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multiplier ion detector is used. The mass
peaks produced have flat tops permit-
ting magnitude determination by a single
measurement without peak scanning.
The ambient gases are introduced

through a 2-cm2 orifice in the stainless
steel antechamber that encloses the ion
source. The gas particles entering the an-
techamber collide many times with the
inner surfaces and reach thermal equilib-
rium with the surfaces. Because the ve-
locity of the spacecraft is much greater
than the thermal velocity of the gas, the
density of the gas in the enclosure great-
ly exceeds the ambient density. This re-

Table 1. Data on the most abundant gases de-
tected in the atmosphere of Venus at 150 km
altitude near the evening terminator at a solar
zenith angle of 88°.

Component Density (particle/cm3)

Carbon dioxide 1 .1 x 109
Carbon monoxide 2.4 x 108
Molecular nitrogen 2.1 x 108
Atomic oxygen 6.6 x 108
Helium 2 x 106

0036-8075/79/0223-0770$00.50/0 Copyright © 1979 AAAS

sults in a significant increase in the ef-
fective sensitivity; for example, the ratio
of source to ambient density for CO2 is
approximately 100 when the orifice is
pointing in the direction of the spacecraft
velocity. The ionization volume is lo-
cated behind the orifice so that gas enter-
ing through the orifice can also be ion-
ized directly without prior surface colli-
sions. The number of directly ionized
particles is small compared to all ions
produced, but because of the large mo-
mrentum of the directly ionized particle
they can be separated from the ions gen-
erated from the thermalized gas by
means of a retarding potential. Reactive
gases that may be adsorbed on the walls
of the en6losure can hence be measured
directly. The orifice of the ion source en-
closure is pointed at an angle of 270 to the
inertially stabilized orbiter spin axis,
which is maintained normal to the eclip-
tic. The orientation of the sensor and the
spacecraft orbit plane position result in
an optimum minimum angle of attack for
the instrument in the periapsis region.
The instrument can be commanded

each orbit to accomplish either a period-
ic sampling of a maximum of eight se-
lected masses or a scan pf all masses up
to 46 amu, stepping from peak to peak.
The sensitivity of the sensor is approxi-
mately one ion per second per 5 x 104
nitrogen molecules per cubic centimeter.
The instrument was baked, sealed, and
maintained evacuated during transit, and
opened to the atmosphere after orbit in-
sertion [for details, see (I)].

A'n example of typical "'raw" data for
a number of the atmospheric constitu-
ents in the ion source obtained during the
descending part of orbit 17 is shown in
Fig. 1. Each mass was sampled alter-
nately in the retarding and nonretarding
mode of operation, and the sampling
time per mass was 167 msec. Only the
nonretarded measurements are shown in
Fig. 1. The electron beam energy for this
pass was 70 eV. Variations due to angle
of attack change are apparent, particu-
larly for mass 44, because of the higher
sampling rate. The occasional deep mod-
ulation seen at most masses is believed
to be due to the 4ntenna intercepting the
gas stream when the instrument points
opposite to the direction of motion.
At altitudes above 250 km, back-

ground counts at mass 44 and 28 are ap-
parent. These are due to surface degass-
ing of CO2 and CO adsorbed during the
previous periapsis pass which was not
observed during the early orbits with
higher periapsis altitudes where the CO2
and CO concentrations were significant-
ly lower.

Preliminary values of ambient particle
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Venus Upper Atmosphere Neutral Composition:
Preliminary Results from the Pioneer Venus Orbiter

