
in which the soil is more compacted 
or areas in which there are boulders 
or outcroppings of rock that are not 
blanketed by dust. In the absence of 
images of the regions of Mercury ob- 
served by the radiometer, we cannot 
comment on possible relationships be- 
tween the thermal structure and sur- 
face morphology. 
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Observations at Mercury Encounter by the 

Plasma Science Experiment on Mariner 10 

Abstract. A fully developed bow shock and magnetosheath were observed near 
Mercury, providing unambiguous evidence for a strong interaction between Mer- 
cury and the solar wind. Inside the sheath there is a distinct region analogous to 
the magnetosphere or magnetotail of Earth, populated by electrons with lower 
density and higher temperature than the electrons observed in the solar wind or 
magnetosheath. At the time of encounter, conditions were such that a perpendicu- 
lar shock was observed on the inbound leg and a parallel shock was observed on 
the outbound leg of the trajectory, and energetic plasma electron events were 
detected upstream from the outbound shock crossing. The interaction is most 
likely not atmospheric, but the data clearly indicate that the obstacle to solar 
wind flow is magnetic, either intrinsic or induced. The particle fluxes and energy 
spectra showed large variations while the spacecraft was inside the magnetosphere, 
and these variations could be either spatial or temporal. 

An unexpectedly strong interaction 
between the solar wind and Mercury 
was detected by the plasma science ex- 
periment (PSE) when Mariner 10 en- 
countered Mercury on 29 March 1974. 
Before this encounter, the interaction 
was generally thought to resemble that 
of the moon, where the solar wind im- 
pinges directly on the surface. Planets, 
such as Earth and Jupiter, having strong 
magnetic fields, hold the solar wind off 
from the surface and deflect its flow 
around a cavity larger than the planet 
itself. Results from Mariner 5 and Mar- 
iner 10 have indicated that at Venus 
the solar wind is deflected by a well- 
developed ionosphere. Mercury pre- 
sents to the solar wind an obstacle 
more analogous to Earth than to the 
moon or Venus. 

This report presents preliminary re- 
sults from the rearward-looking (anti- 
solar) electrostatic analyzer which forms 

part of the plasma science experiment 
on Mariner 10. This experiment, a co- 
operative effort by groups from the 
Massachusetts Institute of Technology 
(MIT), the Los Alamos Scientific Lab- 
oratory (LASL), the Goddard Space 
Flight Center, and the University of 
California at Los Angeles, has been 
described previously (1) in connection 
with the encounter of Mariner 10 with 
Venus. These first measurements of 
plasma electrons in the vicinity of Mer- 
cury clearly show the presence of 
a bow shock and sheath region, result- 
ing from deflection of the solar wind 
around the planet, enclosing a region 
which we tentatively identify as a "mag- 
netosphere," containing a population 
of electrons whose properties differ 
from those in the surrounding medium, 
even though we cannot conclude 
whether they are trapped. 

The data on which this interpretation 
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Fig. 1. The trajectory of Mariner 10 at the time of encounter with Mercury. Distances 
are in planetary radii, and the Xs, axis points in the antisolar wind direction taken to 
be 30 to the west of the sun. The Zw axis is to the north in the right-hand coordi- 
nate system. 
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is based consist of measurements of 
electron spectra taken every 6 seconds 
throughout the period of encounter. 
Each spectrum is composed of 15 dif- 
ferential flux measurements, each made 
in 0.4 second; the energy channels are 
logarithmically spaced between 13.4 and 
687 ev with a fractional width in energy 
of 6.6 percent. The fan-shaped field of 
view of the instrument scans at a rate 
of 0? per second through an arc of 
1200 centered on a direction in the 
ecliptic plane 6.50 east of the space- 
craft-sun line. The field of view is 
+ 3.50 in the scan plane and ? 13.50 
perpendicular to that plane. The space- 
craft passed on the dark side of the 
planet, along a trajectory shown in Fig. 
1. 

Prior *to the encounter, the instru- 
ment measured typical interplanetary 
solar wind electron spectra, illustrated 
by spectrum I of Fig. 2. The spectra 
were similar in form to those taken 
near I A.U. (astronomical unit) having 
separate low-energy ("core" ) and high- 
energy ("halo") components which 
were both approximately Maxwellian 
in form and characterized by tenmpera- 
tures of 1.5 X IO0- OK and 6 X I1Or, 'K. 
respectively (2). 

