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ABSTRACT
Properties of the electron population in the
magnetosheath at lunar distance have been analyzed
using measurements from the Apollo 14 Charged Particle
Lunar Environment Experiment (CPLEE).
Average magnetopause and bow shock locations
are computed, and it is shown that the axis of symmetry
of each is aligned with the aberrated solar-wind
direction within the standard deviations of the
measurements.
Measured electron differential-flux spectra
are fitted to appropriate distribution functions,
and the distribution functions are integrated to
yield number densities, most probable thermal energies,
and flow velocities based on assumed flow directions.
The lowest-energy electrons (40 eV < E < 100 eV)
are well characterized by a nearly isotropic Maxwellian
distribution, with number densities ranging from
-3
-3
about 4-8 (cm ) at the bow shock to 1-3 (cm ) near
the magnetopause. Most probable thermal energies
fall in the range 15-25 eV. The spectra exhibit
non-Maxwellian high-energy "tails", with flux enhance¬
ments at higher energies (100 eV < E < 2000 eV).
The high-energy flux is anisotropic, and in general
is more intense and more energetic in the dawn sheath,
often taking the form of a secondary peak. This
secondary peak is similar both in number density
and mean energy to the plasma-sheet electron population
at lunar distance.
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Part I - Introduction
Foreword
In this thesis I will attempt to separate histor¬
ical references from new data presented here, and
theoretical expectations from observational results.
However, "good science" must be an iterative process where theory and experimental data prompt and refine
one another until a completely self-consistent analysis
is made. Of course, this ideal is never reached the publication of the latest "comprehensive review
paper" is frequently followed by new data raising
more questions and demanding new theoretical constructs.
With this caveat in mind, let us therefore
explore the magnetosheath electron population, aided
by many years of others' publications and several
months of CPLEE (Charged Particle Lunar Environment
Experiment) data.
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Chapter 1
1.1

Origin and Geometry of the Magnetosheath

Early Theories and Observations
"If there is more than one person
who feels that a problem is understood
and these persons do not agree with each
other, I usually assume that the problem
is not understood."
- E. N. Parker

The idea of a "solar wind" interacting with
the magnetic field of the earth is not new - the
earliest known references are to Fitzgerald 11892,
1900], and Lodge [1900]. They suggested that "a
torrent or flying cloud of charged atoms or ions"
caused magnetic storms; that the aurorae were due
to the "cathode ray constituents ... as they graze
past the polar regions"; that comet tails were due
not to electromagnetic radiation pressure but by
particle radiation "projected from the sun" from
sunspots with a velocity of around 500 km/sec; and
that "there seems to be some evidence from auroras
and magnetic storms that the earth has a minute tail
like that of a comet directed away from the sun",
(quoted from Dessler [1967].)
Although the mechanisms of solar-wind emission,
acceleration, propagation, and interaction with
the geomagnetic field were unknown at the time, those
men showed remarkable insight, as did Birkeland
11896], whose terrella ("little earth") experiments
showed that cathode rays (electrons) can gain access
to the polar regions of a spherical magnet, confirming

-3the idea that aurorae could consist of cathode ray
discharges from the sun. Kelvin 11892], however,
dismissed any correlation between solar and geophysical
effects as a statistical "fluke" and effectively
squashed this form of research, until Chapman 11918,
1919] .
Bierman 11951], from known properties of comet
tails, postulated that the solar wind is continuously
emitted from the sun. The solar wind, impinging
on the earth's magnetic field, would deform it from
a dipole character into a teardrop shape.

If the

solar wind were subsonic, a "solar breeze", it could
flow smoothly around the edges of the "magnetosphere",
that region of space dominated by the earth's magnetic
field.

A supersonic "solar wind", however, would

require a shock wave upstream to deflect the plasma
around the magnetosphere. Thus the Parker-Chamberlain
controversy arose, with Parker 11958] favoring the
"solar wind" to be the natural result of the expansion
of the solar corona, and Chamberlain 11960] favoring
the slower "solar breeze" as another allowable solution
to the problem.
The first few experiments to probe interplanetary
plasma were Luna 1, 2, and 3 iGringauz et al., 1960;
Shklovsky et al., 1961] and Explorer 10 iBonetti et al.,
1963], for a few hours each; but it was not until
Mariner II [Snyder and Neugebauer, 1965] that the
continuous, supersonic nature of the solar wind
was confirmed.

This supersonic flow, with the flow

velocity greater than both the speed of sound and
the speed of a hydromagnetic wave (the "Alfven wave"),
requires a shock wave to divert the flow around
the obstacle. The region between the shock wave,
or "bow shock", and the boundary of the magnetosphere,

-4the "magnetopause", is called the "magnetosheath",
as the flow is diverted around the obstacle like
a sheath. A sketch of the system is shown in Figure
1, from Hill 11972]. For a review of solar wind
and early history, see Dessler 11967; 1968a,b]; for
a review of magnetospheric processes, see Axford
11969] or Roederer 11974].
One consequence of a compressional shock wave
is to thermalize the plasma, changing ordered flow
energy into random thermal energy.

A shock wave

also changes both the magnitude and direction of
the flow velocity and imbedded magnetic field, depend¬
ing on initial conditions. These changes in plasma
parameters across a shock, called "jump conditions",
will be discussed further below, but the general
features imply a magnetosheath with plasma which
is denser, warmer, slower and more turbulent than
the incoming solar wind.
1.2

Geometry - Theory
The solution of a free-boundary problem for

the location of both the bow shock and magnetopause
embodies many free parameters for each of three
regions; the solar wind (denoted by subscript "sw"),
the magnetosheath ("s"), and the magnetosphere ("m").
These variables include the three components of
magnetic field B; the three components of the bulk
velocity u; the density n; and the mean thermal energies
of ions and electrons kT.i
and e
kT . This is a major
undertaking; even with major simplifications, the
task has been attempted by only a stalwart few.

Figure 1.

A noon-midnight meridian cross section

of the magnetosphere and the interaction region between
the terrestrial magnetic field and the solar wind.
The orbit of the moon is beyond the limits of the
figure.

[From Hill, 1972]

1.3

The Magnetopause

In magnetohydrodynamic theory, the shape of
the magnetopause is determined by pressure balance
between the magnetosheath flow, thermal and magnetic
pressures and the corresponding quantities inside
the magnetosphere. The assumption is generally made
that the total sheath pressure is equal to the solar2
wind flow pressure p u
(ignoring thermal and
sw sw
magnetic pressures in the solar wind); and that the
magnetospheric pressure is the magnetic pressure
only, i,e., a cold, ,non-magnetic flow balanced by
a vacuum magnetic field jSpreiter and Alksne, 1969].
This procedure, suggested by Chapman and Ferraro
11931], and first accomplished by Beard 11960] for
the entire front half of the magnetopause boundary,
is the solution to this formula:
P
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pgw is the mass density and ugw the velocity

of the incident flow, V is the angle between the
magnetopause normal and the incident flow, B^ is
the undisturbed magnetic field expected at that point,
f is a constant (generally taken to be 2) representing
the compression of that field, and k is a constant
of momentum transfer (of the order of unity).

The

standoff distance calculated by this process is
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is the equatorial magnetic-field strength

at the earth's surface = 3.11 x 10 ^ tesla.

This
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procedure yields good results at the nose, but is
inadequate to explain the extended "tail" of the
magnetosphere, known to extend out to 80 Rg down¬
stream continuously, and at least intermittently
out as far as 1000 Rfi iWolfe et al., 1967], where
1 R6 =1 earth radius = 6378 km.

To account for

this, Spreiter and Alksne 11969] have included a
plasma pressure term nkT in the solar wind, and
assume a tail magnetic field no longer dipolar, but
extending antisunward with a theta cross section,
with the tail field lines in the northern (southern)
half, or "lobe", pointing sunward (antisunward).
The field magnitude, to conserve flux, is proportional
to the inverse of the area, and the flare of the
tail is determined from the location of the joining
of the nose and tail regions.
Pressure balance considerations yield a magneto¬
pause surface that is approximately symmetrical around
the solar-wind direction, except for two indentations
on the sunward side, the "cusps" or "clefts". These
indentations are generally ignored in magnetosheath
flow calculations, but can be critical in particle
entry into the near-earth magnetosphere (see the
review by Hill, 1974, and references therein].
The magnetopause itself can be regarded as
a thin layer in which incident protons and electrons
are specularly reflected, making one gyroturn around
the interior field lines. This gyroturn, in opposite
directions for the protons and electrons, supplies
the current necessary to confine the magnetic field.
Other considerations, such as the thickness
of the magnetopause, magnetic merging (i.e. the
interpenetration of terrestrial and solar-wind magnetic
fields), particles trapped in the boundary, and

-7-

tangential drag, are worthwhile but will not be con¬
sidered here.

The reader is referred to the review

by Willis 11971].
1.4

The Bow Shock

The position of the bow shock is another magnetohydrodynamic free-boundary problem which has
been tackled by a gas-dynamic analogy.

However,

in place of the normal gas pressure and sonic mach
number, one uses modified "pseudoquantities" including
the effects of the imbedded magnetic field.

Thus

the pressure would include magnetic field pressure,
and the "sound speed" would be the magnetoacoustic
wave speed.
The first calculations of the bow shock position
were done by Kellogg 11962], using Hida's 11953]
formulas for a gasdynamic shock wave upstream from
a spherical obstacle.

