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Co60 and Ar39 were measured in a number of recently fallen meteorites. From these data the 
amount of shielding surrounding the samples in space was estimated. In the carbonaceous chondrite, 
Murray, the Co60 activity was very large compared to the Coao activities in the other chondrites 
even though the Ar39 activities were almost identical. In the iron meteorites there was an inverse 
relationship between the Co80 and Ar39 activities; shielding material increased the Co60 activity and 
decreased the Ar39 activity. 

In the cases of Abee and Bruderheim, neutron exposure ages were obtained from the Kr80/Co60, 
Kr82/Co60, and Xe128/Co60 ratios because the Co60 was measured in large samples from the interior 
of the same fragment in which krypton, xenon, bromine, and iodine had previously been measured. 
The neutron exposure ages were approximately an order of magnitude larger than the spallation 
exposure ages. The order-of-magnitude differences in the exposure ages could be attributed to space 
erosion or to an ancient neutron irradiation. 

The subject of cosmic-ray-produced radioactive 
and stable isotopes in meteorites has been studied 
for a decade and is discussed in several excellent 
review articles 1 _ 3 . Most of these isotopes are pro-
duced by spallation, the fragmentation of nuclei 
caused by the high-energy protons interacting with 
the material. The relative amounts of the spallation 
isotopes are to a good approximation in accord with 
expectations for a constant flux of high-energy pro-
tons. The ratio of a spallation-produced stable isotope 
to a spallation-produced radioactive isotope gives the 
time of exposure to high-energy protons; this time is 
called the exposure age. The exposure ages are usually 
of the order of 107 years in stony meteorites and of the 
order of 108 years in iron meteorites. These exposure 
ages can be interpreted both by the breakoff of many 
meters of material in a single collision and by space 
erosion. 

Radioactive and stable isotopes can also be pro-
duced in meteorites by the capture of secondary 
neutrons that arise from the action of cosmic rays on 
the material. FIREMAN and SCHWARZER 4 first studied 
this problem and showed that the amount of He3 

produced by neutron capture in Li6 is small com-
1 J. R. A R N O L D , Ann. Rev. Nucl. Sei. 11, 349 [1961]. 
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4 E. L. F I R E M A N and D. S C H W A R Z E R , Geochim. Cosmochim. 

Acta 11, 252 [1957], 
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Inst. Tech. Prog. Rept. 1 9 6 1 - 1 9 6 2 [1962]. 
6 M . A . V A N D I L L A , J . R . A R N O L D , a n d E . C . A N D E R S O N , G e o -
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pared to spallation He3. G O E L 5 found CI36 in one 
sample of Canon Diablo produced by neutron cap-
ture in CI35. V A N D I L L A et al.6 found that the Co60 

activity in some meteorites was mainly due to 
neutron capture in cobalt. Both the spallation-pro-
duced and the neutron-produced radioactivities are 
indicators of the amount of shielding surrounding 
the sample in space. EBERHARDT et al.7 calculated 
the Co60 production in spherical bodies of chondrite 
composition. We measured a spallation-produced 
isotope, Ar39, and a neutron-capture-produced iso-
tope, Co60, in adjacent samples of a number of 
meteorites, and calculated the Co60 and Ar39 pro-
duction in iron meteorites to check whether both 
indicators correspond to the same amount of shield-
ing. 

C L A R K E and T H O D E 8 ' 9 discovered that the Kr80 and 
Kr82 anomalies in the Abee meteorite were produced 
by neutron captures in Br79 and Br81, and that the 
Xe128 excess was possibly produced by neutron 
capture in I127. M A R T I et al.10 confirmed and es-
tablished these results and pointed out that the 
neutrons captured in Br79, Br81, and I127 were reso-
nance neutrons with approximately 100 ev energy. 
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and Cosmic Chemistry, North-Holland Publishing Com-
pany, Amsterdam 1964, p. 471. 
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We measured, in an adjacent sample of Abee, the 
radioactive isotope Co60, which is produced by the 
capture of resonance neutrons of 132 ev energy. This 
measurement permits the determination of neutron 
exposure ages from the ratios of stable to radioactive 
isotopes produced by the capture of resonance 
neutrons. We also measured the Co60 in Bruderheim 
material adjacent to that used by M E R R I H U E 11 for 
his krypton and xenon measurements. The neutron 
exposure age is related to space erosion. If the 
neutron and spallation exposure ages are identical, 
there is no space erosion. On the other hand, if the 
neutron exposure age is larger than the spallation 
exposure age, the difference provides a measure of 
the amount of space erosion. The neutron exposure 
ages also provide information about ancient neutron 
irradiations and solar flares. 

