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Abstract. Obser~.ations of interplanetary relativistic electrons from several solar-flare events moni- 
tored through 1964 to mid-1967 are presented. These are the first direct spectral n3easurements and 
time histories, made outside the magnetosphere, of solar-flare electrons having relativistic velocities. 
The 3- to 12-MeV electrons detected have kinetic energies about tt~.o orders of magnitude higher than 
those solar electrons previously studied in space, and measurements of both the time histories and 
energy spectra for a number of events in thc present solar cycle were carried out. These measurements 
of interplanetary electrons arc also dircctl3, compared with solar X-ray data and with measurements 
of related interplanetary solar protons. 

The time histories of at least four electron events show fits to the typical diffusion picture. A 
demonstrated similarity between the electron and the medium-energy proton fits for the event of 7 July, 
in particular, indicates that at these electron energies, but over several orders of magnitude of 
rigidity, whatevcr diffusion does lakc place is very nearly on a velocity, rather than a rigidity or an 
energy, basis. Diffusion-fit time histories varied as a flmction of 7o also indicate that the electrons in 
certain flare events originate at times near the X-ray and microwave burst, establishing their likely 
identity as the same electrons which cause the impulsive radiations. Also, the energy spectra and 
total numbers of the interplanetary electrons, compared with those of the flare-site electrons cal- 
culated from X-ray and microwave measuremenls, indicate that probably a small fraction of flare 
electrons escape into interplanetary space. 

1. Introduction 

The existence of many features which frequently accompany large solar flares have 
demonstrated conclusively that electrons are accelerated by the flare process. These 
features include energetic X-ray cmission as well as the spectral distribution and 
polarization of types II, Ill, and IV solar radio bursts. In particular, the impulsive 
microwave burst and the energetic X-ray emission associated with the explosive phase 
of the flare, as well as the ensuing type IV radio emission, require electrons to be 
accelerated to relativistic velocities with Ihe subsequent loss of energy by synchrotron 

radiation and brelnsstrahlung near the flare region (see, e.g., BoISCHOT and DENISSE, 
1957; WILD, 1962; TAKAKi:RA, 1967). Type II and type III radio emissions are gener- 
ally interpreted in terms of lower-energy electrons. There has also been established 
a very good correlation between type 1V solar radio emission and solar cosmic-ray 
events. However, for many years the study of particle evenls in interplanetary space 
had been restricted to the measurements of solar protons and heavier nuclei. It was 
thus not known whether the absence of interplanetary solar electrons in such events 
was due to an intrinsic trapping of such particles in the near solar environment or 
simply to the htck of appropriate instrumentation, until, after one balloon-level 
observation by MEYER and V e n t  (1962), non-relativistic solar electrons were finally 
found in deep space by V.A..', AkLE.~ and K t~l~lols (1965). Their observations and 
those of AYDI:RSO,X and Liy (1966) showed that intense and prolonged occurrences 
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of low-energy electrons (all of  which were observed with detector thresholds of around 
40 keV) were actually common features of the interplanetary environment, particularly 
in times of increased solar activity. While the MeV electron results reported here lnay 
relate to these low-energy electron measurements, they also represent a natural link. 
to some of the proton data, since the electrons we observed are entirely i n the relativistic 
domain. Further, the interplanetary electrons of energy in the few MeV region must 
be directly related to those at the sun responsible for the energetic flare X-ray emission 
and the microwave radio emissions. Hence, detailed correlations between the low- 
and high-energy electron results, proton and. nuclei data, and X-ray observations 
should provide new information both about the flare process itself and about inter- 

planetary particle propagation. 

2. Measurements 

Our observations were made with the first three IMP satellites (Explorers 18, 21, and 
28) and represent nearly continuous coverage during the 3~ years from November 1963 
to May 1967. As shown in. Table 1, the first event to definitely contain an. intensity 

of relativistic electrons exceeding our detector thresh.old occurred on 7 July 1.966, 
although several other solar events were monitored during the preceding several 
years including the perhaps equally large X-ray and particle event of 24 March 1966. 
All three satellites had apogees outside the magnetosphere, in particular, the IMP-Ill 
apogee was at about 250000 km, so that long periods of time were spent in inter- 
planetary space, far outside the trapping region in the earth's geomagnetic tail where 

uninterrupted measurements of solar particles could be made. 
The dctectors used on all three satellites were identical, the first of which was the 

