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ABSTRACT 
We report here an analysis that, for the first time, systematically normalizes the data from the HEAO 3 

He~vy Nuclei Experiment on .the cosmic-ray abundances of all the elements heavier than germanium to that 
of .iron. In the range of atomic number Z, 33 ::;; Z ::;; 60, the analysis yields abundances of odd-even element 
pa1rs. These abundances are consistent with a cosmic-ray source having a composition similar to that of the 
solar system, but subject to so~rce. fractionation correlated with the first ionization potential (FIP) of each 
element. For Z > 60, the analysis yields abundances of element groups. For these heaviest nuclei, we find an 
enhancement of the abundance of the platinum group, elements with 74::;; Z::;; 80, relative to that in a propa
gated solar system source, and a corresponding increase in the abundance of the largely secondary elements in 
the range 62::;; Z ~ ?3. These abundances su~gest that there is an enhancement of the r-process contribution 
to the sour~ nucl:i m the:: Z > 60 charge region. Over the entire region of charge, standard leaky box models 
of propagation satisfactorily model secondary production. 
Subject headings: cosmic rays: abundances - nucleosynthesis 

I. INTRODUCTION 

The study of ultraheavy (UH) nuclei in the cosmic radiation 
(those with atomic number Z ~ 30) addresses several impor
tant questions of astrophysical interest. Abundances of cosmic
ray nuclei can be compared to specific predictions of 
nucleosynthesis processes to look for the signatures of various 
production mechanisms. For UH nuclides, neutron capture is 
the dominant process of nucleosynthesis, and may be modeled 
in terms of two extremes. A slow process (s-process), which 
permits /1-decay before additional neutron captures, occurs in 
some stages (e.g., red giant) of the evolution of normal stars. A 
rapid process (r-process), resulting in multiple neutron cap
tures before /1-decay, would be characteristic of extreme 
environments, such as those in supernovae. The neutron 
capture cross sections and the systematics of the /J-decay 
which are well understood for the s-process and less well 
understood for the r-process, lead to distinct differences in 
predicted elemental abundance distributions. 

Measurements of the abundances of UH nuclei are also 
important in the study of propagation of cosmic rays through 
the interstellar medium. The standard leaky box model for 
propagation of cosmic rays through the Galaxy is principally 
characterized by the mean free path for escape from the trap
ping volume, expressed as a function of the rigidity of the 
nuclei. Since the UH nuclei have much shorter mean free paths 
for nuclear interactions than the lighter elements do, they are 
more likely to interact before escaping, and are thuS less sensi
tive to the escape mean free path, providing a different per
spective on propagation models. Many of the elemental 
abundances reported here have substantial contributions of 
secondary nuclei (i.e., nuclei produced as secondary fragments 
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of heavier nuclei by nuclear interactions in the interstellar 
medium, rather than having been injected as primary nuclei at 
the cosmic-ray source), and hence are relatively good tracers of 
the propagation process. 

In this paper, we report a measurement of UH elemental 
abundances for Z > 32 normalized to the abundance of iron 
26Fe. We have analyzed the entire charge region from Z - 20 
to the heaviest elements in a uniform manner, so that compari
son.s may be made across large differences in Z. In this analysis, 
as m our previous analyses over more limited ranges of Z 
(Binns et al. 1981a, 1982, 1983a, b, 1985; Stone et al. 1983), it 
has been necessary to compromise between resolution and 
number of events when selecting particles for inclusion. The 
data set discussed here results from a selection with an interme
diate geometry factor and intermediate resolution compared to 
the earlier analyses. The selection parameters have been chosen 
to allow clear resolution of the more abundant, even-Z ele
ments over much of the charge interval, while yielding a sta
tistically meaningful measurement of the low abundances in 
the charge intervals 40 ::;; Z ::;; 49 and 62 ::;; Z ::;; 74. This good 
resolution is particularly important in regions such as 
38 ::;; Z ::;; 42, where the abundances decrease rapidly with 
increasing charge. The results presented here agree with those 
of our previous analyses where their data sets overlap. These 
previous analyses had been optimized for comparatively 
narrow charge regions. The data set used here has the advan
tage of a uniform data analysis procedure applied over the 
entire charge range and has more events in the Z < 60 charge 
region than previous analyses. Also, the normalization to iron 
derived here has a significantly smaller uncertainty. 

II. EXPERIMENTAL TECHNIQUE 

The third High-Energy Astronomy Observatory (HEAO 3) 
was launched 1979 September 20 into a circular orbit of alti
tude 495 km and inclination 43~6. Data presented here were 
taken from 454 days prior to 1981 January 18. The Heavy 
Nuclei Experiment (HNE) on HEAO 3 (illustrated schemati-
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FIG. !.-Schematic view of the HNE particle telescope. Diagram shows hodoscopes (labeled "HODO"), ion chambers (IC! to IC6), and the dual radiator (RAD! 

and RAD2) Cherenkov counter. 

cally in Fig. 1) was composed of six ionization chambers, a 
Cherenkov counter with two Pilot 425 plastic radiators viewed 
by eight photomultiplier tubes, and four x-z pairs of multiwire 
ionization hodoscopes (Binns et al. 1981b). The ionization 
detectors were contained in two pressurized modules, each 
with three of the six ionization chambers and two of the four 
hodoscopes, with one module mounted on either side of the 
Cherenkov counter. 

The charge determinations used here are based on the 
Cherenkov signal, i.e., the best estimate of Z for any one 
cosmic-ray particle is Zc, given by 26 times the square root of 
the ratio of the Cherenkov signal of the particle to the Cheren
kov signal of high-energy 26Fe nuclei. A selection on the ratio 
of the Cherenkov signal to the ionization chamber signal that 
effectively required that the particle had an energy greater than 
about 1.5 Ge V nucleon - i is used, so that the Cherenkov signal 
is greater than - 90% of the nominal maximum signal for that 
Z (see Appendix). 

The redundant charge measurements made on each particle 
are subjected to additional selection criteria (quality cuts) that 

reject events whose charge measurement has been impaired for 
some reason. Examples include nuclear interactions in the 
Cherenkov counter material, or generation of extra Cherenkov 
light in the glass windows of the photomultiplier tubes. These 
quality cuts substantially improve the resolution of the instru
ment and allow the measurement of relatively small abun
dances in the presence of a neighboring large abundance, e.g., 
the steep falloff over the interval 38 ~ Z ~ 42. Careful studies 
of the distributions of the quality parameters as a function of 
charge confirm that the cuts are loose enough so that no sig
nificant charge biases are introduced. These selections are dis
cussed in detail in Newport (1986). The most significant of 
these quality cuts are briefly described below: 

1. Charge changes between modules.-We confine our 
analysis to cosmic-ray nuclei that penetrate at least one 
chamber in each of the two ion chamber modules, and we 
require that the signals in the two modules correspond to 
charges differing by no more than 10%. This requirement 
allows us to reject those events in which a nuclear interaction 
in the Cherenkov counter material changes the charge of the 
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particle. The observed distribution of fractional charge differ
ences between modules has a roughly Gaussian core with a full 
width at half-maximum (FWHM) of "'8.5% due to statistical 
fluctuations in the signal, and a non-Gaussian tail due to 
nuclear interactions. 