Measurements 
We measured the Co60 activity by the gamma-gamma 

coincidence method with the same equipment previous-
ly used for Al26 measurements in meteorites and 
dust12,13. The unit consisted of two pais of Nal(Tl) 

Table 1. Co60 and Ar39 Activities 

* £0 = time of fall; " C O B B 14, + metal phase; b H O N D A et al . 1 5 ; 
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activated crystals enclosed in an 8-inch-thidc zinc 
shield. The crystals in one pair were 6 inches in dia-
meter and 4 inches thick with a 10% resolution, 
and in the other pair 3 inches in diameter and 
3 inches thick with an 8% resolution. Most Co60 

measurements were made with the 6- by 4-inch 
crystals because of their higher efficiency for the 1.17-
and 1.33-Mev gamma rays. In normal operation the 
pulse from one crystal fed a linear amplifier with the 
discriminator set at (1.25 ± 0.10) Mev. The output of 
the discriminator fed the trigger input of a TMC 
analyzer. After an appropriate delay of 2 //sec the 
pulse from the other crystal was fed into the signal 
input of the analyzer. The analyzer covered the range 
from (0.2 to 2.5) Mev. The sample and background were 
counted for times between 1 and 2 x 104 min. The back-
ground was determined with a blank specimen between 
the crystals in the same geometry. To determine the 
background for the stony meteorites we used a blank 
specimen consisting of a mixture of NaCl and Fe 
powder in a mold made from the sample. For the iron 
meteorites we used a set of iron sheets in the shape of 
the sample. We prepared calibration samples by uni-
formly distributing a known amount of Co60 activity 
in the NaCl-Fe powder for the stony meteorites, and 
on blotting paper placed next to the iron sheets for 
the iron meteorites. 

Fig. 1 shows the Co60 activities for Sikhote-Alin and 
Bogou. The Co60 activity was measured in 1963 and in 
1965. The decay in the Co60 activity was consistent 
with the half-life of Co60. 

4 0 0 

3 6 0 

Relation of Co60 and Ar39 to the Chemical 
Composition and Size of Meteorites 

We found the Co60 activities in Murray, Abee, 
Bruderheim, Hamlet and Pribram to be 135 + 24, 
8.1 ± 3.4, 7.9 ± 1.1, 6.5 ± 2.4, and less than 
9 dpm/kg, respectively (see Table 1) . The large Co60 

activity in Murray is probably due to the amount of 
hydrogen in the material, hydrogen being a very 
efficient neutron moderator. W I I K 2 5 found 12.4% of 
HoO in Murray. We measured the Ar39 activities (by 
the method described by F I R E M A N and D E F E L I C E 2 6 ) 

in adjacent samples of Bruderheim, Hamlet, and 
Pribram and obtained the values 1 0 + 1 , 7 + 1, and 
6 + 1 dpm/kg, respectively. The Ar39 in Murray was 
found to be 9.4 + 0.5 dpm/kg 16, and in Abee to be 
18.6 + 0 . 6 dpm/kg in the metal phase. Except for 
the high Co60 activity in Murray there is little vari-
ation in the Co60 activities in the stony meteorites. 
The Co60 activities are less than those calculated by 
E B E R H A R D T et al. 27 at the center of a sphere of 40-cm 
radius. The Ar39 activities in the whole rock samples 
vary by less than a factor of 2. These Ar39 activities 
indicate that the amounts of shielding that sur-
rounded the samples in space differed by less than 

Gamma-ray spectrum in coincidence with 1.25 + 0.10 Mev gamma rays for Bogou and Sikhote-Alin. 
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40 cm. Evidently for stony meteorites the Co60 and 
Ar39 are affected more by differences in chemical 
composition than by differences in size. 

