
products or a single fission product may 
be represented by the expression 

Possible Sources of a 

Lunar Atmosphere 

W. F. Edwards and L. B. Borst 

Altllhough the moon is usually consid- 
ered to have no atmosphere, recent 
observations by the methods of radio 

astronomy are best explained by the 

assumption of a pressure of 10-13 atmos- 
phere. Elsmore (1) reports the occulta- 
tion by the moon of two radio sources. 
In each case the distribution of bright- 
ness is dependent on wavelength and has 
a shape which implies refraction at the 

day side of the moon's disk. The esti- 
mated electron density is 1000 electrons 
per cubic centimeter, which Elsmore at- 
tributes to an atmosphere "about 2x 
10-13 of that of the terrestrial atmosphere 
at N. T. P. and in no circumstances 

greater than 6x 10-13" (2). 
As in the case of the earth, it is thought 

that the moon lost volatile materials dur- 

ing the period of formation (3), so that 
the only mechanisms of atmosphere pro- 
duction which can be relied upon are 
those which occur subsequent to the 

process of element formation or planet 
formation. 

The low gravitational field of 167 cen- 
timeters per second per second gives an 

escape velocity of only 2.37 kilometers 

per second, so that gases of low molecu- 
lar weight will not be retained. Kuiper 
(4) suggests that molecules of weight 
less than 60 will be lost during the heat 
of the lunar day (135?C). 

This article evaluates several sources 
of the heavy rare gases krypton and 

xenon, which are thought to be too heavy 
to escape. These sources are (i) sponta- 
neous fission of uranium-238, (ii) fission 
of uranium-235 by thermal neutrons 
from cosmic rays, (iii) thermal fission of 
uranium-235 from the reaction 

01S( a,n)Ne21 

(iv) xenon production from iodine-129 

produced during the formation of the 
elements, and (v) primeval gases trapped 
in rock. 

Rate of Escape 

To examine the rate of escape of kryp- 
ton and xenon, formulae derived by 
Spitzer (5) are used. The time t1 during 
which the particle density would fall by 
a factor of e for an isothermal atmos- 

phere is 

2 V 6nCC3 tl = 26C3V 2/2C2 ?1 9gV4 e 

where g is the acceleration of gravity, C 
is the root-mean-square velocity of the 
molecule, and Voo is the escape velocity. 

The- assumption of an isothermal at- 

mosphere is well founded, since the mean 
free path at 400?K and at a pressure of 
10-13 atmosphere will be 600 kilometers, 
whereas the height to which a molecule 
with the root-mean-square velocity C 
can ascend against the gravitational field 
will be, at most, 10 kilometers. Collisions 
between molecules will therefore be rare 
events, whereas collisions at the surface 
will predominate. Molecular paths will 
not be straight but will be, rather, ellip- 
tic. Since most molecular collisions will 
be with the surface at a well-defined tem- 
perature, the Maxwellian gas tempera- 
ture will be that of the moon's surface, 
135?C at the lunar noon. 

Table 1 gives the escape time for 
xenon and krypton at various tempera- 
tures. If the escape time is large com- 
pared with the age of the moon (4.5 x 
109 years), then the gases evolved will be 
retained. Even though "hot spots" with 
temperatures as high as 700?K may de- 
velop, krypton and xenon will not be lost. 

Production Mechanisms 

Spontaneous fission. Uranium-238 is 
known to undergo spontaneous fission 
with a probability of 5.4 x 10-7 per alpha 
decay. While the decay constant is small 
(k = 2.7 x 10-24 per second) on a geo- 
logical scale, it cannot be neglected. 

The accumulation of stable fission 

N = p 
(et - ) 

where Np is the number of parent atoms 
remaining at the present time, ki is the 
decay constant giving the desired prod- 
uct, k is the decay constant for the dis- 

appearance of the parent, and t is the 
time interval during which the product 
has been accumulating. 

The yields of xenon and krypton from 
the spontaneous fission of uranium-238 
have been measured by Thode (6) and 

by Wetherill (7). The total yield of 
xenon is 15 percent; of krypton, 0.92 per- 
cent. 

