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Plasma Shocks and Energetic Particles in the Outer Solar System: 
Trapping and Asymmetry Observations From 

Pioneer 10 and Pioneer 11 

D. S. INTRILIGATOR 1 AND W. D. MILLER 

Carmel Research Center, Santa Monica, California 90406 

Energetic protons (0.5-20 MeV) appear to be trapped between a pair of shocks associated with the 
major solar flares of April 15 and April 28, 1978. Prolonged trapping (for a period of weeks) is implied 
by the large count rate enhancement and the large range of radial distances and longitudinal angles 
over which the trapping is observed. Shocks associated with both flares are detectable in the Pioneer 
10 and Pioneer 11 plasma analyzer data. These shock/flare associations are different from those 
previously published by others studying the interplanetary events. The evidence for trapping has not 
been recognized heretofore most likely because of the unobservability of the April 15 flare (located 
--• 150øE of the sun-earth line) and of the faintness of the signature in the plasma data of one shock in 
each pair. The apparent ability of a shock whose plasma signature is extremely weak to confine MeV 
protons in the outer solar system may have significant implications for cosmic ray studies. Contrary to 
earlier analyses of these data, the results of our analyses also imply significant azimuthal asymmetry in 
plasma and energetic particle behavior even at distances as far as 16 AU from the sun. The 
combination of these observations provides evidence for unexpectedly complex interactions in the 
outer solar system between energetic particles and solar wind plasma. 

INTRODUCTION 

A very large solar flare (importance 3B) began at 1304 UT 
on April 28, 1978, in McMath region 15266 and continued for 
more than 9 hours. Disturbances in solar wind and cosmic 

ray behavior which were apparently associated with that 
event were observed at the earth, at Pioneer 11, and at 
Pioneer 10 [Pyle et al., 1979; Van Allen, 1979]. These 
previous studies inferred from these observations a high 
degree of cylindrical symmetry in plasma and energetic 
particle behavior. Pyle et al. also noted evidence for a large 
flare on the unobservable hemisphere of the sun on approxi- 
mately April 15. 

Previous studies have shown [lntriligator, 1977, 1980] that 
the shocks from large flares can propagate with nearly 
constant speed over large radial distances. In the process of 
our studying Pioneer 10 and 11 plasma analyzer data to 
determine the apparent propagation speeds of interplanetary 
shocks in 1978, we discovered evidence of a previously 
unrecognized forward shock in each data set, a possible 
reverse shock in the Pioneer 10 data, and a firm association 
of the large shock on May 27 at Pioneer 10 with the April 15 
flare. When we plotted the shocks identified in the plasma 
data on a figure from Pyle et al., we found the apparent 
precise correspondence of each shock with a significant 
change in the energetic proton count rates at Pioneer 10 and 
11. As described below, we have concluded that the energet- 
ic particle changes indicate that large numbers of particles in 
the energy range of 0.5-1.8 MeV and 11-20 MeV were 
trapped between the forward shocks. If this is the case, the 
observed characteristics of these particles discussed by Pyle 
et al. may be due partly to the trapping process, instead of or 
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in addition to the acceleration at the shocks. A careful 

examination of these observations (see Figure 8 below) also 
suggests that the azimuthal symmetry of the energetic proton 
behavior implied by the analyses of Pyle et al. and as 
discussed by Van Allen may have been overstated. Howev- 
er, our analysis actually leads to a clarification of the effects 
of shocks including those associated with cosmic ray modu- 
lation. The increased insight available from careful examina- 
tion of the detailed plasma analyzer data suggests that 
further knowledge might be gained by a more comprehensive 
study involving higher time resolution particle and field data. 

The organization of this paper is as follows: In the 
'observations' section first we present the specific features 
in the Pioneer 10 and 11 plasma data during this period that 
are relevant for this study. Then we present the available 
higher time resolution plasma parameters for each of the 
shocks and present some calculated characteristics of the 
shocks. Then we show a comparison of the Pioneer 10 and 11 
solar wind speed with the energetic particle data. In the 
'discussion' section we first describe our associations of the 

observed interplanetary shocks with specific solar flare 
events. In this connection we present some IMP energetic 
particle measurements that contribute to our identification of 
the specific solar flare events. Next we discuss the evidence 
for energetic particle confinement between the interplane- 
tary shocks. Finally, we discuss the longitudinal characteris- 
tics of the propagation to extended heliocentric distances of 
the plasma and energetic particles associated with these 
events and the evidence for azimuthal asymmetry. 

OBSERVATIONS 

Figure 1, adapted from Van Allen, shows the geometric 
relations of the spacecraft and flares in early 1978. As 
indicated in Figure 1, the earth and Pioneer 10 were about 
170 ø apart in ecliptic longitude with Pioneer 11 about halfway 
between them. We are primarily studying the effects of the 
April 15 and 28 flares. The April 28 flare had importance 3B. 
Since the April 29 flare was a 2B flare, the April 28 flare most 
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Fig. 1. Pioneer 10 and 11 locations and the geometric relations of 
the spacecraft and flares in early 1978 (adapted from Van Allen 
[1979]). The principal flares which we consider are the 3B flares on 
April 15 and 28. 
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Fig. 3. Detailed plot of Pioneer 11 speed and density data similar to 
that shown for Pioneer 10 in Figure 2. 

likely made the major contribution to the interplanetary 
disturbance. Both the April 28 and 29 flares occurred in 
region 15266. Extrapolation suggests that the flare of April 
15 also probably occurred in region 15266 which was not on 
the visible hemisphere at that time. 