The Co60 activity in iron meteorites, on the other 
hand, is simply related to the Ar39 activity. The Co60 

and Ar39 activities in neighboring samples of Aroos, 
Bogou, Muzzafapur, and Sikhote-Alin are (33 + 8, 
1 6 ± 2 ) , ( 9 . 5 ± 1.5, 23 + 1 ) , ( 1 0 ± 5 , 2 3 ± 1 ) , and 
(390 ± 4 0 , 5.0 + 0.4) dpm/kg, respectively, at the 
time of fall. The simple inverse relation between 
Ar39 and Co60 indicates that as the proton flux which 
produces Ar39 decreases, the neutron flux which pro-
duces the Co60 increases. Bogou and Muzzafapur, 
with the highest Ar39 activities, (23 + 1) dpm/kg, 
had the lowest Co60 activities, (9.5 + 1.5) and 
(10 ± 5 ) dpm/kg. Sikhote-Alin, with the lowest Ar39 

activity, (5.0 + 0 . 4 ) dpm/kg, had the highest Co60, 
(390 + 40) dpm/kg. Aroos, with the intermediate 
Ar39 activity, (16 + 2) dpm/kg, had the intermediate 
Co60 activity, (33 + 8) dpm/kg. Table 1 gives our 
values together with previous measurements on the 
same meteorites. 

The calculations for spheres given in Appendix A 
and illustrated in Fig. A 1, show that the amount of 
shielding necessary for the Ar39 activity is somewhat 
larger than that necessary for the Co60. In Bogou 
and Muzzafapur the Ar39 corresponds to between 
20 and 30 cm of shielding, and the Co60 activity to 
less than 20 cm of shielding. In Aroos the Ar39 

corresponds to between 35 and 43 cm of shielding 
and the Co60 to between 26 and 32 cm of shielding. 
In Sikhote-Alin the Ar39 corresponds to 70 cm of 
shielding and the Co60 to 55 cm of shielding. The 
differences may be due to deviations from sphericity. 

Table 1 also gives the Co60 results in two non-
recently fallen iron meteorites, Hoba West and 
Carbo, and in a suspected copper meteorite, Eaton. 
There was a small amount of Co60 in Hoba West, 
( 2 . 9 + 1 . 0 ) dpm/kg. Since a small amount of Co60 

can arise from Fe60, which has a 10® year half-life28, 
the activity in Hoba West may be caused by its Fe60 

content. The Eaton copper sample was said to have 
fallen on May 30, 1931 29, which was approximately 
six half-lives of Co60 before our measurement. No 
Co60 was observed in Eaton; our limit corresponds 
to less than 240 dpm/kg at the time of fall. Since the 
cosmic-ray-production cross section of Co60 in cop-
per is large ( ~ 100 mb) , the lack of Co60 in the 

2 8 P . S . GOEL and M . HONDA, J . Geophys. Res. 7 0 , 7 4 7 [ 1 9 6 5 ] . 

sample sets an upper limit to the cosmic-ray bom-
bardment flux of 3 c m - 2 s ec - 1 , which is slightly less 
than the 5 c m - 2 s e c - 1 value expected for a small 
copper body in space. 

The Neutron Exposure Ages of Abee and 
Bruderheim 

The Co60 activity that we measured in Abee can 
be combined with the Kr80, Kr82, and X1 2 8 excesses 
obtained by C L A R K E and THODE 8 , 9 and M A R T I et al.10 

and the bromine and iodine abundances obtained by 
M E R R I H U E 11 to derive neutron exposure ages, be-
cause the Co60 was measured in an interior slice of 
large area. The slice was rectangular in shape, with 
sides 23 x 10 cm, and with a weight of 1124 g. Since 
only one fragment of Abee was recovered, our Co60 

value of (8.1 + 3.4) dpm/kg should be representative 
of the region where the krypton and xenon excesses 
were measured. In Bruderheim we measured the 
Co60 in a 210-g magnetic fraction separated from a 
1-kg interior sample of B-74 (Folinsbee's fragment 
classification). This fraction was taken from the 
same sample used by M E R R I H U E 11 for his measure-
ments. Since many fragments of Bruderheim exist, 
the Co60 activity may differ in other fragments. Our 
Co60 value of ( 7 . 9 + 1 . 1 ) dpm/kg is strictly appli-
cable only to M E R R I H U E ' S sample. However, if 
C L A R K E and T H O D E 8 ' 9 and M A R T I et al.1 0 used 
samples from fragment B-74, our result would also 
apply to their samples. 

