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Abstract. An energetic solar proton and electron evcnt was observed by particle detcctors aboard 
Explorer 33 (AIMP-I) and OGO-3 during the period July .16-19, 1966. Optical and radio obser- 
vations of the sun suggest that these particles were produced by a Ilare which may have occurred on 
July 16 near the central meridian of the invisible hcmisphcrc. The activc region to which the flare is 
assigned is known to have produced the energetic parlicle events of July 7 and 28, 1966. The propa- 
gation of the particles in the July 16-19 cvcnt over the ~180  ~' extcnt of solar longitude from the 
flare to the earth is discussed, and it is concluded that there must exist a means of rapidly distributing 
energetic particles over a large area of the sun. Scvcral possible mechanisms arc suggested. 

1. Introduction 

From recent studies of  the propagation of energetic solar particles in the interplanetary 
medium it has become evident that ~ 1-30 MeV solar protons and >40  keV solar 
electrons are channelled by the interplanetary magnetic field lines with essentially no 
propagation transverse to the field lines (O'GALr,AGHER and SI~PSON, 1966; L1N et al., 

1968; LIN and ANDERSON, 1967). However, energetic particles are observed from 
active regions on the sun which are far removed in solar longitude from the foot of  
the interplanetary magnetic field line connecting to the earth. Some active regions 
continually bathe the vicinity of  the earth with energetic particles for a week or more, 
during which time the active region itself rotates > 100 t' in solar longitude (FAN et al., 

1968). In the paper of FAy et al. (1968) a model is proposed which explains the 
longitudinal spread of these energetic particles by postulating that the center of 
activity is directly connected by magnetic field lines in the solar atmosphere to 
interplanetary field lines over a > 100 ~ extent of solar longitude. 

In this paper we shall investigate the solar particle event of 16-19 July 1966. 
Optical and radio observations of the sun suggest that the particles observed in this 
event may have been emitted by a flare occurring near the central meridian of the 
invisible hemisphere of  the sun. Thus these particles apparently traversed ~ 180 ~ 
in solar longitude. It  is argued that the direct connection model proposed by ]?'AN el al. 

(1968) is difficult to reconcile with these observations, and several alternative means 
of spreading energetic solar particles over a wide area of the sun are discussed. 

Solar Physics 6 (1969) 294-303 ; �9 D. Reidel PublishhTA, Company, Dordreeht - Holland 
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2. Particle Observations 

On July 16, 1966 an energetic solar particle event was observed by the University 

of California experiments on Explorer 33 and OGO-3. The OGO-3 detector consists 
of a cesium iodide crystal scintillator which records particles of energies 4 < E <  35 MeV 
by 32 channel pulse height analysis. The Explorer 33 package consists of two thin 
window GM tubes and an ion chamber. One GM tube observes the particle flux 
scattered off a gold foil so its directional response is limited to >45 keV electrons. 
The other G M  tube is open and counts both >22  keV electrons and >0.3 MeV 
protons. The detectors on these satellites have been described in Lry et al. (1968). 

The counting rates of the various detectors are shown in Figure 1. An increase in 
flux was tirst seen on the Explorer 33 detectors at ~2230 UT on July 16. The ion 
chamber shows a smooth rise to a broad maximum at 0800-1100 UT on July 17. 
The scatter counter shows an earlier peak at 0200-0400 UT which could be due to 
either (1) low energy ( > 45 keV) electrons or (2) protons of sufficient energy ( >  40 MeV) 
to penetrate the shielding of the GM tube. The distinction between (1) and (2) cannot 
be made on the basis of" the intensity-time prolile of Figure I. In order to distinguish 
between (1) and (2) we have obtained energic proton data from the Goddard  Space 
Flight Center E vs. dE/dx  experiment on IMP-3 (McDoNALD, 1968). Those data 
are organized in 6-hour intervals. The maximum proton flux of the 38 to 59 MeV 

Fig. 1. 
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interval occurred during the first 6 hours of July 17 and was 0.02 particles per cm 2 sr sec. 
The 59--80 MeV interval had a counting rate in the same period of 0.008 particles per 
cm 2 sr sec. The contribution to the scatter counter count rate from penetrating 
protons is estimated from these figures to be ~0 .3  counts per second. This is well 
below the observed increase of 1.6 counts per second. Therefore, most of the increase 
in the scatter counter must be due to electrons >45 keV. During the time of the 
observations reported here, Explorer 33 was located just outside the geomagnetic 
tail on the dawn side at geocentric distances greater than 55 R~. The OGO-3 orbit has 
an apogee of ,-, 20 R, and the sun-earth-apogee angle projected onto the ecliptic plane 
of 123:: (measured toward dawn). No data is shown during the time when OGO-3 
is within the region of trapped radiation. 

