Reports

Diamagnetic Solar-Wind Cavity Discovered behind Moon

Abstract. Preliminary Ames-magnetometer data from Explorer 35, the lunar
orbiter, show no evidence of a lunar bow shock. However, an increase of the
magnetic field by about 1.5 gamma (over the interplanetary value) is evident on
Moon’s dark side, as well as dips in field strength at the limbs. Interpretation
of these spatial variations in the field as deriving from plasma diamagnetism is
consistent with a plasma void on the dark side, and steady-state (B = 0) magnetic

transparency of Moon.

Interaction of the solar wind with
Moon has been observed by magnetic-
field measurements made by the Ames
magnetometer aboard the lunar satel-
lite Explorer 35. The data indicate that
the interaction is confined mainly to
the region in Moon’s geometric shadow.
The cavity created by obstruction by
Moon of the streaming solar wind is
frequently detectable magnetically as a
field increase by about 1.5 gamma rela-
tive to the interplanetary value (1 gam-
ma, 10—5 gauss), and the onset of
cavity-field increases is preceded and
followed by a decrease in field of sev-
eral gammas. The magnetic signature

of the cavity can be explained as due
to the diamagnetism of the solar wind.
In addition to these effects connected
with the side of Moon away from
Sun, preliminary analysis of data from
22 orbits shows no evidence of a lunar
bow shock. Consequently the current
system generated by the motional elec-
tric field is limited; since this limitation
may be due to the impedance of the
crust, conclusions about the interior
bulk electrical conductivity or infer-
ences of an interior temperature still
seem premature. This report first con-
siders the satellite orbit and then dis-
cusses the magnetometer signature in
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Fig. 1. (A) Course of orbit by Explorer 35 about Moon, projected on the ecliptic plane.
The range of directions of the line of sight to Earth for orbits 12 through 35 is shown by
dashed lines. The 4-X, axis points along the Moon-Sun line, while —Y, is in the direc-

tion of Moon’s orbital motion around Sun. Time ticks are for every 15 minutes.

(B)

The dark-side portion of orbit 20 is shown projected on the plane perpendicular to the
Moon-Sun line, where 4-Z;, is in the ecliptic north direction. Time ticks are at 5-minute

intervals.
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the cavity and at its boundaries; finally
the consequences of the lack of a sig-
nature outside the boundaries are ex-
amined.

Explorer 35 was injected into lunar
orbit at 0919 universal time on 21
July 1967 while Moon was immersed
within the geomagnetic tail structure.
The orbital parameters for the first or-
bit were: semimajor axis, 3.43 R,;
semiminor axis, 2.80 R,, (R, =174
X 103 km); period, 11.5 hours; and
eccentricity, 0.580. Periselene and
aposelene altitudes were 763 and 7670
km, respectively. The angle between
the major axis and the ecliptic plane
was 12.7°, and the minor axis was
canted at an angle of about 7°, with
the descending leg of the satellite’s
orbital motion opposing the direction
of Moon’s orbital motion. The orbital
parameters did not vary significantly
for the later orbits we report. Figure 1
shows orbit 20 projected into the
ecliptic plane; the portion of the orbit
during which the spacecraft is in lunar
eclipse is projected into a plane nor-
mal to the Moon-Sun line. The space-
craft is spin-stabilized along an axis
nearly in the ecliptic north-south direc-
tion for the data reported here. Of
the three component sensors comprising
the field detectors, two are in the spin
plane; any offsets due to zero drift in
these sensors are removed by a trans-
formation from the rotating to a fixed
(inertial) coordinate system. The offset
error in the third sensor, which points
along the spin axis, is believed to be
less than 0.5 gamma, as determined
by preflight calibration and by pre-
liminary analysis of inflight calibration
data. A small offset in magnitude of this
component, if later found to be present,
will not affect our major conclusions.

