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Unusual Electron Distribution Functions in the Solar Wind Derived 

From the Helios Plasma Experiment: Double-Strahl Distributions 
and Distributions With an Extremely Anisotropic Core 

W. G. PILIPP, ! H. MIGGENRIEDER, 2 M.D. MONTGOMERY, 3 K.-H. MOHLH•USER, ! 
H. ROSENBAUER, 4 AND R. SCHWENN 4 

Electron distribution functions with unusual features, which have been observed on rare occasions 
in the solar wind by the Helios probes, are presented. Two examples show a strong symmetric 
bidirectional anisotropy in the energy regime of the halo up to particle energies of 800 eV 
(double-strahl distributions). Another example shows an unusually strong bidirectional anisotropy in 
the energy regime of the core (below 150 eV). The infrequently observed double-strahl distributions 
provide evidence that magnetic field loops can exist in the solar wind where electrons are trapped. In 
addition, they provide evidence that in the case of electrons trapped in closed magnetic field structures 
the break in the energy spectrum separating the core from the halo is produced only by collisions. On 
the other hand, the class of distribution functions with strongly anisotropic cores indicates that in the 
case of "open" magnetic field lines the break between core and halo is largely determined both by the 
interplanetary electrostatic potential and by collisions. 

1. INTRODUCTION 

Propagation of electrons in the solar wind is controlled by 
the interplanetary magnetic field, the interplanetary electro- 
static field, and various scattering processes. The global 
structure of the magnetic and electric fields and the nature of 
scattering processes, together with the conditions in the 
solar corona from which the solar wind electrons emanate, 
are responsible for the shapes of the electron distribution 
functions. Therefore, measured details of the observed dis- 
tribution functions can provide information on these inter- 
planetary propagation conditions. 

Electron velocity distribution functions are usually ob- 
served in the solar wind to be nearly symmetric about their 
maxima and nearly isotropic or only moderately anisotropic 
at low energy (E < 50 eV). They may be extremely skewed 
and anisotropic with respect to the magnetic field direction at 
larger energies; i.e., they may show a strahl (beam), imply- 
ing that most energetic electrons move away from the sun 
with relatively small pitch angles. Some are nearly isotropic 
at all energies, often showing a slight bidirectional 
anisotropy. The occurrence of these types of distribution 
functions is strongly correlated with the sector structure of 
the magnetic field. Distributions with the strahl occur within 
the interior of magnetic sectors, whereas nearly isotropic 
distributions usually occur at sector boundaries [Pilipp et 
al., this issue (b)]. 

The distribution functions with a single strahl are qualita- 
tively consistent with present theoretical descriptions for the 
propagation of electrons in the solar wind (for a review of 
theoretical considerations, see Pilipp et al. [this issue (a)]. 
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According to these theoretical approaches the electrons 
propagate along open magnetic field lines reaching from the 
sun to infinity. Electrons with low kinetic energies (e.g., 
below 50 eV at a distance of 1 AU) are trapped in an 
electrostatic potential well if collisions are neglected, but are 
dragged outward and are effectively scattered by collisions 
with the protons if Coulomb collisons are taken into account. 
In contrast, the more energetic electrons overcome the 
electrostatic potential barrier and escape to infinity, and they 
are not strongly scattered. These more energetic electrons 
then propagate outward with relatively small pitch angles, 
thus forming the strahl. However, the nearly isotropic dis- 
tribution functions usually observed at sector boundaries 
have not been derived by such theoretical approaches. Here 
the electrons appear to be effectively scattered at all ener- 
gies. The slight bidirectional anisotropies, which are fre- 
quently observed for such distributions, may indicate that 
the electrons are trapped in magnetic field loops, although 
magnetic mirror effects may also cause bidirectional stream- 
ing [e.g., Ogilvie and Scudder, 1981]. 

Besides these typical electron distribution functions, dis- 
tributions which differ drastically have been occasionally but 
quite clearly observed. In spite of their rare occurrence these 
unusual distributions may more clearly indicate general 
conditions for electron propagation which are less marked 
for the more common distributions. 

