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An engineering lunar atmospheric model (ELAM) is described.

Autlor

“Northrop Space Laboratories, Huntsville, Alabama

NASA-GEORGE C. MARSHALL SPACE FLIGHT CENTER



NASA - GEORGE C, MARSHALL SPACE FLIGHT CENTER

TECHNICAL MEMORANDUM X-53399

February 23, 1966

THE LUNAR ATMOSPHERE
by

Wilmuth C. Lucas and Otha H. Vaughan, Jr.

Aero Space Environment Office
Aero-Astrodynamics Laboratory




ACKNOWLEDGEMENTS

The authors wish to express appreciation to Mr. James T. Stanley
and Mr. Robert Bensko, Systems Section, Northrop Space Laboratories for
their individual aid and consultation during the preparation of this
report.




e :

IT,

ITI.

Iv,

VI,

INTRODUCTION, . e vvesssevase

TABLE OF CONTENTS

e e s e 000000 a0 0000

OPTICAL AND RADTIO OBSERVATIONS....ceeeeeeeeccssnnncncasans

A‘

oow

Stellar OccUltationS..iieeeeesesoscceonnoncasovoonanses
Spectroscopic Methods...v.eeeeeeseesnceesaanesscossans
Brightness and Polarization of Scattered Light........

Radio ObservationS....ceceseasacssccaces

LUNAR ATMOSPHERE SOURCES....ccvecncevccacsvsscacconcananos

mEg oW >

Primitive Atmosphere......iceeeccceveesanosssccaconnsas
Solar Wind..ueeseeoeeosesaceaessassnonnnssasns
Decay Products from Radioactive Elements.......oec..s
OQutgassing and Meteoritic Volatilization.......c.eece..
Volcanism,.eeeeeosseansscsssnssasssasssssasccssnsasnes
Miscellaneous SOUTCEeS...eeessssoccsccccocccssosconnans

ESCAPE MECHANISMS..ecocoectvossccscscscscssscsnrsessosccsssns

A.
B.
C.

DEVELOPMENT OF A SYNTHESIZED LUNAR ATMOSPHERIC MODEL......

Thermal ESCapPCicceccscsosscesccscsossssssssesssssanssss
Solar Wind Scattering..cececesesvessesoreosssacsnnssse
Tonic ESCAPe..escosessscssossssosscsscsscscsssscsosscoscs

CONCLUSIONS..eveaasvececososossavenassassssavsescscasasccnnss

e

e

[ S N

W

=
W o WwWowoNwn

14
17
18
19

20



Table

LIST OF TABLES
Title
Lunar Atmosphere Observation.....eveeeeeocecsceonss

Surface Densities of Gases Accreted from the
501ar Wind.eeeeeooooeecoesocasoscesassocsassncocess

Ion Densities at Lunar Surface for Various Models.
Contents of the Fissured Surface Materials Models,

Composition and Percentage of Gases from Selected
Igneous ROCKS..ieeeveeeerenccososcsscsossssaannons

Observations of Possible Lunar Volcanic Activity..
Thermal Velocities of Volcanic Emanations and

Sublime Vapors at Subsolar and Molten Lava Tem-
PEraAlUreS.,.ceccseacoescscsososcsasscsasscsssascsnsncs

iv

10

11

15



TECHNICAL MEMORANDUM X-53399

THE LUNAR ATMOSPHERE

SUMMARY

An attempt was made to synthesize the most probable model of the
lunar ambient atmosphere derived from available reports and professional
papers. Various observation methods and their results were reviewed,
The different theoretical approaches to the problems of defining lunar
atmosphere sources, source rates, escape mechanisms, and escape rates
were critically studied., It was concluded that the lunar atmosphere is
extremely complex, and that its composition and density probably vary
locally and are influenced by volcanic, meteoritic, and solar activity,

The lunar atmosphere is assumed to have a density greater than
the density of the interplanetary medium but less than 10-'2 of the
earth's atmosphere at sea level. The major components of the atmosphere
probably will be H,, Hz0, Ar, He, Kr, and Xe.

An accurate evaluation of the lunar atmosphere must await the data
obtained from future lunar missions; however, a lunar atmospheric model
is presented for use as design criteria.