Abstract. Measurements in situt of the neutral composition and temperatulre of the
thermosphere of Venuts are being inade with a qtuadriupole mass spectrometer on the
Pioneer Venuis orbiter. The presence ofmanY gases, incluiding the major constitlents
C02, CO, N2, 0, and He has been confirmed. Carbon dioxide is the most abundant
constituent at altitludes below aboutt 155 kilometers in the terminator region. Above
this altitutde atomic oxygen is the major constituent, with OICO2 ratios in the uopper
atmosphere being greater than was commonly expected. Isotope ratios of 0 and C
are close to terrestrial values. The temperatuire inferredfrom scale heights above 180
kilometers is about 400 K on the davside near the evening terminator at a solar zenith
angle ofabout 69°. It decreases to about 230 K when the solar zenith angle is aboult
900.
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density plotted against altitude are
shown in Fig. 2 for orbit 17. The He val-
ues were computed direetly by using lab-
oratory calibration constants, Orbital ve-
locity, and spacecraft orientation. The
nitrogen concentrations were computed
from the mass 14 peak resulting from dis-
sociatively ionized N2. Carbon monox-
ide concentrations were computed from
the mass 28 peaks by subtracting the N2
contribution and the cracking fractions
due to CO2. The CO2 values were com-
puted directly from the mass 44 peak and
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Fig. 1. Pulse count data plotted against alti-
tude for mass peaks of 4, 14, 16, 28, 32, and 44
amu. Data were obtained during the descend-
ing part of the orbit 17 periapsis pass.
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are considered reliable below 180 km.
Above that altitude, CO, combined on
the surfaces with atomic oxygen, adds
significantly to the 44 peak. This be-
comes apparent when the mass 44 scale
height approaches the mass 28 scale
height. Atomic oxygen was computed
from the mass 16 peak and the mass 32
(02) peak (surface recombined atomic
oxygen). The mass 16 peak is the sum of
the atomic oxygen and the cracking frac-
tions from CO,, 02, and CO which must
be subtracted to obtain atomic oxygen.
The oxygen values shown are considered
lower limits since all possible losses of
oxygen in the ion source due to surface
effects have not been evaluated. Loss of
oxygen is also suggested by the some-
what lower than expected scale height of
the oxygen profile compared to that of
the other constituents assuming identical
kinetic temperatures. At periapsis the
data obtained for oxygen in the retarding
mode agreed with those obtained in the
nonretarding mode within 20 percent.
Concentrations of the major atmospheric
constituents at 150 km are listed in Ta-
ble 1.
The observed O/CO2, ratio is consid-

erably larger than predicted by photo-
chemical models (2) invoking large eddy
diffusion coefficients, K. > 107 cm2/sec,
to account for the apparent absence
of large nonthermal hydrogen escape
fluxes. However, these models should be
interpreted with caution because they
represent average dayside conditions,
whereas our data reflect terminator val-
ues that may not be representative of the
whole dayside.

The He density (2 + 1 x 10' cm-:') in-
ferred from Mariner 10 airglow measure-
ments (3) at 145 km is well supported by
our observations (see Fig. 2). Further-
more, we find a modest increase of about
30 percent in the He density as the solar
zenith angle increases from approxi-
mately 600 to 900. This increase is consist-
ent with the prediction of a nightside He
bulge (4).
The 4"Ar measurement is temporarily

obscured by an anomalously high mass
40 peak probably caused by NaOH and
40K ions which are contaminants on the
surface of the ion source grids. These
ions are very efficiently sputtered by the
high velocity (10 km per second) impact
of CO2 on the grids. In time the magni-
tude of the contaminants will be eval-
uated and corrections applied to yield a
valid 4"Ar measurement. Identification of
the contaminants was made from com-
plete mass spectra. The spectra obtained
also yield information on the ratios of the
major isotopes. The oxygen isotope ra-
tios 8O/l6O and 10O/'"O, and the carbon
isotope ratio '3C/'2C evaluated from the
46, 45, 44, 34, 33, 32 and 13,12 amu
peaks are close to the terrestrial values.
Mass 36 is also being detected. Further
measurements and analyses of the mass
peaks adjacent to mass 36 should permit
unambiguous identification of 36Ar (5).
The atmospheric temperatures are in-

ferred from the scale heights of the indi-
vidual constituents. It is assumed that
the constituents are in diffusive equilibri-
um and are not severely affected by
chemical reactions with the surfaces in
the ion source. Thus nonreactive gases
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Fig. 2. Preliminary ambient gas density profiles obtained from the descending part of the orbit
17 periapsis pass. Solar zenith angle was 880 at periapsis near the evening terminator. The solid
lines represent linear fits to the data points.
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such as He and N., are expected to yield
the most reliable values of temperature.
The He and N., data of Fig. 2, orbit 17

(solar zenith angle, = 880) lead to scale
heights of about 57 km and 8.4 km, re-
spectively, which correspond to a tem-
perature of 230 K. The CO. CO, and 0
data indicate similar temperatures but
are not considered as reliable. The He
and N., data for orbits 3, 4, and 5 (solar
zenith angle, - 690) when the periapsis
was near 180 km (above exobase altitude
of -170 km) (6) give a temperature of
about 400 K.
These temperatures support the con-

cept of a relatively "cool" upper atmo-
sphere as deduced most recently from
the temperatures inferred from Mariner 5
(7) and Mariner 10 (3) airglow measure-
ments as well as those suggested by the-
oretical models of the ionosphere (8, 9).
A rather strong decrease in temperature
with increasing solar zenith angle also is
observed, leading to a temperature gradi-
ent three times larger than predicted by a
global thermosphere model (10).
The CO., density and gas temperature