In this paper we present two examples of electron distri- 
bution functions observed by the Helios probes which show 
a strong bidirectional anisotropy at large energies up to 
several hundred eV (double strahl). In addition we present 
an example of a distribution function which is characterized 
by the usual single strahl but which is unusual in that its core 
at energies below about 100 eV is strongly anisotropic. 
Electron distributions with bidirectional anisotropies at 
larger energies (up to several hundred eV) were already 
observed near the orbit of earth from VELA measurements 

[Montgomery et al., 1974], from Prognoz 7 measurements 
[Temnyi and Vaisberg, 1979], and from ISEE 3 measure- 
ments [Bame et al., 1981]. These distributions were ob- 
served for time periods starting typically 10 to 20 hours after 
the passage of shocks and lasting one to two days. The two 
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DS 1 
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Fig. 1. Contour plot of a double-strahl distribution function, 
marked with the symbol DS 1, which has been observed by Helios 2. 
The contour lines represent the phase space density within a plane 
of velocity space parallel to the magnetic field direction and going 
through the maximum of the distribution function. The coordinate 
system (V II, Vñ) is centered at the electron bulk velocity which is 
nearly at the maximum of the distribution function (apart from a 
shift of 35 km s -• along the magnetic field). The V II axis points along 
the magnetic field. The distribution function is monotonically de- 
creasing with particle energy, and the contour lines are logarithmi- 
cally spaced corresponding to fractions 10 -l, 10 -2, ß ß ß , 10 -6 of the 
maximum phase space density. The dashed lines correspond to 
count rates smaller than 4 at least in one of the velocity directions 
along or perpendicular to the magnetic field. 

examples of bidirectional anisotropy reported in the present 
paper were observed at 0.3 AU and 0.8 AU, respectively, 
where, however, no clear connection with a shock could be 
seen. Only for one of these examples might a weak shock 
have occurred half a day before. 

The distribution functions reported in the present paper 
have been determined from measurements which have been 

performed aboard Helios 1 and Helios 2 during their primary 
missions or shortly afterward in the years 1975 and 1976, 
respectively, near solar minimum. The status of the inter- 
planetary plasma during these primary missions has been 
reported by Rosenbauer et al. [1977] for Helios 1 and by 
Marsch et al. [1982] for Helios 2. The method of data 
analysis used here has been outlined by Pilipp et al. [this 
issue (a)]. The magnetic field data used in this analysis have 
been provided from the Technische Universit/it (TU) 
Braunschweig magnetometer experiment [Musrnann et al., 
1975, 1977; Neubauer et al., 1977)]. 

2. OBSERVATIONAL RESULTS 

In Figure 1 we present the contour plot of an electron 
distribution function (marked with the symbol DS1) which 
has been observed by Helios 2 on February 28, 1976, at the 
distance R = 0.82 AU from the sun. It shows a double strahl; 
i.e., the contour lines are bulged in both directions along the 
VII axis (parallel to the magnetic field). It should be noted 
that this distribution function has been constructed from 

nine cycles of measurements sampled within an observation 

time of 5 to 6 min. However, the strong bidirectional 
anisotropy can be detected in the distributions derived from 
a single cycle with a time resolution of 18 s also, even though 
the angular resolution is thereby limited to 45 ø. (For a 
description of the Helios electron measurement program, 
see, for example, Pilipp e! al. [this issue (a)].) 

Figure 2 shows pitch angle distributions for the distribu- 
tion function DS 1 at different kinetic energies E, as seen in a 
frame of reference moving with the maximum of this distri- 
bution function. Here the double strahl shows up within each 
pitch angle distribution by two peaks, oriented in both 
directions along the magnetic field (i.e., at ap = 0 ø and ap = 
180ø). The double-strahl distribution function DS1 shows a 
relatively well defined core at low particle energies and a 
halo at higher energies. This can be seen from Figure 3, 