2. Signal fluctuations within a module.-If the particle tra
versed more than one of the three ion chambers within a 
module,. then the signals from those chambers are required to 
agree with each other to within approximately 16% rms. The 
rms fluctuations in the square root of the signal (the charge) 
have a distribution which peaks at -4.5%, and is at half
maximum at "'8%. 

3. Cherenkov agreement.-In order to eliminate events with 
problems such as generation of extra Cherenkov light in the 
glass in the photomultiplier tubes, ratios of signals from 
opposing pairs of phototubes are required to agree with the 
average values of the ratio for all particles penetrating the 
Cherenkov detector at the same position. Particles with devi
ations larger than 14% (rms) are rejected. These rms deviations 
have a distribution with a peak at "'5.5% and a half-maximum 
value of 12%. 
Since events which fail one test are most likely to fail several 
others (less than 10% failed only one test), and since the cuts 
mainly affect the non-Gaussian tails of the distributions, there 
is little sensitivity to the precise location of the cuts. The final 
data set, after all the quality cuts, contains 1585 events, with 
Zc > 32.5. 

A histogram of the Fe region of the measured charge spec
trum is shown in Figure 2. The number of events is weighted 
for instrumental dead time and data processing selection 
effects, which are significant only for nuclei with Z ;5 30. The 
instrumental dead-time correction typically amounts to a 
factor of "'2 below Z "' 30. Above that charge the dead-time 
correction is negligible, due to use of a high-Z priority system 
in the instrument. The data processing selection effect arises 
from the selection of a random sample of exactly 1/40 of the 
events with Z < 30 to produce a manageable data set. Neither 
factor introduces a significant statistical or systematic uncer-
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FIG. 2.--Charge histogram of particles in the Fe region; weighted counts 
are plotted as a function of Cherenkov signal in charge units. Dotted curve 
shows the fitted distribution calculated from a three-component Cherenkov 
model as described in the Appendix. Response functions for Fe and Mn are 
also shown. This fit is used to determine the 26Fe abundance. 
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FIG. 3.--Charge histogram of particles in the 30 ~ Zc ~ 62 region. Dotted 
curve shows the results of fits with "pure" Cherenkov response functions as 
described in the Appendix. Response function for Z = 50 is also shown. Mea
sured abundances are derived from these fits. 

tainty. Since the energy cut, at about 1.5 GeV nucleon- 1, is low 
enough to include some particles with Cherenkov signals 
which are not at maximum, the distribution of particle energies 
leads to a distribution of Cherenkov signals. This distribution 
is seen in the width and asymmetry of the Fe peak, which 
obscures the much smaller peaks of 25 Mn and 24Cr. In the 
analysis, we account for this distribution by calculating the 
expected response for each element based on a model for its 
energy spectrum, and by fitting the measured Zc distribution 
with those calculated response functions, i.e., we deconvolve 
the measured response. The derivation of the fitting functions, 
and of the systematic uncertainties associated with the decon
volution procedure, is given in the Appendix. The dotted line 
indicates our fit to the abundances of the elements in the inter
val 20 ~ Z ~ 28. The number of Fe events, determined from 
the fit of Figure 2, is 7.71 x 106, with a statistical uncertainty of 
3%, and a possible systematic uncertainty of ;52.5% due to 
uncertainties in the fitting function. 

III. OBSERVATIONS 

Figure 3 shows the charge histogram of the data for 30 ~ 
Zc ~ 62. Superposed are smooth dotted curves which show the 
results of fitting these histograms with the response functions, 
calculated as described in the Appendix. The resolution and 
statistical precision are such that abundance peaks of the 
even-Z elements are visible from 34 to 60. We do not report 
abundances for 29 ~ Z ~ 32, because our resolution is inade
quate to resolve those abundances in this data set. Similarly, 
elements with odd Z are not resolved, and the fit gives values 
for their abundance which are sensitive to the assumed fitting 
function, i.e., to the deconvolution procedure. Therefore, the 
abundances reported here are only for charge pairs, the abun
dance of each even charge being combined with that of the 
(generally less abundant) next lower odd charge immediately 
below it. The abundances are combined in this fashion since 
there is a residual tail extending to lower Zc from each of the 
even charge peaks. 

A small correction is made for interactions in the lids of the 
detector system, and for interactions in the material of the 
Cherenkov detector, as described by Newport (1986). For most 
elements, this interaction correction is small ( < 3%) because 
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the typical loss of~ 15% due to fragmentation of the primary 
is offset by a similar gain of secondaries from interactions of 
heavier nuclei. For the Pt group, the Pb group, and the actin
ides, the offsetting gains are relatively small due to the lack of 
heavier nuclei, and the corrections amount to 8%, 15%, and 
~ 15%, respectively. The corrected abundances are shown in 
Table 1. 

In addition to the statistical uncertainties quoted in Table 1, 
there are systematic uncertainties arising in the deconvolution 
process, as described in the Appendix. Since the resolution is 
rather good, these uncertainties are generally small. The sys
tematic uncertainties exceed the statistical uncertainties only 
for Z = 33 to 34, and for Z = 41 to 42, where the abundances 
are changing rapidly with Z and there are relatively large 
abundances of odd Z elements. For Z = 41 to 42, the system
atic uncertainty is ~20%. For the entire charge region 
33 ::;; Z ::;; 60, the rms deviation of the abundances of all . the 
odd-even pairs among various plausible fits is about 8%. The 
uncertainties for each charge pair are tabulated in Table 1. 

In the Z > 60 charge region, the charge spectrum (Fig. 4) 
does not show the well-resolved peaks observed at lower 
charges. However, with a resolution no better than 0.34 charge 
units, and with fewer than five particles per unit charge inter
val, we cannot expect to see statistically significant peaks in 

TABLE 

this charge region. Since we cannot directly demonstrate that 
the relatively good resolution seen for Z ::;; 60 continues at 
higher charges, and since there are relatively few events with 
Z > 60 in any case, we group these nuclei into just four charge 
intervals and simply count the number of events in each group. 
The groups are the "light secondaries" (LS), 61.5 ::;; Zc::;; 69.5; 
the "heavy secondaries" (HS), 69.5::;; Zc::;; 73.5; "Pt" (the Pt 
group), 73.5::;; Zc::;; 80.5; and "Pb" (the Pb group), 80.5::;; 
Zc ::;; 83.5. Note that this data set has no events with Z > 83 
(Bi); thus the Pb abundances may be compared to those 
quoted elsewhere for Z = 81 through 86. 

