter-
planetary fluxes as represented 1n Figure 5, which shows that
the flux of- 300 kéV electrons in the LPL region (Vampola, 1971)
was about 30% of that in the HPL region at 0600 h magnetic
Tocal time, approximateiy.the time of our observations. Thus
we find that during times of .anisotropic interplanetary electron
fluxes the ratio between the fluxes in the LPL- and HPL- region
is comparable with that found when the interplanetary electron
fluxes are .isotropic.

Noerth-South Asymmetry. - {a) Antarctic: The observed

and calculated riometer and forward scatter absorptions, repre-
senting conditions over Antarctica at early times following on-
set of the particle event on November 18, 1968, asre listed in.

Table 2.
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For.the riometer at McMurdo the results -are in good
agreement. . The observed FS-absorption at the midpoint of.
the BM-path at 1110..UT is consistent with the value calculated
with the agcp of Potemra et ai. {1969), whereas the o pp of
Bailey et-al. (1970) yields a value that is too low to ac-
count for the observations. Thus, the Potemra-profile pro-
vides results that agree with the observations if the calcula-
tions are based upon spectra J{E) -(Section 2) determined from.
the mean directional fluxes observed at .this time.

On the other hand, for the BaiTey_uefF‘profiie to Tead
to a calculated FS absorption that agrees . with the measure-
ments without changing the calculated riometer abSofption, an
eleciron spectrum that is harder than J(E) is required. This
would increase the fonization below the scattering height and
decrease it above, in such a way as to increase the FS absorp-
tion without affecting the predittéd'riométer absorption. How-
ever, hardening of the spectrum would impiy thé-Operétion of a
mechanism for accelerating solar particies in the magnetosphere,
a.phenomenon that has not been observed. We therefore conclude.
that, for the present purposes, the Potemra-profile is closer
to reality than the Bailey-profile, and that J{E) is indeed the-
spectrum-of -the electrons precipitating over Antarctica at 1110
UT on November 18, 1968.

At any rate, among the reported Sagp profiles that of
Potemra yields a minimum value for the flux precipitating over.
the south polar area, and is thus the relevant.one for our

purposes.
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- At 1120 UT the observed FS-absorption was Jarger than
“the calculated value for incoming electrons. This discrepancy
is attributable to onset of .proton precipitation at about 1115
uT.

The foregoing analysis leads .to the cenclusion that the
e1ectr0n.§bectrum at the top-0f the-atmosphere over the south-
ern polar cap was consistent.with that of-the mean dirgctionaf 
flux observed in-interplanetary space. 1In the preceding sub-.
section, it was shown that the ratio of .the fluxes in the -HPL
region and in the LPL .region, as deduced ffom the absorption
observations, was in accord with that observed when the inter-.
planetary electron fluxes were isotfopic? These-observaiions,
at discrete geographical IQCations,of;eTecﬁronnf1uxes;over thé
high Tatitude areas are ccnsistent with the interpretation thét
the spatiaT:distribution.oftfiuxesnover‘the south polar region
is independent of whether the interpTanetaPy,eiecfron_F]uxes
are isotropic or aniéotropicn ‘This.suggests_that;the aniso-
tropic flux may have been isotropized, probably at the magneto-..
pause, béfqre propagating to the south :polar cap,‘ | g

"“(b).-Arcticz Calculations corwesponding-tO»Arctic-njght-,
time .cenditions were based upon an effective recombination ch—
efficient representing the quiet'iondsphere at altitudes <62 km, -
whereas for-higher-a?titudes'the effects upon Ao of the in-
crease in ionization were taken into account. Thé predicted
riometer absorption in the Arctic that would be produced by

the same incoming flux as that which Fitsithg Antarctic riometer
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observations-at 1110 UT and 1120 UT on November 18, 1968,
is 0.42 dB. However, the maximum value of the observed
riometer absorpt1on is 0.2 dB. It is therefore necessary
to reduce -the intensity assuméd in-the calculations by a

Z -
0.42
factor 5[002 ], z 4.

Discussion. . In open magnetospheric models, only the

backscattered flux has access. to the northern polar cap.. Thea
calculated values -of "expected riometer absorption over the
north pole that would bé produéed by the observed backscattered
flux at 1110-UT and 1120 UT (Figure 1, curves B) are 0.30 dB-
and 0.37 dB, respectively. Since the observed absorption in
the Arctic was 0.2 dB, we conclude that the total flux pre-
| cﬁpitating over the north pole was even less than the back-
scattered flux.

In the calculations of the ionization rate, backscatter-
ing -effects (i.e., scattering of solar electrons out of the
afmosphere) were not specifically considered. Spencer (1959)
did include backscattering in his calculations of the dissipa-
tion function for the p]ane.perpendicuiér case, {.e., when
the ionizing electrons penetrate into thé atmosphere normally.
However, in our calculations and in the actual casé electrons
are incident at all angles between 0° and . 90°, and one would
expect that the probability for an electron to backscatter %s
greater when it subtends.a small angle fi?em, is incident
nearly parallel) with the top of ‘the atmosphere than when it

arrives. vertically. Because this dependence of backscattering
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upon the angle of -incidence has not-been taken intec account in
the caiculations&nepwesenﬁingseither”hemiSphete, our computa-
tions probably yield. toe high a value for HF radio-wave ab-
sorption produced by a given incident isotropic fiux. Thus,
the possibility that the flux was larger than the mean direc-
tional flux in interpianetary space cannot be ruled out, since
this-cou]d,Lin-princihieg,aqcount for the absorption observed
over the south pole.: Consequently, adiabatic access cannot be.
excluded. If .access inte the polar cap were adiabatic, the
flux into the atmosbhere over the Antarctic would be roughly
equal to.the field aligned flux in interplanetary §pace (i.e.,
about a factor 4 larger than J(E), since the particles would.
propagate .in .a.manner such as;to conserve their magnetic mo-
ment (first adiabatic invariant). Because the magnetic %ie1d
increases from interp1anetar§Aspace to the polar caps by a
féctqr-¢104; only electrons.with pitch angle 8 < 1° would
reach the polar atmosphere:

Imuda and Potemra (1972) compared calculated and ob-.
served 30 MHz riometer absorptiQnS'for'BD different cases of
solar pwotoﬁ precipitation into the polar caps. From this we
can evaluate .the accuracy of the calculated absorption -values.
The mean value of the differences between the observed and
calculated absorptions ih percent of the calculated absorption
(AOBSfACALC)/ACALC’-fOF these 30'gases is about 30% and. the
3standard deviaﬁion_offthe-diffewences is of ‘the same order,

Thus, an observed absorption which is.a factor between 1 and



-21-

1.6 times that calculated for-a given flux.is. .consistent with -
the ca1cu1ation_within.a.cqnfidence,ieveT‘of;ﬁﬁ%, Within this
degree of uncertainty the smailest flux J {E) (with-a spectrum
of the same form as J(E} that s consistent with the observed
2 'dB-absorption at the south pole .is smailer than J{E}, by a-
factor (1.6)% = 2.56, i.e., Jg(E) > 0.39 .. On the other hand,
the Targest -flux J) (E) that is-consistent-w%th the .upper 1imit
on the absorption ét thernorth‘poie is smalier than J{E) by a
factor (0.42/0.20)% = 4.4, i.e., Jy(E) < 0.23 J,. Thus, taking
into account the uncertainties in the calculations, we stili-
find-that the flux over the southern polar cap is.larger than .
that over the northern by at least a factor 1.7, .

A1l -of theselconsiderations.Tead to the conciusion;that\
a north-south electron asymmetry has actually been observed for

the first time.