2 
which shows the electron phase space density F (E = m(V II 
+ Vñ2)/2, ap = arctan (Vñ/V II )) as a function of the velocity 
component V II parallel to the magnetic field at Vñ = 0 (solid 
line on the left-hand plot) and as a function of the perpen- 
dicular velocity component Vñ at Vii - 0 (solid line; 
right-hand plot), where m is the electron mass. The dashed 
parabolas represent bi-Maxwellian fits to the low energy part 
of the distribution function in the energy range from 6 eV to 
12 eV or the velocity range from 1.4 x 103 km s -• to 2 x 103 
km s -• (core fit), and to the high energy part at energies 
above 71 eV or velocities above 5 x 103 km s -• (halo fit). The 
phase space density corresponding to the one-count level is 
also indicated by dashed lines. The distribution function is 
statistically significant only if it is well above this one-count 
level. For mathematical convenience (i.e., in order to avoid 
log F-• -o•) we have extended the distribution function F by 
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Fig. 2. Pitch angle distributions at different kinetic particle 
energies E for the distribution function DS1 presented in Figure 1. 
Each pitch angle distribution shows the phase space density F(E, %) 
in relative units as a function of pitch angle a, for constant particle 
energy E, as observed in a frame of reference moving with the 
maximum of the distribution function. The pitch angle of 0 ø corre- 
sponds to a particle velocity directed parallel to the positive V II axis 
of Figure 1. 



PILIPP ET AL.' UNUSUAL ELECTRON DISTRIBUTIONS 1095 

-2 

-6 

-8 

Log {F/FMA x) parallel to the 
magnetic field 

CORE 

HALO _/ FIT 

...... .... 
,,'"'" ,,::" / "i.. 

Vii [10 3 km S -1] 

-2 

-6 

-8 

Log (F/Fm•AX) 

HALO 
FIT 

perpendicular to 
the magnefic field 

.CORE 

V.L [10 3 km s -1] 

-20 -12 -/+ 0 /+ 12 20 20 12 /+ 0 /+ 12 20 

Fig. 3. One-dimensional cuts through the distribution function DS 1 (Figure D along straight lines in velocity space, 
which are parallel or perpendicular to the magnetic field and which go through the maximum of the distribution function. 
The left-hand plot shows the distribution function along a straight line parallel to the magnetic field, and the right-hand 
plot along a straight line perpendicular to it. Bi-Maxwellian fits to the low energy part (core fit) and to the high energy 
part (halo fit) as well as the one-count levels are indicated by dashed lines. 

a proper extrapolation into the high energy regime where the 
count rates have been observed to be zero. Here the 

extrapolated distribution function is below the one-count 
level. 

The distribution is well characterized by a cool core at low 
particle energies and a hotter halo at larger particle energies. 
The breakpoint energy separating both components is given 
by the relative sudden change in the slope of the distribution 
function which occurs for all velocity directions and which 
agrees roughly with the intersections between core and halo 
fits. These intersections are at the energies EB• -- 27 eV and 
Em= 26 eV for the two velocity directions along the 
magnetic field, respectively. 

The stream structures of the solar wind where the distri- 

bution function DS 1 has been observed can be seen in Figure 
4. Here we have plotted one-hour averages of plasma and 
magnetic field data as a function of observation time for a 
time period of 8 days (from February 24 to March 3, 1976). 
From top to bottom are plotted the proton bulk velocity V•, 
(which is nearly the solar wind bulk velocity), the proton 
number density N•,, the proton temperature T•,, and the 
electron temperatures Tell, re. parallel and perpendicular to 
the magnetic field, respectively. Tell is almost always larger 
than or equal to Te.. Only on days 55 and 56 is Te. 
occasionally larger than Tell and then only by a few percent. 
In the bottom panel we have plotted cos •bB, where •ba is the 
angle between the projection of the magnetic field onto the 
ecliptic plane and the direction along the Parker spiral away 
from the sun. The data in the bottom panel characterize the 
polarity of the interplanetary magnetic field. If cos •ba = + 1, 
then the magnetic field is directed outward along the Parker 
spiral, except for a possible elevation of the magnetic field 
direction above or below the ecliptic plane. The distribution 
function DS 1 was observed at the end of a high-speed stream 
in a region of strongly fluctuating density but of a relatively 
stable magnetic field structure. The density shows a sharp 
minimum (with N•, = 1 cm -3) at the observation time of DS 1. 
Also the proton temperature shows a strong depression with 

T•, = 2.4 x 10 4 K, and the electron temperatures are Tell = 
2.3 x 105 K and Te•_ = 0.9 x 105 K. The magnetic field 
polarity has been more or less uniform for a few days before 
and after the observation time of DS 1 but changed for a few 
hours around the occurrence of DS 1. In fact (not shown in 
the figure), the magnetic field direction was nearly perpen- 
dicular to the radial direction for several hours and rotated 

continuously by about 45 ø within a plane perpendicular to 
the radial direction. The magnetic field pressure was larger 
by more than an order of magnitude than the thermal plasma 
pressure (proton plus electron pressure). Electron distribu- 
tions with a similar bidirectional anisotropy were observed 
within a time period of about 10 hours, starting one or two 
hours before the occurrence of the distribution function 

DS1. 