one used to detect 3 to 12 MeV interplanetary electrons in solar quiet times (CI.INz 
et al., 1964). It consisted of three scintillators in the familiar energy loss, total energy 
and guard counter arrangement, providing a geometric factor for stopping particles 
of about 3 cm 2 ster. The information telemetered from the experiment consists of two 
types: (a) detailed pulse-height information on a single stopping particle, and (b) 
counting rates from individual scintillator arrangements, including the total intensity 
of stopping particles. The detailed pulse-height data consist of the rate of energy loss 
and, simultaneously, the residual energy of the first particle (after the commencement 
of each sampling timc) which satisfies the coincidence requirement and does not 
activate the guard counter. The telemetry rate is fixed such that even in quiet times, 
pulse-height information can be sampled for only about 1 of every 12 stopping par- 
ticles. During the peak of the 7 July 1966 event, 1 out of each several thousand stopping 
particles was identified. The particle selection is however, completely random, so that 
a valid sample is obtained. The absolute intensity of a particular particle species is 
thereby measured as a function of time with a statistical accuracy reflecting its propor- 
tion in the totality of particles detected. The stopping particles consist of two major 
groups: 3- to 12-McV electrons and 16- to 80-MeV protons. The accuracy for observ- 
ing solar electrons depends on the relative intensity of these two components as well 
as their absolute flux values, in all cases when we report no electrons were present for 



T
A

B
L

E
 

1 

R
el

at
iv

is
ti

c 
el

ec
tr

o
n

s 
in

 s
o

la
r 

p
ar

ti
cl

e 
ev

en
ts

*
 

M
o

n
it

o
re

d
 p

er
io

d
 

P
ea

k
 r

ad
io

 
>

 
3 

M
eV

 
E

v
en

t 
d

at
e 

F
la

re
 t

im
e 

F
la

re
 

em
is

si
o

n
 ~

 
el

ec
tr

o
n

 m
ax

. 
m

a
x

im
u

m
 ~

 
lo

ca
ti

o
n

 
at

 2
80

0 
M

H
z

 
in

te
n

si
ty

e 

27
 N

o
v

. 
63

 t
o

 
8 

M
ay

 6
4 

(I
M

P
-I

) 

2 
O

ct
. 

64
 t

o
 

2 
M

ar
. 

65
 (

IM
P

-I
I)

 

30
 M

ay
 6

5 
to

 
11

 M
ay

 6
7 

(I
M

P
-I

II
) 

16
 M

ar
. 

64
 

1
5

5
8

(r
) 

N
0

6
/W

7
5

 
3 

<
 0

.0
5 

5 
F

eb
. 

65
 

1
8

1
0

(o
) 

N
0

8
/E

0
9

 
43

 
~ 

0.
4 

4 
O

ct
. 

65
 

0
9

4
0

(o
) 

$
2

0
/W

3
0

 
24

 
<

 0
.1

 

24
 M

ar
. 

66
 

0
2

3
9

(x
) 

N
1

8
/W

3
7

 
40

0 
<

 
0o

l 
7 

Ju
ly

 6
6 

0
0

3
7

(x
) 

N
3

4
/W

4
5

 
26

50
 

3.
0 

28
 A

u
g

. 
66

 
15

27
(x

) 
N

2
3

/E
0

4
 

10
00

 
<

 
0.

25
 

2 
S

ep
t.

 6
6 

0
5

4
0

(o
) 

N
2

2
/W

5
7

 
23

00
 

N
o

t 
av

ai
la

b
le

 
14

 S
ep

t.
 6

6 
10

25
 (

o
) 

$
2

0
/W

9
0

 
25

 
0.

4 
28

 J
an

. 
67

 
- 

N
o

n
e

 k
n

o
w

n
 

- 
>

 
1.

0 
1 

F
eb

. 
67

 
- 

N
o

n
e

 k
n

o
w

n
 

- 
3.

0 
2 

F
eb

. 
67

 
- 

- 
- 

2.
5 

13
 F

eb
. 

67
 

18
14

(x
) 

N
2

2
/W

1
0

 
33

 
<

 
0.

05
 

27
 F

eb
. 

67
 

1
6

4
9

(x
) 

N
2

7
/E

0
1

 
56

0 
0.

6 
11

 M
ar

. 
67

 
- 

N
o

n
e

 k
n

o
w

n
 

- 
2.

5 
1 

A
p

r.
 6

7 
- 

- 
- 

>
 

0.
07

 

* 
O

n
ly

 t
h

e 
la

rg
es

t 
so

la
r 

p
ar

ti
cl

e 
ev

en
ts

 a
re

 l
is

te
d

; 
o

th
er

s 
d

u
ri

n
g

 t
h

e 
m

o
n

it
o

re
d

 p
er

io
d

s 
h

av
e 

u
p

p
er

 l
im

it
s 

to
 r

el
at

iv
is

ti
c 

el
ec

tr
o

n
 i

n
te

n
si

ty
 b

el
o

w
 c

o
sm

ic
-r

ay
 

b
ac

k
g

ro
u

n
d

. 
N

o
ta

ti
o

n
: 

x 
=

 e
n

er
g

et
ic

 X
-r

ay
, 

r 
=

 m
ic

ro
w

av
e 

ra
d

io
, 

o 
=

 
o

p
ti

ca
l 

ti
m

es
, 

U
T

. 
b 

In
 u

n
it

s 
o

f 
10

 .2
2 

w
m

 -~
 H

z 
-1

. 

e 
In

 u
n

it
s 

o
f 

el
ec

tr
o

n
s 

cm
 -2

 s
ec

 -~
 s

te
r -

1 
av

er
ag

ed
 o

v
er

 a
 b

an
d

 i
n

 t
h

e 
sk

y
 p

er
p

en
d

ic
u

la
r 

to
 t

h
e 

sp
in

 a
x

is
 (

se
e 

te
x

t)
. 