Figure 2 shows a detailed plot of Pioneer 10 speed and 
density data. In addition to the first large speed and density 
jump, there are smaller abrupt speed rises which appear to 
be a possible reverse shock and a forward shock, respective- 
ly, based on the simultaneous density changes recorded. The 
identification of the second shock as a reverse shock is 

tentative, being based upon the apparent density decrease in 
the NASA Ames least squares plasma parameters. Figure 3 
is a similar plot for Pioneer 11. It shows a small shock on 
May 8 (day 128) preceding the large shock on May 11 (day 
131). 

Figures 4 through 7 present the available higher time 
resolution plasma data associated with the Pioneer l0 and 11 
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Fig. 2. Detailed plot of Pioneer 10 speed and density data. Gaps 
indicate times of no tracking. The shocks are indicated. The first 
shock appears to have occurred during a tracking gap. 

shocks shown in Figures 2 and 3. As indicated in Figure 2, 
the large increase in solar wind speed on May 27 (day 147) 
occurred during a data gap so that for this one event the 
higher time resolution plasma data are not available. Howev- 
er, there is no doubt from the plasma data shown in Figure 2 
that a significant increase in solar wind speed and density 
occurred during this data gap. As discussed below, the 
uncertainty of when in the data gap the change in the plasma 
parameters occurred does not affect any of the conclusions 
of this study. 

Figure 4 shows the higher time resolution data for the next 
Pioneer 10 shock. These data from June 1 (day 152) indicate 
that following a data gap the solar wind speed increases quite 
sharply from --•480 km/s to --•520 km/s and the density 
decreases by about a factor of 2. We have, therefore, 
identified this event as a reverse shock. 
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Fig. 4. Higher time resolution Pioneer 10 plasma data on June 1, 
1978. On the basis of the increase in speed and the accompanying 
density decrease we have tentatively identified this event as a 
reverse shock. 
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Figure 5 shows the higher time resolution data for the third 
Pioneer 10 shock. This forward shock, which occurs on June 
5 (day 156), is characterized by a sharp increase in speed and 
a simultaneous density increase. 

The next two figures present the Pioneer 11 higher time 
resolution data associated with the two shocks denoted in 

Figure 3. Figure 6 shows the forward shock observed on 
May 8 (day 128). This shock is characterized by a sharp 
increase in speed and a small density increase. 

Figure 7 shows the higher time resolution plasma parame- 
ters observed on May 11 (day 131). The large sharp jump in 
speed and the pronounced density increase clearly denote 
the passage of a forward shock. 

Table 1 summarizes the characterisics of these shocks. 

The average transit speed of the shock, in kilometers per 
second, from the sun to the spacecraft or the earth is shown 
in the column Vs•s/c. The local speed of the shock, in 
kilometers per second, is indicated in the column gshock(g, 
IV) [Intriligator, 1980]. 

The local shock speed was obtained by using the flux 
conservation equation 

gshock{ V, N) = g2Sp2 -- glSpl 
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Fig. 5. Higher time resolution Pioneer 10 plasma data on June 5, 
1978. On the basis of the sharp increase in speed and a simultaneous 
density increase this has been identified as a forward shock. 
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Fig. 6. Higher time resolution Pioneer 11 plasma data on May 8, 
1978. The sharp increase in speed and the (small) density increase 
have led us to identify this as a forward shock. 

where V• and V2 are the preshock and postshock plasma 
speeds, respectively, and Np• and Np2 are preshock and 
postshock proton number densities, respectively. In the case 
of the first Pioneer 10 shock, which occurred during a data 
gap, the plasma parameters measured before the gap and 
after the gap were used in this calculation. For the remaining 
shocks, representative preshock and postshock values of the 
plasma parameters were employed. 

Figure 8 is a comparison of the Pioneer 10 and 11 solar 
wind speeds and the energetic particle data. The energetic 
particle data are from Pyle et al. Figure 8 shows the times of 
the shocks in each panel, indicating the apparent coinci- 
dence of the rise in the energetic particle count rates with the 
first forward shock in each case and the fall of the count rate 

with the second forward shock. 

The reader should note that the energetic particle data are 
plotted on a logarithmic scale. Therefore, for example, while 
the 3 orders of magnitude rise (on --•day 110) in the counting 
rate in the upper panel for the 11- to 20-MeV protons on 
Pioneer 11 looks larger than the rise of 1 order of magnitude 
on ---day 128, in absolute terms a rise from 0.01 to 10 is not as 
large as a rise from 3 to 30. These numbers apply approxi- 
mately to the upper Pioneer 11 panel in Figure 8, and the 
same comment applies to the other panels of energetic 
particle data. The variations in the 11- to 20-MeV counting 
rates in the Pioneer 10 data probably would not have been 
considered significant if no other information had been 
a,½ailable, but the variations in this plot do correspond to the 
larger variations in the other panels of Pioneer 10 data. For 
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Fig. 7. Higher time resolution plasma data on May 11, 1978. On 
the basis of the large increase in speed and the pronounced density 
increase we have identified this as a forward shock. 

the time interval between the shocks the counting rates 
associated with the 0.5- to 1.8-MeV protons is much larger 
than the counting rate at other times. The Pioneer 10 data 
also show that coincident With the second shock there is a 

decrease in the energetic particle count rate. 
The times of several solar flares are shown by the small 

triangles. These flares produced significant enhancements in 
the IMP energetic particle data as plotted in the Solar- 
Geophysical Data for April 1978 (see also Figure 9 below). 
The dashed lines denote our inferred associations of varia- 

tions in particle count rates with the solar flares. These 
associations are based on the correspondence with the 
changes in the 0.5- to 1.8-MeV protons where these events 
are better separated and their interpretation less ambiguous. 