Magnetic-field vector information is
given in a spherical coordinate system
in which ¢ is the angle of the mag-
netic vector to the ecliptic plane and
¢ is the angle between the ecliptic
projection of the vector and the space-
craft-Sun line (clockwise as viewed from
the north). During optical shadow, the
view of Sun necessary for fixing the
value of ¢ is not available, and memory
of the spin period is retained by a
pseudo-pulse of the Sun generated on
the spacecraft. Values of ¢ during opti-
cal shadow periods are not given here;
they will be available after analysis of
the shadowed spin period.

We center attention on interplane-
tary-field data acquired after 25 July,
when the last outbound crossing of
Earth’s bow shock is seen; data are
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available, for periods during which the
spacecraft is in lunar shadow, for 22
of the next 28 orbits. Five of the or-
bits have so many gaps in the data
that no definite assessment can be
made. Fifteen of the remaining 17
passes exhibit characteristic features
seen when the satellite passes through
Moon’s shadow; three examples appear
in Fig. 2. First, typically the mag-
nitude of the field in Moon’s shadow
is increased above the interplanetary

value by about 1.5 gamma. Variations -

of § in Moon’s shadow resemble those
in the free stream. There is evidence,
not shown in Fig. 2, that on one pass
the same is true for ¢.

Figure 2 also shows well-defined lo-
cal minima in the field-magnitude plots
at the boundaries of the cavity: the
field strength sometimes decreases to
values of less than 1.0 gamma for sev-
eral individual samples of data (6 sec-
onds apart). The features shown in Fig.
2 are not always seen; two passes are
relatively featureless (Fig. 3). The dura-
tion of the dips is between 9 and 18
minutes, averaging 13 minutes, for 19
observations at the cavity boundary.
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Fig. 2. Magnetic-field data from three
passes through Moon’s shadow that ex-
hibit effects attributed to diamagnetism of
solar-wind plasma (see text); B is the mag-
netic-field magnitude, 6 is the angle be-
tween the field vector and the ecliptic
plane, and ¢ is the angle between the eclip-
tic projection of the vector and the space-
craft-Sun line (clockwise as viewed from
the north). Data are sequence (81.8-
second) averages containing 13 or 14 in-
dividual vectors; PSP is the period during
which the satellite was in the region
shadowed from Sun by Moon. The altitude
of the satellite decreases from 1.3 lunar
radii at shadow entrance to 0.5 lunar radii
at shadow exit.
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Five remaining minima, observed as the
spacecraft enters the cavity, are of less
than 7 minutes’ duration; two of these,
of less than 1 minute, are discussed
later. If one considers the spacecraft’s
velocity, an average time of 13 minutes
corresponds to a boundary width of
1040 km.

Interception of solar-wind plasma by
Moon is expected to create a plasma
void behind Moon, since the thermal
velocity of solar-wind protons is many
times lower than the bulk velocity that
carries them past Moon. The axis of
symmetry of the resultant cavity is de-
termined by the aberrated direction of
the flow of solar wind, and differs from
that of Moon’s optical shadow. Times
when the magnetometer Sun pulse is
switched to the pseudo-pulse of the Sun
are used to indicate roughly when the
cavity boundary is crossed; more refined
comparisons can be made when both
plasma and magnetic data can be corre-
lated. Plasma diamagnetism could cause
the observed increase in field magni-
tude if the interplanetary magnetic field
were otherwise unaffected by Moon,
because of the lack within the cavity
of gyrating particles that normally so
move as to reduce the strength of the
magnetic field. Data from the first two
periselene passes (when Moon is im-
mersed in Earth’s magnetic tail) have
yielded (I) a conservative bound of 2
gamma to any intrinsic lunar field at
an altitude of 0.5 to 1 R,; they
show that a hypothetical lunar dipole,
oriented along the rotation axis, would
have a magnetic moment less than
7 X 10—6 that of Earth.

While an intrinsic magnetic field, dis-
torted by the solar wind, could be
comparable in magnitude to the ob-
served increase, its addition to the in-
terplanetary field would usually involve
a change in direction that we have not
observed; neither would an intrinsic
field explain larger increases observed
when Moon is behind Earth’s bow
shock—in one such instance, an in-
crease in field magnitude of 8 gamma.