3. Associated Solar Phenomena 

Lists of  worldwide flare observations ( IAU Quarterly Bulletin on Solar Activity, 1966 
and ESSA Bulletin, 1966) provide no indication of the occurrence of a suitablc flare 
as the source of these particles. This situation makes necessary a special study of 
the optical solar records for the days and hours prior to the onset of  the particle event. 

First it is necessary to examine the statement that there was no appropriate flare 
as the source of the high-energy particles. This statement does not mean that subflares 
did not occur during the preceding days and hours. Several subflares did occur and 
were reported to World Data Centers. The statement does mean that reexamination of 

Hr. records shows that the subflares during the preceding ten hours were truly minor 
solar phenomena and were not accompanied by either ionospheric disturbances or en- 
hancements at radio frequencies (single frequency records). In the past, ccrtain electron 
or proton events have been ascribed to solar subflares. In these cases reexamination of 
the data generally has indicated that the subflares in question were solar events of 
some significance with accompanying radio frequency or ionospheric phenomena. 
According to all data currently available, the subflares reported from 1200 to 2240 UT 
on July 16, referred to only minor solar phenomena. 

In addition, a recent reexamination of the flare data in the Quarterly Bulletins o1" 
Solar Activity for 1964-.1966 on the basis of  evidence from all actually patrolling 
stations, indicates that the last flare prior to the proton-electron event of  July 16 lbr 

which the majority of  observers concurred in an importance evaluation i> 1 took place 
on July I 1. The interval July 12 to 20 was without any confirmed flares with importance 
as great as 1. The H u~ flare patrol was unbroken :from July 13-16 so an argument for 
a 'missed flare' during the critical interval cannot be supported. The absence of 
reports of ionospheric disturbances of all kinds July 14-16 attests further to the lack 
of major  flares during the days and hours immediately prior to the electron-proton 
event of July 16-19, 1966. 

On the other hand, examination of the H~ records of the McMath-Hulbert  
Observatory for July 16, 1966 reveals the occurrence of an interesting and major 
solar event approximately two hours before the first detection of solar electrons and 
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protons .  A n  eruptive prominence  was observed from. 2051 to ~ 2 1 2 0  UT on the 

Nor thwes t  l imb or  the sun at  the very high la t i tude of  70 .= (see Figure  2c). The promi-  

nence extended at least 80000 km beyond the l imb and was visible most  readily on 

records  made  with radia t ion  1 A or  more  from the center of  He. The observat ions  

do not  permit  a de te rmina t ion  of  ou tward  velocity. 
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Fig. 2. Diagrams showing flares, filaments and erupti~,e prominences in the neighborhood or the 
center of activity of the proton-electron flare of July 7, 1966. Dotted lines refer to featurcs inferred 
to be on the invisible hemisphere. Plagcs have been traccd from Vraunhofcr .Institute Maps. Flares 
are shown in black; prominences and filaments arc shaded. Filaments and prominences not near the 
center of activity under study are omittcd fiom the diagrams. (a) July 7: Flarc, ~,0048 UT; Lockheed 
fihn; (b) July I 1 : Eruptive prominence, 0950 UT, copied fi'om Fraunhofer Institute Map; (c) July 
16: Eruptive prominence .~ 2100 UT, McMath-Hulbcrt film; (d) July 28: Flare and eruptive promi- 

nence ~2315 UT, McMath-Hulbert fihn. 

The erupt ive prominence  referred to here was not  an instance of  a previously 

visible, quiescent prominence  becoming  active and eruptive.  N o r  was it a case in 

which a filament on the disk became active, app roached  the l imb, and  then appeared  

as an eruptive prominence.  Therefore,  one is led to associate the eruptive p rominence  

of  July 16, 1966 with act ivi ty tak ing  place on the invisible hemisphere.  

