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The Pioneer 8 space probe encountered the extension of the earth's magnetic tail in 
January of 1968, at downstream distances of 500-800 R•. During this period the VLF electric 
field experiment sporadically detected some characteristic changes in the plasma wave noise 
spectrum that appeared in close association with tail-like positive ion energy spectra. In this 
report, we correlate the Pioneer 8 wave and particle observations in detail and show that 
during the extended tail crossings the average broadband wave levels were reduced. Enhanced 
400-Hz activity was frequently detected near the tail boundaries, however, and the observa- 
tions suggest that tail breakup and field-line reconnection phenomena begin to be important 
within 500 Rr. 

•NTRODUCTION 

The geomagnetic tail contains one of the few 
natural plasma configurations that allows the 
stability of a current pinch or neutral sheet to 
be investigated directly over long time periods. 
A number of spacecraft have carried instru- 
mentation to measure tail-associated phenomena 
out to lunar orbit; only the two probes Pion- 
eers 7 and 8, however, have directly traversed 
the geomagnetic tail and wake regions at down- 
stream distances of 500-1000 Rr. In September 
of 1966, Pioneer 7 passed through the antici- 
pated tail region with Xs• • --800 to --1050 
R•, and Zs• _• 25 to 29 R• (the SE subscripts 
refer to solar ecliptic coordinates). During this 
period the ARC electrostatic analyzer inter- 
mittently detected very disturbed positive ion 
spectra, with occasional flux d. ecreases down to 
the level of instrument sensitivity [Wolfe et al., 
1967]. The plasma probe experimenters de- 
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scribed this region as a geomagnetospheric wake, 
and Ness et al. [1967] demonstrated that many 
magnetic features could be related to multiple 
encounters with the distant geomagnetic tail. 

The Pioneer 8 probe, launched on December 
13, 1967, had a trajectory specifically designed 
to pass through the expected tail region at a 
smaller downstream distance, and on January 
23, 1968, the spacecraft solar ecliptic coordi- 
nates were Xs• -- --525 R•, and Zsr -- 10.5 R•, 
with a probe-sun-earth angle of 5.5 ø. The 5.5 ø 
deviation from the anti-solar direction is ap- 
proximately equal to the value expected for tail 
aberration with a wind speed near 400 km/sec, 
and thus Pioneer 8 was in a good position to 
observe tail or wake effects for a considerable 

time interval centered about January 22-23, 
1968. 

The Pioneer 8 plasma probe again found that 
intervals of quiescent plasma ion energy spectra 
were interrupted by periods wit.h abrupt changes 
in the magnitude and shaPe:of the Spectra, or 
by periods with complete absence of measurable 
plasma [Intriligatoret al., 1969]. The Pioneer 8 
magnetometer observations suggested detection 
of tail characteristics similar to those observed 
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on Pioneer 7, but for a higher percentage of the 
time [Mariani and Ness, 1969]. In this note we 
extend the discussion of the Pioneer 8 tail 

crossing by reporting on the VLF plasma wave 
observations made with the electric field experi- 
ment on the spacecraft. 

It is natural to be concerned with the excita- 

tion of waves in this region for a number of 
reasons. The ARC observations reveal that the 

plasma spectra are frequently non-Maxwellian 
and that the bulk parameters are highly non- 
uniform; these characteristics imply that some 
wave-particle interactions or plasma instabili- 
ties are operative. If reconnection and field 
annihilation phenomena occur in the distant 
tail, then wave excitation also provides a natural 
dissipation mechanism [e.g., Ax/ord, 1967; 
Dungey, 1969; Du•gey and Speiser, 1969]. 
Ideally, wave measurements should be available 
over a broad frequency range, because there are 
many conceptual possibilities for wave-particle 
interactions, and a complete assessment of the 
dynamical situation requires observations of all 
oscillation modes. However, the Pioneer 8 elec- 
tric field experiment described by Scar/et al. 
[1968] is quite rudimentary, and in the tail 
region only the qualitative broadband channel 
and the 400-Itz bandpass channel have physi- 
cally significant response. 

In the following sections we discuss some 
aspects of the VLF electric field observations for 
the period extending from January 1 through 
February 15, 1968, and we compare wave data 
with plasma and magnetic field observations. 
The emphasis here is on the tail crossings; in a 
forthcoming paper [Siscoe et al., 1970a] evi- 
dence suggesting that a geomagnetic wake ex- 
tends to (500-700) R• downstream is separately 
discussed. 

The basic results described here can be sum- 

marized as follows. (a) There are many intervals 
in the downstream region where the electric 
field wave spectrum differs markedly from the 
conventional interplanetary forms. (b) An 
identification of tail-affected intervals based on 

the occurrence of changes in the plasma energy 
spectrum is generally consistent with an identi- 
fication based on variations in the wave spec- 
trum. (c) Enhanced 400-Itz wave activity is 
frequently detected near the boundaries where 
rapid changes in magnetic field magnitude and 
direction are also found. These sporadic events 

sometimes resemble the OGO 5 wave-field in- 

teractions found near X-type nulls [Scarf et al., 
1969], and we conjecture that field line merging 
occurs at 500-800 R,•, with the VLF electric field 
oscillations leading to significant dissipation. 

