
periodicity and very sharp rise times. 
Alternatively, impulsive acceleration 

of electrons and protons in the magneto- 
tail of the planet is an attractive possi- 
bility since it can account for the ma- 
jor features of the B and C events. 
There are several analogies which can 
be made with the phenomena observed 
in the earth's magnetotail, such as the 
so-called substorm effect in which elec- 
trons and protons are accelerated as a 
result of a sudden instability occur- 
ring in the magnetic tail region. 

The phenomena we discovered at 
Mercury, however, place more stringent 
conditions on allowed models for im- 
pulsive acceleration than have hereto- 
fore been possible in studies of the 
earth's magnetosphere. For example, 
the rise times for each proton burst- 
and therefore the time limit for en- 
ergizing protons to t 0.5 Mev-is less 
than the time required for a proton 
to undergo one cyclotron period in the 
magnetic field (which we have assumed 
to be 5 5 X 1O-4 gauss). Therefore, 
no theories or models for magnetic 
field interactions involving many cyclo- 
tron periods can be operative. The con- 
sequence of this conclusion is that 
models invoking strong, impulsive elec- 
tric fields appear to be required for the 
simultaneous acceleration of protons 
and electrons. For example, ion-acoustic 
wave acceleration (12) and even slow 
neutral sheet merging of magnetic 
fields may not account for the observa- 
tions. The question of whether phe- 
nomena such as fast neutral sheet 
merging, sheet pinch instabilities (13), 
or runaway processes (14) can account 
for the postulated impulsive accelera- 
tion remains to be explored later. 

The periodic oscillation of the elec- 
tron intensity in the B and C events 
without accompanying periodic varia- 
tions in the local magnetic field points 
strongly to the acceleration region as 
the source of the oscillation or "ring- 
ing effect." Indeed, this is fully sup- 
ported by the series of impulsive pro- 
ton bursts accompanying electron 
oscillations in the C event (Fig. 4). This 
effect will undoubtedly place strong 
constraints on models to be developed 
for explaining the impulsive accelera- 
tion of the particles. 

Mercury's magnetosphere can pro- 
vide sufficient energy for the observed 
bursts of electron and proton fluxes. 
We find that the maximum rate of en- 
ergy input required to accelerate the 
protons and electrons we observed in 
the B event is K 10-2 of the rate of 
energy input of the solar wind into the 
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magnetosphere. Therefore the mecha- 
nism of acceleration must also be very 
efficient. Since the energy spectra of 
the protons and electrons undoubtedly 
extend to lower energies and higher flux 
levels below our observational thresh- 
olds, it is quite clear that although 
there is sufficient energy via the solar 
wind-magnetic field-charged particle 
interactions, the energy spectra of pro- 
tons and electrons must turn over 
below the detection thresholds in our 
experiment in order not to exceed the 
magnetic field energy density. 

Clearly, a second encounter of Mari- 
ner 10 with Mercury through the mag- 
netotail region of the planet would be 
of major importance for resolving the 
remaining questions on impulsive ac- 
celeration of Mercury's electron and 
proton fluxes. 

J. A. SIMPSON, J. H. ERAKER 

J. E. LAMPORT, P. H. WALPOLE 

Enrico Fermi Institute, University of 
Chicago, Chicago, Illinois 60637 
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Mercury's Atmosphere from Mariner 10: Preliminary Results 

Abstract. Analysis of data obtained by the ultraviolet experiment on Mariner 
10 indicates that Mercury is surrounded by a thin atmosphere consisting in part 
of helium. The partial pressure of helium at the terminator is about 5 X 10-'9 

millibar. The total surface pressure of the atmosphere is less than about 2 X 

10-9 millibar. Upper limits are set for the abundance of various gases, including 
hydrogen, oxygen, carbon, argon, neon, and xenon. The wavelength dependence 
of Mercury's surface albedo is similar to that of the moon over a broad range 
of wavelengths from 500 to 1600 angstroms. Strong signals were recorded by 
the airglow instrument as Mariner 10 passed through the cavity behind Mercury. 
They are as yet unexplained hut may provide information on the properties of 
the local plasma. 

Two instruments sensitive in the ex- 
treme ultraviolet were carried aboard 
Mariner 10: an occultation spectrome- 
ter to measure the extinction properties 
of the atmosphere as the sun is oc- 
culted by the limbs of the planet, and 
a spectrometer to search for airglow at 
wavelengths elected to identify specific 
atmospheric gases. The airglow instru- 
ment has previously observed constitu- 
ents in the upper atmospheres of the 
earth and Venus (1). 

