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Abstract

Measurements of the magnetosheath plasma made by the MIT
Plasma Experiment during the outbound passage of Pioneer 6 in
the dusk meridian (December 16, 1965) are presented and compared
with theoretical predictions for the same region. While the
comparison indicates that the plasma flow around the earth agrees
in many ways with a gas dynamic model, observed discrepancies in
the density ratio across the bow shock and the non-Maxwellian
velocity distribution in the magnetosheath warrant further ex-
planation. Magnetosphere and magnetosheath low energy electron
measurements indicate a region of anisotropic flux in the mag-

netosphere near the magnetopause.
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Introduction

The flow of plasma in the earth's magnetosheath has been

the subject of experimental (Hundhausen et al., 1969; Wolfe et al.,

1968, Olbert, 1968) and theoretical (Spreiter et al., 1966) papers.
Spreiter et al. (1969) give a comprehensive review of both experi-
mental and theoretical results. By comparing the observations of
Wolfe, et al. (1968) with the theory of Spreiter et al. (1966),

Spreiter and Alksne (1968) conclude that the magnetosheath flow is

described well by gas-dynamic theory. 1In this paper, the results
of the Picneer 6 M.I.T. measurements of magnetosheath plasma flow
are presented and compared with the gas-dynamic theory. While
there are some important discrepancies, the comparison tends to

confirm the agreement between the experimental results and the

theory.




TRAJECTORY AND INSTRUMENTATION

Pioneer 6 was launched at 0731 UT, December 16, 1965,
from Cape Kennedy into a heliocentric orbit. The near-earth
part of the trajectory lay within 5° of the solar ecliptic
plane near the dusk meridian, as shown in Figure 1. The space-
craft was spin stabilized during these observations; and until f

two days after launch, the spacecraft equatorial plane was

tilted about the sun-spacecraft line 38.6° to the solar ecliptic
plane. The tilt was counter-clockwise as viewed from the sun,
and the spin was clockwise as viewed from the North. :

Details of operation of the MIT plasma experiment have been

described elsewhere (Lazarus et al., 1966), but the basic mech-
anism is as follows: The Faraday cup plasma detector measures
the flux of particles whose energies lie in an energy/charge

range determined by a modulating grid. The cup normal is per-

pendicular to the spin axis and the width of the angular response

of the cup is +2(0° in the plane normal to the spin axis and +60°
perpendicular to this plane. On every other revolution, the cup
measures the flux in one energy range (channel) in each of 13
angular sectors. The channels and sectors are summarized in
Figure 2. The measurement of a positive ion energy-angular spec-

trum is initiated every minute and requires 30 seconds to com-

plete. During each positive ion spectrum measurement, flux in

one of the four electron energy channels is measured, thus one




complete electron energy-angular spectrum is obtained every
four minutes. The circular collector plate is split in half

so that the fluxes from above and below the spacecraft equator-
ial plane may be measured separately to give the component of

plasma velocity perpendicular to this p.ane.

METHOD OF ANALYSIS

To determine the average velocity and the density of the
protons and to parameterize the velocity spread around the aver-

age velocity, the response of the cup to a model plasma was cal-

culated and compared with the observations. For most of the
calculations in this paper, it was assumed that the protons were

described by an isotropic convected Maxwellian distribution

characterized by an average (bulk) velocity Xpr @ thermal speed
w, and a number density n. The thermal speed is the most proba-
ble speed of the Maxwellian speed distribution and is related tc

the temperature by 1/2 mw; = kT, where m is the particle mass an:

T is the absolute temperatuce.
By varying the bulk velocity and thermal speed at an assume:

density, it was possible to calculate energy-angular spectra

which were proportional to those observed. The density was foun




by scaling the assumed density by the ratioc of the observed to
calculated fluxes.