We emphasize that these are not the only events which 
occurred during this time. Figure 8 also shows plasma and 

energetic particle variations which are associated with other 
flares, or perhaps some are associated with corotating inter- 
action regions (CIR's) in long-lived streams from coronal 
holes. However, the April flares discussed by Pyle et al. 
were the most important flares for a period of more than a 
month, and we are in agreement with them that these flares 
and the associated plasma and particle disturbances can be 
usefully studied as a self-contained group of events. 

DISCUSSION 

Flare/Shock Associations 

Our revision of the flare/shock associations of Pyle et al. 
and Van Allen is based upon (1) the apparent coincidence of 
the plasma and energetic particle variations indicating that a 
major disturbance passed through the solar system and (2) 
the evidence we have gathered that the April 15 flare was 
probably of importance 3 and the observation that the April 
28 flare was a 3B flare. 

Since the April 15 flare is important in our analysis, even 
though it was not on the visible disk, it is worthwhile to 
review the information that indicates this fiare's existence. 

First, from early April to late June 1978, there was only one 
plage region on the sun which frequently produced major 
flares. This region was given McMath numbers 15214, 15266, 
15314, and 15368 on four successive solar rotations. The 
Solar-Geophysical Data abbreviated calendar record indi- 
cates that this region is known to have produced two 3B 
flares and three or four 2B flares during this period when it 
was on the visible hemisphere of the sun. Since evidence 
exists of a major flare on the invisible hemisphere of the sun 
when this region is on that hemisphere, there is a strong 
presumption that the flare would have occurred in this 
region. The observed flares of April 8, 28, and 29 discussed 
in this paper all occurred in this region. Furthermore, it is 
not improbable that such a large, flare-rich region might emit 
flares on the invisible hemisphere. The rise in energetic 
particle flux that is observed at the earth in the IMP 
energetic particle data early on April 17 (see Figure 9) does 
not correspond with any visible H alpha flare. However, 
such large rises in count rates at these energies are not 
known to be caused by anything other than a solar flare. The 
obvious inference of a major H alpha flare on the invisible 
hemisphere is strengthened by the remarkably slow rise and 
long persistence of the enhancement. Such behavior is 
characteristic of flares which occur east of the central 

meridian of the sun since the particles must reach the earth 
by cross-field diffusion rather than the direct field-aligned 
streaming possible for particles from western flares. The 
farther east the flare, the more diffusion is needed, and so the 
slower the rise and fall and the lower the peak flux. A flare 
east of the eastern limb would show these characteristics in 

TABLE 1. Shock Characteristics 

Location Shock Date Time, UT Vs-s/c Vshock(V, N) Flare 

Pioneer 10 forward May 27 0000 678 649 April 15 
Pioneer 10 reverse? June 1 0427 ... 470 ... 
Pioneer 10 forward June 5 0640 738 579 April 28 
Pioneer 11 forward May 8 0300 526 492 April 15 
Pioneer 11 forward May 11 1800 910 766 April 28 
Earth forward April 17 2345 600-800 530 April 15 
Earth forward April 30 0951 925 576 April 28 
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an even more exaggerated form. Thus the energetic particle 
record taken alone is strong evidence that a H alpha flare 
occurred east of the east limb roughly a day before the 
particles arrived at earth. Region 15266 was about El50 ø at 
this time. Both the known high activity of this region and the 
long persistence of the particle enhancement, indicating an 
energetic flare that produced many particles, imply that a 
large flare occurred at this time. We are referring to this flare 
as the 'April 15' flare because the timing of the arrival of 
particles suggests that the flare most likely occurred some- 
time in the morning or afternoon of April 15. However, if the 
flare occurred late on April 14, the conclusions in this paper 
would not be changed. 

The recent publication on 'major flares' [Dodson and 
Hedernan, 1981] indicates an event on the morning of April 
15 from 0630 UT to 0703 UT occurring at N14 ø, W08 ø in 
McMath region 15235. Their listed information concerning 
this flare is unusual in that there is no observed H alpha 
activity associated with the flare yet they list a great deal of 
intense radio activity. Based on the IMP and Pioneer obser- 
vations, we would argue that the listed intense radio activity 
can be associated with a 'major fiare'--a 3B flare--on the 
invisible hemisphere of the sun. The flare could easily have 
lasted longer than the observed radio activity. We conclude 
that the recorded radio activity is also supporting evidence 
for the existence of a major flare (3B) on the invisible 
hemisphere on April 15. 
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Fig. 8. Parallel plots of energetic protons in two energy ranges 
and the solar wind speed at Pioneer 10 and 11. The shock times are 
marked in each panel to show the coincidence of the plasma and 
particle changes. Triangles show the times of the flares which 
caused the shocks. The solid triangles denote flares observed on the 
visible hemisphere; the open triangle denotes the April 15 flare, 
which is inferred from the plasma and particle data. Dashed lines 
show associations between flares and variations in the energetic 
particle count rates. The variations are both distinct rises and 
changes in the slope of the count rate. The ordinates for the 
energetic proton data are logarithmic. The small vertical lines with 
circles in the two top panels denote the heliocentric distance of the 
respective spacecraft--the 7 AU location for Pioneer 11 is shown 
and the 16 AU location for Pioneer 10 is shown (the 15.5 AU 
location for Pioneer 10 is indicated without a label). This figure is 
adapted from Pyle et al. [1979], but we corrected a 2-day offset in the 
Pioneer 11 data and where available we replaced the quick look solar 
wind speeds with the speeds from least squares fits to the data. 
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Fig. 9. Energetic p•iclc data from detectors on the 
spacecraft fo• the p•iclc va•ations associated with the fia•cs 
discussed in the text. These data wc•c •cplottcd on a single vc•ic• 
sc•c f•om plots with varying scales in 5ol•r-•eophy•ic•l 
[]978]. The cuwcs arc p•iclc count mtcs fo• protons in the 
specified cnc•gy •angc in McV. Note the vc•y p•olongcd enhance- 
ment apparently associated with the Ap•] ]5 flare. The rises 
associated with the Ap•] 28 and 29 flares arc so large that the cu•cs 
have bccn labeled again on the right side of the ]a•gc panel in ordc• 
to idcnt•y clearly the count •atcs after these flares. The data 
associated with the April 8 flare arc shown 
comp•son (scc text). 