Although Ar36 has been discussed as a possible 
neutron-capture-produced isotope from CI35, we have 
not compared the Co60 activities with Ar36 excesses 
for the following reasons: (1) the energy depend-
ence of the neutron-capture cross section in CI35, 
which lades resonances, is different from that in 
cobalt; (2) there are only two argon isotopes, Ar36 

and Ar38, that can be used to separate large spallation 
and primordial contributions from neutron-capture-
produced Ar3 6 ; (3) argon diffusion loss from the 
chlorine-containing minerals could be serious, and 
(4) the Ar36 excess expected from neutron capture 
in chlorine is very small. 

The production rate of Kr80, Kr82, and Xe128 can 
be obtained from the Co60 activity because these 
isotopes all have large neutron-capture resonances 
between 20 and 300 ev. Furthermore, the cobalt 

29 H. H. NININGER, Pop. Astron. (Contr. Soc. Res. Meteorites) 
5 1 , 2 7 3 [ 1 9 4 3 ] . 



content of meteorites is known. The neutron flux and 
energy spectrum in a meteoroid depend in a sensitive 
way on the size of the body and the location of the 
sample7 . However, the Kr8 0 /Co6 0 , Kr8 2 /Co6 0 , and 
Xe 1 2 8 /Co 6 0 ratios should be approximately inde-
pendent of the size of the meteoroid and the sample 
location (see Appendix B ) . 

The neutron exposure ages, 7 ^ ( 8 0 ) , TN(82), and 
TN(128), are given by the following expressions: 

I n ( 8 0 ) . ^ where r80 _ (1 .30) # £ , 

T n ( 8 2 ) = K ^ 1 when, ( 0 . 5 5 ) - £ £ - . 

^ ( 1 2 8 ) - ^ S - h « . ^ . - U . 6 9 ) f £ - . 

The symbol # denotes the number of atoms/cm3. 
The production ratios of Kr80 , Kr82 , and Xe1 2 8 to 
Co60 , denoted by r 8 0 , r82, 1̂28 a r e calculated in 
Appendix B. The cobalt content is 700 ppm. 

The Kr80 and Kr82 excesses based on Kr86 nor-
malization and the bromine contents taken from 
M E R R I H U E ' S 11 measurements are given in Table 2. 
The neutron exposure ages obtained from the Kr8 0 , 
Kr82 , and Xe1 2 8 excesses and the Co60 activity are 
also given in Table 2. For Abee the Kr80 excess of 
(4.0 ± 0 . 2 ) x 108 atoms/g combined with the Co60 

activity of 8.1 ± 3.4 dpm/kg gives a Kr8 0 /Co6 0 

age of (37 ) X 106 years; the Kr8 0 excess of 
(5.7 ± 0.2) x 108 atoms/g combined with the Co60 

activity gives a Kr8 0 /Co6 0 age of (53 ) X 106 years. 
The minimum and maximum Kr8 0 /Co6 0 ages for 
Abee are 25 and 96 X 106 years. These neutron ex-
posure ages are between 3.8 and 14.5 times greater 
than the spallation exposure age of 6.6 X 106 years. 

The Kr8 2 excesses of 1.7 and 2.7 x 108 atoms/g com-
bine with the Co60 to give Kr 8 2 /Co 6 0 ages of 39 and 
62 x l O 6 years. The Kr 8 0 /Co 6 0 and the Kr8 2 /Co6 0 

ages in Abee are approximately an order of magni-
tude larger than the spallation exposure age. 

In the Bruderheim material adjacent to the sample 
in which we measured the Co60 , the bromine content 
was very low, 0.02 ppm in the whole rock and 
0.072 ppm in a chondrule1 1 . It is therefore not sur-
prising that the neutron-capture-produced Kr8 0 is 
small for the whole-rock samples. There is an indi-
cation for neutron-capture-produced krypton in the 
chondrules. If the Kr8 0 and Kr8 2 excesses in chondrule 
BC-1, which had a relatively low Kr8 3 excess, are 
interpreted as neutron capture in bromine, then 
Kr 8 0 /Co 6 0 and Kr 8 2 /Co 6 0 neutron exposure ages of 
approximately 400 X 106 years result for Bruder-
heim ; these neutron exposure ages are more than an 
order of magnitude greater than the spallation ex-
posure age of 26 x 106 yeas. Because of the un-
certainties in the krypton in chondrule BC-1 and 
its small bromine content, the Kr 8 0 /Co 6 0 ages for 
Bruderheim are very uncertain. 