Hida, however, assumed that

the flow between the shock and the obstacle was incom¬
pressible, and used a ratio of specific heats
= 7/5.

( y)

This value is appropriate for air, but too

small for plasma applications.

As Kellogg pointed

out, a value y = 2 would be more appropriate for
a gyrotropic plasma (i.e. the two spatial directions
perpendicular to the magnetic field are equivalent).
Unfortunately, the effects of these three approximations
(incompressibility, y = 7/5, and spherical obstacle)
each tend to place the bow shock closer to the nose
of the magnetosphere than it should be, and are listed
in increasing order of effect.

Spreiter and Jones

I1963J repeated the calculations, taking the shape
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of the obstacle to be an axisymmetric body with the
cross section given by Beard's I1960J equatorial
trace of the magnetosphere.

This yielded a shock

wave some 50% further out than Kellogg's results,
and more in agreement with experiment.
This process was repeated later by the same
group, using different parameters jSpreiter et al.,
1966], obtaining similar results, and also calculating
plasma flow parameters (to be discussed later), using
Y = 2.
Dryer and Heckman 11967] repeated this calculation,
using a slightly different magnetopause shape, and
y =1.2. The low choice of gamma placed the bow
shock far too close in. A discussion of the dependence
of bow shock distance on gamma is included in Dryer
11970, 1971]. Since gamma for an ideal gas equals
(N + 2) / N, where N is the number of degrees of
freedom, the two values currently acceptable for
gamma are 5/3 and 2, corresponding to 3 and 2 degrees
of freedom, respectively.
1.5

First-Order Effects
Gas-dynamic calculations yield a magnetosphere

that is approximately symmetric around the solarwind direction. The geocentric solar ecliptic (SE)
coordinate system is defined with the origin at
the center of the earth, with the x-axis pointing
directly toward the sun, the z-axis perpendicular
to the ecliptic plane (toward the north), and the
y-axis completing a right-handed system (in the plane
of the ecliptic, with a sense opposite to the earth's
orbital motion!. The solar-ecliptic x-axis is the
zero-order symmetry axis of the magnetosphere.

However,

-9the negative of the earth's orbital motion will add
vectorially to the solar-wind velocity, giving an
apparent solar-wind direction some 3 to 5° west of
the stan. This shift of the tail toward the dusk
side is called an aberration effect. One can define
the "solar-wind" coordinates ("SW") to be the SE
coordinate system, rotated 4° in the ecliptic plane.
Since this is the average solar-wind direction, one
would expect the solar-wind x-axis to be the firstorder axis of symmetry for the magnetosphere.
The geocentric solar magnetospheric (SM) coordinate
system is defined to have the same x-axis as the
SE system, but with the z-axis in the direction of
the projection of the earth's dipole on the plane
perpendicular to the x-axis. This coordinate system
is useful in locating the neutral sheet Isee, for
example, Bowling, 1974]; however, for an axisymmetric
phenomenon like the magnetosheath, it presents an
unnecessary complication.
Higher-order effects are, for example, discussed
by Axford 11963]. He examined the effect of viscous
drag on the magnetopause, and calculated a strongly
dusk-turning tail if much drag is present, and a
weakly dawn-turning tail if little interaction is
present.
Walters 11964] also arrived at an asymmetric
magnetosphere by including the effect of the average
"gardenhose" angle of the interplanetary magnetic
field on the flow through the bow shock.

He showed

that the flow turns toward the field, with a magnitude
of about 5 to 20° at the nose, depending on the strength
of the magnetic field. The symmetry axis of the
near-earth magnetosphere, then, would be expected
to fluctuate around an average value of about 7 1/2°

10
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toward the dusk side.
1.6

Geometry - Observations

The earliest observations, mentioned above,
had, in general, either orbit characteristics unfavor¬
able for boundary mappings or unsophisticated equipment
(for example, only a total-field magnetometer).
Explorer 12, on the other hand, possessed two
significant features: a triaxial magnetometer and
an orbit that carried it repeatedly past the magneto¬
pause; Explorer 14 added magnetosheath flow and
magnetopause motion information; but it remained
for IMP-I (Explorer 18), with its favorable orbit
(apogee 31 Re), and several types each of magnetometers
and particle detectors, to do the first comprehensive
mapping on the sunward dawn side.

For a review of

early observations, see Wolfe and Intriligator 11970].
A result of the electrostatic analyzer is shown
in Figure 2, from Wolfe et al. [1966]. The IMPI data assumes a zero-order axis, i.e. the solar
ecliptic x-axis, for computing the distance D. A
summary of IMP-I results is presented by Olbert
[1968] .
The next comprehensive mappings were done by
the twin satellites Vela 2A and 2B [Gosling et al.,
1967] . Their high-inclination (60°), nearly circular
orbits at 17 Rg were ideal for mapping the near-earth
geometry. Their orbit allowed a solar-ecliptic
latitude-longitude form of presentation, which showed
a center of symmetry at about 0° latitude and 176°
longitude. This is just what one would expect from
aberration alone, and no higher-order effects.
Other crossing compendia have been tabulated

iMP-I AMES PLASMA PROBE MEASUREMENTS
OF TRANSITION REGION

Figure 2.

Imp-I magnetosheath observations ,

expressed in distance along the sun-earth line (horizon¬
tal axis), and distance from the sun-earth line
(vertical axis).

iFrom Wolfe et al., 1966J .
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for other spacecraft: OGO-X lHeppner et al., 1967J ;
OGO-3 IRussell et al., 1968]; HEOS 1 jEgidi et al.,
1970]; Explorer 33 and 35 iBehannon, 1968; Mihalov
et al., 1970; Howe, 1971; Howe and Binsack, 1972];
and the four IMP'S [Fairfield, 1971].

Although the

longitudes of symmetry disagree slightly among these
studies, the angles in general favor aberration alone.
The exception was Mihalov, whose SE angle of symmetry
quoted was 171 +5°.
et al.

A flow mapping done by Hundhausen

[1969], showing a similarly large deviation

(172°), was not corroborated by Howe and Binsack.
An interesting feature of Egidi's work was that the
average positions were further out at solar maximum
than IMP-I's boundaries at solar minimum, presumably
because of a smaller solar-wind momentum flux at
solar

maximum.
Both Fairfield and Howe and Binsack quoted

functional forms for their average values.

Howe

and Binsack [1972] give:

-1 10.0 - x 1/2
S

magnetopause

^bowshock
where S = ((yi

2

~

23.9 tan

56.7
+ (zî

2 1/2
) '

16.9

(191.2 - x)
177.1

2
-

1

a/2

is the perpendicular

distance from the solar-wind x-axis at the distance
x.

Here, as in most works, the units are earth

radii.

Since Explorers 33 and 35 are the only ones

of this list to repeatedly map the lunar-proximate
region, we shall use their results for comparison
purposes, and for the boundaries drawn in Figure

6.
In summary, published data show great variability
in boundary locations and axes of symmetry.

In general,
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however, the boundaries follow quite closely theoretical
predictions, based on a solar wind which is aberrated
about 4 or 5 degrees from the earth-sun line.
In the next chapter the characteristics of
the magnetosheath spectrum will be investigated.
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Chapter 2
2.1

Magnetosheath Spectral Characteristics

Spectral Theory

Once one calculates magnetopause and bow shock
locations, one can calculate the plasma characteristics
using the equations of magnetohydrodynamics

(MHD).

Spreiter and Alksne 11969] list them:

V •

(pu)

=

p(u • V)u

+

_1
2y

0

V • P
V(B2)

o

=

(continuity)

(l/yQ)B x (V x B)

+ —• (B • V)B
H
o

(momentum)

(Maxwell's, and
V x (B x u)

V • B

P/PY

0

frozen-in-flux}

(Maxwell's)

0

e

S/cv

(equation of state)

2
„
fl 2 ^
V •
pu ju + —￼—1 + —B - —(B • u) B

r-1 p

P0

va - --

=

0

(energy!

Where S is the entropy, and Gj
constant volume, of the plasma.
include :

the heat capacity at
The assumptions here

-14a) steady flow Call time derivatives equal zero)
b) no dissipation Cinfinite conductivity, no
viscosity, no heat conduction)
c) compressible ideal gas.
Across any boundary, we demand conservation of
mass, momentum, energy, tangential electric field and normal
magnetic field.

Currents are allowed to flow along

the boundary to supply the curl of the magnetic field.
This yields, in general, five classes of solutions,
besides the trivial "nothing changes" solution: tan¬
gential, rotational, and contact discontinuities;
and fast and slow shock waves. For a review of
these, see Spreiter and Alksne 11969].
The pertinent discontinuity for the bow shock
is the fast shock wave. The magnetopause is a tangen¬
tial discontinuity in "closed" magnetospheric models
(i.e. no normal component of magnetic field through
the boundary), or a rotational or contact discontinuity
in "open" models. There is no flow through a contact
discontinuity; for a rotational discontinuity, the
normal component of flow is given by un 2 = Bn 2 / ^0P ^ *
Since this normal component of velocity and normal
component of magnetic field are typically small iSonnerup
and Cahill, 1968], generally smaller than average
fluctuations of magnetosheath parameters (including
the erratic boundary position and normal direction
itself), most calculations assume a closed magneto¬
sphere as a boundary condition. And so, we have
three more assumptions:
d) the bow shock is a fast shock
e) the magnetopause is a tangential discon¬
tinuity
f) the magnetopause and bow shock locations
can be determined as discussed earlier,

-15by gas dynamics.
The final assumption is an important one:
g)

for the limit of small magnetic fields,
the equations describing the fields de¬
couple from the plasma equations, allowing
the flow to be solved by gas dynamics also,
and the field determined by "frozen-in-flux".