Figure 8 indicates the shocks in the Pioneer 10 and 11 solar 
wind plasma data and the simultaneous changes in the 
energetic particle observations. Table 1 shows agreement 
(+----•150 km/s) between the average transit speeds, Vs-s/c, 
from the sun to Pioneer 10 and 11 for the April 15 flare. Since 
the April 15 flare did not occur on the visible disk, we do not 
know the exact time of the flare, although on the basis of the 
Dodson and Hedeman listing we know that the flare most 
likely occurred before 0630 UT which would yield a transit 
speed <639 km/s. The transit time from the sun to Pioneer 10 
and 11 is long enough that in each case the uncertainty about 
the time of day when this flare occurred does not lead to 
significant uncertainty in the average transit speed. Howev- 
er, in the case of the earth the average transit speed is highly 
uncertain (see Table 1) since the distance and times are 
relatively short. Identification of the Dodson and Hedeman 
listing as the flare would give good agreement of speeds in 
this case also. 

Another strong piece of evidence supporting our flare/ 
shock associations is that the first shock was strong at 
Pioneer 10 but weak at Pioneer 11, while the second shock 
was weak at Pioneer 10 and strong at Pioneer 11. Given the 
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Fig. 10. Figure 2 from Van Allen [1979]. (Upper panel) Daily 
mean scaled counting rate of Alert neutron monitor [Solar-Geophys- 
ical Data, 1978]. (Middle panel) Five-day weighted running mean 
counting rates of University of Iowa detector C (protons >80 MeV) 
on Pioneer 11. (Lower panel) The same for detector C (protons >80 
MeV) on Pioneer 10. The approximate onset time of the Forbush 
decrease and the heliocentric radial distance and ecliptic longitude 
are shown in each case. All ordinates are logarithmic. 

closeness of Pioneer 10 to the ecliptic longitude of the first 
flare and the closeness of Pioneer 11 to the ecliptic longitude 
of the second flare, this relation of shock strengths is just 
what would be expected based on previous experimental and 
theoretical studies [Dryer, 1975; Intriligator, 1977] of shock 
strengths as a function of azimuth from the longitude of the 
flare. The Pioneer 11 plasma observations on May 8 (Figure 
6) associated with the first flare, for example, were measured 
at a longitude considerably east of the flare site. Dryer [ 1975] 
indicates that at this relative location the shock would tend 

to have the appearance of a quasi-parallel shock with the 
attendant jagged plasma parameter fluctuations. The Pioneer 
11 plasma data in Figure 6 are consistent with this view of 
the longitudinal evolution of interplanetary shocks. 

As discussed in more detail below, during this time there is 
also no evidence for other solar events of sufficient magni- 
tude to be likely alternative candidates for the sources of the 
shocks. The details of the plasma and energetic particle 
variations at Pioneer 10 and 11 for these events do not 

resemble a CIR from a coronal hole stream. 

It appears that we have evidence from 1 to 16 AU for a 
correspondence between the depth of a Forbush decrease in 
cosmic ray detectors and the local strength of a shock as 
measured by plasma (and perhaps also plasma wave) instru- 
ments. Examination of Figure 2 from Van Allen [1979], 
which for completeness we have reproduced here as Figure 
10, indicates that detector C of the University of Iowa 
cosmic ray instrument on Pioneer 10 and 11 appears to show 
small Forbush decreases at about day 128 (May 8) at Pioneer 
11 and day 156 (June 5) at Pioneer 10, corresponding with the 

times of arrival of the small shocks we discussed above. Pyle 
et al. cite a small decrease on April 17 which they tentatively 
associate with the April 15 flare. Examination of the IMP 
solar wind data in the Solar-Geophysical Data shows that a 
small shock passed the earth at the time of a sudden 
commencement that began a brief, weak magnetic storm 
(maximum Kp = 5-). Thus we have evidence that these 
weak shocks propagated from 1 to 16 AU and produced 
weak modulation effects while the strong shocks which 
attracted previous attention produced strong modulation. 
The 'ambient' earth-based observations show that this corre- 

spondence in these data for larger radial distances raises the 
possibility that the behavior is simpler at larger distances and 
may clarify the complexities seen at 1 AU. 