BROADBAND E FIELD CttARACTERISTICS 

The sixteen Pioneer 8 broadband channels 

provide a pulse-height analysis of the compos!te 
waveform that includes the ambient signal and 
local noise. The overall frequency sensitivity 
range extends from 100 Hz to 100 kHz, but, for 
sufficiently weak external signals with 0.1 • 
f • 1-5 kHz, the response is relatively inde- 
pendent of ambient frequency, as is shown in 
Figure 4 of Scarf et al. [1968]. If the spectra] 
form remains constant, the broadband output 
then gives a qualitative measure of the external 
signal amplitude. As in the past, we assume 
that the spectrum has this shape, and here we 
display the response to an equiva!ent 100-Itz 
sine wave. At the 512-bits/sec telemetry rate 
used in January and February of 1968, the 
broadband scan cycle was repeated every 7.46 
min. 

It is useful to group the broadband readings 
in hourly sequences and to plot the maximum 
and minimum values in each group. Broadband 
data for the period December 15, 1967, through 
May 5, 1968, were displayed in this format in 
a recent review by Scarf [1969], and a com- 
prehensive discussion of the Pioneer 8 inter- 
planetary results, covering 10 solar rotations, is 
now in preparation. In this report, concerned 
with the distant geomagnetic tail, we first focus 
attention on the time interval extending from 
January 9 through February 1, 1968. 

Figure 1 shows the hourly maximum-minimum 
values for the broadband response, with hourly 
data samples for several other parameters. The 
peak velocity is the speed of a proton with 
streaming energy corresponding to the maximum 
cold beam equivalent flux; this peak velocity is 
defined by a best fit procedure involving three 
adjacent energy channels, as described by 
[ntriligator et al. [1969]. When the thermal 
energy of the wind is small compared with the 
streaming speed, the peak velocity is a good 
approximation to the true streaming speed. For 
normal solar wind conditions, the peak velocities 
will run slightly higher (by 5-10%) than the 
true wind speeds, and it is convenient to neglect 
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the thermal corrections. The magnetic field 
measurements are taken from the report by 
Mariani and Ness [1969]; here {F} and {• are 
hourly averages of the field magnitude obtained 
by different averaging methods. 

The electric field amplitudes and the magnetic 
field strength values in Figure I represent all 
of the measurements for the intervals shown, but 
the plasma probe data are displayed only for 
those points that have been judged to be 'out 
of the tail.' The criteria used to decide that a 

given spectrum is 'in the tail' can roughly be 
described as the following. (1) If a plasma 
energy spectrum resembles any of the 'basic 
disturbed spectra' described by In•riliga•or et al. 
([1969] see especially Figure 4), we call this 
tail. (2) If jmax < 10 • ions/cm • sec, we call this 
tail. (3) If the angular distribution is highly 
erratic on a time scale compared with one 
plasma probe scan period (approximately 65 
sec), we refer to this as tail. 

The criteria have been applied by one of the 
authors (D.D.M.) in a program that included 
actual examination of every positive ion spec- 
trum; all spectra for the January 12-28 period 

have been separated into in-tail and out-of-tail 
groups on the basis of the ARC plasma probe 
response. (More details of this grouping and 
of the selection procedures will appear in a 
forthcoming report on the size and orientation 
of the extended tail.) Between January 12 and 
28, all open spaces in the plasma probe data of 
Figure i represent complete hours when no 
out-of-tail spectra were obtained. In addition, 
during all hours for which a portion of the 
readings represent in-tail ion spectra, the data 
displayed here include only the out-of-tail 
points. 

Figure I shows the combined response of 
several plasma diagnostic instruments when 
various types of interplanetary events are en- 
countered. Interplanetary shock fronts generally 
produce broadband noise, and the discontinui- 
ties at 1400 on January 11 and at 1600 on 
January 26 were clearly associated with specific 
sudden commencements on the earth. Sudden 
impulses also generally appear to be related to 
the passage of discontinuities and noise bound- 
aries, and Figure I displays some of these 
events; for example, ground si's detected at 
1947 on January 16, at 1320 on January 17, 
at 0912 on January 30, and at 1211 on February 
1 can be associated with Pioneer 8 broadband 
noise bursts. Further discussion of interplane- 
tary features appears elsewhere [Scar[et al., 
1968; Scar• 1969; Siscoe et al., 1970b]; here 
we focus attention on the tail-related aspects 
of these observations. 

The plasma flux and energy spectrum cri- 
teria described above clearly lead to tail identi- 
fication for a number of lengthy periods. A 
prominent nearly continuous interval extends 
from early on January 23 to about midday 
on the 24th. Figure I also reveals that entire 
1-hour periods with no out-of-tail plasma were 
detected as early as January 15 and as late as 
January 27. Thus, this grouping of data points 
for 1-hour intervals provides enough crude reso- 
lution to indicate where the main or longest 
tail crossings were made. 

