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Venus Thermosphere: In situ Composition Measurements, the 

Temperature Profile, and the Homopause Altitude 

Abstract. The neutral mass spectrometer on board the Pioneer Venus imultiprobe 
bus measured composition and structural parameters of the dayside Venilts upper 
atnmosphere on 9 December 1978. Carbon dioxide and heliulm number densities were 
6 x 10W and 5 x 10; per cubic centimeter, respectively, at ani altitude of 150 kilom- 
eters. The mixing ratios of both Iargon-36 and argon-40 were approximately 80 

patrts per million at an altitudle of 135 kilometers. The exospheric temperatture friomn 
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160 to 170 kilometers tt,as 285 ? 10 K. 
altitude of about 137 kilometers. 

The primary objectives of the neutral 
mass spectrometer (BNMS) experiment 
on board the Pioneer Venus multiprobe 
bus were to study the composition and 
temperature of the Venus upper atmo- 
sphere. Of particular interest were mea- 
surements near the homopause and the 
ionospheric peak. The bus passed the 
200-km level of the Venus thermosphere 
on 9 December 1978 at 40?S celestial lati- 
tude, at a local solar time of 0835 hours 
and a local solar zenith angle of 60?. Al- 
though it descended through the atmo- 
sphere at a rather shallow angle the ver- 
ticle velocity component of the bus was 
still 1.4 km per second at the 150-km lev- 
el where the atmospheric pressure scale 
height was about 6 km. 

The BNMS (1, 2) included a semiopen 
electron impact ion source, double-fo- 
cusing analyzing fields, four ion detec- 
tors (two multipliers and two electrome- 
ters), two pumps, and an in-flight cali- 
bration system. The combination of 
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electrometers and ion-counting multi- 
pliers together with differential pumping 
between ion source and analyzing fields 
made it possible to measure particle den- 

Table 1. Temperatures as derived from the 
measured CO2 profile. 

Altitude (km) Temperature (K) 

200 284 
180 281 
160 269 
150 253 
140 221 
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Table 2. Altitude levels (in kilometers) on 
dayside of terrestrial planets (7). 

Level Venus Earth Mars 

Exobase -180 -500 - 185 
Ionospheric peak 142 270 132 
Homopause 137 105 125 
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sities over eight orders of magnitude. 
Only the maxima of selected mass peaks 
were sampled for each 0.1 second. The 
mass numbers chosen included those ex- 
pected on the basis of our pre-Pioneer 
Venus knowledge of the composition of 
the Venus atmosphere as well as masses 
associated with anticipated impurities. 

As the bus approached Venus, the first 
gas to be detected was helium at an alti- 
tude of about 700 km. Upon sensing a 
predetermined level of the mass 28 signal 
the instrument switched automatically to 
a special low-altitude mass program at 
206 km. Data were obtained down to an 
altitude of approximately 130 km where 
the ion source operated in the 10-3 mbar 
pressure range. Figure I shows particle 
density profiles for CO, and He. The alti- 
tude values are preliminary, but are be- 
lieved to be accurate to 3 km below an 
altitude of 250 km. 

The mass 44 signals started to rise rap- 
idly below 300 km with a gradient that 
increased down to 200 km; at this alti- 
tude the gradient stabilized, at a value 
corresponding to a scale height of ap- 
proximately 6 km. The smaller slope 
above 200 km is tentatively attributed to 
the contribution of impurities at the mass 
44 position, possibly CO., produced by 
the reaction of ambient atomic oxygen 
with contaminants on the instrument sur- 
faces. Below 200 km, however, the am- 
bient CO., becomes the dominant con- 
tributor to the mass 44 peak, the impu- 
rity effect becoming negligible. 

The smoothed CO., density profile was 
used to derive a temperature for the up- 
per thermosphere and exosphere (see 
Table 1). Our "low" dayside exospheric 
temperature of 285 K agrees fairly well 
with that obtained from the orbiter (3) 
and by the ultraviolet spectrometer on 
Mariner 10 (4). The value is close to that 
predicted by the low-heating-efficiency 
model of Dickinson and Ridley (5). How- 
ever, it emphasizes that the exosphere 
temperature, T,x, cannot be obtained 
from the topside scale height of the iono- 
sphere unless the ratio of oxygen atoms 
to CO. molecules is known. 