Another example of a double-strahl distribution function 
(marked with the symbol DS2) is shown in Figure 5; it was 
observed by Helios 1 on March 19, 1975, at 0.32 AU. The 
corresponding pitch angle distributions are presented in 
Figure 6. As can be seen from this figure, the pitch angle 
distributions are practically isotropic at low energies up to 61 
eV and show a definite double strahl at energies above 100 
eV. This is in contrast to the distribution DS1 where the 

double strahl is seen at all energies shown in Figure 2 from 20 
eV to 800 eV. Figure 7 shows that for the distribution 
function DS2 also we can clearly distinguish the relatively 
cool core at low energies from the hotter halo at larger 
energies. Again defining the breakpoint energy by the inter- 
section between the core fit and the halo fit, which also here 
is near the change of the slope of the distribution function, 
we find the breakpoint energies Ea• - 82 eV and Em= 86 eV 
for the two velocity directions along the magnetic field, 
respectively. 

The solar wind structures where the distribution function 

DS2 was observed are shown in Figure 8. Here we have 
plotted plasma and magnetic field data as a function of 
observation time for the time period from March 5 to March 
13, 1975. Similar to the distribution DS1, the distribution 
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Fig. 4. The plasma stream structures and the polarity of the interplanetary magnetic field as traversed by the Helios 

2 spacecraft from February 24 to March 3, 1976, including the observation time of the distribution function DS1. In 
order from top to bottom, the parameters correspond to the proton bulk velocity Vp, the proton number density Np, the 
proton temperature Tp, the electron temperatures Tell, reñ, and cos •bB, where •bB is the angle between the projection of 
the magnetic field onto the ecliptic plane and the direction along the Parker spiral away from the sun. For the electron 
temperature, Te II is usually larger than Tez when the electron temperature is appreciably anisotropic. Only on days 55 
and 56, when the electron temperature is nearly isotropic or only slightly anisotropic, do we sometimes have Te_• > Tell. 
The observation time of DS1 is indicated by vertical lines and marked with the symbol DS1. The distance R of the 
spacecraft from the sun is also given. 
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Fig. 5. Contour plot of a double-strahl distribution function 
(marked with DS2) in a plane of velocity space parallel to the 
magnetic field and going through the maximum of the distribution 
function. The coordinate system (V II, Vñ) is centered at the electron 
bulk velocity which is nearly at the maximum of the distribution 
function (apart from a shift of 55 km s-l). The distribution function 
DS2 has been observed by Helios 1. 
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Fig. 6. Pitch angle distributions at different particle energies E 
for the distribution function DS2 (Figure 5). The particle energies 
and pitch angles are defined in the maximum rest frame of the 
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Fig. 7. One-dimensional cuts through the distribution function DS2 (Figure 5) along straight lines in velocity space 
parallel and perpendicular to the magnetic field and going through the maximum of the distribution function. 

DS2 was also observed in a region where the proton temper- 
ature is strongly depressed with Tp = 3.3 x 10 4 K. However, 
in contrast to DS1 the distribution DS2 occurred in a 

structure resembling a noncompressive density enhance- 
ment as described by Gosling et al. [1977] with an extremely 
high proton number density (Np = 199 cm-3). The electron 
temperature was relatively low and moderately anisotropic 
with Tell - 1.9 x 105 K and Te_L = 1.7 X 105 K. As was the 
case with DS1, DS2 was found in a region where the 
magnetic field direction was nearly perpendicular to the 
radial direction for several hours and rotated continuously in 

a plane perpendicular to the radial direction by even more 
than 45 ø . However, here the magnetic field pressure was 
only of the same magnitude as the thermal plasma pressure. 
Similar to DS1, electron distributions with a bidirectional 
anisotropy could be observed for a time period of several 
hours, although here this period was interrupted by short 
time intervals with rather isotropic distributions or distribu- 
tions with a broad strahl. 