IV. COMPARISONS 

Abundances derived from the fits for Z ::;; 60, and from 
counting for Z > 60, are reported in Table 1 and are compared 
there to our previously published abundances (Binns et al. 
1983b, 1985; Stone et al. 1983). The agreement with our pre
vious reports is generally good. In our preliminary results for 
26::;; Z::;; 42 (Binns et al. 1981a, 1983b), we required better 
knowledge of the particle energy, and calculated the charge on 
the basis of both Cherenkov and ionization signals. In that 
data set, we had better resolution, but significantly less sta
tistical precision. We do not report abundances here for the 
relatively abundant elements with Z < 33, where resolution is 

1 

RELATIVE ABUNDANCES (Fe= 106 ) 

Element This Work Sys Ariel' Previousb UHGCR Norm 

32 .............................. 91 ~~ 2 91~~ 2 

33-34 .......................... 51.2 ± 3.7 6.0 66 ± 5 52 ± 6 61.1 ± 4.1 1.0 

35-36 .......................... 35.1 ± 3.0 1.0 39 ± 4 30 ± 8 36.6 ± 2.5 1.0 

37-38 ·························· 39.6 ± 3.1 2.7 36 ± 4 43 ± 6 37.8 ± 2.9 1.0 

39-40 .......................... 22.2 ± 2.6 1.2 24 ±4 18 ± 5 22.8 ± 2.3 1.0 

41-42 .......................... [15.4 ± 2.1] 2.5 17 ± 4 11 ± 3 11.0 ± 3.0 1.0 

43-44 ·························· 4.6 ± 1.2 0.3 3±2 4.1 ± 1.1 1.0 

45-46 .......................... 6.7 ± 1.4 0.4 5±2 6.2 ± 1.1 1.0 

47-48 .......................... 5.5 ± 1.3 0.3 5.5 ± 1.3 5.5 ± 0.9 1.0 

49--50 .......................... 6.3 ± 1.5 0.2 5.3 ± 1.0 5.7 ± 1.3 5.6 ± 0.8 1.0 

51-52 ·························· 5.2 ± 1.4 0.3 7.4 ± 1.0 3.0 ± 1.0 6.7 ± 0.8 1.0 

53-54 ·························· 3.1 ± 1.2 0.6 4.3 ± 1.1 3.5 ± 0.9 3.8 ± 0.8 1.0 

55-56 .......................... 6.3 ± 1.6 0.5 7.9 ± 1.2 6.2 ± 1.0 7.4 ± 1.0 1.0 

57-58 .......................... 3.5 ± 1.3 0.4 1.8 ± 1.0 2.8 ± 0.9 2.4 ± 0.8 1.0 

59--60 ·························· 1.5 ± 1.1 0.1 2.3 ± 0.8 2.0 ± 0.7 1.0 

LS(62-69) ····················· 6.4 ± 0.9 7.3 ± 0.9 3.54 ± 0.63 6.9 ± 0.6 4.0 

HS(70-73) ..................... 2.o~g:; 1.9 ± 0.5 1.04:g:~~ 1.9 ± 0.4 2.0 

Pt(74--80) ...................... 5.1 ± 0.8 5.7 ± 0.8 4.38 ± 0.71 5.4 ± 0.6 3.8 

Pb(81-83) ..................... 1.2~g:~ 2.0 ± 0.6 1.04~g:~~ 1.6 ± 0.4 1.2 

Actinide(88-100) .............. 0.4 ± 0.2 0.06~g:~~ 0.13 ~g:~; 1.6 

NoTE.--Comparison of measured abundances corrected to top of detector for HEAO HNE and Ariel. An 
estimate of the systematic uncertainty due to the deconvolution procedure for HNE is in the column labeled 
"Sys" (see the Appendix). The previous HNE work tabulated here is based on data sets with resolution good 
enough that such errors are small; however, there are uncertainties in the normalization to Fe in the older works. 
The column labeled "UHGCR" is our best estimate for the abundances, combining results from our HEAO 
instrument, and from Ariel, as described in the text. The normalization factor for plotting Figs. 5, 6, and 8 
("Norm") is the sum of weight factors for each of the elements included in the abundance measurement. The 
weight factor is 0.8 for even-numbered elements, 0.2 for odd-numbered elements, 0 for Z > 83 except for 90 and 
92. 

• From Fowler et al. 1987. 
b From the HEAO HNE (Binns et al. l983b; Stone et al. 1983; Binns et al. 1985; Binns et al. 1982). 
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FIG. 4.--Charge histogram for particles in the Z > 60 region. Charge ranges over which events are summed as indicated. 
FIG. 5.--Comparison of relative abundances determined here with those from Ariel 6 (Fowler et al. 1987). Abundances above Z = 60 are normalized to the widths 

of the charge bins. Unnormalized abundances and the normalization factors are in Table 1. 

more important than statistics, because of the very large varia
tions in abundance with charge. For the earlier 50 :5: Z :5: 58 
data set (Binns et al. 1983a; Stone et al. 1983), we required an 
energy above about 2.5 GeV nucleon-1, but included events 
which were measured in either one or two ion chamber 
modules. That data set is comparable in both resolution and 
statistics to the one used here. 

In our initial study of the Pt-Pb nuclei (Binns et al. 1985), 
only events with geomagnetic cutoff rigidity ;;:::: 5.0 GV (,.., 1.5 
GeV nucleon- 1) were analyzed, and only one ion chamber 
module was required. That data set was slightly larger, corre
sponding to 20% more Fe nuclei than this one. It did have 
significantly smaller LS and HS abundances (roughly a factor 
of 2; see Table 1). Since the present data set h;is a median 
rigidity of ,.., 12 GV, and the earlier data set had a median 
rigidity of,.., 14 GV, the difference might indicate a substantial 
energy dependence of the HS and LS abundances. If the LS 
and HS elements have the same spectral softening observed for 
sub-Fe secondaries (Ormes and Protheroe 1983; Binns et al. 
1988), then we would expect about 10% enhancement in the LS 
and HS to Fe ratios for the present data set relative to the 
earlier one, accounting for part of the difference between the 
two data sets. In the present data set, we observe a geomag
netic cutoff distribution for these HS and LS elements, which 
shows even more enhancement at low cutoffs than would be 
expected on this basis (i.e., a slightly softer spectrum than that 
of the sub-Fe secondaries), but which is statistically compatible 
with the spectrum of the sub-Fe secondaries. After allowing for 
the observed energy dependence, the remaining difference 
between the two measurements is most easily explained as a 
statistical fluctuation of roughly 1.8 standard deviations. We 
do not feel that our limited statistical precision justifies claim
ing a significant spectral difference between the Fe secondaries 
and the LS and HS elements. 

It should be noted that in addition to variations in 
resolution and statistics, some uncertainty in the comparison 
between the previous and current data sets (and the following 
comparison to Ariel 6 data) may arise from the fact that they 
have different energy distributions. We have no direct evidence 
that the energy spectra of the various primary species with 

Z ;;:::: 40 are the same as that of Fe, nor that the spectra of the 
corresponding secondaries are the same as those of the sub-Fe 
secondaries. Certainly, the spectral shape of the secondaries is 
likely to differ from that of the primaries, as observed for the 
ligher elements (Binns et al. 1988). We do not have enough data 
to test these possibilities. 