510 T.L .  CLINE AND F.B. MCDONALD 

a given event, we clearly mean that their intensity was below our detection limits. 
For this purpose the electron intensity increasc must exceed :~0.2 clcctrons cm -2 
sec -~ stcr a and the intensity of 3 - t o  12-MeV electrons must exceed about ~0 . i  the 

intensity of 15- to 80-MeV protons. 
On each satellite the detector is 

spin axis; the data are collected such 

mounted with its aperture perpendicular to the 

that a band in the sky of approximately 25  ~ width 
forming a great circle in the plane of the spin equator is uniformly sampled. The 

position of the spin axis of IMP-I l l  remained between declination - 10 ~ to - 15 ': and 

right ascension -t-65:' to +70:: for the duration of the useful life of the detector. 
Figure la shows the energy loss vs. energy counting tabulations of one orbit of 

quiet-time interplanetary data, and Figure lb a typical solar proton event. These plots 

contrast with the clectron response exhibited in several periods during the onset of 
the 7 July 1966 event, shown ill Figure 2. In effect these tabulations represent the raw 

data from the experiment. The pattern in the pulse grid in Figure 2, taken during the 

event onset, occurs directly where quiet-time electrons arc sccn, and is accompanied 
by a relatively smaller number of background counts due to random coincidences, 
scattered particles, particles produced by nuclcar interactions in the detector or other 

penetrating particles which escape detection by the guard counter. In fact, since the 

occurrence of these background events was much lower than in the quiet-time cosmic 
ray observations, the solar electron beam at that time was more clearly identifiable. 

Later in the event the proportion of protons in each grid increased, also with an 
excellent signal to background ratio, such that the identilication of the two patterns of  
these particles v,'ith relativistic electrons and with slower protons can be unmistakably 

established. Because of the fixed sampling rate it is informative to determine the factor 
indicative of the fraction of particles actually sampled; these factors are listed in the 

tigure captions. 
The question of whether the detected electrons in the 7 July event arc primary 

particles from the sun (not secondaries produced in or near the detector by high- 

energy solar protons) is resolved as follows. Although no measurements separating 
high-energy or near-relativistic protons were made on the satellite, some such particles 
must have bccn produced since the Alert neutron monitor showed a hourly average 

counting rate increase of about 2~ between 0100 and 0200 UT, with a decay during 
the next two hours. The time history of relativistic electrons in this event is shown in 
Figure 3. These values were derived by using the monitored counting rate of stopping 
particles to normalize the electron proportions in the energy loss vs. energy grids for 
the amount of  intensity increase, in which the interplanetary electron background 
has been subtracted. Also shown is the rate of penetrating particles (which represents 

the integral rate of protons of  energy > 16 M e v  and of electrons of  energy > 3 MeV), 
and the rate of stopping particles. During the time interval fi'om 01.07 to 0213, all 
the stopping particles wcrc electrons; this fraction decreases gradually as the protons 
arrive after about 0200, so that the actual electron intensity is a maximum at about 
0230; it becomes unmeasurable after 0600 UT due to the increase in the number of 
low-energy protons. The facts that the rate of monitored stopping particles as a func- 
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tion o1" tithe for the first hour is half the total intensity of penetrating particles, and 

that the geometric factor for penetrating particles is about twice that for stopping 

particles, mean that the > 3 MeV electron intensity was at least as large as that of the 

totality of other particles evident on the satellite, if not completely dominant. Since 
this slice in the electron spectrum is narrow, 3-12 MeV, and since the proportion 
o1' such electrons in the quiet-time cosmic radiation is ordcrs of magnitude smaller, 
it appears impossible that the electrons detected could have been secondaries pro- 
cluced by a much Imver flux of solar protons. We therefore conclude that the presence 
of relativistic electrons must be a feature of the primary solar flare radiation. 
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Fig. 3. The time history of 7:> 3-MeV solar electrons, contrasted with the 1.6- to 80-MeV solar- 
proton tinle history, for the 7 July 1966 event. The electrons are seen to be well towards maximum 

intensity beff)re the lower-velocity protons begin to arrive. 