Figure 3 shows fluxes at 13.4, 71, 
and 389 ev and the electron density 
and pressure as a function of time for 
the period between 2000 and 2200 
U.T. Earth-received time (ERT). A 
scale with the events referred to the 
time of closest approach is given at 
the bottom of Fig. 3, and the U.T. of 
spacecraft observation is given across 
the top. The density n and pressure P 
are defined in terms of the velocity dis- 
tribution function, f, as follows: 

t 
.Afl 

f d' 

P -2w -M jV2 di' 

where zQ is the solid angle of accept- 
ance of the detector; the integrations 
have been carried out numerically over 
the whole energy range of the detector, 
and extrapolation from 1 3.4 ev to zero 
has been made assuming a Maxwellian 
form for the distribution function. 
Modulation of the derived density and 
pressure by the solar wind flow veloci- 
ty has not been removed; this modula- 
tion is less pronounced after encounter 
than before because of increased mag- 
netic activity. The peak values of the 
scan modulation of the density and 
pressure are the most representative of 
ambient conditions. 

From the variation with scan angle 
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Fig. 2. Electron spectl a at various times, 
given in the text, during the encounter. 

Spectrum I was taken in the interplane- 
tary medium before the spacecraft reached 
the bow shock; spectrum 2 was taken in 
the magnetos-heath; spectra 3 and 4 were 
taken in the magnetosphere; and spectrum 
5 was taken between energetic particle 
events B and C, just before the spacecraft 
reentered the magnetosheath. A typical 
background as observed in the magneto- 
sphere is shown; the background in the 

interplanetary medium is several times 
lower. 

of electron flux at 13.4 ev at a time 
some 20 minutes before the spacecraft 
encountered the bow shock, we have 
determined a solar wind velocity of 
630 +- 40 km sec-1, and a mean flow 
direction in a frame moving with 
the planet of 3 +- 60 from the! west 
of the sun. The results of the MIT 

plasma experiments on Explorer 47 and 

Explorer 50 at 1 A.U. indicate bulk 

speeds, corrected for propagation and 

corotation, which corroborate this value. 
The preencounter conditions are itd- 
17 :? 2 cm -3 anld a ram pressure 
pV2 -1.1 X 10-7 -dyne CM-2. 

We now describe the events illus- 
trated in Fig. 3. On the -incoming leg 
of the trajectory, the bow shock was 
traversed three times within I minute, 

beginning at -19 minutes, 38 -+-6 sec- 
onds and ending at -1 8 minutes, 
49 +4 6 seconds, in agreement with the 

corresponding magnetometer observa-t 
tions (3 ) to within the resolution of 
the electron spectrometer. This thin 
shock structure -closely resembles Earth's 
bow shock observed by an electron 
detector when the interplanetary mag- 

nei il sapoxmtl epniu 
lar t the ireto ftesoknra 

Fi.2 telpecaturon spctrang at vapriousximaes, 

three times, in satisfactory agreement 
with observations of density and tem- 
perature jumps by electron detectors 
that have traversed Earth's bow shock 
at comparable locations (2). 

After the shock traversals, we ob- 
served a region analogous to Earth's 
magnetosheath, where the flux of elec- 
trons at, for example, 71 ev, was 
greatly increased. Spectrum 2 of Fig. 2, 
taken in this region, does not show the 
"flat" form at low energies character- 
istic of electron spectra taken in Earth's 
magnetosheath (2) but does show the 
large increase of electron flux at mod- 
erate energies resulting from "thermali- 
zation" behind the shock. In the inner 
sheath, traversed between -17 and 
-13 minutes, there was a reduction 
in flux above about 100 ev which varied 
with the direction of pointing of the 
detector. The observations made during 
that period will be discussed below. 

At -10 minutes there was a well- 
defined change in spectral form (from 
that shown in Fig. 2 as spectrum 2 to 
that shown as spectrum 3), accompa- 
nied by a drop in density to about 1 
cm-n`. There was an abrupt increase in 
electron flux between 200 and 680 ev 
at this time. Comparing these plasma 
data with similar observations made 
near Earth (4), we conclude that the 
spacecraft crossed a boundary analogous 
to a magnetopause. This interpreta- 
tion is strengthened by changes in the 
magnetic field observed at the same 
time (3). Fluctuations in the data limit 
the accuracy with which the time of 
crossing can be determined to about 1 
minute. 