10-2 30 40 50 

Abundance of Element Groups 

n Anders & Ebihara 

+ UHGCR 

60 

0 Solar System 
r-process 

o~ 

70 80 
z 

100 

FIG. 6.--Comparison of the compilation of observed UHGCR abundances, 
determined here with the solar system (meteoritic) abundances compiled by 
Anders and Ebihara (1982). Abundances above Z = 60 are normalized to the 
width of the charge bins, using the factors from Table 1. Except for Z = 31 and 
Z = 32, the Anders and Ebihara histogram combines abundances for a pair of 
elements; each even-Z abundance is combined with the next lower odd-Z 
abundance. For the UHGCR abundances, the bin width is indicated by the 
horizontal line through the point. For reference, the r-process abundances 
from the decomposition of Binns et al. (1985) are indicated by the open circles 
for the same even-odd pairs. 
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In Figure 5, we compare the abundances reported here to 
the Ariel 6 abundance measurements (Fowler et al. 1987). The 
agreement is strikingly good. In Figures 5 and 6, the abun
dances are normalized to compensate for the varying widths of 
the charge bins. These plotting normalization factors are sums 
of weight factors for each of the elements included in the abun
dance measurements. In order to allow for the even-odd effect, 
the weight factors are chosen to be 0.8 for even-numbered 
elements, and 0.2 for odd-numbered elements. This normal
ization has no effect on an even-odd pair and is correct for 
other bins if the odd/even ratio is 0.25. The- normalization 
factors and the unnormalized abundances are given in Table 1. 

Since the various HEAO and Ariel data sets are in such good 
agreement, it is useful to combine the data, reducing the sta
tistical uncertainties. In combining the data, we use the 
weighted average of our current abundances, reported here, 
with those of Ariel 6 (Fowler et al. 1987) for most elements. For 
Z = 32 and for the Z = 41, 42 pair, we feel that the earlier 
HEAO measurement (Binns et al. 198la, 1983b) (with better 
resolution than either the present HEAO data set or Ariel 6) 
should be used. For the "actinides" (88 ~ Z ~ 100), we have 
scaled our previously reported actinide/Pt-Pb ratio (Binns et 
al. 1982) with the currently reported Pt-Pb/Fe ratio to derive 
an actinide/Fe ratio (reported as "previous" in Table 1). That 
ratio is averaged with that of Ariel 6. The current Ariel 6 value 
for the actinide/Pt-Pb ratio is larger than ours, but statistically 
compatible. The resultant data set, covering the Z range from 
32 to 100, is our best estimate for the observed abundances of 
near-Earth ultraheavy galactic cosmic rays (UHGCRs), and is 
shown in Table 1. 

These UHGCR abundances (normalized for plotting) are 
shown in Figure 6 as a function of charge and are compared 
with the Anders and Ebihara (1982) compilation of solar 
system abundances. (The new compilation of Anders and Gre
vesse 1989 differs by amounts which are not significant, com
pared to our statistical precision.) The general trend of the two 
compilations is similar. The most obvious difference is that 
many elements which are rare in the solar system are more 
abundant in the cosmic rays, as expected from the production 
of secondaries by nuclear interactions (mainly spallation) in the 
interstellar medium. We have calculated the effect of these 
interactions by the methods of Brewster (1984) and Brewster, 
Freier, and Waddington (1983, 1985). Other differences seem to 
arise from a fractionation (Meyer 1985; Israel 1986) of the 
cosmic-ray source material before acceleration, by a process 
which is strongly correlated with first ionization potential 
(FIP). 

To understand the implications of these observed abun
dances, we compare them with those expected from models 
based on various source abundances, after allowing for frac
tionation and propagation through the Galaxy. We will con
sider three standards for the cosmic-ray abundances, in which 
the source composition is either (i) similar to the solar system, 
(ii) similar to the s-process derived from solar system abun
dances, or (iii) similar to the r-process derived from solar 
system abundances. 

Both s-process and r-process abundances are sensitive to the 
physical characteristics of the site of nucleosynthesis, such as 
temperature and neutron fluence. Only for solar system matter 
are the resulting abundances sufficiently well-studied to 
provide a basis for a decomposition into s- and r-process abun
dances. Thus, the solar system s- and r-process abundances are 
presumably only one representation of a continuum of possible 
abundance spectra. We will use the decomposition of Binns et 

al. (1985), which is based on the solar system abundances of 
Anders and Ebihara (1982). The r-process abundances are 
shown for reference in Figure 6, along with the solar system 
abundances. 

For each of these alternatives, we also consider the effect of 
modifying the source abundances by a multiplicative FIP frac
tionation factor,f, which is a sloping step function (Letaw et al. 
1984) offirst ionization potential (step FIP), 

f ={~xp [ -0.27 (FIP - 7)] 

0.168 

(FIP < 7 eV), 
(7 ~ FIP ~ 13.6 eV) , 
(FIP > 13.6 e V) . 

This function was derived from an analysis of abundances of 
elements with Z ~ 28. In previous UH studies (Binns et al. 
198la, 1983b; Newport 1986), this function has provided better 
fits than an exponential function of FIP. We use the standard 
leaky box model for propagation (as formulated in Brewster 
1984; Brewster et al. 1983, 1985) and concentrate on the results 
of invoking different types of cosmic-ray source material to 
explain the observed abundances. This "standard" model 
includes the commonly used rigidity-dependent path length 
distribution of Ormes and Protheroe (1983): 

A.(g cm-2) = {(26.9)[1 + (1.88/R)2r 312R- 0 · 7 (R < 11.4 GV); 
(25.8)R - 0 · 7 (R ~ 11.4 GV) . 

The propagation uses the semiempirical fragmentation cross 
sections of Silberberg and Tsao (1973a,b) which are calculated 
at 2.3 GeV nucleon - i and assumed to be independent of 
energy. Propagated abundances are summed, as necessary, for 
comparison to the UHGCR observations. 

We consider a variety of source models based on the stan
dards listed above, and develop a "best" s-process and r
process mixture model which is consistent with our 
observations. These various models are summarized in Table 2 
and Figure 7; the details of the models and the progression 
follow. 

In Figure 7a, we show the ratio of the UHGCR abundances 
to the propagated abundances for an unfractionated solar 
system source (Anders and Ebihara 1982), corresponding to 
model 1 of Table 2. As expected from the preceding discussion, 
the trend of the data is generally the same as the calculation, 
but there are deviations of roughly a factor of 2. The error bars 
indicated in Figure 7a (and the succeeding figures) are uncer
tainties of the UHGCR abundances only. There could be sig
nificant additional uncertainties which are difficult to evaluate. 
These include uncertainties in the nuclear interaction cross 
sections used in the propagation calculation, uncertainties in 
the solar system source abundances, and, possibly, charge 
dependence of the energy spectra. We calculate a goodness of 
fit parameter, x2 , between the UHGCR abundances and the 
model abundances. However, since only the statistical mea
surement uncertainties in the UHGCR abundances are 
included, the reduced x; values obtained are typically much 
larger than 1. They do provide qualitative discrimination 
between various source models, even though they cannot be 
used to determine a probability for the model. The reduced x; 
values are given in Table 2 for each of the models discussed 
here. 