6. Conclusions.

Our analysis of satellite measurements of solar electron
fluxes in the magnetosheath during thé~ear?y phase of the Novem-
ber 18, 1968 event, together with indirect observations of the
intensity of sq1ar;e1ectronslprepipiﬁating into the earth's .
polar caps deduced from concurrent ground-based observations,
has led to the following conciusions:

1. The electron onset in interplanetary space and

the onset of High-Frequency radio wave absorption

were essentfally simuTtaneous, hence the initial stage.
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of the PCA is attributable to the arrival of solar.
electrons.
2. A north-south asymmetry of electrons . occurred,
and the flux over the southern polar area was >1.7
times that in the Arctic.
3. The flux precipitating over that pole which in an
open magnetospheric model is magnetically connected
to the sun (the south pole-in this.case) was..equal
to or larger than the mean unidirectional intensity
- of e}ectrons,observéd;1n interp1anetaryispace@
4. The flux required to produce the observed ab-
sorption over the-north pole was equal to or-less
than -the backscattered flux.
5. The ratio between.f1uxés-in the LPL- and HPL-
region in Antarctica during a period of solar eiec-_
tron anisotropy in interplanetary space is consis-

tent with that observed when isotropy prevails.

A1l of these results-are consistent with the concept of
an open magnetospheric model, and with the conclusion that an
interplanetary anjsotrepicfe1ectron‘f1ux-may be rendered iso-

tropic at the magnetopause.



-23:

Acknow1edgeMents‘—+<.We,are grateful to S.P. Duggal and E.H.

Levy for-several helpful discussions, and to A. Masley for
supplying riometer data from McMurdo and Shepherd Bay. This
research was: supported by NASA Grant .39-005-105. The obser-
vations in .Antarctica were obtained by the National Science

Foundation..U.S. Antarctic Research Program,



Table 1

Ground-based HF-radio-wave experiments,

Transmitter . Receiver Location. Polar Cap Region - " Symbol Frequency
Location - - : : : = : : o MHz"
Forward Byrd McMurdo HPL BM . 23..28
Scatter Byrd ~ South Pole LPL _ - BS 23.40
McMurdo - HPL . 30
Riometer Shepherd Bay HPL 30

Thule ) ~HPL

30

_4[72..



Tabte 2

Observed and calculated riometer and'fohwawd'SCaﬁterfabé

sorption (in dB) in Antarcticaon November-18, 1968. -

Time -

1110

120 vt

Calculated

FS

18.

19,

1.

1.

Ceff.

| Bailey et al..(1970)

RIO

_FS.

- 24,

22.

RIQ'

2.

2,

0‘e‘ff?f“

':,Potemra”et al, (1969)

Observed

FS .

1 25.

30.

ool oalw|wl

Byrd-McMurdo -

RIO

2.

olm|lo]|l ]| o] w

f72;1

MdMyrdQ
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FIGURE -CAPTIONS - -

Electron energy specira at early times during the
November 18, 1968, solar cosmic ray event. Curves

A are 'the spectra of the mean. directidnal fluxes as
observed by 0G0-5 in the magnetosheath, while curves.
B are the meah spectra of.electrons propagating. o

toward -the sun, i.e,

t

of the mean flux of.back-
scattered-electrons.

The intensity {(in dB) vs time record for two forward
scatter systems.: When the transmitter ﬁsiturnéd off
for.about 5 minutes every half hour, the receiver.
functions-as a riometer, recording cosmic noise.

A Sudden Ionospheric Disturbance {SID) commenced at
1026 UT (Lincoin, 1970). However, the average power
received in thh forward scatter systems was constant
between 1026 UT and the time of onset of absorption
owing to particle.precipitation, with the exception
of the spike in the BS-record at 1046 UT. This in-
dicates that the enhancement and absorption effect
Just balanced each other, and we therefore -assume.
that -the x-ray flux did not significantly affect the.
forward scatter signal during -the particle event. A
solar rf intensity enhancement lasting about 5 minutes
commenced -at 1046 UT, and this is probably the cause

of the peak in the BS-signal.  Only the receiving
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antenna in the BS-link had a gain which was differ-
ent from zero in the direction of the sun at this
time, and that is the reason for the absence of a

peak in the BM-signal.

(a) Represents the pre-event reference.level of the
signal, (b) the estimated enhanced level of the sig-
nal between 1110 UT and 1115 UT that would. have been
observed in the absence of absorption below the scat-
tering stratum, (c) the signal intensity in the above
mentioned time interval. The differences between

(b) and (¢} are about 26.5 dB and 14.5 dB for the

" BM-path and BS-path, respectively, and represenﬁ

the estimated absorption of the forward scatter sig-
nals.

{a) The intensity vs time records for an Antarctic
riometer and (b} the absorption vs time profile for
an Arctic riometer, during the event of November

18, 1968. The three horizontal bars shown in {a)
indicate times-during which the magnetic field in

two earliest intervals are characterized by decreases
in'the-absorption,-indicating_that~a northward field
prohibits proton access to the magnetosphere. The
third occurs at the time . of maximum ébsorption,-
which might have been lYarger if the fieId had been

directed southward.
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Altitude profiles of -the effective recombination co-

efficient a .. for daytime and nighttime conditions.

. Because the production rate above ~60 kin during the

event of February 25, 1969, was less than that at
1110 UT on November 18, .1968, the o ..-vaiues at
altitudes above ~60 km are larger than those expected
on November 18, 1968. Thus utilizing o, pp-values
corresponding to.the event of February 25, 1969 for
the present purposes will Tead to too Targe a value
for the calculated intensity of electrons precipitat-
ing over the Arctic region.

During times of isotropic so1ar.eTectron flukes in
interplanetary space, Vampola (1971) found that the
solar electron fluxes Formed.a poiar plateau (HPL
region) with constant intensity, and at lower lati-
tudes a quasi-trapping region (LPL regiocn) where the
intensity was- less than 50% of that in the HPL re- -
gion-.and varied with magnetic local time. 1In the.
figure Jl‘is the flux perpendicular to the field
Tines in the LPL vregion [JL(LPL)] and in the HPL re-
gion.[J;(HPL)J, and the curve is a least-squares.
linear fit to data in which the points are the ratio
Jo(LPL)AJ,(HPL) for 312%27 keV electrons, plotted -

as a function of magnetic local time.(Vampq]a? 1971)n
The data point denoted by a cross is determined in

this study.
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ANGULAR DISTRIBUTIONS OF SOLAR PROTONS AND ELEGTRONS
E. NIELSEN and M. A. POMERANTZ
Barto] Research Fourdation of The Franklin Institute
Swarthmore, Pennsylvania .
and
K. I. WEST, JR.

Lawrence Radiation Laboratory, University of California
L1vermore. California 94550

Abstract - High angular-resolution measurements of di-
rectional fluxes of solar partic]esuin_spate have been obtained
with detectors aboard 06G0-5 during the eosmic'ray event of No-
vember 18, 1968. This is the only case an'reéord for which

sharply-defined d1rect10na1 observations of protons and electrons

covering a wide r1g1d1ty range (0 3 MV to 1.5 GV) are available.

The sate]11te experiment provided data for determ1n1ng\
pitch angle d1str1but1ons w1th respect to the d1rect10n of the:ﬁf
local 1nterp1anetary magnet1c field 11nes dur1ng the 1engthy
highly anisotropic phase of the event. It was found that the
unidirectional differential intensities,a(e) of 3- to 257MEV;
protdns varied in accordante with the re1etionship j(e) =

3

b0 + b] cos 6 + b2 C0s 8, where b0 and b] > 0,-and b2 is posi-

-~

,:ij1ve, zero or negat1ve Soon after onset 79-266-keV ‘electrons

arriving from the d1rect10n of the sun d1sp1ayed an an1sotr0p1c
component with the intensity varying as cos 6. Later, e@doubTe-
peaked distribution appeared at'the Tower energies, whereas the
flux et the‘upner,end of the range coﬁered~by the experiment

became isotropic. These results have been interpreted in the



-
1ight of the temporal flux profiles and the sfate,of the fnter?
-planetary med1um.“ o | |
The observation of the unusual]y large and long- lastlng
'an1sotrop1es lead to- several concuus1ons 1nclud1ng .
(1) if 1n3ect1on of the so]ar part1c1es was 1nstantaneous;f
the d1ffu51on coeff1c1ent was e1ther constant or 1ncreas1ng w1th
distance from the sun; | IR
~(2) if the solar source emiited'partie1eeleVerfen ex-" T
~tended period, and' there is'evidehce to that effeﬁt,‘there was
weak scatterfﬁg in the region between the sun and.the“eafthehd.e--;'
rq(s;ﬁopgwseattering rEQfon beyond‘the;earth's ofbft' |
(3) solar e]ectrons were. stored near the sun,

(4) the observed angular d1str1but1on of 200- Mv‘protons

in the magnetosheath was in good agreement wzth that ded&ced
in an earlier’ analysis of polar orb1t1ng sate111te observat1ons

and trajectory ca1cu]at1ons.
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1. Introdoction'

| Satellite observations have revealed severa] genera1
;features of so1ar flare particie f1uxes (McCracken et al ‘
19?0) One typ1ca1 characterist1c is that the flux is gen-
eraliy anisetroepies In view of the rélavanés of tﬁ@ éﬂﬁulo?