Some, but not  all, erupt ive prominences  are known to occur concomi tan t ly  with 

ma jo r  flares. Grea t  p rominence  ejections frequently occur in the promaximum phase 

o f  flares (DoDsoN e t  al . ,  1953). They also may  occur  later  in the deve lopment  of  the 

flare and in these cases may  be associated with the onse t  o f  act ivi ty in a previously 

existing, ne ighbor ing  filarnent (DoDsoN and HFDEMA.X, 1968a). Accordingly ,  one can 
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argue that the occurrence of the eruptive prominence on July 16, 1966 implies the 
possible existence of a major flare on the invisible hemisphere. 

Radio frequency data provide limited evidence in support of the occurrence of a 
flare at - 2051 UT on the invisible hemisphere. There is no report of enhancement at 
the high radio frequencies which normally are associated with disturbances low in 
the solar atmosphere. If they occurred in the invisible hemisphere of the sun they 
would be occulted by the solar disk. From 2120 to 2200 UT on July 16, the Boulder 
station reports weak continuum emission, 41-24 MHz. This was followed by a well- 
defined, distinct burst, importance l +  or 2, at 18 MHz, 2207-2214 UT on the 
records of three stations. Finally, Fort Davis reported a minor type I noise storm, 
280-100 MHz from 2247 to 2300 UT. The time sequence of events is summarized in 
Table I. 

TABLE I 

Sequence of Events on July 16, 1966 
-- 

Eruptive prominence visible, N70°, west limb 2051-2120 UT 
Continuum emission, Imp. 1, 41-24 MHz 2120-2200 UT 
Burst, Imp. 1 + or 2, 18 MHz 2207-2214 UT 
Type 1 noise storm, Intensity 1, 280-100 MHz 2247-2300 UT 
Start of proton event, E> 15 MeV, Explorer 33 -2230 UT 
Start of electron event, 2 40 keV electrons, Explorer 33 - 2230 UT 

It is important to recall that on July 16, 1966 a center of activity, McMath Plage 
8362, with a previous history of proton-electron emission was on the invisible hemi- 
sphere of the sun. On July 16, this region was approaching the central meridian of 
the invisible hemisphere (- 8" to the West). Although close to the central meridian, 
the region was not close to the center of the invisible disk. Its high latitude, combined 
with the tilt of the sun's axis of rotation, put the region -40" from the center of the 
invisible disk. In this position, radially outward ejections from the region would be 
visible to the earth at all heights above the photosphere greater than -0.6 of a solar 
radius. We suggest that the small proton-electron event of July 16-19, 1966, observed 
near the earth may have resulted from an ejection of particles from a flare in this 
center of activity on the invisible hemisphere. 

There is one further piece of circumstantial evidence to support the above sug- 
gestion. Observations show that major flares in the center of activity in question 
tended to be accompanied by eruptive prominences at very high latitude. OHMAN et al. 
(1967) has reported a major flare and great eruptive prominence on 0904 UT July 11, 
1966, when Region 8362 was one day beyond the West limb (see Figure 2b). There is 
no report of protons or electrons with this flare. Again, on 2216 UT July 28, 1966 
when the same region was 33" East of the visible central meridian in its second transit 
across the solar disk, another major flare occurred within its boundaries (DODSON and 
HEDEMAN, 1968). This flare was accompanied by the apparent disintegration of a 
filament to the North and East (N50-60") and by the appearance of a major eruptive 
prominence at N62" at 2310 UT (see Figure 2d). Low energy protons (E>0.5 MeV) 
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and electrons (E>40  keV) were detected by IMP-3 before 1700 UT on July 29. 

The particle event increased slowly to a maximum on July 31. 

An event similar to the eruptive prominence of July 28, 1966 may have occurred 

on July 16, 1966. The existence of a neighboring 'lilament' at ~ 50-60 "'N latitude on 
this date on the invisible hemisphere can be deduced from observation of prominences 

at these latitudes on the West limb, July 13-16. Accordingly the high latitude eruptive 
prominence of July 16, 1966 indicates activity occurring primarily in the invisible 

solar hemisphere, and provides indirect evidence for another major Ilare in the 

ccnter of activity that was the site of the electron-proton flares of July 7 and 28, 1966. 