Finally, Figures 9, 10, and 11 show a distribution function 
(marked with DS3) which was observed by Helios 1 at a 
distance 0.33 AU nearly two days later than the distribution 
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Fig. 8. The plasma stream structures and the polarity of the interplanetary magnetic field traversed by the Helios 

1 spacecraft from March 5 to March 13, 1975, including the observation time for the distribution functions DS2 and DS3. 
The format is identical to that of Figure 4. Here we have always Tell > reñ. 
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Fig. 9. Contour plot of a distribution function (marked with 
DS3) with an extremely anisotropic core in a plane of velocity space 
parallel to the magnetic field and going through the maximum of the 
distribution function. The coordinate system (V II, Vñ) is centered at 
the electron bulk velocity which is only slightly shifted along the 
magnetic field relative to the maximum of the distribution function 
by 154 km s -l. 

function DS2. In contrast to the distribution functions DS 1 

and DS2, which both show a double strahl at large energies 
in the halo regime, the distribution function DS3 shows only 
a single strahl similar to the usual distribution functions with 
a strahl as presented by Pilipp et al. [this issue (a)]. How- 
ever, the distribution function DS3 is unusual because it is 
extremely anisotropic in the energy regime of the core and it 
has a nearly flat top for velocity directions along the mag- 
netic field (see Figure 11). The core fit is poor and yields the 
extremely high and anisotropic temperatures Tell - 7.87 x 
105 K and Teñ - 2.44 x 105 K, which are even higher and 
more anisotropic than the temperatures Tell- 5.1 x 105 K 
and Teñ - 2.2 x 105 K found by numerical integration from 
the entire distribution function. Because of the poorhess of 
the fit the core temperatures Tell and Teñ should not be 
considered representative. However, the core fit is reason- 
able at low energies, and the high anisotropy of the core 
temperatures reflects the relatively flat, broad distribution 
function measured along the direction of the magnetic field. 

As is usual for single-strahl distributions, here significant 
breaks in the slope of the distribution function separating the 
core from the halo may be discerned only for velocity 
directions different from the strahl direction. For the veloc- 

ity direction along the magnetic field toward the sun, i.e., 
opposite to the strahl, the distribution function agrees 
roughly with the core fit for particle energies up to 60 eV (or 
particle velocities up to 4.6 x 103 km s -j) and then drops 
significantly below this core fit at larger energies. A 
breakpoint energy EB or a breakpoint velocity VB - 
(2E•/m) m, where a sudden change of the slope for the 
distribution function from a steeper decline at low energies 
to a flatter decline at larger energies occurs, is discernible for 
velocity directions along the magnetic field toward the sun 
and perpendicular to the magnetic field. As judged by the 

eye, VB • 7 x 103 km s -• to 7.5 x 103 km s -• or EB = 140 
to 160 eV. 

As can be seen from Figure 10, each pitch angle distribu- 
tion shows two peaks with heights of the same order of 
magnitude for energies <• 100 eV, whereas for significantly 
higher energies there is at most only a very small second 
peak at the pitch angle of ap = 180 ø in addition to the very 
pronounced peak at ap = 0 ø. 

Similar to distributions DS1 and DS2, the distribution 
function DS3 was observed in a relatively stable magnetic 
field structure, where the magnetic field pressure was about 
4 times larger than the thermal plasma pressure. However, in 
contrast to DS1 and DS2, the magnetic field direction was 
almost radially directed for about two days. In addition, DS3 
was observed at the leading edge of a high-speed stream 
where the proton number density was relatively low (Np = 
15 cm -3) and the proton temperature was very high (Tp - 5.4 
x 105 K; see Figure 8). Similar distributions were observed 
for about two days in succession, although the anisotropy of 
the core was only occasionally this large. Such distribution 
functions clearly show that the core can become quite 
anisotropic. 

