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Energetic Electrons in the Magnetosheath and Upstream 
of the Bow Shock 

J. W. BIEBER AND E. C. STONE 

California Institute of Technology, Pasadena, California 91-125 

The characteristics and transport of >200 keV electrons upstream of Earth's bow shock and in the 
outer magnetosheath are studied using nearly 4 years of data from the California Institute of 
Technology Electron/Isotope Spectrometer aboard IMP 8. In the upstream region, elevated electron 
intensities ranging from near the background level -•0.1 (cm 2 s sr) -• up to -•100 (cm 2 s sr) -• are 
observed about 2% of the time and typically persist for less than 5 min. These burst electrons stream 
intensely (• -• 0.5 to 1.5) sunward along the interplanetary magnetic field line. With the aid of a new 
coordinate system, it is demonstrated that the upstream bursts are most frequently seen on 
interplanetary field lines that trace to the inner magnetosheath, and that the total energy transported 
sunward by >200 keV upstream electrons averages -•1.6 x 10 TM ergs/s, a figure comparable to the 
tailward energy flow observed in the permanent layer of energetic electrons adjacent to the 
magnetopause. Bursts of energetic electrons in the outer magnetosheath have time scales similar to 
those observed upstream, but they are typically -• 10 times more intense and much less anisotropic (• <• 
0.4). The net flow of these electrons is toward the shock and very nearly equals the net flow away from 
the shock in the adjacent upstream region. The magnetosheath data suggest that energetic electron 
transport in this region may be described by a leaky box model with a scattering mean free path --•0.6 
Re. It is concluded that the energetic (>200 keV) component of upstream electrons originates 
downstream of the bow shock. Energetic electrons in the upstream region, in the outer magnetosheath, 
and in the magnetopause electron layer appear to be closely related and probably have a common 
origin in the inner magnetosheath or possibly the magnetosphere. 

INTRODUCTION 

Many of the energetic particles observed upstream of 
Earth's bow shock are believed to be accelerated locally, 
either by the shock itself or by wave-particle interactions. 
Lin et al. [1974] reported on 30-100 keV protons and 
suggested they were accelerated by waves on field lines 
connected to the shock. Gosling et al. [1978] noted two 
distinct populations of low energy ions: the diffuse popula- 
tion, which has a broad angular distribution and relatively 
fiat energy spectrum, and the less common reflected popula- 
tion, which streams away from the shock and is restricted to 
energies <•10 keV and which probably represents solar wind 
ions accelerated by interaction with the shock [Sonnerup, 
1969; Paschmann et al., 1980]. Scholer et al. [1979] studied 
upstream protons of energies 28-145 keV and concluded that 
they are the high-energy tail of the diffuse population. 

Energetic (<30 keV) electrons in the upstream region 
were first noted by Fan et al. [1964] and were studied in 
more detail by Anderson [ 1968, 1969]. Recent results [Ander- 
son et al., 1979] suggest that these electrons are produced in 
a limited region near the point at which the interplanetary 
magnetic field is tangent to the shock surface. 

Because energetic particles are produced in the magneto- 
sheath and the magnetosphere as well as upstream of the 
bow shock, it is important to distinguish particles that 
originate in the magnetosheath or magnetosphere and subse- 
quently propagate into the upstream region from particles 
that are accelerated by the shock or by upstream waves. 
Sarris et al. [1976] and Krimigis et al. [1978] reported 
observations of >290 keV protons and >220 keV electrons 
in the upstream region and suggested that their source lies 
within the magnetosphere. In a study "of 40 keV to 2 MeV 
electrons in the magnetosheath and upstream, Formisano 
[ 1979a] concluded that these particles originate in the exteri- 
or cusp. Long-lived ion events (43 keV to 1.45 MeV) 
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observed upstream of Jupiter's bow shock have characteris- 
tics similar to the terrestrial diffuse ions, but the Jovian ions 
appear to originate within Jupiter's magnetosphere, as evi- 
denced by the presence of an enhanced component of heavy 
ions [Zwickl et al., 1980]. 

One possible contributor to the upstream population of 
energetic electrons is the permanent layer of energetic 
electrons which lies adjacent to the magnetopause in the 
magnetosheath. This layer has been observed adjacent to the 
high latitude dayside magnetopause at energies >18 keV 
[Meng and Anderson, 1970, 1975], above the polar cap at 
energies >40 keV [Domingo et al., 1977], and about the 
circumference of the distant magnetotail at energies >200 
keV [Baker and Stone, 1977a, 1978]. Although the intensity 
of electron bursts within the layer varies greatly, elevated 
fluxes are almost continually observed on virtually every 
passage through the layer. In the distant magnetotail, the 
layer forms an annulus of thickness -•3 Re about the 
magnetopause. In this region the electrons stream intensely 
tailward and may transport as much as 10 •8 ergs/s of energy 
[Baker and Stone, 1977b; Stone et al., 1978]. Because the 
layer lies predominantly outside the magnetopause, where 
the field lines are open to the interplanetary medium, it is 
quite possible that some layer particles would propagate into 
interplanetary space. 

The present report examines in detail the properties and 
the transport of energetic electrons in the outer magneto- 
sheath as well as in the upstream region using >200 keV 
electron data collected by IMP 8 over a period of nearly 4 
years. These data provide strong evidence that the high 
energy component of upstream electrons is closely related to 
the magnetopause electron layer. 

DATA AND ANALYSIS 

Data for this analysis were collected between 1973 day 303 
and 1977 day 184 by the California Institute of Technology 
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Electron/Isotope Spectrometer (EIS) aboard IMP 8 during 
113 orbits at a distance ranging from 23 to 46 Re from Earth. 
In the wide-geometry mode [see Baker and Stone, 1977c], 
the EIS separately accumulates counts of electrons >200 
keV and >1 MeV for an 18-s period and reads out one 
measurement every 82 s. As the spacecraft spins with a 
period of about 2.6 s, the instrument scans the ecliptic plane 
and assigns each count to one of 8 angular sectors of 45 ø 
width. 