Estimates of the uranium content of 
the moon are restricted at the lower 
limit by the uranium content of stony 
meteorites. As an upper limit, the con- 
centration must not be sufficiently high 
to cause melting of the interior. Urey (8) 
concludes that the best value is 0.012 

parts per million by weight for the moon 
as a whole, with possible enrichment by 
a factor of two at the surface. 

The numbers of atoms of krypton and 
xenon generated in surface layers of var- 
ious depths are given in Table 2. The 

assumptions are (i) uniform uranium 
concentration (0.012 micrograms of ura- 
nium per gram); (ii) density of layer, 
3 grams per cubic centimeter; (iii) age, 
4 x 109 years; (iv) no escape of krypton 
or xenon; (v) complete loss of primeval 
rare gases during planet formation. In a 
surface layer 1 centimeter deep, 2.5 x 
1024 xenon, and 1.5 x 1023 krypton, atoms 
will be generated. 

If released as a free atmospheric gas, 
the total number of molecules will de- 

pend upon the thickness of the surface 

layer which has been outgassed. The at- 

mospheric pressure at the surface, based 
on the assumption of an isothermal at- 

mosphere, will be related to the total 
number of molecules by the following 
relation: 

p mgN 
4rtRo2 

where m is the mass of the molecule, g 
is the acceleration of gravity, N is the 
total number of molecules, and Ro is the 
radius of the moon. The pressure per 
centimeter of the surface layer outgassed 
will be 9.1 x 10-22 atmosphere for kryp- 
ton and 1.4 x 10-20 atmosphere for xenon. 

Estimates of the degree to which the 
moon will be outgassed depend inti- 

mately upon the detailed model chosen. 
The stability of the moon's surface, made 
evident by the existence of numerous 
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Table 1. Escape times for heavy rare gases 
from the moon (in years). 

Temperature (?K) 
Gas 

400 700 1000 1500 

Xenon 1041 5 x 102 6 x101 4 X 106 

Krypton 1024 2 x 1011 106 2 x102 
- - - - - - - -__ .. 

craters, precludes continuous outgassing 
of a surface layer by processes similar to 
geological gradation on the earth. Com- 
plete outgassing probably occurred at 
some stage, but this stage would be diffi- 
cult to distinguish from the period of 
planet formation. The total stockpile of 
noble gases in the whole moon produced 
by spontaneous fission in the past 4000 
million years corresponds to a pressure 
of 1.1 x 10-12 atmosphere (1.5 x 1032 
atoms). Ten percent of the total gas ac- 
cumulated in 4000 million years would 
have had to diffuse to the surface to pro- 
duce an atmosphere of pressure 10-13 
atmosphere. 

In the event that there is some segre- 
gation of materials, uranium would un- 
doubtedly be concentrated at the surface. 
Urey suggests twofold or threefold con- 
centration at the surface. With this con- 
centration of uranium, the thickness of 
crust would be perhaps 10 kilometers at 
a very minimum. 

If one identifies certain markings on 
the moon's surface as cracks produced by 
heating and expansion of the interior, 
these may indicate channels of communi- 
cation between the atmosphere and the 
outer layer. Diffusion through massive 
rock would then not be necessary. 

Radio astronomical observations give 
evidence that the surface of the moon is 
a finely divided dust, and Urey proposes 
pumice as the most probable surface 
rock. It is therefore probable that diffu- 
sion does indeed account for the transfer 
of gases from a limited surface layer. 

It is doubtful, however, whether all 
parts of a layer 10 kilometers deep are in 
continuous communication with the free 
atmosphere. 

The collision of meteors has undoubt- 
edly been responsible for the outgassing 
of the top few kilometers of the moon's 

surface. The question at issue is: When 
did these cataclysmic events occur? If 
they occurred shortly after formation of 
the planet, insufficient spontaneous fis- 
sion would have occurred. By assuming 
a surface concentration sufficiently above 
the interior, the required amount of gas 
may be released. If, on the other hand 
(but this is not probable), meteoric ac- 
tivity has been uniform and continuous 
up to the present time, there would be 
no difficulty in releasing fission-product 
rare gases to the atmosphere in the re- 
quired quantity. 