Further evidence of the traversal of the shock may be 
provided by the possible observations of the shock by the 
Voyager plasma wave instrument (F. L. Scarf, private 
communication, 1981) and plasma science instrument (J. 
Belcher and H. Bridge, private communication, 1981). The 
Voyager plasma wave instrument (PWS) observed a shock 
on April 24, 1978, at approximately 1435 UT. This event is 
shown in Figure 11. The Voyager 1 plasma science (PLS) 
data show a moderate (-<50 km/s) increase in speed (in the 
hourly averages) in association with this event. At this time, 
Voyager 1 was at 3.00 AU and its earth-sun-probe angle was 
248.8 ø . Associating this shock with the April 15 flare we 
obtain an average transit speed (Vs-s/c) for the shock of 

VOYAGER- 1, APRIL 24, 1978 
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Fig. 11. Voyager 1 plasma wave observations of the passage of a 
shock on April 24, 1978 (F. L. Scarf, private communication, 1981.) 
We identify these observations with the passage of the shock 
associated with the April 15 flare. 
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approximately 550 km/s. This transit speed is intermediate 
between the corresponding average transit speeds obtained 
for this event from the Pioneer 10 and Pioneer 11 observa- 

tions (see Table !). Moreover, this agreement is particularly 
reasonable given the longitudinal location of Voyager 1 with 
respect to the flare site and the Pioneer 10 and 11 spacecraft. 
The plasma wave observations are most likely indicative of a 
quasi-parallel shock in agreement with our discussion con- 
cerning the plasma observations of this event at Pioneer 11. 

We conclude that the April 15 and April 28 flares were 
extremely energetic events with the April 15 flare producing 
enormous numbers of highly energetic particles. A rough 
indication of the energies of these events can be inferred by 
comparing the energetic particle curves for the April 15 and 
28 flares in Figure 8 with the particle production of the April 
8 flare which was a 2B event. Comparing the particle and 
plasma data for these events with those, for example, of the 
August 1972 events suggests that often flares smaller than 
importance 3 are not as likely to have sufficient power to 
cause major shocks in the outer solar system. Importance 3 
flares are sufficiently rare that observations of a pair of such 
flares, within 2 weeks, followed by the observation of 
plasma and particle disturbances in the outer solar system 
generally consistent with the constant speed approximation 
used successfully elsewhere, provides a strong presumption 
for associating corresponding events. It is tempting to specu- 
late that had the April 15 flare occurred on the visible 
hemisphere of the sun, as the April 28 flare did, it would 
have been classified as of importance 3 and the interplane- 
tary associations might have been deduced immediately. The 
IMP particle detector record indicates clearly that no major 
H alpha flares occurred, though several minor flares did, 
between April 15 and April 28. Coronal holes and their 
associated high-speed streams usually do not produce such 
disturbances in the inner solar system. Also, the characteris- 
tics of CIR's are quite different from the plasma and energet- 
ic particle observations presented in this paper. Therefore it 
appears that there are many lines of evidence supporting our 
flare/shock associations. 

Particle Confinement 

Confinement of the energetic particles between the for- 
ward shocks is strongly suggested by the manner in which 
the particle count rates rise with the first forward shock and 
fall with the second. Currently we do not have access to 
higher time resolution energetic particle data so that the 
exact timing of the energetic particle variations cannot be 
defined in greater detail. However, the coincidence of the 
shocks and the gross changes in the energetic particle count 
rate is so evident that the principal aim of future more 
detailed studies (e.g., employing higher time resolution 
energetic particle data) is likely to be directed toward 
studying the structure or mechanism of this event or com- 
parison with other events. 

All of the observations are consistent with a view in which 

energetic particles from the April 1978 solar flares, as well as 
particles accelerated at the shocks, were confined between 
the two shocks and were compressed as the faster moving 
second shock was overtaking the first shock. If we consider 
Figure 8, we see that it must show two groups of particles 
from each flare•the ones arriving first that propagate freely 
to the spacecraft and the trapped particles arriving later 
since they are confined by the interplanetary shocks. The 
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Fig. 12. Schematic depiction of the estimated shock and particle 

configuration in or near the ecliptic plane about May 8, 1978. The 
total angular extent of the shocks and trapped particles in the 
ecliptic plane is not known, nor is the behavior well away from the 
ecliptic. As the shock speed varied with ecliptic longitude, the shock 
fronts are drawn as arcs of circles not centered at the sun. 

Assumptions used in constructing the figure and the limits of the 
extrapolations are discussed more in the text. 

particles that propagate freely to the spacecraft travel with a 
speed of tens of thousands of kilometers per second and, 
even allowing for irregular paths in diffusion, arrive at the 
spacecraft in only a few days. In contrast, the trapped 
particles must have a bulk motion no faster than the plasma 
shocks which confine them and which travel at speeds of 
hundreds of kilometers per second. Thus the trapped parti- 
cles arrive with the shocks much later than the freely 
propagating particles. Generally some particles for each flare 
would be trapped and some would propagate freely. 

A schematic depiction of this trapping concept is pre- 
sented in Figure 12. In this figure the locations of the shocks 
and the trapped particles are depicted approximately as they 
would have been on May 8 when the first shock reached 
Pioneer 11. The shock fronts in the vicinity of Pioneer 10 and 
11 have been drawn by using the constant speed approxima- 
tion discussed above and connecting the points with arcs of 
circles. The trapped particles have been depicted extending 
over this angular range, and slightly beyond, since it appears 
plausible that the particles could be present over the angular 
range between the two spacecraft and perhaps outside. The 
constant speed approximation indicates that the second 
shock would overtake the first shock near 9 AU in the 

ecliptic longitude vicinity of Pioneer 11. This would imply 
that the appearance of the shocks and particles may be 
significantly different as they approach Pioneer 10. The 
reverse shock is not shown in Figure 12, since we do not 
know where it was formed. 