Figure 7b shows the results of using the same propagation 
technique on the same source material, modified by step FIP 
fractionation (model 2 of Table 2). The agreement between the 
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TABLE 2 

FITS OF MODELS TO OBSERVED UHGCR ABUNDANCES 

Model K, K, KJK, G&M FIP Z Range x~ v Comment 

1 .......... =1 =1 No No 32-100 20.6 20 Comparison to propagated 
A&E solar system, see Fig. 1a 

2 .......... =1 =1 No Step 32-100 4.87 20 As above, but with FIP 
fractionation, see Fig. 1b 

3 .......... 1.002 ± 0.03 =1 No Step 32-100 5.13 19 As above, but allowing the 
Fe normalization to vary 

4 .......... 0.96 ± 0.03 =1 No Step 32-60 3.12 14 As above, but with 
restricted Z range 

5 .......... 1.07 ± 0.03 =1 Yes Step 32-100 4.17 19 Using the G&M correction, 
compare to Fig. 7c 

6 .......... 1.02 ± 0.03 =1 Yes Step 32-60 1.94 14 Restricted Z range, see 
again Fig. 7c 

7 .......... 0.91±0.07 1.19 ± 0.07 0.76 ± 0.17 Yes Step 35-60 2.32 11 With separate K, and K, 

8 .......... 0.26:':g:1~ 26.4 ± 0.48 O.IO:':g:lg Yes Step 62-100 0.15 3 Best fit for Z > 60 

9 .......... 0.59 ± 0.47 2.32 ± 0.49 0.25 ± 0.25 Yes No 62-100 1.95 3 

10 .......... 1.76 ± 0.012 =1 Yes No 62-100 2.14 4 Not unreasonable 
alternative fits for Z > 60 

11. ......... 1.82 ± 0.12 =1 Yes Step 62-100 2.45 4 

12 .......... Best Source (see Table 3) Step 32-100 1.31 20 See Fig. 1d 

NoTE.-Pararneters of fits to the propagated abundances for models of the cosmic-ray source material given by K,s1 + K,r1, where r1 and s1 

represent the r- ands-process components of the solar system abundances. The solar system is, by definition, given by K, = K, = K = 1. The column 
headed "G&M" indicates the (Grevesse and Meyer 1985) correction to Pb and Ge. Reduced x~ is specified; degrees of freedom are given by v. 

calculated and the measured abundances is much improved, 
confirming the observation from the abundances of elements 
with lower Z that FIP organizes the ratio of cosmic-ray abun
dances to solar system abundances. This improvement is also 
seen in the reduction of x; from 20.6 to 4.9. The UHGCR 
abundances agree with the solar system source with step FIP 
to within ± 35% from charge 32 to 60 with the most significant 
difference occurring at 32Ge, but agree less well for Z > 60, 
with the "Pb" abundance substantially low, and the "Pt," 
"HS," "LS," and "actinide" abundances substantially high. 

If we try to improve the agreement by allowing the normal
ization to iron to vary as a free parameter (K), then the best-fit 
value of K is 0.2% larger than that of the solar system (model 3 
of Table 2), a negligible difference. The decrease in x2 is much 
smaller than the decrease in the number of degrees of freedom, 
thus the reduced x; increases. Considering only the restricted 
charge range, 32 ~ Z ~ 60, the best fit K is 4% smaller than 
the solar system (model 4 of Table 2), still a negligible improve
ment. 

One possible explanation for the relatively low abundance of 
82Pb, and also for 32Ge, would be a volatility related fractiona
tion process instead of FIP fractionation (Binns et al. 1985). 
Apart from these two elements, FIP and volatility are closely 
correlated, and we cannot distinguish between fractionation 
models based on either. Alternatively, Grevesse and Meyer 
(1985) have reexamined spectroscopic data on photospheric 
abundances and have suggested that the photospheric abun
dance of Pb (and Ge) is about 0.63 (0.61 for Ge) of the standard 
meteoritic abundance (Anders and Ebihara 1982). Thus, the 
UHGCR Pb and Ge abundances would be in agreement with 
that of the solar photosphere, but different from the meteoritic 
abundances. In Figure 7c and in models 5 and 6 of Table 2, we 
show a comparison of UHGCR abundances with propagated 
solar system abundances, modified accordingly, with FIP frac
tionation. As expected, the fit is much improved for the two 

modified elements, Pb and Ge. An explanation proposed by 
Margolis and Blake (1985) for a low Pb abundance is a source 
with incomplete s-process recycling due to limited neutron 
flux. This explanation does not address the Ge abundance. 

However, none of these explanations for low Pb abundance 
are relevant to the overabundance of Pt and its secondary 
elements relative to Fe. It is likely that the secondary abun
dances are high just because the abundance of the Pt group 
primaries which produce them is high. The Pt group is gener
ally considered to be an indicator of r-process nucleosynthesis 
(see Fig. 6), so we have calculated model abundances for an 
r-process source. The r- and s-process source abundances are 
taken from the decomposition of Binns et al. (1985), modified 
by subtracting the Grevesse and Meyer correction from the 
r-process component of the Pb, and are represented by ri and 
si, the r- and s-process abundances of the element i relative to 
Fe. Fractionation and propagation were modeled as described 
earlier, i.e., sloping step function FIP fractionation and propa
gation according to Brewster et al. (1983, 1985). A pure r
process source does organize the Z > 60 abundances much 
better than a solar system source. However, the charge region 
below 60 is in poor agreement with an r-process source, with 
the observed values of s-process elements such as 38Sr, 40Zr, 
and 56Ba having large overabundances. The UHGCRs in the 
Z > 60 charge region are roughly 3 times more abundant than 
calculated for a solar system r-process source (relative to 
observed Fe), as detailed in the next paragraph. This enhance
ment is due primarily to the Pt group abundances; the actinide 
enhancement has marginal statistical significance, and the 
source abundances of the largely secondary elements with 
62 ~ Z ~ 74 are not well determined. 

We can use a two-parameter fit to determine quantitatively 
how large an enhancement of r-process source material is 
present in the Z > 60 abundances. Thus, we fit the abundance 
ratios with the expression K, si + K, ri where K, and K, specify 
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FIG. 7.-(a) Comparison of the UHGCR abundances with propagated 

Anders and Ebihara (1982) source material. No FIP correction is made (see 
text). Comparison is shown by plotting the ratio of the measured UHGCR 
abundances to the calculated abundance vs. atomic number Z. (b) Ratios of 
UHGCR abundances to calculated abundances vs. Z with propagation and 
fractionation (step FIP) of a solar system cosmic-ray source material as 
described in the text. (c) Ratios vs. Z with the source composition modified to 
reflect the Grevesse and Meyer (1985) correction to the Pb and Ge abun
dances, as described in the text. (d) Ratios vs. Z with the "best source" com
position described in the text and shown in Table 3. 

the separate normalizations of the s- and r-process com
ponents, and K, = K, = 1, by definition, for the solar system 
abundances. If we interpret the Z > 60 abundances relative to 
Fe in this fashion as a mixture of r-process and s-process com
ponents fractionated by step FIP, then the best-fit s/r ratio 
(KJK,) is 0.10 that of the solar system, with an upper limit 
(84% confidence level) of 0.25, and a lower limit of 0. (See 
model 8 of Table 2.) 

We have also compared three other models with the Z > 60 
abundances (models 9, 10, and 11 in Table 2). The fits to these 
models, while clearly not as good as for model 8, do have 
tolerably small values of reduced x;. All of these fits have K, 
substantially larger than one, i.e., they all have enhanced r
process components. They include enhanced r-process without 
FIP fractionation (model 9), and enhanced solar system (with 
Grevesse and Meyer correction) with or without FIP fraction
ation (models.10 and 11), where enhanced solar system indi
cates K. = K, = K > 1. Models without the Grevesse and 
Meyer correction to the Pb and models with K, - 1 give much 
larger reduced x; ( - 4-10 and larger) than the listed models. 