3. Discussion AND CONCLUSION 

Electron distribution functions with bidirectional 

anisotropies in the energy regime of the halo were already 
observed by Montgomery et al. [1974] from VELA and IMP 
data after some shock events where these distributions were 

correlated with depressions of the electron temperatures. 
Montgomery et al. interpreted these observations to be 
likely due to the passage of closed magnetic field strm:tures 
following flare-induced interplanetary shock waves. Temnyi 
and Vaisberg [1979] saw from measurements aboard 
Prognoz 7 strong bidirectional streaming of solar wind elec- 
trons along the magnetic field at energies between 50 eV and 
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Fig. 10. Pitch angle distributions at different particle energies E 
for the distribution function DS3 (Figure 9). The particle energies 
and pitch angles are defined in the maximum rest frame of the 
distribution function. 
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Fig. 11. One-dimensional cuts through the distribution function DS3 (Figure 9) along straight lines in velocity space 
parallel and perpendicular to the magnetic field and going through the maximum of the distribution function. 

200 eV after the passage of a shock wave. They suggested 
that here the spacecraft was near the top of a magnetic field 
loop both bases of which rested in the corona. Bame et al. 
[1981] saw, from measurements aboard ISEE 3, strong 
bidirectional streaming of solar wind electrons at energies 
above 80 eV in the helium-enriched plasma driving a shock 
wave. Similarly, these bidirectional distributions were as- 
sumed to indicate that the local magnetic field was part of 
either a magnetic "bottle" rooted at the sun or a discon- 
nected magnetic loop propagating outward. Of course, also 
the bidirectional distribution functions DS1 and DS2 pre- 
sented in section 2 may be explained by the assumption of 
closed magnetic field structures. However, here no clear 
connection with shock waves could be found. For the 

distribution DS1 there was no shock discernible within a 

large period of many days before. For the distribution 
function DS2, at most a weak shock might have occurred 14 
or 15 hours earlier on day 77, at 1345 UT. The magnetic field 
and plasma data during the time of observation for the 
distribution function DS1 were very similar to the corre- 
sponding data described by Burlaga et al. [1981] and Klein 
and Burlaga [1982] for "magnetic clouds" which these 
authors considered to be expanding magnetic field loops of 
relatively high magnetic field pressure. Also the magnetic 
field data during the time of observation of the distribution 
function DS2 are similar to those for magnetic clouds. But 
here the thermal plasma pressure was not small compared to 
the magnetic field pressure. 

There are also possible explanations other than closed 
magnetic field structures for the formation of bidirectional 
distributions. For example, the electrons may have been 
mirrored back from a region of larger magnetic field strength 
[Ogilvie and Scudder, 1981]. However, the distributions DS1 
and DS2 have not been observed near interaction regions 
between slow- and fast-speed streams (see Figures 4 and 8), 
and probably not in connection with shock waves. Thus it 

seems not very likely that the distributions DS1 and DS2 
occurred near regions where the magnetic field strength 
increased strongly with distance from the sun. On the other 
hand, the fact that both distributions DS1 and DS2 were 
observed in a region where the magnetic field direction was 
nearly perpendicular to the radial direction is consistent with 
the hypothesis that these distributions occurred in the outer 
ends of magnetic loops. 

If the two peaks in the pitch angle distributions occur only 
for energies below the escape energy with respect to the 
interplanetary electrostatic potential, then there is still an- 
other explanation for the formation of bidirectional distribu- 
tions. The low energy electrons, emanating from the corona 
and forming a strahl, should be reflected back by the 
electrostatic potential and thus may form a double-peak 
distribution, although Coulomb collisions tend to isotropize 
the distributions. However, for the pitch angle distributions 
shown in Figures 2 and 6, two peaks occur up to energies of 
800 eV, which should be well above the escape energy. In 
fact, the escape energies determined from the energy bal- 
ance of the electrons (neglecting magnetic forces) are Er• • 
Er2 • 26 eV for distribution DS1 (with respect to the peak 
rest frame for the velocity directions along the magnetic field 
away from and toward the sun, respectively), and Er• • 39 
eV and Er2 • 43 eV for distribution DS2. Thus the distribu- 
tion functions should be bidirectional only for energies 
below 26 eV or 43 eV, respectively, if this bidirectional 
anisotropy is caused by the interplanetary electrostatic field. 
Therefore the assumption that the electrons have been 
observed on closed magnetic field line structures seems to be 
much more plausible. 