It is more difficult to estimate the neutron-capture-
produced Xe1 2 8 . The Xe1 2 8 excess in a meteorite 
depends critically on which xenon isotope is chosen 
for normalization, the isotopic composition of 
primordial xenon, and the amount of spallation 
xenon. If the xenon is normalized at Xe1 3 0 , if the 
Xe 1 2 8 /Xe 1 3 0 ratio in primordial xenon is the same as 
in the atmosphere, and if the spallation Xe1 2 8 equals 
the Xe1 2 6 content, then we obtain the values of the 
Xe 1 2 8 and Xe 1 2 8 /Co 6 0 ages given in Table 2. The 
Xe1 2 8 excess in Abee is more than an order of 

Meteorite 
Kr8 0 

Excess in 108 atoms/g 

Kr 8 2 Xe 1 2 8 ( p p ^ ) 
I 

(ppm) 

Exposure Ages in units of 106 years 

] i (Ar38/Ar39) 
Kr8 0 /Co6 0 Kr8 2 /Co6 0 ^ e ^ / C o ™ m ^ t e l 

Abee 4.0 ± 0 . 2 a 1.7 ± 0.7 a 3.9b 3.6« 0.22C)d 37 39 ~ 390 6.6e 

Abee 5.7 ± 0 . 2 * 2.7 ± 0.7f 0.91 f 3.6C 0.22 c.d 53 62 - 92 6.6e 

Bruderheim 
Chondrule 
( B C - 1 ) 0.68 ± 0.27 c 0.37 ± 0.13c — 0.072 0 0.0023c ~ 4 0 0 ~ 400 — 26 e 
Bruder heim 0.21 ± 0.01a 0.32 ± 0 . 0 1 a 2.3b 0.02 c 0.012<=.d — — ~ 1200 26 e 

Bruderheim 0.95 f 1.24f — 0.02 c 0.012 c 'd — — — — 

Table 2. Neutron Exposure Ages. a C L A R K E and T H O D E 8 ; b C L A R K E and T H O D E 9 ; C M E R R I H U E 1 1 ; d G O L E S and A N D E R S 3 0 ; 

E C O B B 1 4 ; F M A R T I et al.10. 

29 K. R . D A W S O N , J. A. M A X W E L L , and D . E. P A R S O N S , Geochim. 30 G. G. G O L E S and E. A N D E R S , Geochim. Cosmochim. Acta 2 6 , 

Cosmochim. Acta 21, 127 [1960]. 723 [1962] . 



magnitude larger than would be obtained from the 
Co6 0 activity and the spallation exposure age. The 
Xe 1 2 8 /Co 6 0 age for Abee ranges from 92 to 390 X 106 

years. On the basis of xenon normalization at Xe 1 3 2 

and different assumptions concerning primordial 
and spallation xenon, M A R T I et al . 3 1 obtained a 
Xe1 2 8 excess of 0.68 X 108 atoms/g, which gives a 
Xe 1 2 8 /Co 6 0 age of 69 x 106 years for Abee. 

In the carbonaceous chondrite, Murray, the 
amounts of neutron-produced Kr80, Kr8 2 , and Xe128 

are small compared to the amounts from other 
origins. 

. The Kr 8 0 /Co 6 0 , Kr8 2 /Co6 0 , and Xe1 2 8 /Co6 0 ages in 
Abee and also in Bruderheim require a neutron 
dosage an order of magnitude larger than that given 
by the product of the recent neutron flux and the 
spallation exposure age. The neutron dosage could 
be due to an ancient neutron irradiation during the 
early history of the solar system, or it could be due 
to space erosion with a collision more ancient than 
that given by the spallation exposure age. It is easy 
to make the neutron exposure age an order of 
magnitude larger than the spallation exposure age 
by space erosion. The relation between the spallation 
exposure age E, the erosion rate e, the cosmic-ray 
absorption length /t (which is taken to be 50 cm for 
a chondrite), and the collision time T is 32 

E = ^ [1 — e~'Tlfi]. 
e 

If for Abee e = 4 x 10~ 6 cm/yr and ! T = 1 0 7 years, 
then the spallation exposure age E would be 6.9 X 106 

years and the neutron exposure age would be 
approximately 40 x 106 years. If space erosion were 
the dominating process, then e would be 7.6 X 1 0 - 6 

cm/yr and the neutron exposure age would be 
approximately 130 X 106 years. 