All of these source composition models (8-11) have substan
tially enhanced Pt abundances. With enhanced Pt primaries, 
the secondary (LS, HS) abundances predicted by the simple 
standard leaky box model are consistent with the observations. 
No more elaborate model is justified, especially in view of the 
limited statistics and the uncertainties in the cross sections 
(Waddington et al. 1987a, b). 

We can also examine the UHGCR abundances of elements 
with Z :s: 60 for r-process enhancements in the source com
position, but expect little enhancement, since the solar system 
source model fits this charge range well. If we consider the 
abundances for Z :S: 60 only (but excluding Z = 32, 33, and 34 
abundances, because in the solar system they have contribu
tions from other nucleosynthetic processes) and interpret them 
as a mixture of r- and s-process components fractionated by 
step FIP (model 7 of Table 2), then the best-fit s/r ratio is 
0.76 ± 0.17 times that of the solar system, similar to the value 
reported by Stone et al. (1983), and K, is 1.19 ± 0.07, not much 
larger than 1. In contrast, for Z > 60 (model 8) the data show a 
distinct r-process enhancement with an s/r ratio of O.lO~gjg 
and a K, of 2.64 ± 0.48. 

V. DISCUSSION AND CONCLUSIONS 

The elements in the range 33 :s: Z :s: 60 are well fit by the 
model which assumes a solar system source with step FIP 
fractionation; over the charge range 35 :s: Z :s: 60 where the 
decomposition into r- and s-process components (Binns et al. 
1985) is meaningful, the best-fit mixture of s- and r-process 
components show a slight enhancement of r-process compared 
to the solar system mixture. Pt and its secondaries (the HS and 
LS groups) are best fitted by a predominantly r-process source 
with step FIP; the Pb and Ge abundances resemble those in 
the photosphere (Grevesse and Meyer 1985), rather than in 
meteorites. We have, therefore, compiled in Table 3 a best 
mixture model (model 12 of Table 2) for the source composi
tion with all these features: for Z = 32, the source abundance is 
given by Grevesse and Meyer (1985); for Z = 33, 34, the source 
abundance is given by Anders and Ebihara; for 35 :S: Z :S: 60, 
the source abundances are given by 0.91s; + 1.19r;, where r; 
and s; are based on our decomposition of the Anders and 
Ebihara (1982) solar system (Binns et al. 1985); for 
62 :s: Z :s: 100, the "best" source abundances are given by 
0.26s; + 2.64r;, where our r-process abundances have beeil cor
rected per Grevesse and Meyer. These best mixture source 
abundances are compared to the Anders- and Ebihara solar 
system abundances in Figure 8. 

Although the evidence for an r-process enhancement in the 
Pt group is compelling (note the fit values of K, - 2 for the 
range Z > 60 in all of models 8-11 ), such is not the case for the 
apparent s-process depletion. Best-fit values of K, range from 
0.26 (with a statistical lower limit of0.00) to 1.82. Pb is the only 
abundant element in this charge region expected to have a 
significant s-process component. The solar system and s
process abundances of Pb are not particularly well known. We 
have already commented on the differences between meteoritic 
Pb abundances and photospheric Pb abundances. In addition, 
meteoritic Pb abundances are not consistent among the differ
ent compilations of meteoritic abundances (see, for example, 
Cameron 1973; Cameron 1982a; Anders and Ebihara 1982; 
Anders and Grevesse 1989). The decomposition into r- and 
s-process components introduces still further uncertainty, espe
cially for Pb, which is an endpoint of the s-process (e.g., Mar
golis and Blake 1985). Cameron's (1982b) decomposition, for 
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TABLE 3 

CoMPILATION OF "BEST" SoURCE ABUNDANCES 

BEST SOURCE 

z UHGCR Unfrac Frac CoMMENT 

32 91 + 12, -8 80.0 79.4 G&M 1985 

~!}.......... 61.1 ± 4.1 6~:~4 41:!7 A&E 1982 

~~} .......... 36.6 ± 2.5 ~~:~ 1~:~7 

~~} .......... 37.8 ± 2.9 2::~4 ~~:~ 
:} ...... .... 22.8 ± 2.3 11:~4 1~:~ 
!~} .......... 11 ± 3 ~:~ ~:~! 
!!} .. .. .. . .. . 4.1 ± u ~:~1 ~:~o 
:} .. .. .. .. .. 6.2 ± 1.1 ~:~ ~:!~ 
!~} .. .. .. .. .. 5.5 ± 0.9 ~:~~ ~:j! 
~~} . . . . . . . . . . 5.6 ± 0.8 ~:;~ ~:~~ 
;~} .......... 6.7 ± 0.8 ~:~ ~:;~ 
;!} .. . .. . .. .. 3.8 ± 0.8 ~:~: ~:~~ 
;~} .. .. .. .. .. 7.4 ± 1.0 ~:!~ ~:~~ 
;~} .. .. .. .. .. 2.4 ± 0.8 ~:~~ ~:~~ 
~} .. .. .. .. .. 2.0 ± 0. 7 g:~~ ~:~~ 

Best-fit r, s mix: 
K, = 0.91, 
K, = 1.19 
35:::; z:::; 60 

62 
63 
64 
65 
66 
67 
68 
69 

z 

fl} 

l~~ .......... 
78 
79 
8 

ii} ......... . 
~~} ........ .. 

UHGCR 

6.9 ± 0.6 

1.9 ± 0.4 

5.4 ± 0.6 

1.6 ± 0.4 

BES!' SoURCE 

Unfrac 

0.55 
0.27 
0.83 
0.16 
0.95 
0.24 
0.60 
0.09 

0.49 
0.09 
0.29 
0.04 

0.24 
0.14 
1.93 
1.90 
3.82 
0.52 
0.67 

0.23 
2.36 
0.34 

0.09 
0.02 

Frac 

0.70 
0.34 
1.06 
0.20 
1.21 
0.30 
0.76 
0.12 

0.62 
0.12 
0.37 
0.05 

0.23 
0.14 
1.54 
1.36 
2.82 
0.36 
0.34 

0.29 
2.66 
0.40 

0.11 
0.03 

COMMENT 

Best-fit r, s mix: 
K, =0.26, 
K, = 2.64 
62:::; z:::; IOU 

NoTE.-Abundances relative to 106 Fe. UHGCR abundances are repeated from Table 1 to indicate uncertainties in source abundances; read the discussion 
of uncertainties in the text. Source abundances less than 1 are highly uncertain. The abundance for a group of elements is relatively well determined; within a 
group, the relative abundances are derived from those of the solar system (Anders and Ebihara 1982). Column labeled "Unfrac" is the "best" mixture 
abundance before fractionation. The "Frac" column has been adjusted by the FIP fractionation functionf(see §IV of the text) and renormalized so that Fe is 
still 106• 

instance, attributes essentially all the Pb to the s-process. In 
that case, the observed UHGCR source abundances would 
correspond to a K, "' 0.8, implying little or no depletion of 
s-process. Thus, it is not possible to determine the degree of 
depletion of the s-process in the UHGCR source abundances 
relative to the solar system abundances, because of the uncer
tainty in the solar system Pb abundance and the uncertainty in 
the s-process contribution to that abundance. On the other 
hand, the solar system abundance of the Pt group is better 
determined and is primarily the result of an r-process. Thus, 
the relatively large Pt abundance in the UHGCR, in the 
absence of a corresponding Pb enhancement, is a direct indica
tion of an r-process enhancement in the UHGCR source in this 
charge region. 