This report was prepared under NASA Contract NAS8-20082,

I, INTRODUCTION

Present knowledge of the lunar atmosphere is limited to estimates
based on earth-based optical and radio observations, and on theoretical
approaches, From recent observations, it has been determined that the
upper limits of the lunar atmosphere are approximately 1012 of the
terrestrial atmosphere, Theoretical approaches indicate that this fig-
ure may be too high,

For most purposes this tenuous atmosphere would have little effect
on lunar missions. However, there are a few areas where detailed know-
ledge of the atmosphere would be important. As noted by Upik [1], even
a medium as tenuous as this would influence the charge of the lunar sur-
face and possibly the behavior of lunar surface dust particles, and
would be sufficient to absorb some spectral line emissions. The charac-
teristics of the lunar atmosphere also would be of geologic interest,
because they could reflect the weathering and aging processes present on



the moon, Additional areas pointed out by Green [2] were radon and
argon generation from crustal rocks, detection of meteorite flashes,
significance of the coloration of crater rays, and possible transient
local atmospheres of volcanic origin. 1In addition, knowledge of the
atmosphere would be of great value in determining the origin of the
moon,

The objective of this document is to establish the most likely
lunar atmospheric model by objectively considering all the hypotheses
and available facts, This model should be useful in establishing design
criteria for future lunar missions,

II, OPTICAL AND RADIO OBSERVATIONS

From prehistoric times the moon has aroused the curiosity of man,
but not until Galileo were critical observations made. In approaching
the problem of the existence of a lunar atmosphere, man naturally com-
pared it with his own terrestrial environment. It was assumed that the
vast,seemingly smooth areas were seas and that the lunar atmosphere was
similar to the earth's. 1In 1753, Roger Boscovich (cited in Ref. 3) con-
cluded that the lunar atmosphere's density was either extremely low or
nonexistent, It was the twentieth century before these observations
were definitely confirmed (Table 1).

A. Stellar Occultations

Some of the early efforts to determine the density of the
lunar atmosphere were attempted by optical observations of stellar occul-
tations. Two effects are noted during a stellar occultation: horizontal
refraction and photometric dimming,

If an appreciable amount of atmosphere were present on the
moon, the effects of horizontal refraction would be detected. During
occultation, the star would be shifted above the lunar limb by an angle
equal to the angle of refraction, thus decreasing the duration of the
occultation, This would appear, when compared with direct measurement,
as an apparent decrease of the angular radius of the limb, To date,
this phenomenon has not been observed. Therefore, Opik [1] concluded
that the upper limit of observable horizontal refraction is n - 1 < 1.62 x
10"7, which is proportional to an atmospheric denmsity of < 5.5 x 10-% of
the earth's,

Photometric dimming effects are caused by Rayleigh scattering
and horizontal refraction functioning as a negative lens. As shown by
Upik [1], Rayleigh scattering will cause only 0.1 percent to be absorbed




TABLE 1

LUNAR ATMOSPHERE OBSERVATIONS

Investigator (s)

Observation Method

Maximum Density
in Terrestrial

Atmospheres
Russel, Dugan, and .1 -4
Stewart (1926) Absence of Twilight < 10
Fesenkov (1943) Surface Brightness <1078
Photography of twilight
11
Lyot & Dollfus in yellow light, with a < 10-8
(1949)
20 cm coronograph
Photograph of twilight in
Dollfus (1952) orange light, with a 20 cm < 10-9
coronograph and Savart-
Lyot solariscope
Photography of twilight in
Lipski (1953) green light, with a < 10°%
polarimeter
Ellsmore & Whitfield Occultation of radio stars < 10-12
(1955) by the moon
Costain, Elsmore & Refraction of radio waves < 10713
Whitfield (1956) in ihe lunar icnosphere
Refraction of signals
Elsmore (1957) from radio star sources 2 x 10712
during lunar occultations
Opik (1962) Twilight Arc <1078
Refraction of signals from
Hazard (1963) radio star sources during 2 x 10713

lunar occultations




with a pure atmosphere of a density < 5.5 x 10~% of the terrestrial
atmospheric density. This value is undetectable, He also noted that
light dimming due to horizontal refraction is the more important of the
two causes; however, even this method is not sensitive, Comparing hori-
zontal refraction and photometric dimming, we see that horizontal refrac-
tion is definitely a more sensitive criterion.

B. Spectroscopic Methods

The use of spectroscopic analysis for detecting lunar atmosphere
was first considered by Jannsen [4] in 1863, Both luminescence spectrum
and absorption spectrum methods have been used. Recent studies (cited in
Ref. 3), notably Keyper's searching for sulphur dioxide using the lumi-
nescence spectrum method, and Herzberg's and Kozyrev's searching the
darker portions of the moon for emission bands using the absorption
spectrum methods, have failed to detect a lunar atmosphere.

C. Brightness and Polarization of Scattered Light

Observations of the brightness and polarization of scattered
light for estimating the density of the lunar atmosphere are the most
sensitive of the optical methods.

Because the brightness of the lunar surface would overshadow
the scattering effect of light in the tenuous atmosphere, observations
are made only on the unilluminated part of the moon in an effort to
detect the twilight phenomenon.