In the wide-geometry mode, the EIS responds to > 1 MeV 
protons as well as to >200 keV electrons. Consequently, 
periods during which an enhanced intensity level of energet- 
ic protons was present (as determined from EIS observa- 
tions in the narrow-geometry mode) as well as periods during 
which the >200 keV electron background due to flare 
particles or Jovian electrons exceeded 0.1 (cm 2 s sr) -• were 
not included in the analysis. This resulted in the exclusion of 
approximately 50% of the available data. 

For the purpose of this study, the streaming anisotropy 
was characterized by a vector which has GSE components 

2 

•x = •' • Ni (cos •P)i (1) 
l 

2 

•:y = •'•i Ni (sin (•)i (2) 

where Ni is the number of counts in the ith sector, N is the 
total number of counts summed over the 8 sectors, and •o is 
azimuth in the ecliptic plane. Angular brackets denote an 
average over the angular range of the ith sector. This 
definition was chosen because it provides a convenient 
method of characterizing the magnitude and direction of 
streaming without fitting the observed sectored rates to an 
assumed functional form. It can be shown that for an 

arbitrary pitch angle distribution, (1) and (2) give the correct 
streaming direction, provided that the field lies in the ecliptic 
plane. Moreover, the streaming anisotropy s e = (•:x 2 -3- •:y2)1/2 
calculated from (1) and (2) is, for most pitch angle distribu- 
tions, a good approximation to the conventionally defined 
anisotropy 

3F 
s e' = (3) 

UW 

where F is net streaming flux, U is density, and W is particle 
velocity. In fact, for first order anisotropies, for which the 
angular distribution f(0) has the form 

afrO) = f0(1 + s e' cos 0) (4) 

where f0 is the omnidirectional intensity divided by 4•r, the 
value of s e calculated from (1) and (2) can be shown to equal 
exactly the value s e' appearing in (4). However, for many of 
the electron bursts in the upstream region, the angular 
distribution is highly collimated (s e • 1) and cannot be 
expressed in first order form. In such cases, the value of 
anisotropy s e given by (1) and (2) is slightly less than the 
conventional value s e' given by (3). For the extreme case of a 
unidirectional beam of particles, (3) gives s e' = 3, but (1) and 
(2) give s e • 2. It should be noted that for these >200 keV 
electrons, which have velocities in excess of 200,000 km/s, 
the Compton-Getting anisotropy, caused by convection of 
the solar wind plasma, is only ---0.015. 

Additional data available for this analysis are 15-s aver- 
ages of magnetic field acquired by the IMP 8 magnetometer 
(R. P. Lepping and N. F. Ness, private communication, 
1976). These data are used extensively to determine the 
relative configuration of Earth, the spacecraft, and the 
magnetic field and to identify bow shock crossings. 

Data collected during the period mentioned above were 
used to assemble two large data sets upon which much of 
this report is based. The first data set, which will be referred 
to as the upstream data set, consists of 347,561 samples of 
energetic electron intensities and angular distributions (18-s 
averages centered 82 s apart) and magnetic field vectors (15- 
s average closest to the corresponding electron observation) 
observed in the upstream region over the entire range of the 
IMP 8 orbit from the dawn to the dusk bow shock. The 

second data set, which will be called the shock data set, 
partially overlaps the first and includes a total of 46,203 
electron and field observations in the vicinity of the dawn 
bow shock from 12 hours before till 12 hours after the shock 

crossing. When multiple shock crossings occurred, data 
collected between the first and the last crossing were not 
considered. For both data sets, the times of shock crossings 
were determined separately on each orbit from an examina- 
tion of the magnetic field data. 

In this report, the term 'intensity,' denoted by j, refers 
(when not otherwise qualified) to the integral directional 
intensity of >200 keV electrons averaged over the spin 
plane. The units of intensity are (cm 2 s sr)-1. The term 'flux,' 
denoted by F, is reserved for the net streaming flux in a 
given direction. Flux has units of (cm 2 s)-•. 

ENERGETIC ELECTRON BURSTS UPSTREAM 

OF THE Bow SHOCK 

Figure 1 presents IMP 8 energetic electron data for an 8- 
hour period during which several unusually intense bursts 
were observed. At this time IMP 8 was more than 10 Re 
upstream of the dawn shock, as illustrated at the lower left. 
The average magnetopause [Formisano et al., 1979] and bow 
shock [Formisano, 1979b] are also shown. The intensity of 
the energetic electron bursts, shown in the top panel of 
Figure 1, is extremely variable, often changing by more than 
a factor of 10 on a time scale of minutes. Below the intensity 
plot, the anisotropy vector is plotted for each observation 
above an intensity threshold of 0.5 (cm 2 s st) -•. Below this 
threshold, which corresponds to ---15 total counts, the calcu- 
lated anisotropy becomes progressively less significant due 
to poor statistics. For the period shown, the anisotropy is 
typically ---1.0 to 1.6, and the direction of streaming is 
generally sunward along the Parker spiral field. At the lower 
right of Figure 1, the angular distribution observed during 
the particularly intense burst near 0710 is plotted (sunward 
down), along with the simultaneously observed magnetic 
field vector. The streaming is seen to be field aligned and 
highly anisotropic (•--- 1.6), with almost no backscattered 
(earthward-moving) particles present. 