3. The 7 July 1966 Event 

Tile solar flare of 7 July 1966 was not only the first opportkmity to detect relativistic 
flare electrons in space, but was interesting in several other respects. Both the micro- 
wave radio emission and the hard ( ~  100 keV) X-ray emission, which coincided in 
time profile and peaked in intensity at 0037 UT (Ct.INE et al., 1968), were unusually 
intense. The Alert neutron monitor showed a very small increase in high-energy 
particle intensity. Even at proton energies down to a few McV this appeared to be a 
modest-sized event; however, it turned out to be the largest particle event between 
September 1963 and September 1966. The solar longitude of the flare was bctween 
45:: and 48 ~ West, near the probable origin of the earth-intercepting field line, and 
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the solar sector timing agreed with the longitude of that one shown by Guss (1964) 
to be responsible for most of the large particle events of the last decade. The time 
history of the electrons indicates (in Figure 3) that although the rise and decay times 
are relatively short, matters of minutes and hours respectively, the onset of the event 
is actually not a very prompt one. Considering the 48 ~ West location of the flare 
where ANDERSON and LIN (1967).found the most prompt low-energy electron events 
to originate (and where the direct fieldline propagation tim.c for relativistic electrons 
should only be a little longer than 8.3 min), the half-hour delay in onset and the total. 
2-hour time to maximum seen here indicate that considerablc trapping and diffusion 
of the particles is taking place. This behavior is similar to that observed for relativistic 
protons (BRYANT et al., 1965) in that for both cases the intensity maxima occur at a 
time delay equivalent to 12 to 15 AU in travel. This appears to confirm the fact that 
for certain, events the containment, or diffusion, of the particles is on a velocity basis, 
rather than on kinetic or total energy or rigidity. Bccausc of this time delay, we can then 
conclude that considerable storage of the particlcs must have taken place near the 
sun if they were produced at the time of the microwave and X-ray burst. This conclu- 
sion is consistent with that reached by LL~ et al. (1967) in their study using three 
spacecraft at dit]Tcrent locations during the same flare effect, wherein they conclude 
that the spatial interplanetary intensity geometry reflects a near-solar protile translated 
towards I AU along the spiral field lines. Although one cannot make a distinction. 
between the interplanetary diffusion picture and a near-solar diffusion picture on the 

basis of time histories alone, it is instructive to use the standard diffusion plot. Figure 4 
shows that a straight line fit of In [I (T-  7o) ~'5] against ( T -  To)-~ does result, and 
has a slope within 30<~i of agreement with the former relativistic proton fits. Wc do 
not believe this supports a classical intcrplanctary diffusion but claim rather that the 
relativistic protons and relativistic electrons appear to travel in a similar manner, 
wherever the trapping and propagation takes place. This claim, is amply supported 
by a comparison of the relativistic electron and low-energy proton time histories, 
illustrated in Figurc 5. Several proton, componcnts of the 7 July event (J. Kinsey, 
private communication) having kinetic energies through the 16 to 80 McV region 
(having rigidities between 175 and 400 MV and v/c between. 0.18 and 0.40), are plotted 
with the > 3 MeV electrons (R = 3.5 MV and v/c >1.99). The first shows the intensities 
in real time; the second, corrected for velocity so as to .form distributions in path 
length. It is readily seen that all four groups closely lit a common curve to within the 
statistical accuracy at all path lengths. Since the intervals in kinetic energies and in 
rigidities are each quite large, between one and two decades, and the velocity interval 
nearly one decade, the velocity compensated fit .is an excellent confirmation of the 
claim presented above. Thus, this solar-particle time history is a function of velocity 
alone (which. is to say that path-length distributions, and consequently, the mean free 
paths for propagation, are nearly entirely independent of velocity). The only discrep- 
ancy is that the electrons appear to propagate slightly more directly, having distances 
to maximum and to decay a little ahead of the protons; thus, there may be some 
second-order correction for rigidity or other paramcters. 
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However, not all events allow for such a straightforward interpretation; e.g. the 
14 September 1966 event does not give good agreement. It is probable that both long 
term (~  several hour) trapping in the source region and the condition of the intcr- 
planetary medium might introduce rigidity-dependent effects. Moreover, this velocity 
ordering eventually breaks down towards the very low-energy region. 

The energy spectrum of the onset and of the decay portions of the 7 July electron 
event are shown, in Figure 6. Due to thc small number of sampled events, the differ- 
ential spectrum, of each cannot be well established; a combination of the two portions 
produccs a spectrum with a power-law index of about -3 .2 ,  approximately similar 
to eith.er fit. (As shown in the picture, the onset and decay portions for .later events 
can be slightly different, but in general agree with this shape.) The shape of these 
spectra arc only m.oderately stecp, as compared with some low-cnergy proton events, 
but the powcr-law index is consistcnt with that predicted by TAKAKVRA and KAI (1966) 
for the solar electrons typically responsible for flare X-rays. It is thus entirely possible 
that these interplanetary electrons are closely related, through a propagation and 
diffusion process which leaves their spectral character little changed, to those at the 
site of the .flare. We cannot directly calculate the number of electrons released into 
interplanetary space since too many of the parameters involved related to the inter- 
planetary geometry (such as beam solid angle and extent of diffusion and of channel- 
ling) are unknown, but a consistency argument can be established as follows. 