As noted by Russell (cited in Ref. 3), if the density of the
lunar atmosphere was < 10™° of the terrestrial, the twilight phenomenon
would be optically visible. This illumination should be the greatest
near the cusps. The extension of the cusps into the dark area of the
moon is referred to as the twilight arc. Upik [5] developed Russell's
conclusions, but his observation failed to detect an atmosphere., He
deduced from this failure that the atmosphere was less than 10-8 of
the earth's,

To offset interference caused by earthshine, aureale, and
internal light scattering in the telescope, polarization methods were
introduced. 1In 1943, Fesenkov (cited in Ref. 3), using a polarization
method, did not detect any variations in the brightness during observa-
tions of the lunar terminator. Dollfus [6] performed extensive observa-
tions from Pic du Midi using polarization methods, but was unsuccessful
in detecting any trace of polarization, Because of the accuracy of his
measurements, it was possible to reduce the maximum limit for the density
of the lunar atmosphere to 10-° of the terrestrial.




D. Radio Observations

Observation of radio occultations has proven to be the most
sensitive of the methods used in attempting to determine the density of
the lunar atmosphere. This method is based on the fact that radio waves
from a radio star during occultation will be refracted in the ionized gas
on the sunlit side of the moon. The length of the eclipse is accurately
determined and compared with a calculated value. The electron density of
the lunar atmosphere will cause refraction of the radio waves, thus
accounting for any differences between observed and calculated values.
From these differences estimates of the density of the atmosphere can be
calculated.

Elsmore and Whitfield [7] were leaders in the use of radio
occultations for this purpose., 1In 1955, using a radio star 2C 537 of
Nebular IC 443, they made their first observation, The results of this
observation led to the conclusion that the lunar atmosphere was 10-1%
as dense as the earth's, Later observations by Costain, Elsmore, and
Whitfield (cited in Ref, 8), Elsmore [9], Hazard Mackey and Shimmins [10]
reduced this value to approximately 10-*® of the terrestrial atmosphere.

III, LUNAR ATMOSPHERE SOURCES

With the limited knowledge available concerning the lunar surface
and, in general, the geology of the moon, only speculative conclusions
can be made as to the present and past sources of a lunar atmosphere,
Innumerable lunar surface composition models and atmosphere-producing
processes have been formulated and with each, its own unique atmosphere.
The notable theories are discussed in the following paragraphs.

A, DPrimitive Atmosphere

The existence of remnants of an ancient lunar atmosphere com-
posing part of the present lunar atmosphere seems unlikely,

The origin of the moon and the earth is unknown, but it is
probable that they were formed under similar conditions. It follows
that the formation of lunar and terrestrial atmospheres also would be
similar. There are two major categories under which hypotheses con-
cerning the origin of the present terrestrial atmospheres can be grouped.
One of these is that the atmosphere is a residual of an original atmosphere
present when the moon was in a molten state, and the other is that the
atmosphere was developed by leakage from within,




Two models have been proposed for the primitive atmosphere: one
composed of CH, and NHx and the other of CO- and N-. As noted by Rubey
[11], the quantities of excess volatiles in the earth's atmosphere and
hydrosphere, and the equilibrium constants for reactions of CH, and NHsz
and NH= and other gases indicate that CO> and N, were more likely to have
composed the primitive atmosphere. However, chemical effects that would
have been produced by a dense CO- and N, atmosphere have not been dis-
covered by geologic investigations. Because of this, Rubey concluded
that the accumulation of gases by the gradual escape of water vapor, COz,
CO, N, and other volatiles during geologic times seems a more likely
explanation of the earth's atmosphere, It is probable that this is also
true for the moon.

Even if the concept of a primitive atmosphere of CH, and WNHs,
or CO, and N, is accepted, the moon with its low escape velocity and
active escape mechanisms, thus its high loss rate, probably could not
have held the atmosphere for this period of time.

B. Solar Wind

The bombardment of the lunar surface by solar wind protons was
suggested by Gold [12] as a source of hydrogen. Hinton and Taeusch [13]
recognized the solar wind as a source of neutral hydrogen and helium,

They assumed that every positively charged solar wind particle which
impinges the lunar surface is confined and then re-emitted as a neutral
atom, Herring and Licht [14] calculated the density of monatomic hydrogen
based on a proton flux of 10° cm=2sec™! to be 3.9 x 10% atoms cm-=3,

Opik [1] generally agrees with Herring and Licht, except for concluding
that Ho, rather than H, would be present and for a slight difference in
calculated densities. Opik derived a particle density of 1.2 x 10*%

particles cm==,

The possibility that the solar wind contains heavier elements
was studied by Nakada and Mihalov (cited in Ref. 15). Considering the
solar wind proton scattering loss mechanism and electrostatic loss
mechanism, they concluded a lunar model atmosphere would contain oxygen,
nitrogen, neon, and argon.