The uncertainties in the solar system Pb abundance appear 
to be small enough to exclude the possibility that the UHGCR 
Pb abundance is enhanced above those in the solar system. 
The smallest solar system Pb abundance quoted in the refer
ences listed above is the photospheric abundance of Grevesse 
and Meyer (1985), or Anders and Grevesse (1989). This photo
spheric abundance has a rather small quoted uncertainty 
(12%) and is the solar system abundance used in the compari
son shown in Figure 7c. Any of the other (larger) solar system 

abundances would imply a relative depletion of Pb in the 
UHGCR. 

In Figure 7d, we show a comparison of UHGCR abun
dances with those given by our best source (model 12 of Table 
2), after FIP fractionation and propagation. Table 3 shows 
these best source abundances both before and after FIP frac
tionation. The abundances, before fractionation, are indicative 
of the nucleosynthesis history of the ultraheavies. The fraction
ated abundances presumably result from the ionization state of 
the injected material, or of the source of the injected material; 
similar fractionation is observed in the solar corona 
(Breneman and Stone 1985). Estimation of uncertainties is 
quite difficult. Elements which have similar abundances in the 
UHGCR and in the best source should be predominantly 
primary in the cosmic radiation, and, hence, the uncertainties 
in the source should be comparable to those in the UHGCRs. 
Source abundances of those elements whose cosmic-ray abun
dances are dominated by secondary production (generally 
those with abundances less than 1per106 Fe) are highly uncer
tain. Further uncertainties are introduced by the· limited 
sample size and resolution, which require us to analyze element 
pairs and groups rather than individual elements. 

The predominantly secondary abundances in the 
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FIG. 8.-Comparison of the "best" source mixture composition with the 

solar system (meteoritic) abundances compiled by Anders and Ebihara (1982), 
and the observed UHGCR abundances presented here. Abundances of charge 
groups are presented in accordance with the UHGCR observations, and are 
normalized as in Figs. 5 and 6. Use of open triangles for the predominantly 
secondary elements is intended to emphasize the uncertainty in these source 
abundances-see text. 

40::;; Z::;; 49 interval are well fitted by the standard propaga
tion model used here (Brewster 1984; Brewster, Freier, and 
Waddington 1983, 1985), without invoking truncation of path 
lengths (Klarmann et al. 1983; Margolis 1983), continuous 
acceleration (Silberberg et al. 1983), or other elaborations. If 
we assume enhanced r-process source abundances to explain 
the overabundance of the Pt relative to the solar system, then 
the abundances of the HS and LS groups can also be explained 
without any elaborations on the standard propagation model. 

The r-process enhancement above Z = 60 might indicate the 
admixture of some "unusual" heavy (Z > 60) r-process 
material in a medium which is otherwise roughly similar to the 
solar system in composition. This r-process admixture is 
unusual only in the sense that its ratio of Z > 60 to Z < 60 
abundances is not the same as in the solar system. It is not 
difficult to model an r-process which synthesizes only nuclei 
with Z > 60 (Schramm 1982). A calculated r-process abun
dance spectrum depends on such parameters as neutron bom
bardment flux and exposure time, just as the s-process 
spectrum does. Adjustment of these parameters allows modifi
cation of the spectrum; in particular, the regions separated by 
"magic" numbers of protons or neutrons (such as neutron 
number N = 82) can be enhanced or suppressed relative to 
each other. It is possible for some of the heaviest elements to 
fission, producing elements with Z < 60. The small observed 
enhancement for Z < 60 (K, = 1.19 ± 0.07) constrains the 
abundances of these fissioning elements. These observed r
process enhancements place some limits on physical conditions 
in the region where cosmic-ray nuclei are synthesized and rep
resent evidence that these conditions differ from those in the 
region where the solar system material was produced. 

We have presented here a coherent set of observations of 
abundances of ultraheavy galactic cosmic rays, from which we 
can derive abundances in the cosmic-ray source material. 
From these results, we conclude that although the galactic 
cosmic-ray source composition is qualitatively similar to that 
of the solar system, there are quantitative differences indicative 
of a different nucleosynthetic history for material in the 
cosmic-ray source regions of the Galaxy. Further theoretical 
study of the conditions leading to the source abundances 
reported here should contribute to a better understanding of 
the origins of cosmic rays. 

This research was supported in part by NASA under grants 
NAG 8-498, 500, and 502; and NGR 0~02-160, 24-00~50, 
and 26--008-001. Brownlee Gauld's assistance in computer 
programming was exceptional. 

APPENDIX 

DECONVOLUTION PROCEDURE 

Deconvolution of the charge abundances from the Zc histogram requires knowledge of the instrument response function. At Fe, 
this response is dominated by the Gaussian smearing of the light signal in the Cherenkov system due to photoelectron statistics. The 
large abundance of Fe compared to neighboring elements and the relatively good statistical precision of the Fe data allow a useful 
comparison of the measured and calculated response functions, as shown in Figure 2. In order to calculate the response for higher 
charges, we must extend the calculation into regions where we have no calibration data and relatively poor statistical precision. This 
calculation is based on a specification of the rigidity (hence, energy or velocity) spectrum of each element, the light signal generated 
by a particle of given charge and velocity, and instrumental response factors such as photoelectron statistics. Newport (1986) has 
described in detail the calculation of the Fe response function, and we will only outline it briefly here, concentrating on some minor 
improvements we have made. 

For Fe, where statistical precision is not a problem, the observed spectrum of geomagnetic cutoffs can be used to derive the 
rigidity (or energy) spectrum of the observed particles. The geomagnetic Stormer cutoff rigidity is calculated for each particle event, 
based on the location of the satellite at the time of the event, and on the direction of motion of the particle. Since the instrument is 
double-ended, there is an ambiguity of 180° in the direction of motion of most particles. For some particles (-15%), one of the two 
possible directions is clearly shadowed by the Earth, resolving the ambiguity. For the others, it is necessary to calculate two cutoff 
rigidities; these events are divided between the two cutoff rigidities in the spectrum, according to the probabilities calculated on the 
basis of an assumed local interplanetary spectrum. Newport used the Webber (1983) compilation of Fe spectra, measured near 
Earth, to calculate these probabilities; we have adjusted that spectrum slightly, to allow for the level of solar modulation appropri
ate to our 1979-1980 flight epoch. For our limited purposes, we used a force field model for solar modulation (Gleeson and Axford 
1968) and applied the model as if the Webber spectrum was the interstellar spectrum. Thus, our values of the force field parameter, 
ct>, are relative and somewhat low. Since we are not very sensitive to this parameter, the limited sophistication of this model is not a 
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problem. For the same reason, this procedure cannot determine a reliable value of ct>, and the quoted values should not be used for 
other purposes. Adjustments in the level of the solar modulation affect the calculated width of the 26Fe peak and, hence, affect the 
25Mn abundance derived from the fit. The observation that the Mn abundance is between 5% and 10% of the Fe abundance 
(Engelmann et al. 1983) limits the systematic uncertainty in the Fe abundance to ±2.5%. The adopted model has a Mn abundance 
of ,.., 7.5% relative to Fe, with a ct> of 0.45 GV. Note that the rigidity spectrum observed by HNE with the data selections specified 
here is quite different from the local interplanetary spectrum, because the HNE observes events above a geomagnetic cutoff which 
constantly varies as the HEAO 3 spacecraft spins and moves in its orbit. Newport assumed that all elements have the same spectral 
shape; we assume that each element is a mixture of primary and secondary components, with the spectral shape of the primary 
component being the same as that of Fe, and the spectral shape of the secondary component given by dividing the observed Fe 
spectrum by E0 ·3 (where Eis kinetic energy) (Binns et al. 1988). 

