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Mariner 6 and 7 Ultraviolet Spectrometer Experiment. 
Analysis of Hydrogen Lyman-Alpha Data 
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Mariner 6 and 7 ultraviolet spectrometers that flew by Mars in 1969 observed the Lyman-, 
dayglow of atomic hydrogen. Data in the altitude range 200 to 24,000 km are analyzed to 
determine the structure of the Martian exosphere. The classical evaporative theory is applied 
to calculate a hydrogen density distribution. A spherical model of the dayglow Lyman-a 
emission, using radiative transfer theory, is used to produce theoretical intensities for com- 
parison with the data in order to determine temperature and density in the exosphere. It is 
found that the exospheric temperature is 350 ø ___ 100øK and that the number density at 250 
km is 3 ___ 1 X 10' cm '•. The existence of a Lyman-a corona implies a primary source of 
hydrogen on Mars, probably the photodissociation of water vapor. 

Determination of the atomic-hydrogen dis- 
tribution in a planetary atmosphere is important 
in studying the evolution and structure of 
planetary atmospheres. In addition to implica- 
tions of the mere existence of a hydrogen 
corona, measurement of its distribution provides 
information about conditions at the uppermost 
boundary of a planetary atmosphere. This 
upper boundary is the base of the exosphere, or 
critical level, and is defined as the altitude at 
which a fraction, l/e, of a group of escaping 
particles will experience no further collisions as 
they go to infinitely greater heights [Spitzer, 
1957]. Conditions in the hydrogen exosphere 
are determined by properties of the atmosphere 
at the critical level. Conversely, measurement 
of the hydrogen coronal distribution is a meas- 
ure of conditions at the critical level. The prop- 
erties of primary importance are the exospheric 
temperature, or effective Maxwellian tempera- 
ture, that will give the observed hydrogen dis- 
tribution, and the number density at the criti- 
cal level. 

A sensitive method of determining the distri- 
bution of hydrogen is the detection and analysis 
of Lyman-a radiation that is produced from 
resonant scattering of the 1216-A solar Lyman-a 
line by atmospheric hydrogen. These Lyman-a 
airglow measurements, together with appropri- 
ate radiative transfer and density models, yield 
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a density distribution and effective tempera- 
ture at the base of the exosphere. In addition it 
is possible to calculate the escape flux and the 
escape time for hydrogen and other atmospheric 
constituents. If this time is less than the age of 
the solar system there must be some mech- 
anism producing this constituent. Owing to the 
sensitivity of the technique, the lack of a de- 
tectable Lyman-a signal would imply that 
atmospheric hydrogen had escaped and that 
regenerative processes have ceased. 

As the Mariner 6 and 7 spacecraft approached 
Mars, the hydrogen corona was first detected 
when the closest point of the spectrometer optic 
axis to Mars was at a planetocentric distance 
of about 30,000 km [Barth et al., 1971]. The 
angle between the optic axis and the sun sub- 
tended at the spacecraft was 117 ø for Mariner 
6 and 135 ø for Mariner 7. In this geometry the 
signal is dominated by the hydrogen distribu- 
tion at a point along the optic axis that passes 
closest to the planet. The solar zenith angle of 
this point was 27 ø and 44 ø for the first limb 
crossings of Mariner 6 and 7, respectively. The 
distance of the closest point along the optic axis 
to Mars is the effective sample altitude. As the 
spacecraft continued to approach Mars, the 
Lyman-a intensity increased to a maximum 
when the field of view crossed the illuminated 
limb. Observations were then made of the illumi- 

nated disc of Mars, across the evening termi- 
nator and darkside, and finally off the dark 
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limb. In this discussion Mariner 6 and 7 data 

obtained above the bright limb at sample 
altitudes ranging from 24,000 down to 200 km 
are analyzed. This treatment includes the deter- 
mination of the appropriate hydrogen distri- 
bution model and the exospheric temperature 
with proper consideration of the effect of mul- 
tiple scattering on the Lyman-a intensity. 