The instrument He sensitivity was 
successfully calibrated in flight 2 days 
before the bus entered the Venus ther- 
mosphere. This enables us to place con- 
siderable confidence in the absolute He 
number densities reported here. At 145 
km our absolute density is a factor of 3 
greater than that found by Kumar and 
Broadfoot (4). At 135 km our ratio for 
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km our absolute density is a factor of 3 
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Broadfoot (4). At 135 km our ratio for 
n(He)/n(C02), where n is the total num- 
ber density, is about 130 ppm and is still 
decreasing toward lower altitudes. The 
10 ppm mixing ratio derived by Kumar 
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and Broadfoot (4) was based on an as- 
sumed CO2 density much higher than our 
measured value. 

The distribution of He, with its small 
atomic mass, should be strongly affected 
by vertical and horizontal transport pro- 
cesses. It was thus surprising to find that 
the measured He profile can be matched 
well by a simple one-dimensional dif- 
fusive equilibrium profile with a constant 
exospheric temperature T,x = 285 + 
10 K between 160 and 700 km altitude 
(see Fig. 1). Moreover, this T,x agrees 
well with the exospheric temperature de- 
rived from the measured CO.) distribu- 
tion. The slight excess of He observed at 
the highest altitudes when compared with 
the diffusion model may be an indication 
of the postulated nightside He bulge (6), 
since the solar zenith angle was 15? 
larger at 700 km than at 135 km. 

We find that the measured He den- 
sities below 160 km can be represented 
by a diffusion model calculated with an 
eddy diffusion coefficient K, n-~ 12, 
where n is the total number density, a 
limiting value of K, (max) = 4 x 108 
cm2/sec, and the temperature profile de- 
rived from the CO, densities (see Fig. 1). 
For this model the eddy diffusion coeffi- 
cient and the molecular diffusion coeffi- 
cient of He in CO. are equal at 137 km, 
which is a measure for the altitude of the 
He homopause (7). This is the highest 
level of a homopause found on any of the 
terrestrial planets (see Table 2). 

An examination of the mass peaks in 
the neighborhood of Ar showed unex- 
pected signals at 41 and 42 as well as at 
40 and 36 (mass 38 was not monitored). 
In the exosphere all of these appeared to 
have approximately the same scale 
height, with a value too high to be associ- 
ated with Ar. At the lowest altitude of 
measurements, however, the mass 40 
and 36 profile slopes approach the values 
expected for Ar. We believe that the high 
altitude data represent primarily impu- 
rities of unknown origin. Extrapolations 
of the data to lower altitudes enables us 
to derive a correction for the mass 40 and 
36 peaks with the remainders attributed 
to Ar. With these assumptions we find 
that 4?Ar and :3;Ar have about the same 
abundance at 135 km. The mixing ratio 
of each relative to CO., is tentatively 
taken as 80 ppm. This value is in reason- 
able agreement with the findings of the 
Pioneer Venus large probe mass spec- 
trometer (8). 

Definitive statements concerning Ne, 
N, CO, 02, and 0 as well as some other 
possible species will require additional 
analysis. 

The discovery of major amounts of 
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Fig. 1. Number densities for CO2 and He measured by the BNMS plotted against altitude. Note 
that the altitude scale changes at 200 km. The average of the background signals as observed 
over the 1800- to 1000-km altitude range has been subtracted from both data sets. Solid curves 
represent smoothed profiles from model calculations with T,e = 285 K as described in the text. 
Models based on 270 K and 300 K yield He densities at 700 km altitude that are 0.68 times lower 
and 1.41 times higher, respectively, than the 285 K solution. 

