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Abstract 

When cosmic radiation interacts with the atomic nuclei of the atmosphere, it produces a great 
number of stable as well as radioactive isotopes. The radioactive isotopes are fairly easy to detect 
but the production of stable isotopes can only be detected by the changes in isotopic composi- 
tion of the elements that might be caused by this effect. The amounts of Lid, Ne"', and A" that 
are produced in this way have been calculated. If the mean intensity of cosmic radiation in the 
past has been the same as at present it turns out that the production of these isotopes causes a 
change in isotopic composition which is barely detectable. 

A study of this effect gives a possibility of obtaining information about the cosmic-ray inten- 
sity in the past. If no cosmic-ray effect is found, it shows that the mean cosmic-ray intensity in 
the past could not have been considerably higher than at present. If the cosmic-ray intensity 
during the earlier stages in the earth's evolution were higher than at present, one could expect 
easily detectable changes in the isotopic composition of some elements. 

Introduction 

It is well known that cosmic radiation inter- 
acts with the atomic nuclei of the atmosphere, 
producing a number of radioactive isotopes. 
C14 was the first one to be found. In recent 
years a number of other isotopes have been 
found: H3, Be7, P32, S36, and C139. Cosmic 
radiation will, of course, also roduce stable 

isotopic composition of some elements. These 
changes are expected to be very small, but 
there does not seem to be any quantitative 
estimate of this effect. The only isotopes for 
which a discernible effect can be expected 
are, of course, those of very small abundance. 

If cosmic radiation has any influence on the 
isotopic composition of an element, its compo- 
sition will vary from place to place. Let us 

isotopes and this might slighty P change the 
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assume, for example, that cosmic radiation 
changes the composition of an element which 
is a constituent of the atmosphere. In order 
to detect this change one must compare the 
composition of a sample from the atmosphere 
with a sample from a place which has not 
been influenced by cosmic radiation. This 
can be, for example, traces of the primordial 
atmosphere enclosed in igneous rock. Another 
case might be that the isotope produced by 
cosmic radiation is brought into solution in 
the oceans. The isotopic composition of the 
element in question will then be different in 
sea water and in minerals. 

If this effect can be found, it has a very 
interesting application as amethod of measuring 
the mean cosmic-ray intensity during the time 
which has passed since the formation of the 
earth. The present intensity of cosmic radiation 
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is well known. The various reactions which 
produce the isotopes of interest in this case 
are also well known. The present production 
rate of a certain isotope can, therefore, be 
calculated with a fairly high accuracy. If it 
can be shown that cosmic radiation has caused 
a change of the isotopic composition and if 
this change can be measured, it gives directly 
the mean intensity over the period during 
which this process has been goin on. An in- 
vestigation of this problem is o B value, even 
if no change of the isotopic abundance due 
to cosmic radiation can be found. It gives, at 
any rate, an upper limit for the mean intensity. 
A knowledge of the mean intensity of cosmic 
radiation, or an upper limit, is definitely of 
great interest in connection with the problem 
of the origin of cosmic radiation. 

Since the effect in question must be very 
small, it is of interest to know the accuracy 
in the determination of the relative isoto ic 
abundance. The accuracy is considerablyhig K er 
for measurements of small changes in abun- 
dance than for absolute determinations. URBY 
and his collaborators (1950) claim an accuracy 
of 0.02 % for a mass spectrometer specially 
built for this type of measurement. 

Connected with this is the problem of the 
variations in isoto ic composition which have 

are probabIy caused by isotopic fractionation 
in the chemical reactions occurring in nature. 
These variations are greatest-several per cent 
-in elements ldce carbon and sulphur, which 
take part in cyclic processes, especially processes 
in living matter. The smallest variations can be 
expected in the rare ases, which do not take 
part in any chemica 7 reactions. This is for- 
tunate, since two of the three elements to be 
dealt with in the present discussion are rare 
gases. Hence the small changes caused by the 
cosmic radiation might show up without inter- 
ference from other effects. 