The Lyman-• intensity, •, expressed here as an 
apparent column emission rate, 4•r•, can be 
written as 

4•rlt- Fv/• (1) 

where F is the effective solar flux seen by a 
hydrogen atom, • is the atmospheric optical 
depth at line center, and •9 includes radiative 
transfer effects. The effective solar flux, F, is de- 
fined as 

F = WS:, Av •r •/2 (2) 

where •r•Y, is the solar flux assumed to be constant 
over the wavelength interval where atmospheric 
resonance reradiation is important, and Av is 
the Doppler width in frequency units. Emission 
is assumed to occur at a wavelength independent 
of absorption so that the assumption of complete 
redistribution of frequency is used to model 
multiple scattering effects. Both 4•rg and F are 
given in units of rayleighs. An apparent column 
emission rate 4•rlt = i rayleigh is equivalent to 
an intensity It = 106/4•r photons cm -• sec -1 
ster -1. If the optical depth, •, is small compared 
with unity along all optical paths in the medium, 
single scattering applies and the factor • is equal 
to unity. In general • can be greater or less than 
unity depending on whether multiple scattering 
buildup or attenuation is the dominant radiative 
transfer effect. The optical depth at line center is 
given by ...o• 200- 

(s) • = aN 

where (r -- 5.96 ß 10 -• T -•/•' cm •' is the cross 
section at temperature, T, at the center of the z•o Ioo 

Lyman-a line. The column density, N, is the 
number of hydrogen atoms cm -•' along the line 
of sight. When single scattering is applicable, 
equation I is often written in the form 

o 

4•r•t = gN (4) 

where g - F(r is the emission rate factor defined Fig. 1. 
as the number of photons scattered per second 
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per atom [Chamberlain, 1961]. In this discus- 
sion, 9 = 1.0 X 10 -• sec -•, using the solar flux 
measurement of Brunet and Rense [1969]. 

Observations of the Lyman-a corona sur- 
rounding Mars were made with a 250-mm 
focal length Ebert-Fastie scanning spectrometer 
[Pearce et al., 1971]. A 250-mm focal length 
telescope was used, which gave an angular field 
of view 0023 ' X 203 ' and provided an altitude 
resolution of 26 km on Mariner 6 and 34 km on 

Mariner 7 at the bright limb. Two photomul- 
tiplier tube detectors, or channels, were used 
to cover the spectral range 1100-4300 A. Ly- 
man a was measured in second and third orders 

with the short-wavelength channel that was 
sensitive from 1100 to 2000 A. The two chan- 

nels were simultaneously scanned every 3 sec. 
This analysis used the second-order data ob- 
tained at 10-A resolution. A sampling rate of 1 
sample per channel per 5 msec gives 9 meas- 
urements across the line for each scan. The 

spectral information obtained from these ob- 
servations is shown in Figure 1, which is an 
average of 10 Mariner 6 Lyman-a spectra. 

The sets of bright limb data from Mariner 
6 and from Mariner 7 each consist of more than 

1500 individual Lyman-a spectra taken at alti- 
tude intervals of approximately 20 km. To 
display this large number of measurements 
conveniently, the spectra were averaged in 
groups of 25 near the planet and 50 beyond 
14,000 km. These groups were chosen to be 
small enough so that the altitude variation of 
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Average of 10 Mariner 6 Lyman-a 
spectra near the bright limb. 
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Fig. 2. Best fit to the Mariner 6 data including 
radiative transfer effects. Solid curve represents 
the intensity predicted by theoretical model with 
To -- 350øK and no • 3.0 X 10 '4 cm -•. 

the intensity is not affected. At large distances 
from the planet the hydrogen density decreases 
more slowly with altitude, so more spectra may 
be included in the average without losing alti- 
tude information. 

To determine the true signal, a constant noise 
level, obtained by averaging several samples 
adjacent to the Lyman-a line, was subtracted. 
In addition obvious noise spikes were removed 
by comparing individual samples with the aver- 

age. Mean values for the signal and background 
were recalculated without noise spikes. 