That most of the estimates concerning the solar wind as a source
have been based on a maximal accretion rate was pointed out by Michel [16].
Using a different solar wind model he calculated S = 40 g-sec. Moreover,
he determined that the source strength due to the heavy ion components
would be S =~ 0.4 g-sec,

However, he concluded that the solar wind is not a major contribu-
tion to the lunar atmosphere in the normal sense because ionized hydrogen
and helium, which are the major constituents of the solar wind, are weakly
bound to the lunar surface. He qualified this conclusion only if contribu-
tions from other sources were much lower than have been estimated.




(Bernstein, Fredricks, Vogl, and Fowler, The Lunar Atmosphere

TABLE 2
SURFACE DENSITIES OF GASES ACCRETED FROM THE SOLAR WIND

and The Solar Wind, Icarus, Volume 2, p. 240, 1963)

MODEL Ne A®S Kr N H
Abundance per 5x10°* | 8 x 10" | 1078 104 --
hydrogen
Thermal Escape | 34 307 | 2 x102 | 2 x 10" | 5 x 10% | 3 x 10°
Alone
Solar Wind 1.5 x 105 | 5 x 10* 102 5 x 10% | 3 x 10°
Scattering’

Total Escape 105 10° 0.5 10% 3 x 10°
of Ions

*

NV = 10° protons cm~Zsec-?t

**Limited by age of moon, assumed 4 x 10° years
TABLE 3
ION DENSITIES AT LUNAR SURFACE FOR VARIOUS MODELS
(Bernstein, Fredricks, Vogl, and Fowler, The Lunar Atmosphere
and The Solar Wind, Icarus, Volume 2, p. 240, 1963)
I I a0

MODEL Ne A AS6 Kr N H Total
Thermal Escape | ;.4 8x10° | 109 | 5x 108 25| 10 | 10t
Alone
Solar Wind 6 x 102 |1.5 x 102 | 30 0.3 25 | 10 |9 x 102
Scattering
Solar Wind = ¢ o 10% |1.5 x 102 |3 x 102| 1 103| 10° |8 x 10°
Scattering
Total Escape -3
of Tons™* 40 1.5 0.6 10 51 10 56
Total Escape 2 n=2 3 3
of Tons* 4 x 10 1.5 6 10 50 | 10 10

NV = 10° protons cm~Zsect
*%NV = 10*© protons cm~Zsec~? 7




Bernstein et al. [15] calculated lunar atmosphere models for
various solar wind regimes. These are shown in Tables 2 and 3.

C. Decay Products from Radiocactive Elements

The decay of radioactive elements would be a source of argon,
krypton, radon, thoron, and xenon., The amount and variety of gas would
vary with the composition of the lunar surface. Krypton and xenon are
produced by the spontaneous fission of UZ3® and the decay of I'®°, while
the decay of K*° produces argon. Uranium, through the decay of radium,
would produce radon, while thorium would yield thoron.

In considering decay products from radioactive elements as a
lunar atmosphere source, Green [2] considered three models of fissured
surface material. These are that (1) the maria consist of basalt, (2)
the highlands consist of rhyolitic material, and (3) the lunar surface
is composed of chondritic materials. Table & shows the possible
quantities of uranium, thorium, and potassium present in the different
models as stated by Green.

TABLE 4
CONTENTS OF THE FISSURED SURFACE MATERIALS MODELS

Element Maria (Basalt) Highlands (Rhyolitic) Chondritic
Uranium 0.5 ppm 4 ppm 100 ppm
Thor ium 3 ppm 20 ppm 200 ppm
Potassium 5,000 ppm 40,000 ppm 850 ppm

From Table &4 it can easily be seen that potassium would be
the major source of an atmosphere derived from the decay of radioactive
elements, Vestine [17] calculated that over a period of 3 x 10° years,
4,0 x 1022 molecules would be produced per square centimeter of the
lunar surface, To arrive at this figure, it was necessary to assume
that:

(1) Potassium composes 0.12 percent by weight of the moon.

(2) Potassium 40 makes up 0.0l1l percent of the total
potassium content.

(3) Each gram of K*° produces 0.1 grams of Ar.




Additional calculations by Hinton and Taeusch [13] set the
source strength of argon at the surface on 1.9 x 10° atoms per cm®sec,

Because of the relatively short half-lifes of 1129, U=38, and
thorium, their importance as present sources of a lunar atmosphere is
negligible., However, in the past, they probably contributed krypton,
xenon, radon, and thoron to earlier lunar atmospheres, Bernstein et al,
[15] calculated that the decay of I'Z° since the creation of the moon
would yield in surface densities 10'° xenon atoms per cm~> if loss
mechanisms were neglected.