Cosmic ray bombardment. Soberman 
(9) reports the total neutron flux on the 
earth from cosmic rays as 5.8 x 1018 
neutrons per second. At the present 
epoch the moon, therefore, receives a 
total flux of 6 x 1017 neutrons per second. 
The effective total absorption length is 
150 to 200 grams per square centimeter, 
so that the neutrons will be generated and 
absorbed within the first meter of the 
moon's surface. It is therefore acceptable 
to assume that these fission gases will 
continuously diffuse to the surface to 
form an atmosphere as a consequence of 
thermal cycling during the lunar day. 

This proposed mechanism requires the 
assumption of constant cosmic ray inten- 
sity. It is only possible to say, in this 
regard, that studies involving carbon-14 
seem to confirm this constant intensity 
over a few thousand years. 

While cosmic ray neutrons have initial 
energies of many millions of electron 
volts, in a medium composed largely of 
silicon and oxygen most of them will be 
moderated to thermal energies of a small 
fraction of an electron volt before absorp- 
tion. 

The fraction of neutrons captured by 
uranium-235 to produce fission will be 
determined by the composition of the 
rock and the thermal neutron absorption 
cross sections. This fraction, if one as- 
sumes a composition similar to that of 
the earth's crust except for uranium, is 
6x 10-8. 

The generation rate at present for 
xenon is therefore 5 x 109 atoms per sec- 
ond for the whole moon. In the past, 
however, the production rate was greater 
because of higher concentration of ura- 

Table 2. Spontaneous fission production of krypton and xenon. 

Depth of Krypton Xenon 
surface 
layer Total No. Pressure Total No. Pressure 
(cm) of atoms (atm) of atoms (atm) 

102 1.5 x 1025 9.1 x 10-20 2.5 x 1020 1.4 x 10-"8 
104 1.5 x 102 9.1 x 10-18 2.5 x 1028 1.4 x 10-16 
106 1.5 x 109 9.1 x 10-16 2.5 x 1030 1.4 x 10-4 
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nium-235. The total production of xenon 
is given by the expression 

N Npo nvy ex _ ) N- Noi fY(ext- 1) 
i 

where Np is the number of uranium-235 
atoms present today, nv is the neutron 
flux, K is the decay constant for uranium- 
235, and y is the fission yield of noble 
gases (assumed for thermal neutrons on 
uranium-235 to be 25 percent). The 
total number of atoms of rare gas is 
4.9 x 1025 atoms for a period of a billion 
years and 1.5 x 1027 atoms for a period 
of 4x 109 years, a factor of 10,000 too 
small to account for the observed at- 
mospheric pressure of 10-13 atmosphere. 

Alpha-neutron source. An additional 
source of neutrons in geological deposits 
has been reported by Inghram (10) to 
be produced by nuclear interactions of 
alpha particles from radioactive sub- 
stances. He finds unusual abundances of 
neon-21, neon-22, and argon-38 in ura- 
nium and thorium minerals and attrib- 
utes them to the following reactions: 

08 ( a,n) Ne2 
F (a,n) Na22 

Na22 + e -> Ne2 (Ti/2= 2.6 years) 
C135 (a,p) Ar38 

If uranium is in an environment high 
in oxygen, the 018 (a,n) reaction would 
predominate. The neutron yield in nor- 
mal oxygen from polonium alpha rays is 
reported by Roberts (11) to be 3 x 10-5 
neutron per alpha particle. Morrison 
(12) quotes yields, in typical rocks, 
which reflect the energy of the various 
alpha particles in the radioactive series, 
of 1 x 10-6 neutron per alpha particle 
for uranium and 2 x 10-6 neutron per 
alpha particle for thorium. With eight 
alpha particles per uranium atom, the 
rate of production of xenon from fission 
of uranium-235 is 10-6 times the rate 
from spontaneous fission. 

Even five billion years ago, when the 
abundance of uranium-235 was 100 times 
its present abundance, thermal neutron 
fission did not compete with spontaneous 
neutron fission. 

Decay of iodine-129. Iodine-129 is un- 
stable, with a measured half-life of 1.7 x 
107 years (13), decaying into xenon-129. 
Previous speculations (13) concerning 
excess xenon-129 in the earth's atmos- 
phere have been directed to determining 
the interval between the formation of the 
elements of which the solar system is 
composed and the establishment of a 
gravitational field capable of holding the 
earth's atmosphere. 