Each Lyman-a measurement consists of two 
components, an exospheric signal and a Lyman-q 
sky background [Barth, 1970]. To determine 
the sky background, 1300 spectra obtained at 
sample distances greater than 60,000 km were 
averaged. The martian hydrogen corona was 
detected when the sample distance was less than 
30,000 km. The sky background for Mariner 
6 and 7 was 290 --+ 4 and 316 _+ 4 rayleighs, re- 
spectively. Galactic coordinates were 81.14 ø 
longitude, --50.18 ø latitude, and 89.54 ø longi- 
tude, --13.54 ø latitude, respectively. The errors 
indicated are associated with calculation of the 

mean intensity by averaging 1300 spectra from 
each instrument; the errors do. not reflect un- 
certainties in the instrument calibration. Each 

spacecraft was pointed in a fixed direction in 
inertial space until the bright limb was crossed, 
so the sky background intensity subtraction was 
constant for both Mariner 6 and 7. 

Figures 2 and 3 are graphs of the Mars 
Lyman-q intensity with sky background sub- 
tracted [Barth et al., 1971]. The vertical scale 
is fixed by the absolute calibration of the spec- 
trometer. An estimate of the error in absolute 

calibration is --+70% [Pearce et al., 1971]. The 
abscissa scale shows the distance from the closest 
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Fig. 3. Best fit to the Mariner 7 data including radiative transfer effects. Solid curve 
represents the intensity predicted by theoretical model with To -- 350øK and no -- 2.5 X 
104 cm -•. 
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point along the optic axis to the center of Mars. 
Error bars shown in Figures 2 and 3 indicate 

the standard .deviations of the individual meas- 
urements in each group of intensity measure- 
ments. Relative weights are assigned on this 
basis for comparison with theoretical models. 

HYDROGEN DISTRIBUTION 

A detailed hydrogen distribution is considered 
only above the escape level. Trial calculations 
indicate the exospheric Lyman-a intensity is 
insensitive to the distribution of hydrogen below 
the escape level and relatively insensitive to the 
total amount. Analysis of the Lyman-a inten- 
sity when Mariner observed the disc of Mars 
should be sensitive to the amount of hydrogen 
between the escape level and the altitude where 
COs becomes opaque. Hunten and McElroy 
[1970] have discussed the hydrogen densities 
in this region of the Mars atmosphere. Owing 
to the relative insensitivity of the measured 
exospheric intensity considered in this work, a 
nominal value of 250 km is chosen for the escape 
level with an amount of hydrogen equivalent to 
one optical depth below this level. 

Above 250 km the density distribution is 
determined from consideration of orbit theory 
and solution of the collisionless Boltzman equa- 
tion [Chamberlain, 1963]. The density distribu- 
tion determined in this manner is a function of 

the exospheric temperature T•, the escape or 
critical level radius Re, and the number density 

Hydrogen atoms are assumed to be in ballis- 
tic, satellite, and escape orbits. The contribution 
to the density is determined for these compo- 
nents by considering the energy constraints 
and angular dependence for each type of orbit. 

Satellite orbits are populated by infrequent 
collisions that occur within the corona and are 

lost by rare destructive processes such as 
photoionization and charge transfer collisions 
[Chamberlain, 1963]. The extent to which satel- 
lite orbits are populated is not known, but 
Chamberlain indicates that a level does exist 

above which satellite orbits become depleted. 
The degree to which escape orbits are popu- 

lated is also in doubt. Chamberlain and Smith 

[1971] show that depletion of the high-velocity 
tail of the Maxwellian distribution function may 
retard the escape of hydrogen atoms from a 
CO•. atmosphere by 50% of the classical Jeans 
value. The approach used here has been to 
neglect atoms in satellite orbits and to assume 
a full complement of escaping atoms. Addition 
of satellite orbits to the model reduces the 

exospheric temperature derived from these data. 
Depletion of escaping particles leads to a higher 
temperature. 