Assuming isotropy (since we cannot distinguish whether an anistropy exists at 
these energies with. our data) and using the difl\lsion fit exhibited in Figure 4, we can 
use the slope and intercept numerically derived from that fit to calculate N. Since 

Nflc 3R 2" 
ln(ll  ''5) = In 

32~r(flc)mi3) 15 4fic2t 

is seen to fit 16.2-28R/ct, Nis  found to be 5 x 103j electrons of energy above 3 MeV. 
Further, assuming a power law in total energy with index ~ -  3.2, the total number 
of electrons above ~: 100 keV at the sun is found to be 3 x l03"~ in agreement with the 
lower limit to, but about 2 orders of magnitude below, the best estimate of the value 
expected for the flare of 7 July 1966, based on calculations involving the X-ray data 
(HOLT and CLINL, 1968). Of course, the possible interplanetary channelling and aniso- 
tropy have been neglected, which may each introduce factors as much as or greater 
than an order of magnitude, but since these may affect the calculation in opposite 
directions, the result is at least qualitatively meaningful. It is therefore reasonable to 
relate the observed electrons to those at the flare site, but to conclude that most of the 
flare electrons do not escape into interplanetary space. 

The only previous observation of high-energy solar electrons was that made at 
balloon altitudes by Ml~'rR and Voox (1962). Their measurement showed an increase 
in the 100- to 1000-MeV electron component during a period of time several days 
after the flares of 18 and 20 July 1961. Their data also differed in that the spectrum 
was much flatter, having an index of - 2 .  If we relate their result (for which the integral 
intensity above ~: 100 MeV was ~0.03 electrons cm -2 sec -~ ster -a late in the event) 
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to the 7 July 1966 event (for which the integral intensity above ~ 3  MeV was ~ 3  
electrons cm -2 sec -]  ster -~ at event maximum), we find that the relative electron 

productions for the two flares can be only very roughly compared, due to the great 

difference in energy and. due to the lack of inlbrmation as to the time history of the 
1961 event. Assuming a time dependence like that of the 1966 event, and assuming 
that the 18 July flare was more likely to be the particle producer, a ratio of ~ 105 results, 

perhaps too large for the electrons of  the 1961 event to be ascribed to the same process 
as those of  the 7 July 1966 event. 

4. The 28 August and 24 March 1966 Events 

The 28 August and 24 March 1966 events are two primary solar particle events which 
provide valid comparisons with the 7 July event. The 28 August flare took place 4 ~ 

East of  central meridian in the same source region as did the 7 July flare, and was 

followed by a proton event slightly smaller than, but comparable to that of  7 July. 
It also produced an X-ray burst in the high-energy region having the same spectrum 
and about half the intensity as that of 7 July (Cline, Holt and Hones, unpt|blished), 
both of which, indicate that the July and August :flares were very similar in their 

particle-producing aspects. The 28 August flare, on the other hand, showed no indica- 
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Fig. 7. The 28 Augus t  1966 solar-proton l ime history, in which lime relativistic electrons were 
relatively absent  (in contrast  to the 7 July event) at least to the extent that time upper  IJmiis to the 

electron intensity are well below' comparable  figures in the 7 July event. 
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tion of interplanetary electron emission similar to the data shown for the July flare 

in Figure 2; an analysis of the detected particles produced only tipper limits to the 

electron intensity, as indicated in Figure 7, which were more than one decade below 
the intensities recorded for the 7 July event. Since both the overall particle output 
and the X-ray intensities of the two flares compared within a factor of 2 to 3, the 
electron upper limit o.l" the August event is sufficiently low such as to indicate that the 
relativistic electron propagation properties o1" these events are significantly different. 
.It should be further noted that LIx and ANDERSON (!967) find the 7 July event to be 
simple and prompt, while the 28 August event is complex in its >40 keV electron 
property, correlating with the facts that the 7 July flare was ~ 45 '' West and the 28 
August flare was East of central meridian. It might be concluded from these indica- 
tions that a trend exists towards correlating relativistic electron propagation, towards 
the earth with. the simple events which have an origin near the Archimedes spiral line 
which connects the sun to the earth. However, the data from some other events do 
not support this view. For example, the 24 March 1966 event was more intense both 
in high-energy X-ray production and in medium-energy protons than the other two 
flares discussed here, and is ascribed to a flare at 37 ~ West of central meridian. Thus, 
it would seem to be an excellent candidate re," observable electron production. Our 
detector exhibited no relativistic electron response, however, and again, only an tipper 
limit well below that of the 7 July intensity level can be set. The absence of electrons 
in this March event, like that in the 28 August event, does at least correlate with the 
categorizing of both these events by Ll~ and ANDEr~SON (1967) as complex in their 
low-energy electron production (this flare is one of very few out of several dozen 
West of central meridian events they examined which is complex). Another anolnaly 
noted in this event was the occurrence of a weak-intensity proton precursor which. 
took place hours before the X-ray burst and high-intensity particle buildup. The 
description oi" this event is thus not as simple as that for the 7 July event. 