The spacecraft passed into the optical 
shadow of the planet at -4 minutes, 
48 seconds, after which the electron 
spectra gradually assumed the form of 
spectrum 4 in Fig. 2, as a result of 
increasing electron fluxes at all ener- 
gies. Passage out of the shadow of the 
planet occurred at +2 minutes, 39 
seconds. 

A second traversal of the magneto- 
pause boundary occurred at approxi- 
mately +7 minutes when the density 
and spectral form became similar to 
those observed immediately after the 
shock crossing on the inbound leg of 
the trajectory. Between + 12 and + 17 
minutes the spacecraft passed through 
a highly disturbed region, which we 
interpret as a pulsating ( "parallel" ) 
shock (5). This interpretation is con- 
sistent with the nature of the incoming 
shock, the geometry of the orbit and 
shock boundary, and the measured di- 
rection of the magnetic field before and 
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after the encounter (3). In this region 
the plasma properties varied rapidly 
with time, and it is possible that at 
least some of the electron spectra are 
inaccurate because of possible large 
fluctuations during a single measure- 
ment sequence. After this shock pas- 
sage, typical solar wind spectra and 
fluid parameters were observed; in ad- 
dition, "upstream events" were seen as 
indicated in Fig. 3. These events are 
qualitatively similar to those recorded 
by electron detectors situated upstream 
of Earth's bow shock on magnetic 
field lines intersecting the bow shock 
(6). Increases in the 71-ev flux before 
encounter (for example, at -26 min- 
utes) appear to be different in nature 
from those observed after encounter; 
the former coincide with transient de- 
creases in the interplanetary magnetic 
field (3). The presence of upstream 
events is consistent with our interpreta- 
tion of the outgoing shock as having 
parallel geometry. We show in Fig. 4 
a comparison between the observations 
presented here and observations of a 

parallel shock at Earth made by the 
triaxial electron spectrometer on Orbit- 
ing Geophysical Observatory, OGO-5, 
which had a time response similar to 
that of the instrument used here. The 
times scale according to which the Mer- 
cury data have been plotted has been 
adjusted by the ratio [C/l(wp, Vs()E2al t1I]/ 

[C/(o1,, VSe()M[n-1.11.] to take account of 
plasma conditions and the speed of the 
observer, Vs.., where c is the speed of 
light and (O,(, is the electron plasma fre- 
quency. The similarity between obser- 
vations at Mercury and Earth is quite 
striking. 

At the times marked on Fig. 3 by 
the letters A, B, C, and D, the Uni- 
versity of Chicago energetic particle 
experiment (7) recorded high-intensity 
bursts of energetic electrons of short 
duration. During bursts B and C, ener- 
getic protons were also identified. The 
response of the plasma instrument 
showed no change in flux or in spectral 
shape during events A and D. Changes 
in these quantities did take place during 
events B and C. After event A, the 

spectrum was similar to spectrum 4 of 
Fig. 2. Shortly after event B began (at 
+ 1 minute, 31 seconds), the counting 
rates in our intermediate energy chan- 
nels fell to the background value, leav- 
ing only low rates in the energy chan- 
nels below 20 ev and in channels above 
389 ev. The spectrum then relaxed to 
the form shown as spectrum 5 in Fig. 
2, and retained this shape and approxi- 
mately the same intensity until +6 
minutes, 43 seconds in the middle of 
event C. After this there were two 
spectra in which the counting rates at 
intermediate energies were again re- 
duced to their background values. Then 
the spacecraft entered the magneto- 
sheath, and the spectrum returned to 
the form of spectrum 2 of Fig. 2. 

Having described the major features 
of the observations, we now consider 
features of particular interest in more 
detail and interpret them in terms of 
the interaction of Mercury with the 
solar wind. First, let us consider the 
possibility that the interaction is with 
a neutral atmosphere or with an iono- 
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Fig. 3. Time plots of the fluxes observed at 389, 71, and 13.4 ev, and the density and pressure deduced from them. The times of events are indicated, and a time scale with zero at the time of closest approach is given along the bottom. The positions of the boundaries have been assigned on the basis of a consideration of the form of the electron spectrum; CPT, charged particle telescope experiment. 
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MARINER 10 MARCH 29,1974 Fig. 4. Observations of 
I -I I I I I 1 a parallel shock made at 