The general characteristics of energetic electron bursts in 
the upstream region are summarized in Figure 2, which 
presents frequency of occurrence histograms of >200 keV 
electron intensity, anisotropy, and streaming direction for 
the upstream data set described in the previous section. The 
latter two histograms include only samples for which the 
intensity was ->1 (cm 2 s st) -•, so that the background 
contribution could be neglected, and for which the field lay 
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Fig. 1. Intensity and anisotropy of >200 keV upstream elec- 
trons during an 8-hour interval. Temporal resolution is 82 s. An 
intensity level of 1 (cm 2 s sr) -• corresponds to about 29 total counts 
and has a relative error of +-19%. Spacecraft location is shown at 
bottom left, where tick marks on the axes indicate 20 Re intervals. A 
sample angular distribution with magnetic field vector is shown at 
bottom right. 

within 30 ø of the ecliptic plane, so that most pitch angles 
could be sampled. The intensity histogram in Figure 2 shows 
that bursts are a relatively rare occurrence, especially at the 
higher intensity levels. Intensities larger than 0.32 (cm 2 s 
st) -• are observed only 2.3% of the time. The anisotropy 
histogram exhibits a rather broad peak, extending from • - 
0.5 to •- 1.5. The streaming direction histogram is rather 
sharply peaked at a GSE azimuth of -45 ø, corresponding to 
sunward flow along the Parker spiral field. 

The location in the GSE coordinate system at which bursts 
were observed is shown in Figure 3. In the top graph a cross 
has been plotted in a plane representing the azimuth and Z 
coordinate of the spacecraft at 2-hour intervals for samples 
in the upstream data set. These points trace out the trajec- 
tory of IMP 8 during the nearly 4-year period of this study 
and show that the spacecraft has approximately uniform 
access to the upstream region within about 25 Re of the 
ecliptic plane. Bursts of intensity ->1 (cm 2 s st) -•, by 
contrast, tend to occur dawnward of the Earth-sun line, as 
the lower plot in Figure 3 shows. This feature, which is 
common to many upstream particle species, appears be- 
cause, for a nominal Parker spiral field, points duskward of 
the Earth-sun line often are not connected to the bow shock 

along the magnetic field line. Aside from the dawn-dusk 
asymmetry, no dependence of bursts upon location is evi- 
dent in Figure 3. In fact, bursts do exhibit an additional 
dependence upon geometry, more restrictive than simple 
connection to the shock. To demonstrate this dependence it 
is necessary to introduce a new coordinate system. 

GIPM COORDINATES 

The greatest likelihood of observing a >200 keV electron 
burst occurs on those interplanetary field lines that penetrate 
most deeply into the magnetosheath. To demonstrate this 
geometric effect, a new coordinate system, called geocentric 

interplanetary medium (GIPM) coordinates, was developed 
which is more convenient for mapping interplanetary field 
lines into the magnetosheath than more commonly used 
coordinate systems. The GIPM system is obtained by rotat- 
ing the GSE system about the X axis in such a way that two 
conditions are satisfied: (1) the Z component of the inter- 
planetary magnetic field vanishes in the new coordinate 
system, and (2) the azimuth of the interplanetary field in the 
new system lies in the second (90 ø to 180 ø) or the fourth (270 ø 
to 360 ø) quadrant of the XGIPM-YGIPM plane. In general, there 
are two rotation angles separated by 180 ø that satisfy the first 
condition, but only one of these also satisfies the second 
condition. If (Bx, B r, Bz) are the components of the inter- 
planetary magnetic field in the GSE system, then the coordi- 
nate transformation that satisfies the above conditions is 

XGIPM = XGS E (5) 

YGIPM = YGSE COS • + ZGS E sin a (6) 

ZGIPM -- --YGSE sin a + ZGSE COS a (7) 

where 

tan- • (BzIB r) + 180 ø BxBr -> 0 

tan- • (BzlB r) BxB r < 0 
(8) 

Equation (8) is valid whenBris nonzero. IfBr = 0, then a = 
270 ø if BxBz -> 0 and a = 90 ø if BxBz < O. 

The advantages of the GIPM coordinate system are illus- 
trated in Figure 4. Figures 4a through 4c show a spacecraft 
located at a fixed point in the GSE system for 3 orientations 
of the interplanetary magnetic field, and Figure 4d shows the 
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Fig. 2. Frequency of occurrence histograms of >200 keV elec- 
tron intensity, anisotropy, and streaming direction in the upstream 
region. For the intensity histogram, axes are logarithmic. The 
leftmost bin includes all samples of intensity <0.1. Error bar 
(absolute) on the anisotropy of an individual sample is typically +_0.2 
units. Streaming direction is the GSE azimuth of the anisotropy 
vector. Hence 0 ø corresponds to sunward flow. 
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Fig. 3. GSE plots of (a) spacecraft trajectory and (b) positions 
at which burst intensities >-1 (cm 2 s sr) -• were observed in the 
upstream region between 1973 day 303 and 1977 day 184. 

same 3 configurations plotted in the GIPM system. In all 
cases the X component of the field is assumed to be negative 
(inward in the figure). Several features of the GIPM system 
should be noted: 

1. The projections of the interplanetary field lines into 
the YGIPM-ZGiPM plane are always horizontal lines. While in 
the GSE system the spacecraft remains fixed as the field 
changes orientation, in the GIPM system it is the field that 
remains fixed as the spacecraft rotates about the X axis. 

2. For comparable values of YO•PM, it is the ZO•pM 
coordinate of the spacecraft that determines how well the 
spacecraft is connected to Earth along the field line. Essen- 
tially, ZO•pM is the impact parameter with Earth of the field 
line on which the spacecraft is located. Thus Figure 4a, for 
which ZO•pM = 0, illustrates the most favorable connection, 
and Figure 4b illustrates a less favorable one. This feature of 
the GIPM system is preserved in models that take into 
account the distortion of field lines in the magnetosheath. 

According to gasdynamic theory [Alksne, 1967], the field 
lines that probe most deeply into the magnetosheath are 
those with the smallest values of IZGIPMI. Interplanetary 
field lines with ZO•pM = 0 are convected directly toward 
Earth and experience the greatest. amount of distortion in the 
magnetosheath. The gasdynamic models predict that these 
field lines trace to points directly adjacent to the magneto- 
pause. Field lines with larger values of IZo[p•l experience 
less distor•tion, do not penetrate as deeply, and ultimately 
slip up over the top of the magnetopause or below it. 