The results of this treatment are shown in Figures
3a and 3b, from Spreiter et al. 11966]. Other calcula¬
tions, with similar procedure but differing initial
conditions, have been done by Dryer and Heckman
11967], and Dryer 11971]. Although none of these
carried their treatments tailward to lunar distance
(the maximum extent was fifteen earth radii), several
trends are apparent, which should be preserved further
down the tail:
1)

the density jump at the bow shock stays
near its maximum value of (y + l)/(y - 1),
= 4 for y = 5/3, decreasing slowly to
one as one goes downstream. Since this is
related to the angle between the shock
and the solar-wind flow, and the hyperbolic
bow shock has essentially reached its asymp¬
totic angle by x = - 10 Re, one would pre¬
dict the density jump to remain in the range

21

of 2-3 at lunar distance.
the normalized velocity and temperature
magnitudes Csheath values divided by
solar-wind values), should asymptotically
approach one down the sheath.

Howe 11971] made these projections more rigorous
using an approximation technique.

Using his functions

for average bow-shock and magnetopause locations,
listed in section 1.5, he first calculated magnetosheath

OH

Figure 3a.
flow.

Density contours for magnetosheath

Solar wind mach number = 8; gamma = 5/3.

[From Spreiter et al., 1966].

QI-»

Figure 3b.

Velocity and temperature contours

for magnetosheath flow.
as 3a.

Initial conditions same

[From Spreiter et al., 1966] .
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parameters near the bow shock by solving the "jump
equations" across the shock.

Next he found the flow

parameters near the magnetopause by solving the jump
equations at the nose and then used Bernoulli's equation
to follow that parcel of plasma around the magnetopause
boundary to the location of interest.

Last, he linearly

interpolated these values across the magnetosheath.
He found satisfactory agreement with Spreiter's
exact results near x = 10 Ee, and so used this approx¬
imation throughout his analysis.
To generalize the fluid-flow characteristics
to particle spectral characteristics, one generally
assumes a distribution function that is Maxwellian
in the plasma rest frame.

This has the functional

form:
n
f (v) =

exp

772772

■

(v - u)

orT~

where v is the particle's velocity; u is the plasma
bulk velocity; and w is the magnitude of the most
probable thermal velocity, equal to

(2kT/m)

1/2
'

.

There will be a distribution function such as this
for each species of particles in the plasma, and
there is no guarantee that the bulk flow and thermal
velocity is the same for each species.

The gas

dynamic bulk flow parameters used in the calculations
are actually weighted averages over all species
s:

u

=
~^sps

=

Ln8mBSe

isnsms

and

t

=

—

f
3
L|
H.) <v=u)a
■ him
s J CO
S <£«—S
—S
S
S v s t-s's—s^s
—

—

—

-17In practice, however, the low mass of the electron
and the low abundances of ions other than protons
make the following assumptions justifiable:
n

n

P

CT
n m
P P
u

u

u
-p

P 1

n kT Cc + 1) 1
P P
_

Here the electron and proton bulk velocities are
assumed equal to avoid large currents in the plasma
itself, and the protons and electrons are assumed
to be nearly in thermal equilibrium with each other
Cc is generally assumed to be a constant, with value
of 1 or 2) .

However, electron properties can vary

over a wide range without appreciably affecting
the properties of the plasma as a whole.
The extreme difference in mass between the
electrons and protons also affects the spectrum
observed as a function of angle to the flow.

For

a plasma with kTg = kT^ = 20 eV, co^ = 62 km/sec,
and ooe = 2650 km/sec. Thus for a bulk flow of 500
km/sec, u^ >>
whereas ug << we, making the
proton distribution strongly peaked at E = 1/2
2
mu in the forward direction, while the electron
P P
distribution is nearly isotropic.
The quantity most often measured is differential
2
flux, d J/dEdfi , which has units particles per unit
area per unit time per unit solid angle per unit

-18energy. In SI (MKS) units this would be particles/
2
Cm -sec-ster-joule); however, for magnetospheric
applications this unit is far too large to be convenient;
2
instead the unit most often used is particles/(cm sec-ster-eV). For a consistent system of units,
the differential flux is related to the more fundamental
distribution function by
d2J(E, fil/dEdfi

=

(2E/m2) f(E,n)

For a (nearly) isotropic flux, knowing the differential
flux spectrum at a single angle is equivalent to
knowing the distribution function. For anisotropic
fluxes, however, one could only characterize the
distribution function at that angle. Anisotropic
fluxes can be due to either a flow effect (described
above), or to a temperature parallel to the magnetic
field which is different from the temperature perpendic¬
ular to it.
2.2

Spectral Observations

The characteristics of post-shock plasma have
been compared to expectations based on the RankineHugoniot jump relations, with generally good agree¬
ment. The pertinent observations include; IMPI lOlbert, 1968]; Vela 2 [Gosling et al., 1967];
Vela 3 iArgo et al., 1967]; Vela 4 [Montgomery et
al., 1970] ; Explorer 34 [Burlaga and Ogilvie, 1968];
Pioneer 6 [Howe, 1970; Mihalov et al., 1969]; Explorers
33 and 35 [Howe and Binsack, 1972]; HEOS 1
[Formisano et al., 1973]; and OGO-5 [Scudder et
al., 1973]

-19Comprehensive mappings of magnetosheath plasma
parameters are confused by temporal changes and large
scale "flapping” of the magnetosheath past the observer.
Pioneer 6, although it crossed the (dusk) magnetosheath
only once (near x * 01, did so during an unusually
quiet time.

These observations, presented by Howe

11970], generally confirmed the magnetosheath character¬
istics predicted by theory. However, the measured
distribution function was clearly non-Maxwellian;
it showed an enhanced "high-energy tail" for protons
above 500 eV/q.

These particles, comprising about

10% of the observed density, appeared to be due to
an effect independent of the main flow. Similar
results for protons at lunar distance have been
presented by Howe 11971], using Explorer 33 and 35
data. Hones et al. 11972] associate the high-energy
tail (around 20 keV) of proton fluxes observed at
18 Rg distance in the magnetosheath with particles
escaping from the plasma sheet.

This interpretation

is based on the general decrease in flux as the satel¬
lite crossed the magnetosheath from magnetopause
to bow shock, and the fact that a twin spacecraft
in the solar wind did not observe such fluxes at
the same time. Hones et al. saw no compelling dawndusk asymmetry, either in spectral shape or geomet¬
rical extent.
Fenner 11971; 1974], using the Suprathermal
Ion Detector Experiment (SIDE) at three locations
on the lunar surface, also reported high-energy
(^ 1250 eV) proton flux enhancements, often taking
the form of a secondary peak in the distribution
function. She defines an "energy density ratio"
to be the energy density of protons above 1250 eV divided
by the energy density of the spectrum as a whole

20-
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(40 eV to 30 keV).

She found no compelling dawn-

dusk asymmetry in the magnitude of this quantity,
but did show that the energy density ratio correlated
better with Kp on the dusk side than on the dawn
side Cr = .88 versus r = .051 . However, part of
this may be due to the fact that an increase in bulk
velocity or temperature will also increase the flux
at higher energies, and she showed that both of those
parameters were better correlated with Kp on the
dusk side, also.
(For velocity, r = .79 vs .20;
for temperature, r = .76 vs .36).
Extensive studies- of the magnetosheath electron
population have been undertaken near the earth.
For example, Winningham 11972] has shown magneto¬
sheath electron spectra from ISIS I and IMP-5 in
the polar cusp region. He reported peak energies
in the 100 - 200 eV range, but did no integration
to find number densities. Scudder et al. 11973] ,
using OGO-5 data (1 < r £ 23 Re) reported temperatures
in the range 40 - 75 eV, and normalized densities
n/nsw i-n the range 1-5. They reported average bow
shock density and temperature jumps of 2.1:1 and
4.2:1, respectively.
Thus while the measured magnetosheath particle
populations (mainly ions) agree qualitatively with
theoretical calculations, there are marked differences.
The most commonly reported difference is a high-energy
tail.
The lunar-proximate electron population has
not been studied before in great detail. Howe 11971]
included electron data from Faraday cups on Explorers
33 and 35; but generally only one energy range was
above background current, allowing him only limited
spectral information. With this study we seek to
increase the body of information.
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Chapter 3
3.1

Description of the Instruments

Charged Particle Lunar Environment Experiment

The Charged Particle Lunar Environment Experi¬
ment (CPLEE) is a lunar-based ion-electron spectro¬
meter, measuring particle fluxes in the energy range
40 eV to 20 keV. A description of the CPLEE instru¬
ment and deployment is given by O'Brien and Reasoner
11971]; therefore, only a summary will be given here.
A photograph of the deployed instrument is
shown in Figure 4. A sketch of the instrument is
shown in Figure 5. The instrument, measuring 20
x 20 x 11.5 cm with mass of 2.7 kg, is oriented
east-west at the Apollo 14 ALSEP site (lunar latitude
3° 40' S and lunar longitude 17° 27' W). The instrument
contains two charged-particle analyzers, one whose
look direction is lunar vertical (analyzer "A"),
and one whose look direction is 60° to the west
of this (analyzer "B"). The look directions sweep
through space throughout the lunar month, as shown
in Figure 6. However, the flare of the magnetosheath
boundaries is such that the analyzers maintain
a nearly constant angle to the expected magnetosheath
flow direction during a sheath passage (40° and
100° for A and B, respectively, in the dusk sheath;
“5° and 55p in the dawn sheath).
Each analyzer is of the switched proton-electron
Channeltron spectrometer type Icf. O'Brien et al.,
1967] . A schematic of an analyzer is shown in Figure
7. Particle entry is through a series of collimating
slits, thence through a pair of deflecting plates.
Particles of one sign are filtered by energy-per-

Figure 4. A photograph of the CPLEE instrument
deployed on the lunar surface.
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Figure 5. A diagram
of the CPLEE instrument.
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Figure 6.

