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FIGURE 6. Mach cones defining the locus of limiting characteristics
and wakes for several cases having fluid velocity along the axis
of the magnetic field but with different amplitudes [Sears, 1960).

for the bow wave flow in front of the earth must be
approached with considerable caution. It is hoped
that later experiments will allow an examination of
the applicability of these properties of MHD waves to
the case of the bow shock.

5. Post-Shock or Downstream Flow

Usually labeled the transition region, this volume is
occupied by the shocked gas generated in the inter-
action process. The limited indications of theory
are that collision-free shocks are not time stationary;
thus the transition region may, in reality, be an exten-
sion of the initial shock with relaxation taking place
over a region much thicker than the few gyroradii of
the first pulse. Indeed the Mariner calculation sug-
gests this, as a fit was obtained by using average values
of gas and field parameters downstream of the shock.

The downstream flow is an especially interesting
problem from the standpoint of plasma physics since
the general development of turbulence and stochastic
acceleration experiments in collision-free plasmas can
be carried out in this region of space. This space is
known to be occupied, at least sometimes, by a highly
disordered field, a sample of which is shown in figure
7. Spectra of the magnetic turbulence suggest that
two separate processes are present [Sonett, 1963].
The large pulses seen in figure 7 show a strong low-
frequency component while a frequency dependent
component appears at higher frequencies (fig. 8).
There is little similarity to either of the two basic
modes of turbulence suggested by Chandrasekhar
[1955], a velocity or magnetic mode depending upon
the partition of energy between field and gas. That

this gas is in motion and is sweeping around the
magnetosphere in the usual manner of blunt-body flow
is suggested by the experiment of Wolfe and Silva
[1964]. Figure 9, taken from their paper, gives a
view of the direction of the plasma arriving during the
events of October 7, 1962, and for the period of time
during those events when the satellite was within the
shocked gas of the transition layer. It is observed
that the flow originates from a region making an angle
of about 35° with respect to the sun. The details of
this experiment are reported elsewhere and only the
results are quoted here. Since the spacecraft was on
the dawn flank of the magnetosphere, consideration
of the geometry shows that the flow was from the
general direction of the stagnation point and clearly
not from the solar direction. We take this to be evi-
dence of transition-layer flow of the blunt-body type.

Observation of the turbulence of the magnetic field
in the transition layer is made in a number of satellite
and space probe experiments, though three-dimen-
sional cross-correlation functions needed for a defi-
nition of the exact properties cannot be made because
of limitations either in experiments or in the manner
of reading out the data. At the present stage of under-
standing together with the restricted satellite data
available it becomes unfeasible to attempt to separate
wave motions from stationary or pseudostationary
variations in downstream plasma properties. Thus
such matters as correlation tensors Lotween the perti-
nent plasma parameters must be regarded as quantities
which are mixed with time-variant wavelike motions as
well as the streaming properties of the gas.

Since the process of particle acceleration is presently
the subject of conjecture, we shall not deal with it
here. Also the experimental processes observed are
generally the subject of a separate treatment and shall
not be dealt with except for summary remarks. Gen-
eral conclusions from experiments prior to those of
Freeman, Van Allen, and Cahill [1963] are shown in
figure 10. From the Pioneer IV experiment of Van
Allen and Frank [1959] it was shown that hot electrons
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FIGURE 7. Swath of two-dimensional cut in the transition region

field showing amplitude, and direction and rate of turning.
_ Reversals in field direction are distinctly seen and generally are associated with zeros
in the magnitude [Sonett, 1963].
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FIGURE 10. Summary of early observations of the transition region of the magnetosphere showing Pioneer I, Pioneer IV, and Pioneer V data
[Spreiter and Jones, 1963).
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in the range of tens of kilovolts could exist in the transi-
tion zone. This result together with the early obser-
vations of the interaction region between the solar
wind and the magnetosphere is shown in this figure.
Reference to the discussion concerning the electron
observations of Van Allen are given by Sonett [1963].

In regard to the transmission properties of the transi-
tion region insofar as propagating disturbances from
the solar wind to the surface of the earth, it is well
known that sudden commencements are seen on the
surface ostensibly caused by rapid compression of the
magnetospheric boundary in response to a sudden
change in the momentum density flux of the solar wind.
Thus it appears that whatever the details of the flow
pattern it seems safe to regard the transition region
as capable of transmitting pressure changes from the
free-stream wind to the magnetosphere with the sub-
sequent generation of magnetohydrodynamic waves
which we regard as transmitted to the surface of the
earth to produce the sudden commencement or impulse.

