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MASS-SPECTROMETRIC DETECTION OF COSMIC-RAY-PRODUCED Kr ' IN METEORITES
AND THE POSSIBILITY OF Kr-Kr DATING*
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Kr, the first detected cosmic-ray —produced radioactive nucleus heavier than the re-
¹ group, was found to be present in meteorites. The radiation age of the Macibini mete-
orite is calculated from the measured isotopic composition of krypton. This dating meth-
od should be applicable to most stone and stony-iron meteorites.

In recent investigations on the isotopic anom-
alj.es of meteorjtj, c xenon~~ and krypton, the
excess concentration of the light isotopes of
both rare gases was found to be correlated with
the cosmic-ray exposure age of the meteorites.
Furthermore, the xenon excess was found to
be proportional to the abundances of barium
and the rare-earth elements, and the krypton
excess proportional to Sr, Y, and Zr. These
elements have high production cross sections
for Xe and Kr, respectively. Both observations
strongly suggest an in situ production by recent
cosmic-ray bombardment during a time inter-
val given by the radiation age (for definition
see Geiss, Oeschger, and Schwarz' ). If this
conclusion is correct, a small fraction of the
2.1X 10'-yr Kr ' isotope so produced should
still be present. A measured isotope ratio of
Kr and the spallation yield of a stable kryp-
ton isotope in a meteorite would allow one to
calculate its cosmic-ray exposure age.

A mass -spectrometric study was made us-
ing a 60-deg sector-type instrument of 6-in.
radius with a resolving power of about 450 (slit
widths of 0.06 and 0.12 mm) and a detection
limit of 5 ~ 10 ce STP per isotope. The ex-
perimental technique was similar to the one
described by Marti, Eberhardt, and Geiss. ~

The Kr peaks could be resolved from the re-
maining small isobaric hydrocarbon background

in the Kr mass region while a possible inter-
ference by the bromine isotope Br could be
monitored using mass 79. The extraction blanks
were 0.6&10 '2 cc STP of atmospheric Kr.
A calcium-rich aehondrite was used in this
first investigation, because the elements Sr,
Y, and Zr are enriched by a,bout a factor of
7 in this meteorite class. Kr" was found to
be present in two analyses of 0.5- and 2-g sam-
ples. The Kr" peak varied with the sample
size, but the small isobaric background peak
remained constant. A Kr ' concentration of
(0.20+ 0.03)x 10 "cc STP/g was calculated.
The results arb given in Table I. Kr" is the
first cosmic-ray-produced radioactive nucle-
us heavier than the Fe-Ni group found so far.
It is produced by spallation reactions mainly
from Sr, Y, and Zr.

The relative production cross section for
Kr ' can be obtained either from target exper-
iments or by interpolating the spallation yields
of the stable Kr isotopes. In Table II the cal-
culated spallation yields of the Macibini achon-
drite are compared with the results from the
Stannern achondrite2 and the measured rela-
tive production cross sections from an Ag-tar-
get experiment. The agreement is good and
shows that neutron capture in Br contributes
pnly lj.ttle tp the Kr and Kr yj.elds.

An estimate from the Kr and Br concentra-

Table I. Isotopic composition and concentrations of Kr and Ar in the Macibini meteorite.

Isotope Concentration (10 ~2 cc STP/g) Isotope Concentration (10 8 cc STP/g)

Kr"
Kr"
Kr"
Kr
Kr
Kr83
Kr'4
Kr86

23+3
0.388
1.288
0.0087
2.31
2.85
4.32
1.00

+0.005
+0.013
+0.0002
+0.02
+0.02
+0.03

Ar"
Ar"
Ar 38

Ar"
(Ar ~spall

8.0 +0.5
1.00
1.12
172
1.05

+0.02
-+8

+0.02

264
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Table II. Relative Kr production cross sections in Ca,-rich achondrites and in an Ag target.

Sample Kr" Kr" Kr" Kr83 Kr'4

Macibinia
Macibini
Stannernc
Ag target

(540-MeV protons)

0.167
0.161

0.179+ 0.008
0.24

0.527
0.515

0.495 + 0.020
0.51

0.61+0.03
0.61+0.03
0.60+ 0.03e

0.64

0.754
0.766

0.765 + 0.025
0.80

1.00
1.00
1.00
1.00

0.48
0.68

0.63 + 0.17
0.1

aSpallation yields calculated from Table l. (Kr86)tr ed/Kr =1.0 was assumed.
bSpallation yields calculated from Table l. (Krs )trapped/Kr = 0.846, (Kr )fission/Kr = 0.089 (calculated from

(Xe )fission using %etherill's data [G. %. %etherill, Phys. Rev. 92, 907 (1953)] for the spontaneous fission of
U ), and (Kr 6)spa]l/Kr =0.115 ([Kr 6/Kr831spall =0.05) were assumed.

cRef. 2.
dRef. 4.

Interpolated va.lue, assuming an isobaric fraction yield of @=0.95 +0.05.

tions, using resonance integrals for the epither-
mal region and the energy interval determined
by the large resonances, '~' shows that (n, y)
reactions on Kra' contribute very little to the
Kr" production. For Macibini the contribution
if less than 10 '%, and even in meteorites with
large amounts of trapped Kr and large Kr", Kr"
anomalies it is less than 1%.