3. Points in the YO•PM < 0 hemisphere are more favor- 
ably connected to the inner magnetosheath than points in the 
opposite hemisphere. In the GSE system, the dawn hemi- 
sphere (YosE < 0) is normally better connected than the 
dusk hemisphere, where many field lines may not even 
intersect the shock. However, when the field departs sub- 
stantially from the Parker spiral direction, this asymmetry 
may reverse, and the dusk hemisphere may be better con- 
nected. As a result of the requirement that the azimuth of the 
interplanetary field lie in the second or fourth quadrant of the 
XO•pM-YO•PM plane, the ambiguity as to which hemisphere is 
better connected does not exist in the GIPM system. Thus, 
under certain conditions, a spacecraft located in the dusk 
hemisphere may transform to the YO•PM < 0 (more favorably 
connected) hemisphere. Conversely, a spacecraft located in 
the dawn hemisphere may transform to the YO•PM > 0 (less 
favorably connected) hemisphere, as illustrated by Figure 
4C. 

DEPENDENCE OF BURSTS UPON GIPM 
COORDINATES 

In Figure 5 the tendency of bursts to occur at small values 
of IZoiPMI, corresponding to field lines that probe deeply into 
the magnetosheath, is demonstrated. Figure 5a shows the 
ZOU, M coordinate and azimuth (measured from the +XoiPU 
axis in the XO•pM-YOIPM plane) of the spacecraft at 2-hour 
intervals for samples in the upstream data set. The trajectory 
trace is not smooth because the interplanetary field, and 
hence the GIPM coordinate, can vary significantly in the 
course of 2 hours. Figure 5b shows the locations at which 
bursts of intensity ->1 (cm 2 s sr) -• were observed. The 
circular structure near the center represents a series of 
bursts which occurred over a period of several hours. 
Variations in the orientation of the interplanetary magnetic 
field during this period caused the bursts to be distributed in 
a circular pattern centered on the X axis (see Figure 4d). 

ZGS E ZGS E Z GSE Z GI PM 

b'"• 

o) a= 15 ø b) a=-30 ø c) a=-120 ø d) GIPM System 
Fig. 4. The first 3 panels show a spacecraft (S/C) at a fixed position in the YGsE-ZGsE plane for various orientations 

of the interplanetary field. The X component of the field is taken to be negative. The angle a is the rotation angle from 
GSE to GIPM coordinates. Figure 4d shows the same 3 field/spacecraft configurations (Figures 4a, 4b, 4c) as they 
appear in the GIPM system. 
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Although points within ---30 Re of ZO•pM = 0 are approxi- 
mately uniformly represented in the upstream data set, as 
Figure $a demonstrates, the bursts are mostly confined to a 
smaller region, as Figure $b shows. Because points with 
YO•PM > 0 often do not connect with the shock, few bursts 
are observed in the YO•PM > 0 hemisphere, a dependence 
that is also evident in GSE coordinates (Figure 3). An 
additional dependence upon field geometry, which is not 
revealed in GSE coordinates, is the tendency for bursts to 
occur at IZGIPMI <• 15 RE. This dependence, which is more 
restrictive than simple connection of the field line to the 
shock, suggests that the source of >200 keV upstream 
electrons lies in the inner magnetosheath or possibly the 
magnetosphere. ß 

The dependence of bursts upon field geometry is exhibited 
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Fig. 5. GIPM plots of (a) spacecraft position at 2-hour intervals 
for the upstream data set, (b) positions at which burst intensities -> 1 
(cm 2 s sr) -• were observed, and (c) probability of observing a burst of 
intensity >0.32 (cm 2 s sr) -•' 

mor• quantitatively in Figure 5c, which shows via a gray 
scale the probability, as a function of position, of observing a 
burst of intensity >0.32 (cm 2 s sr)-i. To obtain this plot, the 
GIPM coordinate system was divided into bins of size 6 ø x 4 
Re, and the number of bursts in each bin was divided by the 
total number of observations in the bin, yielding the proba- 
bility of observing a burst. For improved statistics, a lower 
burst threshold was used than in Figure 5b, and only the 
absolute value of ZOIPM was considered. The probability 
attains a maximum value of 17% in the bin extending from 
-96 ø to -90 ø azimuth and from ]ZGIPM] = 0 to 4 R E and 
decreases fairly smoothly away from this peak. The peak 
probability of 17%, though well above the overall upstream 
value of 2%, is somewhat smaller than might be expected if 
the field lines in this region trace directly to the magneto- 
pause electron layer, where intensity levels >0.32 (cm 2 s 
sr)-1 are almost continuously observed. Two reasons may be 
cited for this. First, use of the GIPM coordinate system to 
trace field lines is valid only insofar as the local field 
measured at IMP 8 is representative of the global field 
between the spacecraft and Earth. Fluctuations of the inter- 
planetary field on a scale of <•30 Re will disperse the bursts 
over a wider area and decrease the peak probability of 
observing a burst. Second, electrons that propagate from the 
magnetosheath into the upstream region experience a reduc- 
tion of spin-averaged intensity by a factor of-10 at the 
shock, as will be shown in the next section. Thus, most 
bursts with intensities <•3 (cm 2 s sr) -1 in the magnetosheath 
will fall below the burst threshold of 0.32 (cm 2 s sr) -1 after 
propagating across the shock. 

Assuming a Parker spiral geometry (field azimuth of -45 ø 
or + 135ø), and noting that the observations were made at a 
radial distance ---35 Re, the point of maximum probability in 
Figure $c connects to the shock at about XaIPM -- --8.1 Re, 
Ya•PM = --28.6 Re. Thus the greatest flow of particles across 
the shock apparently occurs somewhat tailward of Earth. 