The magnetometer data show that the field 
strength generally remained fairly steady in this 
entire region, although some sizable gaps 
between •F) and •) suggest the presence of 
significant low-frequency electromagnetic noise; 
we refer to the report by Mariani and Ness [1969] 
for further discussion. 
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The VLF potential amplitude plot of Figure 
1 shows some specific changes in the broadband 
response during the most prominent of the tail 
crossings. As noted above, it is assumed here 
that a 100-Hz sine wave is continuously being 
measured, and we see that the plasma probe 
data gap from early on January 23 to the middle 
of the 24th does correspond to a distinct de- 
crease in the equivalent potential amplitude to 
5.5 mv, the system background. Many other 
decreases to this level are clearly related to 
certain plasma probe data gaps (e.g., the gap 
late on the 15th and on the 19th and 25th), 
and Figure I does suggest that there is a specific 
relationship between the encounter with tail 
plasma and the appearance of very low equiva- 
lent broadband electric fields. This hourly 
max-min format can do no more than suggest 
such a relationship, however, because for any 
hours containing both in-tail and out-of-tail 
points the broadband minimum may be low 
for the in-tail period while the plasma param- 

eters wfil be displayed for the out-of-tail period. 
To proceed with a correlation analysis it is 

necessary to go beyond unphysical 1-hour selec- 
tions and to formulate new categories that 
correspond to the plasma probe spectral char- 
acteristics. Figure 2 contains a low-resolution 
version of this regrouping, with a Pioneer 8 
trajectory plot that indicates where the obser- 
vations were made. The bottom box describes 

plasma probe data covering the lYeriod from 
January 12 through 28. For each 12-hour period 
in this interval, the gray shading indicates the 
percentage of time in which tail ion spectra 
were found. The first brief tail crossing found 
on the plasma probe data occurred near 0400 
on January 12, as the solar wind flow direction 
became irregular some 16 hours after the Jan- 
uary 11 shock was encountered (see Figure 3, 
Scar/ [1969]). Pressure changes associated with 
the si events of January 16 and 17 must un- 
doubtedly be considered when assessing the 
other early intervals of tail encounter, and the 
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Fig. 2. Distribution of tail spectra and low broadband amplitude values. Top: projection 
of the Pioneer 8 near-earth trajectory in the ecliptic plane. For a 400-km/sec solar wind the 
aberration angle is 5.5 ø, and in this case the main tail crossing would be expected on January 
23. Bottom panels: 12-hour percentage samples for occurrence of low broadband amplitudes 
and for the appearance of in-tail positive ion spectra, using the plasma probe criteria 
described in the text. 
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measurements on January 15-18 could also be 
affected by the proximity of a complex sector 
boundary [Wilcox and Colburn, 1969]. It' is 
clear from the plasma data, however, that the 
main tail passage occurred during the January 
22-26 interval, with a sharp drop in the proba- 
bility of encounter following the storm at 1600 
on January 26. It is not immediately evident 
why the distribution of tail encounter time has 
such a pronounced minimum from 1200 on the 
24th to 1200 on the 25th, but Figure 1 does 
show that the plasma characteristics were quite 
variable during this time. At any rate, the indi- 
cation that the January 22-26 period contains 
a large number of tail plasma spectra is con- 
sistent with the expectation that the extended 
geomagnetic tail should simply be aberrated 
from the antisolar direction. 

The central box in Figure 2 contains a similar 
percentage plot for the broadband electric field 
measurement, constructed by tabulating all 
samples with 5.5 _< ,•, _< 6 my. During the 
interval January 12-28 it is evident that the 
appearance of very low fields correlates. well 
with the detection of tail ion spectra, at least 
on the basis of overall duration for each 12-hour 

interval. For the electric field plot we also ex- 
tend the display to cover the period January 1 
through February 15. It can be seen that very 
few readings with .•-•(background) _< 500/•v 
were found beyond the January 12-28 period, 
and that no such low values were detected 

before January 8 or after February 9. The few 
isolated regions having low broadband values 
probably have some relation to the tail, but for 
extremely brief encounters it becomes difficult 
to determine with certainty that the positive 
ion spectra satisfy the in-tail criteria. For in- 
stance, the low noise region of February 2 was 
not clearly associated with an in-tail ion spec- 
trum, but on February 5 the encounter was of 
sufficient duration to be detectable in the plasma 
probe data. We conclude that the very low 
broadband readings are only found in the 
neighborhood of the extended geomagnetic tail, 
and that the time duration of the tail crossing 
can be determined equally well from the electric 
field detector response or from the plasma probe 
spectral analysis. 

The two distributions of Figure 2 are not 
actually identical, and this suggests the need 
for an additional correlation study conducted 
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Fig. 3. High resolution comparison of in-tail and 
out-of-tail potential amplitude distributions. 

with the highest possible temporal resolution. 
Accordingly, the distributions of Figure 3 were 
prepared by using two distinct groups of time 
sequences for the broadband samples. We in- 
cluded here only those readings taken when 
the ion spectra indicated that Pioneer 8 was 
well within or well outside of the tail, and the 
frequency of occurrence distributions contained 
in the figure are based on all appropriate observa- 
tions made between January 18 and January 25. 
This time period was chosen to avoid biases 
associated with significant storm or sudden 
impulse encounters. (The magnetometer did 
detect a distinct increase in {F) s•nd (•) on 
January 20 (see Figure 1), but it appears that 
the electric field detector and the plasma probe 
both failed to respond to this particular dis- 
turbance.) 