We concentrated attention on noble 
gases such as He, Ar, and Ne, since 

there are several obvious supply pro- 
cesses for these gases. Helium and neon 
can be captured from the solar wind; 
helium and argon may be released by 
decay of radioactive elements in Mer- 
cury's crustal rocks. A preliminary ex- 
amination of the mass balance for the 
various species on Mercury leads us to 
conclude that the most probable species 
would be Ar, Ne, and He. The choice 
of airglow channels reflects this analy- 
sis. However, the instrument was also 
designed to detect emissions associated 
with H, 0, and C. 
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Occultation experiment. The absorp- 
tion cross sections of all common at- 
mospheric gases and their photochemi- 
cal products are large in the extreme 
ultraviolet (300 to 900 A). Values for 
absorption cross sections range from 
1 X 10-17 to 7 X 10-17 cm2. Since 
the sun is a bright source of extreme 
ultraviolet radiation, the occultation ex- 
periment provides a sensitive test for 
the presence of an atmosphere almost 
regardless of its composition. 

The occultation spectrometer has a 
plane grating which operates at grazing 
incidence (2). Channel electron multi- 
pliers measure the solar flux at four 
wavelength positions, 470, 740, 810, 
and 890 A, chosen to straddle the first 
ionization edges of Ne, He, Ar, and 
Kr. Pinholes isolate spectral bands of 
-75 A full width at half maximum 
(FWHM) and also define the effective 
field of view of the instrument, which 
is 0.150 FWHM. The instrument, 
which is body-fixed to the spacecraft, 
observed the sun continuously for sev- 
eral days during Mercury encounter. 
The solar flux was sampled in each 
channel every 0.6 second. Raw data 
received at ingress and egress are 
plotted in Fig. 1. 

There are no obvious effects 
in these data due to atmospheric 
extinction. The intensity variations 
that are evident are due to the 
motion of the projected field of view of 
the instrument on the solar disk. This 
motion is caused by the spacecraft's 
limit cycle motion (3). The character- 
istic time scale for atmospheric effects 
is quite short (I to 50 seconds) and is 
determined by the velocity of the 
spacecraft (approximately 11 km/sec) 
as it passes behind Mercury, the scale 
height (H) in the planet's atmosphere, 
and the angular field of view of the 
instrument. At encounter the height 
resolution at the occulting limb was 
about 16 km. In the absence of an 
atmosphere the signal cutoff should oc- 
cur in about 2.4 data sample periods. 
The observed cutoff took place, in all 
channels, within three data samples, 

Fig. 2. (a) Geometry of the field of view 
with respect to the planet at encounter 
minus 1 hour. The field of view is 0.13? 
by 3.60. The planet was at a range of 
43,000 km. A 50 slew was used at a rate 
of '/8 sec'. The data taken during this 
scan are shown in Fig. 3. (b) Geometry 
of the field of view with respect to the 
planet during the limb drift experiment 21 
minutes before closest approach. The 
planetary phase angle is 1140? and the 
range to the limb is l 2.4OO km. 
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Table 1. Upper limits to the abundances of atmospheric constituents on Mercury deducedl 
from the ultraviolet observations. The data were obtained on 29 March 1974 at 2028 G.M.T. 
The 0.130 field of view was 15 km above the bright limb at a range of 12,400 km. A tem- 
perature of 5500K was assumed in calculating the vertical column densities. These data are 
not corrected for background. 

Probable Upper limit g-Value Vertical Partial 
ernitting Channel to limb at Mercury column pressure 
species (A) brightness (photon sec- density (mbar) 

(rayleighs) atom-') (cm-2) 

He+ 304 1200 
Background 430 
He 584 84 2.0 X 10- 7 X 101" 2 X 10-12 

Ne 740 23 5.1 X 10-s 3 X 10's 4 X 10-'0 
Ar 869 85 4.2 X 10-7 1 X 101' 3 X 10-'0 
Ar 1048 150 1.4 x 10-1' 5 X 1012 
H 1216 5000 1.5 x 10-' 1 x 101" 1 x 10-': 
O 1304 240 1.3 x 10-' 1 x 101' 2 x 10-12 
Xe (1470 A) 1480 490 1.0 X 10- 1 X 10" I X 10-"' 
C 1657 870 1.4 x 10-3 5 x 101rt 4 x 10-1: 
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Fig. 1. Sample of data from the occultation spectrometer as the spacecraft moved 
into and out of occultation at Mercury. 
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Fig. 3. Data obtained from the sequence 
shown in Fig. 2a. Counts from the four 
scans were summed and smoothed. The 
1216-A data were scaled by a factor of 
0.63 for comparison. Points on the 584-A 
curve represent the number of counts ac- 
cumulated in 2.4 seconds. 

consistent with a sharp edge-that is, 
planetary limb occultation. 