40 - Earth by OGO-5, com- pared with the present 

ELECTRON 30 - observations at Mercury. 
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sphere [as appears to be the case with 
Venus (1)1. The atmosphere of Mercury 
is thin or "exospheric"; that is, the 
mean free path for collisions is greater 
than the atmospheric scale height. The 
ultraviolet spectrometer experiment (8) 
gives an instrumental background upper 
limit on the column densities of 3 X 
l 01O3 cm--2 for neon, 1OI cm-2 for 
argon, a measured upper limit of 
7 X 1O C cm-2 for helium and other 
column densities with lower values. 
In addition, an upper limit for the 
total pressure, PT, at the terminator, 
to 2 X 1O-' mbar was inferred from the 
ultraviolet occultation experiment (8). 
To determine whether the atmosphere 
alone can stand off the solar wind, we 
consider the change in the velocity of 
the wind from its free streaming value, 
v, to its value v' after it has been 
slowed down by atmospheric mass ad- 
dition at the rate in1J1N1 (where mi is 
the mass, Jj is the ionization rate, and 

Nj is the column density of the ith at- 
mospheric constituent which behaves as 
a fluid). For this case, the one-dimen- 
sional continuity, momentum, and en- 
ergy equations give 

V 7 v 1 
'Y 8-- (aY-1 02 

ey+ 1 JAN1/2 
y-1 l pV J 

where y is the specific heat ratio and p 
is the solar wind mass density. This 
equation is consistent with the high- 
Mach number limit obtained previously 
(9). The plus sign corresponds to the 
formation of a shock; the minus sign 
refers to no shock. The maximum mass 
addition rate preceding the formation 
of a shock occurs when the argument 
of the square root vanishes. This fluid 
equation is realistic only when the ion 
gyroradius is smaller than the scale 
of the system, planet plus atmosphere. 
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From the above, we find that the light 
constituents hydrogen and helium can- 
not stand off the solar wind. Since the 
gyroradii for heavier atmospheric ions, 
> 12 atomic mass units, born in the 
solar wind, are of the order of the 
scale of the system, a microscopic point 
of view must be considered. In such 
cases the time it takes the solar wind 
to pass through a corresponding scale 
height is of the order of tenths of sec- 
onds while it takes much longer to 
accelerate heavy ions to the solar wind 
speed, of the order of tens of seconds 
for neon and argon. Hence, only a small 
impulse along the solar wind direction 
is imparted to heavy atmospheric ions 
as the wind passes through a scale 
height above the surface. On this basis 
we find that the momentum change of 
the solar wind along Xx+ is negligible in 
traversing the maximum argon and neon 
atmosphere and seems to be small 
when passing through possible atmo- 
spheres limited by PT. Consequently the 
solar wind, under this hypothesis, would 
be expected to strike the surface and 
be absorbed without forming a shock. 
However, the upper limits on the neu- 
tral gas would permit a strong limb 
shock (10). A limb shock seems to be 
excluded by the observed locations of 
the shock crossings, since they occur 
too far upstream. Therefore, we con- 
clude that the solar wind must be 
deflected by a magnetic field. 

The ionosphere within such a mag- 
netic obstacle appears to be too weak 
to contribute appreciably to the total 
pressure. For this to occur a tempera- 
ture > 10 K would be required, based 
on the maximum possible ionospheric 
electron density of 1O3 cm-3 obtained 
from the radio occultation experiment 
(11). Such a temperature is untenably 
high. 

The most likely source of the inter- 

action at Mercury is thus a planetary 
magnetic field, either intrinsic or in- 
duced by the solar wind. It is instruc- 
tive to consider the simplest possibility 
and to assume that the magnetic ob- 
stacle is a dipolar field. Using a theo- 
retical model (12) for the locations of 
the terrestrial magnetopause and bow 
shock, we find the corresponding bound- 
ary crossings observed at Mercury can 
be fitted by varying the strength and 
location of a planetary dipole. In fitting 
to the model we assume that the dipole 
axis is perpendicular to the local orbital 
plane of the spacecraft, and that the 
Yr. -Zw trace of the trajectory passes 
through the origin (Fig. 1). To a good 
approximation, this plane also contains 
the solar wind velocity vector, which 
is along -Xs, 

