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High-Reso1ution Measurements of Slowing Cosmic Rays from Fe to Uf
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We, ~ave identified cosmic rays with Z=40, 44, 52, 71, 77, 78, and 92 slowing in a
balloon-borne stack. The values of Z assigned by both Lexan plastic detectors and nu-
clear emulsions were the same to within two units. Both low- and high-energy heavy
cosmic rays are synthesized in the rapid neutron-capture process.

%e have found that nuclei with Z up to 92 are
present in the low-energy cosmic radiation.
Their abundance relative to Fe is similar to that
previously observed at energies above -1 GeV/
amu. " From their large rate of change of ion-
ization as they slow down in a detector, their
atomic number and energy can be much better
determined than if they were relativistic. These
obsex'vations are important as a basis for under-
standing the origin and propagation of the cosmic
rays and as a standard of comparison with re-
sults obtained from the analysis of tracks of
ancient cosmic rays left in meteorites' and moon
rocks. '

In this Lettex we ~eport results from -1 m' or
+ of a stack of 10.2 g/cm' thickness consisting of

120 Lexan sheets each of 0.03 g/cm' thickness,
9 G-5 nuclear emulsions each of O. 11 g/cm'
thickness, and 56 steel sheets each of -0.10 g/
cm thickness, interleaved so that a number of
transiron cosmic rays with velocities P up to at
least 0.75 could be brought to rest with a min-
imum of nuclear interactions. The stack w'as
Qown in September 1969 ovex' Sioux Falls, S. D. ,
for -40 h at 6 g/cm' and again for 40 h at 3 g/cm'.
We reserve fox' a more comprehensive paper a
description of our pxocedures for chemically
processing and scanning the stack. The principle
of particle identification with Lexan detectors
and its application to low-energy cosmic rays
with 14 &Z ~ 30 have been previously described. s

Figure 1 shows some of the results of measure-
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p&G, 1. Track etching rate t/", in Lexan as a function «range 8 for stopping cosmic rays with charge Z~ 26
and for accelerator ions with Z= 10 and 14. The maximum spread in measurements on the Fe tracks is +5%,
Lexan was etched at (40 +0.08)'C in 6.25N NaOH to which 1.8 g/1 of blank Lexan had been added as described by
Peterson, Ref. 6.

ments in Lexan. Not shown in the figure are
data for a highly relativistic nucleus with Z= 78
that passed through the entire stack without de-
tectable change in ionization rate. In addition to
the nuclei with Z&28, we measured about fifty
tracks of stopping nuc1ei in the Fe group, as well
as fifteen Si" and ten Ne" tracks obtained by
bombarding equivalent Lexan sheets in the Berke-
ley heavy-ion linear accelerator.

The curves in Fig. k mere calculated on the
basis of three assumptions: (1) The track etch-
ing rate V, depends on Z and P only through the
relation

(2) The ionization rate is expressible by the func-
tion

Z(Z, P) = 10 (Z*'/P )

where'

Z* = Z[1-exp(-130P/Z"')],

and 5(P) is a. parameter that takes into account
the polarization of the medium at a relativistic
velocity. ' (3) The most abundant nuclide above
Si is Fe". At. low energy, because of the rela-
tively large abundance of other nuclei in the Fe
peak, ' it is essential for the location of Fe that a
large number of tracks of stopping nuclei be mea-
sured. The parameters B, n, and K mere chosen
to minimize the square deviations between cal-
culated and measured cone lengths of the Si" and
Fe' nuclei. Then the heavier nuclei were iden-
tified on the basis of these parameters. The
labeled curves in Fig. 1 were computed with B
=5.45&&10 4 pm/h, n=1.8, and K=62. The mean
deviation of all points from the respective curves
is -3%. Since many data points are obtained for
nuclei with Z~14, it is clearly possible to deter-
mine atomic number with very small error.

Charge assignments from the emulsion tracks,
like those from the plastic, are dependent on a
calibration from tracks of stopping nuclei of the
Fe group. Around the heavy tracks in the emul-
sion, a number of Fe-group tracks were located
and their track densities measured. They were
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I I I I I I I I I I I I Table I. Identification of slowing cosmic rays with
emulsions and Lexan detectors.

Lexan data
No. of

Z sheets

Emulsion data
No. of

Z sheets

Energy at stack
entry

(MeV/amu)

0

Q.
0

O O
CO
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40
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78
92
77
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14

2
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44
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76
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315
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550
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FIG. 2. Optical track density D&0, in emulsion at
10 pm from the track axis with background taken at 80
pm, as a function of range A for stopping cosmic rays.

then traced through the Lexan sheets and their
range and charge determined from the Lexan
measurements. The mean difference in charge
of an individual nucleus determined by the two
methods was -0.9.

Figure 2 shows the results of emulsion mea-
surements of optical density at 10 IUm from the
track axis with background taken at 80 p.m. Since
the sensitivity of each emulsion varies slightly,
all measurements were normalized to a standard
density.