In the following the elements which should 
show the greatest variations will be discussed. 

been found recent P y in several elements. They 

Lithium 

When cosmic-ray particles interact with the 
nitrogen and oxy en nuclei of the atmosphere, 
a great number o B nuclei are produced. Among 
them are the two lithium isotopes with the 
mass numbers 6 and 7. The rate of production 

is roughly the same for the two isotopes. 
The lithium produced in the atmos here is 
brought down to the surface of i e  earth 
and the greater part will eventually be dissolved 
in the oceans. Natural lithium contains 7.5 % 
Lie and 92.5 % Li7. The lithium production 
by the cosmic radiation will, therefore, make 
the relative isotopic abundance of Lie higher 
in sea water than in lithium minerals. The 
present production rate of Lie is calculated 
in the following way. The interaction of the 
cosmic radiation with nitrogen has been stu- 
died by BROWN (1954). He used a cloud 
chamber fded with nitrogen and observed 
the stars produced in the gas. From the size 
distribution of the stars observed, one can 
estimate the number of interactions that lead 
to Lie. The absolute rate of interaction was 
also measured. The altitude variation of the 
star production is known. (LORD 1951, BENI- 
OFF 1956.) Hence the total production of Li6 
can be calculated. It turns out to be 0.3  atoms 
Lie er cm2 per sec. 

for a length of time which should be roughly 
the same as the age of the earth. It is not 
necessary to know the exact value-the cal- 
culation is necessarily rather approximate. 
The value 4-10' years has been used. The 
production of Lie during this time is 4.10'~ 
atoms per cmz, assuming that the mean inten- 
sity of cosmic radiation has been the same as 
the present intensity. The oceans contain about 
1.7.1020 atoms Li6 per cm2 averaged over 
the entire surface of the earth. The change in 
isotopic abundance is then about 0.03 %. Hence 
even if the cosmic-ray intensi as been con- 

possible to detect. If the intensity were higher 
the earlier stages of the evolution, a 

consi durinf erable effect could be expected. 
There are, however, some complications. 

A certain amount of lithium has been removed 
from the oceans through adsorption by mud 
and other finely divided constituents of the 
sea water. In fact, it has been estimated that 
only 0.2 % of the lithium which has been 
dissolved during the weathering of rocks is in 
solution in the oceans (GOLDSCHMIDT 1954). 
This does not mean that the rest has been 
removed from the sea water. A great part 
has been absorbed by the weathering roducts 
in situ or has been removed from t K e fresh 

T ! e production of Lie has been going on 

stant, a change is obtained w Tih ch should be 
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water before reaching the oceans. In a recent 
investigation HORSTMAN (1957) concludes that 
"lithium probably does not enter the sea in 
solution in any appreciable quantity". Hence 
t h i s  effect will probably not influence the 
order of magnitude of the calculated change. 

Another complication is the low atomic 
weight of lithium. The various isotopic fractio- 
nation processes working in nature are pro- 
bably more effective for lithium than for the 
heavier elements, concealing the influence of 
the cosmic radiation. Still, it seems worth 
while to try to find the cosmic-ray effect. 
There does not seem to exist any measure- 
ments of the isotopic composition of lithium 
in sea water. 

Neon 

Cosmic-ray particles also interact with the 
argon in the atmosphere, giving a great num- 
ber of isotopes, among them Ne21. This 
isotope is the rarest of the neon isotopes, its 
relative abundance being 0.25 %. The abun- 
dance of neon in the atmosphere is low, and a 
relatively small production of neon by the 
cosmic radiation is enough to change the iso- 
topic composition. The roduction of the 

same and the relative abundance of NeZ1 will, 
therefore, increase. The cosmic-ra induced 

(1954) and it is possible to calculate the produc- 
tion rate of Ne2I in the same way as for Li8. 
The result is 1.2.10-~ atoms per cm2 per sec. 
or 1.5 1 0 ~ 4  atoms er cmz in 4-10' years, if 

present intensity. This figure has to be com- 
pared with the atmospheric content of Ne2', 
which is 9 - 1017 atoms per cm2. The cosmic-ray 
production is according to this estimate 0.02 % 
of the total amount of Ne21. The cosmic-ray 
effect can be investigated by comparing the 
composition of atmospheric neon with the 
neon contained in igneous rocks. 