D. Outgassing and Meteoritic Volatilization

Qutgassing as used here refers to the releasing of occluded
gases from the lunar surface. During the early history of the moon,
outgassing was probably a major contributor to the lunar atmosphere.
The present rate of outgassing is assumed to be low except where fresh
material has been exposed by meteorites, landslides, exfoliation of
rocks, and other phenomena,

.. In considering outgassing of the lunar surface as an atmosphere
source, Opik [1] estimated a source strength of < 6 x 10% CcOo molecules
per cm®sec, This was based on the deduction that the lunar activity was
less than one-thousandth of the earth's., 1In determining the source
strength for the earth, it was estimated that an average of 1 km> of
igneous rock is outgassed annually and that the gas proportions were
the same as for meteorites,

The use of exposed terrestrial igneous rock with the gas pro-
portions of meteorites seems inconsistent., A more logical approach, even
though there is the question of atmospheric contamination, would be to
consider the gas proportions of a number of reasonable models such as
bacaltic, rhyvnlitic. chondritic, etc.,, or combinations of these. Even
with this approach, however, the chances ot obtaining accuratc values
are extremely low. Shepherd [18], in his work on magmatic gases, pointed
out that the distribution of volatiles in rocks and lavas is largely
fortuitous. Table 5, compiled from Shepherd's data concerning gases
from rocks in vacuo, shows the abundance of gas varieties for a number
of rock types. :

Sytinskaya (cited in Ref, 19) has theorized meteoritic impact
as a source of xenon and krypton, She calculates an atmosphere composed
of 95 percent xenon and 5 percent krypton with a density of about 10-13
atmospheres., The past and present mass rates of meteorites striking the
surface are unknown., Because of the lack of knowledge in the areas of
lunar geology and lunar environment, accurate values for the past and
present rates of outgassing are impossible to calculate.




TABLE 5

COMPOSTITION AND PERCENTAGE OF GASES FROM SELECTED IGNEOUS ROCKS

Obsidians Andesitic Basaltic Plutonic

(Rhyolitic) Lavas Lavas Rocks
CO, 0.666 6.557 9.079 6.436
co 0.143 0.972 1.575 0.616
Ho 0.581 0.413 1.997 7.190
No 1.593 0.985 2.4.4 1,171
A Trace 0.007 0.012 0.009
So 0.070 1,028 1.084 1,186
Cl, 1,427 1,905 0.572 0.286
Fo 3.190 1.770 4,928 1.220
H-0 92,327 86.348 78.275 81.831

E. Volcanism

Estimates of source strengths of possible gas varieties from
volcanic sources are extremely speculative., That volcanism has been a
source in the past can be assumed with a degree of confidence. Volcanic
features appear to be evident over large areas of the lunar surface.
However, volcanism as a modern lunar atmosphere source has not been
established. Over the past one hundred and thirty years a large number
of observations have indicated that volcanism may still be continuing on
the lunar surface, but verification of these phenomena as solely volcanic
has been unsuccessful. A complete summary of observations was compiled
by Green [20], Table 6 lists some of the more interesting phenomena
observed.
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TABLE 6

OBSERVATIONS OF POSSIBLE LUNAR VOLCANIC ACTIVITY

DATE OF LUNAR
E
OBSERVATION FEATURE NATURE OF CHANG OBSERVER(S)
Aristarchus Reddish orange color Greenacre
1963 (including change with "'sparkle" E. Barr
Cobrahead) in some areas F. Dugan
J. Hall
D. Jacobs
19 Nov. 1958 Reddish patch close to a1 s
19 Dec. 1958 Alphonsus central mountain H. Wilkins
Diffuse cloud over F. Poppendiek
18 Nov. 1958 | Alphonsus central mountain W. Bond
Reddish glow followed
3 Nov. 1958 Alphonsus by efflux of gas N. Kozyrev
Differences in detail
in infrared versus
26 Qct, 1956 | Alphonsus ultra-violet photo- D. Alter
graphs
ca. 1955 Agarum Mist-~like appearance H. Wilkins
Promontory P, Moore
1933-53 Timocharis Frequent mists within D. Barcroft
crater
4 Apr, 1952 Plato Obscuration of floor T. Cragg
20 Aug. 1951 Pickering B?ll¥1ant white patch P, Moore
within crater
17 May 1951 | Gassendi Bright speck of short H. Wilkins
duration
1951 Linne Morphological change F. Thornton
Earthlit
8 Aug, 1948 portion of Bright flash A. Woodward

he_moon
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TABLE 6 (Continued)

and Herschel

DATE OF LUNAR
E CHANGE OBSERVER (S
OBSERVATION FEATURE NATURE OF 6 ()
9 Oct. 1945 Plato Bright flash on floor F. Thornton
near west wall
1939 and 31 Schickard Dense fog in 1939, mist P. Moore and
Aug. 1944 Le on floor in 1944 H. P, Wilkins
1939 Copernicus FalnF glow lasting H. P. Wilkins
15 minutes
Milky floor of Alphonsus
26 Oct. 1937 | Alphonsus as well as of Ptolemageus| D, Alter