The results shown in Figure 3 vividly demon- 
strate that the broadband electric field char- 

acteristics within the geomagnetic tail differ 
significantly from those measured during quiet 
periods between tail crossings. Although the 
total number of data points is relatively small 
because the broadband channels are sampled at 
a low rate, it is clear that the occurrence dis- 
tributions and the cumulative percentages have 
statistically significant changes that are well 
correlated with local changes in the positive ion 
spectra (the gap in N(.•) between • = 8 and 
• -- 8.5 mv is associated with a finite digitiza- 
tion interval, and this is not a statistical anom- 
aly). Before speculating on the physical mecha- 
nism that leads to this tail-associated change in 
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the plasma wave spectrum, we will discuss the 
400-Hz channel observations. 

T•E 400-Hz OBSERVATIONS 

The 400-Hz channel has a very well-defined 
15% frequency bandwidth, and at the highest 
Pioneer bit rate the narrow band VLF potential 
amplitude is sampled once every 7 sec. Thus, 
the temporal resolution of this measurement is 
64 times greater than that available from the 
broadband sequence, and much more meaningful 
frequency information is also provided. Al- 
though these features represent definite ad- 
vantages, the 400-Hz measurement still has 
some unsatisfactory aspects. For instance, we 
recall that the Stanford radio propagation an- 
tenna is an unbalanced dipole, and thus the 
conversion from potential amplitude to electric 
field strength is difficult to determine with com- 
plete assurance. The effective length should not 
differ from a nominal 1-meter value by a gross 
amount, however, and a recent comparison of 
nearly simultaneous data from Pioneer 9 and 
OGO 5 supports this interpretation [Scarf et al., 
1970]. 

A second complication, present in all of the 
Pioneer 8 electric field measurements, has a 
more pronounced effect on the 400-Hz results 
than on the broadband data. We refer here to 

the spin modulation of the antenna response 
characteristics, described in detail by Scarf 
et al. [1968]. This modulation leads to a periodic 
finite amplitude ripple in the response, and the 
effect is most apparent when several samples 
are available on a scale time of seconds. The 

modulation is not as evident in the broadband 

data display because the points plotted are gen- 
erally obtained by combining two successive 
samples. At the highest bit rate, each broad- 
band point shown is an average of a pair of 
measurements made in a single 16-see interval, 
and 448 sec .elapse before another set of read- 
ings is taken in the same pulse height step. 
When this averaging process is combined with 
the long period between sampling in a given 
step, it is found that fine details (such as the 
modulation effect) are no longer visible. 

The narrow 60-Hz bandwidth leads to great 
sensitivity with respect to variations in the 
ambient plasma wave spectrum, and it is ap- 
propriate to plot the 400-Hz channel data in a 
logarithmic format. Accordingly, the hourly 
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maximum-minimum readings during the period 
January 18-31 for the two sets of low-fre- 
quency field data are displayed in different 
ways in Figure 4. We also show here the 
Ap values, and the percent of time plot is de- 
rived from the plasma probe spectral analysis 
by using the criteria discussed earlier. The 400- 
Hz characteristics shown in Figure 4 superficially 
appear to differ significantly from the broadband 
response curves, but it can be determined that 
a number of important features are quite sim- 
ilar. For instance, when the minimum values for 
the 400-Hz channel are compared with the 
broadband observations, it becomes clear that 
these two diagnostics have correlated responses. 
The storm noise enhancement extending from 
just before 2100 UT on January 26 to about 
1130 UT on January 27 and the one commenc- 
ing early on January 31 both appear clearly 
in the two sets of data. Similarly, many of the 
broadband noise minima (for instance, those on 
January 19, 22, 23, 24, etc.) are detected dur- 
ing hours when the 400-Hz minimum is also 
extremely low. It is obvious from Figure 4, 
however, that the 400-Hz maxima are extremely 
variable and frequently quite high during peri- 
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Fig. 4. Comparison of 400-Hz maximum and 
minimum potential amplitudes with other tail- 
crossing indicators. The 400-Hz output is sampled 
every 7 sec, and there are 64 measurements for 
each broadband data point. The large 400-Hz en- 
hancements generally represent only one or two of 
the set of 64, and the 400-Hz averages vary in a 
way that resembles the minimum value shown in 
the top panel. Mean values for part of January 
22 are collected in Table 1. 
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TABLE 1 

In-tail Out-of-tail 

Average broadband 4, mv 
Average 400 Hz 4, mv 
Minimum broadband 4, mv 
Minimum 400 Hz 4, mv 

5.82 7.32 
0.23 0.26 
5.55 6.30 
0.12 0.15 

ods when the broadband output is steady. 
Detailed analysis of these electric field obser- 

vations shows that the disparity in appearance 
of the two data collections is almost entirely 
associated with the difference in sampling rates. 
In .essentially every case, the high values shown 
for the 400-ttz maximum are derived from one 

or two isolated enhancements in the group of 
64 readings obtained while a. single broadband 
average is acquired. If we focus attention on the 
mean potential amplitude over 7.46 min, we find 
great similarity in the variations of the 64-point 
400-T-lz averages and the changes in the 2- 
point broadband values. To demonstrate this, 
we show in Table I the range of average and 
minimum values for the broadband and 400-Hz 

potential amplitudes during the period 1700- 
2200 UT, on January 22. These values are 
separately tabulated for in-tail and out-of-tail 
points, and it can be seen that the 400-Hz aver- 

age and minimum values also drop when Pioneer 
8 is within the extended geomagnetic tail. 