If the neutron exposure age and the spallation ex-
posure age are different, as indicated by the low Co60 

activities in Abee and Bruderheim, then the collision 
times of meteorites are less frequent than given by 
the spallation exposure ages. The equivalence of 
collision times and spallation exposure ages implies, 
according to a recent calculation 33, that collisions 
are so frequent for asteroidal meteoroids that the 
brightness of the night sky is increased. The con-
centration of dust required for space erosion 26 is 
consistent with the intensity of the zodiacal light. 

31 See ref.1 0 (p. 1138). 
3 2 F . L. WHIPPLE and E . L. FIREMAN, Nature (London) 1 8 3 , 
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Appendix A 

Calculation of Co60 in Iron Meteorites from the Ar39 

Content 

The relative amounts of cosmic-ray-produced Ar39 

in iron spheres of different sizes can be obtained from 
the measured production cross sections and depth 
variation, and from the cosmic-ray energy spectrum. If 
the Ar39 activity is normalized to a maximum of 
27 dpm/kg, we obtain the dashed curve in Fig. A 1 and 
the solid curves given in Fig. A 2 for the Ar39 activity 
in iron spheres of different sizes. The Ar39 activity is 
not only a measure of depth of the sample in the 
meteoroid and the size of the meteoroid but also of the 
neutron production. Since 1 Ar39 is produced in 
100 iron spallations and approximately 4 neutrons are 
produced in each spallation, approximately 400 neutrons 
are produced for each Ar39. The neutrons are usually 
divided into knock-on energetic neutrons with energies 
greater than 10 Mev and evaporation neutrons with 
energies of a few Mev. There is approximately one 
knock-on and three evaporation neutrons per spallation. 
The knock-on neutrons with very great energies 
( > 300 Mev) are indistinguishable from protons of the 
same energy. The knock-on neutrons with energies in 
the 10 to 30 Mev range have a large probability for 
producing Co60 by the (n, p) reaction on Ni60. Both 
evaporation and knock-on neutrons can produce Co60 

by being captured in Co59, particularly after their ener-
gies are reduced. Before we calculate the neutron-
capture probability, let us calculate the probability of 
Co60 production from Ni60. 

The (n, p) cross section is large for neutrons with 
energies between 10 and 30 Mev (approximately 
200 mb) and small for neutrons of other energies. The 
10- to 30-Mev neutron flux at the center of iron spheres 
is estimated in the following way. The mean free path 
for inelastic collisions of neutrons of energy greater 
than 10 Mev in iron is approximately 10 cm. The flux 
of knock-on neutrons at the center of a sphere that 
3 3 J . R . ARNOLD, Astrophys. J . 141, 1 5 4 8 [ 1 9 6 5 ] . 



Fig. A I . Ar39 and Co60 activities 
at the centers of iron spheres of dif-
ferent radii. (On the abscissa read 

Co instead of CO.) 

have not suffered any inelastic collisions is 
R 

p f e - r / 1 ° dr = 10 p ( l — e - i ? / 1 ° ) , 
o 

where p is the average production rate of knock-on 
neutrons, 102 Ar39, and R is the radius of the sphere. 
The 10- to 30-Mev neutron flux is the sum of contri-
butions from knock-on neutrons that have made zero, 
one, two, three, etc., inelastic collisions. This flux can 
be written approximately as 

10 p0 (1 — e - Ä / 1 ° ) + (1 — e~Ä/10)2 

P2 + (1 — e _ Ä / 1 ° ) 3 + -—- ( l - e - * / 1 0 ) 4 
3 4 

where p 0 , p t , p 2 , and p3 are the average production 
rates of neutrons that have the proper energy, 10 to 
30 Mev, after the collisions 34. If the energy spectrum 
of the knock-on neutrons is C / ( £ - f 5 0 ) , where C is a 
constant and E is the energy of the neutron in Mev 36, 
and if the neutrons lose two-thirds of their energy in 
an inelastic collision with iron, then the 10- to 30-Mev 
neutron flux, F(10 —30), at the center of the sphere, is 

F(10 —30) = 103 Ar39[0.25 (1 —e~RJ1°) 
+ 0.07 (1 - e~Rjl°) 2 + 0 . 1 2 ( l - e~R'10)3 

+ 0.06 (1 — e~R,1°)4]. 