An estimate of the maximum possi- 
ble attenuation, 16 km above the limb, 
gives an upper limit to any atmosphere 
on Mercury. We feel that a drop in 
intensity in the last few samples of 
more than 10 percent is excluded by 
the data. This corresponds to a maxi- 
mum vertical optical depth of 8 X 
10-4 Ho in the extreme ultraviolet. 
Here H is measured in kilometers. For 
CO2 near the terminator, at an as- 
sumed temperature of 1001K, this cor- 
responds to an upper limit of 4 X 1 013 

cm-2 for the column density or a sur- 
face pressure of 1 X 10-9 mbar. This 
decreases the best previous limit on the 
surface pressure for CO2 [approxi- 
mately 2 X 10-5 mbar (4)] by a fac- 
tor of 2 X 104. For He and Ar the lim- 
its for the column densities are 4 X 
1014 and 8 x 1013 cm-2, respectively; 
the corresponding surface pressures are 
I X 10-9 and 2 X 10-9 mbar. 

Considerable improvement in these 
figures is anticipated with further pro- 
cessing of the data. Signal variations 
due to the limit cycle motion of the 
field of view on the sun can be re- 
moved in the following way: Dtata 
from the many hours of observation 
preceding and following the encounter 

200 
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* 1216 A 

LIMB TER~MINATOR 

Z~~~~~~ 
: 100 

SLIT 
WIDTH 
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can be used to build up an intensity 
picture of the sun as a function of the 
spacecraft attitude sensor signals, and 
a correction can then be applied to the 
data taken at occultation. 

Airglow experiment. The airglow 
spectrometer (1) has ten detectors 
which accept emission over 20-A band- 
widths about the central wavelengths 
304, 430, 584, 740, 869, 1048, 1216, 
1304, 1480, and 1657 A. These wave- 
lengths correspond to the positions of 
strong lines of He+, He, Ne, Ar, H, 0, 
and C (see Table 1). In addition, there 
are two zero-order channels which pro- 
vide checks on the total incident ex- 
treme ultraviolet flux to the spectrome- 
ter. One of these channels is open, the 
other has a MgF2 filter and Cul photo- 
cathode. The instrument is mounted on 
the scan platform which provides con- 
siderable pointing versatility. The effec- 
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tive field of view of the instrument is 
0.130 by 3.60. 

The sequence of operation at Mer- 
cury consisted of three separately iden- 
tifiable modes: (i) A mode in which 
the instrument was moved at a con- 
stant rate, 1/8 0 per second, by the 
spacecraft scan platform, as illustrated 
in Fig. 2a. At 1, 2, and 4 hours before 
encounter, four scans were made across 
the planet. (ii) A fixed pointing mode 
in which the objective was to build up 
the signal to a statistically significant 
total count in each channel. (iii) A 
drift mode in which the field of view 
moves across the limb as a result of 
spacecraft motion. This is illustrated 
in Fig. 2b. Limb drifts were performed 
21 minutes before encounter and 9 
minutes after encounter. The latter 
gave the highest spatial resolution (~15 
km) at the limb. 

Figure 3 shows the results of four 
scans made across the planet at 1 hour 
before encounter. Only the data from 
the 1216- and 584-A channels are 
shown. Individual scans have been 
summed and smoothed. A significant 
signal is seen in the 584-A channel. 
The signal extends beyond the bright 
limb and well into the dark side across 
the terminator. The signal in the 1216- 
A channel rises abruptly at the limb 
and falls to the background level at the 
geometrical terminator; it is similar to 
the signal in the zero-order channels, 
which is predominantly due to sunlight 
scattered from the surface of the 
planet. 

We interpret these data for the 
584-A channel as indicating the definite 
presence of neutral He on the planet. 
Further processing of the data is re- 
quired to remove the effects of limit 
cycle motion before the actual distribu- 
tion of intensity can be derived. How- 
ever, a preliminary estimate of the 
brightness at the terminator is about 
45 rayleighs. The derivation of global 
He abundance requires proper model- 
ing. The effects of scattering of sun- 
light, of collisional processes, surface 
albedo, solar wind interaction, and 
variable surface temperature should be 
included. However, if the 584-A emis- 
sion is entirely due to single scattering 
in a homogeneous atmosphere, then the 
vertical column density of neutral He 
atoms near the terminator would be 
2 X 1012 cm-2 well below the exo- 
spheric limit of -1O'S cm-2 (5). The 
observed column density corresponds 
to a He partial pressure of 5 X I Ql2 

mbar near the terminator. 
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If He is lost primarily by thermal 
escape, we ?estimate that the atmo- 
spheric residence time should be of the 
order of 105 seconds. The source 
strength required to supply the ob- 
served He atmosphere would then be 
of the order of 107 cm-2 sec1, which 
is comparable to the He source in the 
earth's atmosphere (6). 