10 Feb, 1919

Schroter's

Pronounced vapor column

F. H. Thornton

12

Valley
Cobrahead
_ Spreading apron of white
i;;aMay Eimmart material on north W. H. Pickering
interior slope
ca, 1905 Apennl?e Variable spots W. H. Pickering
Mountains
1902 Thaetetus Nearby white cloud M. Charbonneux
1869-97 Total or partial obscura~-| T. G. Elger,
and Plato tion of floor H. J. Klei and
2 Oct, 1904 R. Hodge
Schroter's Puff of whitish vapor
1893 Valley obscuring details W. H, Pickering
Cobrahead
27 Mar. 1882 | Plato Milky appearance of =~ | 4 5 yilliams
floor; one hour duration
1870-~80 Tycho Mistiness W. R. Birt
Visible changes in
1869-71 Plato appearance over several T. G. Egler
decades
1840-1843, Disappearance of crater J. Schmidt
Oct.~-Nov. Linne in 1866
1866 & 1867




This apparent lack of volcanic activity has been pointed out by
some authorities as evidence that lunar volcanism has become extinct.
This may not be the case if the moon's volcanic history is similar to
the earth's. Throughout geologic time the earth has cycled between
quiet and active volcanic periods. The possibility that the moon is in
a quiet period may explain this apparent lack of volcanic activity,.
There is also the possibility that many volcanic emissions may go
undetected.

To determine a model for lunmar volcanism, it is natural that
many authors have turned to the earth as an analogue. Difficulties
arise, however, when one considers that the cause and mechanism of ter-
restrial volcanic eruptions, and the reasons for the variations in ter-
restrial volcanic material, have not been fully answered.

Because of work by Shepherd [18], Jaggar [25], and Naughtor and
Terada [26] concerning the composition of Hawaiian magmatic gases, Eaton
and Murata [21] were able to establish a typical composition. A typical
composition in volume percent is listed as follows: Hz0, 79.31; COo,
11.61; SO-, 6.48; N, 1.29; Ho, 0.58; €O, 0.37; So, 0.24; CLo, 0.05;
A, 0.04. However, these values may vary over a wide range for individual
samples, and the amount of N, and the degree of oxidation present may be
the result of atmospheric contamination. A more detailed listing of
volcanic products is shown in Section IV,

Investigations of gas emanations from thermal springs in Lassen
and Yellowstone National Parks have indicated an abundance of helium,
neon, argon, krypton, and xenon., Using the isotope dilution procedure,
Mazor and Wasserburg [22] concluded from their study that argon, neon,
krypton, and xenon originated from the atmosphere through dissolution in
ground water, They contributed the excess abundance of helium to juvenile
helium from radioactive decay,

From the knowledge acquired from investigations of maguaiic
gases by volcanologists, it can be assumed that the major constituents

of lunar volcanic emissions have been H-0, CO5, and SO-.

F. Miscellaneous Sources

A number of possible lunar atmosphere sources which have been
pointed out over the last few years are considered by most authorities
to be of minor importance; however, it is felt that they should be
mentioned.
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It has been proposed that pérmafrost may exist on the moon and
may be a source of water vapor. However, because of the low temperatures
at shallow depths below the lunar surface, only small amounts of water
vapor would evaporate and escape; thus,contribution to the atmosphere
would be negligible.

Because portions of the lunar surface are always shaded, there
also exists the possibility that ice may be trapped in these areas.
Hinton and Taeusch [13] estimated that the permanently shaded area of
the lunar surface is about 0.005 of the total area. With such a small
source area available, the amount of gas released into the atmosphere
would be insignificant,

Gravitation condensation of interplanetary gas may be an

important source, but accurate evaluation must wait until the properties
of the solar corpuscular streams and interplanetary gas are better known.

IV, ESCAPE MECHANISMS

Before a lunar atmospheric model can be determined, it is necessary
to attempt to establish the escape mechanisms at work on the moon. Some
possible escape mechanisms are discussed in the following paragraphs,

A, Thermal Escape

Thermal escape refers to the loss that occurs when molecules
reach a velocity greater than the escape velocity of the moon, The
temperature and molecular weight of a gas are the governing factors
affecting its molecular velocities. Green [20] has determined the
sequence of escape of various subliming vapors and gaseous products at
a temperature of 400°K representing lunar subsolar temperature and at
the temperature of molten lava of 1400°K, In addition, he also has
determined the probability of escape of various volcanic gases. The
results of his work are presented in Table 7 and Figure 1.