The shape of the shock fronts is likely to have been a little 
different from the arcs of circles shown in Figure 12, but 
available observations do not provide enough information 
for a more realistic portrayal. In particular, the shape of the 
second shock front, propagating into the ejected gas from the 
first solar flare and into the shocked ambient solar wind, is 
difficult to estimate. Table 1 shows that the constant speed 
assumption clearly does not hold as well for the second 
shock as it does for the first--the first shock, of course, 
propagated into relatively undisturbed solar wind. However, 
the behavior of the second shock may be comparable to the 
larger apparent speed variations of the shock associated with 
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Fig. 13. Adapted from Figure 4 of •le et al. [1979]. The 
energetic proton ohscreations associated with the September flares 
are unlike the more nearly rectangular pro•e of the energetic proton 
enhancement in the same energy range observed for the April shock 
pair shown in Figure 8 (see text). 

the third solar flare of the August 1972 events [Intriligator, 
1977], which also propagated into disturbed solar wind 
conditions. Sufficient numbers of multi-spacecraft observa- 
tions and hydrodynamic calculations, such as those de- 
scribed by Dryer [1975], should eventually allow more 
realistic estimates of shock propagation and shock shapes in 
the outer solar system. 

In the case of the April/May events, it appears possible 
that some of the observed characteristics of the energetic 
particles in the vicinity of the shocks might be partially due 
to the trapping process. Specifically, the absence of disper- 
sion with energy may be understandable in terms of the 
particle confinement between the shocks. If the particles 
have been reflected repeatedly between the shocks, rather 
than propagating freely from the sun, this may account for 
the lack of dispersion. 

An additional line of evidence for particle confinement 
may be found in comparing the relative magnitudes and 
durations of the energetic particle enhancement between the 
two shocks in this event with the magnitude and duration of 
the enhancements at both Pioneer 10 and 11 associated with 

the single major shock emanating from the solar flare on 
September 23, 1978, and perhaps also from the flare of 
September 27, 1978. Another figure from Pyle et al., a 
portion of their Figure 4 which we have reproduced here as 
Figure 13, indicates that in the case of the September flare 
the effect at both spacecraft is almost undetectable for 11- to 
20-MeV protons, and the enhancement in 0.5- to 1.8-MeV 
protons at Pioneer 10 was strong but brief when the shock 
passed with a rapid rise and a more or less exponential 
decline. Thus the energetic particle observations for these 
September flare events are unlike the more nearly rectangu- 
lar profile of the energetic particle enhancement in the same 
energy range observed between the April shock pair as 

shown in Figure 8 above. Similarly, the enhancement in this 
energy range at Pioneer 11, when the shock for the Septem- 
ber event reached there in late October, was also much 
smaller than the energetic particle enhancement between the 
shocks associated with the April events shown in Figure 8 
above. 

A recent paper [Webber and Lockwood, 1981] may pro- 
vide indirect evidence for the trapping of energetic particles 
between interplanetary shocks. Webber and Lockwood 
studied the long-term modulation of cosmic rays with ener- 
gies greater than 60 MeV, employing Pioneer, Voyager, and 
IMP data from 1972 to 1980. They conclude that 'the long- 
term modulation effects are propagated outward radially 
from the sun with a typical speed of 350-500 km/s.' These 
authors discuss this outward propagation effect and the fact 
that it is opposite to a time dependent cosmic ray model 
[O'Gallagher and Maslyar, 1976] which assumes inward 
propagation from the extended boundary. Webber and 
Lockwood conclude that conventional stationary state 
modulation theories need to be modified. It is tempting to 
speculate that the solar modulation effects' outward radial 
propagation at speeds comparable to the solar wind speed is 
attributable, at least in part, to the confinement of energetic 
particles between interplanetary shocks. 

Two interesting speculations are raised by the consider- 
ations of shock propagation. Pioneer 10 is travelling toward 
the expected tail of the heliosphere, and it is possible that 
another spacecraft at 16 AU moving, for example, toward 
the heliosphere apex, would not have seen the prolonged 
modulation observed by Pioneer 10. That is, in the direction 
away from the apex (toward the tail) the solar wind is 
expected to remain supersonic and fully ionized to larger 
distances from the sun than it is in other directions. Thus a 

plasma shock front would be able to propagate to larger 
heliocentric distances in the heliospheric tail direction than 
in other directions where it would reach the heliosphere 
boundary sooner. Therefore the shock would continue to be 
a barrier to energetic particle propagations longer in this tail 
direction than in other directions. 

A related speculation concerning modulation concerns the 
properties of the shocks themselves. We noted above that 
the shocks from the September flares produced negligible 
acceleration in the 11- to 20-MeV protons at Pioneer 10 and 
11. Pyle et al. note that the September flare also produced 
negligible modulation of cosmic ray particles. In contrast the 
shocks associated with the April flares had large effects on 
the 11- to 20-MeV protons (which presumably included some 
acceleration) and produced a large modulation effect which 
Pyle et al. discuss at length. This raises the question of how 
the acceleration spectrum of a shock relates to its modula- 
tion effect. Based on this evidence, it is tempting to specu- 
late that a shock which accelerates more particles may be a 
better modulator of particles from other sources. If such a 
relation exists, it might clarify phenomena observed at many 
locations in the solar system. However, proving such a 
relation might involve a related question of considerably 
more basic physical significance. For a shock to be a 
persistently effective accelerator or modulator requires it to 
have some property which is characteristic of the shock 
itself and not of the plasma through which it propagates. The 
nature of this property might be simply geometric, perhaps 
no more than something related to its angular extent; or it 
might be fluid dynamic, such as the Mach number difference 
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across the shock; it might involve turbulence properties or 
something as subtle as spectral properties of the plasma 
waves within the shock. If such effects would be demon- 

strated and understood, it might be a significant advance in 
space physics and basic plasma physics. However, at the 
moment it is not clear how such phenomena could be 
produced in the laboratory and analyzing such effects in 
observations of natural phenomena would be very complex. 