'd1str1but1ons of these f]uxes for the understand1ng of the
role of the interplanetary magnetic field in control1ing the.
propagat1on of charged particles, an invest1gation of the
pitch ‘angle distributions in 1nterp1anetary space of Tow=
energj protons and eleotrons of solar origin'wouid be of great
interest. However, owing to the lack of su1tab1e observat1ons.
this has not heretofore been feas1b1e

If no scatter1ng.occurred between.fhe sun and the earth,
the solar cosm1c rays wou]d propagate in a manner such as to
conserve their magnet1c moment (f1rst adiabatic 1nvar1ant),
thereby producrng strong1y collimated f]uxes at 1 AU. Since
such strongiy-collimated particle fluxes have oot oeen‘observed,
thefr angular distribution can be coosidered the signature of
the combined effects of the ‘diverging 1nterp1anetary magnetic.
f1e1d (imf) I1nes and scatter1ng mechan1sms in 1nterp1anetary"
space. Spatial fluctuations in the imf prOV1de the govern1ng
scattering process (Ka1ser. 1973), and thus the angular distri-
bution yields information about the 1nterp1anetary magnetic
field regime. g

Theor1es of cosm1c ray transport have been treated ex=

tens1Ve1y in the 11terature (Jok1p11, 1968, 7971. 1972. Roelof,
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1968,~1969, 1974; Klimas and Sandri, 1971; Kaiser, 1973; Earl,
1973a and b). We shall not discuss ‘these in detail, but note
that because particle transport may depend strongly on magnetic
rigidity, it is of obvious interest to analyze observations which
cover a wide raﬁge of rigidities. Therefore, the solar flare on
November 18, 1968, which produced relativistic solar cosmic rays
as well as highly-anisotropic fluxes of low-energy prqtons‘and
electrons is of special importance, in view of the fact that
this is the only recorded event for which well defined direc-
tional intensity observations have been obtained for protons
and electrons covering a wide rigidity range.

Since this particular chromospheric eruption attracted
widespread interest, the World Data Center has issued a special
data compilation (WDC-A, 1970). For the pre;ent purposes, it
suffices to note that the Importance 1B flare near the west
1imb (N20°, W90°) commenced at 1026 UT. The onset of Ha emis- "

- sion coincided with a rapid increase in x-ray flux level, indi-
cating that particle acceleration apparently occurred during the
f]ésh phase. The interplanetary disturbance which gave rise to a
Sudden Impulse {SI) at 1630 UT on November 18 is probably a shock
and is relevant in the ana]ysis of the particle fluxes.

Although the angular distribution has been determined
experimentally for relativistic solar cosmic rays (Figure 1)
observed durihg a number of ground-level events or GLE {Duggal,
et al., 1971; Maurer et al., 1973), no similar detailed invest-
igations have been previously conductéd for the Tower-energy

particles that are observed with spacecraft.
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During the November 18, 1968, event, Orbiting.Geophysi-
cal Observatory 5 (0G0-5) was operating in'interpianetary space,
measuring with high angular-resolution directional-flnxes of

1ow-energy protons (0.57 < Tp < 46 MeV) and electrons (79 < Te &

1530 keV).

The purpose'of-the'present,study iS‘primarin to analyze’
060-5 data recorded during this event in order to.determine the .
angolar distributions-around the direction of the inf lines at
early times (the;ftrst 12 hours following onset of the. particle
event), when the sate]Tite was outside the magnetUSphere. Ine
formation to aid in the 1nterpretat1on of the observed angular‘

d1str1but1ons is obtained by study1ng the temporal Flux profi]e.

2. Exper1menta1 Considerations

_ A. Instrumentation

The ]ow-energy proton and'e]ectron data were obtained
by the Lawrence L1vermore Laborator1es (LLL) energetic- part1c1e

exper1ment on 0G0-5 (west et al., 1969, 1973) Some of the

'pert1nent aspects of. the exper1ment that;are relevant:to the

present investigation are summarized here. A schematic Cross'

section of the instrument is shown in F1gure 2, and its relevant

~characteristics are 11sted in Table 1

In the interest of background reaeption for the‘electron

‘spectrometer, both the detectors for eaoh-energy'channe1 (except
the two lowest where the detectors must be fairly th1ck (v0.2. mm)_

.to reduce e]ectron1c noise), and their correspond1ng background

detectors, were des1gned w1th a thickness correspond:ng approx1- .

1

i M ’ -. v w0 Rl B H‘;"-h
1 . _ . . . T,
o - e : . ‘ -
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‘mately to the range Of an electron of the spec1f1ed enjf‘”.

‘Pulses representing the peak of the d15tr1but1on are se1ected
by pu]se hejght_analysis, This design reduces the number'Of_“
'background'coents which are produced‘by bremsstrah1ung. pene-1
trating energet1c protons and degraded e1ectrons scattered
of f the spectrometer walls. . | -

The proton te1escope is located 1n the ]1ne of s1ght
'of the entrance aperture of the hlgh f1e1d e1ectron spectrometer.
CIt comprises four detectors and two absorbers. The ‘lat- ‘ |
ter are 1nc1uded to 1ncrease ‘the: energy range covered by the
-_otnstrument The energy of a proton 1s determined by measur1ng E
'the energy depos1ted in each detector that 1t penetrates, and
through the 1og1ca1 analysis . of the- pulses from the detectors.‘
.-The proton channels and the log1c statement drscr1m1nator set-go
t1ngs used in def1n1ng the energy channe]s pert1nent to th1s
1nvest1gat1on are spec1f1ed in Table 1. Note in the discussion
that proton channels P3, P4, P5,and,P6 are often referred to_tn‘
terms of their:approximate mean energy‘l, 3, 9 and 25 MeV. Then" -
~instrument had twoﬂadditiona1-channe15 extending down to 100
keV. However, protons}of non-so]ar.orig1n.in this energy range p
are often found in the magnetosheath and nearby upstream-wave
region (Lin'et aT., 1974; West and Buck, 1974) and hence were
e}iminated from the presént investigation,