Assuming constant production rates PM for
the Kr isotopes, the concentration of Kr" as
a function of time is given by

Kr (t) = (P„/A.„)(1-e "),
81

and the spallation yield of a stable isotope,
e.g. , Kr", by (Kr' )spall(t) =P83t. Therefore,
at the time of fall we expect a ratio

(Kras) P T
spall 83

Kr" r P 81 $-exp(-X T )

and obtain the radiation age

T (Kr") P 1
spall 81

1 exp( X-T ) -Kr" P

other meteorites will be reported elsewhere.
This result thus confirms the conclusion that
meteoritic spallation krypton is entirely due

to the same irradiation that produced He, Nei,
and Ar' by spallation.

The advantages of Kr-Kr dating of stone and
stony-iron meteorites are similar to those
of K4'-K4 dating of iron meteorites developed

by Voshage and Hintenberger': (1) The age
determination is based on the isotopic compo-
sition of one element. (2) The relative Kr spal-
lation yields are expected to depend only slight-
ly on the energy spectrum. , ln favorable cas-
es the relative production cross sections can
be determined. (3) Diffusion losses are negli-
gible. The Kr-Kr dating method, however,
is restricted to meteorties in which the spal-
lation component is not masked by trapped kryp-
ton.

I am indebted to Dr. O. R. van Eeden, Direc-
tor, Geological Survey, Pretoria, South Afri-
ca, for the Macibini sample. I wish to thank
Dr. James R. Arnold for helpful comments.

For T~»1/A. 81, &(T~) = Tr. For Macibini we
found (Kr")spa]l/Kr" = 258 + 10. Using P»/Ps,
=0.61+0.03 and ~s, =3.3&&10 ' yr ',6 the radi-
ation age is T~ = 48 + 4 Myr.

For comparison, from (Ar )spall using Eq.
(4) given by Marti, Eberhardt, and Geiss, m

we obtain T~= 51 Myr. The reported He' con-
centration' indicates a 45/o smaller value, but
this primarily reflects diffusion losses from
the feldspar, as Megrue has shown for other
Ca-rich achondrites. More recent results from
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Evidence is presented for a new Z&* of mass 1680 MeV and width 120 MeV. It is pro-
duced in K p interactions at 5.5 GeV/c and decays mainly into Am+ and Yi*(1385)x. The
decay rate into TfP is 0.3 +0.2 of the rate into Aw .

We have analyzed 370000 pictures taken in
the 30-inch hydrogen bubble chamber exposed
to the 5.5-GeV/c separated K beam' at the
Argonne zero-gradient synchrotron (ZGS).
Light particle contamination in the beam was
&5% when calculated from a w scan of the film.

V'

A Cerenkov counter operated during the expo-
sure indicated the same high purity. About
5000 two-prong events with an associated A

decay have been found. After kinematic anal-
ysis, these yielded 328 fits to the final state
An+n and 89 fits to Zon+n

When more than one hypothesis produced a
fit to a given event, a y probability cut was
used to exclude all fits having a probability
5 times less than that for the best fit. After
this selection, all events fitting the hypothesis
Av v with a y probability &1% were classi-
fied as An n events. Of the remaining events,
all those fitting the Z v ~ hypothesis with a
)( probability &1% were classified as Z v+v

events. These criteria yield a rather pure sam-
ple of the four-constraint An+n final state. '
The two-constraint fits to Z n+n have some
(unknown) contamination from the A7T+v 7IO events,
but this uncertainty is not important for the
present results. Because of the high-beam pu-
rity, contamination due to events originating
from pions can be neglected. 3

The Dalitz plot and the mass-squared projec-
tion for the events classified as An+n are shown
in Fig. 1. Strong production of Y~*(1385)++v
and of A+p can be seen. In addition, a signif-

icant enhancement is observed at M (Av+) -2.8
GeV . For the rest of this Letter, we use the
symbol Y, *(1680) for this enhancement. The
peak region contains 79 events with an estimat-
ed background of 26 events and so is not like-
ly to be a statistical fluctuation. The events
in this peak are not associated with the cross-
ing Ap and Af bands, as can be seen from
the shaded events in Fig. 1(b), which have
M'(7t'+w ) &1.75 GeV . The Av+ decay mode
establishes the isospin to be one.

To rule out an interpretation of this peak as
the well-established Y, *(1660) (M =1660+10
MeV, I' =44+ 5 MeV), we show in Fig. 2(e) the
Z ~+ mass distribution from the 89 events fit-
ted to Z n+n . No Z n+ enhancement can be
seen, and with a 90% confidence level we obtain
an upper limit of 0.25 for the ratio [Y,*+(1680)- Zo+v+]/[Y, *+(1680)-A+v+]. For the Y,*(1660)
this ratio is 3.4+1.5, a gross difference from
the present result. A small signal for the
Y, ~(1660) has been observed in this exposure
through the decay Y,*(1660)- Yc*(1405)+v.'
This result, together with the current best es-
timates of the 1',*(1660)-decay branching ra, —

tios, ' leads to the prediction that only two events
of Y,*(1660)+should be present in our Av+~

sample. We therefore conclude that the observed
Av enhancement is not due to the 1',*(1660).

Figure 2(f) shows the X p mass distribution
for the 473 events satisfying the hypothesis
E +p-E +p+n on this film. Only a small
enhancement is seen in the 1680-MeV mass


