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2Because of cylindrical symmetry about the beam ax-
is, the physically relevant variable is Yc.m.~Py-

217 Donnachie and P. J. O’Donnell, Nucl. Phys. 53,
128 (1964).

2p, F. M. Koehler, K. W. Rothe, and E. H. Thorndike,
Bull. Am. Phys. Soc. 11, 303 (1966).

BRecent measurements at 158 MeV (W. J. Shlaer, pri-
vate communication) show that the anisotropy in ¢ ),
~¢y persists down to that energy. The required cor-
rections to the results of Ref. 15 of 20% to 100 % have
been made in the comparison of cross sections at 204
and 158 MeV.
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Recently, Van Allen and Krimigis' measured
fluxes of electrons with energies of 40 to 150
keV in interplanetary space following solar
chromospheric flares. The flux-versus-time
profile of these events strongly suggests that
the electrons had undergone propagation by
diffusion in some spatial region. These auth-
ors assume that the diffusion took place in in-
terplanetary space and showed that the flux-
versus-time behavior could be empirically fit-
ted to a simple, isotropic diffusion equation.
The purpose of this Letter is to report addition-
al examples of solar-flare electron events and
to show that the propagation of electrons in the
neighborhood of the earth is highly anisotropic
in two respects. The observations were made
from the first and third interplanetary moni-
toring platform satellites during 1964, 1965,
and 1966. The University of California exper-
iment consists of two Geiger-Miiller tubes and
an ionization chamber. One of the counter tubes
is used in conjunction with a high atomic num-
ber scattering foil so that its directional response
is to electrons only. With this apparatus it is
possible to identify and measure fluxes of pro-
tons and electrons in pure or mixed beams pro-
vided that the counting rates due to the parti-
cle fluxes are comparable with or larger than
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FIG. 1.
1965.

The solar-flare electron event of 8 October

the counter backgrounds. A description of this
apparatus has been previously published.?

We have identified a total of eight solar-flare
electron events to date. These include two of
the events observed on Mariner IV and already
reported by Van Allen and Krimigis.! The gen-
eral features of solar electron fluxes which
have propagated to the earth are illustrated
here in Figs. 1 and 2. These events are seen
to be characterized by a rapid buildup of flux
requiring 15 to 30 minutes followed by a slow
decay over many hours. This behavior also
characterized the events studied by Van Allen
and Krimigis. All known solar electron events
to date are summarized in Table I. Included
there are not only the events by us but the events
of Van Allen and Krimigis. Table I also gives
information on the associated solar flares ob-
tained from the ESSA-ITSA Bulletin, Pt. B,

Solar and Geophysical Data. Inspection of this
table leads to the following conclusions:

(1) All but one of the solar electron events
are clearly associated with solar flares. The
associated flare is often accompanied by radio
noise and sometimes by x-ray emission. The
appearance of the electrons is delayed from
23 to 55 minutes with respect to the radio burst,
or in cases when that has not been reported,
with respect to the flare maximum. These time
delays are reasonable in view of the fact that
the travel time of an unscattered 50-keV elec-
tron with small pitch angle from sun to earth
along the interplanetary field line is 24 minutes.

(2) The importance of the flares is seen to
be small in most cases. Thus 1-, 1, and 1+
flares are able to accelerate and eject large
numbers of energetic electrons.

(3) The flares ejecting the electron fluxes
occur in several different plage regions. Most
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FIG. 2. The solar-flare electron event of 27 December 1965.

of these regions are in the solar northern hemi-
sphere, but one electron event originates in

the south. The same plage region does give
rise to more than one electron-emitting flare.
This occurred in December 1965 when three
such flares appeared in a single plage region.
The events in mid-January and mid-March 1966
have a different character than the first eight
events in the table. The solar flares in this
case are near the central meridian or some-
what to the east. These solar electrons are
associated with the great radio-noise emission
which covered a large fraction of the visible
disk. On both these occasions, a series of sev-
eral solar electron injections were observed.

A full discussion of these events will be reserved
for a future publication.