Ecliptic plane projection of the orbit

of the moon, showing the look directions of the two
analyzers. The axis of symmetry of the figure is
the "solar-wind" x-axis, rotated 4° from the earthsun line.

Figure 7.

Schematic of a physical analyzer

CPLEE PHYSICAL ANALYZER
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unit-charge into five Oshaped channel electron
multipliers (channels 1-5); particles of the other
sign are similarly deflected into a large-aperture,
helical electron multiplier (channel 6) . A particle
entering the aperture strikes the curved wall, emitting
secondary electrons which are accelerated down the
multiplier, causing a cascade of secondaries down
the tube, with a final multiplication factor of
7
about 10 . The total potential drop is nominally
2800 or 3200 V (selected by ground command); in
practice, the potential is low, by 40 to several
hundred volts. However, performance is unaffected
if a potential of 2300 V can be maintained. Secondary
electron ejection from the tube is retarded by the
aperture being held at -15 V, and by two particle
stops at 32 V.
The normal mode of operation is the "Automatic"
mode, where the deflection plate voltage is cycled
through +3500, +350, +35, +0, -3500, -350, -35, and
-0 volts, in order.
the deflection cycle.

Figure 8 is a schematic of
The -0 V setting is a test

oscillator, the +0 V setting is a backgound measure,
and the sign of the other 6 steps indicates the
sign of the particles entering channels 1-5. This
automatic sequence can be stopped by ground command,
and measurements can be made at any one deflection
voltage ("Manual" mode). The accumulation time is
1.2 seconds, and the readout, encoding, transmission,
and reset time is 1.2 seconds. The A analyzer accumu¬
lates while B resets and vice versa. A manual cycle
therefore takes 2.4 seconds to complete, and an automatic
cycle 19.32 seconds.
The analyzers were extensively calibrated for
electrons. Energy passbands for each analyzer/channel/de

Figure 8.

Schematic of the CPLEE timing sequence

CPLEE TIM SEQUENCE

-23flection voltage combination are shown in Figures
9a and 9b Ifrom Rich, 1973J. Multiplication factors
for converting count rate (counts/1.2 seel to differen2
tial flux (particles/(cm - sec-ster-eV)) are shown in
Table X. The proton channels were not ground calibrated.
The figures in parentheses are design calculations;
those not in parentheses are in-flight calibrations,
using simultaneous solar-wind data from the Solar
Wind Spectrometer Experiment.
The detector is also responsive to solar ultravio¬
let light, but only when the sun is within 2° of
the analyzer's field of view.

This effect is easily

predictable and detectable. Fortunately for this
study, Analyzer A's contamination is over several
hours before mean dawn-side sheath entry, and Analyzer
B's contamination begins near dawn-side sheath exit.
The instrument was deployed at approximately
1744 GMT on February 5, 1971 (Julian day 36). A
63
brief function test using a
Ni source in the dust
cover was performed when the instrument was first
commanded on at 1900 GMT February 5. CPLEE was
then put in standby mode until after LM ascent, when
it was commanded on at 1910 and the dust cover jettisoned
at 1930 GMT February 6. Essentially continuous
data from both analyzers was returned starting then
until the failure of analyzer B on April 8, 1971
at 2155 GMT. The high fluxes of the geomagnetic
storm of April 9, 1971 were mistakenly identified
as evidence of internal problems, and the instrument
was put in standby mode until April 16, 1971. Useful
data from analyzer A was collected from then until
June 6, 1971, when its power supply also failed.
Although Analyzer A has operated during portions
of 1972, 1973, and 1974, this was the end of useful

ANALYZER

DETECTOR

£

A

-350

I

-

O
35

Figure 9a.
of Analyzer A.

Energy passbancls for the electron channels
[From Rich., 1973] .

ANALYZE»

Figure 9b
of Analyzer B.

•

Energy passbands for the electron channels
[From Rich, 1973].

TABLE I
CP LEE Count Rate to Differential Flux
2
lCounts/1.2 sec] to I#/(cm -sec-ster-eV)J
Step, Detector Center Energy (eV) Flux units/count
Analyzer A
-35,1
-35,2

40

Analyzer B
45
54

50
65
94

70
100

-35,5
-35,6
-350, 1

200

-35,3
-35,4

Analyzer A
5900
2780
1410

Analyzer
4350
2560

200

530
100

1430
532
74

500

500

313

351

-350, 2
-350, 3

600
750

600

210

266

750

118

143

-350, 4

1100

1100

65

81

-350, 5

2000

2300

15

15

-350, 6
-3500 ,1
-3500 ,2

4800
5800

5000
6000

68

7200
10000

7500
10000
23000

70
33
24

-3500 ,3
-3500 / 4
-3500 ,5

20000

31
18
9.5
6.5

11.5
6.5

-3500 / 6
+35,1
+35,2
+35,3
+35,4

(60)
(70)
(84)
170

(35)
(65)
(85)
(1001

(2 x 10b)
(5 x 104)
(1.9 x 104)
2000

(1.2 x 10
(5 x 104)
(2 x 104)
(4000)

TABLE I

(Continued)
230

240

+35,5

300

220

+35,6

75

85

+350,1

500

500

630

615

+350,2

600

600

380

475

+350,3

750

750

170

242

+350,4

1100

1100

70

105

+350,5

2000

2200

12

11

+350,6

750

800

+3500,1

4800

5000

35

35

+3500,2

5800

6000

13.4

14.3

+3500,3

7200

7500

6.9

8.0

+3500,4

10000

10000

2.7

3.3

+3500,5

20000

22000

1.5

1.5

+3500,6

9000

8000

0.31

0.60

4.8

0.74

4.5

0.83

-24data for 1971 and the sum of the data set used in
this thesis.
3.2

Other Instruments
For this study of general magnetosheath features,

no data other than that of CPLEE will be extensively
presented. However, all available data from the
Explorer 35 NASA/Ames Research Center fluxgate magneto¬
meter has been provided by D. S. Colburn of the Ames
Research Center, Moffett Field, California. The
detector is described in Mihalov et al, I1968J.
Magnetic field data have been examined for all time
periods used in this study, e.g. to confirm boundary
crossings; however, a detailed statistical comparison
of magnetic and particle data, albeit useful, is
beyond the scope of this thesis, and will be deferred
for later study.
Hourly averages of solar-wind bulk velocity,
density, and thermal velocity have been made available
by W. C. Feldman using IMP-6 data, for the period
March 28 - June 16, 1971.

{For a description of

this instrument, see Feldman et al., 1973#] Again,
use is made of the data primarily for general solarwind conditions; detailed comparisons will be deferred.
Geomagnetic conditions used in this study are
taken from Solar-Geophysical Data, Hope I. Leighton,
editor.
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Part IX - Data Analysis
Chapter 4
4.1

Magnetosheath Geometry Observations

Boundary Criteria
Before one can analyze average boundary locations

for the magnetosheath, one must set up consistent
criteria to distinguish boundary crossings from
random fluctuations in particle fluxes and from
interplanetary events.
for guidance.

One looks to the theory

As discussed in section 1.1, a fast shock wave
will compress and thermalize a flow. Imbedded magnetic
fields will be strengthened and/or rotated.

Therefore,

one would demand the following criteria for a shock
crossing from pre-shock to post-shock conditions
(the reverse will hold for the alternate transition):
a)
the density should rise; b) the mean thermal
energy should rise; c) the flow velocity component
normal to the shock should decrease; and d)

the

magnetic field should change in magnitude and/or
direction. For electrons, however, the flow velocity
makes only a minor shift in the particle spectra
(for a single analyzer, an increase in flow velocity
appears as an increase in density - only for two
analyzers operating can we make a meaningful estimate
of the flow velocity, and then only roughly). For
the typical bow shock, however, the increase in
flux of the lowest-energy channel due to the increase
in density more than compensates for the decrease
in flux due to the decrease in flow velocity. Therefore,
we shall demand an increase in flux of the lowest-

-26
energy particles.

The observational evidence for

an increase in mean thermal energy of the plasma
is the dramatic increase in flux of the medium-tohigh energy electrons (100-800 eV). Occasionally
one encounters shocked solar-wind electrons far
beyond the average boundaries of Howe 11971]. In
each case, however, the solar-wind data from IMP6 indicate interplanetary shocks. Such shocks are
eliminated from the averages presented below.
In summary, these are the criteria for a bow
shock crossing: a)

the flux in the lowest-energy

channels should abruptly rise, indicating a jump
in density; b) the flux in the medium-to-high energy
channels should jump by a factor larger than that
of the lowest-energy particles, indicating a coincident
jump in mean thermal energy, and not just a random
increase in density; c) for times satisfying a)
and bl but occurring more than 15° away from the
mean bow shock location of Howe and Binsack [1972],
interplanetary solar-wind data should be examined
to rule out interplanetary shocks.
Figure 10a shows several bow shock crossings
fulfilling these criteria. The arrowheads point
to crossing times at about 1628, 1703, 1710, 1725,
1835, and 1842 GMT day 95 (April 5), 1971. The bars
beneath indicate sheath periods; the remainder of
the time the moon was in the solar wind. Here the
lowest-energy channel is 40 eV (top) and the mediumenergy channel is 94 eV (bottom), both for Analyzer
A.