decrease with increasing solar zenith
angle. If we assume that the-global cir-
culation model of Dickinson and Ridley
(10) is valid, then we can compare our
measurements made near the evening
terminator with those of the BNMS (11)
made near the morning terminator, since
the model invokes cylindrical symmnetry
about the sun-planet axis. Thus, com-
paring our temperature of 230 K and CO.,
density of 1.1 x 109 cm-3 at 150 km and
a solar zenith angle of 880 with the
BNMS temperature of 253 K and CO.,
density of 6 x 10" cm-3 at the same alti-
tude and a solar zenith angle of about
60°, we see that both the density and
temperature decrease with increasing so-
lar zenith angle. If this comparison is fea-
sible then a kinetic pressure imbalance is
present which must be balanced by a dy-
namical pressure resulting from horizon-
tal flow from day to night as suggested
originally by Dickinson and Ridley (10).
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Atmospheric drag measurements ob-
tained from the orbital decay of Earth
satellites have been used since the begin-
ning of the space age to determine upper
atmosphere density from which compo-
sition and temperature are inferred. The
atmospheric characteristics derived from
those satellite drag measurements have
formed the basis of a number of standard
upper atmospheric models of the earth
(1). From the present study of the orbi-
tal decay of Pioneer Venus I (orbiter)
comes the first detection of atmospheric
drag from a spacecraft orbiting another
planet (2). In this report we discuss the
determination of atmospheric densities
from satellite orbital decay, and then de-
scribe an atmospheric composition mod-
el that is consistent with the observed
variation of density with altitude. Final-
ly, we use a model with variable exo-
spheric temperature to study the nature
of the diurnal variation of the upper at-
mosphere of Venus. The measurements
were all obtained near 18.4°N latitude
between 7 December 1978 and I January
1979 at altitudes of 150 to 190 km.
The density PA (in grams per cubic

centimeter) at a distance 1/2 H* above
periapsis (position of closest approach to
planet surface), where H* is the estimate
of density scale height at periapsis (in
centimeters), can be determined from
the following equation if one assumes
nominal Pioneer Venus I values of orbit-
al eccentricity (0.84) and semimajor axis
(39,600 km) (3).

4.35 x 10-'4 AT m
PA = ; CDS (1)
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where AT is the change of orbital period
per revolution caused by atmospheric
drag, in seconds per revolution; in is the
mass of the spacecraft, in grams; CD is
the coefficient of drag; and S is the ef-
fective cross-sectional area, in square
centimeters. In practice, densities are
determined by numerical integration
through an atmosphere (4). The densities
are evaluated above periapsis at the 'ef-
fective"' altitude of the drag effect to
minimize errors associated with assumed
value of H*. With this technique, an er-
ror of 25 percent in H* results in only a
1.2 percent error in the density a half
scale height above periapsis.
The value of /in, CD, and S were ap-

proximately 361.7 kg, 3, and 6.15 x 104
cm2, respectively. The mass of Pioneer
Venus I decreased from 361.9 to 361.5
kg because of the expenditure of fuel in
orbital maneuvers. The CD value of 3 was
determined after we considered experi-
mental results consistent with values
close to 3 as well as theoretical extremes
of 2 and 4. The effective satellite cross
section was constant at periapsis. Within
50 km altitude of periapsis where drag ef-
fects can be relevant, this cross section
ranged from 6.06 x 104 to 6.20 x 104
cm2.
The orbital elements, used to deter-

mine the change of orbital period (AT),
were computed by a differential correc-
tion orbit determination program applied
to S-band Doppler data received by the
Deep Space Network (5). In order to iso-
late the atmospheric drag effect, which is
concentrated near periapsis, changes in
the orbital period due to other phenome-
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Venus Thermosphere and Exosphere: First Satellite Drag
Measurements of an Extratertrestrial Atmosphere

Abstract. Atmospheric drag measurements obtainede fiomn thle studc ! of tlhe orbital
decay of Pionieer Venuiis / indicate that atomic oxygen predominates in thte Venus
atmosphere above /60 kilometers. Drag mteasuirements give evidence that conditions
characteristic of a planietary thermnosphere disappear near sundown, with iniferred exo-
spheric temperatutres sharpvl (lroppinlgfroln approximatelv 300 K to less tlhani 150 K.
Observed(denisities arIe generally lower thltlan giveni by theoretical mllo(dels.
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