The 400-Hz averages generally remain fairly 
close to the minimum values, and the large en- 
hancements shown in Figure 4 are thus associa- 
ted with exceptional observations. In the 7 sec 
between 400-Hz samples, the solar wind normally 
travels some 2500-3500 km, and perhaps these 
observations of sporadic and isolated increases 
may simply be explained in terms of the scale 
sizes for the interaction regions. Because the 
events are rarely detected, we may assume 
that the disturbed regions have characteristic 
lengths small compared with 2000 km, with 
large spatial separations between isolated dis- 
turbances. 

Figure 4 crudely shows that the large 400- 
Hz values are most frequently found in regions 
where plasma probe tail spectra are also ob- 
served. There are no such sporadic enhance- 
ments on January 20, 28, 29, or 30, and accord- 
ing to the central panel, the spacecraft was not 
in the tail on these days. More detailed examina- 
tion of the data suggests that the 400-Hz E 
field enhancements are generated very near to 
plasma boundary regions or in places where the 
magnetic field gradients are high. Characteris- 
tics of the first type of boundary are illustrated 
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Fig. 5. An example of a tail boundary crossing with an intense 400-Hz enhancement. The- 
peak flux at the bottom represents the largest value regardless of angle, and the plasma data 
are shown in sequence corresponding to the time when the measurements were made. Isolated 
E field enhancements of this type were frequently observed near plasma boundaries or 
sub-boundaries represented by steep flux or velocity gradients. 
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in Figure 5. The flux versus energy spectra are 
displayed in sequence, corresponding to the time 
when the measurements were taken, and the 
'peak flux' connotation here means peak without 
regard to direction of arrival (i.e., the response 
in each of the 24 azimuth sectors and in each 

of the 3 polar-angle collectors is examined for 
a given E/Q value, and the largest individual 
flux reading is displayed). It can be seen that 
for t • 1130 UT on January 25, the individual 
peak flux values were so. low that the plasma 
was virtually undetectable, whereas for t • 
1130'30 UT streaming plasma with very low 
density and a non-Maxwellian spectrum could 
be detected. As described above, the criterion 
used to distinguish between in-tail and out-of- 
tail spectra gave a crossing near 1131 UT, but 
an actual boundary crossing near 1129'20 could 
easily be reconciled with these observations. 

In several ways, the 400-Hz response shown 
here is fairly typical of that seen near many tail 
boundary crossings. The average potential am- 
plitude before 1129 was slightly lower than the 
average value past 1130, consistent with the 
results shown in Table 1. It is also clear that 

the large 5.5-mv enhancement was singular 
and that the overall average for these 57 points 
was more than an order of magnitude below the 
isolated peak value. Finally, Figure 5 shows 
another characteristic aspect of these boundary 
crossings; the spin modulation customarily pres- 
ent in the solar wind (see Scar• et al. [1968]) 
is frequently absent near the inner edge of the 
tail boundary. This change can be related to a 
shift in spacecraft potential, perhaps associated 
with the presence of energetic electrons. 

Figure 6 shows 1-min accumulations of 400-Hz 
max-min values, for a 5-hour period that con- 
tained a large number of tail crossings. The 
magnetic field data are scaled from Figure 8 of 
Mariani and Ness [1969], and the horizontal 
lines, labeled T, are the points designated as tail 
in the GSFC report. The horizontal lines labeled 
T* near the top of the figure show where the 
plasma probe spectral analysis indicates that 
the tail is encountered. It can be seen that there 

is generally poor agreement between these des- 
ignations. A likely explanation is that the criteria 
used by the magnetometer experimenters are 
not uniquely associated with a tail configuration. 
Interplanetary magnetometers detect periods of 
low noise with relatively high field strength and 
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Fig. 6. Comparison of 1-min 400-Hz maximum 
and minimum samples (see Table 1 for averages), 
with 10-sec averages of magnetometer data (taken 
from the report by Mariani and Ness [1969]). The 
bars marked with T were designated as in-tail by 
the magnetometer experimenters, while those 
marked with T* were judged to be in the tail on 
the basis of the plasma probe spectral analysis. 
Of the fifteen separate 400-Itz enhancements with 
• • 500 t•v shown here, three (the first at 1725 
UT, the ninth at 1842 UT, and the tenth at 1915 
UT) appear to be associated with plasma probe 
sub-boundaries of the type shown in Figure 5. 
The other twelve enhancements occurred near 

steep gradients in (F), and these gradients were 
generally accompanied by field rotations. 

solar or anti-solar field orientation. In addition, 
it now appears that the field orientation can 
differ from the solar or anti-solar direction when 

the spacecraft is within the extended geomag- 
netic tail. 