Figures 10b and 10c are numerically integrated

values of flux, pressure, and density for the same
time interval as Figure 10a. Figure 10b is for
Analyzer A; Figure 10c for Analyzer B. All three
figures are unaveraged; i.e., each data point is

Figure 10a. Unaveraged differential flux versus
time for the 40 eV and 94 eV channels of Analyzer A.
Several bow shock crossings are shown, indicated by the
arrowheads.
Figure 10b. Numerically integrated unaveraged
flux, pressure, and density for Analyzer A, for the
same time period as Figure 10a.
Figure 10c.

Same as 10b, but for Analyzer B.
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-27one CPLEE cycle (in this case, automatic cycles 19 seconds apartI.

The figures, therefore, indicate

both the sharpness of the transitions (of the order
of one cycle), and the magnitude of typical fluctuations
in the sheath. Note also that the density and pressure
follow one another quite closely, indicative of
the stable mean energy.

Spectra from times near

this interval will be shown in Figures 20 and 21.
When the moon crosses the magnetopause from
the magnetosheath, it can enter either the "highlatitude tail" or the "plasma sheet".

These differ

widely in their particle populations. However, for
both populations, the fluxes at low energies (.40
eV to 100 eV) are below the fluxes seen by CPLEE
due to photoelectrons. Therefore, the single criterion
for magnetopause crossings is that the electron
spectrum at low energies should shift to that of
the photoelectron spectrum already reported iReasoner
and Burke, 1972], In practice, this is a sharp
drop in fluxes of about an order of magnitude.
Figure 11a shows unaveraged flux versus time
for the 65 eV (top) and 500 eV (bottom) channel
of Analyzer A.

Here the moon is in the vicinity

of the plasma sheet before the magnetopause crossing
at 0728 GMT day 43, 1971 (February 12). One sees
several transitions between the high-latitude tail
(HLT) and the plasma sheet (PS). The plasma sheet
is seen in this figure by the enhanced fluxes at
500 eV. Note that these fluxes are quite similar
to the magnetosheath fluxes on the right hand side
of the figure. The low-energy channel (65 eV) shows
mostly photoelectrons in both the high-latitude tail
and the plasma sheet.

The spikes at the boundary

between the plasma sheet and the high-latitude tail

Figure lia.

Unaveraged differential flux versus

time for the 65 eV and 500 eV channels of Analyzer A.
"PS" indicates plasma sheet fluxes; "HLT" indicates
the high-latitude tail.

At 0728 the moon crossed the

magnetopause into the magnetosheath.
Figure lib. Unaveraged numerically integrated
values of flux, density, and pressure for the time
period shown in Figure 11a, for Analyzer A.
Figure 11c.

Same as lib, but for Analyzer B.
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-28could be magnetopause crossings; however, it would
necessitate that the tail moved in such a way that
the moon just touched the magnetosheath as it traveled
from the plasma sheet to the high-latitude tail.
As this sort of flux transition is not uncommon,
it may well be associated with the "boundary layer
plasma" discussed most recently by Akasofu et al.
I1973J near the earth, and by Fenner I1974J and
Hardy et al. 11974] at lunar distance.

Spectra

from the plasma sheet, "boundary layer", and highlatitude tail will be shown in Figures 26 - 28.
Figures lib and 11c are numerically integrated unaver¬
aged values of flux, pressure, and density for this
time period. Note that the plasma sheet has similar
density, but much higher pressure than the neighboring
high-latitude tail.
4.2

Average Boundary Locations
Within the standard deviations of the measurements,

the average boundary locations observed by CPLEE
agree well with the observations of Howe and Binsack
11972]. Figure 12 shows the trajectory of the moon
in geocentric solar magnetospheric coordinates during
the interval used in this study, for longitudes
between 100 and 260 degrees.

Figure 13 is a similar

track, but in geocentric solar ecliptic coordinates.
The periods in which magnetosheath fluxes are seen
are shown in the next two figures. One can observe
great variability from month to month in number
of crossings and mean crossing location. Table 2
shows a listing per month of the number of crossings
observed and median crossing longitude in solar
ecliptic coordinates.

Although portions of five

aanmtn.
Track of the moon in geocentric solar magnetospheric coordinates

from longitude 100° to 260° for the data set used in this thesis.

Figure 12.
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Same as 12, but for geocentric solar ecliptic coordinates.
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-29lunar cycles are included in the table, only the
unstarred crossing segments are included in the averages.
The starred times include crossing periods in which
the instrument was only active during a portion of
the time, or was turned off altogether. The longitudes
of the remaining crossings were averaged, with the
following means and standard deviations;

Inbound

bow shock; 127.2 + 3.9°; inbound magnetopause;
151.4 + 4.4°; outbound magnetopause: 202.5 + 3.0°;
outbound bow shock: 225.3 + 2.6°.

Therefore, the

longitude of symmetry for the magnetosphere is 177.0
+ 3.7°. The longitude of symmetry for the bow shock
surface is 176.3 + 3.2°. Within the standard deviations,
therefore, the symmetry axes are identical to one
another and consistent with an average aberration
angle of about 3-4°.
4.3

Geometry Observations - Summary

The magnetopause and bow shock boundaries are
detected in a consistent manner by CPLEE. The magneto¬
pause boundary is easily seen by disappearance of
magnetosheath spectra and appearance of photoelectron
spectra. The bow shock is detected by an increase
in density and mean thermal energy of the plasma.
Since this can be confused with interplanetary shock
waves passing the moon, "crossings" occuring more
than 15° away from the mean bow shock observed by
Howe and Binsack 11972] are checked against solarwind data. The resultant center of the mean bow
shock surface and mean magnetopause surface at lunar
distance agree with one another and with the average
solar-wind aberration angle, within one standard
deviation.
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Chapter 5
5.1

Magnetosheath Spectral Observations

Method of Data Presentation

Rather than burden the reader with volumes
of data from all passages (which are often confused
by rapid fluctuations of solar-wind velocity or
density, or by the passage of a sector boundary),
we shall show in detail only one complete passage
each of an inbound (dusk) magnetosheath and an outbound
(dawn) magnetosheath. The April 1971 dusk passage
and the February 1971 dawn passage are chosen because
of the steadiness of the solar wind, both in density
and velocity, and of the lack of extreme geomagnetic
activity. The geomagnetic index we shall use is
Kp [see Rostoker, 1972, for a review].

For the

April passage, only one Kp value was above 4 (4+),
and only one other 3-hour time segment was above
3 (3+).

For the February passage, no Kp value was

above 3 until after the first outbound bow shock
crossing.
First, an overview of the sheath passage will
be shown, with total electron flux, number density,
and pressure plotted versus time. These values
were computed by numerically integrating the complete
spectrum (including the "high-energy tail").
is assumed.

Isotropy

Next, representative spectra from various

locations in the solar wind, magnetosheath, and
magnetotail will be shown. These will be both numeri¬
cally integrated and fitted to appropriate distribution
functions. Estimates (to + 200 km/sec) of the flow
velocity are given by the following technique: First,
the angle to the bulk flow is assumed to be 409
for Analyzer A and 100° for Analyzer B for the dusk

-31sheath, and -5° and 55°, respectively, in the dawn
sheath Cas discussed in Chapter 21, A first estimate
to the flow velocity of 200 km/sec is used. Next
the data from the A and B analyzers are fitted separate¬
ly to a Maxwellian distribution, using the five lowestenergy data points (from 45 to 200 eV).

The fitted

density from A and from B are compared, and the
density and flow velocity are accepted if the densities
agree within the largest fitted standard deviation.
If the densities are further than one standard deviation
from one another, the flow velocity is adjusted
in increments of 200 km/sec until either a match
is made or else the flow velocity is either below
0 or above 800 km/sec. In that case, the limiting
velocity is used in the fitting procedure.

This

is infrequent (less than 10% of the time) in the
magnetosheath; but common near the boundaries and
in the solar wind.

This is probably due to flow

angles different from those assumed. The mean thermal
energies resulting from the fitting operation are
then compared.

Although from spectrum to spectrum

the sheath shows great variability, for a given
spectrum the thermal anisotropy (i.e. the difference
in mean thermal energy between Analyzer A and Analyzer
B) is generally smaller than 10%. Thus our assumption
of isotropy seems justified.
One feature is readily apparent from the individual
spectra - the spectra exhibit flux enhancements
at higher energies (from 200 eV to 2 keV), well
above the flux expected from the Maxwellian distribution
alone. This "high-energy tail" is an ever-present
feature of the data, although it varies in magnitude
and importance. One can characterize this high-energy
tail in two ways, depending on one's viewpoint.

-32The first viewpoint looks on the spectrum as a whole
and seeks a single distribution function that better
describes the spectrum as a whole.

The second viewpoint

regards the high-energy particles as an independent
second population, and describes them separately.
Each viewpoint has its advantages and disadvantages.
Figure 16 illustrates the difference for dusk spectra.
The spectra on the right have been fitted with both
Maxwellian and "kappa" distributions. A kappa distri¬
bution is the most often chosen distribution function
of the first viewpoint. Referenced by Vasyliunas
11968] as being invented by Olbert, a kappa distribution
has the property of resembling a Maxwellian distribution
at low energies, and resembling a power-law distribution
at high energies.