For several spectra, a bi-Maxwellian distribution was used.
This distribution is similar to the one above, but it is char-
acterized by one thermal speed along the direction of the B field
and ancther perpendicular to that direction. During the magneto-

sheath crossing, the observed magnetic field direction (Ness et al.,

1966) was within 30° of the bulk velocity direction. To facili-
tate calculations, the bulk velocity was taken as the direction
of the parallel thermal speed. The results of the analysis of
these spectra indicated that the ratio of the parallel to perpen-
dicular thermal speeds was constant throughout the traversal.
Since the isotropic fit was made to the currents in the peak angular
sectors, the resulting thermal speed was that corresponding to
the parallel thermal speed of the bi-Maxwellian distribution.
Comparisons of the isotropic and bi-Maxwellian fits to identical
spectra showed that the bulk velocities and thermal speeds from
the two distributiorns agreed to within 2 km/sec. The magneto-
sheath thermal sper:is reported in this paper are those parallel
to Xb (and g) unless explicit reference to a perpendicular ther-
mal speed is made. An example of a bi-Maxwellian fit to an ob-
served spectrum is shown in Figure 3.

In the magnetosheath, electron flux was measurable only in
the lowest electron energy channel. Also, electron angular

measurements were possible only when the cup faced away from the




sun, i.e., in angular sectors 9-13, (see Figure 2) because the
instrument was flooded with photoelectrons whenever it faced
the sun. Since the electron data were insufficient to deter-
mine as many parameters as were used tc characterize the proton
spectra, 1t was assumed that the proton and electron bulk vel-
ocity, number density, and flow direction were equal. By then
using an 1isotropic (one thermal speed) Maxwellian model, the
observed angular distribution of electrons was satisfactorily
explained and an electron thermal speed was derived for each
electron spectrum.

Two different regions of electrons were observed inside the

magnetcpause. In the first region, angularly isotropic fluxes
were detected in all four electron channels. An isotropic,
Maxwellian model with zero flow velocity was fitted to these
spectra (an example of the fit is shown in Figure 5) and val-
ues for the electron density and thermal speed were derived.
In the second region, angularly-anisotrcpic fluxes were detected
primarily in the lowest electron channel, with cuirents just
above threshold also evident in the next highest channel in
some cases. This anisotropy could have been due to either a
thermal anisotropy or a large electron bulk velocity. Due to
the sparseness of these data, it was not possible to exclude

either of these explanations and the data were analyzed under

both assumptions.




RESULTS

The non-Maxwellian proton spectra observed in the magneto-
sheath limit the physical meaning of the derived thermal speeds
and introduce a systematic error into the velocities and densi-
ties wnich are derived using an isotropic Maxwellian distribu-
tion function. To give some feeling for the size and importance
of these discrepancies, we shall first discuss the non-Maxwellian
nature of the observed spectra. As the basis for presentation of
the results, we shall then compare the bulk velocities, thermal
speeds, densities, and flow directions obtained from the data with
those predicted by classical gas-dynamic calculations for super-
sonic flow around a blunt object. Finally, the results from the
electron data analysis will be discussed.

From the typical magnetosheath proton spectrum and the Max-
wellian approximation to this spectrum presented in Figure 3, it
is evident that the magnetosheath proton velocity distribution is
non-Maxwellian. The high energy, non-Maxwellian tail is estimated
to contain roughly 10% of the total number density. A rough esti-
mate shows that including these particles, the actual bulk vel-
ocities and densities should be respectively about 3% and 10%
higher than those velocities and densities which were derived on
the basis of a Marxwellian model. This systematic error is present
in all the magnetosheath proton results reported here, since the

high-energy tail was present throughout the magnetosheath.




The angular distribution of particles in the channels con-
taining the high-energy tail indicates that these protons travel
in the direction of the bulk flow in the magnetosheath except
near the bow shock. 2-3 minutes before crossing the shock into
the interplanetary medium, the high energy particles began coming
from the direction characteristic of the interplanetary plasma,
while the bulk of the plasma continued to flow in the deviated
direction observed throughout the magnetosheath. After croscing
the shock into interplanetary space, no current was measured in
the high-energy tail channels. Apparently, the high energy par-
ticles were produced as the solar wind traversed the shock, b.t
they did not immediately flow in the deviated direction character-
istic of the bulk magnetosheath plasma.