As has been discussed in more detail by Pilipp [1983], 
electrons traveling on closed magnetic field structures are 
not always expected to be seen as well-developed double- 
strahl distributions. Whereas magnetic loops may occur 
relatively often in the solar wind, the observation of such 
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symmetric but strongly anisotropic pitch angle distribu- 
tions as shown in particular in Figure 2 is quite rare. For 
example, for a survey of Helios 2 data observed within an 
observation time of three and a half months such double- 

strahl distributions as shown in Figure 2 have been found 
only for a time interval of a few hours of observation time. 
Assume that the spacecraft encounters a magnetic field loop 
of large size rooted with two foot points at the sun. Then this 
loop would usually extend outward far beyond the position 
of the spacecraft. In this more usual case, one foot point at 
the sun is connected with the spacecraft by a magnetic field 
line without a detour over solar wind regions much farther 
away from the sun than the spacecraft. Therefore electrons, 
having emanated from this foot point and arriving at the 
spacecraft, have traversed only a distance comparable to the 
distance of the spacecraft from the sun. If their energy is well 
above the escape energy with respect to the interplanetary 
electrostatic potential and if only some minor scattering 
occurs, these electrons will be observed to propagate out- 
ward with small pitch angles. In contrast, electrons emanat- 
ing from the other foot point could arrive at the spacecraft 
only via a large detour. In case this detour is comparable to 
or larger than the effective mean free path due to scattering 
processes, most of these electrons will be scattered and 
trapped in the magnetic mirror of the loop, and only a small 
remnant should arrive at the spacecraft. In addition, if the 
loop expands in the solar wind, these electrons will be 
decelerated adiabatically in particular at the outer end of the 
loop. Then it seems plausible to expect that at the position of 
the spacecraft the phase space density above the escape 
energy would be much larger for electrons propagating 
outward than for inward propagating electrons. In this case 
we may consider the magnetic field lines to be practically 
"open," although they may form loops that extend far 
outward as is often indicated by very small second peaks 
around the pitch angle ap = 180 ø in the pitch angle distribu- 
tions of the halo. 

Double-strahl distributions as presented in section 2 would 
be observed if, for example, the spacecraft was fortuitously 
near the outer end of a magnetic loop connected to the sun. 
Then electrons coming from both foot points have traveled 
roughly the same distance and thus may form a symmetric 
distribution function. Also if the spacecraft was at the outer 
end of a disconnected large scale loop, we expect to observe 
similar distribution functions. 

Since the distribution function DS3 shows only one strahl 
in the energy regime of the halo, this distribution function 
should have been observed on practically "open" magnetic 
field lines. Nevertheless, as has been mentioned in section 2, 
there seems to be also a very small second peak in the pitch 
angle distributions at ap = 180 ø at energies well above the 
estimated upper limit of roughly 100 eV for the escape 
energy with respect to the interplanetary electrostatic poten- 
tial. This small peak might indicate the presence of closed 
magnetic field loops, whereby these loops were extending 
outward far beyond the position of the spacecraft. The very 
strong bidirectional anisotropy in the core at energies at or 
below the escape energy could be caused by the interplane- 
tary electrostatic field as discussed above. 

As has been discussed by Pilipp et al. [this issue (a)], the 
energy of sudden change in the slope of the distribution 
functions (breakpoint energy) separating the core from the 
halo could be determined by the electrostatic potential 

and/or the strong energy dependence of the mean free path 
due to Coulomb collisions or possibly anomalous scattering 
processes. However, the relative importance of these dif- 
ferent mechanisms is not clear and may be different for 
different distribution functions. 

If the break in the slope of the distribution functions is 
mainly caused by the electrostatic potential as described by 
exospheric theory, then we expect this break to occur only 
for velocity directions different from the strahl direction. It is 
important that the magnetic field lines are assumed to be 
open in exospheric theory so that the electrostatically un- 
bound electrons at higher energies can escape along the 
magnetic field lines to infinity and only low energy electrons 
trapped in the interplanetary electrostatic potential well are 
reflected back toward the sun. Exospheric theory predicts an 
exponential decrease of phase space density with particle 
energy in the velocity direction along the magnetic field 
away from the sun (i.e., along the strahl), but a sudden drop 
of phase space density at the escape energy in the velocity 
direction toward the sun. 