Since the distribution function

has the form of energy to the negative (kappa +
1) at high energies, the observed flux would fall
off as energy to the minus kappa power. Differential
flux spectra from a kappa distribution and a Maxwellian
distribution (the limit of a kappa distribution
as kappa approaches infinity) are shown in Figure
17.

They are shown to the same scale with the same

density and same mean thermal energy, with the upper
trace in each figure indicating bulk flow directly
into the detector, and the middle and lower traces
indicating perpendicular and antiparallel flow,
respectively; all for a bulk velocity of 300 km/sec.
Relative to a Maxwellian, the kappa flux function
peaks at a lower energy and falls off more slowly
at high energies; therefore, for identical fluxes
in our range of observation (40 - 200 eV), a kappa
distribution will integrate to a higher density and
a lower mean thermal energy.
The left half of Figure 16 shows a spectrum
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Figure 17.
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-33handled by way of the second viewpoint - that of
considering the high-energy tail as a second population
and fitting each energy range separately to a distribu¬
tion function of its own, be it Maxwellian or kappa.
This viewpoint seems to be better supported by the
data, where the high-energy tail can vary in a way
unlike that of the low-energy spectrum. This is
illustrated in Figure 18 for dawn spectra. Here
the high-energy tail appears as a second peak. An
attempt to fit this function to a kappa distribution
yields an infinite temperature, due to the extremely
low value of kappa.

A second distribution function,

on the other hand, seems to handle the situation
quite well.

One notices that, whereas the low-energy

particles are nearly isotropic, the high-energy
particles have a much greater flux in A than in
B. The disadvantage of this approach is that at
least 4 data points are needed to fit to a Maxwellian
with any reliability (since the distribution has
three degrees of freedom - the density, the mean
thermal energy, and the flow velocity}.

However,

for dusk-side spectra, the high-energy tail, although
higher than expected from a Maxwellian fit at low
energies, occasionally does not exhibit more than
3 energy channels above background levels with energies
greater than 100 eV. In these cases, a single kappa
function will be attempted. In all other cases,
an attempt to fit dual Maxwellians will be made.
5.2

The April Dusk Passage
An overview of the most quiet dusk-side passage

is shown in Figures 19a and 19b.

First, one sees

low-energy, low-density solar-wind fluxes, from
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Figure 19a.

Numerically integrated 5-minute

averages of flux, pressure, and density for a dusk
sheath passage.

The A analyzer was used, and iso¬

tropy was assumed.
Figure 19b.
B.

Same as 19a, but for Analyzer
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-34about 1300 to 1600 GMT day 95. Figure 20 is a spectrum
from this time period, at 1400. One sees densities
of about 1.5 cm” , flow velocities of about 200 km/sec,
and temperatures of about 15 eV.

(These units will

be used consistently, unless noted!. The fluxes
at high energies were not high enough for a separate
fit, so a single kappa function was fit, with density
of 4.1 for A and 2.4 for B, and temperatures of
10 for A and 13 for B. A strict numerical integration
was also performed, giving densities of 1.1 for A,
and .6 for B, and temperatures of 15 for A and 18
for B.

The numerical integration is typically an

underestimate of the density, and an overestimate
of the temperature, since the peak of the distribution
occurs at lower energies than are detectable by
CPLEE.
From around 1600 GMT day 95 to around 0000 GMT
day 96, several bow shock crossings are seen.

An

expanded view of a portion of this time segment
was seen in Figures 11a, b, and c.

A spectrum from

0330 day 96 (past the last bow shock crossing) is
shown in Figure 21. The density has jumped substantially,
to 7.3 for A and 3.7 for B, with temperatures around
20. One notices that significant fluxes at high
energies have appeared, although at fairly low densities
(around 0.04). This is a common occurrence, and
indeed a good indicator of the inbound bow shock.
As the moon progresses through the sheath, varia¬
tions are seen with various magnitudes and time constants,
but in general the trend is to lower and lower densities.
Figure 22 is from later in the sheath, at 0345 day
97. The density and temperature of the low-energy
portion of the spectrum approach solar-wind values,
yet the high-energy tail remains far above solar-

Figure 20. Solar-wind differential flux spectra.
As the high-energy tail was not intense enough for
a separate Maxwellian fit, a single kappa was attempted,
with fitted values on the right. Fitted values
for the Maxwellian low-energy fit are shown on the
left.

In this and in all subsequent spectra, densities
-3
will be indicated by "N" with units of cm ; temperature
by "T" and units of eV; bulk velocity by "V" in units
of km/sec; and kappa by "K" (unitless).

Figure 20

FLUX

(»/CM2«SEC«STERKEV)

(»/CM2KSEOSTER*EV)
FLUX
Figure 21.

Differential flux spectra just past

a bow shock crossing.

The numbers on the right are now

fitted values for a Maxwellian fit for the "high-energy tail"

(#/CM2KSEC*STERKEV)
FLUX
Figure .22.

Differential flux spectra from midway

through the dusk sheath.

-35wind values.

Just previous to the first magnetopause

crossing (Figure 231, the density has fallen substantial¬
ly, to 1.1 for A and 1.6 for B. Through the sheath
crossing, the density of the low-energy spectrum
has fallen a factor of 8; the high-energy portion,
only a factor of 2.
Finally, several magnetopause crossings are
seen.

The moon here moved in and out of the high-

latitude tail.

A high-latitude tail spectrum is

seen in Figure 24, at 2120 day 97.

One notes typical

photoelectron fluxes at low energies, and minimal
fluxes at high energies.

This is typical of the

high-latitude tail. A magnetopause crossing entering
into the plasma sheet, although not illustrated
here, would show photoelectron fluxes at low energies
and greater fluxes at higher energies, similar to
the high-energy tail we have shown in the magnetosheath.
5.3

The February Dawn Passage
An overview of the most quiet dawn passage

is shown in Figures 25a and 25b.

Several magnetopause

crossings previous to this graph are not shown, due
to ultraviolet contamination of Analyzer A. However,
these crossings are readily discernible from Analyzer
B.
26.

A spectrum from 0700 day 43 is shown in Figure
Here the moon is located in the plasma sheet.

The low-energy portion of the spectrum shows photoelec¬
trons, and the high-energy portion shows plasma-sheet
electrons, as discussed earlier. A more expanded
view of this time segment was shown in Figures 10a,
b, and c and discussed in section 4.1. Next, the
moon crossed the "boundary layer". A boundary layer
spectrum is shown in Figure 27.

Note that the flux

FLUX (#/CM2*SEC*STER*EV)
Figure 23.

Differential flux spectra just previous

to a duskside magnetopause crossing.

□TTTTH

T—i—i

1 O7 F

I

mm
1—i—i mm
CPLEE ELECTRONS
97/21/20 1971
31 CYCLE flVG
O
ANALYZER A
X
ANALYZER B

TTTT

1
I'lTTIH ~1

1Û6 i

X

X
ÛC

O K

1

>
LU
LU

I— 105 :

ill II I I 'I

O

CO

X
CJ

lu
to

X

1

CM

TTTT

»10u

X
ZD

103

J

10*

1

10

l-.l-l-l-U 1.

J
2

10

ENERGY
Figure 24.

—éae—1—1

L

MU

3

1D
(&\H*

10M

Differential flux spectra just past a

magnetopause crossing, in the "high latitude tail".

In

this and in any subsequent spectra, the lack of a fitted
line indicates that a fit was attempted, but confidence
level was not reached; i.e. chi squared was greater than 2.5.

Figure 25a.

Numerically integrated 5-minute averages

of integral flux, pressure, and density for a dawn
magnetosheath passage. Analyzer A was used.
Figure 25b.
B.

Same as 25a, but for Analyzer
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plasma sheet.

Differential flux spectra in the

Figure 27.
"boundary layer".

Differential flux spectra in the

-36in B is larger than the flux in A Cas if the flow
were coming from the sheath, rather than down the
tail}, and that the temperature is high. The highenergy tail is present, with a density of .1 for
A and .04 for B, and temperature of around 270.
CPLEE then crossed into the high-latitude tail,
as evidenced by the drop in pressure and by the spectrum
in Figure 28.

The moon crossed the magnetopause

into the sheath at 0728 day 43. Figures 29 - 33
are spectra selected (in order! from the sheath
crossing. One sees both from the spectra and from
the overview plots that, for the low-energy portion,
the density is variable but generally increasing
as the shock is approached, and that the temperature
of the low-energy population is virtually constant
across the sheath. The high-energy portion also
generally shows an increase across the sheath.
The points on the latter half of the overview
are further spaced than their 5-minute average would
imply, due to the fact that CPLEE was being cycled
between automatic mode, and manual mode in a proton
voltage. Exact times of bow shock crossings are
impossible to distinguish from electron data alone,
but at least three are seen, at about 0130, 0400,
and 1100 GMT day 45. During this time the solarwind density and temperature were steadily rising.
This is illustrated in Figures 32 - 34.

Figures

32 and 33 are magnetosheath spectra; Figure 34 is
in the solar wind. One sees a virtual disappearance
of the high-energy portion of Analyzer A; and Analyzer
B's fluxes are greatly reduced.

As the high-energy

portion of Analyzer B's channels are entering ultravio¬
let contamination, it is impossible to ascertain
how much of these fluxes is real.
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Figure 29.