As mentioned before, it was not possible to 2xplain the angu-
lar distribution of the bulk of the protons by using a one-tem-
perature distribution. To obtain the fit shown in Figure 3, it
was necessary to choose a thermal speed of 50 km/sec along the
direction of the bulk velocity and a speed of 70 km/sec perpendicu-
lar to this direction. Thus the temperature perpendicular to the
average field direction was about twice that parallel to this

direction. This ratio was observed throughout the magnetosheath

traversal.
We now proceed to compare the experimental results with

theory. The gas dynamic calculations (Spreiter et al., 1966)

predict the flow parameters in the magnetosheath on the basis of




those in the incident solar wind. Shortly after passage from
the magnetosheath into the interplanetary medium, the measured

(incident) plasma parameters were
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300 Km/sec. 15 protons /cm

-
Il

€

10 Km/sec. B 3-4 gamma

where Vgr @ n, and B are the bulk velocity, thermal speed

of
parallel to Vi density, and magnetic field strength, respec-
tively. The incident thermal speed perpendicular to v, was about
30 km/sec. In the interplanetary medium, the bulk velocity and
magnetic field were not parallel and the above thermal speeds do
not refer to the direction of the magnetic field. The values of
these parameters for the magnetosheath also depend on the solar
wind Mach number and on the assumed value of y, the specific

heat :1atio. The velocity of a fast wave travelling directly up-
stream in the solar wind under the above conditiorns is 15 km/sec,
thus the incident Mach number was Mo = 20. Also, vy = 5/3 was
arbitrarily chosen as the specific heat ratié. During the mag-
netosheath traversal, Kp was zero (Lincoln, 1966); and after the
shock crossing, the solar wind remained steady. Thus we assume

the ircident conlitions above were constant throughout the tra-

versal.

In performing the gas-dynamic calculations, Spreiter et al.




(1966) first calculated the position of the magnetopause and
bow shock. These twe boundaries, properly scaled for the above
solar wind conditions, are superimposed on the Pioneer 6 tra-
jectory in Figure 1 and the observed boundary crossings are
indicated. The magnetopause was crossed only once; but after the
spacecraft crossed the shock into the interplanetary medium, the
shock moved over it so that the magnetosheath medium was de-
tected again before the spacecraft again crossed the shock and
remained in the solar wind. These three crossings took place in
less than 30 seconds, thus no infcimation on plasma changes he-
tween crossings could be oktained, but the multiple crossings
do indicate shock motion.
The observed and theoretical plasma flow directions, measured
from the spacecraft-sun line, are also indicated in Figure 1.
Both the incident solar wind and magnetosheath plasma were
directed roughly 5° north of the solar ecliptic plane, but this
small deviation has been ignored in the comparison with theory.
The plasma parameters measured along the trajectory are
shown in Figures 4 and 5. As the spacecraft passed from the mag-
netopause to the bow shock, the bulk velocity and density were
observed to increase, while the thermal speed fell slightly.
This behavior is in complete aéreement with the gas-dynamic calcu-
lations. Upon crossing the shock into the interplanetary medium,
the bulk velocity increased and changed to the aberrated direc-

tion, while the thermal speed and density fell, also in accord-
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ance with the model. The discrepancy in the actual ratios of
the quantities across the shock will be discussed below.

The results of the electron analysis are shown in Figure 6.
Proceeding outward from the earth, three distinct regions (re-
gions A-C in Figure 6), each with a unique type of electron flux,
were observed before crossing the bow shock. The first region
was observed between 9 RE and 11.5 RE and was characterized by
angularly isotropic fluxes in all four electron channels. The

form of the energy spectra in this region indicates that it was

the plasma sheet (Vasyliunas, 1968). This region terminated

abruptly at 11.5 k_, where most of the flux began to be measured

E
in the lowest channel. As discussed above, the observed fluxes

in this second region could be explained in two ways. First,

the observed fluxes could be fitted with a Maxwellian distribution
having a pressure of about 300 ev/cm’ and a temperature aniso-
tropy of T,,/T, = 2, where T,, was roughly along the magnetic

field direction and the bulk velocity was assumed to be zero.
Alternately, the obkserved fluxes were consistent with a convec-
tive electron velocity of roughly 750 km/sec, direc.ed away from
the sun along the spacecraft-sun line, and a thermal speed of
about 2,500 km/sec. This region was about 1.5 RE wide and was
bounded at the outer edge by the magnetopause. The thermal €rcrgy,

speed, and temperature in the third region, the magnetosheath,

were about 40 ev, 2700 km/sec and 10° °K and tended to be higher
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near the bow shock. No electrons were observed after crossing
the bow shock, due to the lower temperature of the electrons in

the solar wind.