6. Recent Experiments

The Explorer 18 or IMP satellite is the latest in a
series of spacecraft designed for investigating the
magnetosphere and adjacent interplanetary space.
Basically, this satellite had an orbit of extreme eccen-
tricity with apogee at about 32 R.. The extreme orbit
meant that the period was 3 to 4 days and that the
spacecraft spent about two-thirds of its time beyond
20 Re. The data system is quite complex, utilizing a
data burst technique where a high data rate is inter-
spersed with blanks, for any one instrument. Only
the 5-min averages of the magnetometer data have
been reported to date, and these tend to confirm earlier
spacecraft findings regarding the magnetic properties
of the transition region and the rather turbulent
character of the interplanetary gas. The data have
also yielded substantial information regarding the
existence of a sudden discontinuity in the magnetic
field which is interpreted as a shock wave [Ness,
Searce, and Seek, 1964] though the plasma experi-
ments do not correspond to this view rigorously all
the time.

Two plasma experiments were carried on this space-
craft; these were of radically different design, one being
a Faraday cage and the other an electrostatic analyzer.
The limitations of telemetry allowed space to be
divided into three sectors for the electrostatic analyzer,
henceforth referred to as the Ames experiment [Wolfe,
Silva, and Myers, 1964]. Threshold for this instru-
ment was about 10~ A, corresponding to 3 X 10°
H+*/cm? sec. The energy resolution was 6.5 to 7.5
percent and the electrometer was of the peak reading
variety, reading the peak current in each of the angular
sectors. Results of this experiment are complex and
the reader is referred to the original paper for details.
The results show variations in the direction of arrival
of flux changing from a highly directed beam when in
the solar wind to a pseudoisotropic flux when in the
transition region, though this behavior is by no means
common to all the orbits. When this type of behavior
was noted, the character of the velocity spectrum also

underwent significant changes, confirming the view
that the solar wind is a relatively cool gas compared to
the gas of the transition region. Some of the pre-
liminary results are summarized in figure 11 which
shows a display of the boundary crossings according
to a prescribed set of rules given by Wolfe et al.,
together with a comparison to the theory of Spreiter
and Jones [1963]. The time the plasma probe crossed
a zone was indicated by the appearance or disap-
pearance of the characteristic spectrum in both
velocity and angular distribution. The crossing of
the inner boundary, i.e., the termination of the regular
magnetosphere, was indicated by the cessation of
sensible readings on the plasma probe for inbound
orbits and an onset for outbound cases. The dashed
lines are those cases where the definition was difficult
to satisfy. In particular, there were many times when
an outer or shock boundary was difficult or impossible
to find and at other times the time of crossing was
different from that indicated by the magnetometer. At
other times the agreement was quite good and the sup-
position for the shock appears to rest upon reasonable
data. This may suggest a high degree of variability
in the gas parameters or perhaps tends to underline
present ignorance of the true meaning of these experi-
ments. Results of some of the other experiments of
this spacecraft tend to confirm the view that the transi-
tion region contains a remarkably hot gas. Little can
be said regarding the manner of leakage of this gas into
the regular magnetosphere and whether it supplies
some or all of the flux of electrons of the Van Allen
radiation.

Calculations being carried out by Olbert (private
communication) seem to confirm that collision-free
shocks require a scale far in excess of the gyroradius
geometric mean to damp into the post-shock down-
stream state irreversibly. These calculations, carried
out for the bow shock and based upon the plasma
experiment of Bridge et al., [1964] and Ness et al.,
[1964] also suggest the applicability of the MHD
Rankine-Hugoniot equations. In the instance of
Olbert’s calculation it is found that the downstream
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Locus of outward and inward bound IMP orbits as the

satellite crossed the transition region.

The definition of crossing for the purposes of this diagram is based upon the Wolfe experi-
ment and will vary from the findings of other experimenters because of the differing instru-
ment response and definition of crossing. The reference idealized shocks for the two
different ratios of specific heat are from the calculations of Spreiter and Jones [1963].
The y=2 case is the outermost of the two shocks.

FIGURE 11.
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gas has a very low ratio of specific heats, this con-
clusion being arrived at from the very large density
jump across the shock. Insofar as the generation of
entropy is regarded as the true test for a shock even in
the collision-free domain, it appears that the properties
of the downstream flow directly behind the onset of the
shock will play a leading role in the next few years in
establishing a foundation for collision-free shock
theory.

The very preliminary status of reporting of the data
from the majority of the IMP experiments together
with the necessary brevity of this report preclude
the possibility of reviewing the majority of the results.
It is probable that forthcoming results from the IMP
series will provide much of the information required
in order to obtain a meaningful physical basis for much
of what today must be regarded as only partially under-
stood physical phenomena.

The author acknowledges several stimulating dis-
cussions with J. R. Spreiter and, in particular, his
calling attention to the work of Sears regarding shock
modes.

(Paper 69D8-537)
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