It has been su gested bu SWSS (1949) that a 

the escape of neon from the gravitational field 
of the earth. One would expect the same effect 
for other gases like nitrogen and gaseous 
carbon compounds, but no effect of this kind 
has been experimentally verified. It can be 
determined, if it exists, by comparing the 

three neon isotopes sho u f  d be roughly the 

reactions in argon have been studied z y BROWN 

the mean intensity x as been the same as the 

certain isotopic 8, actionation occurs because of 
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relative: abundance of the isotopes Nezo and 
Ne2z in atmospheric neon with the neon con- 
tained in igneous rocks. The correction due 
to this effect for Ne21 can then be calculated, 
and it would s t i l l  be possible to find the 
cosmic-ray effect if it were large enough. 

There does not seem to be any measure- 
ments which can be used for the present pur- 
pose. WETHERILL (1954) has measured the 
isotopic com osition of neon from some ura- 

of Neal is much higher than normal. This 
must be due to some nuclear reaction, probably 
0 ' 8  (a, n) NeZ1. 

nium mineras P and finds that the abundance 

Argon 

The spallation in the atmosphere of the most 
abundant argon isotope A40, gives among 
other products the two ar on isotopes A9* 
and A*. The production o P Aa8 is predomi- 
nant. It can be estimated in the same way as 
described above. The result is 3 * 1014 atoms 
per cm2 in 4 - log  years. The amounts of Aa6 
and A38 in the atmosphere are 7 * 1020 and 
1.4 1o20 atoms per cm2, respectively. The 
production by cosmic radiation is evidently so 
small that it is impossible to detect unless the 
intensity was very much higher in the past. 

Argon can, however, be produced in a quite 
different way. When cosmic-ray neutrons are 
absorbed by the earth's crust and the water of 
the oceans, a great number of radioactive 
nuclei are formed. The situation is especially 
simple for the oceans. The fast neutrons are 
rapidly slowed down by the water. Among 
the major constituents of sea water, chlorine 
has by far the largest cross-section for slow 
neutrons. A great number of the neutrons are, 
therefore, absorbed by chlorine, giving mainly 
C1*, which decays to A". Also the neutrons 
absorbed by solid material will give A" to a 
great extent. The amount of A38 produced has 
been estimated in the following way. LATTI- 
M O ~  (1951) has measured the neutron flux 
using emulsions loaded with boron. It can 
also be obtained from the investigations of 
cosmic-ray stars (BROWN 1954, HARDING 1949, 
GEORGE and EVANS 1950). The values obtained 
agree very well. The amount of A* produced 
can then be obtained knowing the average 
composition of the earth's crust and sea water 
and the cross-sections of the various elements. 
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The result is 3 1014 atoms per cm2 in 4 * 109 
years if the mean intensity is assumed to be 
the same as the present one. It is too small to 
influence the isotopic composition of argon. 

There is, however, some possibility that the 
cosmic-ray production of As has been higher 
than calculated above. The production by 
cosmic-ray neutrons is not very efficient, since 
only a very small part of the total number of 
neutrons is produced at the surface of the 
earth. One might ask if the conditions in the 
past were more favourable for neutron ab- 
sorption by chlorine. The following possi- 
bility is of interest. It is generally assumed 
that the present atmosphere is of secondary 
origin and that its constituents have been re- 
tained b the earth in the form of some suitable 

of the evolution. For nitrogen NH4C1 has 
been suggested. This means that the atmos- 

here, during some part of its evolution, might 
Eave contained NH,C1 (UREY 1952). Since 
chlorine has a large cross-section for neutron 
absorption, a small amount of NH,Cl in the 
atmosphere would be enough to increase the 
production of A s  ver much. In fact most 

number of neutrons is very well known from 
the investigations on C14. If these conditions 
existed for, let us say 2 - log years, the amount 
of AM produced would be 1.5 * 1017 atoms 
per cm2. This is 0.02 % of the atmospheric 
content of A 36. 