Figure 5 shows -the result of such a 
scaling for three cases: case A, using 
the first inbound shock crossing, the 
two magnetopause crossings, and a solar 
wind flow 70 west of the sun; case 
B, using the last inbound shock cross- 
ing, the two magnetopause crossings, 
and a solar wind flow 70 west of 
the sun; and case B', the same as case 
B but with the solar wind flow 30 

west of the sun. For case A, we find 
that the distance from the center of the 
planet to the nose of the magnetopause 
is 1.6 R 0 and the dipole is located at 

Sot =at0.4 R Y, = 0, Zo, = 0. 
Corresponding values for case B are 
as follows: nose distance = 1.25 R I, di- 
pole at X,4 = 0.15 R i, Yw =, Zag 

0; for case B' the values are: nose dis- 
tance = 1.9 Ra, dipole at X, = 0.55 
R Ir,Y = 0, Zw = Ox -If we consider 
0? flow, we find that the dipole must be 
located off the X.w axis with a positive 
Y, coordinate. The fits give a range 
of dipole strengths from 4 X 10-4 to 
9 X 10-4 times that of Earth. These 
dipole model fits clearly demonstrate 
the impossibility of a unique and ac- 
curate determination of the upstream 
stand-off distance of the magnetopause 
from the observations made during this 
single flyby, because of the sensitivity 
of this quantity to small variations in 
shock crossing times and flow direction. 
Furthermore, the dipole may be tilted 
in a direction different from that as- 
sumed, or it may be situated off the 
X.,, axis, or both. A preliminary esti- 
mate is that the present experiment can 
only determine the distance to the mag- 
netopause nose to be less than 2.5 
planetocentric radii. 

In the above discussion we have not 
considered the origin of the magnetic 
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field which causes the plasma inter- 
action observed at Mercury. In general, 
there are three possible sources for the 
field: (i) an intrinsic planetary field; 
(ii) a steady-state induction process 
(unipolar generator); and (iii) an in- 
duction process arising from changes 
in the direction and magnitude of the 
incident magnetic field. Unfortunately, 
data from the present experiment do 
not allow an unambiguous choice from 
among these possibilities. Although the 
induction processes have been exten- 
sively discussed in the literature (13), 
a definitive three-dimensional model is 
still lacking. For any model which 
involves an induced magnetic field, some 
fraction of the incident plasma flow 
must contact the surface of the planet; 
hence in this case the nose of the 
"magnetopause" should coincide with 
the surface of the planet. Although, in 
principle, the position of the nose can 
be calculated from the measured bound- 
ary positions and from an adequate 
theory, as noted above, the measure- 
ments reported here lead to large un- 
certainties in the calculated positions 
even on the assumption that the theo- 
retical models were complete. Given 
the experimental and theoretical un- 
certainties, no definite conclusions can 
be drawn concerning the origin of the 
magnetic field. 

We consider next some detailed plas- 
ma features or events. The fluxes of 
electrons with energies greater than 
- 100 ev show interesting variations 
in the inbound magnetosheath, as illus- 
trated by the 389-ev data field in Fig. 
3. The flux increases by approximately 
a factor of 102 on crossing the shock 
and remains high for about 5 minutes. 
It then decreases to about twice the 
solar wind value for 1 minute, increases 
by a factor of 10 for 2 minutes, de- 
creases to slightly greater than the solar 
wind value for 3 minutes, and remains 
low until the magnetopause crossing at 
-1 0 minutes. These variations might 
be temporal; however, the two intervals 
of decreased flux coincide with the 
times when the scanning angle of the 
instrument is directed toward the down- 
stream shock (the instrument "looks" 
farthest from the planet), and the in- 
creased flux intervals coincide with 
scanning angles directed away from the 
downstream shock (the instrument 
"looks" closest to the planet). The vari- 
ations, therefore, probably represent a 
directional asymmetry in the particle 
flux. This could be either a pressure or 
a streaming anisotropy directed down- 
12 JULY 1974 

stream along draped field lines. The 
second possibility is more likely since 
the stronger upstream bow shock is a 
more intense source of electrons than 
the downstream bow shock. 