At the boundary of a cavity, the
linear equation of motion for a colli-
sionless plasma reduces to this approxi-
mate solution:

nk(To + T1v) = (B — B /2u0

where B, and B; are the strengths of
magnetic fields of cavity and inter-
planetary space, respectively; n is the
number density of solar-wind ions; T,
and T, are the temperatures of elec-
trons and ions, respectively; k is Boltz-
mann’s constant; and y, is the permea-
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Fig. 3. Same as Fig. 2 for two passes
through Moon’s shadow with relatively
featureless magnetic data.

bility of free space (2). For the more
general case having a nonzero com-
ponent B, normal to, and B, parallel
to, the boundary, the equation of mo-
tion is obtained by integrating

2B: dB: = 2uo nk(Te - T1)cos n dx/xo

where x, is the boundary width and
n is the angle of the field to the
boundary surface. The integral is the
equation of motion for a boundary cut
by field lines. (Such a boundary cannot
be maintained in the steady state in
the rest frame of the plasma because
of particle motion along field lines
that will close the cavity.) The exact
integral of the equation is given by

Bis + B: __
Bi; + B:
2uonk(Te + T1)

which may be approximated by

B:B; — Bi:B: 4 B,? log

B2 — By = 2uonk(To + T:)cos 7

where 7 is a mean value of ;. The
increase of field within the cavity can
be described as resulting from a sheet
current at the cavity boundary, caused
by the decrease in density of gyrating
particles. The equation of motion im-
plies that, for low values of 7, the ion-
particle density across the boundary de-
creases from 5/cm3 in the solar wind
to zero in the cavity if the magnetic-
field strength rises from 5 gamma in
the solar wind to 7 gamma in the
cavity, and if the sum of electron and
ion temperatures is 1.5 X 10 °K. For
most of the data in this report the
interplanetary field has the spiral-angle
orientation, so that % is about 45°.

—
Since V * B = 0 requires that the
total magnetic flux directed inward
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across any closed surface must equal
that directed outward, local regions of
enhanced field strength, in an other-
wise uniform field, must be accom-
panied by neighboring regions of de-
pression of field intensity. The solution
for a high-permeability cylinder in a
uniform transverse field (3) shows an
exterior dip as great as the increase in
field in the interior of the cylinder. The
case of Moon’s cavity is more compli-
cated because the super-Alfvénic flow
prevents the dip from extending farther
than the confines of the magnetoacous-
tic Mach angle, which is typically small.
Nevertheless the field lines of the sur-
face currents, which close upon them-
selves, must depress the field outside
the cavity as well as increase the field
inside.

Explanation of the boundary dips is
apparent if one postulates a plasma
layer having an increased density-
temperature product at the boundary.
We consider two limiting cases, with
the field direction primarily in the
boundary direction (B, = 0) or alterna-
tively perpendicular to the boundary
plane (B; = 0): In the former case,
if the boundary is created by an in-
creased product nT near the limbs of
Moon, for the boundary to have the
observed width at a distance of 2 R,
from the limb, a proton gyrodiameter
must be comparable to the boundary
width. The gyrodiameter of a 105 °K
proton in a 5-gamma field is 200 km.
Since the diameter increases as the
square root of the temperature, a 1000-
km gyrodiameter would represent 2.5
X 10¢ °K protons, or, alternatively, pro-
tons, released at rest with respect to
Moon, in a solar-wind plasma having
a bulk velocity of 250 km/sec.

In the second limiting case, since
the distance from the limb to the space-
craft at the boundary averages 2.0
R, = 3480 km, if the boundary is
to spread to 1000-km thickness at this
distance, the ratio of thermal velocity
v|| to the solar-wind velocity must be
0.5:3.48. Thus, for a 400-km/sec
bulk velocity, the parallel ion tempera-
ture must be

T || = mv*||/3k = 1.3 X 10° °K

where v|| is 57 km/sec.