To determine the lifetimes of particles of various gases,
Spitzer (cited in Ref. 23) determined the lifetime of particles of gases
assuming an isothermal atmosphere. The lifetimes of some of the gases
are presented below.

14




GASES LIFETIME

H, 1600 sec
0> 1.4 years
Xe 104! years
Kr 1024 years
A 108 years
Ne 42 years
N 0.4 years

The long lifetimes as determined for Xe and Kr show that the
relatively small gravitational potential of the moon can cause the heavy
gases to remain on the moon for considerable lengths of time, i.e,, greater
than the estimated age of the moon (4 x 10° years) based on meteoroid fre-
quency and lunar crater count frequency data.

B. Solar Wind Scattering

The loss of atmosphere constituents due to solar wind scattering
is an important loss mechanism not only for the light gases, but also for
the heavy gases in a strong solar wind regime.

Atoms escape from the atmosphere when the atom, as the result of
a collision with a solar wind proton, attains a velocity in excess of the
lunar escape velocity. Because of the extremely thin atmosphere, the
probability cf cumulative collisions is small; therefore, the atom is con-
sidered to escape into space or to impact on the lunar suriace,

The loss of hydrogen and other light atoms was pointed out by
Herring and Licht [14]. Later, Bernstein et al., [15] and Hinton and
Taeusch [24] considered the effects of the solar wind on various heavy
gases,

Using various solar wind velocities and fluxes, Bernstein et al,
[15] calculated the lifetimes of xenon. Using a proton flux of 10° em™2
sec™ and wind velocity of 5 x 107 cm sec™t, they computed the lifetime
of xenon to be 30 years. Using the same flux rate but with a wind velocity
of 2 x 10® cm sec™, the lifetime of xenon was reduced to one year. Hinton
and Taeusch [24] considered the solar wind to be the most important removal
mechanism when the solar flux is greater than 10! cm~Zsec™!., 1In reaching
these conclusions, the lunar magnetic field was considered too weak to be

an effective influence,
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It can be seen from the preceding discussion that the composi-
tion and density of the lunar atmosphere are extensively influenced by
the characteristics of the solar wind. Therefore, the characteristics
of the lunar atmosphere can be expected to vary with variation in solar
activity.

C. Ionic Escape

Ionic escape is considered by Opik [1] to be the most efficient
escape mechanism. Ions escape when the atmosphere acquires a small posi-
tive potential through the ejection of photo-electrons into space. The
gravity of the ions is neutralized and the ions escape into space.

Hinton and Taeusch [24] considered the rates of photoionizations
of argon and neon and the ratio of photoionization and photodissociation
of water vapor under three solar wind regimes and concluded that with a
weak solar flux (J = 107/cm®sec to 10°/cm®sec) solar ultraviolet radiation
would be the most important escape mechanism,

Because of the ionizing effects of solar ultraviolet radiation,
Opik and Singer [23], considering both a thick and extremely thin atmos-
phere (thickness less than the free length of path), concluded that the
heavy gases such as krypton and xenon would escape the moon, They deduced
the escape rates of ions and, using a lunar atmosphere composed of all the
krypton and xenon that had evolved from the moon since its' creation, they
estimated that krypton and xenon ions would have a lifetime of approxi-
mately 800and 50 years, respectively. Through a theoretical treatment of
the problem, Opik and Singer deduced that the moon would have a potential
of approximately +120 volts because of solar ultraviolet radiation, Thus,
an electrostatic field would exist near the moon. Based on this considera-
tion, krypton and xenon ions would have a lifetime of approximately 1,000
years.

Bernstein et al. [15], using a higher electron temperature than
used by Upik and Singer (275,000°K in lieu of 400°K), concluded that the
lunar surface in the presence of the solar wind would not remain positively
charged.

The effect of this escape mechanism on the lunar atmosphere cannot
be definitely established at this time because of unknowns associated with
the problem, However, the results of theoretical studies indicate the
need for additional research in this area.
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TABLE 7

THERMAL VELOCITIES OF VOLCANIC EMANATIONS AND SUBLIME VAPORS
AT SUBSOLAR AND MOLTEN LAVA TEMPERATURES
(Green, North American Aviation, S&ID 64-1340, p, 46, 1964)