There are some measurements by FLEMING 
and THODE (1953) and by WETHERILL (1954) 
on the isotopic composition of argon from 
minerals. They show an excess of A38 relative 
to A M  compared with atmospheric argon. 
Unfortunate1 the minerals investi ated are 

therefore by these authors been attributed to 
nuclear reactions caused by the a-particles. 
The only possible reaction is (a, p )  A38. 
A calculation shows, however, that this inter- 
pretation is met by some daiculties. The cross- 
section for this reaction is not known experi- 
mentally. The cross-section for capture of a- 
particles in Cla5 gives an upper limit for the 
cross-section of the (a, p) reaction. The capture 
cross-section has been calculated from the 
formula given by BLATT and WEISSKOPF (1952). 
It is known that such calculations give good 
agreement with the experiments. The yield 

chemica r compound during the early stages 

of the neutrons woul B give AW. The total 

uranium or t i; orium minerals. The c f ange has 

of the (a,  p )  reaction in a thick target with 
the composition of pitchblende was then cal- 
culated for the energies of the a-particles from 
uranium. It then turns out that in order to 
get the measured excess of A36, the amount 
of chlorine in the mineral must be 0.25 %. 
This is much higher than what can be expected 
(DOELTER 1929). Even if there were so much 
chlorine, it would not solve the difficulty. 
The neutron flw, which is known to exist in 
uranium minerals, gives A36 by the reaction 
C136 (t~, y )  C136- The neutron flux can be 
calculated from the amount of neutron in- 
duced fission in the mineral. It then turns out 
that the ratio of A36 to A36 produced is 20. 
This calculation has been made using the values 
reported for pitchblende from the Belgian 
Congo. There are, of course, some uncertain- 
ties in the calculation, but it seems unllkely 
that the order of magnitude is wrong. Hence 
it does not seem to be possible to explain the 
excess of A38 by nuclear reactions in the 
mineral. 

ALDRICH and NIER (1948) have published 
mass s ectra for atmospheric argon as well as 
argon i o m  the mineral Langbenit. Unfortuna- 
tely there is a background peak at the mass 
number 38 and it is therefore impossible to 

get the - ratio directly from the published 

spectra. One can, however, calculate the back- 
ground peak from the known composition of 
atmospheric argon. If one then makes the 
reasonable assumption, that the relative heights 
of the background peaks are the same in the 

two spectra, it is possible to get the __ ratio 

for the argon sample from Langbenit. The 
value obtained is 2.5 compared with 5.35 for 
atmospheric argon. In this case, too, there 
seems to be an excess of A38. 

From this one can perhaps draw the con- 
clusion that there is evidence that argon in 
some minerals shows an anomalously high Ass 
content compared with atmospheric argon. An 
explanation of this could be that the A36 content 
in atmospheric argon has increased owing to 
cosmic radiation. Clearly the experimental 
material is too meagre to allow any defrnite 
conclusions. A careful investigation of the 
com osition of argon from various minerals 

A 36 
AS8 

A 30 
AS8 
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wou P d be very interesting. 
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Conclusions 

Concluding one can say that the influence 
of cosmic radiation on the isotopic composition 
of some elements is small but not quite 
negligible. If the mean cosmic-ray intensity in 
the past has been the same as at present, the 
changes in isotopic composition are barely 
detectable. They would probably be masked 
by other small effects, however. If no cosmic- 
ray effect is found, it shows that the cosmicray 
intensity in the past could not have been 
considerably higher than at present. 

If the cosmic-ray intensity during the earlier 
stages in the earth's evolution were higher 
than at present, one could expect easily detec- 
table changes in isotopic composition. In this 
connection it is important to note that the 
magnetic field of the earth reduces the average 
cosmic-ray intensity by almost a factor of 
ten. If the magnetic field in the past was 
weaker than at present, it would imply a 
higher cosmic-ray intensity during the earlier 
stages in the earth's evolution. 
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