The intensity of >200 keV upstream electrons does not 
depend strongly upon distance from the shock. This can be 
seen to some extent in Figure $c. For the average shock 
position and the average spacecraft radial distance, the peak 
probability near -90 ø corresponds to a distance about 8 Re 
from the shock. Points at more negative values of azimuth 
are closer to the shock on average, yet the probability of 
observing a burst is less. Evidently the dependence of bursts 
upon distance from the shock is minor compared to the 
azimuthal dependence over this radial and azimuthal range. 
The possibility of a distance dependence was investigated in 
more detail by examining data acquired near the Xa•pM- 
YO•PM plane separately for different radial and azimuthal 
ranges. The data show the region of highest burst occurrence 
to be a band, approximately aligned with the Parker spiral 
direction, which intersects the shock around the point of 
maximum flow mentioned above. No evidence of a strong 
dependence of bursts upon distance is evident over the radial 
range 23 to 46 Re. This result is not unexpected, since the 
highly anisotropic angular distributions exhibited by up- 
stream electrons suggest that they propagate almost scatter- 
free, and intensity does not depend upon distance in scatter- 
free transport. 

Evidence that upstream bursts are related to the magneto- 
pause electron layer is provided by a comparison of the total 
net flux of particles away from Earth in the upstream region 
with the total net tailward flux observed in the layer. Figure 
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Fig. 6. Spacecraft trajectory for the 12-hour period before (top) 
and after (bottom) the dawn shock crossing. Tick marks show 10 Re 
intervals. For the ecliptic plane projection, the nominal shock and 
magnetopause are shown, and spacecraft positions have been rotat- 
e 0 into the ecliptic planeii.e., YOSE' ---- --(YGsE 2 + ZGSE2) 1/2' In the 
YOsE-ZosE plane, representative cross sections (corresponding to 
XosE - -13 Re) of the nominal bow shock and magnetopause are 
shown. However, actual shock crossings occurred over a range of 
XGSE ß 

5c shows that the orbit of IMP 8 intercepts most of the 
upstream flow, since the peak probability lies well within the 
upstream region accessible to IMP 8. Figure 5c also suggests 
that the upstream data set is large enough to yield a 
representative average of this temporally variable flow, 
because, if temporal variations were the dominating factor, a 
well-defined spatial region in which bursts preferentially 
occur would not have appeared. To perform the calculation 
of average total net flux, the coordinate grid in Figure 5c was 
assumed to represent the surface of a cylinder of radius 35 
Re centered on Earth and perpendicular to the XGIPM-YGIPM 
plane. For a given burst, the component of net flux normal to 
the surface of the cylinder is 4•(•/3) cos •/, where j is the 
spin-averaged directional intensity, • is the anisotropy, and •/ 
is the angle between the streaming direction and the outward 
normal of the cylinder. If angular brackets denote averaging 
over all bursts of intensity >0.32 (cm 2 s sr) -• within the ith 
bin, then the total net flow Q of electrons away from Earth is 

Q = % <4½rj(½/3) cos •>iPiAi (9) 

where Pi is the probability of observing a burst of intensity 
->0.32 (cm 2 s st) -1 in the ith bin, and Ai is the area 
encompassed by the bin (--•30 Re 2, taking into account that 
negative as well as positive ZGiPM values are included within 
each bin). The summation is over all bins in the upstream 
region. The result of this calculation is that on average -2.7 
X 10 20 electrons per second stream away from Earth in the 
upstream region. For a spectral index of 3.2 (see below), the 
average energy of these >200 keV electrons is (E) = 370 
keV. Hence, the total energy transported sunward by these 
particles is --• 1.6 x 10 TM ergs/s on average. Based on a study 

of 101 crossings of the magnetopause electron layer adjacent 
to the distant magnetopause, Baker and Stone [1977b] con- 
cluded that the total energy transported tailward by >200 
keV electrons in the layer ranges from --• 10 TM to -'• 1015 ergs/s. 
Although Baker and Stone [1977b; see also Stone et al., 
1978] also suggested that this flow could be extrapolated 
downward in energy to ---1 keV, yielding a total flow -1018 
ergs/s, the comparison of energy flows made here is based 
only upon the flow of >200 keV electrons in the layer, which 
Baker and Stone observed directly. 

Additional evidence for a relationship between upstream 
electrons and layer electrons is provided by a comparison of 
energy spectral indices in the two regions. Under the as- 
sumption that the differential intensity J obeys a power law 
(j o• E-•, where E is energy), the spectral index 3• can be 
determined from a comparison of average count rates in the 
>200 keV and the > 1 MeV energy channels. For upstream 
bursts, the average value of 3• was found to be 3.2, identical 
to the average value of 3• obtained for bursts in the magneto- 
pause electron layer [Baker and Stone, 1978]. 

Based upon the equality of spectral indices for layer and 
upstream electrons, upon the similarity of the total layer and 
the total upstream flow of >200 keV electrons, and upon the 
dependence of upstream bursts on field geometry, it is 
concluded that energetic electron bursts in the upstream 
region occur on the sunward extension of the field lines 
adjacent to the magnetopause which thread the magneto- 
pause electron layer and that the upstream bursts are sup- 
plied by the same source that supplies the layer. 

TRANSPORT OF ELECTRONS THROUGH THE 

MAGNETOSHEATH AND ACROSS 

THE BOW SHOCK 

As a consequence of the interpretation that energetic 
upstream electrons originate in the inner magnetosheath, it 
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tron intensity, anisotropy, and streaming direction in the outer 
magnetosheath (3-hour interval before shock crossing). Format is 
the same as in Figure 2. 
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should be possible to observe these electrons streaming 
toward the shock in the outer magnetosheath. In a previous 
report [Bieber and Stone, 1979] electron data for a single 
traversal of the magnetosheath were presented which 
showed that the streaming direction shifts from tailward in 
the magnetopause electron layer to dawnward in the outer 
magnetosheath and finally to sunward in the upstream 
region. With the aid of the shock data set described above, 
this result will now be shown to be characteristic of the 

nearly 4 years of IMP 8 data used in this study. It will be 
demonstrated that >200 keV electrons in the outer magneto- 
sheath generally stream toward the shock and, furthermore, 
that the average net flow toward the shock equals almost 
exactly the net flow away from the shock observed in the 
upstream region. 