A different scan modulation of the 
flux of the > 1 00-ev electrons was ob- 
served by the same instrument in the 
magnetosheath of Venus, where the 
highest fluxes were observed at scan 
directions farthest from the planet. A 
comparison of the two encounter ge- 
ometries is given in Fig. 6 in which an 
inferred draped field line pattern, based 
on observed upstream magnetometer 
observations, is shown. In each case the 
ambient field had approximately the 
local corotation-spiral direction. At 
Mercury the maximum flux corresponds 
to electrons coming away from the up- 
stream bow shock. A similar inter- 
pretation could be made for the aniso- 
tropy observed at Venus since the flux 
is a maximum when the instrument is 
viewing along a field line away from 
the planet and toward the point where 
the line crosses the bow shock. How- 
ever, in the intervals of decreased flux 
at Venus, the fluxes were much less 

6 

MARINER 10 4 LO 
AT MERCURY .0 

/ He 

A, A 

4 -z -4 

Fig. 5. (Top) The trajectory of Mariner 
10, in a coordinate frame moving with 
the planet for the case of solar wind flow 
from a direction 7 ? west of the sun. 
This flow direction is that of the Xsw 
axis; A-A and B-B represent scaled mag- 
netopause and bow shock boundaries, A 
for the incoming bow shock crossing oc- 
curring 1 minute before B; CA is the 
time of closest approach. (Bottom) B'-B', 
the shock, and magnetopause correspond- 
ing to solar wind flow from a direction 3? 
west of the sun, and the same shock cross- 
ing time as B. 

than the ambient solar wind fluxes, re- 
quiring an explanation in terms of an 
anisotropic electron removal rather 
than an anisotropic electron source. 
Figure 6 indicates that removal by in- 
teraction with the dayside atmosphere 
of Venus gives an explanation with the 
right asymmetery (1). 

In the outbound magnetosheath of 
Mercury variations of the fluxes of 
energetic electrons also occurred, but 
these do not coincide with particular 
scan directions or with the scan pe- 
riod. They are interpreted as due to 
time-dependent generation by the pul- 
sating shock encountered in the out- 
bound interval. We note the absence 
at Mercury of intervals with energetic 
plasma electron fluxes less than ambient 
solar wind values such as occurred at 
Venus, and which we interpreted as 
atmospheric absorption. This absence 
of absorption is consistent with our 
earlier conclusion that the atmospheric 
interaction at Mercury is weak. 

The changes in plasma properties 
observed in the Mercury magneto- 
sphere could be either spatial features 
or temporal events. A single flyby does 
not permit a unique interpretation. The 
combination of highly structured plasma 
electron data, the magnetic field varia- 
tions (3), and the energetic particle 
events observed in the magnetosphere 
suggest that a time-dependent interpre- 
tation is a reasonable possibility. If the 
magnetosphere is either induced or in- 
trinsic, changes in the orientation of 
the external field can cause dramatic 
changes in structure. In the case of an 
induced field, this is obvious since the 
induced field must change as its driv- 
ing electric field (equal to -V X or 

lB0t) changes. For an intrinsic field 
(Earth's magnetosphere is the best- 
studied example), we know that rapid 
time changes occur during events 
known as substorms. There are some 
striking similarities between the Mer- 
cury observations interpreted as tem- 
poral events and substorm phenomen- 
ology in the magnetosphere of Earth. 

To indicate that a substorm inter- 
pretation is a reasonable one to con- 
sider, we estimate the possibility of a 
substorm occurring in the 16 minutes 
Mariner I0 was in the Mercury mag- 
netosphere, based on a scaling of the 
magnetosphere of Earth. The relevant 
time scale is the "convection time" 
given by the time to cycle all of the 
magnetic flux, Ft. in the tail under the 
action of the convection electric poten- 
tial. The convection electric field varies 
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from essentially zero when the inter- 
planetary field is oriented antiparallel 
to the planetary dipole moment *to a 
maximum when -the interplanetary field 
is oriented parallel to the planetary 
dipole. The maximum potential is ap- 
proximately p, = V8,,B8 R 0, where 
VSW and B, are the ambient solar 
wind speed and field strength and R i is 
the scale size of the magnetosphere. If 
BT is the field strength in *the tail, the 
maximum convection electric field gives 
a minimum cycle time of 

2wBi'R Q 
TC = Ftlo, j;Z:1 

2r~ 
B . B Vsw 

For Earth a typical value of T, is 60 
minutes. Scaling to Mercury gives 

(To) /(T.)E; rtIt = (Bt R o /Biw ) X 

(BS,/wBt R ?) Ba rthlf 1/50 

That is, the convection time scale for 
Mercury is 1/50 that of Earth and is 
typically between I and 2 minutes. 
Thus, when the external field is 
oriented to give maximum convection, 
the substorm time scale for Mercury is 
approximately 1 or 2 minutes. If the 
plasma, field, and energetic particle 
events that began near -2 minutes are 
Mercury-variety substorms, they begin 

4T, before the spacecraft emerged 
from the magnetosphere. A consistent 
interpretation requires a change in ex- 
ternal field orientation while the space- 
craft was in the magnetosphere. This 
interpretation will be presented else- 
where (14). 