A result which shows the control of the inter-
planetary field over the electron fluxes also
follows from the table. The flares occur, with
one exception, at westerly solar longitudes
ranging from 29 to 84°W. Four of these flares
occur within 10° of 60°W. This result is of great
interest since many flares of importance 1-
and greater accompanied by radio emission
and x-ray emission have occurred distributed
rather uniformly in longitude over the entire
visible solar disk. It must be presumed that
many such flares ejected fluxes of electrons
of energy >40 keV which were then unable to
reach the earth where they would have been
detected by our experiment. It is clear that
special conditions must be met in order for
these electrons to propagate from the sun out
to distances the order of 1 A.U. The interpre-
tation given to this result is based on the large-
scale structure of the interplanetary field.
There are theoretical® and observational* grounds
for believing that this field lies within a few
degrees of the ecliptic plane but is curved into
the shape of an Archimedean spiral. The angle
between the line of force and the sun-earth line
a distance » from the sun is given by

¥ =tan"(ro/v),
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where w is the angular velocity of the solar
rotation and v the speed of the solar wind. The
average velocity for the solar wind during the
time of the measurements being discussed here
is 350 km/sec (sun-earth travel of 4.5 days).
The angle ¢ is then about 50°. In 4.5 days the
sun has rotated 58°. The arrival of electrons
at the earth only from flares near 60°W solar
longitude can now be understood if the particles
travel along the interplanetary field lines.

From this conclusion the following picture
can be formed of the region in interplanetary
space occupied by the electrons ejected from
small solar flares: It is bounded by a curved
conical surface with half-opening angle of 15°
to 20°. The axis of the cone is a line curved
in the same manner as an interplanetary field
line.

We also find that within this cone of propa-
gation a greater flux of electrons comes from
the direction of the sun than from the antisolar
direction even late in these solar electron events.
This result follows from analysis of the count-
ing rates of the two Geiger-Miiller tubes which
point in different directions. One detector has
a full opening angle of 60° and points at a direc-
tion 64° off the spin axis of the satellite. This
counter has a directional response to electrons
of energy >45 keV but no directional response
to protons due to the scatter geometry arrange-
ment. A second Geiger tube with full opening
angle of 45° detects electrons at >40 keV and
protons at >550 keV. For the 27 December
1966 solar-electron event, the counter in scat-
ter geometry measured about 50% more flux
than the open detector. Since the counter in
scatter geometry has a higher electron-ener-
gy threshold, this observed difference in flux
cannot be accounted for by the energy spectrum.
The presence of protons with energy below 25
MeV which could enter the open counter directed
along the spin axis would reduce the measured
value of the anisotropy of the electrons. There-
fore, the degree of anisotropy we obtain is a
lower limit. The true electron anisotropy may



13 JUNE 1966

PHYSICAL REVIEW LETTERS

VOLUME 16, NUMBER 24

$ST “I¥ uoru ‘sAydoep ‘wy ‘sueil “Te 10

‘("Q'V G°'T) Al ISULIEN JB TBATLIV,

*(996T)

Aproury £q pejrodol OSTe JUAS G96T oUnpf ¢ ‘T ‘JOY ‘SISTWILY PUE USTIV UBA £q pejaodaa ATeurSrao SJUSAT
*JU9Ad STU} UT Juosaad oSTe su0joad Ie[0S,

SjuoA® OIpBI AUBIN URTPIIOW ‘owIr) STy} SULINP UOISSTUIO OSTOU (YoIBIN ¥ U0 LA 0080) UYOIBIN 6T 9961 UOIBIN G2
Te1jued  -OIPEBI YONIN ‘UYIIBIN G3-8T Soxely AueiN 000€ 10 0010 03 yoxeN 6T
punoIy IOPVY

Axenuep 8T 1028 UBIPTIOWL *QWII} STY} SULIND UOISSTWO OSTOU 000T Axenuep L1 9961 Axenuef 87

puU® 9T UO SJUSAD 0€18 Teajued -OTpel J8oxd) ‘Axenuep gg-91 SOIe[y AueN 10 090 0} Axenuef L1
orpex JoleN IBON IOV

¥ o3ep 03 s3x0ded ON G018 89M 60N €210 G€00 6200 -1 00€ 9010 G961 IoquId09(d 0¢

axojog

0¢ 97ep 03 s310dax ON G018 09M O0TIN  G8%2T 0021 G211 +I 14 02+ SPZT G961 Ioquiaod(d 64

149 a3ep 03 sja0de ON S0T8 63M 60N  3€90 €290 0290 ~I (1)<t4 L¥90 G96T Ioqudda(Q Gg