Figure 6 shows segments of the IMP 8 trajectory on 44 
orbits for the 12-hour interval before crossing the dawn 
shock (upper graphs) and the 12-hour interval after crossing 
the dawn shock (lower graphs). For the plots on the left, the 
spacecraft position has been rotated into the ecliptic plane. 
The average shock and magnetopause are also shown, 
though the actual shock crossing was determined separately 
on each orbit from the magnetic field data. These plots show 
that the shock data set consists predominantly of data 
collected tailward of Earth (XGsE '• --5 to --20 Re) over a 
wide range of displacements from the ecliptic plane (ZGsE •' 
--25 to +25 Re). Typically, the shock is crossed at about 
XosE •' -13 Re, somewhat tailward of the point of maxi- 
mum electron flow (-•--8 Re) noted in connection with 
Figure 5. Bursts in the outer dusk magnetosheath will not be 
considered here, because they are observed far less fre- 
quently than bursts on the dawn side. 

The properties of >200 keV electron bursts in the outer 
magnetosheath are summarized in Figure 7, which presents 
frequency of occurrence histograms of intensity, anisotropy, 
and streaming direction for only the 3-hour interval before 
the shock crossing. As in Figure 2, the anisotropy and 
direction histograms include only samples of intensity >- 1 
(cm 2 s sr)-1 for which the field lay within 30 ø of the ecliptic 
plane. Comparison of Figure 7 and Figure 2 shows that 
bursts of a given intensity are seen -•-10 times more frequent- 
ly in the outer magnetosheath than upstream. Intensity 
levels >-0.32 (cm 2 s sr) -1 are seen 17% of the time in the 
outer magnetosheath, as compared with 2.3% of the time 
upstream. The anisotropy in the outer magnetosheath tends 
to be much less than upstream, the majority of samples 
having 0.1 < • < 0.4. Most samples have a streaming 
direction between -180 ø and 0 ø. This broad distribution 

centered on -90 ø (dawnward) is consistent with a source in 
the inner magnetosheath. Caution should be used in inter- 
preting these anisotropy data, because small values of an- 
isotropy can be generated by statistical fluctuations in the 
sectored count rates. For example, at an intensity level of 3 
(cm 2 s sr) -1, corresponding to -•-88 total counts, there is a 
47% probability that an isotropic distribution will yield an 
anisotropy • > 0.2 due to statistics [Marshall, 1977]. Howev- 
er, even though the streaming direction derived for an 
individual sample is rather uncertain, the distribution of 
streaming directions exhibited in Figure 7 indicates that 
there is a statistically significant average flow direction. 

To characterize the average transport of >200 keV elec- 
trons across the bow shock, the data acquired during the 12- 
hour periods before and after the shock crossing were 

subdivided into 3-hour bins, and the counts contributed by 
the individual samples within each bin were combined by 
sector. To minimize the effect of the isotropic background 
(mostly Jovian electrons), which has an intensity level •0.1 
(cm 2 s sr) -1, only samples with intensity >-0.32 (cm 2 s sr) -1 
were included in this averaging procedure. The resulting 
average angular distributions and corresponding streaming 
directions, plotted in Figure 8 at the average position repre- 
sented by the samples in each 3-hour bin, demonstrate 
clearly that >200 keV electrons in the outer magnetosheath 
stream toward the bow shock on average. The magnitude of 
the anisotropy just inside the shock is s • = 0.063 -+ 0.003. 
Although this is small, it is 20 standard deviations removed 
from zero. At the innermost portion of the magnetosheath 
shown in Figure 8, the streaming is predominantly tailward 
with a small dawnward component. This is similar to the 
streaming direction observed in the dawn magnetopause 
electron layer [Baker and Stone, 1978], which results from 
the draping of magnetic field lines over the magnetosphere. 
As the bow shock is approached, the streaming vector 
gradually shifts to the dawnward direction, then becomes 
sunward along the general Parker spiral direction in the 
upstream region. This shift of streaming direction through 
the magnetosheath and across the shock is qualitatively 
similar to the shift of the magnetic field azimuth in these 
regions that is predicted by gasdynamic theory [Alksne, 
1967]. 

The streaming data presented in Figure 8 support the 
interpretation that the source of upstream electrons lies in 
the inner magnetosheath or the magnetosphere. An addition- 
al implication of this interpretation is that the net flow of 
electrons toward the shock in the magnetosheath should 
equal the observed net flow away from the shock in the 
upstream region. The net flow F of particles along the field 
line is F = 4•/3. However, because the field changes 
direction at the shock, it is the component of F along the 
shock normal which should be continuous across the shock. 

Thus, if the shock is not a source for these electrons, then 
the quantity F cos ,/ where ,/ is the angle between the 
streaming direction and the shock normal, should be the 
same in the magnetosheath as it is upstream. 

Figure 9 presents graphs of average intensity, anisotropy, 
and net flux normal to the shock for each of the 3-hour bins 

described above. The plotted intensity represents an average 
over bursts of intensity >-0.32 (cm 2 s sr) -1 multiplied by the 
probability of observing such a burst. For the purpose of 
calculating the net normal flux F cos ,/, the angle ,/was taken 
to be qOs - qon, where qOs is the azimuth of the observed 
streaming direction, and where the azimuth of the shock 
normal qon was taken to be 300 ø, a value appropriate for the 
ecliptic plane at Xasw = -13 Re according to the 'unnorma- 
lized' shock of Formisano [1979b]. According to Figure 9, 
the average anisotropy in the outer magnetosheath is --•0.06, 
which is somewhat lower than the results of Figure 7 would 
suggest. In large part, this is because the measured anisotro- 
pies of individual samples are exaggerated by statistical 
effects, as noted above. These effects are negligible for the 
angular distributions of Figure 8 and anisotropies of Figure 
9, which are based on >•100,000 counts each. A second 
reason is that the anisotropy of Figure 9 corresponds to a 
vector average of the flux contributed by the individual 
samples. Because the individual samples have a wide distri- 
bution in streaming direction, as indicated in Figure 7, this 
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Fig. 8. Average angular distributions of >200 keV electrons in 
the vicinity of the dawn shock during the period 1973 day 303 to 1977 
day 184. The streaming direction corresponding to each angular 
distribution is indicated by a line originating at the center of the 
distribution. Spacecraft positions have been rotated into the ecliptic 
plane (YGsE' is defined as in Figure 6). 

vector average is significantly lower than the average of the 
magnitudes of the anisotropies. However, since flux is a 
vector quantity, a vector average is appropriate for deter- 
mining the average net flux in a given direction. 