The following conclusions may be 
drawn from the data presented here: 

l) A fully developed bow shock and 
magnetosheath were observed near 
Mercury. These features provide un- 
ambiguous evidence for a strong inter- 
action between Mercury and the solar 
wind. 

2) Inside the magnetosheath there is 
a distinct region analogous to the mag- 
netosphere or magnetotail of Earth. 
This region is populated by electrons 
with lower density and higher tempera- 
ture than the electrons observed in the 
solar wind or magnetosheath. 

3) The solar wind ram pressure, pv2, 
corresponds to a stagnation pressure 
equivalent 'to a magnetic field strength 
of 170 gammas. 

4) The interaction is most likely not 
an atmospheric or ionospheric one. The 
assumption of an interaction with an 
intrinsic magnetic dipole requires a 
dipole strength approximately in the 
range 4 X 10~ 'to 9 X 10-i times that 
of Earth. The data do not preclude an 
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Fig. 6. A sketch of the trajectories of 
Mariner 10 (not to scale), in the vicinity 
of Venus and Mercury, and the directions 
of scanning of the instrument with respect 
to the likely magnetic field geometry. 

interaction with an induced magnetic 
field. 

5) The particle fluxes and the energy 
spectra show large variations while the 
spacecraft is inside the region we have 
called the magnetosphere. The varia- 
tions could be either spatial or temporal 
in nature. It is possible that temporal 
events similar to substorms on Earth 
have been observed at Mercury. 

6) At the time of observations, con- 
ditions were such that a perpendicular 
shock was observed on the inbound 
leg and a parallel shock was observed 
on the outbound leg of the trajectory. 
Energetic plasma electron events were 
observed upstream from the outbound 
shock crossing. 

Appendix. In our analysis we have 
assumed that the spacecraft potential is 
negligible. In this section we discuss 
briefly the basis for that assumption 
and point out that there may have been 
some significant charging of the space- 
craft during the period between events 
A and C. 

If the spacecraft were charged posi- 
tively, electrons would be accelerated 
toward the sensor and the peak of the 
electron distribution would be observed 
rather than the monotonically decreas- 
ing interplanetary spectra exemplified 
by spectrum 2 of Fig. 2 (15). Negative 
charging would move the distribution to 
lower energies but must be insignificant 
since both core and halo components 
were observed in the energy ranges ob- 
served for those components near 

Earth. In addition, the Mariner 10 
densities scaled to 1 A.U. are in good 
agreement with near-Earth interplan- 
etary densities measured by the LASL 
and MVIT plasma experiments on Ex- 
plorer 47 and Explorer 50. 

During encounter, the possibility of 
charging to a negative potential can be 
tested by looking for changes in density 
when the spacecraft enters and leaves 
the shadow zone; no changes were ob- 
served. For the period beginning after 
energetic particle event A and ending 
with the magnetosheath reentry, there 
is a possibility that positive charging 
of the spacecraft occurred: the shape 
of spectrum 4 of Fig. 2 could be ex- 
plained by a spacecraft potential near 
50 volts, and the rather strange spectra 
observed between events B and C 
(when the counting rates were low at 
high and low energy but down to back- 
ground levels for intermediate energies) 
could be due to a positive potential 
in the vicinity of a kilovolt. In that 
case, the high-energy channels would 
measure the low-energy portion of the 
shifted spectrum, and the low-energy 
counts, which are measured when the 
deflecting voltage is small, could be due 
to a large flux of higher energy particles 
striking a deflecting plate and produc- 
ing spurious counts. We conclude that 
the only period of time in which space- 
craft charging could have affected the 
measurements was between charged par- 
ticle telescope (CPT) events A and C, 
and that during that time the space- 
craft could only have charged positive- 
ly, as noted above. 
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Magnetic Field Observations near Mercury: 