DISCUSSION

The magnetosheath traversal of Pioneer 6 was particularly
valuable in that it provided a detailed cross section of the
magnetosheath plasma in the dusk meridian during particularly
guiet conditions. For the period involved, K = 0+ and the

College magnetograms showed no activity for the entire day. Also,

the solar wind remained steady for several days after the tra-
versal. Therefore, the measurements made are probably character-
istic of the basic, static interaction between the solar wind and
the earth.

The most serious disagreement between the gas-dynamic theory

and the measurements is the density ratio, and to a lesser degree
the velocity ratio, across the bow shock. For the high Mach
number characteristic of the solar wind on the day of the measure-

ments, the theoretical density in tke muagnetosheath is four times that

in the solar wind, yet a jump of only two was observed. Combined

with the observed velocity jump, which was not quite as large as
predictzd by the theory, it is clear that the conservation of nor-
mal mass flux across the shock is violated if the shock was aligned

along the theoretical direction. In order to conserve mass flux

T T TNy g -
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locally, the shock would have to have been tilted about 15° from
the theoretical direction. Since a triple shock crossing was ob-
served, it 1s plausible to assume that mass flux was conserved
locally by such a small tilt. This does not explain the violation
of overall mass flux, however, since the observed density jump
indicates that the overall flux level in the magnetosheath was a
factor of two lower than it should have been, i.e., more particles
seemed to be flowing into the magnetosheath than were leaving.

It is argued in the Appendix that the solar wind density which

should have been measured on the basis of the observed magnetosheath
fluxes is outside the experimental error associated with the den-
sity which actually was measured. The density ratio across the

bow shock has heen observed on previous occasions to be lower than
that predicted by gas-dynamic theory (Argo et al., 1967), and this
discrepancy remains unexplained.

The directional independence of the high energy tail of the
velocity distribution near the shock and the evident break in the
energy spectrum where these particles join into the Maxwellian
distribution indicate that the high energy tail may be due to an
effect which is independent from the main flow. Since no alpha
particles were detected in the incident solar wind after crossing

the bow shock, these high energ& particles were not alpha particles

unless such particles were in some way generated (or ionized) as

the plasma crossed the bow shock.
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Solar wind measurements were also made from Pioneer 6 by the
Ames Research Center group (ARC) and have keen reported by Wolfe
et al., (1968). 1n the following paragraphs we compare the results
froﬁ the two experiments:

A comparison of the velocity measurements made by the two
experiments indicates that the M.1.T. measurements were consis-
tently higher by about 20 km/sec. Since ARC velocities were act-
ually velocities corresponding to the energy of the channel in
which the peak flux was detected, the actual convective velocity
indicated by the ARC measurements is even more than 20 km/sec
lower than those indicated by the M.I.T. measurements, in the mag-
netosheath (Spreiter et gl., 1968). The Ames velocities are well
outside the uncertainties in the M.I.T. velocities.

Comparison of the out-of-the-ecliptic flow angle shows a fur-
ther discrepancy. While this angle was found to be a fairly con-
stant -5° by the M.I.T. experiment, the ARC experiment found that
the angle increased from -16° near the magnetopause to 8° near
the shock. There is clear disagreement between the experiments
in the measurement of this angle, thus care must be taken in draw-
ing firm physical conclusions from the results.

The density pulse observed by ARC at the shock crossing could not
be observed by the M.I.T. expefiment. During the 50 second period
from 1711 +27 sec. UT to 1712 +7 sec. UT, (the time required for

one measurement by their experiment) ARC reported a number density

increase from 30 to 108 protons/cc. The density jump was caused
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primarily by increased current in a low energy channel. In the
next 50 second interval they reported interplanetary plasma at a
density of 1l protons/cc. Unfortunately, the phasing of the
measurements made by the two experiments was such that during the
density pulse observations, the M.I.T. experiment was not sampling
fluxes at the proper energies to detect such a pulse, although a
normal magnetosheath spectrum with a derived density of 21 cm"3 |
was observed between 1712 +5sec. UT and 1712 +17 sec. UT. Therefore,
no firm conclusion may be drawn about the existence of this unusual

structure from the M.I.T. experiment.