The plasma probe tail observations designated 
by T* are generally well correlated with detec- 
tion of reduced minima in the 400-Hz samples, 
but, as in the comparison with broadband am- 
plitudes, there are certainly some discrepancies. 
Here again we have a disparity in sampling 
rates (eight 400-Hz readings per plasma probe 
scan), and this fact (with the E field spin mod- 
ulation) may account for much of the disagree- 
ment. Nevertheless, if we examine tail crossings 
such as the one near 1905 to 1920, it is clear 
that the plasma probe determination (T*) is in 
much better agreement with the observation of 
a reduced E field minimum than it is with any 
of the bars marked by T symbols. 
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The 400-Hz maxima of Figure 6 show many 
impulsive enhancements, and there are 15 
separate intervals with •b(max) • 500 •v. 
In 12 of these cases (all except the first at 1725, 
the ninth at 1840, and the tenth at 1915) the 
large electric field bursts are detected near 
specific magnetic features, where the field 
magnitude abruptly drops to a very low value. 
These dips in IBI also clearly define layers 
separating regions with different field orienta- 
tions. Although the magnetometer data shown 
here involve 10-sec averages that tend to smear 
out the finest details, there is still a definite 
suggestion that at least twelve of these large 
amplitude 400-Hz readings were observed near 
current sheet crossings, possibly associated with 
X-type nulls. Because the E field is sampled 
only once per 7 sec, a complete correlation 
study is not possible on Pioneer 8. In the vast 
majority of cases where data could be com- 
pared, however, we have indeed found that the 
isolated E field maxima were detected near 

large depressions in lB[ with the largest E values 
occurring near the maximum field gradients. 

Three of the fifteen isolated enhancements 

shown in Figure 6 appear to be associated with 
plasma sub-boundaries, rather than steep mag- 
netic field gradients and rotations. For instance, 
although the entire period from 1700 to about 
1845 was judged to be tail-like on the basis of 
the plasma probe data, definite structural 
changes were observable within the tail. Near 
1725 a brief burst of very low-density streaming 
plamsa [j(peak) • 2 X l0 t cm -• sec -•, u(peak) 
• 400 km/sec] was detected, and near 1840 a 
non-Maxwellian spectrum with j(peak) • 4 
X 10' cm -• sec -•, u(peak) • 800 km/sec was 
indicated, but the currents were so low that the 
readings were very near background. Similarly, 
at 1915 there was a suggestion that some flux of 
nonthermal plasma was present, but here the 
readings were so near threshold that no reliable 
velocities could be deduced. These three cases 

are apparently similar to the one shown in Fig- 
ure 5, where the isolated enhancement is as- 
sociated with a gradient in some plasma para- 
meter, rather than with a current sheet crossing. 

In summary, certain features of the 400-Hz 
channel data are clearly consistent with the 
broadband data in the extended tail region. For 
both measurements, the average and minimum 
response is characteristically lower than ambient 

in the regions where the plasma probe spectral 
analysis suggests that the tail is encountered. 
Analysis of the 400-Hz output reveals certain 
additional tail-associated features, presumably 
because much greater temporal resolution is 
available for this measurement. In particular, 
we note that isolated E field enhancements were 

frequently detected near plasma flux sub-bound- 
aries or near apparent field nulls associated with 
rotations. 

DISCUSSION 

It is difficult to identify VLF wave modes 
using only the Pioneer 8 electric field data 
because little spectral information is obtained 
from the single 400-Hz narrow band channel 
and the qualitative broadband pulseheight 
analysis. However, a number of supplementary 
arguments strongly suggest that ion sound 
waves or other density-related electrostatic 
modes are generally measured in these channels. 
Before summarizing these positive points, let us 
briefly consider the possibility that electron 
whistlers have been detected. 

For the 1700-2200 period of January 22, the 
field magnitude shown in Figure 6 ranged from 
about 2 to about 6 y, and the electron cyclotron 
frequency, fc•, therefore varied from about 56 
to 170 Hz. Any whistler mode waves would 
have f • fc• in the rest frame of the plasma, 
but because some of these waves have phase 
speeds (u) comparable with or smaller than V, 
the wind speed past the spacecraft, Doppler 
shift effects must be considered. The largest 
Doppler shift occurs for u anti-parallel to V, 
and in this case the measured wave frequency 
(f') is related to the whistler mode frequency 
(f), by 

- 1+-- (1) 
Xi• u 

Here X is defined by f -- 
For the enhancements detected near 1815- 

1845 UT on January 22, we set fo• -- 84 Hz 
((F) _• 37), V = 600 km/sec (see Figure 1), 
and f' -- 400 Hz. Then if X • 1, we must have 
u • 155 km/sec for f' to appear at 400 Hz, but 
if X is as small as 0.5, we need u _ 70 kin/sec. 
These extremely small phase speeds imply that 
the index of refraction n is very large, and this 
in turn means that the electric amplitude in the 
hypothetical whi•tler mode wave is small com- 
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pared with the magnetic component, because E 
and B are related by 
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cB 
- - 

n ' 