On the assumption of an original iso- 
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topic abundance of iodine-129 equal to 
that of iodine-127 of 0.014 per 10,000 
atoms of silicon (14) and of a composi- 
tion of the moon approximately that of 
the earth's mantle, there should be 5.6 x 
1033 atoms of iodine-127 per centimeter 
of surface layer. The same number of 
atoms of iodine-129 should originally 
have been present. 

If the observed atmosphere consists 
of 4 x 1031 atoms of xenon-129, this must 
once have been iodine-129, in a surface 
layer which has been outgassed after 
radioactive decay to xenon. Under the 
assumption that the astronomical body 
as we know it was formed immediately 
after the formation of the elements, the 
layer required to produce the present at- 
mosphere is 0.015 centimeter. In view 
of the cataclysmic processes which pro- 
duced the craters, this is an unrealisti- 
cally small surface layer. 

The other extreme assumption is the 
release of all xenon and the loss, through 
escape, of all but 4 x 10-10 of the original 
xenon-129. This requires communication 
with the interior several tens of millions 
of years after element formation, since 
this interval is required to permit the 
decay of the iodine. It is doubtful 
whether a model could be devised, which 
resembles the moon, which would permit 
of total degassing. With present values 
of the surface temperature and gravita- 
tional field, no mechanism seems to be 
available for the escape of these heavy 
gases. 

On the basis of different thicknesses 
of the surface layer, which has been com- 
pletely outgassed, values of the interval 
between element formation and the cre- 
ation of the astronomical object in its 
present form may be derived and are 
shown in Table 3. 

After planet formation for a period of 
at least 107 years, a mechanism must 
exist for outgassing the surface layer. It 
would be surprising if collisions with 
meteors, responsible for the craters, did 
not occur over such a period. 

If we assume the maria to represent 
melted (and outgassed) rock, and if we 

Table 3. Relation between surface layer 
outgassed and interval between element 
formation and satellite formation. 

Depth of 
surface layer t x 10-8 (years) 

(cm) 

1 1.2 
10 1.8 
103 2.9 
10s 4.0 

1.7 x 108 5.6 

14 FEBRUARY 1958 

Table 4. Estimate of concentrations of rare gases in lunar rock, based on concentration 
in terrestrial rocks. 

Depth of Krypton Xenon 
surface -- 
layer on Total No. Pressure Total No. Pressure 

moon (cm) of atoms (atm) of atoms (atm) 

102 1031 6 x 10 610- 7 x 6 14 
103 103" 6x 10-1 7 x 1030 6x 10-13 
104 1033 6 x 1 0-11 7 X 1031 6 x 10-12 

assume the outgassing of the fragmented 
debris from the collision, an estimate can 
be made of the depth of excavation rep- 
resented by present craters. A value be- 
tween 104 and 106 centimeters would ap- 
pear probable. 

On this basis, the period of satellite 
formation would appear to be 4 x 108 
years, during which time a low gravita- 
tional field and perhaps turbulent dif- 
fusion combined to rid the material of 
all rare gases. After establishment of a 
body with the present gravitational field 
and poor communication with the in- 
terior, the surface layer was disturbed 
and outgassed for a period of at least 
the order of a half-life. Thereafter, the 
body may have been completely quies- 
cent. These conclusions would appear to 
agree with the analysis of Urey concern- 
ing the sequence and duration of events 
in the early history of the moon. 

Primeval gases. If there were no me- 
chanism for producing krypton and 
xenon, some primeval gas might still be 
present. An analysis of the concentrations 
in the atmosphere and rocks of the earth 
may give some rough magnitudes for the 
moon. The assumptions on which the 
extrapolations are based are: (i) the 
earth and moon have a common origin; 
(ii) xenon and krypton do not enter into 
chemical combination; (iii) on the basis 
of present assumptions relative to the 
temperature and mass of the moon, neg- 
ligible amounts of the gases are currently 
lost. It is felt that if the physical states 
of temperature, mass, and material do 
not differ too greatly, the following fig- 
ures may hold. 