Of course, Coulomb collisions will always tend to smear 
the distribution functions, and a decrease with particle 
energy along the strahl direction according to a Maxwellian 
is not expected (see also Figure $ in the companion paper by 
Pilipp et al. [this issue (a)]. However, if the electrostatic 
potential is the main cause for the break in the slope of the 
distributions, then this break should still occur only for 
velocity directions different from the strahl direction. This is 
not the case for the double-strahl distributions DS 1 and DS2, 
which show a clear break between core and halo for all 

velocity directions. Thus we have evidence that the break in 
these distribution functions may be produced by scattering 
processes. In fact, if these distribution functions were ob- 
served at the outer ends of magnetic field loops as suggested 
by the symmetry of the double-strahl structure, then the 
electrons at all energies should be guided toward the sun by 
the magnetic field. It is hard to see how the interplanetary 
electrostatic potential could be the cause of the core-halo 
breaks in these cases. 

Assuming that Coulomb collisions are the main mecha- 
nism to produce breaks in the slopes of the distribution 
functions, Scudder and Olbert [1979] predict this break to 
occur at a particle energy of 7KTc in the solar wind rest 
frame. Here K is Boltzmann's constant, and Tc is the core 
temperature. In fact, for the distribution function DS1 we 
find 7•T•11 = 32 eV and 7•T•ñ = 27 eV, which are close to the 
observed breakpoint energies of 26 eV and 27 eV. For the 
distribution function DS2 we find 7•T•i I = 97 eV and 7•T•ñ = 
96 eV, again reasonably close to the observed breakpoint 
energies 82 eV and 86 eV. (Since the shifts of the peaks of 
the distribution functions DS1 and DS2 relative to the 

electron bulk velocity are only 35 km s -• and 55 km s -1, 
respectively, we can neglect the differences between both 
frames of reference with respect to the breakpoint energies.) 
On the other hand, as has also been discussed by Scudder 
and Olbert [ 1979], approximate agreement between 7KTc and 
the breakpoint energy would even be expected if the inter- 
planetary electrostatic potential were the main cause of the 
core-halo breaks in the energy spectra. Thus support for the 
hypothesis, that the core-halo breaks for DS1 and DS2 are 
caused by collision effects, results mainly from the discrep- 
ancies between the observed spectra and those predicted by 
exospheric theory as discussed above. In contrast to DS1 
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and DS2, the interplanetary electrostatic potential may well 
play an important role in determining the break between core 
and halo in the case of distribution DS3. This conclusion is 

supported by the fact that in Figure 11 a significant break can 
be discerned not in the strahl direction but only for velocity 
directions opposite and perpendicular to it, in qualitative 
agreement with exospheric theory. In addition, the energy of 
about 60 eV, above which the distribution function drops 
below the core fit for the velocity direction opposite to the 
strahl, and the breakpoint energy EB of about 140 eV to 160 
eV for this velocity direction are in rough agreement (within 
a factor of 2) with the estimated upper limit of 100 eV for the 
escape energy with respect to the interplanetary electrostatic 
potential. Finally, the strong bidirectional anisotropy is 
restricted to particle energies at or below the estimated 
upper limit of 100 eV for the escape energy. These observa- 
tions are consistent with the hypothesis that both the elec- 
trostatic potential and Coulomb collisions determine the 
breakpoint energy. Here the break could mark the boundary 
between low energy electrons that have been primarily 
reflected back toward the sun by the interplanetary electro- 
static potential and the electrons at higher energy that have 
been scattered back by collisions only. 

Note that the nearly isotropic distribution function with 
the slight bidirectional anisotropy in the halo as discussed by 
Pilipp et al. [this issue (a)] shows a break between core and 
halo for all velocity directions, similar to distributions DS 1 
and DS2, whereas the usual distribution functions with a 
strahl show this break only for velocity directions different 
from the strahl direction, similar to the case of distribution 
DS3. This may be an additional indication that the nearly 
isotropic distribution functions, as usually observed at sec- 
tor boundaries, result from electrons trapped in the outer 
regions of magnetic field loops, whereas distribution func- 
tions with a single strahl, as usually observed outside sector 
boundaries, correspond to electrons on effectively "open" 
magnetic field lines. 
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