Figure 9 shows that the average electron intensity and 
anisotropy both change abruptly at the shock. Relative to the 
corresponding magnetosheath values, the upstream intensity 
is reduced by a factor of ---10 and the upstream anisotropy is 
enhanced by a similar factor. The sudden drop in intensity 
may be simply explained in terms of the sudden change in 
magnetic field magnitude at the shock. To show this, it will 
be assumed that pitch angle scattering in the upstream region 
is negligible and that the change in field at the shock is 
gradual enough that sin 20/B is conserved, where 0 is pitch 
angle and B is field magnitude. If the magnetosheath particle 
distribution is approximated by an isotropic phase space 
density fo, then, according to Liouville's theorem, the up- 
stream distribution is' 

f(/.0 = fo /.t > (1 - •)1/2 
f(/.0 = 0 /.t < (1 - /3)1/2 (10) 

where /x = cos 0 and/3 is the ratio of the upstream field 
magnitude to the magnetosheath field magnitude. For a 
typical value /3 = 0.5, this implies that particles in the 
upstream region are restricted to pitch angles <45 ø . Al- 
though the upstream angular distributions shown in Figure 8 
do exhibit a high degree of cotlimation, particles are ob- 
served at all pitch angles. Evidently the assumptions of 
scatter-free transport in the upstream region and conserva- 
tion of sin 20/B at the shock are useful approximations, but 
are not valid exactly. The ratio of upstream intensity Ju to 
magnetosheath intensity Js implied by this calculation is 

ju •-t•) • fo d/a /3)•/2 • -(• - 
- = = (11) 

fo dv 

For/3 = 0.5, this ratio is 0.15 which is fairly close to the 

observed value 0.1. The small remaining discrepancy might 
be caused by tilting of the magnetic field out of the ecliptic 
plane. Such tilting would cause the detector, which scans the 
ecliptic plane, to miss a portion of the collimated upstream 
distribution, thus reducing the observed upstream intensity. 
The observed magnetosheath intensity, on the other hand, 
would be little affected by field tilting, since the magneto- 
sheath distribution is nearly isotropic. The calculation given 
above is similar to one given by Palmer [1981], except that 
Palmer considered the case where transport is scatter-free in 
the magnetosheath as well as in the upstream region, an 
assumption not justified by the nearly isotropic magneto- 
sheath angular distributions shown in Figure 8. 

The major point to note in Figure 9 is that although the 
intensity and anisotropy both change sharply at the shock, 
these two changes counterbalance in such a way that the net 
flux normal to the shock F cos ,/is very nearly the same in 
the magnetosheath and upstream. For the 3-hour bin just 
inside the magnetosheath, the net normal flux is 0.17 (cm 2 
s) -1, and for the 3-hour bin just outside the shock it is 0.15 
(cm 2 s) -1. This net flux remains fairly constant as the 
spacecraft progresses farther into the upstream region. 
There is no evidence of an enhanced flux contributed by the 
shock. Although the magnetosheath bins from -9 to -6 
hours and from -6 to -3 hours also have normal fluxes 

which are similar to the fluxes observed in the bins immedi- 

ately adjacent to the shock, this agreement may be fortu- 
itous. These more inward bins probably correspond to field 
lines that cross the shock some distance tailward, and the 
lo•ally observed streaming direction may not reflect the 
streaming direction at the point these particles cross the 
shock. In fact, for the innermost bin the formally computed 
net normal flux is negative and for that reason is not plotted. 

The close agreement of net fluxes on either side of the 
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shock is much stronger evidence for a magnetosheath source 
than is the simple fact that the intensity is higher in the 
magnetosheath. Although a higher intensity observed in 
some region suggests that the region may be nearer the 
source, it is only through a calculation of the net flux that the 
source location can be definitely established. For example, 
if, in the calculation above, the intensity in the magneto- 
sheath had been only twice the upstream intensity, then, as a 
result of the much larger anisotropies seen upstream, the 
upstream flux would have been substantially larger than the 
magnetosheath flux. It would then have been necessary to 
conclude that the shock is a major source of these particles, 
even though a greater intensity is observed in the magneto- 
sheath. The observation that the net fluxes in the magneto- 
sheath and upstream are, in fact, equal demonstrates conclu- 
sively that it is the magnetosheath population of energetic 
electrons that supplies the upstream bursts. 

MEAN FREE PATH OF >200 KEV ELECTRONS 

IN THE OUTER MAGNETOSHEATH 

The nearly isotropic angular distributions observed in the 
outer magnetosheath differ markedly from the collimated 
ones observed upstream, as illustrated in Figure 8. This 
suggests that pitch angle scattering of >200 keV electrons is 
far more intense in the magnetosheath than upstream. The 
leaky box model of energetic particle transport, which 
describes particle transport in a region of intense scattering 
bounded by a region of little or no scattering, may thus apply 
to energetic electrons in Earth's magnetosheath. In this 
model the flux F supplied by sources within a box (the 
magnetosheath) of length scale L is balanced by the free 
escape of particles across a boundary (the bow shock) on a 
time scale •. The equation that describes this equilibrium is 

On F n 
- = 0 (12) 

Ot L 

where n is density and t is time. Noting that F = n W•/3, 
where W is the particle velocity, this implies that r = 3L/W•. 
The velocity of a 200 keV electron is ---0.7c, and, from 
Figure 9, the anisotropy in the outer magnetosheath is 
0.06. Taking L --- 10 Rœ for the length scale of the magneto- 
sheath, the escape time of >200 keV electrons is •-• 15 s. 
The parallel diffusion coefficient implied by this escape time 
and length scale is K• = L2/,--• 2.7 x 1018 cm 2 s -1, which 
corresponds to a mean free path h = 3Kñ/W --• 0.6 Re. This 
value agrees well with the average mean free path of 1 Re 
obtained independently by Palmer [1981], who utilized the 
same data set but a different analytical approach, and who 
concluded that this value is consistent with the mean free 

path predicted by quasilinear scattering theory from ob- 
served magnetosheath magnetic fluctuation spectra. Addi- 
tional implications of the leaky box model are that an 
electron is scattered -•300 times in the course of traversing 
the magnetosheath, and that a diffusive gradient -• 10%/Rœ is 
required to drive the observed flow. 