Differential flux spectra in the

dawn magnetosheath adjacent to the magnetopause.
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FLUX
Figure 30.

Differential flux spectra in the

early outbound magnetosheath.

(#/CM2*SECKSTER*EV)
FLUX

ENERGY (EV)
Figure 31.

Differential flux spectra in the

middle dawn magnetosheath.

(#/CM2KSEOSTERXEV)
FLUX
Figure 32. Differential flgx spectra in the
late dawn magnetosheath.

(A3*y3iS*33S*2W3/>*) XflU

ENERGY (EV)
Figure .33. Differential flux spectra just
previous to a dawn-side bow shock crossing.

FLUX (#/CM2*SEC*STER*EV)
Figure 34.

Differential flux spectra in the solar wind

just past a dawn-side bow shock crossing.
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5.4

Spectral summary

The monthly overviews of sheath passages show
both consistency with sheath theory, and new observations
that were not anticipated by theory. The confirmatory
observations include monotonie density gradients,
with density decreasing from the bow shock to the
magnetopause, and jumps in mean thermal energy and
density at the bow shock. A -change in temperature
across the sheath is not apparent from the data.
New observations show a high-energy tail that is
similar in flux and in mean energy to the plasma
sheet at lunar distance. These high-energy particles
are approximately constant in flux across the dusk
sheath, appearing at the bow shock and either disappear¬
ing at the magnetopause, if the moon enters the
high-latitude tail, or remaining nearly constant
across the magnetopause if the moon enters the plasma
sheet.

The dawn side shows similar behavior at the

magnetopause; however, the high-energy fluxes generally
increase in magnitude across the sheath, peaking
near the bow shock, past which they disappear.

These

high-energy particles are, in general, anisotropic,
and the flux differences between the A and B analyzers
cannot be explained by a flow velocity, unless one
allows flow velocities in excess of 1500 km/sec.
The flux differences between A and B for the lowenergy portion of the spectrum can generally be
explained by a flow velocity on the order of 200
km/sec, with little thermal anisotropy.
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Part III - Discussion
Chapter 6
6.1

Summary and Conclusions

Summary

To no-one's surprise, the magnetosheath is
highly time variable, both in the location of its
boundaries, and in the shape and amplitude of its
particle distribution function.

At lunar distance,

the boundaries can flap with amplitudes of greater
than 10° in longitude.

The mean boundaries, however,

follow approximately the locations one would expect
based on extrapolations from observations at distances
nearer the earth.

The axes of symmetry of both

boundaries follow the 3-4° aberration angle of the
solar wind.
The electron distribution function in the magneto¬
sheath is non-Maxwellian, as is well established
at locations far closer to the earth. However,
this is the first observation of a magnetosheath
electron population similar to that of the neighboring
plasma sheet. The flux measurements of the highenergy tail in the magnetosheath have been shown to
be similar in magnitude and in mean energy to the
plasma-sheet spectrum shown in Figure 25, and to
previously published plasma-sheet spectra at lunar
distance (Figure 35, from Rich, I1973J).

The flux

of this high-energy-tail/plasma-sheet population
varies nearly monotonically from bow shock to bow
shock, appearing at the dusk bow shock and rising
steadily to the dawn bow shock, after which it disappears.
The low-energy portion of the electron spectrum

Figure 35. Typical plasma-sheet differential
flux spectra iFrom Rich, 1973J. Note the similarity
between the plasma-sheet electron population and
the high-energy tail that is observed in the magneto¬
sheath.

Compare with, for example, Figure 33.

Figure 35

FLUX (particle / cm2 sec ster eV)

39is more nearly what one would expect on the basis
of shocked solar-wind plasma alone. One sees jumps
in density and mean thermal energy at the bow shock
of about a factor of 2 - 4 and 1.2 - 2, respectively.
The density falls monotonically from bow shock to
magnetopause on both dawn and dusk sides, after
which the appropriate tail population appears.
6.2

Suggestions for Further Study

One could undertake an elaborate statistical
study of the low-energy electron population in the
magnetosheath, dividing magnetosheath densities
by solar-wind densities, and performing rigorous
checks on sheath theory. This has been done suc¬
cessfully for protons in the lunar-proximate region
by Howe 11971], using a two-satellite technique.
Our low-energy overview supports his work to a great
degree, and we see no compelling reason to repeat
his analysis with CPLEE data.
The high-energy particles, on the other hand,
are an exciting new result, and deserve more attention.
We have found that the flux and mean energy of these
particles are variable in time and position; yet
our understanding of the reasons for these variations
is minimal. A study of correlations between the
magnetosheath high-energy tail and the plasma sheet
is compelling; such a study may provide insight
into the transfer processes operating between the
two populations.
We therefore suggest an extensive study of
these high-energy particles; how they vary, and
why. The high-energy electrons also exhibit grossly
different properties during periods of intense geomagnetic
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storms, compared to their quiet-time behavior; this
behavior also needs to be investigated.
Further study of the high-energy electron popula¬
tion in the magnetosheath promises to improve our
understanding, not only of magnetosheath processes
at lunar distance, but of the solar-wind-magnetosphere
interaction as a whole.

-41ACKNOWLEDGMENTS
It is with pleasure I acknowledge the guidance
and support of my thesis advisor, Dr. David L. Reasoner.
He allowed me the freedom and the funding to pursue
my own interests, while being available for advice
at any time when I requested it.
Two others were invaluable in this study: Dr.
William J. Burke and Dr. Thomas W. Hill. They greeted
my progress with enthusiasm and a critical eye, making
apt, incisive comments on both scientific principles
and technical details.
For use of their data I gratefully acknowledge
Dr. David S. Colburn of NASA/Ames Research Laboratory
and Dr. William C. Feldman of Los Alamos Research
Laboratory.
Others at Rice University to whom I am indebted
include: the members of the SIDE research team, especial
ly Dr. John W. Freeman, Jr.; Dr. Frederick J. Rich,
a now-graduated member of the CPLEE team; and David
Nystrom, John McGarity, and Charles Nichols, for
computing assistance.
This research was in part funded by NASA contract
NAS-9-5884.
I wish to thank my parents, Dr. and Mrs. Wm.
H. Reiff, for their continued encouragement IPhil.
4, v. 11], inspiration Iv. 13], and financial support
Iv. 19]; on both this thesis and all my efforts IPhil,
3, v. 14].

Finally, I wish to commend John F. Moore,

who bore the burdens of having a graduate student
wife for as long as he could.

-42REFERENCES

Akasofu, S.-I,, E. Vt, Hones, Jr., S, J, Bame, J, R. Asbridge, and A. T. Lui, Magnetotail and boundary layer
plasmas at a geocentric distance of

18 Rgj

Vela 5

and 6 observations,' J. Geophys. Res., 78, 7257, 1973.
Argo, H. V., J. R. Asbridge, S. J, Bame, A. J. Hundhausen, and I. B. Strong, Observations of solarwind plasma changes across the bow shock, J,
Geophys. Res., 72, 1989, 1967.
Axford, W. I., Rotation of the magnetosphere, J. Geo¬
phys. Res., 68, 5883, 1963.
Axford, W. I., Magnetospheric convection, Rev. Geophys.,
l_t 421, 1969.
Beard, D. B., The interaction of the terrestrial mag¬
netic field with the solar corpuscular radiation,
J. Geophys. Res., 65, 3559, 1960.
Behannon, K. W., Mapping of the earth's bow shock and
magnetic tail by Explorer 33, J. Geophys. Res.,
73, 907, 1968.
Biermann, L., Kometenschweife und solare korpuskularstrahlung, Z. Astrophys,, 29, 274, 1951.
Birkeland, Kr., Sur les rayons cathodiques sous l'action
de forces magnétiques intenses, Arch. Sci. Phys.
Naturelles, 1, 497, 1896.
Bonetti, A., H. S. Bridge, A. J. Lazarus, B, Rossi, and

-43F. Scherb, Explorer 10 plasma measurements, J,
' Geophys. Res. / t>8, 4017, 19.63,
Bowling, S, B., The influence of the direction of the
geomagnetic dipole on the position of the neutral
sheet, submitted to JY Geophys. Res., 1974.
Burlaga, L. F,, and K. W. Ogilvie, Observations of the
magnetosheath-solar wind boundary, J. Geophys. Res.,
19_, 6167, 1968.
Chamberlain, J. W., Interplanetary gas, 2, expansion of
a model solar corona,' Astrophys. J,, 131, 47, 1960.
Chapman, S., The energy of magnetic storms, Monthly No¬
tices Roy. Astron. Soc., 79, 70, 1918.
Chapman, S., An outline of a theory of magnetic storms,
Proc. Roy. Soc. London, A, 95_, 61, 1919.
Chapman, S., and V. C. A. Ferraro, A new theory of
magnetic storms, Terrest. Magnetism Atmospheric
Elec., 36, 77, 171, 1931.
Dessler, A. J., Solar wind and interplanetary mag¬
netic fields, Rev. Geophys., 5_, 1, 1967.
Dessler, A. J., Solar wind interactions, Annales Geophysique, 24, 1, 1968a.
Dessler, A. J., Solar wind interactions and the magneto¬
sphere, in Physics of the Magnetosphere, ed. R. L. Carovillano, J. F. McClay, and H, R. Radoski, D, Reidel
Publishing Co., Dordrecht, Holland, p. 65, 1968b,

-44Dryer, M., Solar wind interactions - hypersonic ana¬
logue, Cosmic Electrody., 1, 115, 1970.
Dryer, M., Comparison of experimental and gasdynamic
parameter jumps across the earth's bow shock,
J. Geophys. Res., 76, 1070, 1971.
Dryer, M., and G. R. Heckman, On the hypersonic analogue
as applied to planetary interaction with the solar
plasma, Planet. Space Sci., 15, 515, 1967.
Egidi, A., V. Formisano, F. Palmiotto, and P. Saraceno,
Solar wind and location of shock front and magneto¬
pause at the 1969 solar maximum, J. Geophys. Res.,
75, 6999, 1970.
Fairfield, D. H., Average and unusual locations of the
earth's magnetopause and bow shock, J. Geophys. Res.,
76., 6700, 1971.
Feldman, W. C., J. R. Asbridge, S. J. Bame, and M. D.
Montgomery, Double ion streams in the solar wind,
J. Geophys. Res., 78, 2017, 1973.
Fenner, M. A., Magnetosheath plasma at 60 Rg, M. S. thesis,
Rice University, 1971.
Fenner, M. A., Observations of magnetosheath plasma at
the lunar orbit, Ph. D. thesis, Rice University,
1974.
FitzGerald, G. F., Sunspots, magnetic storms, comet
tails, atmospheric electricity, and aurorae,
The Electrician, 46, 287, 1900.