The intense 1ow#energy portion of the electron spectrum
(<4 MeY) is prevented from reaching the telescope by the nagnetic
field in the‘eiectron‘spectrometer; a1so,rthe detectors are so0

thin that, usually, an electron_cannot-depositfenough energy
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in the detectors to‘overcome the thresholds. The same ;rgu-
ment holds for bremsstrahlung. The primary source of back-
ground is penetrating energetic erotons, Background correc-
tions for all of the partic1e detectors are made according to
the procedure dut]ined by West (1972).
' 0G0-5 was sun-earth or1ented, hence the exper1ment aper-
'ture had to be scanned relative to the stab111zed spacecraft
to obtain directional information. NASA provided a special
‘scan platform mounted on one of ‘the speeecraft booms which efways'
pointed toward the eerth;.hence the ekperiment s¢anned so as to
}eok perpendicular to the earth-satellite radius vector {note"
the bottom pane1 of Figure'3). The scanIWas + 115 degrees at
a normal rate of 3° per second but dccasiona]]yll 1/2° ber'second
(note that the longest data acquisition interval was 4.6 seconds
"~ so that the angular reseiqtion was not too adversely affeeted
-by the scan rates) It ie unfortunete, certainly for this'iﬁ-
'vest1gation, that a more compiete (+180 degrees) scan was not
available. ' , | . |
Simultaneous magnetic fieid date'were obtained‘with
the UCLA triaxial f1uxgate magnetometer (p. J. Co]eman and C T."
Russell) on board 0GO-5. Because the pr1mary purposes of the
data analyses reported'here are to determine the angular dis~
“tributions and to deduce their physical significance, it is
essential that the magnetie field and particIe'observations"
were conducted simultaneously. _ B &
Max1mum information about pitch-angle d1str1but1ons
can be deduced from measurements recorded dur1ng per1ods 1n

which the plane of scan contained or nearly contained the direc-
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tion of the magnetic field lines. On the other hand, when the
scan was perpendicular to the field 1ines, only observations
near 90° pitch angle were obtained. To exploit the instrument
to the fullest extent for the present purposes, the sétellite
must be outside the magnetosphere at a position where the plane
of scan contains the garden-hose field line. During the 3 1/2
year lifetime of 0G0-5, these conditions were satisfied only dur-
ing the GLE on November 18, 1968.

The relevant part of the orbit of 0G0-5 from 0200 UT
on November 18, 1968 to 1500 UT on November 19, 1968, is shown
in the upper panel of Figure 3.  The bottom panel shows how the
experiment aperture was scanning at the start of the measure-
ments. Figdre 4 shows the time profile of the magnitude, and
longitude and latitude in Geocentric Solar Ec1iptic (GSE) coordi-
nates,‘of the observed magnetic field vector. These observations
are used to determine the location of the bow shock and the mag-

netopause.

B. State of the Interplanetary Medium

During this event, Durney et al. (1972) and Quenby et al.
{(1974) observed the interplanetary magnetic field on the sunward
side of the bow shock with Exp]orer 35. Their measurements indi-
cated a rapid change in the direction of the imf at about 1630 UT,
following which there was a decrease in the magnetic field in-
tensity at 0G0-5 which was in the magnetosheath during the inter-
val 1600-2100 UT (Figure 4). At the same time (1630 UT) the
geomagnetic field was perturbed, probably by a magnetohydrody-

namic shock propagating in the solar wind, giving rise to a
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Sudden Impulse (SI) recorded at low-latitude magnetic observa-
tories {Kawasaki and Akasofu, 1970). After about 1800 UT the
imf remained nearly aligred with the sun-earth Tine until 2400 UT.
" We have indicated in Figure 3 the direction of the fie]d

BéI) in the magnetosheath which is tangential to the magneto-
pause. A1l points to the east of this line are magnetically
connected to the sun, whereas all between it and the dusk and
evening magnetopause are not. Also, particles propagating from
the sun with trajectories on the sunward side of this tangen-
tial field line do not interact with the magnetosphere.

On the sunward side of the magnetic irregularity, be-
tween 2200-2400 UT, the average longitude oflﬁh is 55°, as in-
dicated by E#LI) in Figure 3.

To illustrate the directions in which fluxes are meas-
ured, the look directions of the particle detectors are shown

in Figure 5.

3. Intensity Variations

A. Measurements
Before presenting the observed temporal variations of the
particle intensities and angulayr distributions a few points should
be noted. It can be shown.that -adiabatic deceleration causes
a maximum change in rigidity in the time interval of interest
(12 hours) which is less than 15% (Nielsen, 1974); hence,
the effect of deceleration is insignificant and is not a cause
of the phenomena to be discussedo Owing to the form of the

energy spectra and the low velocity of the solar corpuscular
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stream in the magnetosneath, it is evident that the corrections
for convective effectS‘(Forman,'1970;‘Balogh_et al., 1973) are
“insignificant because of the large diffusive-anisotropies en-
countered in this study;‘hence they:have been ignored. |
| Figures 6 and 7 show J, the observed'partic]e'fldx:AVer-f

aged’over-the plane of scan, p10tted"asdd fundtion,ot'time fbrp”

electrons and protons, respect1ve1y In all figuresrdispiayfngr:;jﬂif“”J

data points, the error bars represent twice the standard dev1a-,a'5‘5355j

tion of the mean, determined from a var1ance analys1s, tak1ng
into account time var1at1ons of the flux. The 1ntens1ty of. 9-~u-'

and 25-MeV protons and of the electrons 1ncreases rap1d1y to

- max1mum and then starts to decrease. At the t1me of arriva1

of the magnet1c 1rregular1ty there 7§ a decrease in count1ng

rate in all the e1ectron channels and in. the 3--and 9-Mel: g

proton channels, wh11e the 25 MeV channe] 1s affected 1e;e

There is a small maximum in the 79-keV electron f1ux at 1530

UT} while no 1nd1cation of a maximum 1s”dbserVed at higher

energies., | | | |

B. Analysie , _ ,
" Coherent Propegatdon. Earl I(1973b) f0und tnat,when the -

imf power_spectrUm is Steep, a‘pu]se.of'particles from a soien'
flare_(the'coherent pulse) may arrive at the prbit of the earth

preceding the diffusing particles, thereby creatingan fn{tiel flux

-max1mum in the 1nten51ty proft]e. The Earl theory also treats ‘the

: arr1va1 of the initial group of particles predtct1ng a propagat1on
Speed a]ong the spiral 1nterp1anetary f1e1d >80% of the free propa-
fgat1on speed. F1gure 8 shows the time- dependent arriva] of thei

' f1rst part1cle f1uxes 1n the var1ous energy channe1s. The.straight .
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line'with's1ope4] which‘best fits theldata yields a tetal path
of 1.74 AU, The Ear] theory indicates a field- 1ine41ength

of 41.4 AUwhich is in accord w1th previous. observat1ons. ‘Lin”

~.(1974) has reported ~1.2 to 1. 5 AU.

The maximum in the d1str1but1on (see F1gures 6 and 7)
predtcted by coherent propagat1on shou]d appear at t' < 1. 25/38 hr.faﬁ“
fo]]ow1ng part1c]e 1nJect1on (here we have assumed a d1stance o
traveled of 1.5 AU, an upper Timit of expectat1ons) The observed S
time of maximum of 79-keV electrons is not. 1ncons1stent with o
=frthe Earl theory, and hence the 1n1t1a1 peak 1n this. case wou]d

wappear to be the" resu]t of scatter free coherent propagat1on

L8

| For the other cases, exc1ud1ng P3 for wh1ch the ana]ys1_q

is con--fL7lff~
hclus1ve, the ca]cu]ated times of maximum are too ear]y to

“support,a picture of coherent propagat1on.a1one.