5. The 14 September 1966, 28 January, 27 February and !1 March 1967 Events 

The 14 September 1966 event is particularly interesting in that the flare is assumcd 
to have taken place at about 90 <: West. X-ray data are not available, but the radio 
emission dates the flare to between 1027 and 1037 UT. The indications of bulk particle 
arriwtl began at about 1040, and the arrival ot" the relativistic electrons was statistically 
clear as early as 1050, indicating that the energetic particles arrived promptly, with 
less dehty than that observed on 7 July. Moreover, the electrons and medium-energy 
(16- to 80-MeV) protons arrived and increased in intensity essentially simultaneously, 
quite unlike the 7 July event when velocity dispersion separated these groups by nearly 
an hour. Finally, the time history is seen to be erratic, rather than smoothly following a 
typical diffusion curve, and to be much longeMasting than. that of the July event, 
as seen in Figure 8. Chronologically, this was only the second event to clearly contain 
relativistic electrons, and the evidence for their presence is similar to that of 7 July 
except for the fact that their arrival did not precede that of the protons. The energy 
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spectrum of the two events are compared in Figure 6, in which the statistical accuracy 
is sufficient only to indicate their similarity. 

The 28 January 1967 event is even more unusual than the 14 Scptember 1966 
event in the sense that all indications point toward its location as on the back of the 
sun, presumably beyond the West limb, since intense proton emission was found at 

both high and low energies. Studies of sea-level neutron monitor responses (LocF,- 
wooD, 1967) as well as the absence of an. observed X-ray burst after 0730 UT (Cline, 
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The 14 September 1966 event, in which the electrons and Iow-cnergy protons arrive more 
nearly simultaneousiy than in the 7 July cvent. 

Holt and Hones, unpublished), an hour before the high-energy particles arrived, 
indicate that the flare did not take place on the observable disk of the sun. An in- 
teresting feature of this particle event which is apparently becoming more common 

than was formerly supposed (McDoNALD and KINSr.Y, 1967), is the presence of a 
proton precursor. It began about 5 hours ahead of the great intensity increase at 

about 0830 UT. The low-energy proton precursor was considerably more intense than 
that associated with the 24 March 1.966 event, but since the main event was also more 
intense we assume the two cases are phenomenoh)gically similar. The relativistic 
electron increase on 28 January 1967, shown in Figure 9, was observed for less than 
1 hour until about 0920 when the detector bccame non-linear due to the high intensity 
of incident particles; the time history could not be monitored thereafter. The energy 

spectrum of the electrons observed durir..g the onset is of greatly reduced statistical 
accuracy, but its slope is consistent with those of the other cases. The peak counting 
rates of both the 28 January 1967 and 2 September 1966 solar proton events were too 
intense for the detector. However, the September event was followed, after detector 
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recovery, by a long proton intensity decay in which no significant increase of electrons 

was found, whereas the January event was followed by a series of additional super- 
imposed proton events in which the electron intensity was measurable over several 
days. These are discussed in the next section. 

Several additional solar events of medium size took place, well separated in time, 
after the 28 January and early February group but before the end of the useful life 
of IMP-II[ in May 1967. (One of these, the 14 February event, was at 10 ~ West, such 
that a measurable electron intensity might be expected, but was not a sufficiently 
large proton event to produce an electron component observable over background.) 
The 27 February and 11 March events, on the other hand, definitely contained 
relativistic electrons and have time histories, shown in Figure 10 and 1 I, not dissimilar 
from that of the 7 July prototype. 
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Fig. 9. The intense 28 January 1967 event, in which a proton precursor is followed by an abrupt, 
large intensity increase which quickly becomes impossible to monitor, but in which some electron 

response is briefly indicated. 

The 27 February event can be definitely related to a flare at N27 and E01 due to a 
medium-size hard X-ray burst observed on OGO-3 (Cline, Holt and Hones, unpub- 
lished). The 11 March event is puzzling to the extent that the electron intensity is 
sufficient to be associated with a high-intensity hard X-ray burst, but none was 
observed. A very soft burst was observed quite early at around 1700 UT, and at that 
time plage 8711 was at the West limb. Qualitatively the event does resemble a West 
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limb or back side event, but the absence of a flare patrol or related report precludes 

the absolute identification. 

in addition to these more recent events, the 5 February 1965 event can be illustrated 

at this point. This event was not only a relatively small proton event which occurred 

relatively early in the present solar cycle, but took place a few degrees east of central 

meridian. However, as shown in Figure 12, the response observed with IMP-H was 

indicative of a barely measurable electron intensity with better statistics than, e.g., 

the 28 August 1966 event (which was a larger event at approximately the same longi- 

tude). The 5 February 1965 electron data are not as convincing as in those events 

including and following that of 7 July 1966, but are sufficient, taken together with 

those events or Spring 1967, to indicate that a longitude correlation of flares with 

preferential relativistic solar electron production may be premature. 