Preliminary Results from Mariner 10 

Abstract. Results are presented from a preliminary analysis of data obtained 
near Mercury on 29 March 1974 by the NASA-GSFC magnetic field experiment 
on Mariner 10. Rather unexpectedly, a very well-developed, detached bow shock 
wave, which develops as the super-Alfve'nic solar wind interacts with the planet, 
has been observed. In addition, a magnetosphere-like region, with maximum field 
strength of 98 gammas at closest approach (704 kilometers altitude), has been 
observed, contained within boundaries similar to the terrestrial magnetopause. 
The obstacle deflecting the solar wind flow is global in size, but the origin of 
the enhanced magnetic field has not yet been uniquely established. The field may 
be intrinsic to the planet and distorted by interaction with the solar wind. It 
may also be associated with a complex induction process whereby the planetary 
interior-atmosphere-ionosphere interacts with the solar wind flow to generate the 
observed field by a dynamo action. The complete body of data favors the pre- 
liminary conclusion that Mercury has an intrinsic magnetic field. If this is cor- 
rect, it represents a major scientific discovery in planetary magnetism and will 
have considerable impact on studies of the origin of the solar system. 

Results from a preliminary analysis 
of "quick-look" data obtained by the 
NASA-GSFC magnetic field experi- 
ment during Mercury encounter on 29 
March 1974 are summarized in this 
report. The purpose of this investiga- 
tion was to study the magnetic field 
environment of the planet Mercury 
and the nature of the solar wind inter- 
action with it. There is substantial evi- 
dence in this initial assessment of the 
results to support the preliminary con- 
clusion that an intrinsic planetary mag- 
netic field exists. Rather unexpectedly, 
a very well-developed, strong, detached 
bow shock wave was observed, as well 
as a magnetosphere-like region in 
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which the field magnitude increased to 
98y at closest approach, 704 km from 
the planetary surface. This is a factor 
of 5 greater than the average inter- 
planetary magnetic field strength of 
18y measured outside the Mercurian 
bow shock. 

Scientific interest in Mercury re- 
ceived a major stimulus in 1965 from 
data provided by radar observations of 
the planet. It was discovered (1) that 
the planet's rate of rotation was not 
synchronous with its orbital motion. 
Explanations for this remarkable result 
were soon forthcoming (2), and a new 
era in planetary studies began in which 
coupling of orbital motion and rotation 

rates was found to be considerably 
more complex and informative than 
previously expected. 

For some time, it has been acknowl- 
edged that Mercury is anomalous 
among the terrestrial planets, having a 
remarkably high average density of 5.6 
g/cm3 for its small radius of 2434 km 
(3). Studies of the planet's interior 
have been hampered both by the in- 
adequacy of available data concerning 
its shape, size, and mass and by the 
absence of definitive information con- 
cerning its rotational axis and preces- 
sional motion. Only recently have 
attempts been made to study these 
problems and their significance in the 
history of the formation of Mercury 
(4). 

The atmosphere of Mercury has also 
been the subject of considerable spec- 
ulation (5), the earlier work being 
prejudiced by 'the erroneous assumption 
of synchronous rotational and orbital 
periods. Studies incorporating new 
radar results (6) suggested that re- 
vision of the traditional concept of a 
planet devoid of an atmosphere was 
necessary. 

In the absence of any evidence for 
appreciable rotation of the planet or 
for a substantial atmosphere, it was 
thought that Mercury would resemble 
our own moon in many respects. Tak- 
ing into account recent observations of 
microwave emissions and the newly 
established correct rotation period for 
the planet, it was suggested strongly 
that its surface thermophysical charac- 
teristics would be rather close to those 
of the moon (7). There was no evidence 
for any radio emissions from Mercury 
such as those from Jupiter's radiation 
belts. 

Thus, with the traditional view of 
geomagneticians that a rapidly rotating 
planet with some precession were fea- 
tures essential for generation of a 
planetary magnetic field (8), there was 
little reason to suggest an intrinsic field 
of Mercury. Some elementary estimates 
of a planetary magnetic field were made 
by using simple scaling laws for plan- 
etary volumes or rotation rates, or 
both, but the bases for these studies 
were rather speculative. 

In specific studies related to the 
solar wind interaction with Mercury, 
the results depended on the planet's 
physical characteristics. Figure 1 sum- 
marizes four modes of interaction, of 
which three have been observed in the 
exploration of the solar system. In 
model A, a lunar type of interaction 
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