If F(10 —30) is in units of c m - 2 min - 1 , then Ar39 is 
in units of c m - 3 min - 1 . The Co60 production rate is 

34 The number of neutrons that reach the center after n in-
elastic collisions is approximately the same as the number 
of neutrons from an equivalent source at the center that 
escape from the sphere after n inelastic collisions 35. The 
number of neutrons that escape after n inelastic collisions 
is approximately 

R 
Pr/ e~r/l(l— e~rll)n dr , 

Co60(dpm/kg) = F { 1 0 - 3 0 ) (2 x 10 - 2 5 cm2) 
( # Ni60/kg). 

For an iron meteorite with 1% nickel, the Co60 produc-
tion rate is 0.15 Ar39 for R^> 10 cm. The process ac-
counts for one-third of the Co60 observed in Muzza-
fapur and Bogou, and one-tenth of the Co60 in Aroos; 
however, it could not account for the Co80 activity in 
the stony meteorites because of their lower nickel con-
tents. Let us now consider neutron capture in cobalt. 

For neutrons above 2 Mev the inelastic scattering 
cross section is large and the neutrons are reduced to 
2 Mev energy in a few collisions; furthermore, neutron-
capture cross sections are small and hence very few 
captures occur. At approximately 2 Mev the inelastic 
scattering cross section in iron and nickel becomes 
small and the elastic scattering cross section becomes 
large. The values that we use for the elastic scattering 
cross sections are the total cross sections given by 
H U G H E S and S C H W A R T Z 37 for iron. The number of elastic 
collisions, v, required to change the energy from E0 to 
E t is 

E0 

~ T ~ 1 e 7 ' 
where A is the average atomic weight 57, so that 66 
elastic collisions are necessary to reduce the energy of 
a neutron by an order of magnitude, and nearly 500 
collisions are necessary to thermalize the neutrons. The 
average travel distance of a neutron, whose energy is 
reduced from 2 x 106 ev to 1 ev, is approximately 
40 cm. 

where p^ is the average neutron production rate in the 
sphere and I is the mean free path. 

3 5 H . A. B E T H E , The Reciprocity Theorem in Neutron Scat-
tering, Los Angeles Report 1428 [1952]. 

36 B. Rossi, High-Energy Particles, Prentice-Hall Inc., Engle-
wood Cliffs, New Jersey 1961, p. 488. 

3 7 D . J . H U G H E S and R . B . S C H W A R T Z , Neutron Cross-Sections, 
Brookhaven National Laboratory Report 325 [1958], 



In small spheres, R <C 40 cm, the neutron flux 
escaping from the surface is (400 Ar39) R/3, where 
Ar39 is the average Ar39 production. The neutron flux 
in the interior of the sphere is approximately (r + 1) 
(400 Ar39) R/3, where v = R2/l2 is the average number 
of elastic collisions and I is the mean free path, 3.7 cm. 
The Co60 production rate for a small iron meteorite 
with 0.4% cobalt and with 20 mb for the capture cross 
section in cobalt is 

Co60(dpm/kg) = 0.84x 10~ 3 / ? + (dpm/kg), 

where R is the radius in cm. For a 30-cm radius the 
Co60 production rate is 1.67 Ar39 or 35 dpm/kg. 

Near the center of large spheres, i ? > 1 0 0 c m , an 
entirely different approximation can be used. Neutrons 
are captured approximately 40 cm from their point of 
production and the neutron production rate is practi-
cally constant (see Fig. A 2). In an infinite body with 
a constant neutron production rate, the differential 
neutron flux, <P (E) , is 

0(E) = 

_ , 1 f o tfa dE 
C exp - — f -

I E a 
E 

E Cp(E) 
E 

where C is a constant, £ is 2/(A + 2 /3) , and oa and o 
are the absorption and the total cross sections 38. Near 
the center of a large iron meteorite with 0.4% cobalt 
the ratio of neutron capture in cobalt to the total 
neutron capture is 

Co60 

400 Ar39 

0.004/ 0a (Co) p (E) 
Et 
E0 

d E 
E 

— 0.274. 
/ Oap(E) 
Et 

d E 
E 

The Co60 production rate is 110 Ar39, where Ar39 is 
the Ar39 production rate averaged over a radius of 
40 cm. The large sphere and the small sphere ap-
proximations are plotted in Fig. A 1. 