This point alone makes it extremely unlikely 
that whistler mode waves are represented by 
any of these observations. In the disturbed 
magnetosheath of the earth, the normal mag- 
netic noise level developed in a 15% bandwidth 
filter channel centered at 400 Hz is about I m•, 
[Scarf et al., 1968; Smith et al., 1967], and for 
u • 155 km/sec, equation 2 then predicts an 
electric magnitude of 0.15 /•v/meter. The ob- 
served 400-Hz enhancements are thus frequently 
factors of 10' greater than what might be ex- 
pected using equation 2 and normal VLF 
magnetic amplitudes. Even for the most intense 
sporadic high-frequency noise bursts detected 
in the ma.gnetosheath, the peak magnetic ampli- 
tudes of about 10 -• •, [Smith et al., 1969] would 
only lead to E(max) _• 15 /•v/meter, and this 
is still well below the peaks shown in Figure 6. 

There are other strong reasons for discarding 
the hypothetical whistler mode identification. If 
we were detecting right-hand polarized electro- 
magnetic Waves, then n •' would be given by 

2 

2 C /pc 2 
n -- --•'•' 2 u f•e X(1 -- X) (3) 

where fpe = 9 X 103 (N) •/•' Hz is the electron 
plasma frequency, and N is the density in cm -3. 
For u = 155 km/sec and n _• 2000, equation 
3 can readily be solved for X as a function of N. 
One findsX = I -- e, with ß _• 3 X 10 -3N, 
and any reasonable density (e.g., N • 1) gives 
e • I or f • f•,. For a warm plasma such as 
the solar wind, however, electron whistlers with 

(fc,- f) • f(KT/m)-•/21u (4) 
are very heavily damped, and they cannot pro- 
pagate [Stix, 1962]. Because (•T/m) TM is cer- 
tainly greater than 155 km/sec for the local 
electron distributions in the wind and extended 

tail, we can therefore ignore the whistler mode 
conjecture on this basis as well. 

Electrostatic ion modes have wave frequencies 
related to the ion plasma frequency [fp. • 
210(N) TM Hz for protons], and phase speeds are 
comparable with (•T./rn.) TM. Thus, Doppler 
shifts must again be considered when these 
modes are examined, and for N • 0.1-10 one 

might expect to detect ion sound waves in the 
broadband analysis (f_• 100 Hz) or in the 400- 
Hz channel. Because low broadband response 
and decreased 400-Hz minima are both found 

where the plasma probe indicates that Pioneer 
8 is within the tail, one might consider that the 
tail density is very low, that tail Doppler shifts 
are somehow minimized, or that both phenom- 
ena contribute to the observations. However, 
detailed examination of the data suggests that 
only the first of these possibilities is likely. 

The wake region between tail crossings con- 
tains a plasma with markedly reduced flux val- 
ues [Siscoe et al., 1970a], and it appears from 
study of the energy spectra that a major part 
of this reduction is associated with a decrease 

in density, rather than an increase in tempera- 
ture. The individual tail spectra are frequently 
so non-Maxwellian that it is not possible to 
deduce local plasma parameters for most in-tail 
periods. The plasma probe criteria summarized 
in the second section do not select spectra with 
low streaming speeds, however, and for many 
of the periods designated as tail the plasma 
velocity was comparable with that found in the 
surrounding regions. Thus, it is difficult to at- 
tribute the in-tail decrease in E field levels to a 

reduction of Doppler shifting. On the other 
hand, the in-tail criteria are generally quite 
consistent with detection of an extremely low 
plasma density. Because a change in N from 
to 0.1 cm -'•, for example, would produce a de- 
crease in f,+ from 210 to about 67 Hz, it is 
plausible to expect that a broadband channel 
measuring only waves with f _• 100 Hz could 
have a background response inside the tail, as 
suggested by the data of Figures 1, 2, and 3. 
(We do not seriously consider that the in-tail 
region is quiet for all frequencies because the 
plasma spectra are very non-Maxwellian here.) 

The general correlation between mean po- 
tential amplitude levels (broadband and 400 
Hz) and ambient solar wind density has been 
established independently by using non-tail data 
from Pioneer 8 and nearly simultaneous undis- 
turbed plasma probe observations from Explorer 
35 [Siscoe et al., 1970b]. The joint results are 
consistent with an interpretation that the aver- 
age or mean VLF electric field noise levels in 
the wind decrease with increasing frequency, 
and that the spectral width is related to 
(The OGO 5 plasma wave experiment also 
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makes electric field observations in the solar 

wind over the range 200 Hz to 70 kHz [Crook 
et al., 1969]. Very preliminary studies of low- 
level interplanetary E field spectra from OGO 5 
support the above interpretation of spectral 
shape, but at present the quiet-time analysis 
has not been carried out in detail.) 