I0 2 i I i i i i i 

IO' 

p -  

o~ i0 o 
I 

Ct~ 

C.9 

Io-' 

(2_ 

Kd 2 

PROTONS 

! 
I 
I 

I 

l 
I 

~ 3  I I I I I I I I I 

1600 2000 2200 2400 0200 

U.Z, 5 8 6 FEB., 1965 

I I I L L 

] 

i 

i 
I I . ~ .  I I ] 

0400 0600 0800 

Fig. 12. Tile 5 February 1965 event. This 9 ~ East-longitude flare event occurred early in the present 
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insufficient to establish the presence of rclatMstic electrons in such an event, but the similarity 

between this time history and several of tile others is convincing in retrospect. 

6. The 1 February and 1 April 1967 Events 

The very intense 28 January solar proton event was followed by additional proton 
events on 1 and 3 February, yielding an interplanetary condition which the medium- 
energy proton intensity was several decades above background for a few weeks 

throughout early February. During that time a detectable relativistic electron intensity 

increase was observed with reduced accuracy. Figure 13 shows the electron in.tensity 
in early February for which the electron fraction of stopping particles was not pre- 
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dominant, so that the statistical errors are large even though the absolute intensity 

becomes comparable with that of the 7 July event. The origins of these increases are 

not clear: solar proton increases began early on. 1 February and later on 2 February 
(J. Kinsey, private communication), the first of which may be due to a flare at 0150 
UT at 62 ~' East (A. Masely, private communication), but there is no clear relationship 
to the electron increase. Also, an electron intensity spike at 1500 UT on 2 February 
is followed, several hours later, by a new low-energy proton increase, showing the 
expected velocity dispersion in the fashion of the 7 July event. Due to the superimposi- 
tion of the various intensities and the high solar activity in general, it seems we cannot 
reliably establish the solar connection at present. This, fortunately, is not the case for 
the majority of the events we observe. 

The 1 April event was caught only in the decay phase, as shown in Figure 14. 
The data therefore do not exist to determine its onset characteristics and identity; 
it is, however, the only electron event observed between 15 March and 11 May 1967. 

7. Conclusions 

Two of the general considerations that relate to the data presented above are the 
problem of the origin of the relativistic solar electrons and the proNem of their 

propagation in interplanetary space. These questions bear directly on the problem 
of the relation of the interplanetary electrons to the flare electrons responsible for the 
solar radio and X-ray emissions; these two questions are also naturally related since 
a determination of the particle number at the source depends on knowledge of the 
manner of travel to the point o1" observation. 

It is well known that fitting solar-particle data to the standard diffusion-theory 
picture does not show that interplanetary diffusion takes place; the particles could 
just as well have spent 10 AU in travel in tight spirals close to the sun and then have 
flown freely out e.g. along the interplanetary spiral lines. However, the diffusion 
treatments employed here are useful since they show that for at least one noteworthy 
event the relativistic electrons and the medium-energy protons propagate in a manner 
consistent with a simple diffusion picture. Also, the similarity between the 7 July 

prototype and, e.g., the 28 September 1961 event, for which this velocity-correction 
treatment was first devised (BRYANT el al., 1965) is quite striking. We thus can con- 
clude, first, that at least for those events appropriately situated in solar longitude, 
electrons and protons both obey simple diffusion through a velocity transformation 
to a rigidity- and energy-independent picture over several decades of energy and of 
rigidity. 

Further, this diffusion fit is sensitive to the zero of time used. Figure 15 shows 
diffusion plots for four different events, similar to that of Figure 4 but varied as a 
function of injection time, with an 8.3-rain time difference from graph to graph. It is 
seen that the zero of propagation can in each case be experimentally determined 
within a few minutes. The time at which it is fixed, in each of those two cases for which 
the flare X-ray time is known, is just that time of X-ray maximum, adjusted for the 
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8,3-rain propagation delay�9 This  result  is of interest since it implies that the inter- 
planetary electrons are produced and injected into their region of diffusion at that 
moment when the flare electrons are accelerated, producing the X-ray and microwave 
radio emissions. Such a picture can be contrasted with the picture of a delayed inter- 
planetary production occurring some tens of minutes later when longer wavelength 

radio emissions are most intense: Figure 16 shows the dynamic radio spectrum of the 
7 July 1966 event (Y. Hakura, private communication) in which the 1000 MHz radio 
emission is seen to maximize between 0100 and 0200 UT, during which time the inter- 
planetary electron intensity does build up. One thus might be tempted to associate 
the interplanetary electrons with this source. The diffusion fit to the (0037 UT - 
8 rain) microwave maximum is, however, self-consistent: the electrons could not both 
have been emitted from the sun at, or after, the later time of 0100 UT, and have bcen 
propagated in a simple diffusion manner. We thus conclude, second, that the inter- 
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planetary electrons are creatcd simultaneously with the flare electrons which cause 
the microwave and X-ray bursts and are probably a sample of that same flare electron 
population. 