Brown (15) has inferred that the rare 
gases escaped during planet formation 
by comparing amounts found in the 
earth's atmosphere with estimates of the 
universal abundance. He has measured 
the concentration of neon and argon in 
the atmosphere, in natural gases, and in 
rocks, as well as the concentration of 
krypton and xenon in atmosphere and 
natural gases. He infers that 1.6x 10-11 
and 2x 10-12 are the abundances, by 
weight, of krypton and xenon in rock. 
If these concentrations are assumed for 

lunar rock, the values in Table 4 result. 
For reasonable values of the layer ex- 

cavated by meteors (104 to 106 centi- 
meters), the predictions exceed observa- 
tions by a factor of more than 100. It is 
certainly permissible to assume increased 
loss of rare gases, by the necessary factor, 
over the loss occurring on the earth. 
However, samples studied on earth have, 
at one or more times, been affected by 
geological processes in the surface layer 
of the crust and may well have received 
their rare gases from the atmosphere. 
These occluded gases may not, therefore, 
be primitive in the sense that their his- 
tory is independent of the earth's atmos- 
phere. 

The only other cosmic material we can 
subject to analysis is meteoritic material, 
which contains no measurable quantities 
of rare gases. It is therefore difficult to 
decide whether the analogy of the moon 
with the earth or of the moon with mete- 
orites is the more valid. 

Discussion 

Three mechanisms appear to be ade- 
quate to account for the radio astronomy 
observations: (i) spontaneous fission of 
uranium-238, (ii) xenon-129 from io- 
dine-129, (iii) primeval gases. A priori 

Table 5. Composition of lunar atmosphere 
(by volume). 

Spon- Iodine- Pri- 
Gas taneous le9 meval 

fission gas 

Krypton-78 0.003 
Krypton-80 0.021 
Krypton-82 0.118 
Krypton-83 0.002 0.108 
Krypton-84 0.007 0.530 
Krypton-86 0.047 0.162 
Xenon-124 0.000006 
Xenon- 126 0.000006 
Xenon-128 0.0013 
Xenon-129 0.0007 1.0 0.018 
Xenon-130 0.0027 
Xenon-131 0.029 0.0143 
Xenon-132 0.224 0.0182 
Xenon-134 0.314 0.0071 
Xenon-136 0.378 0.006 
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spontaneous fission is a certain mecha- 
nism which is quantitatively insufficient. 
However, by assuming sufficient segre- 
gation of uranium in the surface layer, 
this defect can be corrected. The mech- 
anism involving residual primeval gases 
is based on analogy with the earth and 
is quantitatively too large. If a cor- 
rection factor is applied to this mecha- 
nism, there is no good reason for not ac- 
cepting data from meteors, which give 
values much too small. 

The previous existence of iodine-129, 
while a matter of speculation, is well 
founded on present theories of element 
formation. If we accept this assumption, 
it is then possible to estimate the interval 
between element formation and the for- 
mation of the satellite in its present state. 
The interval of 4 x 108 years would not 
appear to be contradicted by other ob- 
sirvations. 
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The three alternatives lead necessarily 
to explicit predictions of the composition 
of the lunar atmosphere. These are given 
in Table 5. If iodine-129 is alone respon- 
sible, there will be only xenon-129; if 
spontaneous fission, there will be 5 per- 
cent krypton and 95 percent xenon; if 
primeval gases, 93 percent krypton and 
7 percent xenon. 

It would appear that only a gas sample 
would make it possible to distinguish be- 
tween the alternatives. Since the scale 
height is only a few kilometers, it is not 

probable that initial grazing rocket orbits 
would come sufficiently close to permit 
the collecting of a gas sample. 
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Louis Pillemer, Immunochemist Louis Pillemer, Immunochemist 

The sudden death of Louis Pillemer, 
on 31 August 1957, came at a time when 
he had just received wide recognition for 
his work in the field of immunochem- 
istry. 