The curves in Fig. 2 were calculated by com-
bining the density calculations in emulsion at
relativistic energies' with those valid for lower
energies. The resulting expression for a track
density D„at a distance x from the track axis
can be expressed as

D„=G(Z*2/xP )(1+0.0121n[P2/(1-P )jj

&& [1-4 (2W3x/R, „))f (Z, p, x), (3)

where G=8.23&10 ', 4 is the error function,B, is the range of the 5 ray of maximum ener-
gy as determined from kinematics, and the func-
tion f (Z, P, x) represents the ratio of the Mott
cross section to the Rutherford cross section for
scattering of electrons by point nuclei. The cor-
rection f (Z, P, x) was 1 indly supplied to us by
Spencer. ' Although at high energy the correc-
tion is small, in the extreme case of a low-ener-
gy (P-0.2) U nucleus, f reaches -1.6.

Table I shows a comparison of the charge as-
signments in Lexan and emulsion based on the

normalization at Fe. The agreement is astonish-
ingly good. We conclude that AZ/Z=3% for emul-
sion and 1% for I exan. For emulsion it proves
appreciably easier to calibrate a stack contain-
ing stopping nuclei, with the help of Lexan, than
to calibrate a stack exposed only to relativistic
nuclei, ' where Lexan does not provide such assis-
tance.

The main limitation on charge resolution for
stopping nuclei, in principle, is the spread in
signal for different isotopes of the same element.
This spread is largest in the region Z-50, where
the number of stable isotopes of even-Z elements
is highest. Here the signals from the most neu-
tron-rich isotope of even element Z, from the
stable isotope of the odd element Z+1, and from
the most neutron-poor isotope of the even element
Z+2 are very similar. At the cosmic-ray source
it seems unlikely that neutron-rich and neutron-
poor nuclei will be present in comparable abun-
dance. However, it is likely that at detector lev-
el an appreciable proportion of the detected par-
ticles are spallation products following nuclear
collisions in interstellar space and in the overly-
ing air. An appreciable fraction of these spalla-
tion fragments are likely to be very neutron poor.
Thus at this stage one cannot be confident of the
ratio of neutron-rich to neutron-poor nuclei at
the detector level.

We draw the following conclusions: (1) In this
study of particles of measured range and velocity,
there is even stronger evidence than heretofore
of the existence of extremely heavy nuclei extend-
ing into the radioactive region beyond Z=83.
(2) Even with only seven events, an x-process
abundance peak at %=126, Z = 76-78, seems to be
present for low-energy heavy nuclei. These two
events, together with those accumulated at rela-
tivistic energies, "support the conclusion that
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the heavy cosmic rays have lifetimes less than
10' yr, too short for completion of the Pb peak
from radioactive decay of transbismuth nuclei.
(3) Within our limited statistics, in the energy
interval -0.5 to 1 GeV/amu the abundance ratio
of extreme1y heavy nuclei to the Fe-group nuc1ei
is similar to that at higher energies. (4) Pre-
vious assignments of charges to relativistic nu-

clei by both plastics and emulsions are basically
correct, though somewhat uncertain because of
uncertainty in velocity. (5) Unless there is an
unpredictable mixture of neutron-rich and neu-
tron-poor nuclides, we believe we have demon-
strated resolution of AZ= +1. In future flights
with a larger area-time factor we are confident
that as statistics accumulate, abundance peaks
of high-Z nuclei will be recognizable.
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Investigation of the Forward Structure in Charge-Exchange K* (890) Production*
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We present an investigation of the reaction K p —K* (890)n at 3.9 and 4.6 Gev/c inci-
dent momenta. The order-of-magnitude increase in statistics with respect to previous
anaiysis allows an investigation of the &* (890)-production properties in the very forward
region of momentum transfer and also provides a quantitative test of the absorption-
modified one-pion exchange model. This model gives an excellent description of the dif-
ferential cross sections and decay correlations at the two energies.

Numerous models have been proposed to explain
hadron interactions. ' Each has had limited suc-
cess with the common feature that data are fitted
quite well in certain reactions and poorly in oth-
ers. In particular, production of particles in the
extreme forward direction, whether photopro-
duced or meson produced, has served as a sensi-
tive test of these theories. Currently a great deal
of interest has focused on charge-exchange vec-
tor-meson production. Analysis' of p' production
via the reaction w P p'n has b-een rather thorough;
comparable data on K~'(890) production has not

been available. The present experiment, which
investigates the final state K P-K*o(890)n, ne-

gates this deficiency with at least an order-of-
magnitude increase in data. This, and the fact
that it is a neutron and not a proton recoiling,
allows us to investigate the structure in the region
of momentum transfer to the K* (890) less than

m,'. We find no strong forward structure (i.e. ,
steep increases or dips) in the differential cross
sections or diagonal elements of the density ma-
trix at both 3.9 and 4.6 GeV/c. In addition, the
present statistics allow us to make a quantita-
tive test of the absorption model due to Gottfried
and Jackson, ' which is known to be successful in
describing p production via pseudosealar ex-
change. The excellent agreement between this
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