As was mentioned earlier in this paper, the total number of interplanetary electrons 
from a flare cannot be accurately determined. The 7 July 1966 diffusion fit estimate 
did yield, however, a number that was in agreement with the lower limit to, or perhaps 
two orders of magnitude below, the number of X-ray and microwave-producing 

electrons at the flare site estimated from those data. One can conclude, third, that 
probably a srnall fraction of flare electrons escape into interplanetary space. 

l.t is also possible to compare the relative spectra and total numbers of inter- 
planetary protons and relativistic electrons produced by a given, flare. Since all the 
observed particles propagating from the 7 July 1966 event were shown to obey a 
velocity transformation (Figure 5) to yield the same distribution in path lengths, it is 
possible, in the manner described by BRYAN1- et al. (1965), to detinc the source spectra 
of solar protons and electrons, that is, the spectrum at injection into the diffusion 
medium. These can then be compared so as to determine the relative production of 
interplanetary particles of these two kinds. Using the data displayed in Figure 5, i.t is 
found that the 7 July protons have a source spectrum with a slope of about - 2 - 0 . 4 ,  
again similar to the 28 September 1961 event. On a kinetic-energy basis, the >3-MeV 
electron source differential intensity is plotted about two decades below the proton 
curve, whereas on a kinetic energy per unit mass (or 7 - 1 )  basis, converting to a 
function of velocity alone, it fails at least a decade above. This result can be compared 
with that obtained by BituNs-rEi.~ and CLINE (!966) in an investigation of the relative 
velocity spectra of cosmic-ray electrons and protons. In that category, it was found 
that in the same interval (of 3- to 12-MeV electrons) the differential intensity vs. 7 
plot of electrons is, at most, equal to that of protons. We can therefore conclude, 
.[burth, that in events like that of 7 July the sun may be more effective in producing 
relativistic interplanetary electrons, relative to that effectiveness for proton produc- 
tion, than is the galactic source of cosmic rays (in spite of the fact that probably only 

a fraction of the solar electrons escape). 
It is curious that the 7 July 1966 event was nearly solely responsible .Ibr all the 

above conclusions; the question of its uniqueness is therefore worth investigating. 
As we mentioned earlier, the detector was sensitive to a band in. the sky of relatively 
fixed position; this region included the ecliptic plane at 45 ~ to 60: West of the sun 
only during certain seasons of the year. This sensitive orientation was at maximum 
during months when no events were monitored, and at minimum for some of the 
electron events observed. We therefbre do not believe our evcnt selection was an. 
instrumental effect correlated with extreme anisotropies in the electron beam, but 
was rather a property of the solar and interplanetary conditions and the earth's 
orientation.. We can thus conclude, filth, that only a sample of the electron events 
obey simple diffusion (similar to the observation of BRYAXr el al. (1965) that not all 
solar proton events do) and that only some electron events can be directly and quan- 
titatively related to the solar radio and X-ray observations. 
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Final ly ,  we may  compare  the considera t ions  discussed above  with those results 

.found for > 40 keV solar  electrons by ANDERSON and LIN (1966), tha t  the low-energy 

electrons were col l imated and an iso t ropic  with a net outflow of  part icles from the 

sun, and  (LJN and A.~I)EaSON, 1967), tha t  the ca tegor iza t ion  of  events is cither simple, 

in which the earth is close to intercept ing the Archimedes-spi ra l  solar  field line from 

the West - longi tude  flare region, or complcx,  in which the flare region is usually near,  

or  East  of, central  meridian.  Al though  our  sample  o f  events is much smaller  in. num- 

ber, due to the higher-encrgy threshold of  observat ion,  their  general  picture seems 

to have some val id i ty  at  these higher  energics;  however,  there exist too  many excep- 

tions to allow one to general izc:  (a) both  the 28 Augus t  1966 and 27 Feb rua ry  1967 

flares had the same East-central  longi tude  but  diffcred in their  e lectron produc t ions ,  

(b) both  the 24 March. 1966 and 7 July 1966 :flares were West - longi tude  but  were 

quite different, and (c) at least two of  the relatively intense events could not be identi-  

fied with visible flares (28 January  and 11 March  1967), and p robab ly  or iginated in. 

active regions behind the West  l imb. We thus conclude,  sixth, that  a l though near ly  

all solar  part icle events o f  reasonable  size are now secn to p roduce  in te rp lane ta ry  

relativistic electrons,  one cannot  correlate  their p roduc t ion  and p r o p a g a t i o n  to solar  

condi t ions  with a simple model  based on solar  longi tude alone. 
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