Diffus1ue‘Propagation. Applying the theory of an1sotrop1cd‘}fﬁ*
:_diffusion with a'boundary '(ADB) of Bur]aga (1967) to the proton
l.measurements as shown in F1gure 9, we find that the data representing f
the intensity 1ncrease show a good f1t to a stra1ght 11ne, th1s 1s L
in. accordance with the theoretical pred1ction. We further f1nd that ﬁjﬁ
the data correspond1ng to the ear1y stages of the decay, 91m11ar1y. h;
'are in accord w1th this .model. ~From, the s1ope of the curves in
Figure 9 the t1me of maximum 15 determ1ned to be 1513 UT and
”1327 UT for 9- and 25~ MeV protons, respective1y, cons1stent with"
‘observat1ons (Figure 7), and 1718 UT for 3- MeV protons. _The | |

- smooth intensity proft]es corresponding_to the straightl11neslf:u7

RS 3
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in F19ure 9 are p]otted in F1gure 7, to h1gh11ght the proton
‘1ntens1ty var1at1ons caused by the magnetic 1rregu1ar1ty (see
Figure 4). Owing to short rise times and small intensity in-
creases, a sfmi]ar ana]ysis'Of the electron ana neutron monitor
data was inconclusive. o _ | | |

| ‘The mean free paths, ca]cuIated us1ng the Green' s func-
.t1on so1ut1on to the d1ffus1on equat1on for a spher1ca11y sym—u
metric system with a point source at the sun, are found to be
CAw = 0.12, 0,11 and 0.12 AU for 3-, 9- and 25-MeV protons, re-
spectively. ' | ’

Assoc1ated Magnetic F1e1d Intens1ty Variations. The

- sudden decrease in the proton and e]ectron fluxes at 1530 UT
(Figures 6 and 7) coincide with the sudden decrease 1in the_magé‘ o
netic fleld 1nten51ty. and fs most er1y caused by 11:. B'ecéuse-‘:{_"
;hthe magnetic f1ux through a cross- sect1ona1 area of a magnetic -
" flux. tube {s constant (V-B*=0); the observed decrease in the
field intensity by a factor 2 (Figure 4) must produce a corres- -

pond1ng increase of the area, 1ead1ng to a reduct1on of the par- .

ticle f]ux inside the magnet1c 1rregu1ar1ty to. ha]f the flux out— Lo

.s1de " This is in accord ‘with the observat1ons. The decrease in: R

J inside the magnet1c 1rregu1ar1ty is to some extent caused by

~the fact that only particles with pitch angles near 90° are de"p"ﬁ‘”

tected there. Thds, owing‘to the‘restr1Cted'angu]ar coverage;‘
‘i‘"the angu]ar d1str1but1on is undeterm1ned o T
Summarg“ﬁ“lt“has been showh that the first peak in. the

proton flux can be descr1bed in terms of diffusion theof:f“'If‘
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the protons did diffuse from the sun toward the earth, the
diffusion approximation, i.e. a first ordenr approximation
valid for small anisotropies, probably yields a realistic
value of the mean free path which we have determined to be
A" v 0.1 AU. Early in an event the anisotropy is predicted
to be large and to decay inversely with tfme (Fisk énd Axford,
1969). In the early phase of the event under investigation
the anisotropy remained large, ~100% (Section 4), and this may
raise doubts about the validity of results obtained using the
diffusion approximation. Early in an event the contribution
of backscattered particles to the density is small, and thus
of no governing influence upon the observed density. Absence
of backscattered particles--i.e., persistent large anisotropies--
possibly owing to a diffusion coefficient rapidly iﬁcreasing
with heliocentric distance, would therefore not seriously affect
the cosmic ray density. If the cosmic rays in fact are diffus-
ing between the sun and the earth the obsekvéd density would
thus fit the diffusion equation to yield a mean free path
which is a good approximation of the conditions at helio-
centric distances < 1 AU,

Furthermore,-the time of ﬁéximum flux in the 79-keV

electron channel and the time .of arrival of these electrons
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are in line with expectations based upon the theory of co-
herent propagation.

It was also found that the intensity of 79-keV elec-
trons exhibits a smail secondary maximum at about 1530 UT,
i.e., coincident with the detection of the magnetic irreg-
ularity. We will discuss these results later after pre-

senting the angular distributions in the next section. -

4. Angular Distributions

A. Measurements

The angular flux distributions around the direction of
the observed magnetic field of both low-energy protons and elec-"
trons have been determined as they change owing to spatial and
tempqral effects.

The shock propagating from the solar direction stretches
out the magnetic field lines in the region of space it has tra-
versed causing weaker magnetic scattering behind compared with
the region ahead, and this may account in part for the observed

long duration of the large proton and electron anisotropies.
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Protons. Representative angular distributions:of pro-
tons are shown in Figure 10. At 1335 UT.(i.e. at‘a,distanoe of
700 Earth Radf{ (ﬁl) ahead of the magnetic discontinuity) the‘
{ntensities of 3- to 25-MeV protons vary over the angu1ar 1nter-
va] where the flux is measurable accord1ng to '
ilu) = b0+b]u+bzu2- - . (1)
A statistical analysis indicates, with a‘95% confidence level,
that for the 3-MeV proton flux b,=0, uhiie at 25 MeV bé <0,
Thus, the angular distribution is ‘energy dependent in the inter- |
val 3- to 25-MeV. Owing to the 1ack‘ofeinformation about the
‘ magnet1c f1e1d conf1gurat1on in the magnetosheath, a theoretzcal
J‘investigat1on of the d1str1but1ons is not feas1b1e.‘
© Durney et al. (1972) utiiized observations of 100- MeV
_(400 MV.) protons made by a. po1ar orb1t1ng-sate111te together .
" with trajectory ca1cu1at10ns to deduce the1r angular d1str1bu;}f' g
:t1on in 1nterp1anetary space at early t1mes dur1ng the event
of November 18, 1968. This resu]t.ls shown )n F1gure,1] }9r=l.
‘gether with our‘observation'of.the oistributionrof ZSQMer '
(200 MV) protons; The angu]ar d1str1but1ons of protons w1th
rigidities of 200 MY and 400 MY, both represent cond1t1ons .
© shortly after. onset of, the event, and in view of the sma]]

difference in r1g1d1t1es, the good agreement 1nd1cated 1n the

figure const1tutes heretofore unavailable evidence sup[ort1ng

ﬁthe validity of the trajectory ca]culat1ons. '
Figure 12 shows the proton angu]ar d1strfbutidns ob;-7

served within ~300. Re earthward of the magnetic d1scont1nu1ty.Lr"'

‘ '5The most striking features are the minima near 90fs with a x
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lTinear distribution for pos1t1ve u and a small maximum in
the distribution for W~ -0.4. This pattern is clearly d1s-
p]ayed by 25- MeV protons, but is barely d1scern1b1e in the
d1str1but1ons of 3- to 9-MeV protons ‘The angular coverage is
Timited 1n51de the magnetic 1rregu1ar1ty, hence the results.
there are 1nconc1us1ve.' - B

An angular d1str1but1on representative of the observa-.
" tions on the sunward s1de of the. tangent1a1 d1scont1nu1ty for‘
all energies 15\shown.1n~F1gure 13a. It is consistent with an
exponential representationa However; owing‘to.the statistical
spread of the data points only a second order term in an'en?
pansion in cos 8 can be determ1ned o , ﬁ, B

At 2230 UT for 25 MeV and at m2230 UT for 3- and 9 MeV

protons the angular -distributions change 1_nto a superposition of -

. an isotropic component upon an anisotropic component which is

linear in p for u > 0.only (F1gure 13b). At the same time the
intensity of the isotropic component starts to 1ncrease rap1dly,_
‘1ead1ng to a reduction of the-an1sotropy‘as the sate111te |
approachesrthe,maonetopause, and culminating in a near1y iso=
tropic proton'distribution in the magnetosphere near the magp
netopause. | | ” | | ' |
| E1ectrons Representative dietributione of 79—kev elece.
trons are shown in F1gure 14, where (a) 1s the angu]ar yar1at10n_'
in directional fluxes at earTy times, 1 e. <45 m1nutes fo110w1ng:
l,onset, and (b) illustrates the features at later t1mes. :Ih

_both cases the-1ntensat1es for u>0 are linear in cos e, A

|
!
e
l .
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statistical enelysis revea]s that, while the distribqtion of
the beckscattered flhxf(u <‘0) at Teter'timee (b) is independent
of o, at ear?j ttmes'(a) the 1ntehsity decreeses with cos 8.
+Similar results are cbtained for the 158- keV and 266-keV
electron flux,ra1though in these cases the trans1t1on to a
constant backscattered flux occurs earlier. |

‘The temporal variation of the e]ectron anisotrdpy‘is
shown in Figure‘15 For 79-keV electrons it 15 character1zed
by a gradual decrease with time, while at h1gher energies there
is a pattern oflan 1n1t1a1 fast decrease (during 100 m1nutes
after onset) followed by a nearly constant anisotropy until
the arrival of the magnet1c 1rregu1ar1ty, when the an1sotropyt

becnmes 1ndeterm1nate owing to the limited angular coverage.