Dr. Pillemer was born in Johannes- 
burg, Union of South Africa, in 1908, 
the son of Lithuanian parents. He was 
brought to the United States at the age 
of one and was naturalized in 1916. Al- 

though he had none of the aids which 
position and wealth can bestow, he man- 
aged to complete his undergraduate 
studies, in Kentucky, and received his 
B.S. degree at Duke University in 1932. 
While at Duke he came under the in- 
fluence of the late W. A. Perlzweig, who 
stimulated his interest in biochemistry. 
On the advice of Perlzweig he came to 
Western Reserve University in 1935 to 
continue his studies, working toward a 
Ph.D. degree, with emphasis in immu- 
nology and biochemistry. While Pillemer 
was at Duke University he became in- 
terested in Perlzweig's attempts to purify 
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and to crystallize the enzyme urease. It 
was then a logical step to continue this 
work and to study the immunological 
specificity of the crystallized urease. This 
work became the basis for his doctoral 
thesis, in 1938. It was entitled, "Chemi- 
cal and Immunologic Studies on the Ef- 
fects of Radiant Energy and of Oxida- 
tion on Crystalline Urease." 

During his studies in my laboratory at 
the Institute of Pathology, Western Re- 
serve University, Pillemer's great interest 
in immunology was readily discovered 
and fired. He showed great capacity for 
absorbing and retaining information as 
well as for sustained concentration at the 
laboratory bench. He also possessed in- 
ductive and deductive potentialities, the 
latter being dominant. In addition, he 
had the ability to spend two and even 
three consecutive nights in the laboratory 
in order to complete a given unstable 
preparation, and it was not uncommon 
for him to do so. During this time he 
rose from the position of demonstrator of 
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immunology (1938-39) to that of asso- 
ciate professor of immunochemistry 
(1946-50), and to that of professor of 

biochemistry in 1950. Throughout these 
years, Pillemer's time was devoted pri- 
marily to research. 

Early in his career at Western Reserve 
he showed great interest in our work on 
the elusive factor called "complement," 
an interest he maintained to the last days 
of his life. Realizing the need for more 
knowledge of protein separation, and be- 
ing aware of the beautiful studies then 
under way in the laboratories of E. J. 
Cohn at Harvard, we decided, after con- 
sultations with Cohn, to send Pillemer 
to Boston to learn the basic techniques 
of the Harvard group. Before he left for 
Boston we were able to show, in collabo- 
ration with Chase Breeze Jones, that the 
complement complex was bound to cer- 
tain globulins of the serum, but the 
newer methods of the Boston workers 
led to the separation and characteriza- 
tion of two of the four components of the 
complement complex. 

In 1944 Pillemer was called to mili- 
tary service and was attached to the 
Army Medical School in Washington, 
D.C. Upon his discharge, he returned to 
Cleveland and undertook the problem of 
the purification of certain bacterial tox- 
ins. The support for these studies came 
first from John Wyeth and Sons of Phila- 
delphia and then from Lederle Labora- 
tories Division, in New York. By 1946, 
Pillemer, in collaboration with Wittier, 

SCIENCE, VOL. 127 

immunology (1938-39) to that of asso- 
ciate professor of immunochemistry 
(1946-50), and to that of professor of 

biochemistry in 1950. Throughout these 
years, Pillemer's time was devoted pri- 
marily to research. 

Early in his career at Western Reserve 
he showed great interest in our work on 
the elusive factor called "complement," 
an interest he maintained to the last days 
of his life. Realizing the need for more 
knowledge of protein separation, and be- 
ing aware of the beautiful studies then 
under way in the laboratories of E. J. 
Cohn at Harvard, we decided, after con- 
sultations with Cohn, to send Pillemer 
to Boston to learn the basic techniques 
of the Harvard group. Before he left for 
Boston we were able to show, in collabo- 
ration with Chase Breeze Jones, that the 
complement complex was bound to cer- 
tain globulins of the serum, but the 
newer methods of the Boston workers 
led to the separation and characteriza- 
tion of two of the four components of the 
complement complex. 

In 1944 Pillemer was called to mili- 
tary service and was attached to the 
Army Medical School in Washington, 
D.C. Upon his discharge, he returned to 
Cleveland and undertook the problem of 
the purification of certain bacterial tox- 
ins. The support for these studies came 
first from John Wyeth and Sons of Phila- 
delphia and then from Lederle Labora- 
tories Division, in New York. By 1946, 
Pillemer, in collaboration with Wittier, 

SCIENCE, VOL. 127 


	Cit r19_c21: 