:2'Ar, 4"Ar, and 4He in the Venus atmo- 
sphere requires a reconsideration of cur- 
rent theories concerning not only the his- 
tory of outgassing of Venus, but also the 
complex interactions of the planet with 
the solar wind. It has been suggested (9) 
that the rare gas inventory of the atmo- 
sphere of terrestrial planets is controlled 
by a varying degree of outgassing of a 
prototype material resembling chrondrit- 
ic matter. The fact that the amount of 
4"Ar per gram of planet material found 
for Venus is very similar to the value on 
Earth suggests that both planets have ac- 
cumulated near equal amounts of 4"K 
and also have been outgassed to a similar 
extent. At the same time, however, 
about 300 times more :';Ar relative to 
4"Ar is present in the atmosphere of Ve- 
nus compared to that of Earth. This 
could mean either that, compared to 
Earth, Venus has received a greater sup- 
ply of noble gases during the process of 
planet formation, or that after planet for- 
mation Venus has accreted more noble 
gases. A later addition of noble gases 
could have been the result of surface ad- 
mixtures of volatile-rich material or the 
result of accretion from a solar wind that 
originated on the sun and was unimped- 
ed by an intrinsic magnetic field. Which 
process is most likely cannot be deter- 
mined until more information is obtained 
on the amounts of other noble gases 
present, such as Ne. If noble gas accre- 
tion has occurred by admixtures of 
grains, surface saturated by solar wind, 

or from the solar wind proper, rare gas 
abundance patterns of a solar rather than 
planetary type are to be expected. 

Knudsen and Anderson (10) have 
shown that the Venus atmosphere 
should contain approximately 200 ppm 
of He; they assumed that the 4He results 
entirely from radioactive decay, with 
subsequent outgassing from the planet, 
the production rates on Venus being 
equal to those for Earth, and there being 
negligible escape from the Venus exo- 
sphere. Their assumption of similar pro- 
duction rates on both planets has, in the 
meantime, been supported by measure- 
ments of the uranium and thorium abun- 
dances on the Venus surface by the Ven- 
era spacecraft (/1). Our He measure- 
ments did not reach low enough in 
altitude to sample atmospheric regions 
where He is completely mixed. It is evi- 
dent, however, that compared to Earth, 
Venus has kept in its atmosphere a much 
larger fraction of all the He outgassed 
over the lifetime of the planet. 
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The neutral gas composition of the Ve- 
nus thermosphere is being measured in 
situ by means of a mass spectrometer 
(ONMS) on the Pioneer Venus orbiter. 
The initial periapsis pass occurred on 5 
December 1978, at an altitude of 385 km, 
during which He was detected. Gradual 
lowering of periapsis permitted the mea- 
surement of other constituents of the up- 
per atmosphere including COs, N2, 0, 
and CO. The orbit has an inclination of 
105? and the initial periapsis was on the 
dayside of the planet at 18.5?N celestial 
latitude close to the evening terminator. 
Because the orbit is inertially stable, it 
"rotates" about the planet at the orbital 
rate of Venus permitting a full cycle of 
observations in about 243 Earth days. 
Since the initial observation was made, 
measurements are being obtained nearly 
every orbit, one per Earth day, as peri- 
apsis moves through the terminator re- 
gion to the nightside of the planet. We 
report here some of the data obtained. 

A quadrupole mass spectrometer with 
a dual energy (70 and 27 eV) electron im- 
pact ion source and a secondary electron 
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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/cm:') 

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 
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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- 
mentum 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 enclosure can hence be measured 
directly. The orifice of the ion source en- 
closure is pointed at an angle of 27? 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 of 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 (1)]. 

An 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 antenna 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 
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Venus Upper Atmosphere Neutral Composition: 

Preliminary Results from the Pioneer Venus Orbiter 

Abstract. Measurements in situ of the neutral composition and temperature of the 
thermosphere of Venus are being imade with a qutadrutpole mass spectrometer on the 
Pioneer Venus orbiter. The presence of many gases, in cluding the imajor constitiuents 
C02, CO, N2, 0, and He has been cotfirmed. Carbon dioxide is the most abundant 
constituent at altitudes below about 155 kilometers in the terminator region. Above 
this altitude atomic oxygen is the major constitutent, with O/CO2 ratios in the upper 
atmosphere being greater than was commonly expected. Isotope ratios of 0 and C 
are close to terrestrial values. The temperature inferred foom scale heig/hts above 180 
kilometers is about 400 K on the dayside near the evening terminator at a solar zenith 
angle of about 69?. It decreases to about 230 K wvhen the solar zenith angle is about 
90?. 
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