4. Time of Particle Injection 

One of the earliest models to account for the intensity-time profiles of solar proton 

cvcnts was the model of isotropic diffusion of the particles in interplanetary space 
(PARKVR, 1963). In this model the particle flux at a given energy varies with time as 

1= I/t 3iz e x p [ - 3 t , , / 2 t ]  (/=flux, t=t ime alter injection and t m is the t.ime of maximum 

flux observed at the earth) so that a plot of log It  3/z versus I/t should give a straight 

line whose slope S is given by S = ( 3 / 2 ) t  m. This value of t m is thus derived in two 

different ways and serves as a check on the validity of the fit. 

Fig. 3. 
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We have taken as the starting time 2100 UT oll July 16 at which time the eruptive 

prominence described in Section 2 was seen. Figures 3a and b show the fits of the ion 
chamber and several channels of  the OGO detector to the diffusion model. The OGO 
data is subject to large statistical errors due to the low particle flux and the high 
background count rate of the OGO detector. The Explorer 33 ion chamber because 
of its large geometry factor has excellent statistical accuracy, but its response is de- 
pendent on the spectrum of the particles. During this event, the spectrum of the protons 
as observed by the OGO-3 detector does not vary substantially, so that the time 
history of the flux observed by the Explorer 33 ion chamber is indicative of  the time 
history of flux at one energy. For the ion chamber the slope was measured to be 18.4 
hours which gives t m ~  12.3 hours. This corresponds to 091.5 UT on July 17; the ob- 
served flux maximum was at 0927 UT. 

Our purpose in discussing the isotropic diffusion modcl lk~r this particle event has 
not been to argue a case for isotropic diffusion. Theoretical (JoKwII, 1967; ROIZLOr, 
1966) and experimental (McCRAcKEN et al., 1967; klX et al., 1968) studies have 
shown conclusively that the isotropic diffusion model is not valid. Our purpose in 
presenting these fits is to show that this event is similar to other prompt  flare-initiated 
proton events and, most important,  that an injccti on time of 2100 UT, corresponding 
to the time of the eruption of the solar prominence, gives a diffusion model fit in 
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which the values of  tm derived from the slope of the fit and from the time of the peak 
counting rates are in good agreement. Changes of > 30 min in the injection time will 
lead to much poorer fit to a straight line. In the summary by WC-BBER (1964) the 

starting times derived by this method for the events studied were always very close to 
the time of the initiating flare at the sun. 

5. Discussion 

We have presented evidence in the preceding discussion that the solar particle event 
of  July 16-19, 1966 probably was associated with a solar flare in calcium plage region 
8362, the well-established source of solar protons on July 7 and 28. Since this center 
of activity was near central meridian of the invisible hemisphere of the sun on July 16, 
the event presents an interesting case of coronal and interplanetary particle propaga- 

tion. 
FAN et al. (1968) have proposed a model for the origin and propagation of long- 

lived proton fluxes observed on Pioneer 6 and Pioneer 7. They associated the observed 
enhancements of 0.6-13 MeV proton fluxes with specific active regions on the sun. 
These enhanced proton fluxes were present for time intervals during which the as- 
sociated active regions rotated through as much as ~ 180 ~ During these times of 
continuously enhanced 0.6-13 MeV proton fluxes, discrete proton events with rapid 
transit times and onsets were observed. These events were clearly associated with 
flares in the active region. These observations led the authors to a model in which the 
magnetic field lines from an active center are connected to intcrplanetary field lines 
in the solar corona over a longitude range of 100~ ~ Discrete proton events seen 
at the earth are considered to be the result of particles traveling from the flare to the 
earth by directly connecting field lines rather than by a diffusion process since diffusion 
over a wide range of longitude would lead to much slower onsets. 

It  should be noted that optical studies (DODSOy and HF.DEMAN, 1968b and 1968c) 
have led to a concept of 'zones' of activity on the sun much larger than single plages. 
The zones of  activity persist for long intervals of time (several years) and extend 
across ~70~ ~ longitude. 