Figure 16 shows several representat1ve distributjons

. obtained during the time interval 2200-2400 UT, when (1) the

L

‘satellite is > 3 R, from the magnetopause, (2) magnetic field

measurements are available and (3) the angu]a? coverage is.
adequate F1gure 16a reveals a stat1st1ca11y s1gnif1cant bi-
directional an1sotropy in the 79-keV electron flux. The 158-
keV e1ectrons,(b) seem to exhibit the‘same.behav1or thbugh |
less precnounced, wh11e at 266 keV the electron flux is 1so-j

trop1c

" B. Discussion -

Protons. The observed proton distribhtions 1nescapab1y
exh1b1t one common feature, namely that the an1sotropy 1nvar1ab1y‘
is. very 1arge. The solar protons appear to be stead11y streaming

past the orb1t of the earth but even after this has continued
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for 12 hours, hard1y any £1ux propagat1ng in the oppos1te direc-ff“: e

.tion.along the f1e1d is detected
The analysnsgshows that atwleastr4.hours elapse after

onset before the proton flux from the antisolar directionfrtses

above background. Hence the diffusion mean free path, ﬁi". of .
protons propagating para11e1'to;the direction of the mean_imf‘

beyond the orbit of the earth, appears to be at least half the?'
distance traveled in'4'hours,‘i.e. A for'3¥ 9- and 25-MeV de-
hrived-th{s'wayfis'NT‘é 1. 9 and 3. 4 AU, respectively, McCracken
et al. {(1967) us1ng s1m11ar arguments, found for some events |
-Au-Va1ues up to 2.7 AU for 10 MeY protons; However, Jok1p11
'(1968) argued that an estlmate of A on th1s bas1s 1eads to

foan erroneous resu?t.

In the theory it is env1saged that any net change 1n,f L

lh‘pitch angle is a sum of many sma]] angje changes. and the t1me'wf?‘
_requfred torproduce_a baCkscattereddflux propagating'upStream
. along the field lines thus depends critically on the variation -
of scattering_rate-with pitch angjel :Because <(Au)2>/bt is
‘sma11 around'e=90°“itdmay take an_exceedtngiy 1ong.time for
particles to be scattered through 90°, thereby giving rise to
“large backScattering,times (~a hours as mentioned ahove). |
Howeuer, the diffuaion mean free path Au is governed by the
scatter1ng in the reg1on 0 <8 < 90°, and thus it is m1s]ead1ng
to directly associate A with the backscatter1ng time. _ .
e Jokipii finds that the mean free path,ca1cu1ated on the‘
basis of the backscatter1ng time, is - roughTy an order of magn1-

tude 1arger than the diffusion mean free path- deduced from- the ,
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intensity-vs~time profile. Thus, we find A“ ) 0(0.1 AU).
Jones et al. (1973) found that the diffusion coefficient
near 6=90° is substantially different from zero, giving rise
to a considerable scattering rate. In view of. the controversy.
over the rate of scattering of particles with pitch angle near
90°, we conclude that the magnitude of the diffusion mean free
path of protons beyond the orbit of the earth lies ‘betweéen the
approximate limits 0.1 AU and 1 AU. The mean free path during
this event was calculated for 1 MeV protons by Quenby et al.
(1974) using magnetic field power spectra. They ffnd_hu deter-.
mined in this manner to be a factor ~12 smaller than the value
deduced from the observed time-lapse between event onset and
rise above background of the flux from the‘antisolar direc-.

tion, a result that is in line with our findings.

Electrons. The solar-electron angular distributions-
exhibit two dominant features. Superposed upon an isotropic
flux is an anisotropic component with pitch angles that do
not exceed 90°, and for which the intensity is proportional
to cos 9. Thus, while part of the electron population is iso-.
tropic, there is also a steady flow of electrons past the orbit
of the earth, a situation which is not characteristic of dif-

fusive propagation.
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One possible explanation of the form of this distribu-
tion is that the electrons are weakly scattered in the region
between the sun and the earth, whereas at larger distané;s frdm
the sun the scattering probabi]ity increases, giving rise to
'the“isotrobic component. However, it is not necessary to in-
voke the effects of a distant scattering region inorder to
interpret the#e'observations; one may, instead, ascribe the

Tsotropic component to large-angle scattering of the elec-

trons out of the collimated beam.
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Earl (1973a) fopnd,that the angd]ar distributiop fn

the case of coherent propagatipn should be relatively uniform . |
 over the forward hemisphere. However, the effect of the diverging.
nature of the interplanetary field was not included in the‘cal-_f
culations, and thus an observed dlstr1but1on might be expected
to be more collimated than the theory pred1cts. It should be
‘noted that while the temporal prof11e of only the 79fkev f1u£

",

5.,

could be interpreted in terms of coherent propagation, the angu-
lar distribution.at that enerey is s1m11ar to that observed at
higher energies. Hence, the form of_the measured angular dts- d
tribution, per se, can notlbe regarded as supporting_the coherent
propagation mode1; :. | -

The. initiaT rapdd decrease of the electron anisotropy §
(Figure 15) is consistent with observat1ons by Allum et al.
"(]971), who reported the results of a study of the an1sotr0p1e5
that were observed by Explorer 35. They found that the an1-
sotropies of > 70-keV electrons were field aligned 1n1t1a11y,
with amp11tudes generally ranging from 30-60% (the ]argest ob-
served was’ 85%, July 30, 1967) that decayed to <10% within an.
“hour or two. The fast decrease of § for 158- and 266-keV eiectrons[d
i3 a typical temporal feature of prompt electron events. However,
the 1n1t1al anisotropy in the present event is unusua11y 1arge :
(90 to 100%) and 15 regarded as equence of weak scatter1ng.

Lin (]974) has_noted that anisotropy measurements aboard
earth- orbitihg spacecraft may nOt'retleet fnterplanetary con-
ditions since m]O -2 to 10 Hz waves of terrestr1a1 origin (Fa1rf1e1d

1969 Russe11 et a1., 1971) are common1y observed far. upstream
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from the earth's‘bpw shocks. Since these waves seem to be assoc-

jated with imf lines that connect to the bow shock they are far - -

- more probably on the dawn side of the earth than on the dusk side.a~'-

It is not 11ke1y that these waves affected the present results,
'but if they are eff1c1ent in scattering the Jow-energy electrons
- we observed, this would most Iikely‘imply that the angﬁlar dis-
tributions are more collimated in interplanetary space than'at.
the point of-observatioh. Thus, confirmation of this effect
would lend furthqr evidence to the concept of weak scattering
in interplanetary space. ) |

Figure 15 shows that_the anisotropy does not die aWay
within one to two hours“aS‘Aljum et al. (1971) found.tqébe'char-
acteristic in.-the USuaT'case.‘_However. these authors reported
bbservafions made during one event, on October 30, 1967, which
deviated from the typi¢a1fpattern in a manner Simi1ar_to the
- present one. That event disp]éyed the'fo11owing‘féatunes: (1) a
double-peak structure with a minimum ét almost 0330 ut appéared |
in the temporal flux profile following onset at mOOSQ UT;' |
.(2) the anisotropy éxéeeded >30% for three hours following the‘[
onset of the electron increase;  (3) a sudden impulse (SI) waS
observed at 0426 UT (Solar and ﬁebphysical Data, 1967). _The'
variation in- the H-component as a typical 1ow—1étitude,magne-
tometer sﬁation (Tangerang) Was'+357 for the November 18 eveﬁt,
| whereas on October 30, 1967, the SI-magnftude Was +45vy. .ThUS,
these two electron events share three features in cbmmonIWhiCh:-
may have their qrigin_in'the presénce qfia'hyd?omagnétic shdck
in interp]anétéry spade_that_giVeé rise to the suddénfimpUjgg,

' . ha .
i . .
. B . P

FE
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At Tater times in the 0G0-5 data, a second maximum in
the angular distribution appears, denoting a flow of electrons
from the antisolar direction centered on the magnetic field
vector. The 79-keV electron flux is observed to remain ani--
sotropic for about 12 hours.