DISCUSSION 

The >200 keV electrons studied in this report are unrelat- 
ed to the 1.5 to > 16 keV electrons studied by Anderson et al. 
[1979]. These lower energy electrons are observed in thin 

sheets just downstream of interplanetary field lines that are 
tangent to the bow shock, and are believed to be solar wind 
electrons accelerated by an interaction with the bow shock. 
The dependence of these shock-associated electrons upon 
field geometry differs radically from the dependence of the 
>200 keV electrons, which flow across the shock near the 
dawn meridian and emerge onto interplanetary field lines 
that normally intersect the shock at an angle around 90 ø . 
Considerable evidence has been presented here to show that 
the >200 keV electrons are not shock-associated, but rather 
that they originate downstream of the shock and are proba- 
bly related to the magnetopause electron layer. 

The existence of two distinct sources complicates the 
interpretation of upstream energetic electron data. The re- 
sults presented here show that >200 keV shock-accelerated 
electrons, if they exist at all, are very small in number 
compared to >200 keV electrons that originate downstream, 
although Anderson et al. [1979] suggest that shock-acceler- 
ated electrons do extend to -• 100 keV. At lower energies, the 
relative contribution of the two sources is difficult to assess 

on the basis of published information. A downward extrapo- 
lation of the >200 keV intensity suggests that typical intensi- 
ties of electrons originating downstream of the shock should 
be well above the threshold of the detectors utilized by 
Anderson et al. However, these detectors are oriented 
perpendicular to the ecliptic plane, and hence might selec- 
tively exclude collimated, field-aligned fluxes of the type 
reported here even if such fluxes do extend downward in 
energy to -•10 keV. In earlier work, Anderson [1968, 1969] 
studied >40 keV upstream electrons and concluded that they 
were shock-associated. A downward extrapolation of the 
energy spectrum of upstream >200 keV electrons suggests 
that the integral intensity at 40 keV would be in the range of 
10 to 3000 (cm 2 s st) -1. This is very similar to the range of 
upstream burst intensities observed by Anderson at 40 keV. 
Furthermore, Anderson [1969] computed an integral power 
law exponent of 1.8 for 22 to 45 keV electrons, correspond- 
ing to a differential power law exponent of 2.8. This is close 
to the value 3.2 obtained for the higher energy electrons 
studied here. It thus seems possible that some of the 
upstream bursts observed by Anderson were the low energy 
extension of the electrons studied here, which originate 
downstream of the shock. A definitive conclusion concern- 

ing the relative contribution of the two sources of upstream 
electrons as a function of energy must await further study. 

o 

SUMMARY AND CONCLUSIONS 

This report has described in detail the properties of >200 
keV electron bursts upstream of the bow shock and in the 
outer magnetosheath. In the upstream region, the bursts 
have intensifies ranging from near the background level -•0.1 
(cm 2 s sr) -1 up to ---100 (cm 2 s sr) -1. Intensity levels >0.32 
(cm 2 s sr) -1 are observed about 2% of the time. Individual 
bursts typically last less than 5 min. The electrons stream 
intensely (•-• 0.5 to 1.5) in the sunward direction along the 
interplanetary field line and are characterized by an energy 
spectral index 7 '• 3.2. Bursts in the outer magnetosheath 
have time scales and spectral indices similar to those ob- 
served upstream, but they are typically --•10 times more 
intense and much less anisotropic (• •< 0.4). Their streaming 
direction shifts from predominanfiy tailward to predominant- 
ly dawnward as the bow shock is approached, consistent 
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with the flow direction observed upstream when the distor- 
tion of the field in the magnetosheath is taken into account. 
The mean free path of >200 keV electrons in the outer 
magnetosheath, determined by treating the magnetosheath 
as a leaky box with the bow shock serving as a free escape 
boundary, is --•0.6 Re. 

A principal conclusion of this report is that the upstream 
energetic electrons are closely related to those in the perma- 
nent layer of energetic electrons adjacent to the magneto- 
pause. Upstream bursts are far more sporadic and infrequent 
than bursts in the layer, but this is principally due to the fact 
that for most interplanetary field configurations, a spacecraft 
in the upstream region is not favorably connected to the 
inner magnetosheath along the field line, an effect than can 
be quantified with the aid of the GIPM coordinate system. 
Upstream bursts are most frequently observed at YGIPM < 0 
on field lines with small values of IZGIPMI. These field lines 
probe deeply into the magnetosheath and are most probably 
the sunward extension of the field lines threading the magne- 
topause electron layer. 

Quantitative support for these conclusions was obtained 
with the aid of average values of net flux obtained from 
nearly 4 years of data. In the outer magnetosheath the 
component of net flux normal to the bow shock is directed 
toward the shock and is nearly equal in magnitude to the net 
normal flux away from the shock in the adjacent upstream 
region. In addition, the total number of >200 keV electrons 
streaming away from Earth in the upstream region accessible 
to IMP 8 is --•2.7 x 102ø/s, which corresponds to a total 
average energy flow --• 1.6 x 10 TM ergs/s. This figure is typical 
of the total energy transported tailward by >200 keV elec- 
trons in the magnetopause electron layer [Baker and Stone, 
1977b]. 
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