-45
Formisano, V., P. C. Hedgecock, G, Moreno, P. Palmiotto,
and J. K. Chao, Solar wind interaction with the
earth's magnetic field; 2.

Magnetohydrodynamic

bow shock, J. Geophys V Res., 78, 3731, 1973.
Gosling, J. T., J. R. Asbridge, S. J. Bame, and I. B.
Strong, Vela 2 measurements of the magnetopause
and bow shock positions, J. Geophys. Res., 72,
101, 1967.
Gringauz, K. I., V. V. Bezrukikh, V. 0. Ozerov, and
R. Ye Rybchinsky, Study of the interplanetary
ionized gas, high energy electrons, and solar
corpuscular radiation by means of three electrode
traps for charged particles on the second Soviet
cosmic rocket, Soviet Phys. Doklady, 5_, 361, 1960.
Hardy, D. A., H. K. Hills, and J. W. Freeman, Low-energy
protons in the geomagnetic tail (Abstract), EOS,
Trans. A. G. U., 55, 390, 1974.
Heppner, J. P., M. Sugiura, T. L. Skillman, B. G. Ledley, and M. Campbell, OGO-A magnetic field ob¬
servations, J. Geophys. Res., 72, 5417, 1967.
Hida, K., An approximate study on the detached shock
wave in front of a circular cylinder and a sphere,
J. Phys. Soc. Japan, 1953, 740, 1953.
Hill, T. W., Acceleration and injection of solar-wind
particles at the magnetopause, Ph. D. thesis,
Rice University, 1972.
Hill, T. W., Origin of the plasma sheet, submitted to
Rev. Geophys. and Space Phys., 1974.

-46Hones, E. W., Jr., S.-I. Akasofu, S. J. Bame, and S.
Singer, Outflow of plasma from the magnetotail
into the magnetosheath, J. Geophys. Res., 77,
6688, 1972.
Howe, H. C., Jr., Pioneer 6 plasma measurements in
the magnetosheath, J. Geophys. Res., 75, 2429,
1970.
Howe, H. C., Jr., Explorer 33 and Explorer 35 plasma
observations of the interaction region between
the solar wind and the magnetic field of the
earth, Ph. D. thesis, Massachusetts Institute
of Technology, 1971.
Howe, H. C., Jr., and J. H. Binsack, Explorer 33 and
35 plasma observations of magnetosheath flow,
J. Geophys. Res., 77, 3334, 1972.
Hundhausen, A. J., S. J. Bame, and J. R. Asbridge,
Plasma flow pattern in earth's magnetosheath,
J. Geophys. Res., 74, 2799, 1969.
Kellogg, P. J., Flow of plasma around the earth, J.
Geophys. Res., 67, 3805, 1962.
Kelvin, W. T., Address to the Royal Society at their
anniversary meeting, November 30, 1892, Proc.
Roy. Soc. London, A52, 300, 1892.
Lodge, 0., Sunspots, magnetic storms, comet tails,
atmospheric electricity, and aurorae, The Elec¬
trician, 46, 249, 1900.
Mihalov, J. D., D. S. Colburn, R. G. Currie, and C. P.

-47Sonett, Configuration and reconnection of the geo¬
magnetic tail, JY Geophys. Res, ,73, 943, 1968.
Mihalov, J. D., D. S, Colburn, and C, P, Sonett, Ob¬
servations of magnetopause geometry and waves at
the lunar distance," Planetary Space Sci., 18,
239, 1970.
Mihalov, J. D., C. P, Sonett, and J, H, Wolfe, MHD
Rankine-Hugoniot equations applied to earth's
bow shock, J. Plasma Phys., 3_, 449, 1969.
Montgomery, M. D., J. R, Asbridge, and A. J, Bame,
Vela 4 plasma observations near the earth's bow
shock, J. Geophys. Res., 75, 1217, 1970,
O'Brien, B. J., and D. L. Reasoner, Charged particle
lunar environment experiment, Apollo 14 Prelim¬
inary Science Report, NASA Spec. Publ. 272, 193,
1971.
O'Brien, B. J., F. Abney, J. Burch, R. Harrison, SPECS,
a versatile space-qualified detector of charged
particles, Rev. Sci. Instrum., 38, 1058, 1967.
Olbert, S., Summary of experimental results from M. I, T.
detector on IMP-I, in Physics of the Magnetosphere,
ed. R. L. Carovillano, J, F. McClay, and H. R.
Radoski, D. Reidel Publishing Co., Dordrecht,
Holland, p. 641, 1968.
Parker, E. N., Dynamics of the interplanetary gas and
magnetic field, Astrophys.. J., 128, 664, 1958.
Reasoner, D. L., and W. J. Burke, Characteristics of the

-48lunar photoelectron layer, J. Geophys. Res., 77,
6671, 1972.
Rich, F. J., Plasma in the geomagnetic tail observed
by the charged particle lunar environment experi¬
ment, Ph. D. thesis, Rice University, 1973.
Roederer, J. G., The earth's magnetosphere, Science,
183, 37, 1974.
Rostoker, G., Geomagnetic indices, Rev. Geophys. and
Space Phys., 10, 935, 1972.
Russell, C. T,, J. V. Olson, R. E. Holzer, and E. J.
Smith, OGO-3 search coil magnetometer data cor¬
related with the reported crossing of the magneto¬
pause at 6.6 Rg by ATS 1, J. Geophys. Res., 73,
5769, 1968.
Scudder, J. D., D. L. Lind, and K. W. Ogilvie, Electron
observations in the solar wind and magnetosheath,
J. Geophys. Res., 78, 6535, 1973.
Shklovsky, I. S., V. I. Moroz, and V. G. Kurt, The
nature of the earth's third radiation belt, Sov¬
iet Astron., A. J., £, 871, 1961.
Snyder, C. W. and M. Neugebauer, Interplanetary solarwind measurements by Mariner II, in Proc. Plasma
Space Sci. Symp., ed. Chang and Huang, D. Reidel
Publishing Co., Dordrecht, Holland, p. 67, 1965.
Solar-Geophysical Data, CRPL-FB 320, 321, 322, and
323, Part I, 1971, U. S. Department of Commerce,
(Boulder, Colorado, U.S.A. 80302)

-49Sonnerup, B. U. 0., and L. J, Cahill, Explorer 12
observations of the magnetopause current layer,
J. Geophys. Res,, 73, 1757, 1968.
Spreiter, J. R., and A. Y. Alksne, Plasma flow around
the magnetosphere, Rev. Geophÿs., 1_, 11, 1969.
Spreiter, J. R., and W. P. Jones, On the effect of a
weak interplanetary magnetic field on the inter¬
action between the solar wind and the geomagnetic
field, J. Geophÿs. Res., 68, 3555, 1963.
Spreiter, J. R., A. L. Summers, and A. Y. Alksne, Hydromagnetic flow around the magnetosphere, planet.
Space Sci., 14, 223, 1966.
Vasyliunas, V. M., A survey of low-energy electrons in
the evening sector of the magnetosphere with 0G0-1
and 0G0-3, J. Geophys. Res., 73, 2839, 1968.
Walters, G. K., Effect of oblique interplanetary mag¬
netic field on the shape and behavior of the mag¬
netosphere, J. Geophys. Res., 69, 1769, 1964.
Winningham, J. D., Characteristics of magnetosheath
plasma observed at low altitudes in the dayside
magnetospheric cusps, in Earth's Magnetospheric
Processes, ed. B. M. McCormac, D. Reidel Publ.
Co., Dordrecht, Holland, p. 68, 1972.
Wolfe, J. H., and D. S. Intriligator, The solar wind
interaction with the geomagnetic field, Space Sci.
Rev., 10, 511, 1970.
Wolfe, J. H., R. W. Silva, D. D. McKibbin, and R. H.

«■50’"

Mason, Preliminary observations of a geomagnetic
wake at 1000 earth radii,' JY Geophys. Res., 72,
4577,

1967.

Wolfe, J. H., R. W. Silva, and M. A. Myers, Observations
of the solar wind during the flight of XMP’-A,
J. Geophys. Res., 71, 1319, 1966.