Bi-directional anisotropies have previously been ob-
served only for low-energy protons in so-called Energetic Storm
Particle {ESP) events (Rao et al., 1967}, and it is therefore’
of interest to see if the present bi-directional electron ani-
sotropy can be interpreted in these térms. Such an event con-
sists of particles swept up by a blastwave propagating in inter-
planetary space. Some of the particles leak out of the blastwave
to produce anisotropic fluxes propagating both toward and away
from the sun,

The gyroradius of a 260-keY electron in a 5-y field
is ©0.08 Rp. The radius of curvature of the imf lines ob-
served around 1630 UT 1is approximately 20 RE, so in the absence
of small-scale magnetic irregularities, the e]ectyons could pass
adiabatically through the "kink". Though a Sma]1 maximum in
the 79-keV¥ electron flux is observed near the time of the ar-
rival of the s%ock, the profile in this case does not have-
the characteristics determined for proton ESP-events, namely
an abruptly increasing and decreasing intensity phase and a to-
tal duration of approximately six hours. Furthermore, we might
expect a blastwave to be most effective in "sweeping up" par-

ticles which are slow compared to its speed, in which case the
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characteristics of an ESP-event in the detected Tow- ve1oc1ty
protons as well as in the eIectron flux would be observed A
‘Hoﬁever, no proton 1ntens1ty increases occurred at this time

:(around 1630 UT). This suggests that the 1nterpretation of':

the b1-d1rect1ena1 anisetrepy of the Tow- energy electrons as. ‘L3f fﬁQf3
a man1festat10n of the mechan1sm discussed by Rao et a]. (1967) L
is not app11cab1e in the present case. |

The maximum from the soiar direction in the observed
bi-diréctiona] ecisotropies, may indicate that the.flux of .l
79-keV solar electrons remained anisotropic throughout‘che-

entire period covered by our OBservations‘(i.e‘W14 heurs.fel-.

i

. lowing onset of the flare).

af

To account fer_these observations, which are in shsrpf
. contrast with theAgeneca1;pattern Qf'prompt so]ar-e1ectron ecents‘{.ﬁfe
"as reported by Allum et al. (1971), ft appears'to'be necessary
to assume storage of the observed 1ow- -energy electrons near the
sun (Simnett, 1977, 1973) S1nce 266- keV electrons become iso-
“tropic before 79-keV e]ectrons, the storage time for the latter-
is‘1onger; '_ | | | _ |
Summafy.:.Cons{dering the'backscatter time we estimece

 that the ﬁean free path of protons_prqpagatjng beyond the orbit

~of earth fies between che‘approximate 1imits of 0. i ahd 1 AU, |

‘The 1ong 1ast1ng 1arge an1sotrop1es can be seen, at Ieasc in
'1part, as a consequence of the weak magnetic scatter1ng 1n 1nter-'e”
“planecary space | Even weak scatter1ng w111 eventua]ly 1sotropize_ S

the flux, hence 1t is not necessary to 1nvoke any add1t1ona1

%
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‘mechanisms in order to account for the fact that thé,solafi";ﬁg;7;13 §

cosmic rays eventually become isotropic. However,'wé‘should
~nete that our ebservations are é1§e quaT1tative1y éeﬁsistent‘
with the presence of a diffusive region ]océted at a distance‘
beyond the orbit of the earth'(Roe1of 1974), 1In this model,
cosmic rays suffer on1y little or no scattering between the

sun and ‘the earth, and d1ffus1on does not set in unt11 the
particles reach the d1stant scattering reg1on, where the iso- L

tropic component near the. earth's orbit has its origin ‘Thef

L]

" electron observations are in good accord wnth the predictions

of this model; the proton results, although incothusive;

are not inconsistent. Td maintaiﬁ Jong-lasting large field-
"a11gned proton an1sotrop1es at the orbit of the earth in the:
case of weak scatter1ng in the inner solar system it wou]d
however,\be‘necessary for the so1ar~proton source to remain

. active over an extended time interval. Otherwise, in ;hefééée
of both instantaneous injection and scatter—free\propagatidn;
the space w1th1n the earth 5 orb1t wou]d 'soon be empt1ed of

"part1cles propagat1ng d1rect1y from the sun.

5. Conc1us1ons

we have presenfed deta1led observat1ons of the angu1ar
"d1str1but1ons of 1ow energy protons and e]ectrons dur1ng the
-‘ear1y phase of the so]ar part1c1e event of November 18 1968
4‘The results and conc]us1ons are as fo]]ows*r |

| 1) The protons disp1ayed very large (nearly 100%)
an1sotr0py, and the e1ectron an1sotropy was unusua11y 1arge -

‘ and Tong’ Iast1ng. T o _i e

i
:
\
i
f
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2) -The mean free path Ay of 3-, 9- and 25 MeV protons
propagat1ng beyond the orb1t of the earth was between O, 1 AU .

and 1 AU; X, for protons propagat1ng from the sun to the earth,
as deduoed from the time profile of the observed intensityt was
~0.1 AU, For 1nstantaneous 1n3ect1on.th1s 1nd1cates that the
‘-d1ffus1on coeff1c1ent was either constant or 1ncreas1ng with
distance from the sun. | |

3) If it is assumed that the solar source was emitting
partic1es over an,extended period (i;e. not instantaneous injec=
tion), then our observations.of angular distributions are con- |
sistent with the existence of weak scettering in the region
*‘between the sun and the earth and of a strong scattering reg1on
" located beyond the orbit of the earth, |

4} 'From-therunusua11y 1ong duration of‘e]eotron ani-
sotropies we have inferred:that the solar electrons were stored
near the sun. 3 | - L _ o "_ | |
‘5) A f1e1d a11gned b1 d1rect1ona1 anlsotrOpy in the 79- :
bkeV electron- f1ux was observed at Iate t1mes. This phenomenon |

may be aSSOC}ated with ‘the: PrOXTm1ty of -the magnetosphere at the { o

time of observat1on.

6) Good agreement was found between the angu]ar d1str1bu-} 'V'

tion of 200-MV (%25 MeV) protons observed 1n the magnetosheath |
- and that of 400-MV (WTOO MeV) protons deduced from observat1onsk**ﬁ

- made by a polar orb1t1ng sate111te together w1th traaectory cal-}::ft'”

culations (Durney et al., 1972), support1ng the valid1ty of these ‘#

traJectory ca]cu]at1ons.h
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~ Table L:  Relevant characteristicé of Lawrence Ljvérmore Laborafories énergetic—partic1e éxperiment
o aboard UGO 5. The logic stateméhé is exemplified as follows: the expression

o D, {1. 35)[0 (5. 4)+D {0.53)] requires for an output that the s1gna1 in Dy be greater than
o .1 35 MeV and in the brackets that the s1gna1 in Dy be not greater than 5.4 MeVY or the
o .-signal in D, be not greater than 0.53 MeV :

- Channel j Geometric '
- symbol Energy factor Log1c statement d1scr1m1nat0r settings
o : [cmz-keV?.f : : :
_ str : '
CEV- . T79+423 kev 0.180 -
e .. B2 158%27 1 0.277 .
Electrons _ E3 - 266+36 0.390
| . E&  479%52 0.605
- B 822+185 4,43
E6 . 1530%260 8.57
| P3 . 0.57-1.35 MeV  1.30x10" = - 04(0.57)[B7(1-35)+D,(0.53)]1
k4 1.35-5.40 1.30x107 -2  0,(1.35)[D,(5.4)+0,(0.53)]
P57 5.60-13.3. 1. 25x10 2"37.0 (1. 35)n (1.3)[0775.8)+0,(5.7)+D, (0. 7)]
. 72x10 -2