Calcium plage, number 8362, in which the flare on the invisible hemisphere on 
July 16 may have occurred, is one of the regions which VAN et  al. (1968) associate 
with enhanced proton fluxes. An enhanced 0.6-13 MeV proton flux was lirst observed 
on July 4 at which time the region was at ~ 5  ~ West of the central meridian. The 
enhanced proton flux cut-off for this region was reported to have occurred after 
July 14. Extension of the cut-off date to include the proton event of July 16-19 leads 
to geometrical circumstances that appear unreasonable for their model. The high 
latitude of region 8362, and the inclination of the skin's axis of rotation, combine to 
put the region ~.40 ~ t"rom the center of the invisible hemisphere on July 16. If the 
lines of force from an active region spread out over a broad interplanetary rcgion 
as suggested by FAY et  al. (1968) then there is a possibility that the lines from region 
8362 extended substantially over the Northern polar cap of the sun. This possibility 
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seems unlikely in the light of polar plume observations which indicate that the 
magnetic field over the pole is essentially radial. 

If the July 16-19 proton event did not have its source in plage 8362 then Table 3 
of the paper by FAN et al. (I 968) suggests region 8379, four days to the East of 8362 
as another signilicant center of solar activity. On July 16 this region was also on the 
invisible hemisphere, about two days beyond transit of the sun's West limb. We 
know of no observations that suggest a positive association of the July 1.6-19 proton 
event with region 8379. I t is possible that region 8379, along with 8362, formed part 
of a single large 'zone' of solar activity extending over ,-~ 60" of longitude that incl uded 
not only the July 7 proton region but also the antecedents of the August 28-September 
2 proton center. 

To summarize, the interpretation of the July 16, i 966 solar particle event according 
to the model of FAy et aL (1968) requires that plage 8362 plus its important neighbors 
be magnetically connected to the earth even though that region is near central 
meridian of the invisible hemisphere. This appears to be an untenable requirement 
in view of studies of the solar magnetic field through indirect means such as solar 
plumes, and directly through studies of the interplanetary sector structure (WILcox 
and N Ess, 1965) and its evolution (SCnArrEN et al., 1968). Such studies of the 
relationship of the interplanetary field to the solar photospheric field show that 
the interplanetary field is best correlated to the large unipolar magnetic regions 
which have relatively weak fields rather than to the magnetic fields of active 
regions. 

The presence of >145 keV electrons makes it difficult to invoke scattering by 
spatial magnetic irregularities for particle propagation across field lines. In a coronal 
field of ~ 1 gauss, the gyroradius of a ,,, 45 keV electron is :-~ 10-3 times the gyroradius 
of a 10 MeV proton. Thus the electrons would presumably diffnse across magnetic 
field lines more slowly than the protons; but the electron fluxes observed in the scatter 
counter of Explorer 33 on July 16 showed a much sharper onset and earlier peak than 
the proton fluxes. 

There are several possible means of spreading particles over a large region in the 
solar corona to reach interplanetary field lines connecting to the earth. First the 
particles may be accelerated over a large region of the corona. This acceleration can 
be accomplished by means of shock waves traveling through the solar corona such 
as those reported by ATHAY and MORliIrON (1961) and SMtrH and ANGI.E (1968). 
Electrons may be easily accelerated to >40  keV by shock waves, but protons, because 
of their high rigidity, are less likely to be accelerated. Studies by kin and ANDERSON 
(1967) indicate that electrons might very well be accelerated separately from protons. 
Another possibility is the rapid transport of these particles across coronal magnetic 
tield lines by means of hydromagnetic wave disturbances. Hydromagnetic waves with 
wavelengths of the order of these particles' gyroradii would allow the particles to 
violate the first adiabatic invariant and travel across field lines rapidly. 

Large-scale structures such as filaments and prominences suggest the possibility 
of mass transport of energetic particles along field lines spatially ordered over large 
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distances. In  such a process, diffusion is required only fFO1TI the filament or prominence 

to the presumably adjacent interplanetary field lines. 

Fur ther  study of the relation of energetic particle emission to optical and radio 

phenomena  at the sun are needed to choose between these possibilities. 
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