The drift sequence across the bright 
limb (Fig. 2b) provides stringent upper 
limits to the abundances of probable 
atmospheric constituents. These are 
listed in Table 1 and were estimated 
from data taken 15 km above the limb. 
For these calculations we have assumed 
the local surface temperature at the 
limb to be 5501K (7). Scattering effi- 
ciencies and g-values for the resonance 
emissions of H, 0, C, and Xe were 
scaled from the compilations of Barth 
(8) and Fastie et al. (9). For the other 
species the g-values were based on re- 
ported solar fluxes (10), oscillator 
strengths (11), and assumed solar line 
widths (12). 

Inspection of the results in Table 1 
shows that the airglow spectrometer is 
far more sensitive to individual species 
than the occultation instrument. Of 
particular interest is Ar, which should 
be produced radiogenically in the 
planet. If we assume that Ar is re- 
moved primarily by interaction with 
the solar wind, we can deduce an upper 
limit to the supply rate. Its residence 
time should be similar to the ionization 
time of the gas, that is, ~106) seconds. 
Combining this number with the col- 
umn density upper limit in Table 1, we 
find a maximum source strength of 
-107 cm-2 sec-1. This is consistent 
with the terrestrial supply rate of 2 X 
105 cm-2 sec-1 (6). 

During the Mercury encounter chan- 
nels at wavelengths short of 1216 A 
observed sporadic emission. This emis- 
sion was seen during the limb drifts 
and while observations were being 
made of the dark side of the planet. 
The spacecraft was also within the 
solar wind cavity during most of these 
bursts of emission, but we have found 
little correlation with the fluxes ob- 
served by the plasma and energetic 
particle experiments (13). 

Extreme ultraviolet albedo. Observa- 
tions of the bright side of the moon 
were obtained with the airglow instru- 
ment shortly after launch. These were 
compared with similar measurements 
on Mercury made several hours before 
encounter. The ratio of the apparent 
brightnesses is plotted in Fig. 4 on an 
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arbitrary scale. The marked similarity 
between the two is obvious in spite of 
the poor statistics in the two short- 
wavelength channels at 304 and 430 A. 
Evidently the similarity of the run of 
albedo with wavelength between Mer- 
cury and the moon that has been re- 
ported throughout the visible (14) 
extends far into the ultraviolet and 
probably at least down to wavelengths 
of 500 A. 

Conclusions. The Mariner 10 ultra- 
violet spectrometer experiment has 
achieved its primary objective of de- 
tecting a neutral atmosphere on Mer- 
cury. Evidently neutral He is a prime 
constituent. The column density is very 
low, such that the atmospheric atoms 
follow ballistic trajectories. The occul- 
tation experiment places an exceedingly 
low limit to the total atmospheric con- 
tent, far lower than indicated by any 
previous measurements. Further reduc- 
tions in these limits are expected when 
the effects of spacecraft limit cycle mo- 
tion are included in the analysis. Sim- 
ilarly, further analysis should provide 
information on the neutral He scale 
height and also on -the origin of the 
unexpected "emission" seen as the 
spacecraft flew behind Mercury. 
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Mercury's Surface: Preliminary Description and 

Interpretation from Mariner 10 Pictures 

Abstract. The surface morphology and optical properties of Mercury resemble 
those of the moon in remarkable detail and record a very similar sequence of 
events. Chemical and mineralogical similarity of the outer layers of Mercury 
and the moon is implied; Mercury is probably a differentiated planet with a 
large iron-rich core. Differentiation is inferred to have occurred very early. No 
evidence of atmospheric modification of landforms has been found. Large-scale 
scarps and ridges unlike lunar or martian features may reflect a unique period of 
planetary compression near the end of heavy bombardment by small plane- 
tesimals. 

Mariner 10 acquired 2300 television 
pictures in the vicinity of Mercury in 
order to investigate the geologic his- 
tory of the planet as manifested in 
the morphology and optical properties 
of the surface. A unique surface history 
could have been indicated by the 
planet's Earth-like density (5.5 g/cm3) 

and small size (4870 km) (1). Instead, 
an extraordinary similarity to the sur- 
face of the moon has been found; the 
implications of this lunar-like exterior 
and probable Earth-like interior provide 
insight into very early stages of plane- 
tary formation. 

A brief description of the first images 
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