Given the energy spectrum of a particular element, the mean light signal in the Cherenkov system is calculated as a function of 
energy. This light signal is assumed to have three components: Cherenkov light generated by the heavy nucleus, Cherenkov light 
generated by knock-on electrons (i.e., secondary electrons or delta rays), and scintillation light. Both the scintillation component 
and the Cherenkov component depend on the inverse square of the velocity (1//12), and hence, at high energies, can be combined into 
a single component with the velocity dependence of Cherenkov light, but with an altered index of refraction (i.e., an effective index). 
The velocity dependence of the knock-on component is given by Lezniak (1976) and rises with energy even at high energies, so that 
the light signal does not have the same asymptotic trend to a maximum as /1--+ 1 as does a "pure" Cherenkov signal. After the most 
probable light signal is calculated for a particular charge and energy, the signals are spread in a Gaussian fashion about that most 
probable value. They are then convolved with the assumed energy spectrum. The spreading is due to photoelectron statistics and 
has a standard deviation of0.34 charge units for any element. 

Since the spread of the light signal due to energy variations and velocity dependence grows with Z2, while the Gaussian 
photoelectron spreading grows only with Z, the calculated response function at, for example, Z = 50 is noticeably different in shape 
from that of 26Fe. Figure 9 shows a fit to the charge region 40 ~ Z ~ 60, based on a fitting function calculated as described above, 
and the fitting function for Z = 50. 

Clearly, the data have a better peak to valley ratio than this fit. Therefore, Newport (1986) and Stone et al. (1987) made fits based 
on a purely Gaussian response function, which reproduces the good peak to valley ratio observed in the data. For the present paper, 
we have rejected the pure Gaussian, since we cannot construct a plausible model which does not have at least some non-Gaussian 
tail on the lower Zc side of the peak. The main effect of adding or omitting these tails in the fit is to exchange odd-element 
abundances with abundances of the even element just above. Since we are only reporting abundances for sums of such pairs, our 
quoted abundances are not very sensitive to fitting functions. We have, however, considered a variety of changes to the response 
model, in order to establish the size of the systematic uncertainties which might be caused by using inappropriate fitting functions. 
The details of these models are specified below. Figure 10 summarizes the derived systematic uncertainties. 

We have been unable to create any plausible models which involve variations of the energy spectrum. In order to produce peak to 
valley ratios as good as those seen in the data, it would be necessary to invoke drastic changes in the energy spectra, much larger 
than the solar modulation correction mentioned above. Similarly, we can find no plausible instrumental effect which would sharpen 
these peaks. The HNE makes a large number of charge measurements with its six ion chambers and eight phototubes. Consistency 
among these 14 measurements creates considerable confidence in the charge measurements. 

It is possible that the assumed Cherenkov response of the HNE instrument as a function of velocity may be inaccurate for high 
velocities at high Z. At lower energies(~ 1.2 GeV nucleon- 1), we have not observed any large deviations from the model in our 
Bevalac Cherenkov calibration data (Garrard et al. 1983; Newport 1986; Klarmann et al. 1987), but all of the HEAO HNE 
measurements reported here were made at energies above the highest energy available for our calibrations. In particular, the energy 
dependence of the knock-on component of the light signal tends to spread out the response function. Because this component 
depends so strongly on the configuration of the instrument, we have used a model in which this knock-on component is omitted, 
and the Cherenkov signal is renormalized to compensate for the missing ,.., 6% knock-on contribution. In this simple 'one
component' model, used to make the fit illustrated in Figure 3, the knock-ons and scintillation components are subsumed into a 

"'12 
E 
::::J 

8 8 

4 

Fm. 9.-Charge histograms of particles in the 40 :s; Z :s; 62 region. Smooth curve shows the results of fits with a three-component response function similar to 
that used in fitting the Fe as in Fig. 2. 
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Fm. 10.-Ratios to adopted model for 34 :s; Z :s; 60. Fractional deviations of abundances derived from various deconvolutions, compared with those derived 
from the adopted deconvolution as a function of charge. Points are shown as numbers which refer to the list of models below. Vertical bars show the statistical 
uncertainty for comparison. In the following list, cl> is the force field parameter, and n is the effective index of refraction as discussed in the text. Model l, cl> = 0.6 GV, 
n = 1.518, one component; Model 2, cl>= 0.3 GV, n = 1.518, one component; Model 3, cl>= 0.6 GV, three-component, saturation at 1' = 9.0; Model 4, cl>= 0.6 GV, 
n = 2.00, one-component; Model 5, cl>= 0.6 GV, n = 2.00, one-component, 0.25 charge unit shift; Model 6, cl>= 0.6 GV, n oc Z, one component. The adopted model 
is described in the Appendix; it has cl>= 0.45 GV, n = 1.55, and one-component Cherenkov light. 

pure, one-component, Cherenkov model with an effective index of refraction (n = 1.55) applicable at these energies. The abundances 
quoted in Table 1 are based on this fit. However, we have considered a variety of fitting functions. We find that the abundances of 
element pairs are not very sensitive to reasonable variations in the index of refraction, or to other models we considered. Variations 
of fit abundances, relative to the abundances from the selected fit, are shown in Figure 10, and rms values of these variations were 
used to assign the systematic uncertainties to the abundances in Table 1. 

In addition, the data appear to have peaks which are offset from integer values. The fit functions also show these offsets, due to the 
difference in assumed energy spectra for primaries and secondaries. The degree of offset seen in the fit functions for any particular 
element depends strongly on the assumed spectral shape, and on the Cherenkov response function. For the fit shown in Figure 3, we 
have shifted the peaks according to the secondary fractions, as given by Newport, rather than by adjusting the energy spectrum. 
While the shifts have dramatic effects on the peak to valley ratio and the appearance of the fit, they have very little effect on the 
abundances of even-odd element pairs. 

As one would expect from the obvious quality of the data in the histogram in Figure 3, the abundances are not very sensitive to 
the deconvolution procedure. The rms deviation in the abundances, derived from a variety of fit functions with tails (with and 
without a knock-on component, with and without peak shifts, and with various refractive indices), is 8% (see Fig. 10). Ifwe compare 
models with tails to Gaussian models, then we find arms deviation of about 15%. The systematic uncertainties appear to be small 
compared to the statistical uncertainties for all abundances, with the exception of Z = 41, 42, and Z = 33, 34, which are not very 
well resolved. Since we find the Gaussian models implausible, we estimate no more than 8% standard deviation for the systematic 
uncertainties. The fitting functions which have tails, and therefore overlap adjacent elements, do have larger statistical uncertainties 
than were calculated for the non-overlapping Gaussian fit functions. 
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