Figures 4 and 5 show single scattering column 
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Fig. 4. Theoretical single scattering slant intensities for T• -- 350øK and values of the satel- 

lite critical level equal to 1, 3, 5, and 7 times R•. All curves have the same value oœ n•. 
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Fig. 5. Theoretical single scattering slant intensities for the satellite critical ]eve] equal 
to R, and for temperatures T, = 250, 300, 350, 400, 500, and 700øK. All curves have the 
same value of 

emission rates calculated for the Mariner 6 
Mars encounter geometry. Figure 4 indicates 
the effect of adding satellite orbits. In Figure 
5 the exospheric temperature is varied. 

TRANSFER EQUATZONS 

Radiative transfer effects on the observed in- 

tensity were taken into account by a factor fi 
in equation 1. The factor fi is found by solving 
the basic equations of radiative transfer [Chan- 
drasekhar, 1960]. In this analysis the assump- 
tion of complete frequency redistribution is 
made with absorption and emission profiles as- 
sumed to be Doppler. Thomas [1963] dis- 
cusses these assumptions in detail. By solving 
the transfer equations, the correction factor may 
be written 

fo t(R'Rb) 
where t(R, Rb) is the optical depth from the 
observation position R along the line of sight 
to an effective boundary Rb. The vector R, 
will lie on one of two spheres that bound the 
Lyman-e• scattering region. An effective lower 

boundary exists where C02 absorption becomes 
important. In this discussion the upper boundary 
is taken at a radial distance 10 times the lower 

boundary. Hydrogen beyond this distance makes 
a negligible contribution to the observed plane- 
tary intensity. The right-hand side of equation 
5 is an average of the product of the source 
function S(R') and transmission function TIt(R, 
R ') ] along the line of sight. Optical depth from 
the observation position R to a point R • along 
the line of sight is t(R, R'). The transmission 
function is given by 

27o = exr 

where a(x) is the Doppler broadening function 
exp (--x •) and x -- (v -- Vo)/A•, is the fre- 
quency shift from line center •o measured in 
Doppler widths. 

In this formulation, solution of a transcen- 
dental equation for the source function is the 
heart of the problem. Thomas [1963] and 
Meier and Mange [1970] have obtained solu- 
tions for the Lyman-a planetary geometry. 
Methods used here will be described in a later 

publication. The source function satisfies the 
integral equation 
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ß (7) 
fi 

The driving term, or single scattering source 
function, is the result of direct solar illumina- 
tion and is given by 

(8) 

where t(R, R•,,) is the optical depth from posi- 
tion R to the boundary of the exosphere in the 
direction of the sun. Defining the pr•ary source 
function in this way causes So(R) and therefore 
S(R) to reduce to unity for an optically thin 
medium. The integral over optical path in equa- 
tion 7 is identical to the integral in equation 5 
except for the kernel function 

•(t)= • •• exp [-.(x)t]a(x) dx 

In equation 7 an average of the optical path 
integral is taken over all directions, or a solid 
angle .• = 4• ster, about the point R. 

In units of effective solar flux, the predicted 
column emission rate is 

- 

Combination of the definition of /3 (equation 
5) with the formal solution (equation 10) gives 
the predicted intensity expressed in equation 1. 

Rssvr•s 

In the process of choosing the exosphefic 
model that best explains the observed intensi- 
fies, two key parameters, along with their as- 
sociated uncertainties, are determined. These 
parameters are the total vertical optical depth, 
or equivalently the number density at the criti- 
cal level, and the exospheric temperature. The 
follo•ng procedure was used to determine these 
parameters. 

First, a vertical optical depth was chosen for 
each of the selected temperatures, 250 •, 300 •, 
350 •, 400 •, 500 •, and 700OK based on the ob- 
served intensity beyond 14,000 •. In this 
region of the exosphere the ratarive transfer 
correction is small, so the predicted single scat- 
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Fig. 6. Distribution of the root mean square 
(rms) errors when the best models at each tem- 
perature are fitted to the data. 

tering intensity is adequate to give a first esti- 
mate of the vertical optical depth. 