P6. 14.0-46

- ‘\02(075)03(1;?)[03(5.7)+03(9.o)+o4(0.2)]

Omnidirectional R :
proton | 02 . .>80 MeV .
, measurement - , : . R
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Figure Cagﬁione

Fig. 1 Relativistic soIar cosmic ray intensity measured mith
ground-based nucleonic intensity defectors. Results are
-expressed as percent of the ga1aetic cosmic-ray back~ |
"ground during an early epoch of the Navember 18, 1968
event and are plotted as a funation of the cosine of the
angle between the asymptotic direction of viewing (i.e.,
‘the direction from which the cosmic rays,.causing an. in-

_tensity'increase at a given statfon, arrive at the boun- ,
dary of the geomaghetic fie]d)_and the axis of aymmetry‘l,
in the angular flux distribution + s the cenﬁroid‘of“‘

" data points, and the straight‘11ne connectS'it to'the

or1g1n. The axis of symmetry is approx1mate1y parai-

L
7

"lel with the direction of the" Vines of force of the f'

"1nterp1anetary magnetic field at the orbit of the earth’;dkf'f.\

‘(after Maurer et a1.,‘1973) In the present paper, a :
similar ana1y51s of low- -anergy- part1c1e data, obta1ned
in space with OGO 5 dur1ng ‘the same event 1s carried out..
Fig. 2 The high- energy electron spectrometer and - proton tele-
| scope. Here we show only qne of the 180° firStworder--r
focusing spectrometers comprising the e]ectrbn4deteétion
.  system (a second spectrometer provides four lows energy T
| channels). Note that EBS, EB6 and EB7 ‘are background
.channelsL The proton te]escope takes advantage of the

-

‘e]ectron spectrometer magnet to comp]etely remove e]ectron‘

Y

_background . o . v
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Fig. 4

Experimenta1 conditions The Geocentric Solar Ec]iptic '

(GSE) coordlnate system is used in which XGSE p01nts

"toward the sun along the sun- earth 11ne, and the ZGSE-ax1s

points toward ecllpt1c north. YESE is determined by the
right hand rule. A part of OGO—SFS trajectofy,on Noveﬁ-l
ber 18-19, 1968, is constructed by rotating eech'poiﬁt_
along the orbit into the ee1ipt1c,p1ane (i.e., the XY-

" plane) around the X-axis. The earth's bow shock and

megnetopeuee are drawn through the points of 6bsefva£10n
at 0200 UT on November 18 and 0300 UT on November 19,

respectively: V. is the so]ar wfnd ve10city'vector;

W
its deerct1on upon cross1ng the bow shock 1s illustrated.
_I and BII show the direction of the observed magnet1c

-I'ﬂ
field averaged over the time intervals 1100-1530 UT and .

' 2200-2400 UT,lrespectively.‘ The bottom panel illustrates =

the satellite observational configuration; the e}evatioh
of which is 35°N at 1100 UT (November 18) and 21°N at
0300 UT {November 19). | -
Magnetic fie1d_observétiohs by 060-5 from 1100 6% on
November 18 to 0530 UT on November 19, 1968. emin'is
the minimum ahg]e between any obeerved.direEtiohai3f1ux
and the direction of the magnetic field. Between 1600
and 2130 UT, the angular coverage extendeon]y to abeut

+10° around the direction perpendicu]ar_to.theemagnetic

field vector; .this is insufficient for the determjhation;

of ahgd]ér distributions. The fiux of 3-Me¥ protonS' 

averaged over the plane of scan is also shown.
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Fig. 6
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The proaect1ons on the ecliptic plane of the d1rectlons j
in which fluxes are observed representative of the t1me
interval. (a) 1100-1700 UT and (b).1700-2400 UT. "

The angle between the direction of observation

~and the ecliptic plane is indicated in each case.

J, the directional electron fluxes averaged over the .

plane of scan, vs time. Mean directional intensities

~are also indicated The vertical arrows indicate the -

't1me of max1mum for 1658- keV and 79-keV e]ectron

‘ rfluxes pred1cted by the theory of coherent propagatton.

Fig. 7

Fig. 8

- The energ1es indicated are the appropr]ate mean energies
. for.the channels, '

'J, the directional proton fluxes averaged over the p1ane‘

of scan, vs time. The dashed curves are constructed
using the curves 1n F1gure 9 and indicate d1ffus1ve

propagat1on - The onset of 1-MeV protons is between 1600

“and 2000 UT. The vert1ca1 arrows 1nd1cate the time of

maximum'pred1cted by the theory of coherent propagatTOn-

‘The energies indicated are the approprlate mean energ1es'_ -

for the channels.

v/c vs the time interval between the onset ofrthe

flare at the sun and the onset of the partic]e‘event in
the different energy channels. . 'B is ca1cu]ated for the
upper energy Timit in each channe] i.e. P6 (46 MeV},

PS5 (13.3 MeV), P4 (5.4 MeV), P3 (1.35 MeV), E1 (102 keV)

and E2 (185 keV). Channel 01 responds to.protons with

energies >100 MeV as indicated by a vertical line. The



?ig

~Fig.

Fig.

9
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horizontal lines indicate the uncertainty in determining

the onset times.

Test for diffusive propagation in the ADB-model. J is

the average of the directional.proton fluxes in the plane -

of scan. 'The'verticeI arrows indicate the points whicﬁ ]
correspond tp_the‘observed times of haximum. ‘Qn1y two
arrows are shown because the diffusion maximum in the ‘
flux of 3-MeV protons, as‘evident'from Figure 7, is not |

observed owing to the inf1uence of the magnetieﬂirrequ

Clarity.

10

Directional proton fluxes vs cos 6. Here ¢ is the angle
GUEWEGY §he aMERAGE MAGNOYIG B3ei0 VEGEQE 4Nd ¥NE UiKesr

tiens in which the flux is measured. The distributions
in front of the shock are shown. Satisféttofj statistir_'

caT precis1on was achieved by averaging the part1c1e

measurement; over the time intervals 1nd1cated in the

. 1

figures.

A comparison with proton measurements from other sources

'-during the event. The data points and curve 1 are from

Durney et al. (ﬂ972),-and represent th% angu1ar‘d15tri-

.bution in interplanetary spacetof,ﬂlooeMeV protons ai

1115 UT on November 18, 1968, as determined from. obser-

vations of polar-cap proton fluxes together with tre-

jeetory calcu1ations. Curves 2 and 3 are the'distribu-.f

tions of 25-MeV protons observed by OGO 5 in. 1nterp]ane—7

-tary Space at 1210 UT and 1340 UT, respect1ve1y. T

s

i.
.I"
|
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F{g;‘iz Intensity vs cos a at a distansa of 380 R, in front
of the propagating interplanetary shock. The data show

a minimum in thé.angular distribution of 25-MeV protons
in a directioh nearly perpendiqﬁ]ar to the direction of
the mean magnetic field. o _- .
Fig. 13 Protbn angular distributions behind the shock - (a) well
“away from the_magﬁetOpausé and'(b) as the satei]ite‘
approaches the magnetopause |
. Fig. 14 Angular d1str1but1ons of e]ectrons in front of the‘
shock (a). shows that~the directional flux 1nuens1ty‘¥
“is decreas1ng as cos 8 » -1 at early t1mes fo11ow1ng
onset, while at later - t1mes, as 111ustrated in (b) |
| and (c). the intensity is 1ndependent of direction

whenJcos 8 < 0, At a11 times the distr1but10n for
cos B > 0 is Iinear 1n cos 8.
' Fig{"TB‘VT1me variation of the electron anisotropy § = (jmdx'jmin)/:P~f&

).

Fig. 16 Angular dwstr1but1ons of . e]ectrons observed behind the

(jmax+3m1n
1nterp1anetary shock. A bi- d1rect1ona1 f1e1d a11gned

‘ahisotropy is €1ear1y.d1sp1ayed only at 79.keV.
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