In four cases the boundary is marked
also by a very sharp decrease in field,
lasting 36 to 48 seconds. In two such
cases, the shorter decrease is in the cen-
ter of a longer decrease that we dis-
cussed earlier; in the other two, the
shorter decrease appears alone (one of
the latter pair appears in Fig. 3). A
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characteristic duration of 42 seconds
represents a width of 56 km, which, as
a gyrodiameter, yields temperatures of
(eBr)2/3mk = 7 X 103 °K for protons,
and 1.3 X 107 °K for electrons, where
e and m are the particles’ charge and
mass, respectively, and r is the gyro-
radius. For the present we assume that
the variability in this phenomenon is
connected with the kinetics of the
solar wind; more specific conclusions
await further measurements.

Values of the 3-hour K, index for
the two featureless examples in Fig. 3
are 0+ and 0, K, averages 2, for
the 15 passes that exhibit diamagnetic
effects. This correlation, if confirmed
by further data, suggests that the prod-
uct n(T, + T;), contributing to the
diamagnetic effect, is higher when geo-
magnetic activity is greater. A conclu-
sive relation of the nT product to
K, has not been published; K, and T
tend to increase with increase in veloci-
ty (4-6), while published correlations
of velocity with -density imply decreased
or constant density with increase in
K, (5, 6). Moreover Mariner-1I data
(5) show that the product n(T, +
T;), at 1 astronomic unit, can vary at
least over the range 1.4 X 1011 to
2.0 x 101 °K/m3 [T, = 2T, is as-
sumed (7)]. Consequently, the increase
of B, above the interplanetary B, of
6 gamma (Fig. 3). inferred from the
plasma equation of motion, could be as
small as 0.3 gamma; such a small ef-
fect would be impossible to detect in
view of the fluctuations present and
the paucity of available data. Finally,
the occurrence of the dips at higher
K, values indicates that edge effects,
creating a plasma layer, may be sensi-
tive to the bulk velocity.

A bound on the length of the lunar
cavity follows from Dessler (8), who
defines the maximum tangent of the
angle of closure as the magnetoacoustic
velocity divided by the bulk velocity.
Thus, assuming no pressure within the
cavity, the minimum length is 5.7
R,, for solar-wind and magnetoacoustic
velocities of 400 and 70 km/sec, re-
spectively. As the aposelene of Explorer
35 moves toward the lunar antisolar
direction because of the Earth-Moon
motion about Sun, measurements de-
fining the length of the cavity may be
possible.

Our preliminary assessment of these
data shows no evidence of the existence
of a lunar bow shock wave; thus we
infer that the unipolar current system,
that can flow in response to the inter-
action with the interplanetary magnetic

field, is strongly quenched for Moon
(9). This inference implies in turn that
the effective impedance presented by
Moon to the solar wind is so great as
to limit the current magnitude to a level
at which the induced magnetic field
cannot influence significantly the flow
of solar wind. The interplanetary mag-
netic field may be said (10) to diffuse
through Moon with a Cowling time
comparable to the transit time of the
solar wind past Moon, so that forma-
tion of a lunar magnetosphere is in-
hibited. The measurements imply that
contact between the solar-wind ions and
the surface is complete, and the in-
duced magnetic field of planetary scale
within Moon is insufficient to deviate
appreciably the flow of plasma.

For an electrically homogeneous
Moon the lack of a strong interaction
presupposes a bulk conductivity lower
than about 10—¢ mho/m for an inter-
planetary field strength of 5 gamma
(9). However, an electrically inhomo-
geneous Moon, with a very resistive
crustal layer (as might form even for
a hot body in radiative equilibrium with
space), would suffice to quench the uni-
polar current system in a manner con-
sistent with our negative findings.
Therefore attempts to determine an in-
terior temperature regime based on
the relation of temperature to electrical
conductivity are premature.
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