The sporadic enhancements observed in the 
400-Hz channel indicate that different plasma 
wave spectra are encountered near steep grad- 
ients in (F), when these dips are associated with 
field rotations. Very similar phenomena have 
been observed on Pioneer 9 and on OGO 5 

[Scar[et al., 1969], especially in the magneto- 
sheath. The OGO experiment has excellent 
temporal resolution, because an E field digital 
sample is obtained every 144 msec at the 8 kbit/ 
sec telemetry rate, and analog E field waveforms 
for i kHz • • • 22 kHz are transmitted on the 
special purpose telemetry. It is useful, therefore, 
to examine OGO 5 data in the region of similar 
current sheet crossings, •nd Figure 7 shows rele- 
vant particle, field, and wave characteristics 
observed when OGO 5 was in the magneto- 
sheath on April 5, 1968. The very abrupt dips 
in field magnitude occurred at field rotational 
boundaries [Scar/ ei al., 1969]; the ion spec- 
trometer data (courtesy of Dr. G. S•harp) and 
the Langmuir probe observations (courtesy 
of Dr. K. Norman) showed that the particle 
distributions in these regions were highly vari- 
able over very short times (fractions of seconds) 
and that they were not Maxwelltan. The largest 
electric field enhancements were found near the 

steepest gradients in field strength, and the 
electrostatic levels changed by orders of magni- 
tude in very short times. 

The OGO 5 observations suggest that the 
currents producing the field nulls at rotational 
boundaries are large enough to trigger 2-stream 
instabilities that generate ion sound waves. The 
smallest scale lengths for the interaction re- 
gions are comparable to those found in the colli- 
sionless bow shock [Fredricks ei al., 1968], and 
the relationship between electrostatic wave am- 
plitude and B field gradient is also similar to 
that commonly found in the shock. 

Because the Pioneer 8 E field experiment is 
so limited, we cannot be certain that the con- 
figurations shown in Figure 6 resemble the ones 
displayed in Figure 7. However, it is tempting 
to speculate that B field dips and 400-Hz 
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Fig. 7. Characteristics of X-type nulls detected 
when OGO 5 was in the magnetosheath. The par- 
ticle data indicated that the distributions were 
non-Maxwellian and that rapid temporal varia- 
tions were occurring. The sharp dips in magnetic 
field strength were accompanied by rotations, and 
the electrostatic noise bursts had ma•mum am- 

plitudes where the field gradients were steepest. 

enhancements found on Pioneer 8 are associated 

with field line merging or reconnection in the 
extended geomagnetic tail. The skewed B field 
on the two sides of a 'null' will tend to merge ac- 
cording to Maxwell's equations, 

OB 

V 2B = /Zoa O t (5) 
where a is the conductivity in mks units. The 
merging time (r) depends on the overall scale 
length (L) and r __•/,oaL •'. If Coulomb collisions 
were to provide the only mechanism for a finite 
conductivity, then we might consider the use of 

a(coulomb) --• 6.3 X 10-4T3/"(ohm meter) -1 
(½) 

where T is in degrees ]Kelvin [Spitzer, 1962]. 
If T _• 105 øK, then a(coulomb) _• 2 X 10'/ 
ohm meter, and for L _• 100 km, for instance, 
we find •(coulomb) _• 2.5 X 108 sec. This 
illustrates the inefSciency of coulomb collisions 
in providing a dissipation mechanism for the 
solar wind plasma, and we conclude that these 
binary interactions cannot produce meaningful 
reconnection. 
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However, several processes can lead to greatly 
enhanced resistivity and dissipation in a colli- 
sionless plasma. As discussed by Speiser [1970], 
an effective conductivity can be defined when 
the characteristic system length is small. Ac- 
celerated particles carry energy away, and there 
is effective local dissipation without collisions 
or noise. Another resistive mechanism involves 

scattering of particles by locally generated 
waves. Laboratory experiments [Bratenahl and 
Yeares, 1970] show that the onset of field annihi- 
lation in a confined system is correlated with 
the appearance of intense plasma turbulence. 

If individual particles interact with organized 
groups of particles or waves, then the conduc- 
tivity is 

a(wave) -- Ne----• (ohm meter) -• (7) 
mey 

where N, e, and m are in mks units, and r is 
the effective wave-particle 'collision time.' Sag- 
deev [1958], Kadomtsev [1965], and Fredricks 
[1969] have estimated that ion sound waves 
lead to v _• 0.1 •p• -- 0.628 )•p•. For N -- 1 
cm -s -- 106 m -s, equation 7 then gives a(ion 
wave) _• 2X 10-•/ohm meter, and for L _• 
100 km, the merging time is drastically reduced 
to about 2-3 sec. 

These numerical estimates of a, L, and ß are, 
of course, essentially qualitative, but the physi- 
cal result is highly significant. If current instabil- 
ities at X-type nulls do develop large amplitude 
ion sound waves, then the wave-particle scatter- 
ing provides a dissipation mechanism that 
allows field line merging or reconnection to 
occur. The sparse evidence obtained by the 
Pioneer 8 electric field experiment suggests that 
a sequence of events leading to tail breakup does 
in fact occur at r _• 500-800 RB, with ion 
sound waves providing a physical dissipation 
process for reconnection. It is hoped that future 
probes traversing the extended geomagnetic tail 
region will carry more complete wave experi- 
ments to explore this phenomenon in greater 
detail, and that coverage will also be extended 
to the region within 500 R•. 
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