Azimuthal Asymmetry 

A careful examination of the data which we will describe 

in detail below provides a variety of evidence for lack of 
cylindrical symmetry in particle behavior. These departures 
from azimuthal symmetry could be the result either of the 
persistence of the extreme azimuthal asymmetry in the 
particle flux nearer the sun or they could be the result of 
solar wind effects. We will first present evidence for initial 
asymmetries in the particle populations. This evidence ap- 
pears stronger than the possible effects from the solar wind. 
Nevertheless, the data are not detailed enough to distinguish 
clearly between these different possible explanations. 

As noted in the 'observations' section, the triangles in the 
upper part of Figure 8 denote the times of the flares. We 
have used the dashed lines to connect the flares to their 

associated energetic particle rises. The Pioneer 10 observa- 
tions show that the particle fluxes from the April 28 and 29 
flares were greater at Pioneer 10 than the fluxes from the 
April 15 flare. The flux of 0.5- to 1.8-MeV protons was about 
10 times higher before the arrival of the particles confined by 
the shocks, and the flux of 11- to 20-MeV protons was about 
twice as high. However, the data in Figure 9 at the earth do 
not suggest that the particle population produced by the 
April 28 and 29 flares was notably softer than the particle 
population from the April 15 flare. In the broad rise associ- 
ated with the April 15 flare, each particle population reaches 
a peak value of ---10 -2 of the peak on May 1 from the April 28 
and 29 flares. This suggests that the shapes of the particle 
spectra for these flares were quite similar. The validity of the 
comparison between the data obtained in the vicinity of the 
earth and those obtained at Pioneer 10 is apparently con- 
firmed by comparison of these later April flares and inter- 
planetary events with those of the flare of April 8 and its 
associated observations. The IMP data confirm that this 

flare produced a much softer particle spectrum than either of 
the later flares--the peak flux for 0.16- to 0.22-MeV particles 
after April 8 is more than 10 times higher than the peak flux 
in this energy range following the April 15 flare. Since these 
observations were made under similar conditions, when the 
spacecraft was inside the earth's magnetosphere, this com- 
parison is important. These observations and other IMP 
observations of the low and intermediate energy proton data 
indicate that the data are not seriously compromised by the 
magnetospheric location. The April 8 flare spectrum de- 
creases much more rapidly with increasing energy than the 
April 15 spectrum. For the 40- to 80-MeV protons, the April 
8 peak flux is about 10 times lower than the April 15 peak 
flux. The ratios at intermediate energies have intermediate 
values. This observed softening of the spectrum for the April 
8 flare has its counterpart in the Pioneer observations. 
Figure 8 shows an unmistakable peak corresponding to the 
April 8 flare in the 0.5- to 1.8-MeV data from each space- 
craft, but no clear variation in the 11- to 20-MeV data. The 

broad peak in the Pioneer 11 data clearly begins several days 
before the April 8 flare. 

Comparison of the particle data discussed above strongly 
suggests that the 11- to 20-MeV protons spread out (perhaps 
latitudinally as well as longitudinally) much more than the 
0.5- to 1.8-MeV protons. This is also suggested by the 
smoothness of the time profiles of the higher-energy protons 
as compared with the profiles of the low-energy protons. 
Each flare produces a separate peak in the low-energy 
proton data at both Pioneer 10 and 11, while observations 
from both spacecraft show much smoother variations in the 
higher-energy proton count rates. Thus we see that the 
spreading process seen at 16 AU appears already well 
advanced at 7 AU. 

Thus it also may be significant that the peak count rates 
associated with the April 28 and 29 flares at Pioneer 11 are 
lower, by a factor of approximately 5, than the peak count 
rates for the April 15 flare, reversing the relation seen at 
Pioneer 10. 

A strong departure from azimuthal symmetry for protons 
at >80 MeV is indicated by the comparison of the peak in the 
Pioneer 11 count rate about day 112 (April 22) in Figure 2 of 
Van Allen (see Figure 10 in the present text) with the 
corresponding Pioneer 10 data. No corresponding peak is 
apparent in the Pioneer 10 data. The peak in the Pioneer 11 
energetic proton data occurred at a time consistent with its 
being associated with the April 15 flare. Moreover, we 
calculate that Pioneer 11 was about 100 ø away from field 
lines connecting to the site of the April 15 flare, while 
Pioneer 10 was about 200 ø away. Thus Pioneer 11 was much 
more favorably located for detecting particles from that flare 
than was Pioneer 10. 

Comparison of the 11- to 20-MeV panels in Figure 8 above 
suggests that the spectrum of this event at Pioneer 11 was 
significantly harder than the spectrum of the corresponding 
event at Pioneer 10. In addition, the Pioneer 11 spectrum for 
this event was also much harder than the spectrum detected 
at both Pioneer spacecraft in association with the April 28 
flare. The contrast is even more extreme when the >80-MeV 

data from Van Allen, as discussed above, are included. 
Rather than increasing symmetry with increasing radial 
distance and with increasing energy, this result suggests 
departures from azimuthal symmetry. Perhaps the beaming 
of the high-energy particles along the field lines even in- 
creases with increasing energy. 