The general success of the gas-dynamic theory in describing

the boundary locations and the direction of plasma flow, as well
2s the trends in the velocity, temperature, and density of the
plasma, indicates that some mechanism must be present in the col-
lisionless plasma to shorten the effective mean free path to a

distance much less than the size of the magnetosheath.

APPENDIX - ERRORS

The three sources of error which will be discussed here are
data quantization, the Maxwellian assumption, and electron con-

tamination of the proton data.

Each current measurement is assigned a data number which is
transmitted to the ground. This number does not give the exact

current but only indicates that the measured current lies within
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a certain current range. The Pioneer 6 instrument was designed so
that the current range increased linearly with the current and

the widths of the current ranges were chosen so the uncertainty in
the current is +10% for all currents. To obtain some idea of the
effect of this uncertainty on the derived p’asma parameters, it

was necessary to assume a probability distribution of a current

in its range. The most realistic distribution is a flat distribu-
tion, where any current in the range is equally likely and any
current outside the range has zero probability. For computational
simplicity, however, a Gaussian distribution, which gave slightly
larger errors, was chosen. The most probable current was taken to
be the center of the current range, and the standard deviation was
assumed to be the +10% guantization error. With these assumptions,
a detailed error analysis was rendered feasibly. The average errors
in the derived guantities were estimated to be +2%, +10%, and +10%
in the bulk velocity, thermal speed, and density, respectively.
These errors are indicated by the error bars in Figure 4. It is
important to note than many of the small fluctuations of the results
fall within these error bars and that any physical interpretation
must take into account this basic uncertainty in the results.

By ignoring the high energy *ail, a systematic error was
introduced. An estimate of this error shows that the densities and
bulk velocities guoted here are roughly 10% and 3% lower than the
actual values. The temperature is only a parameter characterizing
the energy spread of the observed distributions, thus no attempt

was made to estimate the error in the thermal speed due to the high




energy tail.

A high electron flux might be measured as a small current in
the proton energy channels in a Faraday cup. This effect has been
extensively analyzed (Binsack, 1966) and is especially important
in the magnetosheath, where large electron fluxes &re observed.
The effect was not present here, however, as evidenced by the
following observations: As Pioneer € passed through the plasma-
sheet, copious electron fluxes were observed in all electron channels,
while the proton channels measured no currents. In the magnetosheath,
large electron fluxes were observed in the anti-solar direction,
while again no current was measured in the anti-solar direction pro-
ton channels. These observations 'ndicate that there was no electron
contamination of the proton data. This conclusion is born out from
theoretical calculations. I' should be pointed out that the voltage
on the suppressor grid was set at a high level specifically to
suppress this effect.

In summary, aside from the systematic errors arising from the
Maxwellain assumption, the error bars indicated in Figure 4 may be

taken ¢s the estimates of experimental error.
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Figure Captiocns

Figure 1. Pioneer 6 trajectory indicating observed boundary
crossings and magnetosheath proton flow direction.
Also shown are the theorctical position of the mag-
netopause and the theoretical shock positions for
two specific heat ratios, as calculated by Spreiter

et al. (1966).

Figur~ 2. Pioneer 6 energy channels and angular sectors.

Figure 3. Typical magnetosheath energy and angular measurements
and the bi-Maxwellain fit. The two thermal speeds
are parallel and perpendicular to the bulk velocity,
which is within 30° of the magnetic field direction

in the magnetosteath.

Figure 4. Pioneer 6 magnetosheath proton observations showing

velocity, thermal speed, and number density.

Figure 5. Typical electron energy-angular spectra observed by

Pioneer 6 in the near-earth region and a Maxwellian

fit. See Figure 6 for the location of regions A, B

and C. In regicn B, the data cculd be fitted with either




Figure 6.

v, = 0, T,.,.7/7T7 = 3 ©OF , = 750 km/se¢c., T,,/T

Pioneer 6 near-BEarth electron observations.

for a discussion of region B.
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ELECTRON OBSERVATIONS 120
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Region C = Magnetosheath
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