The second part of the procedure is to vary 
the optical depth to find the optimum value for 
each of the selected temperatures by using 
radiative transfer theory and the complete set 
of data shown in Figures 2 and 3. In selecting 
these optimum optical depths, the root mean 
square (rms) error was minimized. Two results 
were obtained from this analysis. First, the 
initial estimates of vertical optical depth were 
very close to the optimum values for each tem- 
perature. This result indicates that the absolute 
intensities measured in the outer part of the 
exosphere are consistent with the best relative 
intensity shape for each temperature, provided 
by an optimum choice of optical thickness. 
Second, among the selected temperatures with 
the proper optical thickness, the best fit is 
provided by choosing the exospheric temperature 
to be 350øK. The rms error as a function of 

temperature for Mariner 6 is shown in Figure 6. 
An optimum fit found by using this two-param- 
eter model corresponds to a minimum rms error 
of 10% and gives nominal values of 3 X 10' 
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Fig. 7. Radiative transfer corrected intensities for T• -- 350øK and n• -- 2, 3, and 4 X 

10' cm -a models calculated for the Mariner 6 trajectory. Intensities have been normalized to 
the n• -- 3 >< 10' cm -a model at large distances. 

cm 3 for the number density at the critical level 
and 350øK for the exospheric temperature. 

The third step in this procedure is to deter- 
mine the uncertainties associated with these 

parameters, particularly the exospheric tempera- 
ture. In Figure 6 the steep increase in rms error 
as the temperature decreases below the best-fit 
value reflects the rapid change in the shape of 
the theoretical curve as one goes to lower-tem- 
perature models. On the basis of the low-tem- 
perature part of the curve shown in Figure 6, it 
is estimated that the lower limit on the ex- 

ospheric temperature is 250øK, or a standard 
deviation of --100øK. As the temperature in- 
creases above 350øK, the shape of the theoreti- 
cal curve does not change its basic shape but does 
change slope. When the optimum 700øK model 
is fitted to the data for example, virtually all 
data points close to the planet lie above the 
theoretical curve, while all those far from the 
planet lie below. In other words, the rms error 
in Figure 6 assumes • random distribution of 
errors and does not properly reflect how badly 
the slope of the 700øK model disagrees with 
the data. To specify an upper limit on the 
exospheric temperature a different analysis must 
be used. If one considers the slope uncertainty 
of the data on the logarithmic scale' shown in 

Figures 2 and 3, compared with the slopes im- 
plied by the various temperature models, an 
upper limit of 450øK is placed on the exospheric 
temperature or a standard deviation of -F 100øK. 

In summary, least-squares analysis gives an 
exospheric temperature of 350 ø _+ 100øK and 
• critical level volume density of 3 +--- I X 10' 
cm -8 independent of instrument calibration. Fig- 
ures 5 and 6 are graphs of the 350øK model 
together with the data. In Figure 7 graphs of 
the 350øK model for critical level volume densi- 
ties of 2, 3, and 4 X 10' cm -8 are given. Table 
I gives the volume density as a function of alti- 
tude above the critical level for the 350øK 
model with n• = 3 X 10' cm -•. 

SUM MARY 

A model density distribution together with a 
spherical radiative transfer formulation have 
been used to analyze Mars Lyman-a data ob- 
tained from ultraviolet spectrometers on Mari- 
ner 6 and 7. Values were obtained for the tem- 

perature, 350øK, and density, 3 X 10' cm -• of 
atomic hydrogen at the base of the exosphere. 
A measure of the stability of the Mars atmos- 
phere against loss of atomic hydrogen can be 
obtained from the escape time of a hydrogen 
atom from the exosphere. The exospheric tern- 
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Volume Density Distribution 

Altitude, km Density, 10 4 cm -3 

250 3.0 
500 2.1 
75O 1.7 

1000 1.4 
2500 0.61 
5O00 0.24 
750O 0.12 

10000 O.O72 
12500 0.048 
15000 0.034 
17500 0.026 
20000 0.020 
22500 0.016 
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