Interplanetary acceleration is another possible explana- 
tion for some of the phenomena discussed above. The large 
distances between the spacecraft, both radially and azimuth- 
ally, and the absence of out-of-ecliptic observations raise the 
possibility that unobserved stream-stream interactions or 
some other process which is presently not clearly under- 
stood may have accelerated large numbers of particles from 
lower energies nearer the sun up to energies in the 0.5- to 
1.8-MeV range or higher. However, the rise in particle count 
rate at Pioneer 10 between approximately May 15 and May 
25 (day 135 and day 145), 1978, discussed above, for 
example, is smoother than the impulsive acceleration usually 
observed at shocks. The available plasma analyzer data, 
while covering less than half of each day, nevertheless do 
not show any strong evidence for additional strong shocks. 
At the moment we are far from having enough evidence to 
make any definite claims for the role of interplanetary 
acceleration in the Pioneer 10 and 11 data at times well 
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before and well after the shocks discussed above. However, 
the stream-stream interactions that produce known inter- 
planetary acceleration effects tend not to be azimuthally 
symmetric, so that this alternative mechanism could also 
prevent the attainment of azimuthal symmetry in energetic 
particle distributions. 

The complexity of behavior thus revealed suggests that if 
azimuthal symmetry is attained by particles ejected from 
solar flares, it is highly energy dependent. These results raise 
the possibility that the 11- to 20-MeV particles did not reach 
azimuthal symmetry at 16 AU. Similar characteristics of 
relative smoothness of the lower- and higher-energy parti- 
cles and other evidence of a lack of azimuthal symmetry at 
0.5-1.8 MeV are shown in the September-October 1978 data 
in Figure 4 of Pyle et al. (see Figure 13 in the present text). 
This evidence for highly energy-dependent cross-field diffu- 
sion of MeV protons over a wide range of radial distances in 
the outer solar system appears to clarify the highly energy- 
dependent modulation by the shocks associated with the 
April flares shown in Figure 2 of Pyle et al. 

The heliospheric tail effect that we speculated on above 
could be a boundary condition breaking down cylindrical 
symmetry at sufficiently large heliocentric distances, even if 
the symmetry was present closer to the sun. However, 
examination of Figures 8 and 9 above suggests that the 
variation of the energetic particles is not entirely indepen- 
dent of flare longitude, although considerable spreading 
evidently occurs. 

CONCLUSION 

The Pioneer 10 and 11 plasma analyzers observed a pair of 
shocks from conveniently located solar flares which oc- 
curred on April 15 or 16 and on April 28 (and 29), 1978. 
Comparison of the plasma data with the simultaneous ener- 
getic proton data indicates that large numbers of protons 
having energies between 0.5 and 1.8 MeV and between 11 
and 20 MeV (hence also, presumably, in the intermediate 
1.8- to 11-MeV range) were trapped between these shocks. 
The trapped particles may have been accelerated by the 
shocks, or they may have been ejected by the flares, or they 
may have been ambient cosmic rays. It is likely that all three 
sources contributed to the final populations. 

A recent paper [Webber and Lockwood, 1981] on the long- 
term modulation of cosmic rays (>60 MeV) may provide 
indirect evidence for the trapping of energetic particles 
between interplanetary shocks. After studying Pioneer, 
Voyager, and IMP data from 1972 to 1980, they concluded 
that solar modulation effects are propagated outward radially 
from the sun at speeds comparable with the solar wind speed 
and, consequently, that conventional stationary state modu- 
lation theories need to be modified. It is tempting to specu- 
late that their results are attributable, at least in part, to the 
confinement of energetic particles between interplanetary 
shocks. Both our results and those of Webber and 

Lockwood indicate that the propagation of energetic parti- 
cles and their associated cosmic ray modulation effects may 
be different from those previously assumed (e.g., Pyle et al., 
Van Allen, O'Gallagher and Maslyar, etc.). 

This is the first report, to our knowledge, that shocks 
whose plasma signatures are as faint as the smaller shocks 
described above can apparently significantly affect MeV 
protons. Considering that Pioneer 11 was approximately 
100øW of the April 15 flare and that Pioneer 10 was about 

130øE and 150øE of the April 28 (and 29) flares, respectively, 
these observations are direct evidence for shock effects that 

could product modulation, 'not only around the equatorial 
zone...but at least to moderately high latitudes' [Pyle et al., 
1979]. 

The observed shocks show a strong azimuthal asymmetry, 
each shock being unmistakably evident in the plasma data at 
one spacecraft and barely detectable in the plasma data at 
the other spacecraft. The azimuthal variation of shock 
strength is consistent with studies employing observations 
obtained closer to sun. It is also consistent with theoretical 

studies at closer heliocentric distances [e.g., Dryer, 1975]. 
The evidence indicates, however, that at large heliocentric 
distances the very weak shocks still have a strong effect on 
the MeV protons. 

The azimuthally varying plasma behavior suggests that the 
azimuthal symmetry which was inferred by Pyle et al. and 
Van Allen for the more energetic particles also may not be 
complete. We have found variations in energetic proton 
behavior which are consistent with energy-dependent cross- 
field diffusion or perhaps with some possibly unfamiliar 
interplanetary acceleration process. Either possibility could 
lead to azimuthal asymmetries which might actually clarify 
the observed energy-dependent modulation. 

Further insight might be obtained from continued tracking 
of Pioneer 10 and Pioneer 11 and Voyager 1 and 2 as they 
move outward from the sun and as the solar cycle pro- 
gresses. In particular, Pioneer 10 is the only spacecraft 
moving toward the heliospheric tail. If the declining phase of 
the solar cycle produces large flares comparable to the 
August 1972 events, we shall be able to see what effect they 
have on the plasmas and energetic particles of the outer solar 
system. 
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