1€ €°6091 7® yeed G008 ¥8M TGN  S191 L09T €091 -1 (1154 8291 G961 1990300 8

G8T10-0€T0 T0xjed 91e[] ON
97ep 03 sja0dox oN GGZ0 91039q pa3Iodad 9Jelj ON 0T 8620 Qmwm.ﬁ aunp g1
68 (osuaqur) 2Z8T1-0181 2y8L 0SM ZIS  PE€8T €181 LOST -1 08T 08061 G961 dunr §
€g (9Yeaopount) 82125 608L 69M 6IN  TG%2 1444 09232 T 08 06168 nmme KeW ¢z
8¢ (9suo3ur) 281L GLM SON 9991 8091 GGeTH 1 0ST IO 0791 gV96T YoIBIN 9T
L0 0T9T 3® Yead
sojnuTw UOTSSTWO uoided  UOWEOO] SPUS  WNWIXBW suUIdeq EBacip [— (098 as o) owrt} 91eq
swit} AB[op o1pBI o8erd axeld axerd ERsaR) QIe[d POIRIDOSS®E JO A®Y 0¥ < XM} Bod TeAriIe
u0I309TH 098 /OIN-008% YIBINOIN souejxodury OB LbEN (Y

+996T A1185 07 dn PAIINOO0 SABY 0} UMOUY SJUSAS UO0IJOT JB[OS 9YL I OTqelL

1123



VoLUME 16, NUMBER 24

PHYSICAL REVIEW LETTERS

13 JuNE 1966

o
o
T

s MAXIMUM FLUX 0802

ISOTROPY

COUNT RATE RATIO OPEN/SCATTER
3
T

6[
Ly —
e Qe
-
=2l
(=21
=
=2
ot
o4
-]
=2l
o
o
—e—
—e—

ONSET TIME 0647%5

1 1 1 L 1
(¢} 12 18
UNIVERSAL TIME

o

o6

FIG. 3. The anisotropy of solar electrons of 27 De-~
cember 1965. The value of about 20 on the vertical
axis corresponds to isotropy. More electron flux came
from directions toward the sun than from directions
away from the sun throughout this event.

be larger than 50%. The ratio of the solar par-
ticle fluxes detected by the two counters dur-
ing the 27 December event is shown in Fig. 3.
The cosmic-ray background in the two count-
ers has been subtracted before taking the ra-
tios. From Fig. 3 it is seen that the anisotropy
is largest at the first arrival of the solar elec-
trons, then decreases as the flux builds up.
Following the peak flux the anisotropy main-
tains a constant value for about 12 hours.

The 8 October and 30 December events also
show large initial anisotropy during the flux-
buildup phase followed by smaller anisotropy
which persists for many hours. In these two
cases the count-rate ratios for the first hour
are 11 and 7, respectively, while the ratios
for the rest of both events is about 18. We em-
phasize that these large departures from the
ratio characterizing isotropic fluxes cannot
be accounted for by proton contamination, dif-
ferent energy thresholds, or errors in deter-
mining geometric factors. We next relate the
direction of the counters with respect to the
interplanetary magnetic field on the grounds
that those localized spatial anisotropies must
be closely correlated with the field direction
because of the low magnetic rigidity of these
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electrons. Taking the magnetic field to lie in
the ecliptic plane with a spiral angle of 50°,

the axis of the open counter makes an angle

of 133° with the field line where 0° is parallel
to the field line and pointed inward in the solar
system. The counter in scatter geometry which
sees the larger flux averaged over many spin
periods makes an angle with respect to the in-
terplanetary field line which varies from 69°

to 197°. From this it is evident that the flux

of electrons moving away from the sun is larger
than the flux directed back toward the sun. It

is clear from the persistent anisotropy of the
solar electrons late in the events that attempts
to treat the diffusion as isotropic are not ade-
quate. We also find that the isotropic diffusion
theory does not fit our observations particu-
larly at times greater than 4 to 6 hours after
the onset of the event. Nonetheless, the elec-
trons appear to have diffused in some Spatial
region. Since interplanetary space is not like-
ly to be this region judging from the large, ob-
served anisotropies, we suggest that the elec-
tron diffusion has taken place in the solar at-
mosphere, the electrons escape the sun on in-
terplanetary field lines where they are scattered
very little, thus accounting for the large anisot-
ropies. This hypothesis is supported by the
fact that the solar radio-noise emission is ob-
served to occur from large regions high in the
solar atmosphere. We suggest that this elec-
tron population is the source of those electrons
observed in interplanetary space for several
days following solar flares.

*This work supported in part by the National Aero-
nautics and Space Administration under Contract No.
NAS 5-2989.
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