Average Root-Mean~Square
Volcanic Thermal Velocity (V) Velocity (Vp)
Product (km/sec) (km/sec)
Subsolar Molten Lava Subsolar Molten Lava
T = 400°K T = 1400°K T = 400°K T = 1400°K
Hg2 Clo 0.13 0.25 0.15 0.27
PbCl, 0.17 0.33 0.19 0.35
Hg012 0.18 0.33 0.19 0.36
Rn 0.20 0.37 0.21 0.40
Ne 0.20 0.38 0.22 0.42
AS-0= 0.21 0.39 0.22 0.42
FeCl- 0.23 0.43 0.25 0.46
Xe 0.25 0.48 0.28 0.52
Se05 0.28 0.52 0.30 0.56
Kr 0.32 0.59 0.35 0.64
S0= 0.33 0.61 0.35 0.66
.| Se 0.33 0.61 0.36 0.67
As 0.34 0.63 0.36 0.68
Cls 0.35 0.64 0.38 0.70
S0> 0.36 0.68 0.39 0.74
B(OH) » 0.37 0.69 0.40 0.75
NaCl 0.38 0.71 0.41 0.77
NH,.C1 0.40 0.74 0.42 0.79
CO5 0.44 0.82 0.48 0.89
Ar 0.46 0.86 0.50 0.93
HC1 0.48 0.50 Nn.52 0.98
H-S 0.50 0.93 0.54 1,01
S 0.51 0.96 0.56 1.04
0o 0.51 0.96 0.56 1.04
No 0.55 1.03 0.60 1.12
HF 0.64 1.22 0.71 1.32
H-0 0.69 1.28 0.74 1.39
NH= 0.71 1.32 0.77 1.43
He 1.45 2.72 1.58 2,95
H 2,05 3.83 2,22 4,16
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V., DEVELOPMENTS OF THE LUNAR ATMOSPHERIC MODEL

In the previous sections we have discussed the various sources which
most investigators consider to have produced the lunar atmosphere in its
present form. For engineering purposes a lunar atmospheric model must be
developed which can represent the expected lunar atmosphere in which
various scientific equipment will be expected to operate. Since the
lunar atmosphere is in such a continually changing state, a synthetic
model should be developed which hopefully can be useful to the designer.
The model as synthesized from this literature survey is a combination of
the many proposed theoretical and experimentally developed models which
have been discussed. Our atmospheric model is as follows:

Engineering Lunar Atmospheric Model (ELAM):

A, Gas Pressure

Maximum [6] 10~° times the terrestrial mean
sea level pressure

Minimum [9] 10713 times the terrestrial mean
sea level pressure

B. Gas Density
Maximum [6] 101° particles/cm®
Minimum [9] 10® particles/cm®

C. Composition of the Atmosphere Near the Lunar Surface Under
Minimum Solar Activity and a Lunar Surface Temperature of

IN0°K
Number of Particles at Surface
under Equilibrium Conditions
(1) Gases [13] (Particles/cm®)
H 5.3 x 10°
He 9.13 x 10°
H=0 1.7 x 10°
Ar 5.4 x 10*
Kr 1.7 x 10-%
Xe 1.87 x 10-°
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(2) Charged Number of Particles at Surface

Particles [13] under Equilibrium Conditions
(Constituents) (Particles/cm®)

ut 3.3 x 10°

Htt 5.9 x 1072

H-0t 3.0 x 10°

art 3.41 x 1072

(3) Other gases such as Ne, CO,, SOo, Hz, CO, S5, and CLo
are anticipated; however, their abundance has not been
postulated at the present time,

The above atmospheric constituents are based on the minimum
solar wind model as presented in Appendix A.

Like all synthetic atmospheric models, this model should be
revised on a continuing basis, However, until a better and more real-
istic model is developed, this model will be considered the design
criteria guideline model,

VI, CONCLUSIONS

This report has attempted to review the various lunar atmospheric
models and to present an atmospheric model for use as design criteria.

The characteristics of the lunar atmosphere depend on the sources
available, the production rates of the sources, and the escape rates of
the atoms and ions of the different gases. Because the results of
optical and radio observations indicate a very tenuous atmosphere, it
is reasonable to conclude that the production rates and escape rates are
in equilibrium or that escape rates are dominant. Theoretical approaches
indicate that escape rates are dominant. Therefore, the lunar atmosphere
is considered to be transitory in nature with a density of less than 10-12
terrestrial but probably greater than the density of the surrounding inter-
planetary medium,

The composition of the lunar atmosphere is probably complex and will
vary with respect to time and location depending on volcanic, meteoritic
and solar activities, The major constituents of a typical lunar atmos-
phere are probably H,, H-0, Ar, He, Kr, and Xe. Minor atmospheric
constituents which locally may make up large portions of the atmosphere
are SOz, Nz, CO, S5, CO-, and Ne.
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Even though some traces of other gases may be present, especially
near volcanic emissions, their effect on the characteristics of the
atmosphere would be negligible.

The lunar atmosphere and its constituents will be difficult to

determine; however, additional work should continue to better define this
environmental parameter.
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