For iron meteorites of intermediate sizes 40<^i? <[120 
cm, the multigroup method described by E B E R H A R D T et 
al. 7 for stony meteorites was used for the irons. The 
source function, 5 (r ) , for the neutron production was 
taken to be 400 Ar39, which equals 400 (sinh X r/X r) 
(X /?/sinh XR), where AT? = 1.48, 2.02, 2.56, 3.17, 3.80, 
5.07, and 5.75 for R = 40, 50, 60, 70, 80, 100, and 
120 cm, respectively. Fig. A 2 gives these source func-
tions as dotted curves for R = 40, 50, 60, 70, and 
80 cm. The source functions agree with 400 times the 
Ar39 production except near the surface. We used 
52 b for the neutron-capture resonance integral at 
132 ev 3 9 -4 0 '4 1 . The resonance contributes 79% of the 
Co60 production for 7? = 40cm, and 85% for R = 60 cm 
and greater. Fig. A 1 gives the calculated Co60 activities 
together with the Ar39 activities at the center of the 
spheres. 

Appendix B 

Production Ratios of Kr»°, Kr*2, and Xe128 to Co60 

by Neutron Capture 

The neutron-capture cross section in cobalt has been 
well measured. Its thermal-capture cross section is 
36 b 42 and its neutron-capture resonance integral above 
the cadmium cutoff, 0.5 ev, is 77 ± 4 b 3 9 - 4 1 . The ther-
mal-capture cross sections in Br79, Br81, and iodine are 
11.4, 3.1, and 6 .2b, respectively41. The measured 
neutron-capture resonance integral above the cadmium 
cutoff is 147b for Br79 and 150b for iodine43. The 
Br79 value is 50% higher than the value of 100 b ob-
tained from the recent resonance parameter44; the 
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Fig. A 2. Ar39 activities and neutron 
source functions as a function of 
depth in iron spheres of radii R, for 

R from 20 to 140 cm. 
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iodine value does not differ significantly from the value 
of 130 b obtained from the recent resonance para-
meters of GARG et al. 45. The Br82 neutron-capture inte-
gral above the cadmium cutoff is 42 b on the basis of 
the resonance parameters. The strongest Br81 resonances 
are at 102 ev and 136 ev, the strong cobalt resonance 
at 132 ev. 

The values of the neutron-capture integral above the 
cadmium cutoff that we shall use are: 7 7 + 4 b for 
cobalt, 100 ± 20 b for Br79 , 42 ± 3 for Br8 1 , and 
130 + 20 for iodine. The production ratios of Kr8 0 , 
Kr8 2 , and Xe 1 2 8 to Co60 by neutron capture are 

= Pres (Br79) + PIA, (Br79) ^ # Br79 (100 ± 2 0 ) 
r s o Pres (Co) + Pi/v (Co) - ~ ~#~Co59 (77 ± 4 ) ' 

= Pres (Br 8 1 )+PiMBr 8 1 ) ^ # Br81 (42 ± 3 ) 
r 8 2 Pres (Co) + Pi,v (Co) - # Co59 (77 ± 4) ' 

Pres(I 1 2 7)+PlMI 1 2 7) ^ # I127 (130 ± 2 0 ) 
r m Pres (Co) +PVv (Co) - Co59 (77 ± 4) ' 

where Pres is the resonance-capture production and 
P\!v is the sum of the l/v and the thermal-capture pro-
ductions. The symbol # denotes the number of 
atoms/cm3 . For chondrites, the quantities Pres and 
P\!v , and therefore the production ratios, can be evalu-
ated by the method of EBERHARDT et al. 7 . The values 
for the production ratio r80 that we obtain by their 
procedure are: 1 .49 # B r 7 9 / # Co59 for 30 cm of shield-
ing, 1.28 # B r 7 9 / # Co59 for 60 cm of shielding, and 
0 .94 # B r 7 9 / # Co59 for an infinite of shielding. These 
values are approximately the same as the ratio of the 
neutron-capture integrals above the cadmium cutoff, 
1 .30. The production ratios r82 and r128 vary less with 
amounts of shielding than r80 . 

4 5 J . B . G A R G , W . W . H A V E N S , JR. , and J . R A I N W A T E R , Phys. 
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